
Abstract 

EPTING, KEVIN LEE.  Biochemical, Biophysical, and Biotechnological Studies of 

Class II Xylose Isomerases from Hyperthermophilic Thermotoga Species.  

(Under the direction of Dr. Robert M. Kelly.) 

 

Xylose isomerase (XI) (D-xylose ketol isomerase, EC 5.3.1.5) catalyzes the 

conversion of D-xylose to D-xylulose in vivo. However, it can also convert D-glucose to 

D-fructose and is used in the production of high fructose corn syrup (HFCS). Current 

HFCS production utilizes immobilized XIs from mesophilic sources, mainly 

Streptomyces species, which limits operating temperatures to 60ºC and, hence, 

conversion of glucose to fructose to 42-45 percent. The equilibrium between glucose and 

fructose favors fructose at higher temperatures, providing an incentive to utilize 

thermostable and thermoactive XIs in HFCS production. Here, the biochemical and 

biophysical properties of xylose isomerases from hyperthermophilic Thermotoga species 

are examined with regard to their potential for HFCS production at elevated 

temperatures. 

Divalent metal cations (Mg2+, Mn2+, and Co2+) play an important role in XI 

activity, and, depending on the cation, can contribute to the thermostability of the 

enzyme. The effects of divalent metal cations on structural thermostability and 

inactivation kinetics of homologous class II XIs from two mesophilic (Bacillus 

licheniformis, Escherichia coli), one thermophilic (Thermoanaerobacterium 

thermosulfurigenes), and one hyperthermophilic (Thermotoga neapolitana) bacteria were 

examined. While the three less thermophilic XIs were stabilized in the presence of Co2+ 



and Mn2+ (and Mg2+ to a lesser extent), the melting temperature (as determined by DSC) 

of TNXI (Tm~100ºC) varied little in the presence or absence of a single type of metal. In 

the presence of two of the activating metals, the TNXI exhibited a second melting 

between 110ºC and 114ºC. TNXI kinetic inactivation was non-first order for all metal 

cases, and could be modeled as a two-step sequential process. These results suggest that 

unlike the other class II enzymes examined, metals are required for TNXI activity but are 

not essential for its structural thermostability. While the structural form corresponding to 

the second melting transition is not known, it likely results from cooperative interactions 

between dissimilar metals in the active site. 

To determine if xylose isomerases from Thermotoga maritima (TMXI) and 

Thermotoga neapolitana (TNXI) could be utilized in HFCS production, the two enzymes 

were covalently immobilized to glass beads and compared with a similarly immobilized 

commercial class I enzyme from Streptomyces murinus (SMXI) (Sweetzyme T™). While 

the soluble enzymes exhibited bi-phasic inactivation, the immobilized enzyme was 

characterized by a first order decay rate. A simple mathematical model was developed 

which utilizes the soluble enzyme kinetic data and immobilized inactivation rates to 

calculate productivities as a basis to compare the enzymes under different process 

conditions. 

The extended N-terminus of the class II enzymes makes it an attractive target for 

attaching a carbohydrate-binding domain (CBD) for immobilization. The importance of 

the N-terminal insert is examined for TNXI. It was discovered that approximately half of 

the amino acid insert (up to residue #19) could be deleted while retaining activity, 

however removing larger sections or the entire N-terminus caused the enzyme to misfold. 



A fusion protein (TNXI-CBD) was created which consisted of a thermostable CBD 

cloned from a hyperthermophilic chitinase (Pyrococcus furiosus 1233) attached to the N-

terminus of TNXI. The ability of the fusion protein to immobilize the enzyme to chitin 

beads at elevated temperatures was examined. 
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I. Hyperthermophiles 

 A wide variety of microorganisms have adapted to live under extreme conditions. 

Termed extremophiles, these organisms not only survive extreme environmental 

conditions such as high and low temperatures (hyperthermophiles and psychrophiles), 

high and low pHs (acidophiles and alkalophiles), high pressure (barophiles), and high salt 

concentrations (halophiles), but in many cases require them for growth (Stetter 1999). 

Hyperthermophiles thrive at the upper temperature limits of life, growing optimally at 80-

110ºC. Currently over 30 genera and 70 species of hyperthermophiles have been 

identified (Vieille and Zeikus 2001), however environmental gene probing suggests that 

many more remain undiscovered and uncharacterized (Takai and Horikoshi 1999).  Most 

are classified as archaea, with Thermotoga and Aquifex as the only bacterial genera 

identified thus far. Current phylogenetic classifications are based on sequence analysis of 

16s ribosomal RNA (van de Vossenberg et al. 1998), which places hyperthermophiles 

near the root of the phylogenetic tree and suggests they are the least evolved of extant 

organisms (Miller and Lazcano 1995; Madigan and Oren 1999; Daniel and Cowan 2000). 

However, the branching of the tree is still widely debated, as is the placement of the 

hyperthermophiles as the most primitive organisms in terms of evolution (Forterre 1999). 

Also, new studies have shown that lateral gene transfer occurs which could affect the 

placement of species on the phylogenetic tree (Pennisi 1999). While molecular evolution 

analysis has suggested that the oldest recognizable prokaryotes are anaerobic sulfur-

reducing hyperthermophiles, this has been interpreted to imply that the first living 

systems may have originated in a high-temperature environment; which may or may not 

be the case (Miller and Lazcano 1995; Forterre 1999). 
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 There are several benefits for running biotechnological processes at elevated 

temperatures. Higher temperatures lead to decreased viscosity and increased diffusion 

rates, which lead to increased reaction rates. At temperatures above 60ºC, the risk of 

contamination is reduced. Also, for some processes, higher temperature favors product 

formation, which can lead to higher yields (Niehaus et al. 1999). For an organism to grow 

at high temperatures, its major components such as proteins, nucleic acids, and lipids 

must be thermostable (Madigan and Oren 1999).This makes hyperthermophiles a natural 

place to look for thermostable and thermoactive enzymes (Adams and Kelly 1998).  

 

Stability of Hyperthermophilic Proteins 

 Protein stability has been the subject of a large amount of work in recent years 

(for reviews see Ladenstein and Antranikian [1998]; Petsko [2001]; Sterner and Liebl 

[2001]; Vieille and Zeikus [2001]). The sequences of hyperthermophilic enzymes are 

typically 40 to 85% similar to their mesophilic homologs, and their three-dimensional 

structures and catalytic mechanisms are conserved (Vieille and Zeikus 2001). Also, the 

functionality of the proteins was found to be the same relative to their respective growth 

temperatures (Cowan 1995). Several factors have been cited as reasons for greater 

stability, including greater hydrophobicity, better packing, increased hydrogen bonding, a 

decreased number of thermolabile residues, deletion or shortening of loops, an increased 

number of salt bridges, and an increased number of proline residues. However, no single 

factor is universally true. Szilagye and Zavodszky (2000) did a comparison 29 

thermophilic and 64 mesophilic proteins with respect to their structural families and 

found that different protein families used different stabilization strategies. Thus, it 
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appears many different factors contribute to the thermostability of any given protein, and 

the combinations vary (Petsko 2001). 

The availability of completed genomes, including several from 

hyperthermophiles, has enabled the comparison of amino acid composition from 

hyperthermophiles and mesophiles. These studies have found that hyperthermophilic 

proteins have an increase in charged residues at the expensed of polar non-charged 

residues, mainly glutamine, but also asparagine, serine, and threonine residues which are 

susceptible to or involved in deamination (Haney et al. 1999; Cambillau and Claverie 

2000; Chakravarty and Varadarajan 2000; Szilagyi and Zavodoszky 2000). The increase 

in charged residues is likely due to the increased occurrences of salt bridges and ion pairs 

in thermostable proteins (Chakravarty and Varadarajan 2000), which is the most 

consistent trend in the comparisons of mesophilic and hyperthermophilic proteins (Kumar 

et al. 2000; Petsko 2001). At lower temperatures, the association of an ion pair to form a 

salt bridge incurs a large desolvation penalty, which is not overcome by the favorable 

interaction within the salt bridge. However, at higher temperatures the desolvation 

penalty is reduced (Szilagyi and Zavodoszky 2000). Thus, ion pairing can represent a 

strong stabilizing mechanism for hyperthermophilic proteins (Vieille and Zeikus 2001). 

Even so, increasing the number of ion pairs will not necessarily increase stability; the 

placement of the additional ion pairs is also important (Petsko 2001). 

 

II. Xylose (glucose) Isomerase 

Xylose isomerase (XI) (EC 5.3.1.5) is used in vivo to convert xylose to xylulose, 

which is then phosphorylated and transferred to the pentose-phosphate metabolic 
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pathway. This enzyme has been isolated from numerous sources; currently there are over 

100 organisms (see Table 1.1) that have an identifiable gene for XI. The majority of 

currently known XIs are found in bacteria, with some recently identified in plants (Kristo 

et al. 1996) and fungi (Banerjee et al. 1994; Harhangi et al. 2003). Thus far, none have 

been reported from any archaea (Vieille et al. 2001). 

 

Applications 

 The largest industrial usage of xylose isomerase occurs in the production of high 

fructose corn syrup (HFCS) due to its ability to catalyze the conversion of glucose to 

fructose. For this reason, it is also know as glucose isomerase (GI). This process was the 

first large-scale industrial use of an immobilized enzyme (Vieille and Zeikus 2001), and 

today immobilized xylose isomerase is among the highest tonnage value enzymes 

commercially available (Bhosale et al. 1996). As such, much of the current and past 

research has focused on developing or discovering a xylose isomerase with improved 

capabilities with respect to the HFCS process (e.g. better thermostability, increased 

activity on glucose, acid stability, etc.) (Cha and Batt 1998; Hartley et al. 2000; Kaneko 

et al. 2000; Bandlish et al. 2002; Sriprapundh et al. 2003). 

 While HFCS production accounts for the largest usage of xylose isomerase, other 

industries are looking to utilize xylose isomerase in different processes, such as the 

production of bioethanol. The increasing costs and environmental concerns associated 

with the use of fossil fuels has stimulated research into alternative fuels, such as ethanol 

produced from renewable resources such as the fermentation of plant biomass 

(hemicellulose) (Lonn et al. 2003). While the glucose of the cellulose component can be 
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efficiently fermented to ethanol, the fermentation of the pentose sugars poses some 

difficulty, since it is harder to assimilate and ferment than glucose (Skoog and 

Hahnhagerdal 1988). The pentose fraction can constitute as much as 40% of the 

hemicellulose, the majority of which is xylose. The preferred organism for bioethanol 

production is the yeast Saccharomyces cerevisiae, since it can withstand high 

concentrations of ethanol (Chandrakant and Bisaria 2000). This yeast cannot metabolize 

D-xylose, however it can utilize D-xylulose, the isomerization product of xylose (Wang 

and Schneider 1980). There is considerable interest in inserting a xylose isomerase gene 

into S. cerevisiae to metabolically engineer a strain capable of utilizing xylose directly 

(Walfridsson et al. 1996; Gardonyi and Hahn-Hagerdal 2003; Kuyper et al. 2003; Lonn et 

al. 2003). 

 There is also interest in utilizing xylose isomerase genes in biotechnology for 

transgenic plant selection. The production of transgenic plants involves the insertion of 

the foreign gene of interest as well as a selectable marker gene that enables the selection 

of transformed cells while inhibiting or destroying non-transformed ones. In traditional 

selection systems, these markers typically encode either herbicide tolerance or antibiotic 

resistance. The most widely used marker gene is the neomycin phosphotransferase gene, 

which confers resistance to aminoglycoside-type antibodies such as kanamycin and 

neomycin (Penna et al. 2002). There are a number of concerns with the utilization of 

antibiotic and herbicide resistant gene markers in genetically modified organisms 

(GMOs) used for food production, including the inherent toxicity of the marker gene 

product, the possible transfer of antibiotic resistance to pathogens, and the possible 

transfer and establishment of herbicide-resistant weeds (Haldrup et al. 2001). Another 
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drawback of the current systems is that they are based on negative selection, which 

means that the selective agent kills the untransformed cells. This causes the release 

growth inhibitors and toxic substances into the media that in turn lowers the 

transformation efficiency. Recent developments have focused on the development of 

markers based on positive selection, in which the transformed cells enjoy a metabolic 

advantage over the untransformed cells, which are starved rather than killed (Penna et al. 

2002).  Most plant species are unable to metabolize D-xylose, while they can utilize D-

xylulose because they express a xylulokinase. Expression of a functional xylose 

isomerase would enable the plants to be selected by providing D-xylose as the sole 

carbon source (Joersbo 2001). The xylose isomerase system is also independent of 

antibiotic or herbicide resistance genes. Instead, it depends on an enzyme that is generally 

recognized as safe for use in the starch industry and which is already utilized in the food 

industry. This makes xylose isomerase an attractive candidate for transgenic plant 

selection (Haldrup et al. 1998). 

 

Substrate Specificity 

 Aside from its physiological substrate, xylose isomerase has been tested for 

activity towards a number of different sugars and sugar derivatives. While substrate 

specificity varies depending on the source organisms, the enzyme generally has activity 

towards D-glucose, D-ribose, D- and L-arabinose, L-mannose, D-allose, and 2-deoxy 

glucose (Hausler and Stutz 2001). The enzyme appears to favor substrates with hydroxyl 

groups at carbons 3 and 4 in the equatorial position (such as glucose and xylose) (Bhosale 

et al. 1996) which is not surprising as the 3-OH and 4-OH atoms coordinate with one of 
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the metal ions for substrate binding (Hartley et al. 2000). Further study has shown that 

substrates are required to have two adjacent hydroxyl groups, the absolutely essential 4-

OH and either 3-OH or 5-OH (Hausler et al. 2001). 

 

Classification and Structure 

Xylose isomerases are divided into two classes based on their sequence 

homology, Class I and Class II (Vangrysperre et al. 1990). The class I enzymes all consist 

of approximately 390 amino acids and have a high degree of homology with each other, 

with the few sequence differences predominantly located in surface residues not involved 

in subunit contact (Bhosale et al. 1996). The Class II enzymes contain an additional 45 to 

55 amino acid residues, which includes a 30-35 amino acid insert at the N-terminus, that 

are lacking in the Class I enzymes. The Class I enzymes all have a high degree of 

homology between them, and are similar in catalytic activity and temperature optima, 

while the Class II enzymes have a wider range of sequence homology and show more 

variability in catalytic activity and temperature optima (Hartley et al. 2000). 

Most xylose isomerases exist as tetramers or dimers of identical 45-50 kDa 

subunits, although a few, such as the extracellular XI from Bacillus sp., have been 

identified as a trimer (Bhosale et al. 1996). Each subunit is composed of two domains; a 

(α/β)8-barrel or TIM barrel domain which contains the catalytic and metal binding sites, 

and a C-terminal helical domain that forms a loop that interacts with the surface of the 

adjacent subunit (Hartley et al. 2000). The tetramer structure is composed of a dimer of 

dimers that can be represented by an A-B/B*-A* symmetry (Figure 1.1). Three 

theoretical dimer configurations are also shown in Figure 1.1. The ying-yang (B-B*) 
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dimer appears to be the most stable, but is lacking the subunit interactions around the 

active site, whereas the butterfly (A-B*) dimer retains these interactions. However, the 

structure of the active dimer is still unknown (Hartley et al. 2000). 

The crystal structures of several different xylose isomerases have been solved 

(Table 1.2). The first XIs crystallized belonged to Class I and included Streptomyces 

rubiginosus, Arthrobacter B3728, Streptomyces olivochromogenes, Actinoplanes 

missouriensis, and Streptomyces murinus. The structures of all these were found to be 

almost identical as were all Class I discovered thus far. Even the structure from the 

thermophile Thermus, which differs the most from the other Class I enzymes in sequence 

and thermostability, has the same tertiary structure (Hartley et al. 2000). Chang et al. 

(1999) studied two XIs from Thermus thermophilus and Thermus caldophilus and 

compared them to the XIs from Arthrobacter B3728 and Actinoplanes missouriensis. In 

the Thermus XIs, the most frequent amino acid substitutions (when compared to the 

mesophilic XIs) where aspartate to glutamate, lysine to arginine, alanine to arginine, and 

isoleucine to valine. Also, a significant increase in ion pairs was noted, intra-subunit ion 

pairs increased by approximately 40% and inter-subunit ion pairs almost doubled. Both 

of the Thermus enzymes had less potential sites for deamination and isoaspartate 

formation than Arthrobacter or Actinoplanes (Chang et al. 1999).  

Later, the structures of the Class II XIs from Bacillus stearothermophilus, 

Thermoanaerobacterium thermosulfurigenes, and Thermotoga neapolitana were solved. 

The Class II XIs consist of approximately 440 amino acids, although this number varies 

more than among the Class I enzymes. Table 1.3 compares the sequence homology of 

several Class I and Class II enzymes, using the Thermotoga neapolitana enzyme as a 
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reference. While the Class I enzymes show only around a 30% identity with the Class II 

enzymes, they are almost identical to each other. The Class II XIs vary more in their 

sources, containing enzymes from mesophiles, thermophiles, and hyperthermophiles. 

However, the amino acids involved in substrate and metal binding, as well as catalysis, 

are completely conserved in both classes (Bhosale et al. 1996). Figure 1.2 compares the 

subunit structures of Class I Arthrobacter XI with Class II Thermoanaerobacterium 

thermosulfurigenes. While much of the tertiary structure is conserved, there are some 

apparent differences. The Class II enzymes have an extra 30 to 35-residue insertion at the 

N-terminus before entering the ΤΙΜ barrel; this feature has been used in defining the two 

classes. There is also another short (10-14 residue) insertion that forms a short 3/10 helix 

and extends the first helix in the TIM barrel. The remaining differences occur in the C-

terminal loop helices, which primarily contact the surface of the adjacent subunit (Hartley 

et al. 2000). 

 

Metal Requirements 

 All XIs require Mg2+, Mn+2 or Co+2 for activity and stability (Hartley et al. 2000). 

Titration experiments with Co2+ showed that the XI bound two metals per monomer; this 

was later confirmed when the crystal structures were solved. Early spectroscopic studies 

of Co2+ metal-bound xylose isomerases suggested that there were two different metal 

binding sites, a high affinity site (Site 2) and a low affinity site (Site 1) (Callens et al. 

1988; Sudfeld et al. 1990; Bogumil et al. 1991; Bogumil et al. 1993). However, further 

work with other metals showed that different metals had different affinities for each site,  

with site 2 having a higher affinity for several divalent cations including Co2+, 



 11 

Mn2+,Vo2+,Cd2+, and Pb2+, while site 1 has a higher affinity for Mg2+ and trivalent ions 

such as Al3+, Sm+3 and Eu+3 (Bogumil et al. 2000). Van Bastelaere et al. (1992) studied 

the metal binding of Mg2+, Mn2+, and Co2+ in several Class I and one Class II XI 

(Bacillus coagulans). They found that for Class I enzymes, Mn2+ and Co2+ did not have a 

high and low affinity site, but that Mg2+ binds stronger to site 1. The class II enzyme 

exhibited a higher affinity site for all three metals. The metal ions for both classes bind 

independently to each site with the relative binding affinities of Mn2+>Co2+>Mg2+. While 

all XIs have similar metal requirements, it appears that the activity and stability depend 

on pH, temperature, substrate, and other ions present (Hartley et al. 2000). Class I 

enzymes are best activated by Mg2+, which binds weakly to Site 2.  Mn2+ and Co2+ have a 

higher affinity for both sites and make the enzyme more stable but less active. Class II 

enzymes show optimal activity with Co2+ or Mn2+. 

 The structure of the metal binding sites for XI has been solved for a number of 

different metals, substrates, and inhibitors. Figure 1.3A shows the structure of the active 

site for the Actinoplanes missouriensis XI bound to D-xylose. The metal binding ligands 

are highlighted yellow and displayed in Figure 1.3B.  Metal site 1 (M1) is formed by 4 

carboxylates, Glu-180, Glu-216, Asp-244, and Asp-291 (numbering based on 

Actinoplanes missouriensis sequence), which are located on the β-strands B5, B7, and B8 

of the TIM barrel. In the absence of substrate, the coordinate geometry of M1 is 

tetrahedral, but in the presence of substrate this changes to octahedral coordination. Metal 

site 2 (M2) is located less than 5Å from site M1, and they share a common ligand, Glu-

216. The residues involved in binding this metal are located in β-strands B6 and B7, and 

the loop region connecting these strands to the next α-helices. The site has octahedral 
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coordination, and the ligands include the carboxylates of Glu-216, Asp-244, and Asp-

256, the imidazole group of His-219, and a water molecule (Jenkins et al. 1992). 

Crystallographic and spectroscopic studies have shown that the M2 metal moves during 

the isomerization to a position where it coordinates with O1 and O2 of the substrate 

(Jenkins et al. 1992; Bogumil et al. 1997; Hartley et al. 2000). 

 

Catalytic Mechanism 

 The mechanism for xylose isomerase has been the subject of many studies. 

Originally, the enzyme was believed to work via an enediol mechanism similar to trios 

phosphate isomerase (TIM) (Makkee et al. 1984). Both enzymes catalyze a similar 

reaction, with active sites located at similar positions in the same tertiary structural motif 

(Watt 1998). However, there are several key differences between the two enzymes, the 

most notable is that TIM does not require any cofactors, whereas two metal cofactors are 

required for XI activity. Also, TIM exhibits the exchange of H+ with solvent and its 

substrate is open chain unhydrated triose, while XI binds the α-D-pyranose form of the 

substrate and does not show H+ exchange in NMR studies (Allen et al. 1994). XI also 

does not contain a suitable base in the catalytic pocket necessary for the enediol 

mechanism (Collyer et al. 1990). Now, the enzyme is thought to utilize a 1,2 hydride shift 

mechanism (Collyer and Blow 1990).  Hartley et al. (2000) summarized the steps of this 

catalytic mechanism as follows. The first step is the binding of the α-D-pyranose form of 

the substrate, with O3 and O4 coordinated with M1 (The residues involved with substrate 

binding are highlighted on Figure 1.3C.). This orients the substrate so that His-53 can 

form a hydrogen bond to the carboxyl hydrogen of C1 and transfer it to O5, which opens 
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the ring (Figure 1.4A). The substrate unfolds to an open chain where O2 and O4 

coordinate with M1. The hydrogen on the C2 hydroxyl group is removed by the water 

molecule coordinated with the M2 metal sight (Figure 1.4B). The isomerization occurs 

via an anionic transition state formed by the movement of M2 to the position M2´ (Figure 

1.4C). The consolidation of positive charges of M1, M2´, and the nearby Lys-182, which 

has a H-bond to O1, causes the hydrogen of O2 to shift into a position between C1 and 

C2. Four hydrophobic residues, Trp-136, Phe-93, Trp-15, and Phe-25* (from the other 

monomer of the �tight� dimer) shield the C1-C2 transition state from solvent (Figure 

1.3D). When M2´ returns to its original position, the transition state collapses and the 

hydrogen is transferred to C1. The proton from the ε-NH3+ group of Lys-182 donates a 

proton to form the C1 hydroxyl group after the hydride shift (Hu et al. 1997). The chain 

returns to a cyclic position with M1 again coordinating with O3 and O4. His-53 catalyzes 

the ring closure, essentially the reverse of the ring opening (Hartley et al. 2000). 

 

III. History of HFCS production 

Before 1968, all commercially available starch sugars were composed of glucose 

and glucose polymers.  Glucose is not as sweet as sucrose, the disaccharide obtained from 

sugarcane or sugar beets, and this limited the use of starch sugars in applications such as 

soft drinks, where sweetness is important. The starch industry realized that if glucose 

could be isomerized to fructose, which is sweeter than sucrose, additional market volume 

could be acquired. Chemical isomerization was studied, but the problems associated with 

byproducts and low yields made it impractical (Schenck 2000).  
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Enzymatic conversion of D-glucose to D-fructose was first reported in 1957 using 

the cell free extract of Pseudomonas hydrophila (Marshall and Kooi 1957). The 

enzymatic activity was enhanced by the presence of arsenate. Other arsenate-requiring 

enzymes were soon isolated from Aerobacter sp. and Escherichia feundii (Hausler and 

Stutz 2001). However, further study revealed that the enzyme was a glucose 6-phosphate 

isomerase (EC 5.3.1.9), which could isomerize free glucose only when complexed with 

arsenate. The requirement for arsenate made these enzymes unsuitable for commercial 

use (Chen 1980). A �true� glucose isomerase, in the sense that did not require arsenate for 

activity, was discovered in heterolactic acid bacteria in 1963 (Yamanaka 1963), and later 

in the bacteria Streptomyces sp.  Further investigation revealed that this enzyme was 

actually D-xylose isomerase, which also can accept glucose as a substrate (Hausler and 

Stutz 2001). 

In 1967 the Clinton Corn Processing Company set up the first industrial scale 

isomerization of glucose to fructose using technology licensed from Japan (Schenck 

2000). With the rising demand (and price) of sucrose in the early 1970�s, the starch syrup 

producers were able to market HFCS as a low cost sucrose substitute. The competitive 

pricing in that era enabled HFCS to gain market acceptance in the baking and canning 

industries (Pedersen 1993). The development of fractionation technology enabling the 

chromatographic separation of fructose from glucose (Keller et al. 1981) enabled the 

production of 55% HFCS for use in the beverage industry. In the early 1980�s, soft drink 

manufactures began using the 55% HFCS as a sucrose substitute, substantially increasing 

demand (Figure 1.5). 
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Advantages of HFCS as a sweetener 

 The increased demand for refined sugar, and the calories associated with sucrose, 

has been the driving force for finding a sucrose substitute.  Several non-calorific and non-

carbohydrate artificial sweeteners have appeared on the market in recent years, however 

there are often health concerns or other drawbacks which limit their use.  For example, 

aspartame, which is used to sweeten soft drinks, has a shorter shelf life because it is 

slowly hydrolyzed at low pH. HFCS is 1.3 times sweeter than sucrose and 1.7 times 

sweeter than glucose, which allows manufactures to achieve the same level of sweetness 

using a smaller amount, thus reducing the amount of calories. The price is also 10 to 20% 

lower than sucrose based on sweetening power.  HFCS does not have the problem of 

crystallization like sucrose, and is therefore preferred in the baking industry (Bhosale et 

al. 1996). 

 

Process Overview 

 While several starch sources such as corn, potatoes, wheat, and tapioca can be 

used for producing fructose syrup, corn is the most common choice due to its low cost 

and abundant supply (Venkatasubramanian and Harrow 1979). The production of HFCS 

begins with the recovery of starch from corn through the wet milling process. This 

process separates the corn kernel into its four basic components: the germ, hull, gluten, 

and starch. One bushel of corn yields an estimated 22 pounds of cornstarch and 19 

pounds of other products (gluten feed, gluten meal, corn oil). The process begins with the 

shelled corn being cleaned and conditioned in weak sulfurous acid water, after which the 

germ is separated from the kernel. The kernel is ground and the lighter germ removed via 



 16 

centrifugation. The hulls are then shifted out and dried. The remaining starch and gluten 

are suspended in slurry, which is centrifuged to remove the heavier starch particles. The 

remaining starch slurry, containing about 40% dry solids at a pH of 3.5-4.2, is the feed 

into the HFCS process (Figure 1.6) (Polopolus and Alvarez 1991). 

The HFCS process consists of three main steps, liquefaction, saccharification, and 

isomerization. In the liquefaction step, the pH is adjusted to 5.8-6-5 with NaOH and 

calcium is added. The starch is gelatinized in a jet cooker at 105-110ºC for 5-8 minutes, 

followed by a flash cooling to 95ºC and the addition of α-amylase. The slurry is held for 

1-2 hours to hydrolyze the α-1, 4 linkages to an average chain length of 10-13 glucose 

residues After liquefaction, the pH is adjusted with HCl to 4.2-5.0, the temperature 

lowered to 55-60ºC, and the slurry is diluted to 32-34% dry solids for the saccharification 

step. Glucoamylase and pullulanase are added to complete the hydrolysis to form a 95-

96% glucose solution. The final step in the process is the isomerization of glucose to 

fructose with an immobilized GI. The glucose feed is filtered and run through an ion-

exchange column to remove Ca2+, which was added in the liquefaction step but inhibits 

GI activity. The feed is concentrated to around 3 M glucose, the pH adjusted to between 

7-8 with NaOH or Na2Co3, and MgSO4 is added as a stabilizer/activator of GI. The 

isomerization process is typically run in packed bed reactors at 58-60º C for 1-4 hours, 

and the converted syrup reaches 42% fructose (Crabb and Shetty 1999). Due to the 

continuous activity decay of the GI in packed bed reactors, several reactors are used 

rather than one large column to minimize production fluctuations with respect to capacity 

and conversion levels (Venkatasubramanian and Harrow 1979). Immediately after the 

isomerization, the pH of the syrup is lowered to 4-5 by the addition of HCl (Oestergaard 
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and Knudsen 1976). This is necessary to minimize the formation of D-psicose; a non-

metabolizable sugar produced in hot glucose and fructose solutions under alkaline 

conditions. Formation of D-psicose is minimized within the immobilized GI column even 

though it is run at higher pH due to the low retention time (Chen 1980). A cation 

exchange chromatography step is used to further increase the fructose concentration to 

produce 90% fructose syrup, which is then mixed with the 42% syrup from the 

immobilized column to achieve the 55% HFCS (Crabb and Shetty 1999).  

 

Development of Immobilized GIs 

Jensen and Rugh (1987) reviewed the development of the HFCS industry and the 

factors that lead to the current immobilized GI products.  The enzymatic conversion of 

dextrose to fructose with glucose isomerase was first reported by Marshall and Kooi 

(Marshall and Kooi 1957) and patented in 1960 (Marshall 1960); however, the process 

was not practical industrially. During the 1960�s, most of the research in this area was 

carried out in Japan, resulting in the development and patent of the first reusable glucose 

isomerase. The Clinton Corn Processing Co., a division of Standard Brands, licensed this 

technology in 1967 for production in the US. The batch process involved growing a 

Streptomyces strain on xylose containing medium followed by heat-treating the cells at 

65º C. The cells could then be used in the isomerization and recovered by filtration for 

reuse, as the enzyme was fixed in the cells by the heat treatment.  

 Due to the difficulties associated with the batch process, a continuous process was 

developed in 1970. Cell paste containing the GI was used to coat a leaf filter and glucose 

solution was pumped continuously through the filter to achieve the isomerization. In 
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1972, the Clinton Corporation improved this process by substituting DEAE-cellulose 

containing a GI from Streptomyces rubiginosus for the coated leaf filter. The cells were 

disrupted and the cellular debris was removed by filtration to obtain the crude cell extract 

containing the GI. Other impurities were removed by absorbing to DEAE-cellulose at 

conditions that would not bind the GI, which was then concentrated and absorbed onto 

DEAE-cellulose.  

 Different manufacturers developed several GI products for fixed bed reactors 

during the late 1970s. Most of the products utilized glutaraldehyde cross-linking to entrap 

and immobilize the enzyme. First, the cells were disrupted by a homogenizer and then 

cross-linked with glutaraldehyde.  After cross-linking, the aggregate was extruded 

through a 0.8 mm screen and dried to form small enzyme containing pellets, The 

glutaraldehyde cross-linking made the addition of Co2+ unnecessary, providing the 

isomerization was run at higher pH (7.8-8.0). Gist Brocades (Maxazyme) developed a 

different method of immobilization using Actinoplanes missouriensis GI in which the 

enzyme was entrapped in glutaraldehyde cross-linked gelatin particles. The product 

Sweetase, developed by Nagase, also uses an ion-exchange resin to immobilize the cells 

of Streptomyces phaeochromogenes without glutaraldehyde cross-linking. The heat-

treated cells are immobilized with a water-insoluble anion-exchange resin, which is then 

dehydrated and granulated (Jensen and Rugh 1987). 

Table 1.4 lists some of the current industrially available GIs and their 

immobilization methods.  Note that the organisms all contain Class I GIs. As such, they 

all have similar pH optima (around 6.8-8.0) and half lives (800-1500 hours) (Jensen and 

Rugh 1987). The only Class II GI ever used industrially was the original Sweetzyme 
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(Novo-Nordisk), which used the GI from Bacillus coagulans. The equilibrium between 

glucose and fructose favors fructose at higher temperatures.  Using a thermostable and 

thermoactive XI could optimize the production of HFCS.  By increasing the operating 

conditions from the current 60ºC to around 90ºC, the fructose yield may increase to 55%, 

eliminating the expensive chromatographic step. While the Class I enzymes could be 

improved, the effort would be redundant because some of the Class II enzymes are 

sufficiently thermostable for industrial use at 90-95ºC (Hartley et al., 2000).  

In addition to their industrial potential, the Class II XIs also represent and 

excellent model system for studying thermostability factors in proteins. The following 

work examines the thermostability of Class II XIs from mesophilic (E. coli and B. 

licheniformis) thermophilic (T. thermosulfurogenes), and hyperthermophilic (T. 

neapolitana and T. maritima) sources. Metal cations play an important role in the 

catalytic mechanism and stability of XIs; this role was closely examined using 

differential scanning calorimetry (DSC) and site directed mutagenesis (SDM) to 

investigate differences between the hyperthermophilic and the other enzymes. The 

potential of the two Thermotoga enzymes was evaluated for use in HFCS production at 

elevated temperatures and compared with an industrial immobilized Class I XI from 

Streptomyces (Sweetzyme T). The role of the Class II N-terminus insert was examined 

for TNXI by using PCR to vary the length of the N-terminus, and the resulting mutants 

were evaluated with respect to activity and stability. And finally, a novel 

hyperthermophilic cellulose binding domain (CBD) was attached to the N-terminus of  

TNXI to create a fusion protein for immobilization onto chitin beads.  
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Table 1.1 

List of organisms containing xylose isomerase 
 
 

Actinomyces alivocinereus 
Actinomyces phaeochromogenes 
Actinoplanes missouriensis 
Aerobacter aerogenes 
Aerobacter cloacae 
Aerobacter levanicum 
Ampullariella sp. 
Arthrobacter sp. 
Bacillus coagulans 
Bacillus halodurans 
Bacillus licheniformis 
Bacillus megaterium 
Bacillus sp. 
Bacillus stearothermophilus 
Bacillus subtilis 
Bifidobacterium adolescentis 
Brevibacterium incertum 
Brevibacterium pentosoaminoacidicum 
Brucella melitensis 
Chainia sp. 
Cortobacterium helvolum 
Corynebacterium sp. 
Escherichia coli 
Escherichia freundii 
Escherichia intermedia 
Flavobacterium arborescens 
Flavobacterium devorans 
Haemophilus influenzae 
1Hordeum vulgare (barley) 
Klebsiella pneumoniae 
Lactobacillus brevis 
Lactobacillus buchneri 
Lactobacillus fermenti 
Lactobacillus gayonii 
Lactobacillus lycopersici 
Lactobacillus mannitopoeus 
Lactobacillus pentosus 
Lactobacillus plantarum 
Lactobacillus xylosus 
Lactococcus lactis 

Leuconostoc mesenteroides 
2Malbranchea pulchella 
Microbispora rosea 
Microellobosporia flavea 
Micromonospora coerula 
Mycobacterium sp. 
Nocardia asteroides 
Nocardia corallina 
Nocardia dassonvillei 
Oceanobacillus iheyensis 
Paracolobacterium aerogenoides 
2Piromyces sp. E2  
Pseudomonas hydrophila 
Pseudonocardia sp. 
Rhizobium loti 
Ruminococcus flavefaciens 
Salmonella typhimurium 
Sarcina sp. 
Staphylococcus biblia 
Staphylococcus echnatus 
Staphylococcus flavovirens 
Staphylococcus xylosus 
Streptococcus achromogenes 
Streptococcus californicos 
Streptococcus fracliae 
Streptococcus olivochromogenes 
Streptococcus phaeochromogenes 
Streptococcus roseochromogenes 
Streptococcus venuceus 
Streptococcus virginial 
Streptomyces achinatus 
Streptomyces albus 
Streptomyces avermitilis 
Streptomyces bikiniensis 
Streptomyces chibaensis 
Streptomyces cinnamonensis 
Streptomyces coelicolor 
Streptomyces diastaticus 
Streptomyces flavogriseus 
Streptomyces fradiae 

Streptomyces glaucescens 
Streptomyces griseofuscus 
Streptomyces griseolus 
Streptomyces griseus 
Streptomyces hivens 
Streptomyces lividans 
Streptomyces matensis 
Streptomyces murinus 
Streptomyces nivens 
Streptomyces olivaceoviridis 
Streptomyces olivaceus 
Streptomyces olivochromogenes 
Streptomyces phaeochromogenes 
Streptomyces platensis 
Streptomyces rochei 
Streptomyces rubiginosus 
Streptomyces sp. 
S. thermocyaneoviolaceus 
Streptomyces venezaelie 
Streptomyces violaceoruber 
Streptomyces wedmorensis 
Streptosporangium album 
Streptosporangium vulgare 
Tetragenococcus halophilus 
Thermoanaerobacter ethanolicus 
T. thermohydrosulfuricum 
Thermoanaerobacterium. 

saccharolyticum 
T. thermosulfurigenes 
T. yonseii 
T. saccharolyticum 
Thermopolyspora sp. 
Thermotoga maritima 
Thermotoga neapolitana 
Thermus aquaticus 
Thermus caldophilus 
Thermus thermophilus 
Xanthomonas sp. 
Yersinia pestis 
Zymomonas mobilis 

 
 
1 Plant 
2 Fungi 
 

Generated by BRENDA database: http://www.brenda.uni-koeln.de/ 
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Table 1.2 

Available crystal structures of XIs 
 

Organism Class Resolution PDB # Reference 

Thermoanaerobacterium 
thermosulfurigenes 4B II 2.5 1a0c (Gallay et al.)  

Bacillus 
stearothermophilus II 3.0 1a0d (Gallay et al.)  

Thermotoga neapolitana II 2.7 1a0e (Gallay et al.) 

Arthrobacter B3728 I 2.3 1xia (Henrick et al. 1989) 

Actinoplanes 
missouriensis I 2.8 1bhw (Rey et al. 1988) 

Thermus thermophilus I 2.2 1bxb (Chang et al. 1999) 

Thermus caldophilus I 2.3 1bxc (Chang et al. 1999) 

Streptomyces albus I 1.65 6xia (Dauter et al. 1990) 

Streptomyces diastaticus I 1.9 1clk 
1qt1 (Zhu et al. 2000) 

Streptomyces murinus I 2.6 1dxi (Rasmussen et al. 1994) 

Streptomyces 
olivochromogenes I 1.6 2gyi (Allen et al. 1995) 

Streptomyces 
rubiginosus I 1.6 1xib (Whitlow et al. 1991) 
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Table 1.3  

Sequence comparison of class I and class II XIs 

 
Abbreviations:  Tne-Thermotoga neapolitana; Tmar-Thermotoga maritima;  

Tthy-Thermoanaerobacer thermohydrosulfuricus; Teth- Thermoanaerobacterium ethanolicus;  
Tthe-Thermoanearobacteruim thermosulfurogenes 4B; Thermoanaerobacterium sacharolyticum; 
Ttsac-Thermoanaerobacterium thermosaccharolytium; Bste- Bacillus stearothermophilus;  
Bsub-Bacillus subtilis; Bmeg-Bacillus megaterium: Blic-Bacillus licheniformis;  
Sxyl Staphylococcus xylosus; Thal-Tetragenococcus halophilus; Lbre- Lactobacillus brevis; 
Lpen Lactobacillus pentosus; Ecol- Escherichia coli; Tfla- Thermus flavus;  
Term -Thermus thermophilus; Taqu -Thermus aquaticus; Srub-Streptomyces rubiginosus; 
Svio-Streptomyces violaceoniger; Soli-Streptomyces olivochromogenes, 
Smur-Streptomyces murinus, Sdia-Streptomyces diastaticus; 
Scoe- Streptomyces coelicolor; Salb Streptomyces albus; Amis- Actinoplanes missouriensis 

 
%I = % Identity to Thermotoga neapolitana XI 
%S= % Similarity to Thermotoga neapolitana XI 

 

Class I  
 
 

%I 

%S 

Tfla 

30 

47 

Term 

29 

46 

Taqu 

30 

45 

Srub 

27 

49 

Svio 

26 

48 

Soli 

29 

45 

Smur 

30 

45 

Sdia 

30 

45 

Scoe 

29 

44 

Salb 

31 

46 

Amis 

26 

46 
Tgrow 70ºC 70ºC 70ºC 28ºC 28ºC 28ºC 28ºC 28ºC 28ºC 28ºC 28ºC 

Class II (continued) 
 
 

%I 
 
%S 

Blic 

62 

78 

Sxyl 

60 

76 

Thal 

58 

74 

Lbre 

56 

75 

Lpen 

54 

75 

Llac 

53 

72 

Ecol 

48 

65 
Tgrow 37ºC 37ºC 30ºC 30ºC 30ºC 30ºC 37ºC 
 

Class II (~50 amino acid insert at N-terminus) 
 
 

%I 
 
%S 

Tnea 

100 

100 

Tmar 

95 

98 

Tthy 

72 

84 

Teth 

71 

84 

Tthe 

70 

82 

Tsac 

70 

81 

Ttsac 

68 

80 

Bste 

67 

81 

Bsub 

65 

81 

Bmeg 

64 

78 
Tgrow 85ºC 80ºC 60ºC 65ºC 60ºC 60ºC 60ºC 55ºC 30ºC 30ºC 
 

Class II (~35-40 amino acid insert at N-terminus)
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Table 1.4 

Industrially Available Immobilized GIs 
 
 

 
Trade Name 

 

 
Source organism 

 
Manufacture 

(Location) 

 
Immobilization Method 

Spezyme IGI S. rubiginosus Finnsugar 
(Finland) 

Purified enzyme adsorbed onto 
DEAE-cellulose embedded in 
polystyrene with TiO2 

Optisweet 22 S rubiginosus 
Miles Kali-

Chemie 
(Germany) 

Purified enzyme absorbed onto 
silica beads and glutaraldehyde 
cross-linked. 

Gensweet SGI S. murinus Genencor 
(US) 

Purified enzyme absorbed onto 
Gensweet GDC resin TM 

Maxazyme A. missouriensis Gist-Bocades 
(Netherlands) 

Whole cells entrapped in gelatin, 
cross-linked with glutaraldehyde. 

AGIS-600 S. griseofuseus Godo-Shusei 
(Japan) 

Granulate of chitosan-treated 
glutaraldehyde cross-linked cells 

Sweetase S. phaeochromogenes Nagase 
(Japan) 

Heat-treated cell granulate 
absorbed onto anion-exchange 
resin  

Sweetzyme T S. murinus Novo-Nordisk 
(Denmark) 

Dried cylindrical particles of 
homogenized glutaraldehyde 
cross-linked cells. 

 
Data taken from Jensen and Rugh (1987) 
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Butterfly Yin-Yang Diagonal

Tetramer Dimers

 
 
 
 
 
 
 
 
 

Figure 1.1: Subunit structure of Xylose Isomerase 

Tetramer and theoretical dimer configurations 
 

Red = Subunit A  Green = Subunit B* 
Blue = Subunit A*  Yellow = Subunit B 

 
Figure from Vieille (1999 Personal communication) 
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Figure 1.2: Comparison of class I and class II XIs  

(A). Arthrobacter Class I XI 
(B). T. thermosulfurogenes Class II XI  

 
H = α-helices  NT = N-terminus 
G = 3/10 helices CT = C-terminus 

B = β-strands 
Figure from Hartley et al. (2000) 
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Figure 1.3:  Catalytic site of Actinoplanes missouriensis 

From PDB structure # 6XIM coupled with D-xylose (green). 
 (A). Negatively charged amino acids (Red), Positively charged amino acids (Blue). 
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Figure 1.3: (Continued) 

(B). Metal Binding Residues (Yellow) 
(C). Substrate Binding Residues (Yellow) 
(D). Hydrophobic Shield (Yellow) 
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Figure 1.4:  Steps in catalytic mechanism of xylose isomerase 

 
(A). Ring opening catalyzed by His 53 
(B). Proton transfer from hydroxyl group on C2 to M2 water molecule 
(C). Hydride shift- movement of M2 forms transition state 

Figure from Gerczei et al. (1999) 
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Figure 1.5: Sales of HFCS in the US Years 1965-2003 

Data from Schenck (2000) and Haley and Nydia (2003) 
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Figure 1.6:  Overview of the HFCS Process  

 
Modified from Crabb and Shetty (1999) 
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I. Abstract  

 
 The effects of divalent metal cations on structural thermostability and inactivation 

kinetics of homologous class II D-xylose isomerases (XI) (EC 5.3.1.5) from mesophilic 

(Escherichia coli and Bacillus licheniformis), thermophilic (Thermoanaerobacterium 

thermosulfurigenes), and hyperthermophilic (Thermotoga neapolitana) bacteria were 

examined. Unlike the three less thermophilic XIs that were substantially structurally 

stabilized in the presence of Co2+ or Mn2+ (and Mg2+ to a lesser extent), the melting 

temperature (Tm, ~100°C) of T. neapolitana XI (TNXI) varied little in the presence or 

absence of a single type of metal. In the presence of any two of these metals, TNXI 

exhibited a second melting transition between 110°C and 114°C. TNXI kinetic 

inactivation, which was non-first order, could be modeled as a two-step sequential 

process. TNXI inactivation in the presence of 5 mM metal at 99-100°C was slowest in 

the presence of Mn2+ (half-life [t1/2] of 84 min), compared to Co2+ (t1/2 of 14 min) and 

Mg2+ (t1/2 of  2 min). While adding Co2+ to Mg2+ increased TNXI's t1/2 at 99-100°C from 2 

to 7.5 min, TNXI showed no significant activity at temperatures above the first melting 

transition. The results reported here suggest that, unlike the other class II XIs examined, 

single metals are required for TNXI activity, but are not essential for its structural 

thermostability. The structural form corresponding to the second melting transition of 

TNXI in the presence of two metals is not known, but likely results from cooperative 

interactions between dissimilar metals in the two metal binding sites. 
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II. Introduction 

Enzymes from hyperthermophiles are intrinsically thermostable and thermoactive, 

with optimal temperatures of activity often in excess of 100°C (Vieille and Zeikus 2001). 

Studies focusing on the molecular bases for the thermostability of these enzymes have 

revealed an array of subtle contributing factors, including larger hydrogen bonding and 

ion pairing networks, additional inter-subunit interactions in oligomeric proteins, 

decreased labile amino acid content, lower surface-to-volume ratios, and smaller loops 

(Ladenstein and Antranikian 1998; Petsko 2001; Sterner and Liebl 2001). These factors 

can often be identified by comparing the structures of homologous enzymes with varying 

degrees of thermostability (Danson and Hough 1998). However, the extent to which these 

individual factors contribute to thermostability is highly specific to particular enzymes 

(Lebbink et al. 1999).  

A potential contributing factor to enhanced thermostability that has not been 

examined in much detail is the role that metals play in stabilizing and activating enzymes 

from hyperthermophiles, in comparison with their less thermophilic counterparts. Xylose 

isomerase (XI) (D-xylose ketol isomerase, EC 5.3.1.5) is an excellent model system to 

consider in this regard, since divalent metal cations are important for both stability and 

activity of all known XIs (Hartley et al. 2000).  XI converts D-xylose to D-xylulose in 

vivo, but it also converts D-glucose to D-fructose in vitro (Takasaki et al. 1969), hence its 

use for  the commercial production of high fructose corn syrup (Bentley and Williams 

1996; Bhosale et al. 1996). An intracellular enzyme, XI is found in a number of bacteria 

that can grow on xylose (Chen 1980), as well as in fungi (Banerjee et al. 1994; Harhangi 

et al. 2003), and plants (Kristo et al. 1996). XIs can be divided into two groups based on 
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sequence comparisons: class I and class II (Vangrysperre et al. 1990). Class I XIs contain 

approximately 390 amino acids, while class II XIs typically contain around 440 amino 

acids and are distinguished from the class I enzymes by a 30 to 40 amino acid N-terminal 

insert (Bhosale et al. 1996). The functional role of this N-terminal insert in the class II 

enzymes is unknown. Divalent metal cations (chosen from Co2+, Mg2+, and Mn2+) are 

essential for XI�s stability and activity (Callens et al. 1988; Marg and Clark 1990; Van 

Bastelaere et al. 1992; Bogumil et al. 2000), but their relative importance differs 

somewhat for class I and class II XIs (Hartley et al. 2000). A number of three-

dimensional structures have been solved for class I XIs (Carrell et al. 1989; Henrick et al. 

1989; Jenkins et al. 1992; Lavie et al. 1994) and have been shown to be essentially 

identical, which explains the similar biochemical and thermostability properties of these 

enzymes (Hartley et al. 2000). Comparisons between the structures of the most 

thermostable class I XIs from Thermus caldophilus and Thermus thermophilus to those 

from less thermophilic class I XIs from Arthrobacter B3728 and Actinoplanes 

missouriensis revealed common thermostabilizing features: increased ion pairing, lower 

surface-to-volume exposure, fewer exposed labile amino acids, and shortened loops 

(Chang et al. 1999). Similar comparisons among class II XIs have not been reported. 

Class II XIs have not been studied to the same extent as class I enzymes, probably 

because none are currently used commercially. Genes encoding several class II XIs have 

been cloned from mesophilic, thermophilic, and hyperthermophilic bacteria, expressed in 

Escherichia coli, and characterized biochemically (Batt et al. 1990; Lee et al. 1990; 

Brown et al. 1993; Vieille et al. 1995; Vieille et al. 2001). Although class I and class II 

XIs differ in their metal specificities (Marg and Clark 1990), active-site structure and 
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metal-binding residues are conserved across the two XI classes (Hartley et al. 2000). In 

contrast to class I XIs, however, the thermostability of class II XIs is more variable. No 

obvious differences in the enzyme structures can explain these variations in stability, 

although the more thermophilic class II XIs contain additional prolines and fewer 

thermally labile asparagine and glutamine residues (Sriprapundh et al. 2000; Vieille et al. 

2001). 

The crystal structures of class I and class II XIs show that these enzymes are 

typically homodimers or homotetramers, consisting of a TIM barrel connected to a C-

terminal loop (Jenkins et al. 1992; Allen et al. 1994). Each monomer contains an active 

site that features two distinct metal binding sites. Metal M1 is coordinated by four 

carboxylate groups, while metal M2 is coordinated by one imidazole and three 

carboxylate groups (Collyer et al. 1990). Metals M1 and M2 were initially called 

structural and catalytic metals, respectively, due to the fact that the M1 site remained 

geometrically unchanged during catalysis, while the M2 site changed upon substrate 

binding (Whitlow et al. 1991). Subsequent studies have shown, however, that both metals 

are needed for catalysis (Lambeir et al. 1992). The binding affinity appears to differ for 

the two sites (Callens et al. 1988; Sudfeld et al. 1990; Bogumil et al. 1993), and it varies 

with pH and the type of metal (Van Bastelaere et al. 1995). Binding affinity, though, 

varies in the same way in both enzyme classes, with Mn2+ > Co2+ > Mg2+ (Van Bastelaere 

et al. 1992). Metal specificity also depends on both the nature of the substrate (i.e., 

glucose or xylose) and on the enzyme class (Vieille et al. 2001). With glucose as the 

substrate, class I enzymes are best activated by Mg2+ (Van Bastelaere et al. 1991), or, in 

some cases, by a combination of Mg2+ and Co2+ (Chen 1980; Gaikwad et al. 1992). While 
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Co2+ best activates the class II enzymes for activity on glucose, Mn2+ is preferred for 

activity on xylose (Van Bastelaere et al. 1991). However, Mn2+ or Co2+ provide superior 

thermal stabilization to both XI classes (Bogumil et al. 2000). Metal specificity appears 

to be related to the residues surrounding the metal binding sites. Several mutant XIs with 

altered metal specificity were created by site-directed mutagenesis (van Tilbeurgh et al. 

1992; Cha et al. 1994; Cha 1999). In general, the resulting mutants had decreased 

specificity for all metals compared to the wild-type enzyme. 

Given that metals are needed for both stabilizing and activating XIs, a question 

arises concerning the relative importance of these cofactors across functional temperature 

ranges. This issue was examined here for class II XIs from the mesophiles Escherichia 

coli (ECXI) and Bacillus licheniformis (BLXI), for the moderate thermophile 

Thermoanaerobacterium thermosulfurigenes  (TTXI), and for the hyperthermophile 

Thermotoga neapolitana (TNXI). Results indicate that the roles that divalent metals play 

in TNXI stabilization and activation differ from those in the less thermophilic enzymes. 

 

III. Materials and Methods 

Bacterial strains 

Recombinant TNXI was expressed in E. coli BL21(DE3) (Novagen, Madison, 

WI) carrying plasmid pET22b(+) containing the T. neapolitana 5068 xylA gene as an 

NdeI-XhoI insert (i.e., plasmid pTNXI22) (Hess et al. 1998). E. coli HB101 carrying 

plasmid pCMG11-3 (Lee et al. 1990) was used to over-express recombinant TTXI. ECXI 

was expressed in E. coli JM105 carrying plasmid pKKX7 (Batt et al. 1990), while BLXI 

was expressed in E. coli HB101 carrying plasmid pBL2 (Vieille et al. 2001). 
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Enzyme Purification 

All XIs were purified from 1-L cultures grown in LB medium. After 

centrifugation for 10 min at 4,000 × g, the cells were re-suspended in 50 mM 3-(N-

morpholino) propanesulfonic acid (MOPS) (pH 7.0) containing 5 mM MgSO4 plus 0.5 

mM CoCl2 (i.e., buffer A). The cells were disrupted by two consecutive passes through a 

French Pressure Cell (Thermo Spectronic, Walthum, MA), using a pressure drop of 

14,000 psi. After centrifugation at 25,000 × g, the supernatant was heat-treated for 15 min 

at 85ºC (TNXI), 70ºC (TTXI), 60ºC (BLXI), and 50ºC (ECXI). The precipitated material 

was separated by centrifugation at 25,000 × g for 30 min. The soluble fraction was loaded 

on a DEAE-Sepharose Fast-Flow column equilibrated with buffer A. The protein was 

eluted with a linear 0-0.5 M NaCl gradient in buffer A, and the active fractions were 

analyzed by SDS-PAGE. Partially purified enzymes were loaded onto a Q-Sepharose 

column and eluded with a linear 0-0.5 M NaCl gradient in buffer A. Active fractions 

were combined and concentrated in a stirred ultrafiltration cell (Amicon, Beverly, MA), 

dialyzed against buffer A, and stored at 4ºC. Protein concentrations were assayed by the 

method of Bradford (Bradford 1976) using bovine serum albumin as the standard. 

 

Site directed mutagenesis 

Point mutations were introduced into the T. neapolitana xylA gene using the 

Quick-Change Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA). Residues 

Glu232 and Asp309 were substituted with lysine to block the metal binding sites. The 

oligonucleotides used for mutagenesis were synthesized by Integrated DNA 

Technologies (Coralville, IA). Plasmid pTNXI22 was used as the template for 
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mutagenesis. Oligonucleotide 5'-GGACAGTTCCTCATCAAACCAAAACCGAAAGA 

ACCC-3' (mutation site underlined) and its complement were used to construct mutation 

E232K. Oligonucleotide 5'-CTTCTTCTTGGATGGGACACCAAACAGTTCCCAACA 

AAC-3' (mutation site underlined) and its complement were used to construct mutation 

D309K. The double mutant was produced by using the plasmid encoding the E232K 

mutation as the template and repeating the mutagenesis protocol using the D309K 

primers. Mutations were verified by DNA sequencing performed by the Integrated 

Biotechnology Laboratories Sequencing and Synthesis Facility (University of Georgia, 

Athens, GA). The mutant enzymes were expressed in E. coli BL21 (DE3), and purified 

following the same procedure as the wild-type enzyme. 

 

EDTA treatment 

The purified enzyme was dialyzed overnight at 4ºC against 1 L of 50 mM MOPS 

(pH 7.0) containing 10 mM EDTA. It was then dialyzed twice against 50 mM MOPS (pH 

7.0) containing 2 mM EDTA, and finally dialyzed twice against 50 mM MOPS (pH 7.0). 

The apo-enzyme was stored at 4ºC until use. 

 
Differential scanning calorimetry 

DSC experiments were performed on a Nano-Cal differential scanning 

calorimeter (Calorimetry Sciences Corp., Provo, UT), using a scan rate of 1ºC/min. 

Samples were scanned from 25ºC to 100ºC for ECXI and 25ºC to 125ºC for TTXI and 

TNXI. The reversibility of the thermal transition was checked by reheating the samples 

after cooling from the first scan. The apo-enzymes were scanned against 50 mM MOPS 

(pH 7.0). To prepare the metal-containing enzymes, the apo-enzyme was dialyzed at 4ºC 
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overnight against 50 mM MOPS (pH 7.0) containing 5 mM metal-chloride. The enzyme 

solution was then dialyzed once against 1 liter of 50 mM MOPS (pH 7.0) to remove 

unbound metal, and it was scanned against the corresponding dialysis buffer. DSC 

experiments (with apo- and single metal-containing enzymes) were conducted with 1.3 ± 

0.3 mg/ml (TNXI), 1.2 ± 0.6 mg/ml (TTXI), and 2.0 ± 0.7 mg/ml (ECXI). For mixed-

metal DSC experiments, the apo-enzyme was dialyzed against 50 mM MOPS (pH 7.0) 

containing 5 mM MgSO4 plus 0.5 mM CoCl2 and scanned against the dialysis buffer. 

Enzyme concentrations were 0.9 mg/ml (TNXI), 1.7 mg/ml (TTXI), and 3.0 mg/ml 

(ECXI). Higher concentrations were used for ECXI because ECXI gave a weaker signal 

during its thermal transition. 

 

Enzyme assays 

Enzyme activity was routinely assayed with glucose as the substrate. TNXI (10 to 

20 µg) was incubated in 200 µL of 50 mM MOPS (pH 7.0 at room temperature) 

containing 2 mM CoCl2 and 1.0 M glucose at 80ºC for 10 min. The reaction was stopped 

by transferring the tube to an ice bath. The amount of fructose produced was determined 

by the resorcinol - ferric ammonium sulfate � hydrochloric acid method (Schenk and 

Bisswanger 1998). 

 
Enzyme kinetic inactivation 

To determine the effect of specific metals on TNXI kinetic stability, the apo-

enzyme (100 to 200 µg/mL final concentration) was pre-equilibrated with 0.5 mM CoCl2, 

0.5 mM MnCl2, or 2 mM MgCl2 in 50 mM MOPS (pH 7.0) for 30 min at 30ºC (pre-

incubation conditions that are known to be sufficient for the metal to reach equilibrium 
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between the buffer and enzyme metal-binding sites (Van Bastelaere et al. 1992)). One 

hundred µL aliquots of the enzyme solution were then incubated in 0.1 ml Multiply®-

Safecup screw-cap microtubes (Sarstedt, Newton, NC) at various temperatures in an oil 

bath for different periods of time. Inactivation was stopped by transferring tubes to a 

room-temperature water bath. Residual activity was determined using the assay described 

above. Non-linear curve fitting of the inactivation data was performed using the χ2 

minimization procedure of the Origin software (Microcal Software, Inc., Northampton, 

MA). 

 

IV. Results 

Structural thermostability of class II XIs  

Four class II XIs (i.e., ECXI, BLXI, TTXI, and TNXI) were investigated to 

determine the influence of specific divalent metal cations on thermally-induced 

denaturation using Differential Scanning Calorimetry (DSC). In the absence of metal 

(i.e., apo-enzymes) or in presence of a single metal at 5 µM, all four XIs exhibited a 

single irreversible thermal transition (Figure 2.1). While the nature of the metal present 

significantly affected the stabilization of BLXI and TTXI relative to their apo forms, the 

effect was smaller for ECXI and almost negligible for TNXI (Figure 2.2). The melting 

temperatures (Tm, the temperature at the maximum of the heat capacity profile) of ECXI, 

BLXI, and TTXI followed the trend previously reported for class II XIs, with Mn2+ or 

Co2+ providing greater stabilization than Mg2+. This was particularly noticeable for BLXI: 

Mn2+or Co2+ increased the Tm by ≥20°C more than did Mg2+. In all instances, but to 

varying extents, the apo-enzyme melted at a lower temperature than the same enzyme 
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containing any of the three metals (Table 2.1). It was interesting to note that TNXI 

melting curves at low metal concentrations (5 µM) led to Tm values between 96.9ºC and 

97.6ºC, barely above the Tm of the apo-enzyme (96.4ºC). Atomic emission spectroscopy 

analyses of TNXI at low metal concentrations (i.e., between 5 and 500 µM metal) suggest 

that both metal binding sites are not occupied in these conditions (data not shown). In the 

presence of excess metal (i.e., 5 mM, to ensure occupation of both metal sites), TNXI's 

Tm slightly increased to 100.5ûC (Mn2+), 100.4ûC (Mg2+), and 100.0ûC (Co2+). The 

melting behavior of TNXI was also examined in the presence of Ni2+ and Ca2+, two 

divalent metals that inactivate the enzyme (Chen 1980). With Tm values of 100.9ºC and 

100.5ºC for 5 mM Ni2+ and 5 mM Ca2+, respectively, both metals stabilized TNXI to the 

same extent as Mn2+, Mg2+, or Co2+ (Figure 2.3). 

The biochemical and biophysical properties of some XIs have been studied in the 

presence of two different metals (e.g., Mg2+ and Co2+) (Gong et al. 1980; Boguslawski 

1983; Deshmukh and Shankar 1996). For three of the enzymes studied here, the Tm in the 

presence of 5 mM Mg2+ plus 0.5 mM Co2+ was slightly above that afforded by the most 

stabilizing single metal: ECXI (58.0°C vs. 57.3°C with Mn2+), BLXI (74.4°C vs. 73.6°C 

with Mn2+), and TTXI (87.0°C vs. 86.1°C with Mn2+). In these cases, the trajectories of 

the melting curves were similar to those obtained in the presence of a single metal 

(Figure 2.4). In contrast, TNXI's melting curve in the presence of 5 mM Mg2+ plus 0.5 

mM Co2+ showed two transitions, around 99.5ºC and 110ºC (Figure 2.5). To determine 

whether the relative concentrations of the two metals affected TNXI melting behavior, 

TNXI's melting curve was recorded in the presence of 5 mM Mg2+ plus either 1 or 5 mM 

Co2+. In both cases, two transitions were observed (Figure 2.6) at the same temperatures 
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as in the presence of 5 mM Mg2+ and 0.5 mM Co2+. In fact, all TNXI melting curves in 

the presence of any two of the three metals showed two transitions (Figure 2.5); the 

Mn2+/Mg2+ and Mn2+/Co2+ combinations showed transitions at 99.6°C/114.2°C and at 

100.6°C/112.1°C, respectively. 

To further investigate the basis for the two transitions, individual TNXI scans in 

the presence of 5 mM Mg2+ and 0.5 mM Co2+ were stopped at 75ºC, 90ºC, 95ºC, 100ºC, 

105ºC, 110ºC, and 115ºC (Figure 2.7) to view the residual soluble enzyme conformation 

on SDS and native PAGE. All samples showed a single band at 50 kDa on SDS-PAGE 

(Figure 2.8A), as expected for the TNXI monomer. On the native gel, however, all 

samples showed three distinct bands, presumably the tetramer, dimer, and monomer 

(Figure 2.8B). In comparison, in the presence of a single metal, no soluble protein was 

present at temperatures beyond the end of the single thermal transition (not shown). All 

three forms of the enzyme were observed on native PAGE over the entire temperature 

range. Despite the decrease in soluble protein concentration (Figure 2.6), the relative 

amounts of each form appear to remain the same, indicating that as the dimer dissociates 

into monomers, the monomers unfold and aggregate. Hence, the amount of monomer in 

the soluble fraction remains low.  

To determine if TNXI's two melting transitions in the presence of two different 

metals were a result of differences in metal binding affinity in the two metal binding 

sites, point mutations were introduced selectively into metal sites M1 (i.e., mutation 

E232K) and M2 (i.e., mutation D309K). The double mutant (E232K/D309K) was also 

created. In previous studies of class I XIs, the residues corresponding to E232 and D309 

were mutated to lysine and the crystal structures of the mutants were determined. The 
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positive charge of the lysine�s ε-amino group presumably replaced the metal, while 

leaving the other metal site unaffected. Both mutations eliminated activity (Jenkins et al. 

1992; Allen et al. 1994). Here, as expected, none of the three TNXI mutants were active. 

The three mutants showed a single melting transition in the presence of 5 mM Mg2+ and 

0.5 mM Co2+ (Figure 2.9). With a Tm of 100.7ºC, the M1 site mutant behaved like TNXI 

in the presence of an excess single metal. Both the M2 site mutant (Tm of 95.5ºC) and the 

double mutant (Tm of 96.5ºC) behaved like the apo-TNXI (Tm of 96.4ºC).  

 

Kinetic inactivation 

Previously, BLXI was shown to follow first order kinetic inactivation (Vieille et 

al. 2001). To determine whether the two thermal transitions observed by DSC for TNXI 

in the presence of two metals had any relevance to this enzyme's inactivation kinetics, the 

inactivation course of TNXI in the presence of various metal concentrations and metal 

combinations was determined. Figure 2.10 shows the inactivation courses of apo-TNXI 

and of TNXI in the presence of 5 mM concentrations of each of the three divalent cations 

(Mg2+, Mn2+, or Co2+). With the exception of apo-TNXI, whose inactivation was first-

order, TNXI exhibited non-first order inactivation in the presence of any single metal or 

combination of metals (data not shown). Previously, TNXI inactivation was proposed to 

proceed by a two-step, sequential mechanism (Sriprapundh et al. 2003):  

E k1 →  E1

β
k2 →  Ed  

where E is the native, fully active enzyme (relative activity of 1.0), E1 is an intermediate 

with lower activity (β <1.0) than E, Ed is the inactive enzyme, and k1 and k2 are the 
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inactivation rate constants. Such a mechanism can be modeled by the sum of two 

exponential terms, where y(t) represents the fractional residual activity (Sadana 1991): 

y(t) = 1+ βk1

k2 − k1

  
 
 

  
 
 exp(−k1t) − βk1

k 2 − k1
exp −k 2t( )  [1] 

If there is no active intermediate (E1), β = 0 and the expression reduces to a first order 

decay. Equation [1] was used to fit TNXI inactivation data at different temperatures and 

at various concentrations and combinations of the three metals (Table 2.1; Figure 2.10). 

Half-lives of the enzymes were calculated by setting y(t) in equation [1] equal to 0.5 and 

solving for t1/2. The inactivation behavior analysis revealed the sensitivity of TNXI 

kinetic stability to temperature. For example, TNXI's half-life in the presence of Co2+ 

drops from 59.5 min at 96°C to 14 min at 99°C. At 99°C (i.e., close to Tm), TNXI's 

estimated half-lives (t1/2) show that Mn2+ is the most stabilizing metal (t1/2 of 84 min), 

followed by Co2+ (t1/2 of 14 min) and then Mg2+ (t1/2 of 2 min). Adding 0.5 mM Co2+ to 

an excess of Mg2+ (5 mM) tripled the t1/2 compared to only Mg2+. Based on inactivation 

rate constants for the two-step mechanism, the first step proceeded at a much higher rate 

than the second step (the ratios of rate constants k1/k2 were at least 15 for all cases at 99-

100°C). 

 

V. Discussion  

Despite the structural similarities shared by the class II XIs compared here (all 

show ≥48% sequence identity), there was significant variation in the degree of structural 

thermostabilization that the different divalent metals provided. It is interesting to note 

that for the most thermostable enzyme, TNXI, metals were less important for stability 

than for the other two thermostable enzymes, BLXI and TTXI. Unlike BLXI and TTXI, 
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apo- and halo-TNXI melted at similar temperatures (Figure 2.1). This observation points 

to the heightened structural rigidity of hyperthermophilic enzymes, even within their 

functional temperature ranges (Sehgal et al. 2002). All XIs are known to be active only in 

the presence of divalent cations. Although there have been reports of XIs active with only 

one metal site occupied (Marg and Clark 1990), mutating either metal binding site 

inactivated TNXI. In general, activity level varies with substrate, type of metal present, 

and XI class. With glucose as the substrate, class I enzymes are best activated by Mg2+, 

followed by Co2+ and Mn2+, while class II enzymes are best activated by Co2+, then Mg2+ 

and Mn2+. In contrast, with xylose as the substrate, class II XIs are best activated by Mn2+ 

(Bogumil et al. 2000). It is interesting that some XIs show maximum activity in the 

presence of both Mg2+ and Co2+ at ratios of 5:1 Mg2+:Co2+, or more (Gong et al. 1980; 

Boguslawski 1983; Tucker et al. 1988; Gaikwad et al. 1992; Deshmukh and Shankar 

1996). The reasons for the differences in the metal preference for specific enzymes and 

substrates are not clear, but this is most likely related to subtle conformational changes in 

the active site that vary depending on the specific metal present in each site.  

In addition to maximizing activity, the presence of both Mg2+ and Co2+ also 

enhanced the thermostability of all the XIs studied when compared with Mg2+ or Co2+ 

alone. While the melting curves of ECXI, BLXI, and TTXI in the presence of two 

different metals all resembled the single-metal cases (Figure 2.4), the TNXI curve 

showed two transitions (Figures 2.5 and 2.6). TNXI�s unusual melting behavior in the 

presence of Mg2+ and Co2+ was noted previously (Hess et al. 1998). Further 

investigations showed that the relative size of the transitions changed when the pH was 

increased from 7.0 to 7.9 (Hess and Kelly 1999), suggesting that the unusual melting 
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behavior was related to metal binding affinity. In fact, TNXI exhibits two melting 

transitions in the presence of any two of the metals studied (i.e., Mn2+, Co2+, and Mg2+) 

(Figure 2.5). To confirm that this melting behavior was due to the presence of two 

different metals in TNXI's metal binding sites, mutations to site M1 (E232K) and site M2 

(D309K) were introduced in TNXI. In either case, the enzyme contained at most one 

metal per active site. Both TNXI mutants showed single melting transitions. Studies of 

Streptomyces class I XIs have shown that the metal binding sites (M1 and M2) have 

different binding affinities (Callens et al. 1988; Bogumil et al. 1991) and that the high 

and low affinity sites are different for different cations (Sudfeld et al. 1990): M1 is the 

high affinity site for Mg2+, while M2 is the high affinity site for Co2+ and Mn2+  (Bogumil 

et al. 2000). High and low affinity sites were also reported in class II XIs (Van Bastelaere 

et al. 1992), and they are likely to be the same as in class I XIs, since the overall structure 

and the metal binding residues are conserved across both enzyme classes. The TNXI 

E232K mutant would, therefore, have higher affinity for Co2+ since only the M2 site is 

intact, while the D309K mutant would have higher affinity for Mg2+ for similar reasons.  

In the presence of Mg2+ and Co2+, D309K TNXI has a Tm (95.5ºC) slightly lower than 

that of the apo-enzyme, and E323K TNXI has the same Tm as TNXI in the presence of a 

single metal.  These results suggest that M2 is the only metal important for TNXI 

stability, while both metals are needed for activity. 

Cleavage of the Arthrobacter XI C-terminal loop by thermolysin affected neither 

stability nor activity (Siddiqui et al. 1993), suggesting that thermal inactivation begins in 

the TIM barrel. SDM was used in various studies to examine metal binding in XIs (see 

Hartley et al. [2000] for review). Point mutations that trigger conformational changes in 
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the active site residues destabilize XIs, and mutations that alter the metal binding residues 

greatly reduce or eliminate activity (Jenkins et al. 1992; Cha et al. 1994; Van Bastelaere 

et al. 1995; Whitaker et al. 1995; Fuxreiter et al. 1997). These results suggest that the 

irreversible thermal unfolding begins with movement of active site residues (Varsani et 

al. 1993). The metal cofactors are thought to hold the active site in a stable conformation 

that is lost when the metals are removed (Vieille et al. 2001). While the metals play an 

essential part in the catalytic mechanism, they are not required for the enzyme to fold 

properly.  Indeed, the two metal site mutants constructed in this study behaved exactly as 

TNXI in the different purification steps (in particular, they could be heat-treated in the 

same conditions as TNXI and remain soluble). They also showed melting transitions as 

high as the apo-enzyme, and their mobility on native PAGE was identical to that of TNXI 

(data not shown). 

TNXI showed non-first order kinetic inactivation in the presence of Co2+, Mg2+ or 

Mn2+. These kinetics suggest a complex, higher order process that can correspond to 

numerous possible molecular mechanisms (Sadana 1991). TNXI inactivation could be 

modeled as the sum of two exponentials, as shown in Figure 2.9 and Table 2.2. This 

general mechanism can be interpreted as a sequential inactivation, with one or more 

catalytically active intermediates. Non-first order inactivation has been reported 

previously for the Thermotoga sp. and Streptomyces murinus XIs (Vieille et al. 1995; 

Hess and Kelly 1999; Bandlish et al. 2002), although instead of a single model, the 

inactivation data were divided into two first-order phases--a faster initial phase and a 

slower later phase. However, TNXI showed first order inactivation when covalently 

immobilized to glass beads (Hess and Kelly 1999) or when heated in the absence of 
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metals (apo). These results suggest that the soluble TNXI inactivates through one or more 

partially active intermediates that are not as active as the native form. These 

intermediates are unable to form when the enzyme is physically attached to a surface. 

Hartley et al. (2000) proposed that all XIs follow a common heat inactivation pathway 

involving irreversible conversion to an altered apo enzyme that cannot bind metals, 

followed by unfolding. The pathway can be described as T#T*#M#A, where the 

tetramer (T) is converted to the inactive apo tetramer (T*) which then dissociates into 

monomers (M) that unfold and form aggregates (A). This model can be applied to the 

recombinant TNXI, which exists primarily as a dimer (Hess et al. 1998), as 

T↔D#D*#M#A. Here the tetramer (T) is in equilibrium with the dimer (D), which is 

stable until it is converted into an apo dimer (D*) that can no longer bind metals. Inactive 

dimer formation during heat treatment has been observed for the class I Streptomyces XI 

(Gaikwad et al. 1993), for which inactivation was due to a change in the active site 

region. Figure 2.8B shows that some TNXI remains in its native form throughout the 

melting transition. Presumably, TNXI does not denature until the all the metals are lost. 

This pathway, however, would only describe first order inactivation, since the only active 

species are the tetramer (T) and dimer (D), which have similar biochemical and 

biophysical properties for TNXI (Hess et al. 1998). It is possible that the active 

intermediate is a form D' between D and D*, where only one of the active sites in the 

dimer is active. The pathway could be represented T↔D#D'#D*#M#A, which 

would explain the non-first order inactivation. If each monomer in the dimer inactivated 

independent of its partner, the relative residual activity of the intermediate (β) would be 

0.5. But, because the subunit interaction of Phe59 is thought to help shield the active site 
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(Farber et al. 1989), the inactivation of one monomer may shift this important residue, 

thus decreasing the catalytic activity of the remaining monomer. This is supported by the 

influence of temperature on the TNXI inactivation parameter β (Table 2.2); at the lower 

temperatures β is close to 0.5, but as temperature increases β decreases significantly.  

While metals are important in XIs for catalysis, it appears that their influence on 

structural stability varies. While certain divalent cations stabilize some XIs by up to 

20°C, metals played a relatively minor role in the stabilization of the most thermostable 

(TNXI) XI yet identified. The results of this study suggest that subtle modifications in 

structure at high temperatures that result from dissimilar metals bound to binding sites in 

TNXI created a structurally stable, but catalytically inept, form of the enzyme. Additional 

efforts with homologous cofactor-requiring enzymes spanning large functional 

temperature ranges are needed to see if the results observed here are more generally 

applicable. It would also be interesting to see whether forms of TNXI that are structurally 

stable in the presence of multiple metal cations (second melting transition) could be 

rendered catalytically viable. 
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Table 2.1: Effect of activating divalent cations on melting temperatures of class II XIs 

 
Melting Temperature Tm (ºC) 

 
 

Enzyme 
Apo Mg2+ Co2+ Mn2+ 

 

ECXI 

BLXI1 

TTXI 

TNXI 

TNXI* 

 

50.8 

50.3 

64.1 

96.4 

-- 

 

56.2 

53.3 

83.0 

97.6 

100.4 

 

56.2 

73.4 

86.0 

97.5 

100.0 

 

57.3 

73.6 

86.1 

96.9 

100.5 

1 Data from Vieille et al. (2001) 
* Buffer containing 5mM metal chloride 
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Table 2.2: Effect of divalent metals cations on TNXI inactivation kinetics 

y (t) = A exp(-k1·t) + B exp(-k2·t)   or y(t) = 1+ βk1

k2 − k1

  
 
 

  
 
 exp(−k1t) − βk1

k 2 − k1
exp −k 2t( )   

 
Metal Conc 

(mM) 
T (°C) A k1 

(min –1) 
B k2 

(min –1) 
ββββ    t1/2 

(min) 
χχχχ2 

(x10-2) 
r2 

99 0.428 0.22 0.58 0.002 0.57 83.2 0.024 0.996 
102 0.518 0.40 0.48 0.005 0.48 6.9 0.083 0.983 
104 0.639 0.41 0.40 0.008 0.39 4.2 0.224 0.966 

 
Mn2+ 

 
2 

106 0.668 0.61 0.34 0.014 0.34 2.3 0.061 0.991 
 

96 0.41 0.08 0.59 0.003 0.57 59.5 0.057 0.992 
99 0.43 0.20 0.57 0.013 0.53 14 0.058 0.993 
102 0.51 0.36 0.49 0.020 0.46 5.8 0.024 0.997 

 
Co2+ 

 
2 

104 0.61 0.49 0.39 0.038 0.36 2.9 0.029 0.997 
 

92 0.534 0.24 0.48 0.001 0.48 12 0.080 0.984 
96 0.739 0.52 0.29 0.011 0.29 2.3 0.126 0.987 
99 0.771 0.57 0.26 0.027 0.24 1.9 0.145 0.986 

 
Mg2+ 

 
2 

102 0.946 0.67 0.11 0.056 0.10 1.3 0.384 0.968 
 

87 0.910 0.02 -- -- -- 30 0.398 0.965 None -- 
90 1.02 0.06 -- -- -- 11.3 0.185 0.996 

 
Mg2+/Co2+ 5/0.5 100 0.42 0.48 0.58 0.023 0.55 7.5 0.014 0.998 

Co2+ * 0.5 100 0.64 0.45 0.35 0.017 0.34 3.0 0.013 0.998 
 

* Data taken from Vieille et al. (1995). 
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Figure 2.1: Thermal denaturation of class II xylose isomerases. 

DSC scans of TNXI, TTXI, BLXI, and ECXI were run in 50 mM MOPS (pH 7.0) with 
no metal (apo) or in the presence of a single metal at 5 µM. 
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Figure 2.2: Effect of metals on the Tm values of class II XIs. 

∆T is the difference between Tm (enzyme in the presence of 5 µM single metal) and Tm 
(apo-enzyme). For TNXI*, metal concentration was 5 mM. 
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Figure 2.3: DSC of TNXI in the presence of excess metals 

5 mM metal chloride in 50mM MOPS (pH 7.0) 
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Figure 2.4: ECXI, BLXI, and TTXI melting transitions in the presence of two 

different metals.  
 

DSC scans were run in 50 mM MOPS (pH 7.0) in the presence of 
5 mM Mg2+/0.5 mM Co2+. 
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Figure 2.5: TNXI melting transitions in the presence of two different metals. 

DSC scans were run in 50 mM MOPS (pH 7.0) in the presence of 5 mM Mg2+/0.5 mM 
Co2+ (dashed), 5 mM Mn2+/0.5 mM Co2+ (black), or 5 mM Mg2+/5 mM Mn2+ (gray).  
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Figure 2.6: TNXI melting transitions with Mg2+ and Co2+. 

DSC scans were run in 50 mM MOPS (pH 7.0) in the presence of 5 mM Mg2+/5 mM 
Co2+ (black), 5 mM Mg2+/1 mM Co2+ (gray), or 5 mM Mg2+/0.5 mM Co2+ (dashed). 
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Figure 2.7: Soluble TNXI concentration during thermal denaturation in the 
presence of 5 mM Mg2+ plus 0.5 mM Co2+. 

 
The concentration of soluble protein ($, % of starting concentration) and the thermal 
transitions are shown as functions of the temperature.  
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Figure 2.8: SDS (A) and Native (B) PAGE of soluble TNXI. 

Samples taken at different temperatures during the thermal denaturation in the presence 
of 5 mM Mg2+ plus 0.5 mM Co2+. Soluble fractions were loaded at 1.5 µg protein/lane 
(SDS) and 100 µg protein/lane (Native). Control: unheated TNXI in 50 mM MOPS (pH 
7.0) containing 5mM Mg2+ plus 0.5 mM Co2+. Presumed tetramer, dimer, and monomer 
bands are identified on native gel. 
 

Tetramer 
 
Dimer 
 
Monomer 

M
ar

ke
r 

C
on

tro
l 

75
 ºC

 

90
 ºC

 

95
 ºC

 

10
0 

ºC
 

10
5 

ºC
 

11
0 

ºC
 

M
ar

ke
r 

11
5 

ºC
 

50 

15 

20 

25 

30 

40 

60 

100  

kDa 
A

B



 

 74 

0

20

40

60

80

100

120

140

80 85 90 95 100 105 110

Temperature (ºC)

Ex
ce

ss
 h

ea
t c

ap
ac

ity
 

(k
ca

l/m
ol

e·
K

)

E232K / D309K

D309K E232K

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9: Thermal denaturation of TNXI metal site mutants. 

DSC scans of TNXI and its E232K, D309K, and E232K/D309K mutants in buffer A. 
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Figure 2.10: Model fit to TNXI kinetic inactivation in the presence and absence of activating divalent cations. 

Model parameters and r2 values listed in Table 2. Legend: 106ºC (♦ ), 104ºC ($), 102ºC (!), 99ºC (∆), 96ºC (!), 90ºC (%), 87ºC (&).
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I. Abstract 

The conversion of glucose to fructose at elevated temperatures, as catalyzed by 

soluble and immobilized xylose (glucose) isomerases from the hyperthermophiles 

Thermotoga maritima (TMGI) and Thermotoga neapolitana 5068 (TNGI) and from the 

mesophile Streptomyces murinus (SMGI), was examined. At pH 7.0 in the presence of 

Mg2+, the temperature optima for the three soluble enzymes were 85°C (SMGI), 95-

100°C (TNGI) and >100°C (TMGI). Under certain conditions, soluble forms of the three 

enzymes exhibited an unusual, multiphasic inactivation behavior in which the decay rate 

slowed considerably after an initial rapid decline. However, the inactivation of the 

enzymes covalently immobilized to glass beads, monophasic in most cases, was 

characterized by a first-order decay rate intermediate between those of the initial rapid 

and slower phases for the soluble enzymes. Enzyme productivities for the three 

immobilized GIs were determined experimentally in the presence of Mg2+. The highest 

productivities measured were 750 and 760 kg fructose per kg SMGI at 60°C and 70°C, 

respectively. The highest productivity for both TMGI and TNGI in the presence of Mg2+ 

occurred at 70°C, pH 7.0, with approximately 230 and 200 kg fructose per kg enzyme for 

TNGI and TMGI, respectively. At 80°C and in the presence of Mg2+, productivities for 

the three enzymes ranged from 31 to 273. A simple mathematical model, which 

accounted for thermal effects on kinetics, glucose-fructose equilibrium and enzyme 

inactivation, was used to examine the potential for high fructose corn syrup (HFCS) 

production at 80°C and above using TNGI and SMGI under optimal conditions, which 

included the presence of both Co2+ and Mg2+. In the presence of both cations, these 

enzymes showed the potential to catalyze glucose to fructose conversion at 80°C with 
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estimated lifetime productivities on order of 2,000 kg-fructose/kg-enzyme, a value 

competitive with enzymes currently used at 55-65°C but with the additional advantage of 

higher fructose concentrations. At 90°C, the estimated productivity for SMGI dropped to 

200, while for TNGI, lifetime productivities on order of 1000 were estimated. Assuming 

that the most favorable biocatalytic and thermostability features of these enzymes can be 

captured in immobilized form and the chemical lability of substrates and products can be 

minimized, HFCS production at high temperatures could be used to achieve higher 

fructose concentrations as well as create alternative processing strategies.  
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II. Introduction 

 Hyperthermophilic enzymes present a number of interesting bioprocessing 

opportunities because of their thermostability and activity at high temperatures (Adams et 

al. 1995; Ladenstein and Antranikian 1998; Niehaus et al. 1999; Vieille and Zeikus 

2001). These enzymes would be used to their best advantage in applications for which 

operation at extremely high temperatures is strategic. Such applications include starch 

processing (Beaujean et al. 2000; Montalvo-Rodriguez et al. 2000), hydraulic fracturing 

of oil and gas wells (McCutchen et al. 1996), and the isomerization of glucose to fructose 

for high fructose corn syrup (HFCS) production (Brown et al. 1993). In current processes 

for HFCS production, xylose (glucose) isomerases from mesophilic microorganisms are 

used in immobilized enzyme reactors operating between 55°C and 65°C, at pH 7.5 to 8.5, 

and with residence times of less than 1 hour (Schenck 2000). Because the 

glucose:fructose equilibrium favors fructose as temperature increases (Tewari and 

Goldberg 1984; Bhosale et al. 1996), operation at higher temperatures could potentially 

bring fructose concentrations to the point at which re-blending and an expensive 

chromatographic enrichment step are either minimized or unnecessary (Hartley et al. 

2000). Isomerization at higher temperatures could also be useful in developing a one-step 

process for the conversion of starch to HFCS (Kaneko et al. 2000), a conversion that now 

requires multiple enzymatic steps at varying temperatures and reaction conditions (Crabb 

and Shetty 1999). 

Two classes of glucose isomerases (GIs) exist, which are distinguished by the 

absence (Class I) or presence (Class II) of a 30-40 amino acid insert at the amino 

terminus of the protein (Bhosale et al. 1996; Hartley et al. 2000). GIs are either 
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homodimers or homotetramers based on 45-50 kDa subunits. All GIs require one or more 

divalent cations (Co2+, Mg2+, Mn2+) for structural stability and activity, typically binding 

two cations per subunit (Hartley et al. 2000). Although the metal requirement is universal 

for all GIs studied to date, the metal affinity of the two binding sites and the impact of 

specific cations on stability and activity varies (Van Bastelaere et al. 1992). The catalytic 

mechanism for the glucose to fructose conversion has been characterized in some detail, 

and a hydride ion transfer is thought to be the rate-limiting step (Collyer et al. 1990; 

Rangarajan and Hartley 1992). The class I GIs that have been used industrially originate 

mainly from Streptomyces and Actinoplanes species (Zittan et al. 1975; Oestergaard and 

Knudsen 1976; Teague and Arnold 1983; Weidenbach et al. 1984; Makkee et al. 1985; 

Jorgensen et al. 1988; Crueger and Crueger 1990; Pedersen 1993; Bhosale et al. 1996). 

Cass II GIs are not currently used commercially, although class II GIs from two 

hyperthermophiles, Thermotoga maritima (Brown et al. 1993) and Thermotoga 

neapolitana (Vieille et al. 1995) have been considered. Both GIs are thermostable and 

active above 90°C (Starnes et al. 1993a; 1993b; Zeikus et al. 1998). Aside from their 

significantly higher thermostabilities, these two enzymes share many structural and 

functional characteristics with class II GIs from less thermophilic organisims (Hess et al. 

1998; Hess and Kelly 1999; Sriprapundh et al. 2000). 

Many factors have to be considered to properly evaluate alternative GIs and 

processes for HFCS production at high temperatures. These factors include the impact of 

biocatalyst performance on capital (e.g., size of enzyme reactor and chromatographic 

equipment for fructose enrichment) and operating (e.g., replacement frequency of 

enzyme and ion exchange media) costs, food safety issues, metal ion requirements, and 
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efficacy of the enzyme in immobilized form. Other issues relating to the chemical 

stability of the substrate, product and enzyme at very high temperatures should also be 

examined, given the potential for deleterious chemical reactions between sugars and 

proteins at high temperatures (Hess and Kelly 1999; Brands et al. 2000). 

 In this study, two hyperthermophilic class II GIs from Thermotoga species 

(Brown et al. 1993; Vieille et al. 1995; Hess et al. 1998; Hess and Kelly 1999) and the 

class I GI from Streptomyces murinus (Jorgensen et al. 1988), which in an immobilized 

form has been commercialized as Sweetzyme T�, were considered for use in glucose 

isomerization at elevated temperatures. In addition to comparing the biochemical and 

biophysical properties of these enzymes in their soluble and immobilized forms, 

consideration was also given to alternative bioprocessing strategies that take advantage of 

enzyme thermostability and thermoactivity.  

 

III. Materials and Methods  

Enzyme Preparation  

S. murinus GI (SMGI), in soluble and immobilized (Sweetzyme ) forms, was 

supplied by Novo Nordisk, Franklinton, NC.  The soluble enzyme was further purified by 

FPLC (Pharmacia, Piscataway, NJ) using a Q-Sepharose column (Pharmacia, Piscataway, 

NJ). Samples were passed twice through the column and final homogeneous fractions (as 

evidenced by a single band on SDS-PAGE) were pooled, and stored at 4°C. T. 

neapolitana GI (TNGI) was prepared as described by (Vieille et al. 1995). T. maritima 

(TMGI) was provided by Novo Nordisk, Baagsvaerd, Denmark. All enzyme preparations 
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were stored at 4°C, prior to use. Total protein concentrations were determined by the 

method of (Bradford 1976), using bovine serum albumin (BSA) as the standard. 

 

Characterization of Soluble and Immobilized Enzymes  

For experiments using soluble enzyme, samples were run in duplicate. Soluble 

enzyme levels were adjusted such that the non-enzymatic rate of isomerization was less 

than 10% of the total activity. Heat-induced isomerization was accounted for in 

determining both activity and residual activity measurements.  

pH optima  

50 mM sodium acetate (pH 3.6�5.5) and sodium phosphate (pH 6.3�8.0) buffers, 

each containing 800 mM glucose and 10 mM Mg2+, were used to determine the effect of 

pH on the specific activity of the three GIs.  The reaction mixtures were incubated for 10 

minutes at 80°C.  The amount of fructose formed was determined by the cysteine-

carbazole-sulfuric acid method (Dische and Borenfreund 1951). 

Temperature optima 

The effect of temperature on enzymatic activity was determined at pH 7.0. The 

enzyme in 50 mM sodium phosphate buffer containing 800 mM glucose and 10 mM 

Mg2+ was incubated for 10 minutes at the desired temperature. The amount of fructose 

formed was determined as indicated above. 

Thermoinactivation studies 

The soluble and immobilized enzymes were incubated at 80°C and pHs 7.0 or 5.5 

for times up to 22 hours.  50 mM sodium phosphate buffer (pH 7.0) or 50 mM sodium 

acetate buffer (pH 5.5), containing 10 mM MgSO4, was used. Samples were chilled on 
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ice, upon which glucose was added to 800 mM, and residual activity was determined at 

80°C (10 minute assay time). 

Immobilization of the three GIs to porous glass beads 

The purified GIs were covalently immobilized to controlled pore size glass beads 

(CPG beads, 120-200 mesh, 2000 Å pore size) using a slight modification of the method 

of (Janolino and Swaisgood 1982). Briefly, the glass beads were silanized with 3-

aminopropyltriethoxysilane (pH 4.0), then succinylated with succinic anhydride and 

activated by reaction with 1-ethyl-3-(3-dimethyaminopropyl) carbodiimide.  Xylose 

dissolved in 50 mM sodium phosphate buffer (pH 7.0) containing 5 mM Mg2+ was added 

to a concentrated enzyme solution to reach final concentrations of approximately 600 

mM xylose and 5 mg/ml enzyme.  This solution was then circulated through the 

carbodiimide-activated glass beads at 4°C for 20 hours.  Non-adsorbed enzyme was 

removed by washing with 1 M NaCl in 50 mM sodium phosphate buffer pH 7.0. 

Operation of immobilized GI reactors 

Jacketed and fritted glass columns (0.7 x 15 cm) (Sigma Chemical Co., St. Louis, 

MO) were used to contain the immobilized enzymes. Temperature (monitored by a 

portable thermocouple) was maintained by submerging the columns in a recirculating 

bath, using a tetraethylene glycol/water (50/50) mixture to prevent evaporative loss. 

Between 1-2.5 grams of enzyme beads or Sweetzyme T  (Novo Nordisk), were added to 

the columns.  Sweetzyme T  was re-hydrated in a large volume of buffer overnight at 

4ºC.  The buffer was then exchanged for feed solution and the column was loaded. The 

freshly made, filter-sterilized feed solution (i.e., 25 mM sodium phosphate pH 7.0 or 

sodium acetate pH 5.5 containing 2.5 M glucose and 5 mM MgSO4) was flushed through 
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the columns for approximately 2 hours at room temperature.  The circulating bath was 

then turned on and the temperature adjusted to the desired level.  Samples of the product 

were collected and analyzed for fructose content.  The columns were fed at a constant 

flow rate, between 0.2 and 0.8 ml/min, depending on enzyme activity. These flow rates 

were sufficiently rapid to allow the reactors to function as differential reactors (i.e., the 

reactor is gradientless), and the reverse reaction was not considered. Enzyme productivity 

was calculated by numerical integration (trapezoidal method) of the specific activity vs. 

time plot. 

Enzyme kinetics for the soluble GIs 

Detailed reaction and inactivation kinetics were previously reported for the 

soluble TNGI (Brown et al. 1993; Vieille et al. 1995; Hess and Kelly 1999) and TMGI 

(Brown et al. 1993). For the soluble SMGI, reaction and inactivation kinetics were 

determined using a microtiter plate format assay developed to measure glucose 

concentrations for a large number of samples in the presence of fructose.  The assay 

consisted of pipetting 10 µL of sample into each well of a 96-well plate (Corning, 

Cambridge, MA, Catalog # 25881-96), followed by the addition of 200 µL of enzyme 

reagent solution (i.e., 1 capsule of PGO enzymes (Sigma Chemical) plus 4 mg o-

dianisidine in 200 ml water). The plate was incubated for 15 min at room temperature, 

and the absorbance was measured at 450 nm using a BioKinetics Model EL 340 

Microplate Reader (Bio-Tek Instruments, Winooski, VT). Enzyme reaction kinetics for 

soluble SMGI were determined by the initial rate method, using fructose concentrations 

ranging from 25 mM to 1.2 M in standard solution (100 mM MOPS, 10 mM Mg, 1 mM 

CoCl2, pH 7.0). Hanes-Woolf plots were used for data analysis (Segel 1975; Shuler and 
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Kargi 1992; Cornish-Bowden 1995). KM and VMAX results were not considered reliable 

unless the associated Hanes-Woolf R2 value exceeded 0.97. In all cases, at least seven 

substrate concentrations were used, including 25 mM, 200 mM, 400 mM, 600 mM, 800 

mM, 1 M, and 1.2 M. Additional fructose concentrations were also used, as needed. 

Solution pH was determined at room temperature, as in (Vieille et al. 1995).  SMGI and 

fructose solutions were pre-heated separately for 3 min at the desired assay temperature.  

Equal volumes (~ 150 µL) of each solution were mixed and placed in a heating block 

maintained at the desired temperature. Samples were taken every minute for the first 5 to 

7 min and assayed for glucose concentration. The initial slope of glucose concentration 

with time was used to determine enzyme activity at that particular temperature (Cornish-

Bowden 1995).  

 

IV. Results 

To assess the potential of the three enzymes for HFCS production at high 

temperatures, their thermostability and activity were examined from several perspectives. 

The catalytic and inactivation behaviors of TMGI, TNGI, and SMGI in soluble and 

immobilized forms were determined in the presence of a single divalent cation, Mg2+, the 

preferred metallic cofactor from a food safety perspective. Using data from this study and 

from previous reports, a mathematical model was derived and implemented to evaluate 

the potential of these enzymes for HFCS production at 80°C and above. At temperatures 

above 80°C, the effect of Co2+ (in addition to Mg2+) on productivity was also studied, 

given the positive effect of Co2+ on the stability and activity of these enzymes at higher 

temperatures. 
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Amino Acid Sequence and Structural Similarity  

 Although the Thermotoga enzymes and SMGI represent the two classes of GIs, 

they share many structural and functional features. This result is not surprising, since the 

secondary structure of all known GIs is composed of two domains: a large N-terminal 

domain that folds into a (β/α)8 �barrel, and a smaller C-terminal domain that extends 

down to the adjacent subunit (Chang et al. 1999). Figure 3.1 shows a comparison of the 

amino acid sequences of the three enzymes. The two Thermotoga enzymes exhibit 95% 

sequence identity, while SMGI is approximately 30% identical to both TNGI and TMGI. 

Figure 3.1 also shows that the secondary structural elements are highly conserved in the 

three enzymes. TNGI and TNGI differ from SMGI only with respect to the N-terminal 

insert and in some minor changes in the last sections of the C-terminal domain. These 

non-conserved regions of the C-terminal domain can be cleaved by thermolysin, and 

cleavage of these regions of the C-terminus does not affect the activity and 

thermostability of Arthrobacter GI (Siddiqui et al. 1993). Also in Figure 3.1, note the 

conservation of specific structural features such as metal binding sites, catalytic residues, 

and residues composing the substrate binding pocket. 

 

Characterization of the soluble TNGI, TMGI and SMGI  

Prior to the immobilization studies, the biochemical and biophysical features of 

the soluble forms of the three enzymes were determined under comparable reaction 

conditions. Using Mg2+ as the only cation, the specific activities of the three enzymes 

towards glucose were determined at pH 7.0 (see Figure 3.2). Although Mg2+ was less 
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effective than Co2+ in stabilizing these enzymes, in industrial processes Mg2+ is the 

cation of choice because its use circumvents potential food safety problems. Under these 

conditions, SMGI showed the highest specific activity (approximately 14 µmole/min-mg 

at 85°C), compared to TNGI (8.6 µmole/min-mg at 95°C) and to TMGI (7.6 µmole/min-

mg at 100°C; note that the temperature optimum for TMGI is probably above 100°C.) At 

80°C, SMGI exhibited the highest pH optimum and retained a lower fraction of activity 

at acidic pH (see Figure 3.3).  The Thermotoga GIs had broad pH optima (Figure 3), and 

their specific activities changed little between pH 6.8 and 8.0. TNGI and TMGI also 

retained a higher fraction of their maximal activity at lower pH; ~60-70% of activity was 

observed at pH 5.2.   

At 80°C in the presence of Mg2+, all three enzymes exhibited biphasic 

inactivation behavior under certain conditions (see Figure 3.4), a feature previously 

observed for TNGI in the presence of both Mg2+ and Co2+ (Hess and Kelly 1999). For 

SMGI and TNGI at pH 5.5 and 7.0, an initial rapid inactivation phase of approximately 

an hour was observed during which activity decayed to half or less of its initial value. 

Following this initial phase, a slower inactivation phase was observed, with a rate that 

was approximately 10 to 20 times lower than that of the initial phase. For TMGI, this 

biphasic inactivation behavior was observed only at pH 5.5, where the rate of the slow 

inactivation phase was 5 times smaller than that the initial phase. Note also that the first 

phase of inactivation for TMGI at pH 5.5 was longer by a factor of 5 or more than for the 

other two enzymes. After the initial inactivation phase, SMGI was as stable at pH 5.5 as 

at pH 7.0. The two Thermotoga enzymes were more stable at pH 5.5 than at pH 7.0.  
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Characterization of the immobilized enzymes 

The immobilization protocol gave enzyme loadings between 15-20 mg of enzyme 

per gram of glass beads. The three immobilized enzymes (i.e., IM-SMGI, IM-TNGI, and 

IM-TMGI) inactivated by first-order decay in the presence of Mg2+ over the temperature 

range of 60-80°C at pH�s 5.5 and 7.0 (see Figures 3.5 and 3.6). Note that contrasting 

inactivation behaviors were observed for the immobilized and soluble SMGI (see Figure 

1 in Visuri et al. [1999]). An exception to the monophasic inactivation was IM-TNGI at 

pH 7.0 and 80°C. Its decay was not first-order and followed a trajectory similar to that of 

the soluble TNGI. At comparable temperature and pH, inactivation rates for the 

immobilized enzymes were typically intermediate between the faster and slower rates 

recorded during the biphasic inactivation of the corresponding soluble enzymes.  

Productivity of Immobilized Enzymes 

Two pHs (i.e., 5.5 and 7.0) were chosen for productivity comparisons, which were 

done in the presence of Mg2+. The non-enzymatic rate of isomerization (<2% of initial 

rate) was determined and subtracted from the total activity.  For comparative purposes, 

the commercial IM-SMGI (Sweetzyme T ) was also examined.  However, it was 

difficult to determine its productivity experimentally because this preparation did not lose 

a measurably significant amount of activity under the conditions studied (operation at 

80°C, pH 5.5 or 7.0, for approximately 360 and 450 minutes, respectively). Note that 

from reported information for Sweetzyme T  (Jensen and Rugh 1987), productivities of 

2200 and 1125 kg fructose/kg enzyme at 55-57°C and 63-65°C, respectively, can be 

estimated, for operation at pH 7.5-8.5. This productivity is considerably higher than the 

highest productivity for any of the three enzymes immobilized on glass beads, which was 
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750 kg fructose/kg enzyme at 60°C and pH 7.0 for SMGI. This productivity difference 

between the commercial version and the one examined here likely reflects the different 

immobilization procedure used and actual processing conditions (see Table 3.1). IM-

SMGI was significantly less productive at pH 5.5 than at pH 7.0, which was not 

surprising given the pH optimum of the soluble form of this enzyme. The productivity of 

IM-SMGI was essentially constant from 60-70°C at pH 7.0. IM-TMGI and IM-TNGI 

were most productive at approximately 70°C and pH 7.0: 231 and 198 kg fructose/kg 

enzyme, respectively. While IM-SMGI was twice as active at 80°C than at 60°C, IM-

TNGI and IM-TMGI were 5-6 times more active at 80°C than 60°C. The productivities 

of IM-TNGI and IM-TMGI were not as significantly affected by pH as noted for IM-

SMGI.  

 

TNGI and SMGI Productivities at Elevated Temperatures 

The availability of thermostable and thermoactive biocatalysts for HFCS 

production raises the possibility that higher temperatures could be used to improve the 

potential yield of fructose, as well as increase its concentration relative to glucose at the 

reactor exit. It also raises the possibility that alternative bioprocessing strategies could be 

used to make strategic use of high temperatures. These issues were considered through 

the use of a mathematical model derived to account for the effect of temperature on 

reversible enzyme kinetics, inactivation rates, and the glucose-fructose chemical 

equilibrium. Kinetic and inactivation data for the soluble SMGI and TNGI were used to 

eliminate variations due to non-optimal immobilization protocols and the potential 

influence of mass transfer limitations on immobilized enzyme kinetics (for treatment of 
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this case, e.g., see Lee et al. [1976]; Palazzi and Converti [1999]; Giordano et al. [2000]). 

Camacho-Ruiz (1995) presented a derivation of parameters for GI kinetics that also 

considered the equilibrium between glucose and fructose. The resulting equation (based 

on equation [10] in Lee et al. [1976]) may be written as: 
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where Kmf and Kmr are Michaelis-Menten constants for forward and reverse reactions, 

respectively; Vmaxf ,and Vmaxr  are maximum rates for the forward and reverse reactions, 

respectively, and G  is [Glu] � [Glu]eq. 

 Figure 3 of Camacho-Rubio et al. (1995) shows a plot of Kmf versus Kmr for many 

different GIs. Most of the data lie on the 45º line, indicating that these parameters are 

approximately equal; something that was also noted by Palazzi and Converti (1999). As 

such equation [1] becomes: 
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Letting Vmaxf = kcat [E] and E = [E]o exp (-kD t), dividing through by [E]o, and grouping 

common terms, this equation becomes: 
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Assuming a constant feed rate of glucose and integrating equation [6] over a specified 

period of time obtains the following equation for enzyme productivity, P, defined as the 

total amount of substrate converted to product per unit amount of enzyme during that 

period of time: 
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Equation [7] can be further simplified by applying the definition of Keq, which yields: 
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The lifetime productivity, Plife, can be calculated by integrating equation [6] over all time 

to yield equation [9]: 
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Using equations [8] and [9], enzyme productivities (kg fructose/kg enzyme) were 

calculated using representative data for the soluble SMGI and TNGI. The calculation 

assumed a 3M glucose feed, representative of industrial HFCS production (Pedersen 
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1993). The results of these calculations, in addition to kinetic data and inactivation rates 

for the two enzymes, are summarized in Table 3.2 and Figure 3.7.  

Table 2 shows the positive effect of Co2+ on both the activity and stability of 

TNGI and SMGI. At 80°C, kcat nearly doubles when Co2+ is added to Mg2+. It is also 

interesting to note that the inactivation rate constants for both enzymes are significantly 

reduced with the addition of Co2+. For SMGI at 80°C in the presence of Co2+, only first-

order inactivation behavior was observed at a rate that was lower than either inactivation 

phase for the Mg2+ - enzyme at this temperature. At 90°C and above, kinetic 

measurements for SMGI were only possible in the presence of Co2+, since inactivation 

rates were too high in its absence. 

Productivities of the two enzymes were calculated based on the values of kcat and 

kD listed in Table 3.2. Since these two parameters are based on soluble enzyme data, the 

effect of immobilization is not taken into account. However, these estimates provide 

information concerning the potential of these enzymes for HFCS production under 

optimal conditions. At 80°C, SMGI and TNGI had estimated lifetime productivities in 

the presence of Mg2+ and Co2+ of approximately 2000 kg fructose/kg enzyme, which 

compares favorably with the reported productivity of 1100-2200 kg fructose/kg enzyme 

at 55-65°C for Sweetzyme  (Jensen and Rugh 1987). At 90°C, productivities drop off 

considerably to 210 kg fructose/kg enzyme (SMGI) and 1169 kg fructose/kg enzyme 

(TNGI). However, the equilibrium yield of fructose at this temperature could increase by 

5% or more compared to that at 60°C, depending on reactor residence times and on the 

lability of substrates and products (Tewari and Goldberg 1984; Bhosale et al. 1996). 

TNGI at 95°C had an estimated lifetime productivity of 444 kg fructose/kg enzyme.  
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V. Discussion 

Although hyperthermophilic enzymes have been proposed as replacements for 

currently used but less thermostable biocatalysts, comparisons under realistic processing 

conditions have not been reported. Covalent immobilization of SMGI, TNGI, and TMGI 

to glass beads provides a basis to begin comparing the enzymes with respect to stability 

and activity. It is interesting to note that between 60°C and 80°C and in the presence of 

Mg2+, IM-SMGI had comparable inactivation rates to the hyperthermophilic enzymes, 

even though its source is a mesophilic microorganism. Furthermore, SMGI�s higher 

catalytic rates under these conditions result in significantly higher productivities. The 

influence of metal cation on enzyme performance is a critical consideration. It is known 

that each GI monomer contains two distinct metal binding sites, and that occupation of 

both sites by Mg2+, Mn+2 or Co+2 is necessary for activity and stability. Depending on the 

GI studied (and, in particular, on whether it belongs to class I or class II) and pH, the two 

metal-binding sites show significantly different affinities for these metals. In turn, the 

degree of activation and thermostability depends on the GI/metal combination in a highly 

specific manner (Callens et al. 1988; Sudfeld et al. 1990; Bogumil et al. 1991; Van 

Bastelaere et al. 1992; Bogumil et al. 1993; Bogumil et al. 1997; Bogumil et al. 2000; 

Hartley et al. 2000). For example, Mg2+ binding affinity is known to decrease as pH 

decreases (Hartley et al. 2000), which likely explains why the stability and productivity 

of SMGI was lower at pH 5.5 than at pH 7.0. Also, since SMGI is better activated on 

glucose by Mg2+ than by Co2+, the higher productivity of SMGI in the presence of Mg2+ 

at 80°C is to be expected, whereas the reverse is true for TNGI (Watt 1998; Bogumil et 
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al. 2000; Hartley et al. 2000). Furthermore, the higher productivities of TNGI at 80°C 

and above on Co2+ reflect the relative impact of this cation on these two enzymes� 

stability and activity.  

The reasons behind the unusual inactivation behavior of the GIs studied are not 

yet clear. One possibility to be examined further is that the results reflect the 

concommitant first-order inactivation of two enzyme populations, each having a different 

metal content and, as such, each having a different inactivation rate. Along these lines, 

the fact that the immobilized enzymes show first-order inactivation kinetics may relate to 

conformational restrictions that make the two metals bind with either the same affinity, or 

one not bind at all.  

Hyperthermophilic GIs, whether they are derived from natural sources or 

engineered through recombinant approaches, present some interesting possibilities to 

consider for HFCS production. Certainly, the considerable amount of structural and 

biochemical data on these enzymes creates an opportunity for biocatalyst improvement. 

For example, TNGI has recently been engineered such that the resulting mutant is 5 times 

more active than the wild type at 60°C, and 3.5 times more active at pH 6.0 (Sriprapundh 

et al, personal communication). Efforts to further reduce the pH optimum and increase 

thermostability/thermoactivity are underway. Given the prospect for high temperature 

HFCS production, possible modifications in processing strategies could also be 

considered. The impact of thermal and chemical lability of substrates and products on 

productivity at such high temperatures is unknown but should be addressed. Higher 

processing rates, or smaller residence times, could mitigate this problem to some extent. 

Figure 3.7 shows an estimate of how cumulative productivity for the enzymes considered 
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here changes as a function of time. It is interesting to note that here the lifetime 

productivities are reached within one to two days of continuous operation. Operation at 

elevated temperatures for relatively short periods of time may provide the same amount 

of syrup but with higher fructose levels than longer operating periods at lower 

temperatures. Another possible approach that could take advantage of GIs with superior 

thermostability features is to modify current processing steps. A high temperature reactor 

could be included to improve the fructose yield delivered by conventional process 

operation. More intriguing is the possible development of a comprehensive high 

temperature process that converts starch to HFCS in a single, multi-enzyme reactor. 

Additional information is needed to determine if these enzymes present economic and 

technical advantages to existing options, and whether higher operating temperatures 

relate to bioprocessing improvements. 
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* Inactivation fit to 2 phases kd1|kd2 
 

 
 

Table 3.1  

Inactivation Rates and Productivity Rates for Immobilized Glucose Isomerases in the Presence of Mg2+ 
 Streptomyces murinus 

 
Thermotoga maritima Thermotoga neapolitana 

  
kD (min-1) 

(x 103) 

Productivity 
(kg fructose/ 
kg enzyme) 

 
kD (min-1) 

(x 103) 

Productivity 
(kg fructose/ 
kg enzyme) 

 
kD (min-1) 

(x 103) 

Productivity 
(kg fructose/ 
kg enzyme) 

60°C 
 

pH 7.0 
 

 
 

1.1 

 
 

750 

 
 

0.9 

 
 

59 

 
 

1.8 

 
 

80 

70°C 
 

pH 5.5 
 

pH 7.0 
 

 
 

3.0 
 

2.0 

 
 

231 
 

760 

 
 

0.9 
 

1.6 

 
 

172 
 

198 

 
 

1.4 
 

2.6 

 
 

172 
 

231 

80°C 
 

pH 5.5 
 

pH 7.0 
 

 
 

19 
 

5.9 

 
 

45 
 

273 

 
 

9.6 
 

6.0 

 
 

41 
 

85 

 
 

16 
 

9.5 | 3.1* 

 
 

31 
 

103 



 

 103 

 

 
 

 
TABLE 3.2: Kinetic parameters of soluble SMGI and TNGI on glucose at pH 7.0 

 
 

SMGI 
 

 
TNGI 

 

80°C 80°C 90°C 80°C 90°C 95°C 
 

Cation(s) 
 

Mg2+ 
  

Mg2+, 
Co2+ 

  
Mg2+, 
Co2+ 

 
Mg2+ 

  
Mg2+, 
Co2+ 

  
Mg2+, 
Co2+ 

  
Mg2+, 
Co2+ 

 
Km for glucose (mM) 

 

 
440 

 
440 

 
563 

 
77 

 
77 

 
89 

 
132 

 
kcat (min-1) 

 

 
596 

 
1149 

 
2192 

 
433 

 
768 

 
1139 

 
1209 

 
kD1 | kD2 (min-1 x 103) 

 

 
42.2 

 
4.3 

 
2.1 

 
37 

 
30 

 
1.6 

 
7.4 

 
0.8 

 
11.5 

 
1.6 

 
79.5 

 
4.7 

 
Productivity after 24 hr 

(kg Fructose/kg Enzyme) 

 
102 

 
1913 

 
210 

 
330 

 
1506 

 
1059 

 
443 

 
Lifetime Productivity  

(kg Fructose/kg Enzyme) 

 
102 

 
2010 

 
210 

 
365 

 
2188 

 
1169 

 
444 
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                                                          ● 
TMGI    1 MAEFFPEIPKIQFEGKESTNPLAFRFYDPNEVIDGKPLKDHLKFSVAFWH 
TNGI    1 MAEFFPEIPKVQFEGKESTNPLAFKFYDPEEIIDGKPLKDHLKFSVAFWH 
SMGI    1 M---------------------SFQPT-P---------ED--RFTFGLWT 
 
 
                   ● 
TMGI   51 TFVNEGRDPFGDPTAERPWNRFSDPMDKAFARVDALFEFCEKLNIEYFCF 
TNGI   51 TFVNEGRDPFGDPTADRPWNRYTDPMDKAFARVDALFEFCEKLNIEYFCF 
SMGI   18 VGWQ-GRDPFGD--ATRP---ALDP--------VETVQRLAELGAYGVTF 
 
 
          *  *                                    ●   ●● 
TMGI  101 HDRDIAPEGKTLRETNKILDKVVERIKERMKDSNVKLLWGTANLFSHPRY 
TNGI  101 HDRDIAPEGKTLRETNKILDKVVERIKERMKDSNVKLLWGTANLFSHPRY 
SMGI   54 HDDDLIPFGSSDTER---ES-HIKRFRQALDATGMTVPMATTNLFTHPVF 
 
 
                                               ● 
TMGI  151 MHGAATTCSADVFAYAAAQVKKALEITKELGGEGYVFWGGREGYETLLNT 
TNGI  151 MHGAATTCSADVFAYAAAQVKKALEITKELGGEGYVFWGGREGYETLLNT 
SMGI  100 KDGGFTANDRDVRRYALRKTIGNIDLAAELGAKTYVAWGGREGAESGGAK 
 
  
                                         # ● 
TMGI  201 DLGLELENLARFLRMAVEYAKKIGFTGQFLIEPKPKEPTKHQYDFDVATA 
TNGI  201 DLGFELENLARFLRMAVDYAKRIGFTGQFLIEPKPKEPTKHQYDFDVATA 
SMGI  150 DVRDALDRMKEAFDLLGEYVTAQGYDLRFAIEPKPNEPRGDILLPTVGHA 
                                         ● 
 
                           #  #                        # 
TMGI  251 YAFLKNHGLDEYFKFNIEANHATLAGHTFQHELRMARILGKLGSIDANQG 
TNGI  251 YAFLKSHGLDEYFKFNIEANHATLAGHTFQHELRMARILGKLGSIDANQG 
SMGI  200 LAFIERLERPELYGVNPEVGHEQMAGLNFPHGIAQALWAGKLFHIDLNGQ 
 
 
                # #                              # 
TMGI  301 DLLLGWDTDQ-FPTNIYDTTLAMYEVIKAGGFTKGGLNFDAKVRRASYKV 
TNGI  301 DLLLGWDTDQ-FPTNVYDTTLAMYEVIKAGGFTKGGLNFDAKVRRASYKV 
SMGI  250 SGIKY-DQDLRFGAGDLRAAFWLVDLLETAGYE-GPRHFDFKPPRT---- 
                                                 * 
 
 

Figure 3.1:  Pileup of TMGI,TNGI and SMGI 
 



 

 105 

 
 
 
TMGI  352 EDLFIGHIAGMDTFALGFKIAYKLAKDGVFDKFIEEKYRSFKEGIGKEIV 
TNGI  352 EDLFIGHIAGMDTFALGFKVAYKLVKDGVLDKFIEEKYRSFREGIGRDIV 
SMGI  294 ED-----FDGVWASAAGCMRNYLILKDRAAAFRADPEVQEALRAARLDQL 
 
 
 
TMGI  402 EGKTDFEKLEEYIIDKEDIELPSGKQEYLESLLNSYIVKTIAELR----- 
TNGI  402 EGKVDFEKLEEYIIDKETIELPSGKQEYLESLINSYIVKTILELR----- 
SMGI  341 AQPTAADGLDALLADRAAFEDFDVDAAAARGMAFEHLDQLAMDHLLGARG 
 
 
 
 
 
 
# Metal Binding  ● Substrate Binding Pocket  * Catalytic Residues 
 
   α helix    β-sheet 
 
 
 
Helix colors      Residue Shading 
 

 = Thermotoga     Black = Identical residues 
 

  = Streptomyces    Grey = similar residues 
 

 = Common to both 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 (con’t):  Pileup of TMGI,TNGI and SMGI 
 

Data taken from: (Hu et al. 1997; Chang et al. 1999; Hartley et al. 2000) 
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Figure 3.2: Temperature optima of soluble GI 
 

SMGI (♦ ), TNGI (!) and TMGI ($) at pH 7.0.  
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Figure 3.3: pH optima of soluble GI at 80°C  
 

SMGI (♦ ), TNGI (!) and TMGI  ($). 
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Figure 3.4: Inactivation of Soluble GI at 80ºC 
 

 pH 7.0 (♦ ) and pH 5.5 ($$$$) 
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Figure 3.5: Inactivation of Immobilized GI at pH 7.0. 

60ºC (♦ ), 70ºC ($), and 80ºC (!) 
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Figure 3.6: Inactivation of Immobilized GI at pH 5.5 
 

IM-SMGI (♦♦♦♦ ), IM-TNGI ($$$$) and IM-TNGI (!) 
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Figure 3.7: Cumulative Productivity for SMGI and TNGI in the presence of Mg2+ or 

Mg2+ /Co2+ (calculated based on soluble enzyme characteristics). 
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I. Abstract 

D-xylose isomerase (XI) (EC 5.3.1.5) is an industrially important enzyme used in 

the production of high fructose corn syrup. XIs are divided into two classes based on 

sequence homology, class I and II. The class I enzymes are approximately 50 amino acids 

shorter than the class II enzymes and lack a 35 to 40 amino acid insert at the N-terminus, 

which is a distinguishing feature of the class II enzymes. The extended N-terminus of the 

class II XIs makes it an attractive target for attaching a carbohydrate-binding domain 

(CBD) for immobilization. Here, the importance of the N-terminal insert is examined for 

the class II XI from the hyperthermophilic bacterium Thermotoga neapolitana (TNXI), 

the most stable XI identified thus far. It was discovered that while approximately half of 

the amino acid insert (up to residue #19) could be deleted while retaining activity, 

removing larger sections of the insert or the entire N-terminus caused the enzyme to 

misfold. A fusion protein (TNXI-CBD) was created which consisted of a thermostable 

CBD from a hyperthermophilic chitinase in Pyrococcus furiosus attached to the N-

terminus of TNXI, and the ability of the fusion protein to immobilize the enzyme to 

chitin beads was examined.  
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II. Introduction 
 

Xylose isomerases are separated into two classes based on sequence homology. 

The class II enzymes contain a 30-40 amino acid insert at the N-terminus that is not 

present in the class I enzymes (Vangrysperre et al. 1990). Crystal structures for both 

classes have been solved, and have been shown to be virtually superimposable (Hartley et 

al. 2000). Most of the structural differences are found at the N-terminus insert and in the 

C-terminal loop region. Structural analysis shows that the C-terminal loop makes many 

intersubunit contacts in the tetramer, but none are involved with the interface that 

contains the active site (Siddiqui et al. 1993; Hartley et al. 2000). The C-terminal loop 

was investigated in the class I Arthrobacter XI using proteolytic digestion of the purified 

enzyme. Approximately 50 residues of the C-terminal loop were removed vial a post-

translational digest with thermolysin, which did not affect the thermostability or catalytic 

activity of the assembled enzyme (Siddiqui et al. 1993). A corresponding investigation of 

the C-terminus of class II XIs has not been performed, but there are only minor structural 

differences in the C-terminal region between the two classes (Hartley et al. 2000). 

However, the class II enzymes have a 30-40 amino acid insert at the N-terminus that has 

no corresponding structure in the class I enzymes, and whose functional role has not been 

examined. 

Xylose isomerase is an important enzyme to the bioprocessing industry and is 

used in the conversion of glucose to fructose in the high fructose corn syrup (HFCS) 

industry (Bhosale et al. 1996). The most common method for immobilizing the enzyme is 

cross-linking cell extract with glutaraldehyde and grinding the resulting mass into fine 

pellets (Jensen and Rugh 1987). However, this can decrease the efficiency of the enzyme 
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due to diffusional limitations. Utilizing a surface attachment method would eliminate 

intraparticle diffusion, but this would only be economical if the support matrix is easily 

obtainable and inexpensive. The support matrix also needs to be chemically inert, able to 

withstand process conditions, and, for HFCS production, be approved for pharmaceutical 

and food use. Chitin, a β-1,4-linked N-acetyl-D-glucosamine homopolymer, meets all of 

these criteria and also has low nonspecific binding affinity for most proteins (Tomme et 

al. 1998). It is one of the most abundant natural polysaccharides and is the main structural 

component of fungal cell walls and arthropod exoskeletons (Salmon and Hudson 1997). 

Chitin has previously been used as a support for XIs, but required cross-linked with 

glutaraldehyde (Chen et al. 1983; Jensen and Rugh 1987). 

In addition to a support matrix, a simple method for attaching the XI to the 

surface is needed. Immobilization by covalent attachment often involves using toxic 

chemicals to modify the support surface and bind the enzyme, such as carbodiimides and 

succinic anhydride for attachment to glass beads (Lee et al. 1976; Janolino and 

Swaisgood 1982). Another method involves using molecular biology to create a fusion 

protein with an affinity tag, which binds to the support matrix. Carbohydrate-binding 

domains (CBDs), are discrete protein folding domains responsible for binding insoluble 

carbohydrate substrates such as chitin and have been used as affinity tags for protein 

purification and enzyme immobilization (Levy and Shoseyov 2002). Several CBDs have 

been identified that bind chitin from a variety of chitinases (for a complete listing, see the 

CAZY database at http://afmb.cnrs-mrs.fr/CAZY/). The stability of the binding domain is 

also an import consideration when determining which CBD to select. For instance, the 

denaturation temperature of the CBD from the mesophilic soil bacterium Cellulomonas 
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fimi was estimated to be around 78ºC when bound to crystalline, bacteria cellulose 

(Tomme et al. 1998). The HFCS process would benefit from running at elevated 

temperatures (Bandlish et al. 2002), thus, a thermostable CBD is required for XI 

immobilization. Recently, a CBM was identified in a thermostable chitinase ChiB (PF 

1233) from the hyperthermophilic archaeon Pyrococcus furiosus (Gao et al. 2003), that is 

suitable for use as an affinity tag.   

This study utilized PCR to vary the length of the N-terminal insert of the 

hyperthermophilic Thermotoga neapolitana XI to examine the effect on activity and 

stability. Based on the results of that study, an engineered fusion protein (TNXI_CBD) 

was created that consists of the CBD from P. furiosus ChiB attached to the N-terminus of 

TNXI. The fusion protein was expressed in E. coli and shown to have activity. The ability 

of the CBD to immobilize the enzyme to chitin beads was examined, and the temperature 

optimum of the immobilized was measured to determine if this immobilization method 

would be suitable for HFCS production. 

 

III. Materials and Methods 

Bacterial strains and plasmids.  E. coli XL1-Blue (Novagen, Madison, WI) was used 

for the cloning experiments and all recombinant enzymes were expressed in E. coli 

BL21(DE3) (Novagen). The T. neapolitana 5068 xylA gene and the N-terminal mutants 

containing the truncated T. neapolitana 5068 xylA gene were inserted as an NdeI-Hind III 

insert into plasmids pET22b(+)(i.e., plasmid pTNXI_22) (Hess et al. 1998) and plasmid 

pET21b(+), respectively. The TNXI-CBD fusion protein was created from the pTNXI22 

construct as described below. 



 117 

Production of the N-terminus mutants.  The length of the N-terminus was modified via 

PCR using plasmid pTNXI22 as the template. The N-terminus oligonucleotides were 

designed to introduce a Nde I restriction site to before the desired truncation. All 

oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA) 

(Table 4.1). The PCR products were treated with Dpn I to degrade the pTNXI22 template 

prior to digestion with Nde I and Hind III. 

 

Creation of the TNXI-CBD fusion protein.  P. furiosus (DSM 3638) genomic DNA 

was used as the template. Based on the sequence analysis of ChiB (PFU1233) (Gao et al. 

2003), primers were designed to clone the binding domain for insertion into plasmid 

TNXI22. The primer set 5�-CAA CGC TAC ATA TGA CAA CTA CCC CTG-3� 

(forward primer) and 5�-GAG TTG TCA TAT GAG TTG GTG TCC AAA TG-3� 

(reverse primer) were used to clone a ~350 base pair fragment of the ChiB gene which 

contained the CBD. Both primers included a Nde I restriction site (underlined) to insert 

the CBD at the N-terminus of TNXI. TNXI22 plasmid was digested with Nde I followed 

by treatment with shrimp alkaline phosphatase (SAP). The dephosphorylated plasmid 

was ligated with Nde I-treated PCR products and transformed into E. coli (Figure 4.1). 

The resulting colonies were screened to check for the orientation of the insert as follows. 

The CBD insert contains an internal Xba I site close to the 5' end, and TNXI_22 contains 

a Xho I site following the TNXI gene insert. An Xba I-Xho I double digest of the 

correctly oriented ligation product produces a TNXI-CBD band (1.6kbp) while an 

incorrectly oriented product produces a band only the size of TNXI (1.3kbp) (Figure 4.2). 

Plasmid minipreps were prepared from 3-5ml overnight cultures utilizing the plasmid 
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miniprep kit (Qiagen, Valencia, CA). Positive results from the digests were also 

confirmed via PCR using the ChiB forward primer and the TNXI CT primer. 

 

Enzyme Purification.  Enzyme was purified from 1-L cultures grown in LB medium. 

After centrifugation for 10 min at 4,000 × g, the cells were re-suspended in 50 mM 3-(N-

morpholino) propanesulfonic acid (MOPS) (pH 7.0) containing 5 mM MgSO4 plus 0.5 

mM CoCl2 (i.e., buffer A). The cells were disrupted by two consecutive passes through a 

French Pressure cell (Thermo Spectronic, Walthum, MA) using a pressure drop of 14,000 

psi. After centrifugation at 25,000 × g, the supernatant was heat-treated for 15 min at 

65ºC. The precipitated material was separated by centrifugation at 25,000 × g for 30 min. 

The soluble fraction was loaded on a DEAE-Sepharose Fast-Flow column equilibrated 

with buffer A. The protein was eluted with a linear 0-0.5 M NaCl gradient in buffer A, 

and the active fractions were analyzed by SDS-PAGE. Partially purified enzymes were 

loaded onto a Q-Sepharose column and eluded with a linear 0-0.5 M NaCl gradient in 

buffer A. Active fractions were combined and concentrated in a stirred ultrafiltration cell 

(Amicon, Beverly, MA), dialyzed against buffer A, and stored at 4ºC. Protein 

concentrations were assayed by the method of Bradford (Bradford 1976) using bovine 

serum albumin as the standard. 

 

Enzyme assays.  Enzyme activity was assayed using fructose as the substrate following 

the microtiter plate procedure as described previously (Bandlish et al. 2002). Briefly, 200 

µL of enzyme reagent solution from the Sigma Glucose Kit (Sigma Chemical Co., St. 

Louis, MO) was combined with 10 µL of sample in a 96 well plate. The plate was 
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incubated for 15 minutes at room temperature and the absorbance was measured at 

450nm using a Perkin-Elmer HTS 7000 plus plate reader (Perkin-Elmer, Norwalk, CT). 

 
Temperature optimum: The effect of temperature on TNXI_12 activity was determined 

in 100 mM Mops containing 1 mM CoCl2. The ∆pKa/∆T of Mops (-0.011) was taken 

into account to achieve a pH of 7.0 for all temperatures assayed. The enzyme (0.10 

mg/mL) and substrate (300 mM fructose) were pre-incubated separately for one minute at 

the temperature of interest in a Perkin-Elmer Cetus PCR system (Perkin-Elmer) 

(temperatures ≤ 100ºC) or a heat block (temperatures > 100ºC). Then the enzyme and 

substrate were combined in equal volumes (50 µl each) and incubated for 5 minutes. The 

reaction was stopped by transferring the tubes to an ice bath. The amount of glucose 

produced was determined as previously described. One unit of isomerase activity is 

defined as the amount of enzyme that produces 1 µmol of product per minute under the 

assay conditions. 

 

Differential scanning calorimetry (DSC): The DSC experiments were performed on a 

Nano-Cal differential scanning calorimeter (Calorimetry Sciences Corp., Provo, UT) 

using a scan rate of 1 ºC/min. The TNXI_12 sample (1.5 mg/mL) was dialyzed overnight 

at 4ºC against 2 L of 50 mM Mops, pH 7.0, containing 5mM MgSO4 and 0.5mM CoCl2. 

The dialysis buffer was used to generate the baseline. The sample was scanned from 25ºC 

to 125ºC and the data was analyzed using the accompanying software. 

 

Immobilization on chitin: To determine if the addition of the CBD was successful, both 

the crude extract (1.5mg/mL) and purified native TNXI (1.0 mg/mL) were mixed with 
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chitin beads (New England Biolabs, Beverly, MA) and incubated overnight at 4ºC. The 

enzyme-chitin mixture was then heated to 55ºC for 15 minutes and poured into jacketed, 

fritted glass columns (0.7x15 cm) (Sigma Chemical Co., St. Louis, MO) to drain. The 

chitin beads were re-suspended in 40 mL of buffer A and centrifuged at 8,000 x g for 10 

minutes and the supernatant was discarded to remove any unbound enzyme. The beads 

were re-suspended for a final wash in 5 mL of buffer A and spun for 5 minutes at 

maximum speed in a benchtop centrifuge. The supernatant was discarded and the beads 

were re-suspended in 5 mL of a 600 mM fructose solution in buffer A, which was 

incubated in a water bath at 75ºC for 15 minutes and then placed on ice. A 5 mL sample 

of the fructose solution was incubated along with the samples to correct for non-

enzymatic isomerization. A 2 mL sample was taken from each of the chitin bead 

solutions and spun for 5 minutes at maximum speed in a benchtop centrifuge to remove 

the beads from the suspension. The supernatant was analyzed for glucose concentration 

as described previously. 

 

Temperature optimum of immobilized TNXI-CBD:  To determine the effects of 

temperature on the immobilized enzyme, the beads were suspended in buffer A to 

achieve a concentration of 0.5 mg/mL. The substrate (600mM) was prepared in 100 mM 

Mops buffer containing 1 mM CoCl2 with the pH adjusted to be 7.0 at the incubation 

temperature. The reaction was initiated by combining 100 µL of each solution and 

incubating as described previously at the temperature of interest for 15 minutes. A control 

tube with buffer in place of the enzyme was also incubated to account for non-enzymatic 
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isomerization. The reaction was stopped by transferring the tubes to ice, and the amount 

of glucose produced was quantified as previously described. 

 

IV. Results and Discussion 

TNXI N-terminal mutants 

 The functional role of the N-terminal insert in TNXI was examined using several 

mutants created by eliminating amino acids after the initial methionine. Initially, two sites 

were selected based on structural analysis and sequence alignment with class I enzymes 

(Figure 4.3). The 41-amino acid (aa) deletion mutant (TNXI_41) would completely 

eliminate the N-terminus from the enzyme and begin the sequence at the start of the β/α8 

barrel fold (Figure 4.4). The 34-aa deletion mutant (TNXI_34), on the other hand, would 

give TNXI a N-terminus that corresponds in length to class I XIs. However, neither of 

these produced a soluble or active enzyme, both appeared in the insoluble fraction. This 

indicated that the N-terminus might be involved in correctly folding the protein. The 

mutants TNXI_12 and TNXI_24 were created to help determine the length of N-terminus 

needed to produce and active TNXI. While TNXI_24 was still inactive, the TNXI_12 

mutant exhibited activity on fructose and was picked for further study. The TNXI_12 

mutant behaved exactly the same as the native enzyme in the purification steps, although 

it exhibited a slightly lower temperature optimum (90ºC vs. 95ºC) (Figure 4.5 A ). 

However, the TNXI_12 mutant did not exhibit the characteristic two melting transitions 

(99.5ºC and 110ºC) observed for the native enzyme in the presence of two activating 

metals (Hess et al. 1998; Hess and Kelly 1999). Instead, the TNXI_12 had only a single 

transition at 105.4ºC (Figure 4.5B). In order to determine the precise length of amino 
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acids needed in the N-terminus to have an active enzyme, mutants covering the range 

from 13-23 were created. The mutants up to TNXI_18, with the exception of TNXI_16, 

tested positive for activity on fructose, indicating that the latter half of the N-terminal 

insert is critical for a properly folded and active enzyme. A further examination of the 

crystal structure reveled that residues 1-12 are situated outside the protein structure and 

do not have any contact with the other subunits (Figure 4.6). Around residue 16-20 there 

are more hydrophobic interactions with the surface of the β/α8 fold and the surface of 

other subunits, which corresponds to the point where the enzyme will no longer properly 

fold. 

TNXI-CBD fusion protein 

 Cellulose-binding domains (CBDs) are an essential element found in cellulose 

and hemicellulose degrading enzymes, such as chitinases. The CBDs have affinity for 

cellulose, but does not have any hydrolytic activity, which makes it suitable for use as an 

affinity tag for purification or immobilization of proteins (Levy and Shoseyov 2002) 

(Fishman et al. 2002). Cellulose is an inexpensive, chemically inert material that is safe 

for use in food or pharmaceutical applications (Fishman et al. 2002). The most common 

methods employed for current immobilization are glutaraldehyde cross-linking followed 

by granulation of the cell extract or absorption onto an ion exchange resin followed by 

glutaraldehyde cross-linking (Jensen and Rugh 1987; Pedersen 1993). Because both of 

these methods involve entrapment of the enzyme, internal diffusional limitations can 

arise (Giordano et al. 2000), (Palazzi and Converti 1999), and (Beck et al. 1986). By 

engineering the enzyme to bind to the surface of the support, intra-particle diffusion can 

be eliminated. 
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 CBDs can be engineered into fusion proteins to serve as N-terminal, internal, or 

C-terminal affinity tags (Greenwood et al. 1989; Ong et al. 1989; Greenwood et al. 1994). 

The β/α8 barrel motif comprises a majority of the structure of XIs and includes the 

catalytic site, making it difficult to engineer an internal CBD. While Siddiqui et al. 

(1993) proved the C-terminus of a class I XI could be removed post�translation without 

affecting the stability or activity of the enzyme, the proximity of the C-terminus to the 

other subunits makes it a less ideal candidate than the N-terminus, which protrudes away 

from the rest of the enzyme. Also, the previous results suggested that modifications to the 

end of the N-terminus would not affect the enzyme's ability to fold.  

The CBD from Pyrococcus furiosus chitinase ChiB (PF1233) was selected to 

create a fusion protein at the N-terminus of TNXI. CBD's are classified into 14 different 

families based on amino acid sequence, binding specificity, and structure (Levy and 

Shoseyov 2002). The CBD from ChiB is classified as a Family 2 CBD, which is 

composed of homologous modules of approximately 100 residues found in xylanases, 

chitinases, and endo 1,4 glucanases. (Gao et al. 2003) While the binding of some CBDs 

to cellulose is reversible (such as the Family 1), the Family 2 CBDs bind irreversibly and 

show little to no enzyme leakage (Linder et al. 1998). This module was previously used 

to create a fusion protein with a Thermotoga maritima endoglucanase (Chhabra and Kelly 

2002), and several different Family 2 CBS have been used commercially as affinity tags 

for purification (Fishman et al. 2002).  

To test the ability of the TNXI-CBD fusion protein to immobilize the enzyme, 3 

mL of crude extract from an induced 200 mL culture was incubated with 2mL of the 

chitin beads solution purchased from New England Biolabs. Purified recombinant TNXI 
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without the CBD was also incubated with chitin beads to test weather there were any 

enzyme-chitin interactions without the binding domain present. Interestingly, analysis of 

the protein concentrations before and after incubation with chitin beads indicated that 

both samples decreased in concentration by about 0.7 mg/mL. However, after washing 

the chitin with buffer, the activity of the TNXI-CBD beads was over 20 times greater 

than the beads with just TNXI (Figure 4.7). This indicates that the TNXI absorbs onto the 

surface of the chitin beads but does not bind to the chitin, which was expected. To 

confirm this, samples of the TNXI-CBD and native TNXI beads were treated with Bio-

Rad protein dye (Bio-Rad, Hercules, CA) and checked for color. The TNXI-CBD beads 

turned blue, indicating bound protein while the native TNXI beads remained white.  

Once the binding of TNXI-CBD was confirmed, the properties of the immobilized 

enzyme were examined. The enzyme loading was calculated to be approximately 2.7 mg 

of enzyme/gram of beads. The effect of temperature on the immobilized enzyme was 

measured (Figure 4.8). The immobilized enzyme exhibits a broad temperature optimum 

between 80-100ºC, in contrast to the native TNXI, which has a narrower Top at 95ºC and 

at 80ºC only has around 35% of its optimum activity (Vieille et al. 1995). Finally the 

stability of the enzyme was checked by incubating the enzyme-bound beads at 100ºC for 

various times and checking the residual activity. After heating for 140 minutes, the 

enzyme retained 69% of its original activity, and after 240 minutes still had 47% the 

initial activity. The soluble fraction of the 240-minute sample (after removing the chitin 

beads) was assayed for protein concentration, but no free soluble protein was detected. 

This indicates that while the enzyme inactivated, the binding domain remained attached. 
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The addition of the CBD to TNXI was successful in immobilizing the enzyme to 

chitin beads. This is the first report of a hyperthermophilic CBD being employed to 

immobilize an enzyme for an industrial process. While this method may be less 

expensive and faster than the currently employed immobilization procedures, there are 

still many issues to examine. Some of these issues such as measuring the inactivation and 

kinetic rates of the immobilized enzyme, determining if pH affect the interaction between 

the chitin and the CBD, and investigating the thermostability of the fusion protein are 

currently under investigation. 
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TNXI 
# of Residues 
Deleted from 
N-terminus 

 
Table 4.1 

 
Oligonucleotides N-terminus 

12 
13 
14 
 

5'- CCG AAA GTA CAT ATG GAA GGC AAA G -3' 
5'- GAA GTG ATC ATA TGG GCA AAG AAA GCA C -3' 
5'- GAC CAG AAC CAT ATG AAA GAA AGC AC -3' 

15 
16 
17 
 

5'- CAG GTC GAA CAT ATG GAA AGC ACA AAT C -3' 
5'- GTA GCA AGG CCA TAT GAG CAC AAA TCC -3' 
5'- GAA GCG AAA CAT ATG ACA AAT CCA CTT GC -3' 

18 
19 
20 

5'- GCC AAT GAA CAT ATG AAT CCA CTT GCG -3' 
5'- CAA AGA AAC CCA TAT GCC ACT TGC GTT C -3' 
5'- GTT GTC ACA CAT ATG CTT GCG TTC -3' 

21 
22 
23 

5'- GAA GGA CAA ATC ATA TGG CGT TCA AGT TC -3' 
5'- CTA AGA CGC CAT ATG TTC AAG TCC TAC G -3' 
5'- GAC TCC GAG ACA TAT GAA GTT CTA CGA TC -3' 

24 
34 
41 

5'- CAC TTG CAC ATA TGT TCT ACG ATC CAG -3' 
5'- GTC TAG TAG CAT ATG AAA CCC CTC AAG -3' 
5'- GTA TGT GCA TAT GAA GTT CTC CGT TG -3' 

 
 
All 

Oligonucleotides C-terminus 
 
5'- CGC AAG CTT CAC ACT CTG -3' 
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Figure 4.1: Diagram of the TNXI-CBD cloning procedure 
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Figure 4.2: Screening of TNXI-CBD plasmids 
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     1            15 16           30 31           45 46           60 
 
TNXI MAEFFPEIPKVQFEG KESTNPLAFKFYDPE EIIDGKPLKDHLKFS VAFWHTFVNEGRDPF 60 
TTXI MNKYFENVSKIKYEG PKSNNPYSFKFYNPE EVIDGKTMEEHLRFS IAYWHTFTADGTDQF 60 

 
AMXI --------------- --------------- ---MSVQATREDKFS FGLWTVGWQ-ARDAF 26 
SMXI --------------- --------------- ---MSFQPTPEDRFT FGLWTVGWQ-GRDPF 26 
 

 
TNXI GDPTADRPWNRYTDP MDKAFARVDALFEFC EKLNIEYFCFHDRDI APEGKTLRETNKILD 120 
TTXI GKATMQRPWNHYTDP MDIAKARVEAAFEFF DKINAPYFCFHDRDI APEGDTLRETNKNLD 120 

 
AMXI GDATRTAL-----DP -------VEAVHKLA EIG-AYGITFHDDDL VPFG-SDAQTR---D  69 
SMXI GDATRPAL-----DP -------VETVQRLA ELG-AYGVTFHDDDL IPFG-SSDTER---E  69 
 

 
TNXI KVVERIKERMKDSNV KLLWGTANLFSHPRY MHGAATTCSADVFAY AAAQVKKALEITKEL 180 
TTXI TIVAMIKDYLKTSKT KVLWGTANLFSNPRF VHGASTSCNADVFAY SAAQVKKALEITKEL 180 

 
AMXI GIIAGFKKALDETGL IVPMVTTNLFTHPVF KDGGFTSNDRSVRRY AIRKVLRQMDLGAEL 129 
SMXI SHIKRFRQALDATGM TVPMATTNLFTHPVF KDGGFTANDRDVRRY ALRKTIGNIDLAAEL 129 
 

 
TNXI GGEGYVFWGGREGYE TLLNTDLGFELENLA RFLRMAVDYAKRIGF TGQFLIEPKPKEPTK 240 
TTXI GGENYVFWGGREGYE TLLNTDMEFELDNFA RFLHMAVDYAKEIGF EGQFLIEPKPKEPTK 240 

 
AMXI GAKTLVLWGGREGAE YDSAKDVSAALDRYR EALNLLAQYSEDRGY GLRFAIEPKPNEPRG 189 
SMXI GAKTYVAWGGREGAE SGGAKDVRDALDRMK EAFDLLGEYVTAQGY DLRFAIEPKPNEPRG 189 
 

 
TNXI HQYDFDVATAYAFLK SHGLDEYFKFNIEAN HATLAGHTFQHELRM ARILGKLGSIDANQG 300 
TTXI HQYDFDVANVLAFLR KYDLDKYFKVNIEAN HATLAFHDFQHELRY ARINGVLGSIDANTG 300 

 
AMXI DILLPTAGHAIAFVQ ELERPELFGINPETG HEQMSNLNFTQGIAQ ALWHKKLFHIDLNGQ 249 
SMXI DILLPTVGHALAFIE RLERPELYGVNPEVG HEQMAGLNFPHGIAQ ALWAGKLFHIDLNGQ 249 
 

 
TNXI DLLLGWDTDQFPTNV YDTTLAMYEVIKAGG -----FTKGGLNFDA KVRRASYKVEDLFIG 355 
TTXI DMLLGWDTDQFPTDI RMTTLAMYEVIKMGG -----FDKGGLNFDA KVRRASFEPEDLFLG 355 

 
AMXI HGP-KFDQDLVFGHG DLLNAFSLVDLLENG PDGAPAYDGPRHFDY KPSRT-DGYD----- 302 
SMXI SGI-KYDQDLRFGAG DLRAAFWLVDLLETA -----GYEGPRHFDF KPPRT-EDFD----- 297 
 

 
TNXI HIAGMDTFALGFKVA YKLVKDGVLDKFIEE KYRSFREG-IGRDIV EGKVDFEKLEEYIID 424 
TTXI HIAGMDAFAKGFKVA YKLVKDRVFDKFIEE RYASYKDG-IGADIV SGKADFRSLEKYALE 424 

 
AMXI ---GVWESAKANIRM YLLLKERAKAFRADP EVQEALAESKVAELK TPTLNPGEGY AELL 358 
SMXI ---GVWASAAGCMRN YLILKDRAAAFRADP EVQEALRAARLDQLA QPT--AADGL DALL 361 

 
 
 
 
 

Figure 4.3: Sequence comparison of class I and class II xylose isomerases 
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TNXI KETIELPSGK QEYLESLINSYIVKT ILELR         444 
TTXI RSQIVNKSGR QELLESILNQYLFAE -----         439 

 
AMXI ADRSAFEDYD ADAVGAKGFGFVKLN QLAIEHLLGAR    394 
SMXI ADRAAFEDFD VDAAAARGMAFEHLD QLAMDHLLGARG   388 
 

 
 
 

Legend 
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β-Sheet 

Conserved active site residues are highlighted 

 

Abbreviations 
Class I     Class II 

AMXI: Actinoplanes missouriensis   TNXI: Thermotoga neapolitana 
SMXI: Streptomyces murinus   TTXI: Thermoanaerobacterium thermosulfurogenes 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.3: (continued) Sequence comparison of class I and class II xylose 

isomerases 
Data taken from (Chang et al. 1999), (Hartley et al. 2000), and (Bandlish et al. 2002). 

Sequence alignment performed using Clustal-W (Thompson et al. 1994) at 
http://searchlauncher.bcm.tmc.edu/multi-align/multi-align.html



 135 

 
 
 
 
 
 
 
 
 
 
     1    5    10     ▼ 15     20     25 ▼   30     35▼    40   ▼   45     50 
 
TNXI M AEFF PEIPK  VQF  EG  KESTN  PLAFK  FYDPE  EIIDG  KPLKD  HL  KFS  VAFWH 
 
SMXI                                                MS  FQPTP  ED  RFT  FGLWT 
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white: Class II secondary structure 
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Figure 4.4: Results of TNXI N-terminal mutations 
 

Highlighted portion represents the maximum deletion, which still retains activity. 
Class II Thermotoga neapolitana (TNXI) 

Class I Streptomyces murinus (SMXI) shown for comparison 
 

12 deletion 

24 deletion 

34 deletion 

41 deletion 
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Figure 4.5:  (A). Temperature optimum of TNXI 12 deletion mutant 
  (B). DSC of TNXI 12 deletion mutant  
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Figure 4.6: Structural analysis of the N-terminus of TNXI 

 (Claire Vieille, personal communication) 
 

Residues 1-12 Blue 
Residues 13-24 Green 
Residues 25-50 Red 

 

N-terminus 

C-terminus 
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Figure 4.7: Comparison of chitin beads treated with TNXI-CBD and native TNXI. 

 
Note: Activity measured after incubation at 75ºC for 15 minutes with 600mM fructose in 

50 mM Mops, pH 7.0 containing 5 mM MgSO4 and 0.5 mM CoCl2 
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Figure 4.8: Effect of temperature on TNXI-CBD immobilized on chitin beads. 
 


