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Abstract 
To enhance the phosphorylating activity of the bacterial non-specific acid phosphatase from 
Salmonella enterica ser. typhimurium LT2 towards dihydroxyacetone (DHA), a mutant 
library was generated from the native enzyme. Four different variants were identified after 
one round of epPCR that showed enhanced activity. The best mutant found showed an 
increase in the maximal DHAP concentration reached of 30% compared to the wild type 
enzyme. This variant contains 2 amino acid substitutions (V78L/R173G). 
 
Introduction 
Many chemical methods to form C-C bonds have been developed, but they involve 
complex reagents, auxiliaries, or catalysts to prevent the formation of unwanted side 
products. In addition, protecting groups are required for the product or for additional 
functionality present in the reactants. In general, forming C-C bonds without having to 
protect any groups remains a major challenge for synthetic organic chemists. Using 
enzymes can circumvent these problems. Aldolases have been frequently utilized in organic 
synthesis to perform C-C bond formation in which two chiral centers are introduced.[1] In 
particular, dihydroxyacetone phosphate dependent aldolases are attractive since four 
complementary aldolases are available, each of which produces one of the four possible 
diastereomers. The substrate specificity for the acceptor aldehydes is rather relaxed in 
contrast to the tolerance for the donor that is limited to dihydroxyacetone phosphate 
(DHAP). Several chemical and enzymatic routes to produce DHAP have been published,[2] 
some of which are discussed in more detail in chapter 3.[3]  
Recently we published a new method for the generation of DHAP from DHA using the acid 
phosphatase from Shigella flexneri (PhoN-Sf) and the cheap phosphate donor 
pyrophosphate (PPi).[3] In a one-pot reaction, the utility of this method was demonstrated. 
DHAP was produced by the phosphatase and coupled to propionaldehyde with an aldolase. 
The end-product was dephosphorylated by the already present phosphatase. Furthermore, it 
was shown that the phosphate group hydrolyzed by the enzyme from the phosphorylated 
aldol adduct is re-used for phosphorylation of DHA producing more DHAP, thereby 
generating higher yields. This phosphate cycling lowers the amount of PPi necessary. 
However, the enzyme showed a large Km-value of 3.6 M for DHA, which makes it less 
optimal for industrial application of this method. Although the natural substrate for these 
enzymes is not known, earlier studies[4] showed that the substrate specificity in 
phosphorylation is rather broad, but that D-glucose is by far the best substrate.  
By directed evolution it is possible to change properties of the enzyme without detailed 
knowledge of its structure-function relationship.[5,6,7] Increasing the affinity, and thus 
lowering the Km-value for DHA will give higher yields at lower DHA concentrations. This 
can also be described as a change in substrate specificity of the enzyme towards DHA. 
Increases in affinity and/or substrate specificity by directed evolution has been described 
for e.g. enhanced hydrolysis of chlorpyrifos by an organophosphorus hydrolase,[8] improved 
amide-hydrolyzing activity of a Pseudomonas aeruginosa lipase[9] and change in substrate 
specificity of cytochrome P450.[10] 
Here we describe a directed evolution approach applying epPCR to the wild-type to find 
mutant enzymes of the bacterial non-specific acid phosphatase from Salmonella enterica 
ser. typhimurium LT2[11] that produce more DHAP.  
 
 
 
 



Directed evolution of PhoN-Se to improve the phosphorylation of DHA 
 

 59 

Results and discussion 
Error prone PCR mutagenesis was successfully used to create a PhoN-Se mutant library and 
DNA sequencing revealed 1.8 base changes on average per mutant. 8000 mutants were 
screened in their ability to phosphorylate DHA.  
A primary screening was used in which the rate of DHAP formation from 160 mM DHA 
and 5 mM PPi was monitored using a continues DHAP assay. This assay was based on the 
glycerophosphate dehydrogenase catalyzed dehydrogenation of the formed DHAP that 
results in a simultaneous decrease of NADH which can be followed spectrofotometrically.  
After the first screening, 477 promising wells that showed high activity were screened a 
second time with a lower concentration of DHA and PPi (64 and 3 mM, respectively). 
Again, the continues DHAP assay was used. In this screening (Figure 1), not only the rate 
of DHAP formation was evaluated, but also the amount of DHAP formed. The DHAP 
formation will finish when the PPi is exhausted and NADH consumption due to the DHAP 
formation will stop. As a result, the absorption decrease will level off and a sort of plateau 
in absorption is formed in time as shown in Figure 1. A lower plateau means more DHAP 
formed from an equal amount of PPi, in other words, a better conversion of PPi to DHA 
which might be due to an increased affinity for DHA (lower Km-value for DHA). The 
continuous decrease in NADH after the more rapid decrease as seen in Figure 1 can be 
explained by the presence of NADH-consuming enzymes in the E. coli lysates as shown by 
a lysate containing E. coli with an empty vector. 
 

Figure 1. Second screening: time course of DHAP formation from 64 mM DHA and 3 mM PPi as monitored by 
the decrease in NADH absorption by enzyme lysates of the wild type enzyme (entry 1 [dotted line]), some selected 
variants (enties 2 (two times), 4, 5, 6, and a discarded variant [dashed line]) and an E. coli carrying an empty 
vector. Numbering of the variants as in Table 1. 
 
A discontinues assay for DHAP was used to screen 8 of the most promising variants. From 
these, 5 mutants were grown in larger amounts, purified and the phosphorylation of DHA 
was followed. DNA sequencing revealed that entry 2, R173G was found twice. The other 
variants, V78L/R173G, P29H/V78L/R173G, and Q36R/V78L/R173G, entries 4, 5 and 6 
respectively, were only found once. It is striking that the combination V78L/R173G is 
found three times. For comparison, the enzyme carrying the substitution V78L (entry 3), 
wild-type PhoN-Se (entry 1) and wild-type PhoN-Sf (entry 7) were also evaluated. The 
variant V78L was found previously in a directed evolution experiment and showed a higher 
enantioselectivity in the dephosphorylation of O-phospho-DL-serine.[12] 
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Figure 2. Time course of DHAP formation. Reaction mixtures contained 100 mM PPi and 100 mM DHA in 100 
mM sodium acetate pH 5.0 at 30°C. Reactions were started by the addition of 1 μM purified enzyme. DHAP was 
analyzed by a discontinues coupled enzymatic assay. 
 
Table 1. Three different experimental setups using the variants with improved DHA phosphorylation. 
  Experiment A (Fig. 1) Experiment B Experiment C 

Entry Variant Maximal DHAP 
concentration (mM)[a]  

Initial phosphorylation 
rate (mM/min)[b] 

Phosphate 
recycling[c] 

1 WT PhoN-Se 6.05 [120][d] 1.53 1.23 
2 R173G  5.95 [160] 1.11 1.24 
3 V78L 7.99 [80] 2.49 1.44 
4 V78L; R173G 7.83 [50] 3.05 1.50 
5 P29H; V78L; R173G 8.10 [90] 2.24 1.36 
6 Q36R; V78L; R173G 8.13 [80] 2.41 n.d.[e] 

7 WT PhoN-Sf 4.37 [90] 1.69 n.d 

[a] 100 mM PPi, 100 mM DHA, 100 mM sodium acetate pH 5.0, 1 μM purified enzyme, 30°C.  
[b] 100 mM PPi, 3.8 M DHA, 100 mM sodium acetate pH 5.0, 1 μM purified enzyme, 30°C.  
    The DHAP concentration was measured after 10 minutes of incubation. 
[c] See experimental section for experimental conditions 
[d] The values between brackets is the time in minutes at which the maximal DHAP concentration is reached. 
[e] n.d. = not determined 
 
Figure 2 shows that optima in DHAP concentration are seen. This because when PPi is 
exhausted, the formed DHAP will be hydrolyzed again by the phosphatase.[13] As shown in 
Figure 2 and Table 1 (experiment A), the mutant that reaches a high DHAP concentration 
in the shortest time is V78L/R17G (entry 4) with 7.83 mM of DHAP formed after 50 
minutes, compared to 6.05 mM after 120 minutes for the WT enzyme (entry 1). 
Phosphorylation by the variants 3, 5 and 6, yielded about 8 mM of DHAP after 80 to 90 
minutes. The variant R173G (entry 2) was much slower in phosphorylation of DHA 
compared to the WT enzyme but yielded the same amount of DHAP after 160 minutes 
(5.95 mM). In general, it can be concluded that the V78L mutation causes faster 
phosphorylation reactions. It is unclear why the combination of V78L/R173G is much 
faster than the single variant V78L, while the single variant R173G is much slower than the 
WT enzyme. The roles of P29H and Q36R are unclear, but these substitutions slow down 
the enzyme compared to V78L/R173G.  
A separate experiment was carried out in which initial phosphorylation rates at high DHA 
concentrations were determined to see whether the Vmax was affected (Table 1, experiment 
B). The results show that the initial phosphorylation rates are different, indicating indeed 
that the Vmax is changed for the variants. 
As described before,[3] the phosphate that is hydrolyzed by the enzyme from the 
phosphorylated aldol adduct can be used by the enzyme to phosphorylate another DHA 
molecule, thereby recycling the phosphate group. The variants were also tested in this 
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transphosphorylation experiment. The results are given in Table 1, experiment C. In this 
experiment, commercially available DHAP was coupled to propionaldehyde by rabbit 
muscle aldolase (RAMA). This mixture was split and completed with DHA, 
propionaldehyde and wild-type enzyme or variants. One separate reaction was completed 
with wild-type enzyme, but DHA and propionaldehyde were omitted. The yield of 
dephosphorylated aldol adduct from this latter reaction without the addition of DHA was 
set to 1. If phosphate transfer from the phosphorylated aldol adduct to DHA occurs, rather 
than hydrolysis by water, the yields will be larger than 1. Relative yields of 
dephosphorylated aldol adduct of the reactions with DHA added are given in Table 1. It is 
clear that the variant carrying only R173G (entry 2) recycles the phosphate comparable to 
the WT enzyme. Variants 3 and 5 are slightly better than the WT enzyme. The double 
mutant V78L/R173G (entry 4) is the best with a yield that is 1.5 times higher in the 
presence of DHA. Previous experiments showed that PhoN-Se and PhoN-Sf gave equal 
recycling (2.3 times).[3,unpublisched results] Interestingly, PhoN-Sf already has a leucine at 
position 88, which corresponds to postition 78 in PhoN-Se. The R173 in PhoN-Se 
corresponds to N183 in PhoN-Sf. It would be interesting to introduce mutations at these 
positions in PhoN-Sf to evaluate the effect.  
As can be seen in Figure 2, dephosphorylation rates of DHAP are higher with the variants 
carrying the V78L mutation (entries 3, 4, 5 and 6). This implicates that higher 
concentrations of RAMA should be available to efficiently couple the formed DHAP to the 
aldehyde before the phosphatase hydrolyzes the formed DHAP. Although the phosphatase 
could use the phosphate group from hydrolysis of DHAP to phosphorylate another DHA 
molecule via the activated phosphorylated enzyme intermediate,[3,13] the phosphorylation 
efficiency is not sufficiently high and the yield of the aldol adduct will be lower. 
The mechanistic aspects causing the increase in DHAP formation are not clear. As 
discussed, the Vmax is increased, probably as a result of a higher kcat. This will allow the 
reaction to occur faster and a reduced quantity of enzyme may be used. Since the enzyme is 
the most expensive component in this reaction, this is a major advantage. Furthermore, the 
Km-value for DHA may have decreased and this will allow higher DHAP yields at lower 
DHA concentrations. The higher activity could also be explained by a shift in pH optimum 
of the enzyme. Residue 78 is already shown to be involved in a pH shift towards alkaline 
pH in hydrolysis of pNPP.[14] Since the screening in this directed evolution project was 
carried out at pH 6.0 this could explain why the V78L mutations showed up. Considering 
the gap between the pH optima of the phosphatase and RAMA (pH 5 and 7, respectively), a 
shift in pH optimum of the phosphatase towards alkaline pH would be clearly 
advantageous.  
To explore the possibility of a pH shift in our mutant enzymes, the pH profiles of WT 
PhoN-Se, WT PhoN-Sf and the variants V78L (3) and V78L/R173G (4) in DHA 
phosphorylation with PPi were studied (Figure 3A). Clearly, the DHA phosphorylation 
activity shows a different pH profile compared to that of the dephosphorylation of pNPP. 
pH Optima in hydrolysis of pNPP have been reported for both WT PhoN-Se and PhoN-Sf. 
The optimum phosphatase activity of PhoN-Se MD6001 was observed at pH 5.5,[14] 
whereas PhoN-Sf has its optimum at pH 6.6.[15] The optimum phosphatase activity of 
PhoN-Se LT2 with 5’-AMP as substrate was reported to be between 5.0 and 5.5.[16] Our 
experiments show that WT PhoN-Se has a higher activity in the more alkaline pH region in 
the DHA phosphorylation compared to the WT PhoN-Sf. The DHAP yield of PhoN-Se is 
2.7 times higher compared to WT PhoN-Sf at pH 6.0. This again implicates that a higher 
amount of aldolase should be present to efficiently couple the formed DHAP as discussed 
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above. It is also possible to use less of the PhoN-Se enzyme to reach equal DHAP 
concentrations as with PhoN-Sf. The variants V78L (3) and V78L/R173G (4) of PhoN-Se 
show higher DHA phosphorylation activity compared to the WT PhoN-Se at all pH values 
tested, but no shift in the pH profile is seen. Introducing an aspartic acid or histidine as was 
done in PhoN-Se MD6001[14] could still result in a shift towards more alkaline pH. Figure 
3B shows the time course of the reaction at pH 6.0. As anticipated the two mutants reached 
a higher DHAP concentration in a shorter time.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  The pH dependent DHA phosphorylation with PPi. Panel A: pH profile; panel B: time course of the 
phosphorylation of DHA at pH 6.0. Reaction mixtures contained 100 mM DHA, 50 mM PPi, 100 mM acetate or 
Tris/acetate buffer at indicated pH and 1 μM PhoN. 
 
When half the concentration (0.5 μM) of the mutant enzymes V78L/R173G (4) and V78L 
(3) was used, 4.61 and 4.59 mM of DHAP was produced after 70 and 90 minutes, 
respectively, compared to 3.02 mM DHAP in 60 minutes with 1 μM WT PhoN-Se at pH 
5.0 (results not shown). This shows that the productivity of the variants is three times 
higher. Even at pH 7.0, the mutants were 2.7 times more active in DHAP phosphorylation 
compared to the WT enzyme. When this is compared to the activity of PhoN-Sf it turns out 
that the variants are about 4.3 and 13 times more active in the phosphorylation of DHA at 
pH 5.0 and 7.0, respectively. 
 
Figure 4 shows the positions of the activity-enhancing amino acid substitutions in a 3-D 
structure model generated using the known X-ray structure of PhoN-Se MD6001.[14] The 
substitution of valine 78 to a leucine is a small change in secondary structure, only one CH2 
group is added. The remarkable change in phosphorylation activity could be explained by a 
subtle conformational change since residue 78 is contacting the active site. The side chain 
of residue 78 is in close proximity to H158 which is involved in protonation of the leaving 
group. Exchange of isoleucine 78 for an aspartic acid or histidine in PhoN-Se MD6001 
causes a shift of the pH optimum towards alkaline pH in the hydrolysis of pNPP.[14] We did 
not observe a shift in pH for the variant V78L. 
The effect of the R173G substitution is more difficult to explain. The replacement of 
arginine to glycine results in a large change in volume and charge. It is possible that it 
enhances catalytic activity by a long-distance effect. This is also possible for the 
substitutions of proline 29 to histidine and glutamine 36 to arginine. 
 
To obtain better DHAP yields by this enzyme, saturation mutagenesis of V78 and R173 
may be an option. Further rounds of directed evolution may be carried out using the first-
generation DNA as parent for the second round. 
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Figure 4. Model of the WT PhoN-Se based on the acid phosphatase from Salmonella enterica ser. typhimurium 
MD6001,[14] showing the conserved active site residues as sticks, the phosphate and the amino acid substitutions as 
balls and sticks. Molecular graphics created with YASARA (www.yasara.org) and PovRay (www.povray.org).  
 
Conclusions 
We have used a directed evolution approach to improve the activity of the Salmonella 
enterica ser. typhimurium acid phosphatase in the phosphorylation of DHA using PPi. The 
best variant found produced 40% more DHAP at pH 5.0 within less than half the time 
compared to the WT enzyme under our screening conditions. This increase in activity is 
caused by 2 amino acid replacements, V78L and R173G. It is still possible to further 
increase the concentration of DHAP formed by saturation mutagenesis and more rounds of 
error prone PCR using this variant as parent strain. 
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Experimental section 
Random mutagenesis. The protein sequence space was explored by using the error-prone polymerase chain 
reaction (epPCR) as the mutagenesis method, using the GeneMorph™ PCR mutagenesis kit (Stratagene). EpPCR 
was performed on a 0.7 kbp DNA fragment. The primers used were the forward primer 5’-
ATCGCCATGGAATATACATCAGCAGAAACAGTGC-3’ (NcoI site underlined; first residue of mature PhoN-
Se: bold) and the reverse primer 5’-GGGAAAGCTTTCACCTTTAGTAATTAAGTTTGGGG-3’ (HindIII site 
underlined; original TGA stop is changed for TAA: bold). An average frequency of 2.6 base changes per kilobase 
was verified by DNA sequencing (MWG Biotech) of 20 independent colonies. The amplified DNA was sub-
cloned into the NcoI-HindIII digested pBAD/gIIIA and transformed back in E.coli TOP10 cells. From an 
estimated library size of 126000, 9600 colonies were robotically picked and transferred to the 96-well format and 
grown in LB to prepare cells for glycerol stocks. 

Val 
 78 

Arg 173 

Pro 29 

Gln 36 
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High-throughput expression of PhoN-Se mutants. Using a 96-pin colony replicator, frozen cells were 
transferred to LB-agar plates containing 100 �g/mL ampicillin and grown overnight at 37�C. Cell growth and 
enzyme expression were performed in 96-well format, 2 mL volume polypropylene deep well plates (Greiner Bio-
One). Using the 96-pin colony replicator, cells were transferred to the deep well plates containing 1 mL liquid LB-
medium with 100 �g/mL ampicillin and 0.02% L-arabinose and covered with Breath Seal porous films (Greiner 
Bio-One). The cells were grown using an INFORS Microtron plate shaker for 24 hours at 25�C at 560 rpm. The 
plates were chilled to 4�C and centrifuged at 3500 rpm (Beckmann S5700). The growthmedia were removed and 
the cells resuspended in 300 �L 20 mM acetate buffer pH 6.0. The suspensions were then transferred to 
polypropylene V-bottom microtiter plates (Greiner Bio-One) and subjected to a freeze-thaw cycle. Plates were 
centrifuged prior to the assay as before. 
High-throughput assay, primary screening. The final assay conditions used for the initial screening were 160 
mM DHA, 5 mM PPi, 0.55 mM NADH and 0.13 units �-glycerophosphate dehydrogenase (GDH) in 100 mM 
acetate buffer (pH 6.0) at 30�C. Enzyme transfer was performed by a Roboseq SE automated liquid handling 
system (MWG Biotech AG). Aliquots of enzyme lysates (50 �L) were transformed to flat-bottom microtiter plates 
containing 80 �L of a mixture containing DHA, NADH, GDH and acetate buffer. Reactions were started by the 
addition of 70 �L PPi (titrated to pH 6.0) to give a final volume of 200 �l. The plate was vortexed for 20 seconds 
and inserted in 96 wells plate reader at 30�C (Fluostar Galaxy, BMG Labtech). Determination of the amount of 
DHAP formed was based on the reduction of DHAP by GDH and oxidation of NADH to NAD+ which can be 
followed at 340 nm.[17] Reactions were followed for 35 minutes and absorption was measured every 105 seconds. 
Promising variants were chosen on basis of the rate of NADH conversion compared to the WT enzyme. 
High-throughput assay, secondary screening. Interesting mutants were screened again using final 
concentrations of 64 mM DHA, 3 mM PPi, 0.83 mM NADH and 0.13 units GDH in 100 mM acetate buffer (pH 
6.0) at 30�C. Reactions were followed for 3 h and absorption was measured every 105 seconds. Promising mutants 
were chosen on basis of the rate of NADH conversion compared to the WT enzyme and the absorption at which 
the ‘plateau’ concentration of NADH was reached. Ten mutants were selected to be further investigated by a 
discontinues DHAP assay. Five of these variants were grown on 0.5 L scale as described before.[18] Plasmid DNA 
was isolated using the QIA prep spin Miniprep kit (Qiagen) and used for sequence determinations (MWG-Biotech 
AG). 
Discontinues assay for DHAP formation. Reaction mixtures contained 100 mM DHA, 100 mM PPi in 100 mM 
sodium acetate buffer (pH 5.0) at 30°C. Reactions were started by the addition of 1.0 μM PhoN to a final volume 
of 0.5 mL and constantly shaken. DHAP was assayed with a coupled enzyme system as described by 
Bergmeyer.[17] In short, every 10 minutes a 20 μL sample was added to a quartz cuvette containing 1.2 mL assay 
mix (0.16 mM NADH, 1.25 units GDH in 100 mM Tris/acetate pH 7.5). The decrease in absorption was measured 
at 340 nm after 3 minutes. DHAP concentrations were calculated using an extinction coefficient of 6.22 L mmol-1 
cm-1. 
Phosphate recycling experiment. 16 Units of RAMA were added to a 2 mL solution containing 300 mM DHAP 
and 300 mM propionaldehyde in 200 mM sodium acetate (pH 6) at 30°C. After 4.5 h, another portion of 300 mM 
aldehyde was allowed to react overnight. Over 95% of the DHAP was converted to phosphorylated aldol adduct at 
this time. The mixture was split into portions of 200 μL. One portion was completed with 2 μM of PhoN-Se. To 
the other portions were added 2 μM of PhoN (WT or variant), 300 mM propionaldehyde and 500 mM of DHA. 
The volumes were adjusted to 400 μL and 2 units of RAMA were added. After 4.5 h, again aldehyde was added 
(except for portion 1). Reactions were allowed to react overnight and were analyzed by HPLC for amounts of 
dephosphorylated end-product. 
HPLC. 20 μL of the reaction mixtures were diluted 10 times before injection into the HPLC. The amount of 
(phosphorylated) products was determined using an Alltech OA 1000 organic acid column (0.65 x 30 cm). The 
column was eluted with 25 mM H2SO4 at a flow rate of 0.4 mL min-1. The HPLC effluent was monitored at 210, 
225, 250 and 275 nm and by a refractive index detector. 
pH profile. Reaction mixtures contained 100 mM DHA, 50 mM PPi, 100 mM acetate/NaOH (pH 4.0-6.5) or 
Tris/acetate (pH 6.5-8.0) buffer at indicated pH at 30°C. Reactions were started by the addition of 1.0 or 0.5 μM 
PhoN to a final volume of 0.4 mL and constantly shaken. DHAP was assayed with the coupled enzyme system as 
described above at the discontinues assay for DHAP formation. 
3D-model building. The X-ray structure of PhoN from Salmonella enterica ser. typhimurium MD6001 (PDB: 
2A96)[14] was used to prepare the model of the PhoN of Samonella enterica ser. typhimurium LT2[11] using the 
WhatIf program.[19] 
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