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Abstract

In chloroplasts, the multimeric ATP synthase produces the adenosine triphosphate (ATP) that is
required for photosynthetic metabolism. The synthesis of ATP is mechanically coupled to the
rotation of a ring of c-subunits, which is imbedded in the thylakoid membrane. The rotation of this
c-subunit ring is driven by the translocation of protons across this membrane, along an
electrochemical gradient. The ratio of protons translocated to ATP synthesized varies according to
the number of c-subunits (#) per oligomeric ring (cp) in the enzyme, which is organism dependent.
Although this ratio is inherently related to the metabolism of the organism, the exact cause of the
cp variability is not well understood. In order to investigate the factors that may contribute to this
stoichiometric variation, we have developed a recombinant bacterial expression and column
purification system for the c; monomeric subunit. Using a plasmid with a codon optimized gene
insert, the hydrophabic ¢4 subunit is first expressed as a soluble MBP-c; fusion protein, then
cleaved from the maltose binding protein (MBP) and purified on a reversed phase column. This
novel approach enables the soluble expression of an eukaryotic membrane protein in BL21
derivative Escherichia coli cells. We have obtained significant quantities of highly purified ¢,
subunit using these methods, and we have confirmed that the purified cq has the correct alpha-
helical secondary structure. This work will enable further investigation into the undefined factors
that affect the c-ring stoichiometry and structure. The c-subunit chosen for this work is that of
spinach (Spinacia oleracea) chloroplast ATP synthase.
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1. Introduction

The photosynthetic process used by plants, algae, and cyanobacteria to convert water and
carbon dioxide into biochemical energy provides the energetic foundation for nearly every
living ecosystem on the planet. Photosynthesis begins with the splitting of water and
proceeds with the transfer of electrons, which is coupled to the formation of a proton (H*)
gradient across thylakoid membranes. These concerted processes are driven by sunlight and
carried forward in a stepwise fashion by several protein complexes located in the thylakoid
membranes of all photosynthetic organisms. Among these complexes is the multi-subunit
ATP synthase. This enzyme uses a unique rotary mechanism to couple an electrochemical
gradient-driven translocation of protons across the thylakoid membrane to the synthesis of
adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic phosphate
(P;). The ATP synthase is one of the key enzymes involved in the photosynthetic process,
and is also similarly involved in cellular respiration. As such, it is assumed to be present in
some form in all bacterial, archaeal, and eukaryotic cells. Because of the rotational nature of
its structure, the ATP synthase can be regarded as the smallest molecular motor in biology

[1].

1.1. Structure and functional activity

Structurally, the chloroplast ATP synthase is comprised of a membrane extrinsic ‘head’
region designated as ‘F;’, and a membrane intrinsic region designated as ‘Fg’ (Figure 1).
The F4 region includes the stromal subunits as, B3, v, 8, and €. Subunits a, b, b’ and c,, are
included in the Fq regionl. The two regions are connected by a rotational y-stalk and a
stationary b/b’-stalk, and thus mechanically coupled. In the chloroplast Fg region, single
protons from the lumen are directed to a Glu residue on ¢4 (monomeric) subunits through a
putative half-channel provided by the adjacent a-subunit. As (7)) protons enter from the
lumen and bind to (/) c-subunits, a complete 360° stepwise rotation of the ¢,, (multimeric)
ring takes place that allows the bound protons to be released individually at each step, and
directed into the stroma via another putative half-channel provided by the a-subunit [2]. The
rotation of the ¢, ring is coupled to the rotation of the y-stalk in the F1 region, where subunit
v functions as a shaft inside the a3 head. The y-rotation drives the catalysis of the ADP +
P; — ATP reaction that occurs at each of the three a-f3 subunit interfaces in Fq [3]. This
cyclical sequence of rotation, translocation and catalysis produces 3 ATP molecules for
every () value of protons that pass from the lumen to the stroma [3-5]. This process is
reversible in the chloroplast ATP synthase and it is classified as an F-type enzyme. Archaeal
(A-type) ATP synthases are also reversible, while vacuolar (V-type) ATP-ases function only
as proton or ion pumps driven by ATP hydrolysis.

1.2. Ring stoichiometry and coupling ratio

The stoichiometry of F-type ATP synthase c,, rings is known to range from cyq to ¢15 among
the short list of organisms for which it has been determined (Table 1). Because the number
of ¢ subunits per ring () is organism dependent, the coupling ratio (ions transported : ATP

lin chloroplasts these subunits have traditionally been denoted as 1V (a), 1(b), 11(b’), and llin(cp). However, this paper will use the a, b,
b’, cn notation in order to facilitate comparison with other ATP synthases.
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generated) is known to range from 3.3 to 5.0 among these organisms [6, 7]. This value is
entirely dependent on the variable (), since the number of ATP generated per ¢, rotation is
constantly held at 3 in all known ATP synthases [8]. Various hypotheses have been
presented, however, the cause or purpose of the c,, stoichiometric variation has not yet been
defined [7, 9, 10]. Further investigations into the relationship between a monomeric ¢;
subunit and its respective multimeric ¢, ring are needed in order to understand the purpose
of stoichiometric differences. The discovery of additional c-subunit ring stoichiometries in
other organisms would also help explain this observation by enabling broader comparisons
to be made.

1.3. Recombinant approach

In the following sections, we report in detail how the ATP synthase monomeric ¢; subunit
from the chloroplast of spinach (Spinacia oleracea) has been produced in a recombinant
Escherichia coli expression system, and subsequently purified in mg quantities. A brief
description of alternate approaches which were explored at each step of the process is
included to enable future modifications or new applications of the methods described. The
recombinant cq is currently being used by our lab for experiments focused on the
reconstitution of the multimeric ring (cy). If reconstitution is successful, the development of
this recombinant expression system will enable the use of molecular biology techniques
which cannot otherwise be applied to a native ¢, ring. This added capability is in demand for
further studies aimed at investigating the factors that influence the stoichiometric variation
of the intact ring [9].

2. Materials and Methods

2.1. Codon optimized atpH gene construction

The plastid genome sequence of spinach (Spinacia oleracea) is mapped and sequenced, with
the gene atpH coding for the c-subunit of ATP synthase [11, 12]. Using the known 81 amino
acid sequence (UniProtKB accession no.: P69447), we have designed a synthetic atoH gene
with codons optimized for E. coli expression, and terminal restriction sites added for cloning
(Figure 2). Codons were chosen with the assistance of Gene Designer software by DNA2.0
[13]. The synthetic atpH gene was constructed by annealing and ligating 14 overlapping
oligonucleotides (synthesized by Integrated DNA Technologies), ranging from 24 to 46 bp
in length. Prior to annealing, phosphates were added to the 5’ end of all individual
oligonucleotides (minus the two 5’ terminus oligonucleotides) in 10 UL reactions by mixing
100 pmol of each oligonucleotide with 1 mM ATP, 1x T4 Polynucleotide Kinase Buffer A
(Fermentas, provided with the kinase), and 0.1 units T4 Polynucleotide Kinase (Fermentas).
This kinase reaction was incubated for 30 minutes at 37°C, followed by a 5 minute
inactivation period at 70°C. A 5 uL volume of each oligonucleotide in this solution was
mixed with 5 uL of its corresponding annealing partner, heated to 80°C, and cooled to 20°C
over a 60 minute period in order to produce 7 annealed duplex DNA fragments.

The annealed duplex fragments were ligated together in sequence to form the complete atoH
gene in a two step ligation process. First, 1.5 uL of three proximal duplexes from the
previous annealing reaction were mixed with 1x Ligase Buffer (Invitrogen, provided with
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the Ligase) in a 20 pL volume. The same reaction was prepared for the other 4 proximal
duplex DNA fragments, and both reaction mixtures were heated to 50°C then cooled to 20°C
over a 60 minute period, followed by an additional 2 hour incubation period at room
temperature with 0.5 units of T4 DNA Ligase (Invitrogen) in each reaction. The resulting
ligated fragments were separated on a 3% Metaphor agarose gel (Lonza) prepared with and
run in TAE Buffer (40 mM Tris-Base, 20 mM acetic acid, 1 mM EDTA; pH 8.5), and
equilibrated in 1 pg/mL ethidium bromide for detection of DNA under UV light.
Successfully ligated DNA was excised from the gel and purified using the Promega Wizard
SV Gel and PCR Clean-Up Kit. The two purified fragments were mixed together in
equimolar amounts with 1x Ligase Buffer in a 10 uL volume. The reaction was heated to
50°C and cooled to 20°C over a 60 minute period, followed by the 2 hour incubation period
at room temperature with 0.5 units of T4 DNA Ligase. The resulting DNA was again
separated on a 3% agarose gel, and the ligated atpH fragment was excised from the gel, and
purified in the same way as described in the previous step.

2.2. Cloning of atpH into various vector constructs

The synthetic atpH gene was inserted into vectors pMAL-c2x (New England Biolabs),
pET-32a(+) (Novagen), and pFLAG-MAC (Sigma-Aldrich) for the purpose of comparing
alternate modes of c-subunit expression. The version of the pMAL-c2x vector we used had
been previously modified with a His tag, however this modification was not used and has no
relevance to the studies reported herein. Prior to inserting into each vector, the freshly
ligated synthetic afpH gene was amplified by using high-fidelity PCR with the Phusion
Polymerase (New England BioL abs), according to product instructions.

A synthetic afpH gene was produced with a 5’ blunt end and 3’ Xhol restriction site for
insertion into the pMAL-c2x vector at the Xmnl and Xhol restriction sites to produce the
plasmid pMAL-c2x-malE/atoH (Supp. Figure 1). Similarly, an atoH gene was produced with
5’ Ndel and 3’ Xhol terminal restriction sites, and inserted into the pMAL-c2x vector at the
corresponding sites to create pMAL-c2x-atpH. The same afpH insert was also inserted into
the pET-32a(+) vector at the Ndel and Xhol restriction sites to create pET-32a(+)-atpH. And,
an afpH gene was produced with 3’ HindlIl and 5’ Xhol terminal restriction sites and
inserted into the pFLAG-MAC vector at the corresponding sites to create vector pFLAG-
atpH. Following ligation, each new vector construct was cloned by transforming DH10B £.
coli cells (Invitrogen, ElectroMAX T1 Phage-Resistant) via electroporation at 1660 V. A
Qiagen Miniprep kit was used to lyse DH10B cells and harvest high concentrations of
plasmid DNA from viable transformant growth cultures. Nucleotide sequencing services
were provided by the Core DNA Laboratory at Arizona State University, where automated
methods are used with an Applied Biosystems 3730 capillary sequencer. The four resultant
atpH vectors are compared in Table 2. Restriction endonucleases were obtained from New
England BioLabs, and T4 DNA Ligase was obtained from Invitrogen.

BL21 derivative £. colicells (T7 Express /ysY/19, New England Biolabs) were separately
transformed with each vector construct. Cells were also transformed with pMAL-c2x (no
atpH) for use as a negative control for afpH expression; and co-transformed with the pMAL-
c2x-malE/atpH and pOFXT7KJE3 vectors, where the latter expresses the chaperone proteins
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DnaK, DnaJ, and GrpE. The co-expression of these chaperone proteins has been shown to
substantially increase quantities of recombinant proteins which are toxic or otherwise
difficult to produce [14]. The pOFXT7KJE3 plasmid was produced and generously provided
by Castanié, et al [15]. The accompanying protocol for transformation of T7 Express lysY/19
cells was followed precisely, except with the co-transformation where 118 ng of pMAL-c2x-
malE/atpH and 75 ng of pOFXT7KJE3 plasmid was used. Successful transformant clones
were selected for on LB-agar plates with 50 pg/mL ampicillin. For the co-transformants,
double antibiotic plates that also included 50 pg/mL spectinomycin were used.

2.3. Comparison of atpH expression with different vectors

The expression levels of ATP synthase c-subunit were compared in the £. colitransformed
with pMAL-c2x-malE/atpH, pMAL-c2x-alpH, pET-32a(+)-atpH, pFLAG-atpH, pMAL-c2x
negative control, and pMAL-c2x-malE/atpH + pOFXT7KJE3. 100 mL of LB-glucose
expression medium (1.0% tryptone, 0.5% yeast extract, 0.4% glucose, 0.5% NacCl, 50 pg/mL
ampicillin, and 50 pg/mL spectinomycin for the co-transformant) was inoculated separately
with each transformant, and grown to an optical density of 0.6-0.7 at 37°C incubation and
200 RPM 1” orbital shaking. At this point, targeted expression of afpH was induced by
adding isopropyl p-D-1-thiogalactopyranoside (IPTG) to 1.0 mM concentration and
incubating for an additional 30 minutes. Cell pellets were prepared by centrifugation at 6029
x g RCF for 20 minutes, and stored at —80°C. Thawed cell pellets were resuspended in 2 mL
of Lysis Buffer (20 mM Tris-HCI pH 8.0, 2% v/v Protease Inhibitor Cocktail (Sigma,
P8465)). Lysozyme was added to each resuspension to 1 mg/mL, and they were incubated at
4°C for 1.5 hrs. prior to sonication at 50-75 W.

A 12% polyacrylamide gel (Section 2.7) was prepared with 0.25 pL samples of total cell
lysate from each transformant, along with 0.4 g native spinach ATP synthase as a positive
control for c-subunit, and 8 uL of Bio-Rad Western C standard. The gel was used for
immunoblotting (Section 2.10) to confirm expression of ¢;. It was determined that ¢4 could
only be expressed when fused to MBP by the vector pMAL-c2x-malE/atpH (See section
3.2), so this construct was chosen for further experimental application.

2.4. Large-scale expression and purification of MBP-c4

For preparative purposes, a 1.0 L volume of cells co-transformed with pMAL-c2x-malE/
atpH + pOFXT7KJE3 was cultured for the extraction of MBP-c;. The 1.0 L culture was
incubated and induced in the same manner as described for the 100 mL cultures in section
2.3. A 3.1 g bacterial cell pellet was separated from the culture by centrifugation at 6029 x g
RCF for 20 minutes, and stored at —80°C. The cell pellet was later thawed, and resuspended
in 50 mL of Lysis Buffer. Lysozyme was added to the resuspension at 1 mg/mL final
concentration, and incubation proceeded at 4°C for 1.5 hr. to hydrolyze bacterial cell walls.
Cell lysis was completed by sonicating the viscous resuspension at 150 W in intervals with
cooling on ice in between, until it was no longer viscous. The cell lysate was then
centrifuged for 30 minutes at 18,677 x g RCF, and the resulting supernatant was separated
from the pellet. The cell lysate supernatant was diluted to a 100 mL volume in Amylose
Column Buffer 1 (20 mM Tris-HCI pH 8.0, 0.2 M NaCl, 1 mM EDTA) and passed through
7.5 mL of amylose resin (New England Biolabs) on a 25 mm diameter gravity column to
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bind the MBP-c, fusion protein. The flow rate was maintained at ~1 mL/min during this
step. The resin was then washed of non-binding cell lysate proteins by passing 420 mL of
Amylose Column Buffer 2 (20 mM Tris-HCI pH 8.0, 0.2 M NaCl) through. Finally, MBP-cq
was eluted with 50 mL Maltose Elution Buffer (20 mM Tris-HCI pH 8.0, 0.2 M NaCl, 10
mM maltose). The eluted fraction was concentrated 10x to 5 mL using a Vivspin 20 30K
MWCO centrifugal concentrator with a polyethersulfone (PES) membrane (Sartorius),
according to product instructions.

Samples were taken from each of the following fractions for analysis on a coomassie blue
stained 12% polyacrylamide gel (Sections 2.7, 2.8): total cell lysate (3 uL), cell lysate pellet
(3 pL), cell lysate supernatant (6 pL), amylose column flow through (6 pL), Amylose
Column Buffer 2 wash (9 pL), and Maltose Elution Buffer wash (9 pL). Also included was
10 uL of the Bio-Rad standard.

2.5. Factor Xa protease cleavage of ¢, from MBP

Optimal protease cleavage conditions were determined based on our prior experimental
comparisons using variations of temperature, incubation period, and protease concentration.
These factors are known to influence the activity of Factor Xa [16]. We also tested the effect
of detergent as a variable factor in protease cleavage because it is needed in order to prevent
aggregation of the cleaved cq subunit product. Protease Buffers were prepared with different
detergents at a range of concentrations. Sodium dodecyl sulfate (SDS, 0.01%), sodium
cholate (0.01%, 0.1%, 1.0%), n-B-dodecyl-D-maltoside (SDDM, 0.001%, 0.01%, 0.1%), and
f3-octyl-D-glucopyranoside (BOG, 0.01%, 0.1%, 1.0%) were each added to 20 mM Tris-HCI
pH 8.0, and 2 mM CaCl,. 0.3 mL of MBP-c4 (1 mg) was dialyzed against each of these
Protease Buffers, and 1% w/w Factor Xa Protease (New England Biolabs) was added. The
protease reactions were incubated at 4°C for 24 hours. For analytical comparison, a 12%
polyacrylamide gel was prepared for immunoblotting (Section 2.10) with 1.25 uL of each
protease reaction product, 0.5 pg of native spinach ATP synthase as a positive control for cq,
and 8 pL of Bio-Rad Western C standard. The highest yield of ¢, product occurred with n-p-
dodecyl-D-maltoside in the Protease Buffer at 0.01% (1x critical micelle concentration
(CMC)) and 0.10% (10x CMC), as discussed in Section 3.4. The detergent concentration
was further optimized to 0.05% (5% CMC), which was used for all subsequent preparative
purposes.

The 5 mL preparative sample of MBP-c; fusion protein purified on the amylose column
(Section 2.4) was dialyzed against 2 L of optimized Protease Buffer (20 mM Tris-HCI pH
8.0, 2 mM CacCly, 0.05% n-p-dodecyl-D-maltoside) for at least 12 hours at 4°C using 13K
MWCO dialysis tubing. 1% w/w Factor Xa Protease was then added to the dialyzed protein
and the protease reaction was incubated at 4°C for about 24 hours with light stirring. The
post-protease cleaved sample (MBP+c4) was then immediately applied to the reversed phase
column in the next step.

2.6. Reversed phase HPLC purification of ¢4

The optimal conditions for reversed phase column (RPC) chromatography purification of cq
were chosen based on several prior small scale HPLC comparisons. A RESOURCE RPC 3
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mL column (GE Healthcare) was used for these analytical trials. Purified water buffered
with 20 mM Tris-HCI pH 8.0 was used for Eluent A. Eluent B was tested as the variable in
separate trials with 100% methanol, 100% ethanol, or 100% 2-propanol. In each trial, the
column was equilibrated by washing with 1-2 column volumes of Eluent A, then Eluent B,
then Eluent A again. About 1.7 mg of protease cleaved sample (MBP+c4) was loaded onto
the column following centrifugation to remove any precipitant. The column was run with 10
column volumes of Eluent A, followed by a gradient increasing to 100% Eluent B over a
100 minute period. The column continued to be washed with 100% Eluent B until protein no
longer eluted from the column. A flow rate of 1 mL/min. was maintained. Immunoblot
analysis (Section 2.10) was performed on fractions collected from each Eluent B trial, and
those fractions which contained c; were further analyzed on silver stained 12%
polyacrylamide gels (Sections 2.7, 2.8) to assess purity. We determined that ethanol was the
most favorable Eluent B solvent tested in terms of both yield and purity (Section 3.5), and so
this was used in subsequent larger scale preparative column runs.

A 15 mL SOURCE HR 16/10 reversed phase column manufactured by GE Healthcare was
chosen for the large scale purification of ¢q. This preparative column uses the same
hydrophobic polystyrene/divinyl benzene bead media as the 3 mL analytical column. The
Eluent A was 20 mM Tris-HCI pH 8.0 in water, and the Eluent B was 100% HPLC grade
ethanol (Sigma). Both buffers were degassed thoroughly. The column was equilibrated with
Eluent A, then Eluent B, then Eluent A again by washing with 1-2 column volumes of each.
At the end of the 24 hour protease cleavage period, the 5 mL sample of MBP+c4 (Section
2.5) was centrifuged at 12,110 x g for 5 minutes to remove a small amount of precipitant
and loaded onto the equilibrated reversed phase column. The amount of protein loaded was
estimated to be about 18 mg, according to the modified Lowry assay technique [17].
Hydrophilic protein products were eluted with 10 column volumes of Eluent A. A gradient
was produced increasing to 100% Eluent B over a 500 minute period, and washing
continued with 100% Eluent B until a stable UV absorbance signal indicated that no more
protein was eluting. A flow rate of 1 mL/min. was maintained throughout the process, and
10 mL fractions were collected.

To confirm the presence of ¢, in the fractions, a 12% polyacrylamide gel was prepared for
immunoblotting (Section 2.10) with 12 L of fractions E10, E11, E12, F1 and F2, 0.375 uL
of MBP+c4, 0.375 pL of MBP-cq, 0.3 ug native spinach ATP synthase as a positive control
for ¢q, and 10 pL Bio-Rad Western C standard. To assess the purity of the ¢, containing
fractions, a 12% polyacrylamide gel was prepared for silver staining (Section 2.8) with 1.25
mL (27 ug c¢1) of combined fractions E11+E12, 2.5 pL (4.4 pg) of MBP+c1, 2.5 uL (4.4 ug)
of MBP-cq, 8.25 pg native spinach ATP synthase as positive control, and 3.3 pL of Bio-Rad
standard. The ethanol-containing RPC fractions were first evaporated, then resuspended in
water and Sample Loading Buffer followed by heating at 95°C for 5 min. prior to loading
onto the polyacrylamide gels. N-terminal amino acid sequencing services were provided by
the Core Proteomics and Protein Chemistry Lab at Arizona State University, where
automated Edman degradation methods are used.
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2.7. SDS Polyacrylamide gel electrophoresis

Tricine SDS denaturing gel electrophoresis techniques described by Schéagger were used for
the qualitative analysis of various protein samples [18]. For most purposes, adequate
separation of protein bands could be obtained with a 12% polyacrylamide separating gel
layered with a 1 cm 4% polyacrylamide stacking gel. The Bio-Rad Mini-PROTEAN Tetra
Cell electrophoresis system was used for preparing and running gels. Precision Plus
Standards (Bio-Rad) were used for gels which were stained, and Precision Plus WesternC
Standards (Bio-Rad) were used for gels which were immunoblotted. All samples were
prepared in Sample Loading Buffer (6.67% sodium dodecyl sulfate, 33 mM Tris-HCI pH
8.0, 625 mM 2-mercaptoethanol, 6.7% glycerol, 33 UM bromophenol blue; final
concentration) and heated at 95°C to denature prior to loading. Cell lysate, cell pellet, and
native ATP synthase samples required 15 minutes of heating to denature, and other samples
required 1-5 minutes of heating.

2.8. Polyacrylamide gel staining

Protein bands were detected either with Coomassie Blue Staining or Silver Staining
methods. Coomassie Blue Staining was done by equilibrating the gel in heated Coomassie
Blue Stain (0.1% CBB 250, 30% methanol, 10% acetic acid) for 5 minutes, followed by
equilibration in heated Destain | (50% methanol, 10% acetic acid) for 5 minutes, and final
equilibration in Destain 1l (5% methanol, 10% acetic acid) until bands were adequately
resolved. Silver Staining was done by equilibrating the gel in 12.5% glutaraldehyde solution
for 60 minutes, followed by a 5 minute rinse in H,O and equilibration in a 1.0% AgNO3
solution for 60 minutes, also followed with a 5 minute rinse in H,O. The gel was then
transferred to Developer Solution (0.25% formaldehyde, 6.25% Na,CO3) and equilibrated
until bands could be distinctly resolved, at which point the gel was immediately transferred
to Fixing Solution (10.0% w/v glycerol, 10% v/v acetic acid) to preserve development.
Silver staining has proven to be the most practical means for visualizing the hydrophobic 8
kDa c; subunit, while coomassie blue staining is sufficient for observation of the 50 kDa
MBP-c; fusion protein.

2.9. Antibody production

A polyclonal antibody was produced for the native spinach chloroplast ATP synthase cq4 by
Agrisera in collaboration with our lab. The native c14 ring was extracted and purified from
spinach leaves in our lab as published previously [19], and provided to Agrisera for use as an
antigen. Resulting antibody samples produced from serum of 6 rabbits was provided to us
periodically by Agrisera for comparative screening. The resulting antibody sample with the
strongest and most specific signal after several weeks of screening was chosen for
commercial production (Agrisera, AS05 071), and used to produce the immunoblot results
reported herein. This antibody has proven to be very sensitive and specific for the ¢, subunit
and cq4 ring of spinach chloroplast ATP synthase.

2.10. Western immunoblot detection

Protein samples separated on a 12% polyacrylamide SDS tricine gel as described in section
2.7 were blotted onto a PVDF membrane at 100 mA for 85 minutes in a Tricine Transfer
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Buffer (25 mM Tris-Base, 192 mM tricine, 20% v/v methanol). The Bio-Rad Mini Trans-
Blot Module was used for the electrophoretic transfer. Blotted PVDF membranes (Bio-Rad)
were equilibrated in blocking solution (50 mM Tris-Base, 150 mM NaCl, 0.05% Tween 20,
5% w/v Non-fat Dry Milk) for 30 minutes. Then the polyclonal primary antibody against ¢;
subunit (Agrisera) was added in a 1:1000 dilution and equilibration continued for an
additional 60 minutes. Two 5 minute washes in Tween-Tris Buffered Saline (TTBS) Buffer
(50 mM Tris-Base, 150 mM NaCl, 0.05% Tween 20) followed. Then the PVDF membrane
was transferred to 20 mL TTBS Buffer treated with a 1:5000 dilution of goat anti-rabbit
IgG-HRP conjugate (Santa Cruz Biotechnology) and 1:5000 StrepTactin-HRP conjugate
(Bio-Rad) and equilibrated for 75 minutes. Two 20 minute washes of the PVVDF membrane
in TTBS Solution followed. Immun-Star HRP substrate (Bio-Rad) was used to activate
secondary antibody luminescence. Chemiluminescent images of the bound conjugates were
taken with a Kodak Gel Logic 440 CCD camera using a 2 minute dark exposure period.

2.11. Circular dichroism spectroscopy

3. Results

A Jasco J-710 Spectropolarimeter was used for measuring the circular dichroism (CD)
spectrum of the purified recombinant ¢4 subunit. The purified ¢, sample was prepared for
CD measurement as described, with the exception that a 10 mM phosphate buffer at pH 8.1
was used for Eluent A during the reversed phase column purification (Section 2.6). Under
these conditions, ¢q eluted on the gradient at about 83% ethanol (Eluent B) and 17% Eluent
A. A buffer of this composition was used for the blank reference measurement. The eluted ¢4
was concentrated to approximately 0.1 mg/mL using a 5000 MWCO Vivaspin 2
concentrator with a Hydrosart membrane (Sartorius). The protein concentration was
determined according to modified Lowry methods [17]. CD spectra were measured from
195-260 nm at room temperature (25°C) in a 0.1 cm quartz cuvette. Parameters were set at
0.2 nm data pitch, continuous scan mode, 50 nm/min scan speed, 4 second response, and 1
nm bandwidth. Output data was generated from an accumulation of 3 scans. Values of mean
residue ellipticity ([0]) and molar CD (Ag) were calculated as described by Greenfield [20].
The algorithm CDSSTR [21] was used with the CDPro [22] software program to estimate
the secondary structure content of the sample by comparing the measured data with the data
set SMP50, which contains 13 membrane proteins and 37 soluble proteins [23].

The sequence of methods used to produce the following results is summarized in the
schematic diagram in Figure 3. Alternate approaches to some steps which did not produce
optimal results are included as well for technical comparison.

3.1. Four atpH expression vectors successfully cloned

The codon optimized synthetic afpH gene was successfully assembled and inserted into
different vectors in order to compare different modes of expression. The four resultant atoH
vectors are shown in Table 2, with their corresponding promoters and intended expression
products. These vectors are designed to express the c-subunit alone under control of a T7 or
tac promoter; and to express the c-subunit with an amino-terminus FLAG or MBP tag under
control of a fac promoter. Nucleotide sequencing confirmed that all bases on atoH were
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accounted for, and that atpH was inserted at the intended restriction sites and within the
correct reading frame on each vector.

3.2. ¢ expresses when fused to maltose binding protein

A comparison of the expression products from each of the four afpH vectors showed that cq
expression was only observed when the maltose binding protein (MBP) was fused to the
amino-terminus. This expression is clearly evident in lanes 6 and 7 of the immunoblot
shown in Figure 4; while no expression of cq is observed as a stand-alone protein under
control of the T7 or fac promoter (lanes 3 and 5, respectively), and no expression of ¢4 is
observed with the FLAG tag on the amino-terminus (lane 4). The MBP and FLAG tag
expression vectors both used a fac promoter with an amino-terminus tag; however, the 42
kDa MBP tag is about 5 times larger in mass than the 8 kDa ¢4, whereas the 1.1 kDa FLAG
tag is much smaller than c4. The size advantage of MBP is apparently necessary for
stabilizing ¢4 as it is translated and conferring solubility to it thereafter. The MBP has been
shown in other studies to increase the solubility and proper folding of various polypeptides
to which it has been fused [24]. For this reason, we chose to test it in these experiments as a
candidate to enable the expression of the otherwise insoluble and unstable recombinant c;.
Although these results were obtained using the T7 Express /ysY/19 E. colistrain, we have
observed similar results with standard BL21(DE3) £. coli strains as well.

3.3. MBP-c4 purifies on an amylose affinity column

The expressed MBP-c4 fusion protein has been purified directly from the soluble fraction of
cell lysate using affinity column chromatography with amylose resin. In the gel shown in
Figure 5, the 50 kDa MBP-c4 product is distinctly present in the maltose fraction, and the
only other visible contaminant is the 41 kDa DnaJ chaperone. These results demonstrate that
in addition to lending stability and solubility to ¢q, the MBP also confers the ability to bind
amylose resin for the purpose of purification on a column. This method has been used
successfully with a variety of other proteins [25-27], and for this reason we chose to test
MBP as a carrier for cq expression and purification.

We have obtained up to 10 mg of this fairly pure MBP-c; amylose column purification
product from 1 L of cell culture. However, our results indicate that this yield can be
increased up to nearly two fold when MBP-c4 is co-expressed with the chaperone proteins
(DnaK, DnaJ, GrpE). And so for large scale expression and purification of MBP-c,, we have
chosen to use cells co-transformed with the chaperone vector pPOFXT7KJE3 and pMAL-
c2x-malE/atpH. Although the co-expression may cause an increase in the DnaJ contaminant
after the amylose column purification step, DnaJ can easily be removed during a later
reversed phase HPLC purification step (Section 2.6).

3.4. Factor Xa cleaves ¢4 in the presence of detergents

A systematic comparison of Factor Xa cleavage conditions revealed that the protease can
effectively cleave ¢, from MBP in the presence of various detergents, which were included
to prevent precipitation of the cleaved cq product. The immunoblot shown in Figure 6 shows
that the type and concentration of detergent used can influence the activity of the Factor Xa
protease. In fact, these results show that in some cases the detergent can actually improve the
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ability of the protease to cleave cq. This likely occurs because the detergent causes a slight
denaturation of the fusion protein, which increases accessibility of the intended cleavage
site. The sample with 0.01% B-dodecyl-D-maltoside appeared to produce the highest yield of
c1 product among the samples shown in Figure 6. There was also no significant precipitation
observed in the reaction products with 3-dodecyl-D-maltoside. Many of the other samples
shown in this immunoblot yielded comparable cleavage products; with the exception of the
SDS sample. SDS produced a high level of secondary MBP-c; cleavage product, which is
problematic for RPC purification of ¢4 in the following step. As noted in section 2.5, the
results with f-dodecyl-D-maltoside were further optimized to a concentration of 0.05% for
preparative purposes. Protease cleavage results at this concentration can be seen in lane 4 of
the gel and immunoblot shown in Figures 7b and 7c.

3.5. ¢cq purifies on areversed phase column with ethanol

3.6. Purified

Purification of the ¢q subunit from the MBP and other post-cleavage products has been
successfully accomplished using reversed phase column chromatography. The results of the
preparative purification with ethanol are shown in Figure 7. The chromatogram in Figure 7a
shows that the absorbance peak which corresponds to the elution of the ¢; subunit in
fractions E11 and E12 occurs when the Eluent B gradient approached 87% ethanol. The
presence of ¢, in these fractions was confirmed by the immunoblot results shown in Figure
7b, and the purity of the confirmed c4 product is clearly evident in lane 5 of the silver stained
gel shown in Figure 7c. It was estimated by the modified Lowry assay [17] that 0.4 mg of
highly purified ¢4 subunit was recovered from the 18 mg of MBP+c4 post-cleavage product
initially loaded onto the reversed phase column. This amounts to an approximate 14%
theoretical recovery of c1, where losses are attributed to the protease cleavage and the
reversed phase column purification steps.

RPC chromatography methods were selected for this final purification step because they are
designed to separate smaller molecules according to their hydrophobicity by eluting with
organic solvents. Formerly referred to as the ATP synthase proteolipid [28], the c-subunit
structure is notoriously characterized by its strong hydrophobic character which allows it to
be stable and soluble in organic solvents [29, 30]. Whereas this property is a source of
difficulties with regards to recombinant expression and detection, we show here that it can
be conveniently exploited for the sake of purification.

recombinant c, is highly alpha-helical

The CD spectrum of the purified recombinant ¢4 subunit is shown in Figure 8. The resulting
curve shows the characteristic peaks associated with alpha-helical proteins, with two minima
at 208.6 nm and 220.2 nm. Software analysis with CDSSTR produced a deconvoluted
estimation of 85.5% alpha-helices, 6.0% beta sheets, 3.9% turns, and 4.5% of residues in
random coil conformations. The NRMSD value of the assignments is 0.052. This proportion
of alpha-helices is consistent with the alpha-helical content as derived from NMR structures
of monomeric ¢4 subunits from Bacillusand £. coli (PDB ID: 1WUO, 1C0V, 1A91) [31].
The alpha-helical content is also similar to what is predicted by secondary structure
prediction software programs. The program APPSPS2 [32] predicts 82.7% alpha-helices.
The agreement of our CD results with the structure prediction programs and the NMR
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structures thereby provides strong evidence that the purified recombinant ¢q subunit is
correctly folded.

4. Discussion

4.1. Method development and limitations

By nature, eukaryotic membrane proteins are not easily expressed in recombinant bacterial
systems [33, 34]. As expected, this has also been the case with the c-subunit. Difficulties
with ¢q were not only limited to expression, but also detection. In addition to its hydrophobic
nature, the small size (8 kDa) of ¢, makes it difficult to reliably discern on SDS
polyacrylamide gels unless silver staining is used in combination with a higher
concentration of semi-pure protein. Also, because ¢; has no tryptophan residues and only 1
tyrosine residue, it can only be detected at UV wavelengths less than the standard 280 nm.
Prior to our work on this project, no commercial antibody was available for detecting the
ATP-synthase ¢ subunit or c14 ring from spinach chloroplast (or similar organism) for use
in immunoblotting methods. The methods we have described here have been designed to
overcome these limitations.

4.2. Previously published recombinant approaches

Attempts to express the ¢4 subunit or ¢, ring have been made in the past by other research
groups using different approaches. Expression of a recombinant spinach chloroplast ATP-
synthase ¢q subunit (or possible ¢, ring) was reported by Burkovski, et al. in 1990 [35]. In
this approach, an uncE knockout strain of £. coliwas used and atoH expression was directed
to the membrane in an unsuccessful attempt to produce a hybrid ATP synthase complex.
More recently, the cq4 ring of the /lyobacter tartaricus bacterium and the nearly identical c1;
ring of the Propionigenium modestum bacterium were expressed recombinantly in standard
BL21(DE3) E. colicells. In this experiment, the expression was also directed to the
membrane [36]. In contrast to these approaches, our methods use a codon optimized gene
with a fusion tag, which permits the soluble expression of an eukaryotic ¢4 subunitin a
prokaryotic expression system. This will theoretically enable straightforward production and
purification of a ¢4 subunit from other organisms in the absence of cell membranes, post-
translational modifications, and eukaryotic co-facotrs or chaperones — given that the c-
subunit amino acid sequence is known.

4.3. Intended applications

The availability of a recombinant monomeric c-subunit can benefit the investigation of many
questions not yet answered regarding ATP synthase ring stoichiometry. Thus, it is our
intended objective to reconstitute a c,, ring from the recombinant ¢4 subunit. Methods for the
in vitro reconstitution of the oligomeric ring from monomeric c-subunits using organic
solvents and liposomes have been established for the native £. colicig ring [37], and
successfully applied to the cq1 ring of /lyobacter tartaricus [30]. Because our final RPC
monomeric ¢ isolation step is performed in an organic solvent (ethanol), and because the
purified protein is shown to have the requisite alpha-helical secondary structure, the
incorporation of this in vitro reconstitution technique will likely be facilitated.
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Successful reconstitution of a recombinant ring will enable molecular biology based
investigations of the influence of various factors on c-ring stoichiometry in vitro. As a
notable example, we have observed that chlorophyll and carotenoids co-purify with the
native spinach chloroplast c14 ring and are present in ¢4 ring crystals, and we hypothesize
their presence may have some degree of structural or functional influence on the c-ring of
chloroplast ATP synthase [19]. We intend to examine the effect of these pigments, and other
variable factors such as membrane environment and amino acid sequence on c-ring
stoichiometry and structure.

If reconstitution yields a recombinant c-ring with the same ¢4 stoichiometry as the native
ring, we will also use the resulting c-ring complex for x-ray crystallographic structure
studies. In our lab, diffraction data has been collected from crystals of the native spinach
chloroplast c14 ring at a resolution of 2.8 A [19], however experimental phase data is lacking
thus making the structure determination dependent on known c,, ring structures.
Recombinant expression methods also enable the use of in vivo heavy atom labeling
techniques which have been established for the purpose of determining the phases using the
multi-wavelength anomalous dispersion (MAD) technique [38]. We are interested in
determining the experimental phases by using this heavy atom labeling technique in
combination with the native diffraction data that we have already collected. If successful, the
end result will improve upon the recently published 3.8 A structure of spinach chloroplast
C14 [39]. This 3.8 A structure was determined by using a symmetry-based computational
model for phasing rather than direct experimental phase data, and thus can be further
improved in this regard as well.

If this bacterial expression system is capable of producing a spinach chloroplast ¢4 ring that
can be used for stoichiometric and x-ray crystallographic studies, it may also be applied to
investigating the unknown structures of other ¢, rings as well. Also, the application can
likely be further extended to other eukaryotic membrane proteins as well. In particular, we
also intend to apply the recombinant MBP-c4 methods to the ATP synthase subunit a, which
is only sparsely understood in terms of its structural and functional relationship with the
adjacent c,, ring [7].

5. Conclusions

The combination of methods reported here has produced significant quantities of purified
recombinant spinach chloroplast ATP synthase ¢c; subunit. We have shown that
approximately 0.4 mg of highly purified monomeric ¢ subunit can routinely be obtained
from 1 to 2 L of cell culture — a volume that can easily be scaled up as needed. Most critical
to achieving this end result was the use of the maltose binding protein for expression and
initial purification, the use of 0.05% n-B-dodecyl-D-maltoside in the protease cleavage
reaction, and the use of a reversed phase column in combination with ethanol as an eluent
for final purification. Also important was the careful use of the analytical techniques
described. The utility of these methods can likely be extended to other c-subunits, both
eukaryotic and prokaryotic. Because the development of our reported methods has been
primarily process driven, it is possible that some steps can be further improved to optimize
product yield. However, each step as reported has yielded reproducible results, and the
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antity, quality, and purity of the final protein obtained is sufficient to provide a foundation

for the intended experimental applications.
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Lumen

Figure 1.
Structural scheme of the F-type ATP synthase subunit arrangement. The gray box represents

the region of cell membrane. A tetradecameric c-subunit ring is represented here, as
observed in spinach chloroplast ATP synthase.
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| Met | Asn | Pro | Leu | lle | Ala | Ala | Ala | Ser| Val | lle | Ala | Ala | Gly | Leu| Ala | Val | Gly | Leu | Ala | Ser | lle
55ATGAACCCGCTGATCGCGGCTGCGTCTGTTATCGCGGCGGGTCTGGCGGTTGGTCTGGCGTCTATC

| Gly | Prol Gly | Val | Gly | GIn | Gly | Thr | Ala | Ala | Gly | GIn | Ala | Val | Glu | Gly | lle | Ala | ArgTI GIn | Pro | Glu
GGTCCGGGTGTTGGTCAGGGTACCGCGGCTGGTCAGGCGGTTGAAGGTATCGCGCGTCAGCCGGAA

IAIaIGIulGIyILXSI lle | Arg | Gly | Thr | Leu | Leu | Leu | Ser | Leu| Ala | Phe | Met | Glu | Ala | Leu | Thr | lle | Tyr
GCGGAAGGTAAGATCCGTGGTACTCTGCTGCTGTCTCTGGCGTTCATGGAAGCGCTGACCATCTAC

| Gly | Leu | Val | Val | Ala | Leu | Ala | Leu | Leu | Phe | Ala | Asn | Pro | Phe | Val |Stopl|
GGTCTGGTTGTTGCGCTGGCGCTGCTGTTCGCGAACCCGTTCGTTTAGCTCGAGAAAZ
Xhol

Figure 2.
Gene sequence of recombinant afoH gene, codon optimized for £. coli expression. The

version shown here has 255 bp and is designed for insertion into the pMAL-c2x vector at the
Xmnl and Xhol restriction sites. The expressed ¢4 subunit contains 81 amino acids with a
mass of 8 kDa.
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Figure 3.
Developmental scheme of the reported approach for expression and purification of

recombinant subunit ¢;. Steps highlighted in green were optimal and used to advance the
process. Those highlighted in yellow were sub-optimal, and those in red were non-
functional.

Protein Expr Purif. Author manuscript; available in PMC 2016 April 21.



1duosnuep Joyiny 1duosnuen Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lawrence et al.

Page 20

kDa Standard

CFoF4 native control+
pET-32a(+)-atpH
pFLAG-atpH
pMAL-c2x-atpH
pMAL-c2x-malE/atpH
pMAL-c2x-malE/aptH
+ pOFXT7KJE3
pMAL-c2x control—

1 2 3 4 5 6 7 8

Figure 4.
Chemiluminescent immunoblot showing detection of the expressed 50 kDa MBP-c4 in lanes

6 and 7. No detection of the 8 kDa ¢, is observed without a tag in lanes 3 or 5, and no
detection of the 9.1 kDa FLAG-c; is observed in lane 4.
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Figure 5.
Coomassie Blue stained 12% polyacrylamide gel showing the results of the amylose column

purification scheme. The 50 kDa MBP-c; is purified from the cell lysate supernatant in the
Maltose Elution Buffer fraction (lane 7).
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Figure 6.
Comparison of Factor Xa protease cleavage in the presence of different detergents. Optimal

cleavage products are observed with n-p-dodecyl-D-maltoside (lanes 9,10). Lines were
added to the image between lanes for distinction.
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Figure 7.

(@) Chromatogram of the reversed phase HPLC column separation produced with 215, 257,
and 280 nm UV absorbance data. A detail of the ¢q eluting fractions is included. (b) The
immunoblot confirms the elution of ¢4 at approximately 87% ethanol in fractions E11 and
E12. (c) The 12% polyacrylamide gel stained with AgNO3 shows the purity of ¢4 in

combined fractions E11+E12.
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Figure 8.
Molar Circular Dichroism (Ae) values plotted vs. the spectra 195-260 nm for the purified

recombinant ¢q subunit. The resulting curve is indicative of a protein with high alpha-helical
secondary structure.
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Variable ¢ subunit ring stoichiometries currently known. Stoichiometries of other cyanobacterial c-rings have
been also suggested, with the hypothesis that the number may vary according to energetic requirements [9].

Organism Location n (c-subunits/ring) =
Saccharomyces cerevisiae [40] Mitochondria/Inner membrane 10
Escherichia coli [41] Cell membrane 10
Ilyobacter tartaricus [42] Cell membrane 11
Propionigenium modestum [43]  Cell membrane 11
Bacillus pseudofirmus [44] Cell membrane 13
Synechococcus elongatus [9] Thylakoid membrane 13
Spinacia oleracea [45] Chloroplast/Thylakoid membrane 14
Spirulina platensis [46] Chloroplast/Thylakoid membrane 15
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Plasmids constructed with the atpH gene for expression of chloroplast ATP synthase ¢ subunit (cy).

Table 2

Plasmid Construct

Promoter  Product

pPMAL-c2x-malE/atoH

pMAL-c2x-atpH

pET-32a(+)-atoH

pFLAG-atpH

tac MBP-c,
tac Cy

T7 1

tac FLAG-c,
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