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Abstract 

Xylose isomerase (XI) from the fungus Piromyces sp. catalyses the conversion of D-xylose to D-

xylulose and it is industrially relevant for its heterologous expression in S. cerevisiae strains 

optimized for efficient second generation bioethanol production. The maximal activity of PirXI is 

achieved at pH ≥ 8, while the cytosol of fermenting yeast cells is slightly acidic. Therefore, we aimed 

at changing the pH optimum of the enzyme by altering the pKa of His272, crucial for catalysis, 

through the modification of the surrounding charges. After the high-throughput screening of 94 

single mutants, 9 variants with improved activity at pH 6.6 were identified. In parallel, we designed 

an assay for testing these variants in vivo. 

 

Abbreviations 

96-w(p): 96-well (plate) 

DMSO: Dimethyl sulfoxide 

EDTA: Ethylenediaminetetraacetic acid 

EPPS: 3-[4-(2-Hydroxyethyl)-1-piperazinyl]propanesulfonic acid 

LB: Luria-Bertani broth 

MES: 2-(N-morpholino)ethanesulfonic acid 

MOPS: 3-(N-morpholino)propanesulfonic acid 

NAD: Nicotinamide adenine dinucleotide 

NADP: Nicotinamide adenine dinucleotide phopsphate 

PEG: Polyethylene glycol 

PirXI: Xylose isomerase from Piromyces sp. E2 

SDH: Sorbitol dehydrogenase 

SDS-PAGE: Sodium dodecyl sulphate - polyacrylamide gel electrophoresis 

ssDNA: Single strand DNA 

TB: Terrific broth 
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INTRODUCTION 

Lignocellulosic materials are the most abundant renewable organic resource on our planet. The 

possibility of exploiting this feedstock as a source for chemicals and energy supply represents a 

sustainable alternative to fossil fuels, and could therefore contribute to address the energy problem 

of our society. 

One way of doing this is by converting plant biomass (e.g. from agricultural waste) into the fuel 

ethanol, exploiting the fermentation process of the microorganism Saccharomyces cerevisiae. While 

such a process is by now established, one main drawback in the usage of this yeast is its inability to 

assimilate the pentose sugars present in hemicelluloses, which are main components of the plant 

cell wall and represent 10-35% of the total plant biomass (1). 

The most abundant of these pentose sugars is xylose, which makes up 5 to 20% of the sugar fraction 

in lignocellulosic materials. Therefore, obtaining a S. cerevisiae strain which could efficiently use 

xylose would give an important contribution to the economic viability of the fermentation process 

(1). 

In order to introduce D-xylose in the cell metabolism, this has to be converted into D-xylulose; the 

latter, in fact, can enter the non-oxidative branch of the pentose phosphate pathway, and hence 

glycolysis and alcoholic fermentation. In microorganisms, two different routes lead to the 

conversion of D-xylose to D-xylulose, namely an oxidoreductase pathway and an isomerase 

pathway. The first, which is typical of fungi, involves two steps catalysed by the enzymes xylose 

reductase (XR) and xylitol dehydrogenase (XD), which use NADPH and NAD+ as cosubstrates 

respectively. When this pathway was introduced in S. cerevisiae cells, a cofactor imbalance led to 

Isomerase 
pathway 

(Bacteria) 

Oxydoreductase 
pathway 

(Fungi) 

Fig. 1: D-Xylose catabolic pathways 
Comparison of xylose utilization pathways in fungi and bacteria. XR = D-xylose reductase; 
XDH = xylitol dehydrogenase; XI = D-xylose isomerase; XKS = D-xylulokinase; PPP = pentose 
phosphate pathway. (2) 
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an accumulation of xylitol, lowering the yield of the overall reaction (2, 3). The second pathway, 

widespread in bacteria and found as well in some fungi, consists in a single step of isomerization 

catalysed by xylose isomerase (XI), and thus allows to bypass problems of cofactor imbalance. 

Xylose isomerase (EC 5.3.1.5) is a tetrameric enzyme folding into a TIM (triose-phosphate 

isomerase) barrel motif. It promotes the isomerization of D-xylose (as well as other aldose sugars, 

such as D-glucose) thanks to the catalytic action of two bivalent metal cations located in its active 

site. These can be Mg++, Mn++, Co++, Ca++ as well as others, but the catalytic efficiency differs greatly 

depending on the metal species bound (4). The first XI variant which could be actively expressed in 

S. cerevisiae is from the anaerobic fungus Piromyces sp. E2, isolated from the digestive tract of 

herbivores. This variant belongs to the group II of xylose isomerases and each of its monomers is 

composed of 437 amino acids and has a molecular weight of 49.4 kDa. Several crystal structures of 

Piromyces XI (PirXI) have been elucidated in our laboratories. The enzyme shows maximal activity 

at pH 8 or higher, while the conversion rate rapidly decreases towards pH values lower than 7. Such 

a feature is not optimal for the conditions in which the enzyme needs to operate, since the cytosolic 

pH of yeast cells during the fermentation process was attested to be around 6.5-7. Therefore, the 

purpose of this project is to perform protein engineering of xylose isomerase in order to achieve 

higher activity in this range of pH. 

The active site of XI contains a certain number of acidic residues (aspartates and glutamates) that 

contribute, together with a histidine (His272), in binding the ion metals. 

The proposed mechanism of catalysis for XI can be divided in two stages: in the first step the ring 

form of the substrate is extended to linear, while in the second step the actual isomerization takes 

place. During the stage of ring opening, the metal in position 1 (M1) is coordinated by the side chains 

of acidic residues and the bound sugar; in this way, the site for ring opening (O5 of xylose) is 

positioned conveniently for proton donation from His102 (5). The side chain of this histidine, which 

Fig. 2: Tetrameric structure (A.) and active site (B.) of XI 
A. 3D representation of the tetramer of XI based on the X-ray diffraction of the crystal. B. Close-up on the 
active site showing the metal ions (M1 and M2), the substrate xylose (XYL) after ring opening, and the side 
chains of the residues which are considered important for catalysis or metal binding. 

A. B. 

H272 

XYL 

H102 
M2 

M1 

K235 

W50 

E233 

D297 

D310 
E308 

E269 

D105 

D340 
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is already protonated at Nε2, receives an extra proton at Nδ1 from Asp105, which abstracts it from 

a water molecule (6). The positively charged His102 can then function in concert with the hydroxyl 

anion produced by Asp102 to promote the protonation of O5 and the deprotonation of O1 of xylose, 

leading to the extension of the substrate into its linear form. The next stage, namely the 

isomerization, starts with a proton shuttle: Asp310 abstracts a proton from a water molecule 

connected to the metal in position 2 (M2), which in turn deprotonates O2 of the substrate. M2 

moves then closer to the sugar, to be coordinated by both O1 and O2 of xylose. The following step 

consists of a hydride shift from C2 to C1, but the precise mechanism of this is still in question; what 

most studies agree on, however, is that this stage is probably the rate-limiting one (4–6). At the end 

of this step the negative charge has been moved to O1, which is rapidly protonated and the double 

bond between C2 and O2 is formed; the ring can then close and the substrate is released (4). 

The hypothesis on which our engineering strategy is based is that the pH dependency of the catalytic 

rate constant (kcat) of the enzyme is mainly due to the protonation state of His272 (4, 7); once 

positively charged, its side chain does not contribute in binding M2, causing a steep loss in activity 

as the pH decreases. Based on this hypothesis, it was proposed (8, 9) that stabilizing the 

deprotonated form of His272 – that is, lowering its pKa – would lead to a shift in XI activity optimum 

towards lower pH. 

In order to lower the local pKa of His272, we adopted the strategy first proposed by Russel and 

Fersht (10) and tested in previous works of pH optimum engineering (8, 11–13) . Such a strategy 

Fig. 3: Mechanism of the isomerization step in XI catalysis  
The isomerization XI can be subdivided into two main steps: a proton shuttle and a hydride shift. The latter 
most probably represents the rate-limiting step of the whole reaction and its mechanism has not been 
completely elucidated yet. For the catalytic mechanism, refer to the text. Figure adopted from  Rangarajan 
& Hartley, 1992 (4). 
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consists of acting on the long-range coulombic interactions between the protein residues by 

modifying the surrounding charges toward a less negative electrostatic environment. This is done 

by introducing positively charged residues (arginine and lysine) and replacing the negatively charged 

ones (glutamate and aspartate) surrounding the active site, without, however, modifying those 

residues involved in metal binding and catalysis. 

For the purpose, a large library of possible single mutations was generated in silico and their folding 

energies were calculated. 94 mutations were selected on the basis of their predicted stability and 

proximity to His272 and were included in a screening in 96-well-plate format to test their 

performance at pH 6.5, 7 and 7.5. 

Although the final aim was to obtain XI variants with enhanced activity in yeast cells, we expressed 

them in E. coli, as this represents a faster and easier expression platform. Previous experiments 

could in fact demonstrate that the biochemical characteristics of the enzyme produced in E. coli and 

in S. cerevisiae cells were conserved. 

While the protocols for expressing, purifying and characterizing the XI variants in the scale of 50 mL 

cultures were already well established, a 96-well plate scaled procedure to screen the variants in a 

high-throughput fashion still needed to be designed and optimized. 

Moreover, before running the screening, four mutations were introduced and tested 

independently, in order to first gain experience with the established protocols. Two of these 

substitutions (E109A and E283A) were based on a previous work (8), which reported a shift in the 

optimal activity towards lower pH of the homologous enzyme from Streptomyces rubiginosus. 

The screening was performed twice, and the variants which showed improved activity at pH 6.5, 

while maintaining the activity at least comparable to the wild-type at pH 7, were chosen for a more 

accurate assay in higher scale. We could thus identity 15 mutations that show a shift in optimal 

activity towards lower pH. Among these, 9 mutants were selected for their ability of performing 

better than the WT enzyme at low pH while maintaining at least the same level of activity at pH 7.5. 

In parallel, our interest was in testing the most promising variants for their activity in vivo, by 

expressing them in S. cerevisiae cells growing on xylose as only carbon source. The yeast strain used 

as host had been engineered for xylose consumption by overexpression of the enzymes for the 

xylose utilization pathway; it lacked however the XI gene, which was introduced separately. In this 

way, strains harbouring different variants of XI could be compared for their growth rate, in order to 

evaluate the activity of such variants in the living cell. 

The experiment had been attempted before by introducing the XI gene on a multi-copy vector; 

however, it was not possible to detect any difference between the XI variants. It was therefore 

hypothesised that the levels of expression of XI with several inducible promoters were all high to 

the point that the isomerization of D-xylose into D-xylulose was no longer the limiting step of the 

pathway. To overcome this problem, we decided to repeat the experiment after introducing the XI 

gene on a different vector, namely a single-copy plasmid, in order to maintain the level of expression 

in the response range for our assay. 

Four variants of the XI gene (with different level of activity in vitro) and two different promoters 

were introduced and tested in yeast. The observed differences in growth rate were in line with the 
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predictions based on the activity in vitro of the variants; however, such differences were very small 

and the assay would still need to be optimized and repeated to confirm the results. 

 

1 MATERIALS AND METHODS 

1.1 In vitro Screening and Characterization of XI Variants 

1.1.1 Design of XI variants 

1.1.1.1 In silico design and selection of XI variants for high-throughput screening 

The computational design of XI variants was carried out by Marcelo Masman by the implementation 

of the approach named as “+SCAN”. This approach consisted of two consecutive steps: first the in 

silico introduction of the desired mutations, and next the determination of the stabilization energy 

of the previously obtained mutant structures. Both steps were performed thanks to in-house 

generated scripts. The +SCAN script used in the first step was written in Yanaconda language into 

an executable Yasara (14) macro, while the one used in the second step was a bash script that 

utilized the FoldX 4 (15) program to evaluate the stability of the introduced mutation, taking the 

wild-type structure as a reference. 

During the first step, mutations were introduced by either the replacement of any residue for a 

positively charged residue (Lys or Arg), or by the replacement of a negatively charge residue (Glu or 

Asp) for a neutral one (Ala, Gln or Asn) or for a positively charged one (Lys or Arg). With this method, 

a series of single mutants were generated on the search of non-destabilizing mutations that would 

introduce a positive charge or deplete a negative one over the full sequence of the target protein. 

The crystal structure of PirXI that was used as target for this approach had been obtained by co-

crystallization with xylose in its open as well as closed conformations with two Cd++ ions in the active 

site. These ions were in silico transformed into Mg++ ions for further calculations. Then, all titratable 

residues on the whole tetrameric structure were protonated according to the standard protonation 

state at pH 7.0; with this approach, all histidine residues were considered neutral. Next, mutations 

were introduced according to the previously described approach; it is important to mention that all 

monomers were submitted to mutation simultaneously. The target protein was then submerged in 

a box containing explicit water, where Na+ and Cl- ions were added for total charge neutrality up to 

a final concentration of 0.15 M, for simulating a physiological salt concentration. The insertion of a 

given mutation was followed by a 3-steps energy minimization phase. The first energy minimization 

only involved the mutated residue, the second minimization included a 6 Å sphere around the 

mutated residue, and lastly, the whole system was energy-minimized. In order to further reproduce 

the side-chain relaxed geometry, a short molecular dynamics simulation of 20 ps was executed after 

the final minimization step. A PDB file for the mutant could be then generated, and this would 

become the input file for the determination of the stabilization energy with FoldX. 

All the simulations executed under Yasara utilized the AMBER03 force field (16) and a simulation 

temperature of 298 K. Although during the mutation step substrate, co-factor and solvent were 

explicitly considered, during the FoldX calculation substrate and co-factor were omitted and the 

solvent was only considered implicitly (17). Moreover, each time a given residue was mutated, a 
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replacement for it was performed to produce again the wild-type structure, which was later used as 

a control of the protocol and as reference for the relative stabilization energy calculation. The FoldX 

calculations were executed utilizing the parameters given below. 

Table 1:  Parameters of FoldX calculations. 

Temperature pH Ionic strength Water Metal VdW design level Number of runs 

298 K 7.0 0.050 CRYSTAL CRYSTAL 2 3 

 

At the end of the process, all the resulting stabilization energies for the single mutants were 

collected into a data-base and ordered from more stabilizing to more destabilizing. The non-

destabilizing mutations in this list were then further filtered, by selecting only those that lay within 

an arbitrary radius of 15 Å from His272. Another set of mutations, based on the sequence analysis 

of homologous proteins, were also selected; these targeted residues E208 and E115 (based on the 

comparison with Thermoanaerobacterium sp. and Lactobacillus sp. XIs), and E184 (based on the 

comparison with Streptomyces sp. XIs). Lastly, since more mutants could still be included in a 96-

well-plate, a certain number of stabilizing mutations outside the 15 Å were added manually to the 

list. In total, 94 mutations were selected for the in vitro screening, in order to leave two empty wells 

in the 96-well-plates (96-wp) for the negative and positive controls. The full list of the mutations, as 

well as their layout in the 96-wp format, is shown below, while the corresponding stabilization 

energies are shown in Table 17 of the Appendix. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A H51K H51R T52K A55R Q60K Q60R V104K V104R E109K E109R E109N E115A 

B E115K E115R E115Q T142K T142R N144K N144R G147K G147R E184A E184 E184R 

C E184Q Q203K E208A E208K E208A E208N M210K M210R T212K T212R T215 T215R 

D T240K H242K Q243K D245A D245K D245R D245N V246R D247N E249A E249K E249R 

E E249Q T250K T250R N267K V270R N271R T274K T274K G277K G277R H278K H278R 

F T279K E281A H282K G283K G283R G283N D289A D289K D289R D289N Q304K Q304R 

G N305R G306K G306R W307K T309R Q311K Q311R D315A D315K D315R D315N E318A 

H E318K E318R E318N E325A E325K E325R E325N T343K T343R E430A   

Fig. 4:  94 mutants selected for high-throughput screening 

 

1.1.1.2 Design of single mutants 

Mutations E109A and E283A were chosen based on the study published by Cha and Batt (8), who 

worked on lowering the pH optimum of XI from S. rubiginosus. The original mutations introduced in 

this variant, D56N and E221A, had been selected on the basis of the hypothesis of Russell and Fersht 

(10) as well as of the sequence alignment with homologous XIs which showed lower pH optimum. 

In particular, the first mutation was suggested by the comparison with XI from Arthrobacter sp., 

while the second was inspired by the XIs of Escherichia coli, Bacillus subtilis and different species of 

Clostridium and Lactobacillus. 
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Mutation E115K was chosen from the list of substitutions discussed in the previous section. 

Mutation E283M was proposed after observation of the mutant E283Q structure, where the smaller 

side chain of glutamine allows for the opening a water channel connecting bulk solvent to the active 

site, thus possibly affecting the activity; it was therefore decided to test the substitution into 

methionine, since this has a more hydrophobic side chain and such a mutation was predicted to 

stabilize the protein structure. 

 

1.1.2 Host strain and vector 

For the expression of the PirXI variants, as well as for the amplification of the template plasmid, E. 

coli NEB 10-beta (New England BioLabs) cells were used as a host.  The expression vector had been 

previously constructed by cloning the PirXI gene into the multiple cloning site of the pBAD/His vector 

(InVitrogen). The gene comprehensive of its stop codon was inserted in the upstream of the poly-

histidine site in order to obtain a His-tag free protein, as this might interfere with metal binding. The 

pBAD expression system is based on the promotor PBAD (isolated from the arabinose operon of 

bacteria), and its regulator AraC. This allows for a tightly regulated expression in response to the 

presence of arabinose in the medium. The strong transcription termination region rrnB is located 

downstream of the multiple cloning site. The vector also contained ampicillin resistance gene ampR 

and the multi-copy origin of replication from vector pBR322. 

1.1.3 QuikChange site-directed mutagenesis 

Primers introducing point mutations were designed with Agilent Technologies online software 

{http://www.genomics.agilent.com/primerDesignProgram.jsp} and afterwards optimized manually 

using Clone Manager (Sci-Ed Software). This additional step enabled to check several features, such 

as the primer stability, the formation of dimers and hairpins, and the presence of GC damp at the 3’ 

end. A key parameter was the annealing temperature, which had to be similar for all primers in 96-

wp, and higher than 70°C. A list of the primers is to be found in the additional materials. 

 

Fig. 5: Plasmid for E. coli expression of PirXI 
Vector pBAD-PirXI (5362 bp) harbouring the 
pirXI (1314 bp) and the araC genes under the 
control of promoter pBAD, the β-lactamase 
gene ampR, and the origin of replication 
pBR322. 

http://www.genomics.agilent.com/primerDesignProgram.jsp
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Each PCR mix was prepared in a final volume of 20 µL, containing the components listed below: 

Table 2:  Components of PCR mixture for QuikChange site-directed mutagenesis reactions 

Component Stock concentration Amount / µL 

Primer forward 10 µM 0.5 

Primer reverse 10 µM 0.5 

Template plasmid pBAD-PirXI 50-100 ng/µL 0.5 

PfuUltra II Hotstart PCR Master Mix 

(Agilent Technologies) 
2× concentrated 10 

DNase-free Milli-Q water  8.5 

 

A negative control was prepared by omitting the addition of primers to the mix. After being mixed 

by tapping and shorty centrifuged, the reactions were transferred to the thermocycler (peqStar by 

VWR Peqlab), set on: 

Lead heating: 105°C 

Table 3:  Thermocycler protocol for QuikChange PCR 

Process Time Temperature 

Initial denaturation 5 min 95°C 

Denaturation 

× 16 

cycles 

30 s 95°C 

Annealing 1 min 55°C 

Extension 
11 min (Pfu Ultra) or 6 min (Pfu Ultra 

II) 
72°C 

Final extension 20 min 72°C 

Storage ∞ 4 – 13°C 

 

Next, 1 µL of Dpn1 (20,000 U mL-1) stock was added to each PCR reaction, which was then left in 

incubation at 37°C for at least 1 h. 

 

1.1.4 Production of CaCl2 E. coli NEB 10-beta competent cells 

Commercial E. coli NEB 10-beta competent cells (New England BioLabs) from - 80°C glycerol stocks 

were inoculated in 5 mL Luria-Bertani Broth (LB) medium and cultivated overnight at 37°C. 

The next day, the overnight culture was diluted 1:100 in LB medium, and incubated at 37°C until the 

OD600 reached a value of 0.3-0.5. Cells were then spun down for 5 min at ca. 3000 g and resuspended 

in 1:2 of the culture volume of chilled 0.1 M CaCl2 solution. After 10 min of incubation on ice, the 

cells were again spun down and resuspended in 1:10 of the culture volume of 0.1 M CaCl2 / 10% 

glycerol solution. 

Aliquots of 50 µL of competent cells were used directly for transformation or rapidly frozen in liquid 

N2 and stored at - 80°C for later use. 
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1.1.5 Transformation 

The products of QuikChange PCR were either used to directly transform E. coli competent cells (in 

the case of high-throughput mutagenesis in 96-well plate) or first purified with the QIAquick PCR 

Purification Kit by QIAGEN according to the manufacturer’s protocol. 

5 µL of plasmid solution were added to 50 µL of competent cells (or 10 µL of plasmid to 100 µL of 

cells), mixed by tapping and incubated on ice for 30 min. Positive and negative controls for 

transformation were performed by adding to the cells 5 µL of wild-type plasmid or 5 µL of Milli-Q 

water, respectively. Next, the tubes (or the 96-wp) were incubated in a 42°C water bath for 1 minute 

and then again on ice for 2 min. 500 µL of LB medium were added, and the cells were incubated for 

1 h at 37°C in agitation at 135-200 rpm. 

100 µl of cell suspension were then plated on standard Petri dishes with LB-agar medium containing 

0.05 mg mL-1 of ampicillin and spread with a disposable spreader. In the case of the high-throughput 

mutagenesis in 96-wp, the plating was carried out by pipetting 20 µL of cell suspension on 24-well 

plates filled with the same medium and then spreading it with sterile glass beads. When repeating 

the transformation of the missing mutants, the plating was performed on Petri dishes divided into 

4 parts, and the spreading was done using inoculation loops sterilized over the flame. 

 

1.1.6 Preparation of glycerol stocks and samples for sequencing 

Colonies were picked with a sterile toothpick and inoculated into 5 mL LB medium with ampicillin 

(0.05 mg mL-1) in sterile 14 mL plastic tubes. The tubes were incubated at 37°C shaking at 135-200 

rpm overnight. When working in high-throughput, the inoculation was done in 1 mL of the same 

medium in a 96-deep-well plate (96-dwp). 

750 µL of overnight culture were transferred to 1.5 mL Eppendorf tubes and mixed with 250 µL of 

60% glycerol (final glycerol concentration: 15%) and subsequently stored at -80°C until the 

confirmation of the sequence. 

The rest of the cells were harvested for plasmid purification with the QIAprep Spin Miniprep Kit 

(QIAGEN) according to the producer’s protocol. The concentration of the purified plasmid was then 

measured with NanoDrop spectrophotometer (Thermo Scientific). Samples of the purified plasmid 

were prepared with commercially available pBAD sequencing primers and sent to GATC Biotech for 

sequencing. When working in high-throughput colonies were picked and sent to GATC Biotech for 

plasmid isolation and sequencing in 96-well format. 

 

1.1.7 Expression 

Pre-growth 

Colonies were picked with a sterile toothpick, and inoculated into 5 mL LB medium with 0.05 mg 

mL-1 ampicillin in sterile 14 mL plastic tubes. The tubes were incubated at 37°C shaking at 135-200 

rpm overnight. 
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For the high-throughput screening, the inoculation was done in 200 µL of the same medium in a 96-

dwp and cells were incubated for 7-8 h. 

Expression 

500 mL of the pre-culture were diluted into 50 mL of Terrific Broth (TB) medium with 0.05 mg mL-1 

ampicillin in sterile 250 mL flasks. These were incubated at 30°C shaking at 135 rpm for ca. 5 h. 

Expression was induced 500 µL of 20% arabinose (final concentration: 0.2%) at 37°C shaking at 135-

200 overnight. 

For the high-throughput screening, the entire pre-culture (200 µL) was diluted in the same well by 

adding 800 µL of TB with ampicillin 0.05 mg mL-1 and arabinose to a final concentration of 0.2%. The 

96-dwp was then sealed with a breathable sterile film (Aeraseal by Sigma-Aldrich) and incubated at 

37°C shaking at 135-200 rpm overnight. 

 

1.1.8 Protein purification 

Composition of buffers used: 

Binding buffer: 20 mM Tris, pH 8.5 

Elution buffer: 20 mM Tris, 100 mM KCl, pH 8.5 

Buffer for metal ions removal: 20 mM MOPS, 50 mM EDTA, pH 8.5 

Cell harvesting and lysis 

Overnight-grown cells were harvested by centrifugation at ca. 3000 g, 4°C for 5 min (in an Eppendorf 

centrifuge model 5804 R). The supernatant was discarded and the pelleted cells were washed with 

ca. 20 mL of the binding buffer and resuspended in ca. 5 mL of the binding buffer. Cell lysis was 

performed by sonication with VibraCell VB 18 (Sonics) (3 min, 2 s on / 3 s off, 70% amplitude), 

keeping the tubes on iced water. Next, the cell debris were spun down by centrifuging at 17,000 g, 

4°C for 30 min (in Micro Star 17R by VWR). 

When working in 96-well format, cell lysis was performed by resuspending the washed pellet in 400 

mL of lysis buffer (20 mM MOPS pH 7.5, 5 mM MgCl2, 1 mg mL-1 lysozyme, 0.05 mg mL-1 DNase) and 

incubating for 30 min at 30°C shaking. The cell suspension was then frozen at -80°C for 45 min and 

thawed in 30°C water bath for 30 min. Centrifugation was performed at 2250 g, 4°C for 45 min. 

Protein purification 

Xylose isomerase was purified from the soluble cell extract in one step of ion exchange 

chromatography with the Q-Sepharose Fast Flow resin (GE Healthcare Life Sciences). The cell-free 

extract was loaded over 2 mL of pre-equilibrated resin in a gravity-flow chromatography column 

(Econo-pac by Bio-Rad). Alternatively, spin columns (3 mL Spin Column by GBiosciences) loaded with 

1 mL of resin were used; the flow in this case was driven by centrifugal force, spinning them at 50 g 

for 2 min. For the high-throughput screening, chromatography was performed in a 96-well filter 

plate (1 mL AcroPrep Advance by Pall Corporation) in which 100 µL of resin were loaded per well. 

The flow was driven by centrifugation at 41 g for 2 min. 
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After ca. 30 min of incubation at 4°C of the soluble fraction with the resin, the unbound material 

was let flow through the column. Next, two washing steps were performed by loading 500 µL of 

binding buffer and letting it flow through the column. Elution was carried out by loading 100 µL of 

elution buffer twice and collecting the fraction in a new tube or plate. 

Metal removal and buffer exchange 

EDTA was added to the eluted protein solution to a final concentration of 10 mM in order to remove 

the metal cations bound in the active site of the enzyme and thus obtain apo-XI. After ca. 30 min of 

incubation at 4 °C, EDTA was removed by exchanging buffer to 20 mM MOPS, pH 7. This was done 

by centrifuging at ca. 3000 g, 4° C for 15 min in a filter tube with a cut-off of 30 KDa (Amicon Ultra 

Centrifuge Filter 30K by Millipore). The total volume of the buffer used to obtain the complete buffer 

exchange was at least 200 times the volume of eluted protein solution. The apo-enzyme was 

collected from the filter in a new vial, and centrifuged at 17,000 g, 4° C for 10 min in order to remove 

any precipitated protein. 

When working in 96-well format, the buffer exchange was performed by loading the protein solution 

on a commercially available desalting plate (PD MultiTrap G-25 by GE Healthcare) and following the 

provided protocol. 

SDS-PAGE analysis of purification steps 

To confirm the purity of the enzyme, samples of ca. 10 µg of purified protein solution were prepared. 

After addition of the loading buffer, the samples were boiled for 5 min at 100°C, loaded on precast 

acrylamide gels (ExpressPlus PAGE Gels by GenScript) and run at 120 V for ca. 1 h and 20 min. 

When necessary (e.g. low yield or low purity of XI), fractions from the previous steps of purification 

(whole cell extract, pelleted cell debris, flow-through and wash from chromatography) were also 

loaded on the gel. 

 

1.1.9 Activity assay and pH profiling  

Enzyme concentration measurement 

The concentration of the purified protein was determined by measuring the UV absorbance at 280 

nm and applying Lambert-Beer’s law. The theoretical extinction coefficient of XI at this wavelength 

(ε280,XI = 73,800 M−1 cm−1) was calculated with the ProtParam tool of the ExPASy portal 

{http://web.expasy.org/protparam/}. 

When working in 96-well format, the concentration of XI was determined with the Bradford assay. 

First, a calibration curve was traced with 8 standard solutions of XI with concentration of 0.02-0.27 

mg mL-1. 30 µL of standard solution were pipetted in the wells of a microtiter plate. Next, 220 µL of 

Bradford reagent (Sigma-Aldrich) were dispensed in each well and the plate was incubated for 5 min 

on a shaker set on 500-600 rpm. The absorbance was read in Synergy Mx microplate reader (BioTek) 

at 595 nm. The same procedure was then applied to the samples to test, and their concentration 

could be calculated from the previously plotted calibration curve. 

http://web.expasy.org/protparam/
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Activity measurement and pH profiling 

To measure the activity of XI in converting D-xylose into D-xylulose, we employed a sorbitol 

dehydrogenase (SDH)-coupled assay involving NADH: 

In order for the first reaction to be rate-determining, a large excess of sorbitol dehydrogenase was 

added in the reaction mix. The depletion of NADH could be followed in time by reading the 

absorbance at 340 nm in the spectrophotometer. The resulting slope in the value of absorbance 

over time was then used to calculate the specific activity of the enzyme, by the equation: 

𝐸𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (U) =  
− 

∆𝐴340

𝑡  (AU ∙ min-1) ∙ 𝑉𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛(L)

 𝜀𝑁𝐴𝐷𝐻 340(mM-1∙ cm-1) ∙ 𝑝𝑎𝑡ℎ𝑙𝑒𝑛𝑔ℎ𝑡 (cm) ∙ 1000 (mM ∙ μM-1)
 

Where: 

− 
∆𝐴340

𝑡
 = measured slope 

𝜀𝑁𝐴𝐷𝐻 340 = 6.22 mM-1∙ cm-1 

 

Knowing the molecular weight (49.4 KDa) and the concentration of XI in the reaction, the specific 

activity was then calculated by the equation: 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (U ∙ mg−1) = 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (U) ∶  𝑚𝑎𝑠𝑠𝑋𝐼(mg) 

 

The reaction mixture was prepared according to the scheme: 

Table 4:  Components of reaction mixture for the activity assay 

Stock solution 
Amount per 1 mL 

cuvette 

Amount per 200 µL 

well 

Final 

concentration 

10 mM NADH 20 µL 4 µL 200 µM 

25-30 U/mL SDH  35-40 µL 7-8 µL ~1 U mL-1 

100 mM MgCl2  10 µL 2 µL 1 mM 

2 M Xylose in MQ H2O 100 µL  

200 mM 0.4 M Xylose in MOPS buffer 

Pre-heated in 30° water bath 
 100 µL 

20 / 50 mM MOPS pH 6.5 / 7 / 7.5 

Pre-heated in 30° water bath 
Up to 1 ml Up to 200 µl  

apo-XI in MOPS buffer 20 µL 20 µL 0.1-0.2 µL 

 

For the 1 ml reaction scale, the mixture was prepared in a 1 mL quartz cuvette, adding all 

components except for XI and mixing thoroughly by inverting or pipetting. After blanking the 

spectrophotometer with only buffer and setting the temperature to 30°C, the cuvette was incubated 

Eq. 2 

Eq. 1 

Eq. 3 
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for 5 min in the holder. The measurement (which was set on total time of 10 min) was then started, 

XI was rapidly added and the solution mixed by inverting or pipetting.  

For assays in 96-well format, the spectrophotometric measurement was performed in the SMX 

microplate reader in plastic 96-well microtiter plate. A master mix was prepared adding all the 

components except for XI and the substrate. 80 µL of the mix were pipetted in each well, on top of 

20 µL of XI working stock. After incubating for 5 min at 37°C, the plate was introduced in the reader, 

pre-heated at 30°C. The protocol for the machine included the automatic dispensation by syringe of 

the xylose solution previously prepared, and shaking of the wells. The absorbance at 340 nm was 

then measured for 15 min with an interval of 16 s. For the screening purpose, the assay was 

performed in duplicate at 3 pH values: 6.5, 7, 7.5. 

For selected mutants a broader pH profile of activity was determined. Six different values of pH, 

from 5.5 to 8, were tested in duplicate in the microplate reader. During the preparation of the 

buffers (50 mM EPPS, MES or MOPS), the pH was measured at 30˚C. 34 µL of a master mix containing 

xylose, NADH, SDH and MgCl2 (concentrations as in Table 4) were added in the wells of a 200 µL 96-

wp. 158 µL of each buffer were added in the different wells. After mixing and incubating the plate 

for 5 min at 30˚C, 8 µL enzyme (final concentration as in Table 4) were mixed into the wells with a 

multichannel pipette. The absorbance at 340 nm was then read for 15 min with an interval of 16 s. 

 

1.2 In Vivo Assay of XI Variants: S. cerevisiae Growth on Xylose 

1.2.1 Host 

The yeast strain RN995 (PirXI-) from DSM, partner of the project, was used in the in vivo assay. 

RN995 is an S. cerevisiae strain genetically engineered and evolved for co-consumption of glucose 

and xylose, by the introduction of the Piromyces sp. E2 XI gene (pirXI) and the overexpression of the 

enzymes for the downstream pathway. The strain used in the assay is however devoid of the pirXI 

gene, so that different variants of the gene could be introduced and tested. 

 

1.2.2 Construction of vector 

1.2.2.1 Constructs and plasmids 

Five different constructs containing four variants of XI and two different promoters (PTPI and PPGK), 

were selected for the experiment: 

Table 5:  Constructs for XI expression in yeast 

Construct Comment 

PTPI - XI WT - CYC1 terminator Reference 

PTPI - XI E238S - CYC1 terminator XI variant inactive in vitro 

PTPI - XI G424C - CYC1 terminator XI variant more active than WT in vitro 

PTPI - XI E109A - CYC1 terminator XI variant more active than WT in vitro 

PPGK - XI WT - CYC1 terminator Stronger promoter 
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Such constructs, with the XI gene codon-optimized for expression in yeast, were already available 

in the plasmids used in an earlier attempt of the assay and based on the pRS426 vector. The single-

copy plasmid pRS316 was therefore chosen as shuttle vector for the expression of the XI gene in the 

assay. This vector contains marker and origin of replication for E. coli (ampR and pBR322 ori, 

respectively), and the auxotrophic marker URA3 for S. cerevisiae; replication in yeast is controlled 

by the CEN/ARS sequence, which enables the plasmid to replicate as a chromosome, thus 

maintaining a single copy in the cell. The restriction enzymes NaeI and SacI were used to cut the 

constructs in Fig. 6 out of their original plasmid pRS426-pirXI and to introduce them into vector 

pRS316. The vector obtained with this strategy – which would be then amplified in E. coli and used 

for expression of XI in yeast – is shown in Fig. 7. 

pRS316 
4887 bps 

pRS426-pirXI 
7808 bps 

Fig. 6: Original vectors pRS426-pirXI and pRS316 
The 5 constructs of tab. 7 had previously been introduced in vector pRS426 (left), which has the multi-copy 
origin for yeast replication 2µ (2mu); thanks to the presence of the restriction sites SacI and NaeI flanking the 
site of insertion of the constructs, these can be cut out and ligated into pRS316 (right). The latter has the 
same markers for E. coli (ampR) and S. cerevisiae (URA3) of pRS426, but replication in yeast is controlled by 
the element CEN6/ARS4, that integrates part of a centromere sequence, enabling single-copy replicatio 

pRS316-pirXI 
7074 bps Fig. 7: New plasmid pRS316-pirXI 

 This plasmid is the desired product from the 
restriction with NaeI and SacI and ligation of the 
original vectors. Constructs from pRS426-pirXI are 
now located on the scaffold of vector pRS316. 
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1.2.2.2 Restriction, dephosphorylation, ligation reactions  

The plasmid used as vector (pRS316) and the ones containing the different inserts (pRS426-pirXI) 

were digested according to the following scheme: 

Table 6:  Components of restriction reactions  

Restriction 

reaction: 

Additions in reaction / µL Procedure 

Plasmid 

DNA 

NaeI* 

10,000 

U mL-1 

SacI* 

20,000 

U mL-1 

CutSmart 

Buffer* 

10x 

Milli-Q 

water 
Incubation  Inactivation 

1: Vector 

(pRS316) 

30 

(70 ng µL-1) 
1 1 5 13 37°C, o/n 65°C, 20’ 

2: Insert 

(pRS426-pirXI) 

10 

(~100 ng 

µL-1) 

1 1 5 33 37°C, 3 h _ 

 [* New England Biolabs] 

After restriction, the vector underwent dephosphorylation of its 5’ terminus, in order to prevent 

self-ligation. This was done by addition of 1 µL of alkaline phosphatase (1,000 U mL-1) and incubation 

at 37°C for 3 h. 

Next, the restricted DNA products were purified with the QIAquick PCR Purification Kit according to 

the manufacturer’s protocol, and their concentration was measured with NanoDrop 

spectrophotometer. 

Ligation of the vector with the different inserts was performed in a total volume of 20 µL, according 

to the following scheme: 

Table 7:  Components of ligation reaction 

Insert 

Concentration 

of insert 

/ ng µL-1 

Additions / µL 

Insert 
Vector 

(23 ng µL-1) 
Milli-Q H2O 

Ligation 

buffer 2x 

* 

Ligase * 

 

PTPI - XI WT 7 8.5 0.5 0 10 1 

PTPI - XI E238S 86 1 0.5 7.5 10 1 

PTPI - XI G424C 46 2 0.5 6.5 10 1 

PTPI - XI E109A 126 0.75 0.5 7.75 10 1 

PPGK - XI WT 57 1.6 0.5 6.9 10 1 

 [* New England Biolabs] 

A negative control was performed by omitting the addition of insert. 

 

1.2.3 Selection of transformants (colony PCR and DNA gel electrophoresis) 

After transformation of E. coli NEB 10-Beta (protocol at section 2.1.5), the colonies were screened 

by colony PCR, in order to select the ones harbouring the desired construct. The forward primer 

used in PCR, in fact, anneals in a region of the vector pRS316 close upstream to the SacI site of 

insertion of the construct, while the reverse primer binds to the insert, in the CYC1 terminator; thus, 
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only the correct pRS316-pirXI vector could provide a template for the amplification of a 2249 bp 

fragment detectable by DNA gel electrophoresis. The sequences of the primers are the following: 

Forward primer: 5’-CCCTCACTAAAGGGAACAAAAGCTG-3’ 

Reverse primer: 5’-GTTACATGCGTACACGCGTCTG-3’ 

PCR tubes were prepared with 15 µL of PCR mix, containing the following: 

Table 8:  Components of colony PCR mixture 

Component Amount per well / µL 

DreamTaq Green PCR Master Mix 2x 

(Thermo Scientific) 
7.5 

Primer forward 0.375 

Primer reverse 0.375 

Milli-Q H2O 6.75 

 

Five colonies were picked with toothpicks from each plate and re-plated on a new plate; the same 

toothpick was then dipped in a labelled PCR tube. The PCR was run according to the following 

protocol, adapted from the manufacturer manual: 

Lead heating: 105°C 

 

Table 9:  Thermocycler protocol for colony PCR 

Process Time Temperature 

Initial denaturation 5 min 96°C 

1. Denaturation 

× 30 cycles 

30 s 95°C 

2. Annealing 30 s 55°C 

3. Extension 3 min 72°C 

Final extension 10 min 72°C 

Storage ∞ 8°C 

 

PCR products were then directly loaded on 2% agarose gels stained with Roti-Safe GelStain (Roth), 

and run in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.3) at 95 V for around 1 h. 

After visualization under UV lamp, colonies which showed the band of expected size were selected 

for preparation of glycerol stocks and plasmid isolation for sequencing (protocol at section 2.1.6). 

 

1.2.4 Transformation of S. cerevisiae 

Once the sequence was confirmed, the isolated plasmids were used for transformation of S. 

cerevisiae RN995 XI- cells, previously grown on a YPD agar plate. The cell material was resuspended 

in liquid YPD medium by repeatedly washing and gently scraping the plate, in a final volume of ca. 
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6 mL. The cell suspension was divided in aliquots of 1 mL (one for each transformation). Cells were 

harvested by centrifuging at ca. 6000 g for 5 min and discarding the supernatant. Next, the following 

additions were made on top of the cell pellet, in the order: 

1) 50% w/v PEG-3350 (240 µL) 

2) 1 M Lithium acetate (36 µL) 

3) 10 ng µL-1 ssDNA (5 µL) 

4) Plasmid DNA  (0.5-1 µg) 

After mixing the components by vortexing and pipetting, 40 µL of DMSO were added and mixed by 

inverting the tubes. After performing heat-shock for 1 h at 42°C, cells were spun down at ca. 16,500 

g for 1 min and washed with 1 mL of 1 M sorbitol. After spinning down again, cells were re-

suspended in 100 µL of the1 M sorbitol, and the cell suspension was spread on Verduyn (18) agar 

plates with 2% glucose. Plates were then incubated at 30°C for 3 to 4 days, until colonies became 

visible. 

 

1.2.5 In vivo XI activity assay 

Pre-growth on glucose 

Cell material from multiple colonies was scraped with a sterile toothpick from each plate and 

inoculated in 10 mL of Verduyn medium (18) with 2% glucose, in plastic 50 mL tubes. The tubes were 

then incubated at 30°C shaking at 135 rpm for ca. 24 h. 

Pre-growth on xylose 

The concentration of the glucose pre-cultures was measured by reading the optical density of 10 

times diluted samples at 600 nm in the spectrophotometer (Jenway 6300). Once the OD600 had 

reached values of 5 to 8, the pre-cultures were diluted in fresh Verduyn medium with 2% xylose, in 

order to obtain final OD600 of 0.5. The pre-cultures were then grown as described above. 

Monitoring the growth on xylose 

Once the xylose pre-cultures had reached OD600 ≥ 2, 50 mL flasks were prepared by diluting them in 

fresh medium to a final volume of 20 mL and final OD600 of 0.5. From this moment on, the OD600 was 

read in the spectrophotometer every 2 h during the working day, until the value reached a plateau. 

The measurements were carried out on dilutions (from 2 to 20-fold) of the cultures, in order to 

maintain the turbidity in the range of linearity for the measurement (i.e., below OD600 = 1). The 

samples of culture used were never smaller than 50 µL, and before collecting them, the flask were 

thoroughly shaken in order to maintain the cell suspension as homogeneous as possible. After the 

data collection, OD600 values were plotted against time; growth curves could then be traced, and 

the growth equation was extrapolated from the exponential area of the graph. 

This equation is in the form of:  

𝑋(𝑡) = 𝑋0𝑒𝜇𝑡 

Where:  

𝑋 = 𝑐𝑒𝑙𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∝ 𝑂𝐷600, 𝜇 = 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 

Eq. 4 
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2 RESULTS 

2.1 Variants E109A and E283A 

In order to evaluate the effect of mutations E109A and E283A on the pH-activity profile of XI, these 

substitutions were introduced by QuikChange site-directed mutagenesis and the activity of the 

variants was assessed. As mentioned above (section 2.1.1.2), such mutations were selected based 

on the work of Cha and Batt (8), who aimed at lowering the pH optimum of the homologous protein 

of S. rubiginosus. 

Strains expressing E109A and E283A XI had already been obtained and expression had been 

performed previously. Expression and purification of the variants were successful, as shown by the 

SDS-PAGE analysis (Fig. 8). 

Yields of variants E109A and E283A were 560 and 330 mg Lculture
-1, respectively. 

Xylose isomerase activity at pH 7 of variants E109A and E283A was assessed in the 

spectrophotometer. The WT enzyme was also tested, as a control. In order to evaluate possible 

changes in metal specificity caused by the mutations, the assay was also performed with Mn++ and 

Ca++ instead of Mg++. The results are shown below. 

Table 10:  Results of activity assay for E109A and E283A 

Variant 
Specific activity at pH 7 / U mg-1 

Mg++ Mn++ Ca++ 

WT 2.9 ± 0.2 ~6.5* ~0.01* 

E109A 4.8 ± 0.2 10.4 ± 0.6 0.23 ± 0.01 

E283A - - - 

* values obtained in previous experiments, here reported for comparison  

Fig. 8: SDS-PAGE analysis of 
purified xylose isomerase 
variants carrying mutations 
that introduce: 

1) E109A 
2) E283A 
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Variant E109A showed a very significant increase (≥ 65%) in the activity with all the metals tested. 

On the contrary, the activity of E283A was barely detectable. 

To assess whether E109A substitution causes a shift towards lower values in the pH optimum of XI, 

a pH profiling of this mutant was performed. In order to cover the pH range between 5.5 and 8, 3 

different buffers were prepared, according to the scheme: 

Table 11:  Buffers used for pH profiling 

pH 5.5 6.0 6.5 7.0 7.5 8 

Buffer 

(50 mM) 
MES MES 

MES 
MOPS 

MOPS 
EPPS MOPS EPPS 

 

Two different buffers were employed for the values of pH at the border of their buffering range, to 

evaluate the effect of different buffers on the activity of the enzyme.  

The assay of E109A was performed in duplicate, while the measurement on the WT enzyme (used 

as a reference) was performed only once, since the obtained pH profile agreed well with the 

previously measured data. No significant difference in activity was observed when employing 

different buffers at pH 6.6. and 7.5. The results are shown in the graph below. 

The diagram shows that mutation E109A not only improves the activity of XI in the range of pH 

tested, but also causes a shift of the activity optimum toward lower pH values, namely around 7-

7.5. 
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Fig. 9: pH profile of activity of XI E109A compared to XI WT 
A shift toward a lower pH optimum was observed in the activity of E109A, with a new optimal value 
of 7-7.5. (Values are reported in tab.19 of the Appendix). 
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What is also important to notice is that the activity values calculated from the plate reader data are 

somewhat lower than those obtained from the spectrophotometer measurements. This 

phenomenon had been observed before, and since the plate reader is inherently less accurate and 

the volumes used are smaller (implying bigger pipetting error), as a rule we considered the values 

obtained from this instrument only as relative. For the absolute values of activity, we always 

referred to the numbers calculated from the spectrophotometer data. 

 

2.2 Variants E115K and E283M 

In order to assess the effect of substitutions E115K and E283M on the activity and pH optimum of 

XI, the mutants were produced by QuikChange site-directed mutagenesis and tested. As mentioned 

in the methods section (2.1.1.2), mutation E283M was selected based on the observation of the 

structure of E283Q; the higher hydrophobicity of methionine side chain compared to glutamine was 

in fact predicted to stabilize the protein structure. Mutation E115K, on the other hand, was chosen 

based on the sequence alignment with the homologous proteins of Thermoanaerobacterium sp. and 

Lactobacillus sp., and on the strategy of shifting the charge environment of the protein towards 

more positive values (8, 10). 

The introduction of the correct mutations by the QuikChange protocol was confirmed by DNA 

sequencing. During purification, two different elutions were tested: the first one was performed 

with the buffer (50 mM EDTA, 20mM Tris, pH 8.5) normally used for EDTA incubation (if this method 

worked efficiently, elution and removal of the metal in the active site could have been performed 

in one step), while for the second the usual elution buffer containing KCl. 

Fig. 10 SDS-PAGE analysis of purification steps of E115K (left) and E283M (right) 
1) Whole cell extract 
2) Soluble fraction 
3) Flow-through 
4) Wash 
5) Elution with 50 mM EDTA 
6) Elution with 100 mM KCl 
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While variant E115K could be expressed and purified successfully (with a yield of ca. 255 mg Lculture
-

1), variant E283M has lower solubility and problems in binding the resin, so that most of the soluble 

protein was eluted with the flow-through. This variant was therefore discarded. 

Activity of variant E115K with Mg++ was measured in duplicate at 3 pH values: 6.6, 7, 7.5. Results are 

reported in the following table: 

Table 12:  Results of activity assay for E115K 

Specific activity of E115K with Mg++ / U ∙ mg-1 

pH 6.6 pH 7 pH 7.5 

1.8 ± 0.1 2.3 ± 0.1 2.2 ± 0.1 

 

Since the activity of this mutant does not exceed the typical values for the wild type enzyme, we 

decided to discard it and not go further in characterizing it. 

2.3 96-Well Plate Screening 

In order to identify XI variants with improved activity at pH 6.5-7 in a time-effective manner, a library 

of 94 single mutants introducing a change towards a more positive overall charge was selected 

based the in silico predicted stability (for a detailed description of the design and selection, refer to 

section 2.1.1). The mutants were then produced and tested by means of a high-throughput 

approach where every step – from mutagenesis to activity assay – was performed in a 96-well plate 

format. 

 

2.3.1 QuikChange site-directed mutagenesis 

After the mutagenic PCR and transformation, 21 out of 96 agar wells – including the one containing 

a positive control for PCR – did not give any colonies. Transformation was therefore repeated for 

these mutants, plating this time on agar Petri dishes. 12 variants still didn’t give any colonies. Since 

we suspected that the problem could be related to the PCR (some evaporation could in fact be 

observed in the PCR wells), QuikChange was repeated for these mutants. Only 2 variants (H287K 

and E318A) still gave no colonies, but we decided to continue with the remaining mutants.  

Fig. 11: Example of 24-well plate 
obtained after high-throughput 
PCR and transformation 
Each well of the 24-well agar plate 
contains transformant colonies 
obtained after the first round of 
PCR and transformation, each 
corresponding to a different 
variant of XI. 
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When inoculating liquid cultures, 16 wells did not show any growth (these were all variants obtained 

at the first round of plating). Different colonies were therefore picked to inoculate liquid cultures, 

but after a few tries, still 6 mutants failed to grow in the liquid medium. A possible explanation is 

that those colonies did not contain the plasmid, and were able to grow on the solid medium due to 

the degradation of ampicillin after leaving the plates for too long at 37°C. We performed again the 

transformation of these mutants, and the QuikChange of variants H287K and E318A, testing the 

addition of 2% DMSO and 1 mM MgCl2 to the reaction mix. All variants grew in the liquid medium. 

After sequencing, 21 wells still did not contain the correct mutation. Once more, new colonies were 

picked, and if there were no colonies left, new QuikChange was performed; the new samples were 

then sent for sequencing. At the end of the process, all XI variants could be obtained, except for 

T343R, for which PCR still did not work (possibly due to a run of four adenines in the primers). 

 

2.3.2 Expression and Purification  

Expression, purification and screening of the XI variants were performed twice, with some 

differences. The results for each experiment are reported below. 

2.3.2.1 Screening I 

In this first experiment, the EDTA incubation and the buffer exchange could not be performed due 

to technical reasons. These steps were therefore omitted under the assumption that, even in case 

the metal content of the active site of the variants was not completely defined, we would still be 

able to compare their activity to that of the wild-type. Another important remark is that the wild-

type was supposed to be expressed in the same plate, in the empty well used for controls. By 

mistake, this was not done, therefore the reference had to be added during the screening phase. 

After expression and purification of XI, the concentration of protein in the wells was assessed with 

the Bradford assay. The concentration values in the different wells was significantly heterogeneous 

(see Fig. 12). Protein yield ranged from 20 to 320 mg mLculture
-1. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 11.0 15.2 1.8 18.6 14.8 9.3 11.9 16.4 4.3 2.7 28.3 33.1 

B 22.9 22.4 26.6 10.8 3.3 4.5 5.4 22.2 18.1 38.5 17.3 28.5 

C 16.5 4.6 23.9 19.4 19.9 23.7 21.2 7.4 21.2 17.0 27.8 29.8 

D 6.6 6.7 6.5 11.5 4.6 2.5 7.1 16.3 11.0 19.5 4.6 18.5 

E 9.3 2.1 16.5 6.6 14.9 15.9 11.0 17.0 18.5 10.4 9.7 17.3 

F 7.5 11.4 1.4 2.1 5.6 2.4 7.1 1.3 1.8 13.1 12.0 15.2 

G 18.0 10.2 10.0 11.0 12.4 11.9 18.4 9.5 18.2 18.9 22.5 16.5 

H 8.9 5.9 10.9 10.1 2.1 1.8 14.4 13.5  3.3 3.7  

Fig. 12: Protein concentration (µM) after 96-w format purification of XI (screening I) 

In order to obtain a final concentration of 0.1-0.2 µM in the reaction, working stocks of the XI 

variants were prepared by diluting them differentially, according to the following colour scheme:  

1:1 1:3 1:6 1:12 1:24 
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2.3.2.2 Screening II 

In this repetition of the experiment, the addition of EDTA and the consequent buffer exchange were 

not omitted, but performed as in section 2.1.8. After exchanging to the new buffer, concentration 

of the protein stocks was measured as previously. This time the levels were significantly lower, 

almost undetectable for certain mutants (Fig. 13, values reported in µM).  

 1 2 3 4 5 6 7 8 9 10 11 12 

A 2.7 4.3 0.2 6.4 4.5 2.9 4.5 5.1 3.0 1.6 4.1 10.0 

B 13.9 13.3 9.7 4.3 0.4 0.7 0.9 3.2 4.5 6.0 4.6 8.4 

C 9.0 1.8 5.1 2.5 3.1 2.5 4.1 1.1 4.1 2.7 5.2 7.3 

D 1.0 1.8 0.4 0.9 0.3 0.1 1.8 2.5 0.4 1.6 2.3 5.5 

E 4.0 0.8 1.4 0.9 2.6 1.7 1.6 1.9 1.8 1.5 2.6 3.5 

F 2.2 3.8 0.2 0.2 0.5 0.1 1.0 0.3 0.0 2.3 4.2 4.4 

G 7.6 4.9 4.9 5.1 3.9 2.6 1.9 4.1 2.5 4.4 6.7 4.9 

H 3.4 2.2 3.6 5.0 0.5 0.5 7.0 6.3  1.4 1.3 7.1 

Fig. 13: Protein concentration (µM) after 96-w format purification and buffer exchange of XI (screening II) 

 

Protein yields range this time from almost 0 to 175 mg mLculture
-1, which is much lower than expected 

(average values for 50 mL culture are around 300 to 500 mg mLculture
-1). The possibility that the buffer 

exchange step might introduce a great loss in protein was taken into account, even though the 

manufacturer declares a protein recovery of 70-90% for the desalting plate used. Another possibility 

is that some unidentified parameter affected the expression step, resulting in lower yields in 

protein. Moreover, the overall pattern in the concentration levels is maintained from the previous 

purification; this suggests that those mutants with lower yields might have lower solubility and end 

up in inclusion bodies. In order to test this hypothesis, SDS-PAGE was performed with samples from 

a set of 11 mutants, showing different levels of concentration (Fig. 14, page 25). 

From the observation of the gels, it appears that some variants (e.g. A12 and B1) were successfully 

expressed and purified, even though the yield was lower than expected; other variants (e.g. F3, F6, 

F9) seem to be poorly soluble and thus remained in the pelleted cell fraction; lastly, some variants 

(e.g. A3) were not expressed at all. Overall, it can be observed that a certain fraction of protein is 

lost in the flow-through, and this possibly contributes to the low yields. 

Nevertheless, the experiment was carried on with those variants for which the amounts of protein 

were sufficient for the screening, applying the following dilution scheme, where the colour codes 

are referred to Fig. 13. 

1:1, added double amount in reaction mix 1:1 1:2 1:4 1:8 
 

It could, in fact, be observed in the previous screening that those variants which had very low 

concentration were also inactive, suggesting that they had problems in expression and/or solubility, 

and that the purified fraction probably contained contaminant proteins; it was therefore unlikely 

that those wells corresponded to variants interesting for our purpose. An exception to this is 

represented by the wells marked in light green, for which the results of the first screening had 
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suggested the presence of interesting mutants. In order to be able to test them in the second 

screening, a double amount of the undiluted stock (40 µL) was added to the reaction mix. 

 

2.3.3 Activity screening 

Since it was observed before that results obtained in the microplate reader had some aleatory 

variability from plate to plate (see also section 3.1.2), the values of specific activity calculated from 

each plate were normalized to the wild-type present on the same plate. In this way, the results from 

the two duplicates of measurements at each pH could be compared and averaged. 

2.3.3.1 Screening I 

The activity assay was carried out in duplicate at pH 6.5, and singularly at pH 7.0 and 7.5 due to 

insufficient amount of protein available. Moreover, as mentioned in section 3.3.2, the wild-type XI 

used as reference in this screening had not been expressed in the 96-w format as the other mutants, 

but it was taken from a stock expressed and purified separately in 50 mL culture. The results, in the 

form of specific activity relative to wild-type, are presented in Fig. 15. 
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1      2     3       4      5      6     7      8     9    10    11                12   13   14           15   16   17         18   19   20 

 

Fig. 14: SDS-PAGE analysis of purification steps in 96-well format 
1-3) variant A3 (T52K): whole cell extract (W) (1), pellet (P) (2), flow-through (FT) (3) 
4-7) variant A12 (E115A): W (4), P (5), FT (6), purified protein (PP) (7) 
8-11) variant B1 (E115K): W (8), P (9), FT (10), PP (11) 
12-14) variant F3 (H282K): W (12), P (13), FT (14) 
15-17) variant F6 (G283N): W (15), P (16), FT (17) 
18-20) variant F9 (D283R): W (18), P (19), FT (20) 
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C. 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.4 0.1 0.2 0.4 0.0 2.1 2.2 1.7 0.2 0.0 0.1 0.6 

B 1.2 1.4 1.3 0.7 0.0 1.3 3.7 3.2 1.3 0.9 1.9 0.5 

C 1.5 1.2 1.7 1.0 4.7 3.8 4.7 2.2 3.9 2.4 2.0 0.4 

D 0.5 3.1 0.1 2.8 1.0 0.0 3.6 3.4 2.8 2.9 2.2 0.9 

E 2.7 0.2 1.8 0.4 1.0 0.2 2.5 2.0 3.6 3.8 0.9 0.3 

F 2.2 1.9 0.1 0.0 3.6 0.5 5.4 0.0 0.0 4.9 2.4 0.2 

G 0.5 1.4 4.2 1.8 0.0 3.1 1.5 4.3 3.6 0.5 0.8 1.3 

H 0.7 0.1 3.1 4.3 0.3 0.1 0.5 0.6  0.8 0.1 1.0 

Fig. 15: Specific activity relative to WT at pH 6.5 (A.), 7.0 (B.) and 7.5 (C.) calculated from screening I 

The values reported in Table A. are the average of two measurements. The absolute values calculated for the 
WT were 1.0 and 1.3 at pH 6.5, 1.5 at pH 7.0 and 0.5 at pH 7.5. In Table A. the 10 best XI variants are 
highlighted in red. 

 

The values of activity of the wild type in all the plates (1.3 and 1.0 at pH 6.5, 1.5 at pH 7.0 and 0.5 at 

pH 7.5) are lower than the ones normally observed in the spectrophotometer. This was partly 

expected, since it had been observed before that activity calculated from the SMX data was 

somewhat lower, but it can also suggest that the purity of the protein in the wells was lower than 

usual. As regards the assay at pH 7.5, the value for the wild type is however unexplainably low, and 

thus the relative activities calculated from this plate are probably not very reliable. 

A. 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.1 0.0 0.0 0.3 0.1 0.7 0.7 0.8 0.3 0.1 0.4 0.8 

B 0.9 1.0 0.9 0.0 0.0 0.5 1.1 1.3 0.5 0.6 0.8 0.6 

C 0.9 0.7 1.1 0.8 1.6 1.3 1.3 0.5 1.2 1.0 0.7 0.4 

D 0.4 1.7 0.0 1.7 1.0 0.0 1.5 1.3 1.1 1.1 1.0 0.7 

E 1.5 0.1 1.0 0.1 0.4 0.1 1.2 0.6 1.3 1.3 0.8 0.3 

F 0.8 1.3 0.1 0.0 1.2 0.2 1.9 0.0 0.4 1.8 1.1 0.2 

G 0.4 0.4 1.2 2.3 0.0 0.9 0.5 1.4 1.2 0.4 0.8 0.5 

H 0.4 0.0 1.1 1.9 0.2 0.1 0.7 0.6  0.7 0.3 1.0 

B. 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.1 0.0 0.1 0.3 0.1 0.7 0.5 0.5 0.3 0.1 0.4 0.8 

B 0.7 0.9 0.9 0.2 0.0 0.3 0.9 0.7 0.3 0.5 0.7 0.7 

C 0.9 0.8 1.0 0.8 1.2 0.8 1.1 0.5 1.0 0.8 0.7 0.5 

D 0.5 1.1 0.0 1.0 0.6 0.0 1.2 0.9 0.8 0.9 0.8 0.7 

E 1.5 0.1 1.0 0.1 0.5 0.1 0.9 0.5 1.0 1.0 0.6 0.4 

F 1.1 1.2 0.0 0.0 0.9 0.1 1.4 0.0 0.0 1.3 1.0 0.3 

G 0.3 0.4 1.0 0.7 0.0 0.8 0.4 0.9 1.1 0.5 0.7 0.8 

H 0.3 0.0 0.8 1.1 0.2 0.0 0.7 0.8  0.7 0.3 1.0 
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The 10 mutants that showed the highest activity at pH 6.5 while maintaining at least the same 

activity of the WT at pH 7 were selected to be characterized in 50 mL culture scale (for results, see 

section 3.4). These variant are reported in the following table: 

 

Table 13:  10 best XI variants selected from screening I 

Variant Code Activity at pH 6.5 relative to WT 

E208R C5 1.6 

H242K D2 1.7 

D245A D4 1.7 

D245N D7 1.5 

D249Q E1 1.5 

D289A F7 1.9 

D289N F10 1.8 

W307K G4 2.3 

D315A G8 1.4 

E325A H4 1.9 

 

2.3.3.2 Screening II 

The activity assay was carried out in duplicate at pH 6.5, 7.0 and 7.5 with those variants for which 

the stocks were sufficient (see previous section).  

 

A. 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.0 0.0  0.6 0.9 0.7 1.2 1.4 1.0 0.9 2.3 1.5 

B 1.2 1.4 1.4 0.0   0.6 0.3 1.6 1.1 1.4 1.1 

C 1.4 0.4 1.1 0.9 1.0 1.2 0.8  1.3 0.9 1.6 1.0 

D 0.2 0.1  0.5   0.4 0.7 0.1 0.5 0.0 0.1 

E 0.7  0.2 0.0 0.0 0.0 0.1 0.5 0.8 0.8 0.9 0.5 

F 0.0 0.4   0.6  0.8   1.0 0.6 0.0 

G 0.0 0.9 1.1 0.1 0.0 0.0 0.0 1.1 0.0 0.0 1.4 0.2 

H 0.0 0.0 0.1 0.7   0.8 1.0  0.2 0.9 1.0 

             

B. 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.1 0.1  0.7 1.0 0.7 1.2 1.3 1.1 1.0 2.1 1.5 

B 1.2 1.2 1.3 0.1   0.4 0.3 1.6 1.2 1.4 1.1 

C 1.4 0.5 1.2 1.1 1.0 1.4 0.9  1.5 1.1 1.7 1.0 

D 0.3 0.1  0.7   0.6 0.7 0.1 0.6 0.0 0.1 

E 0.7  0.3 0.0 0.0 0.0 0.3 0.8 1.0 1.0 1.0 0.6 

F 0.1 0.5   0.4  0.9   1.1 0.7 0.0 

G 0.1 1.4 1.6 0.1 0.0 0.1 0.1 1.2 0.0 0.0 1.5 0.5 

H 0.0 0.0 0.1 0.8   0.9 1.3  0.2 1.0 1.0 
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C. 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.1 0.1  0.5 0.6 0.5 1.0 1.1 1.1 1.1 1.9 1.3 

B 1.1 1.2 1.3 0.2   0.8 0.2 1.2 1.1 1.3 1.0 

C 1.3 0.4 1.2 1.0 1.1 1.3 0.8  1.3 1.0 1.6 1.0 

D 0.4 0.1  0.6   0.5 0.6 0.3 0.5 0.0 0.1 

E 0.7  0.3 0.0 0.0 0.0 0.3 0.8 1.0 1.0 0.9 0.6 

F 0.1 0.5   1.1  0.9   0.9 0.7 0.1 

G 0.1 1.6 1.6 0.1 0.0 0.1 0.2 1.1 0.0 0.0 1.4 0.5 

H 0.0 0.0 0.3 0.7   0.7 1.2  0.2 0.8 1.0 

Fig. 16: Specific activity relative to WT at pH 6.5 (A.), 7.0 (B.) and 7.5 (C.) calculated from screening II 

Values reported in Table A. and B. are the average of two measurements. The absolute values calculated for 

the WT were 1.4 and 1.4 at pH 6.5, 2.2 and 2.1 at pH 7.0 and 2.5 at pH 7.5.  
 

During the second repetition of the screening at pH 7 and 7.5, the reactions were so fast that the 

slope could not be calculated or had to be estimated from a very small number of data-points. The 

whole plate containing the duplicate for pH 7.5 could not be used for activity calculation because of 

this reason. Nevertheless, a good agreement was observed in the pattern of activity, relative to the 

wild-type, of the duplicate plates at all pHs. This pattern of activities, however, appears rather 

different from the one observed in the previous screening, and the best performing variants were 

not the same as the ones identified in the previous assay. The possible reasons for this are discussed 

in the conclusions section. 

Nevertheless, the top 20 best mutants from this screening were selected with the same criterion as 

in the previous experiment. Next, in order to compare and confirm the results from the two 

experiments, a new microtiter plate was prepared with the best 20 mutants and the wild type from 

screening II and the 10 best mutants from screening I (which had in the meantime been expressed 

and purified from 50 mL cultures), with the exception of D2 and C5 (which could not be obtained in 

pure form). New working stocks of all the variants were prepared, this time with half the 

concentration of XI (thus 0.05 to 0.1 µM in the final reaction volume), in order to prevent the 

reaction from being too fast to measure. The activity assay was carried out at pH 6.5. 

The results are presented in Fig. 17 in the form of specific activity relative to wild type, averaged 

over the two duplicate measurements. 

 

Hits from 

screening II 

 

A7 A8 A11 A12 B1 B2 B3 B9 B10 B11 B12 C1 

1.0 1.2 1.8 1.1 0.9 1.1 1.2 1.2 1.2 1.2 1.1 1.5 

C3 C6 C9 C11 C12 G3 G8 G11 WT    

1.0 1.0 1.0 1.1 0.8 0.9 0.9 1.2 1.0    

Hits from 

screening I 

D4 D7 E1 F7 F10 G4 G8 H4     

1.7 1.4 0.9 1.2 1.4 0.1 1.4 1.2     

Fig. 17: Specific activity relative to WT at pH 6.5 of the best XI variants from screening I and II 

Measurements for this comparative assay were performed in duplicate. The activity values calculated for the 

WT were 1.7 and 1.8. 
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This assay seemed to confirm the enhanced activity of the hits obtained in screening I, except for 

variants E1 and G4, which proved to be false positives. The hits from screening II behaved rather 

consistently with what observed before. A new selection was made based on these values, choosing 

only the variants with relative activity at least equal to the arbitrary cut-off value of 1.2 (differences 

of less than 20% with the wild type were not considered significant, being in the range of the 

experimental error). The selected mutants are reported below: 

Table 14:  XI variants selected from screening II 

Variant Code Activity at pH 6.5 relative to WT 

V104R A8 1.2 

E109N A11 1.8 

E115Q B3 1.2 

G147R B9 1.2 

E184A B10 1.2 

E184K B11 1.2 

E184Q C1 1.5 

D315N G11 1.4 

 

2.4 Hits from Screening 

To confirm and further examine the properties of the 18 most promising variants identified above 

by 96-wp screening, assays were repeated in a larger scale (50 mL culture), using a 

spectrophotometer for more accurate data collection.  

For this purpose, the best 10 variants from screening I were produced and tested. After purification, 

metal removal and buffer exchange, the purity was assessed by SDS-PAGE.  (Fig. 18, slots 1-10). 
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1      2      3     4      5     6      7      8     9    10           11    12    13    14    15    16    17    18     19    20 

    

Fig. 18: SDS-PAGE analysis of purified XI variants from screening I (left) and II (right) 

1-10) from left to right: C5(E208R), D2(H242K), D4(D245A), D7(D245N), E1(E249Q), F7(D289A), F10(D289N), 
G4 (W307K), G8(D315A), H4(E325A); 
11-20) from left to right: A8(V104R), A11(E109N), B3(E115Q), B9(G147R), B10(E184A), B11(E184K), 
C1(E184Q), C5(E208R), D2(H242K). 
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All  mutants appeared sufficiently pure, except for samples C5 and D2, which were discarded and 

lately expressed and purified again (slot 19 and 20 on the gel), together with the 8 mutants chosen 

from screening II  (Fig. 18, slots 11-18). 

The activity of the selected variants was assessed in the spectrophotometer, in MOPS buffer at pH 

6.5, 7.0 and 7.5. At the end of the reaction, the pH in two randomly selected cuvettes for each pH 

was measured: the actual values for the reaction mix were 6.62 ± 0.01, 7.02 ± 0.01 and 7.62 ± 0.03, 

respectively. The calculated values for specific activity of the variants are reported in the graph at  

Fig. 19. Data for variants V104R and H242K are not shown since these two mutants had very low 

activity and were therefore discarded. 

As it appears in the graph, all the selected mutations result in a change in the pH profile, as 

compared to the WT enzyme, either by an increase in the relative activity at pH 6.6, or (/and) by a 

shift of their optimum to pH 7. 

The activity of the WT in this assay appears higher than what was obtained in the previous tests, but 

it was observed before that activity has some fluctuation from batch to batch of enzyme, and this 

value of activity – around 3.5 U mg-1 at pH 7 – corresponds to the upper limit of the range observed 

until now for the WT. Therefore, in our evaluation of the mutants we chose this higher value as 

reference. 

By comparison of the activity of the mutants with this standard, we selected those that performed 

better at pH 6.6 and 7 – E109A, E115Q, E184A, E184K, E184Q, E208R, D315A and D315N – for pH 

profiling in the plate reader. This was carried out with some differences compared to the pH profiling 
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Fig. 4: Activity of best XI variants at pH 6.6, 7.0, 7.6 
Results of the activity assay performed in duplicate on the hits from the two screenings. (The values are 
reported in tab. 20 of the Appendix.) 
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of E109A; measurements at pH 6.6 and 7.5 were performed only in MOPS buffer, since no significant 

differences in activity were observed with different buffers (section 3.1.2). Moreover, when 

preparing the reaction mixture at pH 5.5 and 6.0, in order to be able to detect very low levels of 

activity, a 5-fold higher amount of XI was added. The measurements were carried out in duplicate 

and the results of the experiment are shown in Fig. 20.  

As appears in the graph, the pattern of activity relative to the wild-type is significantly altered 

compared to what was observed in the previous experiment, and many of the variants that 

previously showed improved activity, seem less active than the WT. However, also the 

reproducibility observed between the two duplicates was rather low, resulting in a significant 

margin of error for certain mutants (e.g. E184K); this contributes to raise doubts about the reliability 

of such results. The stocks of enzyme used for the pH profiling had been defrosted around two 

weeks before the experiment, except for E109A and E115Q, which were freshly defrosted from the 

- 80°C freezer. Since these two variants did not perform better than expected relatively to the others 

(that is, they also show lower activity than expected), it can be excluded that the lower activity of 

the mutants is due to inactivation after time. No other specific cause could be identified for the poor 

reproducibility of the results; in any case, we decided to refer for the moment only to the data 

obtained in the spectrophotometer, and to repeat this experiment in the future. 
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Fig. 20: pH profile of activity of the best 8 XI variants 
Results of pH profiling performed in duplicate in the plate reader on the best hits from the screenings. (The 
values are reported in Table 21 of the Appendix).   
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2.5 In Vivo Assay 

In order to be able to evaluate the performance of the most promising variants of XI in the yeast 

cell, we aimed at designing and testing an in vivo assay, where the XI activity is assessed by 

comparing the growth rate on xylose of yeast strains harbouring the different XI gene variants. 

To generate the vectors which would be introduced in yeast for the assay, five different constructs 

containing pirXI variants (see section 2.2.2.1) were ligated into single-copy plasmids and 

transformed in E. coli. Colony PCR was used for screening the transformants and select the colonies 

that had integrated the desired product of ligation. For all constructs it was possible to identify at 

least one colony which produced the expected band of around 2,200 KDa. The sequence of the 

plasmids confirmed the presence of the pirXI gene with the correct mutations. 

After the successful transformation of the plasmids in S. cerevisiae cells, the growth assay was 

performed as described in section 2.2.5. 

After 24 h of growth in 2% glucose medium, the different cultures exhibited comparable values of 

OD600; after the growth in 2% xylose medium, however, OD600 levels for the various strains differed 

significantly (Table 15). 

Table 15:  Optical density of yeast strains after pre-culturing 

Strain harbouring insert: OD600 after glucose culturing OD600 after xylose culturing 

PTPI - XI WT 7.70 8.82 

PTPI - XI E238S 5.88 2.05 

PTPI - XI G424C 7.50 2.58 

PTPI - XI E109A 7.62 3.83 

PPGK - XI WT 8.92 3.87 

 

Surprisingly, the strain which grew faster in this phase was the one harbouring the WT pirXI gene 

controlled by the weaker promoter, while the second slowest strain was the one harbouring the 

improved variant G424C. This result, however, was not hold relevant towards the purpose of our 

assay, since residual glucose from the previous culture could still be present in this xylose pre-

culture. 

Cells were newly resuspended in 2% xylose medium, and the OD600 monitored over time. The 

reported graph (Fig. 21) shows the monitoring of 32 h of growth of the different yeast strains (each 

of them in duplicate 20 mL cultures) on xylose medium. 
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As shown in the graph, the negative control, namely the strain expressing the inactive variant E238S, 

did not grow as it was expected; moreover, the duplicate cultures exhibit a good reproducibility. 

Almost no lag phase was observed, as all the growing strains were immediately actively replicating; 

after ca. 26 h the growth rate started decreasing, approaching the stationary phase. In order to 

calculate the growth rates for the different strains, the time range where the growth was best 

approximated as exponential was selected, and the time-dependent function was extrapolated. This 

time range included 4 data-points and was shifted by one data-point for the cultures of strain G424C, 

which growth was somewhat shifted in time. The calculated values of growth rate are reported 

below: 

Table 16:  Results of XI in vivo assay 

Strain harbouring insert: Growth rate (µ) / h-1 * Comparison with PTPI - XI WT 

PTPI - XI WT 0.119 0 

PTPI - XI E238S - - 

PTPI - XI G424C 0.130 + 9.81 % 

PTPI - XI E109A 0.129 + 7.71 % 

PPGK - XI WT 0.130 + 9.65 % 

[* error associated to the duplicates was in all cases < 0.001, therefore insignificant considering the sensitivity 
of the measurements in the spectrophotometer. The full data are shown in Table 22 of the Appendix.] 
 

These results seem to match with what we were expecting, namely that strains harbouring in vitro-

improved variants of XI as well as strains where pirXI is controlled by a stronger promoter grow 

faster on xylose as only energy source. Such data, however, have to be analysed with caution. In 

fact, the differences in growth rate that we are considering are rather small; moreover, a careful 

analysis lead us to identify a possible cause of bias in our protocol.  Cultures, in fact, were started 
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Fig. 5: Yeast growth on xylose synthetic medium 
Growth curves relative to duplicate cultures of S. cerevisiae strains expressing different variants of XI. 
Cells were grown in Verduyn medium with 2% xylose from an initial OD600 of ca. 0.5 and for ca. 32 h. 
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from pre-cultures that had rather different turbidity (Table 16), and were therefore probably at 

different growth states (early exponential versus later exponential state); this might be reflected in 

the growth rate that the different strains exhibited in the growth assay: those that were in an earlier 

state at the moment of dilution grew in fact faster in the xylose cultures. 

To assess whether these results are valid for our purpose, or reflect a bias in the procedure, the 

assay would have to be repeated with an optimized protocol. 

 

3 DISCUSSION 

The high-throughput approach used in this work proved to be a useful tool in identifying improved 

variants of XI. Some remarks can however be made about the methods employed. 

Even though the assay in 96-wp served the purpose of highlighting hits that proved valid after a 

more accurate characterization, its results gave only a very general indication about the activity of 

the variants. The reproducibility of the assay was in fact lower than we expected, so that different 

sets of hits stand out in the two repetition of the experiment. However, most of the best variants 

which were later confirmed with larger scale characterization belonged to the set obtained in the 

second repetition of the screening (screening II), suggesting that this experiment gave more 

accurate results. This can also be due to the fact that in screening I the metal removal step was 

omitted (therefore different metals could have possibly been bound in the active site), or that the 

WT used as reference was not expressed and purified on the same plate. 

In general, the bottleneck in determining the accuracy of the screening (apart from the inherent 

lower reliability of assays performed in the plate reader with very small volumes) is likely to be the 

purification step. In this phase it is in fact hard to achieve that all the wells receive exactly the same 

amount of resin, and with very small volumes, even small differences become significant. If protein 

impurities were still present in the purified protein samples and in different proportion in each well, 

the protein concentration would be overestimated by the Bradford assay; thus, not only the activity 

would be overestimated, but also the relative rates of the different variants would be somewhat 

biased. 

This hypothesis could not be verified by the inspection of the SDS-PAGE gels of the set of variants 

chosen for analysis (section 3.3.2.2), since those samples for which the protein concentration was 

high appeared to be pure, but for most of the wells the amounts of protein available were not 

sufficient to run the electrophoretic analysis. However, an observation supporting the hypothesis 

of low purity is that when performing the comparative assay with the set of hits identified from the 

two repetitions of the screening (section 3.3.3.2, Fig. 17), the mutants selected in screening I 

(purified from 50 mL cultures) performed in general better than the WT and those from screening 

II (purified in 96-wp format). This result was however disproved during the characterization of the 

hits in the spectrophotometer (section 3.4), where all variants had been expressed and purified in 

higher scale. It would seem, therefore, that the purity of the protein samples obtained by 96-wp 

purification was lower than that of samples purified in our standard scale, and this might have 

affected the reliability of the assay. If the purification step could be further optimized (e.g. finding a 
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way to distribute the resin more evenly in the wells of the filter plate), it might be interesting to re-

screen the variants, in search of hits that were possibly missed. 

Nevertheless, with the above described strategy we succeeded in obtaining interesting variants of 

XI from Piromyces, both from an industrial and a scientific point of view. 

It was in fact possible to identify 9 amino acids substitutions at 4 positions of PirXI (E109A/N, E115Q, 

E184A/K/Q, E208R, D315A/N) which give the enzyme enhanced activity at pH 6.6-7, combined – in 

most cases – with an overall improvement in the range of pH tested (6.6 to 7.6). The increase in 

activity at pH 6.6 for the best variants ranges around 70% (E109N) and 40% (E115Q and D315N). 

This result represents a remarkable achievement, even in comparison to that of Cha and Batt (8) – 

main reference for this work – who could obtain an increase of 30-40% at pH 7.3 in a homologous 

XI. 

From a scientific point of view, it was possible to confirm the initial hypothesis that modifying the 

charge environment of the protein would result in an altered pH profile of activity (8, 10–13), in this 

case more favourable to lower pH values. This appears from the results of the activity assay at pH 

6.6, 7.0 and 7.6 for all the variants tested, even the ones that showed a lower overall activity. All the 

mutants characterized, in fact, either showed a certain relative increase in the activity at acidic pH, 

or/and shifted their optimal activity to pH 7.  

Fig. 22: Position and distance from the active site of the residues mutated in the best XI variants 
For simplicity, only one of the monomers of XI is shown. The active site, with the metal binding and 
catalytic residues is highlighted in pink; xylose is shown in yellow and the metal cations in light green, 
whereas the residues (E109,E115,E184,E208,D315) targeted by the most promising substitutions appear 
in orange. Their distance in Å from the side chain of the closest His272 is shown in yellow. 



 

36 
 

It is interesting to notice that the best mutations are located rather far from the active site (Fig. 22). 

This is in contrast with our initial assumption that the change in the charge would have had to lie 

within a short radius (e.g. less than 15 Å) around the catalytic residue to be effective in influencing 

the pH-activity profile. Such an idea was also supported by the earlier studies of Russell and Fersht 

(10, 11), who worked on altering the pH optimum of the model protein subtilisin by surface charge 

modification. Here, the maximal distance between the groups involved was in the range of 14-15 Å. 

It is therefore noteworthy that changes in the charges show their effect even with a spatial 

separation of ca. 30 Å, as in the case of variants E109A/N. 

Another important observation is that most of the best mutations target those residues which were 

initially selected based on sequence alignment with homologous proteins. The idea of substituting 

the glutamates at positions 109, 208, 115 and 184 was in fact suggested by the comparison with XIs 

from Arthrobacter (E109), Thermoanaerobacterium and Lactobacillus (E208 and E115), and 

Streptomyces (E184); among the best mutations, only those involving residue D315 were solely 

based on the rational engineering approach of the +SCAN. A plausible explanation for the lack of 

success of the +SCAN in identifying the most effective mutations might actually lie in the choice of 

restricting the range to 15 Å from His272, as most of the best mutations appear to be located outside 

of it. Nevertheless, the best substitutions for the above mentioned glutamates not always 

correspond to what the sequence alignment suggested. It is the case, for example, of residue E115: 

when mutated into lysine (as in Thermoanaerobacterium and Lactobacillus), it did not provide any 

improvement compared to the wild-type enzyme; it did, however, when substituted with glutamine. 

In conclusion, it seems that a combination of rational physicochemical approach and sequence 

evolutionary analysis provided the best strategy to obtain variants of XI with the desired feature. 

As regards the overall increase in activity observed for the best mutants selected, the reasons might 

differ for each of the mutations. Except for E109 and E115, in fact, the targeted residues are located 

far apart from each other; all of them are located directly on or close to the surface, while D315 is 

at the interface with one of the other monomers. Since the increase in the catalytic rate is relatively 

modest (around 30% for the best variants E115Q and E109N), it is not very likely that the explanation 

for this improvement lies in the chemistry of the catalysis. On the contrary, it is possible that the 

substitution of these surface residues have some slight influence on the conformation of the 

protein, which in turn affects some other step (for example the release of the substrate), which has 

a smaller influence on the turn-over rate of the enzyme. One possibility for further investigating the 

hypothesis of an improvement of the substrate release is to inspect the structure of the mutants 

with software tools for the visualization of channels and tunnels in the protein structure, such as 

CAVER (19). 

The single mutants obtained in this work provide a promising template for further engineering of 

PirXI. The cytosolic pH of S. cerevisiae RN995 during fermentation is known to be below neutrality, 

meaning that the pH optimum of XI can be further shifted. Russell & Fersht (10) reported that the 

effects of multiple mutations introducing the same change in charge (e.g. introduction of positively 

charged residues and deletion of negative ones), are cumulative in altering the pKa of the side chains 

of catalytic residues. Thus, combining two or more of the most promising substitutions tested in this 

work (e.g. targeting positions 109, 115, 315 and 184) could in principle enable to obtain a further 

increase in the catalytic rate at acidic pH. 
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As regards the in vivo assay of pirXI, it could be proved that even a single copy of the gene is sufficient 

to allow the growth of yeast on xylose as only carbon and energy source. This is especially interesting 

because our industrial partners had previously reported that in their fermentation system no growth 

on xylose could be achieved by those yeast strains carrying only one copy of pirXI. 

From the current results of the assay, however, we are not able to draw any definitive conclusions 

about the effect of improved XI variants on the growth rate, since we could identify a possible source 

of bias in our protocol. In fact, the small increases in growth rate observed for the strains carrying 

engineered variants of XI could also possibly be explained by the different state of the pre-cultures 

at the moment of the inoculation, and more precisely by the fact that these were taken at an earlier 

stage of the exponential phase. In order to confirm the results obtained and eliminate the ambiguity, 

the assay would have to be repeated with a different procedure. Each culture, in fact, should be 

started only when the corresponding pre-culture has reached the same condition, and not 

necessarily at the same time with the others. Moreover, the same condition for each per-culture 

does not necessarily imply the same OD600 value; the best way to obtain cultures at the same 

growing phase is to first determine their OD600 value at the stationary phase (namely their “end 

OD600”): only if this value is the same for the different cultures, it can be assumed that same OD600 

will correspond to same condition. A different method, less accurate but easier to implement 

(especially for a large numbers of cultures), would be to start the culture when the pre-culture has 

reached the stationary phase; such an approach has been used before in performing a similar assay 

for XI variants (20).  

Another improvement which could be introduced in the protocol is to dilute the pre-culture to a 

value of OD600 lower than 0.5. This would cause a longer lag phase, but at the same time it would 

allow to have a greater number of duplications, enabling thus the collection of a greater number of 

data-points and resulting in more accurate calculations of the growth rate. 

In conclusion, in this work we presented a successful strategy for identifying single mutations able 

to lower the pH optimum of XI from Piromyces. An improvement of up to 70% at pH 6.6 cold be 

observed for the most promising variants, which represent a valid template for further engineering. 

Furthermore, we showed an assay for testing the improved XI variants in yeast, highlighting some 

critical points and proposing future improvements.  
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APPENDIX 

Relative stabilization energies of single mutants 

Relative stabilization energies (ΔΔG) predicted for the single mutants of XI selected for the 

screening. For each position, the table shows the residue number (Res n°), the amino acid in the 

wild-type (WT), the possible amino acidic substations (A/K/R/N/Q), the criterion used for the 

selection (Selection)*, the mutations finally selected (Mut), and some notes. 

* Criteria for selection: 

Plus Introduction of positive charge 

Neg Removal of negative charge 

S Stabilizing mutation: ΔΔG < 0 

U2 Slightly destabilizing mutation: ΔΔG < 2 Kcal 

U5 Slightly destabilizing mutation: ΔΔG < 5 Kcal 

Manual Residue outside of the 15 Å radius from His272, selected manually 

 

Res n° WT A K R N Q Selection Mut NOTE 

50 Trp 0.94 0.09 -0.51 -2.63 3.72 Plus_S K R 
Hydrophobic floor of active site, 
too risky 

51 His -6.66 -7.61 -0.94 4.57 -2.15 Plus_S K R  

52 Thr -6.30 1.59 15.62 3.34 6.80 Plus_U2 K R discarded 

55 Ala 0.00 6.44 4.54 4.17 3.76 Plus_U5 R K discarded 

60 Gln -1.29 -7.24 -8.08 -0.84 0.00 Plus_S K R  

102 His -0.33 -2.63 -3.62 2.03 2.48 Plus_S ---- Catalytic RES: ring opening 

104 Val 1.43 3.89 2.34 7.79 13.24 Manual K R  

105 Asp -6.46 -6.66 -6.06 0.10 -4.49 Neg_S ---- Catalytic RES: ring opening 

109 Glu -2.36 -1.30 0.65 -0.48 1.32 Manual K R N 
Outside the 15 A radius | A 
already Done | Q discarded 

115 Glu -6.63 -2.05 -1.42 -0.58 -1.87 Manual A K R Q 
Outside the 15 A radius | N 
discarded 

142 Thr -12.86 -9.49 -4.12 -3.50 -5.58 Plus_S K R  

144 Asn -3.48 -0.73 3.34 0.00 -0.66 Plus_S K R  

147 Gly -3.65 0.90 -3.00 -0.45 -0.62 Plus_S K R  

184 Glu -0.80 1.42 4.74 3.56 0.78 Manual A K R Q 
Outside the 15 A radius | N 
discarded 

203 Gln -5.97 4.67 17.90 5.77 0.00 Plus_U5 K R discarded 

208 Glu -0.69 -2.30 -3.09 -3.28 1.50 Neg_S R N 
A and K will be DONE by Elisa | Q 
discarded 

210 Met 6.67 2.93 0.67 8.78 10.79 Plus_U2 K R  

212 Thr -2.27 -5.38 -2.16 -2.30 -1.49 Manual K R not included = too far 

215 Thr -3.10 -2.37 -0.94 0.83 -3.50 Manual K R not included = too far 

233 Glu -35.83 -9.51 -15.83 -29.74 -20.15 Neg_S ---- Binding Metal 
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238 Glu -3.75 -1.61 4.93 1.59 0.56 Neg_S A K R Q N discarded 

240 Thr -8.37 1.94 15.42 2.00 0.62 Plus_U2 K R discarded 

242 His 0.90 -0.82 9.34 1.53 -0.53 Plus_S K  R discarded 

243 Gln -6.83 -4.81 23.54 -1.64 0.00 Plus_S K  R discarded 

245 Asp -7.64 -2.12 -0.93 -6.89 -1.88 Neg_S A K R N Q discarded  

246 Val 0.88 2.23 0.00 3.80 2.56 Plus_U2 R K discarded 

247 Asp 6.26 13.35 22.39 3.11 14.68 Manual N  

249 Glu -12.48 -7.14 -5.21 2.81 -0.92 Neg_S A K R Q N discarded 

250 Thr -1.85 -0.77 -0.58 4.51 2.55 Plus_S K R  

267 Asn -14.92 -1.65 25.62 0.00 14.98 Plus_S K  R discarded 

269 Glu -49.93 -13.30 -3.26 -21.39 -9.30 Neg_S ---- Binding Metal 

270 Val 4.40 8.73 1.88 5.86 5.63 Plus_U2 R K discarded 

271 Asn -8.52 17.54 -0.17 0.00 5.78 Plus_S R K discarded 

274 Thr -5.68 -0.43 3.83 1.31 -2.47 Plus_S K R  

277 Gly 3.54 1.03 3.76 1.59 -0.51 Plus_U2 K R  

278 His 5.07 -1.39 2.27 8.73 8.40 Plus_S K R  

279 Thr 1.36 2.37 5.14 2.20 -3.00 Plus_U5 K R discarded 

281 Glu 4.99 11.44 13.07 12.06 9.91 Manual A  

282 His -2.65 4.63 13.33 1.79 12.27 Plus_U5 K R discarded 

283 Glu -6.34 0.64 -6.05 -3.50 -1.62 Neg_S K R N A already done 

289 Asp -3.42 0.51 3.09 -5.36 2.22 Manual A K R N Q discarded  

304 Gln -3.86 0.77 -5.47 3.52 0.00 Plus_S K R  

305 Asn -2.92 7.09 0.33 0.00 2.97 Plus_U2 R K discarded 

306 Gly -2.12 -1.02 -0.40 -1.59 -0.19 Plus_S K R  

307 Trp 6.51 4.36 8.93 14.68 11.13 Plus_U5 K R discarded 

308 Asp -20.31 -1.87 0.79 -16.52 -21.18 Neg_S ---- Binding Metal 

309 Thr 0.92 6.47 3.62 1.17 6.91 Plus_U5 R K discarded 

310 Asp -27.93 -12.62 -13.28 -11.85 -9.47 Neg_S ---- Binding Metal 

311 Gln -6.69 -5.97 1.08 3.31 0.00 Plus_S K R  

315 Asp 1.84 4.83 4.14 -1.03 4.45 Neg_S A K R N Q discarded  

318 Glu -14.65 -7.75 -6.07 -8.68 -6.61 Neg_S A K R N Q discarded  

325 Glu -5.31 0.31 2.58 -8.87 -6.03 Manual A K R N Q discarded  

340 Asp -27.02 -6.22 -0.34 -11.98 -3.58 Neg_S ---- Binding Metal 

343 Thr -0.90 3.90 4.45 8.76 3.49 Plus_U5 K R  

430 Glu 3.72 13.02 15.80 7.96 8.28 Manual A  

Table 17 
 

QuikChange primers 

H51K CAATGGCTTGGTGGAAGACCCTGTGCGCTGAAG CTTCAGCGCACAGGGTCTTCCACCAAGCCATTG 

H51R 
GCAATGGCTTGGTGGAAGACCCTGTGCGCTGAA

G 

CTTCAGCGCACAGGGTCTTCCACCAAGCCATTG

C 

T52K CTTGGTGGCATAAGCTGTGCGCTGAAGGC GCCTTCAGCGCACAGCTTATGCCACCAAG 
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A55R 
GCATACCCTGTGCCGTGAAGGCGCGGACCAGTTT

G 

CAAACTGGTCCGCGCCTTCACGGCACAGGGTAT

GC 

Q60K GAAGGCGCGGACAAGTTTGGCGGTG CACCGCCAAACTTGTCCGCGCCTTC 

Q60R AAGGCGCGGACCGGTTTGGCGGTGG CCACCGCCAAACCGGTCCGCGCCTTC 

V104K 
GGGTATTCCGTATTACTGTTTCCATGATAAGGACC

TGGTCAGC 

CGCTGACCAGGTCCTTATCATGGAAACAGTAAT

ACGGAATACCC 

V104R CCGTATTACTGTTTCCATGATCGTGACCTGGTCAG 
CGCTGACCAGGTCACGATCATGGAAACAGTAA

TAC 

E109K 
GATGTTGACCTGGTCAGCAAGGGCAACTCCATCG

AAG 

CTTCGATGGAGTTGCCCTTGCTGACCAGGTCAA

CATC 

E109R 
ATGTTGACCTGGTCAGCCGAGGCAACTCCATCGA

AG 

CTTCGATGGAGTTGCCTCGGCTGACCAGGTCAA

C 

E109N 
GATGTTGACCTGGTCAGCAACGGCAACTCCATCG

AAG 

CTTCGATGGAGTTGCCGTTGCTGACCAGGTCAA

CATC 

E115A 
GAAGGCAACTCCATCGAAGCATATGAATCGAATC

TG 

CAGATTCGATTCATATGCTTCGATGGAGTTGCC

TTC 

E115K 
GCGAAGGCAACTCCATCGAAAAGTATGAATCGA

ATCTG 

CAGATTCGATTCATACTTTTCGATGGAGTTGCCT

TCGC 

E115R 
CGAAGGCAACTCCATCGAACGATATGAATCGAAT

CTGAAAG 

GCTTTCAGATTCGATTCATATCGTTCGATGGAG

TTGCCTTC 

E115Q 
GAAGGCAACTCCATCGAACAATATGAATCGAATC

TG 

CAGATTCGATTCATATTGTTCGATGGAGTTGCC

TTC 

T142K GGTATCAAACTGCTGTGGAGCAAGGCTAACGTG CACGTTAGCCTTGCTCCACAGCAGTTTGATACC 

T142R GGTATCAAACTGCTGTGGAGCAGGGCTAACGTG CACGTTAGCCCTGCTCCACAGCAGTTTGATACC 

N144K GTGGAGCACGGCTAAGGTGTTTGGCCAC GTGGCCAAACACCTTAGCCGTGCTCCAC 

N144R 
GCTGTGGAGCACGGCTAGGGTGTTTGGCCACAA

AC 

GTTTGTGGCCAAACACCCTAGCCGTGCTCCACA

GC 

G147K 
GTGGAGCACGGCTAACGTGTTTAAGCACAAACGT

TATATGAACGG 

CCGTTCATATAACGTTTGTGCTTAAACACGTTA

GCCGTGCTCCAC 

G147R GAGCACGGCTAACGTGTTTCGCCACAAACG CGTTTGTGGCGAAACACGTTAGCCGTGCTC 

E184A 
GCATTGAACTGGGTGCCGCAAATTATGTCTTTTG

GGG 

CCCCAAAAGACATAATTTGCGGCACCCAGTTCA

ATGC 

E184K 
GGGCATTGAACTGGGTGCCAAGAATTATGTCTTT

TGGGG 

CCCCAAAAGACATAATTCTTGGCACCCAGTTCA

ATGCCC 

E184R 
GGGCATTGAACTGGGTGCCCGAAATTATGTCTTT

TGGGG 

ACCCCAAAAGACATAATTTCGGGCACCCAGTTC

AATGCCC 

E184Q 
GGCATTGAACTGGGTGCCCAAAATTATGTCTTTT

GGG 

CCCAAAAGACATAATTTTGGGCACCCAGTTCAA

TGCC 

Q203K 
CATGAGTCTGCTGAATACCGATAAGAAACGCGAA

AAAGAAC 

GTTCTTTTTCGCGTTTCTTATCGGTATTCAGCAG

ACTCATG 

E208A 
CAGAAACGCGAAAAAGCACACATGGCAACCATG

C 
GCATGGTTGCCATGTGTGCTTTTTCGCGTTTCTG 

E208K 
CCGATCAGAAACGCGAAAAAAAGCACATGGCAA

CCATGC 

GCATGGTTGCCATGTGCTTTTTTTCGCGTTTCTG

ATCGG 

E208R 
CCGATCAGAAACGCGAAAAAAGGCACATGGCAA

CCATGCTGAC 

GTCAGCATGGTTGCCATGTGCCTTTTTTCGCGTT

TCTGATCGG 
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E208N 
CCGATCAGAAACGCGAAAAAAACCACATGGCAA

CCATGC 

GCATGGTTGCCATGTGGTTTTTTTCGCGTTTCTG

ATCGG 

M210K 
TCAGAAACGCGAAAAAGAACACAAGGCAACCAT

GC 

AGCATGGTTGCCTTGTGTTCTTTTTCGCGTTTCT

G 

M210R 
TCAGAAACGCGAAAAAGAACACAGGGCAACCAT

GC 

AGCATGGTTGCCCTGTGTTCTTTTTCGCGTTTCT

G 

T212K 
CGCGAAAAAGAACACATGGCAAAGATGCTGACG

ATGGC 

GCCATCGTCAGCATCTTTGCCATGTGTTCTTTTT

CGCG 

T212R 
CGCGAAAAAGAACACATGGCAAGGATGCTGACG

ATGGC 

GCCATCGTCAGCATCCTTGCCATGTGTTCTTTTT

CGCG 

T215K GGCAACCATGCTGAAGATGGCCCGTGACT AGTCACGGGCCATCTTCAGCATGGTTGCC 

T215R CAACCATGCTGAGGATGGCCCGTGAC GTCACGGGCCATCCTCAGCATGGTTG 

T240K 
GAAACCGATGGAACCGAAGAAACACCAATACGA

TG 

CATCGTATTGGTGTTTCTTCGGTTCCATCGGTTT

C 

H242K 
CCGATGGAACCGACGAAAAAGCAATACGATGTG

GACAC 

GGTGTCCACATCGTATTGCTTTTTCGTCGGTTCC

ATCG 

Q243K 
GGAACCGACGAAACACAAGTACGATGTGGACAC

C 

CGGTGTCCACATCGTACTTGTGTTTCGTCGGTT

C 

D245A 
GACGAAACACCAATACGCAGTGGACACCGAAAC

G 

CGTTTCGGTGTCCACTGCGTATTGGTGTTTCGT

C 

D245K 
CGACGAAACACCAATACAAGGTGGACACCGAAA

CG 

CCGTTTCGGTGTCCACCTTGTATTGGTGTTTCGT

C 

D245R CGACGAAACACCAATACCGTGTGGACACCGAAAC CCGTTTCGGTGTCCACACGGTATTGGTGTTTCG 

D245N CGACGAAACACCAATACAATGTGGACACCGAAAC CGTTTCGGTGTCCACATTGTATTGGTGTTTCGTC 

V246R 
CGACGAAACACCAATACGATCGGGACACCGAAA

C 

CGTTTCGGTGTCCCGATCGTATTGGTGTTTCGT

C 

D247N CACCAATACGATGTGAACACCGAAACGGCTATC GATAGCCGTTTCGGTGTTCACATCGTATTGGTG 

E249A CGATGTGGACACCGCAACGGCTATCG CCGATAGCCGTTGCGGTGTCCACATC 

E249K 
CAATACGATGTGGACACCAAGACGGCTATCGGCT

TTCTG 

CAGAAAGCCGATAGCCGTCTTGGTGTCCACATC

GTATTG 

E249R 
CAATACGATGTGGACACCCGAACGGCTATCGGCT

TTC 

GAAAGCCGATAGCCGTTCGGGTGTCCACATCG

TATTG 

E249Q ACGATGTGGACACCCAAACGGCTATCGG GCCGATAGCCGTTTGGGTGTCCACATC 

T250K 
CCAATACGATGTGGACACCGAAAAGGCTATCGGC

TTTC 

AAGCCGATAGCCTTTTCGGTGTCCACATCGTAT

TGG 

T250R CGATGTGGACACCGAAAGGGCTATCGGC GCCGATAGCCCTTTCGGTGTCCACATCG 

N267K 
GCATAATCTGGATAAAGACTTCAAAGTGAAGATC

GAAGTTAATCACG 

CGTGATTAACTTCGATCTTCACTTTGAAGTCTTT

ATCCAGATTATGC 

V270R 
GACTTCAAAGTGAACATCGAACGTAATCACGCCA

CCCTGG 

TGCCAGGGTGGCGTGATTACGTTCGATGTTCAC

TTTG 

N271R 
GACTTCAAAGTGAACATCGAAGTTCGTCACGCCA

CCCTG 

CAGGGTGGCGTGACGAACTTCGATGTTCACTTT

GAAGTC 

T274K 
ATCGAAGTTAATCACGCCAAGCTGGCAGGTCATA

CG 

CAAACGTATGACCTGCCAGCTTGGCGTGATTAA

CTTCG 

T274K CGAAGTTAATCACGCCAGGCTGGCAGGTCATACG 
AACGTATGACCTGCCAGCCTGGCGTGATTAACT

TCG 
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G277K 
GTTAATCACGCCACCCTGGCAAAGCATACGTTTG

AACACGAACTG 

CAGTTCGTGTTCAAACGTATGCTTTGCCAGGGT

GGCGTGATTAAC 

G277R CGCCACCCTGGCACGTCATACGTTTG GTGTTCAAACGTATGACGTGCCAGGGTGG 

H278K CACGCCACCCTGGCAGGTAAGACGTTTGAACAC 
CGTGTTCAAACGTCTTACCTGCCAGGGTGGCGT

G 

H278R CCACCCTGGCAGGTCGTACGTTTGAACACG CGTGTTCAAACGTACGACCTGCCAGGGTGG 

T279K 
CACCCTGGCAGGTCATAAGTTTGAACACGAACTG

G 

CCAGTTCGTGTTCAAACTTATGACCTGCCAGGG

TG 

E281A GCAGGTCATACGTTTGCACACGAACTGGCATG GCATGCCAGTTCGTGTGCAAACGTATGACCTG 

H282K 
TGGCAGGTCATACGTTTGAAAAGGAACTGGCATG

CG 

GCGCATGCCAGTTCCTTTTCAAACGTATGACCT

GCC 

E283K 
GGTCATACGTTTGAACACAAGCTGGCATGCGCTG

TTGATG 

CATCAACAGCGCATGCCAGCTTGTGTTCAAACG

TATGACC 

E283R 
AGGTCATACGTTTGAACACAGACTGGCATGCGCT

GTTG 

TCAACAGCGCATGCCAGTCTGTGTTCAAACGTA

TGACC 

E283M 
GCATCAACAGCGCATGCCAGCATGTGTTCAAACG

TATGACCTG 

CAGGTCATACGTTTGAACACATGCTGGCATGCG

CTGTTGATGC 

E283N 
GGTCATACGTTTGAACACAACCTGGCATGCGCTG

TTGATG 

CATCAACAGCGCATGCCAGGTTGTGTTCAAACG

TATGAC 

D289A CATGCGCTGTTGCTGCCGGCATGCTG CAGCATGCCGGCAGCAACAGCGCATG 

D289K GAACTGGCATGCGCTGTTAAGGCCGGCATGCTG CAGCATGCCGGCCTTAACAGCGCATGCCAGTTC 

D289R AACTGGCATGCGCTGTTCGTGCCGGCATG ATGCCGGCACGAACAGCGCATGCCAGTTC 

D289N CGAACTGGCATGCGCTGTTAATGCCGGCATG CATGCCGGCATTAACAGCGCATGCCAGTTCG 

Q304K TGCAAACCGTGGCGACTATAAGAATGGTTGGG TCCCAACCATTCTTATAGTCGCCACGGTTTGC 

Q304R AACCGTGGCGACTATCGGAATGGTTGGGATAC GGTATCCCAACCATTCCGATAGTCGCCACGG 

N305R CCGTGGCGACTATCAGCGTGGTTGGGATACC TCGGTATCCCAACCACGCTGATAGTCGCCACG 

G306K 
GTCGGTATCCCACTTATTCTGATAGTCGCCACGGT

TTGCATC 

GATGCAAACCGTGGCGACTATCAGAATAAGTG

GGATACCGAC 

G306R CCGTGGCGACTATCAGAATCGTTGGGATACC GGTATCCCAACGATTCTGATAGTCGCCACGG 

W307K 
GTGGCGACTATCAGAATGGTAAGGATACCGACC

AGTTC 

GAACTGGTCGGTATCCTTACCATTCTGATAGTC

GCCAC 

T309R 
CTATCAGAATGGTTGGGATAGGGACCAGTTCCCG

ATTG 

ATCAATCGGGAACTGGTCCCTATCCCAACCATT

CTG 

Q311K TGGTTGGGATACCGACAAGTTCCCGATTGATC TGATCAATCGGGAACTTGTCGGTATCCCAACC 

Q311R GTTGGGATACCGACCGGTTCCCGATTGATC GATCAATCGGGAACCGGTCGGTATCCCAAC 

D315A CGACCAGTTCCCGATTGCTCAATACGAACTG CCAGTTCGTATTGAGCAATCGGGAACTGGTC 

D315K 
ACGACCAGTTCCCGATTAAGCAATACGAACTGGT

CCAG 

CTGGACCAGTTCGTATTGCTTAATCGGGAACTG

GTCG 

D315R 
GATACCGACCAGTTCCCGATTCGTCAATACGAAC

TG 

CAGTTCGTATTGACGAATCGGGAACTGGTCGG

TATC 

D315N CCGACCAGTTCCCGATTAATCAATACGAACTGG 
GACCAGTTCGTATTGATTAATCGGGAACTGGTC

G 

E318A CCGATTGATCAATACGCACTGGTCCAGGC GGCCTGGACCAGTGCGTATTGATCAATCG 

E318K 
TCCCGATTGATCAATACAAGCTGGTCCAGGCCTG

G 

CCAGGCCTGGACCAGCTTGTATTGATCAATCGG

GAAC 

E318R 
CCAGTTCCCGATTGATCAATACCGACTGGTCCAG

G 

GGCCTGGACCAGTCGGTATTGATCAATCGGGA

AC 
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E318N GTTCCCGATTGATCAATACAACCTGGTCCAGGC 
GCCTGGACCAGGTTGTATTGATCAATCGGGAA

C 

E325A CCAGGCCTGGATGGCAATTATCCGCGGTG CACCGCGGATAATTGCCATCCAGGCCTGGAC 

E325K GTCCAGGCCTGGATGAAGATTATCCGCGGTGGC GCCACCGCGGATAATCTTCATCCAGGCCTGGAC 

E325R CAGGCCTGGATGCGAATTATCCGCGGTGG CACCGCGGATAATTCGCATCCAGGCCTGGAC 

E325N CAGGCCTGGATGAACATTATCCGCGGTGGC CACCGCGGATAATGTTCATCCAGGCCTGGAC 

T343K 
CGGTACGAACTTCGATGCAAAAAAGCGTCGCAAT

TC 

GAATTGCGACGCTTTTTTGCATCGAAGTTCGTA

CCG 

T343R 
CGGTACGAACTTCGATGCAAAACGCCGTCGCAAT

TC 

GAATTGCGACGGCGTTTTGCATCGAAGTTCGTA

CCG 

E430A 
GCAAACAAGAACTGTATGCAGCCATCGTCGCAAT

G 

CATTGCGACGATGGCTGCATACAGTTCTTGTTT

GC 

Table 18 
 

Specific activities 

pH profile E109A 

Values of specific activity (U mg-1) of E109A at different pHs, plotted in Fig. 9. 

  pH 

Variant  5.5 6 6.6 7 7.5 8 

E109A 

Duplo I 0.13 0.75 3.23 4.31 4.22 3.32 

Duplo II 0.13 0.61 2.65 3.73 3.70 3.02 

mean 0.13 0.68 2.94 4.02 3.96 3.17 

error 0.00 0.07 0.29 0.29 0.26 0.15 

WT  0.06 0.31 1.83 2.68 2.74 3.04 

Table 19 

 

96-wp screening I 

Absolute values of specific activity (U mg-1) calculated in screening I: 

 pH 6.5 duplicate I 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.1 0.0 0.0 0.4 0.1 0.9 0.8 0.8 0.5 0.1 0.6 1.1 

B 1.1 1.1 1.1 0.0 0.0 0.6 1.3 1.4 0.5 0.7 0.9 0.8 

C 1.1 0.8 1.3 1.1 1.8 1.5 1.6 0.6 1.4 1.2 0.8 0.6 

D 0.5 1.7 0.0 1.9 1.1 0.0 1.8 1.5 1.3 1.4 1.1 1.0 

E 1.9 0.1 1.3 0.2 0.5 0.1 1.4 0.8 1.4 1.4 1.0 0.4 

F 1.1 1.6 0.1 0.0 1.4 0.2 2.4 0.0 0.0 1.9 1.4 0.3 

G 0.5 0.4 1.4 2.5 0.1 1.0 0.5 1.6 1.3 0.7 1.0 0.7 

H 0.5 0.1 1.2 2.4 0.2 0.1 1.0 1.0  0.9 0.5 1.3 

Fig. 23 
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 pH 6.5 duplicate II 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.1 0.0 0.0 0.2 0.1 0.7 0.9 0.9 0.3 0.1 0.3 0.8 

B 1.0 1.3 0.9 0.0 0.0 0.6 1.3 1.5 0.6 0.7 0.9 0.5 

C 1.0 0.9 1.2 0.8 1.8 1.4 1.5 0.7 1.5 1.2 0.8 0.4 

D 0.5 2.3 0.0 2.0 1.1 0.0 1.7 1.5 1.3 1.2 1.1 0.7 

E 1.7 0.1 1.2 0.1 0.4 0.1 1.5 0.6 1.6 1.5 0.9 0.3 

F 0.8 1.4 0.1 0.0 1.5 0.2 2.1 0.0 0.9 2.2 1.3 0.2 

G 0.5 0.5 1.4 2.8 0.0 1.0 0.5 1.6 1.6 0.4 0.8 0.4 

H 0.3 0.0 1.2 2.1 0.3 0.1 0.7 0.5  0.7 0.2 1.0 

Fig. 24 

 pH 7.0 (single measurement) 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.2 0.1 0.1 0.5 0.1 1.0 0.8 0.7 0.5 0.1 0.6 1.2 

B 1.0 1.4 1.4 0.3 0.0 0.5 1.4 1.0 0.5 0.7 1.0 1.0 

C 1.4 1.1 1.5 1.2 1.8 1.2 1.7 0.7 1.5 1.2 1.1 0.8 

D 0.7 1.7 0.1 1.5 1.0 0.0 1.8 1.3 1.2 1.3 1.1 1.1 

E 2.3 0.1 1.5 0.2 0.7 0.2 1.4 0.8 1.5 1.5 0.9 0.6 

F 1.6 1.9 0.1 0.0 1.4 0.2 2.2 0.0 0.0 2.0 1.5 0.4 

G 0.4 0.6 1.6 1.1 0.0 1.2 0.6 1.4 1.6 0.8 1.1 1.2 

H 0.4 0.1 1.2 1.7 0.3 0.1 1.1 1.2  1.0 0.4 1.5 

Fig. 25 

 pH 7.5 (single measurement) 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.2 0.0 0.1 0.2 0.0 1.0 1.0 0.8 0.1 0.0 0.1 0.3 

B 0.5 0.7 0.6 0.3 0.0 0.6 1.7 1.5 0.6 0.4 0.9 0.2 

C 0.7 0.5 0.8 0.5 2.2 1.7 2.1 1.0 1.8 1.1 0.9 0.2 

D 0.2 1.4 0.0 1.3 0.4 0.0 1.7 1.6 1.3 1.3 1.0 0.4 

E 1.2 0.1 0.8 0.2 0.4 0.1 1.2 0.9 1.7 1.7 0.4 0.2 

F 1.0 0.9 0.0 0.0 1.7 0.2 2.5 0.0 0.0 2.2 1.1 0.1 

G 0.2 0.7 1.9 0.8 0.0 1.4 0.7 2.0 1.7 0.2 0.3 0.6 

H 0.3 0.0 1.4 2.0 0.1 0.0 0.2 0.3  0.3 0.1 0.5 

Fig. 26 
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96-wp screening II 

Absolute values of activity (U mg-1) calculated in screening I: 

 pH 6.5 duplicate I 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.1 0.0  0.8 1.3 1.0 1.9 2.1 1.5 1.3 3.4 2.1 

B 1.8 2.3 2.3 0.0   0.9 0.5 2.4 1.6 1.9 1.6 

C 2.0 0.5 1.6 1.3 1.5 1.8 1.2  1.9 1.3 2.3 1.4 

D 0.3 0.1  0.7   0.6 1.0 0.1 0.7 0.0 0.1 

E 1.0  0.3 0.0 0.0 0.0 0.2 0.7 1.1 1.1 1.2 0.7 

F 0.0 0.6   0.9  1.1   1.4 0.9 0.0 

G 0.0 -0.1 -0.1 -0.1 0.0 0.0 0.0 -0.1 -0.1 0.0 0.0 0.0 

H 0.0 0.0 0.2 1.1   1.2 1.5  0.3 1.2 1.4 

Fig. 27 

Note: something apparently went wrong at row G, since no slope activity could be detected in 

any of the wells. Values for these variants were therefore obtained only from duplicate II 

 pH 6.5 duplicate II 
 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.1 0.1  0.9 1.3 1.0 1.7 2.0 1.4 1.3 3.1 2.1 

B 1.7 1.7 1.8 0.0   0.8 0.4 2.1 1.5 1.9 1.6 

C 2.0 0.5 1.5 1.2 1.4 1.7 1.0  1.9 1.3 2.2 1.5 

D 0.3 0.1  0.7   0.5 1.0 0.1 0.7 0.0 0.1 

E 1.0  0.3 0.0 0.0 0.0 0.2 0.7 1.0 1.1 1.3 0.7 

F 0.0 0.6   0.7  1.0   1.5 0.9 0.0 

G 0.0 1.3 1.6 0.1 0.0 0.0 0.0 1.6 0.0 0.0 2.0 0.3 

H 0.0 0.0 0.2 1.0   1.1 1.4  0.3 1.2 1.4 

Fig. 28 

 pH 7.0 duplicate I 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.2 0.2  1.4 2.0 1.5 2.7 3.0 2.5 2.2 4.6 3.2 

B 2.8 2.8 2.9 0.1   1.6 0.6 3.5 2.6 3.1 2.5 

C 3.2 1.0 2.8 2.4 2.3 3.1 2.0  3.2 2.3 3.7 2.2 

D 0.7 0.3  1.5   1.3 1.5 0.4 1.2 0.1 0.2 

E 1.6  0.7 0.0 0.0 0.0 0.5 1.7 2.3 2.1 2.1 1.4 

F 0.1 1.1   2.0  2.0   2.3 1.5 0.1 

G 0.1 3.2 3.6 0.3 0.0 0.2 0.2 2.7 0.0 0.1 3.4 1.0 

H 0.0 0.0 0.4 1.7   1.8 2.8  0.5 2.1 2.2 

Fig. 29 

Note: values shown in red had to be calculated from slopes approximated from only 2-3 data-

point, so they give only a very general indication of the approximate activity. 
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 pH 7.0 duplicate II 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.2 0.1  1.4 2.1 1.4 2.7 1.1 0.8 0.4 0.0 1.0 

B 0.0 0.5 1.2 0.1   0.0 0.6 1.3 0.7 2.1 2.4 

C 2.0 1.0 1.9 2.5 0.5 1.9 2.0  3.1 2.4 0.0 0.1 

D 0.7 0.3  1.5   1.2 1.6 0.0 1.2 0.1 0.1 

E 1.5  0.7 0.0 0.0 0.0 0.6 1.7 0.8 2.3 2.3 1.3 

F 0.1 1.1   0.0  2.1   2.4 1.6 0.1 

G 0.1 1.7 1.1 0.3 0.0 0.2 0.2 0.0 0.0 0.0 0.1 1.0 

H 0.0 0.0 0.0 1.8   2.0 0.0  0.5 2.1 2.1 

Fig. 30 

Note: values for the wells shown in blue don’t reflect the activity or the corresponding variants, 

because the reaction went too fast to measure the slope; values for the wells shown in red were 

found to be approximately zero in this repetition of the measurement while they were not in the 

previous. For all those wells, the final relative activity values were calculated only based on the 

previous duplicate. 

 pH 7.5 duplicate I 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.3 0.3  1.2 1.4 1.3 2.4 2.8 2.6 2.7 4.8 3.3 

B 2.7 3.0 3.1 0.5   1.9 0.5 2.9 2.6 3.1 2.6 

C 3.2 1.1 2.9 2.6 2.7 3.1 2.1  3.3 2.4 3.9 2.5 

D 0.9 0.4  1.4   1.1 1.5 0.8 1.2 0.1 0.2 

E 1.7  0.7 0.0 0.0 0.0 0.7 1.9 2.4 2.4 2.2 1.6 

F 0.2 1.1   2.7  2.2   2.3 1.7 0.2 

G 0.1 4.1 3.9 0.1 0.0 0.4 0.4 2.8 0.1 0.1 3.3 1.4 

H 0.0 0.0 0.7 1.7   1.8 3.1  0.6 2.1 2.5 

Fig. 31 

 

Activity assay at 3 pHs of the hits from the screenings 

Specific activity of the variants selected from the screenings, averaged over two duplicate 

measurements and accompanied by the associated error. The data are plotted in Fig. 19, section 

3.4.2. In the first column those variants that were selected for the pH profiling are highlighted in 

darker green. 

  mean error 

  pH pH 

code variant 6.6 7 7.6 6.6 7 7.5 

A11 E109N 3.52 5.06 4.49 0.21 0.00 0.27 

B3 E115Q 2.95 5.16 4.74 0.09 0.09 0.23 

B9 G147R 1.90 3.25 3.22 0.16 0.22 0.05 

B10 E184A 2.48 3.89 4.03 0.18 0.13 0.06 
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B11 E184K 2.64 3.71 3.90 0.31 0.04 0.00 

C1 E184Q 2.75 4.44 4.46 0.09 0.12 0.03 

C5 E208R 2.21 3.68 3.72 0.00 0.10 0.05 

D4 D245A 1.75 2.92 2.45 0.16 0.00 0.02 

D7 D245N 1.21 2.81 2.65 0.21 0.04 0.08 

F7 D289A 1.90 2.70 2.73 0.04 0.00 0.11 

F10 D289N 1.93 2.71 2.73 0.05 0.10 0.03 

G8 D315A 2.39 4.03 4.02 0.04 0.11 0.13 

G11 D315N 2.91 4.86 4.76 0.05 0.23 0.08 

H4 E325A 1.74 2.49 2.33 0.11 0.02 0.02 

WT WT 2.10 3.58 3.90 0.03 0.03 0.00 

Table 20 

pH profiling of the best hits from the screenings 

pH profile of the variants selected after the screenings and the activity assay at 3 pHs, averaged over 

two duplicate measurements and accompanied by the associated error. The data are plotted in Fig. 

20, section 3.4.2. 

 

  code A11 B3 B10 B11 C1 C5 G8 G11 WT 

  variant E109N E115Q E184A E184K E184Q E208R D315A D315N WT 

mean pH 

5.6 0.10 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 

6 0.36 0.21 0.18 0.22 0.19 0.13 0.16 0.18 0.15 

6.5 2.59 2.03 1.61 2.16 1.89 1.49 1.75 2.23 1.87 

7 3.41 3.04 2.71 3.15 3.25 2.53 2.88 3.82 3.05 

7.5 3.46 3.27 2.97 2.90 3.10 2.70 2.99 3.69 3.36 

8 2.92 2.95 2.87 3.09 3.01 2.61 2.77 3.36 3.30 

error pH 

5.6 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

6 0.04 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01 

6.5  0.20 0.22 0.42 0.13 0.14 0.15 0.15 0.12 

7  0.12 0.28 0.39 0.44 0.14 0.09 0.27 0.20 

7.5  0.08 0.58 0.50 0.21 0.09 0.02 0.16 0.25 

8  0.05 0.55 0.38 0.47 0.29 0.02 0.07 0.23 

Table 21 

Note: because of a problem during the experiment, activity of variant E109N could be calculated 

only from one of the duplicate measurements; for this reason, no error is associated to these values. 

In vivo assay 

Equations of growth curves for the yeast strains carrying the different constructs, with the 

corresponding coefficient of determination (R2). The mean growth rate (µmean) and its associated 

error are reported to the right. µmean is reported in Table 16 and was used for calculating the 

percentage of increase relative to the wild-type (shown in the same table). 
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Construct 
Duplicate 

measure 
Equation of growth curve µ µmean δµmean 

PTPI-G424C 

1 
y = 0,3767e0,1301x 

0.130 

0.130 0.000354 
R² = 1 

2 
y = 0,3728e0,1306x 

0.131 
R² = 0,9999 

PPGK-WT 

1 
y = 0,5906e0,1303x 

0.130 

0.130 0.000212 
R² = 0,9999 

2 
y = 0,5961e0,13x 

0.130 
R² = 1 

PTPI-WT 

1 
y = 0,8315e0,1186x 

0.119 

0.119 0.000141 
R² = 0,9994 

2 
y = 0,8179e0,1188x 

0.119 
R² = 0,9995 

PTPI-E109A 

1 
y = 0,5903e0,1278x 

0.128 

0.128 7.07E-05 
R² = 0,9995 

2* 
y = 0,6061e0,1279x 

0.128 
R² = 0,9874 

Table 22 

Note: * = the equation calculated from this culture is less accurate, since one data-point was 

considered an outlier and removed. 

 


