plant cell wall 3. Enzymes -the basics 4. Biomass-active enzymes Slide

1. Sugars and carbohydrates 2. The

• Virgin fibres -fibres that have been freshly extracted from biomass (wood or other) • Fibre 'activation' and 'deactivation' • Recycled fibres can contain stickies:

-Organics such as styrene, butadiene, styrene acrylic latex binders, rubber, vinyl acrylates, polyisoprene,polybutadiene etc.

• Virgin fibres can also exhibit stickies, but these are due to pitch What happens during pulping and papermaking?

Cellulose

• The surface area is increased enormously (especially during chemical pulpling) .037

-
Primer on enzymes • Enzymes participate in cellular metabolic processes with the ability to enhance the rate of reaction between biomolecules • Enzymes can be isolated using various protein purification methods. The purity of an enzyme preparation is measured by determining it's specific activity Enzymes as catalysts

-
• Enzymes are catalysts -What does this imply?

• Some enzymes can even reverse a reaction from the direction it would normally take, by reducing the activation energy (Ea) to the extent that the reaction favors the reverse direction. • Similarly, enzymes can catalyze reactions that might not otherwise occur, by lowering the Ea to a more "affordable" level for the cell. • Many enzymes catalyze reactions without help, but some require an additional non-protein component called a co-factor. Co-factors may be inorganic ions such as Fe2+, Mg2+, Mn2+, or Zn2+, or consist of organic or metalloorganic molecules knowns as co-enzymes. .040

The key and lock theory Enyme-catalyzed reactions

• Specific activity (μmol min -1 mg -1 ) is a standardized activity measurement that tells you how much activity can be attributed to a given amount of enzyme • If V max conditions are assumed, specific activity is directly related to turnover number (μmol s -1 μmol -1 enzyme) .055

-
The workings of IUBMB nomeclature Industrial enzymes are mixtures .058

• EC 3.

Biomass-active enzymes
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The Nelson-Somogyi method The DNS method

• The sugar aldehyde reduces a nitro group to an amide -Causes a colour shift from yellow to red (assay at 540 nm) -The most widely used assay The dilemma of complex substrates The filter paper assay 

From••

  Photo taken from Schmied et al. Scientific Reports 3, Article number: 2432 doi:10.1038/srep02432

•

  Lignin is removed (exposes surface) -Kraft pulping yields carbohydraterich surfaces • Size and volume of pores increases -See pore size estimation Water is added causes fibre swelling -Occurs at amorphous regions and increases fibre wall thickness in the direction of the fibre lumen -Water in pores increases fibre flexibility and sheet density • Water is removed hemicelluloses removal causes water loss -Pressing and drying remove water

  Specific activity is the amount of activity per quantity of proteinaceous material

•••

  Molecular weights of 10,000 daltons to over 1 million. How many amino acids in a 20 kDa protein (Mw average amino acid = 110 da)? • Polypeptides display secondary structure: Secondary structure elements are spatially organized to form 3D objects • Usually enzyme display saturation kinetics -The more substrate is fed to the enzyme the faster the reaction will proceed until a maximum rate is reached -The maximum rate or Vmax is characteristic of an enzyme-substrate couple • Enzymes display an intrinsic capacity to perform cycles of specific reactions (turnover number) -This capacity is not the same for different enzymes • Catalase can perform about 4.0 x 107 cycles s-1 • Often cellulases are slow (e.g. 20 s-1) Turnover can only be measured when substrate availability is illimited -In this case turnover number (or k cat ) is • This calculation assumes that every enzyme molecule is active!

-•••-••••

  Discrepancies reveal either purity problem or loss of activity• Cellulases are often discribed by FPU (filter paper units) Classical enzyme kinetics works for soluble substrates (100% availability) -In biomass, not all substrate is available• Substrate complexity/heterogeneity -Classical enzyme kinetics works for simple, pure substrates -In biomass, the substrate for any one enzyme is not pure and there can be more than one substrate• Inhibition -Enzyme-catalyzed reactions can be inhibited by• Compounds that bind to the enzyme thus preventing activity • Product inhibition is a common phenomenon in biomass-active enzymes Instead of being released the product binds to the enzyme -Usually in the active site• This is a concentration depend phenomenon and often occurs at the end of reactions The action of one enzyme can promote that of another -Especially true in the case of complex substrates• Synergy is when the overall measured activity is greater than the sum of the measured All reactions accelerate as a function of temperature -Arrhenius relationship• However, enzymes denature at a given temperature Enzyme activity is dependant on pH -Most hydrolases rely on acid/base catalysis -The protonation state of the catalytic amino acids is vital (more later). Industrial enzymes are usually 'shelf-life' stabilized -Increase shelf life and protect against microbial growth -Exact formulations are not always knownSafety, handling, and storageFor best product performance, Cellic CTec3 should be stored at cool temperatures in closed containers protected from sunlight. The product has been formulated for optimal storage stability; however, enzymes gradually lose their activity over time. The recommended storage conditions are 0-10 °C (32-50 °F). Prolonged storage time and/or adverse conditions such as higher temperature may lead to a higher dosage requirement. Major tricks of the trade -Immobilization -Enzyme modification -Additives• Presence of appropriate ions (eg metal cations)• Salts (increased ionic strengthpromotes protein-protein interactions)• Polyols (eg sorbitol) -these reduce water activity and thus microbial growth The universal nomenclature system for enzymes is proposed by the IUBMB • Enzymes are classified according to the reactions they catalyze -Six classes are:

  2.1.4 is a cellulase -EC3 = hydrolase -EC 3.2 = glycosylase (a hydrolase that acts on sugars) -EC3.2.1 glycosylase that hydrolases O and S-linked compounds -EC3.2.1.4 glycosylase that acts on cellulose • EC3.2.1.1 a glycosylase that acts on starch ___________________________________ prepared by Michael J. O'Donohue -copyright .056 The IUBMB system doesn't tell you… • Where the enzyme comes from -Bacteria, yeast, fungi, mammals • What it looks like -3D structure • Whether two enzymes are similar in structure and properties • Whether it catalyzes reactions in the same way ___________________________________ prepared by Michael J. O'Donohue -copyright .057
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  Hydrolysis of glycosidic bonds C-O-C • Two principal reaction mechanisms -Retaining and inverting enzymes • Two principal categories based on active site topology -Endo and exo-enzymes , D. E. Stereochemistry and mechanism of enzymatic reactions. Biol. Rev. 28, 416-436 (1953). prepared by Michael J. O'Donohue -copyright .065 So what? • Retaining enzymes form a stable E-S intermediate -This intermediate can react with water or another alcohol -Retaining enzymes can synthesize sugar compounds • A little like working in reverse • Retaining enzymes can (not always) give surprising hydrolytic prepared by Michael J. O'Donohue -copyright .066 CAZYmes • Carbohydrate-Active enZYmes -Enzymes that modify in some way sugars • Enzymes that act on lignocellulose are CAZYmes The IUBMB classification orders enzymes according to the reactions they catalyze • CAZY orders enzymes according to similarity Comparing a query sequence (peptide) against a database reveals 'hits' • 'Hits' can be classed according to sequence similarity • Fixing a cutoff creates a family of related sequences • Family members display the same structure and the same reaction mechanism • But not necessarily the same activity! . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | 1HV0:
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  Fig. 4 Schematic representation of digested cellulose microfibril bundles.The diagrams contrast the surface ablation and reducing-end oriented mechanism of Cel7A (left) with the surface ablation and cavity-forming mechanism of CelA (right).

•

  Cu II is reduced to Cu I • Cu I species is formed which then reacts with an arsenomolybdate reagent -An intensely blue-coloured species is formed (measured at 520 nm/610 nm).

••••-••• 1 .••

 1 Industry prepared by Michael J. O'Donohue -copyright .0126 Limitations of reducing sugar methods • DNS method uses highly alkaline conditions -Can cause hydrolysis of certain bonds (e.g. β-1,3 bonds in glucans). -Partially degrades cellobiose to glucose • RS cellobiose measured as 1.5 glucose equivalents! -Severe overestimation for xylose and mannose-based molecules • 3-6 fold for glucuronxylan • Up to 13-fold for arabinoxylan DNS is not proportional -NS is more so • DNS 10 x times less sensitive (lower limit approx 0.5 mM glucose) than NelsonAssay response depends of product size (true for DNS and NS) -The standard curve is usually glucose -Solution: Adapt standard to expected product A range of substrates for endo and exoenzymes • Useful for evaluating pure enzymes or specific components of cocktails -Be careful of interference effects! Evaluating exo-enzyme activity • p-nitrophenyl substrates are widely used • Small substrates are quite specific for exo-acting enzymes • In cocktails, a xylosidase might degrade pNP-glucoside and xylanase might degrade pNPxylotetraose Colourless Yellow (at alkaline pH) Same principal but only works for one type of CBH and some EGs • Other pNP disaccharides (and longer) also commercially exist Very universal being applicable to a wide range of soluble polysaccharides • May are available from Megazyme or Sigma • Approx 1 dye molecule per 15-20 sugar units • RBB-dyed substrates are water soluble You have an unkown enzyme cocktail. You want to know how many units of EG are in there. • Using the knowledge we have gained, how can we proceed? Obtain a commercial sample of pure EG • 2. Measure its activity using a reducing sugar assay -Will provide reducing sugar equivalents released per min per mg protein -Perform a test with RBB substrate using different amounts of enzyme and an excess of RBB-AZCL or Azo-crosslinked • Can be purchased in tablet form -For easy use and automation -Cellulose is always modified (Reducing sugar assay (Nelson-Somogyi and DNS) Exo and Endo, but mainly endoenzymes • Quite tedious • Nelson-Somogyi more accurate than DNS • DNS most used • Yields results of a primary nature pNP-oligosaccharides Mainly exo, but also endoenzymes • Quite straightforward • Lends to automation Dyed substrates Mostly endo-but also exoenzymes, Reducing sugar assays are tedious • pNP-cellooligosaccharides can be hydrolyzed by cellobiohydrolase and glucosidase • Dyed substrates are not so easy to use in automated assays (but can be done) prepared by Michael J. O'Donohue -copyright .0143 Also exists in nitrophenol form Absorbance measurement at 400 nm Less sensitive than fluoresence. Cellulase levels at 1.5 x10 -3 U/assay are detectable

•

  Raw paper pulp is complex -Amorphous cellulose -Crystalline cellulose -Short glucan chains (short fibres) -Hemicellulose etc • Enzyme hydrolsysis is limited by accessibility • Substrate is insoluble • Hydrolysis does not obey classical kinetics familiar to the enzymologist prepared by Michael J. O'Donohue -copyright.0145
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  Recommended by the IUPAC commission • Highly used method • Can evaluate overall cellulose-degrading activity • Uses the DNS reducing sugar method • Subject to much error and is prone to reproducibility problems See Ghose 1987 (IUPAC) • Whatman No 1 paper -Usually cut into 1 x 6 cm strips (50 mg)• Assay designed so that only 4% (2mg) of substrate is converted into glucose • No sophiscated equipment needed • Suffers from the fact that β-glucosidase is often lacking in cocktails

  

  

  

  

It has been shown that it is better to use a gently boiling water bath than a vigorously boiling one. In the former, non-specific alkaline lysis of glucosidic is lowered and so the results are more accurate.

Ian P. Wood, Adam Elliston, Peter Ryden, Ian Bancroft, Ian N. Roberts, Keith W. Waldron, Rapid quantification of reducing sugars in biomass hydrolysates: Improving the speed and precision of the dinitrosalicylic acid assay, Biomass and Bioenergy, Volume

44, September 2012, Pages 117-121. http://dx.doi.org/10.1016/j.biombioe.2012.05.003.

Microplate variation

• Microplate versions of the DNS assay have been developed

-Simply need to maintain filter paper, enzyme, buffer, DNS reagent ratios -Filter paper can be cut into circles using a paper punch -A PCR 96-well microplate heating block can be used (must be equipped with a heated lid to avoid evaporation) and microplate should be thermosealed.

• β-glucosidase can be added to reduce cellooliogosaccharide products down to glucose. Bacteria are everywhere .0160

Novel cellulase paradigms .0166

What are Next Gen enzymes?

• NG enzymes are: Technical and commercial barriers

• Early integration of all user constraints the laboratory to application process often fails because of poor initial definition of tech. specifications

• Ascertain how the enzyme will be produced 

Preparation of reagents

DNS reagent

Mix 1416 ml distilled water with 3,5 Dinitrosalicylic acid (10.6 g) and sodium hydroxide (19.8 g). Sir ina beaker until the solid reagents have dissolved, then add 306 g Rochelle salts (sodium potassium tartrate), phenol (7.6 ml) and sodium metabisulfite 1 . Titrate 3 ml of the DNS reagent with 0.1 N HCl until the phenolphthalein endpoint is reached. This is visually ascertained by observing the transition from red to colourless. It should take 5-6 ml of HCl before this occurs. Add NaOH if required (2 g of NaOH added = 1 ml of 0.1 M HCl used for 3 ml of the DNS reagent). The DNS should be stored at 4°C wrapped in foil. It is advisable to make it up freshly as is convenient. The maximum lifetime of the reagent is 1 month.

Citrate buffer

The buffer will actually depend on the enzyme that you are studying and the manufacturer's instructions. For Trichoderma enzymes, 50 mM citrate buffer at pH 4.8 is appropriate.

Dissolve citric acid (210 g) in 750 ml of distilled water and add NaOH (50-60 g) until pH 4.5 is achieved. Add water to achieve almost 1 litre and check the pH. If ok (i.e. is pH 4.5) complete to 1 litre. When the stock buffer solution (1 M) is diluted to 50 mM for use, the pH should be 4.8. Check this and adjust if necessary. 1 Many of the reagents are corrosive and should be handled with care. Phenol is solid at room temperature and so it must first be molten in a water bath and 50°C. Phenol can cause skin burns and has the tendency to penetrate ordinary rubber gloves. Therefore, utmost caution needs to be applied when handling phenol. Also, after use, the stock of phenol is best conserved in the freezer (-20°C).

Protocol

To do this experiment you need two water baths: a boiling water bath and another one at 50°C. You also need glass tubes (13 x 100 mm) with screw caps (or polypropylene microtubes with caplocks), an automatic microdispenser (very useful if you do a lot of assays) and a UV/VIS spectrophotometer or a microplate reader (microplate versions of the DNS protocol have been developed).

1. Cut the Whatman N°1 paper into strips (1 x 6 cm). These should weigh 50 mg each. Roll the strips and place them in glass tubes (13 x 100 mm) using tweezers. 2. Add 1 ml of 50 mM citrate buffer to each tube. The buffer should submerge the strip. 3. Prepare a series of enzymes dilutions. If the enzyme preparation is supposed to be clear, it might be a good idea to centrifuge or filter the preparation first. If filtering be careful not to use filters that remove proteins! The enzyme dilutions should be made with the aim of having a reaction that releases 2 mg of glucose. To begin with you may not know exactly how much enzyme will do this. In that there will be some trial and error testing before a definitive test can be done. In any case, even when you know approximately how much enzyme to add, several dilutions should be made in order to get as close to 2 mg as possible in at least one reaction. 4. Equilibrate the filter paper-containing tubes at 50°C for 15 min. Equilibrate the enzyme solution at 50°C for 15 min. 5. Add 0.5 ml of enzyme dilution to the tubes containing the filter paper and incubate at 50°C for exactly 60 min. 6. Simultaneously controls (without enzyme and without filter paper) and blank (1.5 ml of citrate buffer) should be incubated at 50°C for 60min. For the controls without filter paper, the enzyme concentrations should match those of the different dilutions. 7. During the 60 min period, using a stock glucose solution (10 mg/ml) prepare several dilutions: 2, 3.3, 5 and 6.7 mg/ml). 8. After the 60-min incubation period, immediately add 3 ml of DNS reagent to every single tube, including the glucose standards. 9. Place all tubes into a gently boiling 2 water bath for 5 min and then immediately transfer to an ice bucket. 10. Allow the insoluble pulp to settle and transfer 0.5 ml of supernatant into a 1.5 ml microtube.

Centrifuge at 10,000 x g for 3 min and transfer 0.2 ml of supernatant into a polystyrene spectrophotometer cuvette (3 ml). Add 2.5 ml of distilled water and mix by inversion (close the cuvette with parafilm). 11. Read the absorbance at 540 nm using the blank as the reference. For the glucose standards, plot a curve of absorbance (y-axis) versus glucose concentration (x-axis). The R 2 value should be close to 1. 12. For the actual experimental results, correct data using the results from the controls and then determine the quantity of glucose equivalents present using the standard curve. 13. Assuming that two experiments yielded almost 2 mg of glucose equivalents the preparation of a graph such as the one below will allow the identification of the enzyme dilution that would have produced exactly 2 mg of glucose equivalents (this is done by drawing a straight line between the two experimental points that are closest to 2 mg).

RB is the blank. S1-S4 are the glucose standards. E1-E4 are the corrected data from the experiments. The solid straight line is drawn between the two 'best points'. This line is used to determine how much enzyme would have yielded exactly 2 mg.

14. To calculate the number of FPU (filter paper units) FPU 0.37 𝑐𝑜𝑛𝑐 𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑛𝑧𝑦𝑚 𝑟 𝑙 𝑎𝑠𝑖𝑛𝑔 2 𝑚𝑔 𝑔𝑙𝑢𝑐𝑜𝑠 𝑢𝑛𝑖𝑡𝑠 𝑚𝑙

Variations on the DNS method

The DNS assay is probably the most used and studied assay. In recent years, many researchers have sought to miniaturize and automatize the DNS assay. In this respect, the reader might like to consult Wood et al. 2012. 3 According to the conclusions of these authors, the best sample: DNS reagent ratio is 1:20 sample (for samples concentrations in the range 0-100 g L -1 reducing sugars). Also, these authors conclude that solutions in microtubes should be heated for a shorter time length for colour development. They recommend just 1 min at 100 °C in a thermocycler. Finally, the authors have shown that the optimal wavelength for the analysis is 540 nm for samples containing 0-25 g L -1 of reducing sugars and 580 nm for samples containing 25-100 g L -1 reducing sugars. If a microplate reader with wavelength scanning ability is used, it is perfectly reasonable to measure at both wavelengths and then adapt according to the estimate of sugar concentration.