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The potentia for significant environmental benefits from lignocellulosic
ethanol production via enzymatic cellulose hydrolysis have not yet been realized, in
large part because of high enzyme production costs when using microbial protein
production systems. Enzyme production in planta may lower these production costs,
and the potential for high protein yields from plastid transformation makes this an
attractive platform for cellulolytic enzyme production. The Thermobifida fusca cel 6A
and bgl C genes, encoding an endoglucanase and a -glucosidase, respectively, were
inserted into the Nicotiana tabacum chloroplast for expression with various 14-amino
acid downstream box (DB) fusions added to the N-terminus of each protein. The DB
region, comprised of the 10-15 codons immediately downstream of the start codon,
has previously been shown to be an important factor in determining foreign protein
accumulation in chloroplasts and in other prokaryotic systems through an unknown
mechanism.

Chloroplast expression of cel6A and bglC with the various DB fusions resulted
in the accumulation of active protein varying over more than 2 orders of magnitude,
from less than 0.1% of total soluble protein (%TSP) to over 10%TSP. Analysis of
cel6A and bgl C transcripts revealed differencesin RNA processing, suggesting a
feedback between the DB region and RNA degradation rates. Transcript abundance,

however, did not appear to be the main driver of protein accumulation in the



transgenic these plant lines. Instead efficient translation would appear to stabilize
properly processed transcripts.

Analysis of codon usage within the downstream box regions tested showed that
high-level protein accumulation correlated with frequently used plastid codons.
Moreover, an analysis of codon usage within highly expressed plastid ORFs revealed
differential codon usage within the DB regions of highly expressed genes as compared
with the overall codon usage within the chloroplast, similar to observationsin E. coli.
These differencesin codon usage preferences were exploited to design codon-
optimized DB regions for high-level foreign protein production in chloroplasts and

other prokaryotic hosts.
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Chapter 1: Strategiesfor High-Level Foreign Protein Production in Higher Plant
Chloroplasts

ABSTRACT

The expression of valuable foreign proteins inggmic plants has been pursued by a
number of researchers and biotechnology companiesadthe potential for
significant production cost savings relative tatti@nal cell culture protein
production systems and to the relative ease oéagalof plant-based protein
production. Expression of foreign proteins frora fllastid genome has been shown
in a number of cases to result in significantlyh@gyields of foreign protein than
expression of the same gene from the nuclear gendime sequences important for
foreign gene regulation in plastids are generaitjlar to bacterial regulatory
sequences, but important differences exist. Tedugew discusses the regulatory
sequences required for high-level foreign proteodpction in the plastids of higher

plants and techniques to optimize foreign proteodpction.

INTRODUCTION

Foreign protein expression plantais a strategy that has been pursued for expression
of a number of different proteins, including antles (reviewed in Peeters et al

2001), vaccines (reviewed in Rybicki 2009), indiadtenzymes (reviewed in Hood

and Woodard 2002), herbicide (e.g., Ye et al 2@0it) insecticide (e.g., De Cosa et al
2001; Chakrabarti et al 2006) resistance prot@ind,enzymes for the production of
desirable secondary metabolites such as vitamimgolden rice (Beyer et al 2002) or
bioplastics (Lossl et al 2003, 2005; Mooney 200dgjor rationales for the

expression of foreign proteims plantainclude relative ease of scale-up and the

potential for significant production cost savingtative to more traditional protein



production systems such as Chinese hamster ov&t®)Cells, insect cells, or
microbes (Hood and Woodard 2002; Twyman et al 20038prder to achieve the
lowest possible production cost, high-level profg@iaduction, i.e., a high
concentration of foreign protein in transformediis, is desired.

Plants contain three genomes, located in the nscf@astids, and
mitochondria. Transformation of the mitochondgehome and regeneration of
transformed plants has not been achieved to datérdmsformation of the nuclear
genome is a relatively routine procedure in mamynpspecies. Plastid transformation
of tobacco Nicotiana tabacuris now a relatively routine procedure, and a nends
other Solanaceous species including tomato (Ralf 2001) and potato (Sidorov et al
1999) as well as several species from outsideaimy Solanaceade.g., cotton,
soybean, lettuce, and poplar; Kumar et al 2004pDuhantel et al 2004; Lelivelt et al
2005; Okumura et al 2006) have been successfalhstormed. Plastid
transformation of monocots has been achieved (KnanMVialiga 1999; Lee et al
2006), but homoplasmic transformants could notdoevered. It is likely that
monocot plastid transformation and homoplasmicsfi@mant regeneration will be
achieved through new tissue culture techniques.

Typical nuclear transformation protocols involve thse ofAgrobacteriunmsp.
to insert a gene of interest into the nuclear gemnatra random site and with variable
copy numbers (Cluster et al 1996). Though varionsvations to the standard
Agrobacteriuramediated transformation protocol (e.g., Malloryae2002) have
allowed for increased levels of foreign proteirtramsformed tissues, plant nuclear
transformants generally produce foreign proteia ebncentration of up to a few
percent of total soluble protein (%TSP). Thisug ¢h part to variable copy number,
to positional effects (i.e., expression of the ignegene may be limited by insertion at

a position in the nuclear genome that is unfaverédn efficient transcription or that



disrupts a necessary native gene) and to silerafingyhly-expressed genes by RNAI
(Hobbs et al 1990, 1993; De Wilde et al 2000). tR@nslational subcellular targeting
of foreign proteins produced from genes insertéal the nuclear genome is also
important in determining foreign protein accumuwdat(Ziegelhoffer et al 2001; Hood
et al 2007). In contrast to plant nuclear transfation, plastid transformation is
typically performed by either biolistic bombardmenifplant tissue with the
transformation vector (Svab and Maliga 1993) oPERG-mediated transformation of
protoplasts (Golds et al 1993). Plastid transfaionas achieved by homologous
recombination between the transformation vectorthadlastid genome, resulting in
integration of the gene(s) of interest at a predhiet, pre-determined site (i.e., between
the left and right flanking regions; Figure 1.The plastid genome is present in an
extremely high copy number (100-10,000 copies p#) elative to the nucleus (2
copies per cell), and there is no evidence thatiolga possess RNAI machinery,
resulting in a lack of silencing of highly-expredggenes. These characteristics have
made it possible to express a number of foreigteprs at extremely high levels from
the plastid genome of higher plants, with many regpof foreign protein yields of 5-
15%TSP (reviewed in Maliga 2003), and some exceptigields of 30%TSP or
higher (Oey et al 2009a, 2009b; De Cosa et al 200k lack of positional effects
due to targeted transformation of the plastid gembsnhomologous recombination
results in extremely reproducible and heritableégiroaccumulation levels
(Dufourmantel et al 2006), in contrast with nuclgansformants, where protein
accumulation is quite variable among independdrndlysformed plants and in
progeny plants grown from the transformed plarggds(Yin et al 2004).

The characteristics of the plastid genome discliabeve have allowed for
extremely high-level accumulation of valuable pnateexpressed from the plastid

genome. A number of proteins have now been expdassboth nuclear tobacco
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Figure 1.1. Schematic diagram of a typical plastid transfation vector. The left
and right flanking regions (LFR and RFR, respedyivare shown, flanking the gene
of interest (GOI) and marker gene to be insertedden the LFR and RFR in the
plastid genomeloxP sites flank the marker gene expression cassettatioe
removal of the marker gene by GofP recombination.



transformants and in transplastomic tobacco liakswing for a comparison of
protein yields from these two transformation sgae. Table 1.1 shows several of
these comparisons, with plastid transformationrofesulting in protein yields over an
order of magnitude greater than nuclear transfaonatlt should be noted that further
optimization of expression signals could improve fibreign protein yields of both
nuclear and plastid transformants, but that witliesu technology, expression of
foreign proteins from the plastid genome resultsnproved yields.

The bacteria-like transcription and translation haery in the plastids of
higher plants allows for comparisonsischerichia coland other well-studied
bacterial protein expression systems. Many ofdgelatory regions used for plastid
expression of foreign proteins are analogous tw baeterial counterparts (e.g., 5’ and
3’ untranslated regions and bacteria-like promogtensd at least some plastid
regulatory regions are activein coli(e.g., thgopsbApromoter; Brixey et al 1997),
and vice versa (e.g., tie coli trc promoter; Newell et al 2003). Nonetheless,
important differences exist between higher plaass and. coli, and in at least
one case these differences have been exploitddglflevel expression in plastids of
proteins that are toxic when expresse#.ircoli (Oey et al 2009a). This review will
discuss strategies to achieve high-level foreigngan production in higher plant

plastids, with an emphasis on the strategic uggepé regulatory regions.

TYPICAL FEATURESOF PLASTID TRANSFORMATION VECTORS

A schematic diagram of a typical plastid transfatioravector is shown in Figure 1.1.
The left and right flanking regions (LFR and RFBspectively) are each ~0.75-1.5 kb
regions of DNA from the plastid genome, and arelusdarget the insertion of the
gene of interest (GOI) in an intergenic region edwthe LFR and RFR. The GOl is

linked to a marker gene, typically encoding antaatic resistance protein, to allow



Table 1.1. Comparison of protein expression levels fromkheéabacurmuclear and
plastid genomes

Nuclear Expression Plastid Expression
Protein (%TSP) (%TSP)
Cel6A 0.f 1P
Cel6B 0.02 X
GUS 3 6.3
EPSPS 0.04 >10

%Ziegelhoffer et al 1999Gray et al 2009€Yu et al 2007 Herz et al 2005Mallory
et al 2002/Ye et al 2001



for selection of transformed plants. The most camiyused marker genes for
plastid transformation of higher plants asA conferring spectinomycin and
streptomycin resistance (Svab and Maliga 198B8hA-6 conferring kanamycin
resistance (Huang et al 2002), and less commaaly,also conferring kanamycin
resistance (Carrer et al 1993). The GOI and th&kengene are both regulated by 5’
and 3’ untranslated regions (5’'UTR and 3'UTR, respely) that largely regulate
translation efficiency and RNA stability, respeeliy (discussed in greater detail
below). Also shown is the downstream box (DB) oegdf the GOI, defined by the
10-15 codons immediately downstream of the ATG staglon. Advanced plastid
transformation vectors often contaaxP sites flanking the marker gene expression
cassette. Inclusion of thelexP sites allows for excision of the marker gene by
CreloxP recombination after introduction of a plastid-etef Cre gene by nuclear
transformation (e.g., Corneille et al 2001). Atealate method of marker gene
removal uses the phiC31 recombinase in conjunetiimattB/attPsites flanking the
marker gene (Kittiwongwattana et al 2007). While inclusion of sequences for
marker gene excision is not universal and is ngaired for expression of the GOlI,
inclusion of these sequences can allow for the ig¢ioa of transplastomic plants
lacking an antibiotic resistance gene that may beeracceptable to the public due to
concerns over, e.g., horizontal transfer of antibigesistance genes. Furthermore,
expression of the marker gene could represent abolket burden to the
transplastomic plant. If this is the case, thenaeal of the marker gene could have
the potential to improve expression of the GOl &liering this metabolic burden,
particularly under non-ideal growth conditions (eunder drought stress or conditions

of high salinity).



GENE REGULATORY SEQUENCESIMPORTANT FOR HIGH-LEVEL
PROTEIN EXPRESSION
Promoters
Plastid transcription is accomplished by the corabiactions of two RNA
polymerases recognizing different promoters, aik&-gingle subunit nuclear-encoded
polymerase (NEP) and a bacteria-liggp’ plastid-encoded polymerase (PEP).
Transcription in undifferentiated plastids and enfgreen tissues is performed
primarily by the NEP, resulting in the producticiridosomal RNA and of mRNAs
encoding ribosomal proteins that are included enREP, ultimately resulting in the
accumulation of functional PEP. As chloroplasteadep, transcription of many
plastid genes shifts to the PEP (reviewed in HadsBorner 1999). Many plastid
promoters have both PEP and NEP transcription sited, and can be transcribed by
either polymerase depending on growth conditionslaen the expression of one of
the two polymerases is eliminated (Allison et 8@9Hajdukiewicz et al 1997).
Transcription of foreign genes inserted into theesptl genome is typically
driven by plastid promoters included in the plastashsformation vector upstream of
the GOI. The two promoters most often used intplasansformation vectors are the
ribosomal promoter () and thegpsbApromoter (BsbA. Prn contains both PEP
and NEP transcription start sites, whilesBAcontains only a PEP transcription start
site (Allison et al 1996). It is conceivable tlo#ther less commonly used plastid
promoters could be used to drive high-level exposssf transgenes. A microarray
study identified a number of highly expressed jpdlagénes and a number of plastid
genes that are highly up-regulated in the lightk@aura et al 2003). This study
could be used as a basis for the identificatiopla$tid promoters likely to be useful
for high-level transgene expression. As an exangfp® was found to be highly

expressed based on the data of Nakamura et al(200@ use of ElpP for foreign



gene transcription has been described in the phtteyature (U.S. Patents 6,362,398;
6,624,296; and 7,129,397), though only one repast®in the scientific literature to
our knowledge describing the use afgP, and this study was not designed to
optimize transgene expression (Sriraman et al 199BgclpP promoter or other
plastid promoters may merit further study for tegulation of foreign genes in
transplastomic plants.

The inclusion of promoters or other DNA sequenndbe plastid
transformation vector that are homologous to ngtiastid DNA has resulted in
unintended and unwanted recombination events bettieeintroduced and native
copies of the plastid DNA element, making recowdrthe desired transformation
event more difficult. An example is the UR-1 lioktobacco, in which theg3bA
sequence driving transcription of taeadAgene, rather than the LFR, mediated
homologous recombination. This produced the URd ¢f transplastomic tobacco
lacking the GOlI, but containing tleadAexpression cassette (Gray et al 2009b). It
may be possible to use non-plastid promoters thataive levels of MRNA
comparable to or higher than the native plasticdmi@rs typically used to drive
foreign gene expression. Several groups have ptezhto use bacterial (Newell et al
2003; Birch-Machin et al 2004; Mihlbauer and Ko@®2) or mitochondrial (Bohne
et al 2007) promoters, and have found that these@ters are functional in plastids,
but do not drive gene expression as well as eRhreror FpsbA It is conceivable,
however, that some as yet untested bacterial @chwindrial promoters could work as
well or better than the native plastid promotesdslly used. Alternatively,
computational approaches may be able to yield #@f=synthetic promoters to drive
foreign gene expression, either constitutively mder certain growth conditions. One
such synthetic promoter system has been describéllijauer and Koop 2005), in

which the native plastidrfh promoter was altered to inclutbe operator sequences



from theEscherichia coliac operon. The novel promoters were used to driT&H
inducible expression of GFP. This approach reduftdransplastomic tobacco lines
in which GFP expression was upregulated 20-folb¥ahg the spraying of a 1 mM
isopropyl$-D-thiogalactopyranoside (IPTG) solution on thenpsa

In addition to the IPTG-inducible promoter devetdy Mihlbauer and Koop
(2005) described above, several hybrid transcmptigstems have been developed.
These systems involve the use of a promoter rezedriy T7 RNA polymerase,
derived from the T7 bacteriophage, or of a promagquiring the presence of a
particular sigma factor not normally present in piheestid. Nuclear transformation is
performed with transplastomic plants to introdugeastid-targeted T7 RNA
polymerase gene (McBride et al 1994) or sigma fagéme (Buhot et al 2006),
regulated by an inducible promoter. The T7 RNAypa¢rase hybrid transcription
system has been used successfully to demonst@atagtion of polyhydroxybutyric
acid (PHB) in plastids (Lossl et al 2005). In thystem, PHB production resulted in
male sterility and growth reduction when PHB-systhimg enzymes were expressed
constitutively (Lossl et al 2003). By introduciagpromoter recognized by T7 RNA
polymerase to regulate the PHB-synthesizing enzyandsan inducible nuclear-
encoded, plastid-targeted T7 RNA polymerase gamglef plants with normal growth
characteristics were obtained (Ldssl et al 2008hen T7 RNA polymerase
production was induced, modest levels of PHB weoelyced and the growth
problems associated with PHB production were olegkrgut in the absence of T7
RNA polymerase production, growth was normal. Ewsidies demonstrate the
potential utility of hybrid transcription systems fthe expression of genes with
deleterious effects on the plant. Plants can beigin non-inducing conditions,
repressing production of the RNA polymerase or sidgactor required for

transcription of the toxic gene. At the desireddiduring plant growth, or even post-

10



harvest, the required RNA polymerase or sigma fagg@oe can be induced to start
production of the toxic protein or secondary meliédo By choosing the appropriate
nuclear promoter, T7 RNA polymerase or the necgssgma factor could be
produced only in certain tissues or at certainesagf plant development to result in
transcription of the gene of interest only in cerfaarts of the plant. As a hypothetical
example, this could be useful if a certain protsitoxic for seed production when
expressed in flowers. By choosing nuclear pronsatet active in flowers to regulate
the hybrid transcription factor, this protein coblel expressed in transplastomic plants
without affecting seed production. Disadvantagethése hybrid transcription
systems are those associated with nuclear tranafammdiscussed above, namely the
potential for gene silencing or low expression Is\w# the nuclear-encoded RNA
polymerase or sigma factor, which could resulinmting levels of these proteins, and
the variable expression levels among independeasieautransformants and among
the progeny of primary transformants that couldiites variable levels of plastid-
produced protein. Additionally, it has been shdtet the T7 RNA polymerase
recognizes at least some NEP promoters, resutiiagfered plastid gene transcription
and a pale green phenotype in seedlings when tHNE polymerase is expressed
constitutively (Magee et al 2007). Nonetheleds the IPTG-inducible plastid
promoter developed by Mihlbauer and Koop (200®sehybrid transcription
systems could be valuable when attempting to egfgesc or lethal proteins in the
plastid. The potential for tissue-specific or depenental stage-specific expression
may be of value for certain applications.

In the approaches described above, a promoteclisded in the plastid
transformation vector upstream of the foreign gefniaterest to drive transcription of
the foreign gene. An alternate method of foreignegtranscription takes advantage of

the highly processive plastid RNA polymerase amdficient termination at plastid 3’

11



untranslated regions (3’'UTRS). In this approachranoterless foreign gene is
inserted into the plastid genome downstream ofhltranscribed plastid gene.
Because transcription termination is inefficienplastids (Stern and Gruissem 1987),
the foreign gene is transcribed as part of a psigan along with the gene(s) normally
transcribed from the plastid promoter. By cargfalhoosing the insertion site in the
plastid genome, this approach can result in higalseof mMRNA and can give
extremely high yields of foreign protein. An eadgscription of this type of system
demonstrated that a promoterlesA gene inserted downstream of the pladbicl
gene resulted in approximately four-fold higher GhfStein levels than a construct
containing a heterologous ribosomal promoter ieskeat the same site in the plastid
genome, despite a greatly increased concentratioronocistroniauidA mRNA when
Prrn was included upstream of thelA ORF (Staub and Maliga 1995). Herz et al
(2005) demonstrated high-level (~4%TSP) accumulaifcd@US protein from a
promoterlessiidA gene inserted downstream of the plapgsdAgene. Herz et al
(2005) also demonstrated that promoterless gendd be expressed when inserted
into theatpB/Eoperon, but did not fully characterize these tpdastomic lines.
Chakrabarti et al (2006) inserted ttrg9Aa2gene, encoding a Bt insect resistance
protein, downstream of the plastid ribosomal pranaet thetrnl/trnA intergenic
region, resulting in high-level (10-20%TSP) accuatioin of Bt protein in both
soluble and insoluble fractions. Gray et al (20@aapter 3) used a nearby insertion
site in thetrnl/trnA intergenic region to drive high-level (10-12%T3@fumulation

of a cellulase and [g:glucosidase. These experiments demonstrate thatgberless
constructs designed for insertion of a foreign ggmwnstream of a highly-transcribed
plastid gene can result in extremely high-leveluacalation of the desired foreign
protein. Promoterless constructs relying on rémdtgh transcription have the

advantage of avoiding undesirable recombinatiom&svieetween introduced and
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native promoter elements (Gray et al 2009b), apbmoterless construct has been
shown in at least one instance (Staub and Mali@sY1® be superior for protein
production to a promoter-containing construct mitilg the same insertion site. |
developed a versatile vector for read-through tapson of foreign genes inserted in
thetrnl/trnA intergenic region, ptrnl-RT (Figure 1.2). This terccontains a multi-
cloning site for insertion of a gene of interesiieen the T7g10 5’UTR and tipsbA
3'UTR (TpsbA, as well as anadAexpression cassette flankedlbxP sites. A

similar vector was used for high-level Cel6A (Getyal 2009a) and BgIC (Chapter 3)
expression. ltis likely that promoterless foreggmes can be inserted downstream of
other highly-expressed plastid genes (&lgP, as discussed above) to result in high-

level foreign protein production.

5’ Untranslated Regions
In plastids, as in other bacteria-like systems Sthantranslated region (5’'UTR) of
many genes contains a Shine-Dalgarno (SD) seq&6AGG) located
approximately 10 nt upstream of the translationt stadon that can base pair with
ribosomal RNA to initiate translation. Unlike mdsticterial 5’UTRs, plastid SD
sequences are not strictly required, and manyi@l&8TRs do not contain functional
SD sequences, apparently using an alternate mathodiate translation (Hirose and
Sugiura 2004). Some plastid 5’UTRs (ergcL andatpE) contain SD sequences that
are essential for efficient translation initiatievhile plastid 5’UTRs lacking
functional SD sequences (e.gsbAandclpP) may interact with nuclear-encoded,
plastid-targeted proteins to regulate translatiotation.

Similar to the promoters typically used to drivarscription of foreign genes
in plastids, 5’UTRs used to regulate foreign gexgression are often derived from

highly-expressed plastid genes. The most commuasey plastid-derived 5’UTRs are

13



Ndel
Nhel
Xbal
Clal

Mscl
Pacl
Notl

»—E%—D

[ ] T7910 5UTR
TpsbA

PpsbA
Il psbA5UTR
Trps16

D loxP Site

Figure 1.2. Plastid transformation vector ptrnl-RT. This veilsavector is designed
for transgene insertion between the plastid andtrnA genes of the ribosomal RNA
operon in the inverted repeat of the plastid genomenulti-cloning site is included
between the T79g10 5’ UTR am$bA3'UTR for transgene regulation, and @adA
expression cassette flankedlbyP sites is included for spectinomycin/streptomycin-
based selection of plastid transformants.
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from therbcL, psbA andatpBgenes. Overexpression of some plastid-derived
5’'UTRs can have deleterious effects, as was notehwheclpP 5’UTR was

expressed at a high level to regulatertbegene encoding the NPTII protein (Kuroda
and Maliga 2002). In these plants, which accunedlabodest levels of NPTII protein
(0.3%TSP), a chlorotic phenotype was observed imgdeaves that appeared to
result from alterations in the normal splicingatP mRNA. The authors concluded
that overexpression of tlgpP 5’'UTR resulted in competition for an RNA binding
protein that normally interacts with the natolpP 5’UTR and is important foclpP
transcript maturation. This study demonstrategptitential for unintended deleterious
effects on plant health caused by overexpressioratiye plastid 5’UTRSs.

Plastid 5’UTRs can also cause unintended effat&xpression of the gene of
interest, though these effects may not be deletsitio the health of the transplastomic
plant. An example is the light-dependent accunutatf foreign proteins regulated
by thepsbA5’UTR. Staub and Maliga (1994) observed thatabeumulation of GUS
protein from auidA gene regulated by thesbApromoter and 5’UTR was up to 196
times higher in light-grown than in dark-grown seagk, despite relatively minor
changes (3 to 5-fold differences)uirdA mRNA levels. Light/dark cycling only
weakly affected GUS accumulation frandA genes regulated by tipsl16or rbcL
promoters and 5’UTRs, and deletion of gsiA5’UTR while retaining thgpsbA
promoter resulted in a loss of the light-alteredSzaécumulation profile. These
results strongly suggest that h&bA5’'UTR (and not thggsbApromoter) is
responsible for the effects of light/dark cycling jprotein accumulation. Light-
mediated effects on protein production could bleegitlesirable or undesirable for
foreign protein production, depending on the agpion, though it is typically

desirable to produce high levels of foreign proteigardless of light conditions.
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A number of examples of extremely high accumurabbforeign proteins
from genes regulated by plastid-deriagdB, psbA andrbcL 5’UTRs have been
described. Examples include the AAD-GFP fusiortgaroproduced at 8% TSP and
18%TSP using thatpBandrbcL 5’UTR regions, respectively (Khan and Maliga
1999), NPTII protein produced at 7%TSP and 11%TSRguheatpB andrbcL
5'UTR regions, respectively (Kuroda and Maliga 280)5nd human serum albumin
produced at up to 11%TSP using g#bA5’'UTR (Fernandez-San Millan et al 2003).
Other plastid 5’UTRs have also been tested forstgane regulation, but not as
thoroughly and without having achieved high-lewwkign protein expression (e.qg.,
5’'UTRs derived from theps19/rpl22 psaA/B andpsbD/Coperons; Herz et al 2005).
It is possible that 5’UTRs that have been inefiexfor high-level transgene
expression thus far could mediate high-level farggptein accumulation in the right
context. An example of the variability associatgth a given 5’UTR regulating a
transgene is found in the work of Kuroda and Ma(@@01a), where NPTII protein
accumulation varied from 0.3%TSP to 10.8%TSP utfiecontrol of thebcL
5'UTR and from 4%TSP to 7%TSP under the contrahefatpB5'UTR, depending
on the identity of the 5’ coding region (the dowrsain box region, described below)
fused to thaneoORF.

RNA stability can be affected in some cases bylRuprimary and secondary
structure, as shown foidA genes regulated by tipsbA5’'UTR and thebcL 5’'UTR.
Deletions in the psbA 5’'UTR hairpin-loop structuesulted in up to 3-fold decreases
in uidA mMRNA (Zou et al 2003), consistent with the charnigasdA mRNA levels
observed by Staub and Maliga (1994) as a resliiglafdark cycling for auidA gene
regulated by thesbA5’UTR. Shiina et al (1998) reported thatlA mRNA is
stabilized against degradation in the dark whenleggd by thebcL 5’UTR. The

nativerbcL gene is transcribed at a lower rate in the dark thahe light, resulting in
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relatively stable levels of the nativiecL transcript. Use of thdcL 5’UTR to

regulate a transgene transcribed from a constgytremoter could therefore result in
elevated levels of foreign transcript in the daskaaesult of the RNA-stabilizing
properties of thebcL 5’UTR. The role of plastid 5’UTRs in stabiliziray

destabilizing RNA is not well-studied as compareathuhe role of the 5’UTR in
promoting efficient translation, but the effectssd TRs on mRNA stability appear to
be minor compared with the effects of 5’UTRs omstation efficiency. Transcript
stability appears to be regulated largely by tH¢TR, as discussed below.

The use of 5’UTRs not derived from plastid genas avoid undesired effects
on plant health like those observed when overesprgsheclpP 5’'UTR or on protein
accumulation like those observed in light/dark oyglof foreign genes regulated by
thepsbA5’'UTR. One 5’'UTR that has been found to be paldidy effective for high-
level foreign protein production in plastids is ffiegg10 5’'UTR, derived from the gene
encoding the coat protein (gene 10) of the T7 begikage and commonly used for
expression of foreign proteins i coli(Olins et al 1988). The T7g10 5’'UTR
contains a consensus SD sequence that is likddg tmportant for translation
initiation in plastids. Many of the highest-accuating foreign proteins in plastids
have been regulated by the T7g10 5’'UTR (e.g., @ey 2009a, 2009b; Kuroda and
Maliga 2001b; Tregoning et al 2003), demonstratigutility of this 5’UTR for
driving high-level foreign protein accumulationxgeriments in our lab have shown
that 5’UTRs derived from the coat protein-encodijjeges of bacteriophages other
than T7 can function effectively in plastids (Yayay, Hanson, and Ahner,
unpublished). Additionally, the mitochondretlbA5’UTR has been been used to
regulate aneogene in plastids, mediating NPTII protein accumatatind thereby
demonstrating that mitochondrial 5’UTRs can funetio plastids, though high-level

protein accumulation was not achieved with thisSERJBohne et al 2007). Further
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studies with 5’UTRs not derived from plastid gesbsuld yield effective 5UTRs
without the potential for undesired recombinatioprés that can be mediated by
plastid-derived sequences (Gray et al 2009b).

The choice of 5’UTR can have major effects onifprgrotein concentration,
as illustrated in the work of Ye et al (2001). this study, EPSPS protein
accumulation increased approximately 100-fold bgnging the 5’UTR from thebcL
to the T7g10 5’'UTR. Only modest levels of EPSR&yédwver, were obtained even
when the transgene was regulated by the T79g10 5'(JDR2-0.3%TSP with the
T7910 5’UTR as compared with ~0.001-0.002%TSP widribcL 5’UTR). By
adding a short downstream box (DB) fusion to taesgene, however, EPSPS
accumulation of greater than 10%TSP was obtainegodstrating both that the
choice of 5’UTR can affect protein accumulationdayeral orders of magnitude and
that the 5’ portion of the coding region can actamcert with the 5’UTR to regulate

translation and further increase foreign proteicuatuation.

Downstream Boxes

The downstream box (DB) region, defined by the B@&ddons immediately
downstream of the start codon, was first identifireBscherichia col(Sprengart et al
1996). The DB region was found to have major éffen accumulation of foreign
protein inE. coli, acting synergistically with the SD region upsitneaf the start codon
to regulate protein accumulation. DB function wasally ascribed to base-pairing
with ribosomal RNA, as has been shown for the Sjiore but base pairing of the DB
region with ribosomal RNA has effectively been tutaut by a number of later
structural and biochemical studies (e.g., O’Coretal 1999; La Teana et al 2000;
Moll et al 2001). Experiments i&. colisuggest that DB-mediated effects on protein

accumulation are regulated by the codon makeupgofenn DB region, and not by the
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encoded amino acids or by the individual nucleaticethe DB region (Stenstrom and
Isaksson 2002; Gonzalez de Valdivia and Isakss04)20A recent study of 15fp
ORFs encoding the same amino acid sequence foahddgbondary structure near the
5" end of the ORF (i.e., the DB region) was thetIpesdictor of GFP accumulation of
the parameters considered (Kudla et al 2009). Jimgests that the DB region may
act through several different mechanisms. Cle#ulyher research is needed in order
to gain a better understanding of DB function. Techanism of DB function is still
not well understood, but empirically it is well kmno that alterations in the DB region
can have profound effects on protein accumulatikely by altering translation
efficiency.

Kuroda and Maliga (2001a) first reported that ssopes like the DB region in
E. coliappeared to function in tobacco chloroplaststhis study, the authors
investigated the accumulation of NPTII protein frameogene fused at its 5’
terminus to the first 14 codons from tieel or atpB genes (i.e., the DB regions of
these plastid genes) and regulated by the 5’UTR#ating from the plastidbcL or
atpBgenes. The authors then made silent mutatiotieifcL andatpB DB regions
while holding the rest of the coding region (itagneoORF), promoter (#n), and
5'UTRs constant. Silent mutations to tiiieL DB region resulted in a decrease in
NPTII protein accumulation from 11%TSP to 0.3%TS#ent mutations to thatpB
DB region resulted in a less dramatic, but stdh#icant decrease in NPTII protein
accumulation from 7%TSP to 4%TSP. These chang®®inl protein accumulation
occurred despite the lack of any changes to the@eid sequence. Levelsrdo
MRNA were not significantly affected by these dilerutations, strongly suggesting a
decrease in translation efficiency resulting fralard mutations in thebcL andatpB
DB regions as the cause of decreased NPTII acctionlaln these experiments, the

DB regions of native plastid genes were alteretth@ir native context, i.e., while
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preceded by their corresponding 5’UTR. This leay@sn the possibility that the
silent mutations to thiocL andatpB DB regions affected an unknown aspect of
translation resulting from an interaction betwea® 5'UTR and DB region requiring
the native sequence of the DB regions tested Hmstudy clearly showed the
importance of the DB region in regulating foreigotein accumulation in plastids. A
follow-up study by Kuroda and Maliga (2001b) dededthe effects of the DB region
from the 5’UTR by using a single 5’UTR (the T7gIQ%R) to regulate ameogene
fused to either a “consensus’ coli DB region, a “consensus” plastid DB region, or to
aNhd restriction site resulting in a two amino acid@minal fusion. In these
experiments, “consensus” DB regions were constdusyeassuming that the DB
could base pair with ribosomal RNA, and thusEheoliand plastid “consensus” DB
regions were changed to optimize the proposed f#s@g with the respective
ribosomal RNAs. NPTII protein accumulation wasndagically affected in these
experiments as well, ranging from 0.2%TSP whendusedhe plastid DB to 16%TSP
when fused to thE. coliDB to 23%TSP when fused to tNédad restriction site. In
this studyneomRNA levels were affected by the DB fusions, vitik lowesineo
MRNA levels corresponding to the lowest NPTII protevels and the higheseo
MRNA levels corresponding to the highest NPTII pioievels, though a simple
linear relationship between mRNA levels and proteuels was not observed.
Alterations in RNA levels were likely a result oNR degradation and not of
differential transcription rates, as the same prte@maas used in all three constructs
studied in these experiments. This study decoupleeffects of DB fusions from the
5'UTR by holding the 5’UTR constant, but the chamg@the DB region were non-
silent, resulting in altered amino acid sequenéeéseoencoded NPTII proteins.
Kuroda and Maliga showed that plastid DB regions geatly affect foreign protein

accumulation as a result of both silent (2001a)raodsilent (2001b) changes to the
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DB region, and that DB-mediated changes in for@igntein accumulation do not
require the presence of a plastid-derived 5’UTRdour (2001b). As is the case for
E. coli, it does not appear that DB base-pairing withsdroal RNA is the mechanism
of DB-mediated effects on protein accumulationlaspds (2001b).

Downstream box fusions have been utilized to imer@reign protein
production in plastids, with order of magnitudeeets on foreign protein
accumulation. In an early application of a DB &usto improve plastid foreign
protein production, Ye et al (2001) fused the firdtcodons frongfp to the ORF
encoding EPSPS, which was regulated by the T7ga@R. Accumulation of EPSPS
protein increased from 0.2-0.3%TSP when not fuedtié GFP DB region to
>10%TSP when fused to the GFP DB region, over BboRDincrease in protein
accumulation. This was particularly significanthese Ye et al (2001) showed that
altering the entire coding region of the EPSPS demeclude primarily plastid-
preferred codons resulted in ~2-fold increases atgomn accumulation. Given the
labor-intensive nature of altering an entire ORE@®spared with adding a short DB
fusion, this study showed that fusion of an appeiprDB region to the gene of
interest can be an extremely efficient way of inyong protein accumulation. Major
changes in protein accumulation as a result of ¥8ohs were also seen by Gray et al
(2009a) when expressing Cel6AThermobifida fuscandoglucanase. Fourteen
amino acid DB regions from TetC, NPTII, and GFPeversed to theel6AORF.

The GFP DB region was used in this study becausastshown to successfully
enhance the accumulation of EPSPS when expressled piastid (Ye et al 2001).
Neither the TetC nor the NPTII DB regions had besed previously, but the full-
length TetC (Tregoning et al 2003) and NPTII (Kuaahd Maliga 2001b) genes had
been expressed at high levels (25%TSP and 23%€Spatively) from the plastid

genome. Because the DB region is important forexaing high-level foreign protein,
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it was hypothesized that the DB regions of theseegeould be valuable for directing
high-level accumulation of other foreign proteiromewhat surprisingly,
accumulation of Cel6A protein varied over two oglef magnitude among the three
DB regions tested, with GFP-Cel6A, NPTII-Cel6A, aretC-Cel6A accumulating to
~0.1%TSP, 1%TSP, and 11%TSP, respectively. MomoaistmRNA levels of the
threeDB-cel6Agenes correlated with protein accumulation (hgher monocistronic
tetC-cel6ARNA levels were observed thaptll-cel6ARNA levels, which were in

turn higher thamgfp-cel6Amonocistron levels). A similar phenomenon waseoled
previously when non-synonymous changes were mabB®& tegions (Kuroda and
Maliga 2001b). This study showed that the DB ragiof highly expressed genes can
be used to direct high-level accumulation of offeeeign proteins. In a follow-up
study, the TetC, NPTII, and GFP DB regions weredu® thebglC ORF, encoding a
T. fuscaB-glucosidase, and inserted into the plastid gen@heapter 3). These DB
regions were again found to be useful for direchigh-level foreign protein
expression, but surprisingly, protein accumulati@hnot follow precisely the same
trends that were observed when expressing Cel6Ahi$ study, GFP-BgIC, TetC-
BgIC, and NPTII-BgIC accumulated to <<0.3%TSP, 28T&nd ~11%TSP,
respectively. It is not clear why NPTII-BgIC acculated to higher levels than TetC-
BgIC, while TetC-Cel6A accumulated to higher levdlan NPTII-Cel6A. These
studies show that, in the absence of a better meéstiaunderstanding of DB
function, empirical optimization of the DB regiasnrequired in order to achieve high-
level expression of the protein of interest. Ferttesearch on DB function in plastids
and inE. colishould provide a better understanding of DB medmanstreamlining
the optimization of DB regions for foreign protgaroduction in plastids.
Nonetheless, the DB regions from ORFs that areldtapd high-level expression in

plastids (whether they are native plastid gendereign genes that have been
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expressed to high levels in plastids) can be usefditiving expression of other

foreign genes and can serve as a useful startimg foo DB optimization.

3’ Untranslated Regions

Plastid 3’ untranslated regions (3'UTRS), locatednediately downstream of the stop
codon, typically contain hairpin-loop structureattfacilitate RNA maturation and
prevent degradation of the RNA (Monde et al 2000a)contrast to 5’UTRs and DB
regions, most 3'UTRs do not play a major role igulating translation efficiency
(Eibl et al 1999), though translation is reportealfected by thpetD 3’'UTR (Monde
et al 2000b). Instead, most plastid 3'UTRs aahprily by regulating RNA
processing events and by stabilizing RNA againgtat#ation by ribonucleases,
thereby allowing the RNA to accumulate to stea@yestevels sufficient for high-level
protein production. 3'UTRs used to regulate foneggnes in plastids are typically
derived from plastid genes, with thes16 rbcL, psbA andrpl32 3'UTRs being
commonly used.

Plastid 3'UTRs play an important role in regulgtipolycistron processing to
generate monocistronic RNAs. In plastids, as inyrizacterial systems, many genes
are transcribed as part of a polycistronic operbnese polycistrons are often
processed by intergenic endonucleolytic cleavagedduce monocistrons. The
generation of monocistronic transcripts is necgs&artranslation of some plastid
MRNAS, such as the maipetDtranscript (Barkan et al 1994), while other plasti
transcripts, such as the tobagshB petB andpetD transcripts, can be translated in a
polycistronic context (Barkan 1988). Following endcleolytic cleavage in the
intergenic regions of a polycistron, the mature owstronic transcript is produced by
exonucleolytic processing of the RNA. Exoribonasles processively cleave

nucleotides from the transcript until they readiaapin-loop structure in the UTR
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(Monde et al 2000a). Unlike the case for m&nygoli 3’'UTRS, plastid 3'UTRs are
poor terminators of transcription, functioning pary post-transcriptionally to
protect RNAs against exonucleolytic degradatiancdntrast, mani. coli 3’'UTRs
are true transcription terminators, effectivelypgtimg the procession of RNA
polymerase (reviewed in Holmes et al 1983). Tlikeinces betweel. coliand
chloroplast transcription and RNA maturation haeerbexploited by Oey et al
(2009a) to produce proteins in plastids that axectwhen produced i&. coli
Typically, this is a problem because many plastahpters and 5’UTRs are
recognized b¥. coli, resulting in the inadvertent production of thetpm encoded by
the gene of interest during the cloning of the dasansformation vector. Oey et al
(2009a) overcame this problem by introducihgooli terminators immediately
upstream of the toxic genes of interest, preverttiaugscription of the genes i coli
hosts. Because of the extremely processive nafute plastid RNA polymerase, the
E. coliterminators did not stop transcription of the togenes in plastids, allowing
the transcription of these ORFs and translatigoréauce thde. colitoxic proteins in
transplastomic plants. Removal of taecoli terminators by Cré&xP recombination
resulted in increased protein levels for one oftth@E. coli-toxic proteins tested, but
was not entirely necessary, as extremely high $evkprotein (10-30%TSP) were
observed even without excision of tBecoli terminators. Thus, althoudh coli and
other well-studied bacterial systems are usefusfodying many aspects of plastid
gene regulation, important differences betweenetlsgstems exist. These differences
can be exploited to allow for expression of pragamplastids that cannot be
expressed IE. coli

While some plastid 3'UTRs have been shown to agiewith RNA-binding
proteins and affect translational efficiency (etigepetD 3'UTR; Monde et al 2000b),

it appears that most of the functions performedhigiyer plant plastid 3'UTRs require
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only the stem-loop structure of the 3'UTR. Theyai least one report of a bacterial
3'UTR (theE. coli rrnB 3'UTR) being used effectively in a plastid transf@ation
vector, resulting in high-level accumulationgip MRNA (Newell et al 2003). The
mitochondrialatp93'UTR has also been used effectively to reguld@agn gene in
plastids (Bohne et al 2007). Further, the haitpop structure of thioxP sequence
has been observed to regulate RNA maturation gimiia thepsbA3'UTR (Chapter
3). These results demonstrate that the use of R4J7ot derived from plastid genes
(e.g., bacterial or mitochondrial 3'UTRS) or of #yetic sequences containing hairpin-
loop structures can be effective in regulatingsemes for plastid expression.
Because the 3'UTR has been shown to have only nefiects on foreign protein
accumulation (Eibl et al 1999), it is recommendeat 8'UTRs not derived from
plastid genes be used in order to avoid unwantsahmbination events between
introduced and native copies of a plastid 3'UTR twuld lead to plastid

transformation without incorporation of the genemérest (Gray et al 2009b).

Other Regulatory Elements

Zhou et al (2007) reported the identification ofiai@rcistronic expression element
(IEE) capable of mediating efficient processingolycistronic RNAs to generate
stable monocistronic transcripts. This IEE waswaer from the intergenic region
between the plastigsbNandpsbHgenes, normally transcribed as part of the plastid
psbBpolycistron. Inclusion of the IEE between tfip andnptll ORFs in the plastid
transformation vector resulted in the accumulatbmonocistronig/fp MRNA that
was translated far more efficiently than polycistomtranscripts, resulting in the
accumulation of YFP protein. It should be noteat the IEE consists of a 50 nt
sequence from a 111 nt region that serves as heRSof the divergently translated

psbNandpsbHtranscripts following processing of the polycistioprimary transcript
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of thepsbBoperon containingsbNandpsbH It is likely that the full-length
psbNpsbHintergenic sequence, or any of the various intdmygequences in the
many plastid polycistronic transcripts, could meeli@ithful RNA processing of
transcripts containing foreign genes of interédentification of the minimum
sequence requirements for RNA processing couldgsb&il) however, to minimize the
length of plastid-derived sequence included intplasansformation vectors. Plastid-
derived sequences can mediate unwanted recombiretents, complicating the
recovery of the desired plastid transformant (Gatagl 2009b). Zhou et al (2007) and
others (e.g., Barkan et al 1994; Chapter 3) hagemed that RNA processing to
generate monocistronic transcripts is an imporapect of the regulation of plastid
protein production. The IEE identified by Zhouaé{2007) and other sequences
capable of directing the processing polycistroranscripts may be useful to increase
foreign protein accumulation in plastids. Furthesearch on the sequence and
secondary structure requirements for efficient Riwécessing should be a priority.

While not a true regulatory element in the sammsees promoters, UTRs, and
IEEs that are discrete sequences, the codon uségeign genes to be expressed
from the plastid genome should be considereckE. Icoli, it has been shown that silent
codon changes to generate an ORF using codonsreefeyE. colican have
significant positive effects on protein accumulat{e.g., Makoff et al 1989; Daniell et
al 2009). In at least some cases, this may bealdéferences in the availability of
tRNA species for translation of a given codon (lkean1981). Similar methods have
been explored for their effects on plastid gene@sgon. Higher plant plastid
genomes are generally AT-rich, which could posecshlpm for expression of GC-rich
foreign genes. A number of foreign genes have laéiered for plastid expression
from their native GC-rich coding sequences to ae#F-rich ORF encoding the

same polypeptide. Altering GC-rich sequences toer®d -rich sequences has
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resulted in ~1.5 to 2-fold gains in protein accurtiala regardless of the protein
accumulation level. Optimization of coding sequento more closely match plastid-
preferred codons has generally given less impronéthan has been observedan
coli, suggesting that the plastid genome is bettertaldepress ORFs not containing
its preferred set of codons th&ncoli (Daniell et al 2009). Ye et al (2001) expressed
a naturally GC-rich gene encoding EPSPS in plastidd also generated a synthetic
EPSPS ORF containing primarily plastid-preferredats. Altering the coding
sequence of the EPSPS gene resulted in an inae&RSPS protein accumulation
from 0.001%TSP to 0.002%TSP when placed behindatie5’'UTR, and from
0.2%TSP to 0.3%TSP when placed behind the T7g10R:UA similar ~2-fold
change in protein accumulation was observed bydimeg et al (2003), who
expressed a GC-rich and an AT-rich version oftét€ gene in plastids, resulting in
TetC accumulation of 10%TSP and 25%TSP, respegtivBhus, it appears that
codon optimization of a GC-rich coding sequencart@T-rich sequence more
closely aligned with the codon usage of the plaggidome can result in ~2-fold
increases in protein accumulation. This increasgdcbe of great importance when
high-level expression has already been achievddtivet GC-rich gene, but would be
of little use with poorly expressed proteins. @paation of the 5’ portion of a coding
sequence (i.e., the DB region) can result in greatprovements in foreign protein

production than optimization of the entire codirgjsence (Ye et al 2001).

CONCLUSIONS

When expressing a foreign prot@mplanta the key optimization parameter is the
concentration of foreign protein in the harvesisdue. Foreign protein accumulation
from plastid-expressed genes is affected by a nuwitdiscrete regulatory regions,

e.g., promoters, 5’ and 3'UTRs, DB regions, anddE&s well as by the codon
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makeup of the foreign gene. Of these regulataogyores, the 5’UTR and the DB
regions (i.e., the regions flanking the start cqd@gure 1.1) can have the greatest
effects on protein accumulation, suggesting tlatdiation initiation may be limiting
for protein production in the plastid.

Changes made to the 5’UTR (e.g., Eibl et al 1%39et al 2001) and to the
DB region (e.g., Kuroda and Maliga 2001a, 2001bg¥al 2001; Gray et al 2009a;
Chapter 3) have resulted in protein accumulatigopravements over several orders of
magnitude. In at least one case, a foreign gesanitéally expressed at 0.002%TSP
when regulated by thdocL 5’UTR and unfused to an effective DB region. Chagg
the 5’UTR to the T7g10 5’'UTR and adding a GFP D@gioa to the gene resulted in
accumulation of foreign protein at over 10%TSP €Yal 2001). This four order of
magnitude improvement in protein accumulation wamplished in two steps, first
by a two order of magnitude improvement after civagpthe 5’UTR and then another
two order of magnitude improvement by adding thé@mB region. We propose on
the basis of the numerous examples of tremendopoiraments in foreign protein
accumulation resulting from 5’'UTR and DB optimizatithat translation initiation is
limiting for high-level foreign protein productian plastids. We propose that the
5'UTR and DB region mediate efficient loading dissomes onto the mRNA and
efficient translation of the 5’ region of the ORFilmterest, respectively. By clearing
the translation initiation site for the loadingaohew ribosome, more protein can be
produced from each transcript, as illustrated sctmally in Figure 1.3. The effects
of efficient 5’UTR and DB-mediated translation iatton are magnified by the
stabilization of efficiently translated RNA agaimggradation relative to inefficiently

translated RNA (Chapter 3). This establishes @&igedeedback in which
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Figure 1.3. Schematic illustration of an mRNA containing aficgént DB region

(top) as compared with translation of an mRNA coniitgg an inefficient DB region
(bottom). Translation of the mRNA containing afaént DB region allows for rapid
translation of the 5’ portion of the ORF (secondgly clearing the start codon for the
loading of another ribosome (third panel). ThisM#Rs efficiently translated,
resulting in the production of full-length protei(feurth panel). Translation of the
MRNA containing an inefficient DB region resultssiow translation of the 5’ portion
of the ORF (second panel), ultimately resultingliap-off of the ribosomes and
nascent polypeptide (third panel). This transdgmtegraded by 3’-5’ exonucleases in
the absence of efficient translation (fourth panel)
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efficiently translated transcripts become more aaunh than less efficiently translated
transcripts.

The T7910 5’'UTR is the most efficient 5’UTR testeddate for foreign
protein production in plastids. Many of the higheported yields of foreign protein
in plastids used the T7g10 5’'UTR, including the re@ggion of one phage lytic protein
at ~70%TSP (Oey et al 2009b) and another phagepsatein at ~30%TSP (Oey et al
2009a), of NPTII at 23%TSP (Kuroda and Maliga 200&hbd of the tetanus toxin
fragment C at 25%TSP (Tregoning et al 2003). Altfiosome reports of extremely
high levels of foreign protein accumulation exising native plastid 5’UTRs (e.qg.,
Kuroda and Maliga 2001a; Khan and Maliga 1999kaicomparisons of native
plastid 5’UTRs with the T7g10 5’UTR have shown ttieg T7g10 5’UTR results in
higher levels of foreign protein accumulation, evdren high-level accumulation has
been achieved using plastid 5’UTRs (Ye et al 200&goning et al 2003).

Methods for choosing effective DB regions for @RF of interest are not well
understood. In general, it appears that the DB nsgof highly expressed genes,
whether the genes are native plastid genes (Kuandavaliga 2001a) or foreign
genes that have been expressed at high levelastigs (Gray et al 2009a; Chapter 3),
can mediate high-level expression of genes whestfts the ORF of interest. Unlike
the situation for 5’UTR choice, where a single 5SRIThas been shown to be effective
for a number of different genes (i.e., the T7gl0ER), DB function is context-
specific. Fusion of the TetC and NPTII DB regidoshecel6A(Gray et al 2009a)
andbglC (Chapter 3) ORFs resulted in opposite effectd) thie TetC DB region
mediating high-level Cel6A accumulation, but onlgaest BgIC accumulation, and
the NPTII DB region mediating high-level BgIC acaulation, but only modest
Cel6A accumulation. Thus, the appropriate DB redar the ORF of interest must be

determined empirically through a trial and erravgass in the absence of a better
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mechanistic understanding of DB function. Whilégmaially tedious, finding the
appropriate DB region for the gene of interest wake a tremendous difference in
foreign protein accumulation. Several DB regiorsymeed to be tested with the gene
of interest until an effective DB fusion is found.

Changes to the promoter used to direct transonpif a foreign gene would
seem intuitively to have the potential to greaffget protein accumulation, as low-
level MRNA accumulation could create a scenarihich transcript levels are
limiting for protein production. Indeed, when ettrely weak promoters are used
(e.g., thek. coli trcpromoter used by Newell et al 2003) this seemstthb case, and
the use of a stronger promoter can greatly impfokagn protein accumulation. The
inclusion of a strong promoter in the plastid tfan®ation vector, however, is not
necessary if an appropriate insertion site is tisatican take advantage of read-
through transcription from a native plastid pronnot€his strategy has resulted in
high-level accumulation of a number of proteing.at least one case, a promoterless
construct utilizing read-through transcription froine nativerbcL promoter was ~4-
fold more effective for foreign protein productitran a similar construct that
included the plastid ribosomal promoter for transan of the foreign gene (Staub
and Maliga 1995). Another study found that silemdon changes in the DB region of
a gene transcribed by read-through transcriptiore\approximately 15 times more
effective at increasing protein accumulation tHaminclusion of a ribosomal
promoter in the transformation vector, despite ificgmtly higher levels of mRNA
when the promoter was included in the vector (Céragt. Plastid transformation
constructs utilizing read-through transcriptionodisck the potential for unintended
recombination events between the introduced andenadpies of a plastid promoter
(Gray et al 2009b). A caveat should be addedth®ahighest reported foreign protein

yields have come from vectors that included thegdmal promoter (Oey et al 2009a,
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2009b; De Cosa et al 2001), though it is concew#t high-level expression of
these proteins could also have been achieved psomgoterless constructs. Despite
this caveat, promoterless constructs utilizing fédugh transcription are
recommended in cases where constitutive expressithe foreign protein is desirable
in order to avoid unintended recombination evernth native plastid promoters (Gray
et al 2009b). In cases where a toxic protein isa@xpressed from plastids, an
inducible promoter like the induction systems digsat by Mihlbauer and Koop
(2005), McBride et al (1994), or Buhot et al (20@&y be the most practical method
of protein production.

The 3'UTR used to regulate a foreign gene hde Kifect on protein
accumulation, as long as an effective 3'UTR is ubadl can mediate the correct RNA
processing events and stabilize the RNA againgtadie¢gion. One study found ~1.2 to
1.3-fold changes in protein when the plashdL, rpl32, or psbA3’'UTRs were used
(Eibl et al 1999). In contrast, changes in theTRJegion in this study resulted in
over 100-fold differences in protein accumulatidrhus, while it is necessary to
include an effective 3'UTR containing a hairpin{osecondary structure to regulate
the foreign gene of interest, the sequence of li&R is not of particular importance.
At least one example of a bacterial 3'UTR (Ehecoli rrnB3’'UTR; Newell et al 2003)
and one example of a mitochondrial 3'UTR (#ip9 3'UTR; Bohne et al 2007)
functioning in plastids has been reported, ansl ikely that other prokaryotic (e.qg.,
bacterial or mitochondrial) 3'UTRs will also be egtive in plastids. In addition, the
Chlamydomonas rbcBUTR has been used effectively for gene regulatiohigher
plant plastids (e.g., Herz et al 2005) and a hailpop structure in theoxP sequence
has been observed to function as a 3'UTR in plagthapter 3). As with promoters,
avoidance of sequences derived from the plastidmerof the target organism (e.g.,

the use of tobacco plastid 3'UTRs for tobacco pllasansformation) is recommended
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in order to avoid unwanted recombination eventg/beh an introduced and a native
copy of a 3'UTR in the plastid (Gray et al 2009b).

Antibiotic resistance genes or other marker géeas, herbicide resistance
genes) must be used in order to select for tramsftbon events. Following the
generation of homoplasmic plants, however, thesi&engenes are no longer
desirable. Itis recommended thatP, attP/attB or other sequences suitable for the
removal of the marker gene be included in plasadgformation vectors. This could
allow for increased accumulation of foreign protemder certain growth conditions,
though this has yet to be demonstrated in princiflemoval of antibiotic resistance
genes should also help with public acceptanceaofplastomic plants, as removal of
the marker gene will alleviate fears of horizorttahsfer of antibiotic resistance genes
to, e.g., pests and soil bacteria.

Despite the highlighted references to high-lewetign protein accumulation
in plastids, it should be noted that high-levekifgn protein accumulation is far from
assured from plastid transformants, even wheniefficegulatory regions are used.
Examples can be seen in the work of Gray et aljhich the T7g10 5’UTR was used
to regulatecel6A(2009a) obglC (Chapter 3) ORFs fused to three different DB
regions. The TetC, NPTII, and GFP DB regions usdtiese experiments have all
been used successfully to mediate high-level forpigtein expression, but only
TetC-Cel6A protein and NPTII-BgIC protein accumathto high levels (~10%TSP)
in transplastomic plants. Another example is mwork of Kuroda and Maliga
(2001b), who expressed NPTII at levels between 02Poand 23% TSP, again
dependent on the identity of the DB region fusethemeoORF. In these cases, the
mechanisms of high-level vs. low-level foreign giataccumulation are not entirely
clear. One consideration that is outside the sobpli@s article, but that can have

major effects on protein accumulation, is post4dtational protein stability. Three of
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the highest reported plastid foreign protein yididse cited extreme protein stability
as a major factor in the extremely high proteirdgseachieved (De Cosa et al 2001;
Oey et al 2009a, 2009b). Susceptibility to protkgradation has also been cited as a
cause for the low accumulation of VP6 protein (~0T&R) in aging leaves of a
transplastomic tobacco line that accumulated maeléesels of VP6 protein (3%TSP)
in young leaves (Birch-Machin et al 2004). Thedglines presented in this article

can be useful for the design of plastid transforomatectors for high-level foreign
protein accumulation, but further research on tldeoular mechanisms of high-level
foreign protein accumulation is needed in orderet@bly and predictably produce

transplastomic plants with high-level foreign pintaccumulation.
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Chapter 2: High-Level Bacterial Cellulase Accumulation in Chloroplast-

Transformed Tobacco Mediated by Downstream Box Fusions'

ABSTRACT

The Thermobifida fusca cel6A gene encoding an endoglucanase was fusbde®
different downstream box (DB) regions to generaiéA genes with 14 amino acid
fusions. The DB-Cel6A fusions were inserted ifite tobaccoNicotiana tabacum

cv. Samsun) chloroplast genome for protein expoessAccumulation of Cel6A
protein in transformed tobacco leaves varied oppraimately two orders of
magnitude, dependent on the identity of the DBaedused to the cel6A open
reading frame (ORF). Additionally, the DB regiarséd to the cel6A ORF affected
the accumulation of Cel6A protein in aging leawesh the most effective DB regions
allowing for high level accumulation of Cel6A proten young, mature, and old
leaves, while Cel6A protein accumulation decreasitl leaf age when less effective
DB regions were fused to the cel6A ORF. In the trhaghly expressed DB-Cel6A
construct, enzymatically active Cel6A protein acalated at up to 10.7% of total
soluble leaf protein (% TSP). The strategy usedigh-level endoglucanase
expression may be useful for expression of othkulogstic enzymes in chloroplasts,
ultimately leading to cost-effective heterologongymne production for cellulosic

ethanol using transplastomic plants.

INTRODUCTION
Though cellulosic ethanol is a promising fuel framenvironmental standpoint,
industrial production and commercialization of akkic ethanol has been slow, in

large part due to the high cost of cellulasesgtieymes used for enzymatic cellulose

! Gray BN, Ahner BA, Hanson MR (2008B)otechnol Bioeng 102: 1045-1054.
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hydrolysis (Lynd et al., 1996). One option for l@ast enzyme production is the use
of transgenic plants as a heterologous proteinymtosh system (Twyman et al.,
2003; Kusnadi et al., 199Danna 2001). Plant-based protein production cter of
economic advantages over more traditional protesdyction platforms such as
bacterial and fungal cultures, especially whendixgired protein accumulates to high
levels in transgenic plant tissues (e.g., greatm 1L0% of total soluble protein [TSP]).
In this regard, chloroplast transformation offemsaalvantage over plant nuclear
transformation, as the former technique often tesnlhigher levels of foreign protein
accumulation than the latter, improving the ecorosnoif production by increasing the
protein concentration in harvested plant tissueli@d22003). While nuclear
transformants typically produce foreign proteintad%TSP in transformed leaf
tissue, with some exceptional transformants produprotein at 5-10%TSP,
chloroplast transformants often accumulate forgigriein at 5-10%TSP in
transformed leaves, with exceptional transformasaishing as high as >40%TSP
(Maliga 2003).

A major economic advantage of plant-based proteadywction over one that is
microorganism-based is in the scale-up of protgpression. Whereas scale-up of
microbial systems requires the purchase and maintenof large fermentors and
associated equipment, scale-up of plant-basediproteduction only requires the
planting of more seed and harvesting of a largea.arCellulase-expressing transgenic
plants may offer significant capital cost savingsromore traditional cellulase
production via cellulolytic fungi or bacteria.

Enzymatic cellulose hydrolysis requires the corezkection of multiple
cellulases with non-redundant activities. Cellakare broadly grouped into two
categories, the endoglucanases and exoglucanaskeareagrouped into families based

on amino acid similarity (Carbohydrate Active EnagrDatabase). Endoglucanases
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act by randomly cleaving cellulose fibers to cregiteeose oligomers. Exoglucanases
processively hydrolyze these glucose oligomergddyce mostly cellobiose. The
experiments presented here focused on the ideatidic of downstream box (DB)
regions to direct high-level accumulation of Cel@#,endoglucanase from
Thermobifida fusca, in transformed tobacco chloroplasts. The DBaegdefined by
the 10-15 codons immediately downstream of the staton, has been identified
previously as an important regulator of translagdficiency inEschericia coli
(Sprengart et al., 1996) and in chloroplasts (Karadd Maliga 2001a, 2001b), which
use prokaryotic-like translation machinery. Thechamism of translation
enhancement by the DB region is unknown (O’'Connel.e1999), but DB fusions
have been used to increase foreign protein accuimula E. coli and in tobacco
chloroplasts. A DB fusion to the EPSPS gene altbfee more than a 30-fold
improvement in foreign protein accumulation in tob@achloroplasts (Ye et al., 2001).
Downstream box fusions do not always result ineased foreign protein
accumulation in chloroplasts; silent mutationshie hativerbcL andatpB DB
sequences decreased NPTII accumulation in chistplansformed tobacco by
approximately 35-fold and 2-fold, respectively (kda and Maliga 2001b).

Similarly, a downstream box designed to perfecdgdspair with a region of the
ribosomal RNA that was termed the “anti-downstrdaox” (Sprengart et al., 1996)
resulted in NPTIl accumulation over 100-fold lovilean that resulting from an NPTII
gene lacking this downstream box fusion (Kuroda lsliatiga 2001a).

The identification of DB regions that can predidyadnhance foreign protein
accumulation for many different proteins in chldests would be of particular import
to the expression of cellulases in transplastordantp. The appropriate DB region
could be fused to the coding regions of the varmikilases necessary for efficient

cellulose degradation (i.e., endoglucanses, exaghses, and accessory enzymes) and
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then inserted into the chloroplast genome of treerde host plant. In the experiments
presented here, a 100-fold difference in Cel6Agmaccumulation was observed
between the highest- and lowest-expressing trastgphac tobacco lines containing
Cel6A genes fused to the three DB regions testmodstrating that fusion of the
appropriate DB region to cellulase genes of intezas lead to high-level

accumulation of these enzymes in transformed tabeaboroplasts.

MATERIALSAND METHODS

Cloning and Plasmid Construction

Tobacco plastid DNA containing thenl (tRNA-lle) andtrnA (tRNA-Ala) genes (nt
104500-106205 in Genbank entry Z00044) was PCR4iéiatplsing primers ptDNA-
fwd and ptDNA-rev (primer sequences are availablsupplementary information),
adding aSmal site at the 5’ end of this DNA and amplifyingdandlll site from the
native plastid DNA sequence. This PCR product $aa-Hindlll digested and
ligated into a pUC19 backbone to generate plasfAitINA. Primers lox-PpsbA-
fwd and PpsbA-aadA-rev were used to amplifypb@A promoter (PpsbA; nt 1610-
1834 in Genbank entry Z00044) from tobacco plaBtithA and to addNsil andPstl
sites and a loxP recombination site to the 5’ eAdmers PpsbA-aadA-fwd and aadA-
Trpsl6-rev were used to amplify thadA gene from plasmid pCTO08 (Shikanai et al.,
2001), and these two PCR products were combinex/ésglap extension PCR to
generate ap¥bA-aadA fragment. Primers aadA-Trps16-fwd and Trpsl6+exwere
used to amplify thepsl6 terminator (Tpsl6) from tobacco plastid DNA (nt 4938-
5096 in Genbank entry Z00044), adding a loxP redgpation site and aNsil site at
the 3’ end. Overlap extension PCR was used tolrapgsll6 to the psbA-aadA
fragment generated above. TdselA cassette generated by this overlap extension

PCR was digested bysil and ligated intd\sil-linearized pPTDNA to generate
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pPTDNA-aadA. ArnNdel site was removed from the pUC19 backbone in pPADN
aadA using primers rmvNdell, rmvNdel2, rmvNdel3] amvNdel4. PCR product
rmvNdell- rmvNdel4 was digested Bgtll and Apal and ligated into a pPTDNA-
aadA backbone generated Agtll- Apal digestion. The resulting plasmid was
pPTDNA-aadA-Ndeldel.

Primers T7-fwd and T7-rev were used to amplify Tiig10 5’UTR (Kuroda
and Maliga 2001a) from plasmid pNS6 (Spiridonov &itkon 2001), addinéstl
andAscl sites to the 5’ end and &hel site to the 3’ end. Primers GFPCel6A-fwd
and Cel6A-TpsbA-rev were used to amplify thdusca cel 6A gene lacking its signal
peptide from pGG86 (Ghangas and Wilson 1988), apdirNhel site and the first
fourteen amino acids from green fluorescent prof@iRP; Ye et al., 2001)
immediately downstream of the start codon ambt site immediately downstream
of thecel6A stop codon. ThpsbA 3'UTR (TpsbA; nt 443-536 in Genbank entry
Z00044) was amplified from tobacco plastid DNA gsprimers Cel6A-TpsbA-fwd
and TpsbA-rev, introducingdotl site at the 5’ end of @sbA and aPstl site at the 3’
end of TpsbA. The GFPCel6A-fwd/Cel6A-TpsbA-rev and Cel6A-Tpstwid/TpsbA-
rev PCR products were combined by overlap exter3©R using primers
GFPCel6A-fwd and TpsbA-rev. This overlap extendf@R product wahlhel
digested and ligated to tiNhel-digested T7-fwd/T7-rev PCR product. The resgjtin
Cel6A cassette containing thel6A gene flanked by the T7g10 5’UTR angdsibA
wasPstl digested and ligated intestl-linearized pPTDNA-aadA-Ndeldel, resulting in
plasmid pGFPCel6A. Plasmid pGFPCel6A was usedtasplate for amplification
of cel6A genes containing 14-amino acid fusions from th&@IN§ene (Kuroda and
Maliga 2001a) and from the TetC gene (Tregoning.e2003) using primers
NPTIICel6A-fwd/Cel6A-TpsbA-rev and TetCCel6A-fwd/(BA-TpsbA-rev,

respectively. The resulting PCR products whinel/Notl digested and ligated into the
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Nhel/Notl backbone of pGFPCel6A to generate pNPTIICel6A pihdtCCel6A,
respectively. All plasmids were maintained in NEBdphakE. coli (New England
Biolabs, Ipswich, MA).

Plasmids pGFPCel6A, pNPTIICel6A, and pTetCCel6Aennel-Notl
digested and the resultiegl 6A fragments were gel purified. Tlkel6A fragments
were ligated into th&lhel-Notl backbone of pNS6 (Spiridonov and Wilson 2001) to
generate plasmids pGFPCel6AEC, pNPTIICel6AEC, aret@Cel6AEC,
respectively. These plasmids were maintained iB{SEalphaE. coli (New England
Biolabs, Ipswich, MA) and were also transformea iBL21(DE3)E. coli cells

(Invitrogen, Carlsbad, CA) for protein production.

Chloroplast Transformation

Tobacco chloroplasts were transformed by the paiombardment method (Svab
and Maliga 1993). Briefly, plasmid DNA was coatedo 0.6um gold beads (Bio-
Rad, Hercules, CA). Two-week old tobacco seedl{ijsotiana tabacum cv.
Samsun) were bombarded with the DNA-coated bebhdaves from bombarded
seedlings were cultured on RMOP medium containB@rag/L spectinomycin (Svab
and Maliga 1993). Newly generated shoots wereese@ via PCR for insertion of the
cel6A gene at the anticipated site in the chloroplasbgen and positive
transformants were transferred to MS medium comgiB00 mg/L spectinomycin for
rooting. Leaves from rooted plants were subjettedrther rounds of tissue culture
on RMOP with spectinomycin to obtain homoplasmangformants. Homoplasmic

transformants were transferred to pots and grovangreenhouse to produce seed.

50



Southern Blotting
Leaf samples were flash frozen in liquid nitrogéren finely ground in Eppendorf
tubes. 2X CTAB buffer (2% hexadecyltrimethyl amruon bromide, 1.4 M sodium
chloride, 20 mM EDTA, 100 mM Tris pH 8.0, 0.284mercaptoethanol) was added to
the ground leaf samples and incubated for one &6 C. DNA was extracted by
two sequential phenol extractions followed by isganol precipitation. The
isopropanol pellet was resuspended in TE buffemiM Tris pH 8.0, 1 mM EDTA)
and treated with RNase A (Invitrogen, Carlsbad, @&)one hour at 3. DNA was
isolated and RNase removed from this solution nphextraction. The agueous
phase of this phenol extraction was ethanol pretgul to isolate DNA, which was
resuspended in 4.

Isolated DNA was completely digested ¥iyol and then electrophoresed in
1% agarose. DNA was transferred from the agares@ Hybond N+ membrane
(Amersham Biosciences, Piscataway, NJ). Primaeisgfwd and ptDNA-rev were
used to PCR amplify a portion of ttr@A gene from wild-type tobacco DNA. This
PCR product was used to synthesiZ&alabeled probe using the Ambion
DECAprime Il Random Primed DNA Labeling Kit (AmbipAustin, TX) according
to manufacturer’s instructions. TR#-labeled probe was hybridized with the
membrane, washed, and visualized using a Phospageinscreen (Molecular

Dynamics, Sunnyvale, CA).

SDSPAGE and Immunoblotting

Tobacco leaf samples were frozen in liquid nitrogad then finely ground in

eppendorf tubes. Protein extraction buffer (20 M8, pH 7.4, 1% Triton X-100,

0.1% SDS, 1mM PMSF, 0.01femercaptoethanol) was added to ground leaf samples

and vortexed. Supernatant was recovered followifige-minute centrifugation at
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16,000 xg. The concentration of the protein contained enghpernatant was
determined from a bovine serum albumin calibratorve using the Bio-Rad Protein
Assay (Bio-Rad, Hercules, CA).

Protein samples were electrophoresed in 12% poliaunrde gels, then
transferred to nitrocellulose membranes (PiercekRaod, IL). Membranes were
blocked by incubation with 5% milk in TBST (100 mMis, pH 7.6, 685 mM sodium
chloride, 0.5% Tween-20), then incubated with &#l6A antibody (kindly donated
by David Wilson, Cornell University, Ithaca, NY)ldied 1:100,000 in 5% milk in
TBST. Secondary antibody was horseradish peroaidasjugated anti-rabbit
polyclonal antibody (Sigma, St. Louis, MO) dilut&25,000 in 5% milk in TBST.
Membranes were incubated with SuperSignal West BExtanded Duration Substrate
(Pierce, Rockford, IL) and visualized on CL-Xpostila (Pierce, Rockford, IL).
Purified Cel6A protein for quantitation was kindlgnated by David Wilson (Cornell
University, Ithaca, NY). Blots were quantified mgiScion Image software (Scion

Corporation, Frederick, MD).

Cel6A Production in E. coli

BL21(DES3) cells containing the pGFPCel6AEC, pNPHIEAEC, or pTetCCel6AEC
plasmid (described above) were grown in LB mediamtaining kanamycin and
Cel6A protein expression was induced with 0.1 mN@ Induced cells were
harvested by centrifugation and the spent celliceltnedium was removed. Cells
were resuspended in Tris (100 mM, pH 7.4) suppleetewith 1 mM PMSF, then
lysed in Tris (100 mM, pH 7.4) plus 1% SDS and Of#hercaptoethanol.

52



Cel6A Purification and N-terminal Sequencing

TetC-Cel6A protein was purified from tobacco leafde protein extract. Crude
protein was extracted as described above from tableaves transformed with
pTetCCel6A. The crude leaf protein extract wasibated with CBind 200 cellulose
resin (Invitrogen, Carlsbad, CA) and mixed to alldetC-Cel6A protein to bind the
cellulose. After Cel6A was allowed to bind theimeshe supernatant was removed.
The cellulose resin was washed once with Tris (R0 pH 7.4), then washed twice
with (20 mM, pH 7.4) plus 0.8 M NaCl. TetC-Cel6Aasveluted in ethylene glycol.
Buffer exchange and protein concentration was p@dd using a MacroSep column
(30,000 MWCO; Pall, East Hills, NY), and purifie@flC-Cel6A was re-suspended in
Tris (20 mM, pH 7.4). Purity of the eluted TetCl&& was assessed by Coomassie
staining a 12% polyacrylamide gel.

GFP-Cel6A, NPTII-Cel6A, and TetC-Cel6A proteins w@urified from the
appropriate BL21(DE3E. coli cell protein extract essentially as described aldov
purification of chloroplast-produced TetC-Cel6Acept that the resin was loaded into
a chromatography column.

For N-terminal sequencing, eluted TetC-Cel6A wastebphoresed in a 12%
polyacrylamide gel and transferred to a nitrocelsel membrane as described above.
The nitrocellulose membrane was Ponceau stainethantetC-Cel6A bands were
excised from the membrane for sequencing. N-teahsequencing of tobacco- akd
coli-produced TetC-Cel6A was performed at the Penre &tatversity Core Facility

(Hershey, PA).

Enzyme Activity Assays
Crude leaf protein extracts from TO tobacco trarmatmts were used to assess Cel6A

enzyme activity against carboxymethyl cellulose (©M Two different amounts of
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total protein were added to 2% (w/v) CMC in Hepeffdr (50 mM, pH 7.0): 5 and
2.5 ug leaf protein extract from a TetC-Cel6A exsgreg plant, and 10 and 5 pg leaf
protein extract from an NPTII-Cel6A expressing plaBighty microliter reactions
were carried out in eppendorf tubes for sixteernrdiati 50°C while mixing. A blank
control containing Hepes buffer with no CMC wadugied to account for any sugar
present in the crude protein extract. Reducingusagntent was measured in 96-well
plates using a DNS assay protocol adapted from &(k®87). A standard curve for
guantification of Cel6A concentration in the crymtetein extracts was generated by
measuring reducing sugar release by known amouipisrilied Cel6A protein added

to a wild-type tobacco protein extract and incubatgh 2% CMC.

RNA Blotting

T1 seeds were collected from self-pollinated T@dfarmants. The seeds were
planted in soil and transferred to individual piots. greenhouse. Ninety-three days
after planting, when the tobacco plants each hadoapnately 30 leaves, leaf samples
were taken from young, mid-, and old leaves (approximate leaf numbers 28, 15,
and 2, respectively) and frozen in liquid nitrogenprotein and RNA extraction.
RNA was extracted from leaf samples using TrizoVittogen, Carlsbad, CA)
according to the manufacturer’s instructions. Rédhcentration was quantified
based on spectrophotometric absorption at 260 Timmee micrograms of total RNA
were loaded in a 1% agarose gel for electropharésfiowing electrophoresis, RNA
was transferred to a Hybond N+ membrane (Amersharsciences, Piscataway, NJ).
RNA was detected by hybridization witfP-labeled probes. Radiolabelled probes
were generated using the DECAprime Il Random PriDRé Labeling Kit

(Ambion, Austin, TX) to label PCR products. Prinpairs for these PCR products
were Iprobe-fwd/lIprobe-rewril) and C6probe-fwd/Cel6A-TpsbA-reed 6A).
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Following hybridization with radiolabelled probése membrane was exposed to a
Phosphorimager screen (Molecular Dynamics, Suney¥aA) for detection. Isotope
was removed from the membrane by exposure to amgablution of 0.1% SDS

between each hybridization.

RESULTS

Chloroplast Transformation

Tobacco . tabacum cv. Samsun) chloroplast transformants were gerctkase
particle bombardment using three plasmids contgithie elements diagrammed
schematically in Figure 2.1A. Each plasmid vectamtained a gene coding for the
mature Cel6A protein (with the native signal pepttdmoved) with aihel site
immediately downstream from the start codon, fodviby the first 14 codons from
TetC, NPTII, or GFP, respectively. The6A constructs are promoterless, relying on
read-through transcription from the upstream Prommter. TheaadA gene is placed
behind thgsbA promoter to ensure high-level expressiomadA for antibiotic
resistance. ThaadA cassette, containing tipsbA promoter, the@adA ORF, and the
psbA 5’UTR andrpsl6 3'UTR, is flanked by loxP sites for future cre-nmegdd marker
gene removal (Corneille et al., 2001).

Chloroplast transformants derived from the vectbagrammed in Figure
2.1A were identified via PCR using primers trniimtd and Cel6Aint-rev. Following
several rounds of tissue culture regeneration, WA isolated from transplastomic
plants and digested witkhol. The schematic diagrams in Figures 2.1A and 2.1B
show the locations of the relevafhol sites in transformed and wild-type tobacco
chloroplasts, respectively, one internal totitm gene and the other downstream of

thetrnA gene. Homoplasmic plants were confirmed by Souatb#atting, shown in
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Figure2.1. Schematic diagrams of tobacco chloroplast DNA. TAgnsformed
chloroplast DNA, showing the 16S rDN&nl, andtrnA genes along with thxhol
restriction sites relevant to Southern blot expents. The T7g10 5’UTR is
immediately upstream of theel6A ORF. Ndel andNhel restriction sites are located at
the 5’ end of the DB, and the DB region is fusethecel6A ORF. Thecel6A gene is
followed by thepsbA 3'UTR (TpsbA) and theaadA expression cassette. TéaedA

gene is flanked by thasbA promoter and 5’'UTR (5bA) and the'psl6 3'UTR
(Trpsl6). The entireaadA expression cassette is flanked by loxP sites.WBj-type
chloroplast DNA, showing the 16s rDN&nI, andtrnA genes along with théhol
restriction sites relevant to Southern blot experits.

Xhol
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Figure 2.2. Wild-type tobacco showed a band ae#pected size of 3.0 kb, while a
trnA probe hybridized with a 5.7 kb band in transform&ahts. Faint 3.0 kb bands in
transformed plants are assumed to result fromrémester of chloroplast DNA to the
nucleus (Ruf et al., 2000), though a low level efenoplasmy cannot be completely
ruled out. All progeny of the transformed plantswgn from seed were resistant to
spectinomycin and produced Cel6A protein. In thenethat a few of the plastid
genomes of the transplastomic plants examined m@régansformed, it would be
expected that completely homoplasmic plants woubdigpce Cel6A protein at levels
even higher than observed in plants containing som@ansformed plastid genomes.
Bands at approximately 7 kb and 2.5 kb are likelyesult from unintended
recombination events within transformed chloro@astd represent a minor fraction
of the chloroplast DNA. Transformed plants wesn$ferred to soil and grown in
greenhouse conditions to collect seed. Each lafggure 2.2 represents a

transplastomic plant derived from a unique tramsfiiion event.

Protein Accumulation in TO Transplastomic Transformants

Protein was extracted from the leaves of homoplasafiacco transformants for
immunoblotting. Cel6A protein accumulation in ygueaves of homoplasmic plants
transformed with a given construct (i.e., pTetC@elpNPTIICel6A, or pGFPCel6A)
was consistent among plants derived from indepdrtdamsformation events (data not
shown). One plant transformed with each consiuast therefore selected for further
characterization. Figure 2.3 shows that TetC-Cad6éumulated to significantly
higher levels than NPTII-Cel6A, which in turn acauated to significantly higher
levels than GFP-Cel6A. Additionally, Cel6A proteiancentration varied with leaf
age. TetC-Cel6A protein concentration increasethfapproximately 3.5%TSP to

7.6%TSP as leaves aged, then decreased in the lddess assayed. NPTII-Cel6A
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Figure2.2. Southern blot showinghol-digested wild-type (WT) and transformed
tobacco DNA. AtrnA-specific probe hybridized with the expected 3.(kind in WT
tobacco, and with a 5.7 kb band in transplastoobadco.
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Figure 2.3. Immunoblots showing Cel6A protein accumulatiomging leaves. (A)
TetC-Cel6A transformed plants. (B) NPTII-Cel6Artsformed plants. (C) GFP-
Cel6A transformed plants. (D) Immunoblots wererdifid, showing Cel6A
accumulation of up to 7.6%TSP in TetC-Cel6A transfed tobacco leaves, up to
0.9%TSP in NPTII-Cel6A transformed tobacco leaaes| up to 0.3%TSP in GFP-
Cel6A transformed tobacco leaves.
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protein concentration remained steady at approxin& 7-0.9%TSP through plant
development. GFP-Cel6A protein accumulated to@pprately 0.3%TSP in young
leaves, then dropped off quickly as leaves agdeMis that were below detection
limits in the oldest leaves.

Activity assays using carboxymethylcellulose (CM#S)a substrate were also
used to quantify Cel6A accumulation in aging leaaEe$0 transplastomic plants.
Figure 2.4 shows the results of these CMCase actaigsays. Quantification of
CMCase activity in TO leaf protein extracts wagiaod agreement with immunoblot-
based quantification of Cel6A protein accumulatiwith no statistically significant
difference in Cel6A accumulation as calculatedhmse two methods. This
demonstrates that all or nearly all of the Cel6Atein produced in tobacco
chloroplasts was active against CMC. The CMCaseifgycassay using protein
extracted from transformed GFP-Cel6A-expressingtob was inconclusive, owing
to the relatively low expression of GFP-Cel6A iesk plants; error associated with
guantification of CMCase activity (approximately. 5@ TSP) is significantly larger
than the accumulation of GFP-Cel6A (approximateBPATSP), making the
interpretation of tobacco chloroplast-produced GF6A CMCase activity difficult.
CMCase activity assays using purified Cel6A lackamy DB fusion, TetC-Cel6A,
NPTII-Cel6A, and GFP-Cel6A indicated that CMCasgvaty was similar among
these enzymes (data not shown). This indicateghikaDB fusions to the Cel6A

protein used here do not affect enzyme function.

TetC-Cel6A Purification and N-Terminal Sequencing
Tobacco chloroplast- and BL21(DEB) coli-produced TetC-Cel6A were purified to
homogeneity from crude protein extracts by cellelaHinity purification. Figures

2.5A and 2.5B show Coomassie stained polyacrylaméde with purified
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Figure2.4. Comparison between Cel6A guantification from CA4€ activity (gray
bars) in tobacco leaves and immunoblot analysackobars, from Figure 2.3D). (A)
TetC-Cel6A leaf extracts. (B) NPTII-Cel6A leaf eattts. Leaf protein extracts were
used to digest 2% CMC and quantified against adstahcurve generated by
incubating known amounts of Cel6A with 2% CMC.
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Figure 2.5. Coomassie-stained polyacrylamide gels showing losisaffinity
purification of TetC-Cel6A. (A) Tobacco-producedtT-Cel6A. (B)E. coli-
produced TetC-Cel6A. Crude protein extracts wecelated with cellulose resin,
then washed sequentially in Tris (20 mM, pH 7.4) a&ns (20 mM, pH 7.4) with
NaCl (0.8 M) buffers. TetC-Cel6A was eluted inydéme glycol. Ethylene glycol
was removed by buffer exchange and eluted TetCA eifs resuspended in Tris (20
mM, pH 7.4).
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TetC-Cel6A from tobacco chloroplasts and frawrcoli, respectively. This figure
shows one-step purification of TetC-Cel6A from bptbtein expression platforms
with very little contamination.

The five N-terminal amino acids of chloroplastddh coli-produced TetC-
Cel6A were sequenced by Edman degradation. Iltdetesmined that f-Met was
cleaved from both chloroplast- a&dcoli-produced TetC-Cel6A, resulting in an N-

terminal alanine residue.

Characterization of Protein Accumulation in T1 Generation Cel6A-Expressing
Tobacco

Seed was collected from homoplasmic TO transforsaentified in Figure 2.2 and
was planted in MS medium lacking antibiotic. Fig@.6A shows WT, GFP-Cel6A,
NPTII-Cel6A, and TetC-Cel6A seedlings grown fronedén MS medium. Cel6A-
expressing plants are phenotypically indistingupsddrom WT tobacco. No growth
defects were observed in any of the Cel6A-exprgssibacco lines throughout the
life cycle from germination to seed production.

Seed was also planted in soil and T1 generatiantplere grown in
greenhouse conditions to analyze Cel6A accumulati@ging leaves of T1 plants.
Figure 2.6B shows the results of an immunoblot ithtein extracted from aging
leaves of T1 plants. Quantification of this immblai in Figure 2.6C shows that
Cel6A protein accumulation in T1 plants agrees itptalely with the protein
accumulation in TO plants, with TetC-Cel6A accuntnlgto higher levels than
NPTII-Cel6A, which in turn accumulates to higherdés than GFP-Cel6A. In T1
plants, TetC-Cel6A accumulated to 7.6-10.7%TSP, INE€I6A accumulated to 0.8-
1.0%TSP, and GFP-Cel6A accumulateg@1%TSP. Protein accumulation in the

T1 TetC-Cel6A plant tested showed less variatiai vaaf age than in the TO plant
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Figure 2.6: T1 generation of Cel6A-expressing tobacco. (A)g€heration Cel6A-
expressing tobacco seedlings planted in MS medaaking antibiotic were
phenotypically indistinguishable from wild-type tdro. (B) Immunoblot with
protein extracts from aging leaves of GFP-Cel6ATNH el6A, and TetC-Cel6A
transformed tobacco. (Quantification of the immunoblot in Figure 2.6B.
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(Figures 2.3A, 2.3D, and 2.4A). GFP-Cel6A accumoladecreased with leaf age in
the T1 plant tested, in agreement with GFP-Cel6duamilation in the TO plant tested
(Figures 2.3C and 2.3D).

Characterization of cel 6A mRNA in T1 Generation Cel 6A-Expressing Tobacco

In order to determine whether the differences ift6&@rotein levels were reflected
by RNA-level expression of the transgene, levelsal8A mMRNA were examined by
probing RNA blots. Figure 2.7 shows an autoradiogof a blot that used RNA
extracted from the same leaves used for the immahobfigure 2.6B.
Monocistroniccel 6A transcript (at 1.3 knt) is 5 to 6-fold more abumida TetC-

Cel6A tobacco than in NPTII-Cel6A and GFP-Cel6Adoto when band intensity
was normalized to total RNA loaded. Dicistrotricl-cel6A transcript (at 2.3 knt) was
also most abundant in TetC-Cel6A tobacco. Triorstr 16s rrn-trnl-cel6A and an
incompletely characterized transcript containintghtwel 6A andtrnl (at 4.0 knt and
approximately 3.0 knt, respectively) accumulateditoilar levels, less than a two-fold
difference when normalized to total RNA loaded (F&2.7) in TetC-Cel6A, NPTII-
Cel6A, and GFP-Cel6A plants. There was a sligtetese ircel 6A mMRNA levels in
aging leaves of TetC-Cel6A, NPTII-Cel6A, and GFR82eplants. This decrease
correlated with decreasing protein levels in GFReE&dobacco, but not in NPTII-
Cel6A or in TetC-Cel6A tobacco. RNA bands werenitfeed on the basis of
predicted transcript sizes and were confirmed oA RMts with atrnl-specific probe

(data not shown).

DISCUSSION
Transgenic plant-based expression of cellulolytizyenes has potential as an

economically attractive alternative to more tramhifill bacteria- and fungus-based
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Figure 2.7: RNA blotting ofcel 6A mRNA from T1 generation Cel6A-expressing
tobacco. Total RNA was hybridized with a radioliddxbcel 6A probe, revealing
differences in the accumulation @ 6A transcripts in GFP-Cel6A, NPTII-Cel6A, and
TetC-Cel6A tobacco leaves. Major transcripts aensat 4.0 kntls rrn-trnl-cel6A),
3.0 knt (unknown transcript containing bathl andcel6A), 2.3 knt {rnl-cel6A), and
1.3 knt €el6A). The ribosomal RNA bands from the ethidium-brdenstained
agarose gel are shown below the RNA blot. Numbelsw each lane indicate the

relative RNA loading in that lane, normalized te tBFP-Cel6A young leaf (defined
as 1.0).
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enzyme expression. The experiments presentedsheveed high-level expression of
Cel6A, an endoglucanase from the thermophilic bacteT. fusca, in tobacco
chloroplasts. Enzymatically active Cel6A proteaeamulated at up to 10.7%TSP in
the highest-expressing tobacco transformant andlyZais line of transplastomic
tobacco could represent a valuable platform for-tmst endoglucanase production.
In combination with other essential enzymes folubete hydrolysis (i.e.,
exoglucanases arfdglucosidase), the tobacco chloroplast-produce@&Adescribed
here could be used for cellulosic ethanol productiddditionally, chloroplast-
produced Cel6A could find application in textileopessing, detergents, and/or
enzymatic newspaper de-inking (Galante and Formia2@03; Pélach et al., 2003).
Because of the high conservation of the chlorogjaabme in vascular plants, we
expect that the downstream box-Cel6A construct axes hdentified will also result in
high-level Cel6A expression in the chloroplast®tbfer plant species.

The matureel 6A gene was expressed in tobacco chloroplasts asanfu
protein, with ariNhel site added immediately downstream of the stasboo followed
by the first 14 amino acids (i.e., the downstream tegions) from the TetC, NPTII,
and GFP genes. The identity of the DB region fusdtiecel 6A ORF greatly affected
Cel6A accumulation, with TetC-Cel6A accumulating-ttD% TSP, NPTII-Cel6A
accumulating to ~1%TSP, and GFP-Cel6A accumulatnegdt2%TSP in transformed
tobacco leaves. The GFP DB region has been usetpsly to stimulate expression
of the EPSPS gene in tobacco chloroplasts (Ye,@01). Though the full-length
TetC and NPTII genes have been expressed in toludbomplasts, accumulating to
25%TSP and 23%TSP, respectively (Tregoning e2@03; Kuroda and Maliga
2001a), the DB regions from these genes have rast bsed to stimulate expression of
other foreign proteins. We decided to test themkiveam box regions of TetC and

NPTII on a heterologous protein because of theiefit expression of the full-length
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TetC and NPTII genes. The observed high-level mcdtation of TetC-Cel6A and
intermediate levels of NPTII-Cel6A suggests that thur strategy of selecting a DB
from a highly expressed protein may be generakgfuldor choosing an appropriate
DB region for testing chloroplast expression okfgn proteins.

Nevertheless, a DB region from a highly expresgetep does not always
succeed in improving expression of a heterologoatem. Accumulation of GFP-
Cel6A in transformed tobacco was relatively lowgcantrast with a previous report
that the GFP DB region stimulated expression 0BR8PS gene more than 30-fold
(Ye et al., 2001). The only difference between®#d® DB region used by Ye et al.
(2001)and the GFP DB region fuseddd6A is the presence of athel restriction
site at the 5’ end of the GFP DB region that watuided in the Cel6A expression
constructs, but was not present in the EPSPS esipresxperiments of Ye et al.
(2001). It is conceivable that the presence oiNhe site was detrimental to the
function of the GFP DB region for Cel6A expressithrgugh theNhel site was also
included at the 5’ ends of the TetC and NPTII DBioes. In addition, ahlhel site
was included at the 5’ end of the NPTII gene fdoobplast expression, resulting in
NPTIl accumulating to 23%TSP (Kuroda and MaligaZ&)0 More likely, it is
possible that the GFP DB region was better sutbe@hhancement of some aspect of
the expression of the EPSPS protein (e.g., prédtdiing, protein stability, and/or
translation) that was that was less well-suiteddel6A expression.

Fusion of an appropriate DB region to a foreignegef interest is an important
strategy for improving protein accumulation, thoulyé selection process at this time
is highly empirical. Codon optimization of foreigenes for chloroplasts has only
resulted in modest improvements in protein accutimnige.g., Ye et al., 2001).
Fusion of the TetC DB region to the GC-rich (68%C5i# the mature genell 6A

gene allowed for high-level accumulation of CelGitgin in transformed
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chloroplasts. A better understanding of the meigmarof DB function will be
required for less empirical optimization of the D&gjion.

Chloroplast transformation vectors typically inctual promoter element
upstream of the ORF encoding the foreign gene txpeessed driving transcription
of the foreign gene. An alternative strategy usdthe pTetCCel6A, pNPTIICel6A,
and pGFPCel6A vectors is to utilize read-througimscription from a native
chloroplast promoter. Foreign gene insertion betwie chloropladtnl andtrnA
genes results in a polycistronic message transtfioen the strong chloroplast
ribosomal promoter upstream of ttnal gene. This strategy resulted in high level
accumulation of TetC-Cel6A protein despite the latk promoter element directly
upstream of the TetC-Cel6A ORF. This is consistétit an earlier report that read-
through transcription of genes inserted betweerchih@oplastrnl andtrnA genes is
efficient and can lead to high-level foreign pratproduction (Chakrabarti et al.,
2006). The use of read-through transcription ftbmnative ribosomal promoter
obviates the need for a heterologous promoter egstiof the gene(s) to be expressed,
thereby lowering the chance of unintended recontimnavents with the native
promoter element.

The good correlation between the cellulase activitgssays of tobacco protein
extracts and the Cel6A quantification from denagiimmunoblots showed that all or
nearly all of the Cel6A produced in transformedaodp is able to hydrolyze the
soluble substrate CMC. This confirmed that thalgat domain of Cel6A was
correctly folded and active in a crude leaf prowxtract and that the downstream box
fusions to the Cel6A gene did not disrupt CMCagdwi#g. Chloroplast-produced
TetC-Cel6A was purified from the crude leaf protekiract using a cellulose affinity
column. Because efficient cellulose binding regsiia properly folded and functional

cellulose binding domain (CBD), this purificationasved that the cellulose binding
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domain was also functional in chloroplast-produtetlC-Cel6A. High-level
expression of full-length cellulase genes includaagh the catalytic domain and the
cellulose binding domain is an important step talshe use of plant-produced
cellulases for biomass degradation. Though omegjy to increase plant-based
cellulase expression is truncation of the cellulgesee to remove the CBD
(Ziegelhoffer et al., 2001), functional CBDs argu#ed for efficient hydrolysis of
insoluble cellulose produced in biomass (Din etk94).

Cel6A produced by either tobacco chloroplastg.amoli cells was purified in
one step by elution from a cellulose resin, maé&lyi due to the presence of the Cel6A
CBD. This conclusion is based on previous obsemasatthat removal of the CBD
from a cellulase greatly decreases cellulose bgqndapacity (Gilkes et al., 1988).
This demonstrates the potential utility of the @elBBD as a tag for purification of
foreign proteins from plants or frofa coli. Use of the CBD as a purification tag is
particularly attractive because of the relative logt of cellulose resin and necessary
reagents for cellulose affinity purification wheonepared with other commonly used
purification techniques (e.g., Ni-NTA purificatiai His-tagged proteins or
immunopurification of FLAG-tagged proteins). Th&w@BDs have been used
previously for protein purification (Shoseyov et @006), this is the first use, to our
knowledge, of the Cel6A CBD for protein purificatio

The observed differences in accumulation of chltastgproduced TetC-
Cel6A, NPTII-Cel6A, and GFP-Cel6A could be a residltifferences in RNA
processing, translation efficiency, protein stayjlor some combination of these
factors. Differences in transcription rates arkkety, as all threeel6A genes are
transcribed from the same ribosomal promoter. Aknown feedback mechanism
that could affect transcription rates cannot bedwut based on the experiments

presented here. Differential accumulation of mastoanic cel6A transcript could be
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explained either by differences in processing efghlycistronic transcript or by
differences in stability of the monocistronic tranpt among the threesl6A
constructs tested. Figure 2.7 shows that polymisaccumulation does not differ
greatly among TetC-Cel6A, NPTII-Cel6A, and GFP-Qeflants, suggesting that the
observed differences in monocistron@6A transcript accumulation are due to
differences in RNA stability rather than to diffaces in RNA processing. Assuming
approximately equal rates of transcription amoregtkinee constructs tested, greater
RNA processing efficiency in TetC-Cel6A tobacco \blbe expected to cause a
depletion of polycistronicel 6A transcripts in this line of tobacco, which is not
observed. Based on the RNA blot shown in figuie &.appears that polycistronic
transcripts in all three lines of tobacco testexl@ncessed with approximately equal
efficiency, but that monocistronic TetC-Cel6A trangt is more stable than either
NPTII-Cel6A or GFP-Cel6A monocistrons.

The mechanism behind differences in mMRNA stabifitghloroplasts is not
entirely clear, though differential translationasicould play a role. Kuroda and
Maliga (2001b) suggest that the nucleotide comjuositf the DB region may affect
translation efficiency in tobacco chloroplasts lshse a series of constructs containing
silent mutations in the DB region. Researck.oli has revealed that translation and
RNA turnover are linked, with untranslated RNA lgedegraded more quickly than
RNA that is being actively used for translation g&port and Mackie 1994). The
observed differences tel6A monocistronic transcript accumulation among TetC-
Cel6A, NPTII-Cel6A, and GFP-Cel6A plants are cotesis with the hypotheses that
polycistronic transcripts in TetC-Cel6A, NPTII-Caland GFP-Cel6A plants are all
processed with equal efficiency, but that monooristr TetC-Cel6A transcript is

translated more efficiently than NPTII-Cel6A or GERIGA transcripts and that
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differential translation rates result in differetstability of the monocistronicel 6A
transcripts.

Further experiments will be necessary to deterrtiieanechanism behind the
observed differences in Cel6A protein accumulatirt,the chloroplast TetC-Cel6A
experiments presented here demonstrate the patiemtiagh-level accumulation of.
fusca Cel6A when fused to the appropriate DB regione Tilghest accumulation of
TetC-Cel6A observed here, 10.7%TSP, is five tait@es higher than the Cel6A
accumulation reported previously from chloropldsassformed to express Cel6A
behind thebcL DB region (Yu et al., 2007). Further, TetC-Cel6dtein remained at
a high concentration in older leaves of transfornmd@dcco, in contrast with
chloroplast expression of rbcL-Cel6A (Yu et 2007). A report of nuclear Cel6A
expression showed accumulation at only 0.1%TSRyéllmffer et al., 1999).
Chloroplast expression of the TetC-Cel6A proteis theerefore improved the
accumulation of Cel6A protein over 100-fold anabadéd for the accumulation of
active enzyme in aging leaves, demonstrating tiieyudf chloroplast-based cellulase
expression.

The TetC-Cel6A expressing tobacco lines reported represent a promising
step toward lowering the enzyme costs associatddagllulosic ethanol production.
Chloroplast-produced Cel6A could be used, in cortjon with other cellulose
degrading enzymes (e.g., exoglucanase$agidcosidase) for efficient cellulose
hydrolysis. Any or all of these enzymes could pt#ly be produced in
transplastomic plants. A previous report of highel (6%TSP) xylanase production
in tobacco chloroplasts demonstrated the abilitghddroplasts to produce accessory
enzymes involved in the degradation of lignocebeldLeelavathi et al., 2003).

Careful selection the appropriate DB regions fdoxplast expression of individual
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enzymes will enable the cost-effective productiberymes by plants for cellulose

hydrolysis.
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APPENDIX

Supplementary Table 2.S1. Primers used in this study

Primer Name Sequence

ptDNA-fwd ATCCCGGGGTITTCTCTCGCTTTTGG

ptDNA-rev TAAAGCTTTGTATCGGCTA

lox-PpsbA-fwd ATGCATCTGCAGATAACT TCGTATAATGTATGCTATACGAAGT TATCCCGGGC
AACCCACTAGC

PpsbA-aadA-rev| AACCGCTTCACGAGCCATGGTAAAATCTTGGTTTAT

E%S bA-2adA- |\ A AACCAAGATTTTACCAT GGCTCGT GAAGOGGT

aadA-Trpsl16-rev

TAATTGAATTTCGGT TGATTATTTGCCAACTACCTT

aadA-Trpsl6-
fwd

AAGGTAGT TGCCAAATAATCAACCGAAATTCAATTA

Trpsl6-lox-rev

ATCCATAACTTCGTATAGCATACATTATACGAAGT TATACGGAATTCAATGGA
AGC

trnlint-fwd CTGGGGT GACGGAGGGAT

rmvNdell CTGACGTCTAAGAAACCA

rmvNdel2 TACTGAGAGT GCACCAAAT GCGGT GTGAAA

rmvNdel3 TTTCACACCGCATTTGGTGCACTCTCAGTA

rmvNdel4 ATGGGCCCGCTATGCCAAAAGC

T7-fwd CTGCAGGCGCGCCGGGAGACCACAACGGT TTCCCACTAGAAATAA

T7-rev GCTAGCCATATGTATATC
ATGCTAGCGGCAAGGGCGAGGAACT GT TCACT GGCGT GGTCCCAATCAATGAT

GFPCel6A-fwd TCTCOGTTCTAC

g;/l 6A-TPSDA- | 1 AGACT AGGOCAGGAT CGOGE00GCT CAGCT GGOGGOGCAGGT

fc\:Ne(JGA'TprA' ACCT GOGCOGCCAGCT GAGOGGOCGCGAT CCTGAOCTAGTCTAT

TpsbA-rev ATGCTAGCT GCAGAAAAAGAAAGGAGCAATA

C6probe-fwd GTAACGAGTGGTGCGACC

TetCCel6A-fwd | ATCCTAGCAAAAATCTGGATTGT TGGGT OGACAAT GAAGAAGATATAAATGAT
TCTCCGTTCTAC

NPTIICel6A- ATGGCTAGCATTGAACAAGATGGAT TGCACGCAGGT TCTCCGGOCGCTAATGA

fwd TTCTCCGTTCTAC

probe-fwd ATAGTATCTTGTACCTGA

Cel6Aint-rev TGCTGTGGTTGCCGCAGT

Iprobe-fwd CACAGGTTTAGCAATGGG

Iprobe-rev GAAGTAGTCAGATGCTTC
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Chapter 3: Stabilization of mMRNA by Efficient Downstream Box Fusionsto
Allow High-Level Accumulation of Active Bacterial Beta-Glucosidase in Tobacco

Chloroplasts

ABSTRACT

Cellulase productiom plantahas been proposed as a lower-cost alternative to
microbial production, with plastid transformatios a preferred method due to high
foreign protein yields. An important regulatorabfioroplast protein production is the
downstream box (DB) region, located immediately dstream of the start codon.
Protein accumulation can vary over several ordemagnitude by altering the DB
region, via an unknown mechanism that appeardséataranslation efficiency,
though the exact mechanism of DB function is navm. In this study, three DB
regions were fused to thglC ORF encoding 8-glucosidase from the thermophilic
bacteriumThermobifida fuscand inserted into the tobacddi¢otiana tabacum
plastid genome. More than a two order of magnifddifference in BglC protein
accumulation was observed, dependent on the igleritthe DB fusion. Chloroplast-
produced BgIC was correctly folded and active. ibiusf an effective DB region to
thebglC ORF resulted in stabilization of the monocistraogtC transcript, primarily
from 3’-5’ exonuclease degradation. The antibiotisistance gereadAwas

removed from BglC-expressing tobacco by @wd? recombination, surprisingly
resulting in plants that grew normally in tissuétue, but that died in soil as a result
of unintended Cre-mediated recombinations at tvewipusly describetbxP-like

sites and at two novéxP-like sites. These experiments demonstrate thenpiat
utility of transplastomic plants as a vehicle fetdrologou$-glucosidase production
for the cellulosic ethanol industry and descri@eviously underexplored mechanism

of DB function for high-level protein production.

79



INTRODUCTION
Cellulosic ethanol has been promoted as a promgasgline substitute with the
potential to significantly reduce fossil fuel degence and the environmental
problems associated with fossil fuel usage. Tleégpred method of cellulosic ethanol
production proceeds via enzymatic hydrolysis agadcellulosic substrate followed
by fermentation of the resulting hydrolysate todarce ethanol. Typical microbial
cellulase systems contain a complex mixture of eadd exo-glucanases,
glucosidase, accessory enzymes, and non-hydrgiggteins for efficient cellulose
hydrolysis (reviewed in Zhang and Lynd 2004). Ti@st common industrial source
of cellulases is the cell culture supernatant efftingusrlrichoderma reesedue to
the high specific activity of its enzymes and tighhconcentration of secreted protein
from this microorganism. Although. reesecellulase preparations have high
cellulase activity, they are often deficienfhglucosidase activity (Juhész et al 2005).
Multiple studies have found increased glucose aretltanol concentrations after
cellulose hydrolysis using. reesecellulase preparations were supplemented fith
glucosidase, typically produced Bgpergillussp. (e.g., Schell et al 1990; Lamed et al
1991; Spindler et al 1989). A low-cost sourc@-gflucosidase for supplementation of
T. reesecellulases would be of interest for industrial ynatic cellulose hydrolysis.
Transgenic plants have been proposed as low-oastes of foreign proteins,
with projected order of magnitude cost savingstigdao microbial protein production
systems (Twyman et al 2003). Because productistsdor foreign proteins
expressed in transgenic plants are dependent aotieentration of foreign protein in
transformed tissue, the highest achievable exmnes$svels are desirable. To this end,
chloroplast transformation has an advantage oveleautransformation. Chloroplast

transformation has resulted in reports of extrawdiy high levels of foreign protein,
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up to 70% of total soluble protein (%0TSP; Oey €2@08), and a number of proteins
have been expressed at greater than 10%TSP froohlibv®plast genome (reviewed
in Maliga 2003), including a cellulase (Gray e2@D9a). In order to realize the
potential for high-level foreign protein expressiforeign gene regulatory regions
(e.g., 5’ and 3’ untranslated regions [UTRs], préens, and terminators) must be
chosen carefully. One regulatory region that heenlshown to be important for
foreign protein production in chloroplasts is tlwewiistream box (DB) region (Ye et al
2001; Kuroda and Maliga 2001a, 2001b; Gray et 8B2() Lenzi et al 2008),
composed of the 10-15 codons immediately downsti@aime start codon. Both
silent and non-silent changes in this region haenlshown to affect foreign protein
production, though the mechanism of these effact®t well understood.

Besides the potential for high-level foreign pmotaccumulation, a second
major advantage of chloroplast transformation awerlear transformation is the
potential for expression of multi-gene operonse phokaryote-like transcription and
translation machinery found in plastids is welltedito expression of operons
naturally found in many prokaryotic systems. Tdgroach has resulted in
accumulation of the Cry2Aa2 protein at approximat%TSP in transplastomic
tobacco leaves (DeCosa et al 2001). Subsequelysanaf this transformant
determined that the most actively translated tnapiseas the full-length polycistronic
message, suggesting that processing of this tighses not required for protein
production (Quesada-Vargas et al 2005). This cointrast with a report that
polycistronic mMRNA processing is required for effiat production of yellow
fluorescent protein (YFP; Zhou et al 2007). Bark#®88) demonstrated that the
native plastidpsbB petB andpetD ORFs are translated from both monocistronic and
polycistronic mMRNA species, showing that mRNA pisiRg is not strictly required

for translation of native plastid transcripts. Q@uevious experiments demonstrated
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that accumulation of monocistroreel6AMRNA correlated with Cel6A protein
accumulation in transplastomic tobacco, thoughusatve relationship was not
established (Gray et al 2009a).

Another important aspect of high-level foreigntein accumulation is the
stability of the mRNA encoding the desired proteinE. coli, it has been shown that
decreased association of ribosomes with mMRNA resuldlegradation of the mRNA,
implying a feedback between translation efficieaog mRNA stability (Nilsson et al
1987; Rapaport and Mackie 1994). The downstreaxrégion has been shown
previously to influence both translation efficien@uroda and Maliga 2001b) and
RNA levels (Kuroda and Maliga 2001a; Gray et al280n chloroplasts, with less
efficient translation correlating with degradatioithe mRNA. RNA stabilization by
an effective DB region creates a positive feedbadkhich the steady-state level of
efficiently translated mRNA is higher than the stgatate level of an inefficiently
translated transcript. If the RNA degradation niaety outcompetes the translation
machinery for a given transcript, mMRNA concentnattould become limiting for
protein production.

Our previous work attempted to optimize chloropiagression of Cel6A, a
Thermobifida fusca&ndoglucanase, by the fusion of three differentrBons to the
cel6AORF (Gray et al 2009a). The current report dbssrthe fusion of these three
DB regions, originating from the TetC, NPTII, ané&#/Sgenes, to theglC ORF
encoding & . fuscaB-glucosidase (BgIC). The effects of DB fusiontelbglC ORF

are explored at both the RNA and protein levels.
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MATERIALSAND METHODS

DB-BgIC Plasmid Vector Construction

ThebgIC open reading frame (ORF) was PCR-amplified froasplid pNS6
(Spiridonov and Wilson 2001). In conjunction wrdverse primer BglC-rev, forward
primers TetCBgIC-fwd, NPTIIBgIC-fwd, and GFPBgIC-dwprimer sequences are
shown in supplementary Table 3.S1) were used tergesmodifiedglC ORFs
containing downstream box (DB) fusions from theQ,eXIPTII, and GFP genes,
respectively (Gray et al 2009a). These PCR reast@aldeddd andNhd sites at the
5’ end of thebglC ORF and &\otl site at the 3’ end. The resulting PCR products
wereNhd/Notl digested and ligated into tihd/Notl backbone of plasmid
pGFPCel6A (Gray et al 2009a) to generate pTetCBgMNRTIIBgIC, and pGFPBgIC,

respectively.

Generation of Transplastomic Plants

Transplastomic tobacco was generated by the bohstthod essentially as described
previously by Svab and Maliga (1993). Briefly, tweek old tobacco seedling.(
tabacumcv. Samsun) grown in sterile MS agar medium weralimrded with 0.6
micron gold beads (Bio-Rad, Hercules, CA) coateith wie appropriate plasmid DNA
(i.e., pTetCBgIC, pNPTIIBgIC, or pGFPBgIC). Twoysaafter bombardment, leaves
of bombarded seedlings were cut in half and trarsfieo RMOP agar medium
containing 500 mg/L spectinomycin. Antibiotic r&sint shoots containing the desired
gene insertions were subjected to two to threetiatdi rounds of regeneration on
spectinomycin-containing RMOP medium to generallg fransformed shoots.

These plants were transferred to MS medium comigi&00 mg/L spectinomycin for

rooting, then to soil for greenhouse growth andskd collection.

83



DNA Blotting

DNA was extracted from tobacco leaves as descpbexdously (Gray et al 2009a).
Extracted DNA was thoroughly digested ¥ld, Hindlll, Xhd/Hindlll or Xhad/Kpnl
and electrophoresed in a 1% (w/v) agarose gellowwlg electrophoresis, DNA was
transferred to a Hybond N+ membrane (Amersham Bioses, Piscataway, NJ). A
portion of the chloroplagtnl andtrnA genes were amplified from WT tobacco DNA
using primers Iprobe-fwd/lIprobe-rev and Aprobe-fivolfobe-rev, respectively.
These PCR products were radiolabeled with the DE®#®Il Random Primed DNA
Labeling Kit (Ambion, Austin, TX) according to tmeanufacturer’s instructions and
then hybridized with the DNA-containing membrar@llowing hybridization,
membranes were washed and exposed to a Phospheristaigen for visualization

(Molecular Dynamics, Sunnyvale, CA).

BgIC Production and Purification

BL21(DES3)E. colicells (Invitrogen, Carlsbad, CA) harboring the f@NS$asmid
(Spiridonov and Wilson 2001) were grown in LB medigontaining 50 pg/mL
kanamycin. BgIC production was induced by addirtigroM IPTG to the cell culture.
Approximately 6 hours after IPTG induction, celler& harvested by centrifugation.
Cells were re-suspended in Hepes (50 mM, pH 7.0)a0ang 1 mM PMSF, then
lysed in Hepes (50 mM, pH 7.0) containing 0.5% (v8DS and 1 mM dithiothreitol.
Cell debris was pelleted by centrifugation follogilysis and supernatant fluid was
transferred to a fresh container. Supernatanepretas concentrated using a
MacroSep column (MWCO 30,000; Pall, East Hills, Ni)d then separated by ion
affinity chromatography on a Q-Sepharose columgr(fai, St. Louis, MO). After
loading onto the column, the protein was washetin@e column volumes of Hepes

(50 mM, pH 7.0) and eluted in a step gradient dfiwm chloride (0-1 M NaCl, 0.1 M
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steps) in Hepes (50 mM, pH 7.0). Purity of theediyprotein was assessed by
coomassie staining a 12% polyacrylamide gel. RariBglC concentration was

determined by measuring the spectrophotometricrabea at 280 nm.

SDS-PAGE and Immunoblotting

Protein was extracted from tobacco leaves as destpreviously (Gray et al 2009a).
Protein samples were electrophoresed in 12% (wilyagrylamide gels, then
transferred to a nitrocellulose membrane (PiercekPrd, IL). The membrane was
incubated in 5% (w/v) milk in TBST (100 mM Tris, pH6, 685 mM sodium chloride,
0.5% [w/v] Tween-20), then exposed to primary adjp Polyclonal anti-BgIC
antibody (kindly provided by David Wilson, Cornglhiversity, Ilthaca, NY) was
diluted 1:250 in 5% (w/v) milk in TBST. Secondamytibody was horseradish
peroxidase-conjugated anti-rabbit polyclonal ardp(Sigma, St. Louis, MO) diluted
1:25,000 in 5% (w/v) milk in TBST. Following incabon with secondary antibody,
the membrane was incubated with SuperSignal West Bxtended Duration
Substrate (Pierce) and visualized on CL-Xposure (Pierce). Immunoblots were

guantified using Scion Image software (Scion Caapion, Frederick, MD).

Polysome Fractionation

Polysomes of NPTII-BgIC tobacco were fractionatsohg a protocol adapted from
Barkan (1988). Approximately 1 g young leaf tisseaes finely ground in liquid
nitrogen, then resuspended in polysome fractiondiidfer (200 mM Tris, pH 9.0;
400 mM KCI; 200 mM sucrose; 35 mM MgCR5 mM EGTA; 2% [v/v] Triton X-
100; 100 mMB-mercaptoethanol; 100 pg/mL chloramphenicol; 500vkgheparin).
Resuspended leaf tissue was centrifuged for 15tesmt 10,000xat 4°C, then the

supernatant liquid was transferred to a new coataiifhis supernatant was overlaid
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onto a sucrose gradient consisting of 1.5 mL 1.78ulgtose overlaid with 1 mL 0.5 M
sucrose in cushion buffer (40 mM Tris, pH 8.5; 201 dCl; 10 mM MgChk; 100 mM
B-mercaptoethanol; 100 pg/mL chloramphenicol; 500vkgheparin). The sucrose
gradient was centrifuged for 3 hours at 246,@)0Xhe supernatant was removed
following centrifugation and the crude polysomelgtelvas resuspended in 200 pL
polysome resuspension buffer (40 mM Tris, pH 8 thM KCI; 30 mM MgC}; 5
mM EGTA; 100 pg/mL chloramphenicol; 500 ug/mL hepar Crude polysomes
were size fractionated in a 10-50% (w/v) sucrose gradient (10% steps) in size
fractionation buffer (50 mM Tris, pH 8.0; 20 mM KQI0 mM MgC}; 100 pg/mL
chloramphenicol; 500 pg/mL heparin) by a 45 miragetrifugation at 237,00@x

Six fractions of approximately equal volume werdemted from the sucrose gradient.
RNA was precipitated from each fraction by ethgmrekipitation, resuspended in 25

puL H2O, and used for RNA blotting as described below.

RNA Blotting

Total RNA was extracted from tobacco leaves usingol reagent (Invitrogen)
according to the manufacturer’s instructions. Rédhcentration was quantified by
measuring the spectrophotometric absorption at260 RNA was electrophoresed in
a 1% (w/v) agarose gel, then transferred to a Hgbdh membrane (Amersham
Biosciences). AglC-specific radiolabeled probe was generated as itbescabove
from PCR product BgICint-fwd/BgIC-rev. Followirybridization with the
membrane, the membrane was washed and exposdthtisphorimager screen

(Molecular Dynamics).
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Circular RT-PCR and Determination of mMRNA Procegsiites

Total leaf RNA was extracted as described abowvee ficrograms of leaf RNA were
simultaneously circularized and DNase-treated leyaitidition of 10 U T4 RNA ligase
(Fermentas, Glen Burnie, MD) and 2.5 U DNase (hogén). The RNA
circularization/DNase reaction was allowed to peatér 1 hour at 37°C. Following
RNA circularization, RNA was re-extracted using Tirezol reagent (Invitrogen)
according to the manufacturer’s instructions, treesuspended in 25 pL RNase-free
water. RNA concentration and quality were deteediby measuring
spectrophotometric absorbance at 260 and 280 neme-Gpecific RT-PCR was
performed with the Superscript Il One-Step RT-PKRInvitrogen), using 0.5 pug
circularized RNA as a substrate and primers Bglua2 and BglCint-rev. Reverse
transcription occurred at 50°C for 30 minutesdetd by 40 PCR cycles consisting
of 15 seconds denaturation at 94°C, 30 secondsamgat 55°C, and 90 seconds
extension at 68°C. RT-PCR products were clonexthe pCR2.1 TOPO vector using
the TOPO TA cloning kit (Invitrogen) according teetmanufacturer’s instructions.
Plasmids were isolated from kanamycin-resistameddor sequencing, which was
performed at the Life Sciences Core Laboratory &ef@ornell University, Ithaca,
NY). Sequences were manually aligned with knownBIBC vector sequences to

determine the 5’ and 3’ ends of DB-BgIC mRNAs.

Amplification of Polyadenylated mRNAs

To amplify polyadenylatedglC mRNAs, 2.5ug total RNA from young leaves of
WT, NPTII-BgIC, TetC-BgIC, and GFP-BgIC plants weéheroughly treated with
DNase (Invitrogen). Following DNase treatment,ypdlenylatedglC mRNAs were
reverse transcribed using Sensiscript reversedngtase (Qiagen, Valencia, CA),

with 30 ng DNase-treated RNA and primers BglCintHand oligo(dT);. The
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reaction was also carried out without the additbreverse transcriptase as a negative
control. Following reverse transcription, polyagktedbglC cDNAs were amplified
using the reverse transcription products as a ta@pind either BglCint-
fwd/oligo(dT),7 or BglCint-fwd2/oligo(dT); as primer pairs. Biomix Taq polymerase
(Bioline, Taunton, MA) was used according to thenofacturer’s instructions for

PCR amplification. Following PCR amplification54iL of each 251L PCR reaction
was electrophoresed in a 1.5% (w/v) agarose gdDioh blotting, as described

above. A*P-labelled probe was synthesized from PCR BglGint4BgIC-rev for
detection of polyadenylatdaylC cDNAs by DNA blotting.

BgIC Activity Assays

Protein was extracted from tobacco leaves as destpreviously (Gray et al 2009a).
Protein extracts were incubated with 50 mM cellsbi@Sigma) for 10 minutes at
50°C. Two different amounts of NPTII-BgIC tobaguotein were assayed,
containing 750 ng and 300 ng total protein, respelst A standard curve was
generated by adding known amounts of purified Bgi@ein (0-120 ng BgIC) to WT
tobacco protein and incubating with 50 mM cellokio$-ollowing the 10 minute
incubation with cellobiose, all samples were tranfd to a 95°C heating block for 5
minutes to denature BgIC and stop the reactionic@le was measured using a
glucose assay kit (Sigma) essentially accordineéananufacturer’s instructions.
The glucose assay kit protocol was modified to agoodate a 96-well plate format,

and spectrophotometric absorbance at 540 nm wasumeghusing a plate reader.

Tobacco Hydrolysis
Soluble protein was extracted from 12 g (fresh WBigVT tobacco leaf tissue as

described above. Following extraction of the stdyiyotein, the leaf tissue was pre-
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treated for 24 hours at room temperature in 125 Na®H while mixing at 200 rpm.
After 24 hours, the pre-treated leaf tissue wasainghly washed in double-distilled
water to remove NaOH. One gram of pre-treatedveashed tobacco leaf tissue was
added to each of four 15-mL centrifuge tubes. Divthe tubes received 2 mg WT
protein and the other two tubes received 2 mg NHBgIC protein. Forty microliters
of Spezyme CP cellulase (Genencor, Rochester, NY¢ wdded to one of the tubes
containing WT protein and to one of the tubes dairig NPTII-BgIC protein.

Sodium acetate buffer (50 mM, pH 5.0) was addeltimur tubes to a final volume
of 2 mL. All tobacco enzyme mixtures were incublaae 50°C for 24 hours while
mixing. Samples were taken from the tubes immedtliafter adding enzyme to the
tubes (time zero), as well as at 15 minutes, 3Qtas) 45 minutes, 1 hour, 4 hours, 6
hours, and 24 hours after the start of hydrolySiamples were stored at -80°C until
analysis. Glucose content of the samples was me@siging a glucose assay kit

(Sigma) as described above.

Cre-mediated Marker Gene Removal

A vector for plastid-targeted Cre expression wasegated by PCR-amplifying the
sequence encoding the RecA plastid targeting peiidhler et al. 1997) from
Arabidopsis thalianggenomic DNA using primers RecAsp-fwd/RecAsp-reldiag a
5’ Xhad site and 3Ndd andXbad sites, and there ORF from plasmid pCAGGS-creT
(Kindly donated by Robert Weiss, Cornell Universithaca, NY; McDaniel et al
2003) using primers Cre-fwd/Cre-rev, adding &8Hd site and a 3Xbal site. The
RecA plastid targeting peptide sequence ¥fad/Xbd digested and ligated into the
Xhd/Xbal backbone of plasmid pENSG-YFP (Jakoby et al 2@0@)enerate
pTARGET. Thecre ORF was inserted behind the plastid targetingigegequence
by Ndd/Xbal digesting PCR Cre-fwd/Cre-rev and ligating inte pTARGET
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Ndd/Xba backbone to generate pCPCRE. This plasmid wased into
Agrobacterium tumefascielfstrain GV3101::pMP90RK)Agrobacteriuncells
harboring pCPCRE were used to infiltrate leaf pseeecised from T1 generation
NPTII-BgIC tobacco grown in sterile Magenta boxE®@enta Corporation, Chicago,
IL) on MS medium. Infiltrated leaf pieces wereqad on MS104 agar medium
containing glufosinate (Chem Service, West Che&tar,5 mg/L) and timentin
(PlantMedia, Dublin, OH; 500 mg/L). Glufosinatesistant shoots were transferred to
MS agar medium containing glufosinate (5 mg/L) &ntentin (500 mg/L) for

rooting. DNA was extracted from rooted shootsDA blotting and PCR analysis.

Confocal Microscopy

Leaves from WT, NPTII-BgIC, and NPTII-BgIC/cre#lapts grown in soil in
standard greenhouse conditions were used for cahfoicroscopy in the Cornell
University Microscopy and Imaging Facility (Corn&lhiversity, Ithaca, NY) with a
Leica DMRE-7 (SDK) microscope containing a TCS-$B@focal scanning head
(Leica Microsystems Inc., Bannockburn, IL). Celdachloroplast sizes were

guantified using MetaMorph software (Molecular Dms, Sunnyvale, CA).

Sequence Alignments

TheloxP-like sequences observed in unintended Cre-medratammbinations were
aligned using the T-COFFEE multiple sequence aligmintool
(http://www.ebi.ac.uk/Tools/t-coffee/index.html}\ sequence logo was created using
WebLogo3 (http://weblogo.berkeley.edu/). The ressaf the T-COFFEE sequence
alignment and WebLogo creation were used to determiconsensus sequence for

Cre-mediated recombination in plastids.
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RESULTS

Identification of Fully Transformed DB-BgIC Tobactmnsformants

Transplastomic tobacco lines containing igdC ORF were generated via biolistic
bombardment of tobacco seedlings with the plasraadors diagrammed in Figure
3.1A. These vectors are similar to those descngrediously (Gray et al 2009a),
except that theel6AORF used previously was replaced with bigéC ORF. The

bglC ORF was fused to the TetC, NPTII, and GFP DB negjicomprised of the first
14 codons from these genes, and inserted betweearhtbroplastrnl andtrnA genes.
DNA isolated from spectinomycin resistant shoots watially Xhad digested and
hybridized with a radiolabeladnl-specific probe (Figure 3.2A). This DNA blot
showed the expected 3.0 kb and 0.7 kb WT and wamsdXhad fragments,
respectively, but also showed a faint 3.0 kb fraginne all of the DB-BgIC
transformed plants analyzed. Because these pgladtbeen subjected to at least three
rounds of tissue culture regeneration, it was sttepethat these were fully
transformed lines, and that the observed 3.8l fragments resulted from a nuclear
copy of thetrnl gene. Tobacco DNA was therefore digested Witidill and
hybridized with the saminl-specific probe (Figure 3.2B). This blot showed th
expected 7.7 kb and 10.6 Kindlll fragments in WT and DB-BgIC tobacco,
respectively. Essentially no 7.7 kKindlll fragments were detected in DB-BgIC
transformants, strongly suggesting that these wbkces were fully transformed and
that the 3.0 kiXhd fragments detected in DB-BgIC tobacco origingtedharily from
an extraplastidic copy d@fnl. NPTII-BgIC#1 and NPTII-BgIC#2 plants are derived
from independent transformation events. Analysih@DNA, protein, and
phenotypic levels revealed no differences betwhesd two plant lines (data not
shown), and so NPTII-BgIC#1 was used for all subsatjanalyses described in this

manuscript.
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Figure 3.1: (A) Schematic diagram of the DB-BgIC chloroplasinsformation
vectors. The three DB-BgIC ORFs were inserted betwthe plastitrnl andtrnA
genes, to be transcribed from the native ribosgr@hoter, located upstream of the
16s ribosomal DNAr(n16). AnaadAexpression cassette, flankedlbyP sites, was
linked to thebglC ORF for selection of transformed plants on spectiycin. (B)
Schematic diagram of the wild-typenl/trnA region. ThexXhd (X) andHindlIIl (H)
sites relevant to DNA blotting experiments are shpalong with the predicted
fragment sizes. The location of ttial probe used for DNA blotting is shown below
each schematic diagram.
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Figure 3.2: DNA blotting with WT and DB-BgIC plants. (AXhd digested DNA,
with 3.0 kb and 640 bpnl-containing WT and DB-BgIC fragments, respective(®)
HindlIl digested DNA, with 7.7 kb and 10.6 kinl-containing WT and DB-BgIC
fragments, respectively.
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Chloroplast-Produced DB-BgIC Protein Accumulation

When the plants each had approximately 30 leawvhshle leaf protein was extracted
from young, mature, and old (i.e., approximate laahbers 2, 15, and 28) NPTII-
BgIC, TetC-BgIC, and GFP-BgIC tobacco leaves fommmoblotting. Figure 3.3
shows that NPTII-BgIC, TetC-BgIC, and GFP-BgIC analated to 8.0-11.6%, 1.6-
2.6%, and <<0.3% of total soluble protein (%TSB¥pectively. BgIC protein
concentration was stable as leaves aged, withaifdglC concentrations in young,

mature, and old leaves for all three DB-BgIC camnds tested.

Differential bglC Transcript Processing and Abundance

Total leaf RNA was isolated from aging leaves ofgeéheration DB-BgIC tobacco
and separated by electrophoresis for RNA blottigyure 3.4 shows a complex
pattern ofDB-bglC transcript accumulation, with polycistronic RNAariscribed from
the native plastid ribosomal promoter located wgastr of thernl/trnA insertion site
and various shorter processed RNAs produced frenpriimary polycistronic
transcripts. The full-length polycistronic trangtiis expected to contain the 16s, 23s,
4.5s, and 5s rRNArnl, bglC, aadA andtrnA transcripts. This RNA species is not
observed by RNA blotting with lagIC probe, presumably because the primary
transcript is rapidly processed. Major bands araamately 3.0 knt and 1.7 knt,
respectively, are likely dicistronloglC-aadAand monocistronibglC species, based
on predicted sizes and hybridization with HggC probe. Thernl-bglC dicistron is
located at approximately 2.5 knt, and tricistrobés rrn-trnl-bgIlG trnl-bglC-aadA
andbglC-aadA-trnAtranscripts are located at approximately 4.3 8it,knt and 3.8
knt, respectively. Larger polycistronic transcsipain be seen faintly, but make up a
small fraction of alDB-bglCtranscripts. A sub-ORF sized band at approximdtl

knt that accumulates in all three DB-BgIC planesris likely an intermediate in the
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Figure 3.3: Immunoblotting with protein extracted from DB-Bgl€aves. (A)
NPTII-BgIC. (B) TetC-BgIC. (C) GFP-BgIC. (D) Qntfication of the immunoblots
shown in A-C. NPTII-BgIC accumulated to 10-12%T3Bt{C-BgIC accumulated to
1.6-2.6%TSP; GFP-BgIC accumulated to <<0.3%TSP.
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Figure 3.4: RNA blotting with RNA extracted from DB-BgIC leavdsybridized with
abglC-specific probe. Ethidium bromide-stained ribosbRISA bands and relative
loading quantifications are shown below the RNAtblo
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bglC mRNA degradation pathway formed by endonucleolgféavage of thbglC
monocistron.

No major quantitative or qualitative differencesresseen in thBB-bgIC
transcripts produced by the three different DB-BgtDstructs. All three plant lines
showed a decrease in the concentratioDB{bglC transcripts in aging leaves, despite

relatively little change in DB-BgIC protein accuration.

nptll-bglC Transcript Association with Polysomes

To determine which of theptll-bglC transcripts observed above were actively
translated, polysome-associated RNA extracted fétill-BgIC plants was size
fractionated on sucrose gradients and used for RN#ing along with total RNA
extracted from wild-type and from NPTII-BgIC tobac@igure 3.5). Mostptll-
bglC-containing transcripts were associated with palyss, though some were more
heavily associated with polysomes as judged by #r@ichment in the bottom
fractions of the sucrose gradient. Monocistrorpdl-bglC transcripts (~1.7 knt),
dicistronicbglC-aadA(~3.0 knt) andrnl-bglC (~2.5 knt) transcripts, and tricistronic
trnl-bglC-aadA(~3.7 knt) andglC-aadA-trnA(~3.8 knt) transcripts were the main
transcripts in the bottom fractions of the sucrgislient. Notably, these transcripts
are all of approximately equal abundance in tofaTN-BgIC RNA, yet the
monocistron is far more abundant in fractions 4-the sucrose gradient than the
polycistron. A major band of sub-ORF size (~1.0) khat is clearly visible in total
NPTII-BgIC RNA is faintly visible in fractions 1-8f the sucrose gradient, indicating
that this RNA species is weakly associated witbhsdmes despite the lack of a full

nptll-bglC ORF.
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NPTII-BgIC Polysomes
10-50% Sucrose Gradient
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Figure 3.5: Polysome fractionation afptll-bgIC transcripts in a 10-50% (w/v)
sucrose gradient. The monocistronptll-bglC transcript (~1.7 knt) was the primary
nptll-bglC containing RNA species in the bottom of the gratieDi- and tri-cistronic
transcripts were also polysome associated. A deB-8)zed RNA species (~1.0 knt)
was faintly detectable in the top fractions of suerose gradient.
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Mapping of 5’ and 3’ Ends of MonocistroriglC mRNAs
Circular RT-PCR was performed to simultaneouslgdaine the 5’ and 3’ ends of the
monocistronidB-bglC mRNAs produced in plants transformed with eacthefthree
DB-BgIC constructs. Figure 3.6A shows a schengiagram of théB-bglC mRNA
ends determined with this method. The most com&@md for monocistrons from
all three DB-BgIC constructs was at -124 (relativéhe +1 start codon), in the
intergenic region betwedaml andbgIC (Figure 3.6B). RNA from all three DB-BgIC
constructs contained a small number of untrandia&lends within thédglC ORF.
The distribution of observed 5’ ends observed imawoistrons produced in each DB-
BgIC plant line was remarkably similar. FigureG.6hows a similar analysis of the
observed 3’ transcript ends, where greater diffiegemwere observed among the three
DB-BgIC constructs. StrikinglytetC-bglCandgfp-bglCmonocistrons were more
likely to have a 3’ end inside thoglC ORF, resulting in an mRNA that could not
encode the full-length BgIC protein, thaptll-bglC monocistrons. Over 80% of
observedptll-bglC monocistrons had a 3’ end at least 51 nt downsti@ahebglC
stop codon. Over 75% of monocistrons in TetC-B@glkacco contained 0-99 nt
downstream of thbgIC stop codon, and 75% of observed monocistrons {&éiR-
BgIC tobacco retained fewer than 50 nt downstreftheostop codon. Significant
fractions (19% and 42%, respectively) of obsene@-bglCandgfp-bglC
monocistrons were untranslatable due to 3’ endsinvihebglC ORF. The precise 5’
and 3’ termini determined by circular RT-PCR arewh in supplementary Table
3.52.

Figures 3.7A and 3.7B show the lowest-energy ptedistructures of the 5’
and 3’ termini, respectively, @B-bglC monocistrons. The commonly observed -160
(within trnl) and -124 (in the intergenic region betwéen andbglC) 5’ termini are
marked in Figure 3.7A. Similarly, the commonly ebsed +1598 (jpsbA and +1645
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Figure 3.6: Identification of 5 and 3’ ends of monocistrodB-bglC mRNAs by
circular RT-PCR. (A) Schematic diagram (to scal®wing the transcripts from each
construct detected by circular RT-PCR. (B) Anaysi 5’ ends detected in each DB-
BgIC plant, relative to the BG start codon at +1. (C) Analysis of 3’ ends dtgd in
each DB-BgIC plant.
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Figure 3.7: Lowest-energy structure predictions around the miese5’ and 3’ ends

of monocistronidB-bglICtranscripts. (A) Structure prediction of the &rinus,
showing the commonly observed -160 and -124 5’ ii@remd the AUG start codon
(highlighted in green). (B) Structure predictidrtlee 3’ terminus, showing the UAG
stop codon (highlighted in red), th@dbAhairpin-loop, and thioxP hairpin-loop.
Commonly observed +1598 and +1645 3’ termini adéciaied by arrows.
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(loxP) 3’ termini are marked in Figure 3.7B. These fegishow that the most
commonly observed 5’ and 3’ termini are found &t ¢éimds of predicted hairpin
structures, consistent with previous reports obadplast MRNA maturation by

exonuclease trimming up to a hairpin structure @$agt al 1999; Monde et al 2000).

Identification of PolyadenylateollC transcripts

It has been reported previously that chloroplasiNAR are polyadenylated prior to
their exonucleolytic degradation (Hayes et al 19999mewhat surprisingly, no
polyadenylated transcripts were detected in theutar RT-PCR experiments
described above, despite the detection of trartsdtiyat appear to have been degraded
by exonucleases. In order to determine whdtlgé transcripts were polyadenylated
in the chloroplast, reverse transcription was pentx using forward primer BglCint-
fwd and an oligo(dT)y primer as the reverse primer. Two primer paigCint-
fwd/oligo(dT),7 and BgICint-fwd2/oligo(dTy);, were used for PCR amplification of
polyadenylatedbglC transcripts. Three polyadenylateglC species were identified
by this method (Figure 3.8). Two of the polyadaiigin sites were located within the
bglC ORF. A third polyadenylation site was locatedrrtea 3’ end of psbA though
this site could also be located at the 3’ entbrP; the exact polyadenylation site is
difficult to determine more precisely than +30 reatides.

All three polyadenylation sites were amplifiedrfrall three DB-BgIC plants,
though the relative abundances differed amonghtetconstructs. NPTII-BgIC
plants contained the least polyadenyldigtC mRNA, and TetC-BgIC plants
contained more polyadenylatbdlC mRNA than GFP-BgIC plants. These
differences were particularly pronounced for thé/adenylation sites within thieglC
ORF, while polyadenylation downstream gisbAappeared to be roughly equal

among the three constructs.
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Figure 3.8: RT-PCR amplification and DNA blotting detectionpailyadenylated
DB-bglCtranscripts. (A) PCR BglCint-fwd/oligo(dF;) (B) PCR BgICint-
fwd2/oligo(dT);. (C) Schematic diagram (to scale) showing theoizsl
polyadenylation sites in tHeglC ORF and near the 3’ end op3bA Both PCRs
followed reverse transcription using primers Bglcfind and oligo(dT);.
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Measurement of Chloroplast-Produced NPTII-BgIC wbti

In order to determine whether chloroplast-produd@d 1I-BglC protein was correctly
folded and active against cellobiose, soluble NFBQIC tobacco leaf protein was
extracted and incubated with cellobiose. Glucaseentration was measured after a
10 minute incubation at 50°C. Figure 3.9 showsNRT1l1-BglC tobacco leaf protein
extract was able to produce glucose from cellobids@d-type tobacco protein
extract did not hydrolyze an appreciable amouretibbiose, strongly suggesting that
the cellobiose hydrolysis observed was a resultR®T11-BglC protein. Quantification
of NPTII-BgIC protein concentration against a cadiion curve of known amounts of
BgIC added to WT tobacco protein was in good agesgwith quantification of
NPTII-BgIC protein concentration from the immunabilo Figure 3.3. This indicates
that all, or nearly all, chloroplast-produced NRBHIC was correctly folded and

active against cellobiose.

Hydrolysis of Tobacco Leaf Tissue by Chloroplastdiced NPTII-BgIC

In order to determine whether NPTII-BgIC leaf pintextracts were suitable for use
with commercial cellulase preparations for hydrysf complex lignocellulosic
substrates, WT tobacco leaf tissue was pre-treatdOH, then hydrolyzed with
Spezyme CP, a commercially produced cellulase paéipa. Wild-type or NPTII-
BgIC tobacco leaf protein was added to the hydrslgeaction and glucose
concentration was measured at various time pouniag hydrolysis. Figure 3.10
shows that glucose concentration was significamtijrer after 4 hours of hydrolysis
at 50°C when both Spezyme CP and NPTII-BgIC protere added to the hydrolysis
reaction than when Spezyme CP was omitted or wh&rdlvacco protein was used.

Glucose concentrations increased over the 24 lesting period and were 3- to 8-fold
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Figure 3.9: Cellobiose hydrolysis by chloroplast-produced NPB@IC. An NPTII-
BgIC leaf protein extract was incubated with celdsie, and glucose concentration
was assayed. Quantification of NPTII-BgIC concatibin was based on the
incubation of known amounts of purified BglC witbllobiose. This quantification
was in good agreement with quantification of NPBYIC concentration by
immunoblotting, indicating that most or all of tbkloroplast-produced NPTII-BgIC
was correctly folded and active against cellobiose.
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without the addition of NPTII-BgIC protein extradrotein was extracted from WT
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addition of Spezyme CP.
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higher after 24 hours when both Spezyme CP and NBJIC protein were added

than in the other 3 hydrolysis mixtures tested.

Generation and Characterization of Marker-Free NPBYIC Tobacco
TheaadAgene conferring spectinomycin and streptomycirstasce is not desirable
following regeneration of homoplasmic transformani® remove thaadAgene
from fully transformed NPTII-BgIC plants, leaf pexfrom NPTII-BgIC plants were
infiltrated with Agrobacteriuncells harboring the pCPCRE plasmid to insert atpla
targeteccre gene into the nuclear genome of NPTII-BgIC tobactwo independent
transformants, NPTII-BgIC/cre#1 and NPTII-BgIC/c8e#vere regenerated following
Agrobacteriuminfiltration. TheaadAORF, as well as the plastid regulatory DNA
sequencespgdbAand Tpsl6flanking theaadAORF, were excised from both NPTII-
BgIC/cre#1 and NPTII-BgIC/cre#3 tobacco lines, asftmed by DNA blotting
(Figure 3.11A). Sequencing of PCR BglCint-fwd/tinfArev showed that theadA
expression cassette was successfully removednigawvily ondoxP site (data not
shown). Note that a minor plastid DNA species @nésn NPTII-BgIC tobacco and
formed by recombination between the native anadhtced copies ofl3bA(6.6 kb
Xha/Kpnl fragment; Gray et al 2009b) is not detected theziNPTII-BglC/cre line of
tobacco, despite the presence of only lon® site in this DNA species. This suggests
that this minor DNA species is not actively maint in the plastid, perhaps due to a
lack of replication origin.

Immunoblotting was performed with NPTII-BgIC tolsaccontaining thaadA
gene and NPTII-BglC/cre#1 and NPTII-BgIC/cre#3 twdmlines from whictaadA
had been excised to test whether removal odHtAgene affected the accumulation

of NPTII-BgIC protein. As shown in Figure 3.11BPNII-BgIC protein accumulation
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Figure 3.11: Analysis of NPTII-BgIC/cre lines lacking treadAexpression cassette
following Cre-mediated marker gene removal. (A)MAblot following Xhad/Kpnl
digestion of DNA. Cre-mediated removal of geeedAexpression cassette was
confirmed by the change in mobility of tié&d/Kpnl fragment from 4.4 kb (NPTII-
BgIC) to 3.2 kb (NPTII-BgIC/cre). (B) Immunoblotith leaf protein from NPTII-
BgIC, NPTII-BgIC/cre#1, and NPTII-BgIC/cre#3 tobadmes. Accumulation of
NPTII-BgIC protein was unaffected by Cre-mediatestker gene removal, with
NPTII-BgIC accumulation of 10-12%TSP. (C) RNA bleth WT, NPTII-BgIC, and
NPTII-BgIC/cre#3 RNA, probed bylaglC-specific radiolabeled probe. Ethidium
bromide stained rRNA bands and loading quantificatire shown below the RNA
blot.

108



was unaffected bgadAexcision, with high-level (10-12%TSP) accumulatain
NPTII-BgIC protein in both NPTII-BgIC and NPTII-BGlcre tobacco lines.

RNA blotting was also performed with NPTII-BglCéet3 tobacco (Figure
3.11C), surprisingly revealing that the accumulatd monocistroniaptli-bglC
MRNA (~1.7 knt) was greatly increased in this limenarker-free NPTII-BglC/cre
tobacco relative to NPTII-BgIC tobacco containingaadAexpression cassette. A
major band at ~3.3 knt likely derives from a trigistic trnl-nptll-bglC-trnA
transcript. Weak bands at ~2.5-2.6 knt likely defrom dicistronidrnl-bglC and
bglC-trnAtranscripts.

NPTII-BglC/cre plants appeared phenotypically ndrma/S agar tissue
culture, and were transferred to soil for greenbay®wth. Following transfer to soil,
both NPTII-BgIC/cre lines were unhealthy, with \egated leaves containing pale
green and bleached sections (supplementary Fig8dg.3Analysis of leaf protein
extracted from these unhealthy leaves revealedertm Rubisco content as
determined by Ponceau staining of nitrocellulosenbranes, though immunoblotting
showed that NPTII-BgIC protein concentration washanged (data not shown).
Confocal microscopy was performed with leaf secibom wild-type, NPTII-BgIC,
and NPTII-BglC/cre#1 tobacco leaves, revealing [eais with NPTII-BglC/cre
chloroplasts (Figure 3.12). NPTII-BgIC/cre#1 leawentained fewer chloroplasts per
cell than either WT or NPTII-BgIC leaves (20 £ 5 Whloroplasts per cell; 17 £ 2
NPTII-BgIC chloroplasts per cell; 9 = 2 NPTII-Bgk@é#1 chloroplasts per cell;
Figures 3.12A-C). Close examination of individahloroplasts revealed that the
grana stacks appeared to be degraded in many NEjIT/cre#1 chloroplasts, in
contrast with the appearance of WT and NPTII-Bdi®oplasts (Figures 3.12D-F).
Both NPTII-BgIC and NPTII-BgIC/cre#1 cells were diaathan WT cells (WT cell
area 24 + 0.1um% NPTII-BgIC cell area 12 + 0.4 1@n Although NPTII-BgIC cell
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Figure 3.12: Confocal microscopy with soil-grown WT, NPTII-Bgl@nd NPTII-
BgIC/cre#1 tobacco. NPTII-BgIC/cre#1 (C and F)doto contained fewer
chloroplasts per cell than either WT (A and D) &?NI-BgIC (B and E) tobacco, and
many of the NPTII-BgIC/cre#1 chloroplast grana ktaappeared to be degraded.
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sizes were smaller, the chloroplasts containecah €ell were also smaller (WT
chloroplast area 0.7 + 0.03 @nNPTII-BgIC chloroplast area 0.4 + 0.04 fA)im
resulting in similar numbers of chloroplasts pdt.c&hese unexpected differences in
cell and chloroplast sizes were not pursued further

DNA was extracted from unhealthy leaves of NPTIIKBgre#1 and NPTII-
BgIC/cre#3 plants growing in soil and used for DNIAtting. In contrast with the
DNA blotting performed shortly after transformatiamith plastid-targeted Cre that
showed primarily one band of the expected sizeDida blot in figure 3.13 shows
two major bands in NPTII-BglC/cre lanes, one of ¢éixpected size and one
significantly smaller (approximately 0.9 Ehad/Hindlll fragment, as compared with
the expected 2.4 kb fragment). The two mé&joA-containing bands in NPTII-
BglC/cre lines were of approximately equal abuneéasaggesting that they may have
formed via flip-flop recombination doxP, orloxP-like, sites in opposite orientation
(Corneille et al 2003).

PCR was performed in an attempt to identify thexpeeted bands observed
by DNA blotting. TwoloxP-like sites in the plastid genome that were able to
recombine with genuinexP sites were identified previously (Corneille e@D3),
and were suspected to be the cause of the unerdemels. ThéoxP-like sites in
PpsbAand inrps12that were previously identified were PCR ampliffeaim both
NPTII-BglC/cre lines using primers trnKint-fwd/trmAt-rev and rps12-rev/trnAint-
rev, respectively, and confirmed by sequencinga(dat shown). Unintentional Cre-
mediated recombination at thegbAandrps12loxP-like sites took place at precisely
the same location in the 8-bpxP spacer region that was observed by Corneille et al
(2003). Neither of the unintended recombinatioodpicts formed by Cre-mediated
recombination at the@bAor rps12loxP-like sites is expected, however, to give rise

to the 0.9 kbxXhd/Hindlll fragments observed by DNA blotting. In orderitentify
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Figure 3.13: DNA blot with Xhd/Hindlll digested DNA from unhealthy NPTII-
BglC/cre tobacco lines following their transfersmil. DNA blotting revealed, in
addition to the expected 2.4 kihd/Hindlll fragment, a second majothad/Hindlll
fragment at approximately 0.9 kb in unhealthy NPB@IC/cre plants growing on soil.
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other Cre-mediated recombinations, PCR was perfdrmtn primers 16s-
rev/trnAint-rev and BglCint-rev/trnAint-rev usinge DNA extracted from very
unhealthy NPTII-BgIC/cre leaves, and the resul®@R products were sequenced.
This sequencing revealed recombination betweetoxiesite remaining following
Cre-mediated excision of tledAexpression cassette and two previously unreported
loxP-like sequences, one in the NPTII DB region (FigBu4B) and one in the 16S
rrn/trnV intergenic region (Figure 3.14C). Both of theseombinations occurred via
flip-flop recombination ofoxP-like sequences in opposite orientation, and
recombination likely occurred in the 8 lgqxP spacer region, in agreement with
previous observations of unintended Cre-mediatedmdination in plastids
(Corneille et al 2003). Note that recombinatioth&ioxP-like site in the 16S
rrn/trnV intergenic region may have occurred in eithersgb&cer region or in the Cre-
binding region; the exact site of recombinationreztrbe determined because of the
long tract of homologous sequence betwlee® and thidoxP-like site at the junction
between théoxP spacer and Cre-binding site. The unintended réaaation at the
loxP-like site in the NPTII DB region results in tharwation of a DNA species that
would give a 0.9 kixhd/Hindlll fragment, as compared with the expected 2.4 kb
Xhd/Hindlll fragment following excision of thaadAexpression cassette (Figure
3.14A), making this recombination likely to be tin@jor unintended Cre-mediated
recombination in NPTII-BgIC/cre tobacco. Note tttas DNA species gives a 1.9 kb
Xha/Kpnl trnA-containing fragment, faintly visible in NPTII-Bgi€re#3 tobacco
DNA in the DNA blot shown in Figure 3.11A.

A sequence alignment of the genuloeP sequence and the folaxP-like
sequences observed to undergo Cre-mediated recatoipinvith the genuinexP
sequence in transgenic plastids resulted in th&tiftEtion of a consensus sequence

and a number of bases apparently important for€regnition (supplementary Figure
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NPTII (14aa) loxP

T7G105°UTR

E3 loxP: ATAACTTCGTATAATGTATGCITATACGAAGTTAT

nptII: GAACCTGCGTGCAATCCATCTITGTTCAATGCTAG

bglC-trnA PCR: GAACCTGCGTGCAATCCATCCTATACGAAGTTAT

}— 0.9 kb —{

(bgic) |\ tmA

Py

(loxP)

(: loxP: ATAACTTCGTATAATGTATGCTATACGAAGTTAT

16s/trnV: GGATATGAAAATAATGGTCAARATCGGATTCAAT

16s-trnA PCR: GGATATGAAAATAATGTATGCTATACGAAGTTAT

(loxP)
Figure 3.14: Identification of unintended Cre-mediated recomboraevents in
NPTII-BglC/cre tobacco. (A) Schematic diagram ¢ NI-BgIC tobacco DNA
following Cre-mediated excision of tle@dAexpression cassettXhad (X) and
Hindlll (H) sites relevant to DNA blotting are show(B) Sequencing of an
unintended Cre-mediated recombination eventlaxRlike site in the NPTII DB
region and schematic diagram showing the resulDiNé species, witlXhad (X) and
Hindlll (H) sites relevant to DNA blotting. (C) Sequeamg of an unintended Cre-
mediated recombination event dbaP-like site in the 16srn/trnV intergenic region
and schematic diagram showing the resulting DNAgse Bases common to the
genuingoxP sequence and thexP-like sequences resulting in unintended
recombinations are underlined, and the 8 bp spagéwn is boxed. Both of these
recombinations were identified in both NPTII-Bgl&#1 and NPTII-BgIC/cre#3
tobacco. In (B) and (C), tHexP sites and thbglC ORF are labeled with parentheses
to indicate that these features were lost as dtrefsGre-mediated recombination.
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3.S2). Only three of the 34 bases inlthd sequence were strictly conserved among
the fourloxP-like sequences, though 13 of the 34 bases showt&drag preference for
a particular nucleotide, and an additional 7 posgishowed a strong preference for
one of two nucleotides (e.g., A or T at position he consensuexP sequence
reported here (ATWNNWTnSnATWnNnATNNnTTATAYnMnnnTn¥iffers

significantly from the previously reportéalxP consensus sequence of
ATnACNNCNTATANNNTANNNTATANGNNGTNAT (Corneille et 2D03), though it
should be noted that this consensus sequenceidlsotdnatch the twéoxP-like sites
reported by Corneille et al (2003). TloaP spacer region has been reported to
require a TA dinucleotide sequence at its centasgiis et al 2006). This is in
contrast with the observed unintended Cre-mediegeoimbinations in transgenic
plastids, where a T was observed in 3 of 4 unirgdrrdcombinations, but the A
reported previously to be important for Cre-mediatecombination was not observed
in any of the 4 unintended recombinations (Supptearg Figure 3.S2).

Both NPTII-BgIC/cre lines ultimately died on sofPrior to their death, leaves
from both NPTII-BgIC/cre lines were surface steelil and transferred to non-
selective RMOP agar medium in an attempt to retieese lines. NPTII-BgIC/cre#1
was unable to be rescued due to persistent probgtmeontamination, but NPTII-
BgIC/cre#3 was successfully regenerated on RMOHumetb form new shoots that
were transferred to MS medium for rooting. In MRMOP tissue culture medium,
these shoots did not have the phenotype descrimdedor marker-free NPTII-
BglIC/cre plants grown in soil. DNA blotting anallysising DNA extracted from
NPTII-BglC/cre#3 plants rescued on tissue culturé i@-rooted in MS agar revealed
that the rescued plants contained only the expegattestid DNA species resulting in a

2.4 kbtrnA-containing band, and no detectable 0.9 kb frags@leta not shown).
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Currently, it is not known whether these rescueddiwill be able to grow to maturity

on soil for seed collection.

DISCUSSION

Previous DNA blots with DNA from plants transformecthetrnl/trnA intergenic
region using th&had restriction enzyme were inconclusive as to whethe
transformed plants were fully transformed or whethemall amount of WT plastid
DNA remained, even after multiple rounds of tissukture regeneration (Gray et al
2009a). A faint WT signal was detected by DNA titg with DB-BgIC DNA after
Xhd digestion (Figure 3.2A), which could result ettfieom a small amount of WT
plastid DNA or from an extraplastidic copy of ttniel/trnA region. Plastid DNA
sequences have been found inkheéabacummuclear genome, often with point
mutations in the nuclear copies of plastid DNA t&sg in differing restriction digest
patterns (Ayliffe and Timmis 1992). | thereforeplayhesized that if the faint WT
bands observed followinghd digestion resulted from extraplastidic copieghef
trnl/trnA region rather than from a low level of heteroplgsthen DNA blotting with
the appropriate restriction enzyme should remoeddmt WT band. The DNA blot
shown in Figure 3.2B confirms that all of the DB#8dobacco lines described in this
report are fully transformed, and suggests thabaraplastidic copy of thenl/trnA
region of plastid DNA has lost the relevafindlll sites while retaining the relevant
Xhd sites.

The DB-BgIC chloroplast expression experimentsdiesd here demonstrate
that the fusion of three different DB regions to@RF of interest can result in
variation of protein accumulation over more thao twders of magnitude (Figure
3.3). Similar variation in protein accumulationsaseen in our previous DB-Cel6A

chloroplast expression experiments (Gray et al ap09Vith both of these ORFs, the
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GFP DB region resulted in the lowest observed esgioa, approximately 0.1%TSP
or less, in contrast to the successful use of thé BB region to stimulate EPSPS
production in chloroplasts that resulted in EPS&&iaulation of over 10%TSP (Ye
et al 2001). Surprisingly, NPTII-BgIC protein aceulated to the highest levels (10-
12%TSP) in the constructs tested, while TetC-Ca6fumulated to higher levels
than NPTII-Cel6A (Gray et al 2009a). These ressitsw that context is important to
DB function and that, in the absence of a betteleusstanding of DB function,
empirical DB optimization is required for the gesfanterest in order to ensure high-
level protein production. Because the NPTII, Teigd GFP DB regions tested in our
Cel6A and BgIC chloroplast expression experimergsavidentical at both the
nucleotide and the amino acid levels, it is diffido explain the opposite effects on
protein production of the TetC and NPTII DB fusidoghecel6AandbglC ORFs.
Speculatively, some feature of the mRNA secondaiuctire at the junction between
the DB region and theel6AandbglC ORFs could affect translation efficiency,
though no obvious differences that could affeatgtation were predicted by m-fold
software (data not shown). Alternatively, codoir paage at th®B-cel6Aor DB-

bglC junction could explain the observed effects or68ednd BgIC protein
accumulation, particularly if codon pairs were fearat these junctions that were
extremely favorable or unfavorable (Gutman and id@f1989). Testing this
hypothesis will require a calculation of codon paeage in plastid ORFs.

RNA blotting revealed little difference in the aaculation ofbglC transcripts
among the three DB-BgIC constructs (Figure 3.4)our previous experiments
expressing DB-Cel6A protein in transplastomic tama@ccumulation of the
monocistroniael6Atranscript correlated with accumulation of Cel6Atein (i.e.,
both monocistronitetC-cel6AMRNA and TetC-Cel6A protein accumulated to the

highest levels of the three constructs tested)gesting a link between accumulation
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of the monocistron and protein production (Gragl€2009a). Thus, it was surprising
that no differences iBDB-bglCtranscript accumulation were observed by RNA
blotting that could explain the observed differahBB-BgIC protein accumulation.

Polysome fractionation was performed in orderdtednine the actively
translatechptll-bglC transcripts (Figure 3.5). Both monocistronic @odycistronic
nptll-bglC transcripts were found to be polysome-associdteithe monocistron was
greatly enriched in the lower fractions of a suerggdient relative to the
polycistronic transcripts, suggesting that althobgth monocistrons and polycistrons
are translated to produce NPTII-BgIC protein, ttatien of thenptll-bglC
monocistron is more efficient thaptll-bglC translation from polycistronic
transcripts. Although there were no obvious déferes in monocistron accumulation
among the three DB-BgIC constructs tested, polysaationation showed that
accumulation of the monocistron is an importanp $te efficient production of
NPTII-BgIC protein. These results are consisteitt wrevious reports of efficient
translation from polycistronic transcripts to preduoreign protein in transplastomic
tobacco (Staub and Maliga 1995; Quesada-Vargd260a), but in the case aptll-
bglC, RNA processing to produce monocistronic mRNAseapg to result in more
efficient translation. Zhou et al (2007) obseraesimilar increase in translation
efficiency of ayfp ORF following RNA processing to produce a monaoisic
transcript.

Having established that processing of polycistrdranscripts to yield
monocistrons can result in more efficient transkatio produce NPTII-BgIC protein,
we wished to determine whether there were subtlerdnces among the thr&8-
bglC monocistrons. The precise 5" and 3’ termini ofraistronicnptll-bglC, tetC-
bglC, andgfp-bglICmRNAs were determined by circular RT-PCR, as shimnFigure

3.6. Mapping of mMRNA ends showed that the 5’ ehtthe majority of monocistronic
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MRNAs for all three constructs was at -124 (relaty the +1 AJG start codon), in

the intergenic region betweéml and thebglC ORF. The 3’ termini of the three
different bglC constructs, however, displayed stgldifferences. Mostptll-bglC
monocistrons retained 100-150 nt after the stoprad thebglC ORF.

Monocistrons ofetC-bglCandgfp-bglCmostly retained 50-100 and <50 nt after their
respective stop codons. These experiments weggestige of differential 3'-5’
exonucleolytic mMRNA degradation, with transcripte@ding more abundant BgIC
proteins showing less degradation than transceipteding less abundant BgIC
proteins. Because the three DB-BgIC constructermiél only at the 5’ end of tHeB-
bglC ORF, these results suggest that the DB regiors@awle in regulating mRNA
turnover. The circular RT-PCR employed here tedeine 5’ and 3' RNA ends was
not capable of detecting monocistronic RNAs that been degraded more than
approximately 40 nt past the start codon from then8l or approximately 50 nt past
the stop codon from the 3’ end due to the annedailiteg of the primers used for these
experiments.

RNA structure predictions showed hairpin-loop stmoes at both the 5’ and 3’
termini of the monocistronibglC species (Figure 3.7). Particularly relevant aee t
predicted hairpins at the 3’ terminus ipsbAandloxP, respectively. Many 3’ termini
were found immediately downstream of a predictadpivaloop structure, andptll-
bglC monocistrons were more likely to contain both TipsbAand thdoxP hairpins.
Many tetC-bglCandnptll-bglC monocistrons retained only th@dbAhairpin or a
portion of the hairpin, while mogffp-bglCmonocistrons (75%) contained neither the
TpsbAnor theloxP hairpins. The observations of sote#C-bglCandgfp-bgIC
monocistrons containing both th@dbAandloxP hairpins suggest that the observed
differences are not a result of differential traf®eon or RNA processing, but of

differential transcript degradation. Thus, it ag@ethat many of thietC-bglCand
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gfp-bglCmonocistrons observed by RNA blotting had in fa@én partially degraded
by the loss of stabilizing 3’ hairpin-loop struatsr often into théglC ORF resulting
in an untranslatable transcript. These resultsansistent with previous reports of
3’-5" RNA degradation in chloroplasts. A proposaddel for chloroplast RNA
maturation includes intergenic endonucleolytic céage followed by 3’-5’
exonuclease processing until the exonuclease reachairpin structure (Monde et al
2000).

A hypothesis to explain the RNA blotting, polysofrectionation, and circular
RT-PCR observations described here follows. Tnapson from the native 16s
ribosomal RNA promoter generates a primary polyarst transcript, followed by
endonucleolytic cleavages to generate monocistmétivA, tRNA, andDB-bglCand
aadAmRNA species. | propose on the basis of the pohgsfractionation
experiments (Figure 3.5) that all of the varitag$C-containing polycistronic and
monocistronic transcripts are actively translated,that translation of the
monocistronic mMRNA is more efficient than transdatin a polycistronic context.
Further, | propose on the basis of the RNA blotergeriments (Figure 3.4) that
transcription and processing of the primary traips¢r.e., generation of the
monocistronidB-bgIC transcript) is approximately equal among the tib&eBgIC
constructs tested. The circular RT-PCR resultguifé 3.6) suggest that the thi2B-
bglC monocistrons are differentially degraded, prinyay 3'-5’ exonucleases.
Greater association of polyribosomes with the matamicnptll-bglC than with the
monocistronidetC-bglCor gfp-bglCtranscripts results in a stabilization of the
monocistroniaptll-bglC mRNA relative to the other twioB-bglC monocistrons
tested. In the absence of translation, or if tle@acistron is only weakly translated,
theloxP and TpsbAhairpins are cleaved by the combined actions dbeand exo-

nucleases as discussed above. When both of therBins are removed from the
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monocistron, 3'-5’ exonucleases degrade the mRNétimebglC ORF, resulting in
an untranslatable transcript and finally in degtiamaeof the mRNA. Similar results
were observed by Kuroda and Maliga (2001a), wharatesd lower accumulation of
weakly-translatetieomRNAs (as detected by RNA blotting) fused to iroiéht DB
regions than oheomRNAs fused to efficient DB regions.

SomeDB-bglCtranscripts were identified by circular RT-PCRttappeared to
have been degraded from the 5’ end, suggestingsilpe 5’-3’ exonuclease activity.
The presence of 5’-3’ exonuclease activity in chpdasts has been proposed
previously and could result from a processive endt@ase likee. coliRNase E
(Coburn and Mackie 1999). An RNase E homologuebleas identified in higher
plant chloroplasts with an activity similar Eo coliRNase E that could potentially
account for this 5’-3’ degradation (Schein et 8020 Whatever the enzyme
responsible for the apparent 5'18)IC transcript degradation, mMRNA degradation in
the 3'-5’ direction appears to be the prevailingda@f exonucleolytibglC mRNA
degradation.

In addition to the identification dfglC transcripts that were degraded by
exonuclease degradation, an apparent endonucleolgtivage site was also detected
by RNA blotting. Polyadenylation sites within thglC ORF were identified by
oligo(dTh7 RT-PCR (Figure 3.8), consistent with endonucleolgteavage of the
bglC transcript followed by polyadenylation of the mRNAgments and
exonucleolytic degradation of these polyadenylétagments. This mechanism of
chloroplast mMRNA degradation has been observedqusly (Klaff 1995; Bollenbach
et al 2003; reviewed in Bollenbach et al 2004) e @etection obglC transcripts that
were polyadenylated at sites internal toligeC ORF, suggesting endonucleolytic
cleavage, as well as the detectiorglC transcripts that appear to have been

degraded by exonucleases without endonucleolyi@velge suggests that there are at
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least three pathways bglC transcript turnover: endonucleolytic cleavagedatd by
exonucleolytic degradation of the mRNA fragments’®xonuclease degradation,
and 5’-3’ exonuclease degradation. TetC-BgIC gawaintained the largest amount of
polyadenylatedbglC transcripts, followed by GFP-BgIC and then NPTGHB plants.
The low abundance of polyadenylatgatll-bglC transcripts could be due to a low rate
of nptll-bglC transcript degradation, consistent with the sizdtilon ofnptll-bgIC
transcripts against 3'-5’ degradation observedilbgutar RT-PCR. More
polyadenylatedetC-bglCtranscripts than polyadenylatgtp-bglCtranscripts may
accumulate as a result of rapid turnovegipF-bglCtranscripts by a combination of
the three mRNA degradation pathways described altbeagh a differential rate of
endonucleolytic cleavage of these transcripts araf/polyadenylation of these
transcripts cannot be ruled out on the basis oéxperiments described here.
Because the nucleotide sequence of the vast magfribe three DB-BgIC
constructs is the same, it is not immediately clelaat signal results in the
degradation or stabilization bfIC mRNA. The only difference among the three
constructs tested here is in the first 14 codortbabglC ORF (i.e., in the DB
regions). IrE. coli, inefficient DB regions result in abortive trarigba in which the
ribosomal subunits dissociate and the nascent pptigie drops off from the transcript
(Gonzalez de Valdivia and Isaksson 2005). Spewelgt abortive translation from
inefficient DB regions (e.g., the GFP DB regiondséa here) could recruit the
ribonucleases responsible for chloroplast mMRNA aeégtion. Dissociation of the
ribosome from the mRNA and accumulation of incorteleolypeptides could
potentially serve as signals to recruit the ribdeases, as i&. coli, where the
introduction of premature stop codons results gsaltiation of the ribosomes from
MRNA and degradation of the mRNA species. Thisafis particularly pronounced

when premature stop codons are placed near thedsfean ORF (Nilsson et al
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1987). Preferential degradation of weakly tramslahRNAs would establish a
positive feedback loop in which efficiently trangld mRNA is stabilized against
degradation, thus resulting in a larger pool ofistatable mRNA. This hypothesis
leaves open the question of what defines an efiidd region in the context of a
given ORF, but would explain the accumulation athptll-bglC monocistronic
MRNA and NPTII-BgIC protein. This type of posititeedback would also partially
explain the order of magnitude differences in grosecumulation among the three
DB-BgIC constructs tested.

In E. coli, polynucleotide phosphorylase (PNPase) has beglicated in
degradation of a weakly translated S20 RNA, likedya result of an aspect of
translation initiation and translation of the bedng of the ORF (Mackie 1989;
Rapaport and Mackie 1994). A plastid-localized btogue of theE. coliPNPase has
been found (Hayes et al 1996), suggesting that [2Biated mMRNA stabilization
could function in part by inhibiting PNPase 3’-Xanuclease activity. Bollenbach et
al (2003) have reported that an endoribonucleaS@4Qa, initiates turnover of a
number of chloroplast mMRNAs. This is consisterthvmy data showing
polyadenylation of sequences within thgdC ORF (Figure 3.8). | propose that
PNPase, in conjunction with chloroplast endoribdeases (e.g., CSP41a) and
potentially other components of the chloroplast Ri&gradation machinery, could be
recruited by abortive translation events at ineffitly translated DB regions.

Differential rates of RNA degradation are not likéb be the sole cause of the
observed differences in DB-BgIC protein accumulati'Kuroda and Maliga (2001a)
and Gray et al (2009a) observed differencasimandcel6AmMRNA concentrations,
respectively, likely resulting from differentialtess of RNA degradation when non-
synonymous changes were made to the DB region tostb@ ORF of interest.

Synonymous changes tiocL. andatpB DB regions fused to theeoORF, however,
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resulted in large differences in NPTII protein aoclation with no accompanying
change imeomRNA levels as measured by RNA blotting (Kurodd daliga
2001b). Similar results are described in this refmy non-synonymous changes to
the DB region fused to tHeglC ORF, though a closer examinationB-bgIC
monocistrons revealed that many of these transonpte in fact partially degraded,
demonstrating that the DB region may play a roleegulating plastid RNA
degradation even when differences are not obviguBNA blotting. Further, my
observations of greatly increaseptll-bglC monocistron concentrations in NPTII-
BglC/cre tobacco (Figure 3.11C), unaccompanied imeasurable change in NPTII-
BgIC protein concentration (Figure 3.11B), sugdkat monocistroniaptll-bglC
MRNA concentration in these plants is not limitfog protein production. It appears
that increased rates of RNA degradation in plastgla result of inefficient DB
regions (Kuroda and Maliga 2001a; Gray et al 20@8a;report) are not a cause for
decreased protein accumulation; rather, decreaseslation efficiency (i.e., a
decreased rate of protein production) appears todaeise for an increased rate of
RNA degradation. It is not known why inefficienBDegions sometimes result in
complete breakdown of the mRNA (Kuroda and Mali§@Pa; Gray et al 2009a) and
at other times result in only a partial degradatbthe mRNA (this report). The lack
of any observed change momRNA concentration in the work of Kuroda and
Maliga (2001b) may be due to partial degradatiowedkly translatedeotranscripts
like the degradetetC-bglCandgfp-bglCtranscripts observed here, or may result from
the use of plastid-derivathcL andatpB 5’'UTRs that may stabilize weakly translated
transcripts.

My attempts to generate a marker-free line of NFBQIC tobacco by stable
integration of a gene encoding plastid-targetedr€salted in successful removal of

theaadAexpression cassette. Marker-free NPTII-BgIC/damis appeared healthy in
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tissue culture medium, but ultimately died whemsfarred to soil, apparently as a
result of unintended chloroplast DNA recombinatmediated by Cre. DNA blotting
experiments shortly after transformation of NPTH8 tobacco with there gene
showed the expected excision of HalAexpression cassette, demonstrating efficient
and rapid removal of the target sequence locateddes twoloxP sites (Figure
3.11A). Following transfer of NPTII-BglC/cre tobaxto soil, DNA blotting revealed
the presence of a second major DNA species (FBW®. PCR and sequencing
analysis suggested that this major DNA specidsasésult of an unintended
recombination event between the genuox® site remaining after the intended
excision ofaadAand aoxP-like site in the NPTII DB region (Figure 3.14BJhese
results suggest that Cre prefers the genlaixie site as a substrate, but will cause
recombination witHoxP-like sites in the absence of a gendmeP site. It is
unknown whether at least one genumP site is required for Cre-mediated
recombination, or whether twoxP-like sites could recombine in the absence of a
genuineoxP sequence. NPTII-BgIC/cre#3 tobacco was rescuddssue culture
medium and regained a normal green phenotype.riSungly, the NPTII-BgIC/cre#3
plastid genome lost the DNA species resulting fthenunexpected Cre-mediated
recombination with théoxP-like sequence in the NPTII DB region when thi®lof
tobacco was rescued on tissue culture medium. stiggests that some aspect of
growth on soil promotes Cre-mediated recombinatonhat some aspect of growth
on tissue culture medium (e.g., sucrose supplerien}asuppresses Cre-mediated
recombination.

A sequence alignment of the genuioeP sequence with the folmxP-like
sites observed to cause Cre-mediated recombinattbrthe genuinéoxP site in
transgenic plastids revealed a consensus sequiéfezend in some respects from

previously reported consendogP sequences (Supplementary Figure 3.S2; Corneille
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et al 2003; Missirlis et al 2006). SpecificallyTA dinucleotide sequence at the center
of theloxP spacer region that was previously reported toriortant for Cre-
mediated recombination was not observed. Instbad in this dinucleotide was
observed in 3 of 4 unintended recombinations, beitA was never observed. These
results call into the question the necessity far /A dinucleotide sequence for Cre-
mediated recombination, at least in plastids. ddresensutoxP-like sequence shown
in Supplementary Figure 3.S2 could find utilitydasigning transgenes destined for
insertion into the plastid genome when Grel? removal of the antibiotic resistance
gene will be performed. By making silent codonraes or altering regulatory DNA
sequencedpxP-like sequences should be removed in order to avoiktended
CreloxP recombination like the recombination event betwleg® and thdoxP-like
sequence in the NPTII DB diagrammed in Figure 3.14B

NPTII-BgIC protein accumulation was unaffected bhefoxP removal of the
aadAexpression cassette (Figure 3.11B). This suggjestshe production of AAD
protein does not represent a major metabolic buotkethe plant under the growth
conditions tested. The tissue culture and greestgtowth conditions tested,
however, were close to ideal for plant growthis Ipossible that under stresses likely
to be encountered in the field, a metabolic burakssociated witlhadAexpression
could become apparent and that NPTII-BglC accunaudbllowing aadAremoval
could improve under these less ideal growth comakti This hypothesis will require
further testing following the successful generatbdmarker-free NPTII-BgIC tobacco
lines, by growing the plants under various stre¢sag, heat or cold stress, high
salinity, high or low light availability, nutrierdeficiencies, or low water conditions).

Chloroplast-produced NPTII-BgIC protein was assiafpe activity against
cellobiose (Figure 3.9), and was used in conjuncivith Spezyme CP, a commercial

cellulase preparation, to hydrolyze tobacco lessue to glucose (Figure 3.10). These
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assays demonstrated that most, if not all, of tR&INBgIC protein produced in
chloroplasts is correctly folded and active. Intpatly, NPTII-BgIC was able to
hydrolyze not only a purified cellobiose substraat, also the complex mixture of
glucose oligomers produced by enzymatic hydrolgéi®bacco leaf tissue.
Commercial cellulase preparations are typically eniedm the supernatant liquid of
Trichoderma reesasell cultures, which have been shown to contamlkvels off3-
glucosidase activity relative to their cellulaséaties (Juhasz et al 2005).
Supplementation of commercial cellulases giplucosidase has been shown to
improve the performance of lab-scale cellulosi@ath production (e.g., Schell et al
1990; Spindler et al 1989), and may be requireckfiicient glucose production on a
commercial scale. A previous report of tobaccdearcexpression of @rglucosidase
from Aspergillus nigeresulted in a maximum accumulation of 2.3%TSP whes3-
glucosidase was targeted to the vacuole (Wei 20@4). This study demonstrates the
potential for a significant improvement in plantskdp-glucosidase production by
expressing-glucosidase genes from the plastid genome. Thwdstration that
chloroplast-produced NPTII-BgIC can improve glucpseduction from a complex
lignocellulosic substrate and the potential fordoest foreign protein production in
transgenic plants (Twyman et al 2003) suggeststithasplastomic NPTII-BgIC
tobacco could be an important source of low-@eglucosidase for the cellulosic

ethanol industry.
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APPENDIX

Supplementary Table 3.S1. Primers used in this study

Primer Name

Primer Sequence

TetCBgIC- CATATGGCTAGCAAAAAT CTGGAT TGT TGGGT CGACAAT GAAGAAGATATAACCT

fwd CGCAATCGACGACT

NPTIIBgIC- CATATGGCTAGCATTGAACAAGAT GGAT TGCACGCAGGT TCTCCGGCCGCTACCT

fwd CGCAATCGACGACT

GFPBgIC-fwd | CATATGGCTAGCGGCAAGGGCGAGGAACT GT TCACTGGCGT GGTCCCAATCACCT
CGCAATCGACGACT

BgIC-rev ATGCGGCCGCTATTCCTGTCCGAAGAT

Iprobe-fwd CACAGGTTTAGCAATGGG

Iprobe-rev GAAGTAGTCAGATGCTTC

BglCint-fwd TTCGTCCAGGACGGCGAC

Aprobe-fwd | ATAGTATCTTGTACCTGA

Aprobe-rev TAAAGCTTTGTATCGGCTA

BgICint-fwd2 | AAGGACAGCGECTGGTGGT

BglICint-rev GAGTCGTCGATTGCGAGGT

trnAint-rev TCAGGTACAAGATACTAT

RecAsp-fwd | ATCTCGAGATGGATTCACAGCTAGTC

RecAsp-rev | ATTCTAGACATATGATCGAATTCAGAACTGAT

Cre-fwd ATCATATGTCCAATTTACTGACC

Cre-rev TCTAGACTAATCGCCATCTTCCAG

16s-rev ATGTGTTAAGCATGCCGC

rpsl2-rev CATTTATGAATTTCATAG

trnKint-fwd AATCAACTGAGTATTCAA
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Supplementary Table 3.52. 5’ and 3’ termini ofdb-bglCtranscripts relative to RG

(+1) and TAG(+1497) start and stop codons, respectively

TetC-BgIC NPTII1-BgIC GFP-BgIC
5'terminus| 3'terminug 5'terminys 3'terminus teBhinus| 3'terminusg
-126 1647 -123 1649 -12 1674
-10 1599 -115 1647 -123 1649
-12 1598 -123 1646 -123 1647
-159 1597 -123 1646 -124 1644
-123 1594 -159 1645 -160 1594
-123 1591 -124 1644 -11 1570
-123 1589 -102 1635 -123 1538
-123 1578 -124 1600 -380 1535
15 1559 -123 1599 -380 1532
-124 1558 -12 1599 -123 1517
-10 1534 -123 1598 -123 1517
-123 1532 -123 1598 -159 1514

-124 1528 -65 1598 45 1513
-3 1525 -12 1598 -124 1509
-2 1525 -123 1597 -123 1487

-160 1502 -123 1595 -123 1483

-109 1500 -99 1590 -125 1477
-68 1498 -380 1589 -123 1475

-123 1474 -45 1583 -12 1472

-160 1469 -123 1577 -125 1468

-159 1455 -124 1562 -122 1467

34 1559 -123 1461
-124 1535 -153 1460
-33 1500 -50 1452
-32 1500
-124 1487
-124 1459
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NPTII-BgIC/cre#3

Supplementary Figure 3.S1: Photographs of the phenotype of NPTII-BgIC/cre fdan
observed when grown in soil. (A) Photograph of WP, TII-BgIC/cre#1, and NPTII-
BglIC/cre#3 tobacco grown in soil. (B) Close-up fwypaph of NPTII-BgIC/cre#1
plant. (C) Close-up photograph of NPTII-BgIC/crggtd@nt. Both NPTII-BgIC/cre
plants ultimately died on soil, though NPTII-Bgl@#3 was rescued on tissue culture
medium, where it regained a normal phenotype apdaied healthy.

131



/\ loxP ATAACTTCGTATAGCATACATTATACGAAGTTAT

NPTII CTAGCATTGAACAAGATGGATTGCACGCAGGTTC
16S/trnVv ATTGAATCCGATTTTGACCATTATTTTCATATCC
PsbA ATTCAACAGTATAACATGACTTATATACTCGTGT
rpsl?2 AGTATTTTCTATTATATTAGATATATTAGACTAT
* * *
Consensus ATWnnNWTNSNATWNNATNNNTTATAYNnMnnnTnY
‘-Nnvm QQQIIID OAI A NQIQAAIQFI
—rTrrrTrrrrTrTeTe e NANANNANANNANANNMOOM !’)3

-
Supplementary Figure 3.S2: Sequence alignments of the gendmd® sequence with
loxP-like sequences observed to cause Cre-mediatethbécation in transgenic
plastids. (A) T-COFFEE alignment of thexP sequence with thiexP-like sequences
from the NPTII DB region (NPTII), 168n/trnV intergenic region (16s/trnV),p@BbA
(psbA), and3’'rps12 ORF (rps12). Conserved bases are marked by anskst*).

The consensus sequence derived from this alignimehbwn below the T-COFFEE
output. (B) Weblogo output, showing the frequeatgach nucleotide at each
position. The most commonly observed nucleotideagh position is shown at the top
of this diagram, with the letter size proportiotted frequency that the nucleotide was
observed at each position.
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Chapter 4: Codon optimization of the GFP downstream box region for improved

cellulase expression in tobacco chloroplastsand in E. coli

ABSTRACT

The expression of foreign genes can be hamperelffeyences in codon usage
between the source of the gene to be expressetthamdpression host. Alteration of
the coding region to include codons preferred leyekpression host has been shown
in a number of cases to improve protein expredsiogls. Studies have suggested that
codon usage preferences may depend on the locaition the ORF, such that a
given codon could be detrimental for high-leveltpmo production when placed at the
5" end of an OREF (i.e., in the downstream box refibut could have a positive effect
on protein production when placed later in the ORExploited these differential
codon usage preferences to design codon-optimiaedstream box regions derived
from thegfp gene. These codon-optimized downstream box regi@mne fused to a
cellulase gene for expressionkncoli and in tobacco chloroplasts. This strategy
resulted in significant increases in cellulase anglation in both protein production

systems.

INTRODUCTION

Foreign protein expression in prokaryotic microoigens such ag. coli has been
exploited for the production of many valuable prate Transgenic plants can be used
as alternate foreign protein production hosts, withpotential for significant
production cost savings (Hood and Woodard 2002;nmary et al 2003). In addition,
scale-up of protein production in transgenic plaatpiires only the planting of more
acreage, significantly easier and less expenseue tifne requirement for more and/or

larger microbial fermentors for scale-up of protproduction in a microbial system.
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Foreign protein expression in transgenic plantskeaaccomplished by transformation
of the nuclear genome visgrobacterium-mediated transformation or by
transformation of the plastid genome, typicallyliglistic transformation (Svab and
Maliga 1993) or by PEG-mediated transformationrot@plasts (Golds et al 1993).
Transformation of the plastid genome has the aadggnof the potential for extremely
high yields of foreign protein (reviewed in Malig@03). In addition, many plastid
regulatory sequences (e.g., promoters and 5’ anatBanslated regions) are
analogous to well-studied bacterial systems, abgwor comparisons between these
systems.

One regulatory region that was originally disc@eemE. coli is the
downstream box (DB) region, defined by the 10-18ars immediately downstream
of the start codon (Sprengart et al 1996). Ther&Bon was originally proposed to
act by base-pairing with 16S ribosomal RNA in a ne&ranalogous to the well-
studied Shine-Dalgarno region located upstrearhestart codon. Base-pairing of
the DB region with ribosomal RNA has been ruledlmyut number of structural and
biochemical studies (e.g., O’'Connor et al 1999Tkana et al 2000; Moll et al 2001),
but alterations in the DB region have been showpieacally to significantly affect
foreign protein production i&. coli. The DB region has been shown to act in higher
plant plastids in a manner similar to its actiotirtoli. The DB region was first
shown to be an important regulator of foreign grosecumulation in higher plant
plastids by Kuroda and Maliga (2001a, 2001b), wiawged that both silent and non-
silent mutations in the DB region could result anges in foreign protein
concentration over more than two orders of mageitude et al (2001) fused the first
14 codons frongfp to the ORF encoding 5-enolpyruvylshikimate-3-phadp
synthase (EPSPS), resulting in more than a 30uigicéase in EPSPS accumulation

relative to the expression of thepsps ORF with no DB fusion. More recently, the DB
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regions from theetc, neo, andgfp genes were fused to thefusca cel6A (Gray et al
2009a) and th&. fusca bglC (Chapter 3) ORFs for expression in transplastomic
tobacco, resulting in protein accumulation varyavgr more than two orders of
magnitude in both cases.

Although DB base pairing with ribosomal RNA hagbeuled out
experimentally, the mechanism of DB function ifl stnknown. In tobacco plastids,
the DB region has been implicated in regulatinggtation efficiency (Kuroda and
Maliga 2001a). The mechanism of DB function setarise dependent on the identity
of the codons in the DB region, rather than onidleatity of the individual
nucleotides (Stenstrom and Isaksson 2002; Gondal&fldivia and Isaksson 2004),
though a recent study concluded that RNA seconstangture in the DB region was a
more important determinant of protein accumulatitan the codon content of the DB
region (Kudla et al 2009). Bulmer (1988) obsertteat the DB regions of highly-
expressedt. coli genes tended to have higher numbers of rare cadlangoorly
expressed genes, suggesting different selecti@syres for codon usage in the DB
region than in the rest of the ORF. The DB regsdearly context-specific, as
illustrated in the work of Gray et al, who foundtithe TetC DB region mediated
higher Cel6A accumulation than the NPTII DB regiatjle the NPTII DB region
mediated higher BglC accumulation than the TetCrBdgon (Gray et al 2009a;
Chapter 3). It appears that the DB region actsuilin multiple mechanisms, with the
identity of the codons contained in the DB regiod ¢he extent of RNA secondary
structure in the DB region being important detemis of DB function in specific
contexts.

In the absence of a complete understanding aingehanism of DB function,
the DB region of the ORF of interest must be impempirically through trial and

error. While this method of DB alteration can tesuhigh-level accumulation of the
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protein of interest in transplastomic plants (eYe et al 2001; Gray et al 2009a;
Chapter 3), these alterations and the requirenoegrterate multiple lines of
transplastomic tobacco to test the various DB fusican be expensive and time
consuming, and is not always successful in gemgyiigh-level protein

accumulation. A less empirical method for DB opsation is therefore desirable. A
method for optimizing the DB regions of foreign gerfor expression in prokaryotic
hosts is described here, based on the observdtlmased codon usage such that some
rare codons are overrepresented in the DB regibhgbly expressed genes and can

be beneficial in some cases when included in thedafon.

MATERIALSAND METHODS

Analysis of Codon Usage Frequencies

Tobacco chloroplast artél coli codon usage frequencies (CUFs) were taken from the
online Codon Usage Database (http://www.kazusp/ooglon/). Downstream box
CUFs were calculated i&. coli (EcDB CUFs) by counting codon occurrences in the
first 14 codons of th&. coli nusA, arcB, rpoD, torS ligA, topA, fryA, mutY, recQ, and
rpoS ORFs. These ORFs were chosen because their ehpoateins were highly
represented in the Integr8 Proteome Analysis dagaf#tp://www.ebi.ac.uk/integr8/).
Tobacco chloroplast downstream box CUFs (NtDB CUf#exe calculated by

counting codon occurrences in the first 14 coddrteeN. tabacum chloroplastrbcL,

psaA, psaB, psaC, psbA, psbB, psbC, psbD, psbE, andpsbF ORFs.

Plasmid Construction

The EcTotGFP-Cel6A ORF was PCR amplified using preyEcTotGFP-Cel6A-
fwd/Cel6A-rev (primer sequences are shown in supplgary Table 4.S2), with
plasmid pGFPCel6A (Gray et al 2009a) as the DNAplate. The EcCDBGFP-Cel6A
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ORF was PCR amplified using primers ECDBGFP-Cel@A/Cel6A-rev, with
plasmid pGFPCel6A as the DNA template. Both o§&hBCR products were
Nhel/Notl digested and ligated into tinhel/Notl backbone of pGFPCel6AEC (Gray
et al 2009a) to generate plasmids pGFPCel6 AECTbp&+PCel6AECDB,
respectively. Plasmids pGFPCel6AEC, pGFPCel6AECAId pGFPCel6AECDB
were maintained in DHb(Invitrogen, Carlsbad, CAg. coli cells, and were inserted
into BL21(DE3) (Invitrogen) cells for protein proction.

The strong ribosomal promoter(R) was PCR amplified from WT tobacco
DNA using primers Prrn-fwd/Prrn-rev. This PCR puotlwasAscl digested and
ligated into the Ascl backbone of pGFPCel6A (Gragl€2009a) to generate plasmid
pPrrn-GFPCel6A.

Plasmid pGFPCel6AECDB wa¢hel/Notl digested, and the ECDBGFP-Cel6A
ORF was gel purified using the QiaQuick Gel Exii@tKit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. EHe®BGFP-Cel6A ORF was then
ligated into theéNhel/Notl backbone of pGFPCel6A (Gray et al 2009a) to gateer
plasmid pcaGFPCel6A.

E. coli Cell Growth and GFP-Cel6A Expression

BL21(DES3)E. cali cells harboring the pGFPCel6AEC, pGFPCel6AECTiadl a
pGFPCel6AECDB plasmids were grown overnight at 3n°CB medium containing
kanamycin (5Qug/mL). Overnight cell cultures were diluted by agd500uL of

each overnight culture to 50 mL of fresh LB medicomtaining kanamycin (50
ug/mL). These 50 mL cultures were grown at 37°Gl timty reached an OD600 of
approximately 0.6. At this point, 5M IPTG was added to the cultures. The OD600
of each culture was measured at one hour intenFalse hours after the addition of

IPTG to the cultures, a 1 mL sample was taken feach culture. The cells were
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collected by centrifugation and spent LB medium veamsoved. Protein was collected

from the cells for immunoblotting as described belo

Chloroplast Transformation

Tobacco Kicotiana tabacum cv. Samsun) chloroplasts were transformed as ibesicr
previously (Gray et al 2009a), using plasmids pf3EPCel6A and pcaGFPCel6A as
transformation vectors. Transformed shoots weagenerated on RMOP medium
containing spectinomycin (500 mg/L) and subjecteddveral rounds of tissue culture
to generate fully transformed shoots containingdisired transgene insertion. These
shoots were transferred to MS medium containingtspamycin (500 mg/L) for
rooting. Rooted plants were transferred to sail grown in a greenhouse for seed

collection.

DNA Extraction and DNA Blotting

DNA was extracted from tobacco leaves as descpbexdously (Gray et al 2009a).
Following extraction, DNA was thoroughly digestegXhol andHindlll for DNA
blotting. Digested DNA was electrophoresed in addarose gel, then transferred to
a Hybond N+ nylon membrane (Amersham BiosciencissaiRaway, NJ). A PCR
product from the plastittnA(UGC) gene was generated from primers probe-
fwd/ptDNA-rev using plasmid pGFPCel6A as a templafis PCR product waéP-
labeled using the DecaPrime I Random Primed DNBdliag kit (Ambion, Austin,
TX) and used to probe the DNA blot. Following prap the blot was washed and
exposed to a Phosphorimager screen (Molecular Dysa®unnyvale, CA) for

visualization.
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Protein Extraction and Immunoblotting

Protein was extracted frok coli cells as described previously (Gray et al 2009a).
Briefly, cell pellets were re-suspended in TrisqX0M, pH 7.4) containing PMSF (1
mM). Cells were then lysed in Tris (100 mM, pH)7céntaining SDS (1% w/v) and
B-mercaptoethanol (0.01% v/v). Cell debris was resaoby centrifugation and
protein concentration was determined using theR&ad-protein assay (Bio-Rad,
Hercules, CA) according to the manufacturer’s ingions.

Protein was extracted from tobacco leaf tissugeasribed previously (Gray et
al 2009a). Briefly, leaf samples were ground quid nitrogen. Protein extraction
buffer containing Tris (20 mM, pH 7.4), Triton X-0@1% v/v), SDS (0.1% wi/v),
PMSF (1 mM), an@-mercaptoethanol (0.01% v/v) was added to grouafitissue.
Leaf tissue was pelleted by centrifugation and suwggant containing soluble protein
was transferred to a fresh eppendorf tube. Protamcentration was determined using
the Bio-Rad protein assay (Bio-Rad) according eorttanufacturer’s instructions.

Protein samples were electrophoresed in a 12%apoliamide gel, then
transferred to a nitrocellulose membrane (PiercekPrd, IL). Membranes were
incubated in 5% (w/v) milk in TBST as a blockingst then incubated in anti-Cel6A
antibody (kindly donated by David Wilson, Cornelhiersity, Ithaca, NY) diluted
1:100,000 in 5% milk in TBST. Secondary antiboddsvihorseradish peroxidase-
conjugated anti-rabbit antibody (Sigma, St. LoM$)). Immunoblots were incubated
with SuperSignal West Dura Extended Duration SabsifPierce), then exposed to
CL-Xposure film (Pierce). Bands were quantifiedusyng Scion Image software

(Scion Corporation, Frederick, MD).
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RNA Extraction and RNA Blotting

RNA extraction and RNA blotting protocols were perhed as described previously
(Gray et al 2009a). RNA was hybridized with a cdalbeled PCR probe synthesized
using primers C6probe-fwd and Cel6A-reel6A) or aadA-fwd and aadA-rewaddA).
Following hybridization, the blot was washed an@ased to a Phosphorimager
screen (Molecular Dynamics, Sunnyvale, CA) for gi&ation. Isotope was removed
from the blot between hybridizations by exposura twiling solution of 0.1% (w/v)

SDS.

RESULTS
Downstream Box CUFs Differ from Overall CUFs
Codon usage in the downstream box (DB) regionsghfiyjrexpressedt. coli and
tobacco chloroplast genes was calculated by cogitite@ occurrence of each codon in
the DB region of ten highly-expressed genes. Bsz#ue DB region is likely to act at
the level of translation, high expression was dafinot by mRNA abundance, but by
the abundance of the encoded protein. It was foledCUFs in the DB regions of
genes encoding highly abund&ntcoli proteins differed significantly from the CUFs
of theE. coli genome as a whole (CUFs are shown in supplemenhédotg 4.S1 and
supplementary Figure 4.S2A). A number of codomng. (€TG, AAA, and CAG)
were overrepresented in the DB regions of highlyregsed. coli genes relative to
their overall usage, while many other codons (&@\T, GGC, CCG) were
underrepresented in the same DB regions.

Similar to the results described aboveEocoli, tobacco chloroplast codon
usage in the DB regions of highly expressed geifesgslfrom the overall codon
usage in the tobacco chloroplast genome (CUFshang@rsin supplementary Table

4.S1 and supplementary Figure 4.S2B). A numbepdbns were overrepresented
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(e.g., GAA, ATT, and TTT) or underrepresented (eAd\A, ATG, and CTT) in the
DB regions of highly expressed genes relative ¢éocthioroplast genome as a whole.
As an example, the amino acid serine can be endwoglsik different codons. In the
tobacco plastid genome as a whole, UCU is the pegfecodon, while AGC is the
least-used serine codon. In the DB regions ofliligkpressed plastid genes,
however, AGC is overrepresented, and is in factibst highly used codon in these

DB regions (Figure 4.1).

GFP-Cel6A Protein Accumulation in E. coli

In order to test whether the differences in codeage frequencies between the DB
regions of highly expressed genes and the codmigne of the genome as a whole
could be exploited to optimize DB regions for higlrel protein production, three
constructs were prepared for GFP-Cel6A expressiddLR1(DE3)E. coli cells. The
three constructs contained an unmodified GFP DBre@ GFP DB region altered to
match the codon usage of thecoli genome as a whole (HF[EcTot]GFP), or a GFP
DB region altered to match the codon usage of tAedgions of highly expresséti
coli genes (HF[EcDB]GFP). The three DB regions arevshio Table 4.1.

Five hours after IPTG induction of GFP-Cel6A e)gsien, cells were
collected and lysed for protein collection. Immbludting with these protein extracts
revealed that GFP-Cel6A protein accumulated todridgvels in cells expressing the
HF(EcDB)gfp-cel6A ORF than in cells expressing tH&(EcTot)gfp-cel6A ORF,
which in turn accumulated to higher levels thagetis expressing thgfp-cel6A ORF
(Figure 4.2). No GFP-Cel6A could be detected emdhsence of IPTG induction (data
not shown). Cell growth was unaffected by GFP-8a#&pression as determined
from the optical density of the cell cultures a066n. GFP-Cel6A protein

concentrations five hours after IPTG induction wapgroximately 20% of total
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(white bars). Codon usage frequences in numbeses per 1,000 codons are shown
on the y-axis.
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Table4.1. Sequences of modified GFP DB regions

DB Region DB Sequence
GFP GCT AGC GGC AAG GGC GAG GAA CTGTTC ACT GGC GTGGTC CCAATC

HF(EcTot)GFP GCT AGC GGCAAA GGC GAAGAACTGTTT ACCGEC GTGGTGCCGATT

HF(EcDB)GFP | GCT AGC GGT AAA GGT GAA GAA CTGTTT ACGGGT GI'T GTT CCGATT
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Figure 4.2: GFP-Cel6A protein accumulation i coli. (A) Immunoblot of
intercellular protein front. coli cells expressing thgfp-cel6A, HF(EcTot)gfp-cel 6A,
andHF(EcDB)gfp-cel6A ORFs. (B) Quantification of the immunoblot shoinr{A),
showing GFP-Cel6A protein concentration as a péacgnof total soluble protein
(%TSP).
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soluble protein (%TSP), 27%TSP, and 39%TSE.icoli expressing thgfp-cel6A,
HF (EcTot)gfp-cel6A, andHF(EcDB)gfp-cel6A ORFs, respectively.

Tobacco Chloroplast Transformation

The tobacco chloroplast genome was transformeddbgtic bombardment with the
plasmid vectors diagrammed in Figure 4.3. Therpids pGFPCel6A (Gray et al
2009a), pPrrn-GFPCel6A, and pcaGFPCel6A all meditite insertion of gfp-cel6A
ORF, regulated by the T7g10 5’ untranslated re@tddTR) andpsbA 3'UTR and
linked to anaadA expression cassette for selection on spectinompeitween the
plastidtrnl andtrnA genes. The pPrrn-GFPCel6A transformation vecicudes a
copy of the strong plastid ribosomal promoteam (i upstream of thgfp-cel6A ORF.
All three chloroplast transformation vectors contaxP sites flanking th@adA
expression cassette for future CRE-lox excisiothefantibiotic resistance gene. The
pGFPCel6A and pPrrn-GFPCel6A transformation vedbots contain the sanggp-
cel6A ORF, with the unaltered GFP DB region containeplasmid pGFPCel6AEC
(Table 4.1). The pcaGFPCel6A transformation vectaortains the HF(EcDB)GFP
DB region included in the pGFPCel6AECDB plasmidi{iea4.1). These GFP DB
regions encode the same amino acids, but the aoshaye in the GFP DB region in
pcaGFPCel6A more closely matches the codon usatpe iDB regions of highly
expressed plastid genes than the codon usage GRReDB region of pGFPCel6A
(Table 4.1 and supplementary Table 4.S1).

Fully transformed GFP-Cel6A tobacco lines wereggated previously (Gray
et al 2009a). Both Prrn-GFP-Cel6A and caGFP-Cetdacco lines were subjected
to multiple rounds of tissue culture to createyfeithnsformed tobacco lines, as
confirmed by DNA blotting (Figure 4.4). Wild-tygebacco exhibited the expected
1.3 kbXhol/Hindlll restriction fragment, while transformed GFP-&&land caGFP-
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Figure 4.3: Schematic diagrams (not to scale) of pGFPCel6A;mpBIFPCel6A, and
pcaGFPCel6A plastid transformation vectors. (Adddam of pGFPCel6A and
pcaGFPCel6A plastid transformation vectors. (Baddam of pPrrn-GFPCel6A
transformation vector. (C) Diagram tohl/trnA region of plastid DNA in the wild-
type tobacco plastid genom&hol (X) andHindlll (H) sites relevant to DNA blotting
experiments, along with predictethol/Hindlll fragment sizes, are shown.

151



Prrn-GFP-Cel6A

GFP-Cel6A
caGFP-Cel6A

0.75 —

Figure 4.4: DNA blotting with DNA extracted from WT, GFP-CelRrrn-GFP-
Cel6A, and caGFP-Cel6A tobacco. The expected Didgment sizes are seen,
demonstrating transformation of ttral/trnA region of the plastid genome with the
vectors diagrammed in Figure 4.3.
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Cel6A tobacco lines exhibited a 4.0 kb fragment Bnth-GFP-Cel6A tobacco
exhibited a 4.2 kb fragment when hybridized witinreA-specific probe. A minor
restriction fragment at 5.6 kb in all three linddransplastomic tobacco is the result of
a homologous recombination event between the inted and native copies op$A

(Gray et al 2009Db).

GFP-Cel6A Protein Accumulation in Transplastomic Tobacco

Differential GFP-Cel6A protein accumulation was ebv&d among GFP-Cel6A, Prrn-
GFP-Cel6A, and caGFP-Cel6A tobacco, as revealechinyunoblotting with anti-
Cel6A antibody (Figure 4.5). In GFP-Cel6A tobadcGd;P-Cel6A protein
accumulated to approximately 0.01%TSP, slightlydothan observed previously
(Gray et al 2009a). GFP-Cel6A accumulated to apprately 0.03%TSP in when the
ofp-cel6A ORF was placed behind therR promoter in Prrn-GFP-Cel6A tobacco, and

to approximately 0.5%TSP in caGFP-Cel6A tobacco.

GFP-Cel6A Transcript Accumulation in Transplastomic Tobacco

In order to determine whether transcript abundaocdd partially explain the
observed differences in protein abundance amonthtke transplastomic tobacco
lines tested, RNA blotting was performed. Probi@, GFP-Cel6A, Prrn-GFP-
Cel6A, and caGFP-Cel6A tobacco RNA tm6A transcripts revealed that Prrn-GFP-
Cel6A tobacco contained far maze 6A RNA in the form of both polycistronic and
monocistronic transcripts than either GFP-Cel6AaBFP-Cel6A tobacco (Figure
4.6A). The RNA blot shown in Figure 4.6A was gbel and re-probed with @adA-
specific probe, revealing that the vast majoritpadA transcript in all three
transplastomic tobacco lines is monocistronic, tast with its transcription from

the FpsbA promoter upstream of tteadA ORF (Figure 4.6B).
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Figure 4.5: Immunoblotting of soluble protein extracted froRsCel6A, Prrn-GFP-
Cel6A, and caGFP-Cel6A tobacco. Twenty-fiigeof protein from WT, GFP-Cel6A
and Prrn-GFP-Cel6A tobacco were loaded, whilged@nd 5ug of caGFP-Cel6A
protein was loaded, as indicated by the lane labels
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Figure 4.6: RNA blotting with RNA extracted from WT, GFP-Cel6Rrr-GFP-
Cel6A, and caGFP-Cel6A tobacco. (A) Blot probethveicel 6A-specific probe.
Ethidium-bromide stained ribosomal RNA bands ashbelow the blot, along with
the relative loading in each lane. (B) The sana¢ $thown in (A), hybridized with an
aadA-specific probe. (C) Diagram (to scale) of traigsrobserved in the RNA blots
in (A) and (B). Lowercase letters a-g correspanthe band labels in (A) and (B).
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The majority ofcel 6A-containing transcripts with an increased abundamce
Prr-GFP-Cel6A tobacco could have been transcifitmed the Prn promoter
upstream of thgfp-cel6A ORF in this tobacco line (i.e., RNA species &,land e in
Figure 4.6). Surprisingly, two polycistronic tranpts that were most likely
transcribed from the native plastidrR promoter upstream of the 16S rDNA (i.e.,
RNA species c and f in Figure 4.6) were also mborendant in Prrn-GFP-Cel6A
tobacco than in GFP-Cel6A or caGFP-Cel6A tobacloe primary transcript
produced from the native plastidrR promoter (RNA species f in Figure 4.6) is more
abundant in GFP-Cel6A than in caGFP-Cel6A tobatttmygh less abundant than in
Prrn-GFP-Cel6A tobacco.

DISCUSSION

A novel method for the generation of optimized Zgions was tested in boih coli
and in tobacco chloroplasts. In both protein pobidin systems, codon usage
preferences were analyzed both for the genomendmke and for the DB regions of
highly expressed genes. A number of studies heperted that some codons are used
more frequently than others to encode a given amanb, and that these codon
preferences are species-specific. Altering an ©ORRterest to more closely match
the codon usage preferences of the organism tedxfor protein production has
been shown in many cases to increase the accuonutztihe protein of interest (e.qg.,
Robinson et al 1984). While this type of optimiaatof codon usage has proven
effective, codon usage gradients have also beanmtes|) such that an amino acid
could be preferentially encoded by one codon introases, but that a different codon
could be preferred in the DB region, resultingha inclusion of rare codons at the 5’
ends (i.e., in the DB regions) of highly expres@#Fs inE. coli (Bulmer 1988). An

analysis of ten highly expressed tobacco plasteegéound a similar phenomenon, as
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illustrated by the CUFs for serine codons (Figudg.4As shown in this figure, UCU

is the most commonly used serine-encoding coddineplastid genome as a whole,
while AGC is the least commonly used serine-enapdivdon in the plastid genome
as a whole. In the DB regions of highly-expregskedtid genes, however, AGC is the
most commonly used serine-encoding codon. Optimizaf coding sequences to
include plastid-preferred codons typically doesta&e into account this type of
differential codon usage, with different prefercations in the DB region than in the
ORF as a whole.

In order to test the hypothesis that DB regiong prafer different codons than
the genome as a whole, three GFP DB regions engtldgnsame amino acid sequence
were constructed for GFP-Cel6A expressioi.inoli (Table 4.1). The results of
these experiments suggested that the inclusiorBgpiferred codons in the DB
region of the ORF of interest, rather than codae$epred by the genome as a whole,
can be beneficial for protein production&ncoli.

A recent study on GFP expressiortircoli concluded that RNA secondary
structure in the GFP DB region was a more impotactor in determining GFP
accumulation than codon usage in ¢fig ORF (Kudla et al 2009). While the three
GFP DB regions that we testedincoli were altered to optimize the DB codon
usage, and not the RNA secondary structure, there differences in the predicted
secondary structures of these three DB regiong(smentary Figure 4.51).
Predicted secondary structures of the GFP, HF(BGFR, and HF(EcDB)GFP DB
regions did not correlate with GFP-Cel6A accumolafAG = -11.4 kcal/mol, -10.4
kcal/mol, and -12.5 kcal/mol for GFP, HF[EcTot]|GRidd HF[EcCDB]GFP,
respectively). Kudla et al (2009) gave three exasipf the DB regions ajfp ORFs
giving high GFP accumulation and three examplab®DB regions offfp ORFs

resulting in low GFP accumulation. In the threeP@pB regions shown by Kudla et
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al to give low GFP accumulation i coli, several codons are used that are highly
underrepresented B coli DB regions as compared with the genome as a whelge
TTC, GGC, GGG, and GTG,; supplementary Table 4.$pyopose that, while
secondary structure may play an important rolesteimining translation efficiency
and hence in determining protein accumulationgdifferential usage of codons in DB
regions as compared with the genome as a wholeexjagin in part the results of
Kudla et al (2009), where codon usage was not faare a useful predictor of GFP
accumulation. When codons that are often usedafeuinfavorable in the context of
a DB region, are included at the 5’ end of an OREy may have a detrimental effect
on translation efficiency. The GFP DB regions tifeed by Kudla et al (2009) to
give high-level GFP accumulation i coli may be useful for driving high-level
accumulation of other foreign proteins. Fusiorthafse DB regions to other ORFs of
interest may be merited to test whether the se@satested by Kudla et al act
similarly when fused to other ORFs. It has beemwshin tobacco plastids that a
given DB region does not always give high-levelteno accumulation, and that the
optimal DB region may depend on the identity of @RF to which it is fused (Gray et
al 2009a; Chapter 3).

Based on the promising resultsincoli, the potential for improving GFP-
Cel6A accumulation in tobacco plastids by altetimg GFP DB region codon usage
was tested. GFP-Cel6A accumulation in tobaccaidisvas previously shown to be
quite low relative to TetC-Cel6A or NPTII-Cel6A pgein accumulation, and
monocistroni@fp-cel6A RNA levels were also shown to be low in the GFRe8e
transplastomic tobacco line (Gray et al 2009a)caBse the HF(EcDB)GFP DB
region most closely matched the DB codon usagegbiyhexpressed plastid genes,
the HF(EcDB)GFP-Cel6A ORF was inserted into a plasansformation vector to

generate the caGFP-Cel6A line of transplastomiat¢ob. Because the GFP DB
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codon usage was not fully optimized to match piiastidon usage, this construct is
considered “codon-altered,” rather than codon-omzich. As a second strategy to
improve GFP-Cel6A protein accumulation in transjgasc tobacco, the strong
plastid ribosomal promotery i, was inserted upstream of ttip-cel 6A ORF in the
Prrn-GFP-Cel6A tobacco line (pcaGFPCel6A and p&#HRCel6A plastid
transformation vectors are diagrammed in Figurg. 4T®e inclusion of aiPn
sequence upstream of thip-cel6A ORF resulted in a dramatic increasejfin-cel 6A
transcript abundance (Figure 4.6), but only a moiskesease in GFP-Cel6A protein
accumulation (Figure 4.5). In contrast, caGFP-8etfhacco accumulategfp-cel6A
RNA to levels only slightly higher than GFP-Cel6@bacco (Figure 4.6), but
accumulated GFP-Cel6A protein to a concentratigr@pmately 30-fold higher than
GFP-Cel6A tobacco (Figure 4.5). The monocistraraoscript has been shown
previously to be the most importdsgl C mRNA species for translation in tobacco
plastids (Chapter 3), and RNA blotting experimesftewed a correlation between
Cel6A protein abundance and monocistrad®A transcript abundance (Gray et al
2009a), suggesting that monocistronic mMRNA accutianlias important for Cel6A
protein production in plastids. Monocistrogiip-cel 6A transcript concentration and
GFP-Cel6A protein concentration were therefore gtiad from RNA blots (Figure
4.6A) and from immunoblots (Figure 4.5). The relatbundances @ffp-cel6A
monocistron and GFP-Cel6A protein are shown in ldgu7. This figure shows that
there is an 8-fold increase in monocistrogfig-cel 6A transcript in Prrn-GFP-Cel6A
tobacco relative to GFP-Cel6A tobacco, but onlyfal@ increase in protein
abundance. In caGFP-Cel6A tobacco, the monocistghp-cel6A transcript was
only 2-fold more abundant than in GFP-Cel6A tobated GFP-Cel6A protein
accumulation was approximately 30-fold higher iGE®-Cel6A tobacco than in

GFP-Cel6A tobacco. These results suggest thatewhe monocistronigfp-cel 6A
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GFP-Cel6A tobacco is defined as 1.0 in both cadésnocistron accumulation in
Prrn-GFP-Cel6A tobacco was 8-fold higher than irP&Fel6A tobacco, while protein
accumulation in caGFP-Cel6A tobacco was 30-foldherghan in GFP-Cel6A

tobacco.
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transcript may be important for GFP-Cel6A proteiaduction, RNA levels are not
limiting for protein production. Instead, increagitranslation efficiency through
changes in codon usage in the GFP DB region is mdae effective way to improve
GFP-Cel6A protein accumulation than increasifiggcel 6A transcript levels. This
suggests that translation efficiency is the lingtfactor in high-level protein
production in plastids, and that the DB regionnigraportant regulator of translation
efficiency.

Changes in the DB region of foreign genes expresstbacco plastids have
been shown previously to affect translation efficig and therefore to affect foreign
protein accumulation (e.g., Kuroda and Maliga 20@0D®1b). Additionally, changes
in the DB region of foreign genes expressed in¢obalastids have been shown
previously to affect transcript levels, with de@ed RNA levels correlating with
decreased protein levels (Kuroda and Maliga 20Gthy et al 2009a; Chapter 3).
When the TetC, NPTII, and GFP DB regions were fusdtieT. fusca cel 6A ORF for
tobacco plastid expression, GFP-Cel6A accumulatenhé order of magnitude lower
concentration than NPTII-Cel6A and two orders ofjmtude lower concentration
than TetC-Cel6A. Additionally, monocistromyfp-cel6A transcript was markedly less
abundant thanptll-cel6A or tetC-cel 6A transcripts (Gray et al 2009a). It was
hypothesized that the low level gfip-cel 6A monocistron could be limiting for GFP-
Cel6A protein production, and that increasing theaentration of monocistrongtp-
cel6A transcript could increase GFP-Cel6A protein acdatran. The inclusion of a
promoter upstream of thgfp-cel6A ORF, however, dramatically increased the
concentration of both monocistronic and polycisicayip-cel 6A transcripts, but had
only a minor effect on GFP-Cel6A protein accumulati This suggests that the low
transcript levels of foreign genes whose proteodpcts accumulate to low levels in

transplastomic plants are not the cause of loweprdevels, but are an effect of
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inefficient translation. Inefficient translatiofi the bglC ORF in transplastomic
tobacco has been shown to cause partial RNA detgpadarimarily in the 3'-5’
direction, though this degradation was not appargrRNA blotting (Chapter 3). Itis
possible that some portion of thip-cel 6A transcripts in Prrn-GFP-Cel6A tobacco
detected by RNA blotting are also partially degdhdnd thus untranslatable. When
TetC-Cel6A, NPTII-Cel6A, and GFP-Cel6A were expezbs tobacco chloroplasts,
amino acid changes at the N terminus of the Cel@pm made it impossible to rule
out differential protein degradation rates as wese of differential protein
accumulation (Gray et al 2009a). The use of sieuntations in the GFP DB region
here eliminates the possibility of differential fgm degradation rates resulting from
changes to the N terminus of the protein, as the-GEI6A polypeptides produced in
GFP-Cel6A, Prrn-GFP-Cel6A, and caGFP-Cel6A tobaueoall identical at the
amino acid level.

Silent mutations in the GFP DB region resulted B0-fold increase in GFP-
Cel6A protein accumulation. While GFP-Cel6A prataccumulation was still
modest, this 30-fold increase is significantly legthan the 1.5- to 2-fold increases in
protein concentration typically seen after a GGQ+@RF is altered by the introduction
of silent mutations to contain primarily plastideperred codons (e.g., Ye et al 2001,
Tregoning et al 2003). This is particularly im@ort when considering the time and
labor required to synthesize a fully synthetic ORMecel6A ORF contains 411
codons. By making just 11 silent mutations to@# DB region, protein
accumulation was increased 30-fold, with far l@s®tand labor than would be
required to synthesize a synthet@t6A ORF containing plastid-preferred codons.
The use of DB-preferred codons in the DB regiotheathan codons preferred by the
plastid genome as a whole (e.g., the use of AGGerdahan UCU, to encode serine in

the DB region) could be important in generatingéamncreases in protein
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accumulation in plastids. Standard methods ofiatjecodon use of an ORF of
interest to generate an ORF for expression in ¢ &f choice do not take into
account the differential codon usage preferencéiseoDB region. Optimization of
the DB region in this way can allow for high-lewpression of GC-rich genes such
as ther. fusca cel6A andbglC genes from the AT-rich plastid genome, and coeld b
more effective than standard codon optimizatiohrnegues.

The GFP DB region was chosen to be fused tedltd ORF because it had
been shown previously to enhance the accumulafi&®P8PS accumulation in
transplastomic tobacco (Ye et al 2001). FusiothefGFP DB region to theel6A
(Gray et al 2009a) or to thglC (Chapter 3) ORFs, however, resulted in low-level
protein accumulation. It is not clear why the GP® region worked well in
improving EPSPS accumulation, but not Cel6A or BgiCumulation. These
experiments demonstrate that, though the DB relggmthe potential to improve
foreign protein accumulation in transplastomic pdathe mode of action of the DB
region is context-dependent, and a given DB reganbe effective when fused to one
ORF, but not to another.

We report that DB optimization using codons usedguentially in the DB
regions of highly expressed genes can lead to imagrprotein accumulation in both
E. coli and in tobacco plastids. Though this type ofedéhtial codon preference has
been described previously (Bulmer 1988), to ounkiedge, this is the first report of
the use of DB-preferred codons to stimulate forggptein accumulation. The
methods for DB region optimization described here lse used in chloroplasts with
various DB fusions to ORFs of interest, or to orthe codon usage within the
native 5’ region of the ORF of interest, to incre@sotein accumulation iB. coli,

transplastomic tobacco, and likely in other proksig/protein production hosts.
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APPENDIX

Supplementary Table 4.S1. Codon usage frequencies in thecoli genome (EcTot),
DB regions of highly expresséfi coli genes (EcCDB)N. tabacum plastid genome

(NtTot), and DB regions of highly expresdddtabacum plastid genes (NtDB)
EcTot | EcDB | NtTot | NtDB
Codon | CUF CUF CUF CUF
AAA 33.2 46.2 37.4 15.4
AAC 24.4 23.1 12.8 0.0
AAG 12.1 7.7 14.5 15.4
AAT 21.9 38.5 36.5 46.2
ACA 6.4 7.7 15.1 23.1
ACC 22.8 23.1 10.0 23.1
ACG 115 30.8 5.4 15.4
ACT 8.0 0.0 20.0 30.8
AGA 1.4 7.7 17.5 7.7
AGC 16.6 0.0 5.4 30.8
AGG 1.6 0.0 6.8 7.7
AGT 7.2 7.7 14.9 0.0
ATA 3.7 0.0 24.4 30.8
ATC 18.2 15.4 17.2 0.0
ATG 24.8 7.7 24.5 0.0
ATT 30.5 23.1 39.2 61.5
CAA 12.1 53.8 26.0 23.1
CAC 13.1 0.0 5.5 0.0
CAG 27.7 46.2 9.0 7.7
CAT 15.8 7.7 16.8 154
CCA 6.6 0.0 12.1 30.8
CCC 6.4 0.0 7.3 0.0
CCG 26.7 15.4 5.6 7.7
CCT 8.4 154 17.1 7.7
CGA 4.3 15.4 14.3 23.1
CGC 26.0 0.0 4.0 7.7
CGG 4.1 0.0 5.0 0.0
CGT 21.1 7.7 12.3 30.8
CTA 5.3 7.7 13.6 7.7
CTC 10.5 154 7.9 7.7
CTG 46.9 76.9 7.4 0.0
CTT 11.9 23.1 22.6 7.7
GAA 43.7 53.8 39.6 53.8
GAC 20.5 15.4 8.6 7.7
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GAG 18.4 23.1 14.6 7.7

GAT 37.9 15.4 31.5 30.8
GCA 21.1 7.7 15.6 23.1
GCC 31.6 30.8 9.8 154
GCG 38.5 30.8 5.8 0.0
GCT 10.7 23.1 25.9 23.1
GGA 9.2 7.7 27.1 30.8
GGC 33.4 7.7 8.0 7.7

GGG 8.6 0.0 12.2 0.0

GGT 21.3 15.4 23.3 23.1
GTA 115 154 21.4 30.8
GTC 11.7 15.4 7.2 0.0

GTG 26.4 7.7 8.1 0.0

GTT 16.8 38.5 20.1 23.1
TAC 14.6 7.7 7.7 0.0

TAT 16.8 15.4 27.3 30.8
TCA 7.8 23.1 15.0 15.4
TCC 5.5 23.1 12.8 0.0
TCG 8.0 7.7 8.0 15.4
TCT 5.7 0.0 22.1 15.4
TGC 8.0 0.0 3.0 0.0

TGG 10.7 15.4 17.2 30.8
TGT 5.9 7.7 8.0 154
TTA 15.2 23.1 31.0 38.5
TTC 15.0 0.0 20.6 0.0

TG 11.9 23.1 22.1 30.8
TTT 19.7 23.1 34.2 46.2
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Supplementary Table 4.S2. Primers used in this study

Primer Name

Seguence

EcTotGFP- ATCATAT GGCTAGCGGCAAAGGCGAAGAACT GTTTACCGGCGT GGTGCCGATTAA
Cel6A-fwd TGATTCTCCGITCTAC

EcDBGFP- ATCATATGGCTAGCGGTAAAGGT GAAGAACTGT TTACGGGTGTTGTTCCGATTAA
Cel6A-fwd TGATTCTCCGITCTAC

CelA-rev ATAGACTAGGCCAGGAT CGCGGECCGCT CAGCT GGCGGCGCAGGT

Prrn-fwd ATGGECGCGCCGCTCCCCCECCGICGITC

Prrn-rev ATGGCGCGCCAAATCCCTCCCTACAACT

probe-fwd ATAGTATCTTGTACCTGA

ptDNA-rev TAAAGCTTTGTATCGGCTA

C6probe-fwd GTAACGAGT GGTGCGACC

aadA-fwd CGTGAAGCGGTTATCGCC

aadA-rev GTCCAAGATAAGCCTGIC
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Chapter 5: Design of Codon-Optimized Synthetic Downstream Boxesfor Foreign

Protein Production in Tobacco Chloroplasts

ABSTRACT

Plastid transformation of higher plants for highidkeexpression of valuable proteins
in planta is an attractive strategy to lower protein proguctosts. The downstream
box (DB) region, located immediately downstreanthef start codon of the ORF of
interest, is important for protein production idarleplasts, but a lack of a mechanistic
understanding of this region necessitates empijrcetly and time consuming trial-
and-error optimization of the DB region. A lesspancal method of DB optimization
is desirable. One such method is described hassdoon an analysis of codon usage
in the DB regions of highly expressed plastid geamesompared with the codon usage
of the plastid genome as a whole. Synthetic DBoregutilizing high-frequency or
low-frequency DB codons were constructed. It wgsolthesized that high-frequency
codons would lead to high-level protein productiont surprisingly, low-frequency

codons were more effective than high-frequency nedo at least one case.

INTRODUCTION

Expression of foreign proteins planta is desirable due to the potential for significant
projected production cost savings and ease of-sgatelative to the more well-
established microbial, Chinese hamster ovary (CH@Y,insect cell culture protein
production systems (Hood and Woodard 2002; Twyntah 2003). A number of
proteins have been expresseglanta from both the nuclear and from the plastid
genome, and in all cases expression from the glgstiome has resulted in
significantly higher protein accumulation than eegsion from the nuclear genome

(reviewed in Chapter 1). Plastid expression agifgm proteins has resulted in
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extremely high foreign protein accumulation, i30% of total soluble protein (%TSP)
or higher, in several cases (De Cosa et al 200¢;eDal 2009a, 2009b), and there are
many reports of foreign protein yields of 5-25%Tigkn plastid transformants
(reviewed in Maliga 2003). Hence, plastid transfation is an attractive method for
foreign protein productiom planta due to the potential for high protein yields.

An important determinant of foreign protein accuaion in plastid
transformants is translation efficiency, i.e., thte of protein production from a given
MRNA molecule. Translation efficiency in plastiddimited by translation initiation,
which is controlled primarily by the 5’ untransldteegion (5’'UTR) immediately
upstream of the start codon and the downstrean{dBX region immediately
downstream of the start codon (Chapter 1). Alienstin the DB region have resulted
in order of magnitude differences in protein acclation for several proteins
expressed in transplastomic tobacco, including EBP¥ et al 2001), Cel6A (Gray et
al 2009a), and BgIC (Chapter 3). In all of theases, DB regions were fused to the 5’
end of the ORF of interest through an empiricéd)-{and-error optimization process.
A recent study by Gray et al (Chapter 4) examimeddifferential codon usage in the
DB regions of highly expressed plastid &doli genes, and described a method for
optimization of DB regions by the inclusion of cadaused preferentially at the 5’
ends of highly expressed ORFs. By applying thisdpBmization technique to the
GFP DB region fused to theel6A ORF, significantly increased GFP-Cel6A protein
accumulation was achieved in bdthcoli and in transplastomic tobacco. Notably, a
30-fold increase in GFP-Cel6A protein accumulatiotransplastomic tobacco was
achieved by Gray et al (Chapter 4) through sileatations in the DB region. This is
significantly greater than the 1.5- to 2-fold irmses in foreign protein accumulation
resulting from codon optimization of entire ORFsrtolude primarily plastid-

preferred codons (e.g., Ye et al 2001; Tregonirg 8003). Differential codon usage
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preferences in the DB region and in the remainfléne@ORF, such that some rare
codons may be preferred in the DB region, thougly thay be detrimental for
translation when used later in the ORF, could erplze tremendous increase in GFP-
Cel6A protein accumulation observed by Gray eChlgpter 4). This type of
differential codon usage has been described prslianE. coli, with the conclusion
being reached that highly expressed genes havspatially pronounced codon usage
bias at the 5’ end of the ORF (e.g., Bulmer 1988hile some researchers have
concluded that nucleotides, rather than codongapip be selected for in the DB
region (e.g., Fuglsang 2004), others have conclugsdhe opposite (e.g., Stenstréom
and Isaksson 2002; Gonzalez de Valdivia and Isak2604). A recent study ia.
coli found that expression levels of GFP protein depdnd large part on mRNA
secondary structure in the DB region (Kudla 200B)ese studies suggest that the DB
region may act through several different mechanjsmd that a number of parameters
(e.g., codon usage and mRNA secondary structurg@amportant in determining
the effectiveness of a given DB region for highdeforeign protein production.
Previous studies on the use of DB fusions to affaeign protein production
in plastids have relied on empirical optimizatidriltee DB region for the ORF of
interest (e.g., Ye et al 2001; Gray et al 2009ag@ér 3). While these studies have
resulted in high-level accumulation of the forepgotein of interest, other studies of
DB fusions (e.g., Lenzi et al 2008) have been $essessful, resulting in only
moderate accumulation of the foreign protein oéiast. While trial-and-error
optimization of DB regions can result in major isases in foreign protein
accumulation, this process can be costly and tiomseming, and is not always
successful. A less empirical method of DB optimaais therefore desirable. This
report describes a method for the generation ahefic DB regions based on an

analysis of codon usage in tobacco plastids.
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MATERIALSAND METHODS
Analysis of Tobacco Chloroplast Downstream Box Codon Usage and Generation of
Synthetic Downstream Box Regions
Codon usage frequencies (CUFs) were analyzed asllss previously (Chapter 4).
Briefly, overall CUFs were taken from the onlinedoo Usage Database
(http://www.kazusa.or.jp/codon/). The DB CUFsoé N. tabacum plastidrbcL,
psaA, psaB, psaC, psbA, psbB, psbC, psbD, psbE, andpsbF ORFs (NtDB CUFs) were
calculated by counting the occurrences of eachrcauthe first 14 codons of these
ORFs. Overall plastid codon usage frequenciedNdB® CUFs are shown in
supplementary Table 5.S1.

A synthetic DB region containing high-frequencyloas (the HF[NtDB]Syn
DB region) was generated by assigning a number frd to each of the 14 codons
with the highest NtDB CUF. A random number ger@ratas then used to generate a
random number between 1 and 14 for each of theo&digns in the synthetic DB. A
synthetic DB region containing low-frequency cod@he LF[NtDB]Syn DB region)
was generated by maintaining the amino acid segquencoded by the HF(NtDB)Syn
DB region, but substituting the codon with the IsiitDB CUF at each position.
The HF(NtDB)Syn and LF(NtDB)Syn DB sequences amwshin Table 5.1.

Plasmid Construction

The HF(NtDB)Syn-bglC andLF(NtDB)Syn-bglC ORFs were PCR amplified from the
pPNS6 plasmid (Spiridonov and Wilson 2001) usingnan pairs HFSynBgIC-
fwd/BgIC-rev and LFSynBgIC-fwd/BgIC-rev (primer ssnces are shown in
supplementary Table 5.S2), respectively. HirgNtDB)Syn-cel6A and
LF(NtDB)Syn-cel6A ORFs were PCR amplified from the pGFPCel6A plas{@ichy

et al 2009a)
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Table5.1. Sequences of HF(NtDB)Syn and LF(NtDB)Syn DB region

DB

Seguence

HF(N{DB)Syn

GCT AGCATAAAT CCATAT GTACGT TTT TGGGGA CCA AAT
ATTTTA

LF(NtDB)Syn

GCT AGCATCAACCCCTACGICCGGTTCTGGGEGCCCAAC
ATCCTG
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using primer pairs HFSynCel6A-fwd/Cel6A-rev and MrEel6A-fwd/Cel6A-rev,
respectively. These PCR products widhel/Notl digested and ligated into the
Nhel/Notl backbone of the pGFPCel6A plasmid (Gray et al9)0 The resulting
plasmids were pHF(NtDB)Syn-BgIC, pLF(NtDB)Syn-BgIg5HIF(NtDB)Syn-Cel6A,
and pLF(NtDB)Syn-Cel6A, respectively.

Chloroplast Transformation

Tobacco seedlings were bombarded as describecbpsdyi(Gray et al 2009a) with
the plastid transformation vectors described abdr@lowing bombardment with the
appropriate vector, leaf pieces were transferrd’M®©OP medium containing 500
mg/L spectinomycin. Spectinomycin-resistant shewgse screened by PCR for the
presence of the appropridiglC or cel6A ORF at the expected location of the plastid
genome and subjected to several additional rouhtgsgeneration to generate
homoplasmic plants. For regeneration of putati#NHDB)Syn-Cel6A shoots, 50
mg/L silver nitrate (Purnhauser et al 1987) waseadd the RMOP medium along

with 500 mg/L spectinomycin.

DNA Extraction and Blotting

DNA was extracted from tobacco leaves as descpbexdously (Gray et al 2009a).
Following Xhol/Hindlll digestion, DNA was electrophoresed in a 1% (ndgarose

gel, transferred to a Hybond N+ nylon membrane (Astn@m Biosciences,

Piscataway, NJ), and hybridized witfi?®-labeled probe. The probe was synthesized
using a PCR product generated from primer pair Bertwd/Aprobe-rev, using WT
tobacco DNA as a template, and radiolabeled wghbcaPrime 11 Random Primed

DNA Labeling Kit (Ambion, Austin, TX) according tine manufacturer’s
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instructions. Following hybridization, the blot svavashed and exposed to a

Phosphorimager screen (Molecular Dynamics, Suney¥aA) for visualization.

Protein Extraction and Immunoblotting

Protein was extracted from tobacco leaves as destpreviously (Gray et al 2009a).
Immunoblotting of LF(NtDB)Syn-Cel6A protein was femed as described
previously (Gray et al 2009a), with 1:100,000 ditianti-Cel6A antibody (kindly
donated by David Wilson, Cornell University, Ithad#y) as primary antibody and
1:25,000 diluted HRP-labeled anti-rabbit antibo8ig(a, St. Louis, MO) as
secondary antibody. Immunoblotting of HF(NtDB)SBglC and LF(NtDB)Syn-
BgIC proteins was performed using essentially #maesprotocol, except that the
primary antibody was 1:250 diluted anti-BglC antigdkindly donated by David

Wilson, Cornell University, Ithaca, NY).

RNA Extraction and Blotting

Total RNA was extracted from tobacco leaves asrdest previously (Gray et al
2009a). RNA was electrophoresed in a 1% (w/v) @ggagel, transferred to a Hybond
N+ membrane (Amersham Biosciences), and hybridimédradiolabeled PCR
probes generated using primer pairs Cel6Aint-fwtBBeev (cel6A) or BglCint-
fwd/BgIC-rev (pglC). Following hybridization, RNA blots were washadd exposed

to a Phosphorimager screen (Molecular Dynamicsyifaralization.

RNA Secondary Structure Predictions
RNA secondary structures were predicted using tHeldhonline tool (Zuker 2003;
http://mfold.bioinfo.rpi.edu/). RNA secondary sttures were determined for the

isolated HF(NtDB)Syn and LF(NtDB)Syn DB regionsdqtiegion from -13, beginning
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with the Shine-Dalgarno region of the T7g10 5’UT&+48, relative to the BG start
codon at +1), as well as for the 5’ region of tlkelly HF(NtDB)Syn-bgIC,
LF(NtDB)Syn-bglC, HF(NtDB)Syn-cel6A, andLF(NtDB)Syn-cel 6A monocistronic

transcripts (the regions from -124 to +60, relatv¢he AJG start codon at +1).

RESULTS

Tobacco Chloroplast Transformation

Chloroplast transformation and regeneration of {slaransformed with the
HF(NtDB)Syn-BgIC, LF(NtDB)Syn-BgIC, and LF(NtDB)Sy@el6A vectors
(diagrammed in Figure 5.1) was performed as desdniveviously (Gray et al 2009a),
using RMOP medium containing spectinomycin (500Lhgs regenerate transformed
shoots. Transformation was verified by DNA blogtivith atrnA-specific probe after
Xhol/Hindlll digestion (Figure 5.2a). Wild-type tobacco gawe expected 1.3 kb
signal. In thébglC-containing plants, the expected 3.6 kb band wasmied; the
expected 4.0 kb band was observed in LF(NtDB)SyieALplants.

Transformation and regeneration of HF(NtDB)Syn-@elébacco was
problematic. Most putative transformants regemeran RMOP containing
spectinomycin (500 mg/L) were revealed to contaily the WT plastid genome,
presumably acquiring spectinomycin resistance fagnoint mutation in ribosomal
RNA (Svab and Maliga 1991), or to contain a DNA@es formed by recombination
between the native and introduced copiespsbR, rather than between thal genes
in the transformation vector and in the plastidayaa (Gray et al 2009b). A small
number of putative transformants (i.e., green shoatRMOP medium with 500 mg/L
spectinomycin) were observed that grew only foriefiperiod, then stalled their
growth (Figure 5.3a). One of these stalled shGeE§NtDB]Syn-Cel6A#5) was able

to be regenerated by the addition of silver nit(&@mg/L) to the
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Figure5.1: Schematic diagrams (not to scale) of plastid faangation vectors and
thetrnl/trnA region of the wild-type plastid genome. (A) Schémdiagram of
HF(NtDB)Syn-Cel6A and LF(NtDB)Syn-Cel6A plastid isformation vectors. (B)
Schematic diagram of HF(NtDB)Syn-BgIC and LF(NtDB)SBgIC plastid
transformation vectors. (C) Wild-type plastid geredrnl/trnA region. Xhol (X) and
Hindlll (H) sites relevant to DNA blotting experimerdge shown.
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Figure 5.2: DNA blotting experiments with &nA-specific probe aftexhol/Hindlll
digestion. (A) DNA extracted from wild-type (WTHF(NtDB)Syn-BgIC,
LF(NtDB)Syn-BgIC, LF(NtDB)Syn-Cel6A, and a putatit-(NtDB)Syn-Cel6A
plant. #1 or #2 after the name (e.g., LF[NtDB]Sy@el6A#1) indicates an independent
transformation event. (B) The same DNA blot shaw(A), with the contrast and
brightness heavily adjusted in the HF(NtDB)Syn-@¢tb lane to show the faint 4.0
kb band. (C) DNA extracted from second round regamts of HF(NtDB)Syn-
Cel6A#5 and from LF(NtDB)Syn-Cel6A tobacco. Themwher after HF(NtDB)Syn-
Cel6A indicates the round of regeneration. Eadostvas lettered for identification
purposes. HF(NtDB)Syn-Cel6A#5-2A and HF(NtDB)SyaleA#5-2B are two
shoots regenerated from the HF(NtDB)Syn-Cel6A#5shised for DNA blotting in
(A) and (B).
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Figure 5.3: Photographs of HF(NtDB)Syn-Cel6A#5 tissue cultegeneration. (A)
15X magnification of stalled shoot on RMOP with 50@/L spectinomycin,
approximately 10 weeks after bombardment with pHB@)Syn-Cel6A vector. (B)
15X magnification of HF(NtDB)Syn-Cel6A#5 shoot 1&yd after transfer to RMOP
medium containing 50 mg/L AgN{and 500 mg/L spectinomycin. (C)
HF(NtDB)Syn-Cel6A#5 shoot transferred to MS mediwith 50 mg/L AgNQ and
500 mg/L spectinomycin for rooting.
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RMOP/spectinomycin medium (Purnhauser et al 198jurEs 5.3b and 5.3c). DNA
blotting with this putative transformant revealed@akXxhol/Hindlll band at 4.0 kb,
with relatively strong signals at 1.3 kb (deriviingm both WT plastid DNA and from
an extraplastidic copy afnA; Chapter 3) and at 5.6 kb. The 5.6 kb band oleskeiv
this line and in all other transplastomic plantarexed here derives from a
recombination event between thesPA sequence regulatirgpdA expression and the
native plastid psbA sequence (Gray et al 2009b). Closer examinafidineo
HF(NtDB)Syn-Cel6A#5 lane, however, revealed anaxely weak signal at 4.0 kb,
suggesting that this plant contained a small amotitite expected plastid DNA
species with théelF(NtDB)Syn-cel 6A and theaadA genes inserted between the plastid
trnl andtrnA genes (Figure 5.2b). The putative HF(NtDB)Syné@eshoot was
subjected to a second round of regeneration on R@@um containing 50 mg/L
silver nitrate and 500 mg/L spectinomycin. DNAthloy with DNA extracted from
these plants revealed that in all cases, the exgec0 kbXhol/Hindlll band was lost

(Figure 5.2c and data not shown).

BglC and Cel6A Protein Accumulation

Having obtained fully transformed HF(NtDB)Syn-Bg#ad LF(NtDB)Syn-BgIC
plants, the BgIC protein content of these plants aralyzed by immunoblotting
(Figure 5.4a). LF(NtDB)Syn-BgIC protein was clgadktectable, but HF(NtDB)Syn-
BgIC protein could not be detected by immunoblgttiQuantification of the
immunoblot in Figure 5.4a revealed that LF(NtDB)BgIiC protein accumulated to
approximately 0.6%TSP, while HF(NtDB)Syn-BgIC priataccumulation could not
be quantified, though it was much less than 0.07Pc@Sevidenced by the detection
of 0.01pg of purified BgIC.
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Figure 5.4: Immunoblots with protein extracted from HF(NtDB)SBgIC,
LF(NtDB)Syn-BgIC, and LF(NtDB)Syn-Cel6A tobaccodis. (A) Immunoblot with
HF(NtDB)Syn-BgIC and LF(NtDB)Syn-BgIC tobacco. INRDB)Syn-BgIC
accumulated to approximately 0.6%TSP, while HF(N®¥1-BgIC protein was
undetectable (<<0.07%TSP). (B) Immunoblot with NEJB)Syn-Cel6A#1 and
LF(NtDB)Syn-Cel6A#2. LF(NtDB)Syn-Cel6A accumulatiovas approximately
0.04%TSP in both of these plants.
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LF(NtDB)Syn-Cel6A protein accumulation was analtyze fully transformed
LF(NtDB)Syn-Cel6A plants by immunoblotting (Figusetb). Quantification of the
bands in this immunoblot revealed that LF(NtDB)S3@6A accumulated to
approximately 0.04%TSP. HF(NtDB)Syn-Cel6A protactumulation could not be
assayed due to difficulties in the regeneratioklB{NtDB)Syn-Cel6A tobacco, as

described above.

Transcript Accumulation

Total RNA extracted from HF(NtDB)Syn-BgIC and LFDB)Syn-BgIC plants was
hybridized with aqglC-specific probe (Figure 5.5a). Levelskf(NtDB)Syn-bglC
andLF(NtDB)Syn-bglC transcripts were lower than the levelspfil-bglC transcripts
included as a positive control (Chapter 3), bubglC-containing transcripts observed
in NPTII-BgIC tobacco were observed in both HF(N)SBn-BgIC and
LF(NtDB)Syn-BgIC tobacco. No major differencegnanscript abundance were
observed between HF(NtDB)Syn-BgIC and LF(NtDB)SygiBtobacco after
correcting for loading differences.

Probing of total LF(NtDB)Syn-Cel6A tobacco RNA ealed the accumulation
of mainly polycistronic transcripts containing the(NtDB)Syn-cel 6A ORF (Figure
5.5b). This is consistent with a previous repbdveing that GFP-Cel6A tobacco,
which accumulated GFP-Cel6A protein at levels camipie to LF(NtDB)Syn-Cel6A
tobacco, accumulated primarily polycistronic transs, with low steady-state levels
of the monocistronicel 6A transcript (Gray et al 2009a). As expected, RIKAT
HF(NtDB)Syn-Cel6A#5-2B did not contain angl6A transcript, confirming that this

plant does not contain tlvel 6A ORF.
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Figure 5.5: RNA blotting to detecbglC andcel6A transcripts. (A) RNA blot with
RNA extracted from WT, NPTII-BgIC, HF(NtDB)Syn-Bgl@nd LF(NtDB)Syn-BgIC
tobacco, hybridized with gl C-specific probe. (B) RNA blot with RNA extracted
from WT, LF(NtDB)Syn-Cel6A, and HF(NtDB)Syn-Cel6A#B tobacco, hybridized
with acel6A-specific probe. Ethidium bromide-stained ribosbRISA bands are
shown below each blot. The numbers below the dbed RNA bands indicate
relative loading, as determined from the intensftyhe ethidium bromide-stained 25S
rRNA band.

187



RNA Secondary Structure Predictions

The secondary structures of the HF(NtDB)Syn and\itBB)Syn DB regions were
predicted using m-fold software (Zuker 2003; Fighréa, 5.6b). The HF(NtDB)Syn
DB region was predicted to contain a large haitpop structure extending from the
Shine-Dalgarno region upstream of the AUG starbcow the +31 nucleotide,
relative to AUG at +1. The LF(NtDB)Syn DB region was predictectontain
considerably less secondary structure than the HIFgNSyn DB region AG = -12.50
kcal/mol forHF[NtDB] Syn; AG = -6.93 kcal/mol foL.F[ NtDB] Syn). Monocistronic
nptll-bglC, tetC-bglC, andgfp-bglC transcripts have been shown previously to have a
terminus at -124 (Chapter 3). Secondary structoféise 5’ ends of the mature
monocistronidHF(NtDB)Syn-bglC andLF(NtDB)Syn-bglC transcripts extending from
-124 to +60 were therefore predicted (Figure 55668¢). When the region of mRNA
included for secondary structure prediction wasug@d, differences in secondary
structure between theF(NtDB)Syn-bglC andLF(NtDB)Syn-bglC transcripts were
less pronounced. Strikingly, the free energy aased with these secondary
structures showed a more stable secondary structutiee LF(NtDB)Syn-bglC
transcript than for thelF(NtDB)Syn-bglC transcript AG = -38.75 kcal/mol for
HF[NtDB] Syn-bgIC; AG = -43.62 kcal/mol foL. F[NtDB] Syn-bgIC). Secondary
structure predictions of the 5’ ends of predictezhotistronicHF(NtDB)Syn-cel 6A
andLF(NtDB)Syn-cel6A transcripts appeared qualitatively similar, thotiggre was a
difference in free energy\G = -42.05 kcal/mol foHF[NtDB] Syn-cel6A; AG = -
39.89 kcal/mol folLF[ NtDB] Syn-cel 6A; Figure 5.6e, 5.6f).

DISCUSSION
Transformation of the plastid genome to generatéNtbB)Syn-BgIC,
LF(NtDB)Syn-BgIC, and LF(NtDB)Syn-Cel6A tobaccodis was performed using
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Figure 5.6: RNA secondary structure predictions. (A) HF(NtDB)B region, with
nucleotides from -13 to +48, relative to th&J@& start codon at +1. (B) LF(NtDB)Syn
DB region. (C) 5’ region of monocistronic HF(NtD®yn-BgIC transcript, with
nucleotides from -124 to +60, relative to the@ start codon at +1. (D) 5’ region of
monocistronic LF(NtDB)Syn-BgIC transcript. (E) i®gion of monocistronic
HF(NtDB)Syn-Cel6A transcript. (F) 5’ region of maeistronic LF(NtDB)Syn-Cel6A
transcript. The AUG start codon in each figurendicated by a green box.
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routine procedures, and resulted in the expectagformation events. Attempts to
generate a HF(NtDB)Syn-Cel6A plant line, howevesulted in unexpected
transformation events (Figures 5.2 and 5.3). Thpnty of transplastomic plants
regenerated on spectinomycin-containing tissueiiinedium following
bombardment with pHF(NtDB)Syn-Cel6A were transfodniiy a recombination
event between the native plastigsBA sequence and the$bA sequence used to
regulate theadA gene in pHF(NtDB)Syn-Cel6A, resulting in plantdmlike the UR-
1 plant line described by Gray et al (2009b). Aonity of regenerated shoots
bombarded with pHF(NtDB)Syn-Cel6A, however, exleldistalled growth on
standard RMOP tissue culture medium containingtsp@aycin (Figure 5.3a). The
addition of 50 mg/L AgN®@to the medium (Purnhauser et al 1987) allowed for
successful regeneration of one of these stalledtst{figures 5.3b and 5.3c). DNA
blotting with DNA extracted from this shoot revedkhat a small proportion of plastid
DNA appeared to contain the expected HF(NtDB)Syte&éransformation product
(Figure 5.2b). This shoot was subjected to a sttcoand of regeneration on RMOP
medium containing 50 mg/L AgN{and 500 mg/L spectinomycin, and all of the
second round regenerants lost the putative HF(NEYB)Cel6A plastome (Figure
5.2c¢ and data not shown). Purnhauser et al (1f887Hescribed the use of AgN@
stimulate plant tissue culture growth, and attiouthe growth stimulation to the
ethylene inhibiting properties of AQNO This suggests that the difficulty in
regenerating a HF(NtDB)Syn-Cel6A plant line cowddult from changes in ethylene
regulation following transformation with the pHF(DB)Syn-Cel6A plasmid through
an unknown mechanism. Although it is possible &éxdtemely high-level
accumulation of HF(NtDB)Syn-Cel6A protein could saichanges in hormone
signaling, high-level (~10%TSP) accumulation of T€1€I6A in transplastomic

tobacco did not cause a detectable phenotype (&raly2009a).
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Whatever the mechanism causing difficulty in resgating a HF(NtDB)Syn-
Cel6A tobacco line, several lines of proposed meseeould be successful in
regenerating a HF(NtDB)Syn-Cel6A plant. In the exqments described here, AghlO
was added to the shoot regeneration medium ordy tie identification of a stalled
shoot. Itis possible that the inclusion of 50 mM@gNO; in the
RMOP/spectinomycin medium for the duration of sheggeneration could result in
the successful regeneration of a HF(NtDB)Syn-Cegbésat. A second possibility
would be to replace thepBbA sequence regulatirapdA in pHF(NtDB)Syn-Cel6A
with a different promoter. ldeally, this promoteould not be derived from plastid
sequences. For example, bacterial, mitochondnahage promoters and 5’UTRs
could be used for regulating transcription anddlaton ofaadA. Alternately, a
different plastid promoter and 5’UTR (e.gglpP, Prrn, or Rrbcl), or a hybrid
promoter/S’UTR combination (e.g.cpP with thepsbA 5’'UTR) could be used to
regulateaadA. A third possibility is to generate a modified pNtDB)Syn-Cel6A
vector containing a second antibiotic resistanceggstream of theel6A ORF. A
proposed vector is diagrammed in figure 5.7. Pihaposed vector contains the
features of the original pHF(NtDB)Syn-Cel6A plasdit would also include a
second antibiotic selection gene. In the vectagdim in figure 5.7, thaphA-6 gene,
conferring kanamycin resistance (Huang et al 20823hown. In principle, other
selection genes could be used, butapi®A-6 gene has been shown to mediate
effective selection in plastid transformation expents. TheaphA-6 gene would be
regulated by a promoter and 5’'UTR (P) and a 3'UTR (These sequences could be
either plastid derived (e.g.clpP, Prrn, PrbcL, as discussed above), or could be
derived from non-plastid sequences (e.g., bacteri@chondria, or phages). The
aphA-6 gene would be flanked kattP/attB sequences for excision using a plastid-

targeted phiC31 integrase gene (Kittiwongwattarel 2007). Following
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Figure5.7: Proposed modified pHF(NtDB)Syn-Cel6A plastid tramefation vector
containing two selection marker genes. @plkA-6 kanamycin-resistance gene
upstream of thélF(NtDB)Syn-cel6A ORF and th@adA spectinomycin/streptomycin-
resistance gene downstream of HgNtDB)Syn-cel6A ORF are expected to result in
plastid transformation via thtenl andtrnA flanking regions, resulting in integration of
theHF(NtDB)Syn-cel6A ORF into the plastid genome.
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bombardment with the vector diagrammed in figui® Shoots would be regenerated
on tissue culture medium containing both spectindmgnd kanamycin. This vector
and selection scheme should force recombinatiotheirnl andtrnA flanking

regions, rather than vigoBbA, as both marker genes would be required for shoot
regeneration. The proposed second marker ggmé6 in figure 5.7) expression
cassette could be inserted asfad fragment into the uniquAscl site in
pHF(NtDB)Syn-Cel6A, and could be removed from tfansed plants by targeting
phiC31 integrase to the plastid following the gaien of fully transformed plants
(Kittiwongwattana et al 2007).

The low-level accumulation of HF(NtDB)Syn-BgIC abhB(NtDB)Syn-BgIC
protein is somewhat surprising and disappointifibe methods used to optimize the
high-frequency codon downstream boxes were expé¢otgdnerate efficiently
translated DB regions, based on promising resutts eedon-altered GFP-Cel6A
expression (Chapter 4). When thiggC ORF was fused to the high-frequency
(HF[NtDB]Syn) and to the low-frequency (LF[NtDB]SyDB regions, the
LF(NtDB)Syn DB resulted in higher accumulation afl8 protein (HF[NtDB]Syn-
BgIC and LF[NtDB]Syn-BgIC accumulated to ~0.6%TSHK &x0.07%TSP,
respectively). This suggests that the method ofcB&on optimization used to
generate the high- and low-frequency codon syrtli#i regions tested here is not
effective for improving the accumulation of BglCopgin in transplastomic tobacco.

Kudla et al (2009) suggested that mMRNA secondangtsire in the DB region
is a better determinant of GFP protein accumulatiam codon usage. Because
LF(NtDB)Syn-BgIC unexpectedly accumulated to higleseels than HF(NtDB)Syn-
BgIC, we hypothesized that secondary structurbenB regions could play a role in
the observed low-level accumulation of HF(NtDB)BgIC. Indeed, secondary

structure predictions of the isolated HF(NtDB)Syid & F(NtDB)Syn DB regions
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showed greater secondary structure associatedhetHF(NtDB)Syn DB region than
with the LF(NtDB)Syn DB region (Figure 5.6a, 5.60)he 5’ terminus of
monocistronidoglC transcripts inserted at this locus in the plaggdome, however, is
typically located at -124 relative to theJ& start codon at +1 (Chapter 3). We
therefore determined the secondary structureseol @ nucleotides at the 5’ ends of
monocistronidHF(NtDB)Syn-bglC and LF(NtDB)Syn-bglC transcripts (Figures 5.6c,
5.6d). When a larger region of RNA was includethi& secondary structure
prediction, differences were less pronounced, aadtgr secondary structure stability
was associated with thd=(NtDB)Syn-bglC transcript than with thelF(NtDB)Syn-

bglC transcript. While RNA secondary structure may@aole in regulating the
accumulation of BgIC proteins, it is not clear fréinese secondary structure
predictions what that role might be. Further resle@n RNA secondary structures,
e.g., through X-ray crystallography experiment®bdlase protection assays, could be
merited in order to determine an accurate struaititbe mature monocistrons of
interest.

Because a HF(NtDB)Syn-Cel6A plant could not beeregated, it is not
possible at this point to compare the translatifiniency of the HF(NtDB)Syn and
LF(NtDB)Syn DB fusions to theel6A ORF. The relatively low accumulation of
LF(NtDB)Syn-Cel6A (0.04%TSP) is expected from aefficiently translated DB
fusion to thecel 6A ORF (Gray et al 2009a; Chapter 4). Speculativibly difficulties
in regenerating a HF(NtDB)Syn-Cel6A tobacco lineldaesult from extremely high-
level expression of HF(NtDB)Syn-Cel6A protein, aagschanges in ethylene
regulation through an unknown mechanism, but tiggothesis is unproven and
difficult to test in the absence of a HF(NtDB)Syel€A tobacco line. For this
hypothesis to be true, the accumulation of HF(Nt®B)-Cel6A protein would need

to be extremely high in order to cause the obselwwedates of shoot generation on
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RMOP/spectinomycin medium. Accumulation of TetQ&2ewas tolerated in
tobacco at up to 11%TSP (Gray et al 2009a). Fyrthe plastid protein production
machinery has been shown to tolerate foreign pr@ecumulation to over 30%TSP
in at least two cases with no observed phenotygedfsa et al 2001; Oey et al
2009a), though a slow-growth phenotype was obsemresh a foreign protein
accumulated to ~70%TSP (Oey et al 2009b). Spevalgtitranslation of the
HF(NtDB)Syn DB region when fused to thd 6A ORF could be extremely rapid,
causing misfolding of HF(NtDB)Syn-Cel6A proteintime plastid. These misfolded
proteins could be insoluble, interfering with nofrpkastid function. Expression of
HF(NtDB)Syn-Cel6A inE. coli did not cause any problems with cell growth (dait
shown).

The data presented here showing low level accuronlaf HF(NtDB)Syn-
BgIC protein (<<0.07%TSP), and moderate accumulatio_F(NtDB)Syn-BgIC
protein (0.6%TSP) suggest that the method of syt generation described here
is not suitable for at least some ORFs. Becauseiioinability to regenerate a
HF(NtDB)Syn-Cel6A tobacco line, it is not possilbedecisively conclude whether
the high- and low-frequency codon synthetic DBsedfective when fused to the
cel6A ORF, though it is likely that some aspect of HEJR}Syn-Cel6A expression is
responsible for the difficulties in plant regeneyat The HF(NtDB)Syn DB region
developed here may be successful for driving hegiellaccumulation of some as-yet-
untested proteins in transplastomic plants.

It is apparent that DB function is context-spegcifigth the results of a given
DB fusion depending on the identity of the ORF taah it is fused. This has been
observed with the TetC and NPTII DB regions, wheeeTetC DB region mediated
high-level Cel6A protein production in transplastortobacco, but only moderate

BgIC production, while the NPTII DB region mediateidh-level BglC protein
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production, but only moderate Cel6A production (Geaal 2009a; Chapter 3). Itis
likely that the DB region affects translation eigiccy through several different
mechanisms. Kudla et al (2009) suggest gh@amRNA secondary structure in the
DB region is a major determinant of GFP accumuthatiicE. coli, while codon usage
is a poor predictor of GFP accumulation. It i®likthat one mechanism of DB-
mediated translation stimulation (e.g., codon usageNA secondary structure) may
be of greater relative importance than another i@@sm in a specific context and
when expressing the protein of interest in theegyretl host. For GFP expressiorEin
coli, RNA secondary structure in the DB region apptatse of greater importance
than codon usage (Kudla et al 2009). RNA seconsiaugtures irk. coli and in
plastids should be very similar, to a first appmation. Codon usage in plastids and
in E. coli, on the other hand, is very different. If RNA gedary structure is the major
determinant of DB function for the expression @fiaen protein, then expression of
the ORF of interest i&. coli should be a good prediction method for determining
whether that construct will result in high foreigrotein yields in tobacco plastids. If
codon usage is the major determinant of DB functiben expression of that construct
in E. coli will not be a good indicator of expression levalsobacco plastids. Our
data on TetC-Cel6A, NPTII-Cel6A, and GFP-Cel6A egsion irE. coli suggests
thatE. coli DB-Cel6A expression is not a good predictor ofregpion levels in
transplastomic tobacco, as GFP-Cel6A was expresstadn E. coli, but accumulated
to low levels in transplastomic tobacco (data maiven and Gray et al 2009a). This
suggests that, although RNA secondary structurebaan important factor in
determining DB function, other mechanisms are jikelbe important as well.
Further experiments with DB regions fused to migtipRFs and in various

expression hosts to test parameters that may bertamp for DB function will result
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in a better understanding of the mechanism of laéinsal enhancement by the DB
region.
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APPENDIX

Supplementary Table 5.S1. Overall tobacco plastid CUFs (NtTot CUF) and Clis
the DB regions of highly expressed plastid gend®DBNCUF), expressed as number
of uses per 1,000 codons

Codon | NtTot CUF | NtDB CUF
ATT 39.2 61.5
GAA 39.6 53.8
AAT 36.5 46.2
TTT 34.2 46.2
TTA 31.0 38.5
ACT 20.0 30.8
AGC 5.4 30.8
ATA 24.4 30.8
CCA 12.1 30.8
CGT 12.3 30.8
GAT 31.5 30.8
GGA 27.1 30.8
GTA 21.4 30.8
TAT 27.3 30.8
TGG 17.2 30.8
TTG 22.1 30.8
ACA 15.1 23.1
ACC 10.0 23.1
CAA 26.0 23.1
CGA 14.3 23.1
GCA 15.6 23.1
GCT 25.9 23.1
GGT 23.3 23.1
GTT 20.1 23.1
AAA 37.4 15.4
AAG 14.5 15.4
ACG 5.4 154
CAT 16.8 154
GCC 9.8 15.4
TCA 15.0 154
TCG 8.0 15.4
TCT 22.1 15.4
TGT 8.0 15.4
AGA 175 7.7
AGG 6.8 7.7
CAG 9.0 7.7
CCG 5.6 7.7
CCT 17.1 7.7
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CGC 4.0 7.7
CTA 13.6 7.7
CTC 7.9 7.7
CTT 22.6 7.7
GAC 8.6 7.7
GAG 14.6 7.7
GGC 8.0 7.7
AAC 12.8 0.0
AGT 14.9 0.0
ATC 17.2 0.0
ATG 24.5 0.0
CAC 5.5 0.0
CCC 7.3 0.0
CGG 5.0 0.0
CTG 7.4 0.0
GCG 5.8 0.0
GGG 12.2 0.0
GTC 7.2 0.0
GTG 8.1 0.0
TAC 7.7 0.0
TCC 12.8 0.0
TGC 3.0 0.0
TTC 20.6 0.0
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Supplementary Table 5.S2. Primers used in this study

Primer Name

Seguence

HFSynBgIC- | CATATGECTAGCATAAATCCATATGTACGT TTTTGGGGACCAAATATTTTAACCTC
fwd GCAATCGACGACT

LFSynBgIC- | CATATGGCTAGCATCAACCCCTACGT CCGGTTCTGGGEEECCCAACATCCTGACCTC
fwd GCAATCGACGACT

BgIC-rev ATGCGGCCCCTATTCCTGTCCGAAGAT

HFSynCel6A-| CATATGECTAGCATAAATCCATATGTACGT TTTTGGGGACCAAATATTTTAAATGA
fwd TTCTCCGTTCTAC

LFSynCel6A- | CATATGECTAGCATCAACCCCTACGT CCGGT TCTGGGEEECCCAACATCCTGAATGA
fwd TTCTCCGTTCTAC

Cel6A-rev ATAGACTAGGCCAGGAT CGCGECCECT CAGCT GECEECGCAGGT

Aprobe-fwd ATAGTATCTTGTACCTGA

Aprobe-rev TAAAGCTTTGTATCGGCTA

BglCint-fwd TTCGTCCAGGACGGCGAC

CelbAint-fwd | GTAACGAGT GGTGCGACC
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Chapter 6: Extensive Homologous Recombination Between I ntroduced and

Native Regulatory Plastid DNA Elementsin Transplastomic Plants'

ABSTRACT

Homologous recombination within plastids directaspld genome transformation for
foreign gene expression and study of plastid ganetion. Though transgenes are
generally efficiently targeted to their desiredari®n site, unintended homologous
recombination events have been observed duringigtaansformation. To
understand the nature and abundance of these rewatioh events, we analyzed
transplastomic tobacco lines derived from thretediht plastid transformation
vectors utilizing two different loci for foreign ge insertion. Two unintended
recombinant plastid DNA species were formed froche&gulatory plastid DNA
element included in the transformation vector. 8ahthese recombinant DNA
species accumulated to as much as 10 to 60% aintloeint of the desired integrated
transgenic sequence in TO plants. Some of themit@ant DNA species undergo
further, “secondary” recombination events, resgliman even greater number of
recombinant plastid DNA species. The abundanec®weél recombinant DNA species
was higher in TO plants than in T1 progeny, indigathat the ancillary recombination
events described here may have the greatest irdpanog selection and regeneration
of transformants. A line of transplastomic tobaw@s identified containing an
antibiotic resistance gene unlinked from the ineghttansgene insertion as a result of
an unintended recombination event, indicating thathomologous recombination
events described here may hinder efficient recowéplastid transformants

containing the desired transgene.

! Gray BN, Ahner BA, Hanson MR (200%)ansgenic Res doi:10.1007/s11248-009-9246-3
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INTRODUCTION

Mapping of the plastid genome of most higher plaessilts in a monomeric circular
structure containing two inverted repeat (IR) regioca small single copy (SSC)
region, and a large single copy (LSC) region. ldigblant plastids typically contain
approximately 50-100 copies of their genome (LaleR006). Although much of this
DNA is found in its monomeric circular form, mangher forms of plastid DNA have
been observed. In tobacco chloroplasts, 45% stigl® NA molecules were found in
non-canonical conformations (i.e., linear molecut&sular multimers, and/or
irregular molecules containing uneven numbers afeiftons; Lilly et al. 2001).

Plastid DNA rearrangement via intermolecular recmation was described in
an early study in which two distinct arrangemeritthe bean plastid genome were
identified with the IR regions in reverse oriematwith respect to the LSC and SSC
regions (Palmer 1983). Later studies identifiesptl DNA deletions mediated by 7-
14 bp direct (Kawata et al. 1997) or indirect (Karat al. 1993) repeats. These and
other studies of wild-type plastid genomes haveat&ad multiple forms of the plastid
genome resulting from intermolecular recombinaaamng the many copies of
plastid DNA in a given plastid and/or from intraraollar recombination between the
IR regions of the plastid genome.

Transformation of the plastid genome relies onptlastid recombination
machinery to direct homologous recombination betwé&e plastid genome and a
transformation vector, typically in the form of ptaid DNA. Most plastid
transformation vectors contain an antibiotic resise gene for selection of
transformants and often a gene of interest to &eriad into the plastid genome.
These genes are flanked by 0.5-1.5 kb stretchpksfid DNA to direct homologous
recombination at the desired insertion site. Tgangs in transplastomic plants are

usually regulated by 50-300 bp plastid DNA elemegeatsg., promoters, 5’ untranslated
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regions (5’'UTRs), and 3'UTRs. At least one studg Bhown that recombination
efficiency is positively correlated with the lengthhomologous DNA sequence used
to direct recombination (Blowers et al. 1989).

Observations of recombination events in transphagt@lants have advanced
our understanding of plastid DNA recombination.e®hmort plastid regulatory
elements used in transformation vectors have bbseareed to direct unintended
recombination events between duplicated DNA seqgenEor example, DNA from a
line of transplastomic tobacco that could not biéuced to homoplasmy exhibited a
signal of unexpected size on a DNA blot hybridipeth anaadA-specific probe
(Svab and Maliga 1993). In this transplastomiatmo line, it was shown that
recombination had been mediated by the 40psbp 3'UTR used to regulate the
aadA transgene rather than by the downstream 1.2%kikifig sequence froaccD
intended to direct transgene insertion. This wmded recombination was
hypothesized to cause a large deletion, givingtdssn unstable transformed plastid
genome that remained heteroplasmic on selectiveumed

Homologous recombination events in the plastidsasfsplastomic plants
appear to be widespread. In another transplastmbacco line, a small circular
extrachromosomal element designated NICE1, whictatoed plastid DNA sequence
from thetrnl gene and resulted from recombination between ireperépeats in
direct orientation, was observed. This DNA spewias found in transplastomic, but
not in wild-type, tobacco plastids, despite thespree of the imperfect repeats in both
transplastomic and WT tobacco (Staub and Maliga).98 was concluded that the
process of plastid transformation somehow resultede formation of this
extrachromosomal element via homologous recomloindtetween these imperfect
repeats. A similar small circular extrachromososlament was observed by McCabe

et al. (2008) following a homologous recombinatement between the nativebcL
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and an introduced copy offcL in direct orientation. It was proposed that this
deleted region of DNA was circularized, resultingai21 kb molecule.

The tendency for homologous recombination to obeiween repeated DNA
elements in plastids was exploited by lamtham aag (2000) in a novel marker gene
removal technique. By introducing two copies @ramoter element in direct
orientation on either side of the marker gaadA, a ‘loop-out’ homologous
recombination event resulted in deletion of thekaagene. A conceptually similar
experiment exploited both tipsbA 5’UTR and thepsbA 3'UTR to generate
heteroplasmic knockouts of tipebA gene following transformation of the plastid
genome at the&nl/trnA locus in the IR region (Khan et al. 2007).

In a separate study, unintended recombinationsdsetlexP sites and the
psbA promoter (BsbA), betweerioxP sites and thepsl2 5’UTR, and between the
native ribosomal promoter {Fh) and an insertedrfh sequence regulating a transgene
were observed when plastid-targeted CRE recombinasestably expressed in
transplastomic tobacco containifoxP sites (Corneille et al. 2003). ThaxP/PpsbA
andloxP/rpsl2 5’'UTR recombination events were hypothesized tabdiated by
CRE recombinase due to the presence of imperfe&l I@RJing sites in PsbA and in
therpsl2 5’UTR, while Rrn recombination events were not likely to dependC&E
recombinase, instead resulting from the plastiomdgnation machinery but
apparently up-regulated by CRE-mediated recomlmnadvents.

The recombination events in transplastomic plaatcdbed above all resulted
from recombination between native and introducguilisory plastid DNA elements
in direct orientation, resulting in deletion of timervening DNA. Homologous
recombination between introduced and native copid$psbA in inverse orientations
with respect to each other have also been obséolleding transgene integration in

therpl33/rpl20 (Rogalski et al. 2006)rnG/trnfM, trnG/trnR (Rogalski et al. 2008a),
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andtrnStrnT (Rogalski et al. 2008b) loci, all in the LSC regiof the plastid genome.
The recombination events observed by Rogalski.¢2@06; 2008a; 2008b) resulted
in a reversed orientation for much of the LSC ragroDNA molecules where this
recombination occurred (i.e., between the natipgbA sequence and the transgene
insertion site). A similar “flip-flop” recombinain event between two imperfeatr®
copies introduced in opposite orientations witlpees to each other was observed in
transgenic tobacco lines engineered to expressadtdens from th&nG/trnfM

locus in the LSC region (McCabe et al. 2008; Zhoal €2008). In cases where
recombination occurs between two plastid DNA eletmé@ninverse orientation with
respect to each other, the intervening DNA is itagirwith no DNA sequence being
lost following recombination.

The prior observations of multiple forms of pladDlA in wild-type plants
formed by recombination among the multiple copiethe plastid genome present
within each plastid, the ability to generate trdasfpmic plantsia homologous
recombination, and the finding of extrachromosobidA elements and unintended
recombination events in transplastomic plants pmiran active recombination system
functioning in higher plant plastids and to a papioin of DNA in flux within the
plastid. We report here the identification andrgifecation of recombinant DNA
species in transplastomic tobacco resulting froeniteraction of regulatory plastid
DNA elements (promoters, 5’'UTRs, and 3'UTRs) imigenic plants with their
native counterparts. All predicted recombinanspthDNA species were observed in

transplastomic plants created from three diffepdastid transformation vectors.
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MATERIALSAND METHODS

Plant Material

Transplastomic tobacco seeds from plants expre§sR)(Reed et al. 2001), and
GFP-Cel6A or TetC-Cel6A (Gray et al. 2008) werenpga in Magenta boxes
(Magenta Corporation, Chicago, IL) containing $&ekS agar medium. TO-
generation 22XE2 transplastomic tobacco expressicig-Cel6A (Yu et al. 2007) was
maintained in a Magenta box (Magenta Corporatiomtaining sterile MS agar
medium. Unintended Recombination-1 (UR-1) tobages maintained on RMOP
agar medium containing 500 mg/L spectinomycin. pMdints were grown under

fluorescent lights with a 14 hour photoperiod.

DNA Isolation

Leaves were harvested from TO and from seed-growacto plants and immediately
flash-frozen in liquid nitrogen. DNA was extractasldescribed previously (Gray et
al. 2008). Purity of the DNA extraction was asshlgg measuring the

spectrophotometric absorbance at 260 nm and 280 nm.

PCR and DNA Sequencing
PCR reactions were carried out inj@0volumes using Taq Master Mix (Qiagen,
Valencia, CA) according to the manufacturer’s instions. PCR products were
visualized following electrophoresis in a 0.8% agargel containing ethidium
bromide.

PCR products were sequenced following either gefipation of the desired
band using a Qiaquick Gel Extraction Kit (Qiagenpomer removal using a

Qiaquick PCR Purification Kit (Qiagen) accordingthe manufacturer’s instructions.
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DNA sequencing was performed by the Cornell Unikgisfe Sciences Core

Laboratories Center (Cornell University, Ithaca, )NY

DNA Blots

DNA blotting was performed as described previo&yay et al. 2008). Briefly,
tobacco DNA waxhol, Hindlll/ Xhol, or BamHI/Xhol digested overnight, then
electrophoresed in a 1% agarose gel and transfer@éybond N+ nylon membrane
(Amersham Pharmacia, Piscataway, NJ) and probér$#tlabelled PCR products.
Probes were generated by the primer pairs Iprolaghinobe-rev {rnl), Cel6Aint-
fwd/Cel6A-TpsbA-rev ¢el6A), psbAprobe-fwd/psbAprobe-repgpA), and
aadAprobe-fwd/aadAprobe-reagdA; primer sequences are shown in Supplementary
Table 6.S1). Between each probing, the membrasestwipped in a boiling 0.1%
SDS solution to remove all isotope. DNA blots weisialized following exposure to
a Phosphorimager screen (Molecular Dynamics, Sualay€A). Contrast and
brightness of the scanned images were adjusted Biatoshop (Adobe, San Jose,
CA). Bands were quantified using Scion Image safer(Scion Corporation,

Frederick, MD).

RESULTS

Detection of recombinant DNA speciesin GFP-Cel6A plastids

In order to detect recombinant DNA species in tlastals of transplastomic plants,
DNA was extracted from WT and from TO GFP-Cel6A&doto plants (these plants
express theel6A ORF with a 14 amino acid fusion from GFP; Gragle2008) and
digested byxhol and Xhol/Hindlll for DNA blotting. In addition to the expecteuohl-
containing restriction fragments in WT and GFP-@effastid DNA, two other major

unexpectedrnl-containingXhol andXhol/Hindlll fragments were observed in GFP-
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Cel6A DNA (Figure 6.1a). These bands were notaatis of incomplete digestion, as
they were consistently observed even after verg bhigestion times with high
enzyme loading to ensure complete digestion. Asvehn Figures 6.1b and 6.1c,
respectivelycel 6A andpsbA probes also hybridized with multiple bands on A
blot. Hybridization with ael6A probe (Figure 6.1b) revealed the presence of the
same unexpectexhol and Xhol/Hindlll fragments observed in thenl-probed blot
(Figure 6.1a), suggesting that these DNA speciatagted both thérnl andcel6A
genes. ApsbA probe hybridized with plastid DNA fragments of #éngected size in
both GFP-Cel6A and in WT tobacco and also hybrdingh other unexpected GFP-
Cel6A DNA fragments (Figure 6.1c), as with the othebes. One DNA fragment
(6.9 kb and 4.3 kiXhol andXhol/HindIlI fragments, respectively) hybridized with all
three probes used for these DNA blots, suggestiagthis DNA species contained the
trnl, cel6A, andpsbA genes. This fragment was present at a concentratio
approximately half that dfnl (compare the 6.9 kb and 5.7 kb bands in Figure 6.1a
Xhol digests), and approximately equal to thapsdA (compare the 6.9 kb and 8.5 kb
bands in Figure 6.1xhol digests). ThesbA signal is expected to be half the
intensity of thetrnl andcel6A signals, as thpsbA gene is located in the LSC region of
the plastid genome, while tienl andcel6A genes are located in the duplicated IR
regions of the genome. DNA blots with three indefsntly transformed GFP-Cel6A
tobacco lines (Gray et al. 2008) revealed thabfalhese transplastomic plants
contained the minor plastid DNA species descrildeala in approximately equal
amounts (Gray et al. 2008 and data not shown).

Thetrnl probe hybridized with a faint band in GFP-Cel6Anttaof the same
size expected from WT plants followindpol digestion (Figure 6.1a); this band likely
derives from a small amount of plastid DNA transfdrto the nuclear and/or

mitochondrial genomes and does not indicate hel@soyy of the transformed plant
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(Ruf et al. 2000). Digestion of GFP-Cel6A DNA wihothXhol andHindlll resulted

in the loss of the apparent WT signatrinl-hybridized GFP-Cel6A DNA (Figure
6.1a). This suggests that an extraplastidic cdgnb is present in the tobacco
nuclear and/or mitochondrial genome that has teesiHindlll sites surrounding the
region of DNA used to synthesize ttnal probe, and that GFP-Cel6A tobacco is fully

transformed.

Characterization of the recombinant DNA species present in GFP-Cel6A
transplastomic plants
Because it was likely that the novel bands in GFEBE tobacco lines detected in
Figure 6.1 resulted from recombination events ntediay regulatory plastid DNA
elements included in plastid transformation ve¢tBIGR was performed to amplify
products predicted to result from recombinationnésenediated by thgsbA promoter
+ 5'UTR (PpsbA), psbA 3'UTR (TpsbA), andrpsl6 3'UTR (Trpsl6) in GFP-Cel6A
tobacco. Figure 6.2 shows the result of a reptatsea PCR reaction using primers
internal topsbA andaadA (psbAprobe-fwd/aadAint-rev) to amplify a 1.4 kb guat
between thesgenes. No detectable product was amplified fromtédbacco DNA.
The GFP-Cel6A PCR product was sequenced to conlfiait derived from
amplification of a region of DNA between thabA andaadA genes, witlpsbA
upstream ofadA as a result of recombination between the naisbd 3’'UTR
(TpsbA) and an introduced copy op3bA present in the transformation vectors (DNA
species B in Figure 6.3, described below).

PCR reactions similar to those shown in Figurevefe performed with GFP-
Cel6A DNA using primer combinations to amplify praxds of all the predicted
homologous recombinations between introduced atidengegulatory plastid DNA

elements (data not shown; primer combinations laogve in Supplementary Table
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Figure6.2 Screening GFP-Cel6A tobacco DNA for recombinant®Ddyecies by
PCR. A 1.4 kb product was PCR amplified from GF&63 tobacco that was
confirmed by sequencing to result from a recomlppma¢vent involving the
introduced and native copies gbsbA. No detectable product was amplified from
WT tobacco DNA. PCR reactions similar to the oheven were used to identify
further recombinant plastid DNA species formed bynblogous recombination
mediated by introduced copies of regulatory plaBiMA elements in GFP-Cel6A
tobacco.
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Figure 6.3 Schematic diagrams (not to scale) of the eight BidAcies identified in
GFP-Cel6A tobacco plastids. Species A is the DN\ species and was expected to
form following plastid transformation. Species Brésulted from recombination
events mediated by the plastid DNA element(s) id.b&mall arrows underneath
each schematic diagram show the locations of timegps used to amplify the given
species. Species H is the result of a secondaoyniination event (Figure 6.8).
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6.S2). In addition to the expected DNA specieslteg from transformation with the
vectors described in Gray et al. (2008) with ¢B®A andaadA genes inserted at the
trnl/trnA intergenic region (species A in Figure 6.3), seadditional DNA species
were amplified by PCR and confirmed by sequenciggch regulatory plastid DNA
element present in the transformation vector medi#te formation of two additional
DNA species (i.e., species B-G in Figure 6.3) wanblogous recombination with the
native plastid DNA element. DNA species H in Figér3 is the result of a secondary
recombination between species E and the napis 3'UTR, and is described in
further detail below. The sequences of the DNAcEsediagrammed in Figure 6.3
have been confirmed only in the region amplifiedAGR (primer binding sites are
shown as small arrows in Figure 6.3). The regftarking those actually sequenced
are included in Figure 6.3 as an aid to the readewing which DNA species are
expected to hybridize wittrnl, cel6A, and/ompsbA probes. Schematic diagrams of the
DNA species amplified by PCR were constructed Isypiasng that the DNA
sequences upstream (DNA species C, D, and G) onstosam (DNA species B, E,
and F) of the DNA element mediating homologous mdgzioation remained
unchanged from the transformation vector or thevaailastid DNA sequence. The
models of GFP-Cel6A DNA species D, E, F, G, andafjcammed in Figure 6.3 were
supported by detection of appropriately-sized retgtn fragments on DNA blots
(Figure 6.1, Figure 6.7, and data not shown).

To compare the relative abundance of the DNA spgatisgrammed in Figure
6.3 in TO GFP-Cel6A tobacco, the bands in Figutec®rresponding to DNA species
D and G were quantified (Table 6.1). Species B@naere not detected by DNA
blotting, presumably due to their low abundancevo; species E, F, and H are not

expected to hybridize with the probes used forlloés in Figure 6.1.
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Table6.1 Quantification of the recombinant DNA species thgeneration GFP-
Cel6A tobacco

Species Detected By Abundance (% of A)

A trnl, cel6A 100
B psbA ~0.0
C trnl, cel6A ~0.0
D trnl, cel6A, psbA 6214
E n/c n/d’
F n/c n/d’
G trnl, cel6A 13+2.7
H n/d n/d’

& Schematic diagrams of DNA species A-H are showFignire 6.3

P n/d, this species was not detected by the proses for these DNA blots
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Detection of recombinant DNA speciesin 22XE2 and MR220 tobacco lines
To determine whether the novel recombinant DNA ssedescribed above are
specific to GFP-Cel6A tobacco or whether they aneegally formed in transplastomic
plants, rbcL-Cel6A- and GFP-expressing transplagtdoibacco lines generated from
plastid transformation vectors distinct from thosed to generate GFP-Cel6A
tobacco were analyzed. The transformation vected s generate 22XE2 tobacco
was similar to that used to generate GFP-Cel6Adotawith theT. fusca cel 6A ORF
fused at its 5’ end to the first 14 codons friintabacum rbcL and inserted between
the plastidrnl andtrnA genes, but differed in the exact transgene insedi@, the
order of transgenes in the transformation vectad,ia some of the regulatory DNA
sequences (compare transformation vectors for GEIBAOn Figure 6.3 DNA species
A and 22XE2 in Figure 6.4 DNA species A). The P&Rplification and sequencing
strategy described above resulted in the identiinaof ten unexpected plastid DNA
species in TO 22XE2 tobacco (Yu et al. 2007; praneyed are shown in
Supplementary Table 6.S2). The ten additional BdgAcies shown in Figure 6.4
(species B through K) were formed by recombina@eents mediated by the five
plastid DNA elements in the 22XE2 transformatiootee. As with the DNA species
detected in GFP-Cel6A tobacco and diagrammed iar€i§.3, DNA sequence data
were obtained only in the regions between the premeealing sites depicted as small
arrows in Figure 6.4 and the remainder of the secgi&rom either the transformation
vector or from native plastid DNA was assumed toam unchanged. All the DNA
species depicted in Figure 6.4 were detected by, RERE2 DNA species C was also
detected by DNA blotting (Figure 6.7, describedgl

In the third transgenic line analyzed, a modifideR3)ene was inserted into
tobacco chloroplasts at theV/rpsl2 intergenic region instead of thenl/trnA

intergenic region (Reed et al. 2001), resultinthem MR220 line of transplastomic
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tobacco that differs considerably from the GFP-Bedd 22XE2 tobacco lines
described in Figures 6.1-6.4. Figure 6.5 showsetic diagrams of the main plastid
DNA species generated by plastid transformatioh wie MR220 transformation
vector (species A) and eight unintended plastid DdgAcies (species B-1) identified
by PCR amplification and sequencing in seed-groviR2RD tobacco. As in GFP-
Cel6A and 22XE2 tobacco, each plastid DNA elemeithe MR220 transformation
vector mediated the formation of two additionalspidh DNA species. The detection
of multiple DNA species in MR220 plants indicatbatt the recombination events
identified in GFP-Cel6A and 22XE2 tobacco were spcific to transformation of
thetrnl/trnA intergenic region or to transplastomic plants Hwtumulate Cel6A

fusion proteins. Sequence data were obtainedlmilyeen the primer annealing sites
depicted as small arrows in Figure 6.5; MR220 DYaaes G and H were also

detected by DNA blotting (Figure 6.7, describedgl

Unintended plastid transformation event mediated by regulatory plastid DNA

elementsin the transformation vector

Transplastomic plants are typically identified bR screening of antibiotic resistant
shoots growing on selective medium following bonabaent of seedlings with the
plastid transformation vector. Shoots lackingdiesired transgene sometimes arise
on selection medium and are usually interpretefdlas positive transformants
resulting from mutations that give rise to antilmoesistance (Svab and Maliga 1991).
The detection of unintended recombinant DNA speiciesable homoplasmic
transformants (i.e., in transplastomic plants withdetectable WT plastid genomes)
suggested that the regulatory elements presemastightransformation vectors, rather

than the plastid DNA sequence flanking the tranegea be inserted into the plastid
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Figure 6.5 Schematic diagrams (not to scale) of the nine DNécges identified in
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schematic diagram show the locations of the primasesl to amplify the given

species.

221



genome, could mediate homologous recombinatiomréztcthe integration of an
antibiotic resistance-encoding gene into an unegdocation in the plastid genome.
To test whether spectinomycin-resistant shoots slonwPCR screening to
lack thecel6A transgene and therefore identified as false pesitansformants might
actually have resulted from incorporation of thélaatic resistance gene in an
unintended location of the plastid genome, furfP€R analysis was performed.
Three spectinomycin-resistant shoots generated lieahpieces bombarded with the
vectors described by Gray et al. (2008) were aralyrith PCR primers internal to
theaadA gene. None of these shoots contained#®A gene, but one of these shoots
containedaadA and was therefore named Unexpected Recombinat{btri1)
tobacco. As shown in Figure 6.6a, PCR indicatatlaadA was present upstream of
thetrnA gene in UR-1, as would be expected following tfarmsation with the
vectors described by Gray et al. (2008) and dematest by the presence of a band
amplified from TetC-Cel6A tobacco (Figure 6.6a,d8). The TetC-Cel6A and GFP-
Cel6A tobacco lines each contained the same remylptastid DNA elements and
were transformed at the same locus with vectorsseluifferences occur only in the
cel6A ORF and do not affect homologous recombinatioh wagulatory plastid DNA
elements, as confirmed by DNA blotting and PCR ysialshowing that the same
recombinant DNA species were present in the satatvye amounts in GFP-Cel6A
and TetC-Cel6A tobacco (Gray et al. 2008 and dataimown). TetC-Cel6A DNA is
therefore equivalent to GFP-Cel6A with respectrimtended homologous
recombination events mediated by regulatory pld3hoh elements. A faint band in
Figure 6.6a, lane 1 is likely the result of a npedfic PCR reaction in WT tobacco
DNA. Conversely, Figure 6.6b shows that PCR ugpimigners internal to theel 6A
gene failed to amplify any product from UR-1. TP€R results depicted in Figures

6.6a and 6.6b suggested that a homologous recotidnirevent mediated by either
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Figure 6.6 Screening for recombinant DNA species by PCR.elBiWT; Lane 2, no
DNA; Lane 3, TetC-Cel6A; Lane 4, UR-1. (A) PCR Aad-fwd/trnAint-rev,
amplifying a 0.6 kb region between taadA andtrnA genes; (B) PCR Cel6Aint-
fwd/Cel6A-TpsbA-rev, amplifying a 0.5 kb region énhal to thecel 6A gene; (C) PCR
trnKint-fwd/aadAint-rev, amplifying a 0.5 kb regidretween thérnK andaadA
genes.
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PpsbA or TpsbA, located between theel 6A andaadA genes in the transformation
vector, may have occurred. Figure 6.6¢ shows P@Blification of a 450 bprnK-
aadA fragment in TetC-Cel6A and UR-1 tobacco. No detele PCR product was
amplified from WT tobacco DNA or from a negativentwl lacking any DNA
substrate; the positive signal in lane 3 is duthéopresence of species E (Figure 6.3)
in the TetC-Cel6A DNA sample. This indicated ttratk, normally located upstream
of psbA in the plastid genome, was located upstreaaadf in UR-1 tobacco.
Sequencing of the UR-1 PCR product shown in FiguBe confirmed that this was
species E from Figure 6.3, formed by recombinalietween the nativepsSbA
sequence and thg@$A sequence present in the transformation vector sd data
suggested that integration of th&dA gene into UR-1 tobacco was directed by
homologous recombination events mediated jigpbR andtrnA, located at the 5’ and
3’ ends of theaadA expression cassette, respectively, rather thahdtynl andtrnA
regions of DNA flanking theel 6A andaadA genes in the transformation vector

plasmid.

Characterization and quantification of recombinant species in MR220, TetC-Cel6A,
22XE2, and UR-1 DNA

The strategy of PCR amplification followed by seugiag of the PCR products
described above was useful for the identificatlmurt, not for the quantification, of
multiple DNA species in transplastomic tobacco fediby recombination between
native plastid DNA and plastid DNA elements in trensformation vectorln vivo
abundance of some of the DNA species contaiaauf\ identified via PCR in
MR220, TetC-Cel6A, 22XE2 and UR-1 tobacco was aeieed by a DNA blot of
Xhol/BamHI-digested DNA (Figure 6.7). Equal loading of DBIA in Figure 6.7 was
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Figure 6.7 Screening for recombinant DNA species contaiiadA on DNA blots

of BamHI/Xhol digested WT, MR220, TetC-Cel6A, 22XE2, and URshacco DNA.
The blot was hybridized with aaadA-specific probe. Minor DNA species formed by
recombination events with plastid DNA elementsrasgked by asterisks (*). UR-1
Plastid DNA species H (Figure 6.3), formed fromeaandary recombination event, is
marked by two asterisks (**).
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confirmed by visualizing the ethidium bromide-stdragarose gel used for
electrophoresis (data not shown).

In addition to the expectezhdA-containing bands found in MR220, TetC-
Cel6A, and 22XE2 transplastomic tobacco lines, d\Vess abundant bands were
observed but as with GFP-Cel6A not all predictedAX¥pecies were present at
detectable levels. The sizes of observed bands egrsistent with the predicted
Xhol/BamHI fragment sizes produced by the DNA species deg@im Figures 6.3-6.5.
In MR220 tobacco, species G and H (6.8 and 1.7ddmectively) were both found at
2% of the abundance of species A (3.8 kb) whernpasias C and | (4.6 and 5.9 kb,
respectively) were not detected. In TetC-Cel6Aatmw, species E (4.6 kb) was
detected at an abundance of 7% of species A (5;&gbcies B, G, and H (6.0, 5.3,
and 4.2 kb, respectively) were not detected. ME2tobacco, DNA species C (1.9
kb) was detected at 3% of species A (1.5 kb); gbi |, and J produced
Xhol/BamHI fragments whose sizes were equivalent to that mextiby species A and
therefore could not be distinguished on this blot.

Notably, species G could not be detected by DNAtibig in TetC-Cel6A
tobacco grown from seed, while this species wasgnteat 13 + 3% of species A in
TO GFP-Cel6A tobacco (Table 6.1). This result caties that the minor plastid DNA
species formed via recombination with regulatogspti DNA elements in the
transformation vector are more abundant in théainitansformant (i.e., in the TO
plant) than in progeny plants. A drastic reduciiothe concentration of several
unintended DNA species in GFP-Cel6A/TetC-Cel6A tmoabetween the TO and T1
generations was observed (Supplementary Figurea@®Bd data not shown). The
vivo abundance of recombinant DNA species also shovebeba positive correlation
with the size of the regulatory plastid DNA eleneentediating their creation by

homologous recombination in both GFP-Cel6A/TetCeéBehnd MR220 tobacco lines
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(Supplementary Figure 6.S1; promoter and UTR sazeshown in Supplementary
Table 6.S3).

Figure 6.7 shows that the magadA-containing band detected Xinol/BamH|I
digested TO UR-1 DNA was found at 4.6 kb, consistéth species E in GFP-
Cel6A/TetC-Cel6A tobacco (Figure 6.3). Surprisingl second band at
approximately 4.2 kb was detected in UR-1 tobabeb was not observed in TetC-
Cel6A tobacco DNA. This species was subsequeddgtified by PCR amplification

and sequencing as described below.

Secondary recombination events

The 4.2 kbBamHI/Xhol fragment observed in UR-1 tobacco DNA could refoim
recombination between species E (Figure 6.3), wapgears to be the maaadA-
containing species in UR-1 tobacco, and the napsé 3'UTR (Trpsl6).
Theoretically, a secondary recombination event betwspecies G (Figure 6.3) and
the native BsbA could also result in the formation of specieshéugh this is
unlikely because species E is far more abundantgpacies G in UR-1 tobacco as
determined by DNA blotting, where species G coutibe detected. Figure 6.8a
shows a schematic diagram of the hypothesized reic@ation, along with th&amH|
sites in theérnK gene that would produce a 4.2 kb fragment fromgpecies. PCR
was performed using primers trnKint-fwd/trnKint-revamplify a 1.9 kb fragment
from both UR-1 and TetC-Cel6A tobacco that waspresent in WT tobacco (Figure
6.8b). The 1.9 kb PCR products amplified from UBRAH TetC-Cel6A tobacco were
purified and sequenced, confirming the presendbehypothesized DNA species
(species H in Figure 6.3). Although this DNA smscivas detected by PCR and
sequencing in both UR-1 and TetC-Cel6A tobaccooutid be detected by DNA
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Figure 6.8 Characterization of the secondary recombinati@negiving rise to the
4.2 kbaadA-containingBamHI fragment observed in UR-1 tobacco (Figure 6(A)
Schematic diagram of the proposed recombinationtdeading to the formation of
this DNA species (species H in Figure 6.3), alonity the location of th®&amHI sites
in thetrnK gene resulting in the 4.2 kb fragment observedgure 6.7; (B) PCR
reaction with primers trnKint-fwd/trnKint-rev and WUR-1, and TetC-Cel6A
tobacco DNA. A 1.9 kb product was PCR amplifieshirUR-1 and TetC-Cel6A
tobacco DNA that was sequenced to confirm the pisef the DNA species
depicted in Figure 6.8a.
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blotting only in UR-1 tobacco, indicating a greaadundance of this DNA species in
UR-1 tobacco than in TetC-Cel6A tobacco.

The ability to detect species H (Figure 6.3) inC~€el6A tobacco by PCR
and sequencing suggests that other secondary rétaioh events may occur and
accumulate to very low levels in GFP-Cel6A, Tetd82e and presumably 22XE2,
MR220, and other transplastomic tobacco lines. B@Rlification of these other

hypothesized “secondary recombination” DNA spewias not attempted.

DISCUSSION

Plastid genomes in higher plants are known to gadervivo homologous
recombination in both wild-type and transplastoplents. Reflecting their bacterial
origin, plastids have maintained the RecA-mediasedmbination system, with a
plastid-targeted homolog to tle coli recA gene identified irArabidopsis thaliana
(Cerutti et al. 1992) and @hlamydomonas reinhardtii (Nakazato et al. 2003).
Homologous recombination is responsible for plaggdome rearrangements and
deletions (e.g., Kawata et al. 1997) and has heetigated in the evolution dfnF
pseudogenes iArabidopsis lyrata (Ansell et al. 2007). Intermolecular recombinatio
in plastids can remove deleterious mutations angllmeaesponsible for the lower
mutation rate in plastid genomes than in plant@arcgenomes (Khakhlova and Bock
2006). Homologous recombination is required fasptd DNA repair (Odom et al.
2008). Intermolecular recombination events amdegnultiple copies of the plastid
genome and/or intramolecular recombination eveetaéen inverted repeat regions
may be responsible for the many forms of the plagginome observed by fiber-FISH
analysis (Lilly et al. 2001). Homologous recomitioa is the mechanism that allows

for integration of transgenes into the plastid geaqStaub and Maliga 1992).
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Plastid DNA (e.g., plastid promoters, 5’UTRs, &dTRS) is often
incorporated into plastid transformation vectonsgene regulation. In all lines of
transplastomic tobacco tested here, each plastiél EIBiment incorporated into the
plastid transformation vector mediated the creatibat least two unintended DNA
species in transformed plastids. As the Cel6A-@R&-expressing transplastomic
tobacco lines tested here were phenotypically tmdjaishable from WT tobacco, it is
unclear whether these plastid DNA species playmygiological role in the plant.
Corneille et al. (2003) also observed multiple termaed recombination events in
transgenic plastids following CRIEx recombination. In this case, the DNA species
formed following these recombination events werealserved in plants grown from
seed. This is consistent with the decrease intemded DNA species in
transplastomic tobacco grown from seed relativeGglants observed here.
Intentional recombination events such as thoseraoguduring plastid transformation
or CRE4{ox removal of a marker gene may promote further rdsoation events in
the plastid. The decrease in the abundance of th@atended DNA species in seed-
grown plants suggests that the physiological effe€the unintended recombination
events described here, if any, would tend to deer@asubsequent generations.

PCR-based recombination (Bradley and Hillis 198f)not be completely
ruled out in the amplification of some of the DNpesies diagrammed in Figures 6.3-
6.5. In this case, a given promoter or UTR elencentd act as a primer for PCR
amplification as in overlap extension PCR (Ho etl8B9). Many of the DNA species
diagrammed in Figures 6.3-6.5 were also detecteldNb blotting, however, in the
absence of any DNA amplification step. PCR-basedmbination of DNA species
cannot be ruled out but the supporting evidenceigea by the DNA blots argues

against this mechanism as a primary explanatiothobserved results.
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In addition to the potential for either ‘loop-owat ‘flip-flop’ recombination
mediated by homologous DNA sequences in direat\arse orientation, respectively,
on a given DNA molecule, recombination can occuwken homologous sequences
on two separate DNA molecules, resulting in thetoa of multimeric plastid
genomes through a process similar to bacteriahpthsointegrate formation
(Peterson et al. 1982). Cointegrates have beemadxss previously in plastids (Staub
and Maliga 1994, 1995; Klaus et al. 2004). Expents using the fiber-FISH
technique with isolated chloroplast DNA (Lilly dt 2001) detected multimeric
plastid genomes that may have formed via homologec@mbination among the
multiple copies of the plastid genome. Similaremments using plastid DNA
isolated from transplastomic plants could revealdize and structure of transgene-
containing plastid DNA, and could potentially aleweal the presence of novel
recombinant DNA species not detected in this stuelyrther study of the structure of
the DNA molecules formed from the homologous recimiaion events described
here will help to elucidate the recombination mexs@ms (i.e., ‘flip-flop’ vs. ‘loop-
out’ and intermolecular vs. intramolecular reconatbion).

Spectinomycin-resistant shoots not containingréwesgene of interest can
arise from ribosomal point mutations and, as weetshown here, from unintended
homologous recombination events (e.g, UR-1). Rlasinsformation vectors are
typically designed so that the antibiotic resiseagene and the gene of interest are
linked. The UR-1 line of tobacco described hengeaps to have been formed from
two recombination events; one mediated bytthA flanking DNA, located
downstream oéadA in the transformation vector and included for ghispose, and
the other mediated bypBbA, located betweeaadA and the gene of interest in the
transformation vector. The antibiotic resistaneaais thus decoupled from the gene

of interest. Thorough characterization of transtamic plants is clearly necessary to
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avoid further analysis of transgenic plants lackehtproplast genomes with the
desired transgene configuration.

The data described here suggest that the use whteq plastid DNA
elements should be minimized in plastid transforomatectors in order to avoid this
phenomenon and to promote the recovery of the de@plastid transformant.
Unintentional recombination events could be redunedsing the smallest possible
plastid DNA elements in transformation vectors. cbmpletely avoid unintended
recombination events mediated by regulatory pld3h elements, plastid vectors
can be designed with regulatory DNA sequences fsbages (e.g., the T7g10
5'UTR), bacteria (Newell et al. 2003), and/or mhioadria (Bohne et al. 2007)
lacking significant similarity to plastid DNA sequees. The use of read-through
transcription for transgenes rather than inclusiba plastid promoter element (Gray
et al. 2008; Chakrabarti et al. 2006) also decretds=number of plastid DNA
elements available to mediate unintended recombimatvents. Alternatively, plastid
transformation vectors can be designed with a Dmpter in conjunction with a
plastid-targeted, nuclear-encoded T7 RNA polyme(&ksBride et al. 1994) or with a
eubacterial promoter in conjunction with a plagadgeted, nuclear-encoded sigma
factor (Buhot et al. 2006).

Because all regulatory plastid DNA elements irtralhsplastomic lines tested
mediated two homologous recombination events tleaewetectable by PCR, though
not always by DNA blotting, it is proposed that@dnsplastomic plants contain a low
level of unintended plastid DNA species. Thisupported by the many observations
of unintended DNA species in transplastomic tobdicas transformed at multiple
different loci and with multiple transgenes (eSvab and Maliga 1993; Staub and
Maliga 1994; Corneille et al. 2003; Rogalski et2§106, 2008a, 2008b; McCabe et al.

2008; Zhou et al. 2008). This suggests that tlastpmic plants are more accurately
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described as ‘fully transformed’ rather than ‘horagmic’ to indicate that no WT
plastome copies remain, though a non-homogenossigIaNA population is likely
to exist in all transplastomic tobacco lines camtag regulatory plastid DNA
elements.

The results presented here document the effeets attive plastid
recombination system that serves to maintain amertbat is both relatively static at
the nucleotide level (i.e., a low mutation ratextek to that of the nucleus) due to
gene conversion that depends on intermoleculambowtion among plastid DNA
molecules (Khakhlova and Bock 2006) and relativieyible at the macromolecular
level (Lilly et al. 2001 and this report). Our dandicates that the design of plastid
transformation vectors can be improved by the disegulatory DNA elements not

derived from plastid DNA sequences.
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APPENDIX

Supplementary Table 6.S1. Primers used in this study.

Primer Name

Primer Sequence

Iprobe-fwd CACAGGTTTAGCAATGGG
Iprobe-rev GAAGTAGTCAGATGCTTC
Aprobe-fwd ATAGTATCTTGTACCTGA
Aprobe-rev TAAAGCTTTGTATCGGCTA
psbAprobe-fwd GAGACGCGAAAGCGAAAG
psbAprobe-rev AGTACCAGAGATTCCTAG
Cel6Aint-fwd GTAACGAGTGGTGCGACC

Cel6A-TpsbA-rev

ATAGACT AGGCCAGGAT CGCGGECCGCT CAGCT GGCGGECGECAGGT

GFPprobe-fwd

TTCAAAAGGTGAAGAATT

GFPprobe-rev TCTTCGATATTATGICTG
aadAprobe-fwd CGTGAAGCGGTTATCGCC
aadAprobe-rev GTCCAAGATAAGCCTGTC
aadAint-rev GCCAACTACCTCTGATAG
aadAint-fwd ACGCTATGGAACTCGCCG
trnAint-rev TCAGGTACAAGATACTAT
trnKint-fwd AATCAACTGAGTATTCAA
trnKint-rev AAAGAGACTAGCCGCACT
trnlint-fwd CTGGGGT GACGGAGGGAT
Cel6Aint-rev TGCTGTGGTTGCCGCAGT
Cel6Aint-fwd2 ACAACGGAACGCTCTCCC
trnHint-rev AGTCTATGTAAGTAAAAT
trnKint-fwd TTATCAGATTCTGATATTAT
rps16int-fwd GAGCCGTCTATCGAATCG
16sint-rev ATGTGTTAAGCATGCCGC
trnVint-fwd CAGTTCGAGCCTGATTAT
accDint-rev ATACAATAGATGAATAGT
rbcLint-fwd CATGGTATCCACTTCCGG
rbcLint-rev TAAGTCAATTTGTACTCT
atpBint-rev AGAACCAGAAGTAGTAGG
GFPint-rev TAATTTACCATATGTAGCA
trnVint-rev ACACTCTACCGCTGAGTT
GFPint-fwd ATCATTACTTAAGTACAC
TGGCAATGTAGT TGGACT

rpsl2int-rev
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Supplementary Table 6.S2. Primer pairs used for PCR amplification of plasdNA

species
Species| DB-Cel6A primers| 22XE2 primers | MR220 primers

A n/a n/a n/a

B psbAprobe- trnlint-fwd/ psbAprobe-
fwd/aadAint-rev psbAprobe-rev | rev/IGFPint-rev

C Cel6Aint- trnKint- aadAint-
fwd2/trnHint-rev fwd/aadAint-rev | rev/trnKint-fwd
(small product)

D Cel6Aint- aadAint- trnVint-
fwd2/trnHint-rev fwd/16sint-rev rev/psbAprobe-
(large product) fwd

E trnKint- trnVint- GFPint-
fwd/aadAint-rev fwd/Cel6Aint-rev | fwd/trnKint-rev

F Rps16int- Cel6Aint- rpsl6int-
fwd/trnAint-rev fwd2/accDint-rev | fwd/rps12int-rev

G aadAint- rbcLint- trnHint-
fwd/trnKint-rev fwd/trnAint-rev rev/aadAint-fwd

H trnKint- psbAprobe- GFPint-
fwd/trnKint-rev fwd/Cel6Aint-rev | rev/aadAint-fwd

I aadAint- aadAint-

fwd/trnHint-rev rev/16sint-rev
J aadAint-
fwd/rbcLint-rev
K atpBint-

rev/Cel6Aint-rev
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Supplementary Table 6.S3. Sizes (in bp) of plastid DNA elements in transfotioma
vectors

DNA element DB-Cel6A 22XE2 MR220

PpsbA 226 170 78
TpsbA 92 104 189
Trpsl6 158 149
Prrn 97 103
rbcL 5’UTR + DB 97
TrbcL 149
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Supplementary Figure 6.S1 Abundance of several plastid DNA species (relative
species A, the DNA species expected to be formkalifing plastid transformation)
as a function of the size of the plastid DNA eletrgaiving rise to that species. (A)
GFP-Cel6A/TetC-Cel6A tobacco, showing DNA speciesralance in both TO (filled
squares) and T1 (open squares) generations; (B)2BRibacco.
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Chapter 7: Conclusions

The goals of my thesis work were to express the T. fusca Cel6A and BgIC proteinsat a
high level in tobacco chloroplasts, and to elucidate the mechanism of downstream box
(DB) function. High-level production of both Cel6A and BglC proteins was achieved,
and some progress was made toward understanding the mode of action of the DB
region, though further questions remain as to the mechanism of DB function.

The experiments described here demonstrate that changes in the DB region of
an ORF of interest can mediate order of magnitude changesin protein (i.e., Cel6A and
BglC) accumulation when expressed from the tobacco plastid genome. Both non-
silent (Chapters 2 and 3) and silent (Chapters 4 and 5) mutations in the DB region
were found to cause large changes in foreign protein accumulation. In addition to
affecting protein accumulation, non-silent changes to the DB region fused to the cel 6A
ORF were shown to affect the accumulation of monocistronic cel 6A transcript
(Chapter 2). Neither silent (Chapter 5) nor non-silent (Chapter 3) changesto the DB
region fused to the bglC ORF affected transcript levels as judged by RNA blotting,
though a close examination of the monocistronic transcripts reveaed partial
degradation of the RNAs (Chapter 3). It appears that the changes in transcript
abundance are not the primary cause of the differences in protein accumulation among
the various DB-Cel6A and DB-BgIC proteins tested, but that RNA degradation isan
effect of altered translation efficiency (Chapters 3 and 4).

It was hypothesized that a given DB region would be useful for enhancing
foreign protein accumulation for anumber of different proteins. This hypothesis was
tested by fusing the TetC, NPTII, and GFP DB regions to both the cel 6A and bglC
ORFs (Chapters 2 and 3). Surprisingly, the TetC DB region was the most effective
DB region for high-level Cel6A production from the plastid genome, while the NPTII
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DB region was more effective than the TetC DB region for high-level BgIC
production. It isnot immediately apparent why these differences exist. It was
hypothesized that RNA secondary structure differences could partially explain why
one DB region worked best with cel 6A, while another DB region worked best with
bglC, but secondary structure predictions did not show any obvious differences among
the tetC-cel 6A, nptll-cel6A, tetC-bglC, and nptll-bgl C transcripts that could readily
explain the observed differences in protein accumulation (data not shown). This
remains an open question that will require further testing to explain.

The use of DB regions to enhance foreign protein production in transplastomic
plants thus far hasinvolved empirical trial-and-error testing of DB regions. One
strategy for this type of testing is to choose the DB region of a gene that has been
expressed effectively from the plastid genome (e.g., TetC, NPTII, or GFP; Chapters 2
and 3), and then fuse that DB region to the ORF of interest. A less empirical method
of testing DB fusionsis desirable. It was hypothesized that codon usage in the DB
region could partially explain the differences in protein accumul ation when various
DB regions are fused to ORFs of interest. DB regions with silent mutations were
therefore constructed and fused to the cel 6A (Chapters 4 and 5) and bglC (Chapter 5)
ORFs. By altering the codon usage of the GFP DB region to more closely match the
codon usage in the DB regions of highly expressed plastid genes, GFP-Cel6A protein
accumulation in transplastomic tobacco was increased 30-fold. Thistype of DB
optimization (i.e., using codons preferred by the DB region as opposed to the genome
as awhole) was also shown to be effective in E. coli, suggesting that DB codon usage
could be amajor determinant of DB function (Chapter 4). Synthetic DB regions were
constructed from codons that are preferred (HF[NtDB]Syn DBs) or avoided
(LF[NtDB]Syn DBs) in the DB regions of highly expressed plastid genes. These DB
regions were fused to the cel 6A and bglC ORFs. Surprisingly, the LF(NtDB)Syn DB

244



region mediated higher accumulation of BglC protein than the HF(NtDB)Syn DB
region, though BglC protein accumulation was modest (Chapter 5). The
LF(NtDB)Syn DB region mediated modest accumulation of Cel6A protein, but a
tobacco transformant containing the HF(NtDB)Syn-cel 6A ORF could not be obtained
(Chapter 5). It is hypothesized that this may be due to extremely high level production
of HF(NtDB)Syn-Cel6A protein, hindering the recovery of atobacco transformant.

From the data obtained, it is proposed that codon usage in the DB region of the
cel 6A ORF may be an important determinant of Cel6A protein accumulation in
transplastomic tobacco. For BglC expression, DB codon usage does not appear to be
as important a determinant of protein accumulation (Figure 7.1). A comparison of
Cel6A and BgIC protein accumulation (Chapters 2-5) as a function of the median
NtDB CUF of the DB region fused to the cel 6A or bglC ORF shows that the highest
Cel6A accumulation (i.e., TetC-Cel6A) resulted from the DB region with the highest
median NtDB CUF tested. In contrast, the highest BglC accumulation achieved (i.e.,
NPTI1-BgIC) did not result from the DB region with the highest median NtDB CUF.
The two DB regions with the highest NtDB CUFs (i.e., the TetC and HF[NtDB] Syn
DB regions) tested resulted in only moderate accumulation of BgIC protein. While the
reasons for the observed differences are unknown, it appears that increasing the NtDB
CUF of the DB region fused to some ORFs (e.g., the cel6A ORF) can have a beneficia
effect on protein accumulation. The CUF of the DB region of interest cannot fully
explain the observed differences in protein accumulation, however, as demonstrated
by the lack of a correlation between NtDB CUF in the DB region and BgIC protein
accumulation. Some other aspect of the DB region, possibly including RNA
secondary structure or codon pair usage, is likely to also be important in determining
the effect of a DB fusion to the ORF of interest. Speculatively, folding of the N-

terminal region of the BglC protein could require aless efficiently translated DB
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Figure 7.1: Cel6A and BgIC protein accumulation in transplastomic tobacco as a
function of median N. tabacum plastid (NtDB) CUF of the DB region fused to the
cel6A or bglC ORF.
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region. By including codons that are often avoided by the DB regions of highly
expressed genes, transation of the DB region could be slowed, alowing for proper
folding of the BgIC protein. Folding of the N-terminal region of the Cel6A protein
could be more efficient than folding of the BglC N-terminal region, allowing for
efficient production of Cel6A protein from DB regions that are translated very
efficiently.

Further experiments in transplastomic tobacco and in bacterial systems (e.g., in
E. coli) will help to elucidate the mechanism of DB function, allowing for less
empirical use of DB fusions. From the experiments described here, it can be
concluded that the codon usage frequency of the DB region can partially explain the
effects of DB fusionsto at |east some ORFs. The CUF of the DB regions of highly
expressed genesin the foreign protein expression host of choice appears to be more

important than the CUF of the genome as a whole (Chapter 4).
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Appendix: Tobacco Chloroplast Transformation

Seed Sterilization (all procedures should be done in the sterile hood)

1. In an eppendorf tube, wash seeds in 1 mL of 1009¢Hbr 2 minutes while
constantly mixing.

2. Pipette off the ethanol using a P-200 pipetteRid 000 tips will pick up the
tobacco seeds).

3. Wash seeds in 1 mL of 10% (v/v) bleach solutionliferminutes while constantly
mixing.

4. Pipette off the bleach solution with P-200 tip.

5. Wash the seeds four times in 1 mL of sterile gldH

6. Resuspend in 0.6 mL of sterile dglBiand dump it in the lid of a petri dish (this
makes it easier to pick up the seeds with forceps).

7. Immediately plate 20-25 seeds per plate (Figurg ginlan shallow MS-agar plate
(do not store the sterilized seeds), wrap the plasi@arafiim, and transfer the

plates to the growth room.

Bombardment

1. Grow a 100-mLE. coli culture containing the DNA to be bombarded. Preplae
DNA by a 100-mL midiprep, then check the OD260/28d dilute to 1 mg/mL
and coat 0.eum gold beads with the DNA.

2. Once the tobacco seedlings have grown for apprdeignawo weeks and the first
true leaves are visible (approx. 2 mm), they aaglye¢o be bombarded (Figure
A.2).

3. Start bombardment with the plate in the secondstiw the screen (Figure A.3)

and adjust position for next shots, one slot higitdower. If the plate is too close
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Figure A.1l: Tobacco seedlings on non-selective MS agar mediated at a
spacing and location appropriate for bombardment.
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Figure A.2: Tobacco seedlings ready for bombardment, with edtyhs and the
first pair of true leaves visible.
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Figure A.3: hotograph of the gene gun, showing the first, sgcand third
positions that can be used for bombardment.
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to the screen, the gold beads will only bombardhiwita small radius at the center
of the plate and could blow the leaves off the stemhthe plate is too far from the
screen, however, the beads may not be moving quesidugh to penetrate the
leaves.

a. In my hands, using the short tissue culture plakesfirst slot below
the screen seems to give good penetration of gwesewithout
destroying the plants. The plants in the very &eat the plate are
destroyed (leaves turn brown within a few daysj},jbst outside from
the center, the plants are not too badly injur€de tall tissue culture
plates do not fit in the first position.

4. Once the plates have been bombarded, wrap thes pheparafilm and allow the
plants to grow for 2-3 days in the growth room befwansferring to selective

medium.

Transfer of Leavesto Selective Medium

1. The leaves should be cut in half with a flame-8#&d sharp scalpel in the sterile
hood. If the scalpel is too dull, the leaves Wwdl damaged in this process. A
sterile tissue culture plate can be used as angutioard’ to cut the leaves, and
should be replaced occasionally to avoid contananatThe leaves need to be cut
in order to take up nutrients from the RMOP medium.

2. All leaves from the bombarded plates should besfeared to RMOP medium
containing spectinomycin at 5@@/mL. It is not critical which side of the leaf is
facing up (Figure A.4).

3. Wrap the RMOP plates in parafilm and transfer tlaéeg to the growth room for

3-8 weeks until potential transformants can betified and genotyped.
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Figure A.4: Bombarded leaf piecehat he been cut and enaedfto selective
RMOP medium containing spectinomycin.
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