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A pH-Indicator-Based Screen for Hydrolytic
Haloalkane Dehalogenase
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1. Introduction
Microbial hydrolytic haloalkane dehalogenases catalyze the cleavage of

halogen-carbon bonds of a variety of aliphatic halogenated compounds,
including a broad range of chlorinated (C2–C6) and brominated (C2–C8)
alkanes, with water as the sole co-substrate, resulting in the production of halide
ions, protons, and alcohols (1,2). Based primarily on substrate specificity and
sequence homology, these enzymes have been classified into two general
classes that are represented by the enzymes from Xanthobacter autotrophicus
GJ10 and Rhodococcus rhodochrous (3). The study of these enzymes has been
motivated largely by their potential use in waste treatment, bioremediation and
industrial biocatalysis (4,5). A substantial amount of mechanistic and struc-
tural information is available for these enzymes (6–9).

The haloalkane dehalogenase from Rhodococcus rhodochrous (RrDHL) is
of particular interest because it is capable of selectively converting several
industrially important commodity chemicals, including 1,2-dichloropropane
(DCP), 1,2,3-trichloropropane (TCP), and 1,2-dichlorobutane (DCB), into more
valuable chlorohydrins. Traditional chemical catalysts cannot do this. These
chemicals are generated at a scale of several hundred million pounds per year as
side products in the existing manufacturing processes of propylene oxide,
epichlorohydrin, and butylene oxide, and are presently incinerated at a cost.
Thus, developing RrDHL-based biocatalytic processes to recover value from
these chloroalkanes represents an important environmental and process oppor-
tunity (4). Unfortunately, as a practical biocatalyst, this RrDHL enzyme suffers
from low activity and low stability under the industrial process conditions.
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To overcome these drawbacks and develop commercially viable biocatalytic
processes, we sought to use directed evolution to engineer RrDHL mutants
with increased activity and stability. Directed evolution mimics the process of
natural evolution in the test tube, involving the generation of molecular diver-
sity by random mutagenesis and gene recombination followed by selection/
screening on the basis of desired functional changes (10). In contrast to ratio-
nal design, this approach does not require prior extensive structural and mecha-
nistic information on the biological molecules. Directed evolution has been
successfully applied to alter enzyme functions, including thermostability, sub-
strate specificity, catalytic activity, enantioselectivity, and pH profile (11).
From these studies, it is clear that a key requirement for a successful directed
evolution experiment is the development of an efficient screening or selection
method for the enzyme function of interest.

Here we describe a sensitive, 96-well plate-based screening method for
directed evolution of highly active and stable RrDHL mutants towards sub-
strate 1,2,3-trichloropropane (TCP). The conventional assay for dehalogenase
activity is based on colorimetric detection of halide release using ferric nitrate
and mercuric thiocyanate (9), which is an end-point assay and not amenable to
high throughput screening. To increase the throughput of library screening, we
developed a quantitative, colorimetric assay for RrDHL that uses a pH indica-
tor to monitor the rate of proton release, according to the work reported by
Janes et al. (12). We chose bromothymol blue (BTB) as a pH indicator and
N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) as a buffer
because they have very similar pKas that ensure the color change is propor-
tional to the number of protons released. The screening procedures are illus-
trated in Fig. 1. The gene encoding RrDHL is over-expressed in E. coli at high
level using plasmid pET24a(+) (Novagen, Madison, WI). A library of RrDHL
variants is created using error-prone PCR and grown in 96-well plates. The
activity of each variant is measured using a 96-well plate reader by following
the absorbance change at 620 nm. To screen for RrDHL variants with increased
thermostabilities, two replica 96-well assay plates are made for each growth
plate, and the ratio between the activity with heat treatment (residual activity)
and the activity without heat treatment (initial activity) is used as a thermosta-
bility index. Only variants with both higher thermostability index and similar
to or higher initial activity than the parental enzyme are selected for the next
round of evolution. To screen for RrDHL variants with increased activity, only
one replica 96-well assay plate is needed. Variants with higher specific activity
than the parental enzyme are selected for the next round of evolution.

Using this screening method coupled with repeated cycles of random
mutagenesis by error-prone PCR, we successfully obtained an evolved RrDHL
mutant exhibiting 140-fold longer half-life of thermal inactivation at 53°C and
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10-fold higher specific activity than that of the wild-type enzyme (13). This
screening method should be applicable to other enzymes, such as amidases, este-
rases, lipases, proteases, and kinases, which produce protons in the reactions.

2. Materials
1. Plasmid pET24a(+) and E. coli strain B834(DE3) (Novagen, Madison, WI).

B834(DE3) competent cells are prepared using the standard calcium chloride
method.

Fig. 1. Schematic representation of the screening method for directed evolution of
hydrolytic haloalkane dehalogenase variants with increased thermostability. For
directed evolution of dehalogenase variants with increased activity, a similar screen-
ing method is used in which no heat treatment is required.
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2. E. coli HB101 high transformation efficiency competent cells (Promega, Madi-
son, WI).

3. 1 M IPTG (isopropyl- -D-thiogalactopyranoside) in water: sterilize by filtering
through a 0.22-μm filter (Sigma, St. Louis, MO).

4. BTB (bromothymol blue) and BES [N,N-bis(2-hydroxyethyl)-2-aminoethane-
sulfonic acid] (Sigma).

5. TCP (1,2,3-trichloropropane) (Aldrich, Milwaukee, WI).
6. 0.1 N standardized HCl (Sigma).
7. 5 mM MnCl2 (Sigma).
8. Restriction endonucleases: NdeI and XhoI and appropriate 10X reaction buffers

(New England BioLabs, Beverly, MA).
9. T4 DNA ligase and its 10X reaction buffer (Roche Diagnostics, Indianapolis, IN).

10. Oligonucleotide primers: P5N (5'-GAT ATA CAT ATG TCA GAA ATC GGT
ACA GG-3', underline sequence is NdeI restriction site) and P3X (5'-GGT GCT
CGA GTG CGG GGA GCC AGC G-3', underline sequence is XhoI restriction
site).

11. Taq DNA polymerase and its 10X reaction buffer (Promega).
12. Pfu DNA polymerase and its 10X reaction buffer (Stratagene, La Jolla, CA).
13. 10X error-prone PCR reaction buffer: 100 mM Tris-HCl, pH 8.3 at 25°C, 500

mM KCl, 70 mM MgCl2, 0.1% (wt/vol) gelatin.
14. 10X error-prone PCR dNTP mix: 2 mM dATP, 2 mM dGTP, 10 mM dCTP, and

10 mM dTTP (Roche Diagnostics, Indianapolis, IN).
15. 10X standard PCR dNTP mix: 2 mM of each dNTP (Roche Diagnostics).
16. 50 mg/mL kanamycin solution (1000X).
17. Luria-Bertani (LB) medium: 10 g bacto-tryptone, 5 g bacto-yeast extract, and 10

g sodium chloride, pH 7.0. Sterilize by autoclave.
18. LB agar plates: LB medium with 15 g/L agar. Sterilize by autoclave.
19. T4 DNA ligase and its reaction buffer (Roche Diagnostics).
20. Agarose gel electrophoresis supplies and equipment.
21. EZ load precision molecular mass ruler (Bio-Rad, Hercules, CA).
22. MJ PTC-200 thermocycler (MJ Research Inc., Watertown, MA).
23. SpectraMax 96-well plate reader (Molecular Devices, Sunnyvale, CA).
24. Cary-100 UV-Vis spectrophotometer (Varian Inc., Walnut, CA).
25. Incubators and incubator-shakers.
26. Water baths.
27. DNeasy system for genomic DNA isolation, QIAprep spin plasmid miniprep kit,

QIAquick PCR purification kit, QIAEX II gel extraction kit and Ni-NTA Spin kit
(QIAgen, Valencia, CA).

3. Methods
The methods described below outline 1) the cloning and expression of

RrDHL (see Note 1), 2) creation of a library of RrDHL variants, 3) a screening
procedure for RrDHL variants with increased thermostability, and 4) a screen-
ing procedure for RrDHL variants with increased specific activity.
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3.1. Cloning and Expression of RrDHL

1. Combine 10 μg plasmid pET24a(+), 10X NEB buffer 2, 30 U NdeI and 30 U
XhoI in a total volume of 100 μL. Incubate at 37°C for 2 h.

2. Load the reaction mixture on 1% agarose gel and run electrophoresis for approx
40 min at 100 V.

3. Extract and recover the NdeI and XhoI digested vector DNA using QIAEX II gel
extraction kit. Estimate DNA concentration using gel electrophoresis with EZ
load precision molecular mass ruler (DNA mass standards).

4. Isolate genomic DNA from Rhodococcus rhodochrous TDTM-003 using DNeasy
system (Qiagen) or other reliable method.

5. Combine 10 ng genomic DNA, 10X cloned Pfu buffer, 0.5 μM each primer (P5N
and P3X), 10X standard PCR dNTP mix (2 mM each dNTP), and 2.5 U Turbo
Pfu polymerase in a total volume of 100 μL.

6. Run the PCR reaction using the following program: 96°C for 2 min; 25 cycles of
94°C for 1 min; 50°C for 1 min; and 72°C for 1 min; followed by 72°C for 7 min.

7. Purify the PCR product according to the manufacturer’s protocol in the QIAQuick
PCR purification kit, and digest the PCR product with NdeI and XhoI followed
by product purification. Estimate DNA concentration using gel electrophoresis
with EZ load precision molecular mass ruler.

8. Combine ~100 ng of NdeI and XhoI digested plasmid pET24a(+), 30 ng of NdeI
and XhoI digested PCR product, 10X T4 DNA ligase buffer, and 0.5 μL T4 DNA
ligase (1 U/μL) in a total volume of 10 μL. Incubate at 16°C for 12–16 h.

9. Transform 2–5 μL of ligation mixture into B834(DE3) competent cells using
standard heat shock method, and plate out on LB agar plates containing 50 μg/
mL kanamycin. Incubate the plates at 37°C for 14–16 h.

10. Pick 2–3 colonies and confirm the successful cloning of the RrDHL gene by
colony PCR or restriction enzyme digestion analysis. The resultant desired plas-
mid is denoted pET24a(+)-RrDHL. As described below in detail, expression of
the RrDHL enzyme is induced by IPTG and the enzyme activity is determined
using a pH-indicator-based assay.

3.2. Random Mutagenesis and Library Creation

1. Combine 10–100 ng of the plasmid DNA containing the RrDHL gene
(pET24a(+)-RrDHL), 0.3–1.0 μM each primer (P5N and P3X), 10X error prone
PCR buffer, 10X error-prone PCR dNTP mix, and 5 U Taq in a total volume of
100 μL.

2. Run the PCR reaction using the following program: 96°C for 2 min; 13 cycles of
94°C for 1 min; 50°C for 1 min; and 72°C for 1 min; followed by 72°C for 7 min.

3. Purify the PCR product according to the manufacturer’s protocol in the QIAQuick
PCR purification kit, and estimate the DNA concentration using gel electrophore-
sis with EZ load precision molecular mass ruler (~0.01 μg/μL).

4. Digest the PCR product with NdeI and XhoI, and purify the product using
QIAquick PCR purification kit. Estimate the DNA concentration of the purified



218 Zhao

product using gel electrophoresis with EZ load precision molecular mass ruler.
5. Combine ~100 ng of NdeI and XhoI digested plasmid pET24a(+), 30 ng of NdeI

and XhoI digested PCR product, 10X T4 DNA ligase buffer, and 0.5 μL T4 DNA
ligase (1 U/μL) in a total volume of 10 μL. Incubate at 16°C for 12–16 h.

6. Transform E. coli high efficiency HB101 competent cells with 2–5 μL of liga-
tion mixture according to the protocol recommended by the manufacturer
(Promega), and plate out a small aliquot of the transformed cells on LB agar
plates containing 50 μg/mL kanamycin to estimate the library size while grow-
ing the rest of the transformed cells in 3 mL LB medium containing 50 μg/mL
kanamycin (see Note 2).

7. Isolate the plasmids in the transformed cells using QIAprep spin plasmid
miniprep kit and estimate the DNA concentration using a UV-Vis spectropho-
tometer.

8. Transform plasmid DNA into B834(DE3) competent cells using standard heat
shock method, and plate out on LB agar plates containing 50 μg/mL kanamycin.
Incubate the plates at 37°C for 14–16 h.

9. Pick single colonies into 96-well plates containing 100 μL of LB medium and 50
μg/mL kanamycin per well using sterilized toothpicks or an automated colony
picker such as QPix (Genetix, Hampshire, UK). For each 96-well plate, use 3
wells for controls (colonies containing the plasmid with the parental RrDHL
gene).

10. Incubate the 96-well plates at 30°C for 5 h with slow shaking (150–200 rpm) (see
Note 3).

11. Add 100 μL of LB medium containing 50 μg/mL kanamycin and 2 mM IPTG to
induce protein expression, and continue to incubate overnight (see Note 4).

3.3. Thermostability Screen

1. Prepare two replica 96-well assay plates for each growth plate by taking 20 μL
aliquots of cell culture from each well.

2. Incubate one of the two 96-well assay plates at a target temperature (it is set at
55°C in the first round screening) for 2 min in an oven (see Note 5). Take the
plate out and allow it to cool to room temperature. Add 200 μL of assay solution
containing 1 mM BES, 50 μM BTB and ~10 mM TCP, pH 7.8 (see Notes 6 and
7). Monitor the absorbance change for 8 min at 620 nm using a SpectraMax 96-
well plate reader. Calculate the enzyme activity (= initial activity) (see Note 8).

3. Incubate the second of the two 96-well assay plates at 55°C for 10 min in an
oven. Follow the same steps as described above and determine the enzyme activ-
ity (= residual activity).

4. Calculate the ratio of residual activity to initial activity (defined as the thermo-
stability index) for each variant. The positive variants should be those whose
thermostability indexes are higher than the parental enzyme and whose initial
activities are similar to or higher than the parental enzyme.
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3.4. Activity Screen

1. Prepare a replica 96-well assay plate for each growth plate by taking 20 μL ali-
quot of cell culture from each well.

2. Add 200 μL of assay solution containing 1 mM BES, 50 μM BTB, and ~10 mM
TCP, pH 7.8 (see Notes 6 and 7). Monitor the absorbance change for 8 min at 620
nm using a SpectraMax 96-well plate reader. Calculate the enzyme activity (see
Note 8).

3. Select variants with higher activity than the parental enzyme for further charac-
terization (see Note 9). These variants are purified from E. coli using Ni-NTA
Spin kit (Qiagen) according to the manufacturer’s instructions. The protein
expression levels of these variants are evaluated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). The enzyme activity is measured
in a 96-well plate reader using the pH-indicator-based dehalogenase activity assay
described above. The positive variants should be those whose protein expression
levels are similar to the parental enzyme, but whose activities are higher than the
parental enzyme.

4. Notes

1. The gene encoding RrDHL was previously cloned into a pTrcHis expression vec-
tor (Invitrogen, San Diego, CA) in a fusion protein construct (14). This fusion
protein construct contains an 11-amino acid poly-histidine tail at the N-terminus,
a 293-amino acid RrDHL enzyme, and a 13-amino acid EXFLAG peptide tail at
the C-terminus. Based on the crystal structure of the RrDHL enzyme, it seems
that the N-terminal peptide tail may block entrance of the substrate into the
enzyme active site. Thus, to eliminate potential adverse effect of this peptide tail
on enzyme activity, a new construct containing the RrDHL enzyme and a poly-
histidine tail at the C-terminus was created by cloning the RrDHL gene from the
genomic DNA of Rhodococcus rhodochrous TDTM-003 into pET24a(+) vector.
The expression of the RrDHL enzyme was induced by IPTG in E. coli and the
protein expression level was found to be about 15% of total cellular proteins. The
specific activity of the new construct toward TCP was 50% higher than the origi-
nal construct.

2. The transformation efficiency of B834(DE3) or other BL21-derived strains is
only 103–104 transformants per μg ligated DNA (~106 transformants per μg plas-
mid DNA) using either the electroporation method or the calcium chloride
method. Because of this low transformation efficiency, it is quite laborious and
time-consuming to create a library of more than 104 variants. To overcome this
problem, E. coli strains with very high transformation efficiency such as HB101
(>108/μg) and XL1-blue (>109/μg) may be used to create a library of plasmids
containing RrDHL variants. This library of plasmids is then transformed to
B834(DE3) to yield a large library of variants.
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3. To increase the reliability and sensitivity of the screening method, it is important
to ensure that cells grow very uniformly in the 96-well plates. Two small tricks
are very helpful. First, to minimize water evaporation of the medium, a wet paper
towel is added under each 96-well plate in the plate holder. Second, to avoid the
formation of cell clumps in the wells and provide enough aeration for normal cell
growth, a glass bead (3-mm diameter, Kimble Glass Inc., Vineland, NJ) is added
into each well acting as a stirring bar. In addition, it was found through experi-
ments that more soluble active enzymes per well were produced at 30°C than at
37°C. Also, the evaporation problem at 30°C was less severe than that at 37°C.
Thus, 30°C was used for optimal cell growth.

4. For optimal protein expression, the cells are induced at the mid-log growth phase.
After IPTG induction, the maximal protein expression level may be reached
within a few hours (5–6 h). The choice of overnight incubation is only for the
sake of convenience.

5. The 96-well assay plate is contained in an aluminum box made to closely fit the
plate, ensuring uniform heating. The specific incubation temperature is chosen
such that the thermostability index of the parental enzyme is 20–30% after a 10
min incubation. This temperature needs be adjusted for subsequent rounds of
screening when the thermostability of the enzyme has been increased. See Chap-
ters 11 and 12 for more on screening for thermostability.

6. It is extremely important to choose an appropriate pH indicator and buffer pair
for accurate measurement of dehalogenase activity. The main selection criterion
is that the pKa of the buffer and the pKa of the pH indicator should be as close to
equal as possible. BTB is chosen as the desired pH indicator mainly because it
works most sensitively between pH 6.0 and 7.6. The color of BTB will gradually
change from blue to yellow with increasing amount of protons generated by the
enzyme. BES is chosen because its pKa (7.1) is very close to that of BTB (7.0).
The BTB concentration is determined such that the initial absorbance at 620 nm
is ~1.2. The BES concentration (1 mM) is determined such that it is low enough
to maximize sensitivity, while high enough to ensure accurate measurements and
small pH changes throughout the assay. The small pH changes are important
because kinetic parameters may change with changing pH (12).

7. The maximal solubility of TCP in water is about 10 mM. To prepare the assay
solution, TCP is added in excess and mixed with other components using a stir-
ring bar for 1 h. Droplets of TCP can be seen at the bottom of the bottle contain-
ing the assay solution. Since the KM of the dehalogenase enzyme is about 1 mM,
the reaction rate should reach its maximum at saturated TCP.

8. The rate of absorbance change is correlated to enzyme activity in the unit of
μmol of product formation per min by a conversion factor. This conversion fac-
tor is determined by titrating the assay solution with HCl. For RrDHL, an OD620

change of –1.212 corresponded to 1 μmol of protons produced.
9. It is possible that the increased enzyme activity comes from increased protein

expression level caused by codon changes. Thus, to eliminate false positives, the
specific activity of the selected variants should be determined using purified
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enzymes. Because of the poly-histidine tag, a dozen variants can be purified in
0.5 h using a Ni-NTA Spin kit (Qiagen) and subjected to enzyme activity analy-
sis and protein expression analysis.
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