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Plate screening assay 

An efficient screening method is essential for the isolation of enzyme variants 

with desired properties from libraries of all sizes. We have adapted a 96-well plate 

screening assay, similar to assays used in other studies,[1, 2] to detect carbonic 

anhydrase variants that have an altered esterase specificity profile. The assay is based 

on the spectrophotometric monitoring of the time course for product accumulation. 

The relative specificity of an enzyme for a substrate A compared to another substrate 

B is determined by the ratio of the specificity factors for the substrates; (kcat / KM)A / 

(kcat / KM)B. For single substrate reactions that conform to Michaelis-Menten kinetics, 

the specificity factor approximately corresponds to the apparent second order rate 

constant at low substrate concentrations.[3] To evaluate the specificity of an enzyme 

variant it is not necessary to know the absolute values of the specificity constants for 

the substrates of interest, as long as identical enzyme concentrations are used for the 

measurements and the ratio between observed activities is corrected for differences in 

concentrations between the substrates used.  

Colonies to be screened were transferred with sterile toothpicks to wells, 

containing 150 µL LB broth with 75 µg/ml ampicillin, in 96-well standard culture 

plates with V-shaped bottom. The plates were incubated with shaking for 20 hours at 

room temperature. 150 µL glycerol was added, and 20 µL was transferred from each 

well to the corresponding well in four new plates. The replicates were stored at –80 

°C. 
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For each plate that was screened, 200 µL of LB broth containing 75 µg/ml of 

ampicillin was added to each well, and the plate was incubated with shaking for 20-25 

h at room temperature. The plate was then centrifuged at a relative centrifugal field of 

1960*g for 15 minutes at 4 °C, and the supernatant was discarded. Enzyme 

production was induced by resuspending the pellet in 200 µL of LB broth containing 

75 µg/ml of ampicillin and 0.5 mM of IPTG. Following induction, the plate was 

incubated with shaking for 17-20 hours at room temperature. The cells were pelleted 

by centrifugation in the same manner again and the supernatant was discarded. In 

order to break the cells and get the enzyme into solution, a freeze-thaw procedure was 

used. It was performed with the bacteria in pellet to make the freezing and thawing as 

fast as possible. The plate was incubated at -80 °C for 45 minutes and was then 

incubated at 37 °C for 20 minutes for efficient freezing and thawing. This was 

repeated twice so that the pellets had been thawed three times. Each pellet was 

resuspended by addition of 260 µL buffer (0.1 M Tris-SO4, pH 7.5) and the plate was 

placed on a shaker for 15 minutes. To pellet cell debris and remaining bacteria, the 

plate was centrifuged as above. 80 µL of the supernatant from each well was 

transferred to three measurement plates. The plates were stored at 4 °C, and incubated 

at 35 °C for fifteen minutes before the measurement. A Fluostar Galaxy plate reader 

(BMG Labtech) with a A405 nm filter was used for the measurements. At this 

wavelength the basic form of the chromogenic product has a high absorbance. The 

reaction was started by addition of substrate and buffer to a final volume of 200 µL, 

using the pumps on the plate reader. The composition of the added buffer and 

substrate solvent during measurement was 0.1 M Tris-SO4, pH 7.5 in 4% 

acetonitrile/water. The final concentration of substrate was 1.2 mM for pNPA and 

pNPP, 0.30 mM for pNPB and 0.24 mM for pNPV. The reactions were followed by 

measuring the absorbance at 405 nm for 3 minutes with pNPA, and 70 minutes with 

pNPP, pNPB and pNPV. A constant temperature of 35 °C was kept during the 

measurements. For measurement of the background rates the reaction was measured 

in the presence of acetazolamide which was added to a final concentration of 50 µM.  
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Detection limit and dynamic range of the plate reader esterase assay 

To test the range of activities that can be detected using the plate reader assay, 

a test was performed in which the rate of pNPA hydrolysis was measured for a range 

of HCAIIpwt concentrations. The results are presented in figure 1S. It was found that 

for HCAIIpwt, the activity is linearly dependent on enzyme concentration between the 

concentrations 0.05 µM and 2 µM. Activities larger than twice the background can be 

detected, which indicates that the detection limit is approximately 0.04 µM for pNPA 

hydrolysis by HCAIIpwt.  

Initial experiments, in which HCAIIpwt was produced in E. coli in 96-well 

plates, gave rates of pNPA hydrolysis corresponding to enzyme concentrations of 

around 0.09 µM. Hence, it is possible to achieve enzyme concentrations of HCAIIpwt 

that are high enough to get distinguishable rates of reaction for pNPA. 

 

Figure 1S: Activity of pNPA hydrolysis versus HCAIIpwt concentration, using the 96-
well plate-screening assay. The activity is given as the change in absorbance per 
second at 405 nm. The activity is linearly dependent on enzyme concentration between 
0.05 µM and 2 µM, giving a dynamic range of almost two orders of magnitude. A 
conservative estimate is that we can detect activities that are twice the background 
(0.00021 +/- 0.00002 absorbance units/second), i.e. the detection limit is 0.0004 Au/s, 
corresponding to approximately 0.04 µM of an enzyme with the same activity as 
HCAIIpwt. A 50 mM Tris-SO4 (pH 7.5) buffer was used, and the substrate 
concentration was 1.2 mM. Error bars indicate a 95 % confidence interval based on 
triplicate measurements. 
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Screening of variants with enlarged hydrophobic pockets 

Variants of HCAIIpwt, with combinations of alanine substitutions in positions 

121, 143 and 198, were screened for activity towards ester substrates of different 

length using the 96-well plate screening assay described above. HCAIIpwt enzyme was 

included as a reference. For each variant, the mean of the slopes for the absorbance 

curves from ten clones was used as an estimate of the activity. Substrates with acyl 

chain lengths ranging from one to four carbon atoms were used (pNPA, pNPP, pNPB 

and pNPV). Specificities were estimated from the ratio of activities for substrates with 

acyl chains longer than one carbon atom and pNPA. Background hydrolysis was 

corrected for by subtracting the mean slopes from wells with the inhibitor 

acetazolamide added. When different concentrations of substrates were used, this was 

compensated for in the calculations. Some variants did not display significant activity 

for any substrate. V121A and L198A only displayed activity for pNPA, making 

estimation of specificities impossible for these variants. The specificities for variants 

where the rate of hydrolysis for pNPA and at least one additional substrate could be 

distinguished from the background are shown in table 1S.  

When comparing specificities obtained from the kinetic measurements (table 1 

in the main paper) to the specificities estimated from the plate screening assay (table 

1S), the same ranking pattern of specificities is found. However, the absolute values 

of the specificities from the plate assay differs from those obtained by the high 

precision measurements.  

 

Table 1S: Specificities[a] from the plate screening assay  

Variant pNPP/pNPA pNPB/pNPA pNPV/pNPA 

HCAIIpwt  0.3   0.02   0.01  

V143A  5.1[b]   2.8   1.6  

V121A/V143A  0.5   1.1   4.7  

[a] Specificities were estimated from the plate screening assay by calculating the ratio 
between the initial slopes of the reactions, corrected for differences in substrate 
concentration. Slopes with inhibitor were subtracted from the slopes without inhibitor, 
efficiently correcting for both autocatalysis and possible hydrolysis by E. coli 
proteins.  
[b] The value is underestimated, because the reaction with pNPP was too fast to be 
measured accurately in the experimental setup used. 
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In the present study the plate screening assay has been used to succesfully 

identify high activity variants (2 out of 7) in a rational design approach. The result 

shows that the plate screening assay may be suitable for screening of small size 

combinatorial libraries of mutant carbonic anhydrase, which we plan to perform in our 

laboratory. 

 

Determination of Michaelis-Menten parameters 

Although the substrate concentrations used are well below KM for HCAII,[4] it 

is possible that the mutants have a higher affinity for some of the substrates. We have 

investigated this for V143A and V121A/V143A with some of the longer substrates, 

for which these variants have an increased efficiency compared to wild type HCAII. 

The resulting activities (v/[E]) are plotted against substrate concentrations in figure 

2S, and the Michaelis-Menten parameters obtained by non-linear curve fitting using 

GraphPad Prism 4 (GraphPad Software, USA) are presented in table 2S. It is obvious 

from table 2S that in most cases the solubilities for the ester substrates preclude an 

accurate determination of the kcat and KM values. The only cases in which these 

parameters could be determined with some degree of certainty were for pNPB and 

pNPV hydrolysis by V121A/V143A. The value of kcat/KM could be determined with 

good precision in all cases. A comparison with the values for k´ in table 1 (in the main 

paper) shows that the assumption that [S]<<KM, and hence that k´ = kcat/KM, is valid, 

although for V121A/V143A slightly underestimated values for pNPB and pNPV are 

obtained. This is because their KM values are 6 and 2 times higher, respectively, than 

the substrate concentration used, i.e. these enzymes are partially saturated with 

substrate for the substrate concentrations used for the measurements in table 1. 
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Figure 2S: Esterase activity as a function of [S]. The activity, given as v/[E], versus 
substrate concentration for (A) pNPP hydrolysis by V143A, (B) pNPB hydrolysis by 
V143A, (C) pNPV hydrolysis by V143A, (D) pNPB hydrolysis by V121A/V143A, (E) 
pNPV hydrolysis by V121A/V143A and (F) pNPC hydrolysis by V121A/V143A. Filled 
lines indicate a linear function fitted to the data, and broken lines indicate a 
Michaelis-Menten function fitted to the data. Activities were calculated by dividing 
the initial reaction velocities, corrected for background hydrolysis, by the enzyme 
concentrations. Error bars indicate a 95 % confidence interval based on triplicate 
measurements. 
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Table 2S: Michaelis-Menten parameters calculated for V143A and V121A/V143A. 

 kcat 

95 % 

confidence 

interval 

KM 

95 % 

confidence 

interval 

kcat/KM 

95 % 

confidence 

interval 

 (s-1)  (mM)  (M-1s-1)  

V143A       

pNPP 328 0 – 1781 22 0 – 124 14580 13550 – 15610 

pNPB 29 0 – 68 11 0 – 27 2609 2498 – 2720 

pNPV 4 0 – 8 4 0 – 11 817 754 – 879 

       

V121A/V143A       

pNPB 5.67 3.43 – 7.91 2.03 1.10 – 2.96 2793 2609 – 2977 

pNPV 8.87 7.87 – 9.86 0.65 0.55 – 0.74 13740 13180 – 14290 

pNPC 1.97 0.0 – 7.24 0.82 0.0 – 2.97 2536 2251 – 2822 

 

 

Automated docking of pNPVTSA with unsaturated acyl chain 

Automated docking of pNPVTSA resulted in different binding modes for 

HCAIIwt and the variants V121A, V143A and V121A/V143A, as seen in fig 2 (in the 

main paper). For HCAIIwt and V121A, the acyl chain is more twisted than for V143A 

and V121A/V143A. To test if the variations in binding mode are due to preferential 

binding of different conformations of the unsaturated pNPVTSA, we performed a set of 

docking experiments with cis and trans unsaturated pNPVTSA molecules (the double 

bond is situated between the first and second carbon atoms after the phosphorous 

atom), where the cis unsaturated molecule is constrained in a bent conformation while 

the trans unsaturated molecule is constrained in a straight conformation. From the 

results, presented in table 3S, it can be seen that for HCAIIwt and V121A, more 

productively bound molecules are found for the cis unsaturated molecule than for the 

trans unsaturated molecule, suggesting that a bent molecule is preferred. For V143A, 

more trans than cis unsaturated molecules are productively bound. In this case, it 

appears that the preferred conformation is not bent. In the case of V121A/V143A, 
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both conformations are bound well, with more productively bound cis unsaturated 

molecules than trans unsaturated molecules. 

 

Table 3S: The number of productively bound cis and trans unsaturated pNPVTSA 
molecules out of 100. 
 cis trans 

HCAIIwt 19 9 

V121A 22 16 

V143A 28 45 

V121A/V143A 53 46 
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