Immobilized Enzyme Reactors in Liquid Chromatography: On-Line Bioreactors for use in Synthesis and Drug Discovery 
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1. Introduction
Enzymes are a class of biopolymers that mediate a variety of in vivo processes including oxidative and conjugative transformations as well as intra-cellular signaling pathways. Due to their wide-range of pharmacological activities, enzymes are often the therapeutic target of a drug discovery program.  For example, inhibitors of the angiotensin converting enzyme, ACE inhibitors, are an important class of drugs for the treatment of hypertension while protease inhibitors are key agents in the management of HIV+/AIDS.

Enzymes are complex proteins that accelerate the chemical transformation of a substrate into a product.  The catalyzed reactions procede through the formation of enzyme-substrate complexes, which lower the kinetic and energetic barriers associated with the chemical transformation.  This process is often described in terms of Michaelis-Menten kinetics [1].  The Michaelis-Menten theory of enzyme kinetics assumes that enzymatic reactions are multiple-step processes [2,3].  The simplest form of this mechanism is outlined in Figure 1; where E is the enzyme, S is the substrate, [ES] is the enzyme-substrate complex and P is the product.  In this process, k1 and k -1 are the rate constants for the forward and reverse reactions, respectively and k2 is the rate that the [ES] dissociates to E and P.  In the Michaelis-Menton approach, it is assumed that k2 << k-1 and the Michaelis constant (Km) is defined as:

Km = k -1 / k1 = [S] ( [E]/ [ES]

Eqn. 1.

The Michaelis-Menten approach also defines the velocity of the enzymatic conversion (Vmax) and these two constants are used to describe the enzyme-substrate interaction.


The Michaelis constant, Km, is an equilibrium constant and is conceptually similar to the inhibition constant, KI, used to describe the effect of a reversible inhibitor on the activity of the target enzyme.  Km and KI are similar to the affinity constants, Kd and Ka, used to describe ligand-receptor and protein binding processes.   Since affinity chromatographic techniques can be used to determine Kd and Ka values, Km and KI values should also be measurable using this approach.  A key experimental variable is the ability to immobilize the target enzyme in a viable format.

2. Immobilized Enzymes
The standard experimental approach in enzymatic studies is based upon the use of enzymes in their soluble forms [4]. There are numerous disadvantages and limitations to this methodology.  Enzymes can be costly, unstable, and difficult to recover from reactions and some are only available in minute amounts.  Since enzymes are not altered during the reactions they catalyze it would be beneficial if they could be reused.  In addition, in vivo most enzymes are located within a cellular matrix and can be membrane bound.  Consequently, many previously reported in vitro assays that utilize solubilized enzymes are not a true reflection of what is occurring in vivo. 

With the recent advances in biotechnology there has been an increased interest in the development of immobilized enzymes [5-7]. This interest has been stimulated by the observation that immobilization can stabilize an enzyme without significant loss of enzymatic activity. Thus, an immobilized enzyme system can be reused saving money and time.   In addition, enzymes can be immobilized into a membrane-like environment, thus creating a better reflection of in vivo activity.

2.1 General Approaches 

Numerous experimental methods and supports have evolved over the years for the immobilization of enzymes and other biopolymers. The various methods are classified into two categories, which are based upon the physical or chemical binding of the enzyme to the chosen support [8]. Methods that have been investigated include adsorption on or covalent binding to a solid support, entrapment and cross-linking.  These approaches are summarized in Figure 2. Which of the experimental approaches is preferable is a function of the physical and biochemical properties of the enzyme as well as the intended application.  

Some key aspects guiding the choice of which method to choose are: 1) knowledge of the molecular composition of the active site, in order to avoid loss of enzymatic activity due to binding of the support to the reactive groups within the active site [8]; 2) biochemical properties of the enzyme such as molecular mass, purity, and stability [8]; 3) functional groups, chemical stability, pore size and particle diameter of the support [9]. 


There is no ideal method or support that can be used for the immobilization of enzymes.  The advantages and disadvantages must be weighed against one another in order to proceed with the ideal method/support for the specified task.  It is evident that upon immobilization the possibility of changes in the enzymes physical and chemical properties may be observed.  The effects of immobilization on the stability, kinetic properties and productivity of the enzyme all need to be considered.

2.2 Enzyme Immobilization on chromatographic supports

While a number of useful methods have been utilized in the production of immobilized enzyme reactors (IMERs), the most popular are non-covalent entrapment and covalent attachment.  Non-covalent entrapment has been achieved using the immobilized artificial membrane stationary phase (IAM-SP) [10].  The IAM-SP is derived from the covalent immobilization of 1-myristoyl-2-[(13-carboxyl)tridecanoyl)]-sn-3-glycerophosphocholine on aminopropyl silica, and resembles one-half of a cellular membrane. In the IAM-SP, the phosphatidylcholine headgroups form the surface of the support and the hydrocarbon side chains produce a hydrophobic interface that extends from the charged headgroup to the surface of the silica.  With the IAM interphase, enzymes are embedded within the interphase surroundings, Figure 2.  This approach has been used with a variety of enzymes [11-16].


Covalent attachment of enzymes to chromatographic stationary phases has been accomplished using Glutaraldehyde-P.  This packing is a wide pore silica that has been covalently clad with a hydrophilic polymer, polyethleneimine [17]. Immobilization of an enzyme onto the interphase results in formation of a Schiff base linkage which can be reduced using sodium cyanoborohydride [17]. This approach has been used with a variety of cytosolic enzymes [11,18-21] since it corresponds to a non-membrane bound format.


Another method for the covalent immobilization of enzymes on a chromatographic support has been described by Zhang, et al. [22]. In this approach, membranes containing the target enzyme are biotinylated and adsorbed onto beads containing immobilized streptavidin.  This procedure has been used to immobilize recombinant human N-acetylglucosaminyltransferase V.

2.3 Effect of immobilization on enzyme stability


Immobilization can either increase or decrease the enzymatic stability of an enzyme.  The magnitude and direction of this effect is dependent upon the method of immobilization and the resulting environment of the enzyme produced by the support.  For example, immobilization of lipase on inorganic supports produces higher enzymatic stability than immobilization on organic supports  [23].  The environment that the enzyme is subjected to may result in protein unfolding and/or dissociation of the enzymes’ subunits.  This inevitably decreases the enzyme stability. There are several strategies that can be utilized to improve the stability of immobilized enzymes.  They include modifying the enzyme structure, derivatization and the use of stabilizing additives.


Chemical modifications are one method of affecting enzymatic stability [8]. For example, cross-linking the subunits of enzymes to form a new quartenary structure can increase enzymatic stability.  This is routinely accomplished with the use of polyfunctional macromolecular reagents such as polyaldehydes and polyamines [24]. The large molecular size of these reagents and their ability to reach the different residues makes the connection of the subunits feasible.  This was demonstrated with glyceraldehyde-3-phosphate dehydrogenase, where cross-linking with bifunctional reagents increased the enzymes’ stability [24].


Negative effects arising from the surface environment can be avoided through modifcation of the properties of the enzyme surface.  Changes in charge and hydrophobicity are among some of the commonly used approaches.  For example, the introduction of hydrophilic groups on the surface of an enzyme molecule reduces contact between any hydrophobic regions on the enzyme surface and water preventing incorrect refolding after reversible denaturation [25].  


Further stabilization of enzymes can be achieved by attaching a spacer group also referred to as an “arm” [26].  The spacer is composed of reactive end groups and forms a bond between the enzyme and the chosen support.  The reactive groups are prominently amine groups, carboxylic acid or hydroxyl groups. Increased steric freedom of the immobilized enzyme is achieved utilizing this approach and distancing the enzyme from the support reduces any possible steric hindrance.  Several considerations have to be made when utilizing this approach such as the spacer needs to be flexible, inert, hydrophilic and present in small amounts [26].  Dextrans are commonly used as spacers and have been shown to produce stable enzyme-dextran-support bonds [8]. Rennin and protein A have been immobilized with the use of dextrans as spacer arms and were shown to display higher capacities of recognition of their substrates [26].

2.4 Effect of immobilization on enzyme kinetics

Michaelis-Menten kinetic parameters of immobilized enzymes can be determined using the same general approaches developed for the study of solubilized enzymes.   This includes the effect of temperature and pH on enzymatic activity. However some general considerations must be taken into account since immobilization can introduce new difficulties not associated with the free enzyme. Depending upon the method of immobilization and properties of the support, there may be diffusion-related restrictions associated with the immobilized enzyme [27] and a decrease in enzyme mobility can also affect the mobility of substrates and cofactor.

The mass-transfer of substrates and products influences the reaction system and mass-transfer resistance can arise due to the location of the enzyme in the support or due to the large particle size of the immobilized enzyme.  Under these conditions, the immobilized enzyme operates under diffusion-limiting conditions as opposed to reaction-limiting conditions whereby diffusion layers that form around immobilized enzymes govern its catalytic rate [28]. In this instance, the movement of a substrate from the bulk solution into the unmixed liquid layer surrounding the immobilized enzyme and then through to the active site represents the diffusion layer. A thin diffusion layer in contrast to a thick layer results in limited mass-transfer effects.


These include decreasing the particle size of the support, reduction of the enzyme load, and manipulation of the binding of the enzyme to the support [9].  However, flow rates appear to be the key parameter.  Mass-transfer resistance has been shown to decrease with increased flow-rates and increased stirring [29].  As such, in the kinetic analysis of immobilized enzymes in flow reactors (IMERs), the investigation of the effect of flow-rate is important in the determination of Km and Vmax of the immobilized enzyme. 

The effect of flow-rate on enzymatic activity is illustrated by the changes in the observed enzymatic activity of an immobilized D-glyceraldehyde-3-phosphate dehydrogenase enzyme reactor (GAPDH-IMER) [21].  GAPDH catalyzes the oxidative phosphorylation of D-glyceraldehyde-3-phosphate (D-GA3P) to produce 1,3-diphosphoglycerate (1,3-DPGA) and the activity of the enzyme can be monitored by following the production of NADH. The effect of flow rate on the production of NADH was determined using flow rates from 0.1 ml/min to 0.8 ml/min, reflecting substrate-enzyme contact times from 8 min to about 1 min, respectively. The flow rates between 0.1 and 0.4 ml/min produced the greatest amounts of NADH, Fig. 3, which is consistent with a longer reaction time. 

2.5 Effect of immobilization on the thermal stability of an enzyme

Immobilized enzymes have been shown to display increases in thermal stability as illustrated by the effect of temperature on the activity of phenylethanolamine N-methyltransferase (PNMT) in the immobilized and non-immobilized states, Fig. 4 [20].  While the initial enzymatic activity is lower for the immobilized PNMT, relative to the non-immobilized enzyme, the activity remains comparatively stable over the range of experimental temperatures. The increase stability may be a result of the fact that immobilization limits the thermal movement of the enzyme at the higher temperatures.  As a result, thermal denaturation may not occur at higher temperatures with an immobilized enzyme.  Thermostable enzymes allow for higher reaction rate, lower diffusional restrictions, increased stability and greater yields.  


Strategies to further improve the thermostability of immobilized enzymes in industrial sectors include the use of genetic manipulation and protein engineering [30,31]. For example, with protein engineering techniques thermostable proteases have been produced allowing for their use at higher temperatures offering the added advantage of higher reaction rates, and higher product yields [32].  Other examples include the use of immobilized beta-galactosidase in the dairy industry for the production of lactose-hydrolysed milk  [33], thermostable biocatalysts in beer brewing (malting of barley) and in the production of cheese flavor (proteases and peptidases) [34].

2.6 The effect of immobilization on the enzyme’s response to pH


Enzymes are complex proteins composed of charged hydrophilic and neutral hydrophobic constituents.  The tertiary structure of an enzyme is produced by intra-molecular interactions that include hydrogen bonding, pi-pi stacking, disulfide bridging and electrostatic interactions. The electrostatic interactions are sensitive to the pH of the surrounding environment and pH changes in this environment can result in changes in the pattern of charges on the enzyme, and, consequently, a change in the teritary structure of the enzyme. Finally a change in the tertiary structure of the enzyme can alter the active site producing either an increase or decrease in enzymatic activity. Therefore, the effect of pH on the structure of an enzyme is most often reflected in bell-shaped pH-activity profiles in which the enzyme displays maximal activity at an optimal pH.  The shape of the curve and the optimal pH is dependent upon the enzyme.  

The immobilization of an enzyme on a solid support can radically change the enzyme’s microenvironment.   This effect has been studied and it has been demonstrated that the use of charged supports can cause shifts in an enzyme’s optimum pH [35]. For example, the immobilization of trypsin on a cation-exhange carrier shifted the pH optimum [36]. In addition, the immobilization process itself can alter the pH of the enzyme’s microenvironment.

The effects of the backbone and immobilization process are illustrated by the pH activity profiles for the enzyme dopamine -hydroxylase as the solubilized enzyme, after immobilization through entrapment on an immobilized artificial membrane (IAM) stationary phase and after immobilization by covalent attachment to a glutaraldehyde-P stationary phase [11].  Each form of the enzyme displayed the standard bell-shaped pH-activity profile, but the pH maxima were shifted, Fig. 5.  A pH optimum of 5.5 was found for the non-immobilized enzyme while the IAM immobilized enzyme had an optimum pH at 7.0 and immibilization on the glutaraldehyde-P support resulted in a pH optimum of 6.0. 

There are a number of approaches to the solution of reaction-produced or solid support-produced pH changes.  These include changing the type and ionic strength of the immobilization buffer, altering the particle size of the support, and co-immobilization of enzymes that consume any protons generated from the immobilization or enzymatic reaction [9].

3. On-Line Immobilized Enzyme Reactors (IMERS)
3.1 Biochromatography

Liquid chromatography and in particular high performance liquid chromatography (HPLC) is often seen as simply a tool for the separation, identification, quantification and preparation of chemical substances.  However, the basic mechanisms and interactions that govern the chromatographic process resemble mechanisms found in biological processes. For instance, intermolecular interactions such as electrostatic and hydrogen bonding, are common in the biological and chromatographic environments. Thus, within the intimately connected solute-mobile phase and solute-stationary phase interactions lay the ability to utilize HPLC as a probe of biological and pharmacological phenomena. This is particularly true when biomolecules are included in the chromatographic system [37]. 

When the stationary phase contains an immobilized biopolymer, the chromatographic process has been labeled as biochromatography [37-39].  Biochromatography provides a rapid, simple and precise approach to the investigation of the interactions between small ligands and biomacromolecules.   For example, this approach has be utilized to examine serum protein binding [40,41], ligand-receptor [42,43] and ligand-drug transporter interactions [43-45].   The method provides a number of advantages including: 1) the biopolymers remain constant thus limiting the source of experimental error; 2) the immobilized biopolymer stationary phases can be produced using only a small quantity of the target biopolymer.  

3.2 On-line IMERs

When enzymes are immobilized on chromatographic supports, the resulting IMERs can also be placed in liquid chromatographic (LC) formats. Some of the advantages of an LC-IMER format are: 1) they are easy to automate and control; 2) they are an ideal reflection of biological processes [12]; they can be used for direct synthesis and purification [13-16,46].

An LC-IMER system is usually composed of the IMER connected through a switching valve to an analytical or preparative column.  One such system is presented in Fig. 6 where an IMER containing immobilized dopamine -hydroxylase has been coupled to an analytical system containing a phenylboronic acid precolumn, for trapping substrate and product, and the precolumn has been connected to cyano and C18 analytical columns coupled in series [11].  Representative chromatograms from the on-line conversion of tryramine to octopamine, including control, are presented in Fig. 7.

.

3.2.1 On-line Michaelis-Menten kinetics using an LC-IMER format

 
Studies with the IMER-HPLC systems have shown that the activities of the immobilized enzymes reflect the non-immobilized enzymes.  Thus, IMER-HPLC systems can be used to carry out standard Michaelis-Menten enzyme kinetic studies and to quantitatively determine enzyme kinetic constants such as Km and Vmax [11,47]. These systems can also be used to identify specific inhibitors, to provide information regarding the mode of inhibition and to calculate the Ki of the inhibitor [11,12,19,47]. 

This is demonstrated by the IMER-HPLC system based upon phenylethanolamine N-methyltransferase (PNMT) which was used to carryout both quantitative and qualitative determinations [47]. The PNMT-IMER was linked to two coupled analytical HPLC columns through a switching valve, similar to the basic system presented in Fig. 6, and used for on-line N-methylation of known substrates. The PNMT-IMER could be utilized to measure both the affinity (expressed as the Michaelis-Menten constant, Km) and the enzymatic activity (expressed as maximum velocity, Vmax) of the enzyme, Table 1.

The PNMT-IMER could also be utilized to investigate known inhibitors and to designate the relative affinities of potential inhibitors. The inhibitory effect of two PNMT inhibitors, S-adenosyl-L-homocysteine (SAH) and methyldopa was investigated for both PNMT-IMER and non-immobilized enzyme. Fifty percent inhibition was achieved at similar concentrations for both enzyme forms, Table 2. The IMER could therefore be utilized for the screening and characterization of potent inhibitors.

The Ki’s of inhibitors can also be determined with the use of IMERs. This has been demonstrated by the IMER-HPLC system based upon alpha-chymotrypsin. The IMER was used to determine Ki’s and other kinetic parameters of ACHT inhibitors including the inhibition mechanism [12].

3.2.2 Application of IMERs to on-line enantiospecific synthesis and purification 

IMERs have been used for on-line enantiospecific synthesis and separations.  In this approach, the analytical columns in Fig. 6 would contain a chiral stationary phase and the IMERs would be based upon hydrolytic or co-factor dependent enzyme. When the IMER contains a hydrolytic enzyme, the substrate is usually a racemic mixture.  The chiral synthesis is based upon an enantioselective hydrolysis of the substrate.  For example, IMERs containing lipase from Candida cylindracea or Cndida rugosa (Lipase-IMER) have been coupled to a human serum albumin or a 3,5-dimethylphenylcarbamate chiral stationary phase and used to hydrolyze esters.  The results from the enzymatic hydrolysis of racemic-naproxen chloroethyl ester on an Lipase-IMER LC system  are presented in Table 3 [15]. 

The enzymatic activity of the Lipase-IMER was compared to the activity of the non-immobilized enzyme by following the hydrolysis of ibuprofen and ketoprofen methyl esters and phenylethanol chloroacetyl ester, Table 4. The results demonstrate that immobilization increased the hydrolytic activity of lipase, which had an affect on the observed enantioselectivity.  For phenylethanol chloroacetyl ester, the initial time frame of the study was too long since all of the ester had been hydrolyzed by the 2h time period.  When the flow rate of the substrate through the column was set at 1.0 ml/min, the substrate and enzyme were in contact for less than 10 min.  In this period, 56% of the racemic ester was hydrolyzed with an enantioselectivity, expressed as % enantiomeric excess (ee) of 36% as compared to an 8% conversion with an ee of 30% achieved with the non-immobilized lipase.

An IMER containing horse liver alcohol dehydrogenase (HLADH-IMER) was created through the non-covalent immobilization of the enzyme on the IAM-SP [13,46].  HLADH is a co-factor dependent enzyme that uses NADH to reduce prochiral ketones to chiral alcohols.  The HLADH-IMER was connected on-line to a column containing a p-methylphenylcarbamate derivatized cellulose chiral stationary phase (OJR-CSP) and the coupled system was used to reduce (R,S)-2-phenyltetrahydropyran-4-one {(R,S)-1, Fig. 8} to the corresponding alcohols trans-(2S,4S)-2-phenyl-tetrahydropyran-4-ol {(2S,4S)-2, Fig. 8} and cis-(2R,4S)-2-phenyl-tetrahydropyran-4-ol {(RS,4S)-3, Fig. 8}. 

The HLADH-IMER could also be taken off-line and the mobile phase recirculated through a solution containing  glucose-6-phosphate dehydrogenase and glucose-6-phosphate.  The second enzyme system regenerates the NADH consumed in the HLADH mediated reduction of the substrate.  In this manner, the reaction could be carried out for over 48 h.  A chromatogram of the reaction mixture following an 18 h on-line reaction is presented in Fig. 9.  The data clearly shows the enantiospecific production of (S,S)-2.

3.2.3 On-Line study of complex biological systems using coupled IMERs

Studies with an IMER containing the NADPH-dependent enzyme horse liver alcohol dehydrogenase (HLADH) indicated that the confluence of cofactor, substrate and supported protein does not pose any difficulties and that on-line co-factor regeneration can be accomplished [13]. The HLADH-IMER LC system contained an NADPH regenerating system.  The development of this system demonstrated the applicability of on-line immobilized enzyme reactors in the study of complex enzyme systems.   The reproducibility and applications of IMERs are governed by the method of immobilization chosen and the properties of the support and of the enzyme.

Thus, IMER LC systems can be expanded to include many of the key metabolic enzymes and systems. Indeed, IMERs based upon non-solubilized rat liver microsomes have been developed [14,16].  In addition, solubilized microsomal enzymes on cyanogen bromide-activated Sepharose beads including cytochrome P450 enzymes and UDP-glucuronyltransferase  [48] or just UDP-glucuronyltransferase [49] have been developed.  These systems were active and able to produce glucuronides as well as catalyze the N-demethylation of ethylmorphine and the O-demethylation of p-nitroanisole [16,48].  

Biological processes are complex and involve numerous steps. The analysis of these multi-step process can prove to be difficult and time-consuming. The use of immobilized enzymes to investigate these processes has proven to be very useful. Immobilizing multiple-enzyme systems have been previously reported. However, these studies dealt with the co-immobilization of a variety of enzymes, i.e. the enzymes were immobilized together on one support [50].

Although this may prove useful in basic research the method would be difficult in the investigation of different enzymes consisting of different concentrations and reaction conditions. An ideal example is the co-immobilization of hexokinase and pyruvate kinase within microcapsules [51]. Differences in Km and Vmax were visible when the co-immobilized enzymes were compared to the individual immobilized enzymes. This method of co-immobilization requires the balance of too many variables and makes quantitative determinations difficult. 

The applicability of a liquid chromatographic system based upon coupled  IMERs to organic synthesis, biochemistry and pharmacology has also been investigated [47]. Coupled multiple enzyme systems allow synthetic chemists to add or subtract the enzymes necessary to achieve a particular synthetic goal. Such systems allow for on-line chromatographic purification, structural identification of products and provide a number of approaches to basic research into synthetic and metabolic pathways. More importantly, a coupled system using extremely different enzymes with incompatible cofactors and reaction conditions provides a unique opportunity to explore interrelationships between enzymes, which would not be possible, if they are co-immobilized. 


The biosynthetic pathway that transforms dopamine into epinephrine involves the hydroxylation of dopamine by dopamine beta-hydroxylase (DBH), which produces norepinephrine, followed by the phenylethanolamine N-methyltransferase (PMNT) catalyzed methylation of norepinephrine producing epinephrine [47].  Connecting a DBH-IMER and a PNMT-IMER using switching valve technology, Fig. 10, produced a coupled IMER system that mimics this pathway.  The injection of dopamine onto the DBH-IMER produced epinephrine in the eluent from the analytical column placed at the end of the coupled-IMER system, Fig. 11. The system demonstrated the ease at which vastly different enzymes can be united in a single on-line system. 

4. Immobilized Enzymes and IMERs in Drug Discovery

Advances in genomics, proteomics and combinatorial chemistry have produced a vast number of potential new drugs.  Indeed, modern drug discovery has been transformed by the automation and industrialization of research techniques, high throughput screening techniques and bioinformatics. The pharmaceutical industries demand innovative technologies that accelerate the development of high-priority compounds through the drug discovery cycle. Immobilized biopolymer-based liquid chromatographic phases have proven to be ideal probes of biochemical and pharmacological properties governing drug-biopolymer interactions. Thus, their importance in modern drug discovery is evident.


Acceleration of the drug development process is important for two main reasons. It is primarily important for the rapid discovery of new therapeutic agents to meet the unmet needs of patients with various diseases, and secondly for the obvious economic benefits for the pharmaceutical industry [52]. High-throughput models that can assess and eradicate unfavorable properties from vast quantities of potential drug candidates are vital. However, rapid processes for the analysis and screening of drug-biopolymer interactions are inadequate [52]. Techniques that can characterize these interactions without the need to isolate and dissociate drug/biopolymer interactions are ideal innovations in reducing the drug discovery timeline.  In this area, IMERs provide an excellent tool for on-line screening for substrates and inhibitors of a single enzyme or a multiple enzyme system.
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Figures
Figure 1. Idealized depiction of the interaction between an enzyme (E) and a substrate (S) to produce a product (P).

Figure 2. Experimental approaches to enzyme immobilization. (Slide 4 from thesis)

Figure 3. The effect of flow-rate on the observed enzymatic activity of glyceraldehyde-3-phosphate dehydrogenase (GADPH) expressed as the area of the NADH produced during the oxidative phosphorylation of D-glyeraldehyde-3-phosphate.

Figure 4. The effect of temperature on the enzymatic activities of immobilized and non-immobilized phenylethanolamine N-methyltransferase. (Fig 3 ref 18)

Figure 5. The effect of pH on the enzymatic activity of dopamine -hydroxylase as the (A) non-immobilized enzyme; (B) immobilized on an artificial immobilized membrane stationary phase; (C) immobilized on a gluteraldehyde-P stationary phase. (Fig 2 from ref 26)

Figure 6. Schematic representation of an on-line LC-IMER system containing a dopamine -hydroxylase-IMER (DBH-IMER), a phenylboronic acid trapping column (PBA), in-line coupled cynao-C18 columns, an injector (i) and two switching valves (SV).  (Fig 2 from ref 50)

Figure 7. Representative chromatograms from the on-line hydroxylation of tyramine by the dopamine -hydroxylase-IMER, where: (A) control and (B) experimental run. (Fig 3A,B from ref 50)

Figure 8. The horse liver alcohol dehydrogenase mediated reduction of (R,S)-2-phenyltetrahydropyran-4-one {(R,S)-1} to the corresponding alcohols trans-(2S,4S)-2-phenyl-tetrahydropyran-4-ol {(2S,4S)-2}, and cis-(2R,4S)-2-phenyl-tetrahydropyran-4-ol {(RS,4S)-3}.  Reprinted from [13].

Figure 9. The chromatogram of the 18 h incubation of (R,S)-2-phenyltetrahydropyran-4-one {(R,S)-1} on a HLADH-IMER followed by separation of the substrate and the products, trans-(2S,4S)-2-phenyl-tetrahydropyran-4-ol {(2S,4S)-2} and cis-(2R,4S)-2-phenyl-tetrahydropyran-4-ol {(RS,4S)-3} on the coupled LC column containing a p-methylphenylcarbamate derivatized cellulose chrial stationary phase (OJR-CSP). Reprinted from [13].

Figure 10.  (A) Schematic representation of an on-line phenylethanolamine N-methyltransferase immobilized enzyme reactor (PNMT-IMER) LC system (B) Schematic representation of a dopamine beta-hydroxylase immobilized enzyme reactor (DBH-IMER) and phenylboronic acid (PBA) system that can be incorporated to the existing PNMT-IMER system for the on-line synthesis of epinephrine from dopamine. (Fig 2, ref 47)

Figure 11. On-line synthesis of epinephrine (EP) from dopamine (DA) with the intermediate metabolite norpeinphrine (NE) using the on-line DBH-IMER/PNMT-IMER system.  (Fig 4, ref 47).

Table 1. Kinetic parameters for non-immobilized (PNMT) and the immobilized phenylethanolamine N-methyltransferase reactor (PNMT-IMER).

	
	PNMT
	PNMT-IMER

	Normetanephrine
	
	

	Km (mM)
	0.109
	0.384

	Vmax (mol/mg/min)
	1.136
	0.292

	SAM
	
	

	Km (M)
	14.17
	7.31

	Vmax (mol/mg/min)
	1.249
	0.424


Table 2: The effect of known inhibitors on the activity of non-immobilized phenylethanolamine N-methyltransferase (PNMT) and on the phenylethanolamine N-methyltransferase immobilized enzyme reactor (PNMT-IMER) (n=3).

	
	
	IC 50

	Inhibitor
	PNMT
	PNMT-IMER

	Methyl-dopa
	10.4 M
	7.6 ± 0.2 M

	SAH
	40.1M
	50.5 ± 1.5 M


Table 3. Degree of enzymatic hydrolysis of (R,S)-naproxen chloroethyl ester on a lipase immobilized enzyme reactor-LC system and the enantioselectivity of the reaction as a function of time [15].

	Time (h)
	Percent Conversion
	Enantioselectivity (ee)

	2
	18.8
	59.2

	3
	17.7
	58.2

	4
	19.1
	54.0

	6
	33.2
	51.9

	7
	31.1
	55.7

	10
	30.6
	56.7

	14
	46.1
	52.4


Table 4. Comparison of hydrolytic activity as percent conversion (%C) and enantioselectivity (ee) of non-immobilized lipase (LP) and a lipase immobilized enzyme reactor (LP-IMER). {I.W. Wainer, unpublished data}

	
	
	2 h
	6 h
	24 h

	Ibuprofen methyl ester
	
	
	
	

	LP
	%C
	6
	17
	38

	
	ee
	62
	85
	92

	LP-IMER
	%C
	23
	50
	55

	
	ee
	93
	86
	60

	Phenylethanol chloroacetyl ester
	
	
	
	

	LP
	%C
	8
	37
	91

	
	ee
	30
	20
	2

	LP-IMER
	%C
	100
	100
	100

	
	ee
	0
	0
	0

	Ketoprofen methyl ester
	
	
	
	

	LP
	%C
	1
	5
	23

	
	ee
	98
	100
	97

	LP-IMER
	%C
	25
	27
	42

	
	ee
	97
	96
	98
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Figure 1: Idealized depiction of the interaction between an enzyme (E) and a substrate (S) to produce a product (P).
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Stability

		

				Stability of GAPDH column prepared Dec 2001																																																								NADH Calibration curve

																																																																						22-Dec-01

																																																												[NADH]		Area				mmol		Area

						area of NADH peak				average																																																		3.806		1.42E+08				0.0761		1.42E+08

				17-Dec-01		7.85E+07		7.71E+07		7.78E+07																																																		1.904		7.77E+07				0.0381		7.77E+07

				18-Dec-01		8.21E+07		8.26E+07		8.24E+07																																																		0.76		3.15E+07				0.0152		3.15E+07

				19-Dec-01		6.23E+07		6.29E+07		6.26E+07																																																		0.38		1.56E+07				0.0076		1.56E+07

				20-Dec-01		6.05E+07		6.13E+07		6.09E+07																																																		0.19		7.83E+06				0.0038		7.83E+06

				21-Dec-01		5.89E+07		5.99E+07		5.94E+07																																																		0		0.00E+00				0		0.00E+00

				22-Dec-01		5.65E+07		5.78E+07		5.72E+07

				24-Dec-01		5.61E+07		5.85E+07		5.73E+07

				26-Dec-01		5.97E+07		6.03E+07		6.00E+07

				27-Dec-01

				28-Dec-01		5.45E+07		5.54E+07		5.50E+07

				31-Dec-01		5.07E+07		4.94E+07		5.01E+07

				2-Jan-02

																																																										flow rate 0.6 ml/min, injected 20 microliters
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Inhibitors

		

																18-Dec-01

				Optimization of flow rate (contact time)

				Flow rate		Area NADH pick				Retention time NADH				Retention time NAD

				0.8		5.44E+07				5.197						2.488

				0.6		8.21E+07		8.26E+07		6.897						3.333

				0.4		1.40E+08		1.40E+08		10.225						4.962

				0.2		3.28E+08		3.27E+08		20.173						10.028

				0.1		6.97E+08				39.68						19.883

																19-Dec-01

				Kinetic studies for immobilized GAPDH

				initial conc		Area NADH peak																mmol NAD		mmol NADH

				53.5		6.54E+07		6.55E+07														1.07

				26.75		5.82E+07		5.88E+07														0.535

				13.375		4.95E+07		4.93E+07														0.2675

				6.69		3.94E+07		3.94E+07														0.1338

				3.34		3.05E+07		3.05E+07														0.0668

				1.67		2.23E+07		2.24E+07														0.0334

				0.835		1.58E+07		1.56E+07														0.1666

						K2HPO4 10 mM

						G3P 48 mM

				Kinetic studies for G3P												12/20/01

				initial conc		Area NADH peak

				96		6.67E+07		6.63E+07

				48		6.05E+07		6.13E+07

				24		4.98E+07		4.97E+07

				12		3.85E+07		3.92E+07

				6		2.71E+07		2.66E+07

				3		1.75E+07		2.02E+07

				1.5		1.04E+07		1.05E+07

						K2HPO4 10 mM,

						NAD 53.5 mM

				Kinetic studies for K2HPO4

						conc mM		area NADH peak				average				conc mM		area NADH peak

						100		1.02E+08		1.02E+08		1.02E+08				100		1.02E+08

						50		1.00E+08		9.99E+07		1.00E+08				50		1.00E+08

						20		7.81E+07		7.73E+07		7.77E+07				20		7.77E+07

						10		6.42E+07		6.44E+07		6.43E+07				10		6.43E+07

						5		5.19E+07		5.29E+07		5.24E+07				5		5.21E+07

						2.5		3.82E+07		3.85E+07		3.84E+07				2.5		3.84E+07

				Kinetic studies for K2HPO4

								conc mM		mol NADH

								100		0.05

								50		0.049

								20		0.03785

								10		0.03115

								5		0.02505

								2.5		0.0182

				Kinetic studies for NAD																		26-Dec-01

				K2HPO4 50 mM, G3P 96 mM

																26-Dec-01

				[NAD] mM		Area peak				average												mmol NAD		mmol NADH						[NAD] mM		[NADH] mM								1/[NAD]		1/mmolNADH

				53.5		9.76E+07		9.52E+07		9.64E+07												1.07		0.0472						53.5		2.36								0.0187		21.19

				26.75		8.79E+07		8.69E+07		8.74E+07												0.535		0.0427						26.75		2.135								0.0374		23.42

				13.375		7.32E+07		7.26E+07		7.29E+07												0.2675		0.0354						13.375		1.772								0.0748		28.25

				6.69		5.92E+07		5.90E+07		5.91E+07												0.1338		0.02855						6.69		1.43								0.1497		35.03

				3.34		4.70E+07		4.64E+07		4.67E+07												0.0668		0.02235						3.34		1.12								0.2994		44.74

				1.67		3.28E+07		3.29E+07		3.28E+07												0.0334		0.0154						1.67		0.77								0.5988		64.935

																27-Dec-01						27-Dec-01

						Kinetic studies for G3P

				K2HPO4 50 mM, NAD 53.5 mM																		K2HPO4 50 mM, NAD 53.5 mM

				initial conc		area peak				average												[G3P] mM		[NADH] mM						[GA3P] mM										1/[GA3P]		mmol NADH

				96		9.53E+07		9.53E+07		9.53E+07												96		2.33						96		0.04665								0.0104		21.44

				48		8.74E+07		8.73E+07		8.74E+07												48		2.135						48		0.0427								0.0208		23.42

				24		6.83E+07		6.67E+07		6.75E+07												24		1.64						24		0.03275								0.0417		30.53

				12		5.11E+07		5.11E+07		5.11E+07												12		1.227						12		0.02455								0.0833		40.73

				6		3.98E+07		3.91E+07		3.95E+07												6		0.94						6		0.01875								0.1667		53.33

				3		2.37E+07		2.36E+07		2.37E+07												3		0.54						3		0.01085								0.333		92.17

				1.5
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