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ABSTRACT

STRUCTURE FUNCTION RELATIONSHIP STUDIES OF

ESCHERICHIA COLI

ADP-GLUCOSE PYROPHOSPHORYLASE

By

Clarisa Maria Bejar

Alpha-1,4-polysaccharides are one of the main energy and carbon storage

components present in most living cells. Bacteria, higher plants and algae utilize ADP-

glucose as the activated form of glucose for polyglucan synthesis. This step is catalyzed

by ADP-glucose pyrophosphorylase, a tightly regulated enzyme responsible for

determining the rate of the entire pathway. The mechanism of allosteric regulation is

linked to the carbon assimilation pathway in the cell, suggesting the evolutionary

adaptation of this enzyme to respond to the specific carbon and energy necessities within

the respective cell.

The allosteric properties of the enzyme depend not only on specific residues that

have been identified by several genetic and biochemical studies, but also on more

extended regions of the protein. In the present work, the domain organization of the

Escherichia coli ADP-glucose pyrophosphorylase monomer and the functional and

structural role of the N- and C-terminus in regulation were studied. The biochemical data

presented here in combination with structural information allow a mechanism to be

proposed for how the putative allosteric sites communicate with the active site to regulate

enzyme activity.



Structural information on ADP-glucose pyrophosphorylases at the three-

dimensional level also led to the investigation of other regions of the enzyme with

predicted functional roles. Structure-guided site-directed mutagenesis was used to study

the molecular basis of substrate binding and affinity. The detailed characterization of the

E. coli enzyme’s glucose l-phosphate site architecture may have relevance not only for

the members of the ADP-glucose pyrophosphorylase family, but also for other

nucleotide-diphospho-sugar pyrophosphorylases. .
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CHAPTER 1

Literature review



1.1. INTRODUCTION TO POLYSACCHARIDES

Carbohydrates, proteins, lipids and nucleic acids are the four major classes of

biomolecules in nature. Carbohydrates or saccharides (Greek: sakcharon, sugar) account

for the most abundant group of compounds on earth and they play different roles, serving

as energy storage, metabolic fuels, main intermediates in the various carbon metabolism

routes, as well as structural components of the cells. These biomolecules are present in all

living organisms as mono-, di-, oligo- and polysaccharides, and their structural units have

multiple hydroxyl groups and are linked by O-glycosidic bonds (1, 2).

Monosaccharides are monomeric units of polyhydroxyaldehydes or

polyhydroxyketones. The hexoses D-glucose and D-fructose are the most important of

these simple sugars, whereas phosphorylated sugars like glucose 1-phosphate(GlclP),

glucose 6-phosphate (Glc6P), 3-phosphoglyceric acid (3-PGA) and dihydroxyacetone

phosphate (DHAP), are another class of monosaccharide essential for the cellular

metabolism. Reactive forms of monosaccharides, such as ADP-glucose (ADP-Glc) and

UDP-glucose (UDP-Glc), known as sugar nucleotides, are also needed for the formation

of 0- and N-glycosidic linkages. Disaccharides consist of two monomeric sugars joined

by an O-glycosidic bond. Sucrose (glucose-a-l ,Z-B-fructose), maltose (glucose- (1-1,4-

glucose) and lactose (galactose-B-l,4-glucose) are the three most abundant examples.

Oligosaccharides are relatively short polymers containing a small number of

monosaccharides (typically three to six). They are generally found either 0- or N-linked

to amino acid side chains and lipids and participate in molecular targeting and cell-cell



recognition, among other roles. Polysaccharides, which are also known as glycans, are

large linear or branched molecules consisting of a variable number and type of sugar

monomers linked in specific manners. Based on their chemical composition they can be

classified in homopolysaccharides, with one type of component monomeric unit, and

heteropolysaccharides, which are formed by more than one sort of monosaccharide. In

addition, polysaccharides can have either a structural role or serve as an energy source or

as carbon storage compounds. Examples of homopolysaccharides are glycogen and starch

(the most abundant cellular storage forms) and cellulose and chitin (the principal

structural components of the plant cell wall and invertebrate exoskeleton, respectively).

On the other hand, among heteropolysaccharides, hyaluronic acid, which is present in

connective tissues, is composed by units of D-glucuronic acid and N—acetyl-D-

glucosamine, whereas the bacterial cell wall component peptidoglycan (or murein)

consists of repetitive molecules of N—acetylmuramic acid and N-acetyl-D-glucosamine (1,

2).

1.2. STORAGE u-l,4-POLYSACCHARIDES: STRUCTURE AND FUNCTION

Alpha-1,4-polyglucans are one of the main strategies developed by living

organisms to store carbon and energy in a readily available manner to cope with

starvation conditions temporarily present in the environment (3-9). The biosynthetic

process consists of the polymerization of large amounts of D-glucose surplus to form

glycans of high molecular weight. One of the principal advantages of using

polysaccharides as reserve compounds is that, due to their physiochemical properties they



produce negligible osmotic pressure, thus allowing for the accumulation of large amounts

of carbon without disturbing the water relations within the cell (3, 5, 7-10). Another

advantage is that the large amount of glycosidic linkages, present in amylopectin and

glycogen as a(1—*4) and (1(1 —>6) bonds, generates a particular structural organization

that allows for the access of degrading enzymes at the non-reducing ends and at internal

linkages (Fig. 1.1). Enzymes such as amylases and phosphorylases can act

simultaneously at different branches, thus speeding the conversion of large polymers into

single units of D-glucose derivatives (7, 11). The use of 01-1 ,4-polyglucans as reserves is

broadly seen in nature, including the starch in photosynthetic eukaryotes and the

glycogen present in bacteria, (including cyanobacteria), archea and non-photosynthetic

eukaryotes.

Glycogen is an essentially homogeneous water-soluble polymer of high molecular

weight (107-109) containing an average of 10-14 a(1-—>4)-1inked D-glucose units,

interlinked by (1(1 —->6)-g1ycosidic linkages, to form a highly branched compound (Fig.

1.1.A) (5, 12, 13). The molecule has a spherical shape, with the chains organized in

concentric tiers (Fig. 118) (14). The structure of the bacterial glycogen has been less

studied than that of the mammalian one, but the available data point out the general

similarity between them (13).



Figure 1.1. Schematic organization of a-l,4-polyglucans structure. Drawing

of glycogen showing: (A) the homogeneous structure and (B) its spherical shape

formed by concentric tiers (marked by dashed lines) (13). The branches in the

most external tiers are the most readily available for hydrolysis. Starch

accumulates in granules (C) as a result of the growing helices of amylopectin (D)

which determine regions of crystalline and amorphous starch (E), viewed as

concentric rings (M. F. Chaplin, Starch, [http://www.Isbu.ac.uk/water/hysta.html]

adapted from T. P Coultate, Food: The Chemistry of its Components, 4th Ed.

Accessed on 13 Nov 2006).
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In mammals, the major deposits of glycogen are in liver and skeletal muscle but

many cell types are capable of glycogen synthesis and limited accumulation, like cardiac

and smooth muscle, the kidney, the brain and even adipose tissue (1 1). Its accumulation

and utilization are hormonally linked to the nutritional status. Glycogen synthesis in the

liver occurs after food intake as a consequence of the increased glucose level in blood

which stimulates the secretion of the pancreatic hormone insulin, whereas decreased

levels of glucose in the blood stream stimulate secretion of another pancreatic hormone,

glucagon, which promotes the breakdown of the hepatic glycogen and its conversion to

glucose by glucogenolysis (I, 2). Therefore, the synthesis and degradation of this

polysaccharide in liver determine the blood glucose homeostasis which is important for

providing the different tissues with energy supply.

In bacteria, the precise role that glycogen may play is still unclear; however its

presence is hypothesized to preserve cellular components susceptible to turnover in

stationary phase for production of energy during starvation (15). These microorganisms

usually accumulate glycogen as a result of limited growth conditions in the presence of

an excess source of carbon, generally when they reach the stationary phase of growth

(16). Exceptions to this are Streptococcus mitts (1 7), Mycobacterium smegmatis (I8) and

Rhodobacter capsulata (19) that have been reported to do it during the exponential phase

of growth, and Bacillus subtilis (20) and Streptomyces coelicolor (21) that accumulate it

prior to the onset or early in sporulation to supply the necessary resources for

differentiation. In Salmonella enteriditis, glycogen storage was described as related to

biofilm formation and virulence of this strain (22), whereas in Streptococcus mutans



accumulation of the polysaccharide was shown to be associated with cariogenic capacity

of the bacterium (23).

Higher plants and algae accumulate starch (9). It is composed of two

a-l,4-polyglucans: amylose and amylopectin. Amylose is referred to as a smaller (about

1500 D-glucose residues), mainly linear o(1—->4)-linked polysaccharide. Amylopectin is

the major component of starch and, like glycogen, is an a(l—+6)-branched a(1—*4)-

polyglucan (Fig. 1.1.D), although the degree of branching is only 5-6% (compared to the

glycogen 8-12%) (7, 24). Starch is organized in concentric growing rings around a central

hilum to form large granules that range from 0.1 pm to 150 um in diameter, depending

on the species (Fig. 1.1.C) (7, [2). Starch granules are microcrystalline structures of

complex organization, with different polymorphisms depending on the source (7, 24-26).

Regions of amorphous and crystalline starch that are formed by the alignment of helical

external chains of the amylopectin molecule alternate in the granule (Fig. 1.1.E). Starch

granules are found in almost all green plants in various types of plant tissues and organs

(leaves, roots, shoots, fruits, grains, and stems) (7). Accumulation of starch in leaves

occurs in the chloroplast due to carbon fixation during photosynthesis, a phenomenon

that was demonstrated by Sachs in the XIX century (27). Exposure to low light or to

extended periods of dark (24-48 h) causes disappearance of starch from photosynthetic

tissues, as demonstrated by iodine staining (28) and light or electron microscopy (29).

Starch is degraded to products used mainly for sucrose synthesis, which serves as carbon

supply for sink tissues. In stomatal guard cells, however, starch is synthesized in dark

periods and degraded during the day while stomata are open (30-32). In cereals, starch is



mainly synthesized and accumulated within the amyloplasts present in the endosperm (7).

Deposits of this polysaccharide in potato tuber, maize and cassava, yarn and sweet potato

roots can range between 65% and 90% of their dry matter. In storage organs, such as

fruits or seeds, accumulation of starch occurs during development or maturation of the

tissue (7); whereas degradation takes place at the time of fruit ripening and seed or tuber

germination, generating metabolites used as sources of carbon and energy.

1.3. ELUCIDATION OF THE a-l,4-POLYGLUCAN METABOLIC ROUTES:

HISTORICAL BACKGROUND

By the late 19305, it was assumed that the synthesis and degradation of the

mammalian glycogen proceed by a common metabolic route. This was based on

observations made by Carl and Gerti Cori who obtained the first in vitro synthesis of a

polyglucan from GlclP by the glycogen phosphorylase, the enzyme responsible for the

mammalian glycogen degradation (33). It was only one decade later that a different

biosynthetic pathway was postulated after observation of large deposits of glycogen in

the skeletal muscle of patients with the “Me Ardle’s disease”, caused by a glycogen

phosphorylase B deficiency (34). Those patients were able to synthesize glycogen but not

to degrade it, leading to the conclusion that in vivo the synthesis and degradation of the

polyglucan occur through separate metabolic routes. What the Coris had observed in vitro

was merely the reversible reaction of the glycogen phosphorylase.



The elucidation of the metabolic route for polysaccharide accumulation begun in

the late 19403, when L.F. Leloir and his collaborators in Buenos Aires, Argentina,

discovered that the UDP-Glc had another role besides being a cofactor for the

transformation of the galactose l-phoshate (GallP) into GlclP (35-3 7). Cellular

fractions from several prokaryotic and eukaryotic sources were reported as able to

catalyze glycosidic transferences from UDP-Glc, and other sugar nucleotides that work as

activated forms of glucose, to their respective acceptors. First, the incorporation of

UDP-Glc in starch from plant extracts was reported (38); however, later studies on

specificity for synthetic sugar-nucleotides showed that ADP-Glc was a better substrate

for the synthesis of starch in higher plants (39). These results led to the isolation of ADP-

Glc from maize extracts (40) and to the first identification of an enzyme involved in

ADP-Glc synthesis, the ADP-glucose pyrophosphorylase (41).

Studies performed with mammalian liver extracts clearly determined that the

glucosyl donor for glycogen synthesis was UDP-Glc (42). On the other hand, the

metabolic reactions involved in the synthesis of bacterial glycogen were elucidated after

Sigal and collaborators reported UDP-Glc synthesis deficient Escherichia coli strains that

accumulated normal glycogen levels (43). The finding of large amounts of ADP-GIc-

specific glycogen synthase and ADP-Glc pyrophosphorylase in those microorganisms

ruled out that UDP-Glc was an important precursor of glycogen synthesis in

enterobacteria and strongly suggested that ADP-Glc was the main glucosyl donor for

polysaccharide biosynthesis in bacteria and plants (7).
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1.4. METABOLIC PATHWAYS FOR a-l,4-POLYSACCHARIDES SYNTHESIS

IN BACTERIA AND PLANTS

The synthesis of the (it-1,4 linked, (1-1,6 branched polysaccharides can be divided

in the general following steps: [1] the synthesis of the glucosyl donor molecule fiom the

sugar-phosphate, [2] the transference of a single glucosyl moiety from the sugar

nucleotide to the glycan synthesis primer, and [3] the polysaccharide structure

remodeling. The biosynthesis of bacterial glycogen and plant starch occurs by utilizing

ADP-Glc as the glucosyl donor. The reactions taking place are as follows:

[1] ATP + a-GlclP : ADP-Glc + PP.

[2] ADP-Glc + u-l,4-glucan : a-l,4-glucosyl-a-l,4-glucan + ADP

[3] Elongated a-l,4-glucosyl-a-1,4-glucan \—_.-> a-1,4-o-1,6 branched glucan

The enzymes catalyzing the different steps, [1] ADP-glucose pyrophosphorylase,

[2] glycogen and starch synthase and [3] branching enzymes, are described in sections

1.4.1, 1.4.2 and 1.4.3 and a more complete analysis of the biochemical characterization of

the ADP-glucose pyrophosphorylases is presented in section 1.6. A comparison between

the biosynthesis of a-l,4-polysaccharides in bacteria, plants and mammals is depicted in

Fig. 1.2
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Figure 1.2. Metabolic routes involved in the biosynthesis of u-1,4-

polysaccharides in different systems. ADP-Glc PPase and UDP—Glc PPase

catalyze reaction [1], glycogen and starch synthases catalyze reaction [2] and

branching enzyme catalyze reaction [3], described in section 1.4. Bacterial

glycogen and starch utilize ADP-Glc as the activated form of glucose. (A) Rn:

Reaction. (B) De novo reaction is: UDP-Glc + apo-glycogenin :

(glycosyl)glycogenin + UDP; further glucose-residues incorporation occurs as

depicted in reaction [2] in the diagram. (C) In amylopectin synthesis. Enzymes in

the red boxes catalyze the rate limiting steps in the respective pathways and are

tightly regulated.
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1.4.1. ADP-Glc pyrophosphorylase

Bacterial glycogen and starch biosynthesis route share a common first reaction

(Reaction [1]) catalyzed by the ADP-Glc pyrophosphorylase (ATP: a-D-glucose 1-

phosphate adenylyltransferase, EC. 2.7.7.27; ADP-Glc PPase). This enzyme is coded by

a single gene in most bacteria except those from the genus Bacillus (glgC in E. coli). But

in plants, at least two genes are found (8, 9). The reaction was first reported by Espada in

1962 (41) and, subsequently, Preiss and collaborators described its requirement of a

divalent metal ion, Mg2+ or Mn”, as well as its in vitro reversibility, with equilibrium

close to 1 (44). In vivo, however, the presence of inorganic pyrophosphatases in the cell

and the utilization of ADP-Glc for polysaccharide synthesis drive the equilibrium

towards the synthesis of the sugar-nucleotide (3). In addition, the ADP-Glc PPases from

many systems were found to be highly regulated by allosteric metabolic intermediates (4,

7-9, 16, 45-47).

The physiological role of ADP-Glc PPase as the regulatory enzyme in the

bacterial glycogen and plant starch biosynthetic pathways is supported by solid

experimental evidence. Mutants of E. coli and Salmonella enterica serovar Typhimurium

with affected capacity of glycogen accumulation after chemical mutagenesis, are the

basis of the previous statement. These mutant strains expressed ADP-Glc PPases with

altered regulatory properties and the point mutations found through gene sequencing

were the subject of further biochemical characterization. For instance, the E. coli B

mutants that accumulated glycogen at a faster rate than their parent strain expressed a
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mutated ADP-Glc PPase with higher apparent affinity for the activator fi'uctose 1,6-

bisphosphate (FBP) and lower affinity for the inhibitor, AMP (48-50). On the other hand,

E. coli-glycogen deficient mutants, that synthesized glycogen at 40% the rate of wild

type, had a lower affinity for the activator, FBP (51, 52).

A similar situation was observed in oxygenic photosynthetic organisms, where

the main activator and inhibitor are 3-PGA and inorganic orthophosphate (Pi). Starch

deficient mutants of the unicellular algae, Chlamydomonas reinhardtdii, expressed an

ADP-Glc PPase insensitive to 3-PGA activation and Pi inhibition (53). Work with

Arabidopsis (54-57), maize (58), wheat (59) and potato (60) mutants also supported the

key regulatory role of ADP-Glc PPase in starch biosynthesis. More recently, metabolic

control analysis in potato tuber showed that the enzyme catalyzes a near rate-limiting step

in the pathway of starch synthesis (61). Therefore, because of the demonstrated

regulatory role of ADP-Glc PPase in starch biosynthesis in vivo, several studies have

been aimed to increase the polysaccharide yield and overall plant productivity by genetic

manipulation of this enzyme’s activity (58-60, 62, 63).

Overall, the finding that regulation in bacteria and plants occurs at the ADP-Glc

synthesis step agrees with the concept that effective regulation of a biosynthetic pathway

occurs at its first unique step.
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In section 1.6., the particular regulatory properties of the ADP-Glc PPases from

different sources and information on their functional and structural characterization

known to date are presented.

1.4.2. Bacterial glycogen / starch synthase

The second step in the synthesis of bacterial glycogen and plant starch (Reaction

[2]) consists in the transfer of the activated glucose to the non-reducing end of a growing

a-1,4-linked glucan. Bacterial glycogen synthases (ADP-Glcza-1,4-glucan, 4-

glucosyltransferase; EC. 2.4.1.21; GS) and plant starch synthases (ADP-Glc:a-l,4-

glucan, 4-glucosyltransferase; EC. 2.4.1.21; SS) catalyze this chemical reaction. In

bacteria (e.g., E. coli) only one GS and GS gene (gIgA) have been found (64).

Both GS and SS are non-regulated enzymes that use exclusively ADP-Glc as a

glucosyl donor, have molecular masses of 48-55 kDa and organize in dimers in the native

form (65-68). The sequence identity shared by the bacterial GS and the plant and algae

SS is between 30 and 36%, and it has been suggested that they could have a common

three-dimensional fold and catalytic mechanism. Both are glycosyltransferases that

operate retaining the anomeric configuration of the glucose transferred from ADP-Glc to

the non-reducing end of glycogen and amylose or amylopectin, respectively.

Secondary structure predictions and threading techniques postulated that GS and

SS have a glycosyltransferase-type B (GT-B) fold consisting of two distinctive
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Rossmann-like-B-a-B domains separated by a big cleft (69, 70) and in more recent reports

the E. coli GS three-dimensional structure was modeled from other related GT-B

glycosyltransferases. The model obtained was in its active conformation (“closed” form)

and a structure-guided site directed mutagenesis of conserved residues present in the

active site, which is formed in the cleft with amino acids belonging to both domains, and

a complete biochemical characterization of the mutants validated it (71, 72). Later, the

reported crystal structures of the A. tumefaciens GS (73) and, more recently, that of the

archaeal GS from Pyrococcus abyssi (74), agreed with the previous results, although the

structures obtained by crystallography were in the “open” inactive state which

complicated the identification of the studied amino acids. For a number of enzymes of the

GT-B superfamily it has been proposed that the inactive state undergoes a substrate-

triggered closing of the inter-domain cleft, thereby bringing together the catalytic

residues that make up a competent active center.

In higher plant tissues, in contrast to the bacterial GS, more than one SS gene has

been reported (75- 78). Two groups of starch synthases have been described: one is that

bound to the starch granule (granule bound starch synthase: GBSS) which can only be

solubilized by a-amylase digestion of the granule; the second one is found in the soluble

fraction of the plant extracts and, therefore called, soluble starch synthases (SSS) (7).

Work on several plant systems has shown that multiple forms of SSS and GBSS

are present, and the subject has been extensively reviewed by Sivak and Preiss (7). For

example, two major types of SSS (SSS I and SSS II) have been described and
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characterized in maize (79). These two forms seemed to be distinct on the basis of their

physical, kinetic and immunological properties, and thus proposed to be products of two

different genes with different roles in starch granule formation. To date, SSS mutant or

SSS-knockout plants have been reported to display structural modifications of

amylopectin associated with increases in amylose content, suggesting a role for SSS in

amylopectin biosynthesis (80-83). In addition, two types of GBSS have been described in

maize: GBSS I and GBSS II (77). RNA antisense experiments in potato led to the

suggestion that these enzymes would be related to the synthesis of amylose fraction of

starch (84), although the precise molecular mechanism is still under debate (85). On the

other hand, mutation in the gene coding for the GBSS (waxy) in C. reinhardtii had been

suggested to has a role in amylopectin synthesis (86).

Molecular characterization of maize SSS forms have identified important residues

for catalysis and ADP-Glc binding (87-89). More recent reports describe the

identification of critical residues determining the differential activity of SSS isoforms in

rice plants (90). The varied activity of these SSS isoforms induced structural changes in

amylopectin determining some of the gelatinization and pasting properties of starch

granules (90, 91). The identified residues are close to a conserved motif first recognized

as critical for enzymatic activity in the E. coli GS by Yep and collaborators (72) and later

observed in the A. tumefaciens GS crystalline structure (73). Despite these findings,

studies aimed to determine the relationship between structure and function of the multiple

isoforms of SS still lag behind the other enzymes involved in starch biosynthesis.
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1.4.3. Branching enzyme

The last step in the biosynthesis of glycogen and amylopectin (Reaction [3]) is

catalyzed by the branching enzyme (EC. 2.4.1.18; a-1,4-a-D-glucan: a-1,4-a-D-glucan

6-glycosyl-transferase; BE), and is responsible for the synthesis of the 01-1 ,6 linkages

seen in these polysaccharides. BE and starch BE (SBE) catalyze two reactions in

synthesizing (1-1,6 glucosidic linkages: one is the cleavage of an a-(1—4) glucosidic

linkage and the next one is the transfer of the cleaved oligosaccharide to form a new a-

(1—6) branch (92). As observed with the previous enzymes in the pathway, in E. coli and

other bacteria only one BE and only one gene (glgB in E. coli) are present (20, 93-99) but

more than two genes have been described in higher plants (7).

Bacterial glycogen and amylopectin present different patterns of branching: the

first has shorter branches (10-13 glucose residues) and the a-I,6 linkages represent 10%

of the total glucosidic linkages, whereas the second polysaccharide is formed by longer

branches (20-24 residues) with only 5% of 01-1 ,6 linkages (7). It is thus expected that the

corresponding enzymes present different specificity with respect to the branch transfer, or

that the type of interaction between the BE and the GS in bacteria is different from that

between the SS and the SBE.

While amylose synthesis requires only an active GBSS (introduced in the section

1.4.2.), amylopectin is synthesized by a complex group of enzymes involving, among

others, several isoforms of SS, SBE, and starch-debranching enzymes [reviewed in (12)].
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Potato contains two isoforms of SBE, SBEI and SBEII, and suppression of both isoforms

is required to generate starch with amylose content of>50% and a complete lack of

normal amylopectin (100). In maize, one SBEI and two forms of SBEII, SBEIIa and

SBEIIb, are found. Suppression of SBEIIb results in the "amylose-extender" phenotype,

with amylose contents from 50% to 90% (101), whereas suppression of SBEI or SBEIIa

has no impact on endosperm amylose content (102, 103).

The relationship in amino acid sequences between that of BE and amylolytic

enzymes in the "or-amylase family" of enzymes have been compared (7, 104). This family

includes (it-amylase (EC. 3.2.1.1), pullulanase (EC. 3.2.1.41), isoamylase (EC. 3.2.1.68),

neopullulanase (E.C. 3.2.1.135), cyclodextrin glucanotransferase (EC. 2.4.1.19). Among

these enzymes four specific regions within putative catalytic sites are conserved, and they

are also recognized in the SBE and the BE known sequences. The role of the amino acids

located in these regions (such as Asp405, Glum, and Asp526 in the E. coli BE numbering)

has been probed by site-specific mutagenesis (98, 105).

In addition, a structural conservation in the a-amylase family has been proposed

by the prediction the (B-a)8-barrel structural domain in the various groups of enzymes in

the family (106). The recently reported three-dimensional structure of the E. coli BB

(107) supports this view. However, despite the conservation of this central (B-u)8-barrel,

the C-terminus and N-terminus portions of BE from various bacteria as well as from

higher plants are dissimilar in sequence and in size (7). Chimeric constructs made from

different isoforms of the maize endosperm SBE with different specificity and pattern of
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branching of the substrate assigned a role to the N-terrninal region in determining the size

of oligosaccharide chain transferred (108). Indeed, a progressive shortening of the

N-terminus led to a gradual increase in the length of the transferred chains, suggesting

that this domain provides a support for the glucan substrate during the processes of

cleavage and transfer of the a-(1—4) glucan chains (109-111).

To date, several types of SBE have been reported to be useful for applications

such as changing the solubility of starch (112-114) or producing large cyclic glucans (99,

115). Therefore, understanding how BE and SBE work through their molecular

identification and characterization has also been important for the starch-processing

industry.

1.5. Alpha-1,4-POLYSACCHARIDES IN NON-PHOTOSYNTHETIC

EUKARYOTES

Several studies performed in mammalian cells determined that the glucosyl donor

obtained in the first reaction of the pathway (Reaction [1]) is UDP-Glc (116) (whereas in

bacterial and photosynthetic eukaryotes is ADP-Glc). The reaction is catalyzed by the

UDP-Glc PPase (EC. 2.7.7.9). Also different is that de novo synthesis of glycogen is

initiated by glycogenin (E.C. 2.4.1.186) (11 7, 118). This protein is self-glycosylated in a

reaction as follows:

UDP-Glc + apo-glycogenin —. (glycosyl)glycogenin + UDP
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Following this reaction, a covalently bound oligosaccharide is formed by addition of

glucose monomers linked by a-1,4-linkages that serves as primer for the elongation

catalyzed by the eukaryotic GS (EC. 2.4.1.11) (Reaction [2]).

In contrast to what occurs in bacteria, the synthesis of mammalian glycogen

utilizes UDP-Glc and the production of this sugar nucleotide is not a regulated step. In

the mammalian pathway, the GS reaction is rate limiting (1, 2, 116). The mammalian GS

is regulated by allosterism and by phosphorylation/ dephosphorylation events, catalyzed

by protein kinases and phosphatases. On the other hand, the glycogen phosphorylase

(EC. 2.4.4.1) is also regulated by opposite phosphorylation/ dephosphorylation cycles, to

guarantee that they would not be active at the same time as the glycogen synthases, thus

avoiding futile cycles (1, 2). The balance between glycogen synthesis and degradation is

intimately regulated by insulin and glucagon hormone levels. The hormone epinephrine

has the same effect as glucagon but acts in muscular tissue rather than in liver, as

glucagon does (1, 2).

1.6. ADP-GLUCOSE PYROPHOSPHORYLASE: THE REGULATORY ENZYME

IN BACTERIAL AND PLANT a—l,4-POLYSACCHARIDES BIOSYNTHESIS

1.6.1. Quaternary structure

ADP-Glc PPase catalyzes the reaction converting GlclP and ATP into ADP-Glc

and PP: (41) in presence of a divalent cation (physiologically, Mg”) (44). The native
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enzyme consists of four subunits, being, depending on the source, a homotetrarner ((14) or

a heterotetramer ((12132).

Most of the bacterial enzymes described to date, except for those from the

Bacillus genus, are homotetramers of 200 kDa and products of the expression of a single

gene (Table 1.1) (3, 4, 7-9, 20, 47, 119-122).

In contrast, higher plants and green algae ADP-Glc PPases described to date are

heterotetramers, composed by two types of subunits that differ in their molecular masses

and amino acid sequence (3, 4, 6-9, 20, 123, 124). Although in some cases the difference

in molecular masses between them is not more than 1 kDa (123, 125), these subunits

were called “small” (a subunit, 50-54 kDa) and “large” (B subunit, 51-60 kDa) subunits

for convenience. The small subunit of higher plants is highly conserved (85-90%

identity) and has a catalytic role, whereas the large subunit seemed to have diverged more

(they present 50-60% identity) and have a modulatory role without catalytic function

(126-128). Moreover, the most frequent situation in higher plants is the existence of one

functional small subunit gene and several large subunit genes that are differentially

expressed (7, 128-136). As reported in Arabidopsis (136, 13 7), the several large subunits

are differentially expressed in the plant and their particular association with the one

catalytic small subunit creates four types of heterotetramers with differential kinetic and

regulatory properties according to the necessities for starch synthesis. The similarity

between small and large subunits (~50% identity) suggests a common ancestry (128), and

it was recently shown that both subunits have most likely derived from a common
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catalytic ancestor, with the large subunit maintaining the architecture of the active site,

including the substrates binding sites but exhibiting inability to perform catalysis due to

mutations of few essential residues (127).

1.6.2. Regulation

Most of the studied ADP-Glc PPases are allosterically regulated enzymes (8, 9).

Allosteric modulators of the enzyme so far characterized differ from source to source but

they share the common feature of being the key intermediates of the major pathway for

carbon assimilation/utilization in that given cell. The activators are markers or signals of

carbon and energy excess and the inhibitors represent indicators of low metabolic energy

levels. Therefore, these regulatory characteristics, in addition to the fact that ATP is one

of the substrates, agree with ADP-Glc PPase having maximal activity for storage

polysaccharide synthesis when cellular energy and carbon are in excess.

Specificity for metabolites behaving as allosteric regulators served as the basis for

the classification of the ADP-Glc PPases in different groups or “classes”, which has been

updated as novel enzymes were being characterized (3, 6-9, I 6, 138). Table 1.1. shows

the most recent classification reported (8, 9) including the principal pathway of carbon

assimilation in the respective cells, allosteric activators and inhibitors, and the quaternary

structure of the enzyme.
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Enzymes organized in class I are those from enteric bacteria, such as E. coli and

Salmonella enterica serovar Thyphimurium. These microorganisms assimilate glucose

via glycolysis (the Embden-Meyerhof pathway) which is regulated at the site of FBP (the

phosphofructokinase step) (1, 2), and this metabolic intermediate is the main activator of

the ADP-Glc PPase (44, 139). These enzymes are inhibited by AMP and the native forms

are ~200 kDa homotetramers, products of a single gene (5, 8, 9). ADP-Glc PPases from

other microorganisms performing glycolysis have been grouped in classes I] or 111,

depending on whether they are activated by FBP and F6P, or if they are insensitive to any

activator, respectively. Both groups of enzymes are inhibited by AMP and class II is also

down-regulated by ADP (Table 1.1).

Class IV includes those bacteria catabolizing glucose to pyruvate by the Entner-

Doudoroff pathway, such as A. tumefaciens. The ADP-Glc PPase in these organisms is

sensitive to allosteric activation by, mainly, pyruvate and also F6P, and to inhibition by

AMP and ADP (Table 1.1.) (19, 122). Interestingly, ADP-Glc PPases from organisms

that can assimilate carbon by both the Embden-Meyerhoff and the Entner-Doudoroff

pathways are regulated by the three main activators: Pyruvate, FBP and F6P, depending

on the physiologic conditions (Table 1.1). They are also inhibited by AMP and Pi, form a

homotetramer which is the product of the expression of a single gene and have been

grouped in class V (121, 140).
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ADP-Glc PPases in class VI are from anaerobic bacteria, like Rhodospirillum

rubrum and R. tenue, which are not able to catabolize glucose but grow on pyruvate,

lactate or CO2. Pyruvate is the product of CO2 fixation and it is the sole activator of the

R. rubrum and R. tenue ADP-Glc PPases (141, I 42). Grouped as class VII are the

ADP-Glc PPases fi'om sporulating bacilli (Table 1.1). These microorganisms synthesize

glycogen during early stage of sporulation, a process for survival to hostile environments

(120). Under the latter conditions, the tricarboxylic acids cycle (TCA) is the main

pathway for carbon utilization that fully metabolizes by-products of glycolysis(143). The

different recombinant enzymes from B. stearothermophillus (99) and B. subtilis (20)

were insensitive to regulation by different metabolites typically affecting the activity of

other bacterial ADPGlc PPases. It has been shown that in these organisms the native

ADP-Glc PPase exhibits a heterotetrameric structure of the type (1262 (Table 1.1) product

of the expression of two different genes.

Class VIII and IX group ADP-Glc PPases from cyanobacteria, alga and higher

plants (Table 1.1). These organisms photoassimilate atmospheric CO2 utilizing the

reductive pentose phosphate pathway that gives 3-PGA as the first intermediate product.

Under light conditions, P; is used to regenerate ATP through photophosphorylation (7-9,

144). ADP-Glc PPases of class VIII (from cyanobacteria and photosynthetic tissues in

higher plants and algae) are allosterically regulated by the ratio of 3-PGA (activating) and

P, (inhibiting) (3, 145, 146). In non-photosynthetic tissues there are two types of ADP-

Glc PPases. One is activated by 3-PGA and inhibited by P, (14 7, 148). The prokaryotic

enzymes in this group are coded by a single gene, giving rise to a homotetramer, whereas
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those from algae and higher plants, for instance the potato tuber enzyme, (from classes

VIII and IX) are the expression products of two genes that originate a native

heterotetramer (Table 1.1). A second type of ADP-Glc PPase present in non-

photosynthetic tissues shows distinctive regulatory properties and for this reason they

have been grouped in a different class (IX, Table 1.1). These enzymes revealed lower

sensitivity to activators (133, 149—153). The activity of the class IX enzyme from wheat

cannot be increased by allosteric activators, but 3-PGA and F6P can reverse the

inhibition caused by P,, ADP or FBP (149).

In addition, the enzymes from potato tuber and Arabidopsis leaves were shown to

be regulated by a redox mechanism in vitro and in vivo (14 7, 154-156). It consists on the

formation of an inhibitory disulfide bond between the two small subunits, involving an

N-terrninal cysteine (154, 15 7), which is not conserved in bacterial enzymes or in other

plant ADP-Glc PPases.

1.6.3. Kinetic mechanism of action

The chemical reaction catalyzed by ADP-Glc PPase proceeds following an

ordered sequential kinetic mechanism. It was shown first with the enzyme from

R. rubrum enzyme by Paule and Preiss in the early 19703 (158). Later binding studies

with the E. coli enzyme ([59), supported the model showing that ATP and ADP-Glc bind

to free forms of the enzyme (Fig. 1.2.A). These studies also pointed out the cooperative

properties of this enzyme and the heterotropic interactions between substrates. For
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instance, they observed that ATP displayed half-sites occupancy in the absence of GlclP,

but full occupancy when this second substrate was present. Also, Glcl P was not able to

bind the enzyme unless ATP and Mg2+ were present (159). Later, initial velocity kinetic

studies performed on barley leaf ADP-Glc PPase (160) also agreed with the sequential

ordered mechanism, but with ATP and ADP-Glc binding to different forms of free

enzyme (Fig. 1.2.B). This isomerization phenomenon (F H E in Fig. 1.28) may reflect

different conformations and/or aggregation states of the heterotetrameric plant protein,

not observed in the R. rubrum ADP-Glc PPase probably due to the less complex single-

subunit-type structure of the bacterial enzyme when compared to the two-subunit-type

structure of a higher plant enzyme (158).

The proposed sequential ordered Bi Bi type of mechanism also agrees with the

one postulated for other nucleotidyl-diphosphosugar pyrophosphorylases (NDP-sugar

PPases), such as the UDP-Glc PPase (161, I 62), the UDP-N—acetylglucosamine

pyrophosphorylase (GlmU) (I 63), the dTDP-Glc PPase (leA) (164, 165) and the

CDP-Glc PPase (166). Very recent data obtained by saturation transfer difference

(STD)-NMR studies on the UDP-Glc PPase from Leishmania major provided the first

direct proof for the sequential ordered bi-bi mechanism suggested in earlier studies (16]).

All these reports point out to a common mechanism of action by which the reactions

catalyzed by NDP-sugar PPases proceed. Therefore, it is possible that these enzymes

share a common ancestor and, if so, it would be expected that they also share common

structural features, like key catalytic residues or even similar structural fold.
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1.6.4. Structure-function relationship: Background and motivation of this thesis

work

Research on the molecular and biochemical characterization of the ADP-Glc

PPases has radically changed over the last five to ten years. Before, structure-function

relationship studies provided information in one dimension, that is, in the context of the

known primary structure of the enzyme. For instance, determination of the quaternary

organization of the ADP-Glc PPases from different sources has been based on the

sequence (nucleotide or amino acid) analysis of the expressed gene products. Functional

residues, important for catalysis and regulation, have been identified by a combination of

chemical modification experiments, analysis of amino acidic sequence conservation and

site directed mutagenesis approaches. But studies aimed to investigate the relationship

between structure and function reached a new level of complexity and understanding

when new approaches designed to elucidate the organization of a protein structure in two

and three dimensions became available. First, the local secondary structures possibly

adopted by the enzyme polypeptide could be predicted (8, 9, 167). Later, the evidence of

specific interactions between certain regions in the ADP-Glc PPase allowed for drawing

hypothesis on the structural organization of the protein but in another dimension (168).

That line of work set the basis and inspired the investigation of the domain organization

of this enzyme and the closer analysis of their functional roles which are presented in

Chapter 2 and 3 of this thesis.
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Efforts directed to obtain the three-dimensional structure of the ADP-Glc PPase

from E. coli by X-ray crystallization have been unsuccessful. During the last five years

the three-dimensional structures of related NDP-sugar PPases (GlmU (163), leA (I 69)

and CDP-Glc PPase (165) have been solved (Fig. 1.2.A, B, and C). This was certainly

beneficial since new and more efficient computational methods to predict protein folds

(like threading) and three-dimensional structures (such as the various approaches in

modeling: by homology, ab initio, etc) were being developed in parallel. Therefore, the

availability of structures of related enzymes and those predictive computational methods

became valuable to draw new hypotheses and design biochemical experiments to test

them. Indeed, the very recent elucidation of the first crystal structure of a plant ADP-Glc

PPase small subunit (Fig. 1.3.D), reported in 2005, was of great advantage for the

research in this field. Interesting to note when comparing the solved crystalline structures

of the PPases, is that the ADP-Glc PPase is a larger polypeptide and presents a C-

terminus, not present in the CDP-Glc PPase and the leA (Fig. 1.3.A and C,

respectively). The first ADP-Glc PPase crystalline structure provided us with a very

useful tool for understanding the function of those regions or residues that had been

already reported as important for activity or regulation. The opposite, however, did not

necessarily apply since the ability to visualize the structural organization of a protein still

left several questions unanswered, especially those regarding the functionality of specific

residues, regions or even whole domains. The research presented in Chapter 4 of this

thesis was motivated by the need of assigning a functional role, if any, to specific

residues located in the active site of the enzyme, specifically, at the GlclP site.
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Figure 1.4. Three-dimensional structures of NDP-sugar PPases monomers.

CDP-Glc PPase (169) (A), and GlmU (163) (B) form trimers in the native

enzyme. leA (164) (C), and ADP-Glc PPase (170) (D), form tetramers. The

pyrophosphorylase domain presents a Rossmann-like-B-a-B fold, which is

conserved in the NDP-sugar PPases family. The difference is mainly in the

C-terminus.
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The work presented in this thesis has been performed on the E. coli ADP-Glc

PPase, which has proven to be a very valuable model system to give insight into the

understanding of such a key enzyme in the biosynthesis of u-l ,4-polysaccharides.

1.6.4.1. Important residues and domains

The role of key single amino acids in ADP-Glc PPases was studied by site

directed mutagenesis after being identified by chemical modification experiments or

suggested by the conservation throughout this enzyme's family. In the E. coli enzyme,

Tyrl '4 was modified by the photoaffinity analogues ofATP and ADP-Glc, 8-azido-ATP

and 8-azido-ADP-Glc, respectively (171, 172). Also, site directed mutagenesis showed

that this residue is involved in affinity for ATP, but might be also close to the GlclP and

the activator FBP site (173). Following the same approach, it was shown that LysI95 in

the E. coli ADP-Glc PPase was involved in GlclP binding (1 74-176). Site directed

mutagenesis of the homologous residues in the small and large subunit of the potato tuber

enzyme, Lys198 and Lysm, respectively, confirmed a similar role for the homologous

residue in the small subunit, but not in the large (177), which agreed with the fact that the

large subunit has a modulatory role and is not involved in catalysis (147). More recently,

AspI42 in the E. coli enzyme, which is absolutely conserved among the ADP-Glc PPase

family, was characterized by site directed mutagenesis (I 67). The specific 10,000-fold

decreased kca, displayed by the D142A and D142N mutants clearly proved its key role in

catalysis. Similar results were obtained with the homologous Asp145 in the potato tuber
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small subunit ADP-Glc PPase, but not with AspI60 in the large subunit, as expected due

to the lack of catalytic role of this subunit (126).

Likewise, the role of several residues in allosteric regulation was determined

[reviewed extensively in (8, 9)]. Interestingly, lysines and arginines involved in allosteric

regulation are located mainly close to the C-terminus in the plant [potato tuber (15 7) and

spinach (1 78, 1 79)] and cyanobacterial [Anabaena (3, [80-183)] ADP-Glc PPases,

whereas those characterized in the bacterial enzymes [E coli (1 75, 1 76, 184) and A.

tumefaciens (185)] are located in the N-terminus. These observations led to the

suggestion that the regulatory domains in the enzymes from enteric bacterial on one side,

and cyanobacteria and plants on the other, were located at different sites.

By the early 2000, information on the structural organization of the ADP-Glc

PPases was available only as a model of predicted secondary structures that fitted all the

enzymes from the family sequenced to date (7-9). Residues «410-300 in the

ADP-Glc PPases (of a total of ~430-450 amino acids) aligned well with the

pyrophosphorylase domain of two related enzymes already crystallized: the GlmU and

the leA, despite the low sequence similarity between these enzymes (~14%).

Therefore, it was possible to postulate a common fold for the pyrophosphorylase domain

but yet, no information was available on the ADP-Glc PPase’s C-terminus. In 2002,

Ballicora and collaborators (168) performed a study with chimeric ADP-Glc PPases from

E. coli and A. tumefaciens determining that, even though important individual residues

involved in activator binding had been identified in their respective N-terminus (Lys39 in

36



E. coli and Arg33 and Arg45 in A. tumefaciens) the C-terminus was critical for activator

affinity and specificity. This became the first evidence of a combined role of the N- and

C-terminus in allosteric regulation (168). Whether the C-terminus was an integral part of

a unique domain of the ADP-Glc PPase monomer or a separate domain in intimate

interaction with the N-terminus, and whether it had a mere role in regulation or was

critical for proper enzyme activity were the questions that motivated the work presented

in Chapter 2.

On the other hand, the N-terminal tail (~ 40 N-terminal amino acids) had also

been involved in regulation. Apart form the amino acids characterized as involved in

binding the activators in the bacterial enzymes discussed above, up-regulated ADP-Glc

PPase mutants presenting deletions in this short stretch of the enzyme were reported (14 7,

186-188). Important also to consider is the fact that the reductive activation mechanism

regulating plant enzymes involves the formation of a disulfide-bond between Cys'2 of the

two small subunits present in the plant heterotetramer (189). Reduction of the disulfide

bond increases the affinity of the enzyme for substrates and the activator 3-PGA (154).

Work presented in Chapter 3 was performed addressing questions related to the structural

and functional nature of the N-terminus role in regulation.

1.6.4.2. Three-dimensional structure

The very recent availability of the first ADP-Glc PPase crystal structure in 2005,

that from the potato tuber small subunit homotetrameric form (1 70), shed light on the

37



monomeric structural organization of this enzyme’s family and its hypothetical

quaternary arrangement. In agreement with some of the previously obtained results,

presented in this thesis in Chapter 2, the ADP-Glc PPase monomer is organized in two

distinctive domains in close interaction. The N-terminal ~12- 300 residues adopt a similar

fold as the pyrophosphorylase domain of the already reported crystal structures of other

NDP-sugar PPases: GlmU (163), the leA (169) and the CDP-Glc PPase (165).

Observation of the potato tuber small subunit crystal structure validated all the previous

predictive studies performed on the ADP-Glc PPases (8, 9, 167), and allowed for a

visualization of the position of those individual residues already characterized. In the

potato tuber ADP-Glc PPase crystallization report (1 70), a chemical mechanism of action

was also postulated based on the orientation and interaction of side chains in the active

site with the complexed ligands (ATP or ADP-Glc) and by comparison with the other

NDP-Glc PPases, whose mechanisms had been also proposed (163-165). Despite the

large amount of structural information provided by the reported structure, several

questions concerning the functionality of specific residues in the ADP-Glc PPase

remained unanswered. For example, only AspI45 in potato tuber small subunit (and its

homologous AspI42 in E. coli) has been characterized and its essential role in catalysis

has been biochemically probed (126, 167). However, other residues postulated to be

involved in the chemical mechanism, or with other roles in the active site, have not been

studied to date. For instance, Asp280 (Asp276 in E. coli) and GluI97 (Glum in E. coli) were

proposed to have a key role in chelating the Mg2+ required in the chemical reaction and in

binding GlclP, respectively. These residues have been assigned functional roles based on

proximity to the ligands and conservation among the NDP-sugar PPases, but no
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biochemical characterization had been performed to date. The need for a detailed analysis

of the functional role of these and other residues located in the active site formed the

basis that inspired the studies on the E. coli ADP-Glc PPase reported in Chapter 4 of the

present thesis.

In summary, the results introduced in the present thesis offer an integrated point

of view including information on the biochemistry of ADP-Glc PPases, including

structural information at the three-dimensional level together with biochemical data

regarding ligand binding and functional roles of the protein domains. This work has

aimed to contribute to a better understanding of the mechanism of action and regulation

of this enzyme that is fundamental in the bacterial and plant reserve polysaccharide

metabolism.
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CHAPTER 2

Domain organization of the ADP-glucose pyrophosphorylase from

Escherichia coli1

 

1These results have been published in Bejar, C.M., Ballicora, M.A., Gamez-Casati, D.F., Iglesias, A.A.,

Preiss, J. (2004) The ADP-glucose pyrophosphorylase from Escherichia coli comprises two tightly bound

distinct domains. FEBS lett. , 573, 99-104.
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2.1. ABSTRACT

Computational analysis of ADP-glucose pyrophosphorylases predicts a fold with

two domains. Co-expression of two polypeptides comprising residues 1-323 and 328-431

from the Escherichia coli ADP-glucose pyrophosphorylase yielded an enzyme form as

active as the wild type. The only difference with the wild type was a slightly modified

affinity for allosteric effectors. The two polypeptides could not be separated by

chromatographic procedures. Separate expression of these polypeptides produced

inactive unstable forms. All these results indicated that the ADP-glucose

pyrophosphorylase comprises two domains with a strong interaction between them. That

interaction is important for allosteric properties and structural stability.
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2.2. INTRODUCTION

The ADP-Glc PPases from enterobacteria are homotetramers (a4) composed by

subunits of ~50 KDa (~440 residues) encoded by the glgC gene (8). The three

dimensional structure of these enzymes is not available, but structural and computational

analyses predict that the folds of ADP-Glc PPases have two domains (3, 8, 9, 16, 167).

Despite the low homology (~20% identity), the predicted structure of the central part of

the ADP-Glc PPases (residues ~20-300) resembles other NDP-sugar PPases and is

postulated to be the catalytic core of the enzyme (3, 8, 9, 16, 167). On the other hand, the

C-terminus (~100 residues) was proposed to be important for regulation and specificity

for activators (168). A similar conclusion has been reached for plant ADP-Glc PPases

(9). Both domains are postulated to interact to regulate the activity because there are

residues near the N-terminus that participate in the regulatory site (175, 1 76, 184, 185). In

addition, the presence of an N-terminal tail (~10-20 residues) strongly determines the

allosteric properties of the enzyme (1 75, 176, 184, I85, 187, 188).

Partial proteolysis has been a classical procedure to probe domain boundaries

(190, 191). In this chapter, molecular biology techniques were used to test the 2-domain

hypothesis. The enzyme was divided into two polypeptides corresponding to the putative

domains, they were co-expressed, and the resulting enzyme form was purified and its

biochemical properties characterized.
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2.3. MATERIALS AND METHODS

2.3.1. Materials

Synthesis and purification of oligonucleotides and DNA sequencing were

performed by the Genomics Technology Support Facility at Michigan State University.

Perfect Protein TM marker was obtained form Novagen, Inc. The Mono-Q HR 10/10, 5/5

and Phenyl-Superose columns were purchased from Amersham Pharmacia Biotech.

[32P]PPi was purchased from Perkin Elmer Life Sciences and [MC]GlclP from

Amersham Pharmacia Biotech. All other reagents were purchased at the highest quality

available.

2.3.2. Plasmids and expression vectors

The construction of pETEC, a pET24a derivative with the E. coli ADP-Glc PPase,

has been previously described (168). Plasmids pMABS and pMAB6 are modified

versions of the respective compatible expression vectors pMON17335 and pMON17336

(148). They have an Ndel rather than NcoI site for cloning.

2.3.3. Linker-scanning mutagenesis

Random introduction of a single 15-bp insertion per plasmid (pETEC) was

performed by the technique of Hallet et al. (192) with the commercial GPSTM linker-
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scanning mutagenesis kit from New England Biolabs. From 130 insertions mutants

obtained, 20 colonies had a single 15 bp inserted in the ADP-Glc PPase coding region.

The plasmid with the insertion mutant 117 (pETEC-insl 17) was selected for further

studies and subcloned in pMABS (pMABS-Ec-insl 17) after digestion with Ndel-Sacl for

expression in AC70Rl-504 cells.

2.3.4. Truncated protein constructs

To obtain an enzyme with a C-terminal truncation of 108 residues (EC]-323), DNA

from the 3' coding region of the E. coli ADP-Glc PPase gene was removed as follows. A

PCR fragment was amplified using pETEC-insl 17 as a template, T7 promoter primer

(5'-TAATACGACTCACTATAGGG-3') and the oligonucleotide

5'-ACCGGAGAGCTCTGTTTAAACACG-3', which introduced a Sad site 3 bp after the

previously inserted stop codon. The PCR fragment was subcloned into an Ndel-Sacl

digested pMABS to obtain pMABS-Ec1-323.

2.3.5. Construction of a plasmid for expression of the C-terminus alone (Ec323431)

The DNA fragment encoding the C-terrninal portion (Ec32g431) was amplified

from pETEC with the T7 terminator primer (5'-GCTAGTTATTGCTCAGCGG-3') and

the oligonucleotide 5'-GGTAGCCACCATATGACCCTTAACT-3', which introduced an

Ndel site. The fragment was subcloned into pMAB6 using the sites Ndel and Sad to
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obtain pMAB6-EC32343I. The coding regions of all final products were verified by DNA

sequencing and the various constructs used in this work are illustrated in Fig. 2.1.

2.3.6. Bacterial strains and expression of the recombinant enzymes

E. coli AC70R1-504 cells without endogenous ADP-Glc PPase activity were used

for expression of the enzymes subcloned in pMABS and pMAB6 (I 48). The expression

ofpMABS-Ec-insl l7 and pMABS-Ec.-323 was performed as described previously for

pMLlO (147). Expression of pMAB6-EC323431 was performed as described previously for

pMON17336 (148). Co-expression of pMAB5-Ec1-323 and pMAB6-Ec323431 was

performed as was described previously for plasmids pMLlO and pMON17336 (147).

2.3.7. Protein methods

Protein assay, electrophoresis (SDS-PAGE) and immunoblotting were performed

as described previously (167). N-terrninal peptide sequence determination of blotted

samples onto PVDF membranes (Bio-Rad) and soluble pure protein samples were

performed at the Macromolecular Structure, Sequencing and Synthesis Facility at

Michigan State University. Desalting was performed on Bio-Rad 10 DO chromatography

columns. Samples were concentrated with Centricon-30 devices (Amicon Inc.).
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2.3.8. Enzymatic assays

Assay A: Pyrophosphorolysis direction -— Formation of [32P]ATP from [32P]PP,

was determined by the method of Morell et al. (123). The reaction was carried out for 10

min at 37 °C in a mixture that contained 50 mM Hepes (pH 8.0), 7 mM MgCl2, 1.5 mM

[32mph (1500-2500 cpm/nmol), 2 mM ADP-Glc, 4 mM NaF, and 0.05 mg/ml bovine

serum albumin, plus enzyme in a total volume of 0.250 ml. Unless other activators were

assayed or specifically stated, 2 mM FBP was added in the reaction mixture.

Assay B: Synthesis direction — Formation of ADP-[14C]Glc from [14C]GlclP was

determined at by the method of Yep et al. (193). The reaction was carried out for 10

minutes at 37 °C in a mixture that contained 50 mM Hepes (pH 8.0), 7 mM MgCl2, 0.5

mM [14C]GlclP (~1000 dpm/nmol), 1.5 mM ATP, 1.5 units/ml pyrophosphatase, and

0.2 mg/ml bovine serum albumin, plus enzyme in a total volume of 0.20 ml, unless

specifically stated. Unless other activators were tested, 2 mM FBP was added in the

reaction mixture. One unit of enzymatic activity is one umol of product, either [32P]ATP

or ADP-[14C]Glc, formed per min at 37 °C.

2.3.9. Purification of Ec-insll7

After induction, twenty liters of AC70R1-504 cells transformed with

pMABS-Ec-insl 17 were harvested and crude extracts obtained as described previously

(147). The crude extract was precipitated with a 30-60% ammonium sulfate cut. After

centrifugation, the precipitate was redissolved in buffer A (50 mM Hepes pH 8.0, 5 mM
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MgCl2, 0.1 mM EDTA, 10% sucrose) and desalted. The sample was applied onto a

DEAE-Fractogel column (EMD Chemicals), and eluted with a linear NaCl gradient

(0-0.5 M). The active fractions were pooled, desalted, applied to a Green A (Amicon

Corp, Lexington, MA) affinity chromatography column (1 ml bed volume) and eluted

with a 20-ml linear gradient of NaCl (0-2 M). Purest fractions were pooled, desalted,

concentrated, and applied onto a Mono Q HR 5/5 (FPLC, Pharmacia) column

equilibrated with bufler A and eluted with a linear NaCl gradient (0-0.5 M). The post-

Mono Q fractions were pooled, concentrated, resuspended in buffer B (buffer A plus 1.2

M ammonium sulfate), and applied on a Phenyl-Superose (FPLC, Pharmacia) column

equilibrated with buffer B. The sample was eluted with a decreasing linear gradient of

ammonium sulfate (1.2-0.001 M). The purest fractions were pooled, concentrated, and

applied to a Pharmacia Superdex 200 HR 10/30 column equilibrated with buffer A. The

gel filtration chromatography was run at a flow rate of 0.25 ml/min and fractions with

activity were pooled. After this step, Ec-insl 17 was >95% pure, with a specific activity

of 180 U/mg in the pyrophosphorolysis direction assay (Table 2.1).

2.3.10. Purification of Ec1-323

The protein was monitored by immunoblot throughout the purification steps.

AC70Rl-504 cells harboring pMABS-Ecj-323 were grown and induced in 4 liters of LB

medium. Crude extracts were precipitated with 0-30% ammonium sulfate and the pellet

was resuspended in buffer A and desalted. Samples were further purified with a Mono Q

HR 10/10 and a Green A affinity column as indicated above (Table 2.1). The fractions

48



Table 2.1. Specific activities of mutant and wild-type E. coli ADP-Glc PPases

Concentration of FBP for the mutants was raised to 4 mM. For the sample

EC]-323‘I'EC323-34|, concentration of ATP (synthesis direction) was raised to

 

 

 

5 mM.

Specific Activity

Purity a

Sample Pyrophosphorolysis Synthesis

(%)

(U/mg) (U/mg)

Wild-type 131 i 3 54 d: 1 9O

Ec-insl 17 180 i 9 b ND C >95

EC1-323 < 0.001 <0.0001 50-60

EC1-323 + EC323-34| 132 :1: 5 43 i 1 >95

 

a Purity of the samples was estimated from SDS-PAGE gels.

b Another independent purification produced a pure sample with an activity

of 140 U/mg.

c not determined
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containing the enzyme, ~50-60% pure as detected by immunoblot analysis, were pooled,

concentrated, and stored at -80 °C.

2.3.11. Purification of co-expressed Ec1-323 + Ec323431

AC70Rl-504 cells co-transforrned with pMABS-Ecl-323 + pMAB6-EC323431 were

grown and induced in a 1-liter culture. The resulting crude extracts were applied onto a

DEAE-Fractogel column (EMD Chemicals Inc.), and eluted with a linear NaCl gradient

(0-0.5 M). The active fractions were pooled and precipitated with 30-60% ammonium

sulfate. After centrifugation, the pellet was resuspended in bufler A and desalted. The

sample was applied to a Mono Q HR 10/10 (FPLC, Pharmacia) column equilibrated with

bufler A and eluted with a linear NaCl gradient (005 M). Purest fractions, assessed by

SDS-PAGE, were pooled, concentrated and applied to a Green A affinity

chromatography column. The sample was eluted with a linear gradient ofNaCl (0-2 M).

After this step both co-expression products, E01223 + 130323.431 accounted for >95% of the

protein (Table 2.1).

2.3.12. Molecular mass determination

Purified wild type E. coli ADP-Glc PPase and the mutants Ec-insl 17, EC[.323 +

E032343l, and Ec1-323 were applied to a column Pharmacia Superdex 200 HR 10/30

equilibrated with buffer A and run at 0.25 ml/min. Peaks were followed by absorbance at

280 nm, tested for enzymatic activity or confirmed by immunoblot (Ec1-323). For
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calibration, ferritin (440 kDa), E. coli ADP-Glc PPase (200 KDa), aldolase (158 kDa),

and Hemoglobin (67 KDa) were used as standard proteins. The calibration line and the

interval confidence (90%) were obtained after plotting the data as log (molecular mass)

vs. elution volume in the program Origin® 5.0. Molecular mass was expressed with a

confidence interval of 90%.

2.3.13. Kinetic characterization

Kinetic data were plotted as specific activity (umol min'l mg") versus substrate or

effector concentration. Kinetic constants were acquired by fitting the data to the Hill

equation with a nonlinear least square formula using the program Origin TM 5.0. Hill plots

were used to calculate the Hill coefficient 11“ and the kinetic constants that correspond to

the activator, substrate or inhibitor concentrations giving 50% of the maximal activation

(A05), velocity (80,5), and inhibition (10.5).
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2.4. RESULTS AND DISCUSSION

Random insertions of a single 15-bp fragment into a recombinant E. coli glgC

gene were produced to study structure-function relationships on the ADP-Glc PPase (M.

A. Ballicora and J. Preiss, unpublished results). One of the insertion mutants generated,

Ec-insl 17, had a stop codon after residue 323 in the translated polypeptide of the E. coli

glgC gene. Surprisingly, the polypeptide still possessed ADP-Glc PPase activity although

the stop codon would truncate 108 residues of the C-terminus. Colonies of BL21(DE3)

cells expressing Ec-insl 17 or the wild type enzyme, but not a control plasmid (pET24a),

stained brown in presence of iodine vapors (unpublished results). This indicated high

levels of glycogen in the cell and suggested the presence of ADP-Glc PPase activity

(194). For this reason, the properties of this putatively truncated form were characterized.

2.4.1. Purification and characterization of Ec-ins 117

Despite the lower expression level of Ec-insl 17 as observed by immunoblot and

SDS-PAGE (not shown), the pyrophosphorolysis activity of this mutant was 0.31 U/mg

in the crude extracts. That was two orders of magnitude lower than the over-expression of

the wild-type ADP-Glc PPase but two orders of magnitude higher than pET24a, the

plasmid control without insert (not shown). Attempts to isolate this ~37 kDa truncated

protein resulted in the co-purification of a 12 kDa peptide even after five different

chromatographic columns (Fig. 2.2). Despite the differences in molecular size, both

polypeptides comigrated in a high-resolution gel filtration column (Superdex 200 HR).
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Figure 2.2. SDS—PAGE of E. coli wild-type ADP-Glc PPase and Ec-insll7

mutant. Lane 1, E. coli wild-type ADP—Glc PPase; lane 2, pro-stained molecular

mass markers; lane 3, Ec-insl 17 mutant (0.5 11g); and lane 4, Ec-insl l7 mutant

(1-5 pg)
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The N-terminal sequence of the 12 kDa band, obtained after SDS-PAGE and

blotting, was MTLNSLVSGG, which indicated that the polypeptide corresponds to the

C-terminus of the E. coli ADP-Glc PPase with residue 328 as the N-terrninal methionine

(103 amino acids). In addition, N-terrninal sequencing of the purified Ec-insl 17 in

solution confirmed the presence of two polypeptides, suggesting that both the C-terminal

fragment together with the N-terminus of the enzyme (37 kDa band) were being

expressed. It also indicated that the stoichiometry of the 37 and 12 kDa polypeptides was

1:1 (Fig. 2.3). Based on the sequence data, the polypeptide of 12 kDa appeared to be the

product of an open reading frame that starts 24 bp downstream of the inserted stop codon,

328

at Met (Fig. 2.4). The lower expression of this hetero-oligomer form, compared to the

wild type expression level, could be explained by the absence of a proper ribosome-

binding site before Metm.

Kinetic properties of the Ec-insl 17 mutant purest sample were determined in the

pyrophosphorolysis direction (Table 2.2). Apparent affinities for the substrates

(ADP-Glc, PP,) and cofactor (Mg2+), were similar to those of the wild type enzyme. The

main difference was the apparent affinity for the activators. The A05 for FBP was almost

6-fold higher for Ec-insl 17 compared to the wild type.
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Residue Number

 

Amino

Acid 2 3 4 5 6 7

pmol

D 3.11 2.35 2.27 2.88 2.21 2.66 10.19

N 0.72 0.51 0.87 9.09 1.44 8.08 2.78

S 3.24 11.10 2.04 1.96 8.85 1.53 2.32

T 1.41 11.40 0.49 0.57 0.35 0.22 0.77

E 0.49 0.50 0.63 9.98 2.59 1.33 1.24

M 14.60 0.33 0.20 0.23 0.27 0.36 0.43

V 14.90 1.89 1.03 1.03 1.21 1.78 11.90

K 0.49 0.47 ND 0.66 13.39 3.24 1.47

L 0.42 1.39 29.18 3.31 ND 13.09 2.98

Sequences deduced

1 V S L E K N D

2 M T L N S L V

 

Figure 2.3. N-terminal sequence analysis of the Ec-ins117 mutant. Automated

sequencing of the Ec-insl 17 protein was performed directly from the purest

fraction. The values are the picomoles of amino acid derivative found in each

cycle of degradation. In each cycle of cleavage, major peaks are in bold.

Residues Q, G, H, A, R, Y, P, W, F, I. were negligible in all these cycles and

were omitted for simplicity. ND: Not detectable.
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Table 2.2. Apparent affinity for the different effectors of the mutant Ec-ins117 and

wild-type ADP-Glc PPase. The assays were performed in the pyrophosphorolysis

 

 

 

direction

Enzyme

Effectors

Wild type Ec-insl l7 Ratio a

Substrates S05 (uM)

ADP-GIG 166 :t 26 241 :1: 25 1.45

PP, 81 a 14 455 13 0.55

Cofactor S05 (uM)

Mg2+ 14204310 2147186 1.51

Activators A05 (11M)

FBP 37.8 i 5.2 214 i 53 5.7

PLP 0.045 i 0.004 0.156 i 0.001 3.5

PEP 282 _+. 15 > 2000 b > 7.1

Inhibitor 105 (pM)

AMP 41:4° 21i8d 0.51
 

a This is the value of the kinetic constant of Ec-insl 17 divided the wild type.

b .

Saturation was not reached.

c To observe AMP inhibition, activator should be added. In this case, FBP was 40 uM

to avoid saturating concentrations of activator and allowed the competitive inhibition

by AMP. That concentration is about the A05 value.

d FBP was 300 uM, which is about the A05 value.
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2.4.2. Purification and characterization of C-terminal truncated forms

It was important to determine whether the truncated enzyme was active by itself

or if the co-expression with the C-terminal 12 kDa polypeptide contributed to the

reconstitution of the activity. To ensure the expression of a single polypeptide comprising

residues 1-323 (Ec1-323), a Sad restriction site was introduced immediately downstream

of the stop codon by site directed mutagenesis. Only the Ecl-323 coding fragment was

subcloned in pMABS, expressed, and purified as described in section 2.3. With this

approach, most of the expressed enzyme was insoluble, whereas the soluble fraction had

a peptide of about 37 kDa and some lower bands recognized by immunoblotting, which

indicated that it was highly proteolyzed (data not shown). Ec.-323 (~37 kDa) was purified '

to ~50 % purity where the main contaminants were lower bands still recognized by

immunoblot. The activity was negligible (Table 2.1) and did not increase significantly

with higher concentrations of FBP, up to 10 mM (data not shown). Gel filtration showed

that the sample was highly aggregated (data not shown).

The total loss of activity after the removal of the C-terminus indicated that this

domain is involved in more than regulation. In the inactive EC]-323 mutant, the C-terminal

deletion yielded a form highly susceptible to proteolysis. In an attempt to study which

specific regions of this domain were important, deletions of 20 to 90 residues (every 10)

from the C-terminus were evaluated. The truncated enzymes were expressed in small-

scale systems and were visualized by SDS-PAGE and western blot at their expected

molecular sizes (data not shown). The recombinant products were found mainly in the
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insoluble fraction of the sample and the pyrophosphorolysis ADP-Glc PPase activity was

negligible in all crude extracts (<0.0001 U/mg). These results suggest most of, or maybe

all of the ~100 residues of the C-terminus are necessary for maintaining a functional

E. coli ADP-Glc PPase. This may be due to the role of specific residues or to the overall

structure of the domain that is necessary for the integrity of the enzyme.

2.4.3. Characterization of Ec1_323 + Ec328_431

The results obtained with Ec1.323 strongly suggested that the properties of

Ec-insl 17 are due to the presence of both the 37 kDa and the 12 kDa polypeptides. To

verify this possibility, the E. coli glgC fragment encoding the 103 C-terrninal residues of

ADP-Glc PPase (Ec328431) was subcloned into a compatible expression vector (pMAB6).

Co-expression of Ec.-323 and EC323.431 was performed in AC70R1-504 cells, yielding

extracts with activity (39 U/mg) comparable to the wild type (24 U/mg) (168). That level

of expression was about 100-fold higher than the Ec-insl 17. After the same purification

procedure of the wild-type enzyme, Ecl-323 and Ec323431 co-purified, indicating a very

strong interaction. The 37-kDa fragment did not appear as proteolyzed as when it was

expressed alone (data not shown). In addition, the specific activity values were

comparable to that of the wild-type enzyme (Table 2.1). The molecular mass determined

by gel filtration in native conditions of the co-expressed Ec1-323 + E03234” (227 i 32 kDa)

and Ec-insl l7 mutant (213 i 30 kDa) were not distinguishable from the wild-type

enzyme (200 kDa). These results, together with the 1:1 stoichiometry (Fig. 2.3), indicate

that the structure of both Ec.-323 + Ec32343. and Ec-insl 17 are a’4m4, rather than 0.4 as the
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wild type (01’ and 0) being the polypeptides Ec.-323 and Ec323431, respectively). The

apparent affinities for the substrate ATP (4.7-fold higher 805) and for the activator FBP

(35-fold higher A05 in the synthesis direction) were altered compared to those of the wild

type (Table 2.3). The inhibition by AMP was not significantly changed and the apparent

affinity for GlclP was identical (Table 2.3).
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2.5. CONCLUSIONS

Important structural information can be inferred from these results: (i) the stop codon

inserted in the Ec-insl 17 mutant, which generated a “nick” in the protein sequence, was

in a non-critical position for the 3D structure of the protein. (ii) These data also support

structure predictions and the hypothesis that the E. coli ADP-Glc PPase is organized in at

least two distinct domains (8). According to the proposed model of domain organization

(8, 9, 167), the stop codon was inserted in a loop that separates the two putative domains

(Fig. 2.5). The data also agree with the hypothesis that the C-terminal domain is ~100

residues long and linked to the catalytic domain by a long loop (~30 residues) (8).

Removal of this domain yielded an inactive enzyme rather than a shorter unregulated

version as other NDP-sugar PPases of 30-40 KDa (195-198). Even the removal of 20

residues at the C-terminus rendered a form without activity. It is possible that the absence

of even a small part of the C-tenninal domain leaves the enzyme in a misfolded or

insoluble form. On the other hand, a “nick” separating the C-terminus and the catalytic

domain, obtained by the co-expression of both the N- and the C-terrninal polypeptides,

produced an enzyme with very similar properties to the wild type. Only the apparent

affinity for the activator was slightly modified. Possibly, the lack of a covalent bond

between the N- and C-domains yields a more relaxed enzyme that favors less the

activated conformation. A slightly higher concentration of activator overcame this

problem, 3.5- and 57-fold in the synthesis and pyrophosphorolysis direction,

respectively. The possibility that the residues removed in the “nick” (S323GSHG327) are

the reason for the decrease in activator affinity cannot be ruled out. However, in other
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ADP-Glc PPases, those residues are not conserved or they are deleted, together with

Met328 (8). Most likely, they are part of an area that connects the two major domains and

does not play a specific role (Fig. 2.5).

Partial proteolysis has been a classical procedure to detect domain boundaries

(190, 191, 199). In this work, molecular biology techniques were used to probe whether

the E. coli ADP-Glc PPase comprises two domains. After co-expression of the C- and the

N-terminal domains, they remained non-covalently bound, with a tight interaction that

cannot be disturbed even after passage through several chromatography columns.

Presence of the C-terminal domain stabilizes the enzyme and prevents proteolytic

degradation of the N-terminal domain. These results provide a structural insight for the

differential roles of these regions of the ADP-Glc PPase. The hypothesis is that they are

two strongly interacting domains that have to be expressed together to obtain a fully

functional enzyme. According to previous analysis (8, 167), the catalytic domain is

located in the 37 kDa fragment (similar to most NDP-sugar PPases) and the responsibility

for the regulation is shared by both the 12 and the 37 kDa fragments.
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Figure 2.5. Domain organization of the ADP-Glc PPase from E. coli. The secondary structure

is based on the prediction from references (8) and (9). Arrows and cylinders represent B-sheets

and a—helices, respectively. Dark circles are important residues that interact with effectors or

6. . . . 33 295 .

partic1pate 1n catalySIS. When Gly and Pro are replaced, allosteric mutants are generated

(8). After insertion of a stop codon, residues between Ser323 and Met328 were “nicked” (see Fig.

2.4).
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CHAPTER 3

The structural role of the Escherichia coli ADP-glucose

pyrophosphorylase’s N-terminus in allosteric regulation2

 

2This work presented in this chapter has been published: Bejar, C.M., Ballicora M.A., Iglesias, A.A.,

Preiss, J. (2006) ADP-glucose pyrophosphorylase’s N-terminus: structural role in allosteric regulation.

Biochem. Biophys. Res. Commun, 343: 216-221.
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3.1. ABSTRACT

The functional role of the Escherichia coli ADP-glucose pyrophosphorylase’s

N-terminus in allosteric regulation, and the particular effects caused by its length, were

studied and presented in this chapter. Small truncated mutants were designed, and those

lacking up to lS-residues were active and highly purified for further kinetic analyses.

NA3 and NA7 did not change the kinetics parameters respect to the wild-type. NAll and

NAl 5 enzymes were insensitive to allosteric regulation and highly active in the absence

of the activator. Co-expression of two polypeptides corresponding to the N- and

C-termini generated an enzyme with lower activation properties than the wild type (see

Chapter 2). In this section, the characterization of a NA] 5 co-expression mutant, in

which the allosteric regulation was restored to wild-type levels, is presented. Unusual

allosteric effects caused by either an N-terrninal truncation or co-expression of individual

domains may respond to structural changes favoring an up-regulated or a down-regulated

conformation rather than to the disruption of specific activator or inhibitor sites.
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3.2. INTRODUCTION

The relevance of starch as a natural polymer and raw material for food and non-

food industries makes ADP-Glc PPase an enzyme with particular interest in

biotechnology (7). It has been clearly established that manipulation of the starch content

in plants requires managing levels of activity of the enzyme within plastids in specific

tissues (7, 60). For these technological purposes, the understanding of the enzyme’s

regulatory mechanisms is a key issue.

Characterization of amino acids involved in binding of activator for the ADP-Glc

PPase from E. coli and Agrobacterium tumefaciens performed by chemical modification

and site-directed mutagenesis allowed for pointing out the relevance of the protein’s

N-terminus (N-t) in allosteric regulation (175, 176, 184, 185). More recent studies

performed with chimeric enzymes from these bacteria have indicated the involvement of

the N-t together with the C-terminus (C-t) domain (and the interaction between them) in

determining the specificity and affinity for the activator (168). Also, the role of the C-t

domain in regulation and its tight interaction with the catalytic region of the protein has

been evidenced for the E. coli enzyme (reported in Chapter 2).

The importance of the N-terminal region for the allosteric activation and

inhibition of the E. coli ADP-Glc PPase was evidenced by characterization of truncated

enzymes (18 7, 188). The enzyme lacking 10 to 13 amino acids from the N-t and 2 amino

acids from the C-t after treatment with proteinase K is almost independent of the need of
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FBP for maximal activity and is insensitive to inhibition by AMP (187). These results

were confirmed by engineering a recombinant truncated enzyme with 11 amino acids

deleted from the N-t and 2 from the C-t (188). The unusual regulatory properties of this

truncated ADP-Glc PPase justified a more detailed characterization of the actual role the

N-t extension has in enzyme activation and its interaction with the C-t of the protein. The

motivation for the work presented in this chapter was to analyze the structural bases

determining the enzyme’s regulatory properties and how the length of the N-t affects the

protein ability to arrange specific 3D conformations. Another question addressed here is

how the N-t communicates with other domains involved in regulation. As a result, the

present work provides us with a more insights into the relationship between structure,

firnction and regulation of the ADP-Glc PPases.
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3.3. MATERIALS AND METHODS

3.3.1. Construction of N-terminal truncated enzymes

E. coli N-terrninal truncated forms (EcNA3, EcNA7, EcNAl 1, EcNAlS, EcNA19

and EcNA22) were encoded by pETEC (168) derivatives and were obtained using the

following forward primers, which introduced an Ndel site (in italics):

EcNA3: 5’ ATG GTT CATATO GAG AAG AAC GAT CAC T 3’

EcNA7: 5’ GAG AAG CATATG CAC TTA ATG TTG GCG C 3’

EcNA11:5’ CAC TTA CATATG GCG CGC CAG CTG CCA 3’

EcNAlS: 5’ GCG CGC CATATG CCA TTG AAA TCT GTT 3’

EcNAl9: 5’ CCA TTG CATATG GTT GCC CTG ATA CTG G 3’

EcNA22: 5’ TCT GTT CATATG ATA CTG GCG GGA GGA C 3’

The T7 terminator was used as reverse primer. The fragments were sub-cloned in

pET24a vector between Ndel-Sacl sites to form pETEC-NA3, pETEC-NA7,

pETEC-NAI l, pETEC-NA] 5, pETEC-NA19, and pETEC-NA22.

EcNAl 5-CA108 coding DNA was amplified by PCR from pETEC-NA] 5 with the

downstream primer used to construct EcCAlO8 (see Chapter 2), which introduced a Sad

site right after the codon corresponding to amino acid 323. The amplified coding region

was then cloned as Ndel-Sac] fragment in pMABS. The plasmid coding for E. coli

ADP-Glc PPase C-terminal residues 328-431, pMAB6-Ec32843l, was previously obtained
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(see Chapter 2). All constructs used (Fig. 3.1) were verified by DNA sequencing.

3.3.2. Expression of the recombinant enzymes

N-terrninal truncated enzymes encoded by pETEC derivative vectors, were

expressed in E. coli BL21(DE3) cells as previously described (168). EcNAl 5-CA108 +

Ec32843, were co-expressed in an ADP-Glc PPase deficient E. coli B strain, AC70R1-504

(148), as described for EcCA108 + Ec328431 (Chapter 2). In small-scale expression

assays, single colonies of the pETEC-derivatives transformants were grown in 50 ml

Luria broth medium at 37 °C with 50 pig/ml kanamycin up to OD600 = 0.8. The

expression was induced at room temperature (23-25 °C) for 4 h by addition of 1 mM final

concentration of IPTG. For the co-expression of the pMAB-derivative plasmids, cells

were grown in the same conditions but adding 50 ug/ml kanamycin plus 70 ug/ml

spectinomycin and carrying out induction with 1 mM final concentration of IPTG and 5

ug/ml nalidixic acid for 16 h. In both cases, after induction, cells were chilled on ice and

harvested by centrifugation. Cell pastes were resuspended in 3 ml buffer A (50 mM

HEPES pH 8.0, 5 mM MgCl2, 0.1 mM EDTA, and 10% w/v sucrose). All subsequent

protein purification steps were conducted at 0-4 °C. Cells were disrupted by sonication,

centrifuged for 15 min at 15,000 Xg and the supematants (crude extracts) were stored at —

80 °C. Dilutions of the samples (2-fold and 10-fold) were tested for activity in the

pyrophosphorolysis direction as described below.
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3.3.3. Purification of N-truncated ADPGIc PPase mutants

Recombinant E. coli BL21(DE3) were grown in 1-2 L and induced as described

above. The cell pastes were resuspended in 15-30 ml of buffer A, sonicated, and the

lysates were cleared by centrifugation. The resulting crude extracts were applied to a

DEAE-Fractogel column (EMD Chemicals INC), and eluted with a linear NaCl gradient

(0-0.5 M). The active fractions were pooled and precipitated with a 30-60% ammonium

sulfate cut. After centrifugation, the pellet was resuspended in buffer A and desalted on

Bio-Rad 10 DG chromatography columns equilibrated with the same buffer. The desalted

samples were individually applied to a Mono Q HR 10/10 (FPLC, Pharmacia) column

equilibrated with buffer A and eluted with a linear NaCl gradient (005 M). The purest

fractions (as assessed by SDS-PAGE) were pooled and concentrated using Centricon-30

devices (Amicon Inc.), After this step, ECNA3, ECNA7, and EcNAlS were >95% pure.

EcNAll MonoQ active fractions were pooled, concentrated by 80% ammonium sulfate

precipitation, applied to a phenyl-Superose (FPLC, Pharmacia) column, and eluted with a

decreasing gradient of ammonium sulfate (1.2-0.0 M). The active fractions were pooled

and concentrated with Centricon-3O devices.

3.3.4. Purification of co-expressed EcNAlS— CA108+ Ec32843.

Over-expression and purification were carried out as described for

EcCA108+Ec328431 (see Chapter 2).
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3.3.5. Protein concentration assays

Protein concentration in the crude extracts and in the subsequent purification steps

was measured using the bicinchoninic acid reagent (200) (Pierce Chemical Co.), with

BSA as the standard. Protein concentration of the purified enzymes was determined by

UV absorbance at 280 nm using an extinction coefficient of 1.0 ml mg'l cm'I (201).

3.3.6. Protein Electrophoresis and Immunoblotting

Purification of the recombinant proteins was monitored by SDS-PAGE as

described by Laemmli (202), using 4-15% Tris-HCI pre-cast gradient polyacrylamide

gels (Bio-Rad). PerfectTM protein markers were used as molecular mass standards.

Following electrophoresis, protein bands were either visualized by staining with

Coomassie brilliant blue R-250 or electroblotted onto a ProtranTM nitrocellulose

membrane. The membrane was then treated with affinity purified anti-E . coli B strain

AC70R1 ADP-Glc PPase IgG (201). The resulting antigen-antibody complex was

visualized by alkaline phosphatase-linked goat anti-rabbit IgG, and then stained with BM

purple AP-substrate precipitating reagent (Roche Molecular Biochemicals).

3.3.7. Enzymatic activity assays

Assay A: Pyrophosphorolysis - Formation of [32P]ATP from [32P]PPi in the

direction of pyrophosphorolysis at 37 °C was determined by the method previously
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described (123). Unless otherwise indicated, the reaction was carried out for 10 min in a

mixture that contained 50 mM HEPES (pH 8.0), 7 mM MgCl2, 1.5 mM [32P1PP, (1500-

2500 cpm/nmol), 2 mM ADPGlc, 2 mM FBP, 4 mM NaF, and 0.05 mg/ml BSA, plus

enzyme in a total volume of 250 pl.

Assay B: Synthesis — Formation of [MC]ADP-glucose from [”C]Glc1P in the

synthesis direction was determined at 37 °C by the method of Yep and coworkers (193).

The reaction was carried out for 10 min in a mixture that contained of 50 mM HEPES

(pH 8.0), 7 mM MgCl2, 0.5 mM [‘4C]Glc1P(~1000 dpm/nmol), 1.5 mM ATP, 2 mM

FBP, 0.0015 units/pl pyrophosphatase, and 0.2 mg/ml BSA, plus enzyme in a total

volume of 200 [11, unless specifically stated variations.

One unit of enzymatic activity is equal to 1 pmol of product, either [32P]ATP or

['4C]ADP-Glc, formed per min at 37 °C.

3.3.8. Kinetic characterization

Kinetic data were plotted as specific activity (nmol min'l mg") versus substrate or

effector concentration. Kinetic constants were acquired by fitting the data to the Hill

equation with a nonlinear least square method using the program Origin W 5.0. Hill plots

were used to calculate the Hill coefficienth and the kinetic constants that correspond to

the activator, substrate or inhibitor concentrations giving 50% of the maximal activation

(A05), velocity (50,5), and inhibition ([05).
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3.4. RESULTS AND DISCUSSION

3.4.1. Purification and characterization of E. coli ADPGIc PPase N-terminal

truncated forms

To evaluate in detail the structural role of the N-t extension in allosteric

regulation, small deletion mutants of the ADP-Glc PPase from E. coli were designed

(Fig. 3.1) and tested. EcNA3, ECNA7, EcNAl l, EcNAlS, EcNA19 and EcNA22 truncated

proteins were over-expressed in E. coli BL-21(DE3) and purified in small-scale. EcNA3,

EcNA7 and EcNAl 5 were enriched to >95%, and EcNAll to 60-70 % purity (Table 3.1).

As shown in Table 3.1, the four mutants had specific activities comparable to that of the

purified wild-type enzyme. Thus, the N-t comprising at least 15 amino acid residues of

the E. coli ADP-Glc PPase is not essential for catalytic activity. Conversely, deletions of

19- and 22-residues from the N-t significantly decreased the activity of ADP-Glc PPase

in the crude extracts. In fact, enzymatic activity of EcNA19 measured by the

pyrophosphorolysis assay was two orders of magnitude lower than that of the wild-type

(also in the crude extract), whereas activity of EcNA22 was negligible (Table 3.1).

Results in Table 3.1 were consistent with the predicted secondary structures of

ADP-Glc PPase (167) and with the 3D model previously proposed (8). This model was

also validated with the data derived from the crystal structure of an inhibited form of the

homotetrameric (small subunit) enzyme from potato tuber (1 70). In the structural model

the N-terrninal tail is a loop preceding a B strand starting at Ser19 (Fig. 3.2).

75



T
a
b
l
e

3
.
1
.
S
p
e
c
i
fi
c
a
c
t
i
v
i
t
i
e
s
o
f
w
i
l
d
-
t
y
p
e
a
n
d
N
-
t
e
r
m
i
n
a
l
t
r
u
n
c
a
t
e
d
E
.
c
o
l
i
A
D
P
-
G
l
c
P
P
a
s
e
s
.
S
p
e
c
i
fi
c

a
c
t
i
v
i
t
i
e
s
a
n
d
F
B
P
-

a
c
t
i
v
a
t
i
o
n
k
i
n
e
t
i
c
s
w
e
r
e
d
e
t
e
r
m
i
n
e
d
b
y
t
h
e
p
y
r
o
p
h
o
s
p
h
o
r
o
l
y
s
i
s
a
s
s
a
y
.
P
u
r
i
t
y
o
f
t
h
e
s
a
m
p
l
e
s
w
a
s
e
s
t
i
m
a
t
e
d
f
r
o
m
S
D
S
-
P
A
G
E

g
e
l
s
.

 

S
p
e
c
i
fi
c
A
c
t
i
v
i
t
y

P
u
r
i
t
y

F
B
P

a
c
t
i
v
a
t
i
o
n
k
i
n
e
t
i
c
s

A
c
t
i
v
a
t
i
o
n

76

S
a
m
p
l
e

(
U
/
m
g
)

(°
/o

)

 

A
0
5
(
1
1
M
)

”
H

 

E
c
w
i
l
d
-
t
y
p
e

E
c
N
A
3

E
c
N
A
7

E
c
N
A
l

l

E
c
N
A
l
5

E
c
w
i
l
d
-
t
y
p
e
a

E
c
N
A
1
9
b

E
c
N
A
2
2
"

1
3
1

9
4

6
5

9
8

1
0
5

2
4

0
.
5

<
0
.
0
0
5

9
0

>
9
5

>
9
5

6
0
-
7
0

>
9
5

2
0
-
3
0

1
5
-
2
0

1
5
-
2
0

3
6
.
4

a
:
1
.
7

5
2
.
3

:
t
5
.
6

8
8
.
7

a
:
3
.
9

2
.
1

1
.
8

2
.
9

2
9
.
5

2
3
.
5

2
2
.
0

1
.
0

1
.
2

 

a
D
e
t
e
r
m
i
n
e
d

i
n
c
r
u
d
e
e
x
t
r
a
c
t
s
(
1
6
8
)

b
.

.
.

D
e
t
e
r
m
m
a
t
i
o
n

i
n
c
r
u
d
e
e
x
t
r
a
c
t
s
.



1 j KN'i-I #13 1j 1:27N-terminus MVS E L ARQ PLK ALILAG‘BRGTRLKDL. . .

‘
  

Figure 3.2. N-terminal E. coli ADP-Glc PPase sequence and predicted

secondary structures. Residues l to 18 are predicted to be a loop. Serl9 is

predicted to be at the N-terminal end of a B strand in which Leu22 resides. The

Gly-rich loop (in light grey) is similar to P-loop-Iike motif present in protein

kinases and nucleotide-binding sites.
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Following that B-strand is a glycine-rich loop similar to the P-loop motif present in

protein kinases and nucleotide binding sites. The 19- and 22-residue N-terminal deletions

may cause destabilization of the local secondary structure (including the glycine-rich

loop) that propagates to other important regions in the overall protein structure. Kinetic

analysis of EcNA3, EcNA7, EcNAll and EcNAl 5 showed that removal of up to

7-residues from the N-terminus does not significantly alter the FBP-activation properties

of the enzyme. EcNA3 and EcNA7 mutants behaved in ways similar to the wild-type

enzyme, which is activated 20- to 30-fold by the specific effector (Fig. 3.3 and Table

3.1). On the other hand, EcNAll behaved as reported previously (187, 188) and as

EcNAl 5. Both mutant enzymes were highly active even in the absence of FBP, showing

almost no activation (Fig. 3.3 and Table 3.1). Additionally, EcNAlS was tested for its

ability to be inhibited by AMP (Fig. 3.4). Because it has been demonstrated that

inhibition of the E. coli ADP-Glc PPase by AMP requires the presence of at least traces

ofFBP in the medium (44), inhibition kinetics were performed at two different activator

concentrations: 30 and 130 11M (Fig. 3.4.A and .B, respectively). A similar lack of

sensitivity of EcNAl 5 for this inhibitor was also exhibited by the EcNAll mutant (187,

188). Results suggested that deletion of 11- or 15- residues from the N-t induces spatial

arrangements favoring a more active conformation of the enzyme, and possibly

disrupting the AMP site.
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Figure 3.3. FBP-activation of wild-type and the N-terminal truncated E. coli

ADP-Glc PPases. (0) Wild type, (c) NA3, (A) NA7, (I) NAll, (El) NA15.

Saturation plots were determined by the pyrophosphorolysis reaction.
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ECCA108+EC32343|,(1:I) EcNAl 5CA108 + 50323.43].
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3.4.2. Characterization of EcNAlS-CA108 + E93284“

To evaluate the opposite effects on FBP activation caused by an N-terminal

deletion (187, 188) and by a nick separating the catalytic domain and the C-t as described

in Chapter 2, EcNAl 5C-A108 + Ecm,431 were co-overexpressed and purified as

described in section 3.2. As illustrated in Table 3.2, after the Green A affinity

chromatography the co-expressed proteins were purified to at least 90%. The

EcNAlSC-A108+Ec3282131 co-expression product showed a specific activity comparable

to that of the EcCA108 + EC323-34| (see Chapter 2), the EcNAlS, and the wild-type

enzymes (Table 3.2). Two protein bands of the expected molecular sizes (i. e., ~35 kDa

and ~12 kDa) were observed in SDS-PAGE and western blot (data not shown) of purified

EcNAl 5C-A108 + 13032343]. Interestingly, the kinetic properties of this co-expressed

protein were comparable to those of the wild-type enzyme regarding affinity for the

substrate ATP, affinity for the activator FBP and inhibition by AMP (Table 3.3).

Saturation kinetics for the FBP activation (Fig. 3.5) and AMP inhibition (Fig. 3.4)

indicated that the EcNAl 5C-A108 + Ec328_431 co-expressed enzyme recovered the

sensitivity for the allosteric effectors that was respectively lost or decreased in the

EcNAlS or EcC-A108 + 13cm,431 mutant enzymes. Thus, the opposite effects in FBP-

activation caused by an N-terrninal deletion and by a nick separating the C-t and the

catalytic domain seemed to compensate when these structural modifications were

combined in the same protein. Assuming that an allosteric enzyme in solution is present

as a mixture of conformations with different levels of activities, a 15 N-terrninal residue
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Figure 3.5. FBP activation kinetics of wild-type and mutants E. coli ADP-Glc

PPases. All determinations were obtained by synthesis assay. (0) Wild type, (1:)

NA15,(A)ECCA108 + EC323.43|,(1:1)ECNA15CA108 + E0323431.
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truncation may induce the same structural change as the allosteric activator, which drives

the equilibrium between enzyme species towards the more active one. In contrast, the

structure arrangement generated when the catalytic domain and the C-t are co-expressed

as individual polypeptides may favor a less active conformation. Combination of these

two modifications in EcNAl 5-CA108 + 130323.43] might have compensated their opposite

kinetic effects, making this mutant enzyme more similar to the wild-type enzyme. It is

noteworthy that this mutant was also sensitive to AMP inhibition, eliminating the above

suggestion of a possible AMP site disruption caused by deletion of 15 N-terminal

residues. It is more likely that EcNAl 5 is locked in a more active conformation that can

not be reversed by the inhibitor.

Integration of these biochemical results involving the N-terminal extension with

actual structural data remains to be done since the only ADPGlc PPase crystal structures

available lack a solved diffraction pattern corresponding to the first 11 N-terminal amino

acids. The structural data points to the flexible character of this region of the enzyme

which agrees with its suggested regulatory role as “allosteric switch”. It would be very

valuable to obtain direct structural information of all the mutants analyzed in the present

work. They would provide with a series of snapshots of the various conformations

achieved by the enzyme in the different activated states, allowing for a better

understanding of the allosteric regulatory mechanism.
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CHAPTER 4

Molecular architecture of the glucose 1-phosphate site in

ADP-glucose pyrophosphorylases3

g

3

This work has been accepted for publication: C. M. Bejar, X. J in, M. A. Ballicora, and J. Preiss (2006)

Molecular architecture of the glucose l-phosphate site in ADP-glucose pyrophosphorylases. J. Biol. Chem.

1" Press.
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4.1. ABSTRACT

The work presented in this chapter was intended to answer questions regarding

the three-dimensional organization of the Escherichia coli ADP-Glc PPase and to use that

information as a tool for the identification of potentially important residues in the active

site. Thus, a homology modeling approach to generate the monomeric structure of this

enzyme complexed with ADP-Glc and the results from a detailed study of the substrate

(glucose l-phosphate) binding site are presented here. A set of amino acids in the model

has been identified to be in close proximity to the glucose moiety of the ADP-Glc ligand

and found to be conserved within the ADP-Glc PPase family. The role of these amino

acids, Glum, Serm, Tyrm’, Aspm, Phe‘m, Trpm, and Aspm, was studied by site

directed mutagenesis, through the characterization of the kinetic properties and thermal

stability of the designed mutants. All purified alanine mutants had one or two orders of

magnitude lower apparent affinity for GlclP, compared to the wild type, indicating that

the selected set of amino acids plays an important role in their interaction with the

substrate. Those amino acids were subjected to conservative and non-conservative

mutations to investigate the effect of size, hydrophobicity, polarity, aromaticity, or charge

on the affinity for GlclP. In this study, the architecture of the GlclP binding site is

characterized. The homology model overlaps with the GlclP site of other PPases, such as

the Pseudomonas aeruginosa dTDP-Glc PPase and the Salmonella typhi CDP-Glc PPase.

Therefore, the data reported here may have implications for other members of the

nucleotide-diphospho-glucose PPases family.
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4.2. INTRODUCTION

The first ADP-Glc PPase crystal structure available was that of the

homotetrameric Solanum tuberosum (potato tuber) small subunit in its allosterically

inhibited form at a resolution of 2.1 A (I 70), reported in 2005. The same study also

reported the structural determination of the enzyme complexed with either ATP or ADP-

Glc at 2.6 and 2.2 A, respectively. Attempts to obtain information on the E. coli enzyme

structure through X-ray crystallography were unsuccessful. The potato tuber small

subunit has only about 33% sequence identity with the E. coli enzyme, but the similar

predicted secondary structure profiles, together with available biochemical data, suggest

that they share a common three-dimensional fold (8).

Previous chemical modification (172) and site directed mutagenesis studies (1 74)

on the E. coli ADPGlc PPase enzyme identified Lys195 as an important residue for GlclP

interaction. Replacement by other amino acids generated 100-10,000-fold increases in the

S05 for this substrate while showing all other kinetic constants at wild type levels. Later,

Fu et al. reported similar results analyzing the homologous Lys'98 in the potato tuber

catalytic subunit (1 77). The proposed role of this amino acid is to form an ionic bond

between the e-amino with the negatively charged phosphate of the GlclP. Results with

hexose l-phosphate analogues, differing from the GlclP in their hydroxyl groups,

suggested that other residues in the active site participate in substrate binding (177).
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The objective in this work has been to obtain structural information on the E. coli

ADP-Glc PPase by building a homology model and to probe a set of highly conserved

residues in the N-terminus domain possibly involved in GlclP binding. We studied the

role of Glum, Serm, Tyrm, Asp239, Phem, Trpm, and Asp276 by means of site directed

mutagenesis, kinetic characterization of the mutant enzymes and their thermal stability.

All residues were replaced by alanine and other amino acids to evaluate the importance of

size, charge or hydrophobicity on the effects observed in substrate interaction.

Because these residues are highly conserved among ADP-Glc PPases, it was of

interest to address the question of whether they are present in other pyrophosphorylases

that use GlclP as substrate. The observations made by comparison of the putative GlclP

site from our E. coli ADP-Glc PPase model and the reported crystal structures of two

pyrophosphorylases, the P. aeruginosa dTDP-Glc PPase leA (164) and the S. typhi

CDP-Glc PPase (169), have led us to pr0pose that the results presented here have

implications beyond the family of the ADP-Glc PPases.
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4.3. MATERIALS AND METHODS

4.3.1. Materials

Oligonucleotides were synthesized and purified by the Macromolecular Facility at

Michigan State University. [32P]PPi was purchased from Perkin Elmer Life Sciences and

['4C]GlclP from ICN Pharmaceuticals Inc. NaPPi, ATP, ADP-Glc, AMP, and inorganic

pyrophosphatase were purchased from Sigma Chemical Co. Pfu DNA polymerase was

purchased from Stratagene (La Jolla, CA, USA). All other reagents were of the highest

quality available.

4.3.2. Homology modeling

Comparative (homology) modeling of the E. coli ADP-Glc PPase (residues 12-

431) was carried out with the program Modeller6vl (203-205) using the atomic

coordinates of the S. tuberosum ADP-Glc PPase small subunit chain B complexed with

ADP-Glc (Protein Data Bank code 1YP2, (1 70)) as template. Sequence alignment was

performed manually to match functionally conserved residues, predicted secondary

structures, and hydrophobicity profiles. Secondary structures were predicted using the

PHD (http://wwwl .embl-heidelberg.de/Services/sandermredicniroteim and the PSI-

PRED programs (http://bioinf.cs.ucl.ac.uk/psipred/). The models were assessed by the

VERIFY_3D program (206, 207)

(11 ://shannon.mbi.ucla.edu/DOE/Services/Verify_3D/).
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4.3.3. Multiple sequence alignment

A multiple sequence alignment was generated using the server ClustalW

(http://wwwebi.ac.uk/clustalw) with representative ADP-Glc PPases belonging to

different bacterial and plant taxa. The sequences used were from Escherichia coli B

(NCBI accession number POA6Vl) (208), Agrobacterium tumefaciens (P39669) (209),

Synechococcus sp. WH 8102 (NP_89721 1) (210), Thermotoga maritima (Q9WY82)

(211), Streptococcus pneumoniae (Q97QS7) (212), Vibrio cholerae (Q9KLP4) (213),

Clostridium cellulolyticum (Q9L385) (direct submission), Geobacillus

stearothermophilus (008326) (120), Mycobacterium tuberculosis (005314) (214),

Deinococcus radiodurans (Q9RTR7) (215), Anabaena sp PCC7120 (P30521) (145),

Arabidopsis thaliana -APS1 small subunit- (P55228) (216), Solanum tuberosum -small

subunit- (P23509) (147), Zea mays -small subunit, endosperrn- (AAK69627) (217),

Chlamydomonas reinhardtii -small subunit- (AAF75832) (218).

4.3.4. Site directed mutagenesis

Site directed mutagenesis was done by overlap extension PCR (219). The

template was plasmid pMAB3, with the E. coli ADP-Glc PPase gene between Ndel-Sacl

sites, previously obtained in our lab (Ballicora et al., unpublished). The flanking primers

annealing with the T7 promoter and the SacI site (underlined) were

5'-TAATACGACTCACTATAGGG-3' and 5'-GATATCTGAA'ITCGAGCTC-3',

respectively. Table 4.2 shows the overlapping primers for each mutant. The final PCR
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products were gel purified, digested with Ndel and SacI, and subcloned to obtain the

different pMAB3-single mutant plasmids. Plasmid pETEC-NAI 5-D276N was obtained

using pETEC-NA] 5 (see Chapter 3), as template, with the T7 promoter and T7

terminator as flanking primers and the same mutated overlapping primers used for

pMAB3-D276N (Table 4.1). All plasmids were sequenced at the MSU Genomics Facility

to confirm incorporation of only the desired mutation.

4.3.5. Bacterial strains and expression of the recombinant ADPGIc PPases

E. coli AC70R1-504 cells that lack endogenous ADP-Glc PPase activity were

used for expression of the wild type and pMAB3-mutant enzymes as described

previously for pMLlO (147). EcNAl 5-D276N was expressed as EcNAl 5 (see Chapter 3).

4.3.6. Purification of pMAB3-single mutants

One-liter cultures of AC70R1-504 cells transformed with the pMAB3-single

mutant plasmids, or BL21(DE3) cells transformed with pETEC-NAI 5-D276N, were

grown in 25 pg/mL kanamycin-Luria broth (1 liter) at 37 °C up to an A600 of

0.8. Induction was initiated by the addition of IPTG(1 mM final concentration), with

subsequent incubation at 25 °C for 16 h. After induction, cells were harvested, and crude

extracts were obtained as described previously (I 4 7). After centrifugation, the precipitate

Was resuspended in bufler A (50 mM Hepes pH 8.0, 5 mM MgCl2, 0.1 mM EDTA, 10%

Sucrose). The samples were individually applied onto a DEAE-Fractogel column (EMD
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Chemicals), and eluted with a linear NaCl gradient (0-0.5 M). The active fractions were

pooled and desalted. After this step, samples were 60-70% pure and suitable for

performing kinetic analysis. Mutants E194A/Q/D, D276A/N, W274A, Y216F and

D239N were resuspended in buffer B (bufler A plus 1.2 M ammonium sulfate), applied to

a Phenyl-Superose (FPLC, Pharmacia) column equilibrated with bufler B and eluted with

a 1.2-0.001 M linear gradient of ammonium sulfate. Further purification of the rest of the

mutants and the wild type was performed by applying the DEAE pool samples to a

MatrexTM gel Green A affinity chromatography column (Amicon Corporation, USA) and

eluting with a linear gradient of 0-2 M NaCl. The purest fractions of each enzyme were

pooled, desalted and concentrated, and after these steps the proteins were >95% pure, as

assessed by SDS-PAGE (not shown).

4.3.7. Protein methods

Protein assay, electrophoresis (SDS-PAGE) and immunoblotting were performed

using protocols previously described (167). Samples were desalted and concentrated with

Centricon-30 devices (Amicon Inc.).
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Table 4.1. Complementary oligonucleotides used to introduce single mutations. Site directed

mutagenesis were performed by the overlap extension polymerase chain reaction. Triplets coding

for the replacing amino acid are shown in bold.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mutation Primer S’-3’ nucleotide sequence Plasmid obtained

E194A Forward CGAATTCGTTGCCAAA CCTGC pMAB3-El94A

Reverse GCAGGTTTGGCAACGAATTCG

E194D Forward CGAATTCGTTGACAAA CCTGC pMAB3-El94D

Reverse GCAGGTTTGTCAACGAATTCG

E194Q Forward CGAATTCGTTCAAAAA CCTGC pMAB3-El94Q

Reverse GCAGGT’I‘TTTGAACGAA'ITCG

812 l A Forward TCTCTGGCGGCGATGGGTATC pMAB3-S l 2 l A

Reverse GATACCCATCGCCGCCAGAGA

812 l V Forward TCTCTGGCGGTGATGGGTATC pMAB3-SIZ IV

Reverse GATACCCATCACCGCCAGAGA

812 IT Forward TCTCTGGCGACCATGGGTATC pMAB3-8121T

Reverse GATACCCATTGGCGCCAGAGA

812 1 Y Forward TCTCTGGCGTATATGGGTATC pMAB3-S 121Y

Reverse GATACCCATATACGCCAGAGA

Y216A Forward ATGGGTATCGCCGTCTTTGACGCC pMAB3-Y216A

Reverse GGCGTCAAAGACGGCGATACCCAT

Y216F Forward ATGGGTATCTTCGTCTTTGACGCC pMAB3-Y216F

Reverse GGCGTCAAAGACGAAGATACCCAT

D239A Forward TCCAGCCACGCCTITGGCAAAG pMAB3-DZ39A

Reverse CTI'TGCCAAAGGCGTGGCTGGA

D239N and Forward TCCAGCCACAACT‘I‘TGGCAAAG EEITISIIi-ECZRZTS-

EcNA l 5-D276N Reverse CTTTGCCAAAGTTGTGGCTGGA D276N

D239E Forward TCCAGCCACGAATTTGGCAAAG pMAB3-D239E

Reverse CTI‘TGCCAAATTCGTGGCTGGA

F240A Forward TCCAGCCACGACGCGGGCAAAGA pMAB3-F240A

Reverse TCTI‘TGCCCGCGTCGTGGCTGGA

F240M Forward AGCCACGACATGGGCAAAGAT pMAB3-F24OM

Reverse ATCTTTGCCCATGTCGTGGCT

W274A Forward GAGCCGTACGCGCGCGATGTG pMAB3-W274A

‘ Reverse CACATCGCGCGCGTACGGCTC ‘

W274F Forward GAGCCGTACTTTCGCGATGTG pMAB3-W274F

_ Reverse CACATCGCGAAAGTACGGCTC

W274L Forward GAGCCGTACTTGCGCGATGTG pMAB3-W274L

__ Reverse CACATCGCGAACGTACGGCTC

D276A Forward TACTGGCGCGCGGTGGGTACC pMAB3-D276A

\ Reverse GGTACCCACCGCGCGCCAGTA

D276N Forward TACTGGCGCAATGTGGGTACC pMAB3-D276N

\ Reverse GGTACCCACATTGCGCCAGTA

D276E Forward TACTGGCGCGAGGTGGGTACC pMAB3-DZ76E

Reverse GGTACCCACCTCGCGCCAGTA
\_
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4.3.8. Enzymatic assays

Assay A: Pyrophosphorolysis direction - Formation of [32P]ATP from [32P]PPi

was determined by the method of Morell et a1.(123). The reaction was carried out for 10

min at 37 °C in a mixture that contained 50 mM Hepes pH 8.0, 10 mM Mng, 1.5 mM

[32mm (1500-2500 dpm/nmol), 4 mM ADP-Glc, 4 mM NaF, 2 mM FBP and

0.05 mg/mL BSA, plus enzyme in a total volume of 0.25 mL.

Assay B: Synthesis direction — Formation of ADP-[”C]Glc from [”C]Glc1P was

determined by the method of Yep et al. (193). The reaction was carried out for 10 min at

37 °c in a mixture that contained ['4C]Glc1P (~4oo dpm/nmol), ATP, Mng and FBP in

varying concentrations according to the mutant enzyme assay, 50 mM Hepes pH 8.0, 1.5

units/mL pyrophosphatase, and 0.2 mg/mL BSA, plus enzyme in a total volume of 0.20

mL. One unit of enzymatic activity is one pmol of product, either [32P]ATP or ADP-

[14C]Glc, formed per min at 37 °C.

4.3.9. Kinetic characterization

Kinetic data were plotted as specific activity (U mg") vs. substrate or effector

concentration. Kinetic constants were acquired by fitting the data to the Hill equation

With a nonlinear least square formula using the program Origin TM 5.0. Hill plots were

Used to calculate the Hill coefficient m; and the kinetic constants that correspond to the

Substrate or activator concentrations giving 50% of the maximal velocity (80.5) or

aetivation (A 0.5).
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4.3.10. Thermal stability

Enzyme samples were in buffer A supplemented with BSA to 1 mg/mL in a final

volume of 100 “L. Half of the sample (50 pL) was incubated in a water bath equilibrated

at 60°C for 5 min and placed on ice immediately after. The remaining 50 pl. were kept on

ice as control. The enzyme activity for both, the heat-treated and control samples, were

determined in the ADP—Glc synthesis direction, as described in Assay B.
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4.4. RESULTS

4.4.1. Homology modeling

We obtained a three-dimensional model of the E. coli ADP-Glc PPase by

comparative modeling, using the coordinates of the recently solved crystal structure of

the potato tuber small subunit ADP-Glc PPase (PDB code 1YP2) as template, as

described in Experimental Procedures (Fig. 4.1.A). While modeling is generally

guaranteed to be successful if residue identity is >40%, for lower percentages errors can

be reduced employing an accurate sequence alignment (220-222). Our two enzymes

shared only 33% residue identity, therefore the alignment was manually edited

incorporating information such as conservation of functional residues and prediction of

secondary structures.

Using Modeller6v1, we generated 143 models after several iterative refinements

of the alignment to accommodate gaps, deletions and insertions of the query sequence

respect to the template in the best possible way. We assessed the models with the

program VERIFY_3D (206, 207), as described in Experimental Procedures, which

evaluates the compatibility of a given residue (1D) in a certain environment (3D). A

Score below zero for a given residue means that the conformation adopted by that residue

in the model is not compatible with its surrounding environment. In our study, we

Considered only those models with all lD-3D averaged scores above zero and, among

them, we chose the one with most similar profile to that generated by the template’s
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Figure 4.1. Structural model of E. coli ADP-Glc PPase. A. Cartoon

representation of the monomer. The N-terminus presents a Rossmann-like fold

and holds the ADP-Glc molecule in the active site (carbons are green, all other

atoms are colored by type). The C-terminus adopts a B-helix fold and is

connected to the N-terminus by a long loop. Loops of low structural reliability,

comprising residues F90-E97 and K259-P271, are colored in black and pointed

by arrows. B. Verify_3D profile obtained from the assessment of the E. coli

ADP-Glc PPase structural model. The profile in black corresponds to our model

and the one in grey to the template crystal structure. Gaps in the template profile

correspond to gaps in the sequence alignment with the E. coli enzyme and to

stretches of amino acids not solved in the crystal structure. The two big

depressions in the E. coli profile pointed by the arrows are regions of low

structural reliability and correspond to the F90-E97 and K259-P27l loops. C.

Close-up view of the modeled active site, with a bound ADP-Glc molecule

4 . . .

I 2 '95 (white carbons), Wthh are Involved(carbons in green). Asp , Tyrl '4 and Lys

in catalysis (167), binding‘of ATP (173) and binding of'GlclP (174),

respectively, are in the active site and close to the ligand.
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crystal structure (Fig. 4.1.B). The two profiles followed the same general trend except for

two specific regions, both corresponding to residues located in or adjacent to loops that

are not present in the template structure (indicated by arrows in Fig. 4.1.A). The first,

encompassing residues F90-E97 in the E. coli enzyme, aligns with a region in the potato

tuber enzyme that is disordered in the crystal structure. The second loop, containing

amino acids K259-P271, is an insertion in the bacterial enzyme. Therefore, the final

conformation of these two loops in the model, which might also affect immediately

adjacent secondary structures, accounted for the differences with the template structure’s

profile. According to the model, these loops are not part of the active site nor do they

contain important conserved residues.

In agreement with the biochemical results obtained before and described in

Chapter 2, the modeled monomer shows a two domain structural organization (Fig.

4.1.A). The N-terminus of ~300 residues, presents a B-a-B motif arranged in an open

twisted B-sheet, surrounded by a-helices. It resembles the Rossmann fold typically

present in nucleotide-binding domains (223). Residues important for catalysis, Asp142

(167), and for substrates binding, Tyrl '4 for ATP (173), and Lys'95 for GlclP (174), are

located in the active site pocket in close proximity to the ADP-Glc molecule (Fig. 4.1.C),

observations that further validate the quality of our model. The C-terminus is a separate

domain folded as a B-helix and linked to the N-terminus by a long loop. The two domains

are in intimate interaction through extensive hydrophobic contacts, which supports the

requirement of a full-length polypeptide to obtain normal enzymatic activity and

regulation (see Chapter 2).
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4.4.2. Selection of residues for analysis

The three-dimensional model complexed with ADP-Glc shows the ligand placed

in a well-defined pocket in the active site (Fig. 4.1.A) and several direct interactions

between the ligand and the enzyme are evident (Fig. 4.2). Lys'95 makes a salt bridge with

the glucose phosphate interaction that has been biochemically probed by Hill et al. (174)

in the E. coli ADP-Glc PPase and by Fu et al. (1 77) analyzing the homologous residue

(Lysm) in the potato tuber enzyme. Additionally, the hydroxyl groups of the glucosyl

moiety of the ligand are involved in a complex net of hydrogen bonds with the enzyme.

Side chains of Glum, Asp276 and Serm, and the backbone of the latter, participate in such

interactions.

We performed a multiple sequence alignment using the catalytic subunits of

fifteen ADP-Glc PPases from several sources, each of them representative of a different

taxonomic group. Figure 4.3 depicts part of the aligned sequences, comprising residues

located in and around the putative GlclP binding domain in the N-terminus of the

protein. The residues that, in the model, appear interacting through hydrogen bonds with

the glucosyl moiety of the ligand are absolutely conserved among all ADP-Glc PPases

analyzed, suggesting that they are involved in a conserved role, such as substrate binding.

According to our structural model, other conserved residues in this region are also located

239
in the substrate-binding pocket. Based on our observations, we selected Tyrm, Asp ,

Phe240 and Trp274 to be characterized together with Glum, Serz'2 and Aspm.
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Figure 4.2. E. coli ADP-Glc PPase- substrate interaction. Stereo

representation of the putative GlclP binding site showing the residues studied in

this work (white carbon) and their proposed hydrogen bonding interactions

(dashed blue lines) with the bound ADP-Glc molecule (green carbons).
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Figure 4.3. Sequence alignment of the E. coli ADP-Glc PPase and its

homologues. The primary structures of representative bacterial ADP-Glc

PPases and catalytic subunits from photosynthetic organisms were aligned.

The region showed here encompasses residues located at and near the

putative GlclP binding site, according to our homology model. Sources

abbreviations are: Eco, Escherichia coli B; Atum, Agrobacterium

tumefaciens; Synech, Synechococcus sp. WH 8102; Tmar, Thermotoga

maritima; Spneu, Streptococcus pneumoniae; Vcho, Vibrio cholerae;

Ccell, Clostridium cellulolyticum; Bstear, Geobacillus stearothermophilus;

Mtub, Mycobacterium tuberculosis; Drad, Deinococcus radiodurans; Ana,

Anabaena sp. PCC7120; Atha, Arabidopsis thaliana; Stub, Solanum

tuberosum -small subunit-; Zmay, Zea mays -small subunit, endosperm-;

Crein, Chlamydomonas reinhardtii -small subunit-. NCBI accession

numbers and references are detailed in MATERIALS AND METHODS.

Prediction of secondary structure is depicted on top (E: fi-strand; C: coil;

H: a—helix). A consensus sequence at the bottom has also been included.

Residues studied here are highlighted in grey.
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Dacha-111 EEEBEEC--------------CCCCCCCCCCCCEEEEEEEBEECHHHHHHHI—IHH
 

 

 

 

 

 

 

 

 

 

Eco 190 IEFVEKP--------------ANPPSMPNDPSKSLASMGIYVFDADYLYELLEE 229

Atum 183 IDFIEXP--------------ADPPGIPGNEGFALASMGIYVFHTKFLMEAVRR 222

Synech 174 KBFREKPKGDSLLEMAVDTSRFGLSANSAKERPYLASMGIYVFSRDTLFDLL-- 225

Tmar 174 VDFEEKP--------------AKP-------RSNLASLGIYVFNYEFLKKVLIE 206

Spneu 175 VEFEEKP--------------AQP-------KSTKASMGIYIFDWQRLRNMLVA 207

VCho 173 Tcrvaxp--------------ADPPCIPNRPDHSLABMGIYIFNMDVLKKALTE 212

Ccell 176 versaxp--------------KNP-------KSTLASMGVYIFTWSTLREYLIK 208

Bstear 175 vssaaxp--------------AEP-------KSNLASMGIYIFNWPLLKQYLQI 207

.Mtub 155 RSFVBKP——————————————LEPPGTPDDPDTTFVSMGNYIFTTKVLIDAIRA 194

Drad 178 TEFanv--------------PDPPTIPGQADLSLTSMGNYIFSRRALEELLEA 217

Ana 173 IDFSEKPKGEALTKMRVDTTVLGLTPEQAASQPYIASMGLXVFKKDVLIKLLK- 225

Plant

Atha 262 IEFAEKPKGEHLKAMKVDTTILGLDDQRAKEMPFIASMGIYVVSRDVMLDLLR- 314

Stub 193 IEFAEKPQGEQLQAMKVDTTILGLDDKRAKEMPFIASMGIYVISKDVMLNLLR- 245

Zmay 217 IEFAEKPKGEQLKAMMVDTTILGLDDVRAKEMPYIASMGIYVFSKDVMLQLLR- 269

Crein 257 IEFABKPKGEALTKMRVDTGILGVDPATAAAKPYIASMGIYVMSAKALRELLL- 309

CONSENSUS * ** .*:* *:. : . :

Bactorinl CCCCCCCCCCCHHHHHHHHHHCC--CEEEEEECCEEEEEEECCC-EEBEECCCH

Eco 230 DDRDENSSHDFGKDLIPKITEAG--LAYAHPFPLSCVQSDPDAE-PYIRDVGTL 280

Atum 223 DAADPTSSRDFGKDIIPYIVEHG--KAVAHRFADSCVRSDFEHE-PYWRDVGTI 273

Synech 226 ~-DSNPGYKDPGKEVIPEALKRGD-KLKSYVFDD------------YWEDIGTI 264

Two: 207 DENDPNSSHDFGKDVIPRILRENLGSLYAFRFDG------------YWRDVGTL 248

Spneu 208 AEKSKVGMSDFGKNVIPNYLESGB-SVYAYEFSG------------Yumnvcrr 248

VCho 213 DAEIEQSSHDFGKDVIPKLIATG--SVFAYSFCSG--KGRVARD-CYNRDVGTI 261

Ccell 209 DNECSDSVNDFGKNIIPAMLGDGK-SMWAYQYSG------------YWRDVGTI 249

Bstear 208 DNANPHSSHDFGKDVIPMLLREKK-RPFAYPFEG------------YUKDVGTV 248

.Mtub 195 DADDDHSDHDMGGDIVPRLVADG--MAAVYDFSDNEVPGATDRDRAYWRDVGTL 266

Drad 218 SISGQETGYDFGHNVIPRALSDGY-HVQAYDFHKNPIPGQ-ERPNTYWRDVGTL 269

Ana 226 ——EALERT—Q§GKEIIP-DAAKDH—NVQAYLFDD------------YgEQIGTI 262

Plant

Atha 315 -—NQFPGAN6§GSEVIPGATSLGL-RVQAYLYDG------------YFEDIGTI 253

Stub 246 --DKFPGANDFGSEVIPGATSLGM-RVQAYLYDG------------YHEDIGTI 284

Zmay 270 --EQFPEANDFGSEVIPGATSIGK-RVQAYLYDG------------YumoIGTI 308

Crein 310 --NRMPGANDPGNEVIPGAKDAGF-KVQAFAFDG------------ngEDIGTv 348

CONSENSUS *:* :::* . : **.*:**:
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4.4.3. Expression and purification of pMAB3—single mutants

All selected amino acids were mutated to alanine to analyze their potential role in

GlclP interaction. We performed additional mutations to investigate if the observed

effect on the affinity for GlclP was due to their shape, size, charge or aromaticity. E. coli

wild type and mutant ADP-Glc PPases were expressed and purified as described in

Experimental Procedures. They had the expected molecular weights in SDS-PAGE and

they were recognized by the anti AC7OR1 E. coli ADP-Glc PPase antibody in

immunoblots (not shown). Y216A either failed to be expressed or rendered the protein

completely susceptible to proteolysis since no band 210 kDa was detected by

immunoblotting in either the soluble or the insoluble fractions of the expression cell

lysates. After the first chromatographic step, all enzymes were 60-70% pure and suitable

for kinetic characterization assays. An additional chromatographic step yielded >95%

pure enzymes, which allowed for the proper determination of their specific activities.

4.4.4. Kinetic characterization

The kinetic characteristics of the mutant enzymes were compared to those of the

wild type. All alanine mutations decreased the apparent affinity of the enzyme for the

substrate GlclP, as $0.5 values for all the mutants were one or two orders of magnitude

larger than that of the wild type (Table 4.2). The most important increments in this

kinetic parameter were observed with mutations in mutations on Glu'94 and Serm. GlclP

Saturation curves obtained for the Glul94 mutants are shown in Fig.4 as an example to
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Figure 4.4. Steady-state kinetic measurement for GlclP dependence for wild

type and E194A, E194D and E194Q mutant enzymes. Initial velocities were

determined in the ADP-Glc synthesis direction using Assay B. For wild type (:1),

E104A (o), E194D (A) and E104Q (I), Vmax were 111.0, 4.6, 27.8 and 24.2

U/mg, respectively. Reactions for each enzyme were performed in presence of

saturating concentrations of ATP, Mng and FBP.
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'94 mutant enzymes. The E194Aillustrate the shift in the 80.5 between wild type and Glu

mutant showed a l65-fold increase (Table 4.2) compared to that of the wild type.

Therefore, we made substitutions to aspartic acid and glutamine to evaluate the

importance of the charge and the side chain size in such effect. Mutation to glutamine

increased the S05 for GlclP 85-fold, pointing out the importance of the negative charge

for substrate binding. However, mutation to aspartic acid, which also bears a negative

charge, caused a larger negative effect in this kinetic parameter (Table 4.2) highlighting

the significance of the side chain size. These two mutations, E194D and E194Q, caused a

4- and 5-fold reduced Vmax with respect to the wild type, whereas the E194A mutation

decreased it 24-fold. The apparent affinities for ATP, Mg2+, and the activator FBP were

not significantly affected by any of these mutations on Glu194 (Table 4.3). Our results

validate the hydrogen bonds observed in the structural model (Fig. 4.3) and strongly

suggest that Glu'94 is playing a role in GlclP binding.

Our structural model proposes that Serzl2 binds O3 and 04 of the sugar moiety of

the ligand through hydrogen bonds with the side chain and backbone, respectively (Fig.

4.2 and 4.6). Here, we probed the role of the side chain in GlclP binding. All Serm

mutations maintained apparent affinity properties for ATP, Mg2+ and FBP at wild type

levels (Table 4.3). S212A also showed values of km similar to the wild type but it

displayed a 14-fold increased S05 for GlclP (Table 4.2). SZIZV and $212T caused

dramatic effects in the apparent affinity for GlclP, with 377- and 274-fold increased S05

(Table 4.2). Mutation to valine decreased the km ~16-fold, whereas mutation to threonine

did it ~2-fold, compared to the wild type. Surprisingly, replacement of the Serz'2 to a
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tyrosine only increased the apparent affinity for GlclP 5-fold. The km in this mutant,

however, was 231-lower than the wild type. These results strongly suggest that Serz'2 is

located in the GlclP binding pocket and it contributes to the enzyme’s affinity for this

substrate.

276 was replaced by alanine, asparagine and glutamic acid. The threeAsp

mutations decreased the apparent affinity for GlclP 100-, 85-, and 24-fold, respectively

(Table 4.2). Our results point out the importance of Asp276 for GlclP binding and the

significance of both the negative charge and the size of its side chain on such effect. The

analyses of these mutants suggest an additional role for Asp276 besides GlclP interaction

given that other kinetic parameters were also affected. D276A and D276N had ~1000-

fold lower Vmax than the wild type (Table 4.2), and 3.4 and ~4-fold higher S05 for ATP,

respectively (Table 4.3). Instead, D276E displayed a 3-fold decreased Vmax respect to the

wild type (Table 4.2) but a bigger change on the apparent affinity for ATP, characterized

by an 8-fold increased S05 for this substrate (Table 4.3). On the other hand, all three

mutations decreased the apparent affinity for Mg2+ ~4- to 6-fold (Table 4.3). These

results would correlate with the role of Mg“ ion chelator proposed for the homologous

280

residue, Asp , in the S. tuberosum enzyme (170).

Furthermore, the three Asp276 mutants had 5- to lS-fold higher A05 for FBP than

that of the wild type (Table 4.3). To investigate whether this residue was involved in the

activator site, we studied another mutant. Previous reports (see Chapter 3 and (188)

showed that deletions of 11 and 15 residues from the N—terminus of the E. coli
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ADP-Glc PPase rendered activated enzymes even in the absence of FBP with all other

kinetic parameters similar to those of the wild type. Based on these results, we combined

both the N-terminal deletion and the single mutation D276N to create EcNAlS-D276N.

The activity of the partially purified double mutant was 0.027i0.003 U/mg, similar to the

partially purified D276N single mutant (data not shown), whereas the A05 for FBP was

51 11M, similar to that of the wild type (Table 4.3). This strongly suggests that Asp276 is

not directly involved in activator binding but is a pivotal residue for the correct

interaction of the substrates with the enzyme influencing the resulting conformational

changes upon their binding.

27‘ was studied by substituting itThe role of the size and aromaticity of Trp

with alanine, leucine and phenylalanine. Mutation to alanine was characterized by a 22-

fold decrease in the apparent affinity for GlclP and did not have significant effect in the

Vmax of the enzyme (Table 4.2) or in the apparent affinities for ATP, Mg”, and FBP

(Table 4.3). We obtained similar results when a leucine was placed in that position.

Instead, all parameters remained almost unchanged compared to wild type levels when

274

Trp was replaced by a phenylalanine, indicating that aromaticity is required in that

position for proper interaction of the GlclP with the enzyme.

Tyr216 is conserved not only among ADP-Glc PPases (Fig. 4.3) but also in the

leA -Tyr'76- (Fig. 4.6.A and B) (164). Mutation to phenylalanine allowed us to study

the role, if any, of the side chain hydroxyl group in this position. The Y216F mutant

displayed a 46-fold lower apparent affinity for GlclP (Table 4.2) and it showed small
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variations in the apparent affinities for ATP, Mg2+, and FBP, from 1 to 3-fold increase in

the respective kinetic constants (Table 4.3). However, this substitution, in which the OH

was removed caused a 10-fold decrease in the Vmax of the mutant enzyme. Our structural

model is not showing any direct interaction between this residue and the bound ADP-Glc

(Figure 4.3). Our biochemical data, however, suggest that the side chain OH plays a role

in GlclP interaction, possibly by driving the correct positioning of the substrate in the

pocket, which also affects the concomitant catalytic reaction.

Asp239 and Phe240 are also conserved residues located in close proximity to the

ligand that do not show any evident interaction with it in the three-dimensional model.

However, the D239A mutation decreased 31-fold the apparent affinity for GlclP and 11-

fold the Vmax without significant change in the other kinetic constants. Likewise, D239N

and D239E increased the S05 for GlclP 16- and lO-fold, respectively, compared to that of

the wild type. The Vmax, instead, was 2-fold lower than the wild type in the D239N

mutant and was not affected by the D239E substitution (Tables 4.2 and 4.3). Replacement

of Phe240 to alanine and methionine affected the apparent affinity for GlclP, displaying

S05 12- and 7-fold, respectively, higher than that of the wild type. No significant changes

in the Vmax and all other kinetic parameters analyzed here were observed with F240A and

F24OM (Tables 4.2 and 4.3). Together, these results suggest that Asp239 and Phe240 are

239
important residues for GlclP interaction. They also point out the significance of Asp

negatively charge side chain for proper catalytic activity.
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4.4.5. Thermal stability

The enzymes were also studied reSpect to their thermal stability as explained in

Experimental Procedures. Wild type enzyme and all Glum, Tyrz'6 and Asp276 mutants, as

well as SZIZA, 8212V, F24OM and D239E, showed ~80-85% activity after heat

treatment (Table 4.4).

40 -
2 to alanine caused the thermalIt is interesting to note that mutation of Phe

stability of the protein to decrease 50% under the assayed conditions. This result suggests

that, in position 240 of the E. coli ADP-Glc PPase, not only hydrophobicity but also size

of the side chain is important for the enzyme to adopt a proper and heat-stable folding. A

274. Replacement of this residue by alanine andsimilar situation was observed with Trp

leucine, two hydrophobic but small side chain amino acids, rendered enzymes with less

than 1% residual activity after heat treatment, whereas a Phe in that position allowed the

mutant enzyme to retain at least 50% of the activity (Table 4.4).

Mutants SZlZT and SZlZY retained 60% and 70% of their initial activities. These

mutations not only affected the apparent affinity for Glcl P, but also they affected the kw,

suggesting a structural distortion of the active site. It is possible that this side chains are

also misplacing significant structural determinants or disrupting important stabilizing

interactions in the protein. Mutations in Asp239 rendered enzymes with 2%, 59% and 84%

residual activity after heat treatment when replaced to alanine, asparagine and glutamic

acid, respectively. A negative charge is necessary in position 239 to guarantee the

stability of the enzyme at temperatures higher than the optimum for activity.
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Table 4.4. Thermal stability of the wild type and single mutants. Enzyme activity was

measured after heat treatment (5 min at 60 °C) or control (0 °C) conditions as described in

MATERIALSAND METHODS.

 

 

 

Enzyme k... (s") % initial

actmty

Control 60 °C

Wild type 370.0 :1: 14.4 315.8 i 12.2 85

E194A 15.43 i 0.07 13.0 i 1.3 84

E194D 92.7 i 11.7 75.0 d: 2.3 81

E194Q 80.7 i: 2.0 66.3 :1: 6.3 82

S212A 371.2 :1: 4.1 335.7 :1: 25.9 90

S212V 22.4 :t 1.9 18.0 :t 1.4 81

$212T 179.0 a: 0.7 107.0 at 11.3 60

8212Y 1.6 :1: 0.1 1.1 :1: 0.1 70

Y216F 29.0 i 1.0 24.7 3: 1.3 85

D239A 32.7 :t 0.2 0.5 :1: 0.2 2

D239E 347.7 i 15.9 304.3 :1: 20.4 84

D239Na 152.0 :t 1 1.7 90.3 i 2.7 59

F240A 111.6 :h 2.3 56.7 :1: 9.0 51

F24OMa 254.4 :1: 13.4 207.0 :1: 3.7 86

W274A 384.0 :t 23.4 < 0.02 < 0.04

W274F 266.0 i 8.0 133.] i 5.2 50

W274L 247.5 :t 0.6 < 0.003 0.6

D276A 0.36 i: 0.01 0.307 at 0.003 85

D276N 0.37 :t 0.03 0.30 d: 0.03 82

D276E 1 12.7 :1: 4.5 89.4 a: 0.5 79

 

a: enzymes were ~70-80% pure
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4.5. DISCUSSION

In this work, we report the first detailed characterization of the sugar-phosphate

site and the three-dimensional structure of the E. coli ADP-Glc PPase, the GlclP site. We

selected a set of residues implicated in shaping this substrate pocket by examination of

theprimary sequences of several ADP-Glc PPases and the three-dimensional structural of

the E. coli enzyme complexed with ADP-Glc obtained by homology modeling. The role

of the selected residues in binding GlclP was probed by means of site directed

mutagenesis and steady state kinetics. The kinetic characterization of the individual

mutants revealed the importance of the replaced amino acids.

Knowledge on the three-dimensional structure of the E. coli ADP-Glc PPase was

essential to understand the complex net of interactions established between the protein

and the substrate for proper binding. The first published ADP-Glc PPase crystal structure

is that of the homotetrameric potato tuber small subunit solved by Jin et al. (I 70), which

we used as template to build a model of the E. coli enzyme. The sequence identity

between these two proteins is 33%, which is close to the lowest range of accepted

homology for performing modeling (222). However, the functional similarity between

our query and template proteins and a careful inspection of the sequence alignment,

which included information on predicted secondary structures and functional conserved

residues, increased the probabilities of obtaining a reliable model.
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The E. coli ADP-Glc PPase has been subject of numerous structure-function

relationship studies, including those aimed to elucidate the functional role of individual

amino acids. Previously, Lys195 was studied (1 74) and showed a very specific effect in

GlclP interaction. The reported mutations in this residue increased 100- to 10,000- fold

the S05 for GlclP without affecting other kinetic constants. To illustrate this, data

reported for mutant K195Q have been included here in Tables 4.2 and 4.3. Those results

are consistent with a very specific role of LysI95 in the binding of GlclP, probably by

ionic interaction between the positively charged side chain 8-amino and the negative

phosphate group of the GlclP (174, I 77). It is possible that the rest ofthe amino acids in

the substrate pocket, which are the subject of this work, interact with the sugar hydroxyls

to increase the affinity of the binding and to provide the correct positioning of the ligand

for catalysis.

The three-dimensional model of the ADP-Glc PPase that we obtained here

allowed us to visualize the spatial arrangement of a set of conserved residues potentially

involved in the interaction between the enzyme and the substrate GlclP. It has been

reported that although proteins can bind carbohydrates in many different ways, certain

amino acids show high propensity to be in a sugar binding site (224, 225). Some

examples of this are the aromatic rings that can pack against the hydrophobic face of the

sugar (226), and carboxylates that can form bidentate hydrogen bonds with two adjacent

hydroxyls of the saccharide (225). In our model, we identified Trpm, Tyr2'6 and Phem,

194 239 276

as well as Glu , Asp and Asp , some of which were showing direct contacts with

the modeled ligand ADP-Glc.
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We also performed a close examination of the reported three-dimensional

structures of enzymes that catalyze very similar reactions as the ADP-Glc PPase. These

enzymes are the P. aeruginosa leA (164) (PDB code 1623) and the S. tyhpi CDP-Glc

PPase (I69) (PDB code 1TZF). We inspected closely their active sites and we identified

194 195 276 274

a Trp 9 as well as the catalytic ASp142residues homologous to Glu , Lys , Asp

(1 67) of the ADP-Glc PPase in their active sites (Fig. 4.5.A). Interestingly, the CDP-Glc

PPase is a trimeric enzyme with three active sites formed in the interface of adjacent

monomers (169). Most of the residues contributing to the architecture of the GlclP site

178 194

belong to one of the subunits except for Glu and Lysm, homologous to Glu and

Lys195 in the E. coli ADP-Glc PPase, that are provided by the neighboring subunit (169).

The ADP-Glc PPase structural model shows the hexose moiety of ADP-Glc

largely engaged in hydrogen bonds to surrounding residues (side chains of Lys'gs, Glum,

Serm and Aspm, Fig. 4.2) and protein backbone (Serz'2 and Glym, Fig. 4.6). Lys195 is

interacting with the B-phosphate of the ADP-Glc molecule. This observation is validated

by the biochemical characterization reported by Hill et al. (I 74) and discussed here.

GluI94 is proposed to interact with O2 and 03 of the sugar ring by a bidentate

hydrogen bond. The Glu194 mutants displayed the biggest changes in GlclP apparent

affinity when substituted by other residues (Table 4.2). Removal of the negative charge,
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Figure 4.5. Superposition of the amino acids in the GlclP site from

three NDP-Glc PPases. A. Superposition of residues from the E. coli

ADP-Glc PPase model with carbons in white (this work) and the crystal

structures of the P. aeruginosa leA (PDB code 1023) with carbons in

magenta(164), and the S. typhi CDP-Glc PPase (PDB code 1TZF) with

carbons in cyan (169). The ADP-Glc PPase model has a RMSD of 1.9 with

the leA, and of 2.2 A with the CDP-Glc PPase. We show the CDP-Glc

PPase active site as it is in the active enzyme, with residues Aspm, Trp232

7 ' 179‘

l 8 from theand Asp236 belonging to one subunit and Glu and Lys

neighboring monomer. The ADP-Glc molecule was modeled in the

ADP-Glc PPase enzyme, and the Mg2+ is present in the CDP-Glc PPase

crystal structure. B. Residues homologues to Alamo, Ser2'2 and TyrZ'6 in E.

coli ADP-Glc PPase (white carbons) overlay with amino acids Tyrm,

Asn188 and PheI92 in the CDP-Glc PPase (cyan carbons) and with Leu'os,

Val172 and Tyr176 in the leA (carbons in magenta), respectively. C.

Amino acids Asp239 and Phe240 in the E. coli ADP-Glc PPase (white

‘ carbons), overlay with homologous residues Thr208 and Trp209 in the CDP-

198 199 -

Glc PPase (cyan carbons), and Glu and Ile 1n the leA (carbons in

magenta).
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as observed with the glutamine mutant, caused a large decreased in this kinetic parameter

(85-fold), suggesting its importance for substrate interaction. Still, the size of the side

chain is also essential given that substitution by an aspartic acid decreased the apparent

affinity for GlclP more than 380-fold. Given that the distance between two atoms

engaged in a hydrogen bond is crucial for the establishment of such interaction, the effect

observed with a shorter side chain in position 194 supports the existence of a hydrogen

bond between the ligand and Glum. In addition, the enzyme activity seems to be affected

by modifications at this position. It is possible that Glu194 plays a key role in positioning

the substrate in the correct orientation for catalysis, which also agrees with a critical

contribution of the size in the functionality of this residue. Our results support the central

role of Glu'94 in GlclP binding and explain the absolute conservation of this amino acid

in the ADP-Glc PPase family (Fig. 4.3) and other NDP-glucose pyrophosphorylases, such

us the leA and the CDP-Glc PPase (Fig. 4.5.A).

Ser212 may bind the GlclP through hydrogen bonds between the side chain and

the backbone and O3 and 04 of the sugar ring, respectively (Fig. 4.2 and 4.6). We probed

the role of the side chain OH group in this interaction by making conservative and non-

conservative mutations. Although in various degrees, all mutants in Ser2'2 affected the

apparent affinity for GlclP. Homology modeling of the Serz'2 mutants active site

residues complexed with ADP-Glc show that the interaction predicted in the wild type

enzyme model between LysI95 e-amino and the phosphate of the ligand, is disrupted

when Ser212 is replaced by other amino acid (Fig. 4.7). The 14-fold increase in GlclP S05
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Figure 4.6. Hydrogen bond network involving Ser212 in the E. coli ADP-Glc

PPase GlclP site. Ser212 interacts with adjacent secondary structures through a

complex network of hydrogen bonds (dashed lines) involving its side chain and

backbone. This network of interactions might be important for the correct

positioning of other key residues for GlclP binding, such as Glu194 and Lysws.
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Figure 4.7. Stick representation of the Ser212 mutants modeled active sites.

(A) Modeled active site of the wild type enzyme, depicting the interactions

proposed between Ser2'2 and the ADPGlc molecule. The side chain hydrogen

bond is not longer predicted in the modeled $212A (B), S212Y (C), $212T (D),

and S212V (E) mutants. The hydrogen bond between the Lys195 s-amine is only

predicted in the wild type (A).
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caused by the $212A mutant might be explained by the disruption of one hydrogen bond

between the side chain and 03 of the glucose moiety of the ligand. Surprisingly, the

effect of the side chain OH provided by threonine is counteracted by the presence of an

additional methyl group, by comparison with serine. A similar situation is observed with

valine in position 212. This extra methyl group is largely disrupting the proper

conformation of the binding pocket. The model predicts that Ser212 is spatially close to

'94 and Lys'95 and as previously indicated, importantsecondary structures containing Glu

in GlclP interaction. Set”2 is also largely engaged in a hydrogen bond network with

these structures (Fig. 4.6). These observations might explain that some of the mutations

in Serm2 affect the apparent affinity for GlclP as mutations in Glu194 and Lys195 did.

Surprisingly, substitution of Set212 by a bulky side chain amino acid, tyrosine, caused a

slight change in the apparent affinity for this substrate specifically. It is possible that, as

the homology model predicts the preferred orientation for the tyrosine side chain in

position 212 is the one directing the phenyl group away to the GlclP pocket, burying the

side chain against other hydrophobic side chains and stabilizing this position by a

hydrogen bond between the phenyl OH and an adjacent backbone (not shown). It is

possible that the burying of the phenyl group is causing structural arrangements, which

probably extend to other parts of the active site affecting specifically an important

catalytic residue. This would be explained by the dramatic reduction in the kw displayed

212

by the mutant 8212Y. Therefore, the side chain of Ser might contribute to the overall

affinity for GlclP by making direct interactions with the 03 of the sugar ring and with

adjacent backbones containing important residues for the positioning of this substrate. On

12

the other hand, the model shows Ser2 peptide carbonyl group binding O4 of the hexose
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through a hydrogen bond (Fig. 4.2 and 4.6). This interaction can also be observed in the

crystal structures of the other NDP-Glc PPases leA (164) and CDP-Glc PPase (165).

The peptide carbonyl groups of Val'72 in the leA and AsnI88 in the CDP-Glc PPase,

homologous to Ser212 in ADP-Glc PPase (Fig. 4.6), also make hydrogen bonds with the

substrate, implying that this interaction is important for the correct geometry ofthe GlclP

in the binding pocket. Apart from the specific interactions, the size of the side chain is

important for the proper architecture of the GlclP binding site.

Asp276 is important for the enzyme interaction with GlclP and it may bind the 06

of the hexose through a hydrogen bond (Fig. 4.2). Substitutions by other residues affected

the apparent affinity for this substrate ~25- to 100-fold, supporting this hypothesis.

However, Asp276 might have a broader role rather than exclusively interacting with the

GlclP molecule since the Vmax and the apparent affinity for the other substrates were also

affected by the studied mutations (Table 4.2 and 4.3). Asp276 is spatially close to the

catalytic Asp142 (167), and its homologous Asp280 in the potato tuber ADP-Glc PPase has

been proposed as Mg"+ chelator (1 70). These observations would explain why the

276

different substitutions in Asp also affected other kinetic parameters besides the GlclP

apparent affinity. In contrast to the mutations on other residues in the GlclP site, the

276 mutants (Table 4.2). The results obtainedactivation by FBP was also altered in the Asp

with mutant EcNAl 5-D276N strongly suggest that this amino acid is not directly

participating in activator binding.
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276 may be located in a hinge-like region of the active site between the ATPAsp

and the GlclP sub-domains. Apart form interacting with the sugar ring and the Mg”, it

may also contact other residues from adjacent secondary structures establishing a

network of interactions that drives the conformational changes experienced upon binding

of the substrates. Comparison of the potato tuber ADP-Glc PPase crystal structures

complexed with ATP or ADP-Glc illustrates such sub-domain movement (1 70). The

observations drawn by Haugen and Preiss (201) would also contribute to explain the

negative effects in all the kinetic properties of the enzyme when Asp276 was mutated.

They demonstrated that: (a) ATP alone displays half-site occupancy in the

homotetrameric enzyme, (b) GlclP does not bind to the enzyme unless Mng and ATP

are present, and (c) in the presence of GlclP, ATP displays full—site occupancy. A

synergistic effect in the binding of FBP and ATP was also reported. Thus, the cooperative

properties and the heterotropic interactions between substrates and effectors (201) would

also explain the broad effect on the kinetic properties of the enzyme when this

strategically located residue is modified in its physiochemical properties.

Aromatic residues, typically Trp or Phe, are key components of several

saccharide-binding sites (226). Usually, these aromatic rings have been found involved in

stacking interactions against the face of a sugar (225). However, in our structural model,

none of the three aromatic residues in close proximity to the glucosyl moiety of the

ligand is orienting its side chain parallel to the sugar ring. The great conservation of

274

Trp observed among ADP-G10 PPases (Fig. 4.3) and other pyrophosphorylases (Fig

4.6.A.) might be explained by its structural role within the GlclP site. Substitution by
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short aliphatic side chain amino acids, like alanine and leucine, affected not only the

apparent affinity for GlclP (Table 4.2), but also decreased greatly the thermal stability of

274 was mutated to athe enzyme (Table 4.4). These effects were lesser when Trp

phenylalanine, suggesting that aromaticity is important in that position. This amino acid

might provide the necessary stacking interactions to shape the GlclP site correctly, while

establishing the proper hydrophobic interactions that increase the thermal stability of the

protein.

Tyr216 is also located close to the ligand but no evident interaction is observed

between the sugar ring and the side chain OH group. We evaluated the role of such

group in GlclP binding with the Y216F mutation, which lower the Vmax 10-fold and the

apparent affinity for this substrate 46-fold (Table 4.2). Tyrz'6 is conserved in all ADP-Glc

PPases studied so far (Fig. 4.3) and is present in the leA -Tyr'76- (Fig. 4.6.A and B).

The CDP-Glc PPase, instead, bears a phenylalanine -Phe192- in the homologous position

but Tyrm, located in an adjacent B-strand, orients its side chain so that the OH group

overlaps with that of Tyr2l6 in the ADP-Glc PPase and of TyrI76 in the leA (Fig. 4.6.B).

Given the conservation of the aromatic ring in that position, it is possible that Tyr216 is

playing a structural role in the GlclP site architecture. On the other hand, the OH group

could also be making a hydrogen bond with a water molecule in direct contact with the

substrate, as observed with Tyr176 in the leA (164). This interaction might be crucial to

drive the correct positioning of the GlclP molecule for the enzymatic reaction since not

only the apparent affinity for this substrate but also the catalytic activity was affected

with the removal of the side chain OH group.
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We also analyzed the possible roles of Asp239 and Phe240 as part of the GlclP site.

Our results with mutant D239E showed that the change in size significantly affected the

apparent affinity for GlclP and that a negative charge in position 239 is necessary to

maintain significant enzymatic activity and thermal stability (Tables 4.2 and 4.4). On the

other hand, substitutions for asparagine and alanine caused the biggest alteration in

apparent affinity for GlclP, catalytic activity (Table 4.2), and thermal stability (Table

4.4). The structures ofleA and CDP-Glc PPase show other hydrogen bond donors in

the position homologous to Asp239, a glutamic acid (Glum) and a threonine (Thrzos),

'98 interacts with 02 of therespectively (Fig. 4.6.C). Moreover, in the leA structure Glu

dTDP-Glc molecule through a bridging water molecule. Hydrogen bonds and ion pairs

with ordered water molecules are considered important interactions that increase the

thermal stability of the protein (227) and the binding affinity and specificity for the

substrate (225). Another possibility is that Asp239 indirectly interacts with the GlclP

through a solvent molecule, which is crucial for substrate positioning and enzymatic

activity.

The data obtained with Phe240 mutants demonstrate that a hydrophobic bulky

residue is needed to maintain the properties of the enzyme at wild type levels. The role of

Phe24o might be merely structural and the effects on GlclP apparent affinity may be a

cons uence of the close roximit to As 239. In the three-dimensional model, Phe240 iseq P Y P

surrounded by a hydrophobic environment, and it is probably necessary to anchor the

239 240

100p containing Asp in the correct position. Phe is conserved in most of the ADP-

Glc PPases (Fig. 4.3), except in those from the Mycobacterium sp. taxonomic group,
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which bear a methionine in the homologous position. Similarly, the CDP-Glc PPase

shows a tryptophan (Trpzog), whereas the leA has a smaller hydrophobic residue (Ilem)

(Fig. 4.6.C). These observations together with our biochemical results support the role of

Phe240 as an important structural component of the GlclP site.

In this work, we present data supporting that key amino acids in the ADP-Glc

PPase have a role in the enzyme’s affinity for GlclP. Whether establishing direct

hydrogen bonds with the hydroxyls in the sugar ring or solvent molecules, or properly

shaping the substrate pocket, they all have an important role in determining the

architecture of the GlclP site. This is the first thorough biochemical characterization of

the kind performed on the ADP-Glc PPases. The combination of biochemical data and

the information from the three-dimensional model allowed us to hypothesize on the

structural basis of the substrate binding. Comparison of our model with other NDP-Glc

PPases reveals remarkable similarities, suggesting that the architecture of the GlclP site

is conserved. Biochemical data involving the examined amino acids have not been

reported on other pyrophosphorylases to date. We believe that the results reported in this

work can be extended to other members of the NDP-glucose pyrophosphorylase family

providing new insights towards the understanding of the evolution of these enzymes.
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CHAPTER 5

Conclusions
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The first ADP-Glc PPase characterized was that isolated from soybean (41).

Afterwords, the homologous enzymes from several prokaryotes and photosynthetic

eukaryotes were reported (8, 9, 44, 228, 229). Understanding ADP-Glc PPases has been

of central interest due to their key role in the pathway of 01-1 ,4-polysaccharide

biosynthesis in bacteria (glycogen) and plants (starch). Characterization of the enzyme

from the different sources pointed out that ADP-Glc PPase is a regulatory enzyme, with

its activity being allosterically modulated by key intermediate metabolites of central

routes for carbon and energy in the corresponding cell. Thus, the study of the enzyme has

also been significantly valuable to understand protein structure-to-function relationships

as well as enzymatic regulation by allosterism, a mechanism that is present in every

metabolic system. In addition, ADP-Glc PPases proved helpful to address questions

concerning enzyme evolution, particularly those integrating structure, function and

regulation of the protein and the relationship with metabolic pathways operating in the

different organisms.

Of all the isolated ADP-Glc PPases, the one from E. coli has been the best

characterized and has served as a working model system to give insights into the rest of

the members of the ADP-Glc PPases. Despite the advance thus reached to understand the

structure and functioning of the enzyme, several queries still remained unsolved at the

time that this thesis work started. For instance [1] information on the tertiary structure of

the enzyme and how it assembled in the quaternary structure was not yet available. On

the other hand, it has been suggested that part of the N-terminal region of ADP-Glc

PPases adopt a similar fold than that of other known PPases, referred as the catalytic or
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PPase domain (8, 9, 167). However, not only do these related enzymes either have

smaller C-terrninal regions (164, 165) or their C-termini have a different enzymatic

activity (163), but ADP-Glc PPases generally present more extended N-terminal ends as

well. Considering that ADP-Glc PPases are allosterically regulated but the other NDP-

sugar PPases are not (8, 9, 163), another intriguing question has been [2] whether the role

of the N- and C-terminal regions in ADP-Glc PPases would be determining the allosteric

properties of these enzymes, which are not present in the other, unregulated and smaller,

PPases. Of special interest has been also the investigation of the structural basis of [3] the

intimate communication between the N- and C-terminal regions to regulate enzyme

activity (168) and [4] the allosteric properties determined by a short stretch of amino

acids comprising ~15-17 N-terminal residues (147, 154, 186-188).

ADP-Glc PPases (158-160), and other NDP-sugar PPases (163-165), catalyze

their respective chemical reactions following a sequential ordered kinetic mechanism,

with binding of the first substrate (a nucleoside-triphosphate) which allows for the

binding of the second substrate (a sugar l-phosphate). Individual amino acids involved in

catalysis or interacting with substrates and allosteric modulators have been identified and

their respective roles characterized in the ADP-Glc PPase (8, 9). However, [5] a more

complete analysis of the structural basis responsible for ATP and GlclP binding

(especially at the three-dimensional level) and determining affinity and specificity for

these substrates remained to be investigated in detail.

The work reported in this thesis has been motivated by questions presented, with
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respect to the ADP-Glc PPase family, using the E. coli ADP—Glc PPase as a model

system. Because of a certain degree of structural similarity between this family of

enzymes and other PPases, some of the results presented are potentially applicable to the

family of the NDP-sugar PPases.

5.1. Structural and functional role of N- and C-termini in allosteric regulation

The work reported in Chapter 2 presents solid evidence that envisage the domain

organization of the monomer in the enzyme even when a direct atomic visualization, like

the one provided by a crystal structure, was not yet available. The ADP-Glc PPase

monomer from E. coli comprises two independent folding domains which are capable of

reconstituting an active enzyme as the wild type even when they are expressed as

independent polypeptides. The N-terminal domain, accounting for 3/4 of the total length

of the whole monomer, has been predicted to include a Rossmann-like fold (I67, 181)

and contains all the important amino acids with proposed roles in catalysis (167, 181) or

substrate binding (167, 173, 1 74, 181). The type of fold that the C-terminus might adopt

has been more difficult to predict since related NDP-sugar PPases ofknown structure are

either smaller polypeptides consisting of only a conserved PPase N-terminal domain

(164, I 65), or have a C-terminus playing a different function. An example of the latter is

the case of the UDP-N-acetylglucosamine PPase (GlmU), where the C-terminus contains

the active site for N-acetyl transferase activity exhibited by this bifunctional enzyme

(163).
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In addition, results in Chapter 2 strongly suggest that the integrity of the

C-terminus is needed to maintain a functional ADP-Glc PPase. Removal of 10 to ~100

residues from the C-terminal end yielded inactive, unfolded proteins, which were also

highly susceptible to proteolysis. One possible explanation for the requirement of a

full-length C-terminal domain to maintain a functional ADP-Glc PPase was suggested by

comparison with the related enzyme GlmU, in which the C-terminus has a structural role

in preserving the quaternary organization of the homotrimeric enzyme (163). This idea

was ruled out after the potato tuber small subunit ADP-Glc PPase crystal structure was

reported (1 70). Surprisingly, the C-terminus in the ADP-Glc PPase adopts the same fold

as in GlmU, a B-helix, but it has a shorter length (Fig. 1.2). In addition, the

oligomerization arrangement of the solved tetrameric ADP-Glc PPase structure was

reported to be unique and unprecedented (Fig. 5.1) (1 70). If the enzyme is viewed as a

dimer of dimers with each monomer labeled as A, A', B, and B', A and B make extensive

stacking contacts in an end-to-end fashion between their B-helical C-terminus, but not

along this structure as observed in the GlmU (163). Also, the big loop connecting the N-

and the C-terminus from A and B makes a big interface.

When the two domains were expressed as independent polypeptides, as reported

here in Chapter 2, the ADP-Glc PPase structure would be viewed as having a gap or nick

of five amino acids in the loop linking the two domains. Even though the primary

structure was interrupted, the enzyme was still fully active and the molecular mass ofthe

native enzyme determined by size exclusion chromatography was similar to that of the

wild type enzyme, indicating that the oligomeric arrangement had not been altered.
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Figure 5.1. Three-dimensional structure of the potato tuber ADP-Glc PPase.

Crystal structure of the tetrameric small subunit ADP-Glc PPase from potato

tuber (residues 10-451) (1 70). Monomers A, A’, B and B’ are colored in blue,

magenta, yellow and green, respectively. Amino acids 10- 40 in monomers A and

A’ are colored in black.
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Instead, the activity and stability of the enzyme was highly compromised with truncations

from the C-terminal end, which possibly affected the interface between this and the

N-terminal pyrophosphorylase domain. Therefore, inter-subunit interactions other than

the end-to-end contacts between B-helices from neighboring monomers and those

between their loops connecting both domains contribute to oligomerization. Moreover,

the close contacts between the C- and N-terminus are important for enzyme activity,

possibly due to the immediacy to the ATP site in the pyrophosphorylase N-terminal

domain (170).

In ADPGlc PPases, the C-terminus has been also implicated in allosteric

regulation. Several key residues with activator binding roles have been identified in this

domain in the enzymes from spinach leaves (Lys440 in the small subunit) (179), potato

tuber (Lys404 and Lys“‘) (157), and from Anabaena (Lys382 and Lys‘m) (181, 182). Later

studies with chimeric enzymes between A. tumefaciens and E. coli established that the

interaction between this domain and the N-terminus is critical to determine affinity and

specificity for the activators (168). Therefore, it is possible that the activator site in these

enzymes is arranged three-dimensionally by residues belonging to both domains. These

bacterial enzymes had been subject of several chemical modification and site directed

mutagenesis studies which identified residues involved in activator binding that were

located in the N-terminus (Lys39 in E. coli and Arg32, Arg33 and Arg45 in A. tumefaciens).

Therefore, it is possible that residues from the C-terminus are positioned in close

proximity to those identified in the N-tenninus in order to shape the architecture of the
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activator site. Amino acids playing a similar role located in this domain have not been

proposed in any plant enzyme. But the sequences of several ADP-Glc PPases show that a

Lys or an Arg is in a position homologous to the E. coli enzyme's Lys39, such as Lys40 in

potato tuber small subunit. It would be interesting to investigate whether these residues

are also involved in activator binding. Thus, the combination of the N- and C-terminus to

shape the activator site would be a common structural feature applying to other members

of the ADP-Glc PPase family and the specificity for the different allosteric activators in

each organism could be determined by specific N- and C-terminal amino acid side chains

present in that site. The structural components of the activator site in ADP-Glc PPases

from different organisms could have evolved together with the type of metabolic

pathways of carbon assimilation operating in the cell.

The allosteric properties of ADP-Glc PPases are not only established by local

structural determinants, such as the amino acids in the putative activator binding site.

Studies on the enzymes from potato tuber (186) and E. coli (187, 188) and a detailed

analysis performed on this bacterial enzyme which is reported in Chapter 3 of this thesis,

have implicated the N-terminal tail (~1-17 amino acids) in allosteric regulation. The

enzyme became fully activated and insensitive to allosteric inhibition when those

residues were removed. However, their direct role in inhibitor binding was ruled out, as

discussed in Chapter 3. Instead, this short stretch of amino acids seem to influence the

conformations adopted by the enzyme, which range from more activated to less activated

forms, as the binding of activators and inhibitors may do.
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The potato tuber ADP-Glc PPase small subunit Cys”, located in this short region,

forms an inter-subunit disulfide bond whose reduction is required so to respond to the

allosteric activators (154, 189). Figure 5.1. depicts the way in which the monomers are

arranged in the quaternary structure allowing the disulfide bond between monomers A

and A' to be formed in the center of the tetramer (1 70). The Cys is not conserved among

the family of the ADP-Glc PPases and the mechanism of reductive activation has been

described only in the potato tuber and Arabidopsis leaves enzymes.

Even though the N-terminal tails of the ADP-Glc PPases have been predicted as

loops, the amino acid sequence in this region is not conserved. All together, the presented

evidence points out that in this stretch of residues it is the structure rather than specific

amino acids that determines its “allosteric switch” role in regulation. The mechanism is

still unclear and direct evidence on the orientation or positioning of this region is yet

unavailable since the electron density map in the potato tuber enzyme was disordered

(I 70). However, in the three-dimensional model of the E. coli ADP-Glc PPase monomer

which comprises residues 12-431 (Fig. 5.2), the N-terminal tail (amino acids 12-19) and

the following secondary structures (residues 20-40) span along the monomer, from one

side to the other. This stretch of amino acids includes the Gly-rich loop, which is in close

proximity to the adenine ring of the modeled ADP-Glc molecule, and that was proposed

as part of the ATP binding site (170). Lys”, located at the opposite end respect to the N-

terminal tail, is structurally close to the C-terminus and the putative activator binding site.

A direct relationship between the N-terminal tail, the ATP binding pocket and the

putative activator binding site in the interface between the C- and the N-terminal PPase
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Figure 5.2. Three-dimensional model of E. coli ADP-Glc PPase monomer.

(A) Front and (B) top view of the monomer (residues 12-431) complexed with

ADP-Glc in blue. N- and C-terminus are two distinctive domains making

intimate contacts among each other. Amino acids 10—40 are in black. Lys39 side

chain is shown (carbon atoms in white and nitrogen in blue).
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domain is observed. Thus, it is possible that the effect on the flexibility of the N-terminal

tail propagate through the continuous secondary structures affecting the active site

similarly to the effect produced by the activator binding at the other end of this secondary

structures stretch. Also, in view of the positioning of the N-terminal tails in the tetramer

(Fig. 5.1) it is likely that they interact with each other, such as in the oxidized state of the

potato tuber ADP-Glc PPase, to lock the enzyme in a less flexible structure. These types

of interactions may prevent the conformational changes that drive the equilibrium

towards a more activated state of the enzyme. Contrarily, an increase in flexibility of the

tails by reduction of the disulfide bond may allow the enzyme to undergo conformational

changes to a more active state upon the binding of the activators. Complete removal of

15-residues in this N-terminal tail might also promote the conformational changes

shifiing the equilibrium to a more active state that cannot be reversed by the allosteric

inhibitors (Chapter 3).

The only available crystallographic structure ADP-Glc PPase reported to date. was

attained in its allostericaly inhibited form. It would be beneficial for the elucidation of the

allosteric regulation mechanism to obtain crystalline structures of the enzyme in other

states of activation. For this purpose, crystallization of the wild type enzymes from the

different sources and in the presence of the various and specific allosteric activators

would be the goal. Instead, the allosteric mutants already characterized, such as the NA15

variant reported in Chapter 3, would result in a valuable alternative.
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5.2. Structural basis of substrate binding

In order to answer questions regarding the three-dimensional organization of the

E. coli ADP-Glc PPase, and because all previous X-ray crystallography attempts had

been unsuccessful with this particular enzyme, a three-dimensional model was predicted

using sequence homology-based computational methods and presented in Chapter 4 of

this thesis. The template employed was the small subunit from the potato tuber ADP-Glc

PPase because, despite having only about 33% sequence identity, these enzymes have

been suggested to adopt a common three-dimensional fold (8).

Three forms of the potato tuber small subunit crystal structure have been reported:

the apo form of the enzyme, the one complexed with ATP, and the one complexed with

ADP-Glc (PDB codes 1YP2, 1YP3 and 1YP4, respectively) (1 70). In that work, only

two out of four monomers of the ATP-bound form, A and A’, bind the substrate,

observation that is in agreement with previous substrate binding studies showing that

ATP is the first substrate to bind displaying only half occupancy in the absence of the

second substrate, GlclP (159). Instead, monomers A, A’ and B are binding ADP-Glc in

the 1YP4 structure. Also, some regions in the protein, mainly loops, show great mobility

when the structures from the three forms are compared, suggesting conformational

changes upon substrate binding. To illustrate this, homology models of the apo and ATP

bound E. coli enzyme were also created here, using the methodology described in

Chapter 4 for the modeling of the ADP-Glc bound structure, and using the respective

potato tuber small subunit crystal structures as templates, 1YP2 and 1YP3. Figure 5.3
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Figure 5.3 Overlap of the three E. coli ADP-Glc PPase models: non-ligand-,

ATP- and ADP-Glc-bound forms. Apo form of the enzyme is in red, ATP-

bound form in orange and ADP-Glc-bound form in yellow. The insets show a

170 212
-Ser ,close to theclose up of the (A) region comprising residues Val

glucose-moiety of the ADP-G1c., (B) loops in the adenine vicinity undergoing

conformational changes upon ATP (blue molecule) or ADP-Glc (cyan) binding,

G1y27-Thr31 and Gln'OS-Glyl '6.
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depicts an overlap of the three models and the changes undergone by these loops are

evidenced.

The overall structure of the N-terminal PPase domain in ADP-Glc PPase contains

a Rossmann-type fold, and presents a core of a mixed seven-stranded B-sheet surrounded

by six til-helices (see Fig. 4.1.A. and C.). The active center lies in a deep pocket and is

lined by a number of polar residues that are conserved in related nucleotidyltransferases,

some of which have been implicated in either catalysis or substrate binding and affinity.

The active site pocket is delimited by two lobes. The first lobe encompasses strands [31-

134 (Leun-Tyrms, E. coli ADP-Glc PPase numbering) which interacts primarily with the

adenine ring of ADP-Glc, whereas the second lobe includes strands [35- B7 (Lys'46-

Gly278) shaping a cavity that interacts mainly with the Glc portion of ADP-Glc.

The adenine ring, in both the ATP- and the ADP-Glc- bound forms, makes

extensive interactions with two loops: the Gly-rich loop, encompassing G27GXGXRL33,

and a loop formed by amino acids Gln'05-G1yl '6, numbered according to the E. coli

enzyme (Fig. 5.3.B). The main chain 0 carbonyl of Glyz8 and of ArgI '5 make hydrogen

bonds with N7 and N6 of the adenine ring, respectively, and the side chains of Leu25 and

Ile72 make extensive hydrophobic interactions. Also, the pentose ring 02 and O3 bind to

Lys43 e-NH and to AspI42 ODl, respectively. There is biochemical evidence suggesting a

role for Tyrl ‘4 in ATP-binding (1 73), and mutations in Trpl '3 also implied the positioning

of this residue close to the ATP site (unpublished). Comparison of the three models show

that these residues all present different orientations whether an adenine ring is bound or
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Figure 5.4. Conformational changes in ADP-Glc PPase active site upon

ligand binding. (A) Apo form of the enzyme, before ligand binding. (B) Binding

of ATP promotes the side chain orientation change of several amino acids in the

active site: Arg”, Arg32, Glul l l, Asnl 12, Trpl '3, Tyrl 14, Aspm, Glu'94, Lys'gs,

239, and Asp276, are shown here. The B-phosphate of the modeled ATP -inAsp

blue- (modeled according to the potato tuber ADP-Glc PPase crystal structure)

partially occupies the Glc-binding site. The molecule ofdeP from the leA

crystal structure (was docked in the model to illustrate the possible positioning of

the [3- and y- phosphates, interacting with Arg32. (C) Binding of ADP-Glc causes

similar changes in the orientation of the side chain as observed with ATP, except

for residues close to the Glc-portion of the ligand that come closer to it and

interact. The most important changes are experimented by Glu194 and Lyslgs.
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not. The ATP- and in the ADP-Glc-bound forms show similar changes with respect to the

apo form of the enzyme in the vicinity of the adenine ring (Fig. 5.4)

The binding of GlclP in ADP-Glc PPase occurs only when ATP has at least

occupied two active sites in the native enzyme (159). Thus, the binding of the ATP might

promote conformational changes that favor the binding of the second substrate.

Comparison of the three structures (Fig. 5.3.A) depicts the large motion in the

2'2, close to the glucose-carbohydrate-interaction lobe, encompassing residues Valm-Ser

moiety of the ADP-Glc. Specifically important in this region are residues Lys'gs, whose

role in GlclP has been reported (174), and Glum, which has been studied in this work

and presented in Chapter 4. These two residues are both part of a conserved motif in

many NDP-sugar PPases, but only information on the role of LysI95 in the E. coli ADP-

Glc PPase (and its homologous LysI98 in the potato tuber small subunit) was available to

date. Mutations in these residues decreased their apparent affinity for GlclP ~900- and

~300-fold, respectively, suggesting their critical role in binding of this substrate. Overlay

of the structures shows them as involved in the biggest motion in the molecule upon

substrate binding (Fig. 5.3, 5.4 and 5.5). These residues are shifted out of the binding

pocket in the non-ligand-bound form of the enzyme, while they are pulled more inward in

the ATP-bound form and they are pulled in significantly in the ADP-Glc-bound form,

allowing direct interaction with the substrate.

The positioning of Lys195 and GluI94 is critical for determining the affinity for the

GlclP. The structure of the potato tuber ADP-Glc PPase small subunit complexed with
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14

Glu9

 

194

Figure 5.5. Conformational changes experienced by Glu and Lys195 upon

ligand binding. The structures of the modeled E. coli ADP-Glc PPase’s apo

(red), ATP-bound (orange), and ADP—Glc-bound forms were overlaid to illustrate

the differences in the three-dimensional positioning respect to the Glc 1P pocket

of Glu194 and Lys195 . ATP (blue) and ADP-Glc (cyan) were the ligands modeled.
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ADP-Glc shows that, of the three monomers binding ADP-Glc (A, A’ and B), the ligand

molecule of B is the only one with the glucose moiety oriented and accommodated to a

correct distance to properly interact with LysI95 and Glu'94. In all other subunits, these

two residues are too far out of the binding pocket to make a direct interaction with the

substrate, which might have caused the higher mobility of the glucose portion of the

ligand and its resulting disordered electron density map. Other residues might be

involved in guaranteeing the correct positioning of Lys195 and Glum. For instance,

mutations of Ser212 , reported in Chapter 4, suggested an important role in GlclP binding

and affinity. The homology model with ADP-Glc proposes, on one hand, direct

interactions between the backbone and side chain of this amino acid and the glucose

moiety (Fig. 4.3). But more importantly, Serz'2 is proposed to be involved in a complex

network of hydrogen bonds with neighboring secondary structures (Fig. 4.6), which are

those containing Lys'95 and Glum, and experiencing the big conformational changes

upon ligand binding.

The orientation of the side chain of Asp239 is also changed upon binding ofATP

or ADP-Glc. Results presented in Chapter 4 suggest that this residue is important in

GlclP binding and it is also important for enzymatic activity and thermal stability. The

modeled structures suggest that the binding ofATP and ADP-Glc promotes the re-

239 114

orientation of Asp and Tyr side chains allowing formation of a hydrogen bond. This

interaction may be involved in coupling the conformational changes occurring in the

ATP-site to those in the GlclP site and determining the stability of the enzyme.
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The detailed mechanism underlying the conformational changes that couple

substrate binding, which are the basis for the cooperative effects observed between

substrates, still remains unclear. However, the evidence presented in Chapter 4 of this

thesis made it possible to propose biochemical roles for key residues present in the GlclP

site of the E. coli ADP-Glc PPase and highly conserved among other PPases.

5.3. Structural basis of the catalytic mechanism

Close observation of the active site and the residues likely involved in the

catalytic mechanism of reaction have been already presented and discussed for other

NDP-sugar PPases, such as the GlmU (163), leA (164), CDP-Glc PPase (165) and

ADP-Glc PPase from potato tuber (1 70). The similarity in the kinetic mechanism and

chemical reaction catalyzed, together with the structural conservation of the amino acids

involved, allow to propose a general catalytic mechanism which applies also to the E. coli

ADP-PPase.

The chemical reaction catalyzed by these enzymes has been proposed to be of the

SN2 type and proceeds by a sequential ordered mechanism (Fig. 1.2 and 5.6). In the

ADP-Glc synthesis direction of the reaction, ATP binds to the enzyme, followed by

GlclP, which acts as a nucleophile attacking the 111-phosphate of ATP. The B- and y-

phosphates ofATP are displaced and released as inorganic pyrophosphate. As required

for SN2 type of reactions (230), the leaving group (PP,) and the attacking nuclephile (OlP

of GlclP) reside in opposite sides of the central atom in the active site of the enzyme (Fig
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5.4). The amino acids in the Gly-rich loop, in particular Arg”, would interact with the B-

and y-phosphates of ATP, neutralizing the negative charges and guaranteeing the proper

orientation of the PP, moiety by folding them back over the nucleotide to leave the

opposite space free for GlclP binding (Fig. 5.4.B).

The ATP molecule modeled from the ATP-bound form of the potato tuber

ADP-Glc PPase small subunit (Fig. 5.4.B), shows its B-phosphate partially occupying the

Glc-binding site and represents a conformation incompetent for catalysis (1 70). In that

structure, a sulfate ion was found occupying the position of the y-phosphate ofdTTP and

CTP in the dTTP- and CTP-bound forms ofleA (164) and CDP-Glc PPase (165),

respectively. Here, the molecule of dTTP was modeled and overlaid to that ofATP to

illustrate the position that the B- and y-phosphates ofATP most likely adopt when

binding to the enzyme (Fig. 5.4.B).

Therefore, the flexibility of the Gly—rich loop is possibly important in allowing

binding of the ATP and departure of PP; as well as in enzyme activity. In addition, the

particularity of the loop becomes mostly important due to the linear relationship between

this region and the allosteric regulation sites, such as the N-terminal tail at one end and

the putative allosteric activator site (close to the C-terminus) at the other end. This may

be one of the ways to explain how allosteric modulators communicate with the active site

to affect catalytic activity, hence, contributing to the understanding of the structural basis

of the allosteric regulation.
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The correct orientation of the attacking nucleophile, the OlP of GlclP is

guaranteed by interaction of Lys195 , which undergoes a marked conformational change

observed by comparison of the apo- and ADP-Glc bound forms of the enzyme (Fig. 5.3,

5 .4 and 5.5). The electrostatic repulsions between the phosphates of ATP and GlclP are

counterbalanced by a number of basic residues located in the active site, such as Arg”,

Lys195 and Lys42 and the backbone amido groups of the Gly-rich loop. The proposed roles

of Arg'8 and Lys25 in GlmU, homologous to the E. coli ADP-Glc PPase Arg32 and Lys”,

have been reported (163), and introduction of an Arg and Lys in the homologous

positions in the regulatory large subunit of the potato tuber ADP-Glc PPase converted

this non-catalytic subunit into a catalytic one, demonstrating their key role in the reaction

(127).

A divalent cation, preferably Mg“, is required in this reaction, which could

further neutralize the negative charges. The reported structures suggest that the metal

would be coordinated by a bidentate interaction utilizing a nonbridging oxygen from the

01- and B-phosphates of ATP and the side chain oxygen atoms of two conserved residues:

Asp142 and Asp276 in E. coli ADP-Glc PPase. The role of AspI42 has been studied and

mutations on this amino acid reduced the catalytic activity of the enzyme by four orders

276

of magnitude (167). The important role of Asp , suggested from observation of the

reported structures, has been analyzed and presented in Chapter 4 of this thesis. Asp276 is

within the set of conserved residues also interacting with the glucosyl moiety of ADP-Glc

and has been thoroughly investigated here. Results indicate that not only it may be

involved in binding and affinity for GlclP but it may also play a broader role in the
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active site, since mutations to other amino acids also affected the apparent affinities for

ATP and Mg”, as well as reducing the km by three orders of magnitude.

5.4. Final remarks and future direction

In summary, the work reported in this thesis provides solid evidence contributing

to our better understanding of the biochemistry of the ADP-Glc PPase that is fundamental

in the bacterial and plant reserve polysaccharide metabolism. A detailed analysis of the

relationship between structure, filnction and regulation of the enzyme has been presented

integrating information regarding the structural organization at the three-dimensional

level and functionality of important regions in the protein, ranging from domains to

individual residues.

Several questions regarding the biochemistry ofADP-Glc PPases still remain

unanswered and they set the direction of future research in this field. For instance, still

intriguing are the molecular determinants of ATP and Mg2+ binding and specificity and

the conformational changes underwent upon substrate binding which are the basis of

cooperative effects between substrates. Current efforts are directed to investigate them

using molecular biology and protein chemistry approaches. In addition, the crystal

structure of the first homotetrameric bacterial ADP-Glc PPase, the one from

Agrobacterium tumefaciens, has been recently reported (231 ) however the coordinates

have not yet been deposited in the Protein Data Bank. The information provided by this

structure would be very valuable to understand the tetrameric organization of the

homotetrameric enzyme and the structural basis of the cooperative effects between
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subunits. It would also contribute greatly to the understanding of the evolution of the

ADP-Glc PPases and other NDP-sugar PPases.

Another interesting goal is the application of the information obtained in the field

thus far for biotechnological purposes such as the increase of starch content in crops.

Manipulation of the ADP-Glc PPases in plants has proved to be an efficient way of

affecting the rate of storage polysaccharide accumulation. Following this line of research,

current efforts are focused on the characterization of the GlclP site of the potato tuber

enzyme, based on the results obtained with the E. coli enzyme, and presented here in

Chapter 4. In addition, the study of transgenic plants bearing allosteric mutant ADP-Glc

PPases, as reported before(60), would be an interesting line of research to follow. The E.

coli N-terminal truncated allosteric mutants presented in Chapter 3 provide an excellent

alternative for this type of approach. In this case, a compromise between modified

allosteric properties and heat stability would have to be achieved and interesting to be

analyzed, among several other biochemical questions.

Therefore, while problems such as the mechanisms governing activity regulation

and its evolution are still puzzling, the work on the E. coli ADP-Glc PPase presented in

this thesis has paved the way for future advances in the matter and will greatly benefit not

only the research on the family of the ADP-Glc PPases but of that of other NDP-sugar

PPases as well.
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