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Abstract 

        UDP-glucose pyrophosphorylase (UGPase) is a key component of carbohydrate 

production in plants, especially with respect to sucrose synthesis/ metabolism, by 

producing UDP-glucose, a key precursor to sucrose and to many polysaccharides in 

cell walls. UDP-glucose is also utilized in the synthesis of carbohydrate moiety of 

glycolipids, glycoproteins and a variety of secondary metabolites, among other 

functions. The UGPase enzyme may have a rate-limiting function in sugar 

biosynthesis, and its activity is now known to increase upon variety of abiotic 

stresses, with possible effects on an overall carbohydrate budget in stressed plants. 

The enzyme has been proposed to be regulated by (de)oligomerization and it has 

been estabished that only monomeric form of the enzyme is active. Based on mutant 

studies, the deoligomerization step (formation of monomers) was found as rate-

limiting. A structural model of barley UGPase was recently suggested, based on 

homology to a human Antigen-X (AGX) protein that has a 40% protein sequence 

similarity to eukaryotic UGPase. The 3D model shows a bowl-shaped protein with 

three different domains: (a) N-terminal, (b) central part which includes the nucleotide 

binding loop (NB-loop) at the active centre and (c) C-terminal which includes an 

insertion loop (I-loop) that is possibly involved in dimer formation and stabilization. In 

this study, the model was used as a testable blueprint to verify details of the barley 

enzyme catalysis and substrate binding, as well as oligomerization process.  In order 

to test the model, site-directed mutagenesis approaches and heterologous (E. coli) 

expression system were used to produce several UGPase mutants: Del-NB, lacking 

4 amino acids (aa) at the NB region; Del-I-4 and Del-I-8, lacking respectively 4 and 8 

aa of the I-loop; and Y192A, by replacing an active-site tyrosine into alanine. The 

Y192A mutant had about half the apparent activity of the wild-type (wt), whereas Del-

I-8 and Del-I-4 had only 0.5 and 0.2 % activity, respectively, of the wt, and Del-NB 

showed no activity at all. Based on native-PAGE, both Y192A and Del-NB mutants 

had similar oligomerization status as the wt, i.e. existing as monomer only or a 

mixture of monomer, dimer and higher order oligomers, depending on incubation 

conditions. Both Del-I-8 and Del-I-4 were present in all conditions as higher order 

oligomers. Whereas Y192A mutant had similar Kms with both substrates as the wt 

protein, significant difference between the Del-I-4 and Del-I-8 mutants and wt could 

be detected. Both mutants had approximately 16-fold higher Kms for UDP-glucose, 
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and the Kms with PPi were 735- and 1500-fold higher for Del-I-4 and Del-I-8, 

respectively, when compared to wt. 

       The conclusion of those results: (A) Tyr-192 is not essential for activity and is not 

involved in substrate binding and/ or oligomerization of the enzyme. (B) The NB-loop 

is essential for catalysis, as evidenced by a complete lack of activity of the Del-NB 

mutant, and is not involved in oligomerization. On the other hand, (C) the region 

corresponding to central part of I-loop is located in the model far from active center, 

but deletion in this region does affect very strongly both catalysis and substrate 

binding parameters. This can be explained by the involvement of I-loop in formation 

of dimers (inactive) from monomers (active), as earlier proposed. Apparently, the Del-

I-4 and Del-I-8 mutations lead to an enzyme form with a very high oligomerization 

ability. This affects both Kms and Vmaxs of the Del-I mutants. Taken together the 

results verify the essentiality of NB-loop for catalysis support the involvement of I-

loop region in oligomerization and, overall, the importance of oligomerization status 

for enzymatic performance of UGPase.  
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1.0 Introduction 

 

1.1 Metabolic role of UDP-glucose pyrophosporylase  

 

        Photosynthesis is the essential process in plants and some bacteria. With the 

help of the sunlight energy, plants are able to produce carbohydrates from fixed CO2 

material and to use them for growth and development processes. Carbohydrates can 

be used as energy or as precursors to almost any compound like for example amino 

acids, fatty acids and nucleotides. One of the important uses of carbohydrates is to 

form structural compounds for the cell wall. In leaves, a significant part of the fixed 

carbon will be temporary stored as starch in the chloroplast, another part used for 

maintenance of metabolism and respiration, and yet another part will be exported in 

the form of sucrose to the non-photosynthetic tissues. Sucrose is a nonreducing 

disacharide and one of the most important forms to transport carbon to tissues of 

need. Sucrose consists of two monosaccharides, - D- glucose and - D- fructose, 

which are linked with a 1, 2- O- glycosidic bond, e.g. the aldehyde group of the 

glucose is reduced to an alcohol-group and combined with a hydroxyl- group from the 

fructose molecule. Glucose and fructose by themselves can be reduced, because 

they contain exposed aldehyde and ketone groups. Another role of carbohydrates is 

the function as hormone-like primary messengers in signal transduction (Loomis et 

al., 1997; Rolland et al., 2006). Nucleotide sugars are monosaccharides that have a 

nucleotide bound to the carbohydrate chain through an energy rich linkage that can 

be used to form bonds to other sugars or proteins. The two major nucleotide sugars 

are ADP-glucose (ADP-glu) and UDP-glucose (UDP-glu). ADP-glu is formed by ADP-

glu pyrophosphorylase (AGPase) and is a precursor for starch formation. In all 

eukaryotes UDP-glu is essential in the synthesis of carbohydrate moiety of glyclipids, 

glycoproteins and a variety of secondary metabolites like sucrose, cellulose, callose 

and indirectly, to hemicellulose, pectins and other nucleotide sugars (Flores-Diaz et 

al., 1997; Bishop et al., 2002) UDP-glu can be produced by UDP-glu 

pyrophosphorylase (UGPase) using glucose-1-phosphate (glu-1-P) and UTP. This 

reaction is basically taking place in source tissues. In sink tissues, the enzyme 

sucrose synthase (SuSy) can form UDP-glu by cleaving sucrose, which is then 

utilized by UGPase to form glu-1-P. In the following part I would like to describe more 

detailed the metabolic role of UGPase in the leaf cell. 
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       In photosynthetic (source) tissues triose phosphate (triose-P) arises from the 

Calvin cycle and is converted through several enzymatic steps to glu-1-P. In 

chloroplasts glu-1-P and ATP are converted via AGPase to ADP-glu and 

pyrophosphate (PPi). Later on PPi will be hydrolysed to orthophosphate (Pi), and 

glucose from ADP-glu will be transferred to the nonreducing end of the terminal 

glucose of a growing starch chain.  

 

  

 

Figure 1. Starch/surcose biosynthesis in the leaf cell. Overview of the starch/sucrose 

biosynthesis in the source tissues.  

 

This building of starch takes place in the chloroplasts, whereas the synthesis of 

sucrose is located in the cytosol. Triose-P and Pi are the main regulatory factors in 

the sucrose/starch biosynthesis. The amount of triose-P and Pi in the chloroplast is 

controlled by the phosphate translocator (Pi-translocator). The Pi-translocator carries 

out the flow of Pi and triose-P in the opposite directions between chloroplast and 

cytosol (Fig.1). A low stromal Pi concentration (caused by formation of ATP from 

ADP and Pi during “light reactions” of photosynthesis) promotes import of Pi from 
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cytosol in exchange for newly formed triose-P. Low [Pi] promotes also starch 

synthesis during light conditions (Pi is a powerful inhibitor of AGPase activity 

Kleczkowski, 1999). In the dark, when stromal Pi content increases and there is no 

provision of newly fixed carbon as triose-P, starch synthesis is inhibited and, instead, 

degradation of starch occurs. (Ciereszko et al., 2005) 

 

 

 

 

 

Figure 2. Metabolic role of UGPase in plants. In source (photoactive) tissues the sucrose 

synthesis is managed by the enzymes UGPase, SPS and SPP. In sink (non-photoactive) tissues 

UGPase works together with sucrose synthase (SuSy) and/or invertase to produce glu-1-P. UDP-glu 

produced by UGPase and/or SuSy is also involved in cell wall biosynthesis and building of glycolipids 

and glycoproteins. (Kleczkowski et al 2004). 

 

 

       Triose-P exported from chloroplast in exchange for Pi is mostly utilized for 

sucrose synthesis. In the process, glu-1-P is formed via a similar pathway as in 

chloroplasts. Then glu-1-P will be converted via UGPase to UDP-glu (Fig. 2) UGPase 

carries out a similar reaction to AGPase, but uses UTP instead of ATP. In the final 

steps of sucrose synthesis, the enzyme sucrose phosphate synthase (SPS) 

catalyses the reversible reaction of UDP-glu with fructose-6-P to form sucrose-6-P. 

Then, via sucrose phosphate phosphatase (SPP) the phosphate group from sucrose-
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6-P is cleaved to yield sucrose. This reaction step is irreversible. Most of the newly 

synthesized sucrose is transported to sink tissues, where it can be metabolized in the 

cytosol and/or stored in the vacuoles. In sink tissues, UGPase is a mostly involved in 

glu-1-P synthesis via “coupling” to SuSy activity and in cycling between sucrose and 

hexose pools (Fig. 2) (Kleczkowski, 1994; Ciereszko et al., 2001 a, b, 2005 

Kleczkowski et al., 2004). UGPase is mainly localized in the cytosol: in barley high 

UGPase activities were found also in a membrane fraction. In other plants, for 

instance rice and tobacco (Nicotiana tabacum), the activity of UGPase was found in 

cytosol, but also in Golgi and microsomes (Kleczkowski et al., 2004).  

 

 

1.2 3D structure of UGPase 

 

  

Figure 3. UGPase and related proteins. 

 

 

 

 

 

 

 

 

 

 

The enzyme UGPase has been 

characterized from many prokaryotic and 

eukaryotic organisms, for example from 

the model-organism Arabidopsis 

thaliana, barley (Hordeum vulgare) 

potato tuber, poplar (Populus spp.), rice 

(Oryza sativa), yeast (Saccharomyces 

cerevisiae), human (e.g. mammalian 

liver) and slime mold Dictyostelium 

discoideum. In barley, there is probably 

just one gene for UGPase (Eimert et al., 

1996), but in Arabidopsis, rice and poplar 

two homologous UGPase transcripts 

corresponding to the distinct genes were 

found. At the amino acid (aa) level, there 

is more than 80% identity among plant 

UGPases (Kleczkowski et al., 2004; 

Geisler et al., 2004), and approximately 

55% identity with proteins from slime 

mold, mammalian liver and yeast.   

Cladogram of UGPase and related proteins. 

Animal and plant UGPase form separate clades, 

related to plant and animal AGXs and to a lesser 

degree to SPS. Eukaryotic and prokaryotic 

UGPase share a little homology, but the latter 

have a significant homology with the Arabidopsis 

SuSy family. UGPase-1 from C. elegans and 

slime mold fall within the animal UGPase clade, 

whereas UGPase-2 is the second divergent 

UGPase in both organisms (Kleczkowski et al., 

2004). 
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Significantly, plant UGPases have no relation to AGPase but have 13 to 15% identity 

with UDP-N-acetylglucosamine (UNAGA) pyrophosphorylases (AGXs) from plants 

and animals, and show with them more than 40% similarity for functional aa 

substitutions (Fig. 3). 

       Human AGX protein has been the first eukaryotic pyrophosphorylase that had its 

crystal structure successfully resolved. The crystallization was only possible for a 

dimeric form of AGX in the presence of its substrate. Based on the aa sequence 

conservation and a similar kinetic mechanisms, the structural relation between AGX 

and UGPase proteins was first suggested by Peneff et al. (2001). Later on, using the 

aa sequence of barley UGPase and the crystal structure of AGX as a template, a 3 D 

structure of barley UGPase was homology-derived (Geisler et al., 2004). In this 

model the monomer of UGPase, a bowl-shaped protein, could be divided into three 

large structural domains: (a) N-terminal domain, (b) central part which includes the 

nucleotide binding loop (also known as the NB-loop) at the active centre and (c) C-

terminal domain which includes an insertion loop (also known as the I-loop) that is 

possibly involved in dimer formation and stabilization. The N-terminal domain is 

tightly packed and beside the N-terminal part of the protein includes a loop 

corresponding to aa # 335-356. The central domain is built of a dominant 9-stranded 

-sheet which is surrounded by helices and loops. These structural constrains form/ 

surround the active center which is in a form of cavity, with the NB-loop at the 

entrance. The aa in a active pocket and NB-loop are the most conservative in all 

UGPases. The active pocket contains several aa that are important for substrate 

binding and catalysis of the enzyme (Kleczkowski et al., 2004; Geisler et al., 2004) 

The central domain is linked to the C-terminal domain through a single helix. The C-

terminal domain is built from five -sheets connected by loops, with the longest loop 

is the I-loop (Fig. 4A) (Geisler et al., 2004). 

       Recently the crystal structure of UGPase from Arabidopsis was determined 

(1Z90, Protein Data Bank). Since UGPases from Arabidopsis and barley share 92% 

similarity and 82% identity at the aa sequence (Geisler et al., 2004), it was possible 

to derive barley UGPase structure from that of the crystallized Arabidopsis protein 

(Fig. 4C). Based on that, the central domain of barley UGPase has the same 9-

stranded -sheet motif, as in the previous homology model based on AGX. However, 

the C-terminal domain shows a different folding when compared to the barley 

UGPase model based on AGX. The C-terminal domain consists of 6 antiparallel -
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sheets, instead of five -sheets connected by loops in the AGX-based model. The aa 

forming the I-loop in AGX-based model are integrated into the compact antiparallel -

sheet motif in the UDPase-based model. 

 

  

 

Figure 4. Predicted 3 D structure of barley UGPase. (A) Ribbon model of UGPase 

monomer based on crystal structure of AGX. The N-terminal domain is shown in blue, the central 

domain is in green, with the nucleotide binding NB-loop in yellow, and the C-terminal domain is in red 

with the insertion I-loop in dark green. (B) The dimer of UGPase (red and blue refer to respective 

monomers). The NB- and I-loops are indicated in yellow and dark green, respectively with substrates 

shown as pink spheres (Geisler et al., 2004). (C) Ribbon model of barley UGPase based on the crystal 

structure of Arabidopsis UGPase, with the so called “NB-loop” (yellow) at the central domain and the 

so called “I-loop” (green) at the C-terminal domain. Ribbon illustrations were made using DeepView 

and Pov-Ray.   
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1.3 Oligomerization of UGPase as regulatory mechanism 

       There are many ways to regulate proteins. For instance, oligomerization may 

affect protein function/activity. Many enzymes have active monomeric and inactive 

oligomeric forms, which underlies the importance of interglobular interactions. 

Previous work on barley UGPase demonstrated that it is most active as monomer 

and that dimerization results in a very low activity (Martz et al., 2002). A monomer is 

also the only active form of human AGX, whereas a dimer was suggested to 

dissociate to monomers under assay conditions (Peneff et al., 2001). The process of 

dimerization modifies the structural environment of the active site, which seems to be 

open in the monomer and closed upon in the dimer formation. Besides, another 

pyrophosphorylase, AGPase, was reported to be also regulated by oligomerization 

(Hendriks et al., 2003).  

       Site directed mutagenesis studies helped to clarify the structure/ function of 

UGPase by identifying key aa important for catalysis and substrate binding. For 

example, Trp-191, Trp-302, and Lys-260 (based on barley UGPase aa sequence) 

were suggested to be involved in UDP-glu binding for potato and liver UGPase 

(Kazuta et al., 1991; Chang et al., 1996). For barley UGPase, a mutation in Cys-99 

was observed to be involved in PPi binding (Martz et al., 2002). Cys-99 is located in 

the so called “NB-loop” and may lie above the two phosphates of UDP-glucose. This 

could be an ideal position for binding and stabilization of the pyrophosphate bridge. 

Other aa substitutions although located far from the active centre, regulate activity of 

the enzyme by influencing the oligomerization. For instance, the LIV (aa # 117-119) 

to NIN mutation in barley UGPase resulted in strongly impaired ability of the enzyme 

to deoligomerize, and the mutant exhibited over 90% reduced activity (Martz et al., 

2002). The LIV motif lies close to the -sheet, which supports the I-loop. The 

replacement of L117 by N117 adds positive charge, which could influence the 

conformation of the I-loop and therefore the oligomerization status (Martz et al., 

2002). 

       To further verify details of the UGPase catalysis and substrate binding as well as 

oligomerization we have designed mutants which were placed in the NB-loop, I-loop 

and possibly affecting substrate binding site (Y192A) (Fig. 5).   
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MAAAAVAADSKIDGLRDAVAKLGEISENEKAGFISLVSRYLSGEAEQIEWSKIQTPTDEVVVPYDTLAP

PPEDLDAMKALLDKLVVLKLNGGLGTTMGCTGPKSVIEVRNGFTFLDLIVIQIESLNKKYGCSVPLLLMN 

                Del-NB 

SFNTHDDTQKIVEKYSNSNIEIHTFNQSQYPRIVTEDFLPLPSKGQTGKDGWYPPGHGDVFPSLNNSG 

          Y192A 

KLDTLLSQGKEYVFVANSDNLGAIVDIKILNHLIHNQNEYCMEVTPKTLADVKGGTLISYEGRVQLLEIA

QVPDEHVDEFKSIEKFKIFNTNNLWVNLKAIKRLVDAEALKMEIIPNPKEVDGVKVLQLETAAGAAIRFF

EKAIGINVPRSRFLPVKATSDLLLVQSDLYTLVDGYVIRNPARVKPSNPSIELGPEFKKVANFLARFKSIP

SIVELDSLKVSGDVSFGSGVVLKGNVTIAAKAGVKLEIPDGAVLENKDINGPEDI 

  Del-I-8 (red+ grey) 
 Del-I-4 (grey) 

 

 

Figure 5. Protein sequence of barley UGPase and details/positioning of 

mutations produced in the present work. The mutations included deletion of five aa from 

the NB-Loop (Del-NB, blue marked), Tyr change into Ala (Y192A, green marked) and deletion of four 

(Del-I-4, grey marked) and eight (Del-I-8, grey and red marked) aa from the I-Loop.  

 

 

1.4 Kinetic properties 

       The reversible reaction catalyzed by UGPase favours glu-1-P formation. 

Reported Kms of plant UGPase are usually similar for all substrates in both directions 

of the reaction, and most of the Kms reported for UGPases from variety of organisms 

vary around 0.05 - 0.4 mM (Kleczkowski et al., 1994). It was reported that mutations 

in certain conserved motifs of UGPase affect its activity either via effects on Vmax or 

Km, or both. For instance, a C99S mutation of barley UGPase (Martz et al., 2002) 

caused a 50% reduction in activity and led to a 12-fold higher Km for PPi, compared 

to the wild type (wt). This suggests that C-99 lies at or near the PPi-binding site, or at 

least near a site that affects PPi binding. Some mutations, e.g. LIV to NIN and KK to 

LL (Martz et al., 2002), besides effects on Kms and Vmaxs, also affect the solubility of 

UGPase. These mutants were partially insoluble, had a 92% and 59% reduced 

activity when compared to wt and displayed 50% lower Km values with both 

substrates. Thus, the mutations slightly improved the accessibility of substrates to 

their respective binding sites on the enzyme, but at the cost of lower activity. The NIN 

mutant produced very little monomers and had low Vmax, suggesting that 

depolymerization of UGPase has a critical impact upon catalysis of the enzyme.  

 



                                                                                                          
                                                                                              

 14

1.5 Aim of this master thesis 

       Barley UGPase is expressed in both photosynthetic and non-photosynthetic 

tissues. It is known to contain all amino acids, which were found to be crucial in 

UGPases of other plant and animals. Its activity is regulated by (de)oligomerization 

process, where the  monomer is by far the active form (Martz et al., 2002). However, 

the key aa residues which are involved in catalysis, as well as regulation of the 

oligomerization process, are unknown. The main goals of this work were:  (a) to 

design, express and purify several UGPase mutants that are likely (based on the 

crystal structure of the AGX protein) to be affected in activity, substrate binding and/ 

or oligomerization; (b) to assay for activity, to determine basic kinetic parameters of 

the mutated proteins and its oligomerization status; and (c) to verify the results with 

computer-predicted conformational changes in UGPase induced by the mutations. 
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2. Materials and Methods 

 

2.1 Materials 

 

2.1.1 Vector 

       The prokaryotic expression vector pET23d+ (Novagen), containing a C-terminal 

6 x His tag under the control of the T7 promotor, was used to clone the UGPase 

mutants.  

 

2.1.2 Bacteria 

       For DNA manipulation, Epicurian coli XL-1 Blue competent line was used to be 

transformed and.  

       For protein overexpression, Escherichia coli BL 21 competent line was used to 

be transformed and to produce the mutated protein of interest. 

 

2.1.3 Primer 

       Primers used are listed in Table 1.  

 

Table1. Primers used. Primers (Cybergene AB) for the mutants #1 till #6, were used for the 

site- directed mutagenesis. Primer (forward) for the mutant #6 was already present in the 

laboratory. The primers for the mutant #6 contain NcoI and Hind III restriction sites (which 

are grey marked).  

 

Mutant UGPase aa Change into aa/ 
Sort of mutation 

Location of mutant Primer forward Primer reverse 

# 1 Leu 426 to Ser 
433 

Deletion (long) I-Loop 5´-CCC CAG CAT 
CGA GCT TGA CAG 
CTT TGG CTC TGG 
AGT CGT ACT CAA 
GGG-3´ 

5´- CCC TTG AGT 
ACG ACT CCA GAG 
CCA AAG CTG TCA 
AGC TCG ACG ATC 
CTG GGG-3´ 

# 2 Val 428 to Asp 
431 

Deletion (short) I-Loop 5´- GCA TCG TCG 
AGC TTG ACA GCT 
TGA AGG TCT CGT 

TTG GCT CTG GAG 
TCG TAC- 3´ 

5´- GTA CGA CTC 
CAG AGC CAA ACG 
AGA CCT TCA AGC 

TGT CAA GCT CGA 
CGA TGC-3´ 

# 3 Tyr 192 Ala screen Near the substrate 5´- AGG ATG GCT 
GGG CAC CCC CAG 
GCC A- 3´ 

5´- TGG CCT GGG 
GGT GCC CAG CCA 
TCC T -3´ 

# 4 Thr 96 to Cys 99 

(TMGC) 

Deletion NB-loop 5´- GCT CAA CGG 

AGG CCT CGG CAC 
CAC CGG CCC CAA 
GTC TGT CAT TGA 
AG-3´ 

5´- CTT CAA TGA 

CAG ACT TGG GGC 
CGG TGG TGC CGA 
GGC CTC CGT TGA 
GC-3´ 

# 5 Lys 103 Ala screen Conserved 
pyrophosphorylase 
domain 

5´- AGG ATG GCT 
GGG CAC CCC CAG 
GCC A-3´ 

5´- TGG CCT GGG 
GGT GCC CAG CCA 
TCC T-3´ 
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# 6 110- 1327 C-term Cut C- terminus 5´- 
TGTACATGCCATGG
CCGCCGCCGCCGT

C- 3´ 

5´- 
ACCCAAGCTTCTTTT
TGAACTCAGGACCAA

G- 3´ 

 

 

2.1.4 Enzymes for mutagenesis 

NcoI      Fermentas 

HindIII       Fermentas 

T4-Ligase     Fermentas 

Pfu Polymerase    Stratagene 

DpnI      Stratagene 

 
 
2.1.5 Protein purification solutions 

PBS      Di-sodium hydrogen ortophosphate 11.5 g 

Sodium dihydrogen ortophosphate 2.96 g 

NaCl 5.84g 

pH 7.5 (1000ml) 

Dilute to 1000ml adjust pH with HCl 

Wash Solution    1 x PBS 

160 mM NaCl 

10 mM imidazole 

Elution Solution    1 x  PBS 

160 mM NaCl 

200 mM imidazole 

 

 

Chromatography column 

BD TALON TM Metal Affinity Resins BD Biosciences 

 

2.1.6 Protein solutions 

Gel Reservoir Buffer LOWER (1L)   Trizma Base       6.06 g 

Glycine       14.26 g 

Gel Reservoir Buffer UPPER (1L)  Trizma Base      6.06 g 

Glycine      14.26 g 

SDS, 10%      5 ml 
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Transfer Buffer (1L)     Glycine (192 mM)      14.4 g    

TrisBase (25 mM)      6.06 g 

 Methanol      200 ml   

SDS, 10%      3 ml  

10x TBS (1L)      Tris-HCl (1 M pH 7.5)  200 ml  

NaCl, 5 M          300 ml  

Wash Buffer (1L)     10x TBS          100 ml 

Tween 20, 10%       5 ml 

Block Buffer (25 ml)     Milk powder          1.25 g 

1x TBS          25 ml 

Tween 20, 10 %      250 l 

Antibody Buffer (10 ml)    1x TBS        10 ml 

Trition x 100, 10%     250 l 

Milk powder       0.2 g 

CBB Staining Solution (100 ml)   Coomassie Brilliant Blue R-250 0.1 g

                         Acetic acid      10 ml  

Methanol      40 ml  

dH2O                 50 ml 

CBB Destaining Solution (500 ml)  Acetic acid      50 ml  

       Methanol       200 ml  

          Glycerol      25 ml 

          H2O                 225 ml 

 

2.1.7 Self-made enhanced chemiluminescence (ECL) solutions 

Solution A:      dest. H2O   6.53 ml 

Tris-HCl 2 M, pH 8,8 750 l 

p-Coumaric acid, 90 mM 66.75 l 

Luminol, 250 mM  150 l 

Solution B:      dest. H2O   7.5 ml 

H2O2    4.6 l  

 

The solutions A and B were mixed together (to make ECL solution) immediately 

before applying to the membrane. 
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2.1.8 SDS/ native PAGE Gel (10%) (Bio-Rad) 

       The following instruction is provided for two 10% gels.  

 

30% Acrylamide/ Bis Solution, 37.5:1 (2.6% C) Acrylamid: N, N´- 

Methylenbisacrylamid Electrophoresis Purify Reagent, 500 ml, (Bio-Rad) 

 

Resolving Gel    Acrylamid/Bisamid (37:1), 30% 3.35 ml 

Tris-HCl 2 M, pH 8.8  3.7 ml 

dH2O     2.75 ml 

SDS, 10%    0.1 ml 

TEMED    5 l 

AMPS, 10%    50 l 

 

Stacking gel     Acrylamid/Bisamid (37:1), 30% 0.7 ml 

Tris-HCl 1 M, pH 6.8  0.5 ml 

dH2O     2.72 ml 

SDS, 10%    40 l 

TEMED    3 l 

AMPS, 10%    40 l 

 

2.1.8.1Preincubation solutions for native PAGE 

       0.1 M Hepes pH 7.8 + 10% Tween 

       0.1 M Tris pH 7.8 + 10% Tween 

       0.1 M Mops pH 7.8 + 10% Tween 

 

2.1.9 Antibodies 

Primary antibody 

       Rabbit polyclonal antibody raised against purified heterologously-expressed 

barley UGPase were used. UGPase antibodies dilution 1:10,000 was used.  

 

Secondary antibody 

       Anti-rabbit-Ig horseradish peroxidase linked whole antibody (from donkey) 

(Amersham Biosciences), dilution 1: 10,000 was used. 
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2.1.10  Molecular weight markers 

1 kb DNA ladder     Invitrogen 

PageRulerTM Prestained Protein Ladder  Fermentas 

 

2.1.11  Reagents for UGPase activity and kinetic measurements 

Hepes-NaOH (500 ml)    Hepes 11.915 g 

Add 400 ml of dH2O 

Adjust pH to 7.5 with 10 M NaOH 

Adjust volume to 500 ml with dH2O 

Hepes-assay buffer (100 ml)   Hepes-NaOH, 100 mM, pH 7.5  

                 MgCl2, 5 mM    

  

Substrates stock solutions  

       NADP (Roche) 7 mM, UDGP (Roche) 40 mM and NaPPi (Sigma) 50 mM were 

dissolved in dH2O and divided into smaller amount and frozen at -20°C. 

 

Enzymes (for 50 reactions) 

       Phosphoglucomutase (PGluM) (Roche) 2 mg (1 ml) from rabbit muscle    

       Glucose-6-phosphate dehydrogenase (G6P-DH) (Roche)  

 

10 mg (2 ml) from yeast, Grade II                 

Spin down in the same tube at 4ºC, remove supernatant and resuspend the pellet in 

100 l of dH2O. 

 

2.1.12  Bradford assay (Bio-Rad) 

       Bio-Rad Protein Assay Standard II. Lyophilized Bovine Serum Albumin for the 

standard curve, stock 1.45 mg/ml. Bio-Rad Protein Assay Dye Reagent Concentrate. 

 

2.1.13  Plasmid purification  

Solution I       50 mM glucose 

(resuspension buffer)    25 mM Tris HCl, pH 8.0 

       10 mM EDTA, pH 8.0 

Solution II      0.2 N NaOH 

(lysis buffer)      SDS, 1% 
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Solution III      5 M potassium acetate 

(neutralization buffer)    glacial acetic acid 

 

2.1.14  Kits and further materials 

Quiaquick PCR Purification Kit (50)  Quiagen 

Quiaprep Spin Miniprep Kit (50)   Quiagen 

Quantum Prep® Freeze ´N Squeeze  

DNA Gel Extraction Spin columns  Bio-Rad 

Filterpaper      Whatman 

PVDF Transfer Membrane (Hybond-P)  Amersham Biosciences 

PCR-tubes      Eppendorf 

Tubes (1.5 and 2.0 ml)    Eppendorf 

 

2.1.15  Media and standard buffer 

LB Broth (1000 ml)      NaCl 10 g 

Bactotryptone 10 g 

Yeast extract 5 g 

5 x LB        

LB-Agar (1000ml)      NaCl 10 g 

Bactotryptone 10 g 

Yeast extract 5 g 

Agar 10 g 

In LB Broth and LB- Agar were used 100mg/ml Cabamycin 

TAE       40 mM Tris-Acetate 

       2 mM EDTA 

       pH 8.5 

SDS (10% w/v)      

       

2.1.16  Chemicals 

Acetic acid       Merck 

Agarose       Invitrogen 

Ammonium persulfate (AMPS)    Sigma 

Bactotryptone      BD 

Beta-Mercaptoethanol     Fluka 
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Coomassie Brilliant Blue R-250    Serva 

Dimethylsulfoxide (DMSO)     Sigma 

Dry milk       Semper 

EDTA        Merck 

Ethanol       Selveco 

Ethidium Bromide      Bio-Rad 

Glycerol       BDH 

Glycine       J.T.Baker 

Hepes        Roche 

Hydrogen peroxide (H2O2), 30%    Riedel-de Haën 

Isopropanol       Merck 

Imidazole       Merck 

IPTG (Isopropyl- -D-1-tiogalaktosid) Dioxanfree Saveen Werner AB 

Luminol (3-Aminophthalhydrazide)    Sigma  

Potassium acetate      Riedel-de Haën 

Methanol       Merck 

Microagar       Duchefa 

Mops        Amresco 

NaAc        Merck 

NaCl        J.T. Baker 

NaOH        Akzo Nobel 

p-Coumaric acid       Sigma  

TEMED       Bio-Rad 

Tris-HCl       Roche 

Triton-X       Merck 

Trizma Base       Sigma 

Tween 20       VWR Prolabo 

Yeast extract       Merck 
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2.2 Methods 

 

2.2.1 Growth of E. coli- bacteria cultures 

       E. coli cells transfected with plasmid DNA were grown in LB- media by shaking 

at 37°C. Cabamycin (final concentration: 100 g/ml) was added into the media for 

selection.  

 

2.2.2 Purification of plasmid DNA  

       2.5 ml of the overnight E. coli culture was centrifuged (5 min, 14,000 rpm, table 

centrifuge) and the pellet was resuspended by vortexing with 100 l of solution I (ice-

cold; 2.1.13). Then 200 l of solution II (2.1.13) was added and the samples were 

carefully inverted few times and 150 l of solution III (2.1.13) was pipetted and again 

carefully inverted few times and stored on ice for 5 min. The samples were 

centrifuged (12 min, 14,000 rpm, table centrifuge), supernatants were transferred into 

new tubes, 450 l of isopropanol (RT) was added to each and the samples were left 

for 15 min on the bench. After repeating the centrifuge step and removing the 

supernatant, the pellet was washed with 1 ml 75% ethanol by vortexting for 45 s. To 

collect the pellet, the samples were centrifuged (8 min, 14,000 rpm, table centrifuge) 

and the supernatant was carefully removed. To dry the pellet, the samples were left 

for approximately 30 min on the working bench with open caps. The dried pellet was 

dissolved in 40 l EB-buffer + RNAse (end concentration: 25 g/ml). The purified 

samples were immediately digested with restriction enzymes (2.2.12) and loaded on 

the gel (2.2.11).  

 

2.2.3 Determination of DNA concentrations 

       DNA concentrations were determined photometrically by using Nano Drop ND-

1000 Spectrophotometer at OD260nm. 

 

2.2.4 Bradford assay  

       The protein concentration was estimated using reagents from Bio-Rad. The 

standard curve was made by using 1.45 g/ml; 2.9 g/ml; 7.25 g/ml; 8.7 g/ml; 11.6 

g/ml and 14.5 g/ml of protein assay standard (lyophilised bovine serum albumin 

(BSA) for the standard curve, stock 1.45 mg/ml: Bio-Rad). Aliquots of 900 l of 

protein reagent (diluted 1:4) were added to each of the samples and left for 5 min at 
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RT. The absorbance of all samples was measured at the OD595nm and protein 

concentrations were calculated from the BSA standard curve.  

 

2.2.5 Polyacrylamide gelelectrophoresis (SDS/ native-PAGE) 

       Protein samples were separated on SDS/native polyacrylamide gels composed 

of a 5% stacking gel and 10% and 8.5% separating gel (2.1.8). Gels were prepared 

by mixing buffer, SDS (not for native-PAGE), acrylamide and polymerization was 

initiated by adding TEMED and ammonium persulphate. Electrophoresis was 

performed in Gel Reservoir Buffer LOWER (just for native PAGE) and Gel Reservoir 

Buffer UPPER at 50V (stacking gel) and 100 V (separating gel) per gel. For native 

PAGE only gels 1.5 mm thick, instead of 1.0 mm, were used. Of each purified protein 

sample, 0.1 g were preincubated in 0.1 M Hepes pH 7.8 + 10% Tween, 0.1 M Tris 

pH 7.8 + 10% Tween or 0.1 M Mops pH 7.8 + 10%Tween for 30 min at RT.  

 

2.2.6 Coomassie Blue staining of polyacrylamide gels 

       Immediately after electrophoresis (2.2.5), the gels were incubated in 25 ml 

Coomassie staining solution (2.1.6) overnight. The gels were destained in Coomassie 

destaining solution (2.1.6) for 2 h and packed in plastic film.  

 

2.2.7 Western blotting 

       Proteins separated by SDS/ native PAGE were transferred to PVDF membranes 

using a transfer chamber (Bio-Rad) at 10 V overnight at 4°C. Gel and membrane 

were placed between four layers of Whatman filter paper and Foam/Wettex Sheets 

soaked in transfer buffer (2.1.6).  

 

2.2.8 Immunostaining of Western blots 

       The PVDF membranes (2.2.7) were blocked for 1 h in blocking buffer (2.1.6). 

After one washing step of 5 min in washing buffer (2.1.6), the membranes were 

incubated for 1.5-2 h with the primary antibody (UGPase 1:10,000) in the 

corresponding antibody buffer (2.1.6). The blots were washed four times for 5 min 

with washing buffer and incubated with the secondary antibody in antibody buffer for 

1.5-2 h at RT.  
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2.2.9 Detection of UGPase protein by horseradish-peroxidase (HRP) coupled 

secondary antibody 

       For the detection of HRP-coupled secondary antibodies (2.1.9) the ECL system 

was used. The membranes were washed four times for 5 min with washing buffer 

(2.1.6). The membranes were put into freshly prepared ECL detection solution and 

incubated for 1 min at RT, with shaking. The blot was wrapped in a plastic sheet and 

exposed for 5 s up to 1 min to a film (Hyperfilm MP).  

 

2.2.10 UGPase activity assay  

       The in vitro activity of the UGPase was measured by coupled enzymatic assays. 

The reaction mixture contained in a final concentration: 100 mM Hepes pH 7.5, 5 mM 

MgCl2, 0.8 mM UDP-gluc, 1 mM PPi, 0.3 mM NADP+, phosphoglucomutase, and 

glucose-6 phosphate dehydrogenase (5 units each). The reaction was started by the 

addition of 4 ng – 5.7 g of the purified protein in a total reaction volume of 900 l. 

The subsequent reduction of NADP+ to NADPH was measured at 340 nm in a 

spectrophotometer for 3 min. The initial linear rates of cofactor reduction were used 

to calculate the enzyme activity by the conversion of the increase in OD340nm to 

micromoles of NADPH production based on its extinction coefficient (OD of 6.01 for 1 

mol). The protein concentration was determined by Bradford assay (2.2.4). To 

determine the Km values, one substrate was present at a fixed saturating 

concentration (for wt UGPase), while the other substrate concentration was varied. 

The initial rates were plotted against the substrate concentration and the Microsoft 

Exel Solver was used to approximate the data to calculate the Km and Vmax values 

and, in addition, Lineweaver Burk plots were used to show the linear dependence. 

 

2.2.11 Agarose gel electrophoresis of DNA 

       DNA samples were mixed with 5x loading buffer and separated on horizontal 

agarose gels (1.0 to 1.5 % agarose in TAE buffer). Electrophoresis was performed at 

90 V in TAE buffer. The DNA was detected after staining (~ 30 min, RT) in ethidium 

bromide solution at 302 nm. For documentation the equipment (Techtum Lab) was 

used.  
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2.2.12 Restriction enzyme digest 

       Restriction enzymes and reaction buffers were used according to the 

manufactures instructions (Fermentas). For preparative digests, 0.8 g of DNA was 

incubated with 5 U of enzyme in a total volume of 50 l with the added volume of 

enzyme less than 10%. The reaction was incubated for 90 min at 37°C. For analytical 

digests, 2 l of the sample was incubated for 90 min at 37°C with 5 U/ enzyme.  

 

2.2.13 Isolation of DNA fragments form agarose gels 

       To isolate DNA fragments after restriction enzyme digest, DNA was separated 

on an agarose gel and the desired fragments were excised from the gel. For further 

DNA purification, the Quantum Prep® Freeze ´N Squeeze DNA Gel Extraction Spin 

columns (Bio-Rad) were used. After freezing at -20°C for 15 min and centrifuging (15 

min, 14,000 rpm), the gel slices were completely dissolved in 1/10 of the sample 

volume with NaAc and 2.2 times of the sample volume with 100% ethanol and stored 

overnight at -20°C. At the next day the samples were centrifuged (15 min, 14,000 

rpm) the supernatant discarded, and the pellet was rinsed in 200 l 75% ethanol and 

centrifuged (10 min, 14,000 rpm). The supernatant was discarded and the pellet was 

dried for approximately 30 min at 37°C. The pellet was carefully resuspend in 15 l 

EB-buffer and left for 1 h on the bench.  

 

2.2.14 Ligation of DNA 

       20 ng of digested vector DNA and a 2-3 molar excess of the respective insert 

were incubated with T4-DNA-Ligase (Fermentas) in 20 l 10 x ligation buffer. The 

ligation mix was incubated overnight at 4°C and used to transform competent E. coli 

cells. 

 

2.2.15 Purification of plasmid DNA 

       For plasmid preparation, the 'Qiaprep spin Miniprep Kit' (Qiagen) was used 

according to the manufacturers instructions. 5 ml LB medium containing the 

appropriate antibiotic was inoculated with a single bacterial colony from a selective 

agar plate and incubated for 12-16 h at 37°C and approximately 250 rpm. The culture 

was pelleted by centrifugation (10 min, 14,000 rpm, RT) and resuspended in 250 l 

resuspension buffer (P1). 250 l lysis buffer (P2) and 350 l of neutralization buffer 

(N3) were added, each buffer addition followed by a gently inverting step. The 
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samples were centrifuged (10 min, 14,000 rpm, RT) and the supernatant applied on a 

Qiaprep spin column. The column was washed with 750 l wash buffer (PE) and the 

DNA eluted with 50 l elution buffer (EB).   

 

2.2.16 Transformation of competent E. coli 

       50-100 l of competent E. coli was thawed on ice and 1, 2 or 4 l of plasmid 

DNA or 10 l of ligation mix (2.2.16) were added. The mix was left on ice for 30 min, 

subjected to a 45 s or 1 min heat shock at 42 ° C and incubated on ice for 2.5 min. 

200- 500 l of LB-medium was added, the cell suspension was incubated at 37°C for 

45 min or 1 h and plated on selective LB-agar plates containing cabamycine (end 

concentration 100 mg/ml). 

 

2.2.17 Preparation of chemically competent E. coli 

       E. coli were grown on LB agar plates containing cabamycine (end concentration: 

100 mg/ml). One colony was inoculated in 5 ml LB medium and incubated overnight 

at 37°C room. 250 ml LB medium were inoculated with 2.5 ml of the starter culture 

and incubated at 37°C for 2-3 h (200 rpm) until an OD550nm of 0.5 was reached. The 

culture was centrifuged (8000 rpm, JLA 16.250 Rotor, Beckman- Avanti centrifuge, 8 

min, 4°C). The supernatant was removed and the pellet resuspended in 125 ml 0.1 M 

CaCl2 (ice-cold). The resuspend culture was centrifuged (8000 rpm, JLA 16.250 

Rotor, Beckman- Avanti centrifuge, 8 min, 4°C) and resuspended in 125 ml 0.1 M 

CaCl2 (ice-cold) and stored for 3 h in the 4°C room. The solution was centrifuged as 

before and the pellet resuspended in 21.5 ml ice-cold 0.1 M CaCl2 and 3.5 ml sterile 

glycerol and the cells divided into 200 l batches. The batches were immediately 

flash frozen in liquid nitrogen and stored at - 80°C. 

 

2.2.18 Site-directed mutagenesis 

       The mutations in the desired regions were performed after the 

'QuikChange®Site-directed mutagenesis Kit' (Qiagen) according to the manufacturers 

instructions. 

 

2.2.18.1 Amplification of fragments for cloning 

       To amplify DNA-fragment by PCR reaction, 10 ng of plasmid DNA, forward and 

reverse primer (25 pmol each), 2.5 U Pfu-polymerase (Stratagene), dNTPs (20 M 
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each) were mixed in a total volume of 50 l 10 x PCR buffer (Stratagene). The PCR-

mix was initially denatured at 95°C for 30 s in a thermocyler followed by 17 

consecutive cycles of: 30 s denaturing at 95°C, 1 min annealing at 55°C of the 

oligonucleotide primers and elongation at 68°C for 12 min. PCR-reaction were 

performed using thermocycler (Eppendorf). The samples for the C-terminal Cut 

mutant were subjected to a PCR clean up reaction using the 'Qiaquick PCR 

purification kit' after checking the size of the amplified samples by agarose gel 

electrophoresis (2.2.11).  

 

2.2.18.2 DpnI digestion of the amplified samples  

       After the amplification of the desired fragments, 1 l of the DpnI restriction 

enzyme (10U/ l) was directly added to each amplification reaction and gently and 

thoroughly mixed by pipetting the solution up and down several times. The reaction 

was incubated for 1 h at 37°C to digest the parental supercoiled dsDNA. 

 

2.2.18.3 DNA Sequencing 

       The sequencing of the samples was a service of the Umeå Plant Science 

Centre. After transformed a small amount of the digested samples into competent 

XL-cells (2.2.16), the purification of the plasmid (2.2.15) and measuring the 

concentration of the purified samples (2.2.3) the samples were prepared for DNA 

sequencing on ABI 377. The samples were prepared in ddH2O containing 15 l of a 

mix of both the template (300 fmole) and the primer (15 pmole). The sequencing 

reaction was initially denatured at 95°C for 20 s, 15 s annealing at 50°C of the 

oligonucleotide primers and elongation at 60°C for 1 min for 28 cycles. Reactions 

were performed using the DYEnamic ET terminator cycle sequencing kit from ABP. 

The sequence results were analysed with Chromas MFC Application programm.  

 

2.2.19 Purification of UGPase mutants 

       50 ml of an overnight culture of BL21 bacteria transfected with pET23d+ vector 

system (Novagen) encoding wt UGPase and its mutants (200 ml LB media + 200 l 

Cb 100 mg/ ml + bacteria) were transferred into 5 x 500 ml LB media and incubated 

at 37°C until OD650 nm of 0.6. After adding 1 mM IPTG to each bottle to a final 

concentration 1 mM, the cultures were incubated for another 4 h at 37°C. The 

cultures were centrifuged (Beckmann centrifuge Avanti, Rotor JA-10, 25 min, 6000 
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rpm, + 4°C,), the bacteria were resuspended in 30 ml 1 x PBS, centrifuged 

(Beckmann centrifuge Avanti, Rotor JA 25.50, 15 min, 6000 rpm, + 4°C) and freezed 

as pellet in – 20°C. At the next day, the pellet was resuspended in 50 ml 1 x PBS and 

sonified (sonificator Soniprep 150 from MSE, max. amplitude 7 x 20 s. and let the 

bacteria cool down for 1 min between the sonification working steps). The bacteria 

were centrifuged (Beckmann centrifuge Avanti, Rotor JA 25.50, 17000 rpm, 20 min, 

4°C) and the supernatant was loaded on a Talon column (2 ~ 3 ml of beads, which 

was equilibrated the day before with 100 ml of 1 x PBS) with an flow rate of less than 

1 ml/ min, at + 4°C. 100 l of the supernatant were saved for analysis (native PAGE/ 

SDS-PAGE). The flow through was collected and 200 l of it saved for analysis, 

when the loading was finished. The column was washed with 50 ml 1 x PBS and with 

50 mM PBS + 160 mM NaCl + 10 mM imidazole until OD280 nm dropped below 0.05. 

To elute UGPase (1ml/ min) a solution including 50 mM + 160 mM NaCl + 200 mM 

imidazole was used, 2 ml fractions were collected and OD280nm was measured in 

each fraction. Fractions containing the protein were pooled together and glycerol was 

added to ~ 25%. The mutants were freezed in 1 ml aliquots and signed with name of 

mutant and value of OD280nm after adding glycerol. 
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3. Results 

       The aim of this master thesis was to design mutants, which may help to 

understand the structure/ function properties of UGPase. UGPase plays an important 

role in sucrose biosynthesis in source and sink tissues. Based on the crystal structure 

of Arabidopsis UGPase, barley UGPase has a bowl-shaped form with three different 

domains: N-terminal domain, central domain, which includes the active site with the 

nucleotide binding loop (NB-loop) and the C-terminal domain, which contains what 

previously was called I-loop. Previous work has suggested that the I-loop is possibly 

involved in dimer formation and stabilization.  

 

3.1 Site-directed mutagenesis  

       The full coding sequence of barley UGPase (GenBank accession no. X91347) 

was amplified by PCR with forward primer and reverse primer. The coding region (1.4 

kb) was subcloned into pET23d+ expression vector (Novagen) in fusion with a poly-

His epitope at the C-terminus. This construct was already made by Francoise Martz 

and is present in the lab (Fig. 6). 

 

 

 

 

 

Figure 6. Construct of the pET-23d+ vector. pET-23d+ containing UGPase in the multiple 

cloning site (blue arrow), including the T7-promotor and the His-Tag.  
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       Site-directed mutagenesis of the UGPase coding sequence was performed using 

the Quick-change Site-Directed Mutagenesis Kit (Stratagene). Site-specific mutations 

were introduced by extension and amplification of overlapping nucleotides primers 

(Table 1.0; #1-#5) using PCR and Pfu turbo polymerase (Stratagene), according to 

the instructions of the manufacturer. All sequences were confirmed in both strands 

using the Dyenamics Sequencing Kit (Amersham Biosciences). The sequence results 

were analyzed via BLAST and Chromas Lite. 

       The sequence results of the mutants worked out like expected, except of the 

K103A (Lys103Ala) mutant. We designed a change of Lys-103 into Ala to produce a 

change in the charge, positively charged Lys to hydrophobic Ala, in the conserved 

pyrophosphorylase domain, to figure out how this could influence the whole enzyme 

structure and whether Lys-103 is possibly an essential aa. However the sequence 

results showed no Lys to Ala change, and we have abandoned this mutant.  

 

Figure 7. Predicted 3 D structure of mutants of barley UGPase. Based on the crystal 

structure of Arabidopsis. Ribbon model of barley UGPase monomer was made using Deep View and 

Pov-Ray. UGPase monomer is shown in blue with the “so called” NB-loop (yellow) at the central 

domain and the “so called” I-loop (green) at the C-terminal domain. (A) shows the wt UGPase (B) 

shows the mutant Del-I-4 , (C) shows the mutant Del-NB and (D) shows the mutant Del-I-8.  
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       Figure 7 shows the predicted 3 D structures of the mutants of barley UGPase, 

based on the crystal structure of Arabidopsis UGPase. Ribbon illustrations were 

made using DeepView and Pov-Ray. Compared to the wt structure, the mutant Del-

NB shows no difference in the 3 D model. However, the NB-loop is shorter and has 

no - sheet structures (Fig. 7C). To compare the Del-I-loop mutants with the wt, a 

numbering of the -sheets was made (Fig. 7A). The mutants Del-I-4 and Del-I-8 

caused large changes in the conformation of the C-terminal domain including a long 

loop between 4 and 6 sheet and do not have the 5-sheet. Compared to the wt 

structure, the Del-I-4 mutant shows no 1/ 2- sheets and a shorter 3-sheet. The C-

terminal domain of the Del-I-8 mutant has a long loop between the 1- 3-sheets, 

compared to the wt. However, the mutants had no major conformational changes in 

the rest of the 3 D structure.  

 

3.1.1 C-terminal-cut mutagenesis  

       Earlier study on E. coli AGPase has revealed that a substantial deletion of its C-

terminal part still yielded an active enzyme (Bejar et al., 2004). Since AGPase is a 

pyrophosphorylase and likely shares many structural/ functional features with 

UGPase, we attempted to test whether a deletion of UGPase own C- terminal domain 

would result in a functional enzyme and how would this affect oligomerization abilities 

of the protein. A 67 aa deletion at the C-terminal domain was designed. Computer 

simulation of the structure of the resulting mutant revealed that the mutation would 

not induce dramatic conformational changes in the N-terminal domain (Fig. 8). The 

full coding sequence of barley UGPase (GenBank accession no. X91347) was 

amplified by PCR with forward primer 5´-TGTACATGCCATGGCCGCCGCCGCCG 

TC-3´ and reverse primer 5´-ACCCAAGCTTCTTTTTGAACTCAGGACCAAG-3´, 

containing NcoI and HindIII restriction sites (grey marked, Fig. 8). The NcoI-HindIII 

complete coding region (1.2 kb) was subcloned into pET23d+ expression vector 

(Novagen; Fig. 6) in fusion with a poly-His epitope at the C-terminus, amplified using 

PCR and Pfu turbo polymerase (Stratagene), according to the instructions of the 

manufacturer. All sequences were confirmed in both strands using the Dyenamics 

Sequencing Kit (Amersham Biosciences). Unfortunately, some problems with cloning/ 

sequencing prevented from purifying the mutated protein and analyzing it. Namely, 

the sequence results showed a successful deletion of the C-terminal domain, but 

there was no proof that nt corresponding to the first 70 aa of the N-terminal domain 
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were correctly cloned into the vector. Also, there was too little time left to properly 

repeat those experiments. Under those circumstances, we decided that there is no 

point in expressing and analyzing this mutant, since regardless of the results we 

would not be 100% certain as to the exact aa sequence of the mutant. 

  

 

 

Figure 8. Predicted 3 D structure of the C-terminus deletion mutant of barley 

UGPase. Based on the crystal structure of UGPase Arabidopsis: Ribbon model of barley UGPase 

monomer - was made using Deep View and Pov-Ray. UGPase monomer is shown in blue with the 

“NB-loop” (yellow) at the central domain and the “I-loop” (green) at the C-terminal domain. (A) shows 

the wt, (B) shows the C-terminus deletion mutant. 

 

 

3.2 Biochemical characterization of barley UGPase  

 

3.2.1 Expression and purification of mutants of barley UGPase  

       For the functional, structural and kinetic characterization, the barley His-tagged 

UGPase was recombinantly expressed in E. coli and affinity purified. The His-tag was 

fused to the C-terminus and the protein expressed under the control of the T7/lac 

promoter in the prokaryotic expression vector pET23d+ (Fig. 6). The construct was 

transformed into E. coli BL21 (DE3) and the expression induced with 1 mM IPTG for 

4 h at 37°C (2.2.19). The cells were lysed by sonification and the soluble and 

insoluble fractions as well as purified UGPase were analyzed by SDS-PAGE (2.2.5). 

After Coomassie Blue staining (2.2.6) and Western blotting (2.2.7) and 

immunostaining (2.2.8), a protein of about ~ 55 kDa could be detected in soluble and 
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insoluble fractions (Fig. 9 gives a typical view of UGPase purify/ amount during the 

protein purification steps).  

  

 

 

 

Figure 9. Protein profiles and purity/ amount of recombinant UGPase at 

different purification steps. Here we show protein profiles during purification of Y192A mutant. 

Aliquots of the lysate, flow through of the Co
2+

-column and the purified protein were separated on a 

10% SDS-PAGE. Proteins were analysed by (A) Coomassie staining and (B) Western-blot. The 

Western blot was developed with a specific UGPase antibody and HRP-coupled secondary antibody 

using ECL system. Numbers on the right refer to positions of prestained protein ladder (in kDa), and 

arrows indicate the position of UGPase. As a control, purified proteins of the wt and NIN UGPase 

mutant were loaded (lanes on left in diagram A). 

 

       During the purification of the mutated proteins produced in this study, the soluble 

fraction of a 5 L culture was passed over a 2.5 ml Co2+- chromatography column (BD 

Biosciences) to affinity purify the UGPase (2.2.1). After washing with loading buffer, 

the unspecifically bound protein was eluted with 10 mM imidazole. The UGPase was 

eluted with 200 mM imidazole and measured at the OD280nm. Fractions containing the 

protein were pooled together and glycerol was added (25% of the volume), the 

protein was aliquoted and stored at – 20°C. The protein concentration was 

determined by a Bradford assay (2.2.4). An aliquot of the purified protein and aliquots 

of the insoluble E. coli fraction, the flow through following Co+2-column and the 
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supernatant were separated on SDS-PAGE and analyzed by Coomassie Blue 

staining (Fig. 9A). A Western blot analysis with a specific UGPase antibody 

confirmed that the purified protein was the barley UGPase (Fig. 9B).  

       Basically, similar protein profiles were observed for all mutants of UGPase that 

were produced/ purified in this study. A further purification of UGPases was not 

necessary and the proteins were used for all following characterization studies. The 

purified proteins displayed the expected molecular mass for the protein (~ 55 kDa; 

Fig. 10A) and the identity of the protein was immunologically confirmed by Western 

blots (Fig. 10B). The proteins of the mutants Y192A and Del-NB were at least 98% 

pure, whereas the proteins of the mutants Del-I-4 and Del-I-8 were at least 70% pure, 

as judged from SDS/PAGE analyses (Fig. 10A).  

 

 

 

 

 

 

Figure 10. Purities of wt and mutated UGPase that were characterized in this 

thesis. The proteins were separated on 10% SDS PAGE and detected by (A) Coomassie staining 

and (B) Western-blotting. The purified protein fractions of the different mutants were analyzed by (A) 

Coomassie staining and (B) Western-blot after separating on a 10% SDS-PAGE. The Western blot 

was developed with a specific UGPase antibody and HRP-coupled secondary antibody using ECL 

system. Protein aliquots of 1 g (A) and 0.05 g (B) were loaded per lane. Numbers on the right refer 

to positions of prestained protein ladder (in kDa), and arrows indicate the position of UGPase. As a 

control of the purification purified proteins of the wt and NIN mutant were loaded.  
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3.3 Characterization of the mutants of barley UGPase via native    

PAGE        

       The idea behind analyses of UGPase mutants by native PAGE in different buffer 

conditions, was to verify/ expand on recent results implying that oligomerization 

status of UGPase may strongly depend on subtle changes in environment, e.g. in 

different buffers (Kleczkowski et al., 2005). Therefore, purified wt and mutated 

UGPase proteins were preincubated in different buffer (0.1 M Hepes pH 7.8 + 10% 

Tween; 0.1 M Tris pH 7.8 + 10% Tween; 0.1 M Mops pH 7.8 + 10% Tween) for 30 

min at RT and run on 8.5% native PAGE, followed by Western blotting. Depending 

on incubation conditions and on mutation, the proteins appear either as (a) 

monomers only (e.g. wt and Y192A incubated in Hepes), (b) a mixture of monomers 

and higher order oligomers (e.g. wt, Y192A, Del-NB, all in Tris) or (c) higher order 

oligomers only (e.g. NIN in Tris and Mops; Del-I mutants). In all cases, incubation in 

Hepes and Mops (to a lesser extent) tended to decrease the amount of higher order 

oligomers, whereas Tris promoted formation of those oligomers. The NIN mutant was 

included here as a control and as an example of UGPase protein that is impaired in 

its deoligomerization ability, regardless of incubation conditions (Martz et al., 2002, 

Kleczkowski et al., 2005). The inability to form monomers is probably linked to low or 

no activity of UGPase (see below).  

 

 

 

 

 

 

Figure 11. Oligomerization status of mutated barley UGPase. Western-blot analysis 

after native PAGE of the different purified proteins in different conditions. 0.1 M Hepes pH 7.8 + 10% 

Tween (H); 0.1 M Tris pH 7,8 + 10% Tween (T); 0.1 M Mops pH 7.8 + 10 % Tween (M). Positions of 

monomers, dimers and higher-order oligomers are indicated with arrows.   
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3.4   Kinetic analyses of mutated barley UGPase 

       The purified enzyme was an analyzed with respect to its kinetic properties. The 

addition of coupled enzymes phosphoglycomutase and glucose-6-phosphate 

dehydrogenase to the reaction led to the synthesis of 6-phosphoglucono-  lacton and 

NADPH (2.1.11). The subsequent reduction of NADP+ to NADPH was monitored in a 

spectrophotometer at 340 nm. The initial linear rates of cofactor reduction were used 

to calculate the enzyme activity by the conversion of the increase in OD340nm to 

micromoles of NADPH produced based on its extinction coefficient. The protein 

concentration was determined by the Bradford assay (2.2.4). The Y192A mutant had 

about half the apparent activity of the wild-type (wt), whereas Del-I-8 and Del-I-4 had 

only 0.5 and 0.2 % activity, respectively, of the wt, and Del-NB showed no activity at 

all (Table 2). In most cases, the enzyme displayed a typical Michaelis Menten 

kinetics “hyperbolic” response that corresponded to straight lines on reciprocal plots. 

Using the Lineweaver-Burk plot, the apparent Km values for UDP-glu and PPi were 

determined (Fig. 12). The UDP-glu concentration was varied between 0.006 mM to 5 

mM and the PPi concentration from 0.006 mM to 10 mM, while maintaining the other 

substrate at 0.8 mM (UDP-glu) and 1 mM (PPi), respectively. The actual range of 

concentrations of the varied substrate depended on a given mutant (Fig. 12). The 

results are summarized in Table 3.  

 

Table 2. Activity values of wt and mutated UGPase. Standard assay conditions 

were used (2.1.11; 2.2.10).  

 

 

        UGPase 

            ____ 

 

      wt                 Y192A        Del-NB         Del-I-4        Del-I-8 

___________________________________________________________________ 

Apparent activity 

( mol min-1 mg protein-1)      890 (100%)      493 (55%)         0            1.6 (0.2%)     4.6 (0.5%)    

___________________________________________________________________ 

 

Compared to the wt, the Kms and Vmaxs of Y192A show nearly the same results, but 

the Del-I mutants have much lower activity and much higher Kms than wt.  Del-I-4 and 
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Del-I-8 mutants show not much difference in their Vmaxs and Kms, except for the 

different Kms with PPi, which is twice lower for Del-I-4, compared to Del-I-8.  

 

 

Table 3. Apparent Vmax and Km values of wt and mutated UGPase. When UDP-glu 

was varied PPi was kept at 1 mM. When PPi was varied, UDP-glu was at 0.8 mM. 

___________________________________________________________________ 

             UGPase  

     ______________________________________________ 
 
                   wt          Y192A        Del-I-4       Del-I-8 

___________________________________________________________________   

apparent Vmax ( mol min
-1

 mg protein
-1

)                                                                   

    UDP-glu                                                       1000         508             2.6              6.1 

    PPi                                                               1034         547             46              288 

apparent Km ( M)  

    UDP-glu                                                 36           31             555             503  

     PPi                                                                 39           27          29,400        60,000  

____________________________________________________________________________________________________ 

 

Both Del-I mutants, when compared to wt, show approximately 16-fold higher Kms for 

UDP-glu.For PPi as substrate, Del-I-4 and Del-I-8 show 735- and 1500-fold higher 

Kms, when compared to wt. Both of the Del-I mutants showed substrate inhibition at 

very high PPi concentration, which resulted in nonlinear reciprocal plots (Fig. 12 F, 

H). Because of that it was difficult to determine accurately the Kms with PPi and, 

especially, Vmax values for those mutants. Thus, the Kms and Vmaxs with PPi for Del-I 

mutants, as listed in Table 3, are only approximate.  
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Figure 12. Kinetics of the mutants of barley UGPase. Assays of wt and different 

mutated barley UGPase were made, using varying [PPi] (B, D, F, H) or varying [UDP-Glu] (A, C, E, G), 

and maintaining the other substrate at 0.8 mM (UDP-glu) and 1 mM (PPi), respectively. The results 

are shown as double reciprocal plots (Lineweaver-Burk). 
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4. Discussion 

 

4.1 Site-directed mutagenesis reveals structure/ function 

properties of UGPase  

       We designed different mutants by using the 'QuikChange®Site-directed 

mutagenesis Kit' (Qiagen). We chose mutations that were likely to reveal more 

details about the structure/ function properties of UGPase, and to further verify 

results of the previous work on this protein (Martz et al., 2002; Geisler et al., 2004; 

Kleczkowski et al., 2005). The NB loop plays an important role in binding the 

substrates PPi and glu-1-P and may be essential for catalysis. Previous results 

showed no effect of the mutation on the oligomerization of the protein, but the mutant 

(C99S) had an approximately 50% lower Vmax, a 12-fold higher Km with PPi and a 2-

fold higher Km with UDP-glu (Martz et al., 2002). This has suggested that Cys-99 is 

important for PPi binding, but not essential for catalysis. We designed a deletion 

mutant by cutting off five aa (# 96-100) in the NB-loop, which also includes the Cys-

99; we wanted to shorten the NB-loop and see how this shorter NB-loop influences 

the structure/ activity of the whole enzyme. Not surprisingly, we could not detect any 

activity. A substantial deletion in the NB-loop region that is responsible for substrate 

binding and catalysis (Geisler et al., 2004) was expected to result in inactive enzyme. 

Native PAGE analyses of this mutant showed similar patterns as for wt protein. 

Namely, monomers were by far prevalent in Hepes and Mops buffers, whereas Tris 

promoted oligomerization of the mutant (Fig 11). Simulation of the structure of the NB 

mutant revealed no substantial structural changes outside of the NB-loop itself (Fig. 

7), suggesting that aa deleted in the mutant were essential for catalysis. Alternatively, 

small structural changes induced by deletion could have led to an inactive enzyme.  

       Another mutant produced/ characterized was Y192A (Table 2, 3; Figs.10-12). 

With the substitution of Ala for Tyr we wanted to check whether this tyrosine had 

effects on substrate binding and/ or catalysis. Previous work showed, for instance, 

that W191, W302, and K260 (based on barley UGPase aa sequnce) were likely 

involved in UDP-glu binding for potato and liver UGPase (Kazuta et al., 1991; Chang 

et al., 1996) Based on the 3D model structure, the side chain of Tyr reached into the 

active pocket of the enzyme, and could be involved in the substrate binding/ or 

catalysis. The mutant had ca. 50% lower activity, but its Kms were similar to those of 

wt. This suggests that Tyr-192 is not essential for catalysis and has no effects on 
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binding of substrates of UGPase. Compared to the results of wt, Y192A showed the 

same oligomerization pattern in the different buffer conditions. In the Hepes and to 

some extent Mops buffer, both existed only as monomeric forms, whereas in the Tris 

buffer both were present in monomeric, dimeric and higher-order oligomeric forms.  

       More interesting results come from analyses of the Del-I-loop mutants. We 

designed deletion mutants by cutting off four aa (# 428-431) and eight aa (#426-433) 

in the “so called” I-loop. The idea behind the mutants was to check how essential the 

aa in the I-loop are, especially in the middle part of the I-loop. Based on model 

derived from the crystal structure of Arabidopsis UGPase, mutations in these regions 

led to large distortions in the C-terminal domain. Especially the Del-I-8 mutation was 

predicted to form a large loop in the C-terminal domain (Fig. 7D). Both Del-I mutants 

had very high Kms (especially for PPi) and relatively low Vmaxs (Table 3), and 

produced no monomers, regardless of incubation conditions (Fig. 11). The results 

suggest that the four aa in the Del-I-4 mutant could be essential for 

(de)oligomerization. Since the monomeric forms are supposed to be the active forms 

of the enzyme, our results suggest that perhaps also a dimer and high-order 

oligomeric forms are able to catalyse the reaction, although at very low activity. 

Alternatively, our ECL detection system was not sensitive enough to detect very 

small amount of the monomer in the Del-I mutants.  
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5. Perspectives  

       We produced and characterized at least four different mutants of UGPase and 

made suggestions on how these mutants could help to better understand the 

structure/function properties of the protein. Based on previous work, it seems that the 

TMGCT-sequence in the “so called” NB-loop is essential for the activity of the 

enzyme. To specify which aa has the more important role in this motif, there could be 

more work by changing every aa out of this motif into Ala, and characterize how the 

resulting mutant behaves. Also the LKVSGDVS- sequence in the “so called” I-loop 

seems to be important in oligomerization and activity of the enzyme. To specify, 

which aa are crucial in this sequence, an Ala-screen would also be reasonable. 

Another possibility is to analyze the interaction of UGPase with other proteins, like for 

example 14-3-3 proteins. Barley UGPase has a putative 14-3-3 protein binding site, 

so the interaction is likely to occur. A proteomic study on barley extracts has already 

identified UGPase as one of the targets for 14-3-3 protein binding (Alexander and 

Morris, 2006). 14-3-3 proteins belong to a highly conserved protein family. The main 

function of these proteins is the regulation by phosphorylation of specific target 

proteins. They are involved in an impressively diverse range of functions, including 

cell division, apoptosis, signal transduction, transmitter release, receptor function etc. 

To analyze the interaction between UGPase and 14-3-3 proteins one could use the 

Two Hybrid system in yeast (Chien et al., 1991). Another possibility is just to mix 

purified UGPase and purified 14-3-3 protein and study possible interaction using 

exclusion chromatography or native PAGE.  

       The different oligomerization states of the produced mutants of barley UGPase 

can also be analyzed via gas-phase electrophoretic mobility molecular analyzer 

(GEMMA). GEMMA is related to ion-mobility spectrometry, in which charged particles 

are separated by differences in their hydrodynamic radius, which roughly translates 

into size and shape. The size can be correlated to molecular weight (8 kDa till 80 

MDa, corresponding to whole cell organelles). The features of this methods are a 

high-speed analysis of macromolecules with scan times as fast as 30 s and high 

sensitivity with detection limits for standard proteins at low fmol levels. The range of 

using GEMMA is wide: proteomics, metabolomics, glycomics, protein complex 

analysis, protein binding analysis, etc. (Kaufman et al., 1997). 
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