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22 SUMMARY:
23 Protocatechuate 3,4-dioxygenase (PCD) can enzymatically remove free diatomic oxygen from an
24 aqueous system using its substrate protocatechuic acid (PCA). This protocol describes the
25  expression, purification, and activity analysis of this oxygen scavenging enzyme.
26
27  ABSTRACT:
28 Single molecule (SM) microscopy is used in the study of dynamic molecular interactions of
29  fluorophore labeled biomolecules in real time. However, fluorophores are prone to loss of signal
30 via photobleaching by dissolved oxygen (0;). To prevent photobleaching and extend the
31 fluorophore lifetime, oxygen scavenging systems (OSS) are employed to reduce O,. Commercially
32  available OSS may be contaminated by nucleases that damage or degrade nucleic acids,
33  confounding interpretation of experimental results. Detailed here is a protocol for the expression
34  and purification of highly active Pseudomonas putida protocatechuate-3,4-dioxygenase (PCD)
35 with no detectable nuclease contamination. PCD can efficiently remove reactive O; species by
36 conversion of the substrate protocatechuic acid (PCA) to 3-carboxy-cis,cis-muconic acid. This
37 method can be used in any aqueous system in which O, plays a detrimental role in data
38 acquisition. This method is effective in producing highly active, nuclease-free PCD compared to
39 commercially available PCD.
40
41 INTRODUCTION:
42  Single molecule (SM) biophysics is a rapidly growing field changing the way certain biological
43  phenomena are viewed. This field has the unique ability to link fundamental laws of physics and
44  chemistry to those of biology. Fluorescence microscopy is one biophysical method that can
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achieve SM sensitivity. Fluorescence is used to detect biomolecules by linking them to small
organic fluorophores or quantum dots®. These molecules can emit photons when excited by
lasers before photobleaching irreversibly?. Photobleaching occurs when the fluorescent labels
undergo chemical damage, which destroys their ability to excite at the desired wavelength?3. The
presence of reactive oxygen species (ROS) in aqueous buffer are a primary cause of
photobleaching*. Additionally, ROS can damage biomolecules and lead to erroneous
observations in SM experiments>®. To prevent oxidative damage, oxygen scavenging systems
(0SS) can be used®”8, The glucose oxidase/catalase (GODCAT) system is efficient at removing
oxygen®, but it produces potentially damaging peroxides as intermediates. These may be
damaging to biomolecules of interest in SM studies.

Alternatively, protocatechuate 3,4 dioxygenase (PCD) can efficiently remove O; from an aqueous
solution using its substrate protocatechuic acid (PCA)”°. PCD is a metalloenzyme that uses
nonheme iron to coordinate PCA and catalyze the catechol ring-opening reaction using dissolved
0,%°. This one-step reaction is shown to be an overall better 0SS for improving fluorophore
stability in SM experiments’. Unfortunately, many commercially available OSS enzymes, including
PCD, contain contaminating nucleases!!. These contaminants can lead to the damage of nucleic
acid-based substrates used in SM experiments. This work elucidates a chromatography-based
purification protocol for the use of recombinant PCD in SM systems. PCD can be broadly applied
to any experiment where ROS are damaging substrates needed for data acquisition.

PROTOCOL:
1. Inducing PCD expression in E. coli

1.1. Combine 1 puL of pVP91A-pcaHG PCD expression plasmid (20 ng/uL, Figure 1A) and 20 uL
of E.coli BL21 (20 uL of commercially available cells, >2 x 10° cfu/ug plasmid) in a tube. Flick the
tube to mix. Place the tube on ice for 5 min.

1.2. Place the transformation at 42 °C for 30 s, then on ice for 2 min.

1.3.  Add 80 pL of SOC media (super optimal broth with catabolite repression: 2.5 mM KCl, 10
mM NaCl, 2% tryptone, 0.5% yeast extract, 10 mM MgS0O4, 10 mM MgCl,, 20 mM glucose). Shake
at 225 rpm and 37 °C for 1 h.

1.4. Plate the transformation reaction on LB Amp agar (1 L of Luria Broth agar: 10 g of NaCl,
10 g of bacto-tryptone, 5 g of yeast extract, 15 g of agar, 50 ug/mL ampicillin; 25 mL per 10 cm
diameter Petri dish).

1.5. Incubate the plate, lid facing down, at 37 °C for 16—18 h.
1.6. Inoculate 50 mL of LB Amp (1 L of LB: 10 g of bacto-tryptone, 10 g of NaCl, 5 g of yeast

extract, 50 ug/mL ampicillin) in a 250 mL Erlenmeyer flask with one colony. Incubate at 37 °C for
16-18 h while shaking at 225 rpm.
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1.7.  Transfer 20 mL of culture to a 4 L flask with 1 L of LB Amp. Shake at 225 rpm at 37 °C.

1.8.  Every hour, measure the culture ODsoo (optical density at 600 nm). As the culture ODgoo
nears 0.5, increase the frequency of measurements to every 15 min. The desired density of the
culture is 0.5 ODeoo.

1.9. Transfer the 4 L flask to a bin of ice. Swirl the flask in the ice bath to reduce the culture
temperature.

NOTE: The time on ice should be kept to a minimum so that the cells remain metabolically active.
Ideally, the cells will be on ice for less than 10 min.

1.10. Successful induction of PCD can be observed by denaturing sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Harvest 1 mL of the uninduced culture
in a tube. Spin the sample 1 min at 14,000 x g in a microfuge at ambient temperature. Decant the
supernatant.

1.10.1. Solubilize the pelleted cells in 150 pL of phosphate buffered saline (PBS).

1.10.2. Add an equal volume of 2x loading dye (1.2% SDS, 30% glycerol, 150 mM Tris-HCI, pH 6.8,
0.0018% bromophenol blue, 15% B-mercaptoethanol). Vortex the sample to mix thoroughly.

1.10.3. Boil the sample for 3 min and transfer to ice. The sample can be stored in a -20 °C freezer
for future analysis.

NOTE: PBS is commercially available with or without CaCl, and MgCl,. Many laboratories will have
PBS without CaCl, and MgCl; for cell culture methods. We have found no difference with PBS
with or without CaCl; and MgCl,.

1.11. Transfer the 4 L flask to an incubator at 17 °C and 180 rpm. Continue to monitor the ODsgo
every 20 min.

1.12. At 0.7 ODeoo add isopropyl-beta-D-thiogalactopyranoside (IPTG) to 0.5 mM final
concentration (0.25 M stock solution) and 10 mg/L ammonium iron (Il) sulfate hexahydrate
[Fe(NH4)2(SO4)2, 10 mg/mL stock solution]. PCD genes pcaH and pcaG are induced from the T5
promoter by the addition of IPTG (Figure 1A). Iron sulfate is bound by PCD and required for
catalytic activity by coordinating oxygen during catechol opening.

1.13. Shake the culture at 180 rpm and 17 °C for 18 h.

1.14. Place the culture flask in ice as performed in step 1.2. Harvest 1 mL of the induced cells
for SDS-PAGE as performed in step 1.3.
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1.15. Pour the bacterial culture to bottles appropriate for centrifugation. A 1 L culture may be
centrifuged in four 250 mL conical bottom bottles. Pellet the culture at 4 °C and 3000 x g for 20
min. Decant the supernatants. Dispose of bacterial liquid waste appropriately.

1.16. Pipet to resuspend the pellets in 25 mL of cold PBS (CaCl, and MgCl, are optional) per 1 L
of culture.

1.17. Transfer the resuspension to 50 mL conical tubes (one 50 mL tube per 1 L of culture).
Pellet the cells at 3000 x g and 4 °C for 20 min. Decant the supernatant and dispose appropriately.

1.18. Resuspend the cells in 10 mL of lysis buffer [300 mM NaCl, 50 mM Tris-HCI, pH 7.5, 20
mM imidazole, 10 % glycerol, 800 ng/mL pepstatin, 1 ug/mL leupeptin, and 87.1 ug/mL
phenylmethylsulfonyl fluoride (PMSF)] by pipetting. Freeze the resuspension with liquid nitrogen
in a Dewar flask. Store the sample tubes in a -80 °C freezer (we have previously purified PCD from
pellets stored at -80 °C for 1 year with no apparent loss of activity).

1.19. Compare the uninduced and induced cells by SDS-PAGE.

NOTE: We have had no difficulty with induction of PCD heterodimer. However, it is
recommended to test the induction before continuing with the purification in the event any
reagent has expired unexpectedly.

1.19.1. Assemble plates for SDS-PAGE (dimensions: 7.3 cm x 8.3 cm x 0.75 mm thick). The stacking
gel is 1.5 mL of 6% polyacrylamide (6% acrylamide, 125 mM Tris-HCI, pH 6.8, 0.1% SDS, 0.1%
ammonium persulfate, 0.001% TEMED). The resolving gel is 3.5 mL of 12% polyacrylamide (12%
acrylamide, 375 mM Tris-HCl, pH 8.8, 0.1% SDS, 0.1% ammonium persulfate, 0.001% TEMED).
Insert a 10-well comb to the stacking layer.

1.19.2. Load 10 pL of uninduced and induced bacterial samples. Load 4 uL of prestained
molecular weight markers for proteins (Figure 1B).

1.19.3. Electrophorese the gel at 16.5 V/cm for approximately 1 h. The bromophenol blue should
reach the bottom of the gel.

1.19.4. Place the gel in a Coomassie Blue stain (10% acetic acid, 40% methanol, 0.1% Coomassie
Blue dye) in a plastic tub. The stain should completely immerse the gel. Stain at ambient
temperature for 20 min. Gentle rotation during staining is optional.

1.19.5. Replace the solution with destain (10% acetic acid, 40% methanol). Incubate at ambient
temperature with optional gentle rotation until protein bands are readily visible.

1.19.6. Replace the destain with deionized water. Among the bacterial proteins, the induced PCD
subunits should be visible in the induced cells. A hexahistidine-tagged PCD subunit pcaH has a
molecular weight of 28.3 kDa, and the pcaG subunit is 22.4 kDa. If the PCD subunits are not



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

apparent, a new induction derived from a novel colony should be performed.
2. Nickel affinity chromatography purification of PCD

2.1. Thawonice one of the 50 mL tubes of induced cells. It may take 2—3 h to completely thaw
the sample.

2.2.  Keeping the tube on ice, sonicate the sample at 30% amplitude for 1 min, cycling 1 s on
and off. Use a tapered microtip (diameter 0.125 in) sonicator. Maximum power is 400 W, and
frequency is 20 kHz per 1 L of culture pellet.

2.3.  Following sonication, add lysozyme to 0.2 mg/mL final concentration (10 mg/mL stock
solution) and keep on ice for 30 min at 4 °C.

2.4.  Pour the bacterial lysate into a pre-chilled polycarbonate bottle (dimensions: 25 mm x 89
mm). The bottle should be compatible with a fixed angle ultracentrifuge rotor. Other tubes
and/or rotors may be substituted, but the final gravitation force should be maintained.

2.5. Centrifuge for 60 min at 120,000 x g and 4 °C. Cellular debris will form a pellet. The
supernatant may appear yellow.

2.5.1. The pellet may be included in subsequent SDS-PAGE analysis to determine the solubility
of PCD (Figure 1B). Solubilize the pellet by vortexing in 10 mL of PBS. Transfer 150 pLtoa 1.5 mL
tube. Prepare the sample for SDS-PAGE as done in step 1.3.

2.6.  Pour the supernatant to a cold 50 mL conical tube. Note the volume. Contamination of
the supernatant with bacterial DNA may yield a viscous sample. The bacterial genomic DNA could
block the column flow. The ultracentrifugation step (step 2.2) should be repeated to pellet the
bacterial DNA. A pellet from this second spin may not be readily visible or may be transparent.

2.7.  Make 500 mL of Ni Buffer A (300 mM NaCl, 50 mM Tris-HCl, pH 7.5, and 10% glycerol, 800
ng/mL pepstatin, 1 ug/mL leupeptin, and 87.1 ug/mL PMSF) and 500 mL of Ni Buffer B (300 mM
NaCl, 50 mM Tris-HCl, pH 7.5, 10% glycerol, 800 ng/mL pepstatin, 1 ug/mL leupeptin, and 87.1
ug/mL PMSF, 250 mM imidazole, pH 8.0). Pass both Ni Buffers through 0.2 um pore filters.

2.8. The sample, buffers, and FPLC (fast protein liquid chromatography) system are in a
refrigerated room at 4 °C. Wash pump A with Ni Buffer A and pump B with Ni Buffer B. Wash the
system with 20 mM imidazole (8% Ni Buffer B, 92% Ni Buffer A) until the UV and conductivity
stabilize. We routinely flow buffers at 5 mL/min with a 1.0 MPa pressure limit. The flow rate and
pressure limit should be determined by the specifications of the FPLC instrument used.

2.9. Prepare a column with 1.5 mL of nickel-charged resin (dimensions: 110 mm lengthwise x
5 mm). The resin binding capacity is 50 mg/mL and can tolerate 1 MPa pressure. A column may
be poured and stored at 4 °C before purification.
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NOTE: The size of the column may be proportionally increased to accommodate more than one
50 mL tube of induced cells if more protein is required. We prefer a fresh column for each
preparation to ensure that no residual proteins contaminate our desired protein. However, nickel
resins may be recycled according to the manufacturer’s instructions.

2.10. Attach the column of nickel-charged resin to the FPLC. Run 20 mL of 92% Ni Buffer A and
8% Ni Buffer B (20 mM imidazole) at 0.5 mL/min with a 0.5 MPa pressure limit through the
column to equilibrate. In real time the FPLC should measure Azso (280 nm UV absorbance) as well
as conductivity. If these values have not stabilized after 20 mL volume has passed through the
column, flow the buffers until they have stabilized.

2.11. Load the sample to the column (~10 mL) at 0.15 mL/min. Set the pressure limit to 0.5
MPa. Collect the flow through.

2.12. Wash the column with 20 mL Ni Buffer at 20 mM imidazole (92% Ni Buffer A and 8% Ni
Buffer B). Retain the wash in a 50 mL tube for analysis. Wash the column with 15 mL of 50% Ni
Buffer A and 50% Ni Buffer B (125 mM imidazole). Collect the elution in 19 fractions of 0.8 mL
each. Wash the column with 15 mL 100% Ni Buffer B. Collect an additional 75 fractions of 0.2 mL
each.

NOTE: Some PCD heterodimer will elute in the 50% Ni Buffer B wash, but the majority of the
heterodimer will elute in the 100% Ni Buffer B wash.

2.13. Analyze collected fractions on 12% SDS-PAGE gels to confirm presence of PCD. Add equal
volumes of 2X loading dye to the flow through, wash, and peak Aso fractions. Boil for 3 min.
Transfer to ice. Pour two 12% SDS-PAGE gels (as done in step 1.7). Repeat the gel method as
described in step 1.7.

3. Nuclease activity assay

3.1. Based on the SDS-PAGE analysis, identify nickel affinity fractions that contain nearly pure
PCD. Combine 5 uL of chromatography fraction and 500 ng of 3 kb supercoiled plasmid pXba+ in
reaction buffer (50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 5 mM MgCl;, 0.1 mM DTT) with a final
volume of 50 pL.

3.1.1. Incubate at 37 °C for 1 h.

3.1.2. Include a negative control (no added protein) and positive control (commercially available
PCD). Stop the reaction with 10 pL of stop solution (150 mM EDTA, pH 8.0, 0.6% SDS, 18%
glycerol, 0.15% Orange G).

3.1.3. Keep the samples in a -20 °C freezer to be analyzed later. Any supercoiled plasmid may
be used in a nuclease assay as long as the supercoiled and relaxed circle reaction products can



265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
2901
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

be resolved by agarose gel electrophoresis.

3.2.  Pour 120 mL of 1% agarose gel in 1x TAE ethidium buffer (40 mM Tris-acetate, 1 mM
EDTA, 0.5 pg/mL ethidium bromide) in a gel cast (dimensions: 15 cm x 10 cm). Use a 15-well comb
(well dimensions: 5 mm x 1.5 mm). When the gel has set, immerse it in 1x TAE ethidium buffer.

3.3.  Analyze 30 pL of the reactions by agarose gel. Electrophorese at 10 V/cm at ambient
temperature for approximately 1 h. The Orange G dye front should be at the end of the gel.

3.4. Use a fluorescent scanner to immediately image the ethidium bromide signal of the gel.
If a 3 kb plasmid was used, the slowest band will be relaxed circles at ~3.5 kb, linear DNA will run
at 3 kb, and supercoiled plasmid will have the fastest mobility at ~2 kb.

3.4.1. Calculate the total pixel volume of each lane with image analysis software.

3.4.2. Determine the pixel volume of the various DNA species, such as supercoiled, linear, and
nicked circles. Use these values to determine the percentage of each DNA species. For example,
increased presence of nicked circles associated with a fraction compared to the negative control
indicates the presence of nuclease. The pixel volume of nicked circles in a lane is divided by the
pixel value of total DNA. Determine a percentage by multiplying this number by 100.

3.5. Combine fractions from the second elution peak that contain nearly pure PCD
heterodimer based on SDS-PAGE analysis and have minimal to undetectable nuclease activity.
Our typical pooled volume is ~2 mL.

3.6. Load the sample to a centrifugal filter unit with a 10 kDa molecular weight cutoff.
Centrifuge in a swinging bucket centrifuge at 4000 x g and 4 °C for 40 min. Alternatively, a 35°
fixed angle rotor may be used at 7500 x g and 4 °C for 20 min.

3.6.1. Repeat the centrifugation until the final retentate volume is 100—200 p.L.

3.6.2. Invert the filter unit and recover the retentate by centrifugation at 1000 x g and 4 °C for
2 min.

4. Size exclusion chromatography purification of PCD

4.1. Make 250 mL size exclusion chromatography (SEC) running buffer (100 mM NaCl, 50 mM
Tris-HCl, pH 7.5, 10% glycerol, 0.1 mM EDTA, 800 ng/mL pepstatin, 1 ug/mL leupeptin, and 87.1
pg/mL PMSF). Pass the buffer through a 0.2 um pore filter and store at 4 °C.

NOTE: Perform all steps in a refrigerated room at 4 °C. SEC purification is optional, but the protein
should be stored in SEC running buffer. If SEC purification is omitted, the retentate collected in
step 3.6.2 should be dialyzed against 1 L of SEC buffer in 10 kDa MWCO (molecular weight cut
off) dialysis tubing at 4 °C overnight.
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4.2. Equilibrate a cross-linked agarose SEC (size exclusion chromatography) column
(dimesions: 10 mm x 300 mm; 24 mL bed volume; 25-500 pL sample volume; 1.5 MPa pressure
limit; 2 x 10° Da exclusion limit; 1 to 300 kDa separation) with SEC Running Buffer at 0.5 mL/min.

NOTE: If desired alternative size SEC columns may be used.

4.3. Loadthe concentrated fractions to a 200 pL volume injection loop. Load the sample at 0.5
mL/min to the column. SEC resolution increases with smaller load volume. Elute with 23 mL of
SEC running buffer and collect 94 fractions of 250 uL each. The SEC chromatogram should resolve
asingle Axso peak that is the PCD heterodimer (we have found that PCD elutes 8.9 mL). The elution
timing will change with alternative SEC columns.

5. PCA oxidation and nuclease activity assays

5.1. Reactions to assay both oxidation of PCA and nuclease activity are performed in a 96-well
flat-bottom plate. Assemble reactions in a 96 well plate on ice in a 4 °C cold room to prevent
premature catalysis. Combine in a final volume of 50 pL: 130 mM NaCl, 50 mM Tris-HCI, pH 7.5,
5 mM MgCl;, 0.1 mM DTT, 5 mM PCA, 10 ng/mL supercoiled plasmid pXba+, and 10 pL of
individual PCD SEC fractions.

NOTE: The PCD SEC fractions should be added last and immediately before analysis, as the protein
will begin catalysis at the time of addition.

5.2. PCD oxidation of PCA results in reduced absorbance of PCA at 290 nm (A290). Transfer the
96 well plate to the plate holder of a plate reader set to an internal temperature of 37 °C. Retract

the plate holder into the instrument and measure Aq at 20 s intervals for 1 h. Have the
instrument shake the plate 5 s before each reading.

5.3.  After1h, terminate the reactions by adding 10 pL of stop solution (150 mM EDTA, pH 8.0,
0.6% SDS, 18% glycerol, 0.15% Orange G).

5.4.  Prepare, load, and run an agarose gel as done in step 3.2.
5.5. Image and analyze the agarose gel as done in step 3.3.

5.6. Select fractions with the most PCA oxidation activity and no observed nuclease
contamination for long-term storage at -80 °C. Measure the Aso.

5.7.  Calculate the total PCD concentration using the Aso and the extinction coefficient (g2s0)
of 734,700 Mlcm™.
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5.8.  Snap freeze individual fractions in liquid nitrogen. Store in a -80 °C freezer. Alternatively,
combine active, nuclease-free fractions, aliquot, and freeze in the same way. Our typical yield is
1-2 mg PCD per 1 L of culture. Typical use in a SM experiment is 3 pug of PCD. We have previously
used PCD stored at -80 °C for up to 1 year with no decrease in activity.

REPRESENTATIVE RESULTS:

Commercially available oxygen scavenger PCD is frequently contaminated with a DNA nuclease.
Contaminating nuclease activity could lead to spurious results in fluorescent studies, particularly
studies that analyze DNA or DNA interacting proteins. It was found that recombinant PCD, a
heterodimer of hexahistidine tagged pcaH and pcaG, was expressed in E. coli (Figure 1). The
heterodimer was first purified by nickel affinity chromatography (Figure 2). PCD was eluted over
the course of two steps of imidazole concentrations. Chromatography fractions were analyzed
by SDS-PAGE. Fractions of nearly pure PCD were concentrated and further purified by SEC (Figure
3). SEC fractions were individually analyzed for both PCA oxidation activity and nuclease activity
(Figure 4). Fractions that displayed high oxidation activity and no apparent nuclease activity were
assayed for protein concentration and kept in a -80 °C freezer for experimental use.

FIGURE AND TABLE LEGENDS:

Figure 1: Induction of PCD in E. coli. (A) pVP91A-pcaHG is shown with the pcaG (a) and
hexahistidine-tagged pcaH (B) PCD subunits. (B) Representative SDS-PAGE gel of PCD induction.
Molecular weights are indicated on the left. The mobilities of 28.3 kDa hexahistidine-tagged pcaH
and 22.4 kDa pcaG are on the right. Uninduced E. coli (Un), induced E. coli (In), the pellet following
E. coli lysis and ultracentrifugation (P), the supernatant following ultracentrifugation to be loaded
to a nickel column (S), representative fraction following nickel chromatography (Ni), and
representative fraction following SEC (SE). This figure has been modified from a previous
publication!?.

Figure 2: Nickel affinity chromatography purification of PCD. (A) Chromatogram of nickel affinity
chromatography of PCD. The Azso is shown in blue and the percent concentration of Ni Buffer B
isshown inred. The sample was loaded in a low 20 mM imidazole concentration. The flowthrough
(FIw Thr) shows the soluble bacterial proteins that did not bind to the nickel resin. The column
was washed with 20 mL of 20 mM imidazole buffer. A second 15 mL wash was performed with
125 mM imidazole. Elution of PCD was performed with 250 mM imidazole. Some PCD eluted in
the presence of 125 mM imidazole, but the majority of the protein eluted in 250 mM imidazole.
(B) Representative SDS-PAGE analysis of nickel affinity fractions. The load, flowthrough (Flw Thr),
and first wash showed the successful induction of PCD, the soluble bacterial proteins that did not
bind the nickel resin, and the minimal proteins observed during the first wash, respectively.
Several fractions throughout the second wash and elution steps are shown. Fractions from the
second wash included PCD protein but also displayed detectable higher molecular weight
contaminants. Fractions from the elution step appeared to be free of contaminants. Molecular
weights are shown on the left. Mobilities of pcaH and pcaG are shown on the right. (C) Agarose
gel of nuclease assay. The nickel affinity column load, flowthrough, wash, and multiple fractions
were tested for nuclease activity. A negative control (control) is the plasmid without added
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protein. A positive control (PCD?) is a commercially available PCD known to be contaminated with
a DNA nuclease. DNA species are indicated on the right as small fragments (SF), supercoiled (SC),
linear (LN), nicked circle (NC), and nicked dimer (ND). (D) Quantitation of the various DNA species
observed in the agarose gel nuclease assay. The total pixel volume of each lane was measured.
The pixel volume of each DNA species was determined and expressed as a percentage of the total
pixel volume in the lane. The negative control was 81.7% supercoiled with 14.4% nicked circles.
The positive control displayed a significant increase of 46.0% nicked circles. The load and
flowthrough contained bacterial nucleases that converted the plasmid and contaminating
bacteria DNA to small fragments. The first wash at 20 mM imidazole also appeared to contain
significant nuclease activity, resulting in linear and nicked circles. Fractions 4-7 from the second
wash at 125 mM imidazole also displayed significant nuclease activity (particularly, fractions 4
and 5 that generated observed linearized plasmid). Fractions 29-38 from the elution step
appeared more similar to the negative control. In this example, fractions 29-38 were chosen to
be combined, concentrated, and further purified by SEC. This figure has been modified from a
previous publication®?.

Figure 3: SEC purification of PCD. (A) Chromatogram of SEC of PCD fractions following nickel
affinity chromatography. The Azso is shown in blue and elution fractions are indicated. PCD eluted
from SEC as a single apparent peak. (B) Representative SDS-PAGE analysis of SEC fractions 33-48.
The load is the concentrated PCD following nickel affinity purification. Fractions 33-48 span the
apparent SEC peak. No detectable contaminants were observed. (C) Agarose gel of nuclease
assay. The SEC load and multiple fractions were tested for nuclease activity. A negative control
(control) is the plasmid without added protein. A positive control (PCD?) is a commercially
available PCD known to be contaminated with a DNA nuclease. DNA species are indicated on the
left as supercoiled (SC), nicked circle (NC), and nicked dimer (ND). (D) Quantitation of the various
DNA species observed in the agarose gel nuclease assay. The total pixel volume of each lane was
measured. The pixel volume of each DNA species was determined and expressed as a percentage
of the total pixel volume in the lane. The negative control was 82.1% supercoiled with only 13.7%
nicked circles. The positive control displayed a significant increase of 64.8% nicked circles. The
SEC load displayed no apparent nuclease activity due to judicious choice of fractions from the
nickel affinity purification. Similarly, fractions 33-48 appeared similar to the negative control. For
example, fraction 36 was 82.5% supercoiled and 13.2% nicked circle. In this example, fractions
36 and 37 were chosen to be quantified, frozen, and kept in a -80 °C freezer for future
experimental use. This figure has been modified from a previous publication??.

Figure 4: PCA oxidation and nuclease activity of PCD SEC fractions. PCA oxidation was measured
by A2g. As PCD oxidized the PCA molecule, the Ayqo decreased. PCA oxidation was measured
every 20 s for 1 h. A negative control with no added PCD fraction (blue line) showed no change
in Axg0, indicating the PCA molecule was stable. Data from three representative SEC fractions (36
in red, 33 in orange, 39 in yellow) show that purified PCD reduced the A.q, indicating oxidation
of PCA. This figure has been modified from a previous publication®?.

DISCUSSION:
Oxygen scavenging systems are commonly included in single molecule fluorescence microscopy
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to reduce photobleaching®”:8. These microscopy techniques are often used to observe nucleic
acids or protein interactions with nucleic acids*3>14, Contamination of OSSs with nucleases may
lead to spurious results.

Commercially available OSSs, including GODCAT and PCD, have been shown to include significant
nuclease contamination®!. It is possible to purchase PCD and employ SEC to remove the nuclease
contaminant!!. However, the price of commercially available PCD from one vendor increased
five-fold following the publication of that method. This method generates a highly active,
nuclease-free PCD heterodimer and can conceivably be performed within 1 week. In our
experience, the amount of PCD generated by a 1 L culture (1-2 mg) is sufficient forl year of
experiments (3 ug/experiment) in a productive laboratory with two fluorescent imaging systems.

Induction efficiency is key to the success of this method. If the PCD heterodimer is not efficiently
induced and apparent by SDS-PAGE, the purification will be unsuccessful. Two alternative
strategies may be performed. First, it is recommended to attempt induction from a different
colony on the E. coli transformation plate. Second, we have had previous success with BL21, but
an alternative E. coli strain for expression, such as BL21 pLysS, may be used. Success of the PCA
oxidation assay relies on minimal exposure of the substrate to the PCD before starting the assay.
It is highly recommended to assemble the 96-well plate reactions on ice in a cold room and add
the protein sample immediately before loading the plate to the reader.

Nickel affinity chromatography may be sufficient to identify fractions of pure PCD with no
contaminating nuclease activity. In this case, it is possible to eliminate the SEC purification.
However, the nickel chromatography fractions should be combined and dialyzed overnight at 4
°C in SEC running buffer. The glycerol present in the SEC running buffer is important for storage
at -80 °C.
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article: |Expression and purification of nuclease-free oxygen scavenger
protocatechuate 3,4-dioxygenase

Author(s):

Ryan K. Messer, Miguel A. Lopez Jr., Gayan Senavirathne, Kristine E. Yoder

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:
Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JOVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JOVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JOVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JOVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JOVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JOVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.



VISUALIZED

discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
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Editorial comments:
The manuscript has been modified and the updated manuscript, 59599 RO0.docx, is
attached and located in your Editorial Manager account. Please use the updated version
to make your revisions.

Revisions have been made to the updated manuscript.

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that
there are no spelling or grammar issues.
We have proofread the manuscript.

2. Please obtain explicit copyright permission to reuse any figures from a previous
publication. Explicit permission can be expressed in the form of a letter from the editor
or alink to the editorial policy that allows re-prints. Please upload this information as a
.doc or .docx file to your Editorial Manager account. The Figure must be cited
appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”
We asked Elsevier for permission to reproduce figures on January 29. They claim to
respond within 10 days, but we have not had a response. It has been 12 days. We
published versions of these figures with an open access license agreement. We aren’t
sure if this means we do not require their permission and will contact Elsevier again.

3. Please do not abbreviate journal titles for all references.
Journal titles have been updated.

4. Unfortunately, there are a few sections of the manuscript that show significant overlap
with previously published work. Though there may be a limited number of ways to
describe atechnique, please use original language throughout the manuscript. Please
check the iThenticateReport attached to this email.
We have thoroughly changed the language to be original. However, iThenticateReport
continues to identify our names and affiliations as well as recipes as not original. These
are not things that can be changed.

5. JOVE cannot publish manuscripts containing commercial language. This includes
company names before an instrument or reagent. Please remove all commercial
language from your manuscript and use generic terms instead. All commercial products
should be sufficiently referenced in the Table of Materials and Reagents. Examples of
commercial language in your manuscript include SpectraMax, etc.

We have removed instances of commercial language.

6. Please use and h, min, s for time units.
We have made these changes.

7. Please split some long steps into more sub-steps so that each step contains only 2-3
actions and is less than 4 lines.
Long steps have been split to sub-steps.

8. Figure 1B: Please add a unit.
Done.

9. Figure 2B, 2C: Please add a unit.
Done.
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10. Figure 3B, 3C: Please add a unit.
Done.

11. Step 5.1: Please ensure that all text is written in the imperative tense.
Changed.

Reviewers' comments:

Reviewer #1:
| agree with publication in the present form.
Excellent.

Reviewer #2:

I have only a few minor comments/suggestions:
1. The authors mention several times throughout the protocol that a buffer can be used
with or without CaCl2 and MgCl2. Maybe the authors could add a short note on when
they would recommend to use either one of them?

A note has been added.

2.In step 1.1, could the authors mention the composition of the SOC media?
The recipe has been added.

3. In step 1.3, a small aliquot of the uninduced culture is harvested for comparison with
the induced culture at a later stage, while leaving the 4 L flask on ice. Is there any time
sensitivity to this step, i.e., how long can you leave the flask on ice?

We have added text.

4. In step 2.5, a nickel-charged resin is prepared. Should one use a freshly prepared
column every time or would it be possible to reuse this column a few times for this
protocol? For example, if the yield was for some reason low, and you want to redo the
expression again within a short time? In my experience the amounts that one requires for
a year's worth of experiments mentioned in the discussion and step 5.4 are a bit on the
low side, so one might want to do the expression more often.

We now address this in the text. We prefer freshly prepared columns. A larger column

can be used to purify more protein.

5. Since the authors mention the imidazole concentration in step 2.6, maybe they could
mention it explicitly in step 2.7 as well?
We have added this to the text.

6. In section 4 the SEC purification is described, but in the discussion it is mentioned
that this step is optional, although storing the PCD in the SEC running buffer is
important. Maybe the authors could add a short note to section 4 discussing this here as
well?

A note has been added to section 4.

7. How long could the pure PCD be stored at -807?
We have added text indicating our experience is up to one year.



8. How often does it happen that the PCD heterodimer is not efficiently induced? Is this
often enough that it is important to do the SDS-PAGE checks every time?
We have not had difficulty inducing PCD, but it is good practice to ensure induction has
occurred. A note has been added to the text.

In the table of materials, a few components seem to be missing:
-PBS
-SOC media
-Mercaptoethanol
-Bromophenol blue
Maybe the authors could go through the list again and make sure all components are
listed.
The list has been updated.



