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Abstract 

ABSTRACT 

The structure of a homodimeric, non-allosteric, PPi-dependent phosphofructokinase from 

the thermophilic bacterium Spirochaeta thermophilum has been resolved by X-ray 

crystallography in two distinct conformations at 2.2 (R = 0.1991 [Rrree = 0.2288]) and 

1. 85 A (R = 0.1923 [Rrree = 0.2035]) resolution. The 554 residue (Mr 61080 g.mor 1
) 

subunit, a homologue of the plant PPi-PFK [3-subunit exhibits an asymmetrical 

quaternary structure and shares both sequence and tertiary structure with the N- and C­

terminal Rossmann-like domains of prokaryotic ATP-PFKs. Spirochaeta thermophilum 

PPi-PFK exhibits three major inserts relative to the prokaryotic ATP-PFK of E. coli, an 

N-terminal insert, a C-terminal insert, and an insert within the PFK C-terminal domain 

which forms an autonomous a-helical domain. The active site is formed at the interface 

of the N and C domains . The 'open' and 'closed' subunit asymmetry of the S. 

thermophilum PPi-PFK 1.85 A atomic model mirrors that of the B. burgdorferi PPi-PFK 

(lKZH [Moore et al.2002]) with the exception that the two unique [3-hairpins (380-390 

[ a 16-a 17] and 485-495 [[314-[315]) of subunit A are not displaced into the active site. 

Both subunits of the S. thermophilum PPi-PFK 2.2 A atomic model adopt an 'open' , 

apparentl y inactive conformation. The conformational change involves concomitant 

closure of the active site of both subunits v ia a rigid-body displacement of the C and a­

helical domains , relative to the N domain . The N domain of one subunit and the C 

domain of the opposing subunit can be thought of as a rigid body, therefore closure of 

one active site dictates closure of the other. Rotation of the small domain forces Met251 

of the MGR motif to adopt an active conformation and displacement of the a-helical 

domain, specifically the 380-390 [3-hairpin into the active site 'folds' Arg253 (MGR) into 

an active conformation. Closure of the active site, which prevents wasteful hydrolysis, 

involves movement of the [314-[315 [3-hairpin into the active site and simultaneous 

rearrangement of the PPi-binding GGDD motif. The conformational change of the S. 

thermophilum PPi-PFK is surprisingly complex and unique relative to prokaryotic ATP­

PFKs and involves displacement of novel structural elements. These movements change 

the conformation of conserved motifs at the active site and therefore function to modulate 

PPi-dependent activity. 
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Introduction and Literature Review 

Chapter 1 

Introduction and Literature Review 

1.1 Metabolism 

Maintenance of life reqmres the coupling of free energy (Eqn. 1) gained through 

exergonic processes with endergonic processes, for instance the coupling of catabolic 

reactions to anabolic reactions, mechanical work, or active transport. 

~G = ~H-T~S 

(Eqn.1.1) 

Eqn.1.1 : The free energy change (tiG) of a reaction. tiH is the change in enthalpy term, tiS is the change in 

entropy term, and T the absolute temperature. If tiG is negative the process is spontaneous. 

Heterotrophic and photoautotrophic organisms oxidize organic metabolic fuels to release 

free energy (photoautotrophs are autotrophic in that they synthesize their own 

carbohydrates from CO2 via photosynthesis). The free energy released is often not 

coupled directly to an endergonic process, rather the exergonic process is coupled to the 

immediate synthesis of a ATP which has a high energy of hydrolysis, NADH, or 

NADPH, which have a high redox potential. Endergonic processes can subsequently be 

driven via the coupled cleavage of a phosphoanhydride bond in ATP or the oxidation of 

NADH or NADPH. In biological systems endergonic and exergonic processes are 

predominantly catalyzed via multistep enzymatic pathways, such as glycolysis. 

1.2 Glycolysis 

Glycolysis (Greek: glykus, sweet+ lysis, loosening), alternatively known as the Embden­

Meyerhof pathway is a sequence of enzyme-catalyzed reactions responsible for the initial 

stages of glucose catabolism, which occurs in the cell cytosol. 

1 
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A. B. 

HO 

H 

Figure l.1: A .Chair confonnation of the hexosc glucose. 8 . Ball and stick diagram of bcta-D-glucose. 

Figure prepared using MOLSCRlPT (Krauli s 1991) and Raster3D (Merrit and Bacon 1997). 

The glycolytic/gluconeogenic pathway, along with the oxidative tricarboxylic acid cycle 

(TCA), the reductive pentose phosphate pathway (PPP), and the Entner Doudoroff 

pathway (ED) are found in all three domains of the phylogenetic tree and are considered 

central to the origins of metabolism (Selig et al. 1997; Ronimus and Morgan 2002) 1
• The 

overall reaction of the glycolytic pathway involves the conversion of a glucose molecule 

into two pyruvate molecules with the concomitant generation of two NADH molecules 

and two ATP molecules via a series of IO enzymatic reactions (see Eqn. 1.2; see Figure 

1.2). 

Glucose+ 2 NAD ' + 2 ADP + 2 P; • 
2 Pyruvate + 2 NADH + 2 ATP + 2 H20 + 4 H+ 

(Eqn.1.2) 

The glycolytic pathway can be split into two phases. The primary phase involves the 

consumption of two ATP molecules and the conversion of a hexose into two triose 

molecules. The secondary phase is responsible for substrate-level phosphorylation; the 

generation of ATP from ADP via phosphoryl transfer from a high-energy metabolite such 

as 1,3-bisphosphoglycerate ( l 3BPG) (see Figure 1.2). For an exhaustive discussion of the 

glycolytic reactions and the pathway's regulation see Voet el al. (1999). 

Phosphofructokinase (PFK, EC 2. 7 .1.11 ) catalyzes the third reaction in the glycolytic 

pathway, the irreversible phosphoryl-transfer (see section 1.4) from ATP to the C-1 of 

fructose 6-phosphate (F6P) to form P-D-fructose 1,6-bisphosphate (Fl6bP) (~G 0 '= -18.45 

2 
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Hexokinase 

Glucose C ATP 

ADP 

Glucose-6-phosphate (G-6-P) 

Phosphoglucose isomerase i 

Fructose-6-phosphate (F-6-P) 
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r ATP PP, 

~ ADP P, 
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AMP 
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Dihydroxyacetone 
phosphate (DHAP) 

+ 
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II 

Figure 1.2:Embden-Meyerhof pathway. Reactions of the glycolytic pathway can be split into phase I 

(upper pathway) and phase II (lower pathway). Note PFKs exist which utilize alternative phosphoryl 

donors, including PPi and ADP. 

3 
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kJmor 1
). Fructose-1,6-bisphosphatase (FBPase) catalyses the reverse, gluconeogenic 

reaction. PFK catalyses the first glycolytic step in the metabolism of hexoses other than 

glucose, which enter the pathway by conversion to F6P. PFK therefore catalyses the first 

committed step of the glycolytic pathway. PFKs are generally subject to allosteric 

regulation, as such they play a key role in the regulation of glycolytic flux (Voet et al. 

1999). Prokaryotic tetrameric ATP-dependent PFKs (ATP-PFKs) are generally 

allosterically activated by ADP and inhibited by phosphoenolpyruvate (PEP) and bind 

F6P cooperatively (Shirakihara and Evans 1988). Mammalian PFKs are also tetramers, 

although their molecular weight is higher and their regulation more complex (Kemp and 

Gunasekera 2002). 

The existence of multiple gene sequence families encoding glucokinases (GLK), 

phosphoglucose isomerases (PGI), and phosphorfructokinases (PFK) at the beginning of 

the glycolytic pathway compared to the highly conserved and universal distribution of the 

trunk pathway (the last five reactions of glycolysis) enzymes throughout the phylogenetic 

tree is interpreted as evidence for a anabolic, gluconeogenic, 'bottom-up' evolution of the 

glycolytic pathway (Ronimus and Morgan 2002) 1
• 

1.3 Modified Embden-Meyerhof Pathways 

The conservation of the glycolytic pathway throughout the phylogenetic tree is not 

strictly mirrored by the pathway's constitutive enzymes. The domain archaea, credited 

with containing the most ancient organisms displays the greatest diversity with respect to 

glucose catabolism, exhibiting traditional and modified Embden-Meyerhof pathways 

(Ronimus and Morgan 2002)1, Diversity of the nearly ubiquitous pathway involves novel 

reactions, enzymes and methods of control, including PPi-PFKs, ADP-PFKs, ADP­

GLKs, and a novel glyceraldehyde-3-phosphate ferrodoxin oxidoreductase (GAP:FdOR) 

(Ronimus and Morgan 2001 ; Verhees et al. 2002; Verhees et al. 2001; Mukund and 

Adams 1995). PFK exemplifies this diversity. Evolutionary divergence of PFKs is likely 

to be reflective of the varying complexities of glycolytic regulation within eukarya, 

bacteria, and archaea. 

4 



Introduction and Literature Review 

1.3.1 Pyrophosphate-dependent Glycolysis 

As mentioned earlier phosphofructokinase catalyses the committed step of the glycolytic 

pathway, the phosphorylation of F6P to form F16bP. ATP is the near-universal 

phosphoryl donor, however homologues that utilize PPi, initially identified in the 

amitochondriate protist Entamoeba histolytica (Lipman 1965) have been identified in 

several bacterial species, the archaea Thermoproteus tenax, and plants (see Eqn 1.3). A 

PPi-PFK has significant metabolic consequences. Firstly, the reaction catalyzed by PPi­

PFKs is freely reversible (8.0°' = -8.70 kJmor 1
) and is therefore capable of a glycolytic 

and gluconeogenic role, abrogating the requirement for a FBPase (FBPase is absent from 

the PPi-PFK-exhibiting genomes of Thermotoga maritima, Borrelia burgdorferi and 

Treponema pallidum [Fraser et al. 1997; Subramanian et al. 2000]). PPi-PFKs are not 

allosterically regulated (with the exception of plant PPi-PFKs, which has fructose-2,6-

bisphosphate (F26bP) as an allosteric effector) therefore the major control point of the 

glycolytic pathway has been lost. 

PPi + F6P ,..,_ 
"""" 

ATP+ F6P 

sedoheptulose-1,7-bisphosphate + Pi 

PP;-PFK 

• 
ATP-PFK 

>,, 

"""" 

Fl6bP + Pi 

(Eqn.1.3) 

F16bP + ADP 

(Eqn. l.4) 

sedoheptulose-7-phosphate + PPi 

(Eqn.1.5) 

Enzyme kinetics and substrate concentrations become determining factors in activity. 

Non-allosteric PPi-PFKs are predominantly found in pathogenic anaerobic bacteria and 

primitive eukaryotes, which do not exhibit the TCA cycle or oxidative phosphorylation, 

therefore they rely upon glycolysis for ATP production. A PPi-PFK utilizing PPi as a 

high-energy phosphoryl donor conserves ATP, effectively increasing the ATP yield of 

glycolysis by 50%. This however is of negligible consequence if oxidative 

phosphorylation is functional. Why then do plants exhibit a PPi-PFK? The 
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amitochondriate protist, E. histolytica lacks the first two enzymes in the oxidative pentose 

phosphate pathway and transaldolase. In their stead pentoses are formed by a C2 + C3 

condensation reaction, which is catalyzed by a transketolase, aldolase, and PPi-PFK, 

where PPi-PFK catalyses the interconversion of sedoheptulose-1 ,7-bisphosphate and 

sedoheptulose-7-phosphate (Mertens 1993 [Eqn.1.5]). It is therefore hypothesized that 

PPi-PFK function in plants may not be glycolytic, rather functioning in gluconeogenesis 

and/or the pentose phosphate pathway (Mertens, E. 1993). 

1.4 Kinases 

1.4.1 Phosphoryl Transfer 

Phosphofructokinase is a kinase, a ubiquitous group of enzymes that catalyze phosphoryl 

transfer from a phosphoryl donor to an acceptor. The kinase group is enormously diverse 

in sequence, structure, and specificity indicative of the multiple roles these enzymes play 

in cellular pathways. However, the overall theme of the reaction is the same. The reaction 

involves binding and orientation of a phosphoryl donor; binding and orientation of a 

phosphoryl acceptor, a magnesium divalent cation (Mg2+) for catalytic function (often a 

secondary divalent or monovalent cation is also required), and a catalytic mechanism of 

phosphoryl transfer, which generally involves a conformational change preventing 

wasteful hydrolysis (Cheek et al. 2002; Voet et al. 1999). In general three mechanisms 

exist: transition state stabilization, acid-base catalysis , and ping-pong. A common 

component of all mechanisms is nucleophilic attack upon the y-phosphoryl group of ATP 

complexed to the divalent cation, Mg2+, by the phosphoryl acceptor substrate or an 

intermediate (see 1.4.4 Ping-Pong). Formation of a Mg2+A TP complex is essential as the 

Mg2
+ coordinates the y- and ~-phosphates, serving to correctly orient the y-phosphoryl 

group and to partially ionize the phosphoanhydride bond, yielding the y-phosphate more 

susceptible to nucleophilic attack. Phosphoryl transfer proceeds via an associative (SN2), 

dissociative (SN,), or a hybrid mechanism. The identity of a specific mechanism can be 

deduced from the transition state structure, which differs in both charge distribution and 

bond length for purely associative and dissociative mechanisms (Schlichting, I., 

Reinstein, J. 1997). 
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1.4.2 Dissociative-SNt 

A purely dissociative (SN,) mechanism of phosphoryl transfer involves breakage of the 

PY-O bond before any significant covalent bonding contribution from the nucleophile. It 

therefore proceeds via a trigonal planar metaphosphate intermediate. Non-enzymatic 

phosphoryl transfer reactions are typically of a dissociative nature due to the unfavorable 

electrostatic interactions of an associative mechanism, between the nucleophile and the y­

phosphory l non-bridging oxygen atoms. Within an enzymatic environment an associative 

mechanism is possible due to positively charged groups and/or coordinated metal ions 

stabilizing the negatively charged pentavalent phosphorane intermediate (Cook, A. et al. 

2002). 

Based on structural evidence (Cook, A. et al. 2002) the lone pair of electrons from the 

nucleophile is oriented in-line with the y-phosphate and y-13 bridging oxygen atom. A 

consequence and defining characteristic of an SN, mechanism is charge development on 

the y-f3 bridging oxygen upon bond breakage (see Figurel.3a), which is stabilized by 

coordination to the Mg2
+ ion, and a decrease in charge on the metaphosphate transition 

state relative to its ground state. Subsequent to bond breakage the van der Waals 

interaction between the nucleophile and the trigonal planar metaphosphate intermediate 

progressively gains in covalent nature . Phosphoryl transfer is rarely a purely associative 

or dissociative mechanism, rather a fractional combination of both. The 

associative/dissociative component of a catalyzed phosphoryl transfer reaction can be 

calculated using the Pauling formula (Mildvan 1997) (see Eqn. 1.6). 

D(n) = D(l) - 0.60log(n) 

(Eqn. 1.6) 

Equation 1.6: Pauling formula, where D(n) is the bond distance between the nucleophile and the Py, D(l) 

is the Py -0 bond distance (1 .73A), and n is the fractional bond number. 

1.4.3 Associative - SN2 

A purely associative (SN2) mechanism involves partial bond formation, between the y­

phosphoryl group and the nucleophile concomitant with partial bond cleavage of the y-13 

phosphoanhydride bond (see Figure 1.3b). Phosphoryl transfer proceeds via a 
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pentacovalent phosphorane intermediate. Distinct from a dissociative mechanism, charge 

development is localized to the equatorial oxygen atoms of the pentacovalent 

intermediate in an SN2 mechanism (see Figure 1.3b). 

A number of kinase structures have been resolved complexed with their products and a 

metaphosphate analogue, which putatively represents the transition-state, allowing 

structural definition of associative and dissociative mechanisms (see Phospho­

CDK2/Cyclin A (1GY3), Cook et al. 2002 [dissociative]; UMP kinase (3UKD), 

Schlichting and Reinstein 1997[ associative]). 

0 r,-o 0 f 0 
A. SNt II II II 

ADP-0-p-o· + Nuc ---• p ADP-o· + 0--p- 0Nuc 
I // " I o o· 

Nuc 

0. 0. 

-
0 f ,-0 --- r_ __ ,~ f 

0 
B. SN2 II II ADP-0-p-o· + Nuc ---• ADP - o· + 0--p-0Nuc 

I / " I 
0. 

·o o· 
0 

Figure 1.3: Schematic representation of dissociative and associative mechanisms of phosphoryl transfer. A. 

An dissociative mechanism proceeds via an trigonal planar metaphosphate intermediate (SN1). B. An 

associative mechanism proceeds via a pentavalent intermediate (S N2). 

Enz+ Q-A ----- Enz-A.Q ~ Enz-A+Q 

Enz-A+ P ----- Enz.P-A ~ Enz.P-A 

(Eqn.1.7) 

Equation 1.7: A ping-pong mechanism involves the release of a product (Q) before all substrates (Q-A and 

P) are bound. 

1.4.4 Ping-Pong mechanism 

A ping-pong mechanism (see Eqn. 1.7) involves the release of a product before all 

substrates are bound. Nucleoside-diphosphate kinase (NDP kinase) exhibits a bi-substrate 
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ping-pong mechanism (Xu et al. 1997). The y-phosphoryl group of ATP is transferred to 

an active site histidine (His122) to form a phosphoryl-histidine intermediate. Once ADP 

is released nucleoside diphosphate is bound and the phosphoryl group transferred. 

Nucleoside-diphosphate kinase is returned to its original state with the release of the 

nucleoside triphosphate. 

1.4.5 General acid-base catalysis 

General acid-base catalysis involves the catalytic transfer of a proton. General acid 

catalysis involves lowering the free energy of a reaction's transition state via the transfer 

of a proton from an acid. General base catalysis involves the deprotonation of a 

functional group rendering it a stronger nucleophile. The mechanism may primarily be 

general acid or general base catalysis or a concerted mechanism (Voet et al. 1999). For 

example a general base accepts the proton from a hydroxyl oxygen atom concomitant 

with its nucleophilic attack of the y-phosphoryl group of ATP. A general acid 

subsequently protonates the leaving group. There are several variations on this theme, 

including a proton shuttle such as the imidazole group of a histidine residue 

concomitantly accepting a proton from the nucleophilic hydroxyl and donating a proton 

to the leaving group (Cho and Cook 1988). 

1.4.6 Transition state stabilization 

An enzyme with a transition state stabilization mechanism binds the transition state with 

a greater affinity than either the substrate(s) or product(s). Substrates are bound with a 

geometry similar to that of the transition state, which induces steric strain. Correct 

orientation of the substrate/s and steric strain promote the reaction. 

1.4.7 Kinase Structural Folds 

Cheek et al (2002) recently carried out a survey of over 17000 kinase amino acid 

sequences, classifying them into 30 families based upon sequence similarity. Correlating 

this information with known three-dimensional structures and secondary structure 

predictions the authors were able to further classify 19 of these families ( comprising 98% 

of the sequences) into 7 groups, which share a general structural-fold. Group 2 is 

9 



Intorduction and Literature Review 

comprised of eight families, which share a Rossmann-like fold structure; a core three 

layered a /~/a domain of 8 ~ a repeats. The orientation of the bound nucleotide is 

conserved, bound at the C-terminus of the ~-sheet with the triphosphate tail located under 

the N-terminus of a a-helix (see Figure I .4). Families are differentiated based upon 

variation within the ~-sheet (e.g. strand order/anti -para ll el /parallel) , large insertions, or 

extra domains generally associated with phosphoryl-acceptor substrate binding (Cheek et 

al. 2002) . Alcohol dehydrogenase (E.C 1.1 . 1. 1) exhibits an archetypal Rossmann fold 

(see Figure 1.4) . A TP-PFK's belong to the phosphofructokinase-like family of Group 2. 

Two domains with a Rossman-like fold define the family with the active site situated at the 

domain interface (see Figure 1.4 and Figure 1.5) (Cheek et al. 2002; Shirakihara and Evans 

1988). 

A. 
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B. 

ADP ADP 

Figure 1.4: Rossmann-like fo lds ex hi bited by Group II fa mily members (Cheek el al. 2002) . 

A. Ri bbon diagram of the archetypal Rossmann fo ld (~a repeat) exhibited by alcohol dchydrogcnasc from 

Drosophila lebanonensis (Benach el al. 1998) . NAO (carbon = ye llow, nitrogen = blue, oxygen = red, 

phosphorous = purple) is bound at the C-terminus of the ~-sheet, the phosphates bound at the N-tcrminus of 

a I (yell ow). Only secondary structure elements comprising the Rossmann fold arc shown for clarity. B. 

Ribbon diagram of the Rossmann-like core of the£. coli A TP-PFK ( I PFK) N-domain (S hi rakihara and Evans 

( 1988). Note the ~a repeat. ADP is bound at the C-terminus of the ~-sheet, the phosphate moieties bound at 

the -tcm1inus of a5 (yell ow). Note the similari ty to A . Figures prepared with MOLSC RIPT (Krauli s l99 I) 

and Rastcr3D (Merritt and Bacon 1997) . 
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1.5 Structure: Prokaryotic ATP-PFKs 

The homotetrameric quaternary structures of E. coli and B. stearothermophilus ATP-PFK 

exist as a dimer of rigid dimers (A:B/C:D) (see Figure 1.5a). The subunit of each bacterial 

homotetramer consists of 319 and 320 residues with molecular masses of 35,000 and 

33,900 Da, respectively. Their subunit tertiary structure is comprised of a large, N-terminal 

and small, C-terminal domain. The main chain traverses the two domains three times with 

the C-domain situated mid-sequence (see Figure 1.5 B and C and Figure 1. 11). This is 

somewhat unusual, as domains are typically sequential (Shirakihara and Evans 1988; Evans 

and Hudson 1979). The N-domain of E. coli A TP-PFK is comprised of residues 1-131, 

which form strands A-E and helices 1-5 and residues 251-301 , which form strands J and K 

and helices I 0-12. The strands C and K of the N-terminal domain ~-sheet are antiparallel 

with respect to the other five. The C-domain is comprised of residues 132-250, which form 

four parallel strands F-I and helices 7-9 and residues 302-319, which comprise helix 13 

(Shirakihara and Evans 1988) (see Figure I.Sb and c). 

The four subunits of the homotetramer are approximately related by three orthogonal dyad 

axes (222); p, q, and r as defined by Shirakihara and Evans (1988) (see Figure 1.5a). Their 

relationship is approximate because the A and B subunits exhibit different conformations. 

Each subunit contacts two other subunits. Non-interacting subunits are separated by a 

solvent-filled cavity formed parallel to the q-dyad axis, spanning the length of the 

macromolecule, approximately 7 A in diameter (Shirakihara and Evans 1988). Crystals of 

the E. coli ATP-PFK R-state structure (lPFK) complexed with F16bP and ADP belonged 

to the primitive orthorhombic P2 1212 space group with two subunits (A and B) in the 

asymmetric unit. The molecular dyad relating the A:B dimer to the C:D dimer of the intact 

tetramer is coincident with the crystallographic two-fold axis parallel to q. 

The subunit A active site is 'closed' relative to the 'open' active site of subunit B . Closure of 

the subunit A active site is partly a result of a shearing displacement of the upper helical 

layer (helices 2, 4a, 4, and 5 [see Figure l.5d]) of the N domain, relative to the ~-sheet, 

towards the active site. Note these helices comprise most of the ATP binding site. 

12 
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D. 

N Domain 
C Domain 
Small 

Figure 1.5: Structure of the tctra mcri c proka ryoti c AT P-P FK of£. coli (S hi rakihara and Evans 1988). 

A . Ribbon di agram illustra ting the tctramcri c quaternary structure of £. coli ATP-PFK (subunit A = purpl e. 

subunit B = green, subun it C = orange, subunit D = blue). FI 6b P and ADP are bound at the ac ti ve site and 

ADP at the a ll ostcri c site (ca rbon = ye ll ow, oxygen = red. nit rogen = b lue. phosphorous = purpl e. 

magnes ium = green). The orthogonal dyad axis, p. is verti ca l. para ll el to the page. th ro ugh the cen ter of the 

tctramcr. The orthogonal dyad ax is. q. is hori zontal. para I lei to the page. th rough the center of the tctramcr. 

Th e orthogonal dyad ax is, r is perpendicul ar to the plane of the page th rough the cente r of the molecul e. B. 

Terti ary structure of£. coli ATP-P FK ( I PFK [Shi rak ihara, Y. and Evans, P. 1988]) complexed with ADP 

(bound by the N domai n), F l 6BP (bound by the C domain), and Mg2
' (ligands co loured as in A .). The N­

domain is shown in purple, the C-domain in green. Secondary structural elements arc labeled. C . Ca trace 

of£. coli ATP-PFK il lustrating the do main structure. Note the main chain traverses between domain s three 

times. D. Superpos ition of subunits A (purpl e, green, and pink) and D (ye ll ow and blue) of£. coli ATP­

PFK, illustrating their asymmetry. Helices 4a, 4, and 5, which fo rm the ATP-binding site, o f subunit A are 

di splaced relati ve to the ~-sheet, clos ing the acti ve site and concomitantl y altering the ori entat ion of ADP 

to F I 6bP. Figures prepared with MOLSCRI PT (Krauli s 199 1) and Raster3D (Merritt and Bacon 1997). 
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1.6 Active site: Substrate binding and Catalysis 

Referring to the E. coli A TP-PFK structure resolved by Shirakihara and Evans (1988) the 

A:D dimer forms two autonomous active sites (see Figure 1.6a). ADP is bound 

predominantly by the large domain and involves two conserved motifs, GGDG and 

PGTIDND comprising residues 101-104 and 123-129, respectively (see Figure 1.6b). 

The consensus motifs are GGDx and PxTIDzD, where x is a highly conserved residue 

specific to the phosphoryl donor and z is weakly conserved. Glyl04 and Gly124 are 

synonymous with ATP phosphoryl donor specificity. PPi-PFKs exhibit highly conserved 

GGDD and PKTIDzD motifs (Siebers et al. 1998; Xu et al. 1994; Chi et al. 2000). Fl 6bP 

is bound by the conserved motifs MGR and LGHIQR comprising residues 169-171 and 

247-252, respectively and two conserved Arg residues; Argl62 and Arg243, both from 

the opposing subunit (see Figure 1.6d). The MGR motif is exclusively conserved in all 

PFKs (Wang et al. 1998). The LGHIQR motif is not highly conserved and its identity is 

dependent upon phosphoryl donor specificity (Deng et al. 2000). His249 of E. coli ATP­

PFK is predominantly conserved in ATP-PFKs, whereas PPi-PFKs exhibit a conserved 

Tyr residue. Argl62 and Arg243 of E.coli ATP-PFK are not conserved in PPi-PFKs. 

The phosphoryl transfer reaction of E. coli ATP-PFK proceeds via an associative 

mechanism (SN2 [see Figure l.3a]) . Asp127 acts as a general base, removing the proton 

from the F6P 01 hydroxyl group, rendering it a stronger nucleophile (Asp127 also 

functions in destabilization of the product complex [Hellinga and Evans 1987]). Arg72 

and Arg 171 putatively function in stabilization of the pentavalent transition state 

(Hellinga and Evans 1987; Berger and Evans 1990). The proton from the protonated 

general base (Asp 127) is subsequently transferred indirectly to the bridging oxygen atom 

of the ~-phosphate group via a passive mechanism. 

1.6.1 Fl6bP binding site 

The F6P-binding site involves two conserved motifs, MGR and LGHIQR. The MGR 

motif is situated upon the F-a7 loop and the LGHIQR motif upon alO of the C-domain. 

His249, Arg252, and Arg162 (~F) and Arg243 (~I) from the opposing subunit bind the 

F16bP 6-phosphate. The MGR motif is involved in binding the F16bP fructose moiety. 

Met169 Sb forms a hydrogen bond with the 02 hydroxyl group and the peptide nitrogen 
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atom of Gly 170 forms a hydrogen bond with 03 hydroxyl group. The fructose moiety is 

effectively 'sandwiched' between Metl 69 and Argl 71 (see Figure 1.6d). Argl 71 

functions in transition state stabilization (Hellinga and Evans 1987). Mutation of Metl 69 

to an Ala (Met169Ala) results in a decrease in k cat, leading Wang et al. (1998) to 

erroneously conclude that it directly functions in transition state stabilization. Metl69 

likely functions in the correct coordination of the MGR motif and of F6P into the active 

site. Based upon analysis of prokaryotic ATP-PFK structures (Shirakihara, Y. and Evans, 

P. 1988; Schirmer, T and Evans, P. 1990) the observed k cat effect of the Met169Ala 

mutation is resultant from disordering of the F-a7 loop, causing misorientation of Argl 71 

and of F6P bound at the active site. 

1.6.2 ADP-binding site 

The shearing of helices 4a, 4, and 5, which comprise the Mg2
+ ADP binding site, relative 

to the ~-sheet in subunit A positions the ADP ~-phosphate 1.58 A closer to the I­

phosphate of Fl 6bP, relative to subunit B (see Figure 1.5d) (Shirakihara, Y., Evans, P. 

1988). Binding of the adenine and ribose moieties at the active site of both subunits is 

relatively equivalent. Major deviations between the active sites of subunits A and B 

include coordination of the Mg2
+ cation and a- and ~-phosphates due to the closer 

proximity of Fl 6bP in subunit A. Arg77 A and Phe76A of the 3 10 helix 4a, Metl 07 A of 

helix 5 and Tyr41 A of helix 2 form a hydrophobic cleft into which the adenine group 

binds (see Figure 1.6b). The adenine group forms indirect hydrogen bonds with Argl 1 lA 

of helix 5 and Arg77A of 310 helix 4a. In subunit B Arg77B forms the only, indirect 

interaction. The ribose hydroxyl groups form hydrogen bonds with the peptide oxygen 

and amino nitrogen of Phe73. In the 'closed' active site of subunit A the a-phosphate 

forms a salt-bridge with Arg72A and indirectly interacts with Arg 171 A and the Mg2+ 

cation. The a-phosphates bridging oxygen forms a hydrogen bond with R 72A. The ~­

phosphate is bound at the base of the GGDG motif, at the N-terminus of helix 5, forming 

hydrogen bonds with Ser105A, D103A, and the peptide amino-groups of Gly102A, 

Asp103A, Gly104A, and Ser105A (see Figure 1.6c). The ~-phosphates negative charge is 

stabilized via coordination to the Mg2
+ cation and the helical dipole of a5 (Shirakihara 

and Evans 1988). 
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A. 

Subunit A 

N 

Subunit D 

C 

B. 

F16bP 

Figure 1.6: Acti ve si te of the£. coli ATP-PFK ( 1 PFK [Shirakihara and Evans 1988]) . 

A. Ribbon diagram of subunits A (orange) and D (b lue) of the£. coli ATP-PFK. The A:D dimer forms two 

functional active sites. ADP and F6P arc shown bound at the act ive site (carbon = yellow, nitrogen = blue, 

phosphorous = purple, oxygen = red , magnesium = green). B. Stereo view of ADP bound at the ATP­

binding s ite of subunit A of the £ . coli ATP-PFK ( 1 PFK) structure . Bonds contributing to the octahedra l 

geometry of the Mg "2 are shown in orange, the hydrogen bond between the coordinated water (X60) and 

the a-phosphate is shown in green . 
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C. 

F16bP F16bP 
D. 

Figure 1.6 continued : Active site of the£. coli A TP-PFK ( I PFK [Shirak ihara and Evans 1988]). 

C. Ball-and-stick diagram of the contacts fo rmed by the ADP a - and f:1 -phosphates bound at the -terminus 

of heli x a5. Note that bonds shown in purple arc indicati ve of proton atcd ADP a-phosphate oxygen atoms. 

D. Stereo view of the F 16bP bound at the F6P binding site of subunit A of the £. coli A TP-PFK ( 1 PFK) 

structure. The MGR motif is shown in green and the LGH IQR motif in purple. Rl 62 D and R243 D from the 

opposing subunit are shown. Figure prepared with MOLSCRIPT (Kra uli s 199 1) and Rastcr3D (Merritt and 

Bacon 1997). 
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In the 'open' active site of subunit B the ATP a-phosphate forms a salt-bridge with 

Arg72B and is directly coordinated to the Mg2
+ cation. The (3-phosphate forms equivalent 

interactions with the exception of interaction with the I-phosphate of F 16bP and the 

peptide nitrogen of Asp 103 (Shirakihara and Evans 1988). 

1.6.3 Mg2
+ -binding 

In the 'closed' active site of subunit A the Mg2
+ cation bridges the j3- and I-phosphates of 

ADP and F16bP, respectively. Its octahedral geometry is satisfied by the I-phosphate of 

F16bP, the (3-phosphate of ADP, Asp103 (GGDG), and three water molecules, which are 

coordinated by Asp 129 of the PGTIDND motif and the a-phosphate of ADP (see Figure 

1.6b) (Shirakihara and Evans 1988). Coordination of the Mg2
+ cation in the 'open' active 

site of subunit B is distinct, coordinated to the a- and (3-phosphates. Its octahedral 

coordination is unclear, coordination to the a- and (3-phosphates of ADP and a single 

water molecule are the only highly ordered interactions observed (Shirakihara and Evans 

1988). 

1. 7 Allosteric site 

The allosteric regulation of prokaryotic A TP-PFKs has traditionally been explained in 

terms of the Monod-Wyman-Changeux concerted two-state model for the allosteric 

regulation of an enzyme (Schirmer and Evans 1990). This model postulates that an 

enzyme exists in two forms in equilibrium, an active relaxed (R) state and an inactive 

tense (T) state. Implicit in the two-state model is cooperative binding of substrate (F6P) 

and resultant sigmoidal enzyme kinetics. Binding of an allosteric activator induces 

quaternary and/or tertiary changes resulting in a transition from the T-state to the R-state. 

An allosteric inhibitor elicits the opposite, R-state to T-state transition (Monod et al. 

1965). E. coli and B. stearothermophilus A TP-PFKs exhibit sigmoidal kinetics for F6P 

but not ATP (F6P binding of B. stearothermophilus ATP-PFK is only cooperative in the 

presence of PEP). The reversible transition between a high- (R) and low-affinity (T) state 

for F6P, has been proposed to account for the allosteric and cooperative behavior of 
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bacterial A TP-PFKs (Schirmer and Evans 1990). Allosteric activators ( ADP) and 

inhibitors (PEP) supposedly elicit their affect by inducing transition between the R- and 

T-states, respectively. ATP has erroneously been characterised as an allosteric inhibitor 

(Lau and Fersht 1989). ATP inhibition is not allosteric rather inhibition results from 

substrate antagonism. Binding of the first substrate lowers affinity for the second (see 

Figure I. 7). The random, non-rapid equilibrium mechanism prevents substrate 

equilibration. Wang and Kemp (200 I) propose the following scheme in which substrate 

binding is rate limiting. 

E-ATP 

~k~ 
(2) 

~ kJ 
k9 

E E-ATP-F6P • ""' 
E-Prod . 

k5~ 
(1) y k1 klO 

I;" 

Figure 1.7: Proposed kinetic scheme for substrate binding and catalysis for E. coli J\ TP-PFK. The reac tion 

pathway through ( I) is proposed to be faster than via (2) (Wang and Kemp 2001) . 

Inhibition is a result of the product of the rate constants for route (l) and (2) being 

disparate and the high catalytic turnover (k9 ) preventing substrate equilibration (Zheng 

and Kemp 1992). 

Arg 162 and Arg243 along with Arg72 have been implicated by site directed mutagenesis 

studies of E. coli A TP-PFK in cooperativity (Berger and Evans 1990). Mutation of either 

Argl 62 , Arg243 , or Arg72 to serine increased KM fF6P 1 by 165-, 53-, and 3-fold and 

reduced the degree of cooperativity from 4 to 2.1, 2.7 , and 2.2, respectively with minimal 

effect on kca, or KM[ATPJ (Evans and Hudson 1979). Bacterial ATP-PFKs are allosterically 

activated by Mg2+·ADP, which is observed, bound at the allosteric site of the R-state 

crystal structures of E. coli ( I PFK) and B. stearothermophilus (4PFK) ATP-PFK. The 

deep cleft constituting the allosteric site is formed at the A:B subunit interface, between 
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opposing N- and C-terminal domains (Evans and Hudson 1979; Shirakihara and Evans 

1988) (see Figure I.Sa). The allosteric site is formed by loop 7-G and loop 8-H of the C 

domain and pseudo-helix 3, the C-terminus, and side chains from helices 1 and 6 from 

the N-terminal domain (see Figure I .Sa) (Shirakihara and Evans 1988). Four allosteric 

sites are formed by the prokaryotic ATP-PFK tetramer (see Figure I.Sa). The adenine 

group is bound at the surface of a deep cleft, sandwiched between and forming van der 

Waals contacts with the planar peptide group of Gly212A of loop 8-H and the aromatic 

ring of Tyr55B of helix (3), respectively. The only hydrogen-bonding interaction is 

indirect, via a water molecule to Agr54B. The ribose group forms hydrogen bonds with 

Lys214A and Asp59B. The a- and ~-phosphates are bound at the base of the cleft by four 

Arg residues (21B, 25B, 54B, and 154A) and are coordinated to a Mg2
+ cation. The Mg2

+ 

cation exhibits octahedral geometry, coordinated to the a- and ~-phosphates, Gly 185B 0, 

Glu187B 0, and two highly ordered water molecules (see Figure 1.8b) (Shirakihara and 

Evans 1988). All protein atoms involved in direct coordination of the Mg2
+ cation are 

contributed by the same subunit (Shirakihara and Evans 1988). The allosteric site of the 

B. stearothermophilus A TP-PFK R-state structure ( 4PFK) is highly similar to that of E. 

coli A TP-PFK (1 PFK). Equivalent residues form equivalent bonding interactions with 

Mg 2
+ ADP, albeit for a few minor exceptions. Arg54 is not conserved in B. 

stearothermophilus A TP-PFK, rather Arg2 l l fulfills its function; forming direct bonding 

interactions with the adenine group, the C-terminus, and a-phosphate. Arg2 l l, as a 

functional homologue of Arg54 accommodates the one-residue C-terminal extension of 

B. stearothermophilus (Evans, P., Hudson, P. 1979). 

The T-state structure of B. stearothermophilus ATP-PFK (6PFK) complexed with the 

non-physiological PEP analogue, 2-phosphoglycolate (2-PGA) has been resolved to 2.5 

A resolution (Schirmer and Evans 1990). The 2-phosphoglycolate-phosphate group is 

bound at the base of the deep allosteric cleft by Arg154B of helix 6, Arg21A and Arg25A 

of helix 1, and the peptide amino nitrogen of Asp59A of loop (3)-4a. Position and 

binding interactions are homologous to binding of the ~-phosphate of ADP in the R-state 

structures of both E.coli and B. stearothermophilus ATP-PFKs (see Figure I.Sc). The 2-

phosphoglycolate-carboxyl group is bound by Arg211B of helix 8, Arg25A of helix 1, 
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and the peptide amino nitrogen of Lys2 l 4B of loop 8-H at the surface of the cleft (see 

Figure 1.8c) (Schirmer and Evans 1990). Structural superposition of the allosteric site 

with the corresponding B. stearothermophilus A TP-PFK R-state structure ( 4PFK) reveals 

that the overa ll structure of the a ll osteric s ite is homologous albeit for loops 8-H and 7-G, 

which narrow the a llosteric site . It seems apparent that the sma ll er li ga nd induces and 

faci litates the narrowed cleft. Glu 187 B of loop 7-G, invol ved in the direct li gation and 

coordination of two water mol ecules to the Mg~ " cation alters its conformation 

significant ly with 2-phosphoglycolate bound. Rotated around Xi by approximatel y 140° 

away from the active site it no longer form s a hydroge n bond with l2 17B, though it 

retains its sa lt-bridge with Lys213B (see Figure 1.8b and c) (Schirmer and Evans 1990). 

A. 

ADP 
(allosteric site) 

Subunit B 

active site 

active site 

Figure 4.8 : The allosteric binding site of prokaryoti c AT P-PFKs. 

Subunit A 

N 

ADP 
(allosteric site) 

A. Ribbon diagram of the £. coli AT P-PF K A: B dim er. Two allosteri c sites are fo rmed at the interface of 

subunit s A (orange) and B (green). ADP is shown bound at the allosteri c sites along with ADP and F16bP 

at the ac ti ve sites cation (ca rbon = ye ll ow, nit rogen = blue, oxygen = red, phosphorous = purple. 

magnesium = green). 
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B. 

C. 

C 

H subunit A 

Figure 1.8 co nti nued : The al losterie binding si te of prokaryotic A TP-PFKs. 

B.Stereo view of AD P bound at the all osteric site (A:B) of£. coli ATP-PF K (I PFK). Note that Glu 187 A is 

rotated into the acti ve site, away from ~-strand H, and directly coordinates the Mg2
' . 

C. Stereo view of PGA (a PEP ana logue) bound at the a ll oster ic site (A:B) of 8 . stearorhermophilus 

(6 PFK ). The view is rotated 180° relati ve to A. and coloured identically fo r clarity. ote Glu1 87A is 

rotated out of the all osteri c site, towards ~-strand H. Figures prepared with MOLSCRI PT (Krau li s 199 1) and 

Raster3D (Merritt and Bacon 1997). 
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1.7.1 R-state _ >- T-State transition 

Transition from the R- to T-state in B. stearothermophilus involves a conformational 

change and quaternary structure rearrangement; a rotation of the A:B dimer relative to the 

C:D dimer by approximately 7° about the p-dyad axis, across the small interface, 

resulting in a conformational change at the active site (formed at the A:D dimer 

interface). Conformational change at the A:B dimer interface involves expulsion of the 

water layer between symmetry-related f3-strands I, resulting in symmetry-related direct 

antiparallel hydrogen bonding between Val246A and Val246D and hydrogen bonding 

between the side chain hydroxyl group of Thr245 and the peptide carbonyl oxygen of 

Leu24 7. The resultant coupled quaternary and tertiary change reorients Arg252A and 

Glu222A within the individual subunit and Arg243D from the opposing subunit of the 

A:D dimer. In concert these residues act to narrow the F6P binding site, presenting a 

steric barrier to F6P binding (Schirmer and Evans 1990). Concomitant with expulsion of 

the water layer is the melting of the N-terminus of helix 6 and 6-F loop and 

reorganization of Arg162D and Glu161D (see Figure 1.9b and c) . In the R-state structure 

helix 6 ends with a 310 hydrogen bond between Tl58D and E161D. E161D goes on to 

make a left-handed helical turn (dihedral angles of <j> = 45°, 'ljJ = 63°) which orients the 

side chain Arg162D into the active site of subunit A (see Figure 1.9a). The peptide 

carbony 1 oxygen of Arg 162D forms the first hydrogen bond between the parallel ~-sheets 

F and H and its peptide amino group forms a C-cap hydrogen bond with Alal 57D of 

helix 6. The guanidinium group of Arg162D makes two contacts with F6P, and contacts 

with Arg243D and Glu241 D. Glu 161 D is pointing away from the active site, towards the 

allosteric site of subunit B. Upon transition to the T-sate the N-terminus of helix 6 melts, 

terminating with a 310 hydrogen bond between the peptide carbonyl oxygen of Lys 152D 

and the peptide amino group of Asp155D. Glul61D of the now extended 6-F loop adopts 

13-sheet-like dihedral angles (<j> = -104°, 'ljJ = 85°), which concomitantly reorients 

Arg162D and Glu161D (see Figure 1.9b). Arg162D is rotated away from the F6P binding 

site, towards helix 8. It is highly disordered in the T-state structure (6PFK), only visible 

in subunit C. Argl62C forms contacts with the peptide carbonyl oxygen's of Lys213C 

and Lys214C and the imidazole nitrogen of His209C. Glul61D is rotated into the active 

site of subunit A, adopting the former position of Arg 162D, subsequently forming a salt-
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C. 

Figure 1.9 : The putati ve R- to T-state trans it ion of B. s1earo1her111ophilus ATP-PFK. 

A. Stereo view of the R-sta te F6P binding site at the :D dimer in terface of B. s1eam1her111ophilus ATP­

PFK (4 PFK) (subunit A = purpl e. subunit D = green). ADP. Mg ·2
. and F6 P (transparent ) arc shown bound 

at the acti ve sit e (ca rbon = yell ow. nitrogen = blue. oxygen = red. ph osphorous = purple. magnes ium = 

green) B. Stereo view of the F6 P-bi ndin g site of th e B. s/earoTl1er111ophilus AT P-PFK (6 PFK) T-state 

structure (coloring consistent wi th A.). ADP. Mg ·\ and F6 P (transparent) bound at the ac ti ve site of the B. 

stearo1her111ophilus (4PFK ) R-state arc superimposed. Note th at E24I D is now fo rmin g sa lt bridgin g 

contacts with R72A and R243 D and that E16 I Dis reo ri entated. into the F6P 6-phosphate binding site. In 

the T-s tate structure (6 PFK) the si de chain of R1 7 1A and R1 62 D is di sordered. C. Stereo view of 

superpos iti on of the F6P-binding site o f the R-state (4PFK [blue]) and T-statc (6 PFK [orange]) o f B. 

stearopthennophilus ATP-PFK structures il lustrating the conformati onal change of E 16 1 D and R 162 D 

in vo lved in th e R- to T-state tra nsition. ote th e confo rm ationa l change of the 6- F loop and th e 

concomitant reori entati on of E16 1D and R1 62 D. Note also that in the T-statc the ca rboxylate gro up of 

E 16 1 D superimposes with the R-state R 162 0 guanidinium group. Arg243D and E24 ID have been omitted 

fo r clarity. 
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bridge with Arg243A (see Figure 1.9b). The orientation of Arg72A is also altered in the 

R- to T-state transition. In the R-state it bridges the two substrates. Upon transition to the 

T-state it forms a salt bridge with Glu241D, the conformation of which is slightly altered 

(see Figure 1.9b) (Schirmer and Evans 1990). Based upon structural comparisons of R­

and T-state structures it seems evident that the reorientation of Arg162D, Arg243D and 

Arg72A diminishes their ability to bind F6P, which concomitant with the introduction of 

a negatively charged residue, Glu 161 D, which would in theory elicit an electrostatic 

repulsion with an incoming F6P molecule at the active site, accounts for the decreased 

affinity of the T-state for F6P (Evans and Hudson 1979) (Schirmer and Evans 1990). 

1.8 Caveat: Failure of the Concerted Two-state Model 

Explanation of the allosteric regulation of prokaryotic ATP-PFKs within the bounds of 

the Monod-Wyman-Changeux concerted two-state model and the Schirmer and Evans 

(1990) B. stearothermophilus ATP-PFK model has been comprehensively dismantled 

based upon lack of structural information, induced hypercooperativity and site directed 

mutagenesis studies (Kimmel and Reinhart 1999; Deville-Bonne et al. 1994; Auzat. et al. 

1995; Auzat. et al. 1994; Johnson and Reinhart 1994; Zheng and Kemp 1994; Wang and 

Kemp 2001 ; Pham et al. 2001). 

1.9 Evolution of the Phosphofructokinase A Family 

Phosphofructokinases can be differentiated into two monophyletic groups based upon 

sequence similarity, the PFK A and PFK B families. The ADP-dependent 

phosphofructokinases were thought to comprise a third, PFK C family until structural and 

sequence similarity to the PFK B family was established (Ito et al. 2001 ). The PFK A 

family is distributed almost exclusively within bacteria and eukaryotes. This family is 

comprised of the higher eukaryotic ATP-dependent PFKs, bacterial ATP- and PPi­

dependent PFKs, the eukaryotic PPi-dependent PFKs, and the archaeal PPi-PFK from T 

tenax. The PFK B family is more widespread, comprised of a broad range of kinases with 

varying substrate specificities, which include the ADP-dependent PFKs, the non­

allosteric ATP-PFK from A. pernix, the highly characterized PFK2 from E. coli, 
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adenosine kinases, ribokinases, fructokinases, and tagatokinases (Ronimus and Morgan 

2001 ). The generally accepted view is that the two families evolved independently 

(Kotlarz and Bue 1982). This is supported by the fact that the PFK A and PFK B families 

are structurally unrelated. 

1.9.1 PFK A Family 

The PFK A family forms a monophyletic cluster. The derived clades can be designated 

into three groups, group I, II, and III based upon sequence similarity (Siebers et al.1998) 

( see Figure 1.10). The common ancestor of the PFK A family is considered to have arisen 

in a thermophilic, anaerobic environment (Ronimus and Morgan 2001; Yamagata et al. 

1991 ). The extinct ancestor is proposed to have arisen prior to the divergence of eukarya, 

bacteria, and archaea due to all lineage's harboring a PFK A PFK with a Rossmann-like 

architecture and conserved sequence motifs involved in substrate specificity and 

catalysis. The identities of underlined positions within these motifs ( see Table I. 1) are a 

fingerprint of a PFKs phosphoryl specificity and a generalized indication of the 

phylogenetic group (based upon alignments constructed by this author), exceptions exist 

however. 

A. Motif 

P(K/G)TID(N/G)D 

GG(D/E)(G/0) 

(Y /H)XXRX7D 

B. 

PKTID(N/G/ A)D 

.¥_XXRX7D 

PKTID(N/G/ A)D 

!:!XXRX7D 

PGTID(N/G/A)D 

!:!XXRX7D 

K 

G 

!! 
G 

y 
H 

K 

y 
K 

H 

G 

H 

PP/ATP 

ATP 

PP; 

ATP 

PP/ATP 

PP/ATP 

PP/ATP 

ATP 

II and III 

I 

all 

all 

II 

I and III 

II 

m 

Table 1.1. Sequence motifs common to all PFK A PFKs. A primary structure fingerprint of phosphoryl 

donor specificity (Based upon a sequence alignment constructed by this author). 
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Eukaryotic 
l= 660 amino 
acids! 

Plant a 

Group II 
short 

Group I 
allosteric 

Prokaryoti c 
[= 330 amino 
acidsJ 

Plant~ and 
Bacterial 

Group II long 

Group II p 

Group II x 

Group II 

Group III 
lnon-allosteric dimers , 
= 330 amino acids! 

Figure I. 10: Schematri c unrooted phylogeneti c tree of the PFK A family depicting the three groups and 

the ir putative relationship . The diagram is based upon phylogenetic relationships suggested by Muller et al. 

200 I, Mertens et al. I 998, Siebers et al. 1988, and Poorman et al. 1984. The di agram is pure ly schematic 

and is intended to demonstrate the relative relationship of the three groups only: no inferences can be drawn 

from the branch lengths. 

The ancestral phosphoryl donor specificity is open to debate, however the evolutionary 

history of the PFK A family involves multiple gene duplications, lateral gene transfers, 

and phosphoryl donor differentiation events explaining the discord between apparent 

PFK evolution and organismic relationships as suggested by 16S RNA phylogenetic trees 

(Woese et al. 1990). 
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1.9.2 Group I ATP-PFKs 

Group I family members are exclusively ATP-dependent. The group is split into two 

groups comprised of prokaryotic and eukaryotic ATP-PFKs, respectively. Prokaryotic 

and eukaryotic A TP-PFKs are generally allosterically regulated homotetramers with 

subunit Mr of 33-38 kDa and approximately 82k Da, respectively. Poorman et al. (1984) 

hypothesized and demonstrated that higher eukaryotic A TP-PFKs evolved via gene 

duplication, tandem fusion , and divergence from the prokaryotic gene. The higher­

eukaryotic ATP-PFK subunit represents a conserved, covalently linked prokaryotic ATP­

PFK dimer (A:B) where the second PFK motif has evolved to adopt a regulatory function 

(see Figure 1.11) (Poorman et al. 1984). The N-terminus of Oryctolagus. cuniculus ATP­

PFK shares higher sequence identity with B. stearothermophilus ATP-PFK than the C­

terminus ( 42% and 34%, respectively). A closer inspection of the sequence alignment 

reveals that every sequence motif characteristic to PFK A family members involved in 

substrate binding and catalysis has a crucial mutation in the duplicated C-terminus, which 

would render it catalytically inactive (see Figure 1.11 ). Equilibrium binding studies 

indicate four active sites within the rabbit muscle PFK homotetramer (Kemp and Krebs 

1967). It was therefore concluded that the N-terminus contains the active site, whilst the 

C-terminal site has diverged to adopt an allosteric or regulatory role. For a detailed 

discussion of eukaryotic A TP-PFK allosteric regulation see Kemp and Foe (1983), Lau 

and Fersht (1987), Li et al. (1999) , Zheng and Kemp (1994), Kemp and Gunasekera 

(2002), and Heinisch et al. (1989). 

The regulatory a- and catalytically active ~-subunits of the novel yeast a 4 ~ 4 octameric 

ATP-PFK (110-120kDa) are predicted to have arisen via a subsequent duplication of the 

higher-eukaryotic ATP-PFK gene (Heinisch et al. 1989). 

Figure 1.11 : (Over page) Alignment of prokaryotic ATP-PFKs with the N- and C-termini of eukaryotic ATP­

PFKs based upon the atomic structures of E. coli and B. stearothermophilus ATP-PFK demonstrating the 

evolution of the eukaryotic gene via gene duplication, tandem fusion and divergence. Conserved motifs are 

shown in green. Mutations of these motifs within the C-terminus are shown in red . Exclusively conserved 

residues are shown in blue, moderately conserved in yellow. Diagram drawn with ALSCRJPT (Barton 1993). 
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1.9.3 Group II PPi-PFKs 

Group II exhibits PPi- and ATP-dependent family members. The monophyletic group is 

comprised of four clades supported by strong bootstrap values (Mertens et al. 1998). The 

first clade, dubbed 'short' (~30-45 kDa) includes the dimeric PPi-PFK of Trichomonas 

vagina/is (Mertens et al. 1989) and the tetrameric PPi-PFK of Naegleria fowleri 

(Mertens et al. 1993). The second clade, dubbed 'long' contains the large-subunit PPi­

PFKs ( ~60-68 kDa), including the allosterically regulated plant PPi-PFK ( a 2~ 2) a- and ~­

subunits and the homologous ~-subunit PPi-PFKs exhibited in some amitochondriate 

protists; Hexamita inflata, Entamoeba histolytica, and Giardia lamblia and the two 

bacterial groups, the Spirochetes and Chlamydia (Moore et al. 2002) (see Figure 1.12). 

The relatively distant taxonomic relationship between plants, the protists, and the two 

bacterial groups suggests that their exhibition of a homologous plant-like ~ subunit (~2) is 

indicative of lateral gene transfer on multiple independent occasions (Fraser et al. 1998). 

The third clade, dubbed 'x' (~40 kDa) is comprised of ATP-PFKs with the exception of 

the predicted PPi-PFK of Oryza saliva, which interestingly lacks the signatory PPi-PFK 

GGDD motif. The group is enigmatic in that it contains secondary PFKs from the 

amitochondriate protist E. histolytica (pjkl), and the Spirochetes Treponema pallidum 

(pjkl) and B. burgdorferi (pjkl), which also exhibit a group II non-allosteric, ~2 PPi-PFK. 

Whilst the pjkl gene product from B. burgdorferi and T. pallidum remain uncharacterized 

the pfkl gene product from E. histolytica, previously thought to be inactive has been 

characterized as an ATP-PFK (Chi et al. 2001). The fourth clade, dubbed ' p' (~40kDa) 

includes the PPi-PFK of Propionibacterium freudenreichii. 

Group II and III are proposed to have diverged via a change in phosphoryl donor 

specificity subsequent to divergence of clade 'x'. Following the divergence of clade 'x' 

the other three group II clades ('long' , ' short', and ' p') diverged without further change 

in phosphoryl donor specificity. A subsequent gene duplication within the ' long ' clade is 

thought to have given rise to the plant regulatory ( a) and catalytic (~) subunits, the 

smaller a-subunit presumably binding the allosteric effector, F-2,6-bP (Muller et al. 

2001) . Though group II and III family members are likely to be non-allosteric sequence 

alignment reveals hypothetical residual allosteric sites within certain members of group 

III and the group II's 'x' clade PPi- and ATP-PFKs, resembling the allosteric sites of 
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group I prokaryotic and eukaryotic ATP-PFKs (see Figure 1.13). This corroborates the 

proposed early divergence of groups I, III, and clade 'x' relative to the ' long', 'short', and 

'P' clades of group II (Muller et al. 2001; Mertens et al.1998; Siebers et al. 1988). It is 

also suggestive of the early evolution of allosteric regulation within the PFK A family . 

The uncharacterized pjkl gene products from the Spirochetes T. pallidum and B. 

burgdorferi , which share high sequence similarity with the characterized 48 kDa ATP­

PFK of E. histolytica (Chi et al. 2001) are among sequences exhibiting remnants of an 

allosteric site. 

Figure 1.12: (page 34 - 35) Sequence alignment of group II , long clade family members illustrating that 

lateral gene transfer is putatively involved in the evolution of the clade. Exclusive ly conserved residues are 

shown in blue, broadly conserved residues in yellow and motifs involved in catalysis and/or substrate binding 

in green. Sequences were aligned using ClustalX and the figure produced with ALSCRIPT (Barton 1993). 

Figure 1.13: (page 36) Sequence alignment of group I (£. coli ATP-PFK, H. sapiens ATP-PFK [N-terminus]), 

group III (A. mediterannei PPi-PFK, A. methalonica PPi-PFK, C. perfringens ATP-PFK, and M tuberculosis 

ATP-PFK) and group II , x clade (B. burgdorferi ATP-PFK? and T pallidum ATP-PFK?) family members 

illustrating that the group III and group II, x clade family members exhibit at least remnants of an allosteric site. 

The absence of Arg 162 and Glu 168 in the B. burgdorferi and T pallidum putative ATP-PFKs suggests that the 

active site is inactive, an artifact of its ancestral PFK. Exclusively conserved residues are shown in blue, broadly 

conserved residues in yellow, and motifs involved in catalysis and/or substrate binding in green. The allosteric 

site is shown in purple. Sequences were aligned using Clustalx (Jeanmougin et al. 1998) and the figure 

produced with ALSCRIPT (Barton 1993). 
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DG LK RWHAD S V LI GF LG GP A G VL SGD H I E l C ADR V D A Y RN T GGF D LI GS G R TKI 
DE MK LLNPD S R LF GF L M GP D G LI EHK Y RE LT AE V I DE Y RN T GGF D MI GS G R TKL 
DG LM KGNKE N K LY GF RC GA G G I L SND Y I E l T AE L V DK H RN T GGF D LVGS G R TKI 
DY LQ DRAKG S I LY GF RG GP A G I M K C N Y VQ LT A DY I HP Y RN O GGF D MI CS G R DKI 
DY LO DRAKG S V LY GF RG GP A G I M K C K Y VE LT SNY I YP Y RN O GGF D MI CS G R DKI 
DY LO THCKG S T MY GF RG GP A G VM KGK Y VV LT PEF I YP Y RN Q GGF D MI CS G R DKI 
DK LO OLAPN S K LL GF LG GP K G LM DNK H M I LT KE Y L AT F RN M GGF H AI GS G R DKI 
DK LO QI APK S V LL GF QN GP K G LM TNK Y VE LT EKF L EP F RN M GGF H AI GS G R DKI 
HS I K K LHP N S O LL GF I R NG E G LL NNN T VE I T DEF I EE F RN S GGF N CI GT G 1NI 

E T P 
ET E 
E S E 
DK P 
ET E 
ET P 
ET P 
ET P 
AST 
AK P 
I T E 
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EQ F AK A LEN A KKHG L 
EH Y NK A LFV A KENN L 
SO F AA A AOT V TRMA L 
EO F EA G LEI L RELD I 
EQ F A T A FKH I TALK L 
EO F KO A EET A GKLD L 
EQ F KO A TET A VKLD L 
EQ F KQ A EET A KKLD L 
KD F DA A ANT A AV EK L 
ED F DA A AKT A KDNN L 
EN K AR C LOT A NELD L 

170 180 
D ALVI I SNT NAAL 
N AIIII GGD SNT NAAI 
D ALVVV GGD SNT NAAL 
K ALVI I GGD SNT NACI 
N AMVVV GGD SNT NAAL 
N GLVVI GGD SNT NACL 
D GLVVI GGD SNT NACL 
D GLVVI GGD SNT NACL 
D GLVI I GGD SNT NACL 
D I I Cl I GGD SNT NACL 
D G L v~~--- l"'s N T A T A I 
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Cata lys,s 
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LAE Y F VQQGAP I Q VI CG L KNEY E AS 
LAE Y F KKN GEN I O V I DAD L RNDH E l S 
LAE H F VNSGI S T K VI DGD L KNEA E TS 
LAE Y Y AS I D AG I O VI G C P DGD L KNKO E TS 
LAE Y F AA HGSD C V FV G V P DGD L KNQY I E TS 
LAE N F RSKNLK T R VI G C P DGD L KCKE V P TS 
LAE H F RSKNLK T L VM G C P DGD L KCKE V P AS 
LAE N F RSKNLK T R VI G C P DGD L KSKE V P TS 
LAE D F I K RGLK T R VI G V P DRO L i SKRG I E TS 
LAE D F LKRGLK T A V I G V P DRD L YSTKG I E CS 
LAE Y F AKHOAK T V LV G ~V~ - -_.,D...-,.-"x"L OHLF L D 
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VS EE V RE K NM T 
VS EE V LA K KK T 
I S EE V AA Q SLT 
VS EE V EA N NY Y 
I S EE V ED K KMT 
I G EE V AA K KLA 
I G EE V AA K KO T 
I G EE V FA K K LT 
I G EE i LA K NMT 
VG EE I LS K KM T 
I G EE i A E K SI S 

FGFD TAT K V Y AEL I 
FGFD SAT K I Y SEL I 
FGFD TAT K T Y SEL I 
FGFD TAA K V Y SEL I 
FGFD TAC K T Y SEL I 
FGFD TAC K I Y SEM I 
FGFD TAC K I Y AEM I 
FGFD TAC K I Y AEM I 
FGFD TSC K V Y SEL I 
FGFD SST K V Y AEL I 
FGFD TAT K F Y SSI I 
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G N I A R D A I S S R W HF I RL MGR SA SH I A LE CA L O T HPNVCI 
G N LC R D A M S T K KY W HF VKL MGR SA SH VA LE CA L K T HPNI Cl 
G N I A R D A C S A R KY W HF I KL MGR SA SH I A LE CA L K T QPNVCL 
G N I O R D C N S A R KY W HF I KL MGR SA SH I T LE CA L O T HPNI Cl 
G N I O R D A i S S R KY W HF I KV MGR SA SH I A LE AA L E T QPTYCI 
G N VM I D A R S T G Y Y HF VRL MGR AA SH I T LE CA L O T HPNI Tl 
G N VM I D A R S T G Y Y HF VRL MGR AA SH I T LE CA L O T HPNI Tl 
G N VM I D A R S T G Y Y HF VRL MGR AA SH I T LE CA L O T HPNVTL 
G N LC Y D A L S A K Y W HF I RL MGR SA SH I T LE CG L Q T HPNI CL 
G N I C Y D C L S A K Y W HF I RL MGR SA SH I T LE CG L Q T HANI CL 
S N I S R D A L S C K Y HF I KL MGR SS SH I T LE CA L T HPNI AL 

F6P/F16bP 

300 310 320 330 340 
L S Q I VD Q I VDAVV K R AAK G EN F G VVL V P EG L E F I P E V GA L I D EL NTLLAKEAEVFNRI 
L S E I I DE MVSVI L K R SLN G DN F G VVI V P EG L E F I P E V KS L M L EL CD I FDKNEGEFKGL 

DDPRERI 
NI EKMK 

LA QI VOS LCDTI A T R AOH G EH F G I VL V PEG L E F I P E M KA L I T EL NEVMARRAOEFEALDTPDAOR 
LD DV VTY I AETVV R R SEA G MN F G TVL I P EG L I E F L P A M KR L I K EL NEFLSONDAEFKLI K R SA QR 
VS QI ASE i AD I VI E R HKK G LN F G VVL I P EG L V E F I P E V I A L I K EL NNLLAHKKEEYSK I TEFSAOK 
LK DV TDY I VD VI C K R ADL G YN Y G VI L I P EG L I D F I P E V ON L I A EL NEI LAHDVVD EG 
LK NV TDY I VD I I C K R AEL G YN Y G VI L I P EG L I D F I P E V OO L I A EL NEI LAHEVVD EG 
LK NV TDY I ADVVC K R AES G YN Y G VI L I P EG L I D F I P E V OO L I A EL NEI LAHDVVD EA 
SK OV F EY MADI I A O R AAN G KN Y G I CL I PEG L I E F I P E N N K L F D Y L N N KL LPG WO G E I T A 
S R O L FEY LADCVT K R ADS G KN Y G VCLV PEG LI E F I P E N NE L F A YL NNTLLPHWTG E L T A 
L E T I HD I CE T I A D R AAM G KY H G VI LI PEG VI E F I P E I OS L V K EI ESI PEOEN 
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SW V KGK LS GNNOH VF SS L P ET I OA O L L M 
E l F VAK LS DYMKG VY LS L P LF I OF E L I KSI L 
VW I EOA LS ASAR A VF NA L P AE I ST O L L A 
OY I KNK LS PENSR LY DS L P VD V A R O L I A 
AF V CEN I S ESCAA TF KN L P DN I RK O L L L 
G L W K K K L T SOS L O L F E F L P V A I OE O L M L 
GO W K K K L T KOS LO L F E F L P O A I OE O L M L 
GV W KKK LT POCLE LF EL L P LA I OE O L L L 
EL V AOK LP ADLKV TF ES I P PT I RT O L L L 
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D R D P H G N V O VS R I E TE K LL I EM V SSRL 
E R D P H G N F N VS R V P TE K LF I EM I OSRL 
D RD P HGN V O VS R I D TE R LL I LO V TERL 
D R D P HG N V O VS L I A TE K LL ADM T AOKL 
D R D P HG N V N VS A I E TE S FV SGI V K 
E RD P H GN V O VA K I E TE K ML I OM V ET EL 
E RD P H GN V O VA K I E TE K ML I OM V ET EL 
E R D P H G N V O VA K I E TE K ML I OM V ET EL 
D RD P H G N I A l S O I E TE K FL VSG V OOVI 
D RD P HGN I A l S O I E TE K FL GAG V OOVL 
N RD A HGN V Y VS K I S VD K L L I HL V ROHL 
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KALKEEGA 
NDMKKRGE 
AOMKOEGT 
AEWAEEGR 
AEI VKRG 
EKRKOOGT 
ENRKOEGV 
DORKOKGA 
K ER E 
RE R G 
ET H F R 
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PLT M MMNME K R H G KM KPV 
PLT M LMNME E R Y G EK KPV 
PLT M LMNME R R H G SO KPV 
PMT M MMNME R R S G KM KPV 
PLT I MMNME O R N G EM KPV 
ALT S LMDVE R R H G KF KPV 
ALT A LMDVE R R H G KF KPV 
ALT A LMDVE R R H G KF KPV I 
PLT S LMNI E M R H G AR TAV I 
PLT C LMNME M R H G HK TPV I 
Pl V R MLTTK OG K D S KH YPL I 
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QPTMTLKLEOGLE 
EITETLKLELFK 

440 
P S N FD A D YC Y A L 
P S N FD S D YC Y S L 

500 
R K A LVDL E G A PF 
K K A LVDL E G R PF 
K K A LVDL E G M PF 
R K A LVDM D G E PY 
K K A LVEI E G K PF 
K K A MVEL E G A PF 
K K A MVEL D G T PF 
K K A MVEL E G A PF 
O K O MVDL A G R PF 
M K O MTDL N G N PY 
K K R LVDI A S P VF 

EPSVTI RL ERPAPAANSSFGHRSS 
SPTMTLRLEKNDR 
OPTKTLLLEON 
AASHTLLLELGSVA 
DVNHTLLLELGAOV 
KVNHTLLLELGVDA 

VVYOSSVTLLEEARGL 
VCARPT I TLI EEARK 

DDFPPLI LFLNH NEWOKR CSI CLEI PDQDY 

450 460 470 
G F T A FV L I ANGL T G YI AAI K NL ARPAV EW KPM GI 
G Y N A VV L I LNGL T G YMSCI K NL NLKPT DW I AG GV 
G L T A CL L A VHRF T G YVASV R NL TSSVA EW AVG GV 
G R A A S I L I AAGK T G YMAAI K NT ADPVS EW EAG GV 
G Y T A FI L L ALKK T G OI CCI S GL OKP AE EW I CG GV 
G Y A A GA L L HSGK T G LI SSV G NL GAPVA EW TVG GT 
G Y G A GA L L HSGK T G LI SSV G NL AAPVE EW TVS GT 
G Y G A GS L L OSGK T G LI SSV G NL AAPVE EL TVG GT 
G S V A AV L L GNGI T G YMSCL K NL SEOPD KW I AG AI 
G A V A AI L G CNGK T G YMASL R NL VRPPA DW SPI GL 
G Y G A GV L V FNRC N G Y ~ TI E GL TSPI E KW RLR AL 

510 520 530 540 
KR F ATORDAWATESAYVFPGAI OYYGPDDVCN 
KE F VKNRDKWALNNLYLYPGPVOYFGSSEI VD 
RV F SRRRASWALKTSYVYPGAVOYYGPPAVCD 
RA L R EM RR EWA LS TE Y VY PG PI OFF GP EH V CD 
K F Y OSK RAO WAS A EDF VF PG A I O Y F GP SE V CD 
KK F AS LREEWALKNRYVSPGPI OFMGPG SD 
KK F VSMRDEWALNNRYI SPGP I OFT GP TSG 
KK F ASKREEWALNNRYI NPGPI OFVGP VAN 
GF L VVNREKWAEODCYOOPGPI OLI ECODVEGRN 
K L L ARNRD T W L MNDDYONPGP I 001 ATESAEGTA 
N K F SLY R K I WALED SY RF VG PLO I HS PED AH S 
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M l KK I GVL T S GG D AP G M N A AI 

M A VGVL T G GG D CP G L N A VI 
M TSTTFAASDQ M A VGVL T G GG D CP G L N A VI 

M A I GVL T G GG D CP G L N A VI 
MM QPI KK I Al L T G GG D C P G L N A VI 

M THEEHH A A K TLGI G KA I AVL T S GG D AQ G M N A AV 
EKAGPAE K I YFVPAHV K AAI T T C GG L CP G F N D VI 
EAAGPRQ K I FF N P H HVH AGI V T C GG L CP G N O VI 
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SI V 
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S A LT E G LE VMGIY D G YL G LY ED RM VQLDR Y S VSD 
K G I EV H G WO F V G FR N G WN G P L T G D SAP LG L N D VE D 
K GI EAH G WE I V G FR S G W R G PL TG DSAPLG L D D VEE 
T CHARY G SS V V GFQN G F R G LL E N R RVOL HN D DA N DA 
T A I L KY G Y E V I GYK F G Y A G LY NN D F VK LDL D SV SG 
V G I F T G AR V F FVH E G Y O G L V DGG DHI K EAT W E SVS M 
T L WKI Y G VAN I Y VK F G YO G L L PE S N S PF I N L N P D VVDD 
C WG A Y G V KR I S , I R F G Y K G L PD Y N F DI L PL T P E VI D N 
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M l NA GG TF 
I LTA GG TI 
I L I A G G T I 
L LAK GG T M 
f LHR GG Tt 
M LOL GG TV 
I N KF GG ll 

G S A F P 
R SS R TN 
G SS R TN 
G TA R VH 
H SS N KDNL 
G SA R CK 
G SS R GG 
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EFADENI 
PY K VEGG 
PYKEEGG 
PDKLAAG 

RAV A i E N 
VD K I K Q V 
VE K I RA V 
LPQ I M Q T 

K K R GI DA L 
A DOGVDAL 
A D O GVDAL 
D DNGI DV L 
K K E GV DA L 
V K A GI TN L 
E RMNI NM J 

V V : 00·....,.....,....,~ , 

I A I 
I A I 
I P I 
V V I 
C V I 
F N I 

TEMG 
TDD G 
TDDG 

FDYOVEDENGKI 
DFREREG 

VKKDVSDV GVE N 
RLR A AY N 

I KPVE I VD T 
N RVVD I VD HK T G G G T G G G 

catalysis 

AGKI TOEEATKSSY 
L K 
L K 

180 190 
A A AG G C F FVVV PE VEF S 
S G AG G A S VI LV PE RHF N 
AG AG G AN VI LV PE RPF S 
AG A S G A H MTLI PE OPF D 
S G AG S A D VI L L PE I Py D 
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A E D LVN E I KA GI AK GK 
V D Q V V S W V EA AF EKE F 
V E Q V V E W V E A AF E K MY 
I E E VCALVK GRFQRGD 
I N K I VEKVK EREEAGK 

T S SC G A O WVFI PE CPP D DDWE EHL CAAL SETATAGS 
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E R L H I I I "P'I-"~•~ ~ 

ATP 

F6P Allostenc F6P 

220 
K II A VAi TEH M CD V DE 
A PI VVA EGA L PE G GE E KL L T 
A PI VVA EGA V PE G GAE V L AT 
SH F CVVA EG A KP AP GT I ML A E 
OFT I VVAE G AKP KDGEVVVSK 
AL N I I VAEGA I D KNGKPI T S 

I A SSN D VNFCLI PE LDF DI EGP N G FL VH L EARLLE K ESL E E I PHA I LI AEG A GQ KYFDHFP 
T A AS HE TNFVLI PE V S F LDGP N G AH I EKRIALRK HA LVV AEG A GQDL MVNADGVPS DSQGGSLRVS 

230 
L AH F 

GE K DA F G H V AL G GI GT W L ADE 
GE K DA F G H V Q LG G VG T W L ADE 
GGLDEFGHERFTGVAAO LA VE 
I VDDSPDP I AL GGI ANK L Al D 

ED I KNL 
KKKDDSGNLLYEOI GLY I KOK 
SGTDASGNKRLADI GLF KEK I 

240 
EKE I G R 
AHR l G K 
AER I G K 
EKR I N K 
EGL IKNH 
VKR I G Y 
TEY FK A K NIQF 
GVY I KE K R I HI 
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I D A ENM K R P FKGD W L D CAKKL Y 
SE Al AEL K T V PVEA Y Q E AEVFF G 
AE AT AEL K T V PPER Y E EA EVFF S 
AD AV RKL K L V POSR Y D DAA AFF G 

F6P 

E N VI GHT K N V D PEGE L V N TAKSI G I SFAD 

270 280 
A S RM G AY A I D l l L A G YGGR 
A T RF G LN A V D AV AD G OFGV 
A T RF G LH A V D AV AD G DFG T 
A T RF G VN A A D AA HA G EYG 
S T KY G VK A V E LI NS N LFGN 
G S RM G VE A VMAL LE G TPDTPA 
CARI G SN A VHAAMAGK TKM 

E G NN A VHAA M C KT K M 

QN E Q VHH D 
KG T D IVA VK 
RG T D IVR VK 
RG Q D I GR VP 
KG N K VSY ES 
SG N O AVR LP 
WS T K F V H I P 
VH NKFVH LP 

M E CV OVT K D V TKA M DEKK F D EALKLRG RSFMNNWEVYKLLAHVRPPVSKSGSHTV 
KM AV I DR N K VN PNGS FWR DVL SS T GOPI SMKN 
DV VV COA K H VN PEGS W RD ALDA T GQPI VMKNI I 
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1.9.4 Group III PFKs 

Group III family members have an approximate subunit Mr of 37 kDa and exhibit varying 

phosphoryl donor specificities. The group is comprised of bacterial PFK sequences with 

the exception of the archaeal PPi-PFKs from Thermoproteus tenax (Siebers et al.1998). 

The scarcity of archaeal PPi-PFKs suggest that the T tenax PFK A PFK evolved from a 

possible lateral gene transfer event. Group III sequences represent a hybrid of higher­

eukaryotic PPi- and ATP-motifs (see Table 1.1 ). The group III clade exhibits short branch 

lengths, indicative of early differentiation. Group III PPi-PFKs exhibit higher sequence 

similarity with group I and III A IP-PFKs than their functionally related group II 

counterparts, suggesting differentiation in phosphoryl donor specificity subsequent to 

divergence of the group. 

1.9.5 Evidence for a Latent Nucleotide-Binding Site? 

The high conservation of sequence motifs between ATP- and PPi-PFKs suggest that only 

subtle differences differentiate phosphoryl donor specificity. Mutation of Gly 105 

(GGDG) and 124 (PGTIDND) to Asp (GGDD) and Lys (PKIIDND), respectively in E. 

coli A TP-PFK effective ly aboli shes A IP-dependent activity, no subsequent PPi­

dependent activity is observed (Chi and Kemp 2000). When reciprocal mutations were 

carried out in the Group II , long clade family member E. histolytica PPi-PFK, Asp 175 

(GGDD ) and Lys 201 (PKTIDND) to Gly (GGDG and PGTIDND) a global shift in 

phosphoryl donor specificity was observed (Chi and Kemp 2000). Mutations individually 

resulted in an approximate 10,000-fold reduction in PPi-dependent kcat, whilst the double 

mutation totally abrogated PPi-dependent activity. Concurrently the single D 175G 

mutation yielded a 200-fold increase in k cat for A IP-dependent activity, while the K201 G 

mutation yielded a modest 4-fold increase. Interestingly the double mutant yielded a 100-

fold increase in k cat, half that observed for D 175G. Defining the enzyme substrate 

preference as the ratio of k ca1IKM for substrate one to k catlKM for substrate two (Chen et al. 

1995), the Dl 75G mutation changed substrate preference by 107! 

1.9.6 Summary: Evolution of PFK A PFKs 

The PFK A family forms a monophyletic cluster. The derived clades can be designated 

into three groups, group I, II , and III based upon sequence homology (Siebers, B. et al. 
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1998). ATP-PFKs near universal distribution, in contrast to the sparse distribution of PPi­

PFK throughout the phylogenetic tree is suggestive of an ancestral PFK with ATP 

specificity. Distribution of PPi-PFKs can thus be explained by secondary adaptations 

from an ATP-PFK on multiple independent occasions. Group I family members are 

exclusively ATP-dependent. The group is split into two clades comprised of prokaryotic 

and eukaryotic ATP-PFKs. Eukaryotic ATP-PFKs evolved via duplication, tandem 

fusion, and divergence from the prokaryotic gene (Poorman et al. 1984 ). Group III 

exhibits both PPi- and A TP-PFKs with short branch lengths, indicative of early 

differentiation of the clade. Group III PPi-PFKs exhibit higher sequence similarity with 

group III ATP-PFKs than their functionally related group II counterparts, suggesting 

differentiation in phosphoryl donor specificity subsequent to divergence of the group. 

Group II exhibit both PPi- and ATP-PFKs. The group is split into four clades; short, long, 

x, and p. The regulatory a-subunit of plant PPi-PFKs ( a 2 ~ 2) is likely to have evolved via 

gene duplication and divergence. The exhibition of plant ~-like homodimers in the 

Spirochetes, Chlamydia , and amitochondriate protists is putatively a result of multiple 

lateral gene transfer events (Fraser et al. 1998). 

Evolution of the PFK A family is very intricate and is likely to have involved multiple 

phosphoryl donor differentiation events, gene duplications, and lateral gene transfer 

events. Evolutionary divergence of PFKs is likely to be reflective of the varying 

complexities of glycolytic regulation within eukarya, bacteria, and archaea. 
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1.10 Aims of this Project 

At the commencement of this project one PPi-PFK structure had been completed. The 

aim of the proposed research was to determine the three dimensional structure of S. 

thermophilum PPi-PFK by X-ray crystallography, advancing our understanding of this 

unique family of enzymes. Solution of the structure with and without substrate bound will 

give an insight into which residues are actually involved in substrate binding and 

catalysis, which up unitl now could only be suggested by sequence alignments and site 

directed mutagenesis studies. 

• The role of the Lys (PKTIDZD) and the Asp (GGDD) residues of the conserved 

motifs has been inferred based upon site directed mutagenesis experiments. 

Determination of the structure will allow a more definitive explanation. 

• 

• 

Structural determination will allow direct investigation of the latent nucleotide­

binding site in PPi-PFKs (only demonstrated in E. histolytica PPi-PFK) proposed by 

Chi et al. (2000). An Asp/Gly mutation of the GGDD motif in E. histolytica PPi-PFK 

resulted in a global shift in the enzymes phosphoryl donor specificity, from PPi to 

ATP. The reciprocal Gly/ Asp mutation of the GGDG motif in E. coli A TP-PFK 

abrogated ATP-dependent activity without a concomitant increase in PPi-dependent 

activity . The hypothesis proposed to explain this observation is that secondary 

structure changes modulate the effects of the primary sequence change hence point 

mutations are not informative. E histolytica contains a Group II , long clade, f3 2 PFK 

whilst E.coli exhibits a Group I small subunit PFK, therefore an insertion may be 

involved in substrate binding and/or determination of phosphoryl donor specificity. 

Structural analysis will allow verification of the catalytic and substrate-binding roles 

of the conserved, PPi-dependent sequence motifs involved in F6P/F16bP binding. For 

example the function of Tyr420 in E. histolytica PPi-PFK (Tyr426 in S. 

thermophilum,) is putatively orthologous to His249 in E.coli A TP-PFK (Deng et al. 

2000). Structural analysis of His249 in E.coli has shown it to form a salt bridge with 

the 6-phosphate group of Fru-6-P. The positive charge of His249 stabilizes the 

negatively charged phosphate. Obviously Tyr420 cannot fulfi ll this function. In 
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addition the Tyr420Phe mutant of E. histolytica PPi-PFK exhibited higher affinity for 

F6P than the Tyr420His mutant, which would not be expected if His and Tyr were 

functionally homologous. From the results for the Tyr420His mutant it can be 

hypothesized that the aromatic property of Tyr420 is more important than its 

hydrogen bonding ability. Structural analysis of S. thermophilum PPi-PFK will assign 

the conserved Tyr residues function in PPi-PFK. 

• Structural determination of the S. thermophilum PPi-PFK will allow a more accurate 

identification of residues at the catalytic site, distinct from A TP-PFKs to be mutated 

by site directed mutagenesis to determine how essential they are to substrate binding 

and/or catalysis. This will fulfill the prerequisite for designing an anti-microbial agent 

for pathogenic spirochetes such as B. burgdorferi (Lyme's disease) and T. pallidum 

(syphilis). 

The structural determination of a PPi-PFK is essential for the advancement of our 

understanding of their catalytic function, conformational flexibility, enzymatic 

mechanism, evolutionary relationship, and the development of anti-microbial agents for 

pathogens that utilize PPi-PFKs in their glycolytic pathways. 
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Chapter 2 

Materials & Methods 

2.1 Introduction 

Recombinant S. thermophilum PPi-PFK was cloned, expressed in E. coli, and purified by 

Dr. Ron Ronimus (Thermophile Research unit, Department of Biological Sciences, 

University of Waikato), as described earlier (Ronimus et al. 2001). Initial crystallization 

screens of S. thermophilum PPi-PFK, which yielded crystals used in the initial diffraction 

experiment were carried out by Dr. Stanley Moore formerly of Massey University (see 

section 2.3.1) (unpublished data). S. thermophilum PPi-PFK was transported and stored in 

a buffered solution of 30 mM Tris HCl, pH 7.5, 1 mM MgCh, 30% glycerol, 7 mM 13-
mercaptoethanol, and 50 mM NaCl at -18°C. The protein concentration was 

approximately 1.25 mg.ml -I. 

2.1.1 Experimental strategy 

The aim of this research was to solve the structure of the S. thermophilum PPi-PFK in its 

unliganded state and complexed with its reactants (F6P and PPi) or products (F 16bP and 

Pi)- The structures of a number of enzymes complexed with Fl 6bP, bound at the active or 

allosteric site have been resolved. These include the bifunctional inositol 

monophosphatase/fructose 1,6-bisphosphatase from the hyperthermophile Archaeoglobus 

fulgidus (Stieglitz et al. 2002 [1 LBZ]), rabbit muscle fructose 1,6-bisphosphate aldolase 

(Choi et al. 1999 [6ALD]), E. coli glycerol kinase (Ormo et al. 1998 [1BO5]), human 

erythrocyte pyruvate kinase (Valentini et al. 2002 [1 LIU]), E. coli A TP-PFK (Shirakihara 

and Evans 1988 [lPFK]), and pig kidney fructose 1,6-bisphosphatase (Villeret et al. 1995 

[1 FPI]). Crystallization of all the complexes, with the exception of E. coli A TP-PFK was 

achieved either by co-crystallization or soaking the crystal in mother liquor containing 

F16bP. Preliminary soaking experiments by Dr. Stanley Moore of B. burgdorferi PPi­

PFK crystals (unpublished information) resulted in the failure to observe bound substrate. 

Therefore co-crystallization experiments were employed. 
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2.2 Materials 

The chemicals listed were used throughout the course of this research and were obtained 

from the following companies: 

Hampton Research (California, U.S.A) 

Crystal Screen Macromolecular Crystallization Kit, Crystal Screen 2 Macromolecular 

Crystallization Kit, Polyethylene glycol (PEG) 1000, PEG 4000, PEG 6000, PEG 8000, 

PEG 10000. 

Sigma Chemical Company (St. Louis, U.S.A) 

Bis-Tris-Propane, Bis-Tris, D-Fructose 1,6-bisphosphate, D-Fructose 6-phosphate, 

Ammonium chloride, N ,N ,N' ,N'-tetramethy lethy lenediamine, 

United States Biochemical Company (Ohio, U.S.A) 

Hepes, Trisw 

Ajax Chemicals (Sydney, Austrailia) 

Potassium chloride, Ammonium acetate, Sodium chloride, Potassium chloride, 

Ammonium chloride, Nickel chloride, Ammonium sulfate, Magnesium chloride 

Bio-Rad Laboratories (California, U.S.A) 

30 % Acrylamide/Bis solution, 

BDH Laboratory Supplies (Poole, England) 

Ammonium peroxidisulfate, Sodium acetate, tetra-Sodium pyrophosphate 

Riedel-De Haen Ag (Hannover, Germany) 

Manganese chloride, 
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2.3 Methods 

2.3.1 Crystallization of S. tlzermoplzilum PPi-PFK 

An aliquot of S. thermophilum PPi-PFK was dialyzed from the storage buffer into a 

buffered solution containing 1 mM NaiP2Oil0H20 (tetra-sodium pyrophosphate), 1 mM 
MgCh, 1 mM dithiothreitol and 10 mM Tris HCl, pH 7.5 and concentrated to 10 mg.mr1

•

The solution was centrifuged at 3000 rpm (Sorvall GS3 rotor) for 10 minutes, prior to 
laying down crystallization screens, to sediment any particulate matter that may have 

formed in solution. The solution was stored on ice at all times when not stored at 4 °C. 

Vapor diffusion by hanging drops was the crystallization method employed, entailing the 

suspension of a 4 µL hanging drop of equal volumes of ~10 mg.ml ·1 buffered protein 

solution and reservoir solution on plastic cover-slips over individual wells of a 24 well 
tissue culture plate containing the respective reservoir solution. Each well was sealed 

using petroleum jelly. Crystals with a needle-like morphology, which diffracted to 2.2 A
were grown from a reservoir solution of 2 M (NH4)2SO4, 0.1 M NaCl, and 0.1 M Hepes, 

pH 7.5 (this work was carried out by Dr. Stan Moore [unpublished information]). 

2.3.2 Determination of S. tlzermoplzilum PPi-PFK Concentration 

Beer's law = A = £cl 

(Eqn. 2.1) 

The precise concentration of the buffered S. thermophilum PPi-PFK stock solution was 
determined by UV spectroscopy to be- 0.9627 mg.ml · 1

• The concentration was calculated 
from the absorbance using Beer's law (see Eq1L 2d). J:'he peak absorbance, measured at 
278 nm for a twenty-fold diluted soluti�n was 0.147<The extinction coefficient was 

calculated to be 50781 M"1.cm· 1, as determined fromtheprimary sequence based upon the 

absorbance of Trp, Tyr, and Phe residues at 280 nm using the ProtParam tool 
,, 

(http://kr.expasy.org/tools/protparam.html). The concentrated protein was stored at 4 °C. 
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2.3.3 SDS-PAGE Gel Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was employed 

to verify purity of the enzyme after each equilibration of the S. thermophilum PPi-PFK 

from the stock buffer. Stock solutions, 12% resolving and 4% stacking gels were freshly 

prepared. The 12% resolving gel contained 3.2 ml acrylamide stock (Bio-Rad 

laboratories), 2.0 ml resolving buffer (1.5 M Tris HCl, pH 8.8), 2.68 ml H20, 80 µL 10% 

SDS, 40 µL 10% ammonium peroxodisulphate (APS), and 4 µL N,N,N',N'­

tetramethylethylenediamine (TEMED). The acrylamide to bisacrylamide ratio of the 

acrylamide stock was 37.5:1. The 4% stacking gel contained 0.399 ml acrylamide stock 

(Bio-Rad laboratories), 0.75 ml stacking buffer (0.5 M Tris HCl, pH 6.8), 1.815 ml H20, 

30 µL 10 % SDS, 15 µL 10% ammonium peroxodisulphate (APS), and 3 µL N,N,N',N'­

tetramethylethylenediamine (TEMED). 

40 µg, 10 µg, and 4 µg of protein was mixed with an equivalent volume ofloading buffer 

and heated at 1OO°C for 10 minutes upon a Multi-Block heater (Lab-Line Instruments 

Inc.). The solutions were allowed to cool and centrifuged before loading onto the gel. A 

constant voltage of 200 volts was applied across the electrodes at 5OmA until the dye 

front reached the bottom of the gel. Gels were stained with a solution of 0.1 % Coomassie 

Brilliant Blue R2so, 40% methanol, and 10% acetic acid. Gels were then destained in an 

equivalent solution minus the Coomassie Brilliant Blue R250 until bands were clearly 

distinguishable. 

2.3.4 Equilibration 

A 5 ml aliquot of S. thermophilum PPi-PFK in storage buffer was transferred into a 

buffered solution containing 10 mM Hepes, pH 6.8, 3.5 mM MgCh, 100 mM NaCl, 0.1 

mM Fructose-1,6-bisphosphate (F16bP buffer). Equilibration was achieved by the 

dropwise addition of 5 ml of the F16bP buffer to the 5 ml aliquot, in 200 µL aliquots. 

Particular care was taken to observe possible precipitation, indicative of the protein 

coming out of solution. No precipitate was observed during or after the addition of 5ml 

F16bP buffer. The volume of the solution was then approximately halved by 

centrifugation at 3000 rpm (Sorvall GS3 rotor) in a 30 K cut-off centricon microfilter 

(Millipore) at 4 °C. The process was repeated until approximately 99% of the storage 
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buffer had been replaced with F16bP buffer. The final S. thermophilum PPi-PFK 

concentration was 8.8 mg.ml -1
• 

2.3.5 Commercial Crystallization Screens 

Initial crystallization conditions were identified by vapor diffusion experiments using 

commercial screens: Crystal Screen and Crystal Screen 2: Macromolecular 

Crystallization Kits (Hampton Research). Each screen contained 50 individual reservoir 

solutions, the first 48 of which were used. 0.5 ml of each of the 96 reservoir solutions was 

added to an individual well of a 24 well tissue culture plate. 1.5 µL of the buffered 8.8 

mg.mr 1 S thermophilum PPi-PFK solution was mixed with 1.5 µL of the reservoir 

solution upon a plastic cover-slip to form a small spherical drop of 3 µL;which was 

suspended over the reservoir solution. Each well was sealed using petroleum jelly. A 

large, single crystal, which diffracted to 1.85 A was grown from reservoir solution 

number 4 7 from the commercial screen Crystal Screen: Macromolecular Crystallization 

Kit (Hampton Research) of S. thermophilum PPi-PFK. The reservoir solution comprised 

of 0.1 M sodium acetate trihydrate, buffered at pH 4.6, and 2 M ammonium sulfate. 

2.3.6 X-ray Data Collection 

All diffraction experiments were carried out at Massey University using a Rigaku RU200 

Cu-Ka rotating-anode generator with capillary-focusing optics coupled with a Rigaku 

Raxis IIC image plate detector. The power setting was 1. 1 kW and the beam was 

collimated to 0.1 mm. 

2.3.6.1 Data set: 2.2 A resolution 

The S. thermophilum PPi-PFK crystal (see section 2.2) was transferred from the mother 

liquor into an equivalent solution with 25% additional glycerol, constituting the 

cryoprotectant. After soaking for approximately 1 minute the crystal was mounted in a 

fiber loop and flash-frozen within a stream of liquid nitrogen vapor at 114 K (Oxford 

Cryosystems). Three oscillation photographs were taken at phi= 15°, 60°, and 150° with 

an exposure time of 30 minutes. Diffraction spots (Bragg spots) were observed to 

approximately 2 A. The spots could clearly be resolved with little overlap. Based upon 
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the misorientation indices obtained from the three oscillation photographs data set 

collection was started at phi = 60°. Setting the crystal to film distance at 130 mm, 300 

oscillation photographs were taken over 150° with an individual exposure time of 30 min 

and oscillation range (~phi) of 0.5°. 

2.3.6.2 Data set: 1.85 A resolution 

. The mother liquor turned opaque when flash-frozen within a stream of liquid nitrogen 

vapor at 114 K (Oxford Cryosystems). A cryoprotectant solution was prepared by adding 

glycerol to the reservoir solution to give a concentration of 15%. The large crystal (see 

section 2.6) was mounted in a fiber loop and flash-frozen within a stream of liquid 

nitrogen vapor at 114 K (Oxford Cryosystems). ). Setting the crystal to film distance at 

80mm, 3 oscillation photographs were taken at phi = 15°, 60°, and 150°. Spots could 

clearly be resolved with little overlap. Based upon the misorientation index data set 

collection was started at phi = 60°. 312 oscillation photographs were collected over 156° 

with an individual exposure time of 30min and an oscillation range (~phi) of 0.5°. 

2.3. 7 Crystallographic Data Processing 

The diffraction images of the respective data sets were auto-indexed and batch refined 

using DENZO (Otwinowski, Z., Minor, W. 1997). DENZO indexes the diffraction 

pattern of individual oscillation photographs, refines crystal and detector parameters, and 

integrates diffraction maxima. The following methodology applies to processing of both 

data sets. A peak search of the three initial oscillation photographs determined the spots 

to be used in the auto-indexing subroutine. Auto-indexing gave an unambiguous 

primitive monoclinic (P2) Bravais lattice solution for both data sets based upon 

comparison of the distortion index (a percentage value indicating the degree of distortion 

of the unit cell parameters required to fit the lattice) for each of the fourteen Bravais 

lattices. Based upon the Bravais lattice manually assigned DENZ assigns a profile to the 

predicted Bragg reflections. The profiles were defined as circular with a radius of 0.4 mm 

for all predicted reflections. The predicted reflections aligned with the spots indicating a 

correct solution. Once the predicted and observed reflections matched the positions 

parameters defining crystal orientation, unit cell, mosaicity, and detector orientation were 
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refined: initial refinement is typically executed at a medium resolution limit with 

subsequent rounds of refinement at higher resolutions. The initial frames of the 1.85 A 

data set were refined at 2.7 A, 2 A, and finally 1.85 A. The positions were refined until 

the predicted decrease in x,2 (the average ratio, squared, of the error in fitting, divided by 

the expected error) was near zero. Intensities were measured for the fitted profiles. 

Values determined from refinement of the parameters for the initial oscillation 

photographs were defined for the batch refinement of all oscillation photographs. Partial 

reflections, a reflection that is predicted to be only partially recorded in the positional 

refinement were used in the batch refinement. 

SCALEPACK (Otwinowski, Z., Minor, W. 1997) was use to scale the individual films 

and merge equivalent intensity measurements in the data. Postrefinement optimized the 

global crystal mosaicity and unit cell dimensions, yielding better scale factors and 

merging statistics. The individual oscillation photographs were subsequently reprocessed 

(batch refined) with the new mosaicity and unit cell dimensions defined and 

SCALEPACK rerun. SCALEPACK applies Bayesian rejection of spurious observati~ms 

(hkl). If the probability of an observation being an outlier is higher than a specified value 

it is rejected. The rejection probability should approximate the number of outliers divided 

by the number of observations. Therefore the higher the redundancy of the data the less 

likely the inappropriate rejection of an outlier. The rejection probability was specified as 

0.001. Iterative rejections were carried out until x,2 approached 1. Structure factor 

amplitudes were calculated from the merged intensity data output from SCALEP ACK 

using TRUNCATE by first converting the intensity output into an .mtz format using 

SCALEPACK2MTZ. TRUNCATE and SCALEPACK2MTZ are from the CCP4version 

3.5 suite of programs (CCP4 [Collaborative Computational Project, Number 4] 1994). 

TRUNCATE employs a Wilson plot to derive an overall scale factor (the exponential of 

the negative x intercept) and temperature (B) factor ( equal to the negative slope of the 

fall-off in mean intensity) for the diffraction intensity data. The program also uses a 
0 

Bayesian statistical procedure formulated by French and Wilson (1978) to inflate the 

intensity values of weak reflections, especially negati~e intensities and convert the 

standard errors of the intensities to the standard errors of the structure factor amplitudes 
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2.3.8 Molecular Replacement 

Calculation of electron density (p[xyz]) maps requires that structure factor amplitudes 

and phases be known. 

N 

F(hkl) = L fjhkt exp[2:rti (hxj + kyj + lzj)] = JF(hkl)Jexp [2:rti (ahkt)] 
j = 1 

(Eqn. 2.2) 

The structure factor amplitude (F[hkl]) is a geometrical complex sum of the atomic 

scattering magnitudes (fj hkt), given in electrons for a spherical atom j centered at Xj, Yj, Zj 

at some resolution specified by the reciprocal vector hkl. The structure factor equation 

(Eqn. 2.2) is comprised of an amplitude (IF[hkl]I) and phase ( exp[2:rtiahkl]) component. 

I(hkl) ex IF(hkl)l2 

(Eqn. 2.3) 

F(hkl) is proportional to the square root of the measured diffraction intensity (I[hkl]) 

(Eqn. 2.3). Note however that only the scalar magnitude of F(hkl), IF(hkl)I can be 

determined from the intensities, hence the phase component must be determined by other 

means: molecular replacement is one such method. The structure factor amplitudes, 

F(hkl), for a polypeptide can be determined from its atomic coordinates (x, y, and z) 

within some arbitrary unit cell. Molecular replacement approximates the scattering of an 

unknown molecule from the calculated scattering of a search model, a molecule of known 

three-dimensional structure. For F(hkl)obs to equal F(hkl)calc the atomic model of the 

search model must closely resemble the unknown structure and be in the correct 

orientation and position within the unit cell. A molecule whose three dimensional 

structure has been determined, which shares high sequence similarity with that of the 

unknown molecule can be used as a search model, based upon the premise that the 

primary amino acid sequence dictates the folded, tertiary structure of a polypeptide. The 

orientation and position of the search model within the unit cell is defined by six 

parameters, three of which specify orientation (rotation [ a, 13, and y]) and three which 
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specify position (translation [x, y, and z]). Note that the position need only be defined by 

two parameters for a polar space group. The approximate orientation and position 

parameters ( approximate because the search model is only an approximation of the 

unkown) can be determined separately via the Patterson synthesis (Eqn. 2.4): a Fourier 

map calculated with the squares of the structure factor amplitudes. The Patterson map 

corresponds to an inter-atomic vector map defined by the unit vector u,v,w. Each peak in 

the map corresponds to a vector between atoms in the crystal and the intensity of the peak 

is the product of the electron densities of each atom. 

P(u,v,w) = L IF(hkl)l2 exp[2rci hu + kv + lw) 

(Eqn. 2.4) 

2.3.8.1 Rotation function 

The Patterson synthesis is partially independent of the translation of the atomic model 

relative to the unit cell axes and symmetry operators. Because inter-atomic vectors can 

be sorted into those that are of intra-molecular origin and those that arise from inter­

molecular vectors, we can take advantage of the intra-molecular vectors as they should be 

independent of translation and only depend on the model orientation specified by the 

Eulerian rotation angles a, 13, and y. Hence the rotation function Patterson synthesis is 

calculated in such a way that contributions from inter-molecular vectors are minimized. 

The rotation function is used to compare the Patterson calculated from the search model 

(being careful to avoid inter-molecular vectors) with the Patterson from the observed 

data. A product function is used to quantify the overlap between the observed and 

calculated Patterson syntheses by sequentially summing the product or overlap between 

the observed and model vectors at each vector (u,v,w). This results in a maximum when 

the two Pattersons overlap, i.e. when the search model is in a similar orientation to the 

molecule in the observed unit cell. The rotation function R(C) is defined as; 

R(C) = fv Pobs (u) Peale (Cu)du 

(Eqn. 2.5) 
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Where C is a matrix which rotates the models coordinates with respect to the unit cell, 

P obs( u) is the Patterson function of the crystal and P catc( Cu) is the self-convolution 

function of the rotated model. R(C) will have a maximum when the peaks of the two 

functions superimpose (Giacovazzo, C. et al. 2002), indicative of the search model 

orientation closely approximating that of the molecule in the crystal lattice, hence we 

have a solution to the rotation function. 

Sometimes a clear solution is not evident, particularly if the structure of the search model 

is a poor approximation to our unknown molecule. If so then several parameters that 

affect the Rotation Function synthesis may be modified. These include the radius of 

integration that selects which inter-atomic vectors are used for the overlap calculation, 

the resolution cutoff of the crystallographic data, and the size of the model unit cell. For a 

search model, which is a good approximation to the structure being determined, the data 

resolution is often not crucial. Often data between 6 and 4 A will yield an acceptable 

solution. Systematic errors are introduced by low resolution data as the search model 

does not take into account solvent, which will affect the observed data. Altemativel;; to 

altering the resolution a B-value may be applied to weaken (positive B) or strengthen 

(negative B) the high-resolution terms. Application of normalized structure factors, or E­

values functions similarly to a negative B-value, strengthening the high-resolution data. 

The size of the unit cell of the search model and the angular step size, by which the 

model is rotated, can also be altered to give a clearer solution. 

2.3.8.2 Translation function 

The rotation function determines the orientation of the model. The translation function 

determines the absolute position within a unit cell. Resultant to a translation of the model 

within the unit cell is an equivalent translation of all symmetry related molecules (no 

translation is required for Pl, i.e. when only one molecule is present in the unit cell), 

which alters the inter-molecular vectors. When the calculated Patterson cross-vectors 

superimpose with those of the observed Patterson cross-vectors the model is in the 

correct position within the unit cell. 
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T(t) = fvPobs (u) P eale (u,t) du 

(Eqn.2.6) 

Where Peale (u,t) is the calculated Patterson cross-vector's and Pobs (u) the observed 

Patterson cross-vectors. The translation function (T) will have a maximum when the 

Patterson cross-vectors superimpose (Giacovazzo, C. et al. 2002). Note that the quality of 

the solution to the translation function is dependent upon the search model having the 

correct orientation (i .e. a correct rotation function solution). 

2.3.9AMORE 

The PPi-PFK structure from the Spirochete B. burgdorferi has been solved and refined at 

2.55 A resolution (Moore, S. et al. 2002; PDB lKZH). The amino acid sequence of B. 

burgdorferi PPi-PFK shares 56% identity with that of S. thermophilum PPi-PFK. Subunit 

A of the B. burgdorferi PPi-PFK homodimer with all solvent molecules removed was 

used as the search model. Residues that differed in identity between B. burgdorferi and S. 

thermophilum PPi-PFK other than conservative substitutions (Val/Thr/Ile , Thr/Ser, 

Gln/Glu, Asn/Asp, Phe/Tyr) were replaced with Ala as all residues, with the exception of 

Gly, share a Cf3 atom whose orientation is strictly stereochemically defined. Rotation and 

translation searches using the search model were carried out using AMORE (Navaza, J. 

1994). An orthorhombic unit cell was defined for the search model with dimensions a= 

125, b = 90, and c = 80 and crystallographic data within the resolution range 15 A - 4 A 

was used for the rotation and translation functions . An integration radius of 35 A was 

stipulated. PDBSET from the CCP4 version 3.5 suite of programs 5 (CCP4 

[Collaborative Computational Project, Number 4] 1994) was used to transform the model 

as dictated by the Eulerian angles and fractional coordinates calculated by AMORE 

(Navaza, J. 1994). Subunit A of the S. thermophilum PPi-PFK 2.2 A atomic model was 

used as the search model for the 1.85 A data set. The unit cell and crystallographic 

resolution range defined were identical to the 2.2 A data set. 

51 



Materials & Methods 

2.3.10 Restrained Crystallographic Refinement 

A maximum likelihood target was used in all refinement steps, monitored by cross­

validation, over a resolution range 50 - 2.2 A and 50 - 1.85 A, respectively. CNS protein, 

water, and ion topology and_ parameter libraries were used throughout the refinement 

(Brunger, A. et al. 1998). All manual rebuilding of the atomic model was carried out 

using TURBO-FRODO (Roussel, A. , Cambillau, C. 1991). 

2.3.10.1 Cross-validation 

The free R factor (Rfree) was employed to monitor the macromolecular refinement process 

(Brunger, A. 1992). The Rrree statistic is calculated from a set of reflections independent 

of the refinement process. The omitted set is comprised of a randomly selected 5% of the 

total measured reflections. Meaningful refinement must take into consideration not only 

the drop in the R factor (R) but also a concomitant decrease in Rrree• A drop in R without 

a concomitant reduction in Rfree is indicative of over-fitting of the data. The minimization 

of R is the criterion in the refinement. 

wR = I[w(lf0 I - 1Fcl)]2 

I wlfci2 

2.3.10.2 CNS Rigid-body Refinement 

(Eqn. 2.7) 

Rigid body refinement of the initial model was carried out. Each subunit of the dimer was 

initially refined as a rigid body followed by refinement with the individual domains, 

found from the rotation and translation searches as rigid bodies. 

2.3.10.3 CNS Restrained Crystallographic Conjugate Gradient Minimization 

Subsequent to rigid body refinement the model was submitted to stereochemically 

restrained refinement with a maximum likelihood target. Minimization refinement is 

advantageous in that it takes into account phase errors in the calculated structure factors. 

Bond lengths and angles of the atomic model are maintained at sensible values based 
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upon a protein parameter file (protein_rep.param) read into the program derived from 

Cambridge Data Base model structures (Engh, R.A. and Huber, R. 1991). 

2.3.10.4 Restrained Atomic Temperature factor Refinement 

Random thermal motion causes the position of an atom to fluctuate about an equilibrium 

position of minimal energy. The extent of the fluctuation is directly proportional to the 

absolute temperature. The fluctuation causes aberration of the atoms ability to scatter, 

resulting in a more diffuse electron density with increasing values of sin0/A. 

(Eqn. 2.8) 

Where U is the mean square Gaussian displacement of an atom with respect to its 

equilibrium position. The atomic temperature (see Eqn. 2.8) factor for each individual 

atom in the model was refined with a maximum likelihood target. The B factor was 

tightly restrained initially. The target rms deviation of temperature factors for main-chain 

and side-chain atoms was set to 1.0 and 2.0, respectively. The target rms deviation of 

temperature factors for main-chain and side-chain angles was set to 2.0 and 2.5, 

respectively. The weight for B factor restraints was altered accordingly to achieve the 

target rms deviations. In the latter rounds of refinement these target constraints were 

relaxed. 

A bulk solvent correction was applied for both minimization and B factor refinement. A 

mask around the molecule, calculated from coordinates from selected atoms defined the 

region outside of this as solvent. The solvent density level and solvent B factor were 

determined automatically. 

2.3.10.5 Atomic Model Building and Electron Density Interpretation 

After rigid-body and crystallographic conjugate gradient minimization refinement, 

SIGMAA maps; (2*m1Fol - DIFclY'exp(i phi_calc) (21Fol - IFcl) and (m!Fol - DIFc!Y'exp(i 

phi_calc) (/Fol - /Fe/) were calculated using phase information from the molecular 

replacement model. D is an estimate of error in the structure from coordinate errors and 
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m is the figure-of-merit (FOM) defined as the mean cosine of the phase error. As m 

approaches one the phase error approaches zero. The respective models were subjected to 

iterative rounds of manual rebuilding followed by minimization and B factor refinement. 

Manual rebuilding involved placement of incorrectly located atoms (indicated by 

negative difference density peaks within 1F0 I - IFcl maps) into reasonable electron density 

in 2IF ol - IF cl maps whilst maintaining reasonable geometry i.e. bond lengths and angles. 

Missing portions of the structure, water molecules, and sulfate ions were built into 

positive difference density peaks within the IFol - IFcl maps. 
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Chapter 3 

Results: Data Quality and Atomic Model Statistics 

3.1 Introduction 

S. thermophilum PPi-PFK crystals diffracting to 2.2 A and 1.85 A were crystallized from 

2 M (NH4)2SO4, 0.1 M NaCl, and 0.1 M Hepes (pH 7.5) and from 0.1 M sodium acetate 

trihydrate (pH 4.6), 2 M ammonium sulfate, respectively. Diffraction data sets were 

collected and processed as outlined in section 2.3.6 and 2.3.7. The phase problem for 

both data sets was solved by molecular replacement (see section 2.3.8 and 2.3.9). 

3.2 Space group and Unit Cell 

Auto-indexing of the 2.2 A and 1.85 A data set diffraction images using DENZO 

(Otwinowski and Minor 1997) indicated a primitive monoclinic cell for both, assumed to 

belong to the P 21 space group, with distinct unit cell dimensions (see Table 3.1 and 

Figure 3.1 ). 

S. thermophilum PPi-PFK 

1.85 A Data set 2.2 A Data set 

Unit cell 

a 66.804 61.876 

b 103.311 96.503 

C 83.547 103.650 
a 90 90 

13 102.861 94.765 
y 90 90 

Space group P21 P21 

Ycell 5.62 X 105 A3 6.18 X 105 A3 
Vm 2.32 A3.Da·1 2.55 A3oa·1 

Table 3.1: Unit cell dimensions and space group of the S. thermophilum PPi-PFK 1.85 A and 2.2 A unit 

cells. 
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Vcell [primitive monoclinic]= a.b.c.sinj3 

(Eqn. 3.1) 

Mr [S. thermophilum PPi-PFK] = 60.5 kDa. 

Vm = Ycell / z.MR 

(Eqn. 3.2) 

The Matthews' coefficient (V m) for the 1.85 A and 2.2 A unit cell was calculated to be 

2.32 A3.Da-' and 2.55 A3 .Da- 1
, respectively with z = 4, indicating a dimer in the 

asymmetric unit of the respective unit cells, as there are two unique positions in a 

primitive monoclinic Bravais lattice (P2 or P21). The estimated overall atomic 

temperature factors (B) and scale factors for the 1.85 A and 2.2 A data sets were 22.3 A2 

and 27.9 A2 and 135.6 and 227.8 respectively , determined from the Wilson plots 

calculated by TRUNCATE (see section 2.3.7). The difference in the temperature factors 

is reflective of the difference in resolution (A). The greater the thermal motion (measured 

by B) the lower, in general the resolution to which a crystal normally diffracts. The 

difference in B factor suggests fewer crystal contacts within the 2 .2 A unit cell , 

facilitating greater thermal motion. 

The diffraction images of the respective data sets were auto-indexed and batch refined 

using DENZO and SCALEP ACK was used to scale the individual films and merge 

equivalent intensity measurements in the data as decribed in section 2.3.7 (Otwinowski, 

Z., Minor, W. 1997). Six iterations of rejection for the 1.85 A data set and four iteration 

for the 2.2 A data set were executed until x2 (defined in section 2.3.7) approached 1. For 

final refinement statistics of the respective data sets see Table 3.2a and 3.2b. 

56 



Results: Data Quality and Atomic Model Statistics 

P21 2.2 A Data set 

Resolution No. of measured Completeness(%) II a Redundancy R-merge 

shell (A) reflections 

50.00 - 3.76 12023 96.2 24.0 3.08 0.060 
3.76 - 2.99 11893 96.6 18.1 2.97 0.086 
2.99 - 2.61 12077 98.2 8.6 3.00 0.149 

2.61 - 2.37 12163 99.0 4.6 3.00 0.223 
2.37 - 2.20 12165 99.2 2.8 2.97 0.298 

All hkl 60321 97.8 13.2 3.00 0.094 

Table 3.2a: Data refinement statistics for the S. thermophilum PPi-PFK P 2i, 2.2 A data set. Rejected 

reflections (19675) are not included. 

P21 1.85 A Data set 

Resolution No. of measured Completeness(%) I/ a Redundancy R-merge 
shell (A) reflections 

50.00 - 3.99 9505 98.6 25.3 3.1 0.054 
3.99 - 3.16 9508 99.6 25.6 2.8 0.062 
3.16-2.76 9468 99.4 20.9 2.5 0.075 
2.76 - 2.51 9395 99.0 15.4 3.1 0.088 
2.51 - 2.33 9347 98.5 12.2 3.1 0.098 
2.33 - 2.19 9305 98.2 9.5 3.1 0.112 
2.19 - 2.08 9253 95.7 7.2 3.J 0.136 
2.08 - 1.99 9182 95.2 5.1 3.1 0.179 
1.99 - 1.92 9192 95.0 3.5 3.1 0.252 
1.92 - 1.85 9118 96.5 2.3 3.0 0.367 

All hkl 93273 98.2 16.5 3.1 0.076 

Table 3.2b: Data refinement statistics for the unique S. thermophilum PPi-PFK P 21, 1.85 A data set. 

Rejected reflections (5853) are not included. 
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3.3 AMORE: 2.2 A solution 

The temperature factor for all atoms in the model were reset to 27 (value calculated from 

TRUNCATE) based upon the overall value derived from the Wilson plot, and atomic 

occupancies set to 1. 

3.3.1 Rotation function 

Peak Eulerian Angles Peak 

no. a f3 y (a) 
23 .50 59.80 47.02 10.6 

2 333 .35 39.60 241 .00 JO .I 
3 138.78 72.67 203.18 8.2 
4 41.97 41 .22 146 .13 7.6 

Table 3.3: Results of the AMORE rotation search. 

Data between 15 and 4 A were used in the computation. An integration radius of 3 5 A 

was stipulated. Consistent with the prediction of a dimer in the asymmetric unit and a 

primitive monoclinic unit cell two unambiguous peaks were evident at heights of 

approximately 10.6 and 10.1 a , clearly distinct from the next highest peak at 8.20 (see 

Table 3.3). 

3.3.2 Translation function 

Translation searches were carried out within a resolution range 15 A and 4 A for each of 

the best four rotation solutions in a P2 1 space group (see Table 3.4). 

Solution Eulerian Angles Fractional coordinates c.c. Rfac 

a f3 y Tx Ty Tz % 

SOLUT I 23 .50 59.80 47.02 0.1618 0.0000 0.1852 0.193 54.6 

SOLUT 2 * 333.35 39.60 241 .00 0.7115 0 .8510 0.6872 0.309 51.2 
SOLUT 3 * 138.78 72.67 203.18 0.2379 0 .9790 0.5308 0.17.0 55.4 
SOLUT 4 * 41.97 41.22 146.13 0.7203 0.9357 0.1712 0.17.2 55.5 

Table 3.4: Amore translation solutions for each of the four best rotation solutions. * Solutions calculated 

with SOLUT I fixed. 
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C.C. = Correlation Coefficient= { 1Foi2*1Fci2 -{IFi} {1Fci2} } 
sqrt ( {1Foi4 - {1Foi2}2} {1Fci4 - {1Fci2}2}) 

(Eqn.3.3) 

Eq n. 3.3: Correlation coefficient derived from observed and calculated structure factors within the 

translation function. { denote the average over a defined resolution range. 

Note the translation along the y axis (Ty) is equal to zero for the first solution as the 

absolute y axis coordinate value is arbitrary in a polar space group such as P2 1• The top 

two rotation function solutions produced the top two solutions for the translation search, 

which suggests that they were indeed the correct solutions. The two solutions were 

clearly distinct, ranked based upon their correlation coefficients. Note how solutions 

SOLUT_3 and SOLUT_ 4 give poor correlation coefficients and high R factors, 

indicating that they are false solutions to the molecular replacement problem. Solutions 1 

and 2 represent the B and A subunits, respectively of the S. thermophilum PPi-PFK 

dimers in opposing asymmetric units. A 21 symmetry operation about the y axis of the 

first solution model using the refined unit cell dimensions from SCALEPACK generated 

subunit A in the other asymmetric unit, forming a dimer with the second solution model 

and vice versa. The ability to effect a solution with sensible symmetry related contacts 

between dimers and sensible contacts across the dimer interface validate the molecular 

replacement solution in a P2 1 cell (see Figure 3.1). 

3.4 AMORE 1.85 A solution 

The temperature factors for all atoms in the model were reset to 22 ( calculated from 

TRUNCATE) based upon the overall value derived from the Wilson plot, and atomic 

occupancies were set to 1. 
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3.4.1 Rotation function 

Peak 

no. 

2 

a 

315.07 
152.80 

Eulerian Angles 

85.75 
86.69 

y 

194.82 
69.84 

Table 3.5: Results from the AMORE rotation search. 

Peak 

(o) 

15.0 
13.1 

Data between 15 and 4 A were used in the computation. Consistent with the prediction of 

a dimer in the asymmetric unit in a primitive monoclinic unit cell two unambiguous 

peaks were evident at heights of approximately 15.0o and 13.lo(see Table 3.5). Note 

that four solutions were shown in Table 3.3 and 3.4 to highlight the true solutions of the 

searches. 

3.4.2 Translation function 

Translation searches were carried out within a resolution range 15 and 4 A for each of the 

rotation solutions (see Table 3.6). 

Solution Eulerian Angles Fractional coordinates C.C Rfac 

a [3 y Tx Ty Tz % 

SOLUT 1 315.07 85.75 194.82 0.2222 0.0000 0.4205 0.25 51.6 

SOLUT 2 * 152.80 86.69 69.84 0.7430 0.0255 0.1255 0.40 46.7 

Table 3.6: Amore translation solutions for each of the rotation solutions. * Solution calculated with 

SOLUT l fixed. 

In agreement with the rotation function the top two solutions produced the top two 

solutions for the translation search. The two solutions were clearly distinct, ranked based 

upon their correlation coefficients. The two best solutions are related by a screw-dyad 

(21) symmetry axis. Solutions 1 and 2 represent the A and B subunits, respectively of the 
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S. thermophilum PP;-PFK dimers in opposing asymmetric units . A symmetry operation 

parallel to y of the first so lution model , labeled subunit B using the refined unit cell 

dime nsions from SCALEPACK, generated subunit B in the other asymmetric unit , 

forming a dimer with the second solution model , labeled subunit A and vice versa. The 

ability to effect a so lution with sensible crystal contacts a nd sensible contacts across the 

dimer interface va lidates th e choice of P2 1 as the space group for th e mol ec ul ar 

replacement solution (see Figure 3. 1 ). 

3.5 Crystal Packing 

Both unit cells belong to a P2 1 space group w ith a dimer in the asymmetri c unit , ye t the 

unit cell vo lume (V.:~ 11 ) of the 1.85 A data set is approximate ly I 0% sma ll e r than the 2.2 

A data se t, indicat ing ti ghter molecul a r packing in the crystal and therefore more 

ex tensive crystal contacts, as hypothesized ea rli er (see Table 3.7 and 3.8). 

Figure 3. 1: Diagram of the S. thermophilum PPi-PFK homod imer in each asymmetric unit of the 1.85 A 

(A .) and 2.2 A (B.) data sets unit ce ll (P2 1) . Figure produced with TURBO-FRODO (Roussel and 

Cambillau 199 1). 
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Symmetry Related 
Hydrogen Bonding 

Parent Secondary Symmetry Secondary Distance Symmetry 
Molecule structure Related structure A operation 

Atom Nei hbor 

Pl6B 0 al-a2 R63A NE 132 2.93 -x, y- I /2, -z+ I 

Pl68O al-a2 R63A NH2 132 2.83 -x, y-1 /2, -z+I 

VISBN al-a2 S65AOG 132-133 2.91 -x, y-1 /2, -z+ I 

E258 OE2 a2-131 Q23A NE2 a2 3.1 -x, y- I /2, -z+ I 

R71BNH2 132-133 Q191A NE2 a8 3.3 x, y-1 , z 

R71B NH2 132-133 Ql91AO a8 2.99 X, y-], Z 

R43B NH2 a3 R403B NH2 a17 3.04 -x , y+ I /2, -z 

D3268 OD1 a13 K334A NZ a13 2.89 -x+ I, y-1 /2, -z 

S350A OG a14 G4918 0 l314-l315 2.65 -x+l, y+l /2, -z 

E409A OEI a17 RSI IB NH2 a21 3.26 x+ I, y, z 

E410A OEI al7 RSI IB NHI a21 3.21 x+ I, y, z 

A406A 0 a17 RSI IB NH2 a21 3.24 x+ I, y, z 
G41 IBO a17-f311 R498B NHI f315-a21 2.61 -x, y-1 ?2, -z 

Table 3.7: Crystal contacts made by the S. thermophilum PP;-PFK 2.2 A atomic model. No direct 

interactions exist between the asymmetric units. All direct contacts shown exist between dimers from 

different unit cells. Highlighted is an asymmetric crystal contact between al4 of the helical domain 

(subunit A) and the l314-l315 f3-hairpin (subunit 8 ). 
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Symmetry Related 
Hydrogen Bonding 

Parent Secondary Symmetry Secondary Distance Symmetry 
Molecule Structure Related Structure A operation 

Atom Neighbor 

Q35A NEI ~1-a3 D293B OD2 a12 2.87 x-1, y, z 

P36AO ~1-a4 R403B NH2 a17 2.89 x-1, y, z 

E44A OE2 a3 E409B OE2 a17 2.84 x-1,y,z 

K47A NZ a3 E409B OE2 a17 3.02 x-1, y, z 

K47A NZ a3 E410B OEI a17 3.15 x-1, y, z 

K47A NZ a3 E4 10B OE2 a17 3.07 x-1, y, z 

R48A NE a3 D168B ODI a7-~6 3.33 x-1 ,y,z- l 

R48A NH2 a3 Gl66B 0 a7-~6 3.33 x-1,y,z- l 

Dl20A OD2 a5-p5 E347B OE2 a14 2.52 -x, :y+ 1/2, -z 

Kl63A NZ a7 Q35B OEI ~1-a3 2.85 x-1 , y, z-1 

Hl65A NE2 a7 E347B OE2 a14 3.10 -x, y+ 1/2, -z 

Q192A NEI a8 G55B 0 a3-~2 3.05 x-1 , y, z-1 

E212A OEI ~7-a12 T283B OGI all-a12 3.07 x-1, y, z 

E215A OEI ~7-a12 N281B ODI all-a12 2.87 x-1, y, z 

S285A OG a12 R63B NH2 ~2 2.69 -x, y+l /2, -z+ I 

S285A OG a12 R28B NHI a2-~1 2.97 -x, y+ I /2, -z+ I 

S285A OG a12 R28B NE a2-~1 3.16 -x, y+ I /2, -z+ I 

D289A OD2 a12 R63B NE ~2 2.50 -x, y+ I /2, -z+ I 

K464A NZ ~12 N281B 0 all-a12 2.90 x-1, y, z 

N465A ODI ~12-~13 E279B 0 all 3.13 x- 1, y, z 

N465A ND2 ~12-~13 E279B 0 all 2.96 x-1, y, z 

R468A NHI ~12- ~13 R278B 0 all 3.28 x-1, y, z 

R468A NE ~12-~13 E279B OE2 all 3. 17 x-1, y, z 

R468A NHI ~12-~13 E279B 0 all 3.0 1 x- 1, y, z 

M493A N ~15 Q192B 0 a8 3.06 x-1, y, z-1 

D503A OD2 ~15-a21 N359B N a15 2.99 x-1, y, z 

E505A OE2 pl5-a21 A355B 0 a14 2.78 x-1, y, z 

E505A OEI fl15-a21 S357B 0 a14-a15 3.28 x-1, y, z 

E505A OEI ~15-a21 S357B N a14-a15 2.88 x-1, y, z 

K510A NZ a21 E327B OEI a13 2.99 x-1, y, z 

Q551A NEI a23 N281B ODI all-a12 3.15 x-1, y, z 

Table 3.8: Crystal contacts made by S. thermophilum PPi-PFK 1.85 A atomic model. Crystal contacts are 

more significant than the 2.2 A atomic model as a result of the reduced unit cell volume. Highlighted are 

asymmetric crystal contact formed with the helical domain of subunit B. Underlined interactions are 

directly attributable to protonated carboxylate groups. 
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Recall from section 3.1 that the S. thermophilum PPi-PFK crystals diffracting to 2.2 A 

and 1.85 A were crystallized at pH 7.5 and pH 4.6, respectively. The pKa of the terminal 

carboxylate group of aspartic and glutamic acid residues is 4.4, therefore at a pH of 4.6 a 

proportion will be protonated, as evidenced in Table 3.8. 

3.6 Refinement of the S. thermophilum PPi-PFK Atomic Models 

The S. thermophilum PPi-PFK 2.2 A and 1.85 A dimers generated from the molecular 

replacement solutions exhibit a pseudo dyad symmetry axis owing to structural difference 

between the A and B subunits of the S. thermophilum PPi-PFK homodimer. It was 

therefore possible to reduce the number of refinable parameters for both atomic models 

by including this non-crystallographic symmetry (NCS) information in restraining the 

refinement. The main chain and side chain atoms of the NCS groups were restrained. As 

the refinement progressed the NCS was continually modified (see Table 3.9). 

1.85 A Model 2.2 A Model 

NCS restraints RMS difference* RMS difference* 
Residue # A A 

18-22 0.0510 0.0770 
31-35 0.0270 0.0620 
57-62 0.0560 0.0550 

74-102 0.0480 0.0430 
133-144 0.0900 0.0610 
154-162 0.0590 0.0520 
169-175 0.0390 0.0290 
178-190 0.0670 0.0410 
437-463 0.0360 0.0400 
476-486 0.0400 0.0740 

Average rms 0.0513 0.0530 
difference 

Table 3.9: Final non-crystallographic symmetry (NCS) groups between subunits A and B for the S. 

thermophilum PPi-PFK 2.2 A and 1.85 A atomic models. * RMS difference between selected regions (NCS 

groups) of the A and B subunits. 
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The average rms displacement for the NCS groups of the 1.85 A and 2.2 A atomic 

models is 0.0513 A and 0.0530 A, respectively compared to an average rms xyz 

displacement of 0.867 A and 0.878 A for all protein residues, respectively. This however 

can be misleading as structural deviation between regions under NCS constraint can be 

mitigated via an inflation of the respective B factors. The average residue B factor for 

NCS groups of the 1.85 A and 2.2 A atomic models is 21.72A2 (23.86 A2
) and 27.29 A2 

(32.04 A2
) respectively which is significantly lower than the average residue B factor for 

all protein residues. It can therefore be concluded that the NCS definition is valid for both 

models. Close inspection of electron density verified this. 

3.6.1 Model building: 2.2 A model 

After rigid-body and crystallographic conjugate gradient minimization refinement of the 

S. thermophilum PPi-PFK 2.2 A atomic model , 21f ol - IFcl and IFol - IFcl type maps were 

calculated using phases from the refined molecular replacement model. 

Immediately apparent were the reordering of specific surface loops and approximately 

the entire a-helical domain (residues 30-41 and 62-70 [N-terminal insert], 318-3 75 

[helical domain] , 398-415, and 485-506[~14-~ 15 ~-hairpin]) of both S. thermophilum 

PPi-PFK subunits relative to the B. burgdorferi PPi-PFK A subunit. In these regions of 

the model , continuous 21f0I - IFcl electron density at la was absent and both positive and 

negative difference density peaks (If 01 - If cl ), contoured at -3 and 3a, respectively , were 

observed. These regions were therefore excised from the atomic model. The large and 

small domains of the model exhibited a higher degree of structural conservation with the 

B. burgdorferi PPi-PFK search model, as evidenced by continuous 21f 0I - IFcl electron 

density contoured at 1 a , calculated from the molecular replacement phases. Within these 

regions positive difference density peaks contoured at 3awere observed in close 

proximity to the C~ atoms of substituted Ala residues, facilitating the rebuilding of the 

correct residue in its correct conformation into the model (see Figure 3.2). Difference 

electron density peaks were also observed for residues that were conserved between B. 

burgdorferi and S. thermophilum PPi-PFK, indicating an altered conformation of the 

amino acid side chain. Positive difference density indicating the conformation of all the 

missing amino acid side chains was not immediately evident or was ambiguous. As the 
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refinement progressed electron density appeared that was attributable to water molecules 

and su lfate ions. The initial criteria for bui lding a water molecule into the model was a 

spherical 4opeak in the lf0 I - If cl map and sensible hydrogen bonding contacts to the 

po lypeptide, i.e . between 2.4 and 3.3 A. Towards the latter stages of refinement the 

criteria were relaxed to spherical 3o lfol -IFcl and lo 21f0 I - IFc l peaks and sensible 

hydrogen bonding contacts. The criterion for a sulfate ion to be built into the model was a 

large 4o f 01 -IFcl peak with a roughly tetrahedral shape . The sulfate oxygen atoms also 

had to be making sensible electrostatic or hydrogen bondin g contacts with the 

polypeptide. 

I ! I 
'7 ~ 

;• 
/ _ ... ::- c' .... ---

Fig ure 3.2: Init ial elec tron density maps of the S. 1her111ophi/11111 PP,-PFK 2.2 A atomi c model are shown in 

blue (21F"I - 1F0 1) , contoured at 1 o and purple (IF0 I - IFcl), contoured at 3o). The molecul ar replacement 

so luti on model is shown in green. The pos iti ve difference electron dens ity (IF0 I - IFcl) all ows the modeling 

ofM et282 B, absent in the initial model (nitrogen = blue. ca rbon = yell ow, oxygen = red. sulfur = green). 

3.6.2 Model building: 1.85 A model 

As subunit A of the S. thermophilum PPi-PFK 2.2 A atomic model was used as the search 

model fo r the 1.85 A AMORE solution only residues at the active site were rep laced with 

an Ala residue. The dimeric AMORE solution was submitted to rigid body refinement 
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and initial 21F 0I - IF cl and IF ol - IF cl maps were calculated. Inspection of the initial electron 

density maps indicated a significant displacement of the helical domain, and the C­

terminal domain to a lesser degree of both subunits A and B relative to the S. 

thermophilum PPi-PFK 2.2 A atomic model. The helical domain and ~14-~15 ~-hairpin 

of both subunits were subsequently excised from the S. thermophilum PPi-PFK 1.85 A 

model prior to the ensuing round of refinement (337-392 [a-domain], 487-499 [~14-

~ 15]). The same criteria for the modeling of water and sulfate ions was applied, as 

previously defined (3 .6.1 ). 

3. 7 Iterative Restrained Refinement 

Improvement of the atomic models is concomitant with improvement of the atomic 

models crystallographic phases, therefore the quality of the respective electron density 

maps improved with each round of refinement. The appearance of interpretable electron 

density allowed further incorporation of the aforementioned excised loops and missing 

amino acid side chains. Iterative cycles of crystallographic x y z and B factor refinement 

and manual rebuilding of the 1.85 A and 2.2 A atomic models was terminated when the R 

factor reached 0.1923 (Rrree = 0.2035 [FOM = 0.88794]) and 0.199 (Rrree = 0.229 [FOM = 

0.8544 7]) , respectively. At no point during the refinement did R and Rfree significantly 

diverge indicating that the data were not significantly over refined. 

3.8 S. thermophilum PPi-PFK: Quality of the Final Atomic Models 

The S. thermophilum PPi-PFK is a homodimer. Each subunit is comprised of residues 2-

554. Continuous electron density (21F0 J - IFcl) contoured at lo was observed for the entire 

backbone of each subunit with the exception of the N-terminal methionine residue for 

both atomic models. Electron density was absent or was not interpretable for a number of 

amino acid side chains in both subunits (see Table 3.10 and 3.11). These residues were 

replaced with an alanine. The majority of these side chains were situated upon surface 

loops of the enzyme and are not in close proximity to, or presupposed to function in 

catalysis or substrate binding at the active site. The side chain conformation was not 
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interpretable for three residues thought to function at the active site, K148B, R253B, and 

H382B of subunit B of the 1.85 A atomic model. K148B and R253B (MGR) are situated 

at the active site and His382B is positioned upon the 380-390 f3-hairpin, which is likely to 

interact with Aspl 77 (GGDD) upon a conformational change positioning the loop into 

the active site (Moore, S.A. et al. 2002). In both atomic models the number of residues in 

subunit B with no interpretable side chain electron density is disproportionate to subunit 

A (see Table 3 .10). This will result in an underestimation of the average B factor for 

subunit B. Note that the majority of uninterpretable residues are situated upon the helical 

domain (315B-390B) . In the 2.2 A atomic model the average main chain B factor for the 

helical domain of subunit A is 48.8 A2 compared to 59.6 A2 for subunit B. The greater 

disorder of the helical domain of subunit B relative to that of subunit A suggests that its 

movement within the crystal is less restricted. The crystal contacts formed by the 

respective helical domains are asymmetric. a 14 of the helical domain of subunit A forms 

hydrogen bonding and van der Waals crystal contacts with the f314 -f315 f3-hairpin of 

subunit B of the neighboring dimer. This contact is not formed by the helical domain of 

subunit B (see Table 3.7). The fewer contacts formed by the helical domain of subunit B 

may account for its disorder relative to that of subunit A. Disorder of the helical domain 

is illustrated in Figure 3.5 . Tables 3.10 and 3.11 summarize the temperature factor 

statistics for the respective S. thermophilum PPi-PFK atomic models. 

3.8.1 Active Site 

Homologous to prokaryotic ATP-PFKs the active site of PPi-PFKs is formed at a cleft 

between the N- and C-terminal domains. Examination of the active site of the S. 

thermophilum PPi-PFK 1.85 A atomic model during refinement revealed tetrahedral 

positive difference density peaks (If 01 - If cl) in the region expected to be occupied by the 

phosphate moieties of Fl 6bP and the PPi f3-phosphate of subunit A and the F 16bP 6-

phosphate binding site of subunit B. Sulfate ions were modeled into the electron density 

with sensible bonding interactions. With an occupancy of 1, their real space correlation 

coefficients refined to 0.929 (SO4 901 (6-phosphate, subunit A]), 0.961 (SO4 902 (1-

phosphate, subunit A]), 0.857 (SO4 906 (f3-phosphate, subunit A]), and 0.948 (SO4 905(6-

phosphate, subunit B]) with average temperature factors of 35.5, 40.3, 64.1 and 42.6 
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respectively. Tetrahedral positive difference density (!Fol - IFcl) indicative of bound 

sulfate ions at the Fl 6bP 6-phosphate binding site was observed in both subunits of the S. 

thermophilum PPi-PFK 2.2 A atomic model. 

1.85 A Model 2.2 A Model 

Subunit A Seq.# Residue Subunit B Subunit A Seq.# Residue Subunit B 

IM M 

ALA 2T ALA 2 T ALA 
ALA 71 R 47 K ALA 

148 K ALA 48 R ALA 

ALA 150 E 63 R ALA 
164 K ALA 103 R ALA 

253 R ALA 153 E ALA 
ALA 334 K ALA ALA 164 K 

ALA 335 E ALA 332 L ALA 

ALA 337 E ALA 334 K ALA 
338 V ALA 337 E ALA 

ALA 340 N ALA 338 V ALA 

ALA 341 R ALA 339 F ALA 

ALA 342 I 340 N ALA 

ALA 343 D ALA ALA 341 R ALA 

ALA 347 E 342 ALA 

355 K ALA ALA 343 D ALA 
362 H ALA ALA 346 R ALA 

378 D ALA 347 E ALA 

379 R ALA 348 R ALA 
382 H ALA 350 s ALA 

405 K ALA 355 K ALA 
414 K ALA 365 s ALA 

ALA 488 K ALA ALA 389 R 
ALA 489 R ALA ALA 414 K ALA 
ALA 490 H ALA ALA 488 K ALA 

492 K ALA ALA 489 R ALA 

493 M ALA 490 H ALA 
ALA 494 K ALA ALA 492 K ALA 

498 R ALA ALA 494 K ALA 
ALA 554 E 

Table 3.10: Residues in the final S. thermophilum PPi-PFK 1.85 A and 2.2 A atomic models with absent or 

uninterpretable electron density for the side chain. These residues have been modeled as Ala residues. 

Residues bold and underlined replaced with an Ala residue are putatively involved in substrate binding 

and/or catalysis or interact with residues which are. 
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No. atoms in chain 

No. of residues in chain 

No. of side chain residues 

B average for main chain A 2 

B average for side chain A 2 

B average for whole chain A 2 

rms deviation of residue B for main-chain A 
rms deviation of residue B for side-chain A 

S. thermophilum PPi-PFK 

1.85 A Model I 2.2 A Model 

A B A B 
4219 4161 4239 4184 

553 552 553 553 

434 420 442 426 

22.73 22.79 29.85 32 .78 

25.20 24.83 31.84 33.66 

23.91 23 .74 30.80 33.20 

0.88 0.87 1.03 0.93 

1.69 1.67 1.85 1.67 

Table 3.11 : Synopsis of B factor statistics for the S. thermophilum PPi-PFK 1.85 A and 2.2 A atomic 

models. 

Refinement was tightly restrained. For the 1.85 A and 2.2 A atomic models the rms 

deviation from ideal bond lengths is 0.006 A and 0.006A and the rms deviation from 

ideal bond angle 1.235° and 1205°, respectively. 

S. thermophilum PP;-PFK 

Target 1.85 A model 2.2 A model 

rms A2 rmsA2 rms A2 

Bonded main-chain atoms 1.5 1.29 1.36 

Bonded side chain atoms 2 2.05 2.19 

Angle main-chain atoms 2 1.85 2.02 

Angle side chain atoms 2.5 2.89 2.98 

Table 3. 12: B factor rms deviation targets for B factor refinement and statistics for the final atomic models. 

Main-chain torsion angles were not restrained during refinement of S. thermophilum PPi­

PFK atomic models. The stereochemical quality of the atomic models was assessed using 

PROCHECK (Laskowski, R. et al. 1993). Ramachandran plots of the S. thermophilum 

PPi-PFK 1.85 A (see Figure 3.3) and 2.2 A (see Figure 3.4) atomic models illustrates that 
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91.5% and 91.1 % of residues are in their most favored region, 8.3% and 8.6% in 

additional allowed regions, 0.2 % and 0.3% in generously allowed regions, and 0.0% in 

disallowed regions, respectively. The S. thermophilum PPi-PFK atomic models are above 

average for all stereochemical parameters assessed by PROCHECK (Laskowski, R. et al. 

1993) for structures determined and refined at 1.85 A and 2.2 A resolution, respectively. 

It can therefore be concluded that the stereochemical quality of the S. thermpophilum PPi­

PFK atomic models is very high. 
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Results: Data Quality and Atomic Model Statistics 

A measure of the fit of the atomic models to the electron density can be determined by 

calculating the real space correlation coefficients (see Eqn.3.3). The average correlation 

coefficient for all protein atoms in the S. thermophilum PPi-PFK 1.85 A model is 0.9483 

(where 1 is a perfect fit) with a standard deviation of 0.046 as compared to 0.7336 and 

0.129 respectively for the initial AMORE solution model. The real space correlation 

coefficient, calculated with CNS (Brunger, A. et al. 1998), as a function of residue 

number for each subunit of the final S. thermophilum PPi-PFK 1.85 A atomic model is 

shown in Figure 3 .5 and a synopsis of the data for the initial and final models is given in 

Table 3.13. A synopsis of the S. thermophilum PPi-PFK 2.2 A atomic models correlation 

coefficients for the initial and final data is given in Table 3.14. 

Initial Model Final Model 

Subunit B Subunit A All Subunit B Subunit A All 

CC average 0.7106 0.7566 0.7336 0.9488 0.9478 0.9483 

CC Std. Dev. 0.1416 0.1108 0.1291 0.0442 0.0481 0.0462 

R average 0.2894 0.2434 0.2664 0.0512 0.0522 0.0517 
R Std. Dev. 0.14 16 0.1108 0.1292 0.0442 0.0481 0.0462 

Table 3.13: Synopsis and comparison of the correlation coefficients (CC.) and R values for the initia l 

AMORE solution model and the fin al S. thermophilum PP;-PFK 1.85 A model. Note values are for protein 

atoms only. 

In itial Model Final Model 

Subunit B Subunit A All Subunit B Subunit A All 

CC average 0.7032 0.7072 0.7052 0.9437 0.9507 0.9472 

CC Std. Dev. 0.1383 0.1456 0.1420 0 .0380 0.0317 0.0351 
R average 0.2968 0.2928 0.2948 0.0563 0.0493 0.0528 
R Std. Dev. 0.1383 0.1456 0.1420 0.0380 0.0317 0.0351 

Table 3. 14: Synopsis and comparison of the real space correlation coefficients (CC.) and R values for the 

initial and final S. thermophilum PP;-PFK 2.2 A model. Note values are for protein atoms only. 
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Results: Data Quality and Atomic Model Statistics 

The plot of the real space correlation coefficient and average residue main chain B factor 

for subunit A and B of the S. thermophilum PPi-PFK 1.85 A atomic model indicates that 

the helical domain of both subunits is di sordered relati ve to the N- and C-terminal 

domains, feas ibly as a result of movement within the crystal. An almost identical degree 

of di sorder is seen fo r the 2.2 A model (Data not shown). The di sorder of the he li ca l 

domain of subunit B is greater than that of subunit A as a result of asymmetric crystal 

contacts. The helica l domain of subunit A fo m1s more crystal contacts. The impli cations 

of helica l domain movement will be di scussed in Chapter 4. 

Compari son of the S. thermophilum PPi-PFK atomic model 2IF0 I - IFcl electro n density 

maps illustra tes the superi or quality of the 1.85 A 21Fol - IFcl elec tron density maps (see 

Figure 3.6 and 3. 7) . 
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Figure 3.6 : Stereo view of the fi nal 2IF0 I - IFcl maps contoured at 2o fo r strands [33 (74-778), [36 ( 168-

171 8), and [37 ( 196-1 99) of the Subunit 8 large domain [3-sheet of the fi nal S thermophilum PP;-PFK 1.85 

A model. 
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Results: Data Quality and Atomic Model Statistics 
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Results: Data Quality and Atomic Model Statistics 

Results: Synopsis 

The structure of a PPi-PFK from the thermophilic bacterium, S. thermophilum PPi-PFK 

has been solved by molecular replacement in two distinct conformations at 1.85 A and 

2.2 A resolution, respectively. 

No. protein atoms 
No. water molecules 
No. sulfate atoms 
Rfree(50-1.85 A, 4650 reflections [4.9%]) 
R(50-l.85 A, 87943 reflections [93 .2%]) 
Residues in most favored Ramachandran regions 
Residues in additional allowed Ramachandran regions 
Residues in disallowed Ramachandran regions 
Average B factor main-chain atoms A 2 

Average B factor side-chain atoms A 2 

Average B factor solvent A 2 

Average B factor sulfate ion atoms A2 

RMS bond length A 
RMS bond angles degrees 
Average RS correlation coefficient 
Std. Dev. RS correlation coefficient 

8380 
723 
60 

0.1923 
0.2035 
91.5 
8.3 
0 

22.76 
22.96 
29.32 
49.42 
0.006 
1.235 
0.948 
0.0461 

Table 3.15: Synopsis of refinement and model statistics for the S. thermophilum PPi-PFK homodimer 1.85 

A model. 

No. protein atoms 

No. water molecules 
No. sulfate atoms 
Rfree(50-2 .2 A, 3039 reflections [4.9%]) 
R(50-2 .2 A, 57232 reflections [92.8%]) 
Residues in most favored Ramachandran regions 
Residues in additional allowed Ramachandran regions 
Residues in disallowed Ramachandran regions 
Average B factor main-chain atoms A 2 

Average B factor side-chain atoms A 2 

Average B factor solvent A 2 

Average B factor sulfate ion atoms A 2 

RMS bond length A 
RMS bond angles degrees 
Average Real Space correlation coefficient 
Std. Dev. Real Space correlation coefficient 

8369 

697 
50 

0.2288 
0.1991 
91.1% 
8.6% 
0.0% 

31.31 
30.06 
33.58 
63.3 
0.006 
1.205 

0.9415 
0.0413 

Table 3.16: Synopsis of refinement and model statistics for the S. thermophilum PPi-PFK homodimer 2.2 A 

model. 
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S. thermophilum PPi-PFK: Structure and Function 

Chapter 4 

Spirochaeta thermophilum PPi-PFK: Structure and Function 

4.1 Quaternary Structure 

The PPi-PFK from the thermophi lic bacterium S. thermophilum, a homo logue of the plant 

PPi-PFK ~-subunit assembles into a homodimer (see Fi gure 4. 1 ). The 554-residue subunit 

has a mo lecu lar mass of 6 1080 g moi- 1 a nd a theore ti ca l isoe lectri c point of 6.22 , as 

ca lc ul ated by the ProtPara m tool (http ://kr. expasy .org/tool s/protpara m.htm l). Th e S. 

thermophilum PPi-PFK 1.85 A atomi c model has a measured so lvent access ible area of 

3884 2 A 2. A tota l surface area of 5353 A 2 is bu ried at th e dimer inte rface , as ca lcul ated 

by AREA IMOL (CC P4 ve rsion 3.5 [Col laborati ve Computati o nal Projec t, Numbe r 4 . 

1994]) . 

A. 

Subunit A 
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S. thermophilum PP;-PFK: Structure and Function 

B. 

Subunit B 

Subunit A 

Figure 4.1 : Structure of S. rhermophi/11111 PP,-PFK. Fi gures prepared using MOLSCRIPT (Krauli s 199 1 ). 

A. Ribbon di agram of S. 1hermophi/11m PP,-PFK . The pseudo two- fo ld symmetry ax is is ve rti ca l. parall el to 

the page. through the centre of the molec ule. The small domain is shown in blue and the large domain in 

orange. Th e N-terminal insert is shown in purple. the C-terminal inse rt in reel . the fl 14-f-\ 15 insert in grey. 

and the heli ca l domain in green . B. Ribbon di agram of S. 1her1110phi/11 111 PP,-PFK looking down the pse udo 

2-fo ld symmetry ax is. 

4.2 Tertiary Structure 

The PP;-PFK of S. thermophilum shares 18.4% sequence identity with the prokaryotic 

ATP-PFK of£. coli . Superposition of the Ca trace of£. coli ATP-PFK ( I PFK) with 

subunit A of S. thermophilum PP 1-PFK (see Table 4 .1 a) highlights conservation of the N­

and C-terminal domain tertiary structure. Based upon superposition of the -terminal 

domain it is evident that the C-terminal domain of S. thermophilum PP;-PFK is di splaced 

relative to E. coli A TP-PFK ( I PFK) (see Figure 4.3 ) . The consequence of this 

displacement with respect to the conformation of the F6P/F I 6bP binding site wi ll be 

discussed further in later sections of this chapter. The aforementioned and subsequent 

structural superpositions were based upon backbone atoms (N , Ca, C, and 0) and were 

executed using LSQKAB (CCP4 [Collaborative Computational Project, Number 4] 

1994). 
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S. thermophilum PPi-PFK: Structure and Function 

s thermoohilum PP;-PFK 
1.85 A Model 2.2 A Model 

N-terminal o .967 A 1.001 A 
(N) 

C-terminal 1.628 A 1.629 A 
(C) 

All 1.872 A 1.111 A 
(N + C) 

Table 4.la: Rms difference of backbone atom positions (N , Ca, C, 0) based upon superposition of the N­

and C-terminal domains of subunit A of E. coli A TP-PFK ( 1 PFK) with subunit A of the S. thermophilum 

PP;-PFK 1.85 A and 2.2 A atomic models. Superposition was executed using LSQKAB (CCP4 

[Collaborative Computational Project, Number 4] 1994). 

E.coli ATP-PFK S. thermophilum PP;-PFK 

N-terminal 5-30 76-101 
domain 35-56 108-129 

79-115 152-188 
11 9-129 198-208 
255-285 434-464 

139- 159 220-240 
C-term ina l 160-190 242-272 

domain 200-220 290-3 10 
240-253 417-430 

Table 4.1 b: Residues of the N- and C-terminal domains of E. coli ATP-PFK and S. thermophilum PP;-PFK 

used in the structural superposition which are structurally equivalent. 

Like E. coli ATP-PFK the N-terminal domain exhibits a Rossmann-like fold; a core three 

layered a / j3/a domain of j3a repeats (see Figure 4.5b). The j3a topology of the Rossmann 

fold is interrupted by a number of inserts, which S. thermophilum PPi-PFK shares with B. 

burgdorferi PPi-PFK and other plant PPi-PFK 13-subunit homologues. Relative to the 

prokaryotic ATP-PFK of E. coli (lPFK) S. thermophilum PPi-PFK exhibits three major 

81 



S. thermophilum PPi-PFK: Structure and Function 

insertions, one of which forms a third, autonomous helical domain (see Figure 4.6 a, b, 

and c) (Moore et al. 2002). The N-terminal domain is comprised of residues 1-218 and 

436-502. The C-terminal domain is comprised of residues 219-315, 392-435, and 503-

554. Residues 316-391 form the helical domain (see Figure 4.6b). The Cabackbone 

traverses between the N- and C-terminal domains three times, a feature common to the 

prokaryotic ATP-PFK of E. coli (Shirakihara, Y. and Evans, P 1988), B. 

stearothermophilus (Schirmer, T. and Evans, P. 1990), and the PPi-PFK of B. burgdorferi 

(Moore, S.A. et al. 2002). Determination of a PPi-PFK structure allows for a definitive 

structure based sequence alignment of PFK A PFKs (see Figure 4.2). 

Figure 4.2: (over page) Structure based sequence alignment of the S. thermophilum, B. burgdorferi, and£. 

histolytica PPi-PFK with the prokaryotic A TP-PFKs of£. coli and B. stearothermophilus. Coloring of the 

respective domains and insertions is consistent with Figure 4.1. Figure produced with ALSCRIPT (Barton 

1993). 
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S. thermophilum PPi-PFK: Structure and Function 

S. thermophilun 
E. coli [ 1 PFK] 

S. thermophilum 
E. coli [ 1 PFK] 

Figure 4.3: Superposi ti on of the S. 1her111ophilu111 PP,-PFK 1.85 A atom ic model (co loring consistent with 

Figure 4 .1) with that of£. coli AT P-P FK (green). A. Superpos ition of the subunit A N- and C- tcrmin al 

domain s of £. coli AT P-PFK with those of S. 1hem1ophilu111 PP,-PFK illustrating structural conserva ti on of 

the domain s Rossmann-lik e fo ld . Inserti ons arc transparent fo r c larit y. B. Same di agram as A. viewed 

approximately down th e pseudo dyad symmetry ax is. C. Superpos ition of the subunit A N-tcrminal domain 

of£. coli AT P-PFK wi th that of S. 1hem 10philw11 PP,-PFK illustra ting the relati ve ri gid-body di sp lacement 

of the C- tcrminal domain . Figures prepared usi ng MO LSC RIPT (Kra ulis 199 1 ). 
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S. thermophilum PPi-PFK: Structure and Function 

4.3 Secondary Structure 

The secondary structure of the S. thermophilum PPi-PFK is comprised of 15 ~-strands 

labeled ~1-15 and 24 a-helices labeled 1-13, 13a, and 14-23 (see Figure 4.6a), labeled to 

maintain consistency with the B. burgdorferi PPi-PFK structure (Moore, S.A. et al. 

2002). Helices 1, 6, 7, 12, 17, 19, and 22 end in a 310 turn, helices 4, 5, and 13 start with a 

310 tum, and helices 14 and 15 start and end with a 310 tum. Helix 13a ends with two 310 

turns. Corresponding residues, 335A-340A, in B. burgdorferi PPi-PFK exhibit a-helical 

torsion angles but do not form a-helical hydrogen bonds. Helices 2 and 20 are comprised 

of a single 310 tum. Helix 21 is kinked, characterized by a 310 tum centered at residue 

515. It is feasible that the helix is kinked to maintain a salt bridge, between Arg516 and 

Glu276 and hydrophobic packing of the C-terminus of helix 22 with strand 9 and helix 

10, which would otherwise be solvent accessible. Residues 426-429 have been labeled as 

helix 18 for consistency with the B. burgdorferi PPi-PFK atomic model but, although 

they have a-helical torsion angles, they do not form helical hydrogen bonds. Figure 4.4 is 

a hydrophobicity plot of S. thermophilum PPi-PFK, using the Eisenberg scale (Eisenberg 

et al. 1984) illustrating the degree of hydrophobicity of the secondary structural elements. 
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Figure 4.4: Hydrophobicity plot of S. thermophi/um PPi-PFK, calculated using the Eisenberg scale 

(Eisenberg et al. 1984). Secondary structural elements are shown. Coloring is consistent with Figure 4.2. 
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S. thermophilum PPi-PFK: Structure and Function 

The central ~-sheet of the N-tenninal domain consists of 9 strands; ~3-7, ~ 12, and~ 13 . 

Strands ~14 and ~15 form a ~-hairpin. The central ~-sheet of the C-terminal domain 

consists of 4 strands, ~8-10 and~ 1 I (see Figure 4 .5a). 

A. 

C 
~9 ~10 ~8 ~11 

ii 
~1 ~13 ~5 

N 

!I :ti 
~2 ~12 ; ~7 ~6 ~3 ~4 

Figure 4.Sa: Topology of the - and C-terminal domain beta-sheets of S. 1hem10phil11111 PP,-PFK . 

B. 
Sulfate 906 

Figure 4.Sb : Ribbon diagram of the Rossmann-like fo ld of the S. thermophi/11111 PP;-PFK -terminal 

domain . A sulfate ion is shown bound at th e N-tem1inus of the pyrophosphate-binding a-heli x. Compare to 

th e Rossmann-like fo lds of£. coli AT P-PF K and ALD H (see Figure 1 .4) . Figure prepared using 

MOLSC RI PT (Krauli s 199 1 ). 
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S. thermophilum PPi-PFK: Structure and Function 

4.4 Insertions 

S. thermophilum has three major insertions relative to the prokaryotic A TP-PFK of£. 

coli (see Figure 4.6c). An extens ion of th e N-terminus by 70 residues adds 3 a-he lices 

( a I , a2, and a3) and 2 B-sheets WI and B2) , which extend the N-termina l domain B­

sheet to 9 strands . An extension of the C-terminus by 38 residues extends a -heli x 13 of 

E. coli ATP-PFK ( I PFK) by 6 re sidues and forms two additional a-helices (a22 and 

a23). An insertion between B-sheet H and a-helix 9 of E. coli ATP-PFK adds 5 helices 

( a 13- 17) and a B-hairpin, which form an a utonomous third , a -helical domain . There are 

ten smaller inse rtions, re lative to the A TP-PFK of£. coli. These include the addition of 

a 1 I , B 14, B 15 , the exte nsion of a8 and the a8-B 7 loop, a 17 and the a 17-B I I loop , the 

B 12-B 13 loop, and four si ngl e or doubl e insertion 's; a doubl e insertion in the a 1-B loop 

(a4-B4) , a si ngl e inse rtion in the a(3)-a4a loop (a6-a7), a doub le insertion in the E-a6 

loop (B7-a9), and a sing le inserti on in a6 (a9-B8) (see Figure 4.2). 

The sequence alignment of the S. th ermophilum and B. hurgdorferi PPi-PFKs is vi rtua ll y 

continuous (see Figure 4 .2). The - and C-te rmini of S. thermophilum PP,-PFK are 

extended by a si ngle residue and a si ngle residue insertion is present in the a I 3a-a 14 

loop of the helical domain. B. hurgdorferi PP,- PFK has a s ing le res idue insertion in the 

B2-B3 loop and a three-res idue inse rti on, whi ch ex tends the 380-390 B-hairpin . 
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B. 

C. 

Figure 4.6 : Secondary structura l clements of S. rher111ophili 11 11 PP,-P FK. 

A . A stereo di agram of subunit A of th e S. rhennophilu111 PP;-P FK 1.85 A atomi c model. Secondary 

structu ra l clements arc labelled. Regions homologous to the large and small domain of£. coli A T P- PFK 

arc coloured blue and orange. respec tive ly (purple = terminal insert . red = C terminal in se rt , and green = 

autonomous heli ca l domain insert). 

B. A stereo Ca diagram of subunit A of the S. rher111ophilu111 PP;-PFK 1.85 A atomic model in an identica l 

ori entati on as A . The colouring is ramped from the N-tc1111inus (blue) to the C-terminus (red). Every tenth 

res idue is labelled . 

C. A stereo diagram of sub unit A of the S. rhermophilum PP;-PFK 1.85 A atom ic mode l identifyin g the 

major inse rtions relati ve to the prokaryoti c ATP-PFK of £. coli (heli ca l insert = green. tenninal insert = 

purpl e, C terminal insert = red, and ~14-~ l5 insert grey) . Regions homologous to the large and small 

doma in of £. coli A TP-PFK are x oAoup£i') blue and orange, respecti ve ly and arc transparent. All di agrams 

(A-C) were prepared using MOLSCRI PT (Krau lis 1991) and Rastcr3D ( Merrit and Bacon 1997). 

89 



S. thermophilum PPi-PFK: Structure and Function 

4.5 Structural Asymmetry 

Despite structural conservation of the individual domains the tertiary structure of the B. 

burgdorferi PPi-PFK subunits is asymmetrical (Moore et al. 2002). Superposition of the 

A and B subunits based upon regions of the N-terminal domain homologous to£. coli 

ATP-PFK yields an rms displacement for all main chain atoms of 2.46 A, calculated 

using DIFRES (CCP4 version 3.5 [Collaborative Computational Project, Number 4] 

1994) (see Table 4.2b). Relative to subunit B, based upon superposition of the N-terminal 

domain, the helical and C-terminal domains of subunit A have undergone independent 

rigid body displacements towards the active site. The N-terminal domain P 14-P 15 P­

hairpin of subunit A has also shifted towards the active site with a concomitant shift of 

helices a3 and a8 (see Figure 4.8a). Resultant of the asymmetry is closure of the active 

site of subunit A whilst that of subunit B remains open. Displacement of the helical 

domain into the active site results in interactions between residues of the helical domain 

380-390 P-hairpin with conserved residues (GGDD) involved in substrate binding and 

catalysis (Moore et al. 2002). The significance of the aforementioned asymmetry will be 

discussed in later sections of this chapter with respect to the S. thermophilum PPi-PFK 

atomic models and catalysis/substrate binding. Both S. thermophilum PPi-PFK atomic 

models exhibit a relative 'open' and 'closed' subunit asymmetry, to a lesser degree than 

the B. burgdorferi structure (1 KZH). The subunit structural asymmetry of the S. 

thermophilum PPi-PFK 1.85 A atomic model can be approximately characterized as 

displacement of the C-terminal and helical domains of subunit A as a rigid body, relative 

to superposition of the N-terminal domain (see Figure 4.8b). Displacement of the C­

terminal and helical domains relative to the N-terminal domain involves a rotation 

towards the active site about an axis (z-axis) through O219A, perpendicular to the pseudo 

2-fold symmetry by approximately 4° concomitant with a rotation towards the dimer 

interface about an axis (y axis) through O219A, parallel to the pseudo 2-fold symmetry 

axis by 3 °. Superposition of the respective domains illustrates that the structure of the N­

and C-terminal domains is conserved between the S. thermophilum PPi-PFK 1.85 A and 

B, burgdorferi PPi-PFK atomic models (see Table 4.2a). Superposition of the N- and C­

terminal domains concomitantly illustrates that their spatial orientation is also conserved, 

hence the 'open' and 'closed' asymmetry of the S. thermophilum 1.85 A atomic model is a 
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close approximation of the B. burgdorferi PPi-PFK with the exception of the helical 

domain, which is not displaced into the active site in the S. thermophilum PPi-PFK 1.85 

A structure (see Table 4.3 , Figure 4.8d). 

[2Qrnain 
PPrPFK N (all) N (core) C a-Helical 

B. burgdorferi t-,. nns A 0.716 0.208 0.348 0.972 
IKZH 

S. thermophilum t-,. rms A 0.598 0.216 0.345 0.926 
1.85 A model 

S. thermophilum I'-,. rms A 0.306 0.105 0.197 0.527 
2.2 A model 

Table 4.2a: Independent superposition of the N-terminal, C-term inal , and helical domains for both subunits 

of the dimer for B. burgdorferi PP;-PFK, S. thermophilum PP;-PFK 1.85 A, and S. thermophilum PP;-PFK 

2.2 A atomic models. N (core) is defined as the core of the domain that is structurally equivalent to that of 

E. coli ATP-PFK (see Table 4.1 b) . Domain structure within the relative models is highly conserved with 

the exception of the helical domain . Superposition was executed using LSQKAB (CCP4 [Collaborative 

Computational Project, Number 4] 1994). 

Superposition B. burgdorferi S. thermophilum S. thermophilum 
1.85 A Model 2.2 A Model 

nns difference all 1.978 A 0.878 A 0.922 A 
between subunits 

for all residues 
[N-core] 2.46 A [0.208 AJ 1.64 A [0.2 I 6 AJ t.17 A [0.105 AJ 

Table 4.2b: Comparison of the asymmetry between subunits of the three structures. Rms difference 

between subunits of the respective atomic models based upon superposition of all residues or regions of the 

N-terminal domain homologous to that of E. coli ATP-PFK (N [core]). The B. burgdorferi PPi-PFK 

exhibits the greatest asymmetry. Superposition was executed using LSQKAB (CCP4 [Collaborative 

Computational Project, Number 4] 1994). 
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Main Chain rms Deviation 
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Figure 4.7a : Graphica l representat ion of therms deviati on (A) between subunit s A and B based upon 

superposition of the large domain (70- 147 . 97-2 10. 432-462) fo r th e three PP,-PFK atomi c model s: B. 

hurgdor/eri PP,-PFK (red) . S. 1her111ophi/u111 PP,-PFK 2.2 A (b lue). and S. 1her111ophi/11111 PP,-PFK 1.85 A 

(b lack). 
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Figure 4.7b : Graphica l representation of the difference in B fac tor between subunits A and B of the three 

PP;-PFK atom ic models; B. hurgdor/eri PP;- PFK (red), S. 1hermoph i/u111 PP;-PFK 2.2 A (b lue), and S. 

thermophilum PP;-PF K 1.85 A (b lack). 
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S. thermovhilum B. burzdorferi 
1.85 A Structure lkzh rms displacement 

Domain Subunit Subunit A 

All 
(5-550) A A 2.056 

A B 1.857 
B A 2.16 
B B 1.766 

N-core 
70-147 A A 0.601 
197-210 A B 0.599 
432-462 B A 0.577 

B B 0.561 

N-all 
5-210 A A 1.503 

435-500 A B 1.22 
B A 1.211 
B B l.115 

C 
220-310 A A 0.403 
392-432 A B 0.429 

B A 0.514 
B B 0.559 

N-core C 
A A 0.532 
A B 0.684 
B A 0.705 
B B 0.656 

Helical 
320-342 A A l.214 
344-380 A B 1.082 

B A 1.138 
B B 0.995 

Table 4.3: Structural comparison of the S. thermophilum PP;-PFK 1.85A structure with the B. burgdorferi 

PPi-PFK structure based upon superposition of the respective domains. Superposition was executed using 

LSQKAB (CCP4 [Collaborative Computational Project, Number 4] 1994). 
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1.85 A Structure 2.2 A Structure rms displacement 
Domain Subunit Subunit A 

ALL 
5-550 A A 1.8 

A B 2.503 
B A l.485 
B B 2.204 

N-core 
70-147 A A 0.239 
197-210 A B 0.27 
432-462 B A 0.143 

B B 0.161 

N-all 
5-210 A A 0.561 

435-500 A B 0.641 
B A 0.316 
B B 0.382 

C 
220-310 A A 0.433 
392-432 A B 0.438 

B A 0.296 
B B 0.32 

Helical 
320-342 A A 0.512 
344-380 A B 0.438 

B A 0.876 
B B 0.984 

Table 4.4: Structural comparison of subunits A and B from the 2.2 A and 1.85 A S. thermophilum PPi-PFK 

structures. The data indicates that both subunits of the S. thermophilum PPi-PFK 2.2 A atomic model bares 

a closer structural resemblance to subunit B of the 1.85 A atomic model. Superposition was executed using 

LSQKAB (CCP4 [Collaborative Computational Project, Number 4] 1994). 
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S.thermophilum 2 2 
c.bu~gdorieri 

A 
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N 

Figure 4.8 : Structural subuni t asym met ry of B. hurg dor/eri ( I KZH[Moore et ul. 2002]) an d S. 

themwphilu111 PP,-PFKs. Figures prepared using MOLSC RIPT (Kra uli s 199 1) and Raster3D (Merrit and 

Bacon 1997). 

A. Superpos iti on of subunit s A (orange) and B (red) of the 8 . hurgdor/eri PP,-PFK based upon the -

terminal dom ain ill ustrating th e 'open' and 'c losed' asymmetry of the subunits. B. Superpos iti on of subunits 

A (ye ll ow) and B (purpl e) of th e S. 1herm ophilu 111 PP;-P FK 1.85 A atomi c model based upon regions 

identi ca l to A. ill ustrating subunit asymmetry. C. Superpositi on of subunits A (g rey) and B (sa lmon) of the 

S. 1her111ophilum PP;-PFK 2. 2 A atomi c model based upon reg ions ident ica l to A. ill ustrating subunit 

asymmetry. D. Superpositi on of subunit A (S. 1he r111ophilum PP;-PFK 1.85 A [ye llow]) with subunit A of 

8 . burgdor/eri PP;-PFK (blue) based upon regions identi cal to A. E. Superpositi on of subunits A (grey) and 

B (sa lmon ) of the S. lhermophilum PP;-PFK 2.2 A atomic model wi th the 'open' subunit , 8 , of 8 . 

burgdo ,j er i PPi - PFK (green) based upon reg ions identi ca l to A. illu stra ting that both subunits of S. 

lhermophilum are in a 'open' conformation . 
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Neither subunit of the S. thermophilum 1.85 A atomic model is closed as that of its B. 

burgdorferi PPi-PFK counterpart due to the relative conformation of the 380-390 and 

f3 l 4-f315 f3-hairpins into the active site (see Figure 4.8d). Although the S. thermophilurn 

PPi-PFK 2.2 A atomic model exhibits an 'open' and 'closed' subunit structural asymmetry 

(see Figure 4.8c), relative to the S. thermophilum PPi-PFK 1.85 A and B. burgdorferi PPi­

PFK atomic models both of its subunits are in an 'open' conformation (see Figure 4.8e). 

The subunit structural asymmetry of the S. thermophilurn PPi-PFK 2.2 A differs from that 

of the 1.85 A atomic model. Relative to superposition of the N-terminal domain the 

subunit asymmetry can be approximately characterized as independent rigid-body 

displacements of the C-terminal and helical domains of subunit A relative to subunit B 

(see Table 4.2a). The displacement of the C-terminal domain relative to the N-terminal 

domain involves a rotation about the z-axis by approximately 2.5°. The displacement of 

the helical domain is not a simple rotation. The helical domain is rotated about an axis 

through the Ca of Glu393 , parallel to the z-axis by approximately 4 ° concomitant with a 

rotation about an axis through the Ca of Glu393, parallel with the y-axis by 

approximately 3°. It is important to note that the subunit asymmetry of the S. 

therrnophilurn PPi-PFK 1.85 A atomic model involves a rotation of the C-terminal 

domain, relative to the N-terminal domain about the y-axis, towards the dimer interface. 

This is not observed in the S. thermophilum PPi-PFK 2.2 A atomic model. The 

repercussions of this with respect to the dimer interface will be discussed further in 

section 4.7. The aforementioned displacement of the respective domains is relatively 

small. Deviation in the displacement of the small domain is concluded to be significant as 

it results in the altered orientation of the MGR motif into the active site (discussed further 

in section 4.9). Deviation in the displacement of the respective helical domains is 

concluded to be a result of random conformational flexibility, as demonstrated by its 

disorder i.e. high B factor and low real space correlation coefficients (see Figure 4. 7b and 

Figure 3.5). See Table 4.3 for helical domain rms differences between the three 

structures. 

It is apparent from superposition of the respective domains of the 1.85 A atomic model 

that the C-terminal domain of subunit A is shifting as a rigid-body (see Table 4.2a). A 

plot of the difference in the Ca-Ca pseudo-torsion angles ( defined for residue i by the 4 
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atoms Ca [i-1] to Ca [i+2]) between subunits A and B of the 1.85 A structure (standard 

deviation= 6.518°) does not identify a distinct hinge movement at the interface of the N­

and C-terminal domains, which would be indicated by a peak in the Ca-Ca pseudo­

torsion angle plot. The distinct hinge movements observed at Gly 193 ( a8-~7 surface loop 

[see Figure 4.9a]) is a direct result of asymmetric crystal contacts and is unlikely to be 

physiologically relevant. It is therefore concluded that conformational variance of the C­

terminal domain does not arise from a distinct hinge movement. The peak observed at 

Met377 is representative of a hinge movement of the 380-390 B-hairpin of subunit A, 

relative to that of subunit B. Distinct hinge movements are also observed in the region of 

336-343, and Met377 of the helical domain (see Figure 4.9a). Similar hinge movements 

within the helical domain are observed in a tCa-Ca pseudo-torsion angle plot for the S. 

thermophilum PPi-PFK 2.2 A atomic model (structure (standard deviation= 5.189°) (see 

Figure 4.9b). Superposition of the helical domains from the S. thermophilum PPi-PFK 

1.85 A and 2.2 A atomic models (see Table 4.4) indicates that their conformation differs 

to a slightly larger extent than the N- and C-terminal domains. The helical domain of 

subunit B of both S. thermophilum PPi-PFK atomic models is disordered with respect to 

the A subunit, as illustrated by a plot of real-space correlation coefficients and average 

residue B factors (see Figure 3.5), particularly in the region of a13 and al 4. In subunit A 

of the 2.2 A atomic model a 13 is comprised of a single helical turn followed by a single 

3 10 tum. In subunit B however a 13 is comprised of a single 310 tum. Based upon positive 

difference density it appears that residues 342B and 343B, which form the tum between 

a 13 and a 14, have alternative conformations. This indicates that this region in subunit B 

is relatively free to move within the crystal, which can be attributed to asymmetric crystal 

contacts (see Table 3.7). The helical domain of subunit B of B. burgdorferi PPi-PFK, like 

that of the S. thermophilum PPi-PFK atomic models is disordered relative to the rest of 

the molecule preventing the complete tracing of the polypeptide (residues 333-343 and 

380-390 are missing [Moore et al. 2002]). 
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Figure 4.9: Differences in the Ca-Ca pseudo-torsion angles between subunits A and B of the respective S. 

thermophilum PP;-PFK atomic models (A 1.85 A model, B 2.2 A model). A peak indicates a local hinge 

movement. 
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Note in the L\Ca-Ca pseudo-torsion angle plot of the S. thermophilum PPi-PFK 1.85 A 

atomic model the absence of peaks at Glu487, Asn211 , and Gly313 , relative to the 2.2 A 

plot (see Figure 4.9b) . Neither Asn211 nor Gly313 is positioned upon a surface loop and 

therefore can not be dismissed directly as a result of asymmetric crystal contacts. The 

peak at Asn211 , though at the interface of the N- and C-terminal domains is not 

representative of a domain hinge movement, rather of a local conformational deviation 

between subunits resultant from the distinct orientation of the C-terminal alpha helix, 

a23 , which differs between subunits due to asymmetric crystal contacts. The peak at 

Gly313 is representative of a hinge movement between the C-terminal and helical 

domains. The absence of this peak in the 1.85 A plot validates the prior conclusion that 

subunit asymmetry of the respective S. thermophilum PPi-PFK atomic models is distinct. 

It also indicates that subunit asymmetry of the S. thermophilum PPi-PFK 1.85 A atomic 

model involves displacement of the C-terminal and helical domains as a rigid body. 

4.6 Conformational change 

Based upon superposition of the N-terminal domain core (residues 70-147, 197-210, 432-

462) the conformational change of the S. thermophilum PPi-PFK 1.85 A atomic model , 

relative to that of the 2.2 A model entails a rigid-body displacement of the C-terminal and 

helical domains of both subunits. The displacement of the subunit A helical domain can 

be characterized as a rotation around the y-axis, towards the dimer interface by 

approximately 6.5° concomitant with a rotation about the z-axis, towards the active site 

by approximately 4 °. The helical domain is further rotated towards the active site around 

an axis through the Ca of Glu393A, parallel to the z-axis by approximately 8°(see Figure 

4.1 0a and b ). The conformational change of the S. thermophilum PPi-PFK 1.85A B 

subunit, relative to that of the 2.2 A atomic model entails a rigid-body displacement of 

the C-terminal domain, which can be characterized as a rotation about the z-axis, towards 

the active site by approximately 4 °. The helical domain is further rotated towards the 

active site around an axis through the Ca of Glu393A, parallel to the z-axis by 

approximately 11 ° (see Figure 4.1 0c and d). The conformational change of the C-terminal 

domain of subunit B relative to the N-terminal domain does not involve a rotation about 
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the y-axis, towards the dimer interface. The conformational change illustrated by the S. 

thermophilum PPi-PFK 1.85 A and 2.2 A atomic models has significant repercussions 

upon the conformation of the F6P/F16bP 6-phosphate binding site (see section 4.9.1). 

Surprisingly, unlike prokaryotic A TP-PFKs the repercussions of the conformational 

change are not elicited via deviation of the dimer interface. Superposition of the 1.85 A 

and 2.2 A S. thermophilum PPi-PFK structures based upon the N-terminal domain 

concomitant with the C-terminal domain of the opposing subunit illustrates that the 

orientation of the N-terminal domain relative to the C-terminal domain of the opposing 

subunit is conserved (see Table 4.5a, Figure 4.1 la). How is this possible in view of the 

conformational change? It is possible via the conservation of contacts at the dimer 

interface. 

Domain Superimposed 

8 Subunits N-core 
and 

A Subunits C-domain 

A Subunits N-core 
and 

B Subunits C-domain 

rms displacement 
A 

0.438 

0.433 

Table 4.5a: Structural comparison between the l .85A and 2.2A S. thermophilum PPi-PFK structures 

reveals that the orientation of the C-terminal domain relative to the N-terminal domain of the opposing 

subunit in the dimer is highly conserved despite the conformational change. Superposition was executed 

using LSQKAB from the CCP4 version 3.5 suite of programs (Collaborative Computational Project, 

Number 4, 1994). 

102 



S. thermophilum PPi-PFK: Structure and Function 

Domains Superimposed 

B Subunits N-core 

and 

A subunits C-domain 

A Subunits N-core 

and 

B Subunits C-domain 

rms displacement 

A 

0.791 

0.747 

Table 4.Sb: Structural comparison between the S. thermophilum PPi-PFK 1.85 A and B. burgdorferi PPi­

PFK atomic models reveals that the orientation of the C-terminal domain relative to the N-terminal domain 

of the opposing subunit in the dimer is also relatively conserved. Superposition was executed using 

LSQKAB from the CCP4 version 3.5 suite of programs (Collaborative Computational Project, Number 4, 

1994). 
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A. 

N N 

S.thermophilum 2.2 S.thermophi lum 2.2 

B. 

Subunit Subunit B 
b1 

S.thermophilum 2.2 S.thermophilum 2.2 

Figure 4.10 : Confo rm ational change of the PP;-PF K from the therm ophilie bac terium S. 1hem10phi/u111. 

Figures prepared using MOLSC RI PT (Krauli s 199 1 ). 

A. Superpos ition of subunit A of the S. 1her111ophilu111 PP1-PFK 1.85 atomic model (yell ow) with subunit 

A of the 2.2 A atomic model (blue) based upon regions of the N-terminal domain homologous to the -

terminal domi an of£. coli A TP-PFK ( I PFK [Shirakihara and Evans 1988]) . 

B. Superpos ition of subunit A of the S. thermophi/um PP;-P FK 1.85 A atomi c model (yell ow) with subunit 

A of the 2 .2 A atomic model (blue) iden tica l to A. , viewed down the pseudo 2-fo ld symm etry ax is. 
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S. e, , opl 11urr 8'"' 
S.thermophilum 2.2 

S.thermophilum 1.85 
S.thermophilum 2.2 

N 

:::,.therrriopr, 1urri 1 85 
S.thermophilum 2.2 

S.thermophilum 1.85 
S.thermophilum 2.2 

C. Superpos ition of subunit B of the S. thermophilum PP,-PFK 1.85 A atomic model (blue) with subuni t B 

of the 2.2 A atomic model (red) based upon regions identica l to A. 

D. Superposition of subunit B of the S. 1her111ophilu111 PP,- PFK 1.85 A atomic model (blue) with subunit A 

of the 2.2 A atomic model (red) identica l to C. viewed down the pseudo 2-fo ld symmetry ax is. 
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Figure 4. 11: Superpos ition of the S. thermophilum PP;-P FK 1. 85 A (green) and 2.2 A (ye ll ow) atomic 

models illustra ting the conserved ori entati on of the -terminal domain relati ve to the C-terminal domain of 

the oppos ing subunit. 

A. Superpos iti on of the S. thermophilum PP,-PFK 1.85 A (green) and 2.2 A (ye ll ow) atomic models based 

upon the N-terminal domain of the A subunits and the C-terminal domain of the B subunits highlighting the 

conserved ori entation of the N-terminal domain to the C-tem1inal domain of the oppos ing subunit. 

B. Superpos ition of the S. thermophilum PP,-PFK 1.85 A (green) and 2.2 A (ye ll ow) atomic models based 

upon the N-terminal domain of the B subunits and the C-terminal domain o f the A subunits highli ghting the 

conserved ori entation of the -tem1inal domain to the C-terminal domain of the oppos ing subuni t. 
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4. 7 Dimer Interface 

Residue Atom Secondarv Residue Atom Secondarv Distance 
Structure Structure 

R3A NHJ N-term H267B NE2 al0-~9 2.86 
NHl N-term L264B 0 alO 3.02 
NH2 N-term 0 alO 2.91 

SSA OG N-term F527B 0 a21-a22 2.56 
G137A 0 a6-a7 R236B NE a9 3.01 
F139A N a6-a7 S240B OG a9 2.98 
Dl40A OD1 a6-a7 R236B NH2 a9 2.80 

OD2 a6-a7 NE a9 2.84 
N a6-a7 S240B OG a9 3.31 

N233A ND2 a9 E427B 0 a(18) 2.88 
D237A OD! a9 R429B NH2 a.(18) 2.95 

OD2 a9 NE a(18) 2.82 
Y244A OH a9-~8 R389B NH2 a16-a.17 3.10 
1531A 0 a21-a22 Q532B NE2 a21-a.22 2.91 
Q532A NE2 a21-a22 15318 0 a21-a.22 2.93 
Q532A OE2 a21-a22 Y533B N a21-a.22 2.96 
Y533A N a21-a22 Q532B OEl a21-a22 2.91 
L264A 0 alO R3B NH2 N-term 2.96 
F527A 0 a21-a22 SSB OG N-term 2.55 
R236A NE a9 Gl37B 0 a6-a7 3.13 

NE a9 D140B OD2 a6-a7 2.91 
NH2 a9 OD2 a6-a7 3.31 
NH2 a9 OD1 a6-a7 2.95 

S240A OG a9 Fl39B N a6-a7 3.ll 
OG a.9 Dl40B OD2 a6-a7 3.3 

E427A 0 a(18) N233B ND2 a9 2.87 
R429A NE2 a(18) D237B OD2 a9 2.77 

NH2 a(18) OD2 a9 3.23 
NH2 a(18) OD1 a9 2.98 
NH2 a(18) S241B OG a9-~8 3.30 

Q532A NE2 a21-a22 15318 0 a21-a22 2.91 
I531A 0 a21-a22 Q532A NE2 a21-a22 2.93 
Y533A N a2l-a22 Q532A OE2 a21-a22 2.96 
Q532A OE! a21-a22 Y533A N a21-a.22 2.91 

Table 4.6: Interactions between subunits of the S. thermophilum PP;-PFK 1.85A model across the dimer 

interface. Interactions are highly symmetrical and conserved relative to the S. thermophilum PP;-PFK 2.2A 

model. The majority of inter-subunit contacts are formed between the N-terminal domain and the C­

terminal domain of the opposing subunit. Highlighted are asymmetric contacts. 
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Subunits of the S. thermophilum PPi-PFK homodimer are related by a pseudo dyad 

symmetry axis (see Figure 4.1 ). Packing at the dimer interface predominantly involves 

the N terminus, a6- a 7 loop, a21- a22 loop, a( 18), and the C-terminus of a9 (see Table 

4.6 and Figure 4.12a). Extensive van der Waals contacts are made between Ala530, 

Tyr534, Gly535 , and Pro536 of the a21-a22 loop and their pseudo dyad axis symmetry 

related counterparts (see Figure 4.12b ). 

A. 

B. 
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S. thermophilum PPi-PFK: Structure and Function 

C. 

Figure 4.12: Dimer interface of the S. 1her111ophilu111 PP;-PFK. 

A. Ribbon diagram of the S. 1hen11ophilum PP;-P FK 1.85 A structure illustrating the secondary structure 

clements in vo lved in dimer interface contacts. Fi gure pre pared with MOLSC RIPT (Kra uli s 199 1) and 

Rastcr3D (Merrit and Bacon 1997). 

B. Di agram of the va n der Waals contacts between Ala530, Tyr534. Gly535 , and Pro536 of the a2 l -a22 

loop and their pseudo dyad ax is symmetry re lated counterparts. 

C. Ball -and-sti ck diagram of the water-medi ated hydrogen bonds ~-strand ~ 11 and its symm etry re lated 

counterpart. Figures B. and C. prepared with TU RBO-FRODO (Rousse l and Cambillau 1997) . 
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S. thermophilum PPi-PFK: Structure and Function 

The characterized R to T-state transition of B. stearothermophilus A TP-PFK involves 

expulsion of a layer of water molecules between the two, symmetry related 13-strands, I, 

facilitating formation of direct interactions (Schirmer and Evans 1990). The expulsion is 

thought to coincide with closure of the active site (Shirakihara and Evans 1988). The 

dimer interface of S. thermophilum PPi-PFK most closely resembles that of the R-state of 

E. coli A TP-PFK (1 PFK). The two symmetry related 13-strands, j311, form indirect 

interactions via a layer of water molecules (see Figure 4.12c). The hydrophobic layer 

formed by Leu247 and Ile250 beneath the 2 13-strands I of E. coli ATP-PFK (lPFK) is 

not conserved. Rather Ile250 is substituted with Glu427, which further coordinates the 

layer of water molecules (see Figure 4.12c ). 

Despite the conformational change; the rigid body displacement of the C-terminal 

domain, the inter-subunit contacts across the dimer interface of the S. thermophilum PPi­

PFK 1.85 A atomic model are highly symmetrical and conserved, relative to the 2.2 A 

model. Inter-subunit contacts are generally formed between the N-terminal domain and 

the C-terminal domain of the opposing subunit (see Table 4.6). Therefore the N-terminal 

domain and the C-terminal domain of the opposing subunit can be thought of as rigid 

bodies and the conformational change as the reorientation of one rigid body with respect 

to the other (see Figure 4.11 and Table 4.5a). As a direct result rotation of the C-terminal 

domain of subunit A towards the N-terminal domain of subunit A dictates that the N­

terminal domain of subunit B moves with it to conserve the dimer interface i.e. the N­

terminal domain of subunit B is effectively rotating towards the C-terminal domain of 

subunit B. Therefore displacement of the C-terminal domain with respect to N-terminal 

domain of one subunit dictates displacement of the other to conserve the dimer interface. 

The conformation of the 6-phosphate binding site and thus the orientation of F6P/F l 6bP 

into the active site is stringently defined by the dimer interface and is relatively conserved 

between structures. The F6P/Fl 6bP 6-phosphate binding site predominantly involves the 

FGYEAR motif (residues 424-429) and Lys243 and Tyr244 from the opposing subunit. 

In the S. thermophilum PPi-PFK 2.2A model Arg429 and Lys243 of both subunits forms 

salt-bridge contacts, and Tyr244 forms a hydrogen bond with a sulfate ion bound at the 

F6P/F 16bP 6-phosphate binding site. The orientation of Arg429 is strictly defined, 
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S. thermophilum PPi-PFK: Structure and Function 

sandwiched between and forming van der Waals contacts with the GGXXPG loop 

(residues 81-86) and the aromatic ring of Tyr426. NHl and NE of Arg429 of both 

subunits forms salt-bridge contacts with ODl and OD2, respectively of Asp237 from the 

opposing subunit. Asp237 is exclusively conserved in large subunit (..,550 amino acids) 

PFKs from bacteria, protists, and plants (group II long clade family members [ see Figure 

1. 10 and Figure 1.12]). An acidic residue (Asp/Glu) is exclusively conserved in all group 

II family members. Interestingly a Thr residue is exclusively conserved at this position in 

prokaryotic and eukaryotic ATP-PFKs and their close relatives (group I and III family 

members [see Figure 1.10]). 001 ofThr156 of E.coli ATP-PFK (lPFK) forms a strong 

hydrogen bond with Asp12. Asp12 is positioned upon the GGDXPG loop (residues 10-

15) and is exclusively conserved in group I and III family members. The Cf3 of Thrl 56 

also forms a weak van der Waals contact with the Cf3 of Arg252, which is homologous to 

Arg429 of S. thermophilum PPi-PFK. OG of Ser241 in both subunits of the S. 

thermophilum PPi-PFK 2.2A model forms hydrogen bonds with NHl of Arg429 from the 

opposing subunit and OD2 of Asp237 . Asp237, Ser241, Lys243 , and Tyr244 are 

positioned at the C-terminus of the trans-domain a-helix, a9 and the proceeding loop of 

the C-terminal domain. Any reorientation of a9 relative to the N-terminal domain of the 

opposing subunit would cause significant aberration of the F6P/F16bP 6-phosphate 

binding site (see Figure 4.14 ). Superposition of the C-terminal domain of subunits A and 

B of the S. thermophilum PPi-PFK 1.85 A atomic model illustrates that the Ca of 

Ser241A is displaced by 0.5 A (see Figure 4.14). The shift of the Ca is concomitant with 

the altered conformation of OG of Ser241 A. Ser241 B shares a conformation similar to 

that of Ser241 of both subunits of the S. thermophilum PPi-PFK 2.2A atomic model. It 

forms a weak hydrogen bond with NH2 of Arg429A (3.3 A) but does not form a 

hydrogen bond with Asp237B. OG of Ser241A is rotated away from the Arg429B and 

forms a hydrogen bond with the sulfate ion bound at the F6P/F16bP 6-phosphate binding 

site of subunit B (see Table 4.14). Overall the conformational mobility of S. 

thermophilum PPi-PFK; the displacement of the C-terminal and helical domains has very 

little effect on the dimer interface. In prokaryotic ATP-PFKs a conformational change at 

the A:D subunit interface is crucial to the R- to T-state transition. 
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4.8 Active Site Geometry 

The active site lies in a cleft formed at the interface of the N- and C-terminal domains. 

The spatial orientation of the conserved motifs; MGR (residues 251-253), GGDD 

(residues 174-177), PKTIDGD (residues 202-208), and FGYEAR (residues 424-429) 

involved in substrate binding and catalysis are conserved between ATP- and PPi-PFKs. 

The motifs preside predominantly upon loops at the C-terminus of the respective 13-
sheets. Analogous to PFK A A TP-PFKs F6P/Fl 6bP is predominantly bound by the C­

terminal domain and the phosphoryl donor, in this case PPi by the N-terminal domain. 

Superposition of the subunit A active site of E. coli ATP-PFK with subunit A of the S. 

thermophilum PPi-PFK 1.85 A atomic model identifies the binding sites of three sulfate 

ions, bound at the active site to be analogous to the F 16bP 6-phosphate group ( sulfate 901 

and 906 [see Figure 4.14]), F16bP I-phosphate group (sulfate 902 [see Figure 4.14]), and 

the ADP (:>-phosphate (sulfate 906 [see Figure 4.24]) . The sulfate ion bound at the 

F6P/F216bP 6-phosphate binding site is predominantly bound by Arg429 (Arg252 in E. 

coli ATP-PFK), Argl46 (Arg72 in E.coli ATP-PFK), and Lys243 and Tyr244 (Arg162 

in E. coli A TP-PFK) from the opposing subunit (see Figure 4.14). Subunit B of the S. 

thermophilum PPi-PFK 1.85 A atomic model and subunits A and B of the 2.2 A atomic 

model only exhibit a sulfate ion bound at the F6P/Fl 6bP 6-phosphate binding site. 

Binding is highly conserved. 
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A. 

8 . 

Figure 4.13 : Ribbon di agram of the S. thermoph ilum PP;-P FK 1.85 A atomic model illustra ting the relati ve 

ori entation of bound sul fa te ions within the ac ti ve site os subun its A and B. A. Diagram of S. ther111ophilum 

PP;-PFK 1.85 A atomic model viewed with the pseudo dyad ax is parall el to the pl ane of the page. 

B. Di agram of S. rhen nophilum PP;-PFK 1.85 A atomic model viewed down the pseudo dyad ax is. The 

helica l domain (green) of subunit A is tra nsparent fo r clarity. A. and B. were drawn with MOLSC RIPT 

(Krauli s 199 1)and RasterJ D (Merritt and Bacon 1997). 
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4.9 F6P/F16bP binding site 

The F6P/F l 6bP binding site 1s predominantly formed by the conserved MGR and 

FGYEAR motifs , contributed by the C-terminal domain . Lys243 and Tyr244, positioned 

upon the a9-~8 loop of the C-terminal domain from the opposing subunit project into the 

active site and play an integral role in binding the F6P/F l 6bP 6-phosphate moiety (see 

Figure 4.14). 

A. 

Subunit 

378 

Subunit B 
active site 

Figure 4.14: Ribbon diagram of the S. 1her111ophi/u111 PP;-PFK 1.85 A atomi c model active sites viewed 

down the pseudo dyad symmetry axis. Identica l residues arc shown at both act ive si tes, though onl y 

residues of subu ni t A arc labeled. Binding of the sulfate ion at the F6P/F I 6bP 6-phosphate binding sites is 

highl y conserved with the exception of the conformational change of Ser24 I A, resulting in the fo1111at ion of 

a hydrogen bond (bl ue) with the 6-phosphate su lfate ion (905) at the active si te of subunit Band the altered 

confo1111at ion of Arg l46B relati ve to Argl46A. Figure prepared with MOLS CRIPT (Kraulis 1991) and 

Raster30 (Merritt and Bacon 1997). 
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H.s 

B.s 

E.c 

S . t 

B.b 

B.bl 

T.pl 

Figure 4.14b: Structure-based sequence alignment of the F6P/Fl6bP binding motif of S. thermophilum 

PPi-PFK (S.t), B. burgdorjeri PPi-PFK (B.b), B. burgdorferi (pfkl) (B.bl), T. pallidum (pfkl) (T.pl), H. 

sapiens ATP-PFK (liver-type), B. stearothermophilus ATP-PFK (B.s), and E. coli ATP-PFK (E.c). See 

Figure 4.2. 

Sulfate atom Residue Atom Distance A 

6-phosphate 
Subunit A 

901 04 K243B NZ 2.88 
901 04 Rl46A NE 3.11 
901 03 Rl46A NH2 2.79 
901 03 R429A NHl 2.82 
901 02 R429A NH2 2.98 
901 01 Y244B OH 2.77 

SubunitB 
903 02 K243A NZ 2.66 
903 02 Rl46B NHl 2.72 
905 01 Rl46B NH2 2.81 
903 01 R429B NHl 2.75 
903 04 R429B NH2 3.05 
903 04 S241A OG 2.74 
903 03 Y244A OH 3.15 

Table 4.7a: Contacts made by sulfate ions bound at the putative F6P/Fl6bP 6-phosphate binding site of 

subunits A and B of the S. thermophilum PPi-PFK 1.85A structure. Note that the contacts are not 

symmetrical. Differences are shaded. See Figure 4.14. 
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Sulfate atom Residue Atom Distance A 

1-phosphate 

Subunit A 
902 02 G82A N 3.29 
902 02 X499 2.70 
902 03 T204A OGI 2.82 
902 03 X507 2.74 
902 04 G82A N 2.82 
902 04 K203A NZ 3.07 

Table 4.7b: Contacts made by the sulfate ion bound at the likely FI 6bP I-phosphate binding site of subunit 

A of the S. thermophilum PP;-PFK 1.85A structure. See Figure 4.14. 

The MGR motif is positioned upon the 138-alO loop. Immediately preceding 13-strand 138 

is the conserved Lys243 and Tyr244, which contribute to the F6P/Fl 6bP binding site of 

the opposing subunit. The FGYEAR motif is positioned upon helix a(l 8), which is 

preceded by 13-strand 1311 of the C-terminal domain 13-sheet. Tyr244 aligns with Arg 162 

of E. coli ATP-PFK (see Figure 4.2). Lys243 , however does not align with Arg243 of E. 

coli A TP-PFK. Hydrophobic packing of 13-strand 1311 with helix a9 is extensive and 

highly conserved within the group II long clade PFKs. Though not strongly conserved 

Leu420 packs between and forms exquisite van der Waals contacts with the aromatic 

rings of Tyr244 and Tyr426 of the FGYEAR motif (see Figure 4.15b). A hydrophobic 

residue is broadly conserved at this position in Group II PFK family members. 

Interestingly Leu420's position upon 13-strand 1311 is homologous to an exclusively 

conserved Arg (Arg243 in E. coli A TP-PFK) in group I and III PFKs involved in binding 

the F6P 6-phosphate group across the dimer interface in concert with Arg162 (see Figure 

4.2 and Figure 1.5b). 
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A. 

I I . s ~
4 ' QRrrFVLF'.v HCC un 

/3. s ,, 'E rrYv r Ev HAC 1- 1 

!-'.. r '. 1QF I SVVEv YCC '-; 

Si ~ KYWHf!RI SAS 

/3. I> '1 WllFVKl SAS ' 1 

B. 

Lys243A 

I 

Figure 4.15 : A . Structure-based seq uence alignment of the MGR motif of S. thennophilu111 PP;-PFK (S.1) , 

8 . burg dorferi PP;-PFK (8 .b) , H sapiens ATP- PFK (li ve r-type), 8 . srear01her111ophilus AT P-P FK (8 .s) , 

and £. coli ATP-PFK . See Figure 4.2. B. Ball-and-stick diagram of the su lfate ion (905) bound at the 

F6P/ F I 6b P binding site of subunit B of the S. th ermophilum PP;-PFK 1.85 A atomic model (carbon = 

ye llow, nitrogen = blue, oxygen = red, and sulfur = green) . van dcr Waals surfaces arc shown for Tyr4268 

(red), Tyr244A (green), and Leu420A (b lue) . Drawn with TURBO-FRO DO (Roussel and Cambi ll au 1991 ). 
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Both Arg162 and Arg243 are implicated in the allosteric regulation of ATP-PFKs (Berger 

and Evans 1990). Interestingly group II x clade family members (see Figure 4.10), 

including the ATP-PFK of E. histolytica and the homologous putative ATP-PFK of T. 

pallidum and B. burgdorferi do not exhibit the distinctive K243 Y244 and ensuing large 

hydrophobic residues of the long clade. They do however exhibit a highly conserved Lys 

residue, which aligns with Arg243 of E. coli ATP-PFK and Leu420 of S. thermophilum 

PPi-PFK, which is immediately followed by a highly conserved Tyr (within the x clade) 

(see Figure 4.15a). The lack of conservation of Arg 162 and Arg243, implicated in the R­

to T-state transition of prokaryotic A TP-PFKs, characterized in B. stearothermophilus 

(Schirmer and Evans 1990) indicates that it is implausible PPi-PFKs undergo such a 

conformational transition. The lack of conservation of residues involved in formation of 

the F6P/Fl6bP binding site across the dimer interface is suggested to be a direct effect of 

the displacement of the C-terminal domain witnessed between E. coli ATP-PFK and S. 

thermophilum PPi-PFK (see Figure 4.3). The C-terminal domain of group II x clade 

family members may not exhibit this displacement as they exhibit a conserved Lys which 

aligns with Arg243 of E. coli A TP-PFK and a theoretical allosteric binding site (see 

Figure 1.13). Displacement of the C-terminal domain results in conformational deviation 

of the trans-domain a-helix a9 relative to helix a6 of E. coli ATP-PFK [lPFK]). The 

structure at the N-terminus of the a-helix is highly conserved. An exclusively conserved 

Asp, Asp437, forms the helical N-cap in S. thermophilum PPi-PFK, which proceeds the 

FGYEAR motif (see Figure 4.14). In the E.coli ATP-PFK (lPFK) structure helix a6 

(139-160) is decidedly kinked as opposed to helix a9 of the S. thermophilum PPi-PFK 

and B. burgdorferi PPi-PFK atomic models. The E. coli ATP-PFK peptide oxygen atom 

of residues 139, 141, 142, and 146-150 form 310 a-helical hydrogen bonds with the 

peptide nitrogen atoms of 142, 144, 145, and 149-153, respectively. Residues 151 ,152, 

155, and 156, though exhibiting a-helical torsion angles do not form a-helical hydrogen 

bonds. All ATP-PFK structures in the Protein Data Bank (PDB [www.rcsb.org/pdb/]) 

exhibit this kinked conformation of the trans-domain a-helix (1 PFK, 2PFK, 3PFK, 

4PFK, and 6PFK). Structure-based sequence alignment (see Figure 4.2 and Figure 4.16) 

reveals a single residue insert at the C-terminus of the S. thermophilum and B . 

burgdorferi PPi-PFK trans-domain a-helix (a9) relative to that of prokaryotic ATP-
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PFKs. The tertiary structure of the C-terminal domain ~-sheet is conserved; superposition 

of the respective ~-strands yields an rms displacement of 0.783 A. Helix a6 of 

prokaryotic A TP-PFKs is kinked to accommodate the single residue deletion, therefore 

maintaining the tertiary structure of the ~-sheet. 

A. 

B. 

S . t 219 GFDTATKVYAELIGNIARDAIS SRK 

B . b 219GFDSATKIYSELIGNLCRDAMS TKK 

B. s 138GFDTALNTVIDAIDKIRDTATS - HE 

E . c 138GFFTALSTVVEAIQRLRDTSSS - HQ 

S . t 219 GFDTATKVYAELI GNIARDAISSRK - - -
B . b 219 GFDSATKIYSELI G~LCRDAMSTKK 

B . s 138 GFDTALNTVIDAI - DKIRDTATSHE 

E . c 138GFFTALSTVVEAIJQRLRDTSSSHQ 

Figure 4.16: A. Structure-based sequence alignment of S. thermophilum PPi-PFK (S. t), B. burgdorjeri PPi­

PFK (B.b ), B. stearothermophilus ATP-PFK (B.s), and E. coli ATP-PFK (E.c). B. Shifting the single insert 

yields a better, though erroneous al ignment. 

It is interesting to note that the group II PPi-specific Tyr426 of the FGYEAR motif is not 

involved in binding the sulfate ion at the F6P/F 16bP 6-phosphate binding site in either of 

the S. thermophilum PPi-PFK or B. burgdorferi PPi-PFK structures. The homologous 

residue of E. coli ATP-PFK, His249, is involved in binding the 6-phosphate group of 

F6P. An E. coli ATP-PFK His249Ala mutant exhibited a 400-fold reduction in KM[F6PJ 

whereas a His249Tyr mutant exhibited a mere 5-fold reduction, suggesting that their 

function is redundant (Deng et al. 2000). The exclusive conservation of a His residue in 

group I and group III PFKs and a Tyr residue in group II PFKs indicates that their 

function is not completely redundant, as illustrated by the reciprocal mutation, 

Tyr420His, in the group II, long clade PPi-PFK of E. histolytica. The mutation resulted in 

a 250-fold reduction in KM[F6Pl· A Tyr420Phe mutation resulted in a 80-fold reduction, 

suggesting that the aromatic functional group of the Tyr residue is of primary importance 

(Deng et al. 2000). The function of the aromatic ring of His249 in the A TP-PFK of E. 
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coli is unclear due to the lack of site-directed mutagenesis studies and kinetic 

information. In all four subunits of£. coli A TP-PFK ( I PFK) the terminal methyl group 

(CE) of Met 169 of the MGR motif points towards and forms van der Waals contacts with 

the irnidazole ring of His249 of the F6P 6-phosphate binding LGHIQR. The sulfur atom 

forms a weak hydrogen bond with the 02 hydroxyl group of FI 6bP. The peptide nitrogen 

atom of Glyl 70 of£. coli ATP-PFK ( I PFK) forms a hydrogen bond with the 03 

hydroxyl group of FI 6bP. An exc lusive ly conserved Glu, Glu222 forms a hydrogen bond 

with the 04 hydroxy l group of FI 6bP (and presumably w ith F6P) and with the amino 

nitrogen atoms of Gly 170 and Arg 171 of the MGR moti f (Shirak ihara and Evans 1988 

[see Figure l.6d]) . The conformation of the Met25 I and Arg253 (MGR) side chains in 

both subunits of the B. burgdorferi PP 1-PFK atomic model approx imate those of£. coli 

AT P-PFK ( I PFK). Superpos iti on of the MGR mot ifs illu strates that Met25 I of B. 

burgdorferi PP;-PFK is in an ac ti ve conformati on, the CE forming a van der Waals 

contact with the aromatic ring of Tyr428 (FG YEG R) (see Figu re 4. 17). 

Met251A 

..J Arg428A 

Figure 4.17 : Ball -and-sti ck diagram of the 'act ive' van dcr Waals contac t between Mct25 I A (MGR) and 

Tyr428A (FG YEGR) of the B. burgdo1.feri PP;-PFK ( I KZH [Moore et al. 2002]). Van der Waals surfaces 

are shown in red and green (ca rbon = ye ll ow, nitrogen = blue, oxygen = red , sulfur = green). The MGR and 

LGHIQR motifs of subunit A of£. coli AT P-PFK ( I PFK) is shown blue . Drawn with TU RBO-F RODO 

(Roussel and Cambi I I au 199 1 ). 
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The van der Waals contact is significantly stronger than that between Met I 69 and His429 

of E. coli A TP-PFK ( 1 PFK). The average distance of the six van der Waals contacts 

between the CE of Met251 A and the aromatic carbon atoms of Tyr428 is 3.63 A, 
compared to 3.8 A for the three van der Waals contacts formed between the Cc of 

Metl69 and His429. 

The function of the group II PPi-specific Tyr426 (FGYEAR) in S. thermophilum PPi-PFK 

is to correctly coordinate Met251 (MGR) into the active site, the orientation of which is 

stringently defined by the conformation of the C-terminal domain. This is best illustrated 

by a discussion of the S. thermophilum PPi-PFK 2.2 A atomic model. 

4.9.1 Conformational change: the MGR motif 

Superposition of the MGR motif of the S. thermophilum PP;-PFK 2.2 A atomic model 

with that of£. culi A TP-PFK ( 1 PFK) indicates that the MGR motif in both subunits of S. 

thermophilum is in a conformation that is not conducive with F6P/F I 6bP binding (see 

Figure 4.18). The CE of Met25 l points away from the aromatic ring of Tyr428, into the 

active s ite and the side chain of Arg253 is oriented out of the active site (see Figure 4.18). 

901 

/ 
.,/ 

Arg429A 

.,/ 

Figure 4.18: Ball-and-stick diagram of the subunit A M GR and FGY EA R motifs of the S. thermophilum 

PP;-PFK 2.2 A atomic model illustrating the inac ti ve conformation of the active site (carbon = ye ll ow, 

nitrogen = blue, oxygen = red, sulfur = green). ote that CE of Mct25 I is rotated away from the aromat ic 

ring of Tyr426 and Arg253 is oriented out of the active site. Van dcr Waals surfaces arc shown for Mct25 I 

(red) and Tyr426 (green). The MGR and LGHIQR motifs of subunit A of£. coli ATP-PFK (I PFK) are 

shown blue. Drawn with TURBO-FRODO (Roussel and Cam billau 199 1 ). 
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In this conformation it is likely that F6P/Fl6bP would not be able to bind due to 

unfavorable steric interactions with CE of Met25 l. The dihedral angles of the conserved 

MGR motifs of E. coli ATP-PFK and S. therrnophilurn PPi-PFK differ markedly (see 

Table 4.8). 

Residue S. thermoohilum S. thermoohilum B. burrzdorferi 
2.2 A 1.85 A lKZH 

A B A B A B 

Met251 phi -67 -61 -62 -59 -56 -55 
psi 145 146 151 148 160 150 

Gly252 phi 127 126 121 123 126 123 
psi 94 93 99 91 76 81 

Arg253 phi -81 -79 -94 -76 -63 -68 
psi -42 -41 -36 -43 -46 -22 

Ser254 phi -49 -49 -74 -59 -122 -105 
psi -41 -48 -34 -49 4 -33 

Ala255 phi -157 - 150 -147 -132 -164 -143 
psi -174 -173 179 -172 158 -178 

Ser256 phi -107 -107 -105 -113 -109 -125 
psi 20 17 22 20 19 16 

His257 phi -56 -53 -59 -55 -55 -51 
psi -50 -48 -46 -43 -44 -46 

Table 4.8: Comparison of the dihedral angles of the MGR motif of the E. coli ATP-PFK (I PFK), and B. 

burgdorferi (I KZH [Moore et al. 2002]) and S. thermophilum PP;-PFK atomic models. The dihedral angles 

of Ser254 (shaded) deviate the greatest. 

The resultant backbone conformation of the S. thermophilum PPi-PFK 2.2 A atomic 

models MGR motifs would prevent the peptide amino group of Gly252 (MGR) forming a 

hydrogen bond with the 03 hydroxyl group of F6P/F16bP and the exclusively conserved 

Glu312 (Glu222 in E. coli ATP-PFK) from forming a hydrogen bond with Arg253. Note 

that the dihedral angles of Argl 71 of E. coli ATP-PFK (lPFK) are highly unfavorable, 

falling within a disallowed region of the Ramachandran plot. The dihedral angles of the 

MGR motif and the orientation of the Arg253 side chain out of the active site closely 

resembles that of the unliganded E. coli A TP-PFK structure (2PFK [Rypniewski and 

Evans 1989]). 

Despite rotation about the C(3-Sc bond of Met251 in either subunit of the S. 

thermophilurn PPi-PFK 2.2A atomic model, formation of van der Waals contacts between 
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the Met251 CE and the aromatic ring of Tyr426 is impossible due to their distant spatial 

orientation ( average distance between CE of Met251 A and the six aromatic carbon atoms 

of Tyr428 is 4.01 A). The conformational change associated with the S. thermophilum 

PPi-PFK 1.85 A atomic model, specifically the rotation of the C-terminal domain 

reorients the So of Met251 relative to the aromatic ring of Tyr426 (FGYEAR) (see Figure 

4.20). The CE rotates about the C~-S6 bond into a putative 'active' conformation, forming 

a strong van der Waals contact with Tyr426 that mirrors that of Met251 of B. burgdorferi 

PPi-PFK (lKZH) and Met169 of E. coli ATP-PFK (lPFK) (see Figure 4.20). The 

conformational change of the CE is forced by the rotation of the C-terminal domain. 

Rotation of the C-terminal domain concomitant with maintenance of the inactive 

conformation of Met251 would result in unfavorable steric contacts between CE of 

Met251 and Co of Ile205 (PKTIDND) and Cy and Co of Arg429 (FGYEAR). Ile205 is 

highly conserved within the PKTIDGD motif in PFK A family members. Its function 

may involve the correct orientation of Met251. There is no crystallographic evidence 

suggesting that the conserved Met of the MGR motif and the C-terminal domain of 

prokaryotic A TP-PFKs undergo such a conformational change. A partial function of the 

conserved Ile (PGTIDND) in ATP-PFKs may be to simply maintain the 'active' 

conformation of Met251 . 

The MGR motif loop (~8-a 10) of both subunits of the S. thermophilum PPi-PFK 1.85A 

model is disordered to a greater degree, relative to the S. thermophilum PPi-PFK 2.2 A 

atomic model suggesting movement of the loop within the crystal. The disorder is 

illustrated by comparison of the respective correlation coefficients and divergence from 

the average residue B factor for each subunit of the respective S. thermophilum PPi-PFK 

atomic models (see Figure 4.19). The increased disorder is resultant from the 

conformational change of the helical domain. Group II long clade family members all 

exhibit a highly conserved loop, (V/l)P_E312G(LN)(V/l)(E/D316
) which immediately 

precedes the first a -helix of the helical domain, a 13 and includes the exclusively 

conserved Glu312 . In both subunits of the S. thermophilum PPi-PFK 2.2A model Glu316 

forms a salt-bridge with Arg253. An acidic residue (Asp/Glu) is exclusively conserved at 

this position in Group II long clade family members (see Figure I. 11). Arg253A NH2 

contacts OE 1 of Glu316A (2.52 A) and Arg253A NE contacts OE2 of Glu316A (2.61 A). 
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Disorder of the MGR lotif Loop 

~o 

0.9 

-20 0.6 

R,•siclu r # 

Figure 4.19: A pl ot of the correlati on coeffi cients (top) and di ve rgence from the average B fac tor (bo ttom). 

ca lculated fo r each subunit of the S. 1her111ophilu111 PP,-P FK 1.85 A (subunit A = black . subunit B = red) 

and 2.2 A (subunit A = green. subunit B = blue) atomic models. 

Arg429A 

Tyr426A 

Figure 4.20: Stereo diagram of the superpositi on of the S. 1hermophi!t1111 PP;-PFK atomic models (2.2 A 

li ght blue, 1.85 A carbon = ye ll ow, nitrogen = blue, oxygen = reel , sulfur = green) MGR and FGYEA R 

moti fs based upon the large domain core. Resultant of the conformati onal change is the transition of the 

MG R motif into an acti ve con fo m1 ation. Drawn with TURBO- FRO DO (Rousse l and Cambillau 199 1 ). 
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In the S. thermophilum PPi-PFK 1.85 A atomic model neither MGR motif forms this 

contact (see Figure 4.21a). The side chain of Arg253B of the S. thermophilum PPi-PFK 

1.85A model is highly disordered. Electron density is not discernible. The side chain 

conformation of Arg253A is however discernible. Superposition of the subunit A C­

terminal domain from both S. thermophilum PPi-PFK atomic models illustrates the 

altered conformation of Arg253 (MGR) (see Figure 4.21a). The conformation of 

Arg253A is altered as a direct result of the conformational change of the helical domain. 

Arg253A of the B. burgdorferi PPi-PFK best illustrates this. Despite comparative 

dihedral angles with the S. thermophilum PPi-PFK 1.85 A atomic model for the MGR 

motif (see Table 4.8) its side chain is oriented further into the active site. In B. 

burgdorferi PPi-PFK Arg253A of the MGR motif forms a van der Waals contact with 

Asn386A of the 380-39013-hairpin, which also forms a hydrogen bond with Aspl 77A of 

the GGDD motif. Ser390A OG forms a hydrogen bond with Glu312A OE2 and Val389A 

CG2 forms a van der Waals contact with Glu312A CG. Movement of the 380-390 13-

hairpin into the active site 'folds' the side chain of Arg253 into the active site (see Figure 

4.21 b ). The same effect causes the observed deviation of the side chain conformation of 

Argl 53A between the two S. thermophilum PPi-PFK atomic models. It can therefore be 

concluded that folding of the side chain of Arg253 into the active site breaks the salt 

bridge contact with Glu316, resulting in the increased disorder of the MGR motif 

observed for both subunits of the S. thermophilum PPi-PFK 1.85 A structure. The 

conformation of the MGR motif of S. thermophilum and B. burgdorferi PPi-PFK is 

stringently defined by the orientation of the C-terminal and helical domains relative to the 

N-terminal domain. 
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uburit A 

2 

Subunit A 

1.85 

ubur't A 

2 

Subunit A 

1 85 

Figure 4.2 1: A. Superpos ition of the 2.2 A (green) and 1.85 A (purpl e) S. thermopphi/11 111 PP;-PFK atomic 

models ill ustrating the di stinct contacts fo rmed by Arg253A . Drawn with TU RBO-F RODO (Rousse l and 

Cambil lau 199 1 ). B. Ribbon diagram of the F6P binding sites of the 8 . burgdo ,f eri PP;-P FK atomic mode l 

(Moore et al. 2002). The di splacement of the subuni t A 380- 190 ~-hairpin into the acti ve site 'fo lds' the side 

chain of Arg253 into an acti ve confo rmati on. Note the absence of the subunit B 380-390 ~-subunit iinto the 

acti ve s ite results in the ori entation of Arg253 8 out of the ac ti ve site. Van de r Waa ls sur faces arc shown 

from Arg253A and Asn386A (green). Drawn with Molsc ript (Krauli s 199 1) and Raster3D (Merritt and 

Bacon I 997). 
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4.9.2 Arg146:Transition state stabilization 

The conformation of Arg146 differs between subunits of the S. thermophilum PPi-PFK 

1.85 A atomic model (see Figure 4.14). Recall that only subunit A exhibits sulfate ions 

bound at the putative F16bP I-phosphate binding site and below the GGDD motif, and 

that both subunits exhibit sulfate ions at the F6P/F16bP binding site, bound by Arg146, 

the FGYEAR motif, and Lys243 and Tyr244 from the opposing subunit. 

The guanidinium group NHl and NH2 nitrogen atoms of Arg146A point towards, but do 

not contact the sulfate ion bound at the putative F 16bP I-phosphate binding site (902) 

(see Figure 4.14 and Table 4.7b). NH2 and Ne of the guanidinium group form contacts 

with the sulfate ion bound at the F6P/F 16bP 6-phosphate binding site (901) (see Figure 

4.14 and Table 4.7a). This conformation of Arg146A is observed in both subunits of the 

S. thermophilum PPi-PFK 2.2 A structure. The guanidinium group orientation of 

Argl 46B differs ; it is rotated about the Cb-Ne bond by approximately 120°, relative to 

Arg 146A and points down into the putative F6P/F 16bP 6-phosphate binding site. NH 1 

and NH2 of the guanidinium group contact the sulfate ion (905) (see Figure 4.14 and 

Table4.7a). Superposition of the B. burg dorferi PPi-PFK subunits based upon the N­

terminal domain core illustrates a deviation of 0.62 A between the sulfur atoms of the 

sulfate ions bound at the F6P/F 16bP 6-phosphate binding sites. An identical 

superposition of the S. thermophilum PPi-PFK 2.2 A atomic models subunits illustrates a 

deviation between the sulfur atoms of the bound sulfate ions of only 0.1 A. The sulfate 

ions bound at the F6P/F16bP 6-phosphate binding sites of the S. thermophilum PPi-PFK 

1.85 A atomic model deviate by 1.38 A when the subunits are superimposed. The altered 

conformation of the guanidinium group between subunits of the 1.85 A structure is a 

direct result of the difference in the orientation of the sulfate ions bound at the 

F6P/F 16bP 6-phosphate binding site, which is stringently defined by the orientation of 

the C-terminal domain relative to the N-terminal domain. The conformation of the 

guanidinium group alters with the orientation of the sulfate ion to conserve contacts. Of 

the three PPi-PFK structures the subunit asymmetry relative to the C-terminal domain is 

greatest for the S. thermophilum PPi-PFK 1.85 A structure (see Figure 4.22). The average 

main chain rms difference between the C-terminal domains of the S. thermophilum PPi­

PFK 1.85 A atomic model based upon superposition of the N-terminal domains of 
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subunit A and B is 1.8 A, relative to 1.3 A for the B. burgdmferi PPi-PFK atomic model 

and 0. 7 A for the S. thermophilum PPi-PFK 2.2 A atomic model. A direct consequence is 

that the orientation of the F6P/Fl6bP 6-phosphate binding motif; FGYEAR (positioned 

upon a C-terminal domain loop) into the active site deviates between subunits A and B 

the greatest in the S. thermophilum PPi-PFK 1.85 A atomic model. Contacts formed 

between the motif and the sulfate ions bound at the F6P/Fl6bP binding site of both 

subunits is conserved (see Figure 4. 14). Therefore deviation between subunits in the 

orientation of the FGYEAR motif correlates with a deviation in the orientation of the 

sulfate ions bound at the F6P/F l 6bP binding sites. In all three structures the dimer 

interface is relatively conserved i.e. the orientation of the conserved Lys and Tyr residues 

from the opposing subunit to the FGYEAR motif is conserved. Therefore the 

conformation of Arg 146 deviates between subunits to conserve interactions with the 

bound sulfate ions. The distinct conformation of Arg 146B is observed in the B. 

stearothermophilum A TP-PFK ( 4PFK), which exhibits F6P and ADP bound at the active 

site. 

Main Chain RMS Disvtaccmenl of the C-tcrminal Domain 

6 

Ilclical Domain 

o+-="'-,-~-~-~-~~-~-~-~-~--;.=--~-~-~ 
210 230 250 270 290 310 330 350 370 390 410 430 450 470 490 

Residue# 

Figure 4.22: A plot of the C-terminal domain nns difference between subunits of B. b11rgdorferi PPi-PFK 

(red), S. thennophi/11111 PPi-PFK 1.85 A (black), and S. lhennophilum PPi-PFK 2.2 A (blue) respectively, 

based upon superposition of the N-tenninal domain core (see Table 4.2a). Note the difference is greatest for 

the S. themwphi/11111 PPi-PFK 1.85 A structure. 
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4.10 Pyrophosphate Binding Site 

The pyrophosphate-binding site of S. thermophilum PPi-PFK is formed within the N­

terminal domain, at the base of helix a8 and involves the motifs GGDD and PKTIDGD 

(see Figure 4.23). The GGDD motif forms the N-terminus of helix a8. The PKTIDGD 

motif is positioned at the C-terminus of strand !)7 and the j)7-a9 loop (see Figure 4.2 and 

Figure 4.24). 

A. 

H . s 161 CVI GGI) SLTGADTFRSEWS180 

E. C 9BWI GGI)G SYMGAMRLTEMG- 116 

B.bl 116 FNI GGD~ TQKGSLLIAEEIE 195 

T. t 86VAI D TLGAAGEAGRRG- 104 

P.f 116HTI TNTTAADLAAYLA135 

N.f 117VTI TAFSSMSVAKAAN136 

s . t 171VII SNTNAALLAEYFV190 

B.b 171 I I I SNTNAAILAEYFK190 

B. 

H.s FCG--TDMTIGTDS 227 

E . c IKG--TDYTIGFFT 141 

B . bl FMF--VQKSFGFET 225 

T . t 

P.f IVP-- IRQSLGAWT 165 

N . f 142c LPLPYGIPTFGYET1~ 

s . t LKNEYIEASFGFDT 222 

B . b LRNDHIEISFGFDS 222 

Figure 4.23: A and B. Structure-based sequence alignment of the GGD(D/G) and P(K/G)TxDxD motifs of 

S. thermophilum PP;-PFK (S.t), B. burgdorjeri PP;-PFK (B.b) , B. burgdorferi (pfkl) (B.bl), T tenax PP;­

PFK (T t), H. sapiens A TP-PFK (liver-type), N fowleri PP;-PFK (NJ), P . freudenreichii PP;-PFK (P j), and 

E.coli ATP-PFK. 
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Figure 4.24 : Ball-and-stick diagram of the PPi-binding site of subunit A of th e S. 1her1110philum PPi-PFK 

1.85 A structure ( oxygen = red. nitrogen = dark blue. su lfur = green) . Su l fate ions arc shown bound beneath 

the heli x a8 (yel low) GGDD mot if (906) and at the likely Fl 6bP I-ph osphate binding si te (902) . The 

PKTIDGD motif (residues 202-208) is shown in blue and the GGPAPG loop in purple . Phc2 I 8A and 

Phe 138A. which form van dcr Waals contacts with Lys203A arc shown in green. Figured prepared with 

MOLSCRIPT (Kraulis 1991) and Rastcr3O (Merrit and Bacon 1997). 

,11lf~t" A trnn R('~id 11 r A tnn, ni,t ,rnr f' 3. 

~-ph osphate 

Subunit A 
906 02 SI 78A N 2.88 
906 02 Sl78A OG 3.04 
906 02 Gl75A N 3.07 
906 02 X508 3.03 
906 01 X508 2.5 1 
906 01 X53 I 3.23 

Table 4. 9: Contacts made by the sulfate ion (906) bound beneath the subunit A GGDD motif of a8 of the S. 

thermophilum PPi-PFK 1.85 A structure. 
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The general architecture of the ATP binding site of E. coli ATP-PFK is conserved in S. 

thermophilum PPi-PFK. The orientation and binding of the pyrophosphate a- and 13-

phosphate groups at the base of the helix a8 GGDD motif is likely to be similar to that of 

the 13- and y-phosphates of ATP beneath the helix a5 GGDG motif of E. coli A TP-PFK. 

A sulfate ion is observed bound at the PPi-binding site of the S. thermophilum PPi-PFK 

1.85 A atomic model in subunit A only (see Figure 4.24 and Table 4.9). Based upon 

superposition of the PPi-binding site (helix a8) with the subunit D ATP-binding site 

(helix a5) of E. coli A TP-PFK (1 PFK) the sulfate ion occupies the same position beneath 

the GGDD motif as the j3-phosphate of ADP (see Figure 4.25a). A sulfate ion is observed 

in a similar orientation beneath the a8 GGDD motif of both subunits of the B . 

burgdorferi PPi-PFK structure (Moore et al. 2002). The orientation and conformation of 

the GGDD motif of the S. thermophilum PPi-PFK 1.85 A and 2.2 A structures is distinct 

relative to that of B. burgdorferi PPi-PFK and E. coli ATP-PFK (see Figure 4.25b). 

Superposition of the subunit A N-terminal domain of B. burgdoferi PPi-PFK (residues 

70-147, 197-210, 432-462) and E.coli ATP-PFK illustrates that the GGD(D/G) and 

P(K/G)TID(G/N)D motifs superimpose (see Figure 4.25c ) . Recall that the subunit A 

GGDG motif of E. coli ATP-PFK is displaced into the active site, relative to subunit D 

via a shearing of helix a5 into the active site (Figure 1.5d). This was concluded by 

Shirakihara and Evans (1988) to be physiologically relevant due to the resultant closer 

proximity of the ADP j3-phosphate group to the Fl 6bP I-phosphate group (Shirakihara 

and Evans 1988). It is interesting to note that asymmetry between the subunits of B. 

burgdorferi PPi-PFK involves a similar displacement of the subunit A helix a8, which 

displaces the GGDD motif into the active site, relative to that of subunit B. Despite the 

fact that the motifs of the respective A subunits superimpose, the mechanism of 

displacement is distinct. Displacement of the subunit A GGDD motif of B. burgdorferi 

PPi-PFK into the active site is stringently linked to the orientation of the j314-j315 13-

hairpin insert, as discussed below. The a-helix of group II long clade PFKs (see Figure 

1.12) homologous to helix a8 of S. thermophilum PPi-PFK has the consensus sequence; 

GGD(G/D)(S/T)x(G/x)AxxLAE (see Figure 1.12). The underlined residues putatively 

contribute to phosphoryl donor specificity. The C-terminus of helix a8, which is 
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extended by a complete helical turn via a six-residue insert relative to the ATP-PFK of E. 

coli (see Figure 4.2) forms extensive contacts with helix a3 of the N-terminal insertion 

(see Figure 4.25d). In the S. thermophilum PPi-PFK atomic models Glu187 OEl (a8) 

forms hydrogen bonds with Thr53 N and OG (a3). Glu187 OE2 (a8) forms a hydrogen 

bond with Asn52 ND2 (a3) as does Gln191 OEl (a8). Phe50 (a3) forms van der Waals 

contacts with Ala183 (a8) and Leu184 (a8). The N-terminus of helix a8 packs against 

the base of the f314-f315 f3-hairpin. Thr180 (a8) forms hydrophobic van der Waals 

contacts with Pro495, Val496, and Ile497 of f315. Leu480 and Met484 form van der 

Waals contacts with Ala183 (a8). Ala183 is almost exclusively conserved in PFK A 

PFKs. f314 forms hydrophobic contacts with the N-terminus of helix a3 of the N-terminal 

insert. Leu46 (a3) fom1s van der Waals contacts with Met484, Asn485 , and Met486 (see 

Figure 4.25d). The hydrophobic packing between helix a3 of the N-terminal insert, the 

f314-f315 f3-hairpin , and helix a8 suggests that movement of helix a8 is coupled to 

conformational changes of the N-terminal insert, and the f314-f315 f3-hairpin. Therefore it 

is suggested that the observed displacement of the subunit A f314-f3 l 5 f3-hairpin of the B. 

burgdorferi PPi-PFK (lKZH) structure, relative to subunit B, is coupled to the observed 

displacement of helix a8, which displaces the GGDD motif into the active site (see 

Figure 4.25c). Displacement of helix a3, the N-terminus of helix a8, and the f314-f315 f3-

hairpin is concomitant to conserve the contacts . Superposition of the A and B subunits 

from the respective S. thermophilum PPi-PFK atomic models based upon N-terminal core 

(residues 70-147, 197-210, 432-462) illustrates that the conformation of the N-terminal 

insert (residues 1-70) differs significantly with the f314-f315 f3-hairpin due to the 

conserved hydrophobic packing of helix a3 and the f314-f315 f3-hairpin. The f3-hairpin is 

not displaced into the active site in either subunit therefore neither is the N-terminus of 

helix a8 . Superposition of the four subunits from the S. thermophilum PPi-PFK 1.85 A 

and 2.2 A atomic models illustrates no structural deviation of the Ca backbone for the N­

terminus of helix a8 (see Figure 4.26a). 

The displacement of the subunit A GGDD motif of B. burgdorferi PPi-PFK into the 

active site, relative to subunit B probably results from the conserved hydrophobic van der 

Waals contacts between strand f315 and the N-terminus of helix a8. To conserve the 
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contacts and to prevent unfavourable steric interactions the GGDD motif is displaced 

concomitantly with the 1314-13 15 13-hairpin into the active site. The conserved 

hydrophobic packing of the N-tem1inal insert; helix a3 with the LAE tripeptide of helix 

a8 and strand 1314 dictates that the conformational deviation is translated through to the 

-terminal insert. 

Up to this point the conformation of the C-terminal and helical domains , the -terminal 

insert, and the l3 I 4-l3 I 5 13-hairpin insert, relative to the A TP-PFK of£. coli have been 

suggested to elicit a direct effect upon the conformation of essential motifs at the active 

site, conserved in all PFK A PFKs. 
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fH4-~ 15 
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Ile497 A 

Asp! 76 
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Figure 4.25 :PP,-binding site of S. 1hen 11ophi/u111 and B. burgdorfe ri PP;-PFK s. 

A. Structural ove rl ay of the subunit A PP,-b inding sit e of the S. 1'1er111op'1i/u111 PP,-PFK I .85 A structure 

(o range) with the subunit D AT P-b inding sit e of£. coli AT P-P FK ( I PFK [purpl e]) based upon the N­

tcrrn inal domain. No te that the sul fa te ion bound benea th the he li x n8 GG DD motif (906) superimposes 

with the A DP B-ph osphatc. otc th at the protrusion of the n6-a 7 loop and Asn 181 A into the hydrop hobic 

groove constri ct th e ATP bind ing site. B. Structural ove rl ay of the subunit A PP,-binding site of the S. 

1her111op'1i/11111 PP,-P l-' K 1.85 A structure (orange) with the subunit A ATP-bin ding sit e of£. rn /i AT P-P FK 

( I PFK [purpl e]) based upon the N-tcrrnin al domain . Note that th e sul fa te ion bound benea th th e heli x a8 

GG DD moti f (906) docs not superimpose with the ADP [1-ph osphate due to displacement o f the subunit A 

AT P-PFK heli x a5. C. Structural ove rl ay of the subunit A PP,-binding site of the B. h11rgdor/eri PP,-P FK 

1.85 A structure (orange and light blue) with th e subunit A ATP-binding s ite of £. coli ATP-P FK ( 1 PFK 

[purpl e]) based upon the N-tcrminal domain . Note th at the sulfa te ion bound benea th the helix a8 GG DD 

motif (60 1) superimposes with the ADP [3-phosphatc due to the di splacement of th e PP,-PFK helix rt8 , 

ana logous to that of the ATP-PFK heli x a5. D. Ca di agram of the S. th er111ophilu111 PP;-PFK 1.85 A 

structure subunit A heli ces a3 and a8 and the B 14-~ 15 B-hairpin ill ustrating van der Waa ls contacts 

between a8 and the a3 (red), a8 and the ~ 14-~ 15 B-hairp in (light blue), and a3 and the ~ 14-B 15 ~-hairpin 

(lig ht blue) . Note, onl y sel ec ted contac ts are shown for cl arit y. Fi gure A. , B. and C . prepared with 

MOLSCRIPT (Kra ul is 1997) and Raster3D (Merrit and Bacon 1997). Fi gure D. prepared with TURBO­

FRODO (Roussel and Cambil lau 199 1 ). 
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4.10.1 Phosphoryl donor Specificity 

Despite the hydrophobic environment of the groove formed between the a6-a7 loop, 

helix a7, and helix a8 of S. thermophilum PPi-PFK, ATP binds with very low affinity. 

Only background activity is observed with ATP as the phosphoryl donor (Ronimus et al. 

2001). Modeling of ADP into the a7-a8 groove identifies possible unfavorable steric 

interactions between the side chains of Asn 181 and Lys 148 and the adenine and ribose 

moieties of ADP (see Figure 4.25a). Asn181 aligns with Gly108 of E.coli ATP-PFK (see 

Figure 4.2), which is highly conserved in group I and III PFKs to accommodate the 

adenine ring. Asn 181 is not highly conserved in group II family members though 

homologues are exclusively larger than a Gly. Lys148 is highly conserved in group II, 

long clade family members (see Figure 1.12). The only exception is C. trachomatis PFK, 

which exhibits an Asn at this position. Interestingly C. trachomatis PFK exhibits the 

typically ATP-dependent GGDG motif indicating alternative phosphoryl donor 

specificity. The a6-a7 loop of S. thermophilum PPi-PFK has an altered conformation 

relative to the homologous a(3)-a4 loop of E. coli A TP-PFK (see Figure 4.25a), which 

contains a single residue insertion (see Figure 4.2). The altered conformation of the loop 

constricts the hydrophobic groove, contributing to the discrimination against ATP 

(Moore et al. 2002). The Ca of Lysl48 is 1.5 A from the 02* hydroxyl group of the 

ribose moiety of ADP modeled into the active site based upon superposition of the N­

terminal domain ~-sheet and helices a7 and a 8 (see Figure 4.24a). Closure of the 

hydrophobic groove concomitant with the presence of Asn181 and Lys148 may function 

to prescribe phosphoryl donor specificity. Recall from chapter 1 (section 1.9.5) that the 

group II , long clade PPi-PFK of the amitochondriate protist E. histolytica exhibits 

Asnl 79 and Lys146 within the putative hydrophobic groove, homologous to Asn181 and 

Lys 148, respectively and does not exhibit the insertion of group I and group III family 

members (see Figure 4.2). Mutation of the PPi-dependent motif GGDD of E. histolytica 

PPi-PFK by site-directed mutagenesis to the ATP-dependent motif (GGDG [Aspl 75Gly]) 

abrogated k cai for pyrophosphate by 4-orders of magnitude concomitant with a 4000-fold 

increase in k cai with ATP as the phosphoryl donor at low ATP concentrations (Chi and 

Kemp 2000). The single mutation altered the enzyme preference (defined as 

[kca1IK.M]PPi/[kcailKM]ATP) by 107! Structure-based sequence alignment of group II long 
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clade family members (see Figure 4.2) fails to identify significant variation to explain this 

seemingly anomalous result leading to the suggestion that Asnl 79 and Lys146 are not the 

major proponent's in the mitigation of ATP activity. Sequence identity (55.8% between S. 

thermophilum PPi-PFK and E. histolytica PPi-PFK) allows the tentative extrapolation of 

this result to all group II long clade family members. From Chi and Kemp's (2000) result 

it is suggested that Asp 175 of the GGDD motif is of primary importance in phosphoryl 

donor discrimination. Recall from section 1.6.2 that the a-phosphate 01 oxygen atom of 

ADP bound at the active site of subunit A of E. coli ATP-PFK (lPFK [Shirakihara and 

Evans 1988)) coordinates a water molecule (X60) to the essential magnesium cation (see 

Figure 1.6b ). Superposition of the subunit A active site of B. burgdorferi PPi-PFK with 

that of E. coli A TP-PFK (1 PFK) demonstrates that the OD2 oxygen atom of the 

pyrophosphate-specific Aspl 77 (GGDD) overlays with the a-phosphate 01 oxygen atom 

of ADP, indicating that Aspl 77 (GGDD) likely functions in the indirect coordination of 

the essential magnesium cation (Moore et al. 2002). 

4.10.2 GGDD motif 

Despite the conserved backbone conformation of helix a8, particularly the N-terminus 

between the S. thermophilum PPi-PFK atomic models, the conformation of the side 

chains of Asp 176 and Asp 177 (GGDD) are distinct (see Figure 4.26a). In both subunits 

of the S. thermophilum PPi-PFK 1.85 A structure the carboxylate group of Aspl 76 

(GGDD) is rotated away from the active site and contacts the peptide oxygen and 

carboxylate oxygen atoms of Asp208 (see Figure 4.24). The Aspl 76A carboxylate 

oxygen atom, OD2 is positioned 2.76 A from the peptide oxygen atom of Asp208A 

(PKTIDGD) and 3.13 A from the Asp208A carboxy1ate oxygen atom, OD2. The van der 

Waals radii of oxygen is 1.52 A, which suggests that the first contact (2.76 A) is a 

hydrogen bond resultant from protonation of Asp 176A's carboxylate oxygen atom, OD2. 

The crystallization pH of 4.6 is conducive with protonation (pKa of an Asp residue is 3.5). 

If OD2 of Asp 176A is protonated then it is permissible for the 3.13 A contact with OD2 

of Asp208A to be either a van der Waals contact or a hydrogen bond. The conformation 

of the carboxylate group of Asp 177 (GGDD) is highly disordered in both subunits, 

particularly in subunit A. Positive 2o difference electron density (If 01 - IFcl) peaks denote 
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that Asp 177 A may exist in alternate conformations; the carboxylate group rotated into 

and away from the PPi-binding site. Despite modeling of the alternate conformations, 

both with occupancies of 0.5 there is sparse lo 21F0 I - IFcl electron density (see Figure 

4.26b). The hydroxyl group of Serl 78A also exists in an alternate conformation. The 

carboxylate group of Aspl 77B is rotated into the PPi-binding site. 

Aspl 76 in both subunits of the S. thermophilum PPi-PFK 2.2 A atomic model is oriented 

into the active site, adopting a conformation similar to its homologue E. coli ATP-PFK, 

Asp 103 (GGDG). In both subunits OD2 of Asp 176 forms a salt-bridge contact with NZ 

of Lys499 (see Figure 4.26a). Lys499 is positioned upon the ~ 15-a21 loop, which 

proceeds the ~ 14-~ 15 ~-hairpin (see Figure 4.2). Lys499 is highly conserved in group II, 

long clade family members with the exception of C. trachomatis PFK (see Figure 1.12). 

The side chain of Asp 177 is orientated out of the PPi-binding site, towards the 

hydrophobic groove formed by the a6-a7 loop and helices a7 and a8. Aspl 77 OD2 

forms a salt-bridge contact with NZ of the aforementioned conserved Lys 148 (see Figure 

4.26a). The altered conformation of the side chains of Aspl 76 and Aspl 77 (GGDD) in 

the S. thermophilum PPi-PFK 1.85 A atomic model result in neither forming salt bridge's 

with Lys499 and Lys148, respectively (see Figure 4.26a). Relative to the S. thermophilum 

PPi-PFK 2.2 A structure the concomitant deviation of the N-terminal insert and ~ 14-~ 15 

~-hairpin of the 1.85 A atomic model results in a slight displacement of Lys499. 

Interestingly Aspl 03 (GGDG) in all four subunits of the T-state B. stearothermophilus 

A TP-PFK tetramer ( 6PFK [Schirmer and Evans 1990]) and Asp 103 of the unliganded E. 

coli A TP-PFK (2PFK[Rypniewski and Evans 1989]) structure adopt a similar 

conformation to Aspl 76 of the S. thermophilum PPi-PFK 1.85 A atomic model. The 

carboxylate oxygen atom OD2 of Asp103A (6PFK) forms a van der Waals contact (3.06 

A) with the peptide oxygen atom of Aspl29A (PGTIDND). The crystallization pH was 

7.6 (Schirmer and Evans 1990). 
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A. 

901 
901 

B. 

• • 

Figure 4.26: A. Superpos iti on of subunit A from the S. thennophilum PPi-P FK 1.85 A (purple) and 2.2 A 

( orange and ye llow) structures. Note the di stinct confo rmati on of the GG DD motif ( oxygen = reel , nit rogen 

= blue, sul fur = green). Figure prepared with MO LSC RIPT (Kra uli s 199 1) and Rastcr3D (Merrit and 

Bacon 1997). B. Stereo view of the N-terminus of heli x a8. Electron density (JF0 l -1Fcl ) is shown contoured 

at 1.6s. Note that density is scarce for the side chain of Asp 177 A, denoting its di so rder. Fi gure prepared 

with TURBO- FRO DO (Roussel and Cambillau 199 1 ). 
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4.10.3 B. hurgdorferi PPi-PFK: PPi-binding site 

Superposition of the N-terminal domain of subunits A and B (see Table 4.2a) identifies 

movement of the N-terminus of helix a8 of subunit A by approximately 1.0 A relative to 

subunit B. As outlined earlier the shift in helix a8 of subunit A is concomitant with 

movement of the j3 l 4-j3 l 5 j3-hairpin (Moore et al. 2002). 

Asp 176 and Asp 177 of both subunits are rotated into the active site (see Figure 4.27). 

Movement of the helical domain 380-390 j3-hairpin within subunit A positions the 

imidazole ring of His384A into the base of the hydrophobic groove, adjacent to the N­

terminus of helix a8, where it is sandwiched between and forms van der Waals contacts 

with Asp 177 A and the aliphatic chain of Lysl 48A; van der Waals contacts exist between 

the imidazole ring of His384A and Cj3 of Asp 177 A and between the Cj3 of His384A and 

Cy of Aspl 77 A. Asn386A ND2 of the 380-390 j3-hairpin forms a hydrogen bond with 

OD2 of Aspl77A (see Figure 4.27). The packing of the His384A against Aspl77A 

causes minor deviations in the conformation of the Asp 177 A side chain, relative to 

subunit B. In both subunits the carboxylate groups of the two Asp residues of the GGDD 

motif point towards each other. The carboxylate group of Asp 177B is rotated slightly 

higher than Aspl 76B. OD1 of Asp 177B is 3.55 A from OD2 of Aspl 76B. In subunit A 

the carboxylate group of Aspl77A is in closer proximity to Asp176A. Aspl77A OD1 

forms a van der Waals contact with OD1 of Aspl 76A (3.27 A). Aspl 77A OD2 is 4.38 A 

from OD2 of Aspl 76A, both of which coordinate a water molecule, X794, which is 

further coordinated by the 02 and 04 oxygen atoms of the bound sulfate ion (601). B. 

burgdorferi PPi-PFK was crystallized from 2M ammonium sulfate and 100 mM Tris, at 

pH 8 (Moore et al. 2002) therefore it is highly unlikely that the carboxylate groups are 

protonated. The electrostatic repulsion arising from the proximity of the Aspl 76 and 

Asp77 carboxylate groups may be offset by the close proximity of positively charged side 

chains; Lys501 (Lys499 in S. thermophilum PPi-PFK), Lysl48, and Arg491 (Arg489 in 

S. thermophilum PPi-PFK) (see Figure 4.27). Arg491 is positioned upon the j314-j315 13-
hairpin and is highly conserved in group II long clade family members (see Figure 1.12). 

Movement of the j3-hairpin into the active site positions the guanidinium group of 

Arg491 directly above the respective OD1 atoms of Aspl76 and Aspl77 (see Figure 

4.27). 
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1205A 1205A 

Figure 4.27 : Ribbon diagram of the subunit A PPi-binding sit e o f B. burgdo1.feri PP,-PFK ( I KZH). Note 

the di splacement of the heli ca l domain 380-390 B-h airpin (green) into the ac ti ve site pos iti ons the 

imidazolc ring of Hi s384A into th e base of the hydrophobic groove where it form s van dcr Waa ls contacts 

with Asp 177 A and Lys 148. It s ori entati on prevents Asp I 77 from rotating out of the PP,-binding site. Note 

th e di spl acement of th e B 14-~ 15 B-hairpin (red) pos iti ons Arg49 1 A above the ca rboxy latc groups of 

Asp 176A and Asp 177 A. Note also that Lys203A fonn s a sa lt-bridge with the sulfate ion (60 I) bound at the 

-te rminus of a8, beneath the GG DD motif (oxygen = red, nit rogen = dark blue, sul fur = green). Figure 

prepared with MOLSCRIPT (Krauli s 199 1) and Raster3D (Merrit and Bacon 1997). 
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The altered conformation of the GGDD motifs of the S. thermophilum PPi-PFK atomic 

models is hypothetically resultant from the absence of the 380-390 ~-hairpin at the active 

site (see Figure 4.26). Specifically, the absence of the van der Waals contact between 

His382 and Aspl 77 (GODO) permits Aspl 77 to rotate away from Aspl 76, out of the 

PPi-binding site. The conformation of the S. thermophilum PPi-PFK 2.2 A atomic model 

GGDD motifs may represent the most thermodynamically stable conformation due to the 

salt-bridge contacts between Asp 176, Asp 177 and Lys499 and Lys 148, respectively 

concomitant with the relieved electrostatic repulsion (see Figure 4.26a). If this is the case 

why is Aspl 77B of B. burgdorferi PPi-PFK not rotated away from the PPi-binding site if 

both are deprotonated? The side chains of Aspl 77B and Lys148B of B. burgdorferi PPi­

PFK are disordered relative to their subunit A counterparts (see Table 4.10). This 

indicates that they are relatively free to move within the crystal. The conformation of 

Lys148B prevents formation of the salt bridge observed in the S. thermophilum PPi-PFK 

2.2 A model. The sulfate ion may also contribute a degree of electrostatic repulsion to the 

orientation of the carboxylate group into the hydrophobic groove. Asp 177 of the GGDD 

motif of both subunits of the S. thermo phi/um PPi-PFK 1.85 A is also highly disordered, 

as previously mentioned. The subunit A conformation of the B. burgdorferi PPi-PFK 

GGDD motif is likely to represent the 'active' conformation of PPi-PFKs, coordinating a 

Mg+2 cation to PPi-PFK bound below the N-terminus of helix a8. 

Structure based sequence alignment identifies a three residue insertion within the 380-

390 ~-hairpin of the B. burgdorferi PPi-PFK relative to that of S. thermo phi/um PPi-PFK 

(see Figure 4.2) indicating that the helical domain, specifically the 380-390 j3-hairpin of 

S. thermophilum PPi-PFK will have to be displaced to a greater degree with respect to 

that of subunit A of the B. burgdorferi PPi-PFK (lKZH [Moore et al. 2002]) if the 

conserved His382 is to make the same contacts with the GGDD motif. 

Chain A 

Chain B 

Main chain 
B average 

25.903 

37.629 

Main chain 
average B rms 

1.088 

1.11 2 

Side chain 
B average 

32.008 

38.092 

Side chain Whole chain 
average B rms 

2.216 30.929 

2.048 37.849 

Table 4.10a: Average temperature factors for chain A and B of B. burgdorferi PP;-PFK. 

142 



S. thermophilum PPi-PFK: Structure and Function 

Main chain Main chain Side chain Side chain Residue Residue 
B average B rms B average B rms B average B rms 

Asp177 
Subunit A 25 0.0305 31.8 0.0561 28.4 1.3696 
Subunit B 34 0.0183 46.2 0.096 40.1 3.1706 

Lys148 
Subunit A 37.2 0.0262 36.3 0.0451 36.7 1.3831 
Subunit B 55.5 0.025 66.2 0.0361 63.2 2.0409 

Table 4.JOb: Average temperature factors for Aspl 77 (GGDD) and Lysl48 of B. burgdorferi PPi-PFK, 

indicating that they are disordered. 

4.10.4 PKTIDGD motif: Lys203 

The PKTIDGD motif of S. thermophilum PPi-PFK is positioned at the C-terminus of 

strand ~7 and the ~7-a9 loop (see Figure 4.24). The function of Asp127 and Asp129 

(PGTIDND) of E. coli A TP-PFK (1 pfk); general base and co-ordination of an essential 

Mg2
+ cation, respectively is conserved at the sequence level in PPi-PFKs. The motif in 

group I PFK family members exhibits an exclusively conserved Gly (PG TIDxD), 

whereas group II and III PFK family members exhibit an exclusively conserved Lys, 

PKTIDxD (see Figure 4.236). Exclusive conservation of a Lys in group II PFK family 

members indicates that the side chain has a significant function. Exclusive conservation 

of a Gly in group I PFK family members is hypothetically selected for, either by 

unfavorable steric contributions of a larger residue i.e. the presence of a C~ atom, or to 

allow a backbone conformation that would otherwise force unfavorable dihedral angles. 

It is important to note that a Lys residue is exclusively conserved in PPi-PFKs, however a 

Lys residue is also observed in the group II x clade and group III ATP-dependent family 

members. Both of these clades exhibit an exclusively conserved Lys though they exhibit 

both ATP- and PPi-PFKs. 

The conformation of the PKTIDGD motif is conserved between B. burgdorferi PPi-PFK 

and the S. thermophilum PPi-PFK structures, therefore the following discussion will 
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primarily focus on subunit A of the S. thermophilum PPi-PFK 1.85 A atomic model. The 

conformation of the PKTIDGD motif differs relative to that of E.coli ATP-PFK (lPFK). 

The difference arises to accommodate the side chain of Lys203A into the PPi-binding 

site. The Ca of Lys203A is displaced by approximately 1.5 A relative to the Caof 

Gly124A. Thr204A (PKTIDGD) of S. thermophilum PPi-PFK 1.85 A atomic model has 

sterically strained dihedral angles (phi = 164, psi = 126), falling within a generously 

allowed region of a Ramachandran plot (see Figure 3.3 and 3.4). It forms similar contacts 

to Thr125A of E. coli ATP-PFK (lPFK) (PGTIDND [phi= -170, psi= 140]). The 

PKTIDGD motif loop contacts the N-terminus of helix a8 in S. thermophilum PPi-PFK. 

The peptide nitrogen atom of Lys203A forms a hydrogen bond with the peptide oxygen 

atom of Glyl 74A (2 .78 A [see Figure 4.24]) . Leu209A forms a van der Waals contact 

with Glyl 75A and Glyl 76A. Ile130A of E. coli ATP-PFK (lPFK) makes similar 

contacts. Asp208A (PKTIDGD) forms contacts with Asp 176A in the S. thermophilum 

PPi-PFK 1.85 A atomic model, as previously stated (see Figure 4.24). Orientation of the 

Lys203A side chain into the PPi-binding site is tightly constrained by a highly conserved 

loop; GGxxPG and two Phe residues; Phe2 l 8 and Phe 139 (see Figure 4.24 ). Both are 

highly conserved in group II PFK long clade family members (see Figure 4.2). The 

aromatic ring of Phe2 l 8A packs against the Ca, CB, and Cy of Lys203A, forming strong 

van der Waals contacts. The aromatic ring of Phel39 protrudes through the conserved 

GGPAPG loop, forming a van der Waals contact with Cy of Lys203A, further 

constraining the orientation of its side chain (see Figure 4.24). NZ of Lys203A forms 

hydrogen bonds with the peptide oxygen atoms of Ser80A and Gly82A and a salt bridge 

with the 04 oxygen atom of a sulfate ion bound at the putative F 16bP I-phosphate 

binding site (see Figure 4.24). 

Packing and orientation of Lys203 is conserved in the B. burgdorferi PPi-PFK atomic 

model, however the interactions the Lys203A NZ group forms are not, due to the 

observed displacement of the B. burgdorferi PPi-PFK subunit A GGDD motif. In the B. 

burgdorferi structure NZ of Lys203A forms a salt-bridge with the sulfate ion (601) bound 

beneath the GGDD motif (see Figure 4.27). Comparison of the orientation of sulfate ions 

bound at the active site of the S. thermophilum PPi-PFK 1.85 A and B. burgdorferi PPi­

PFK atomic models illustrates the putative function of Lys203 (PKTIDGD) in the 
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coordination and stabilization of the penta-coordinate transition state. It may also 

function in correct orientation of PPi and/or a proton-shuttle. It has been suggested that 

the function of Lys203 in PPi-PFKs and the requirement of ATP-PFKs for NI-Li+ or K+ 

cations may be related (Moore et al. 2002). Ronimus et al.(l 999) has demonstrated the 

enhancement of activity of S. thermophilum PPi-PFK when either Na+ or K+ cations are 

present at lO0mM (115% of control activity) . Bertagnolli and Cook ( 1994) propose that 

PPi-PFKs require two metal cations for catalysis, one for chelation of PPi and the second 

as the essential activator. Such a requirement has not been documented for B. burgdorferi 

PPi-PFK. The small enhancement in activation may be an artifact of S. thermophilum PPi­

PFKs thermophilic nature compared to the mesophilic PPi-PFK of B. burgdorferi. Recall 

that neither subunit of the B. burgdorferi PPi-PFK (lKZH) structure exhibits a sulfate ion 

bound at the putative Fl 6bP I-phosphate binding site, however both exhibit sulfate ions 

bound at the F6P/F16bP 6-phosphate binding site and below the GGDD motif, at the B­

phosphate binding site (Moore et al. 2002) . The displacement of helix a8 and therefore of 

the subunit A GGDD motif of the B. burgdorferi PPi-PFK (lKZH) atomic model and 

concomitantly the sulfate ion bound beneath, resultant from the orientation of the B 14-

B 15 B-hairpin into the active site, would prohibit a sulfate ion binding at the likely F 16bP 

I-phosphate binding site due to unfavorable electrostatic and steric interactions with the 

sulfate ion bound at the B-phosphate binding site . The relative displacement of the 

subunit B GGDD motif would accommodate a sulfate ion at the putative F16bP I­

phosphate binding site without unfavorable interactions, as seen in subunit A of the S. 

thermophilum PPi-PFK 1.85 A structure. The distinct conformations of the active sites of 

the S. thermophilum PPi-PFK 1.85 A and B. burgdorferi PPi-PFK structures, with respect 

to the orientation of bound sulfate ions is perplexing. It is hypothesized that the active 

sites of the respective models represent different stages in the catalytic mechanism of 

phosphoryl transfer, the bound sulfate ions acting as substrate/product analogues. The 

spatial orientation of the three sulfate ions bound at the subunit A active site of the S. 

thermophilum PPi-PFK 1.85 A atomic model is analogous to the spatial orientation of the 

B-phosphate and Fl 6bP 1- and 6-phosphate moieties of the forward reaction products. 

The spatial orientation is distinct from the ligands bound at the active site of subunit A of 

E. coli A TP-PFK due to the displacement of helix a5 altering the orientation of the ADP 
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/)-phosphate (see section 1.5, Figure 1.5d). The displacement of the GGDD motif, 

relative to subunit A of B. burgdorferi PPi-PFK, the absence of the 380-390 and f314-

f315 /)-hairpins at the active site, and the superposition of the three sulfate ions with ADP 

and F16bP bound at the subunit D active site of E. coli ATP-PFK (lPFK) all support the 

hypothesis that the conformation of the subunit A active site of the S. thermophilum PPi­

PFK 1.85 A atomic model is representative of the enzymatic state subsequent to 

phosphorylation of F6P i.e. products , F16bP and Pi are bound in a conformation 

associated with dissociation. The spatial orientation of the ADP /)-phosphate and the 

F 16bP I-phosphate, bound at the subunit D active site of E. coli A TP-PFK (1 PFK) do not 

superimpose with the analogous sulfate ions bound at either active site of the B. 

burgdorferi PPi-PFK atomic model, further illustrating its distinct conformation, relative 

to the S. thermophilum PPi-PFK 1.85 A atomic model. The observed asymmetry between 

subunits in all three PPi-PFK atomic models suggests that catalysis at both active sites is 

not simultaneous. Whilst one active site is 'closed' for phosphoryl transfer the other is 

'open' for dissociation and association of products and reactants, respectively. 

4.10.5 GGPAPG loop 

The GGPAPG loop is highly conserved in PFK A family members, as is its conformation 

based upon the structures accessible through the PDB and those of S. thermophilum PPi­

PFK. The loop contributes to the orientation of two critical Arg residues into the active 

site; Arg146 and Arg429. In S. thermophilum PPi-PFK the GGPAPG loop is positioned 

between strand f33 and helix a4. In the tertiary structure it packs beside the PKTIDGD 

motif loop, beneath the GGDD motif of the N-terminus of helix a8 . Pro85 (GGPAPG) 

loop forms van der Waals contacts with the planar peptide group of Arg429 (FGYEAR) 

and Pro433 , which immediately precedes the motif. A residue larger than Gly81 and 

Gly82 would interfere with the conformation of Arg146 (Arg72 inE. coli ATP-PFK) and 

the PPi-binding site. 

4.12 Summary: S. thermophilum PPi-PFK 

The group II, long clade 132 PPi-PFK of S. thermophilum is surprisingly complex with 

respect to the prokaryotic ATP-PFK of E. coli. Conformational changes required, 
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presumably for catalysis directly involve conformational changes of the three major 

insertions, relative to the ATP-PFK of E. coli, which directly effect the conformation of 

conserved motifs involved in catalysis and/or substrate binding. A synopsis of this 

discussion is given in the following chapter. 
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Chapter 5 

Spirochaeta thermophilum PPi-PFK: Synopsis 

5. 1 Synopsis: Data Quali ty and Atomic Model Statistics 

The structure of a non-allosteri c, PPi-dependent group II , long clade fa mily member from 

the thermophil ic bacterium S. thermophilum, a homologue of the plant PPi-PFK B-subunit 

has been determined in two distinct confo rmations at 1.85 A and 2.2 A resolution. The 

1.85 A data set was collected from a crystal grown fro m a mother liquor conta ining 2 M 

ammonium sul fate ([NH4]2SO4) and 0. 1 M sodium acetate trihydrate (pH = 4.6). The 2.2 

A data set was co llected fro m a crysta l grown fro m a mother liquor containing 2 M 

ammonium sul fate ([N H4]2SO4), 0. 1 M sodium chlori de ( aCl), and 0. 1 M HEPES (pH = 

7.5). Molecular replacement was employed to dete rmine initial phases for the ca lculati on 

of 2m1Fol - Dlfcl and mlfol - Dlfcl electro n density maps for both models. The structures 

we re refi ned to R fac tors of 0. 1923 (R rrec = 0.2035) and 0. 199 1 (Rrrc..: = 0.228 8), 

respecti ve ly. The S. thermophilum PPi-PFK atomic models exhi bited hi gh stereochemical 

quality. 

5.2 Synopsis: Structure and Function 

The 554 residue (MR 61080 g. mor 1
) PPi-PFK assembles into a homodimer (see Figure 

4.1 ). The subunit terti ary structure is comprised of a conserved - and C-terminal domain 

similar to the allosteri call y regulated, prokaryoti c, tetrameric ATP-PFK of E. coli , of 

which the N-termi nal domain exhibits a Rossmann- like nucleotide-binding fo ld . Three 

major insertions are observed; an N-termina l insertion, a C-terrn inal insertion , and an 

insertion within the C-terminal domain, which fo rms an autonomous a -helical domain. A 

smaller insertion of note fo rms the Bl4-B1 5 B-hairpin within the N-terminal domai n (see 

Figure 4.2). The 'open' and 'closed' subunit asymmetry of the S. thermophilum PPi-PFK 
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1.85 A atomic model mirrors that of B. burgdorfe ri PPi-PFK with the exception that the 

390-390 and 1314-13 15 13-ha irpins of subunit A are not displaced into the active site. 

Re lative to subunit B of the B. burgdorfe ri PPi-PFK atomic model both subunits of the S. 

thermophilum PPi-PFK 2.2 A atomic model are in an 'open' inactive conformation. The 

conformati onal change between the 2.2 A and 1.85 A S. thermophilum PPi-PFK atomic 

mo dels in vo lves partial active site closure of both subunits via independent ri g id-body 

di splaceme nts of the small and helical domains. Despite the subunit asymmetry and the 

conformati onal change the dimer interface is symmetrica l and conserved . The majority of 

contacts a t the dim er interface are form ed betwee n the N -terminal domain and the C­

terminal domain of the oppos ing subuni t. Resultant of the conserved dimer interface is 

the conserved o rientation of the N -terrnina l domain of both subunits relati ve to the C ­

terminal domain of the opposing subunit. Therefore the confo rmati on and ori entation of 

the C-terminal and helical domains of the homodimer are re lati vely independent. If the 

-termina l domain and the C-terminal do main of the oppos ing subunit are thought of as 

ri g id-bodies then di splacement of the subunit AC-terminal domain rela ti ve to the subunit 

A N -terminal domain di ctates that the -te rmina l domain of subuni t B is di pl aced with 

the subunit A C-terminal domain to conse rve the dimer interface i. e. the subun it B N ­

te rminal doma in is effecti ve ly rotat ing towards the subunit B C-te rmina l dom ain . 

T herefo re c losure of one active site , in terms of the N- and C-termina l domains di ctates 

cl osure of the o ther to conserve the d imer interface . 

The active s ite is fo rmed by a cleft at the interface of the large and C-term inal do mai ns. 

F6 P/Fl6bP is bound predominantl y by the conse rved motifs, MGR (138-a l0 loop) and 

FGYEAR (a[l8]) of the C-terminal domain and Lys243 and Tyr244 from the C-terrnina l 

domain of the opposing subunit. PPi is bound predominantly by the conserved N-terrnina l 

do main motifs , GGDD at the -terminus of heli x a8 and PKTIDGD (137-a 9 loop) . 

Sulfate ions are observed bound beneath the GODO moti f, at the putati ve F l6bP 1-

phosphate binding site, and the F6P/F16bP 6-phosphate binding site in subunit A of the S. 

thermophilum PPi-PFK 1.85 A structure . A sul fate ion is only observed bound at the 
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F6P/Fl6bP 6-phosphate binding site of subunit B and both subunits of the S . 

thermophilum 2.2 A atomic model. 

5.2.1 F6P/F16bP binding site 

Conservation of the dimer interface despite the conformational change dictates that the 

orientation of Lys243 and Tyr244 into the active site of the opposing subunit is 

conserved. The conformation of the MGR mot if is stringently defined by the 

conformation of the small and helical domains . The inacti ve MGR conformation of both 

subunits of the S thermophifum 2.2 A atomic model, the side chain of Arg253 oriented 

out of the active site and the rotati on of the CE of Met25 l into the F6P/F l 6bP binding site 

is resultant of the 'open' subunit tertiary structure. The conformational transition from the 

2.2 A S thermophi!um PPi-PFK a tomic mode l to that of the 1.85 A atomic model, 

specifically the rotation of the C-terminal doma in , displaces the MGR motif into the 

act ive site. CE of Met251 is subsequentl y forced to rotate about the C~-Sb bond to fo rm a 

va n der Waals contact with Tyr426 (FG Y EA R), simil ar to that observed in both subunits 

of the B. burgdOJferi PPi-P FK atomic model ( 1 KZH [Moore e t al. 2002]) a nd E. coli 

ATP-PFK ( 1 PFK [Shi rak i hara and Evans 1988]) between Metl 69 (MGR) and Hi s249 

(LGHIQR). Tyr426 is exc lusive ly conserved in gro up II PFKs. In neither of the three 

PP i-PFK atomic model s does it fo rm a contact with the 6-phosphate sulfate ion, unlike its 

conserved group I and III analogue, wh ich directly binds the F 16bP (£. coli A TP-PFK 

[I PF K]) 6-phosphate moiety. Based upon the crys tallographic evi dence presented here 

and by Moore et al. (2002), concomitant w ith the kinet ic stud ies of Deng et al . (2000) it 

is concluded that the majo r function of Tyr426 (FG Y EAR), specifi c to group II PFKs is 

the correct orientation of Met25 l (MGR) into the active site. 

The side chain of Arg253 (MGR), putatively functi oning in transition state stabili zation , 

is partial ly displaced with the C-terminal domain but an active conformation is not 

observed, requiring displacement of the 380-390 ~-hairpin into the active side. The 

di sp lacement of the subunit A 380-390 ~-hairpin of B. burgdorferi PPi-PFK (1 KZH 

[Moore et al. 2002]) into the active site 'folds' the side chain of Arg253 into an active 

conformation. The conformation of the Fl 6bP/F6P 6-phosphate binding FGYEAR motif, 

specifically the a( 18) he! ix is re lative ly independent of the conformationa l change. 
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However, of the three PPi-PFK atomic models the subunit asymmetry in terms of C­

terminal domain displacement re lative to superposition of the -terminal domain core is 

greatest for the S. thermophilum 1.85 A atomic model, which translates to the greatest 

deviation in the orientation of the sulfate ions bound at the F6P/f 166P 6-phosphate 

binding sites . Res ultant of the di splacem ent is the d ist inct conformatio n of Arg 146 ( a6-

a 7 loop), which putatively functions in stabili zation of the penta-coordinate trans ition 

state. The conformation of the F6P/Fl 6bP binding site, and therefo re hypothetica ll y 

K M[F6P/FJ 6bPJ and k cat (co ncurring kinetic evidence is absent to date) is stringentl y defin ed 

by the conformati on of the sma ll and helical domains, a mechani sm w hich is like ly to be 

unique to long clade PPi-PFKs (based upon limited crysta ll ographi c ev idence). There is 

no crystal lographic ev idence to suggest that the C-terminal domain and MGR motif of 

prokaryotic A TP-PFKs undergo such a conformational transition. 

5.2.2 Pyrophosphate specificity 

Asp! 77 of the PPi-specific GGDD motif putatively functions in the indirect coordination 

of an essenti a l Mg2
+ cation. The conform at ion of the PPi-binding site is subject to that of 

the helical domain and the B 14-B 15 B-hairpin. The conformation of the Asp 176 and 

Asp! 77 carboxy late gro ups (GG DD motif) is di stinct between S. thermophilum PPi-PFK 

atomi c mode ls, hypo the ti ca ll y resu ltant from electrostatic repulsion. The o ri en ta ti on of 

the subun it A a -he lica l domain 380-3 90 B-hairpin of B. burgdmferi PP;-PF K ( 1 KZ H 

[Moore et al . 2002]) into the act ive site positions His384A into the base of the a7/a6 

hydrop hob ic groove , preventing Asp 177 from rotatin g up , out of the PPi-b inding site . 

Di spl acement of the subuni t A B 14 -B 15 B-hairpin of B. burgdo,feri PPi-PFK into the 

active s ite is concomitant with di splacement of the GGDD motif into the active site 

re lative to the S. thermophilum PPi-PFK atomic models. A simi lar displacement of the 

subunit A GGDG motif of E. coli ATP-PFK is observed , in fact the motifs superimpose 

based upon superposition of the N -terminal domain , yet the mechanism is di s tinct. 

Di splacement prohibits a sulfate ion binding at the F16bP I-phosphate binding site of the 

B. burgdorferi PPi-PFK atomic model ( IKZH) and results in distinct binding of the 

sulfate ion bound beneath the GGDD motif, re lat ive to the S. thermophilum PPi-PFK 1.85 

A atomic mode l. Di splacement reorie nts the GGDD moti f with respec t to the 
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PK203TIDGD motif, allowing Lys203 to form a salt bridge with the GGDD sulfate ion in 

both subunits of the B. burgdorferi PPi-PFK atomic model (1 KZH). The relative distant 

orientation of the GGDD and PKTIDND interdicts such a contact in the S. thermo phi/um 

PPi-PFK 1.85 A atomic model; rather Lys203 forms a sa lt bridge with the F16bP 1-

phosphate sulfate ion. It is therefore concluded that Lys203 functions in the coordination 

and hence stabil ization of the penta-coordinate transition state (associative mechanism). 

5.2.3 GGDD 

The GOOD motif is pivotal in determining phosphoryl donor specificity. Mutation of the 

PPi-dependent motif GGDD of E. histolytica PPi-PFK by site-directed mutagenesis to the 

ATP-dependent motif(GGDG [Asp175Gly]) altered the enzyme preference by 107
. The 

converse mutation of the ATP-dependent GGDG (Glyl 04Asp) motif of£. coli ATP­

PFK, abrogated ATP-dependent activity but did not cause an increase in PPi-dependent 

activity (Chi and Kemp 2000). It is concluded that the lack of reciprocity is due to the 

absence of the 380-390 ~-hairpin. The Gly 104Asp mutation in E. coli abrogated ATP­

dependent activity due to unfavorable e lectrostatic and steric interactions between 

Asp 104 and the ATP a-phosphate. PP i-PFK activity was not concomitantl y gained , 

hypothetically due to conformational flexibility of the Asp103 and Aspl04 (GG DD) 

carboxylate groups preventing the correct coordination of the Mg +2 cation and orientation 

of the PPi. The correct conformation of the GGDD motif requires displacement of the 

380-390 ~-hairpin , specifically the imidazole ring of His382 into the hydrophobic 

groove. The Aspl 75Gly mutation in E. histoly tica PPi-PFK abrogated PPi-PFK activity 

due to the incorrect coordination of PPi. The mutation abrogated the requirement for the 

380-390 ~-hairpin to be displaced into the active s ite. 

5.2.4 Conformational change: substrate analogues 

It is suggested that the distinct conformations of the three PPi-PFK atomic models is 

induced by the distinct orientation of sulfate ions bound at the active sites . The 

comparative structures of the B. burgdorferi PPi-PFK and S. thermophilum PPi-PFK 1.85 

A atomic models, crystallized at distinct pH (8 .0 and 4.5 , respectively) indicate that the 

conformational change is not pH dependent. It is noted that pH will effect sulfate ion, and 
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therefore substrate binding via dictation of the ionization state of specific residues and 

that distinct pH optima fo r S. thermophilum PPi-PFK activity exist (glycolytic pH 5.0-6.0, 

gluconeogenic pH 7.0-7 .5 [Ronimus et al. 1999]). 

There is no kineti c evidence to suggest that the ' inacti ve' S. thermophilum PPi-PFK 2.2 A 

ato mic mode l is representati ve of a phys io logicall y relevant inacti ve enzy matic fo rm, 

tho ugh the fa ilure of extensive crystallization tri als to co-crystallize S. thermophilum PPi­

PF K complexed with its g lyco lyt ic reactants/products supports thi s conc lusion . T he 

ca usati ve agent of the 'inac ti vation' is yet to be ascertained, the subj ect of further work. 

Based upon the crysta llographi c ev idence presented here and by Moore et al. (2002) the 

fo ll owing mode l is proposed fo r the confor mati onal mechani sm of the g lyco lyti c 

reactio n. T he transi ti on fro m an 'open' inactive to an 'open' act ive enzy mat ic fo rm 

invo lves partial c losure of the act ive site, rotating the C-terminal domain MGR moti f into 

the active si te fac ili tat ing a van der Waa ls contact between Met25 1 (MGR) and Tyr426 

(FGY EAR). The partial c losure of one active site dic tates partia l closure of the other to 

ma inta in the dimer interface. F6 P and PPi-PFK subsequentl y bind. The d isp lacement of 

the 380-390 ~-hairpin into the acti ve site pos itions l-li s3 84 into the hydro phobi c groove, 

preventing electrostatic rep ul sion from forc ing the carboxy late group of Asp 177 to rotate 

out of the act ive site a nd fo lds Arg253 into an act ive conformat ion. The di splacement of 

the ~ 14-~ 15 B-ha irp in in to the act ive si te concom itantly d isp laces the GG DD and hence 

PPj. T he Mg2
+ is coo rdinated d irectly by Asp l 76 and ind irectly by Asp ! 77 (GG DD). 

Asp20 8 (PKTIDGD) part ia ll y ioni zes the phosphoanhydri de bond of PP i. Displ acement 

of the GGDD moti f reo ri ents the PPi a -phosphate, bringing it into closer prox im ity wi th 

the nucleo philic I-hydroxy l gro up, whi ch is deprotonated by Asp206 . Phosphoryl transfer 

proceeds via a penta-coordinate transition state (associat ive mechani sm [SN2]), w hi ch is 

stab il ized by Arg253 , Arg146 , and Lys203 . Once phosphory l transfer is complete the 

3 80-390 and B 14-B 15 B-ha irpins are displaced out of the ac ti ve si te, concom itant with the 

revers ion of the GGDD motif Electrostatic repul sion between Asp206 and the F 16bP 1-

phosphate group facilitate di ssocia ti on. Both acti ve s ites are not closed at the same time. 

Whil st one is closed, fac ili tating phosphoryl transfer and preventing wastefu l hydro lys is 

of PPi, the other is open a llowing products, F 16bP and Pi to di ssociate and F6P and PPi to 

bind. 
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5.3 Future Directions 

T he confo rmational flexib il ity of the group II , long clade PP i-PFK from the thermophil ic 

bacterium, S. thermophilum is very complex , much mo re so than that of prokaryotic 

A TP-PFKs . The insertions, re lative to the prokaryotic A TP-PFK of E. coli directly affect 

the confo rmation of conse rved motifs invo lved in substrate binding and ca ta lys is . The 

insertions therefore functi on to modulate the enzymatic mechanism. 

5.3.1 Site directed mutagenesis 

D etermination of the structure of the S. thermophilum PP i-PFK in two di stinct 

co nfo rmati ons, acti ve and inac ti ve, respective ly in concert with that of B. burgdorferi 

PP i-PFK ( 1 KZH [Moore et al. 2002]) ide nti fies ta rgets w ithin the inserti o ns fo r further 

s ite -directed mutagenesis studi es. 

• 

• 

• 

A Hi s3 82Ala (3 80-390 ~-ha irpin) mutant will va lidate or dismiss the aforementioned 

conc lus ion that its di splace ment into the hydrophobic groove is essent ia l fo r PPi­

specific activity. 

Independent mutati on of the conserved Lys499 and A rg489 will e lucidate w hat ro le, 

if any they play . 

A G I u3 16G In/G I u3 16 la mu tati on to investi gate its funct ion in the ori cntat ion of the 

MG R loop. 

The suppos ition that the S. thermophilum PPi-PFK 2.2 A ato mic mode l is in an inactive 

confo rmati on needs to be verifi ed by in vitro kinetic studi es. 

5.3 .2 Substrate/Product binding 

A future direction of thi s research is to full y elucidate the conformati ona l mecha ni sm 

assoc iated with substrate binding and cata lys is. Thi s requires resoluti o n of the S. 

thermophilum PPi-PFK structure complexed with reactants, products , and substrate 

a nalogues. Based upon the hypothesis that prio r crystall ization tri als to co-crystall ize S. 

thermophilum PPi-PFK complexed with its reactants/products fa iled due to an induced 

inactive conformation it is hypothesized that S. thermophilum PPi-PFK crysta ls, a lready 
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grown, at a pH of ~4.5 and in the absence of sulfate or phosphate ions are complexed 

with Fl6bP and Mg2+Pi and await data collection. 

5.4.3 PPi-PFKs: Inhibition 

The presence of a PPi-PFK in many pathogenic anaerobic microorgani sms targets the 

enzyme for the development of anti-microbial agents . This research has identified that the 

architecture of the active site and the m ode of substrate binding are s imilar to that of 

prokaryot ic A TP-PFKs. Thi s hinders the cause for the development of a PPi-PFK specific 

inhibitor. A prerequisite for drug development is no adverse in vivo kinetic effect upon 

mammalian A TP-PFKs. The most likely target therefore is the PPi-binding site, which 

involves Lys203 and Aspl 77, unique to group II PPi-PFKs. Therefore a future direction 

of thi s research will entail crysta lli zation of the S. thermophilum PPi-PFK complexed 

with PPi analogues and kinetic ana lyses. 

5.3.4 Plant PPi-PFKs 

The literature review addresses the complex ity of the a ll osteric regulation of prokaryotic 

ATP-PFKs. The only PPi-PFK to exhibit a ll osteric regulat ion is the p lant a 2~ 2 PPi-PFK. 

The structural reso luti on of a group II , long c lade PPi-P FK, from S. thermophilum , a 

ho mologue of the pl ant ~- subunit a ll ows the fut ure modeling of th e binding of 

tripolyphosphate at the PPi-binding site of S. thermophi/um PPi-PFK, w hich exhibits 95% 

activity with tripolyphosphate as the phosphoryl donor re lative to PPi (Ronimus et al. 

1999). T he structural reso luti on of a group 11 , long clade PPi-P FK, from S. thermophilum 

allows the structure of a plant PPi-PFK to be so lved by mo lecular repl ace ment. 

5.4 Conclusion 

The structure of a group II , long clade PPi-PFK from the thermophilic bacterium S. 

thermophilum has been so lved in two distinct conformations at 2.2 A and 1.85 A. The 

conformation of the insertions, relative to the prokaryotic A TP-PFK of E. coli are altered 

upon the conformational change observed and directly affects the conformation of 
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conserved motifs at the active site involved in substrate binding and/or catalysis. 

Therefore the major insertions function to modulate the activity of the PPi-PFK. This 

research has demonstrated structural conservation between PFK A ATP- and PPi­

dependent family members. Surprisingly, despite their relatively simple regulation the 

conformational changes involved in, and required for substrate binding is very complex. 

Further research is required to resolve the structure complexed with reactants, products, 

and substrate analogues to fully elucidate the conformational mechanism. This will be 

further aided by kinetic studies of mutants suggested in this report. The determination of 

the structures of PPi-PFKs from the spirochetes B. burJJdorf'eri (Moore et al. 2002) and S. 

thermophilum has contributed an enormous advancement to this field of study. 
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Appendix 1 

Appendix 1: An insight into my Masters: 

Micro-management by my supervisor. 

I love my computer! 

Nope, it won't work! 

There is only one way to fix it! 

I hope 
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