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Figure 1-2: Cartoon view of metal binding site of MnSOD.

3D structure is based on the published SOD structure 1D5N.pdb.*® The figure was
generated by Miller using Chimera.’® Numbering is based on the E. coli MnSOD.53%4%°
The redox active metal ion Mn®"?* is depicted as a violet ball trigonal bipyramidally
coordinated by the side chains, three His, one Asp (His26, His81, Asp167, His181) and a
solvent molecule to form a coordination polyhedron at first shell.” A hydrogen bond
network also extends from the metal bound solvent molecule to amino acid side chains
Tyr34, GIn146, Asn80 and Trp128 and His30 at the dimer interface.
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His171

Figure 1-3: Overlay of the active site of E. coli FeSOD (orange skeleton) and
MnSOD (magenta skeleton).

The structure is based on structure published by Lah et al,?® 11SB for FeSOD and
1MMM for MnSOD.? Figure was generated by Miller, using Chimera.’® Numbering of
amino acid is based on the E. coli FeSOD and MnSOD.>3**% Redox active metal ion is
shown as a rust-colored sphere coordinated by the side chains of three His, one Asp (His26,
His81, Aspl167, His181) and a solvent molecule giving a trigonal bipyramidal coordination
polyhedron.” 21254 A hydrogen bond network (aqua) also extends from metal bound solvent
molecule to amino acid side chains Try34, GIn69, Asn74 and Trp122 at the dimer interface.
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Figure 1-4: The cartoon model for different redox potentials tuning.

The cartoon is used to demonstrate the different redox potentials tuning of the
catalytic metal ion Fe®’?*(orange square) and Mn*"?* (purple circle) applied by iron
specific superoxide dismutase (FeSOD) (yellow square) or manganese specific superoxide
dismutase (MnSOD) (violet circle). Apo-protein are symbols, yellow square for apoFe-
SOD, voilet circle for apoMn-SOD, without the metal ion at the center. Potentials are vs
NHE and marked on the vertical axis. Those of superoxide’s reactions are from Sawyer
and Valentine.>* NHE = Normal hydrogen electrode. Figure was generated by the courtesy
of Miller.1°
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Chapter 2 Overexpression, Purification and Characterization of E.coli MnSOD in
Ox326-A cells
2.1 Introduction

As one of the essential proteins for aerobic organisms, superoxide dismutase (SOD)

is an oxidoreductase that catalyzes the disproportionation of superoxide radicals (O2") into
hydrogen peroxide (H202) and dioxygen (O.) preventing the cellular accumulation of
superoxide. Four types of superoxide dismutase were identified, on the basis of their metal
cofactor: the manganese-containing (MnSOD), the iron-containing (FeSOD), the copper-
zinc-containing (CuZnSOD) and the nickel-containing SOD (NiSOD).8 The alignment of
the amino acid sequences and the crystal structures of FeSODs and MnSODs reveals
considerable homology, the same folding structure including the same ligand set for the
metal ion at active site.>® Thus FeSODs and MnSODs are considered as a single family

evolving from a common ancestor.®

Given their structural similarity, it is not a surprise to find that FeSODs and
MnSODs can unselectively coordinate metal ion at active site, either Fe or Mn. Mis-
incorporation of iron ion into E. coli MnSOD or vice versa in vivo was first noticed by
Beyer and Fridovich.?® Some members of the family of Fe- and MnSODs could even be
active with either Fe or Mn as the metal cofactor, referred to as cambialistic SODs.>® But
most SODs are much more catalytic active with either only Fe or Mn (metal-ion specific
activity). In order to profiles metalloprotein SODs, as a beginning preparation, developing
an efficient method would be very necessary for overexpression and isolation metallized

homogeneous protein with high catalytic activity and metal content.
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As traditional method, after completion of IPTG induction, the cells are typically
lysed by enzymatic treatment or mechanical disruption to liberate the desired protein.
Although this method are used extensively to cracking cell and releasing proteins, the
protein is contaminated by the undesired cellular content like the bulk of endogenous
proteins and nucleic acids. The traditional purification method requires a lot of

chromatographic steps to isolate the pure protein and takes a lot of time and materials.

Here the duration for IPTG induction and the following protein purification was
studied on Escherichia coli MnSOD protein. Both the overexpression level and catalytic
activity of MnSOD increases with longer IPTG induction time. Furthermore, we observed
the secretion of MnSOD into the bacterial growth medium upon long hours of IPTG
induction. SDS-PAGE analysis of supernatants of bacterial broth separating from bacterial
cells showed that secreted MnSOD accumulates as we extending the induction times.
Thereby MnSOD purified from secreted content has higher metal ion content than that of
proteins retained intracellularly, when using an E. coli Ox326-A (Sod") expression system.
The higher yield (~100 mg MnSOD per liter of cell culture) and higher quality of secreted
MnSOD isolated from the supernatant, in combination with the ease and speed with which
it can be purified, recommend our proposed harvesting and purification method as a

practical improvement over the conventional method.

2.2 Materials and methods:
The SOD-deficient E. coli strain (4sodAsodB) Ox326-A was the generous gift from

Prof. Steinman.>” The wild-type MnSOD gene from E. coli on the pET21 derivative pAKO!

1 Karapetyan, A. & Miller, A.-F., unpublished.
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was transformed into the Ox326-A cell line and stored as a 20 % glycerol stock in Luria-
Bertani medium with 50 pg/mL kanamycin and 50 pg/mL ampicillin at -80 °C. All cell
growth media used in this research were supplemented with 50 pg/mL kanamycin and 50
pg/mL ampicillin in order to keep positive colonies for the pAk0/Ox326-A strain and

eliminate other contamination.

Xanthine Oxidase, bovine heart cytochrome ¢ and nitroblue tetrazolium were
products of Sigma chemical Co. The resin G-25, DE-52 and CM-52 were products of
Whatman. Protein molecular weight standards were obtained from Bio-Rad Laboratories.
All other chemicals were of highest available quality and all operations utilized water from

a Millipore plus QPAK® purification system.

MnSOD was overexpressed from Ox326-A Escherichia coli (E. coli) which is a
double deletion strain lacking the chromosomal genes for both FeSOD and MnSOD
(AsodAsodB). Ox326-A was transformed with the sodA gene-bearing plasmid pET21
pAKO. The pAK0/Ox326-A cells in a glycerol stock were streaked onto an LB amp/kana
plate and incubated at 37 °C for 12 - 15 h. A single colony was picked from that plate and
inoculated 3 ml of LB (Luria Bertani) medium at 37°C 220 rpm for 12 — 15 h. Next 1 ml
of the 3ml LB cell culture was then transferred to 100 ml M9 medium and incubated for
another 12-15 h at 37°C 220 rpm. Finally, 20 ml of the 100 ml M9 medium cell culture
were transferred to 2 L of M9 medium. This 2 L cell culture was incubated at 37 °C 220
rpm. Until the optical density of the 2 L culture reached an ODgoo of 0.5 - 0.7, Mn-
nitrilotriaacetate (Mn-NTA) and IPTG was added to a final concentration of 10 uM and 50

pg/mL respectively, to trigger MnSOD protein overexpression. The cell culture in M9
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continued incubating with Mn-NTA and IPTG for another 12-16 hours, at 37 °C and 220
rpm until the cell density reached an OD600 of ~ 2.3. In order to prolong the log phase for
cell culture growth and extend time for correct protein folding and metal binding, selected
cultures experienced low-temperature interval by cooling in the refrigerator at 4 °C for
approximately 12 hours before returning to the shaker incubator at 37 °C and 220 rpm.
This was repeated once or twice, as profiled in Figure 2-4.

Two different purification methods were compared for obtaining pure MnSOD
protein. The conventional procedure 2.2.1 describes the purification of MnSOD from cells
harvested at the end of the cultures growth, whereas our new procedure 2.2.2 exploits
purification method based on our finding that MnSOD protein was secreted into the

medium.

2.2.1 Purification of MnSOD retained in the harvested cell pellet

Cells were harvested by centrifugation at 4 °C, 8000 rpm for 20 min. The cell pellet
was washed using wash buffer (5mM potassium phosphate, pH 7.4) and stored at -20 °C
until needed. Upon thawing the frozen cell pellet on ice for approximately 30 min, the cells
were suspended in cell suspension buffer (50 mM potassium phosphate, 1 mM EDTA, 0.5%
NaCl, 0.5% KCI, pH 7.4) to which was added lysozyme (10 mg/gram cell pellet). After
homogenizing the cell pellet to a smooth slurry, add protease inhibitor, 0.2 mg/ml (AEBSF,
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride), along with 0.1 mM CaCl..
Cells were ruptured by passage through a French press or Parr cell disruptor 4 — 5 times at
12000 — 15000 PSI. Then cell debris were separated from soluble proteins by centrifugation

at 63000 xg 4°C for 30 min.
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The supernatant (= soluble protein) was transferred to a beaker on ice. Solid KCl
was added gradually to the soluble protein solution to a final concentration of 0.1 M, while
stirring continuously. The solution was then incubated in 50 °C water bath for 3 min to
precipitate less thermally stable proteins. The solution was cooled by placing the beaker on
an ice bath without stirring for another 15 min. After cooling down, ammonium chloride
was added as the solid to produce 0.17-0.20 g/ml while stirring on ice over an interval of
at least 15 min. All the precipitate mostly proteins was removed by centrifugation at 63000
xg 4 °C for 30 min. The soluble protein remaining in the solution was concentrated using
an Amicon® ultra-30 centrifugal filter device with a 30,000 NMWL cut-off (Normal
Molecular Weight Limit), centrifuging at 4000 xg 4 °C for 20 min several times till the total

volume of the protein solution was reduced to 3 - 5 ml.

In the conventional chromatography method, the 3 — 5 ml concentrated protein
solution was loaded onto a G -25 sephadex column (5 cm x 40 cm) pre- equilibrated with
2-3 volumes of 5 mM potassium phosphate, pH 7.4, and eluted with 5 mM potassium
phosphate, pH 7.4. The elution fraction was collected and its absorbance at 280 nm was
monitored to identify protein-containing parts (280 = 86600 MZcm™? for MnSOD
dimers'%). Protein-containing fractions were then pooled and dialyzed overnight at 4 °C
against 12 L 5 mM potassium phosphate, pH 7.4. The resin column was washed with 5
mM potassium phosphate, pH 7.4 until the absorbance at 280 nm indicated no protein
remaining on the column. Finally for resin storage the column was washed with 2-3 column

volumes of 500 mM potassium phosphate, pH 7.4.
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After dialysis overnight, the desalted protein solution was concentrated to 3-5 ml
using an Amicon® ultra -30 centrifugal filter device. The concentrated protein was loaded
onto a anion exchange DE-52 column (5 cm x 45 cm) pre-equilibrated with 2-3 column
volumes of 5 mM potassium phosphate, pH 7.4 and eluted using a linear gradient of total
500 ml 5 mM — 200 mM potassium phosphate, pH 7.4. The elution was collected while
monitored of absorbance at 280 nm (£280 = 86600 M-‘cm™ for MnSOD dimers'?). Based
on the absorbance at 280 nm, the fractions containing MnSOD were further analyzed by
SDS-PAGE. Those fractions containing MnSOD were pooled first and concentrated to 3-
5 mL using an Amicon® ultra -30 centrifugal filter device. When the absorbance at 280
nm indicated no further protein eluting at this ionic strength, the column was washed with

2-3 column volumes of 500 mM potassium phosphate, pH 7.4.

Concentrated protein solution was loaded on a G-25 desalting column equilibrated
with 5 mM potassium acetate buffer pH 5.5 and eluted with the same buffer. Protein-
containing fractions were identified again based on their absorbance at 280 nm and pooled
and concentrated to 3-5 mL using an Amicon® ultra -30 centrifugal filter device. After
concentration, protein solution was loaded on a CM-52 cation exchange column (5 cm x
40 cm) pre-equilibrated with 2-3 column volumes of 5 mM potassium acetate, pH 5.5.
MnSOD was eluted using 5 mM potassium acetate, pH 5.5, as the flow-through, monitored
via absorbance at 280 nm (£280 = 86600 M~cm™ for MnSOD dimers'®). Based on the
absorbance at 280 nm the fractions containing protein were identified. When the
absorbance at 280 nm indicated no further protein eluting at this ionic strength, the CM-52
column was washed with 2-3 column volumes of 500 mM potassium acetate pH 5.5. The

peak fractions containing MnSOD were further analyzed and verified by SDS-PAGE.
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Those containing MnSOD and free of other proteins were pooled and concentrated to 3-5
mL using an Amicon® ultra -30 centrifugal filter device. The MnSOD pooled from the
elution fractions of the CM-52 column were further concentrated to a final MnSOD

concentration of ~ 1 mM and stored at 4 °C in the refrigerator.

2.2.2 Simplified purification of MnSOD secreted to the medium

Because considerable quantities of MnSOD were secreted into the growth medium
during the extended cell growth, we developed a simplified purification method directing
at the secreted protein in the medium. After the cell pellet had been collected from a 2 L
cell culture by centrifugation as described traditional purification method, the supernatant
was concentrated using a pressurized membrane filtration assembly (Advantec MFS Inc,)
with a Millipore 100 KDa NMWL (Normal Molecular Weight Limit) cutoff, ultracel
regenerated cellulose ultrafiltration discs, by applying an air pressure at ~ 50 psi until the
total volume of the supernatant was reduced to ~100 ml. Remove the possible cell debris
and other impurities of the ~100 ml supernatant by centrifugation 63000 xg for 30 min at
4 °C. Under ~ 50 psi air pressure, continue concentration of supernatant to ~ 30 mL using
a pressurized membrane filtration assembly (Advantec MFS Inc,) with a Millipore 30 KDa
NMWL (Normal Molecular Weight Limit) cutoff. Again remove the cell debris and
precipitate remaining in the supernatant from soluble proteins by centrifugation at 63000
xg for 30 min at 4 °C. Further concentration of solution to 10-15 mL was achieved using
an Amicon® ultra -30 centrifugal filter device at 4000 xg 20 min 4 °C several times. Add
EDTA to the protein solution to a final concentration of 1 mM to eliminate the external

unspecific metal binding. The concentrated supernatant was then transferred to a dialysis
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bag and dialyzed at 4 °C overnight against 12 L of 5 mM potassium phosphate, pH 7.4. The
next day, supernatant protein was further concentrated to 3-5 mL using an Amicon® ultra
-30 centrifugal filter device with a 30,000 NMWL (Normal Molecular Weight Limit), by
centrifuging at 4000 xg 4 °C for 20 min intervals. Concentrated 3 - 5 ml protein supernatant
was loaded on a sephadex G-25 desalting column pre-equilibrated with 2-3 column
volumes of 5 mM potassium phosphate, pH 7.4. The protein was eluted with 5 mM
potassium phosphate, pH 7.4. Fractions were collected and characterized with respect to
absorbance at 280 nm. The peak fractions at 280nm containing MnSOD protein were
further analyzed and verified by SDS-PAGE. Those fractions containing MnSOD but no

other proteins were pooled and concentrated to ~ 1 mM and stored at 4 °C in the refrigerator.

Optical absorption spectra were obtained with a Hewlett Packard model 8453 diode
array spectrophotometer. Protein concentrations were determined using molar absorptivity
at 280 nm, with extinction coefficients of 86600 M cm™, 91900 M cm™, and 89500 M

cm per dimer for MnSOD, FesubMn-SOD, and apoMn-SOD, respectively.®®

Superoxide dismutase specific activity was assayed following the method of

McCord and Fridovich.’

For qualitative assessment on the enzymatic activity of samples, the activity assay
was performed by native electrophoresis on 12 % polyacrylamide gels combining the
activity staining. The activity was visualized on non-denaturing polyacrylamide
electrophoretic gels by the method of Beauchamp and Fridovich.* The details is described

in the method of polyacrylamide gel electrophoresis.
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To run the SDS polyacrylamide gel electrophoresis, 1 ml of each sample was
collected from the cell culture at its indicated time. Samples were centrifuged at 12,000 xg
for 2 min. After removing the supernatant, add 150 pl SDS-PAGE sample buffer and 50
pl 4x SDS loading buffer to each cell pellet. If needed, save 200 ul of the supernatant in a
clean Eppendorf tube and add 120 pl SDS-PAGE sample buffer and 80 pl 4x SDS loading
buffer. After vortex mixing, samples were pretreated by heating at 90 - 95 °C for 10 min
and cooled on ice bath for another 5 min before loading 20 ul of each sample on the 12 %
SDS gel. Run the electrophoresis at 100 V for about 1 hours to separate the proteins by

size. Protein bands on the gel were stained with Coomaissie Brilliant Blue R250.

Specific activity was assessed qualitatively by resolving SOD using nondenaturing
PAGE (polyacrylamide gel electrophoresis) and staining using nitroblue tetrazolium (NBT)
and riboflavin.”® Nondenaturing PAGE was carried out with 4 — 12 % polyacrylamide gel
in a Tris-HCl/glycine buffer at pH 8.3.%° Each gel was loaded with ~50 pg of protein and
electrophoresed for 2-3 hours at 100 volts. The assay was conducted by soaking the gel in
0.3 mM NBT 30 mint and then 28 uM riboflavin 30 min in dark before irradiating with
UV light for 20-30 min. In this assay, SOD activity manifests itself as an absence of the
purple color that results from the reaction of photochemically-produced superoxide with
NBT to form blue formazan when irradiating with UV. As a control, to demonstrate the
identity and purity of protein samples, a duplicate gel was run in parallel but stained with
Coomassie brilliant blue R250 and de-stained by 10 % acetic acid, 50 % methanol and 40 %

H2O0 to reveal the location of protein bands.
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Metal content was determined by ICP-OES (Inductively Coupled Plasma — Optical
Emission Spectrometry)®! at Environmental Research and Testing Lab located in the room
316 of Raymond Building in College of Engineering College at University of Kentucky.
In order to account for possible contamination from the water as well as human error,
triplicate samples of protein solution, a water blank and a series of duplicate standardized
Mn ion solutions at different concentrations were prepared in parallel. 1 ml 0.1 M Nitric
acid (HNO3) was slowly added to each 1 ml protein sample (a 1:1 volume ratio) and the
mixture was incubated on ice for 10 -15 min. Each solution then was centrifuged at 13,000
rpm for 2 min to remove precipitated proteins and other impurities. To have enough volume
of solution for instrument, the supernatant were diluted by addition of 8 ml of distilled
water before being fed into the plasma. The light emitted by Mn atoms was detected at its
characteristic wavelength of 257.61 nm, 259.37 nm and 260.568 nm, by the optical
spectrometer. The light emitted by Fe atoms was detected at the characteristic wavelength
of 238.204 nm, 259.94 nm and 261.187 nm. A standard curve was constructed based on
the duplicate standard samples and used to determine the concentrations of Mn and Fe ion

of protein samples.

2.3 Results and discussion
2.3.1 Expression of MnSOD protein

Because m9 medium is a minimal medium requiring bacteria produce amino acids
and other essential complex molecules on their own, bacteria grow much slower than they
do in rich LB or defined medium. IPTG was added to the 2 L cell growth at 27 h when the
cell density at ODeoo reached 0.5 — 0.7 during exponential growth phase. To identify
MnSOD protein induced by IPTG, 1 ml worth of cells were collected approximately every
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single hour along the IPTG induction and subjected to SDS-PAGE. Figure 2-1
demonstrates overexpression of MnSOD by Ox326-A cell upon the addition of IPTG
(Isopropyl B-D-1-thiogalactopyranoside). MnSOD protein is clearly evident as indicated
by the target band on the SDS-gel in the red rectangle. The band of the target protein
MnSOD on the SDS-gel starts at 29 h, 2 hours after IPTG induction, indicating that cells
generated a lot of MnSOD which is an expected results for a much shorter period of time

of other IPTG induced protein overexpression in the rich medium.®?

2.3.2 Extension of growth period

To extend the time period of protein expression in the minimal medium m9
substantially, a 4 °C cooling interval was introduced at the process of cell cultivation as
profiled in Figure 2-2, instead of keeping the growing temperature constantly at 37 °C. As
shown in Figure 2-3, this method is effective for the growth of cell culture, OD600 reflected
that the desired bacteria grew continuously after experiencing cold shock, although the

cooling interval makes the growing time longer than normal.

In Figure 2-4 we showed the yield and quality of MnSOD protein expressed by
0Ox326-A growing for three different length of period time and cooling interval, 30 hours,
37 hours and 55 hours. MnSOD produced over 37 h and 55 h displayed average catalytic
activities of 10 — 15,000 U per mg protein or 10 — 13000 U per manganese site versus 10
— 13, 000 U per mg protein or 6 — 8000 U per manganese site upon 30 h cell growth.
MnSOD from longer hour growth of more mature cultures, 37 h and 55h, displayed better
catalytic activity determined via the xanthine/xanthine oxidase cytochrome c assay® and

meanwhile the cell density did not decline as culture aging up to 50 hours (Figure 2-3).

30



The total yield of MnSOD also increased with the extension of the culture time, an average
of ~ 5.5 mg/L MnSOD for 30 h, ~ 7.5 mg/L for 37 h and ~ 7.9 mg/L for 55 h culture time.
Although the mechanism for MnSOD cellular maturation is not well investigated and
understood so far, in the following cell growth, we decided to introduce the cooling interval
once to cell culture, slowing down the growth rate and extending the time interval for

protein synthesis because it could improve the yield and quality of MnSOD protein.

2.3.3 Protein secretion

The Mn-nitrilotriaacetate (Mn-NTA) was added to the medium for a second time
at a final concentration 10 uM about 3- 4 hours after IPTG induction, to make sure the
bioavailability of Mn ion. As the time interval for cell growth was extended substantially,
we found that the medium of the cell culture turned from light transparent to light grape

purple in color after about 40 hour growth (Figure 2-5).

To test the productivity of MnSOD protein by Ox-326A at the extended hours, the
cell protein was analyzed by SDS-PAGE as shown in Figure 2-6. The results confirmed
that the predicted 22 KD MnSOD was present upon the IPTG induction. We also had
expected that the intensity of MnSOD protein band on the SDS-PAGE would become
stronger along IPTG induction, since the cell density OD600 was increasing all the time
(Figure 2-4). In Figure 2-6 the corresponding background proteins in the lanes were
increased as expected, but the yield of MnSOD protein retained in cells diminished when
the hours for cell growth went up to 40 h as identified in the red rectangle. It is very clear
that under IPTG induction the amount of MnSOD retaining in the cells at 40 h was less

than that retaining in cells at 34 h (Figure 2-6). This reflected that the amount of internal
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cellular MnSOD was actually decreased when IPTG induction time intervals was extended

above 40 hours.

Because the color of the supernatant of cell culture, light purple, was very
suspiciously close to the color of Mn3* -SOD protein, the supernatant was subjected to the
analysis by SDS-PAGE (Figure 2-7). Here we collected cell pellets and equal aliquots of
supernatant at 26 h (without IPTG), 32 h, 34 h and 50 h (with IPTG) and loaded onto a
SDS gel. The results in Figure 2-7 confirmed that an 22 KD protein band started showing
up in the supernatant sample after 34 h instead the corresponding protein in the cell pellet

was decreased simultaneously.

After harvesting the cells pellet, the supernatant of cell culture was saved and
subjected to a simplified protein purification protocol, as described in the methods section
2.2.2. The purity of protein purified by this method was analyzed by SDS-PAGE (Figure
2-8) and the corresponding activity was analyzed by non-denaturing PAGE (Figure 2-9).
Both gels reveals a distinct band of protein as MnSOD in the supernatant after the IPTG
induction based on its catalytic activity and relative mobility. The clarified culture
supernatant contained only traces of other proteins, the MnSOD is almost pure in the
supernatant even before applied to the simplified purification method (Figure 2-8 & Figure
2-9). The overall quality of the MnSOD purified from the clarified culture supernatant is
comparable to that obtained from the cell pellet following the traditional method with
respect of catalytic activity, metal content and purity (Table 2-1 & Figure 2-10). Thus we

conclude that MnSOD protein could be secreted into the cell medium. Combining all the
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results above, we propose that upon IPTG induction the MnSOD overexpressed by Ox326-

A could be released into the medium with extra hours of cell growth.

2.3.4 Culture condition investigation

In Table 2-2, we summarized the MnSOD purified from the cell pellet or
supernatant with or without adding manganese for a second time after IPTG induction. All
the MnSOD from the cell pellet displayed similar catalytic activity (11 — 13000 U/mg
protein) and metal content (1.1 -1.4 Mn/dimer protein). The MnSOD with much better
metal incorporation in the MnSOD (~1.8 Mn/dimer protein) is purified from the clarified
cell supernatant. The manganese binding to MnSOD increases when extracellular
manganese availability is abundant in the medium. The protein released by cell secretion
is comparable to the protein purified from traditional chromatographic method considering

the steps of cell lysis, French press, and enzymatic lysis.

Although the mechanism for MnSOD metallation and maturation is not well
investigated and understood so far, MnSOD protein is expected to achieve a fully
functional structure if it binds Mn properly.1° The E. coli MnSOD was naturally expressed
as a mixture of manganese and iron ion bounded at active site and the abundant
extracellular iron ion could lead to iron insertion in the protein.? ® Our results reflect that
using of the clarified supernatant could provide a good starting point for preparation of
MnSOD. This would save time on many steps of the traditional purification protocol but
would only be useful if the secreted MnSOD is replete with Mn and retains high specific
activity as our results (Figure 2-9 and 2-10). Thus taking advantage of the clarified cell

supernatant provides a highly cost-effective new source of MnSOD, saving considerable
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time by eliminating the need for enzymatic treatment, mechanical cell rupture, heat cut, the

ammonium sulfate cut, chemical reagents, and time for chromatography and dialysis.

2.3.5 Integrity of cell membrane

Some studies on intact cells have demonstrated that the repeated cycles of freezing
and thawing would disrupt the membranes and cause the formation of transient pores.®®
Subsequently up to 50 % of highly expressed recombinant proteins could be released from
the cytoplasm.®® Because a lot of MnSOD protein has been found in the cell medium at
longer hour cell culture, to further investigate the cellular mechanism underlying MnSOD
overexpression and exporting, we tested the integrity of cell membranes of Ox326-A cells
by applying freezing stress to the cell pellet. If had the cell membranes been corrupted at
the long growth hours, the freezing and thawing should have no affecting on the protein

releasing.

Upon harvesting the cell pellet, to apply the freezing and thawing cycle, the cell
was first rinsed by the cell suspension buffer, frozen at -20 °C overnight for ~ 8 hours and
thawed in cell suspension buffer (5 mM phosphate buffer pH 7.4) till the next day. In Figure
2-11 we quantified the amount of MnSOD protein in the cell suspension buffer after cell
experiencing freezing and thawing cycle zero, once, twice, third times. In Figure 2-12, the
protein in the cell suspension buffer upon freezing and thawing was analyzed by SDS-
PAGE, revealing a very clear band of protein as MnSOD by its relative mobility. Before
experiencing the freezing and thawing steps there is only a small trace of MnSOD found
in the cell suspension buffer. MnSOD protein was found in the cell suspension buffer upon

exerting the freezing and thawing cycle to the Ox326. Compared with non-freezing and
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thawing, substantial amount of MnSOD protein was found in the cell suspension buffer
after freezing and thawing. It is clear that the cell membrane of Ox326-A is still functioning

and cytosolic MnSOD in the cell can be released by applying freezing and thawing cycles.

2.3.6 Conclusion

Superoxide dismutases are typically soluble secreted and are also found localized
in a number of subcellular compartments, such as mitochondrial intermembrane space,®’
the periplasmic spaces,®® extracellular matrix.®® In the SOD-deficient E. coli strain
(AsodAsodB) Ox326-A the chromosomal sod genes were entirely deleted.>” Hence this
strain differs from the normal wild-type E. coli by being highly sensitive to oxidative stress,
having an extended doubling time and weak defenses toward pathogens,®’ especially in
minimal medium such as m9.”° From the results above, the cell membrane and cell wall of
Ox326-A apparently were not able to maintain all the overexpressed cytoplasmic MnSOD
after long hour aerobic growth and the excessive MnSOD protein was able to escape from
the cell into the growth media. However by introduce freezing and thawing to the cell, the
cells releasing the MnSOD protein in good yield validates the integrity of cell membrane.
Cellular condition can critically affect MnSOD overexpression and hence the location of
the target proteins. The physiological structure of cell membrane might experience some
alternation during the extended incubation time interval. To clarify the reason behind the
MnSOD secretion and generalize the simplified purification procedure to a variety of
different proteins, we should test the MnSOD overexpression under different cell lines
system to see which properties of cell lines is critical in releasing the MnSOD into the
growth media. Also we should try expression different kind of proteins in Ox326-A to find

out if the identity the proteins or other factors involved in the secretion.
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Inevitably, there are a number of uncertainties and limitations with our simplified
purification system since the specific alternation of the physiological properties of the cell
during the long hour overexpression are still unknown. But our simplified method
overcomes the main limitation for obtaining enough target protein MnSOD in the m9
medium. M9 is convenient and universal because it is known as a minimal medium with
many fewer complex ingredients provided and more produced by the cells. Thus it can be
a useful medium for uniform isotopic labeling. By extending the incubation time for cell
growth and increasing the manganese concentration during protein synthesis in the medium,
collecting the protein in the supernatant is a highly time-efficient method sufficient to
separate highly expressed proteins. We were able to enhance both the yield and quality of
MnSOD for the other analysis and save considerable cost of the reagents and materials by

the traditional chromatographic purification method.
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Figure 4-7: Temperature-induced unfolding of WT-holoMn-SOD, mutants Q146X-
Mn-SOD and WT-apoMn-SOD.

Data was monitored via the ellipticity [0] at 222nm. Top left is the CD spectra for
each samples mutant Q146A, Q146C, Q146N, Q146S, Q146Y-Mn-SOD scanned in the far
UV range from 180 to 300 nm at room temperature. The scanning rate is 100 nm/min with
a wavelength step of 0.2 nm and four accumulations. A baseline was obtained by collecting
the CD spectra of the buffer solution 5 mM Phosphate KH2PO4 at pH 7.4. For the
temperature-dependent unfolding experiment of mutants (graph at top right and bottom
left), 4-6 uM of protein sample of mutant was incubated in the buffer 5 mM KH2PQOg4, 0.8
M GdmClI pH 7. The graph at bottom right is obtained from chapter 3, 5 uM protein sample
in the same buffer.
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Figure 4-8: Effect of azide binding on the UV/Vis spectra of Mn-SOD.

UV/Vis spectra of Mn-SOD upon azide titration (top) and the nonlinear fitting
analysis on data (bottom) are represented. The measurement of UV/Vis spectra of azide
titration was performed at room temperature (25 °C) in a buffer containing 5 mM potassium
phosphate buffer pH 7.4. The absorbance was corrected by the absorbance of single
wavelength at 800 nm. The nonlinear fit of data was analysis by user defined tight binding
fitting of GraphPad Prism (equations 4.4) where the least square value is 0.97.The
estimated Kd from the graph is 7.7 £ 1.0 mM.
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Figure 4-9: The effect of azide binding on the UV/Vis spectra of mutant Q146A-
Mn-SOD.

The UV/Vis spectra of Q146A-Mn-SOD (top) were record from 200 to 1100 nm
upon azide titration at 25 °C in a buffer of 5 mM potassium phosphate pH 7.4. The
absorbance was corrected by absorbance of single wavelength at 800 nm. Bottom is the
difference of absorbance of Q146A-Mn-SOD at 400 nm upon azide titration by subtracting
the spectrum of protein solution (0 mM azide) from absorption curve of each addition. The
nonlinear fit of data was analysis by user defined tight binding fitting of GraphPad Prism
(equation 4.4) where the least square value is 0.92.The estimated Kd from the graph is 3 +
1 mM.
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Figure 4-10: UV/Vis spectra of Mn-SOD, FesubMn-SOD and its mutants Q146A-
FesubMn-SOD.

UV/Vis spectrum of protein sample as purified is measured at room temperature in
5 mM potassium phosphate buffer pH 7.4. A sharp radical absorption showed up at 420
nm for the signal of mutant Q146A-FesubMn-SOD and FesubMn-SOD.
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Figure 4-11: Effect of azide binding on the UV/Vis spectra of Q146A-FesubMn-
SOD.

UV/Vis spectra of Q146A-FesubMn-SOD upon azide titration (top) and the
nonlinear fitting analysis on data of 400 nm (bottom) are represented. The measurement of
UV/Vis spectra of azide titration were performed at room temperature (25 °C) in a buffer
containing 5 mM potassium phosphate buffer pH 7.4. The absorbance was corrected by
absorbance baseline between 800 — 1000 nm. The nonlinear fit of data was analysis by user
defined tight binding fitting of GraphPad Prism (equation 4.4). The estimated Kd is the
value of azide concentration at half the value of maximum of absorption, 0.33 £ 0.04 mM.

141



0.5+ — 0 mi azide

0.02 mM azide
0.1 mM azide
— 0.2 mM azide
& — 0.6 mM azide
<< — 2 mM azide
— 20 mM azide
I]I] T 1 1 I “
400 500 600 700 800
Wavelength (nm)
0.4+
—
0.34
A
£
c
8 o2
v
8
<
0.1
O.C ] ) v ) |
0.000 0.005 0.010 0.015 0.020

Azide (M)

Figure 4-12: Effect of azide binding on the UV/Vis spectra of FesubMn-SOD.

UV/Vis spectra of FesubMn-SOD upon azide titration (top) and the nonlinear
fitting analysis on collected data at 400 nm(bottom) are represented. The measurement of
UV/Vis spectra of azide titration were performed at room temperature (25 °C) in a buffer
containing 5 mM potassium phosphate buffer pH 7.4. The absorbance was corrected by
absorbance baseline between 800 — 1000 nm. The nonlinear fit of data was analysis by user
defined tight binding fitting of GraphPad Prism (equations 4.4). Kd is the value of azide
concentration at half the value of maximum absorption, 0.29 £ 0.02 mM.
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Figure 4-13: Effect of azide binding on the EPR spectra of Q146A-Fe*subMn-

SOD.

EPR spectra of free Q146A-Fe3*subMn-SOD in 50 % glycerol (top) and N3™- bound
Q146A-Fe*'subMn-SOD (bottom) are shown. Sample contained about ~0.5 mM Q146A-
FesubMn-SOD in a buffer of 5 mM potassium phosphate pH 7.4, with 50% (v/v) glycerol,
with (bottom) or without (top) 10mM NaNs. EPR spectra were collected on a Bruker

300MX at 114K with a cryostat taking liquid nitrogen flow as the coolant.
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Figure 4-14: Effect of azide binding on the EPR spectra of Fe**subMn-SOD.

EPR spectra of free Fe**subMn-SOD in 50 % glycerol (top) and N3™-bound Q146A-
Fe3*subMn-SOD(bottom) are shown. Sample contained about ~0.5 mM Q146A-FesubMn-
SOD in a buffer of 5 mM potassium phosphate pH 7.4, with 50% (v/v) glycerol, with
(bottom) or without (top) 10mM NaNs. EPR spectra were collected on a Bruker 300MX at
114K with a cytostat taking liquid nitrogen flow as the coolant.
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Figure 4-15: Effect of azide binding on the EPR spectra of Q146A-Mn?*-SOD.

EPR spectra of free Q146A-Mn-SOD in 50 % glycerol. Sample contained about
~0.5 mM Mn-SOD in a buffer of 5 mM potassium phosphate pH 7.4, with 50% (v/v)
glycerol. EPR spectra were collected on a Bruker 300MX at 114K with a cytostat taking
liquid nitrogen as the coolant. Spectrum peak with the largest amplitude in the region of
1500G — 1600 G are due to those common amount of non-active site iron (NAS Fe) 3t
"where g = 4.3. EPR spectra of N3 - bound Q146A-Mn-SOD is exactly the same as this

one.
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

Extending from the buried metal ion to the outer sphere, the hydrogen bond network
of MnSOD modulates the reduction midpoint potential (E°), participates in the proton
transfer relay and optimizes the catalytic activity.*> 7 Within the hydrogen bound network,
the mutations of His 30, 9% 97¢ Tyr 34,%02.116 GIn 143,*° Try 161" and Tyr 166,%"® %7 which
at the second shell of outer sphere of active site, would influence the protein catalytic
activity significantly. Of all these five site, by site-directed mutagenesis, GIn143 is the one
exerting the most significant effect on catalytic activity.*® Equivalent to GIn143, GIn146 is
a highly conserved second-sphere amino acid residue at the active site of E. coli MnSOD.
It serves as a hydrogen bond donor for the solvent molecule and the conserved “gateway”
amino acid residue Tyr34.%2® In FeSOD, substitution of the analogous residue GIn 69 has
large effects on the E°, the Q69E variant displaying a Fe®*/Fe?* E° elevated by at least 660
mV.*%2 In MnSOD, the equivalent variant Q146E is always isolated as apo-protein’®

displaying zero catalytic activity.

By observing the temperature induced unfolding transition and the corresponding
metal content after applying different metallation methods in chapter 3, it is found that even
without metal ion binding Q146E-apoMn-SOD is already thermally stable exceeding that
of WT-Mn-SOD. The melting temperature (Tm) of apo protein Q146E-apoMn-SOD of ~
88 °C is more than 35 °C higher than that of apoMn-SOD (53 °C ) and 20 °C higher than
that of holoMn-SOD (metal ion-replete) (67 °C). It is normally expected that mutation of a
conserved residue should interrupt protein stability substantially. And more interesting we
found that metal ion binding might actually compromises the stability and Tm of this hyper-
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stable apo protein Q146E-apoMn-SOD. The unfolding transition temperature (Tm) of
metallated Q146E-MnSOD is estimated of ~ 51 °C which is much lower than that of
MnSOD (67 °C). The temperature dependence of metal ion binding indicates that GIn146
is crucial for partial unfolding of the protein and metal ion binding. Thus compromising of
the thermal stability of apo protein actually provides enormous benefits of favoring metal
ion binding. The hyper-thermal stability of the variant Q146E-apoMn-SOD requests the
additional effect when shifting the equilibrium between apo- and holo- protein in favor of
the former, which explains why Q146E-MnSOD is always isolated as apo protein and also
demonstrates that naturally GIn146 of MnSOD evolved in a strategy to maintain its metal

ion binding ability by sacrificing part of its thermal stability.

Introducing the Q146X (X- A, C, N, S, Y) variants of MnSOD increased Fe ion
content at active site, decreased Mn®*/Mn ratio, reduced catalytic activity, improved
protein stability, compared to WT-Mn-SOD. The elevated T, of these mutants Q146X (X-
A, C, N, S) apo protein perfectly agrees with the conclusion that the conserved GIn146 of
MnSOD had been evolved towards its metal ion binding ability while sacrificing part of its
structure stability. Q146A-Mn-SOD shows the best per-Mn activity but a much lower
binding affinity to the substrate analogue azide. Q146Y with a bulk of the Tyr side chain,
has the least metal content and most destabilizing structure among the mutants. The most
conservative mutant Q146N reserves the preference of Mn ion over Fe ion. Overall the
most striking alterations were caused by the Q146E variant, despite the fact that Glu

provides an isosteric and isoelectronic replacement of Glin.
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5.2 New Contributions

The importance of GIn146 in the function of SOD includes the following:

e We proposed and developed the hypothesis that the natural amino acid composition
of a protein is not always the one that maximizes protein stability. It is demonstrated that
the Q146E substitution substantially enhances thermal stability of protein but killing its
metal binding ability at the same time. The hyper stable Q146E-apoMn-SOD requires
additional effect when shifting the equilibrium between apo- and holo- protein in favor of
the apo form.

e Thermal or chemical destabilization of apo SOD is found to be a must to enable
metal ion access to the active site.® 8 94 |t has been proved that Q146E-apoMn-SOD is
much more thermally stable than Q146E-MnSOD. Consequently metal uptake is being
compromised by the hyper stability of Q146E-apoMn-SOD. In consistence with Q146E,
although not as severe as complete depletion of metal binding, the other mutants at the
same position, Q146A, Q146C, Q146N and Q146S also displayed an increased thermal
stability and decreased metal ion content.

e It is also found that the WT identity of residue GIn146 is the one that actually
contributes to metal binding by destabilizing the apo-Mn form of the SOD protein, in
addition to influence the activity of metal ion by modulating its E° 10 422 45488, 109 5 gp
agent of proton delivery to the active site hydrogen bond network.*?> % We now know that
replacements of GIn146 by Glu, Ala, Cys, Asn, Ser increases the protein stability of
apoMn-SOD substantially based on the thermal quantities determined by CD melting curve.

e To our further surprise, the metal bound mutant protein Q146E-Mn-SOD exhibited
disturbed thermal stability. We didn’t observe a separated melting state on the melting
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curves of other amino acid substitutions, probably because the metal content for each
protein sample is low and inhomogeneous (including apo, Fe and Mn). Or the influences
of other amino acid substitutions might be too gentle on the thermal stability such that the
difference between different metal binding states of other mutants are not as prominent as
that between Q146E-MnSOD and Q146E-apoMn-SOD. Unfortunately we could not draw
conclusions for other mutants confidently now because the amount of Mn ion incorporated

was too low to permit accurate estimates.

5.3 Future Work

The amino acids at second shell of the active site are less well understood, because
their effects can be subtler than those ligands with metal ion, despite their importance in
determining the activity of metal ion centers. Although it may be more difficult to address
their influence on the activity of metal ion, the fact that more features of the WT- may be
retained in perturbed form, rather than altogether eliminated, can make second-sphere
variants more informative than drastically-changed first-sphere variants. Here we note that
there are several areas of opportunities for additional work related to the GIn146 of

MnSOD.

Our first task is about protein preparation. Introducing the desired metal ion to the
designated site is a challenging task particularly if had some of the critical residues been
mutated. In chapter 2, the method has been developed to keep a high yield of protein with
simplified purification procedure. To take control over the metal content and protein purity
completely, the next step could be manipulating the overexpression cell line, the

concentration of metal ion or the cell growing condition (aerobic or anaerobic).
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Investigation on the structure of the partially folded intermediate of apoMn-SOD is
worthwhile. Because it is proposed that the partially unfolding of apoMn-SOD is required
for metal binding. But such a species structure is not expected to be well-defined, it is
necessary to find out a buffer condition or pH value to induce and define the unfolding of

protein for exploring the metal binding process.

For the catalytic activity part, the substrate accessing is also affected by mutation
at GIn146. The catalytic activity of MnSOD is very sensitive to the proton transfer around
the active site. To understand the influence of protein transfer on the substrate accessing
and releasing, try different pH condition when measuring the substrate binding affinity and

EPR spectrum of protein sample Q146A-MnSOD.

Last, the interesting area is about the possible function of GIn146 in the proton relay,
hydrogen bonds and electrostatic interactions at the active site. Solving the X-ray crystal
structure and proton NMR of Q146E will provide a lot of information to further clarify the
role of GIn146 during the metal-uptake process and to learn how this single substitution of
an amino acid in the second shell could have enhanced the stability of the protein by such

a large degree, elevating the Trm by 30 °C.

Copyright © Ting Wang 2017
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