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Abstract

Critical molecular and cellular biological factors impacting design of licensable DNA vaccine vectors
that combine high yield and integrity during bacterial production with increased expression in
mammalian cells are reviewed. Food and Drug Administration (FDA), World Health Organization
(WHO) and European Medical Agencies (EMEA) regulatory guidance’s are discussed, as they relate
to vector design and plasmid fermentation. While all new vectors will require extensive preclinical
testing to validate safety and performance prior to clinical use, regulatory testing burden for follow-
on products can be reduced by combining carefully designed synthetic genes with existing validated
vector backbones. A flowchart for creation of new synthetic genes, combining rationale design with
bioinformatics, is presented. The biology of plasmid replication is reviewed, and process engineering
strategies that reduce metabolic burden discussed. Utilizing recently developed low metabolic burden
seed stock and fermentation strategies, optimized vectors can now be manufactured in high yields
exceeding 2 g/L, with specific plasmid yields of 5% total dry cell weight.
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1. Introduction

Plasmid DNA is a new generation biotechnology product (gene medicines and DNA vaccines)
that is just beginning to enter the marketplace. Plasmid DNA vectors may find application as
preventive or therapeutic DNA vaccines for viral, bacterial, or parasitic diseases or for other
indications such as cancer, or gene therapy products. Four DNA plasmid products are currently
licenced for veterinary applications. This includes two infectious disease vaccines for West
Nile virus in horses (Ft Dodge Animal Health) and infectious haematopoietic necrosis virus in
salmon (Novartis). As well, a melanoma cancer vaccine for dogs (Merial) and a growth
hormone releasing factor therapy for pigs (VGX Animal Health) are approved. Numerous
human plasmid products are in the pipeline. In a recent review, 72 Phase I, 20 Phase Il and 2
phase 111 human DNA vaccine clinical trials were identified (Kutzler and Weiner, 2008).

The vectors utilized in these ongoing trials often utilize generic CMV promoter containing
vectors such as derivatives of the Vical VR1012 vector (Hartikka et al., 1996). However,
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immunogenicity with such vectors in humans and large animals is generally low. Indeed, the
approved veterinary vaccines cited above are with highly immunogenic target antigens. While
improved expression is often not critical to vaccine performance in murine models, increased
expression correlates with improved immunogenicity in large animals and humans (Kutzler
and Weiner, 2008). For general application to large animals with a range of antigens, target
gene expression needs to be increased. As well, most vectors such as VR1012 and pVAX1
(Invitrogen, Carlsbad, CA) have not been optimized for production yield. Poor production yield
can impose significant additional cost post licensure. As reviewed herein, improved vector
design will be critical to ensure safety, efficacy and cost effective manufacture of these new
generation vaccines.

The production and application of plasmid DNA involves four general stages (Figure 1). First,
plasmid encoding a gene of interest is transformed into a bacterial cell, typically Escherichia
coli (E. coli), propagated to make master and working cell banks, and further propagated in a
bioreactor to make production cells that contain high yields of the plasmid (Stage 1). Second,
the production cells are lysed, plasmid DNA purified utilizing one of a plurality of purification
methods (reviewed in Shamlou, 2003,Carnes and Williams, 2007,Prather et al., 2003) and
formulated for delivery (Stage 2). Third, plasmid is delivered to a eukaryotic cell, again using
one of a plurality of delivery methods (Stage 3; reviewed in Kutzler and Weiner, 2008). Finally,
in Stage 4, the gene of interest is expressed, while the vector backbone stimulates innate
immune responses through unmethylated CpG or 5-methyladenosine GATC sequences, or
general B DNA mediated Type 1 interferon activation (reviewed in Takeshita and Ishii,
2008;Wagner, 2008).

Stages 2 and 3 are surprisingly generic. For the most part, a single purification process,
formulation or delivery method can be applied, without modification, to new unrelated vectors.
While smaller vectors are more potent than large vectors (Bloquel et al., 2004), and some
purification steps, such as ion exchange membrane separation, do not perform well with large
plasmids, this is a generic effect, and is not sequence specific.

By contrast, Stages 1 and 4 are very sensitive to vector changes. DNA vaccine plasmids contain
functional elements that afford propagation (replication origin) and selection (e.g. antibiotic
resistance) in a bacterial host organism and elements that drive high level expression in the
eukaryotic host (expression cassette comprising eukaryotic enhancer, promoter, terminator/
polyadenylation signal; Figure2A ) and activate innate immunity. These components must be
carefully arranged, since slight modification of a vector to enhance one parameter can have
multiple undesired effects on other parameters.

Herein, vector design criteria for optimal plasmid performance in both bacteria (Stage 1) and
eukaryotic (Stage 4) cells are extensively reviewed. For researchers that wish to clone new
genes into existing vectors, a flowchart for design and synthesis of optimal gene inserts is
presented. Finally, high yield plasmid fermentation processes are reviewed, with promising
new low metabolic burden fed-batch fermentation strategies highlighted.

2. Components affecting gene expression in eukaryotic cells

Vector modifications that improve antigen expression (e.g. codon optimization, inclusion of
an intron, astrong promoter) are highly correlative with improved immune responses (reviewed
in Manoj et al., 2004). Antigen expression is affected by the following components.

2.1. Promoter

DNA vaccines have traditionally incorporated the human cytomegalovirus/immediate-early or
CMV-Chicken-p actin (CAGG) promoters. These promoters drive higher constitutive

Biotechnol Adv. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

Page 3

expression levels than alternative viral promoters (e.g. SV40) or cellular promoters such as the
human ubiquitin C (UbC) or human elongation factor factor 1a (EF-1a) promoters. However,
improvement in expression beyond that of current CMV or CAGG based vectors may improve
immunogenicity in humans. This may be obtained utilizing modified CMV promoters. For
example, incorporating the HTLV-1 R-U5 region downstream of the CMV promoter increased
expression and improved cellular immune responses to HIV DNA vaccines in mice and
nonhuman primates (CMV/R promoter; Barouch et al., 2005) and humoral responses to a
influenza H5 hemagluttinin DNA vaccine (Luke et al., 2008; Williams, 2008). Improved
expression and/or immunogenicity have also been observed with chimeric SV40-CMV
promoters (Li et al., 2001; Williams, 2006; Li et al., 2007; reviewed in Kutzler and Weiner,
2008) (Figures 2A and 3).

2.2. mRNA leader

Expression is generally higher if an intron is present. Typically, this is included in the vector
backbone downstream of the promoter, as part of an mRNA leader separating exon 1 and exon
2 (Figure 2A). A typical arrangement is to have the Kozak consensus sequence (Kozak,
1997) at the start of exon 2 immediately prior to the ATG start codon. The spliced untranslated
leader region (UTR) is typically 50-150 base-pairs (bp) long, and optimized to limit secondary
structure (especially affecting the ATG), and to remove upstream ATG start codons and
RNaseL substrates (clustered single stranded UU or UA motifs).

2.3. Gene of interest

Expression is typically higher if the gene is codon optimized to match that of the target organism
and terminated by a dual stop codon to limit read through translation.

2.4. Terminator/polyadenylation

Transcription terminators/polyadenylation signals derived from the bovine growth hormone,
SV40 or rabbit B-globin genes are commonly utilized. DNA between the stop codon and the
terminator is limited to reduce the possibility of cryptic peptide expression or unintended
microRNA-mediated expression alteration.

2.5. Prokaryotic sequences affecting expression

During development of pPDNAVACCUItra (Williams et al., 2006) and VR1012 (Hartikka et
al., 1996) it was determined that gene expression in eukaryotic cells from the CMV promoter
was dramatically affected by alterations to vector sequences in close proximity to the CMV
enhancer. A number of prokaryotic sequences have been shown to negatively affect gene
expression in eukaryotic cells (Leite etal., 1989aand b; Peterson et al., 1987) or bind eukaryotic
transcription factors (Tully and Cidlowski, 1987; Ghersa et al., 1994; Kushner et al., 1994).
This may account for why expression levels are dependent on the composition and orientation
of elements within the prokaryotic region, especially in the immediate vicinity of the eukaryotic
expression cassette. All sequence changes made to a plasmid backbone need to be carefully
evaluated to detect unexpected detrimental effects of such modifications on the intended
purpose of the vector.

2.6. Sequences causing DNA helical instability

Certain sequences promote DNA unwinding that separate the stands (cruciforms). Cruciforms
confer sensitivity to endonucleases, such as mung bean endonuclease, and nucleases present
in the eukaryotic lysosomal compartment. Such regions reduce the stability of plasmids when
trafficked to the nucleus through the endosome, due to nicking by acidic endonucleases.
Cruciforms occur in promoter and terminator regions, inverted repeats (e.g. replication origins),
homopurine segments and other sequences promoting secondary structures. Computer
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programs can be utilized to identify potential cruciform cleavage hot spots (e.g. WebSIDD,
Bi and Betham, 2004). Interestingly, in the pVAX1 plasmid (Invitrogen, Carlsbad, CA) the
bovine growth hormone terminator region contains a homopurine region that is nuclease
sensitive. While an alternative polyA sequence significantly improved plasmid nuclease
stability, expression after transfection was reduced indicating polyadenylation efficiency is
epistatic to nuclease resistance (Azzoni et al., 2007). Interestingly in a study of supercoiled
plasmid stability, thermal degradation rates were not increased with a plasmid containing this
nuclease sensitive homopurine region (Ribeiro et al., 2008; see Middaugh et al., 1997 for a
review of plasmid degradation pathways and testing methods).

The replication origin contains a strong cruciform and is the most sensitive region to
endonuclease attack in most plasmids. The elimination of this region in minicircle vectors may
in part account for the improved expression with these vectors. Minicircle vectors incorporate
target sequences for a site specific recombinase flanking the replication origin and selectable
marker in the vector backbone; expression of the recombinase post propagation recombines
the vector into two minicircle vectors. The eukaryotic expression cassette minicircle is then
purified away from the bacterial origin and selectable marker containing minicirle (reviewed
in Darquet et al., 1997). There are significant production issues that need to be overcome to
cost effectively manufacture minicircle vectors using recombinase enzymes (reviewed in
Mairhofer and Grabherr, 2008).

In summary, minor variations in the vector backbone can alter expression levels, alter target
protein intracellular localization (Ramanathan et al., 2001) and ultimately modify immune
responses (Zinckgraf and Silbart, 2002).

3. Components affecting immunogenicity

3.1. Antigen targeting

Adaptive immune responses can be enhanced by improving antigen processing for MHCI and
or MHCI|I presentation (reviewed in Leifertetal., 2004). This can be accomplished by targeting
heterologous proteins to various intracellular destinations. For example, using the tissue
plasminogen activator signal sequence (TPA) to direct antigen secretion often enhances
immune responses (Zhongming et al., 1999). As well, membrane-anchoring using human
alkaline phosphatase (PLAP) (Gerber et al., 1992), endosomal targeting using human Lamp1l
(Wu et al., 1995; August et al., 1997; Weiss et al., 2000), proteosomal targeting using murine
Ubiquitin A76 (Rodriguez et al., 1998; Delogu et al., 2000), or endoplasmic reticulum targeting
(Xu et al., 2005) may alter or enhance immune responses. Endosomal targeting promotes a
MHC class Il response, while the destabilizing ubiquitin molecule (UbiquitinA76 versus native
UbiquitinG76) is utilized to enhance entry into proteosomal degradation pathway, increase
MHC class | presentation, and promote T-helper 1 (TH1) biased immune responses. Endosomal
targeting (De Arruda et al., 2004) and secretion (Qiu et al., 2000) has been shown to enhance
the immune response against HIVV-1 gag protein. Dendritic or immune cell targeting with a
variety of leader peptide tags can dramatically improve antibody responses. For example,
dendritic cell targeting with CTLA-4 has been shown to improve antibody responses to plasmid
DNA delivered by gene gunin pigs (Tachedjian etal., 2000). Most of these tags are extracellular
domains of human or highly related proteins (e.g. CTLA-4, CD154, IgG-Fc, C3d, L-Selectin;
reviewed in Manoj et al., 2004) which could potentially promote autoimmune responses.

3.2. Unmethylated CpG

Immunostimulatory sequences such as unmethylated CpG can be utilized to enhance T
lymphocyte recruitment or expansion (innate immune responses). CpG motifs are 10-20 fold
underrepresented in mammalian genomic DNA and, where present, are often methylated.
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Unmethylated CpG from bacterial DNA or plasmids stimulates Ty1 biased immune responses
through toll like receptor 9 (TLR9), and may contribute both to the potency of plasmid based
DNA vaccines and to the limited duration of expression. Unmethylated CpG potency is affected
by flanking dinucleotide context (Krieg, 1999). The immunostimulatory CpG content of a
plasmid can be increased by increasing CpG content throughout the plasmid (Krieg et al.,
2002) or by adding a block of CpG to a non essential region.

For some applications, such as gene replacement therapy or shRNA mediated gene expression
knockdown, immune stimulation and short term expression is undesirable. Promoters and
protein selectable marker genes can be modified to reduce or eliminate CpG motifs. Although
the pMBL1 origin (and derivative pUC origin) contains multiple CpG motifs that are difficult
to remove without disrupting origin function, CpG reduced ColE1 plasmids have been created
for therapeutic use (Krieg et al., 2002; Yew et al., 2002). For applications where any
unmethylated CpG is undesirable, an alternative origin or modified host strain overproducing
CpG methylase (Crouzet and Cameron, 2002) should be considered. A CpG free plasmid
vector, incorporating CpG free versions of the R6K origin, EM2K bacterial promoter expressed
Zeomycin resistance gene, mammalian promoter, leader and terminator is commercially
available (pCpG,; Invivogen, San Diego CA). For therapeutic use, zeomycin could be replaced
with a codon-optimized CpG free version of the kanamycin resistance marker or an alternative
marker.

However, the innate immune response to a plasmid cannot be eliminated by removing CpG;
cytoplasmically localized B-DNA also induces innate pattern receptors through TBK1 and has
been implicated as a key component in activating immune responses to plasmid DNA vaccines
(Ishii et al., 2008; reviewed in Takeshita and Ishii, 2008). Recently, Wagner (2008) proposed
activation of TLR9 by CpG containing synthetic DNA is phosphothioate base dependent and
that TLR9 recognition of unmodified DNA may be sequence independent. Considering that
minor alterations in vector sequences can dramatically affect expression (see Sections 2.5, 2.6,
and 3.3.1) and immunogenicity (see Section 3.3.2), immunostimulatory alterations resulting
from vector backbone CpG alteration need to be carefully interpreted to ensure the result is not
due to a secondary effect of expression or methylation alteration.

3.3. dam and dcm methylation

The dcm gene encodes a DNA methylase that methylates the internal cytosine residues in the
recognition sequence 5'-CC*AGG-3' or 5-CC*TGG-3' to 5-methyl-cytosine (5mC). The dam
methylase encodes a DNA methylase that methylates the internal adenosine in the recognition
sequence 5'-GA*TC-3' to N6-methyladenosine (6mA). As well, E. coli K12 and E. coli B
encode type 1 restriction enzymes (HsdRMS) that have methylase enzymes that methylate the
internal adenosine in the recognition sequence 5'-AA*CNNNNNNGTGC-3' or 5'-
TGA*CNNNNNNNNTGCT-3' respectively to 6mA. This is important since these methylation
patterns are not found in vertebrates and confer bacterial signatures to DNA prepared in E.
coli. This may affect expression ormake it prone to recognition as foreign DNA by the host
innate immune system as described below.

3.3.1. Expression—Methylation of plasmid DNA at dam and dcm sites alters expression in
a promoter and study specific manner. Expression in mammalian cells was equivalent with
dam+ dcm+ versus dam- dem-plasmid DNA using either CMV promoter vectors, or CMV
promoter vectors driving expression of methylated downstream genes (Lai et al., 2008). This
contrasts the results from a separate study wherein CMV promoter expression was 2-fold higher
after in vivo electroporation of mice with dam+ dcm+ methylated plasmid compared to dam-
dem- unmethylated plasmid (Allamane et al., 2000). CMV promoter driven expression was
also slightly lower with unmethylated plasmid (versus dam+ dcm+ methylated) after 1V
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hydrodynamic lipofection delivery to mice (Ochiai et al., 2005). The CMV promoter contains
only 2 decm and no dam sites; increased expression in mice with methylated DNA may be a
secondary effect, perhaps promoter stimulation due to dam methylation-mediated cytokine
induction (see Section 3.3.2). In contrast, Lai et al. (2008) demonstrated that expression with
alternative promoters-enhancers containing multiple dam or dcm sites was reduced in
mammalian cells with dam+ dcm+ methylated plasmids compared to the unmethylated
versions. This may be a direct effect of methylation-mediated inhibition of transcription factor
binding to these promoters. It will be interesting to determine the individual contributions of
dam+ and dcm+ methylation to these promoter specific effects. Finally, no effect of dam or
dcm methylation status on plasmid transgene silencing after liver delivery was observed (Chen
et al., 2008).

3.3.2. Immunogenicity—No difference between dam- dcm- unmethylated or dam+dcm+
methylated plasmid was observed for macrophage activation (Roberts et al., 2005) or TLR9
independent activation of human neutophils (Trevani et al., 2003). In contrast, oligonucleotides
or plasmid DNA containing N6-methyladenosine increased cytokine induction (IL-12) in mice
compared to unmethylated control DNA (Tsuchiya et al., 2005). IL12 induction was 2 fold
lower with unmethylated plasmid (versus dam+ dcm+ methylated) after IV hydrodynamic
lipofection delivery to mice (Ochiai et al., 2005). Dam and K12 methylation product N¢-
methyladenosine is a wide spread bacterial signature not present in mammalian cells, so it may
be a pattern recognized by a component of the innate immune system. This is less likely for
dem methylation which is restricted to E. coli and other closely related gram negative organisms
(Gomez-Eichelmanetal., 1991), and creates 5-methyl-cytosine, a common mammalian pattern
(on CpG sites). However, dcm methylated cytosine is in a different context in bacteria
compared to mammals (on CT and CA sequences rather than CG).

In summary, it is important to determine the optimal methylation pattern for eukaryotic cell
function, and maintain it during preclinical and clinical development.

3.4. Immunostimulatory RNA

Cytoplasmic pattern receptors retinoic acid-inducible gene | (R1G-I) double-stranded RNA-
dependent protein kinase (PKR), and melanoma differentiation-associated gene 5 (MDA-5)
can activate interferon o and  after activation by double stranded RNA (dsRNA). An RNA
polymerase 111 promoter may be integrated into the vector backbone, and used to create
cytoplasmically exported uncapped 5’ tri-phosphate double stranded RNA (dsRNA). 5’
triphosphate dsRNA is a ligand of retinoic acid-inducible gene | (RIG-1) and double-stranded
RNA-dependent protein kinase (PKR), the activation of which can affect plasmid
immunostimulation (Williams, 2006; Williams, 2008).

4. Sequences necessary for bacterial function: Replication origins

Circular bacterial plasmids replicate by a theta, strand displacement or rolling circle
mechanisms (see Del Solar, et al., 1998 for a comprehensive review). To date, all gene therapy
plasmids utilize theta replication origins. Theta replication requires synthesis of a primer RNA,
and DNA synthesis is initiated by extension of the RNA primer. This type of replication is
characterized by the separation of the DNA strands at the origin creating a characteristic theta-
shaped replication bubble.

Most theta plasmids such as R6K or R1 (but not pMB1 or ColE1 derived; see below) require
aplasmid-encoded Rep initiator protein which binds to specific sequences (often tandem direct
repeats called iterons) in the replication origin and recruit host DnaA initiator protein to
flanking dnaA box to prime replication.
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4.1. ColE1 type origin

The vast majority of therapeutic plasmids currently in use are derived from pBR322 or pUC
plasmids, and use high copy derivatives of the pMB1 origin (closely related to the ColE1
origin). For ColE1 replication, plasmid DNA synthesis is unidirectional (Figure 2B) and does
not require a plasmid borne initiator protein. For the leading strand, a RNA polymerase
transcript (RNAII) forms a R-loop (RNA:DNA hybrid) that is cleaved by RNase H, the
resulting 3" OH serving as a primer for DNA pol | directed DNA synthesis. DNA synthesis
then converts to DNA pol I11. Replication of the leading strand exposes a phiX174 type
primosome assembly site on the lagging strand (PAS-BL; Figure 2A) that binds priA, which
recruits priB, dnaT, dnaB, and dnaC to form the preprimosome. Primase (dnaG) then makes
a short RNA substrate for DNA pol I11. PriC may also be involved in this pathway. Lagging
strand replication initiated at PAS-BL terminates at a termination site (ter) within the origin.
Leading strand synthesis, with dnaB and dnaC bound to pollll generating lagging strand
Okazaki fragments every 1-2 kb, proceeds around the plasmid, stopping at the ter site (reviewed
in Masai and Arai, 1996).

ColE1 plasmid copy number is controlled by RNAI, an antisense RNA (reviewed in Del Solar
etal., 1998, Prather et al., 2003, Wang et al., 2004). RNAI forms a tRNA like structure, with
three stem loops. The 5’ end of the primer, RNAII, is complementary to RNAI and forms a
three loop structure antisense to RNAI. The RNALI interaction initiates at the complementary
unpaired loops in RNAII (Kissing interaction; reviewed in Wagner and Brantl, 1998) preventing
its maturation into the replication primer (Figure 2B).

Antisense regulation of copy number by uncharged tRNAs has been observed. Amino acid
starvation leads to expression of the stringent (wild type) or relaxed (relA) response. In relA
strains, uncharged tRNAs are elevated under conditions of amino acid limitation such as in
starved stationary phase cells. Binding of the uncharged tRNAs to loops in RNAI and/or RNAII
prevents RNAI interaction with RNAII, and increases plasmid copy number. This can increase
copy number up to 10 fold in amino acid starved stationary phase cells versus log phase cells
(pBR322 is amplified from 50 to 340; pUC9 is amplified from 90 to 940; Schroeter et al.,
1988). This amplification has been exploited to increase pBR322 yield in fermentation culture
(Hofmann et al., 1990; Wang et al., 2004).

5. High copy number replicons

5.1. R6K

Table 1 lists replication origins, with high copy number modifications, that may have utility
in therapeutic or DNA vaccine plasmids.

The pCpG (Invivogen, San Diego, CA) and pCOR vectors (Soubrier et al., 1999) contain the
core R6K origin (400 bp ori y) on the plasmid, and the pirl16 x protein (x mutation that
increases copy number) integrated in the host chromosome (Soubrier et al., 1999) (Table 1).
This design restricts the host range of the plasmid to the specific production strain. Plasmid
multimerization of the pCOR vectors occurs at these constitutively high copy numbers; this is
resolved by inclusion of the ColE1 cer resolution of multimer site on the plasmid.

5.2. ColEl type origin

Commonly utilized copy up derivatives of the pMB1 origin (e.g. pUC19; Lin-Chao et al.,
1992) or ColE1 origin (pMM1, pMM7; Wong et al., 1982) are approximately 1 kb, and delete
the accessory ROP (rom) protein and have an additional temperature sensitive alteration

(e.g. pUC, pMM1, pMM?7) that destabilizes the RNAI/RNAII interaction. Shifting of a culture
containing these origins from 30 to 42°C leads to 30—40 fold increase in plasmid copy number.
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Perhaps due to the additional regulation by uncharged tRNA binding under amino acid
starvation conditions, many of these derivatives are maximally induced by both temperature
and entry into stationary phase (pMM1, pMM7, pUC; Lin-Chao et al., 1992; Wong et al.,
1982). Inducible plasmid copy number replication origins are preferred for plasmid production
since constitutive high plasmid levels increases metabolic burden on the cells, and may result
in instability, multimerization, lower productivity, or toxicity to cells (see Section 15). Most
existing DNA vaccine plasmids incorporate either the pMB1 based rop- pBR322 origin, the
rop- pUC origin, or the ColE1 based pMML1 origin (Table 1).

Runaway temperature sensitive R1 derivatives have been isolated spontaneously, as well as
rationally designed, and include the highest copy number runaway replication vectors. A DNA
vaccine vector, pPCWH24-6, incorporating an inducible high copy R-plasmid origin has been
developed (Hamann et al., 2000; Table 1). However, R-plasmids are large for therapeutic use.
For example, the basic R1 replicon is 2.5 kb, while the temperature inducible lambda Pg
promoter controlled R1 origin in pPCWH24-6 is 3.5 kb.

6. Preventing plasmid dimerization during production

Therapeutic plasmids should be stably monomeric (>90%) and resistant to multimerization. In
recombination proficient hosts, plasmid multimerization may be controlled by inclusion of a
multimer resolution system (MRS) that utilizes a site specific recombinase to resolve plasmid
multimers into monomers (reviewed in Summers, 1998).

Standard pUC derived DNA vaccine vectors do not contain a MRS sequence so strict control
of multimerization is required. This is accomplished by propagation in a recA- host since
plasmid recombination requires the RecF pathway, that itself requires RecA. However,
oligomers can be formed by RecA independent pathways, for example, the RecE pathway in
shcA mutants (Fishel et al., 1981). The degree of oligomerization is higher if the plasmid
contains large inserts (Berg et al., 1989) or direct repeats (Ribeiro et al., 2008). Once a multimer
is formed, it will be stably inherited and out-compete the monomer (dimer catastrophe
hypothesis; Summers et al., 1993) although runaway multimerization is balanced with dimer
mediated reduced growth rate of the bacteria. Formation of seed stocks at low temperature has
been demonstrated to reduce pUC plasmid multimerization in subsequent bioreactor
production (Williams et al., 2008; Carnes et al., 2008), potentially by reducing metabolic
burden and stationary phase SOS induction (Lee et al., 2002).

The high copy pUC-derived DNA vaccine plasmids also do not have active partitioning
functions, and are not precisely distributed during cell division. Consequently, plasmid-free
cells arise continuously during culture. The R1 and RK2 plasmids encode an active partition
function to ensure plasmid stability (reviewed in Zielenkiewicz and Ceglowsik, 2001).
However, inclusion of a partition function on a therapeutic plasmid would require considerable
additional DNA. For example, two proteins (ParA and ParB) and a cis-active site (par) are
required for partitioning RK2. As well, partitioning plasmids are generally only moderately
high copy number. Consequently, with therapeutic plasmids, a selectable marker is included
on the plasmid to ensure plasmid retention.

7. Sequences necessary for bacterial retention: Selectable markers

Antibiotic resistance markers are the most commonly utilized selectable markers. Alternative
selection strategies have been designed, to address concerns regarding dissemination of
antibiotic resistance genes to a patient’s enteric bacteria, as well as to reduce the size of the
prokaryotic portion of the therapeutic plasmid. For example, replacement of the 1 kb
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kanamycin resistance (kanR) gene will potentially increase bioavailability by decreasing
plasmid size. Various selection systems are discussed below (also see Mairhofer and Grabherr,
2008).

7.1. Antibiotic resistance

KanR is the most commonly utilized antibiotic resistance marker. Versions of this gene without
CpG motifs can be made synthetically or purchased (e.g. pCpGvitro-neo-mcs vector;
Invivogen, San Diego CA). Ampicillin resistance is not acceptable due to concerns with hyper
reactivity of some patients to  lactam antibiotics. The tetracycline resistance marker is toxic
to the E. coli host at high copy number and/or stationary phase (Chiang and Bremer, 1988;
Valenzuela et al., 19963, b).

7.2. Auxotrophy complementation

In these systems, an essential, or conditionally essential gene, is present in the plasmid
backbone. Such plasmids can be selected and maintained in bacterial host strains that contain
a corresponding chromosomal deletion or suppressible mutation of the essential gene.
Numerous examples exist; these systems eliminate the need for antibiotic resistance markers
on the plasmid, and are often very small (i.e <100 bp for tRNA genes). For example, the pCOR
vectors use a suppressor tRNA selectable marker to suppress a host chromosomal arg gene
mutation, required for growth in minimal media (Soubrier et al., 1999).

7.3. Repressor titration

In this case, an operator sequence, placed on a multicopy plasmid, derepresses a chromosomal
gene. A number of repressor-operator systems that could be utilized are available (reviewed
in Eastman and Durland, 2000; Mairhofer and Grabherr, 2008). For example, the lac operator
or tet operator may be on the plasmid, and an antibiotic gene, regulated by the relevant operator
is on the chromosome. Titration of the repressor by the operator leads to expression of the
chromosomal gene, and antibiotic resistance. Therapeutic plasmids incorporating the pMM1
origin of replication and kanR marker (e.g. pVC0396) and derivatives that can be utilized for
repressor titration selection (e.g. pPGM509) have been developed (Eastman and Durland, 2000).
An alternative system (Cranenburgh et al., 2001) has the dapD essential chromosomal gene
under the control of the lac operator/promoter. Three copies of the lac operator on the plasmid
titrates the lac repressor, allowing expression of dapD. In the absence of the multicopy plasmid,
dapD expression is repressed, and the cell dies. The advantage of such systems is small size
(only three copies of the lac operator), elimination of antibiotic resistance (in the case of
dapD) or other expressed factors that may have safety concerns (Sherratt et al., 1999). A
potential disadvantage of this system is that promoter/operator complexes have been shown to
interfere with DNA replication (McGlynn and Guy, 2008); fermentation yields with operator
titration plasmids have not been reported.

7.4. Protein based antidote/poison selection schemes

A plasmid stabilization system wherein the F-plasmid ccd antidote-poison operon was
modified for plasmid selection has been reported (Szpirer and Milinkovitch, 2005). The
antidote protein gene (ccdA) was incorporated onto the plasmid, and the ccdB poison gene was
expressed from the chromosome; this scheme allowed plasmid stabilization. This system does
contain a protein based selection marker (ccdA) and has not been evaluated in high yield
plasmid fermentation.

7.5. RNA based selectable markers

Two groups have developed RNA based selection systems that utilize the endogenous RNAI/
RNAII antisense regulators of the pMB1 origin. In both examples, chromosomal genes were
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engineered to contain an RNAII sequence within the untranslated region of the mRNA. In the
presence of a ColE1 type plasmid, the abundantly expressed plasmid encoded RNAI repressor
binds both the plasmid encoded RNAII and the ectopic chromosomally expressed RNAII
sequence. This latter RNAIL:RNAII binding suppresses the translation of the chromosomal gene
by RNA-RNA antisense regulation. The regulated gene can be an antibiotic resistance marker,
transcriptional repressor (controlling expression of a second gene) or a lethal gene (Mairhofer
et al., 2008; Grabherr and Pfaffenzeller, 2005; Cranenburgh, 2005). These systems are limited
to existing ColEL1 type origin containing plasmid vectors only. Recently a new RNA based
antibiotic-free selection system has been reported (Luke et al., 2008; Williams, 2008). Vectors
incorporate and express a 150 bp antisense RNA that represses expression of a chromosomally
integrated constitutively expressed counter-selectable marker (Bacillus subtilis levansucrase,
sacB), allowing plasmid selection on sucrose. These sucrose selectable DNA vaccine vectors
(Figure 3) combine antibiotic-free selection, chimeric eukaryotic promoter (SV40-CMV), and
optimized HTLV-1 R-U5 containing mRNA leader with highly productive fermentation
manufacturing (>1 g/L plasmid DNA vyields).

8. Vector design for optimal performance and regulatory compliance

A therapeutic plasmid vector must combine the bacterial and eukaryotic components described
above into a vector that combines high mammalian expression with high copy number, high
% supercoiling, and effective multimer resolution to meet manufacturing, efficacy and quality
requirements for pharmaceuticals. Vectors are difficult to design, since as discussed above,
numerous factors affect these critical attributes. For example, plasmid copy number is probably
set by: 1) the efficiency of the replication origin (e.g. pUC is higher than pBR322 at 37-42°
C); and 2) the percent of initiated replication cycles that are completed. Plasmid copy number
will be reduced by sequences that cause inhibition of DNA polymerase Il replication, such as
protein-DNA complexes assembled on replication termini (Ter) or repressor binding sequences
(McGlynn and Guy, 2008). As well, stable RNA-DNA hybrids, unusual DNA structures
(e.g. internal-ribosome entry sites; Levy, 2003), and strong convergent promoters leading to
head on transcription-replication collisions reduce copy number (reviewed in Mirkin and
Mirkin, 2007). Optimal vectors will have a higher copy number due to reduction of these
factors. For example, the pPDNAVACCultral plasmid (Figure 2A) with a chimeric SV40-CMV
promoter increases plasmid copy number 2 fold versus alternative vectors such as gWIZ, with
fermentation yields up to 2.2 g/L in an inducible fed-batch process (Williams et al., 2008)(see
Section 14). This vector has high eukaryotic expression, and does not produce replication
intermediates, which is a problem with a number of minimalized vectors such as pVAX1 (see
Section 9.1 below).

In Sections 9-11, DNA vaccine vector design issues affecting quality, yield or regulatory
compliance are discussed. In Section 12, these design criteria are compiled into an flowchart
to design synthetic gene inserts.

9. Sequences detrimental to plasmid quality

Nicking is associated with AT rich regions or cruciforms that ‘breathe” and are susceptible to
endogenous single stranded nucleases. This results in a high percentage of open circular
plasmid in the bacterial host, and endosome mediated nuclease digestion in mammalian cells
(Azzoni et al., 2007). Palindrome sequences are unstable, as are direct or inverted repeats.
Direct repeats are mutational hot spots, especially if cells are grown to stationary phase during
propagation (Ribeiro et al., 2008). Unusual DNA structures are formed by runs of potentially
Z DNA-forming alternating pyrimidine/purine sequences (such as CpG repeat sequences;
Bichara et al., 1995), G-rich sequences that may form tetraplex structures, and oligopyrimidine
or oligopurine sequences that may form triplex DNA. Plasmids containing Z DNA forming
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regions are unstable while intra-molecular triplex regions reduce plasmid supercoiling in batch
fermentation (Cooke et al., 2004) presumably due to endogenous nuclease mediated nicking
of triplex-formed single stranded DNA regions. If such structures must be retained in a vector,
reversing the orientation of these elements, relative to the replication origin, may alleviate
propagation problems. For example, a GC rich TGG repeat inhibits plasmid replication only
where the TGG strand forms the template for lagging strand synthesis, possibly due to tetraplex
structures formed by the G-rich strand (Pan and Leach, 2000).

9.1. Replication intermediates

Reducing plasmid size by elimination of extraneous DNA to increase potency, remove
antigenic peptides, and meet regulatory guidance can cause new problems. Replication tends
to terminate in internal ribosome entry sites (IRES’s) and eukaryotic enhancer repeat regions
(e.g. CMV promoter). Termination is enhanced when the orientation of the origin is close to
and parallel with the CMV promoter, resulting in production of linear fragments called
replication intermediates. Interference is perhaps due to secondary structure, or fortuitous
binding of bacterial proteins (Levy, 2003). This phenomenon is only seen in high copy
plasmids; the same arrangement on low copy plasmids does not make detectable intermediates.
New minimized DNA vaccine vectors such as pVAX1 (Invitrogen, Carlsbad, CA) contain the
CMV promoter and replication origin in close proximity due to size reduction; this vector
produces replication intermediates, thus reducing the quality of plasmid produced in the
bacterial host (Levy, 2003). The presence of the replication intermediate is readily observed
as an extra small band (which is difficult to remove during downstream processing) in purified
plasmid preparations. Generally, replication intermediates are not a problem with larger vectors
such as gWIZ (Genlantis, San Diego, CA) or VR1012 (Hartikka et al., 1996) which have not
been optimized to reduce size (Williams and Carnes, unpublished observations).
Configurations for minimal vectors that do not form replication intermediates are shown in
Figures 2A and 3 (Williams et al., 2006; Williams, 2006).

9.2. Dimerization sequences

Most plasmid recombination is independent of RecBCD, and is mediated by the RecA-
dependent RecF pathway. RecBCD is the major enzyme responsible for degradation of linear
DNA in E. coli. RecBCD degradation is arrested at Chi sites (5" GCTGGTGG-3'). RecBCD
directed recruitment of RecA to chi sites stimulates homologous recombination. The presence
of chi sites in plasmids promotes RecF independent recombination by the RecBCD pathway
in recA+ shcB+ (wild type) cells (Zaman and Boles, 1996). Oligo-pyrimidine or oligo-purine
sequences in a plasmid increases dimerization, presumably through formation of unusual DNA
structures (Kato, 1993).

9.3. dcm methylation

dem is an E. coli DNA methylase that methylates the internal cytosine residues in the
recognition sequence 5’-CC*A/TGG-3'. The methylated cytosine is mutagenic to thymine in
certain genetic backgrounds. Mutation of the dcm gene or elimination of CCA/TGG sequences
will reduce methylation, and possibly reduce mutation rate, of plasmid DNA. The effect of
dem methylation on expression and immunogenicity is unknown (see Section 3.3).

10. Sequences detrimental to plasmid yield

As discussed below, elements that limit plasmid yield and quality will result in plasmids that
are carried at lower copy number in the cell.
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10.1. Cryptic bacterial promoters

In general, the replication origin needs to be protected from read-through transcription from
adjacent genes, for example from cryptic promoters in an antigen gene insert, to prevent
plasmid destabilization or reduced copy number (Engels and Meyer, 1993). This may be
accomplished by inclusion of shielding transcriptional terminators, optimizing the orientation
of composite elements, or both (Eastman and Durland, 2000; Brosius, 1984; Williams et al.,
2005). For example, transcriptional terminators shielding the prokaryotic replication origin
from insert mediated transcriptional read-through reduce insert toxicity due to eukaryotic gene
transcription (Brosius, 1984; Chen et al., 1993; Chen and Morrison, 1987).

10.2. Toxic peptides

A gene insert may contain proteins or peptides that are toxic to the host cell. Hydrophobic
membrane spanning peptides are particularly toxic to bacteria. Translation of an insert encoded
toxic peptide may be prevented by introduction of a reverse oriented promoter after the insert,
to generate translation-disrupting antisense RNA (Weiner et al., 2005; reviewed by Saida et
al., 2006). However, not all insert borne toxic peptides are expressed from the sense strand;
for example, bacterial toxicity of an influenza H1 serotype antigen gene is mediated by
expression of the antisense strand (Williams, unpublished observations). Alternatively,
plasmid stabilization and improved production has been achieved through insertion of an intron
to disrupt bacterial production of a known toxic protein (Boyd et al., 1999).

10.3. Ter sites

Bacterial replication is blocked at defined terminator or ‘ter’ sites. These sites contain a core
5-GTTGTAAC-3' conserved sequence, with less conserved 5" and 3’ flanks (reviewed in
Neylon et al., 2005). While ter sites within the replication origin are essential for normal
replication termination, additional sites may be detrimental.

11. Regulatory considerations

The introduction of plasmid DNA into humans requires special considerations which have been
addressed in several recent World Heath Organization (WHO), US Food and Drug
Administration (FDA), or European Agency for the Evaluation of Medicinal Products (EMEA)
regulatory draft guidance’s (EMEA, 2006; EMEA, 2001; FDA, 2007; FDA, 1998; WHO,
2007). The content of these guidance’s has been reviewed (Schalk et al., 2006; Glenting and
Wessels, 2005). Key issues to consider in plasmid design are discussed below.

11.1. Homology to target organism or natural pathogens

To reduce chances of chromosomal integration, the plasmid should contain no significant
homology to the target organism genome (Wang et al., 2004). This can be determined by
BLAST search by specifying to search for short, nearly exact matches against the relevant
genome. Recombination with natural viruses inside the vaccinated person is also possible, for
example, between the CMV promoter and infecting CMV virus. However, this is considered
to be a lower risk with DNA vaccines than conventional vaccines (Schalk et al., 2006) and is
not raised as a specific concern in FDA, WHO or EMEA regulatory guidance’s, with the
exception of recombination events that would restore viral virulence.

Vectors should not contain bacterial DNA uptake sequences that preferentially transform
Pasteurellaceae or Neisseriaceae species (Schalk et al., 2006; see Section 12 below).
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11.2. Nonfunctional sequences

Spacer or junk sequences that do not encode a defined function should be removed. This is
difficult to accomplish, since minor variations in the vector backbone can have dramatic effects
on bacterial yield and quality and eukaryotic expression and immunogenicity (see Sections
2.5,2.6 and 9.1).

11.3. Immunogenic sequences

Regions encoding antigenic peptides should not be present. These include cryptic open reading
frames (ORFs) in bacterial or eukaryotic sequences that may be expressed in eukaryotic cells
(van Hall et al., 1998; Schirmbeck et al., 2005). The removal of spacer and junk sequences and
use of RNA-based selectable markers (i.e. to eliminate the kanR ORF) reduces this risk.

Of particular concern is use of hepatitis viral enhancers. Hepatitis genomes are highly
compacted such that enhancer functions overlap antigenic protein coding regions (Yuh and
Ting, 1990). For example, pPJV7563 and derivatives (Fuller, 2006) contain a single copy of
the HBV posttranscriptional regulatory element (PRE) immediately downstream of the stop
codon prior to the transcriptional terminator. This element is included to increase mMRNA
nuclear export. However, the PRE also encodes an 178 amino acid fragment of the hepatitis C
virus (HCV) polymerase gene which, by design, is within the eukaryotic expression cassette;
this type of design has been demonstrated to generate T-cells reactive to MHC | epitopes in
the cryptic ORF (Schirmbeck et al., 2005). Such antigenic regions might significantly alter
immune responses in individuals with prior exposure and memory T-cells to Hepatitis.

11.4. Host range restriction

The pMBL1 origin is host restricted to E. coli and closely related gram negative bacteria. In the
case of the R6K origin, the replication initiator protein may be deleted from the plasmid, and
integrated into the genome of the host. This is advantageous, since it both reduces the size of
the plasmid origin, and restricts the host range of the plasmid to production strains containing
the activator. The R6K expression plasmid systems have this configuration (Table 1). This
greatly reduces the concern that plasmid containing therapeutic genes or antibiotic resistance
markers (see below) will be taken up and propagated in enteric bacteria in the patient. The
dissemination of some therapeutic genes (e.g. growth factors) or resistance markers (see below)
in this manner would be undesirable.

11.5. Antibiotic resistance markers

The use of antibiotic resistance markers is generally discouraged, and if used the in vivo effect
needs to be evaluated. For example, the EMEA, 2001 guidance indicates ‘lack of expression
in mammalian cells should be verified due to regulatory concerns’. Ampicillin resistance is
not acceptable due to concerns with hyper reactivity of some patients to 3 lactam antibiotics.
Resistance to kanamycin encoded by the gene neomycin phosphotransferase 111 [npt-111, aph
(3)-1117 should be avoided, since this also confers resistance to amikacin, a reserve antibiotic
(EMEA, 2008). Most vectors utilize either npt-11 (e.g. pVAX1) or npt-la (e.g. VR1012,
pDNAVACCUItra). The npt-11 [aph(3')-11a] gene from TN5 confers resistance to neomycin
B, kanamycin A and neamine. Geneticin (G418) and amikacin are inefficient substrates
(Siregar etal., 1994). The npt-la [aph(3')-1a] gene from TN903 confers resistance to kanamycin
A, neomycin B, neamine, lividomycin A and geneticin. Amikacin and butirosin A are only
weakly inhibited and the enzyme has only weak phosphatase activity towards them (Siregar et
al., 1995). Alternative vectors with the more specific ANT(4")1a kanR marker have also been
developed (Snyder and Satishchandran, 1998).
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11.6. Enzymatic activities

For antigen genes having enzymatic activity or virulence issues, incorporation of inactivating
or attenuating mutations, respectively, should be considered (WHO, 2007). For example, the
multiple basic amino acid motifs at the influenza H5 hemagluttinin cleavage site
(PQRERRRKKRGL) correlative with pathogenicity can be replaced with the corresponding
region (PQRESRGL) from several nonpathogenic influenza strains, to protect against virulence
factor gene transfer during immunization to infecting non pathogenic viruses.

Transient antibody responses against DNA have been observed with DNA binding proteins
such as HIV-nef or Hepatitis C virus core. This raises concern that immune responses against
DNA may be induced by protein/nucleic acid complexes (reviewed in Schalk et al., 2006).
Incorporation of mutations that inactivate DNA binding, or eliminate nuclear localization may
decrease risk of DNA protein complexes; as well, cytoplasmic proteins should have improved
proteosomal processing, and presentation by MHCI, compared to nuclear localized proteins.

12. Insert design flowchart

Once an optimized vector is validated, new versions are created by substitution of new genes
into the backbone. Vectors designed by the criteria described above typically allow cloning of
the gene of interest into an existing intron containing transcript (introns increase mMRNA export
and subsequent expression levels). Immediately downstream of the intron in exon 2 is an
optimized Kozak sequence conforming to the consensus gccRccAUGG where R =G or A, and
AUG is the gene start codon. Sall (GTCGAC) functions as a kozak sequence, and is often used
as the 5' restriction site to clone genes into vectors as kozak-ATG (GTCGAC-ATG) fusions.
The gene is cloned starting with the ATG codon immediately downstream of the kozak
sequence. A non-native amino acid may be included at codon two, since highly expressed genes
have an ATGG start. Alternatively, the gene is cloned with or without the ATG codon
downstream of a signal sequence such as TPA to direct the protein to the endoplasmic reticulum
for secretion. Secretion often improves immune responses.

Using a validated vector backbone may reduce the extent of required preclinical testing for
versions incorporating new genes. For example the FDA (2007) guidance indicates
“biodistribution studies may be waived for DNA vaccines produced by inserting a novel gene
into a plasmid vector previously documented to have an acceptable biodistribution/integration
profile” while the WHO (2007) guidance indicates “biodistribution and persistence studies are
required, unless substantial experience is already gained with an almost identical or similar
product” and the EMEA (2006) guidance indicates “previous experience with the vector system
will allow optimization and focusing of non-clinical studies”. Safety studies using DNA
vaccine vectors with different inserts have demonstrated similar biodistribution (Sheets et al.,
2006a) and toxicology (Sheets et al., 2006b). It is therefore critical that new antigen genes are
well designed, to avoid unnecessary insert-specific regulatory issues.

Therapeutic or antigen genes traditionally are transferred from a genomic DNA construct
directly into a DNA vaccine vectors. However, expression of unmodified gene inserts,
especially those with dramatically different codon usage patterns compared to the target
organism, is often suboptimal. Gene synthesis technology (e.g. Geneart, Regensburg Germany;
DNAZ2.0, Menlo Park, CA) has become highly affordable (reviewed in Wu et al., 2007). We
recommend, for DNA vaccines intended for potential licensure, that new gene inserts should
be designed de novo for compatibility, regulatory compliance and improved eukaryotic
expression, and then made synthetically.

A flowchart for designing new inserts (Figure 4) is discussed below. Many of the factors
relating to vector design are also important for creating new inserts in existing vectors.
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Determine desired protein amino acid sequence: For pathogens containing various
serotypes or amino acid variations, this may involve defining a “consensus
immunogen” (Laddy etal., 2007). Highly expressed genes start with ATGG sequence,
which includes Met-Gly, Met-Ala, Met-Val, Met-Glu and Met-Asp dipeptide amino
termini. Bioinformatics should be utilized to ensure no oncogenic sequences exist in
the predicted protein (EMEA, 2006). A fusion protein containing two antigens (e.g.
Figure 2A) can be utilized in advanced designs to co-immunize against one or more
target organisms.

Determine targeting: For example, if the gene is a secreted antigen determine if
secretion will be retained or removed. If retained, determine if a native or heterologous
secretion sequence (e.g. TPA) will be utilized. The advantage of TPA is extensive
prior clinical experience and demonstrated performance for high yield production of
secreted protein with a variety of target genes. Inactivation of nuclear localization
sequences should be considered for DNA binding proteins.

Design synthetic gene: Use codon optimization software such as OPTIMIZER
(Puigbo et al. 2007) or gene design software described in Villalobos et al. (2006).

a. During design, define sequences to be eliminated from the final gene
sequence: Sequences to exclude include AGG codons (underrepresented in
highly expressed human genes; Huang et al., 2008), Chi sites (5’
GCTGGTGG-3'), ‘ter’ sites (core 5-GTTGTAAC-3'), dcm sites (CCAGG
or CCTGG), K12 methylation sites (AACNNNNNNGTGC),
polyadenylation sites (AATAAA or ATTAAA), TATA boxes (TATAa/tAa/
t), immunosuppressive telomeric TTAGGG motif (Gursel et al., 2003),
Pasteurellaceae or Neisseriaceae DNA uptake sequences (GCCGTCTGAA,
AAGTGCGGT or ACAAGCGGTC; reviewed in Bakkali, 2007) and
flanking restriction sites that will be utilized for cloning into the vector.

b. During design, the CpG content and immunostimulatory context (Krieg,
1999) can be modified up or down as desired.

When designing, consider that protein secondary structure information may be
encoded in mRNA through codon usage bias (Gu et al., 2003).

Bioinformatics screen putative synthetic gene sequences to identify undesired
sequences for bacterial propagation: AT rich regions (TT or TA clusters also encode
UU or UA eukaryotic RNase L cleavage sites; these regions are unlikely in codon
optimized GC rich genes for mammalian expression), hairpins, Z-DNA forming
alternating purine-pyrimidine repeats, oligo-pyrimidine or oligo-purine sequences
(WEB based software can be utilized to screen for these structures: ZHUNT for Z-
DNA; Ho et al., 1986; EMBOSS programs einverted, palindrome, equicktandem or
etandem, to detect inverted repeats, palindromes, or tandem repeats, respectively;
Rice et al., 2000) or DNA cruciforms (WebSIDD; Bi and Betham, 2004).

Bioinformatics screen putative synthetic genes to identify undesired sequences for
eukaryotic expression: cryptic splice sites (acceptor, donor, or branch sites) that could
lead to aberrant splicing; >16 bp dSRNA from inverted repeats (identified in step 4
above) that could lead to RNAi mediated gene silencing; cryptic microRNA targets
that could lead to inadvertent cell specific regulation. Such sequences can be identified
by bioinformatics; for example internal splice sites (Pertea et al., 2001), and
microRNA (see loshikhes et al., 2007 for a review of available programs).

Determine secondary structure at 5’ end of gene. Screen using a program such as
Mfold (Zucker, 2003) for RNA folding patterns at the 5’ 100 bp of the gene, as it
would be present in RNA produced from the final vector (i.e. fused to the vector
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encoded spliced leader RNA). Select optimized version that does not have substantial
secondary structure in region of the Kozak-ATG start site.

7. Blastsearch target organism genome (specify search for short homology regions) and
modify sequences to remove regions with significant identity.

8. Translate entire insert in all 6 reading frames (3 forward and 3 reverse) and search for
potential cryptic open reading frames in the 5 alternative frames. If necessary, modify
to create stop codons in alternative frames by making synonymous codon changes as
necessary.

9. Incorporate two tandem stop codons (combinations of TGA or TAA) to ensure correct
termination and prevent read through translation. 10) Have gene synthesized, and
clone into vector.

Occasionally, a plasmid insert that meets these design criteria is low yield or toxic to the
bacterial host. Since bioinformatics effectively identifies alternative DNA structures, itis likely
that the problem is due to expression of toxic peptides from cryptic bacterial promoters.
However, a correlation between weak bacterial promoters in the insert predicted by various
bioinformatics programs and plasmid productivity has not been observed (Williams,
unpublished observations). This may be due to the limitation of the search algorithms. Such
vectors often can be produced using low metabolic burden seed-stock and fermentation
processes (Williams et al., 2008; see Section 15 below).

Cryptic antisense eukaryotic promoters may also be detrimental, by making antisense RNA
that leads to RNA interference and gene silencing. Utilization of improved bioinformatics
programs for detection of bacterial promoters (reviewed in Wang and Benham, 2006) and
human promoters (reviewed in Abeel et al., 2008) may increase insert design success rate in
the future.

13. Host cell lines for plasmid manufacture

DNA vaccine plasmids typically are manufactured using NIH automatic exempt attenuated E.
coli K12 strains such as DH5a (Carnes et al., 2006), DH5 (Listner et al., 2006), DH1 (Cooke
et al., 2004), IM108 (Huber et al., 2005), SCS1-L (Singer et al., 2008) or DH10B (Lahijani et
al., 1996). BL21 (an E. coli B strain) has recently been demonstrated to be a high yielding
plasmid production host (Phue et al., 2008). The genotypes of these cell lines are shown in
Table 2.

Auxotrophic strains are suitable for growth in semi defined media but not for production in
minimal media since they require expensive supplementation. DH5 and JM108 have been
utilized for defined media plasmid production (Huber et al., 2005; Huber et al., 2005b; Listner
et al., 2006). For defined media growth, it is critical that strains are not mucoid. For example,
gal+ strains produces additional capsule through colonic acid production in minimal media.
Mucoid cultures are difficult to harvest and foul downstream processing. Colonic acid
production can be blocked by mutagenesis of the galE gene.

For therapeutic production of plasmid, strains that contain F’ conjugation plasmids are
undesirable from a regulatory perspective due to the potential for conjugative enhanced transfer
of genetic material to environmental organisms. As well, blue white selection (the reason for
the inclusion of the F plasmid in several strains) is not required for production. This problem
was addressed in an innovative way with the pCOR vector host by inactivation of the F factor
traD conjugative coupling protein (Soubrier et al., 1999).

Asiillustrated in Table 2, the various production hosts differ in their methylation pattern. Since,
as described above, methylation can effect eukaryotic expression and immunogenicity, it is

Biotechnol Adv. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

Page 17

important to determine the optimal methylation pattern, and maintain plasmid production in
hosts with the same pattern during subsequent preclinical and clinical development (EMEA,
2001).

While dem function is dispensable, dam- strains have not been used for large scale plasmid
production; Dam methylation is involved in multiple cellular processes including chromosomal
and ColE1 replication (reviewed in Lobner-Olesen et al., 2005) and dam- strains are mutagenic
(Glickman and Radman 1980; Marinus et al., 1983). Dam- strains such as SCS110 (Stratagene,
La Jolla, CA) are available for small scale plasmid production to evaluate dam methylation
effects on function, to determine if dam sites should be removed from critical regions of the
vector.

13.1. Strain specific shake flask productivity differences are not predictive of fermentation
performance

Several studies have been performed to identify optimal strains for plasmid production. For
example, IM108 was selected as the best strain for fermentation production after evaluation
of a panel of 7 strains (DH1, DH5, DH50, JM83, JM101, HB101, and JM108) for production
of three different plasmids, using LB shake flask media. One of the plasmids in these strains
was then evaluated in 37°C semi defined batch fermentation. Significantly, plasmid
productivity in shake flask was poorly predictive of fermentation productivity. DH5a was one
of the poorer fermentation producers in this study (1.3 mg/ODsgg/L; 65% supercoiled), with
DH1 intermediate (3.0 mg/ODsgg/L; 84% supercoiled) while JIM108 was the highest (8.2 mg/
ODsgg/L; 91% supercoiled) (Huber et al., 2005). By contrast, in an inducible 30-42°C semi
defined batch fermentation process, DH1 and DH5a were both high producing strains (Carnes
etal., 2006). An extensive shake flask evaluation of plasmid specific yield and % supercoiling
in 17 host strains with three different pUC origin based plasmids (5.8 kb gWIZ-GFP, 6.9 kb
pSVB, 20 kb pQR150) has been reported (Yau et al., 2008). HB101 and DH50. were appropriate
for production of all 3 plasmids; these strains had near 100% supercoiling with all 3 plasmids
and high specific yields with 2/3 plasmids. By contrast, the other 15 strains were found to have
poor supercoiling or production yields with one or more plasmids. For example while BL21
(DE3) plasmid yields were high, % supercoiling was inconsistent (QWI1Z-GFP=98%, pSV =
82% and pQR150=45%). Recently, BL21 recAendA has been demonstrated to produce high
yields (1.9 g/L) of predominantly supercoiled plasmid with a gwWI1Z derived plasmid in a 30°
C to 42°C inducible process (Phue et al., 2008). In contrast to the Yau et al., 2008 shake flask
results, BL21 was a poor producer; this was attributed to the RecA+ gene product (Phue et al.,
2008). These studies demonstrate strain specific plasmid productivity in shake flask is poorly
predictive of fermentation productivity, and strains performance varies between different
fermentation processes.

13.2. Cell stocks for manufacturing pharmaceutical grade plasmids

Cell lines for production should be created by transformation of the relevant cell line with
diluted preparations of plasmid, to ensure cells are transformed with only a single plasmid
molecule. Individual colonies are screened for plasmid quality (i.e. % monomer) and quantity
(plasmid yield) prior to creating Master and Working Cell banks. Care should be taken with
high copy pUC origin plasmids to avoid stationary phase at high temperatures (e.g. 37°C) when
using relA mutant strains such as DH1, DH5, DH5a and JM108. Such conditions create very
high plasmid copy numbers, increased metabolic burden, and induction of mutagenic repair
pathways. For example, high copy pUC8 plasmids reduce stationary phase viability; the
toxicity correlated with the size of DNA insert, but not transcription of the insert (Cheah et al.,
1987). Growth of transformed cells for seed stock creation at lower temperature (e.g. 30°C)
results in reduced plasmid dimerization and improved downstream fermentation production
yields with traditionally poor yielding plasmids (Williams et al., 2008; Carnes et al., 2008).
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13.3. Insertion elements

Insertion of transposable elements into plasmids during production may be an issue with some
processes and plasmids. Prather et al. (2006) report high frequency transposition of insertion
element 1 (1S1) into the promoter of the neo selectable marker during cell line creation in
defined media while Posfai et al. (2006) identified 1S1 transposition into plasmids propagated
in standard E. coli strains. Thus, the cell bank-fermentation process must be carefully
engineered to limit insertion sequence activation, especially with defined media processes.

14. Fermentation Processes for Plasmid Production

Plasmid fermentation processes ideally maximize both the volumetric yield (mg/L) and specific
yield (mg/g DCW or mg/ODgqg/L) of high quality supercoiled plasmid. High volumetric yields
facilitate smaller and more economical fermentations, while high specific yield drastically

improves plasmid purity and yield in downstream processing. The fermentation process should
also be optimized to retain a high percentage of supercoiled plasmid since other plasmid forms
(e.g. nicked) are difficult to remove during purification and are considered undesirable isoforms
by regulatory agencies (FDA, 1996). Media optimization needs to be carefully performed, since
differences in growth media carbon:nitrogen ratio can dramatically affect cell harvest and lysis
characteristics (O’Kennedy et al., 2000) as can cell storage conditions (Kong et al., 2008).

Thus, fermentation media and processes needs to be carefully optimized for plasmid yield,

plasmid quality (% supercoiling), and compatibility of the resultant cells for harvest and lysis.

Temperature can be employed to selectively induce temperature sensitive plasmid
amplification. Of known origin mutations, the pUC mutation is well suited for this application
since its copy number can be shifted from a low level (30°C) to a very high level (42°C). Higher
copy numbers of pUC plasmid are obtained by temperature shift to 42°C rather than 37°C in
restricted growth fed-batch fermentation (Carnes et al., 2006). The mutated RNAII primer in
pUC may be totally resistant to RNAI inhibition at 42°C (runaway replication), but only
partially resistant at 37°C. It is possibly that uncharged tRNA-mediated RNAI inhibition (see
Section 5.2) in restricted grown amino acid starved cells contributes to runaway replication.
Indeed, uncharged tRNA-mediated RNAI inhibition increased stationary phase plasmid yields
at 37°C with lower copy pBR322 based origins (Carnes et al., 2006) and media and process
designs to increase levels of uncharged tRNAs may have application to improve 37°C pUC
fermentations (reviewed in Wang et al., 2004). Transcription initiated from the weak RNAII
primer promoter may be a key rate limiting factor affecting pUC plasmid copy number and
production yields. However, unregulated RNAII promoter up mutations or alternative
promoters may increase copy number at 30°C, increasing metabolic burden during the critical
early growth phase, ultimately reducing productivity (see Section 16).

14.1. Fed-batch fermentation processes

For fed-batch fermentation (Figure 5A), cells are inoculated into an initial volume of medium
that contains all non-limiting nutrients and an initial concentration of the limiting substrate.
After this batch growth phase, controlled feeding of the limiting nutrient begins once the cells
have consumed the initial amount of substrate allowing control of growth rate < pmax during
the fed-batch phase. Feeding strategies are either feedback controlled (e.g. DO-stat, pH stat,
metabolic activity, biomass concentration, substrate concentration), or predetermined (e.g.
constant, linear, stepwise, or exponential feeding). Metabolic overflow from excess substrate
is reduced, avoiding excessive formation of inhibitory acetate (reviewed in Carnes, 2005;
Carnes and Williams, 2007).
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14.2. R6K origin

Fermentation production yields are an issue with R6K origin vectors: moderate yields of
100mg/L yield in fed-batch fermentation using minimal media are reported for the pCOR
vector system. Production of an alternative R6K origin containing vector, derived from pCpG
(Invitrogen, Carlsbad, CA) in either E. coli strain GT115 (Table 2; Invivogen, San Diego, CA)
or DH10B:pir116, also had similarly low fermentation yields of up to 250 mg/L and low
specific yields of up to 1.4 mg plasmid/g dry cell weight (DCW) (Hebel et al., 2008).
Mutagenesis of the pir-116 replication protein and selection for increased copy number has
been used to make new production strains (TEX2pir42) with reported yields of 205 mg/L (7.6
mg plasmid/g DCW; Soubrier, 2004) or 421 mg/L (116 ODggg;Soubrier et al., 2005; this is 7.3
mg plasmid/g DCW assuming 50 g DCW/100 ODgqo/L). These yields are 5-10 fold reduced
compared to that obtained with optimal pUC origin vectors that can reach 2.2 g/L and 5% total
dry cell weight (50 mg plasmid/g DCW) (see below).

14.3. pUC origin

Several batch and fed-batch plasmid fermentation processes have been described that provide
yields between 100-250 mg/L plasmid (1-17 mg plasmid/g DCW) with pUC origin plasmids
(Lahijani et al., 1996; Schmidt et al., 2003; reviewed in Carnes and Williams, 2007; Carnes,
2005; Hoare et al., 2006; Prather et al., 2003; Shamlou, 2003). A few high yield fed-batch
processes (0.5-2.2 g/L, up to 51 mg plasmid/g DCW) have been described that enable cost
effective plasmid manufacture. These processes all couple reduced growth rate during plasmid
production with high copy replication origins in cells grown at 37°C (Listner et al., 2006;
Huber et al., 2005b)or 42°C (Singer et al., 2009; Carnes et al., 2006; Carnes and Williams,
2006; reviewed in Carnes and Williams, 2007). Reduced growth rate increases copy number
(Lin-Chao and Bremer, 1986; Seo and Bailey, 1985), % supercoiling (O’Kennedy et al.,
2003) and plasmid retention. Plasmid yields at harvest from the Listner et al. (2006) and Carnes
et al. (2006) processes are compared in Table 3. The Huber et al. (2005b) process is not
compared, since maximum specific plasmid yields occur relatively early in the process and is
lower during later biomass accumulation. Productivity yields of 2200 mg/L (25 mg plasmid/
L/ODgqo, 51 mg/g DCW =5% DCW) with the pUC based pNTCUItra plasmid were obtained
with the Carnes et al. (2006) in fed-batch fermentation process. The plasmid DNA from the
process is predominantly supercoiled monomer (Williams et al., 2008). A 37°C —42°C shifted
DH50 fed-batch fermentation of pUC19 (which was growth arrested at 22 ODgqg) has been
reported that also reached 5% DCW specific yield (Danquah and Forde, 2008). Thus, the
highest specific yield of plasmid/biomass obtained to date is about 5% DCW, and this has been
obtained only with optimized fed-batch processes.

14.4. Theoretical plasmid yields

Studies on replication machinery overproduction of chromosomal DNA (i.e. when driven from
an integrated plasmid R1 runaway replicon; Bernander et al., 1989) showed that the upper limit
for chromosomal DNA content tolerated in the cell may be a 3—4 fold increase. Studies with
runaway R plasmids have achieved 75-80% total DNA as plasmid (up to 3x relative to
chromosomal; >2 fold increase in total DNA, standardized to protein). Thus, utilizing host
replication systems in current strains, if all the additional replication capacity was directed to
plasmid production, plasmid yields of 300-400% of chromosomal (75-80% total DNA; Uhlin
etal., 1979) may be theoretically possible. This may represent an upper limit for cell tolerance,
as this is the maximum obtained with a variety of different sized plasmids, and is associated
with viability loss and altered cell morphology (Uhlin and Nordstrom, 1978, Nordstrom and
Uhlin, 1992). Projecting these yields to % DCW is difficult, since the number of genomes per
cell and cell size is dependent on strain, growth rate, and media composition. For example,
while unrestricted logarithmic growing cultures can contain 2, 4 or even 8 copies of the
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chromosome (Skarstad et al., 1985), rapidly growing cells are much larger than growth-
restricted cells (Akerlund et al., 1996; Churchward et al., 1982) such that smaller slow growing
cells can contain 5% chromosomal DNA/DCW while logarithmically growing larger cells
contain 2% chromosomal DNA/DCW (reviewed in Bremer and Dennis, 1996). The R plasmid
runaway replication studies were generally performed with exponentially growing cultures, so
this would predict 6-8% plasmid DNA/DCW is the maximum limit (i.e. 300-400% of
chromosomal, assuming 2% chromosomal DNA/DCW). This of course assumes the capacity
of cells for DNA does not vary depending on strain, cell size or growth rate.

15. Metabolic burden limits plasmid productivity

Generally, lower growth rate favors reduced selection against plasmid containing cells because
plasmid presence reduces the maximum growth rate. While the optimal temperature for E.
coli growth is 37°C, lower temperatures (such as 30°C) may be used in the batch phase of fed-
batch fermentation to both cause reduced maximum specific growth rate and reduced plasmid
copy number (Carnes et al., 2006; Carnes and Williams, 2006). This combination reduces
metabolic burden and plasmid loss during the batch phase by minimizing growth difference
between plasmid-containing and plasmid-free cells. This will also prevent the accumulation
of uncharged tRNAs, and unwanted early plasmid amplification by antisense inhibition of
RNAI. Plasmid production is then induced by temperature shifting to 42°C after biomass
production (Figure 5A, B; Carnes et al., 2006; Carnes and Williams, 2006).

Alternative strategies developed to reduce plasmid mediated metabolic stress aim to alleviate
growth rate inhibition at 37°C. For example, engineering a strain to overproduce intermediaries
of the pentose-phosphate pathway (required for maintaining nucleotide precursor pools,
plasmid replication and protein production) by overexpression of glucose-6-phosphate
dehydrogenase (zwf) partially alleviated plasmid mediated growth rate reduction (Flores et al.,
2004). The ribose-5-phosphate isomerase A (rpiA) gene product is downregulated in BL21
cells containing a high copy plasmid; overexpression of rpiA improved plasmid copy number
(Wang et al., 2006). However, while overexpression of zwf-rpiA in the inducible fed-batch
process of Carnes et al.(2006) increased the rate of plasmid induction, it did not affect final
plasmid yield, indicating nucleotide precursor pools do not limit plasmid copy number at 42°
C (Williams et al., 2008). Inactivation of a global regulator, FruR, in DH5a increased both
growth rate of plasmid bearing cells at 37°C (Ow et al., 2007) and copy number by 21% to
19.2 mg/gDCW (Ow et al., 2009). The effect of the fruR knockout on plasmid production in
a low metabolic burden high yielding process, if any, is unknown.

Protein overexpression from plasmids also places a metabolic load on the host cell that
increases oxygen demand (Kay et al., 2003) and may limit plasmid productivity (reviewed in
Ricci and Hernandez, 2000; Glick, 1995). For example, fermentation of a kanamycin resistant
(kanR) plasmid at 37°C in a batch defined media fermentation process resulted in reduced
growth rate and biomass, and overflow metabolism; overexpression of the kanR gene product
to 18% of total protein was speculated as the cause of these effects (Rozkov et al., 2004).
Plasmid protein expression is reduced by growth at 30°C during biomass accumulation, by
lowering both copy number and copy number-dependent kanR production (Carnes et al.,
2006).

15.1. Low metabolic burden process improves yield

As described above, growth at reduced temperature (e.g. 30°C) during the batch phase
eliminates the need for engineering cells to reduce metabolic burden during the biomass
accumulation phase, since metabolic burden is inherently reduced or eliminated by the process
(Williams et al., 2008). High metabolic burden during early growth may account for the
generally poor plasmid yields with most fermentation processes using a variety of media, since
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these typically are performed at 37°C throughout (reviewed in Carnes and Williams 2007;
Prather et al., 2003). Consistent with this, a recent report compared 35°C versus 37°C growth
during the batch phase, with subsequent fed-batch production at 37°C under restricted growth
rate. Production yields with 35°C batch phase growth were dramatically improved (250 mg/L
versus 50 mg/L; OMahony et al., 2007). Interestingly, creation of seed stocks from
transformations performed at 30°C, rather than 37°C, also dramatically increased plasmid
yield, productivity and seed stock viability with traditionally low yield plasmids (Williams et
al., 2008; Carnes et al., 2008) indicating a general benefit on plasmid productivity of reduced
temperature growth in all steps prior to the growth controlled restricted fed-batch stage. Low
metabolic burden seed stock-fermentation processes allow generic production of a spectrum
of vectors of both good and bad design; this is critical for contract manufacturers with no control
of incoming vector design.

16. Conclusions

Methods to design licensable DNA vaccine vectors that combine high yield and integrity during
bacterial production with increased expression in mammalian cells are presented. While all
new vectors will require extensive preclinical testing to validate safety and performance prior
to clinical use, regulatory testing burden for follow-on products can be reduced by combining
carefully designed synthetic genes with existing validated vector backbones. Utilizing recently
developed low metabolic burden seed stock and fermentation strategies, even poorly designed
vectors can now be produced in usable yields, while optimized vectors can be manufactured
in high yields exceeding 2 g/L, with specific plasmid yields of 5% total DCW. While specific
yield may be approaching a maximum, combining high-yield low metabolic stress processes
with alternative cell lines capable of producing 2-3 fold more biomass in fed-batch
fermentation (reviewed in Shiloach and Fass, 2005) may further improve plasmid yields to 4—
6 g/L. Collectively, DNA vaccination efficacy and cost of goods will be improved using new
vectors and processes that combine improved potency with more economical manufacture.
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DNA Vaccine Vector production and use flowchart.
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A. Annotated pPDNAVACCUItra-1 (pNTCUItra-1) restriction map. Critical features such as
the mMRNA leader (UTR), chimeric SV40-CMV promoter, kanR gene, and functional domains
in the origin (PAS-BL, RNAII promoter, RNase H cleavage site) are indicated. This vector
targets a fusion antigen (antigens 1 and 2) for proteosomal degradation by fusion to the C-
terminus of Ubiquitin A76. B. Plasmid DNA replication. For the leading strand, a RNA
polymerase transcript (RNAII) either forms a replication driving R-loop (RNA:DNA hybrid)
with the origin (left) or a nonproductive interaction with the antisense RNAI copy number
regulator (right). The R-loop is cleaved by RNase H, the resulting 3’ OH serving as a primer
for DNA pol | DNA synthesis. Replication of the leading strand exposes a phiX174 type
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primosome assembly site on the lagging strand (PAS-BL), which binds primosomal proteins
(see Section 4.1). Lagging strand replication initiated at PAS-BL terminates at a termination
site (ter) within the origin. Leading strand replication proceeds around the plasmid, also
stopping at the ter site. DNA Pol | and DNA ligase are required after Pol 111 mediated leading
and lagging strand replication to remove primers and seal nicks, respectively. DNA gyrase then
negatively supercoils the resultant covalently closed circular (CCC) plasmid.
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Antibiotic Free Bird Flu DNA vaccine vector. Vector specific features such as the CMV-
HTLV-1 R-U5 derived mRNA leader (UTR) chimeric SV40-CMV promoter, and RNA
selectable marker are indicated.
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A. Inducible fed-batch plasmid production fermentation process. B. E. coli strain DH5a +
pNTCUItral plasmid inducible fed-batch fermentation growth and plasmid yield profiles.
Fermentation was shifted from 30 to 42°C at 29hrs to induce plasmid production, plasmid yield
reached 2130 mg/L.
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Parent Origin

Regulation

High copy Derivation

Therapeutic plasmids

pMB1

Antisense RNAI binds
RNAII. Rop accessory
protein stabilizes interaction

pUC origin (Rop deletion and second site
mutation that alters RNAI/II interaction at
37-42°C, not 30°C)

pVAX1 (Invitrogen); V1INS
(Merck); pNTCUItra, (Nature
Technology); pPIV7563
(PowderMed); VR1012,
(Vical)

Rop deletion

pCMVKm2 (Chiron)+

ColEl

Same as pMB1

pMM1, pMM7 (Rop deletion and second
site mutation that alters RNAI/RNAII
interaction at 37-42°C, not 30°C)

pVC0396 (Valentis)* ™+

R6K (ori a, ori B

7 rep protein binds iteron,

Host strain pir-116 mutant (r rep protein

pCOR (Aventis); pCpG

ori B) copy number dependent copy-up mutation in oligomerization (Invivogen)
activation (low) or repression domain removed from plasmid and
(high) provided in trans from chromosome)
R1 RepA initiator protein binds RepA controlled by temperature inducible pCWH24-6 (Genecare

non repeated target.
Antisense CopA repressor
binds RepA leader (CopT).
Auxiliary CopB protein
represses RepA expression

promoter lambda Py, (temperature sensitive
lambda repressor)

Development APS)

T
Chapman et al. (1991)

++
pVCO0396 is an optimized vector backbone, for insertion of eukaryotic expression cassettes (Eastman and Durland, 2000).
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Table 2
Plasmid methylation profile from various E. coli plasmid production hosts
Genotype + Dam Dcm K12 Methylase
DH1 F- endAl hsdR17(rg-my+) supE44 thi-1 recAl gyrA96 (Nal') relAl + + +
DH5 F- deoR endA1 hsdR17(r-my+) supE44 thi-1 recAl gyrA96 (Nal") relAl + + +
DeoR derivative of DH1
DH5a F- endAl hsdR17(rc-my+) supE44 thi-1 recAl gyrA96 (Nal') relAl 4 + + +
(lacZYA-argF);69(m80lacZDM15)
JM108 F-. recAl endAl gyrA96 thi-1 hsdR17(r-my+) supE44 relAl A(lac- + + +
proAB)
SCS1-L F- recAl endAl gyrA96 thi-1 hsdR17(r-my+) supE44 relAl + + +
DH10B F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZ4M15 AlacX74 recAl endAl + + -
araD139 4(ara, leu)7697 galU galK A-rpsL nupG
BL21 F- ompT hsdSB (rB- mB-) gal dcm + - -
GT115++ F mcrA A(mrr-hsdRMS-mcrBC) F80lacZ AM15 AlacX74 recAl endAl + - -
Adcem uidA(DMIul)::pir-116 AshcC-sheD

+endAl: increases plasmid quality. EndA is a periplasmic nonspecific nuclease that protects cells from invading DNA. However, upon lysis, EndA will
degrade plasmid DNA. recA: reduces plasmid recombination. relA: Eliminates stringent response, allowing very slow growth. sbcC and sbcD Operon
encoded nuclease that creates double stranded breaks at hairpins that are then repaired using recombination pathways (Connelly and Leach, 1996).
ShcC and sheD mutants stabilize plasmids with palindromes (8-16 minimum stem loop; Chalker etal., 1988; Connelly etal., 1999) or a TGG24 trinucleotide
repeat (Pan and Leach, 2000). In sbcC mutant, RecA (or RecQ helicase) is required for palindrome viability, perhaps to allow replicative bypass of
secondary structure (Cromie et al., 2000).

++ Pir-116 = protein mutation increases copy number of plasmids harboring the R6K gamma origin of replication. GT116 is a related cell line without
uidA(DMlul)::pir-116.
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