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Abstract

An inverse polymerase chain reaction (PCR) was employed to wcinatr
engineered FATPase by means of inserting the repressor of primer (ROPA
sequence into the region of the ATP synthase gany)naupunit DNA sequence
encoding a regulatory dithiol-containing domain. A two-step P@Ppaach was
developed to insert two unusually long (>100 base pairs each) pemersding 189
base pairs of exogenous DNA into a single site within a pA@¥@iple cloning
host vector. The construct was verified by means of DNA sequencifigis
approach allowed direct insertion of large pieces of DNA into & Db\ molecule
without introducing restriction enzyme sites, thus avoiding common shorigem
such as inclusion or omission of base pairs that were associatettaghtional sub-
cloning methods. The engineered gamma subunit was designed for assémtilg w
recombinant alphanj and betaff) subunits into a core;fFATPase. The rigid twisted
helical structure of the Rop protein extended the regulatory donaime ggamma
subunit by approximately 60 Angstroms, thus creating a rigid,imgtatrmature
within the enzyme. The armature is intended for use as fosigéd¢tachment of gold

particles to monitor rotation of the gamma subunit during ATP hydrolysis.



Abbreviations

ADP: adenosine diphosphate

ATP: adenosine triphosphate

atpC: DNA sequence encoding the ATP synthase gamma subunit

BSA: bovine serum albumin

E. coli: Escherichia coli

Fi: the membrane-associated portion of the ATP synthase complexjnsotita
catalytic domains and is comprised of subuajt3, v, 6, €

Fo: the membrane-embedded portion of the ATP synthase complex, is sednpfi
subunits a, b, c (I, I, lll, and IV in the chloroplag) F

GFP: green fluorescent protein

GTP: guanosine triphosphate

LB: Luria-Bertani Broth

PCR: polymerase chain reaction

P:: inorganic phosphate

Rop: repressor of primer
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I ntroduction

The adenosine triphosphate (ATP) synthase enzyme couples the trarfispor
protons across the chloroplast or mitochondrial membrane to the syrahesis?
from ADP and P Subunits a, b, and ¢ comprise the membrane-embedded proton-
transporting & (factor O) portion of the enzyme complex. Thgfkctor 1) portion
of the ATP synthase complex, peripheral to the membrane, corftainatalytic sites
for ATP synthesis and hydrolysis. The portion of the ATP synthase complex is
comprised of the following subunits and stoichiometyfizy;1616;. The proposed
structure of the ATP synthase complex is presented in Figure 1 [1].

The o andp subunits alternate to form the hexameric ring. One catalyéc
is located on each subunit, at the interface; three non-catalytic sites exist on each
a subunit at the alternai@B interfaces [2, 3]. The three, structurally asymmetric
catalytic sites result from differential interactionsviie¢n they subunit and each of
the threeop interfaces. Cooperative ATP binding, hydrolysis, and ADP reeas
during ATP hydrolysis, drives directional rotation of theubunit [2, 4, 5, 6]. The
proton gradient drives rotation of thhesubunit in the direction opposite that of ATP
hydrolysis; the catalytic sites work through the reverse seasfeconformational
states, resulting in high-affinity binding of ADP ang ATP synthesis, and then ATP
release [4, 6,7, 8].  While ATP synthesis requires a proton gradient aedtitiee
complex, the core catalytig fportion, comprised od, , andy subunits, is sufficient

for ATP hydrolysis.



Figure 1: Proposed structure of the ATP synthase complex urfgs a, b, and ¢
comprise the & or membrane-embedded portion; subuajtg, v, 8, € comprise the

F1, or membrane-associated portion. ATP is synthesized through ayetas
uncharacterized mechanism when protons cross the membrane througizytine e
complex, down the concentration gradient. Used for educational purposes, without

permission, from [1].



A great deal of research has centered on quantitation of the &inétotation
of they subunit within the Fcomplex to drive ATP synthesis and hydrolysis [9 — 13].
To accomplish this, researchers have employed protein enginegymgaches [9,
10, 13, 14, 15] to attach tled hexameric ring to a rigid substrate and to modifyythe
subunit in order to observe its rotation within tifehexamer. Typically, a biotin-
streptavidin linker was covalently attached to a cysteirgitite introduced at the top
of they subunit and an actin filament [9], nickel rod [14], gold rod [15], or goldl bea
[10] was attached to the streptavidin. Fluorescence or dark-fielcdbsoopy was
then used to analyze rotation. The most definitive experimentns tef quantitating
gamma subunit rotation was that shown in Figure 2, in which a gold dfkad
approximately 40 nm in diameter was attached toyteabunit as indicated. From
this experiment, researchers suggested thaty teebunit rotated in discrete 120°
steps. Apparent pauses (or sub-steps) in bead rotation of ~90° and ti80&lso be
resolved under some conditions [10], although the presence, size, arelafadhese
pauses is controversial.

A significant problem with these experiments is that the resolutf the
stepping action was limited by the superposition of the rotatiag beectly on top
of the enzyme’s center of axis of rotation. Thus, the bead dispéatefrom the
rotating axis was, at best, only a few Angstroms, making ficdif to determine if
the bead rotated uniformly in a single direction. In addition, the Bieowmotion
associated with the attached rods or beads had not been evaluated) feehier

guestions about whether or not the enzyme seen in dark-field microstubgs,



especially under conditions of limiting substrate when the catalgte was very
small, actually rotated, or merely oscillated as a resuBrofvnian motion. It is of
considerable importance to properly resolve the stepping and sub-stapporg of
the gamma protein and to relate these steps to specific protéampand nucleotide-
protein interactions within the enzyme complex. This will provide necessary
information to resolve the mechanism by which this remarkable enzgptures the
energy from ATP hydrolysis and converts it into rotational torque.addition to
characterizing the enzyme’s rotational mechanism, the rotargnaof the ATP
synthase complex can be used in multiple nanodevice applications theate re
conversion of chemical energy into kinetic motion. For example, couigliagzyme
ATP hydrolysis-driven rotation to produce electricity by meainfabricating a nano-
sized rotary engine is a platform from which many new agptios can be launched.
Such a device, depicted in Figure 3, is one of the principle future goals obtlkis w
In the device shown in Figure 3, the hybyidin the center of the surface-
attached Fmolecule, has an extended armature, shown in cyan, which is cedhpris
of the engineered Rop protein. Thedémplex, comprised of alternatinmg(red) and
B (blue) subunits, is attached to a rigid substrate. A magnetet (beown) is shown
attached to the tip of the Rop armature. ATP hydrolysis Vit & subunit rotation
and the magnetic bead will pass over a series of nano-seedodes (yellow) that
will have been etched into the substrate surface using electaom Ititkography. As
the bead passes over the electrodes, a nanowatt electrieitdsrexpected to be

generated.
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Figure 2: Gamma subunit rotation analysis [10]. The ATP synthasglex k
portion subunitsy (blue),p (green), and (red) are presented (a) with the nucleotide
binding site occupant indicated (ATP, ADP, or empty). Panel bréitest the biotin-
streptavidin-BSA linkage that was used to join the gold bead totaimgsesidue
engineered into the tip of thesubunit (red). Subunits (blue) andB (green) were
attached to a rigid substrate via poly-Histidine tags emplégeobserve rotation of
the gold bead around the immobilizel hexameric ring. Panel d shows images of a
gold bead at different times (ms) during ATP-driven rotatioatined to a fixed circle.

Used for educational purposes, without permission, from [10].
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Figure 3: ATP-driven electrical generator. The hybrid garsataunit, in the center

of the surface-attached Folecule, has an extended armature shown in cyan that is
comprised of the engineered Rop protein. Thedmplex, comprised of alternating

a (red) andp (blue) subunits, is attached to a rigid substrate. To the tip dRdpe
armature will be attached a magnetic bead (brown). ATPolygis will elicit
gamma subunit rotation and the magnetic bead will pass overea s€mano-sized
electrodes (yellow) that have been etched into the substrateeswsang electron
beam lithography. As the bead passes over the electrodes, a tiaelestical

current is expected to be generated.
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Here, we describe experiments in which a long primer invet$e éxtension
method was used to introduce a rigid armature into the rotating g@aubunit that
we predict, from molecular models of the gamma subunit, will exteadadius of
rotation of attached particles, such as metallic beads, by approximatehg&@dins.
This is expected to provide significantly greater resolution oetimyme’s rotational
steps and sub-steps in dark-field microscopy experiments arnitialse serve as the
first phase in developing the nanodevice shown in Figure 3. The exptime
involved genetic insertion of the DNA sequence of a rigid, helicatepr, Rop
(repressor of primer), into the dithiol-containing domain of the photosyntmma
ATP synthase subunit. Originally characterized in 1982 [16], Ropregaatory
protein involved in plasmid DNA replication. It modulates transcripitnatiation of
the primer RNA precursor [17]. The 189 base pairDNA sequence encodes Rop,
a 63 amino acid twisted, rigithelical protein, illustrated as a dimer in Figure 4 [18].
The monomeric, twisted helical structure is expected to be rigid and highlg.st

There are a number of issues associated with insertion of lores@E®ONA
into a host DNA molecule. For example, typical sub-cloning methads,
introducing restriction sites into the two DNA fragments, mageasitate introducing
or deleting nucleotides from the host DNA or DNA insert. In addjtsuccessful
ligation is often stymied by difficulty obtaining the correetio and the correct
orientation of the insert. Inverse PCR is commonly used for rttreduction of

nucleotide changes or for the insertion of small lengths of exogddNésinto a
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gene or vector [19, 20]. It can also be used to delete >100 basefpaigene of
interest with higher deletion efficiency than the overlapping primer mefidd [
Long primer PCR, the method used in this study, offers sevdvantages
over traditional methods of insertion of long pieces of exogenous DNAis
technique avoids problems with restriction digestion of DNA, ligatimsert DNA
into the template, and ensuring that the ligated product contains %gdhence of
interest in the proper insert:vector ratio and 2) the proper atientof the inserted
DNA sequence. While amplification of long targets (10 — 40 kb) hasopidy been
demonstrated [22], we describe the successful insertion and aatmificof 189

bases of foreign DNA, introduced by “long primers”.

Materialsand Methods

Sub-Cloning

The DNA encoding the spinach chloroplast ATP synthase gamma subunit
(atpC) was previously sub-cloned into the pET8cgam bbl vector [23]. The
pPACYCatpC vector was prepared by inserting the chloroplast Ahthase gamma
subunit DNA sequence into the Ncol multiple cloning site of the pAMiE&t
Coexpression Vector (71147-3, Novagen, San Diego, CA). This insertion was
accomplished by restriction digestion of the gamma subunit N-termvthsNcol
(Promega, Madison, WI) and of the C-terminus with BamHI (Promega) a
simultaneous restriction digestion of the pACYC Duet Coexpressiatoie The

DNA sequence and apparent molecular weight of the expressed protein vagredbt

12
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Figure 4: The protein Rop, shown as a dimer, modified from PDB 1R&Rusing
Rasmol. The helical, coiled-coil protein is approximately 6®big and contains a
flexible loop region between the two helices. The flexible loop region is the ptbpose
location for the insertion of a cysteine residue for covalentlattant of a gold bead

for rotation studies similar to those described in Figures 2 and 3.
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by means of DNA sequencing and SDS-PAGE, respectively, &rtasc that the
gamma subunit DNA sequence had been incorporated in the correct orientation, in the
proper location, within the pACYC Duet Coexpression Vector.

Long Primer Extension

For purposes of primer design, the Rop DNA sequence was obtained from
PubMed, NCBI J01749 [18]. Primers were designed to insert the éop DNA
sequence (189 bases) between atpC amino acids 223 (lysine) ance@2dell
Unphosphorylated long primers (Integrated DNA Technologies, CoraliAl)ehad
the following sequences:
Rop28gamma: 5'CAG TTC GTT GAG CTT CTC CAG CAG CGT TAATETG
GCT TCT GAT AAA GCG GGC CAT GTT AAG GGC GGT TTT TTCTG TTT

GGTCTITACCTICTTIT TGT TGT GAG’

Primer Rop28gamma contained the DNA sequence for the N-terhatiadf Rop in
addition to 21 bases (underlined) of the ATP synthase gamma subunis&jliance
(Figure 5).

Rop34gamma: 5’GAC GCG GAT GAA CAG GCA GAT ATC TGT GAATCG CTT
CAC GAC CAC GCC GAT GAG CTT TAC CGC AGT TGC CTC GAIGC TTC

GGG GAT GAC GGT GAA AAC CTC CTA ACG GTA GAA AGA GAQATG 3.

Primer Rop34gamma contained the DNA sequence for the C-ternathaf Rop in
addition to 21 bases (underlined) of the ATP synthase gamma subunis&ju&nce

(Figure 5). Primers Rop28gamma and Rop34gamma were evaluated for the

14
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Figure 5: Long primers Rop34gamma and Rop28gamma and their aligmntlent
vector pACYCatpC. Each long primer anneals to 21 bases ofamea DNA

sequence and contains approximately half of i@ DNA sequence. The long
primer PCR using these primers generates a linear, blunt-endeducpr

approximately 5.5 kb in length (4.3 kb plasmid, 1gemma, 0.2 kbrop).
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propensity to form hairpins, self-dimers, or hetero-dimers, usi@'sl online
OligoAnalyzer SciTool (Coralville, 1A). Primers contained no knowestriction
enzyme digestion sites. The approximate percent GC content of wa@%also
within the acceptable limit of <60%.

PfuUltra High-fidelity DNA Polymerase and buffer, (600380, Stratagene,
La Jolla, CA), dNTPs, (Promega, Madison, WI), and GoTag® Flexi DNA
Polymerase, (M8291, Promega) were employed in the inverse polymarase
reaction using two unique annealing temperatures and durations (57°G0f
seconds; 68°C for 10 minutes). Gel purification was performed, accotding
manufacturer’s specifications, using Qiaquick® Gel Extraction 28704, Qiagen
Sciences, Valencia, CA). The gel-purified, linear, 5.5 kilobasR péduct was
treated with T4 Polynucleotide Kinase (69248-3, Novagen, San Diego, CA)
according to manufacturer’s specifications. After treatment, kKlmase was
inactivated by incubation at 70°C for 10 minutes.

Ligation

T4 DNA Ligase (M0202T, New England Biolabs, Ipswich, MA) was used
for blunt-end ligation of linear PCR products. T4 Polynucleotide Kifidseagen)
was incorporated into the ligation tube. Chloramphenicol (C-0378, Stjramnical,
St. Louis, MO) was used at 34 pg/mL final concentratiorEfaroli bacterial growth

in suspension and on agar plates.
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Transformation

High-efficiency transformation was completed using New &mgIBiolabs
5-aF’1% competent cells (C2992I, Ipswich, MA), according to manufactirer’
specifications with chloramphenicol on Luria-Bertani Broth (LB) phgsmr plates.
Cells were incubated overnight at 37°C with 5%,@®a humidified chamber. To
evaluate transformants, colonies were incubated in 1 mL LB mediumesugmied
with chloramphenicol in a rotating incubator at 250 rpm at 37°C until &aium
became cloudy (approximately 4.5 hours). After growth, 5 pL ofscelpension and
45 pL water were heat-denatured at 95°C for 30 minutes. Celssto©MSO were
prepared by adding the remaining volume (~1 mL) of cell susperisid80 pL
DMSO (Fisher Scientific) and frozen at -80°C. Transformant®whaaracterized by
means of PCR using the following sets of primers (Integratdé Dechnologies,
Coralville, 1A):
Gamma F 5 T ACT TCC AAT CCA ATG GCAAACCTC CGT GAGCTAZ
Gamma R 5 T TAT CCACTT CCA ATG TCA AAC ACATGC ATT AGC 3
Rop F 5’GAG GCA CCA TGG ACC AAA CAG GAA 3
Rop R 5’GAG CTG CAT CCA TGG GAG GTT TTC ACC ¥

Plasmid Preparation

Escherichia coli bacteria containing the pACYCatpCRop plasmid were
grown at 37°C in a rotating incubator at 250 rpm overnight. Plasmpéu@tton was
performed according to Qiaprep® Spin Miniprep (27104, Qiagen, Valené&a, C

instructions, except that DNA was eluted with water, not EB huffddNA
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concentrations were determined using a Cary Win UV/Vis spectrapletéo and a
1-cm path length quartz cuvette at a wavelength of 260 nm ageatst (blank).
DNA sequencing was performed at The lowa State DNA SequehRaritity (Ames,
lowa). Agarose gels were prepared with ethidium bromide andlizvedavia UV
light. A 10 kilobase DNA hyperladder (Bioline, Taunton, MA) was ipooated in
all agarose gel analyses.

Protein Expression

The pACYCatpCRop plasmid was transformed into BL21DE3pLys
competent cells (70236 Novagen, San Diego, CA) according to maneféactur
specifications. Escherichia coli BL21DE3pLys bacteria containing the
pPACYCatpCRop plasmid were grown at 37°C in a rotating incubat@5@trpm
overnight. After overnight incubation, the cells were transterto 2 L of LB
medium containing antibiotics and grown at 37°C in a rotating incubatdrtiiat
O.D. reached ~0.6 at 600 nm. Once the culture reached the appropriatd opti
density, the culture was induced with IPTG at a final concentrafigi® mM. The
culture was incubated at 15°C in a rotating incubator overnight. iaftabation, the
culture was centrifuged at 3000 x g for 5 minutes at room tenoperat The
supernatant fluid was discarded and the pellet was resuspendatkein Whe cells
were subjected to sonication and freeze/thaw lysis after wimehthe pellets were
resuspended and stored in 50 mM Tris/2 mM EDTA, pH 8.0. Celtdysaere

analyzed by means of SDS-PAGE and Coomassie staining.
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Results and Discussion

A recently-constructed model of the subunit of the photosynthetic ATP
synthase [24, 25] was used to predict the position for the Rop insdrabrwas
expected to result in maximum extension of fheegulatory domain in a direction
approximately perpendicular to that of the axis of rotation. Thdemis shown in
Figure 6. The regulatory domain extended from residues 196 to 242 amtkohthe
disulfide-forming thiols at positions 199 and 205, as indicated in yellBxtensive
mutations had been performed within the regulatory domain [26] and ted itdzat
the entire domain or large sections of the domain could be removed without
decreasing the maximum catalytic rate of the enzyme. Matdnts exhibited loss of
the inhibition that was imposed on catalytic turnover by formatiorhefdisulfide
bridge between cysteine residues 199 and 205. The insensitivity tbomwta this
part of the gamma subunit made it a good choice for insertion dRadlpeprotein.
The Rop DNA sequence was inserted ingaema gene between lysine residue 223
and leucine residue 224 (shown as threonine 224), as indicated in Figurbe6.
model predicted that this would extend the regulatory domain appriehyng0 A

from the center of axis of rotation.

Summary of Unsuccessful Cloning Attempts
Initially, a traditional sub-cloning procedure was employed to igeaehe
desired genetic construct. The pET8cgam bbl vector, containing the &pC D

sequence, was modified using primers for site-directed renésis to introduce an
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Ncol restriction enzyme digestion site between amino acidise\&23 and leucine
224. An amplified, purified Rop DNA sequence fragment was obtained Rsipg
(F) and Rop (R) primers and the pBR322 plasmid, which containetbphBNA
sequence. The pET8cgamma vector and the purified Rop DNA fragmeat we
restriction enzyme digested with Ncol. Ligation of the digestagnfent into the
PET vector was attempted by varying the ratio of insert:veligation duration and
temperature, and ligase enzyme concentration. Ligated constreicstransformed
into XL1Blue high-efficiency cloning cells; transformants weraluated by means
of PCR and subsequent agarose gel analysis. Polymerase chdionsea®re
performed using Rop (F), Rop (R), gamma (F), and/or gamma (Rensr Gel
analysis of the PCR products revealed several problems. A portiba Bfterminus
of the gamma subunit was absent. Polymerase chain reactiorfi@atiph using
Rop (F) and Rop (R) primers generated a very dense, sharp band as@@ibs for
nearly all transformants, but amplification using gamma (F), garti®) primers did
not generate a band for the same transformants. Multiple astethgenerating the
desired genetic construct indicated that there was an inadvertehtréstriction
digestion sequence at the N-terminus of the gamma DNA sequémaeby
explaining the absence of PCR product when the gamma primersuseste It was
also discovered that the pET vectors contain an endogeepuPNA sequence,
thereby explaining the presence of a dense, 200 base pair bandtfansftbrmants.
Finally, it was discovered that tlgamma DNA sequence contained an inadvertent

BamHlI restriction site within its N-terminus.

20
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A B Rop or GFP
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C-terminal hélices

Figure 6: Panel A shows a cross-section through the crysiadtise of the
mitochondrial f enzyme and indicates the position of the gamma subunit. Panel B
shows the predicted structure of the chloroplasgdmma subunit indicating where
the Rop insertion will be made. The regulatory dithiol-contairdognhain of the
chloroplast gamma subunit (red in Panel B) is not present in thechuoitdrial
enzyme and can be completely deleted from the chloroplast emzytimout loss of
catalytic function [23]. Theop (or gfp) DNA sequence has been spliced directly into

the regulatory, dithiol-containing domain of the chloroplast gamma subunit.
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To overcome these obstacles, site-directed mutagenesis wasnperfto
mutate the Ncol restriction enzyme digestion site to an Nel&riction enzyme
digestion site and to alter the inadvertent BamHI site. In additheatpC DNA
sequence was restriction digested with Ndel, at the N-terpramasBamHI, at the C-
terminus and ligated into the pTBSG vector [Fei Gao, unpublished], wbrdiained
the tobacco etch virus (TEV) and maltose binding protein (MBPA BEguences.
The pTBSG vector contained DNA sequences for TEV and MBP toitéiaeil
purification and solubility during protein expression, which was iqdarly
important given that the Rop protein was involved in primer remmesand its
expression resulted in poor plasmid replication and poor colony grdwtimately,
the gamma-Rop-gamma genetic construct was generated withipTBSG vector.
This vector, however, contained an endogenous Rop sequence. To obtain large
guantities of the desired construct and to minimize the formatiompfimodimers
during protein expression, it would have been necessary to excisenthefbaterest
and re-clone it into an alternative vector, such as the pACYi€t Toexpression
Vector. Because the pACYC Duet Coexpression Vector containedutwgue
multiple cloning sites and did not contain an endogemopNA sequence, it was
the desired plasmid for this application. While attempts atrgéng the desired
construct using this approach were ongoing, other approaches initaieed to
maximize the likelihood of success.

One alternative approach attempted to generate the desired geEmatiict

using existing sets of primers in unique combinations. Prior to,PTR
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polynucleotide kinase was used, according to manufacturer's spdoifis, to
phosphorylate aliquots of the >100 base pair, “long primers” Rop28gaamtha
Rop34gamma, which each contain half of tbp DNA sequence and anneal to 21
bases of thgamma DNA sequence in the pACYCatpC expression plasmid (Figure
5). The PCR reaction was performed using primer gamma @&Jdnion to primer
Rop28gamma in one tube and primer Rop34gamma in addition to primer gaisnma (R
in a second tube. The pACYCatpC vector was employed as templateth
reactions. The PCR product from the first tube was the N-terhailbof gamma
plus the N-terminal half of Rop (Ngamma-Rop). A PCR amplifocateaction of the
second tube generated the C-terminal half of Rop plus tleen@Aal half of gamma
(Rop-Cgamma). Products were visualized on ethidium bromide-contaigargse
gels. The PCR products were gel-purified and subjected to ligatioarying ratios
of Ngamma-Rop and Rop-Cgamma DNA fragments and varying amounts of T4 DNA
Ligase. Ligated products were evaluated by agarose gel electroplamctsigbjected
to gel purification. Attempts to obtain appropriately-sized Redtucts after PCR
optimization were unsuccessful. Attempts to obtain ligated comstmith the
appropriate orientation were not ameliorated by attempts to re-phgkboPCR
products generated using phosphorylated primers, or by phosphoryRGRy
products generated using unphosphorylated primers.

Attempts to generate the gammaRopgamma genetic constructrasitignal
cloning techniques were eventually abandoned due to difficulties obtaineng

desired ligated product and difficulty interpreting PCR products diieetpresence
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of false positives resulting from the endogenoysDNA sequence contained within
the pET vector. Attempts to generate the gammaRopgamma abnssing the
Ngamma-Rop and Rop-Cgamma approach were abandoned due to difficulties
obtaining and ligating appropriately-sized PCR products. In spiteeaéffort placed
on this approach, the desired genetic construct was not obtained amdi rathiod
was initiated.

Examining a long-primer extension approach

“Long primer” or inverse PCR was employed in an attempgjdoerate a
plasmid containing the foreign DNA of interest, inserted into aipéacation in the
host DNA molecule, using 105 and 123 nucleotide long primers indicated in the
Materials and Methods section. With inverse PCR, the foreigA BNntroduced
via “long primers” or primers greater than 100 bases in lengty pamer contains
% of the DNA sequence of the foreign insert. The PCR product & lame must be
blunt-end ligated prior to transformation.

In an attempt to generate the gammaRopgamma genetic constngcthes
long primer extension approach, traditional PCR conditions were eatployhis set
of PCR conditions did not result in a product visible by means ofosgagel
electrophoresis. To improve annealing of GC-rich regions, 5% DM&©Oadded to
the PCR reaction tubes. PCR was repeated using phosphorylated &uop&tgnd
Rop28gamma in one tube and unphosphorylated Rop34gamma and Rop28gamma
primers in a separate tube. A gradient thermocycler prograsnuged to determine

optimal annealing temperature. PCR was repeated, using the eptiamnealing
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temperature, to determine the optimal magnesium chloride concamtrany PCR
reactions were attempted, using purified primers with and withéygolynucleotide
kinase treatment, 5% DMSO, and Dpnl digestion. In addition, diffepenter
concentrations, template concentrations, and polymerase sources antrations
were tried.

PCR was repeated using two unigue annealing temperatures, tlta S251C
and the second at 68°C. The first annealing temperature poncsd to annealing
between the 21 base pairs of teenma DNA sequence on the Rop34gamma primer
or the Rop28gamma primer to tgamma DNA sequence within the plasmid. The
second annealing temperature corresponded to annealing between theaRup&4g
primer or the Rop28gamma primer and the product of the first angeahd
elongation steps. The second annealing temperature was gneaténat of the first
annealing temperature because greater than 21 base pairs animgplthdsirphase.
The product of the first annealing and elongation presented an opporftomigy
greater number of base pairs to anneal between primers Rop34gamma
Rop28gamma and the product. Optimal long primer inverse PCR requiiadia
round (step one) with low annealing temperature and short annealingowlurat
because primers were required to anneal to approximately 21 dfafes gamma
subunit sequence. During the second PCR step, the annealing tenepearad
duration were increased significantly because the primers armealing to a DNA

sequence that was complementary to the entire primer length (>100 base pairs
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This set of PCR conditions generated a 5.5 kb band, but attemptatiinlig
and transformation were unsuccessful. PCR was repeated uggige/@olymerase
concentrations. The final, 56L volume was divided into 2 tubes of 2& each,
prior to initiating the PCR program because it was noted thaflemreaction
volumes efficiently undergo the temperature changes required by this PCBRnprogr

In the process of PCR optimization, it was noted that while ggeaePfu
Ultra polymerase mixes appeared similar according to manufactstsfications
sheets, onlyfu Ultra 600380-51 consistently gave a dense, sharp band at 5.5 kb. For
each PCR reaction, eacRfu polymerase enzyme was accompanied by its
corresponding 10x Buffer, for exampkfu polymerase 600380-51 was accompanied
by its 10x Buffer 600380-52. To optimize PCR, template quantity, praquantity,
enzyme activity, polymerase source and supplier, and magneshiaride
concentration were all varied. In addition, the PCR conditions vaeredy including
cycle number, melting, annealing, and elongation temperatures and duraé&fore
optimal conditions were determined.

Ligation was attempted using T4 DNA Ligase and buffer usingimgry
concentrations of DNA. Ligation was optimized using variable amoaht8CR
products that were purified, phosphorylated, and re-phosphorylated. Vaigakienl
temperatures, durations, enzyme and buffer suppliers, and enzywgeactvere
employed prior to achieving blunt-end ligation of the linear PCR product

pACYCatpCRop.
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Transformation was also attempted using different high-efibgiecloning
competent cells and variable ratios of DNA:cells. A varietytransformation
conditions were employed, including variable 0°C incubation durations, arandnt
duration of SOC medium addition and incubation, and culture temperatiagorer
(37°C, 22°C, or 15°C) and durations. Transformation into XL1Blue high-eftigie
cloning competent cells (Novagen) generated only small caloordy after an
extended growth period (~20 hours at 37°C).

Many attempts to transform the ligated construct into XL1Bhigh-copy
number competent cells (Novagen 70181) were unsuccessful. Close orspéthie
tubes containing the competent cells indicated that there weranifonm portions
of competent cells frozen to the sides and lids of the microtiegdrtubes, as if these
fragile cells had been handled harshly or had been through a fiheezelcle prior
to arrival. Multiple shipments of these cells arrived, allegpimg as if the cells had
been handled roughly. Numerous attempts at transforming the corfattedtand
competent cells from a different supplier were investigated.

FivewF’19 high-efficiency cloning competent cells (New England Biolabs
C2992I) were obtained and inspected prior to transformation. Calés wmgormly
pelleted at the bottom of the microcentrifuge tube, indicatingthi®atells may have
been handled more gently and/or may not have undergone a freeze/thawioydte pr
arrival. While additional attempts to transform the pACYCatpCRIasmid into
XL1Blue competent cells may have eventually been successfogfdrmation of the

genetic construct into &F’l9 high-efficiency cloning competent celf®llowing
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manufacturer's specifications, was successful after manyerfemansformation
attempts.

Finally, multiple transformation attempts employed variable incobat
temperatures and durations, different competent cell suppliers, &mckclifratios of
DNA:competent cells prior to successfully transforming the p&a@yCRop

construct into 5F’1% high-efficiency cloning competent cells.

The Final Cloning Strategy

The “long-primer” or “inverse” polymerase chain reaction methosl fwgther
modified to generate the desired genetic construct. The 105-nucleatida 123-
nucleotide long primers, Ropg8and Rop34, respectively, each containing the
nucleotide sequence of approximately half of tlop gene, was obtained from
Integrated DNA Technologies (Coralville, 1A). Aliquots of longrpers Rop2$ and
Rop34 were phosphorylated prior to PCR, thereby removing the need to
phosphorylate the PCR product using T4 polynucleotide kinase. Altelgative
unphosphorylated primers Rop28nd Rop34 were used in the PCR reaction and the
PCR product was subsequently phosphorylated using the T4 polynucleotide kinase.

The inverse PCR conditions listed in Table 1, “Final PCR Conditjons”
generated a sharp 5.5 kb product with little non-specific binding, hwines
visualized using agarose gel electrophoresis (data not shown)r gaftextraction

and treatment of the 5.5 kb PCR product with T4 polynucleotide kinas@saggel
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electrophoresis of a small aliquot of PCR product confirmed theepce of the
expected 5.5 kb product (data not shown).

Blunt-end ligation of linear PCR products was achieved using T4 DNA Ligase
(M0202T, New England Biolabs, Ipswich, MA) at a final activify2ox 1 mU/pL;
T4 Polynucleotide Kinase (Novagen) was incorporated into thedigatbe at a final
activity of 1 U/uL. Ligation was carried out at room tempa®afor 4 hours then at
16°C overnight. Chloramphenicol was used at 34 pg/mL final concentfatidh
coli bacterial growth in suspension and on agar plates.

Ligation of linear pACYCatpCRop was confirmed by PCR using psmer
gamma (F) and gamma (R) (data not shown). The PCR product,zesuah an
agarose gel, had a single band at 1.2 kb; no band was present at 1 kbngnthea
absence of contaminating pACYCatpC template.

Transformation of ligated pACYCatpCRop intoabB49 high-efficiency
cloning competent cells (New England Biolabs) generated rrangformants after
typical overnight (~12-16 hours) incubation at 37°C. Transformants exaluated
after heat denaturation using PCR with primers gamma (F) and(Rop Gel
electrophoresis analysis indicated a band at the expectedosi200 base pairs,
corresponding to amplification of the DNA sequence analogous to-teenthus of
gamma to amino acid L223 (~700 base pairs) and approximately h#ite dRop
DNA sequence (~100 base pairs) (data not shown). The predetits 800 base
pair PCR product indicated not only that both gamma and Rop were plasgesiso

that they were in the appropriate orientation.
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Additional verification of the transformant was carried out afirsmid
preparation. Because of rapid bacterial growth and a high concamtoétplasmid,
the pACYCatpCRop plasmid did not likely interfere with plasmid ogpion. Using
gamma (F) and gamma (R) primers and the plasmid pACYCatp@laemas a
positive control, gel analysis indicated a 1 kb PCR product. Using gai@mand
gamma (R) primers and the plasmid pACYCatpCRop templatengbisss indicated
a 1.2 kb PCR product. A 200 bp PCR product was generated using Rapd(Rpp
(R) primers and pACYCatpCRop as template (Figure 7).

These results indicated that the pACYCatpCRop plasmid contained both the
N- and C- termini of the ATP synthase gamma subunit DNA sequeanté¢he Rop
DNA sequence. Finally, DNA sequencing (lowa State DNA SexngnFacility,
Ames, lowa) confirmed the successful manufacture of the pAQXFp construct
using the newly developed long primer inverse polymerase chain reaction.

The DNA sequence of the putative atpCRop sequence within the @lasmi
Figure 8, contained an extra guanosine triphosphate (GTP) nucleotige middle
of the Rop sequence, where primers Rop28gamma and Rop34gamma meet. The
inadvertent inclusion of this extra base resulted in a truncationtionytavhereby a
protein approximately half of the expected size was expressedjegurand
visualized on an SDS-PAGE gel (data not shown). With the exceptithre @xtra
GTP nucleotide within the pACYCatpCRop plasmid, no other mutationsedxist
Both primers Rop28gamma and Rop34gamma contained the GTP nucledhidie at

3 ends. For these reasons, it was suspected that the one of

30



Component Final Concentrationt | Step TemperatureDuratior]

Water na 1 9%5°C 30seq

10xPfu Utra HF reaction buffer 1x 2 AI°C 30 seq
dNTPs, 10 mMeach 0.2 mMeach 3 57°C  30seq

Rop34, 10 uM 0.2 uM 4 72°C 6 min.
Rop23, 10 uM 0.2 uM 5 Goto2 Replld
PACYCatpC, 96 ng/uL 1.92 ng/uL 6 M°C  30sed

Pfu polymerase, 2.5 UL 50 mU/uL 7 68°C 10mn
GoTag® DNA polymerase, 5 UL 50 mU/uL 8 Goto6 Rep2p
50l 9 72°C  10mn

10 4°C Hold

Table 1: Final PCR Conditions. Final concentrations are givenatakfinal volume

of 50 puL. 10x Pfu Ultra reaction buffer was from Stratagene, 60038045
polymerase, was from Stratagene, 600380-51. GoTag® Flexi DNA Payeneras
from Promega, M8291. These PCR conditions consistently generdete, sharp,

5.5 kb linear pACYCatpCRop product from the combination of two unique annealing

temperatures and durations.

31



these two primers contained an extra GTP nucleotide at the 3’ end, thhesielgyrise
to the extra GTP within the PCR product, pACYCatpCRop. To removextia
base, primers were manufactured for site-directed mutagemmesisad the following
sequences:

RopDelG (F):5’ TC AAC GAA CTG GAC GCG GAT GAACA 3

RopDelG (R): 5 TG TTC ATC CGC GTC CAGTTC GTT GA 3

A polymerase chain reaction, performed by Dixen Chen, using the site
directed mutagenesis primers RopDelG (F) and RopDelG (R),rajedethe
appropriately-sized (5.5 kb) PCR product. The PCR product was gekpurifligh-
efficiency transformation was completed usingPB competent cells, according to
manufacturer’s specifications, with chloramphenicol on Luria-BeftaB) plus agar
plates. Cells were incubated overnight at 37°C in a shaking incub&iasmid
preparation was performed according to manufacturer’s speiifisaexcept that the
DNA was eluted with water, not with EB buffer. The plasmid s@guenced at the
lowa State DNA Sequencing Facility (Ames, lowa). Thsulttng sequence,
presented in Figure 9, atpCRop DNA sequence, indicated that the dn&EFte
nucleotide was successfully removed.

Expression of the Gamma-Rop Construct

To facilitate biophysical studies, wild type rubrum chloroplastp, and
spinach chloroplast ATP synthase subunits were over-expressed in BL21DE3(pLys)

competent cells and purified according to previously published procedures [24 — 26].
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Lane 1 2 3 4

Figure 7: Agarose gel analysis of PCR products from the following reactibese W
stands for Forward and R stands for Reverse:

Lane 1: gamma (F) + gamma (R) with pACYCatpC (wild type), band sizkb:~
Lane 2: gamma (F) + gamma (R) with pACYCatpCRop, band size: ~1.2 kb;
Lane 3: Rop (F) + Rop (R) with pACYCatpCRop, band size: ~200 bp;

Lane 4: 10 kb ladder (Bioline).
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43 AAA AAC ACG CAG AAG ATC ACC GAA GCA ATG AAG CTGGTC GCC
85 GCC GCT AAA GTC CGC CGT GCG CAA GAA GCC GTC GMAC GGC
127 CGC CCC TTC TCG GAG ACT CTA GTC GAA GTT CTT TAEAC ATG
169 AAT GAA CAG CTA CAG ACT GAG GAT GTT GAT GTT CCTTG ACG
211 AAG ATT CGG ACG GTG AAG AAG GTG GCG TTG ATG GTGTT ACC
253 GGC GAC CGT GGT CTT TGC GGC GGG TTT AAT AAT ATE G CTG
295 AAG AAG GCT GAG TCT AGG ATT GCT GAG CTT AAG AAG TT GGT
337 GTT GAT TAT ACT ATT ATT AGT ATT GGA AAG AAA GGAAAC ACT
379 TAT TTT ATC CGG CGT CCT GAG ATT CCC GTC GAC AGIAC TTC
421 GAC GGA ACA AAC CTA CCA ACC GCC AAA GAA GCA CAAGCC ATA
463 GCA GAC GACGTCTTC TCC CTATTC GTA AGC GAA GAATE GAC
505 AAA GTC GAA ATG CTC TAC ACA AAATTC GTC TCT TTAGTA AAA
547 TCA GAC CCA GTAATC CAC ACCCTACTC CCCCTC TGBCC AAA
589 GGA GAA ATT TGC GAC ATC AAT GGA AAATGT GTC GAGSCA GCA
631 GAA GAC GAACTC TTC CGT CTC ACA ACA AAA GAA GGRAG

ROP ACC AAA CAG GAA AAA ACC GCC CTT AAC ATG GCC CGCQTT ATC
ROP AGA AGC CAG ACATTA ACG CTG CTG GAG AAG CTC AAGAA CTG
ROPG*GA CGC GGA TGA" ACA GGC AGA TAT CTG TGA ATC GCT TCEGA
ROP CCA CGC CGATGA GCT TTACCG CAG TTG CCT CGC T@GT CGG
ROP GGA TGA CGG TGA AAA CCT

670CCT

673 AAC GGT AGA AAG AGA CAT GAT CAA AAC CGA AAC ACCAGC ATT
715 TTC CCC AAT TCT GGA ATT CGA ACA AGA TCC TGC TCAAT TCT
757 CGACGC TTT GCT TCC ATT ATACTT AAA CAG TCA GANTT GAG
799 GGC TTT ACA AGA ATC ACT TGC TAG TGA ACT TGC TGGAG GNA

Figure 8: Mutant atpCRop DNA sequence. The gamma DNA sequenctgnsen,
the Rop N-terminal DNA sequence is in red, and the Rop C-teridiNAl sequence
is in blue; the asterisk (*) corresponds to the inadvertent GTReatided at the
junction of primers Rop28gamma and Rop34gamma. A carrot (*) derfaes t

premature stop codon.
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Expression of the gammaRop mutant resulted in a protein sliginggrlin size than

the wild type gamma, visualized with SDS-PAGE, as indicated in Figure 10.

Conclusions and Implicationsfor Further Research

The inverse PCR extension method is commonly used for the introduction of
nucleotide changes, for the insertion of small lengths of exogddN#Asinto a gene
or vector [19, 20], or in the deletion of >100 base pairs of a geneeavéshtwith
higher deletion efficiency than the overlapping primer method [R14. insertion of
the rop DNA into the gamma gene, an insert of 189 base pairs of foreign DNA,
represents a novel application of this method, made possible using the multi-step PCR
approach described in Table 1.

Optimal long primer inverse PCR required an initial round (stepwwitie)Jow
annealing temperature and short annealing duration because puienersequired to
anneal to approximately 21 bases of the gamma subunit sequence. Deisegdnd
PCR step, the annealing temperature and duration were increasdtcasigy
because the primers were annealing to a DNA sequence thatowglementary to
the entire primer length (>100 base pairs). This two-step @veGR method
resulted in a linear product that was successfully phosphorydatgdigated. The
ligated construct was transformed into high-efficiency cloraalls then into over-
expression cells for successful over-expression. One highly ageantaproperty of
this inverse PCR technique was that it avoided inadvertent inclusiomission of

base pairs associated with restriction digestion methods, therefore reducing the
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43 AAA AAC ACG CAG AAG ATC ACC GAA GCA ATG AAG CTGGTC GCC
85 GCC GCT AAA GTC CGC CGT GCG CAA GAA GCC GTC GAC GGC
127 CGC CCC TTC TCG GAG ACT CTAGTC GAA GTT CTT TAEAC ATG
169 AAT GAA CAG CTA CAG ACT GAG GAT GTT GAT GTT CCTTG ACG
211 AAG ATT CGG ACG GTG AAG AAG GTG GCG TTG ATG GTGTT ACC
253 GGC GAC CGT GGT CTT TGC GGC GGG TTT AAT AAT AT G CTG
295 AAG AAG GCT GAG TCT AGG ATT GCT GAG CTT AAG AAG TT GGT
337 GTT GAT TAT ACT ATT ATT AGT ATT GGA AAG AAA GGAAAC ACT
379 TAT TTT ATC CGG CGT CCT GAG ATT CCC GTC GAC AGTAC TTC
421 GAC GGA ACA AAC CTA CCA ACC GCC AAA GAA GCA CAAGCC ATA
463 GCA GAC GACGTC TTC TCC CTATTC GTA AGC GAA GAATE GAC
505 AAA GTC GAA ATG CTC TAC ACAAAATTC GTC TCT TTAGTA AAA
547 TCA GAC CCA GTAATC CAC ACCCTACTC CCCCTC TGBCC AAA
589 GGA GAA ATT TGC GAC ATC AAT GGA AAA TGT GTC GAGSCA GCA
631 GAA GAC GAACTC TTC CGT CTC ACA ACA AAA GAA GGRAG

ROP ACC AAA CAG GAA AAA ACC GCC CTT AAC ATG GCC CGQTT ATC
ROP AGA AGC CAG ACATTA ACG CTG CTG GAG AAG CTC AAGAA CTG
ROP GAC GCG GAT GAA CAG GCA GAT ATC TGT GAATCG CTTAC GAC
ROP CAC GCC GAT GAG CTT TAC CGC AGT TGC CTC GCT CGTC GGG

ROP GAT GAC GGT GAA AAC CTC

670 CTA

673 ACG GTA GAA AGA GAC ATG ATC AAA ACC GAA ACA CCAGCATTT
715 TCC CCA ATT CTG GAA TTC GAA CAA GAT CCT GCT CAATT CTC
757 GACGCT TTG CTT CCATTATAC TTA AAC AGT CAG ANTTTG AGG
799 GCT TTA CAAGAATCACTT GCT AGT GAACTT GCT GCBGG

Figure 9: atpCRop DNA sequence. The gamma DNA sequence@iieen, the Rop
N-terminal DNA sequence is in red, and the Rop C-terminal Bfdgduence is in

blue.
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6-12% gel

gammaRop

wt gamma

Figure 10: SDS-PAGE analysis of gammaRop. Inclusion bodies oftypiéd
and gammaRop subunits were dissolved in SDS sample buffer andugbef@ach
subunit was subjected to SDS-PAGE on a 12 % NewPage gel. Thgypel gamma
subunit is approximately 35 kDa; the gammaRop mutant protein migsggrotein
that is approximately 7 kDa larger than the wild type garaulaunit as indicated by

the standard proteins shown on the left side of the gel.
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incidence of missense mutations. Also, the inverse PCR approadiednte DNA
sequence of interest in a single orientation, unlike traditionalatsh digestion and
ligation methods, where varying ratios and orientations of producfsoasgble. The
inverse PCR technique also avoids other problems associatedadlitiotral cloning
approaches, including difficulty digesting DNA using restrictiogegtion enzymes,
ligating insert DNA into a template, and ensuring that theddyaroduct contains the
sequence of interest in the proper insert:vector ratio.

This novel method resulted in the successful generation of a remBTP
synthase gamma subunit that has since been successfully asseitibibe wwandf3
subunits (Mehta, Chen, Gao, and Richter, personal communication). The new
assembly will be of considerable value in the analysissefounit rotation and in the
construction of nanodevices that are based on the rotational capabilihe H
molecule. The next step in this process is to engineer isatachment of metallic
beads to the extended Rop armature within the gamma subunit for dark-fie
microscopic studies of the rotational kinetics and for further devedopof the ATP-
driven electricity generator described earlier.

In conclusion, a novel method has been described for the direct incaporat
of 189 bases of exogenous DNA into a specific location withigéme encoding the
vy subunit of the chloroplast ATP synthase using a simple twoR@R extension
method. Because of its ease of use and advantages overoriedditloning
techniques, we anticipate that the method will be valuable for a variety ofajmuis

requiring the insertion of long pieces of exogenous DNA into host DNA molecules.
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