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AUTHOR’S FOREWORD

HIV-1 vaccinology is still one of those fields of biomedical research where even angels fear to tread and
we (PhD candidates) enter at our own peril. Although almost two and half decades have passed since the
first report of HIV/AIDS, a protective vaccine against the virus has not successtully being developed. No
candidate HIV vaccines have even reached Phase IV clinical trials. The key challenges to the HIV-1
vaccine development still remain. Most scientists have even speculated that a successful HIV-1 vaceine
will never be developed. With all the challenges and loss of hope, there is a need to come up with more
radical and pragmatic approaches to HIV vaccine development, if the tables are to be turned. The use of
Salmonella bacterial vaccines expressing HIV antigens offers novel strategies for activation and
induction of all arms (innate, mucosal, systemic, CD4+ T-cell, CD8+ T-cell and humoral responses) of
the immune system against the virus. Regarding the research reported here, I have excluded the bulk of
my work that seemed to yield little contribution to knowledge in the field of HIV vaccinology. I spent
most of my time attempting to express HIV-1 Gag antigens using strong promoters in Salmonella
bacterial vaccine vectors with fruitless and poor immunogenicity results in mice. It is bevond the scope
of the thesis to include all that work. Although such work will not be reported herein, it is important to
point out that it set up some groundwork and direction to the approach reported here. The thesis focuses
mainly on the development and use of a novel approach to expression and delivery of foreign antigens by
a recombinant Salmonella vaccine vector. The Salmonella expression system was based on the use of the
Escherichia coli lac operon sequences to express green fluorescent protein {model) and HIV-1 Gag
antigens. The antigens were fused downstream the first 40 amino acid residues of the £ coli f*
galactosidase a-peptide with expression driven by the lac promoter. Oral vaccination of mice with the
recombinant Salmonella vaccine vector induced systemic antigen-specific CDE+ Tol/Te2-, CD4+
Th1/Th2-cell cytokine and IgG1/IgG2a antibody responses. Such multi-pronged vaccine-induced
immune responses are critical in prevention or control of most mucosal pathogens. It is my hope that
scientists in the field of Salmonella vector vaccinology will find great interest in employing such a
simple but ingenious approach used in this study for their own endeavours in developing vaccines for
human or veterinary use.

Nyasha Chin’ombe, September 2006
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ABSTRACT
Salmonella bacteria and human immunodeficiency virus type 1 (HIV-1) infect their hosts via the
mucosal routes. They replicate in the mucosa-associated lymphoid tissue before they spread to systemic
sites. To prevent systemic infection with these pathogens, it is critical to develop effective vaccines that
induce both cellular and humoral immune responses in the mucosal and systemic compartments.
Recombinant live attenuated Salmonelia expressing foreign antigens offer a great potential as effective
oral vaccines that are capable of inducing both mucosal and systemic responses. The overall objective of
the study reported here was to design, construct and evaluate cellular and humoral immune responses of
a recombinant attenuated Sa/monella enterica serovar Typhimurium vaccine vector expressing Aequorea
victoria green fluorescent protein (GFP) model or HIV-1 subtype C Gag antigens. Recombinant
prokaryotic expression plasmids, pGEM~+GFP, pGEM+wtGag and pGEM-+Salmgag, harbouring g/p,
wigag (wild-type HIV-1 gag) and salmgag (codon-optimized HIV-/ gag) genes respectively, were
developed. Each of the genes was fused in-frame with the 5'-domain (first 40 codons) of the E. coli (-
galactosidase a-gene fragment (LacZa), with expression under the relevant Escherichia coli lac operon
transcription and translation sequences. Two more expression plasmids, pGEM+P1724 and pGEM+24D
were further designed and constructed, in which codon-optimized HIV-1 p4/ or p24 genes were
embedded in-frame between first the 40 and last 87 codons of E. coli f-galactosidase a-gene fragment
and with expression under the Escherichia coli lac operon transcription and translation sequences. The
five recombinant plasmids were used to genetically transform an AroC Salmonella enterica serovar
Typhimurium vaccine mutant, thereby generating five recombinant vaccines: AroC+GFP, AroC+wtGag,
AroC+Salmgag, AroC+P1724 and AroC+P24D. High-level antigen expression of recombinant GFP,
wtGag, Salmgag, P41 and P24D by the Salmonella vaccine vector was demonstrated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis. It was concluded that the fusion of the antigens to the
amino and/or carboxyl terminal domains of the Fgalactosidase a-peptide and the use of natural £. coli
lac operon sequences potentially enhanced the high expression of the heterologous antigens by the

bacterial vector.

To investigate the potential of the recombinant Salmonella as a vaccine vector, BALB/c mice were orally
vaccinated with AroC+GFP, AroC+wtGag, AroC+Salmgag, AroC+P1724 or AroC+P24D and systemic
antigen-specific CD8+ Tcl/Tc2, CD4+ Thl/Th2 cytokine and IgG1/1gG2a antibody responses were
evaluated. One group of mice (for each vaccine) was vaccinated on Day 0 and sacrificed on Day 28. The
effect of multiple vaccinations was investigated by inoculating another group of mice with the same
vaccines on Days 0, 28 and 56 with sacrifice on Day 84. The animals were bled before each vaccination
and sacrifice and serum processed for antibody analyses. At sacrifice, spleens were harvested and the
frequency of antigen-specific CD4+ T- and CD8+ T cells secreting cytokines assessed by interferon-
gamma and interleukin-4 enzyme-linked immunospot (IFN-y and IL-4 ELISPOT) assays. The cytokines,
tumour necrosis factor alpha (TNF-o), IFN-y, IL-4 and interleukin-5 (IL-5) secreted by the splenocytes
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into supernatant after stimulation with various antigen-specific epitopes were quantified by cytometric

bead array (CBA) assay.

Splenocytes from mice vaccinated once with AroC+GFP did not elicit detectable CD8+ T-cell cytokine
response after ex vivo stimulation with an H-2K® restricted class I GFP epitope (HYLSTQSAL). Analysis
of immunogenicity in mice that received two booster vaccinations showed induction of high frequencies
of GFP-specific CD8+ T cells (226 net IFN-y and 132 IL-4 spot-forming units (SFUs)/10° splenocytes).
The result was further confirmed by CBA assay which showed that the splenocytes secreted into the
supernatant elevated levels of IFN-y (65-fold above background) and IL-4 (5-fold above background)
cytokines after stimulation for 48 hours with the GFP peptide. GFP-specific serum IgG1 {suggesting
CD4+ Th2)y and 1gG2a (suggesting CD4+ Thl) immune responses were induced after a single
inoculation and the responses were enhanced after the two booster immunizations. The findings
suggested that the recombinant Salmonella vaccine was capable of vectoring the GFP model antigen in
mice for induction of systemic antigen-specific CD&+ Tc1/Tc2, CD4+ Th1/Th2 eytokine and antibody

immune responses.

Mice vaccinated once with recombinant Salmonella expressing wtGag did not induce detectable HIV-1
Gag-specific CD8+ T cell cytokine responses after single or triple inoculations. However, HIV-1 Gag-
specific CD4+ Th2 (IL-4), but not Thl (IFN-y} cytokine response were detected on Day 84, The
stimulation of the splenocytes from the boosted mice with a H-2K restricted class Il Gag epitope (MRC-
13) resulted in secretion into supernatant of elevated levels of IL-4 cytokine (5-fold above the
background). The vaccinated mice did not elicit Gag-specific 1gGG antibody response by Day 28 or Day
84, The reason{s) for the imprinting of only a Gag-specific CD4~+ Th2 (IL-4)-biased response by the
AroC+witGag were not clear. However, the lack of codon-optimization of wigag might have affected its
expression and subsequent delivery by the Salmorella vector. Mice vaccinated with the Salmonelia
vector expressing Salmgag (codon-optimized Gag) did not induce specific CD8+ or CD4+ T-cell
cytokine responses after single inoculation. However after three ioculations, low HIV-1 Gag-specific
CD8+ Tel (IFN-y) cytokine response was induced. IFN-y induced after simulation of splenocytes with
an H-2K* restricted class I Gag epitope (AMQMLKDTI) was 3-fold above the background. Splenocytes
from these mice also secreted elevated HIV-1 Gag-specific CD4+ Thl (ITNF-o (29-fold above
background) and IFN-y (8-fold above background)) and Th2 (IL-4 (26-fold above background) and I1-5
(>89-fold above background)) cytokines after stimulation with the H-2K restricted class II Gag epitope,
MRC-13. Serum Gag-specific IgGl and 1gG2a were detected in vaccinated mice on Day 84 and this
further confirmed the elicitation of mixed Gag-specific CD4+ Thl and Th2 responses. The codon-
optimization of salmgag potentially enhanced its stable expression in vive by the recombinant
Salmonella vaccine vector and subsequently improved the nature, quality and magnitude of the HIV-1

Gag-specific imrmune responses.



Mice vaccinated with AroC+p1724 and AroC+p24D elicited HIV-1 Gag-specific CD4+ Th2 (IL-4)
responses after single inoculation. The responses improved after three inoculations for only the
AroC+P1724 vaccine, but not AroC+P24D. Gag CD8+ Tc2 (IL-4) response was induced only by the
vaccine AroC+P24D after three inoculations. However, no Gag-specific IgG antibody responses were
detected in mice vaccinated with these two vaccines. Although no Gag-specific humoral responses were
detected, the study demonstrated that cellular responses could be elicited to the embedded antigens that
were expressed by the Salmonella vector. Sub-cellular localization of GFP and Salmgag in recombinant
Salmonella enterica serovar Typhimurium vaccine vector was finally investigated using fluorescence
microscopy. GFP was homogenously distributed throughout the vector. In contrast, Salmgag was
confined predominantly at the poles of the bacterial cells. The difference in the properties of the two

antigens probably affected their localization inside the bacterial cells.

In conclusion, a recombinant Salmonella enterica serovar Typhimurium vacecine vector expressing high
levels of GFP model or HIV-1 Gag antigens using the £ coli lac operon system was developed.
Furthermore, 1t was also demonstrated that, using the expression system, an orally-delivered recombinant
Salmonella vaccine vector expressing GFP or HIV-1 Gag could induce systemic antigen-specific CD8&+
Tel/Te2, CD4+ Th1/Th2 cytokine or IgG1/IgG2a antibody profiles in mice. Future studies should further
exploit the strategy employed in this study for high-level expression of heterologous antigens in

Salmonella and development of the next generation of mucosal vaccines for human and animal uses.
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proinflammatory cytokines, which can control the Salmonella infection (Gewirtz et al., 2003). In the
early phases of infection, the NADPH oxidase-dependent anti-microbial functions of phagocytes and the
innate resistance gene Nramp! (natural resistance-associated macrophage protein 1) also play the
cumulative control of bacterial growth (Mastroeni ef al., 2000b;, Mastroeni, 2002; Zaharik et al., 2002).
Nrampl is believed to play a role in the generation of oxygen- and nitrogen-dependent antimicrobial
activities (Wigley et al, 2004). Nramp1™ mice succumb to Salmonella infection while Nramp1™* mice
can control primary Salmonella infection (Caron et a/, 2002; Monack et al.,, 2004). Defensins (peptides)
produced by phagocyvtes have been implicated in killing of Salmonella during infection {Groisman ef af.,
1992; Salzman ef al,, 2003). Cytokines such as TNF-a and IFN-y produced by the cells of the innate
immune system such as dendritic cells have antimicrobial activities and are also involved control of
Salmonella infection (Sebastiani ef af., 2002). The innate immune system can, therefore, control early
Salmonella infection by phagocytosis and production of antimicrobial molecules. However, the innate
immunity alone cannot clear virulent Salmonella infection without the adaptive (cellular and humoral)

immune system (Lalmanach and Lantier, 1999).

2.3.2 Cellular immune responses

D4+ and CD8+ T lymphocytes are crucial for protective immune responses against many intracellular
bacterial pathogens such as Sa/monella (Kerksiek and Pamer, 1999). In most cases these cells are critical
for sterilizing immunity against bacterial infection (Shen er af, 1998; Lo er «l, 1999). The major
histocompatibilty complex class 1 and class Il antigen-processing pathways are responsible for the
activation of antigen-specific CD8+ and CD4+ T lymphocytes respectively (Lanzavecchia, 1996;
Trombetta and Mellman, 2005). CD8+ T cells are able to recognize peptides bound to the MHC class I
molecules while CD4+ T cells recognize peptides bound to the MHC class Il molecules. CD4+ and
CD8&+ T cell responses target most of the Salmonella antigens such as protein antigens, porins, flagellin,
pilin, LPS and Vi surface polysaccharides (Mastroeni and Menager, 2003). The recognition of peptides
derived from these antigens results in induction of antigen-specific CD4+ T- or CD&+ T cell immune

responses.

Few studies have extensively investigated the role of both CD4+ and CD8&+ cell immune responses to
Salmonella infection. However, it is generally known that infection with Salmonella induces adaptive
immunity, which can potentially contribute to protection (Ravindran and McSorley, 2005 McSorley et
al., 2000). After phagocytosis by macrophages or dendritic cells, the bactena replicate in the Salmonella-
containing vacuoles. Salmonella antigens or peptides are predominantly presented by MHC class 1l
molecules to the CD4+ T cells. A number of studies have used proliferative assays to detect CD4+ T
cells after Salmonella infection in animals. Using such assays, Salmonella-specific CD4+ T cell
responses have been observed in mice, calves and humans (Sztein ef af., 1994; Harrison e al., 1997;
Villarreal-Ramos ef al.,, 1998). It has also been observed that CD4+ Thl cytokines (IL-2 and IFN-y) were
induced predominantly upon in vitro restimulation of immune cells from Salmonella-vaccinated mice
(Harrison ef al., 1997). Recent studies by Kirby ef o/, (2004) have shown a higher percentage of memory
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CD4+ Thi cells producing IFN-y and TNF-o in mice immunized with Salmonella. The involvement of
both CD4+ Th1 and Th2 cells against Sa/monella porins has been demonstrated. Bergemen ef al., (2005)
studied the generation of CD4+ T cell responses directed against epitopes of Salmonella FIC antigen
vaccinated mice. It was shown that macrophages and dendritic cells infected with Safmonella could
process and present FliC epitopes, resulting in stimulation of antigen-specific CD4+ T cell proliferation
and IFN-y secretion (Bergemen ef al, 2005). It has also been shown that MHC class IT knockout and
CD4 knockout mice are highly susceptible to Sal/monella (Hess et al, 1996), underhining the critical role
of CD4+ T cell responses in protection. IFN-y knockout mice have also been shown to fail to be
susceptible to disseminated septicaemia after Safmonella infection (Bao ef af, 2000). From all these
studies, it is clear that the CD4+ T cell responses (especially Thl) play a key role in controlling
Salmonella infection. How CD4+ T cell responses regulate other aspects of the immune system such as

CD8+ T cell and humoral responses during Sa/monella infection is still not clear.

The role of CD8+ T cells in controlling intracellular pathogens such as Salmonella is well recognized
(White et al, 1996; Harty and Bevan, 1999; Kerksiek and Pamer, 1999; Ravindran and McSorley, 2005).
Since Salmonella reside and replicate in the SCVs (Oh ef al., 1996), it is not obvious that processing and
presentation of exogenous antigens by the classical MHC class I pathway for induction of CD8+ T cell
responses will occur. However, recent studies have recorded the induction of Salmonella-specific CD8+
T cells after bacterial infection in humans and mice (Lundin ef ¢/, 2002; Salerno-Goncalves ef al., 2002,
Diaz-Quinonez et al., 2004; Lo et al., 2004). Studies by Lo ef al, (1999) have shown MHC class Ib-
restricted responses after infection with wild-type Salmonella bacteria. Later studies further showed that
a CD&+ epitope derived from Salmonefla HSP-60 could also be processed and presented to CD8+ T cells
(Lo et al,, 2004). The critical role of CD&+ T cells was also previously demonstrated by Lo ef al., (1999},
who showed that Class I-deficient betaZ-microglobulin mice were susceptible to Salmonella infection.
Studies by Pasetfi es al., (2002} confirmed that Sa/monella vaccine vectors could elicit antigen-specific
CD8+ T cell responses in mice. The mechanisms by which exogencus antigens (from the SCVs) are
cross-presented by the MHC class I molecules to give rise to CD8+ T cell responses are not clear.
However, studies have suggested that apoptotic cells infected with antigens could be an important source
for cross-priming in such situations (Albert ef al,, 1998). Salmonella-infected cells undergo bacterial-
induced apoptosis and the apoptic blebs could be the main sources of antigens for the generation of
Salmonella-specific CD8+ T cells (Yrlid and Wick, 2000; Wijburg ef al, 2002). Bystander dendritic
cells, not macrophages, have been suggested to be the antigen-presenting cells that engulf the
Salmonella-infected apoptotic cells for induction of CD8+ T cells (Wijburg ef o/, 2002; Sundquist ef af.,
2004). It is also now known that dendritic cells are capable of processing and cross-presenting exogenous
antigens for induction of CD&+ T cell responses (Brode and Macary, 2004; Heath e al,, 2004). Other
models by which exogenous antigens could directly access the cytosol for induction of CD8+ have
recently been reviewed (Rock and Shen, 2006). It is not clear as to which of these models is dominant in
cross-presentation of Salmonella antigens for induction of CD8+ T cell responses. Despite our poor
understanding of cross-presentation, the fact that Salmonella induce CD8+ T cell immune responses

.
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Typhimurium SL3261 vector expressing Eimeria tenella SO7 and TA4 antigens induced antigen-specific
humoral immune responses in chicken. The stable expression of the antigens in the vector was achieved
by the use of the pTECH2 expression vector with antigens fused to the C-terminus of tetanus toxin
fragment C. Recent studies have further demonstrated that protective CD8+ T cell responses could be
induced in chicken vaccinated with a recombinant Salmonella enterica serovar Typhimurium expressing
Eimeria antigens {Konjufca ef al., 2006). These studies further showed the utility of Salmonella vaccines

in delivering parasitic antigens to the immune system of different animals,

2.5.4 Recombinant Salmonella vectors expressing other antigens

One of the most common applications of the Sa/monella vaccine vectors has been the delivery of cancer
or tumor antigens to the immune system. One of the earliest investigations of the use of Safmonella
vaccines as potential vectors for cancer antigens was conducted by Medina ef o/, (1999). In their study,
these researchers used attenuated Salmonella enterica serovar Typhimurium SL7207 vector to trigger
anti-tumor immunity to beta-galactosidase {3-gal) when expressed as a model tumor-associated antigen
(TAA) Oral vaccination of mice with the vector induced B-gal-specific humoral and CD8+ CTL immune
responses. Upon challenge of vaccinated mice with an aggressive fibrosarcoma expressing 3-gal, the

animals showed a significant reduction in tumor take and growth.

Feng ef al, {2004) used recombinant attenuated Salmonella enterica serovar Typhimurium SL7207
vector to express the VEGFR2 (f1k-7) gene. The aim of the study was to investigate the anti-vasculature
and anti-glioma effects of the recombinant vector in mouse model of intracranial G1261 glioblastoma.
The study demonstrated that the Salmonella vector expressing the flk-7 gene could significantly inhibit
glioblastoma growth, prolong the survival period and improve the survival rate of orally vaccinated mice.
Flk-1 specific CD8+ CTL responses were demonstrated after vaccination. The authors urged that orally
administered recombinant Sa/monella vaccine could potentially be used for both prophylactic and

therapeutic purposes.

Gentschev et al., (2005) also investigated the potential use of Salmonelia in delivering another cancer
antigen. The recombinant Arod Salmonella enterica serovar Typhimurium strains expressing the C-Raf
antigen using £. coli hemolysin secretion system were developed. Immunization of mice with the vaccine
vector induced C-Raf-specific antibody and T-cell responses. Furthermore, therapeutic vaccination of
tumor-bearing mice significantly reduced tumour growth in two transgenic mouse models of Raf
oncogene-induced lung adenomas. In a similar study, Lee er af, (2005) developed an attenuated S
choleraesuis expressing thrombospondin-1 (TSP-1) gene and the vector was used for therapeutic
treatment of primary melanoma and experimental pulmonary metastasis in the syngeneic mouse B16F10
melanoma model. There was significant inhibition of tumour growth in mice after the vaccination with
the vector. It was concluded that Salmeonella vectors could be used for effective treatment of both
primary and metastatic melanomas (Lee ef a/, 2005). These studies suggest that the use of Salmonella
vectors in development of prophylactic and therapeutic vaccines for cancer may be feasible.
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CHAPTER 3: DEVELOPMENT AND IMMUNOGENICITY OF A RECOMBINANT
SALMONELLA ENTERICA SEROVAR TYPHIMURIUM VACCINE VECTOR EXPRESSING
AEQUOREA VICTORIA GREEN FLUORESCENT PROTEIN AS A MODEL ANTIGEN

3.1 SUMMARY

The use of jellyfish dequorea victoria green fluorescent protein (GFP) as a model antigen in vaccine
research and development has not previously been explored widely. No studies have investigated the
cellular and humoral immunogenicity of GFP when delivered by attenuvated Salmonella vaccine vectors.
The current study, therefore, set out to develop and evaluate cellular and humoral immunogenicity of an
attenuated recombinant Salmonelia enterica serovar Typhimurium vaccine expressing GFP model
antigen. A recombinant GFP expression plasmid, pGEM+GFP, was constructed in which the gfp gene
was fused in-frame with the first 40 codons (5' domain) of the £. coli [Fgalactosidase a-gene fragment.
The expression of the gene was under the lac promoter. The recombinant Salmonella carrying the
plasmid expressed high levels of GFP. Immunogenicity was investigated in two groups of mice orally
vaccinated with 10 colony forming units (CFUs)/mouse of the Salmonella vaccine. One group was
sacrificed after 4 weeks (Day 28) and the other boosted twice (Day 28 and Day 54) with the same
amount of vaccine and sacrificed on Day 84. At sacrifice, splenocytes were stimulated ex vivo in the
presence of an H-2K -restricted Class I GFP peptide (HYLSTQSAL). Mice primed with the recombinant
Salmonella vector did not elicit detectable GFP-specific CD8+ T-cell cytokine response. However, a
strong immune response was elicited after two booster inoculations. It was demonstrated that 226 [FN-y
and 132 IL-4 GFP-specific net SFUs/10° splenocytes were formed. The induction of mixed GFP-specific
CD&+ Tcl and Tc2 cell cytokine responses were further confirmed by a CBA assay, which showed that
high levels of IFN-y (65.2-fold above background), TNF-a (4.5-fold above background) and 1L-4 (10.4-
fold above background) were secreted by 1.5 x 10° splenocytes after 48 hours of stimulation with the
GFP peptide. The results suggested that, in vivo, the GFP antigen expressed by the recombinant
Salmonella vaccine vector could be processed and cross-presented to MHC-I molecules for induction of
both CD8+ Tcl (IFN-y and TNF-a) and Tc2 (I1-4) cytokine responses. The study also showed that GFP-
specific serum IgGl and IgG2a immune responses were induced in mice after single or booster
vaccinations. The presence of both GFP-specific 1gG1 and [gG2a antibodies in the serum suggested the
induction of mixed GFP-specific CD4+ Thl and Th2 responses. The findings in this study, therefore,
demonstrated the effectiveness of a recombinant Salmonella as a mucosal vaccine vector that could
induce mixed CD8+ Tcl/Tc2 and CD4+ Th1/Th2 cytokine responses, together with serum IgGl and
1gG2a antibody responses. Based on this model, other foreign antigens could potentially be expressed

and delivered by the bacterial vaccine vector.

3.2 INTRODUCTION
Green fluorescent protein (GFP) was initially identified in 1962 in the jellyfish dequorea victoria by
Shimomura (historical review in Shimomura, 2006). Its cDNA was cloned and sequenced by Prasher and

collegues three decades later (Prasher ef af, 1992). Subsequent studies by various groups demonstrated
T L B P SO SO SSSR 40



that GFP was fluorescent when expressed in both prokaryotic and eukaryotic cells (Inouye and Tsuji,
1994; Chalfie ef al., 1995). Wild-type GFP is a 27-kDa protein with 238 amino acids and has a major
absorbance peak at 395 nm, a minor absorbance peak at 470 nm and can be excited by both standard
long-wave UV lamps and fluorescein isothiocyanate (FITC) filter sets (Margolin, 2000). Wild-type GFP
emits green light after absorption of UV or blue light. The GFP chromophore responsible for the
fluorescence is made up a cyclic tripeptide {Ser-Try-Gly, amino acids 65-67) and is only fluorescent
when embedded within the complete GFP protein (Cody er af, 1993). Only amino acids 7-229 are
required for GFP fluorescence (Li ef al., 1997a). To date, there are a number of GFP mutants which have

been generated and are also fluorescent (Tsien, 1998).

Some publications have recently reviewed the applications of GFP in various areas of the biological
sciences {Tsien, 1998; Phillips, 2001. Zimmer, 2002; Lippincott-Schwartz e al, 2003; March ef al,
2003; Hynes et al., 2004; Stewart, 2006). These applications include, among others, the use of GFP as a
reporter of gene transcription, as a protein fusion tag for protein expression or localization, as an active
indicator of expression, for whole organism visualization and as a folding marker. GFP has also found
use in the study of a variety of bacterial cellular processes such as cytokinesis, chromosomal replication
and partitioning, sporulation and signal transduction. Furthermore, GFP can be used to study cells by

flow cytometry (Galbraith ef a/,, 1999).

Although GFP has found widespread applications in many fields of the biological sciences, its use in
vaccine research and development is sketchy. Very limited studies have investigated the immunogenicity
of GFP in mice. Two initial reports have demonstrated GFP immunogenicity in mice that were
vaccinated with GFP-expressing leukemia, T cell lymphoma, or sarcoma cells (Stripecke ef al, 1999;
Gambotto et al, 2000). Cellular and humoral immune responses against GFP were also observed in
rhesus macaques that underwent haematopoietic stem cell transplantation with GFP-transduced CD34+
cells (Rosenzweig et al., 2001). Since the identification of a GFP peptide, HYLSTQSAL (GFP, ;200208
peptide as a mouse H-2Krestricted Class I epitope (Gambotto et al., 2000), no further studies have
explored GFP’s potential use as a model antigen in development of vaccination protocols especially for
T-cell vaccines. No studies have also investigated the use of oral attenuated recombinant Salmonella
enterica serovar Typhimurium as vaccine vectors for GFP model antigen. The current study set out fo
develop a novel recombinant GFP-expression plasmid cassette and to investigate the potential of an oral
attenuated recombinant Salmonelia enterica serovar Typhimurium carrying the plasmid as a vaccine
vector for the GFP model antigen in mice. In brief, the main objectives of the study were:

1. to design and construct a prokaryotic expression plasmid capable of expressing GFP model antigen

under suitable /ac operon transcriptional and translational domains.
2. to use the expression cassette in genetic transformation of E. ¢oli and Salmonella enterica serovar

Typhimurium, and characterize the GFP antigen expression in the two Gram negative bacteria.
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amplicon was ligated into a linearized pGEM-T Easy plasmid {Appendix B1.7). The ligation reaction
was used in the genetic transformation of competent £. coli SCS110 cells (Appendix Al.4). The
recombinant SCS110 clones harbouring the recombinant plasmid (hereby designated pGEM+GEP) were
screened for presence of gfp fragment and its orientation by blue-white screening procedure (Appendix
Al.1) and UV-illumination. The white and fluorescing (candidate) clones were cultured using standard
protocols (Appendix Al.2). To investigate the presence of the recombinant gfp gene in plasmids,
restriction mapping (Appendix B1.5}) was performed initially with EcoR1 followed by double digestion
with Narl and Hindlll. Restriction mapping of the plasmids was followed by maximum plasmid isolation
(Appendix B1.2) from one of the candidate clones. The gfp gene in the candidate pGEM+GFP plasmid
was sequenced (Appendix B1.8) to further confirm whether the gene was still in-frame with the 5' end of
[galactosidase «-gene in pGEM-T Easy vector or whether it did not acquire point mutations from
polymerase chain reaction or genetic deletions. The analysis of sequencing data was performed using the
DNAMAN and ABY Prism Automated DNA Analyzer (Chromas) {Applied Biosystems, Foster City,
USA) softwares.

3.5.2 Development of recombinant E. coli and Salmonella and assessment of GFP expression

To investigate the expression of recombinant GFP, pGEM+GFP and pGEM (negative control) plasmids
{Appendix G) were used in the genetic transformation of competent E. coli and Salmonella enterica
serovar Typhimurium AroC mutant. IPTG, X-gal and ampicillin (Appendix D} were included n the 2x
YT agar plates (Appendix A1.2). The plates for Salmonelia were further supplemented with Aromix and
Tryosine (Appendix D). Plates were incubated overnight and fluorescence of colonies viewed under UV
light (Appendix A4) the following moming. Single colonies were cultured in 100 ml 2x YT liguid broth
with or without IPTG. The aim of including or excluding IPTG in the broth was to establish if GFP
expression (under the /ac promoter) was inducible or constitutive in a Salmonella vaccine vector. To
determine GFP expression by recombinant £. coli and Salmonella enterica serovar Typhimurium
mutants, total protein was extracted from each culture (Appendix B2.1) and analyzed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Appendix B4), followed by Coomassie blue
staining of the gel {Appendix B5). Western blotting (Appendix B6) was performed to identify and
confirm the specificity and integrity of the GFP protein band seen on the SDS-PAGE after Coomassie
blue staining. A mixture of two anti-GFP mouse monoclonal antibodies (Clones 7.1 and 13.1) (Roche)
was used as a primary antibody (diluted at 1.1000). Goat-anti-mouse immunoglobulins conjugated to
horseradish peroxidase, diluted at 1.1000 were used as secondary antibody. The blot was developed by

enhanced chemiluminescence.

Solubility of GFP expressed in recombinant Salmonella vaccine vector was evaluated by SDS-PAGE
(Appendix B) analysis of total, soluble or extracellular (media) fractions. The soluble fraction was
prepared by the Fast-Prep method of protein isolation (Appendix B2.2). The soluble fraction was
analyzed using 12.5 % SDS-PAGE (Appendix B4). To check if there was any secretion of the GFP out

of cells, culture medium (extracellular fraction), which was used for the growing of bacteria, was also
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loaded onto the SDS-PAGE. Total protein fraction prepared by the SDS-lysis method (Appendix B2.1)
was also loaded on the SDS-PAGE. The prediction of solubility of GFP when overexpressed in E. coli
{(or Salmonella) was based on Wilkinson-Harrison solubility model (Wilkinson and Harrison, 1991). The
protein amino acid sequences were “cut and pasted” into an input window at the web site

www biotech.ou.edu and the solubility probabilities were calculated automatically.

The colony morphology and growth of the recombinant Salmonella vaccine vectors were noted. The
degree of fluorescence, size and uniformity of colonies on plates with or without selection were also

noted as suggestive surrogate markers for stable expression of GFP.

3.5.3 Vaccination of mice with recombinant Salmoneila vaccine vector expressing GFP

Recombinant Salmonella enterica serovar Typhimurium vaccine vectors were prepared as described in
Appendix A2.1. The vaccines were designated AroC+GFP (recombinant Salmonella enterica serovar
Typhimurium AroC mutant expressing GFP) and AroC+pGEM (recombinant Salmonelia enterica
serovar Typhimurium mutant not expressing GFP; used as negative control). To prepare heat-killed
AroC+GFP (HK-AroC+GFP), the live bacterial culture (AroC+GFP) was heated in a 65 °C water bath
for 20 min. The inclusion of HK-AroC+GFP was to check if the bacteria that could not invade the gut-
associated tymphoid tissue would elicit systemic immune responses. Female H-2" BALB/c mice (n=5)
were purchased from South Africa Vaccine Producers Pty Lid (Johannesburg, South Africa), housed at
the University of Cape Town Animal Unit and allowed to adapt for a minimum of 10 days before
vaccinations. All the animal procedures were approved by the University of Cape Town Animal Ethics
Committee. The vaccination protocols (blood collection and sacrifice schedules) for two separate
experiments (Experiments 1 and 2) are given in Tables 3.1 and 3.2 respectively. The sacrifice was
performed 28 days after the last inoculation because that 15 the time when all the bacterial vaccines are
expected to be cleared by the mouse immune system. The blood was processed by centrifugation (4 000
rpm for 3 minutes) and sera were stored at -20 °C until assessment of humoral immune responses

{Appendix B10). The spleens from each group were pooled and processed as described in Appendix B7.

Table 3.1: Vaccines and vaccination protocol for Experiment 1. Mice were inoculated ONCE by intragastric
gavage (Appendix A2.3) with Salmonelia vaccines. The mice were bled prior to inoculation and sacrifice. The
blood was processed by centrifugation and sera were stored until evaluation of humoral immune responses as
described in Appendix B10. At sacrifice {on Day 28) the spleens from each group of mice were processed as

described in Appendix B7.

Inoculum (vaccine) [noculum/animal Inoculation date Sacrifice date
AroC+GFP 10% efu Day 0 Day 28
AroC+pGEM 10% cfu Day 0 Day 28
HK-AroC+GFP 107 cfu Day D Day 28

L0 L 44










































3.7 DISCUSSION

The key challenge with Salmonella bacterial vaccine delivery systems is to optimize the expression of
high levels of the foreign antigens for presentation to the immune system. In the current study, a new
strategy based on E. coli lac operon control sequences was designed and tested for expression of a model
foreign antigen, Aegquorea victoria green fluorescent protein, in AroC Salmonella enterica serovar
Typhimurium mutant. Oral vaccination of mice with the bacterial vector elicited GFP-specific systemic
CD8+ (Tcl and Tcl) cytokine and humoral (IgG1/IgG2a) immune responses. This is the first reported
study in which the expression of GFP fused to LacZo peptide and driven by the /ac promoter, in orally
delivered recombinant attenuated Salmonella enterica serovar Typhimurium elicited both cellular and

humoral immune responses,

3.7.1 Development of a recombinant Salmonella expression cassette

The success of the lac-GFP fusion strategy was attributed immensely to the rational design of the
prokaryotic expression plasmid, pGEM+GFP (Figure 3.1). Previous work in which unfused GFP was
expressed under a strong prokaryotic constitutive promoter (mtr) failed to give high-level accumulation
of the antigen in bacteria (Chin’ombe, unpublished results). One of the potential reasons for the failure to
overexpress GFP under such a strong promoter could be the formation of unfolded GFP inclusion bodies,
post-transcriptional mRNA instability or post-translational GFP proteolytic degradation by bacterial
proteases. It was later hypothesized that using a weaker E. cofli lac promoter to express the GFP, but
fused in-frame to the N-terminal domain of the E. coli -galactosidase a-fragment could result in better
expression of the antigen in both E. coli and Salmorella. The inclusion of the N-terminal domain of the
Pgalactosidase o-gene fragment, which itself is an E. coli bacterial peptide might have contributed
immensely to the high expression of GFP observed in both E. coli and Salmonella enterica serovar
Typhimurium vector (Figures 3.2 and 3.3). Fusing foreign proteins to other prokaryotic peptides has the
potential to enhance expression of the cloned genes (Jacquet ef al., 1999). In such situations, translational
efficiency improves and problems associated with translational initiation are resolved by construction of
such fusion genes. Furthermore, fusion proteins have been shown to be, in most cases, resistant to
proteolytic degradation, thereby overcoming the problems of instability normally associated with foreign
proteins (Itakura et al, 1977; Martinez et al., 1995; Jacquet et al, 1999). The fusion of gfp to the 5'-
domain of LacZa also potentially stabilized GFP mRNA of the antigen gene and increased its half-life.
In a similar study, it was shown that fusing genes to the 5' UTR (untranslated region) of om;pA was

effective in stabilizing the mRNA transcripts (Hansen, 1994).

There were other considerations borne in mind in rationally designing pGEM+GFP for high-level
expression of the GFP antigen in Salmonella vaccine vector. They included the ribosome-binding site,
the nature of origin of replication (ori}, promoter (lac) properties, and translation termination sequences.
Most of these transcriptional and translational domains are present in the pGEM-Teasy vector (Promega,
U.S.A). Although pGEM-T easy plasmid was originally designed as a cloning vector, this study designed

a novel strategy of using it as both a cloning and protein expression vector for the two Gram-negative
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bacteria, E. coli and Salmonella. Cloning of PCR products in T/A vectors such as pGEM-Teasy plasmid
exploits the characteristic of some of the DNA polymerases such as 7ag DNA polymerase which
preferentially add a single 3'-A overhang to blunt-ended, double-stranded DNA via terminal transferase-
like activity (Hu, 1993). The current study rationally designed the primers so that the amplified gfp gene
(with the 3'-A overhangs introduced by the Tag DNA polymerase) could be cloned in-frame with the 5'-
domain of LacZa in pGEM-T easy plasmid. The study also capitalized on the presence of these various
transcriptional and translational structures in pGEM-Teasy vector, which was designed as a cloning
vector, not an expression vector. The origin of replication in pGEM-Teasy vector allowed for high copy
number of the plasmid (300-400 copies per cell) in Salmonella vector, thereby increasing the gfp gene
dosage and high expression of the antigen. Initiation of translation of the cloned antigen gene involves a
specific ribosome-binding site (RBS) just upstream from the translation start codon. It has also been
shown that the efficiency of translation initiation depends on the distance between the Shine-Dalgano
(SD) sequence and the initiation codon (Jay et al, 1982; Chen ef al, 1994). In the current study, the

natural SD sequence for the LacZa gene in the pGEM-T easy plasmid was used for efficient ribosome

binding.

The lac promoter was constitutive in Salmonella because of the absence of the lac repressor as in E. coli
(Figures 3.2 and 3.3). Although the weak lac promoter was used, the high plasmid copy number was
expected to increase the gene dosage for high expression. The choice of stop codons used also affects the
efficiency of translation termination. Analysis of how frequently the three alternative translation
termination codons (TAA, TAG and TGA) are used in E. coli has shown a very strong bias towards the
use of stop codon TAA in genes that show high levels of expression (Poole et al., 1995). In this study,
the stop codon, TAA(G) was used in the pGEM+GFP plasmid to increase efficiency of translation
termination. To prevent read-through by ribosomes during gene franslation, an extra stop codon, TAA(T)
was added one codon downstream of the first stop codon (Figure 3.1). With all these considerations,
overexpression of GFP in the recombinant Salmonella vaccine vector was achieved (Figure 3.3). This
was expected to facilitate the delivery of sufficient GFP antigen to the immune system by the Sdlmonella
vector after vaccination. No adverse effects of GFP overexpression on Salmonella vaccine vector were
observed and this indicated that the metabolic burden was minimal. The continued fluorescence of the

GFP showed that the upstream LacZo leader sequence (40 amino acids in length) did not affect its

folding.

In the study, it was noted that the GFP expressed in recombinant Salmonella enterica serovar
Typhimurium was soluble (Figure 3.3). However, another proportion of the GFP was expressed as
insoluble inclusion bodies. This was predicted by the Wilkinson and Harrison model (Wilkinson and
Harrison, 1991). To improve the solubility of the GFP, two approaches can also be employed. One is to
rationally add some amino acid residues at the N- or C-terminal ends of the GFP, which improve its
solubility. The second approach would be to fuse and co-express GFP with soluble antigens such as
NusA (95% soluble), GrpE (93% soluble), and BFR (95% soluble) proteins (Davis ef al., 1999). NusA
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has already been evaluated in its ability to improve solubility of human interleukin 3, bovine growth
hormone and tyrosine (Davis et al, 1999; Davis and Harrison, 1998). It was anticipated that the
solubility of GFP in recombinant Salmonella vector would influence its antigen processing and

presentation to the immune system.

3.7.2 GFP-specific CD8+ Tcl and Te¢2 cytokine responses

For pathogens that infect their hosts through the oral route, preventative vaccines should induce both
muécsal and systemic CD&+ T cells. One of the key advantages of oral delivery by Salmonella is that
both mucosal and systemic immune responses can be induced, unlike systemic vaccination, which does
not induce a mucosal response (Medina and Guzman, 2001; Ogra et al., 2001). In the current study,
systemic T cell responses were investigated in mice after oral delivery of recombinant Salmonella
vaccine vector expressing the GFP model antigen. The vaccination of the mice with the Salmonella
vaccines did not result in profound changes in the splenocyte population of cells (Table 3.4). The rapid
clearance (about 14 days after infection) of the attenuated Salmonella bacteria potentially causes the
population of splenocytes to revert to normal proportions by the time the mice are sacrificed (day 28 after

the last vaccination).

Antigenic exposure of naive CD8+ T cells results in their differentiation into distinct subsets secreting
different cytokine profiles (Li ef al, 1997; Sad et al, 1997; Cerwenka ef al,, 1998). These subsets are
mainly the CD8+ T cytotoxic-1 (Tcl) cells that secrete 1L-2, TNF-a. and IFN-y; and the CD8+ T
cytotoxic-2 (Tc2) cells that secrete IL-4, IL-5, TL-6 and 1L-10. Both CD8+ Tc1 and Tec2 cell populations
have been suggested to be cytolytic (Cerwenka et al., 1998). In the present study, the existence of GFP
specific CD8+ T cells secreting both Tcl and Tc2 cytokine profiles in mice orally vaccinated with
Salmonella vaccine vector expressing GFP was demonstrated by IFN-y and IL-4 ELISPOT assays
(Figure 3.4). The bias was however towards the Tcl response. The demonstration of the simultaneous
production of high levels of GFP peptide-specific IFN-y, TNF-o. and IL-4 cytokines after 48 hours of ex
vivo stimulation of the splenocytes from vaccinated mice (Figure 3.5) further supported that both CD8+
Tel and Te2 cell immune responses were induced, but here again, the response was predominantly a Tcl
response. The failure of heat-killed AroC+GFP to induce these GFP-specific cytokine responses
suggested that mucosal invasion and possibly systemic spread of the recombinant Salmonella vector was

necessary to provoke GFP-specific response.

Antigens expressed by Salmonella are expected to be presented mainly by the MHC-II molecules to give
predominantly antigen-specific CD4+ T cell responses. The failure by Salmonelia to have access to the
cytosolic MHC-I presentation pathway poses the key question as to how CD8+ T cells encounter
antigens. Salmonella have a high tropism for dendritic cells (Santos and Baumler, 2004) and these cells
are now known to have the capacity of cross-priming exogenous antigens (Albert et al,, 1998; Brode and
Macary, 2004; Heath et al., 2004). Dendritic cells can also engulf the Salmonella-infected apoptotic cells
which may be an important source of antigens that can be processed for induction of CD&+ T cell

.
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responses (Wijburg et al., 2002; Sundquist ez al., 2004). However, it seems that the high-level expression
of the GFP antigen shown in this study facilitated antigen processing and cross-presentation for induction
of CD8+ T cell responses. The high amounts of the antigen also potentially improved the
immunodominance of GFP CD8+ epitopes over Salmonella vector epitopes (Rollenhagen ef al., 2004). It
has been demonstrated that antigen abundance (antigen dose) is one of the key factors that determine
CD8+ T cell immunodominance (La Gruta et al., 2006). However, besides the abundance of the antigen
or peptide, there are other factors that may affect immunodominance. In the current study, it was difficult
to establish whether the strong CD8+ T cell responses demonstrated were CD4+ T-cell dependent or
independent. However, the high levels of both GFP-specific IgG1 and IgG2a (Section 3.7.4) suggested
that both GFP-specific CD4+ Thl and Th2 responses were elicited in vaccinated mice.

CD8&+ T cells control many viral infections and should be targets for vaccine-induced antiviral immunity
(Yewdell and Haeryfar, 2005). The polarized pattern of secreted cytokines by CD8+ T cells observed in
the current study might have a great relevance to immune responses against many viral pathogens
including HIV-1, and might further determine whether immune responses would be successful or not.
Although CD8+ Tc2 cells have been shown to display cytotoxic potential just like the CD8+ Tcl cells
(Sad er al, 1995), their immunological and clinical relevance is poorly defined. Some reports showed
that Tc2 cells could provide B cell help by secretion of IL-4 (Maggie ef al., 1994). These cells display
cytotoxicity function just like the Tcl cells (Sad ef al,, 1995). High numbers of Tc2 cells have also been
found to be correlated with better antibody immune responses in old age (Schwaiger ez al., 2003; Yen et
al,. 2000). High numbers of CD&+ T cells (T¢2) producing IL-4, but not INF-y have been found in blood
and skin of AIDS patients (Maggi et al., 1995). Dobrzanski ef af., {1999) have also established that Tc2
cells reduce lung metastasis in a mouse tumour model. Although the factors that influence the
differentiation of antigen-specific CD8+ Tcl and Tc2 cytokine responses in vivo are have not vet been
clear, development of vaccines that induce such immune responses should be targeted. Sa/monella-based

vaccine technology offers that hope for development of such T-cell vaccines.

3.7.3 Humoral immune responses

The current study further investigated vaccine-induced antibody (1gG) responses to the orally delivered
recombinant Salmonella expressing GFP model antigen after both primary and booster vaccinations. It
was demonstrated that GFP-specific IgG responses could be induced after both primary and booster
immunizations of mice (Figures 3.7 and 3.8). In natural oral infection with Salmoﬁefia, both mucosal IgA
and serum IgG are induced and these also play a critical role in controlling of infection (Dietrich et al.,
2003). The antibody response is normally induced against the most abundant and surface antigens such
as LPS, flagellin, porins and outer membrane proteins (Chapter 2). The mechanism by which foreign
antigens expressed intracellularly by Salmonella induce humoral immune response is less clear.
However, it is known that Sal/monella infection may induce cross-presentation of infected cells (Yrlid
and Wick, 2000; Wijburg et al.,, 2002; Sundquist ez al, 2004). The death of infected cells may result in

presentation of the expressed antigen present in apoptotic bodies to the B cells, thereby resulting in
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induction of antibody response. This encounter with the antigen may result in the generation of memory
B cells and plasma cells secreting the antigen-specific antibody response. Booster vaccinations with the

Salmonella expressing the same antigen would result in rapid and improved antibody response.

The induction of LPS-specific antibodies after both single and triple inoculations (Figure 3.8) suggested
successful vaccination and mucosal invasion of lymphoid tissues by the bacterial vectors. The higher
LPS-antibody responses to AroC+pGEM indicated that the negative control was better at invading the
mucosal surfaces than the vaccine, AroC+GFP. The failure of heat-killed AroC+GFP to induce GFP-
specific immune responses indicated that invasion of the gut-associated lymphoid tissues was critical for

the induction of humoral immune responses.

The relation of the levels of the GFP-specific 1gG1 to IgG2a isotypes was used as a surrogate marker for
the CD4+ Thl and Th2 balance. In murine B cells, the cytokines IFN-y, secreted by Thl cells, and 1L4,
secreted by Th2 cells, have been shown to induce an immunoglobulin subclass switch to IgG2a and
1gG1, respectively (Isakson et al., 1982; Snapper and Paul, 1987). GFP-specific antibodies of all IgGl
and 1gG2a subclasses in the sera of mice immunized with AroC+GFP were detected (Figure 3.8) and this
suggested the existence of both GFP-specific CD4+ Th1 and Th2 cell immune responses. Interestingly, it
was noted that after single inoculation, IgG2a > IgG1 showing the dominance of Thl over Th2
responses. However, after three inoculations, the 1gG2a/IgG1 profile was almost the same (although with
slightly more of IgG2a than IgGl) thereby suggesting a balance in the Th1/Th2 responses. These
observations allowed the speculation that both Thl and Th2 responses could be found in an individual
mouse at balanced levels. In conclusion, a recombinant prokaryotic expression system for efficient
expression of heterologous antigens in a recombinant Salmonella enterica serovar Typhimurium vaccine
vector was developed. The expression system used the E. coli lac operon control sequences and the with
gfp model gene under the E. coli lac promoter. The GFP antigen was fused in-frame with the LacZa
peptide and this potentially enhanced expression of the antigen in the recombinant Salmonella enterica
serovar Typhimurium vaccine vector. The inclusion of the LacZa peptide did not have any functional
consequences on GFP since its folding, fluorescence and immunogenicity were not affected. Vaccination
of mice with recombinant Salmonella expressing the GFP model antigen induced GFP-specific CD8+
cytokine and humoral responses. Both GFP-specific IgG1 and Ig2a isotypes were induced suggesting the
provocation of both GFP-specific Thl and Th2 immune responses. Therefore, it has been shown that the
strategy developed in this study could be used to test the cloning of other foreign antigens for induction
of antigen-specific T and B cell responses. HIV-1 Gag is an example of such foreign antigens which may
be targeted for delivery using the approach developed in this study (Chapters 4, 5 and 6). The GFP can
further be used in tagging other antigens for determination of their subcellular focalization in the bacteria
(Chapter 7). In future, the approach may also be used to compare different attenuated vaccine mutants
using GFP as a model for export either by type III or tat export systems and the effect on the immune
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CHAPTER 4: DEVELOPMENT AND IMMUNOGENICITY OF A RECOMBINANT
SALMONELLA ENTERICA SEROVAR TYPHIMURIUM VACCINE VECTOR EXPRESSING
WILD-TYPE HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 SUBTYPE C GAG

“They are ill-discoverers who think there is no land when they see nothing but sea” Francis Bacon (1561-1626)
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CHAPTER 4: DEVELOPMENT AND IMMUNOGENICITY OF A RECOMBINANT
SALMONELLA ENTERICA SEROVAR TYPHIMURIUM VACCINE VECTOR EXPRESSING
WILD-TYPE HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 SUBTYPE C GAG

4.1 SUMMARY

No previous studies have investigated cellular and humoral immune responses of wild-type South
African HIV-1 subtype C Gag when delivered by attenuated recombinant Salmonella vaccine vectors.
The objective of the current study was to develop a recombinant Salmonella enterica serovar
Typhimurium expressing HIV-1 Subtype C Gag and evaluate its immunogenicity in mice. Wild-type
HIV-1 SubtypeC gag (witgag) gene derived from South Africa HIV-1 isolate (Duyz,), was cloned into the
backbone of pGEM+GFP plasmid (Chapter 3) and a recombinant expression plasmid, pGEM+wtGag
was generated. A recombinant Salmonella enterica serovar Typhimurium vector expressing wtGag
(AroC+wtGag) was developed. The expression of high level of wtGag antigen by the recombinant
Salmonella was demonstrated. To evaluate immunogenicity of the recombinant Salmonella vaccine
vector, groups of mice (n=5) were orally vaccimated once or boosted twice. No systemic HIV-1 Gag-
specific CD8+ T cell cytokine responses were detected after both primary and booster vaccinations of
mice. However, systemic HIV-1 Gag-specific CD4+ Th2 (IL-4), but not Thl (IFN-y) cytokine response
was induced only after booster vaccinations. The splenocytes stimulated with an H-2%restricted Class I
Gag epitope (MR13, NPPIPVGDIYKRWIILGLNK) for 48 hours produced elevated IL-4 cytokine level
4.5-fold above the background. HIV-1 Gag-specific IgG antibody responses were not detected in
vaccinated mice on both Day 28 and Day 84 in 1/100 serum dilution, It was recommended that the wild-
type HIV-1 gag gene be codon-optimized for expression by the Salmonella as this could potentially

improve the immune responses of the antigen.

4.2 INTRODUCTION

One novel approach for the generation of mucosal and systemic immunity against HIV-1 would be the
use of recombinant attenuated recombinant bacterial pathogens such as Salmonelia expressing HIV-1
antigens in vaccinations. Selmonella vectors have already been used as delivery vectors for other
heterologous antigens for induction of mucosal and systemic immune responses (Chapter 2). However,
no studies have previously investigated the use recombinant Salmonella as potential vaccine vectors for

HIV-1 Gag derived from Southern Africa viral isolates.

The characterization and selection of HIV-1 Subtype C gag gene for use in vaccine development for
Southern Africa has been published (Williamson ef al,, 2003, Thomas, 2005). The HIV-1 Subtype C gag
gene was isolated from Duyy;, a sex-worker from a Durban {(Du) cohort and the full-length gene was
generated by reverse-transcription from plasma RNA (Williamson et «l, 2003). Comparative
phylogenetic analyses of the Du422 gag with other HIV-1 Subtype C gag sequences from other Southern
African countries and the reference Subtype C showed a high degree of relatedness (Williamson et al.,

2003, Thomas, 2005). Because of such relatedness, the Duyy, HIV-1 gag has been selected for
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development of an HIV-1 Subtype C vaccine for Southern Africa. Prior to cloning Duy,, HIV-1 gag gene
into vectors reported in the thesis, early extensive studies were done that involved cloning of the gag
gene into two Salmonella expression plasmids to generate pGagmtr and pGagssa (Appendices G11 and
g12). The plasmids were used to develop two recombinant Sa/monella vaccines (AroC+pGagmtr and
AroC-+pGagssa). Oral vaccination of mice with the Salmonella vaccine vectors failed to induce any
detectable HIV-1 Gag-specific cellular and antibody immune responses. The recombinant bacterial
vectors were highly unstable and Gag antigen expression was very low (Chin’ombe, unreported work).
Although these early studies are not included in the current reported study, they will be referred in some
sections of this thesis as unpublished work. Some of the plasmids generated by these early studies were
further used in some cloning manipulations. For example, the gag in recombinant plasmid, pGagssa was

used in the current studies (Chapter 4) for generation of the recombinant plasmid, pGEM+wtGag.

The successful oral delivery of GFP model antigen expressed by recombinant Salmonella enterica

serovar Typhimurium {Chapter 3) in generating systemic immune responses in mice demonstrated the

utility of the bacteria. This prompted investigations into the use of the same strategy for HIV-1 vaccine
development with the hope of inducing HIV-1 Gag-specific CD8+ T-, CD4+ T- cell and humoral
immune responses. Therefore the main objectives of the current study were:

1. to develop a recombinant expression plasmid with wild-type (Dugy,) HIV-1 gag gene (full-length or
truncated). The gag gene was to be cloned into the backbone of the prokaryotic expression plasmid,
pGEM+GFP (developed in Chapter 3)

2. to use the recombinant expression plasmid, pGEM+wtGag for the development of a recombinant
Salmonella enterica serovar Typhimurium vaccine vector expressing wtGag

3. to investigate the induction of HIV-1 Gag-specific systemic cellular and humoral immune responses

in mice after oral vaccination with the recombinant Safmonella vaccine vector.

4.3 MATERIALS

The materials (such as E. coli and Salmonella bacterial strains, oligonucleotides, plasmids, restriction
enzymes, solutions, buffers, media and HIV-1 Gag peptides) used in the current study are given in
Appendices D, E, F and I). The type of mice used in the study has been described previously (Chapter 3).
The DNA vaccine, pTHgagC used as a positive control for (ELISPOT and CBA) immunoassays was
kindly provided by Dr J van Harmelen (University of Cape Town). The development and
immunogenicity of pTHgagC DNA vaccine has previously been reported (van Harmelen et al., 2003).

4.4 GENERAL METHODS

Bacteriological, molecular and immunological methods used in the study have been described in great

detail elsewhere (Appendices A and B).

.
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4.5 EXPERIMENTAL DESIGN AND PROTOCOLS

4.5.1 Construction of recombinant pGEM+wtGag expression plasmid: molecular cloning of wild-
type HIV-1 gag gene

To construct a recombinant prokaryotic HIV-1 Gag expression plasmid, pGEM+wtGag (Appendices G5
and H2), a single sub-cloning step was employed (Figure 4.1). Briefly, wild-type HIV-1 subtype C gag
gene fragment was digested out (with Narl and Hindlll} from Pgagssa (see Appendix G12 for map),
separated by gel electrophoresis (Appendix B1.4), gel purified (Appendix B1.6) and ligated {Appendix
B1.7} to a linealized pGEM+GFP plasmid backbone which was also generated by double restriction
digestion with Narl and Hindlll (Chapter 3). The ligation reaction was used in the genetic transformation
of competent SCS110 cells (Appendix A1.4). Recombinant SCS110 clones with pGEM+wtGag plasmid
were screened by restriction enzyme mapping (Appendix B1.5), initially with EcoRI and followed by
Narl and Hindlll. The candidate gag gene in pGEM+wtGag plasmid was sequenced (Appendix B1.8).

PR, Narg

Pgagssa
4875bp

pGEM+GFP
3779 bp

= BindH1L

AmpR

AwmpR

V gz

pGEM+wiGag

4496 bp

AmpR

Figure 4.1: Molecular cloning strategy of wild-type HIV-1 subtype C gag. The wigag gene from Pgagssa
was cloned into the backbone of pGEM~+GFP to generate pGEM+wtGag. Details on the generation of
Pgagssa are given in Appendix G12.

4.5.2 Construction of recombinant pGEM+GagK expression plasmid: molecular cloning of
truncated wild-type HIV-1 gag gene

A truncated wild-type gag (gagK) was cloned. The construction of a recombinant prokaryotic expression
plasmid (designated pGEM+GagK) with the 3'-end of the wild-type HIV-1 gag gene was performed with
polymerase chain reaction (Figure 4.2). The oligonucleotide primers, designated, K1 and K2 (Appendix
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Figure 4.2: Schematic representation of the strategy employed in amplification of gagK from wild-type
HIV-1 subtype C gag by polymerase chain reaction. The oligonucleotides, K1 and K2 (Appendix F) were
used as primers in amplification of gagK from wigag DNA template.

F) were used for PCR and were rationally designed so that when cloned into pGEM-T Easy plasmid,
GagK (truncated HIV-1 Gag) would be in-frame with the N-terminal domain of the (galactosidase. A
stop codon, TAA, was included at the end of the reverse primer, K2. The PCR reaction was conducted in
a 50 pl volume with 4.5 units QIAGEN Taq DNA Polymerase, 1x PCR buffer, 1.5 uM of each primers
(K1 and K2), 0.2 mM dNTPs, 1.5 mM magnesium chloride and 10 ng of Pgagmtr (Appendix G11) DNA
template. (Pgagmtr and Pgagssa had the same Duy,; HIV-1 Subtype C gag gene (Appendix G1)). The
PCR cycling conditions were as follows: 1 cycle of 95°C for 5 min, 5 cycles of 95°C for 45 s, 45°C for 30
s, 72°C for 1 min, 25 cycles of 95°C for 45 s, 55°C for 30 s, 72°C for 2 min, and a final extension of 72°C
for 7 min. An aliquot (10 ul) of the PCR amplicon was analysed by agarose gel electrophoresis
(Appendix B1.4). The amplicon (1 pl) was ligated into linearized pGEM-T Easy plasmid as described in
Appendix B1.7. The ligation reaction was used in the transformation of competent £. coli cells as
described in Appendix B1.4. Screening of recombinant bacterial clones with pGEM+gagK was done

using restriction mapping procedure as described in Appendix B1.5.

4.5.3 Development of recombinant Salmonella expressing wtGag and assessment of antigen
expression

Transformation of competent AroC Salmonelle enterica serovar Typhimurium mutant with
pGEM+wtGag and pGEM+GagK plasmids was performed as previously described (Chapter 3).
Expression of the wiGag by recombinant Salmonella enterica serovar Typhimurium vector
(AroC+wtGag) was checked using standard 12.5 % SDS-PAGE (Appendix B4) and Western blotting
(Appendix B6). Western blots were probed with anti-p24 antibodies. The presence of witGag or GagK
antigen in culture lysates was further determined by the Roche Elecsys® HIV p24 Ag assay (Roche
Diagnostics Boehringer Mannheim GmbH, Germany) according to manufacturer’s instructions. The
Roche Elecsys® HIV p24 Ag assay is a semi-quantitative assay and cannot be used with accuracy to
quantify the amount of Gag present in a sample. The bacterial protein lysates were diluted (1/100 or
1/1000) in water and the Elecysys® 2010 analyzer used to determine the relative amount of the antigen.
Expression of GagK by recombinant Salmonella enterica serovar Typhimurium AroC mutant
(AroC+GagK) was checked by 12.5 % SDS-PAGE (Appendix B4} by running three concentrations (5ug,
2u and 0.5ug) of total bacterial lysate of AroC+GagK). The probability of solubility of wtGag and gagk
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when overexpressed in E. coli or Salmonella was predicted using the Wilkinson-Harrison solubility

model (Wilkinson and Harrison, 1991) as described in Chapter 3.

4.5.4 Vaccination of mice with recombinant Salmonella vaccine vector expressing wild-type HIV-1
Gag

Stocks of recombinant Salmonella enterica serovar Typhimurium vaccine vector, AroC+wtGag and
negative contro! vaccine, AroC+pGEM were prepared as described in Appendix A2.1. The vaccination
protocol employed in Chapter 3 was followed. In brief, groups of mice were vaccinated by intragastic
gavage (Appendix A2.3) with AroC+wtGag and AroC+pGEM (Tables 4.1 and 4.2). A positive contro!
vaccine, a naked DNA vaccine, pTHgagC, carrying Dusy, HIV-1 gag gene was included, for
intramuscular vaccination (single immunization) of mice. A single inoculation of pTHgagC has been
shown to induce high levels of Gag-specific cellular responses that can be detected 12 days after
vaccination {van Harmelen et al., 2003). The DNA vaccine was included as a positive control for assays

o assess cellular immune responses,

Table 4.1: Vaccines and vaccination protocol for Experiment 1. Mice were inoculated ONCE by intragastric
gavage (Appendix A2.3) with Salmonella vaccines (AroC+witGag and AroC+pGEM), and a DNA vaccine,
pTHgagC (100ug) was given by intramuscular inoculation on Day 16. The mice were bled prior to inoculation and
sacrifice. The blood was processed by centrifugation and sera were stored until evaluation of humoral immune
responses as described in Appendix B10. At sacrifice on Day 28, the spleens from each group of mice were pooled

and processed as described in Appendix B7.

Inoculum (vaccine)

Inoculum/animal

Inoculation date

Sacrifice date

AroC + wiGag 107 cfu Day 0 Day 28
AroC + pGEM 10% cfu Day 0 Day 28
pTHgagC 100 pg Day 16 Day 28

Table 4.2: Vaccines and vaccination protocol for Experiment 2. Mice were inoculated THREE times by intragastric
gavage (Appendix A2.3) on Days 0, 28 and 56 with Salmonella vaccines (AroC+wiGag and AroC+pGEM). A
DNA vaccine {(pTHgag(C) was given by intramuscular inoculation on Day 72. The mice were bled prior to
moculation and sacrifice. The blood was processed by centrifugation and sera were stored until evaluation of

humoral immmune responses as described in Appendix B10. At sacrifice, the spleens from each group of mice were

pooled and processed as described in Appendix B7.

Inoculum (vaccine)

Inoculum/animal
{Day 0, Day 28, Day 56)

Inoculation date

Sacrifice date

AroC + wtGag #10°-310%210%cHu Day 0, Day 28, Day 56 Day 84
AroC + pGEM *10°-310%-210%cfu Day 0, Day 28, Day 56 Day 84
pTHgagC 100 pg Day 72 Day 84

*the dosage was reduced from 10° to 10° cfu after few animals had died after the first inoculation,

X
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4.5.5 Assessment of T cell responses in the spleen

The pools of spleens (in 10 ml RPMI with 10% FCS) from each group of mice were processed as
described in Apendix B7. The frequencies of HIV-1 Gag-specific T cells secreting cytokines (IFN-y and
IL-4) were determined by IFN-y and IL-4 ELISPOT assays (Appendix B8). Splenocytes (500 000/well)
were stimulated in ELISPOT plates with Dug,, HIV-1 Gag CD4+ T and CD8+ T cell peptides, an
irrelevant peptide (Table 4.3) or Con A (see Appendix D for preparation of all the stimulants). Each
stimulant was added into three wells (triplicate). The stimulants used were:

(1) Media with no peptide (100 pul/well R10 medium) (medium background control)

(2) AMQ Gag peptide (100 pl/well, final concentration of 2.0 pg/ml)

(3) TTST Gag peptide (100 pl/well, final concentration of 2.0 pg/ml)

(4) MRC2 Gag peptide (100 pl/well, final concentration of 2.0 pug/ml)

(5) MRC13 Gag peptide (100 pl/well, final concentration of 2.0 pg/ml)

(6) MRC17 Gag peptide (100 pl/well, final concentration of 2.0 pg/ml)

(7) Irrelevant peptide (IP), H-2K® binding peptide (100 pl/well, final concentration of 2 pg/ml)

(8) Con A (100 pl/well, final concentration of 0.5 pg/ml)).

Table 4.3: Amino acid sequence of HIV-1 Gag peptides used in the ELISPOT and CBA assays

Gag peptide Description Complete amine acid sequence
AMQ H-2%restricted class I peptide (CD8+ peptide) | AMQMLKDTI

TTST H-2%restricted class I peptide (CD&+ peptide) = TTSTLQEQI

MRC2 H-2%restricted class II peptide (CD4+ peptide) | VHQAISPRTLNAWVKVIEEK
MRC13 H-2%restricted class I1 peptide (CD4+ peptide) | NPPIPVGDIYKRWIHLGLNK
MRC17 H-2%restricted class I peptide (CD4+ peptide) | FRDY VDRFFK TLRAEQATQE
Irrelevant peptide (IP) H-2K? binding peptide (CD8+ peptide) TYSTVASSL

Splenocytes were plated in triplicates for each stimulant and 500 000 cells/well were used. The
frequencies of IFN-y and IL-4 spot-forming units were normalized to 1x10° splenocytes and means
(£8SD) were calculated. The background spots in the absence of stimuli were subtracted to give net
SFUs/10°. The cut-off for a positive ELISPOT response was arbitrarily defined as at least three times the
no-peptide (medium} SFU number and the number of specific gross SFUs being > 50 /10° cells (and non-
specific SFUs <50/10° cells).

CD4+ Th1/Th2 and CD8+ Tcl/Tc2 cytokines produced during stimulation with peptides/antigens were
determined by CBA assay (Appendix B8). Splenocytes from each group of mice were cultured in 96-
well, round-bottomed culture plates at a density of 1.5 x 10° splenocytes per well in a final volume of
200 pl of culture medium. Plates were incubated at 37 °C, 5% CO,, 90% humidity for 48 h after which
150 pl of cell free culture supernatants were collected and kept at —20 °C until assayed for cytokines

(IFN-y, TNF-a, IL-4 and IL-5) using a CBA assay as described in Appendix B8. Stimulation index (SI)
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for a specific stimulant was defined as: cytokine level (pg/ml) in peptide-stimulated culture divided by
cytokine level (pg/ml) in unstimulated culture. A specific response was arbitrarily defined as positive

when SI>2.

4.5.6 Assessment of humoral immune responses to recombinant Salmonella vaccine

HIV-1 Gag or LPS-specific IgGG in sera of vaccinated mice was determined using an ELISA protocol
{Appendix B10) for serum pools collected on Day 28 (Experiment 1) and Day 84 (Experiment 2). The
ELISA plates were coated with HIV-1 subtype B Pr55 antigen (HIV-1 BH10 expressed in baculovirus,
Quality Biologicals) or Salmonella LPS (Sigma) at a final concentration of 5 ug/mi. Mouse serum pools
were dihuted accordingly (1/100 and 1/1000}. Antibody responses were defined as positive when specific
mean ODjosny >2-fold that of the negative control or when the mean ODygsnr, ratio to mean ODygsum of

prebleed >2.
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4.6 RESULTS

4.6.1 Development of HIV-1 Gag expression plasmid vectors: molecular cloning of Duy,, gag gene
The Duy,, gag gene was successfully cloned into the backbone of pGEM+GFP (previously developed
Chapter 3). The general structural components of the recombinant HIV-1 gag expression plasmid
(designated pGEM+wtGag) are illustrated in Figure 4.3A and Appendix GS5. The cloning step involved
restriction of wild-type HIV-1 Subtype C gag from Pgagssa (Appendix G) with Narl/Hindlll and ligation
of the gene into the backbone of pGEM+GFP plasmid vector (linearized with same enzymes. Just as with
the gfp gene in pGEM+GFP plasmid (Chapter 3), the gag gene in pGEM+wtGag was in-frame with the
5'-domain of the E. coli [-galactosidase a-gene fragment and expression was under the prokaryotic
promoter, Plac. Unlike the gfp in pGEM+GFP, which had TAAG as stop codons, the gag in
pGEM+wtGag had a more powerful and efficient prokaryotic Gram-negative stop codon, TAAT, which
was successfully incorporated at the end of the gene. Analysis of the wigag revealed the presence of

many rare Sa/monella codons and Shine-Dalgamo-like motifs.

To further investigate whether a smaller fragment of wtGag would also be expressed at high levels, a
recombinant expression plasmid, pGEM+GagK, which contained the truncated gag gene was constructed
(Figure 4.3B). The truncated gene spanned the 3' end of the full-length gag. The gene was successfully
amplified by PCR and cloned. All the necessary transcriptional and translational functions required for
antigen expression where successfully incorporated into the vector. The plasmid backbones of
pGEM+GagK and pGEM+wtGag were the same. The DNA and amino acid sequences of the full-length
wild-type HIV Gag developed by this study are shown in Figure 4.3C.

To evaluate expression of wild HIV-1 Gag in Salmonella, the two plasmid vectors, pGEM+wtGag and
pGEM-+gagK were used in generating recombinant Salmonella enterica serovar Typhimurium by genetic
transformation. The expression of the wtGag and GagK by the recombinant Salmonella vaccine vectors,
AroC+wtGag and AroC+GagK was assessed. Studies by SDS-PAGE and Western Blot analysis (Figure
4.4) showed that the recombinant Sa/monella (AroC+wtGag) constitutively expressed high levels of full-
length wild-type HIV-1 Gag (59.423 kDa) in the presence or absence of IPTG. The Gag protein band
was visible on both Commassie blue-stained SDS-PAGE and Western blot. The Western blot further
showed the existence of several minor HIV-1 Gag-specific bands, some of which were less than 59.423

KDa in size.

Expression of truncated version (GagK) of wild-type HIV-1 Gag by the recombinant Salmonella,
AroC+GagK was also investigated. Very high expression of GagK by the Salmonella vaccine was
demonstrated (Figure 4.4B). It was shown that GagK was the most highly expressed and abundant
protein in the recombinant Salmonella. By serial dilution of total protein lysate loaded on SDS-PAGE, it
was demonstrated that GagK was the most abundant protein in the bacteria (Figure 4.10). The high level
expression of HIV-1 wtGag and GagK by the recombinant Sa/monella bacteria was further confirmed by
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4.7 DISCUSSION

Delivery of heterologous antigens to the mucosal surface by recombinant Sa/monella vectors is probably
one of the best strategies for inducing both mucosal and systemic immune responses (Sirard ef al., 1999).
After oral vaccination, the Salmonella bacteria invade the mucosal surfaces and spread through the
mesenteric lymph nodes to distal sites such as spleen and liver (Bradley er al, 1994; Everest ef al,
2001). This is expected to result in induction of both mucosal and systemic cellular and humoral immune
responses (Chen and Schifferli, 2000; Huang ef o/, 2001; Chen and Schifferli, 2003; Salam ef af., 2006).
The current study investigated the development and systemic immunogenicity of a recombinant
attenuated hive Salmonella enterica serovar Typhimurium vaccine vector expressing wild-type Duagy

HIV-1 Subtype C Gag in mice after oral immunization.

4.7.1 Development of a recombinant Salmonella expressing wild-type HIV-1 Subtype C Gag

This study employed the strategy reported in Chapter 3 to develop efficient HIV-1 Gag expression
plasmids, pGEM+wtGag and pGEM+GagK. Very high levels of expression of the antigens {(wtGag and
GagK) in recombinant Sa/monella vaccine vectors were achieved (Figure 4.3). The key reasons for the
successful overexpression of wiGag in the recombinant Salmoenella enterica serovar Typhimurium
vaccine vectors are the same as those outlined previously in Chapter 3 for GFP expression. The rational
design of the expression plasmids was a critical factor in successful expression of the antigens in
Salmonella (discussed in Chapter 3). Unlike GFP (Chapter 3), wtGGag and GagK expression seemed to be
toxic to bacterial cells, especially during stationary phase. The Gag expression also seemed to cause
metabolic burden to the bacterial vector and this was anticipated to affect the efficiency of the vector in
presenting sufficient foreign antigen to the immune system. Glick (1995) previously defined metabalic
burden as the “amount of resources (raw material and energy) that is withdrawn from host’s metabolism
to the foreign DNA”. The compounded effects of metabolic burden brought about by wiGag expression
and its possible toxicity effects had potential negative effects on recombinant Salmonella enterica
serovar Typhimurium growth and viability in vive after vaccination of mice. The negative effects
normally observed in such situations include reduced growth rate, reduced cell viability, vector
instability and plasmid loss resulting in the emergence of mutants that overtake cultures (Villaverde and
Carrio, 2003; Ventura and Villaverde, 2006). Corchero and Villaverde (1998) have also shown that the
severity of the metabolic burden induced by the expression of heterclogous antigens is specific for a
given antigen. Some viral structural proteins antigens have domains that are toxic to bacterial vector and
they include E1 from HCV, M2 from influenza virus, 3AB from polio virus, gp4l from HIV and they
have stretches of hydrophobic domains, thought to cause pore formation in biclogical membranes
{Ciccaglione ef al, 1998, 2004; Pinto ef al., 1992; Towner ef al., 2003). The nature of HIV-1 Gag toxicity

to bacterial cells is poorly understood.

Expression of heterologous antigens in recombinant Se/monella enterica serovar Typhimurium can also
potentially result in degradation of the recombinant proteins by bacterial proteases. Although fuli-length

Gag could be visible on SDS-PAGE, Western blotting analysis indicated that the Gag protein was
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with the whole plethora of Salmonella antigenic peptides. The second factor could be poor cross-
presentation of the Gag peptides to the MHC-1 molecules. Cross-presentation of antigens to the MHC-1
molecules is a very inefficient process and it is regulated by many aspects such as dose and route of
immunization (Maecker e al., 2001). The third factor could be the formation of inclusion bodies in the
bacterial vector. Particulate antigens (inclusion bodies in this case) cannot be efficiently cross-presented
to the MHC-1 molecules to give CD8+ T cell responses, compared to soluble antigens such as GFP
which was soluble in the vector. Predictions using Wilkinson and Harrison model indicated that wtGag
and GagK antigens were highly insoluble. A study by Hone et al., (1996) showed that when HIV-1
2p120 was expressed cytoplasmically in a Salmonelia vaccine vector, it formed inclusion bodies. Oral
vaccination of mice with the recombinant vector failed to induce systemic HIV-1 gp120-specific CD8+
CTLs (Hone et al, 1996). It was suggested that the solubility of the antigen could affect its cross-
presentation to the MHC-I molecules when expressed in Salmonelia. Another possible reason for failure
to detect Gag-specific CD8+ T cell responses could be the lack of CD4+ T help, although in human HIV-
1 infection, Gag responses are known to be CD4+ T-cell dependent as contrasted to Env responses which
are T-cell independent (Binley et al,, 1997). The instability of the Salmonella vector expressing wtGag

potentially account for the lack of its immune response in mice.

4.7.3 HIV-1 specific CD4+ Th1/Th2 cytokine responses

In the current study, Gag-specific CD4+ Th cell responses were investigated. No HIV-1 Gag-specific
Thl or Th2 cytokine responses were induced in mice after single oral vaccination with the recombinant
Salmonella vaccine vector. Multiple booster vaccinations were necessary for induction of detectable
immune responses. After two booster vaccinations of mice no CD4+ Thl cytokine responses were
observed by both ELISPOT and CBA assays (Figures 4.5 and 4.7). However, HIV-1 Gag-specific Th2
cytokine (IL-4) responses were observed. The reasons for induction of only Gag-specific IL-4, but not
IFN-y responses remained unclear. However, there are a number of factors that may affect the
differentiation of CD4+ T cells into either Thl or Th2 and they include dose, form of antigen, the affinity
of the peptide—T-cell-receptor interaction, route of vaccination and the cytokine milieu (Constant and
Bottomly, 1997; Constant et al., 2001). The failure by the Salmonella vector, AroC+Gag to induce Thl
responses could explain why no HIV-1 Gag-specific CD8+ T cell responses were generated. Thl
responses have been known to provide help for activation of CD8+ T cells and macrophages. It seemed
in this study that such help was not provided for the induction of HIV-1 Gag-specific CD8+ T cell
responses. The induction of IL-4, the cardinal cytokine of Th2 responses, promotes B-cell activation and
humoral immunity (Spellberg and Edwards, 2001). However, HIV-1 Gag-specific antibody response was
not induced (Section 4.7.4). The instability of the Salmonella vector might also have affected the delivery

of the Gag to the immune system.

The scientific and clinical relevance of vaccine-induced (Th2) IL-4 response in the field of HIV
vaccinology is still not well understood. Studies by Clerici and Shearer (1994) have proposed a Thl-to-
Th2 switch hypothesis in which the response shifts from CD4+ Thl to Th2 during AIDS disease
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progression in HIV-infected individuals, Studies in both children and adults indicate that HIV-1 infection
is associated with higher levels of IL-4 production (Clerici et al, 1993; Clerici and Shearer, 1994). On
the other hand, some studies have suggested a suppressive effect of IL-4 on HIV-1 replication (Wang et
al., 1998). In the study reported in this Chapter, it was not clear whether there was any shift from Thl to
Th2 responses, as no Thl responses were ever detected with the assays employed. It was also not clear
whether such vaccine-induced CD4+ Th2 responses demonstrated in the study would promote disease
progression or antibody responses. In HIV-1 vaccinology, the induction of CD4+ Thl is more critical
than the Th2 response (Chapter 1). Therefore the importance of a vaccine that imprints Th2-biased

responses needs to be investigated in future studies.

4.7.4 HIV-1 specific humoral immune responses

The failure of the recombinant Sal/monella vaccine (AroC+wtGag) to induce HIV-1 Gag-specific
antibody responses (Figures 4.8A) could be attributed to a number of reasons. The metabolic burden
placed on the bacteria by the Gag expression could result in reduced amount of antigen being delivered
to the immune systemn as bacteria lost plasmid in vive after vaccination. It has been shown by other
studies that the nature of the immune response induced may correlate positively with antigen abundance
{Rollenhagen, ef al., 2004). Due to metabolic burden, the recombinant bacterial vector may not deliver
enough antigen to the immune system after vaccination (Galen and Levine, 2001; Knodler ez al., 2005).
The cellular toxicity of Gag might also have caused reduced the viability of the bacteria in invading the
mucosal system of mice for induction of high serum antibodies. Another potential reason for failure to
induce antibody response was that the wtGag was potentially forming insoluble particles. Although
particulate antigens can induce antibody responses, the efficiency cannot be compared with soluble
antigens that are capable of inducing high titres of antibodies when delivered with Safmonella vectors.
The post-translation proteolytic degradation of full-length Gag potentially affected its humoral immune
responses. In spite of the absence of Gag-specific IgG, the vaccinated mice elicited high levels of
Salmonella 1PS-specific 1gG antibody responses (Figures 4.8). This suggested that the live vaccine

vectors successfully invaded the mucosa-associated lymphoid tissues after single inoculation.

In conclusion, full-length wild-type HIV-1 gag and its truncated version, gagK sequences were
successfully cloned and expressed at high levels in Salmonella enterica serovar Typhimurium vaccine
vector using the E. coli lac promoter. Despite the high expression of the wild-type Gag by the
recombinant Safmonella vector, only HIV-1-specific CD4~+ Th2 cytokine responses were induced in
vaccinated mice. The reasons for the imprinting of only Gag-specific Th2 responses by the vector were
not clear. The lack of codon-optimization of wigag for expression in the Salmonella vector was
potentially one of the factors that affected the nature, quality and magnitude of the immune responses. It
was recommended that the gene be optimized for expression in Salmonella enterica serovar

Typhimurium (Chapter 5}.

C‘l i 82
7ot L O



CHAPTER 5: DEVELOPMENT AND IMMUNOGENICITY OF A RECOMBINANT
SALMONELLA ENTERICA SEROVAR TYPHIMURIUM VACCINE VECTOR EXPRESSING
CODON-OPTIMIZED HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 SUBTYPE C GAG

“Change is not made without inconvenience, even from worse to better” Richard Hooker (1554-1600)
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CHAPTER S: DEVELOPMENT AND IMMUNOGENICITY OF A RECOMBINANT
SALMONELLA ENTERICA SEROVAR TYPHIMURIUM VACCINE VECTOR EXPRESSING
CODON-OPTIMIZED HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 SUBTYPE C GAG

5.1 SUMMARY

No previous studies have interrogated the impact of codon optimization of HIV-1 subtype C Gag on its
cellular and humoral immunogenicity in mice when delivered by a recombinant Salmonella vaccine
vector. It was therefore the objective of the current study to develop and investigate the immunogenicity
of a recombinant Sa/monella enterica serovar Typhimurium vaccine expressing codon-optimized HIV-1
subtype C Gag (Salmgag). Duy,, (wild-type) HIV-1 gag gene (reported in Chapter 4) was codon-
optimized to include the most frequently used Salmonella enterica serovar Typhimurium codons. The
artificially synthesized salmgag gene was cloned into the backbone of pGEM-+GFP plasmid (reported in
Chapter 3) to generate pGEM+Salmgag plasmid. The recombinant plasmid was used to generate a
recombinant AroC Salmonella enterica serovar Typhimurium vaccine, AroC+Salmgag. Expression of
high levels of Salmgag antigen by the vaccine was demonstrated. To investigate the immunogenicity of
the vaccine, groups of mice {n=5) were orally vaccinated once or boosted twice with the vaccine. Mice
primed with the Salmonella vaccine did not elicit HIV-1 Gag-specific CD8+ or CD4+ T-cell cytokine
responses as determined by ELISPOT and CBA assays. However, mice which received booster
vaccinations elicited HIV-1 Gag-specific CD8+ Tel cytokine (IFN-y) responses (2.6-fold above
background). The mice also elicited mixed HIV-1 Gag-specific CD4+ Thl (TNF-a and IFN-y) and Th2
(IL.-4 and IL-5) cytokine responses. The CD4+ Th cytokines levels secreted by stimulated splenocytes
were 29.1-fold (TNF-@), 7.5-fold (IFN-y), 26.2-fold (IL-4) and >89.3-fold (IL-5) above the background.
Vaccinated mice elicited low HIV-1 Gag-specific IgG responses by Day 28 (1.5-fold above prebleed in
1/100 serum dilution). The humoral responses were improved by Day 56 (5.2-fold above prebleed in
17100 serum dilution) and further increased by Day 84 (22.2-fold above prebleed in 1/100 serum
dilution). Further analysis of the Gag-specific IgG subclasses in mice showed the presence of both 1gG1
and IgG2a with 1gG2a being greater than IgGl, and this further confirmed that mixed HIV-1 Gag-
specific CD4+ Thl and Th2 responses were elicited. Codon optimization of the HIV-1 gag gene,
therefore, potentially enhanced its immunogenicity when expressed by a recombinant Salmonella vaccine

vector.

52 INTRODUCTION

Codon usage bias occurs during heterologous gene expression in both prokaryotic and eukaryotic
systems {(Grantham et al, 1980; Ermolaeva, 2001, Sinclair and Choy, 2002; Gustafsson e af, 2004;
Sorensen and Mortensen, 2005). The bias affects optimal expression of the heterologous genes which
depends mostly on the abundance of cognate tRNAs within the cell (Lithwick and Margalit, 2003). When
foreign genes are not codon-optimized, there are a number of translational hurdles associated with the
presence of rare codons. These hurdles include mistransiational amino acid substitutions, frame-shifting

events or premature translational termination (Kane, 1995; McNulty ef al., 2003). The presence of the
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rare codons may further affect foreign protein accumulation, mRNA and plasmid stability, and in some
cases, mnhibit protein synthesis and cell growth (Zahn, 1996; Ejdeback ef al,, 1997; Baneyx, 1999; Wu ef
al., 2004; Kim and Lee, 2006). Protein quality can also be affected by codon bias as it has been observed
in E. coli that insertion of lysine for arginine at the AGA rare codon could happen (Seetharam er o/
1988). However, some studies have found weak correlation between codon optimization and gene
expression {Ikemura, 1981; Duret and Mouchiroud, 1999; Urrutia and Hurst, 2003). In Salmonella
vaccine vectors, Baud ef al, (2004b) found that the levels of HPV L1 expression decreased when the
gene was codon-optimized. The reasons for the decrease in L1 were not Jlearly defined by the study.
However, it was noted that the recombinant Salmonella vector expressing the codon-optimized L1 gave

better immune responses in mice than the vector expressing the wild-type L1 (Baud er al, 2004b).

In previous studies, the fusion of wild-type HIV-1 Subtype C gag with the 5' domain of the E coli -
galactosidase a-gene fragment as a strategy to improve expression in Safmonella vector was reported
{Chapter 4). Although expression of Gag was improved by the strategy, only CD4+ Th2 immune
responses were generated in mice vaccinated with the recombinant Safmonella vector. One of the key
factors that could affect the in vivo expression of wtGag by the Salmonelln vector after vaccination was
lack of codon-optimization of the gene. The wigag gene had a number oAf codons which were rare in
Salmonella (see Table 5.1 for codon frequencies). Examples of such rare codons included AGG, AGA,
TGT and TGC. Some of these rare codons were present in wigag at very high frequencies (Figure 4.3). It

was therefore critically important to investigate in this study the impact of codon optimization of the

Table 5.1: Codon frequencies in Salmonella enterica subsp. enterica serovar Typhimurium. The triplet
codons and their respective frequencies per thousand codons are shown. Rare {minor) codons have lower

frequencies than major {(commonly used) codons.

Uuyu 26.8 Ucu 10.0 UARU 1.0 ucu 5.2
uuc 14.5 ucce 11.3 UAC 12.3 uct 6.9
UUA 12.8 UCA 10.4 uaa 1.5 UGA 1.3
UuG 12.2 ucG 9.2 UAG 0.4 UGG 14.9
Cuu 13.6 CCu 8.2 CAU 11.4 CGU 13.4
cuc 11.6 CcCC B.4 CAC 10.5 CGC 20.4
CUa 6.4 cca 7.4 ChRh 14.1 CGA 5.5
CUG 46.5 CCG 20.5 CAG 27.68 CGG 10.5
AUU 24.8 ACU 10.0 ARU 18.7 AGU 9.3
AUC 23.3 ACC 22.1 ARC 20.7 AGC 17.5
AUA 8.8 ACA 9.1 AAR 29.3 AGA 6.1
AUG 22.6 ACG 16.3 ARG 14.9 AGG 3.9
GuUU 17.5 GCU 17 .4 GAU 32.2 GGU 18.4
GUC 1l6.5 GCC 32.2 GAC 20.8 GGC 30.3
GUA 10.9 GCA 18.2 GAA 34.5 GGA 11.6
GUG 21.2 GCG 31.0 GAG 21.6 GGG 12.1

{Reference: http://www.kazusa.or.jp/codon).

;
Chapter 5 85
..............................................................................................................



gene on its immunogenicity when delivered by a recombinant Salmonella enterica subsp. enterica

serovar Typhimurium vaccine vector. In brief, the objectives of this study were:

1. to construct a recombinant expression plasmid, pGEM+Salmgag with the full-length codon-
optimized wild-type HIV-1 gag gene (salmgag) for expression in Salmonella enterica serovar
Typhimurium.
to develop a recombinant Salmonella vaccine vector expressing Salmgag.

3. to evaluate the induction of HIV-1 Gag-specific immune responses (both humoral and cellular) in

mice orally vaceinated with the recombinant Salmonella vaccine vector expressing Salmgag.

5.3 MATERIALS
Materials used in the study have been given in the Appendices and Chapters 3 and 4.

5.4 GENERAL METHODS

All the microbiological, molecular and immunological methods used in the study have been described in
Appendices A and B. Comparative sequence analyses of wild-type HIV-1 gag and salmgag were
performed by GeneOptimizer™ software program (Geneart, USA).

5.5 EXPERIMENTAL DESIGN AND PROTOCOLS

5.5.1 Codon optimization of wild-type HIV-1 gag gene to salmgag

The salmgag gene was assembled from synthetic oligonucleotides (Geneart, USA). The gene was
received from Geneart (USA) cloned into pPCR-script (Stratagene, U.8.A) at Xhol and Sacl restriction
sites to give the recombinant plasmid pSCRIPT+salmgag (Appendix G10).

5.5.2 Construction of recombinant pGEM+Salmgag expression plasmid: molecular cloning of
salmgag gene

The construction of recombinant sa/mgag expression plasmid, pGEM-+Salmgag (Appendices G6 and H3)
involved the same cloning strategy described in Chapter 4 for pGEM+wiGag. The salmgag gene was
cloned into the backbone of pGEM+GFP (diagrammatically summarized in Figure 5.1). The
pGEM+GFP vector backbone was prepared by double restriction digestion with Narl/Hindlll (to release
out the gfp fragment). The salmgag gene in Pscript+salmgag (Appendix G10) was also digested with
NarUHindlll and the gene fragment separated by agarose gel electrophoresis (Appendix B1.4) and
purified from the agarose (Appendix B1.6). The salmgag gene fragment was ligated to the linearized
pGEM+GFP backbone as described in Appendix B1.7. The ligation reaction was used in transforming
competent SCS5110 cells (Appendix A1.4). Candidate recombinant SCS110 clones with pGEM+Salmgag
plasmid were screened using restriction enzyme mapping (Appendix B1.5) after mini-plasmid isolation
(Appendix B). Maximum plasmid isolation (Appendix B1.5) was performed on a selected candidate

clone. The salmgag gene in pGEM+Salmgag plasmid was sequenced as described in Appendix B1.8.
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vaccination and sacrifice and processed for ELISA. At sacrifice, the pooled spleens for each group of

mice were processed for ELISPOT and CBA assays as described in Apendix B7.

Table 5.2: Vaccines and vaccination protocol for Experiment 1. Mice were inoculated ONCE by intragastric
gavage (Appendix A2.3) with Salmonella vaccines, AroC+Salmgag and AroC+pGEM, The mice were bled prior to
inoculation and sacrifice. The blood was processed by centrifugation and sera were stored until evaluation of
humoral immune responses as described in Appendix B10. At sacrifice on Day 28, the spleens from each group of

mice were pooled and processed as described in Appendix B7.

Inoculum (vaccine) Inoculum/animal/ inoculation Inoculation date Sacrifice date
AroC + Salmgag 10° ofu Day 0 Day 28
AroC + pGEM 10° efu Day 0 Day 28

Table 5.3: Vaccines and vaccination protocol for Experiment 2. Mice were inoculated THREE times by intragastric
gavage (Appendix A2.3) on Days 0, 28 and 56 with Salmonella vaccines, AroC+Salmgag and AroC+pGEM. The
mice were bled prior to inoculation and sacrifice. The blood was processed by centrifugation and sera were stored
until evaluation of humoral immune responses as described in Appendix B10. At sacrifice, the spleens from each

group of mice were pooled and processed as described in Appendix B7.

Inoculum {vaccine) Inoculum/animal/ inoculation Inoculation date Sacrifice date
AroC + Salmgag 10%fu Day 0, Day 28, Day 56 Day 84
AroC + pGEM 10%fu Day 0, Day 28, Day 56 Day 84

5.5.5 Assessment of T cell responses in the spleen
HIV-1 Gag-specific CD4+ Thi/Th2 and CD8+ Tcl/Te2 cytokine responses in the spleen were
determined by ELISPOT and CBA assays as previously described (Chapter 4).

5.5.6 Assessment of HIV-1 Gag-specific humoral immune responses

The evaluation of HIV-1 Gag-specific 1gG antibody responses to the Salmonefla vaccine vector
expressing Salmgag was performed as described in Chapter 4. HIV-1 Gag-specific 1gG1 and IgG2a
isotype responses were also determined by p55 ELISA for serum pools as described in Appendix B10.
The NEW LAV BLOT kit (Appendix B6.3) was used to confirm the presence of HIV-1 Gag-specific

antibodies in sera of mice from the vaccine group, AroC+Salmgag from Experiment 2.

.
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CHAPTER 6: RECOMBINANT SALMONELLA ENTERICA SEROVAR TYPHIMURIUM
VACCINE VECTOR EXPRESSING HUMAN IMMUNODEFICIENCY VIRUS TYPE 1
SUBTYPE C P41 OR P24 EMBEDDED IN LACZo.

“If at first, the idea is not absurd, then there is no hope for it” Albert Einstein (1879-1955)
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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSIONS

“Why is this thus? What is the reason of this thusness?” Arternus Ward (1834-1867)
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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSIONS

8.1 Introduction

The development of a safe, effective and affordable HIV-1 Subtype C vaccine remains a grand challenge,
not only for Southern Africa, but for the whole world at large. In 1999, the South African AIDS Vaccine
Initiative (SAAVI) was established to coordinate efforts in the development of an HIV-1 vaccine for the
region (Tucker and Mazithulela, 2004). Since then, various novel approaches have been undertaken by
the various research teams involved in the development of the vaccine for Southern Africa under the
auspice of SAAVI (reviewed in Williamson, 2002). The University of Cape Town (UCT) team has been
mvestigating the use of (1) HIV-1 Gag viral-like particles being produced in baculoviruses (insect
viruses) or plant expression systems (Jaffray et al., 2004), (2) HIV-1 DNA vaccines carried on plasmid
{van Harmelen et al, 2003; Burgers ef al, 2006), (3) recombinant viral vectors for HIV-1 antigens
{Davis et al., 2002), (4) BCG as a vaccine vector for HIV-1 Gag (Thomas, 2005) and (5) recombinant
Salmonella as a bacterial vaccine vector for HIV-1 Gag (Chin’ombe, work reported in this thesis). The
main goal of this study was to set up some groundwork for the development of oral attenuated
recombinant Salmonella vaccine vectors for HIV-1 antigens. The first step in the execution of this goal
was to rationally design a prokaryotic expression vector for efficient expression of foreign antigens in
recombinant Salmonella vaccine vector. The jellyfish GFP was used as a model antigen to investigate if a
AroC Salmonella bacterial vaccine strain could be used as a delivery system. This was followed by the
cloning of HIV-1 Gag antigens (wild-type and codon-optimized) for expression and delivery by the
vaccine vector. The systemic immune responses of the recombinant bacterial vector were evaluated in

mice after oral vaccinations.

8.2 Rational design and development of Salmonella expression plasmid

After oral ingestion, Salmonella bacteria invade the gut-associated lymphoid tissue through the M cells
(reviewed in Chapter 2). The bacteria spread to systemic organs such as liver, spleen and bone marrow
and are internalized by the professional phagocytes, mainly macrophages and dendritic cells (Oh ef al.,
1996). This characteristic feature makes the bacteria good candidates for delivery of antigens for
induction of both the innate and adaptive arms of the immune system in both the mucosal and systemic
compartments (Chen and Schifferli, 2000; Linehan and Holden, 2003; Wyszynska et al, 2004;
Kalupahana et al., 2005). The development of recombinant Saimonella vaccine vectors for heterologous
antigens is often hampered by problems of stable expression or toxicity to vectors of the antigens when
overexpressed (Tijhaar ef al., 1994). The high constitutive expression of heterologous antigens may also
affect the effectiveness of the Salmonella vectors in the delivery of antigens to the host’s immune system
(Galen and Levine, 2001). To circumvent these problems, the current study rationally designed and
developed a versatile prokaryotic expression plasmid system for cloning of GFP or HIV-1 Gag antigens
for their overexpression in a recombinant Salmonella enterica serovar Typhimurium vaccine vector. The
subsequent successful induction of GFP- or Gag-specific systemic immune responses in mice after
vaccination with recombinant Salmonella enterica serovar Typhimurium vaccine vectors may have been

attributed to this rational design of the expression plasmids. The recombinant expression plasmids were
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based on the E. coli lac operon sequences in pGEM+Teasy plasmid. Various aspects, such as origin of
replication, /ac promoter properties, ribosome binding site, translation start and termination codons and
the inclusion of LacZa peptide linked in-frame with the antigens, were taken into considerations when
the expression plasmids were constructed. The relevance of these aspects in influencing high-level
expression of antigens has already been discussed in detail in Chapter 3. The high-level expression of the
foreign antigen in the recombinant Salmonella vaccine may be required for induction of potent mucosal
and systemic immune responses (Ogra ef al., 1999; Didierlaurent ez al., 2002). The high-level expression
in vivo after vaccination may also facilitate successful delivery of the antigens by the bacterial vector to
the host immune system and subsequent induction of strong immune responses (Medina ef al,, 2000;
Bumann, 2001; Rollenhagen ef al., 2004).

8.3 Development of recombinant Salmonella vaccine vectors

Although the original E. coli lac promoter system is simple and weak, the current study demonstrated
that it could be used to constitutively drive high-level antigen expression in Salmonella enterica serovar
Typhimurium vaccine vectors. In E. coli, the lac operon is transcriptionally regulated. In the genus
Salmonella, the lac operon is non-existent, which explains why the bacteria cannot ferment lactose. The
study also demonstrated that other domains of the operon such natural Shine-Dalgarmo (AGGA),
transcription start, -10 and -35 sequences were recognised by the bacteria. There were two start codons
(ATG) separated by one none-start codon. This potentially increased the efficiency of antigen expression
in Salmonella vaccine vectors. Two stop codons (TAA) separated by a none-stop codon were
incorporated for the GFP expression plasmid. This powerful stop codon might have increased efficiency
of antigen translation termination. The second stop codon prevented possible read-through by ribosomes
during antigen translation by the Salmonella vector. The nature of the stop codon and the fourth base on
the stop codon have been found to influence the efficiency of translational termination in E. coli (Poole
et al., 1995) and this may apply to Salmonella vaccine vectors 100. Poole ef al., 1995 found out that in
terms of translational efficiency, TAAN was the best stop codon, followed by TGAN and finally TAGN
with efficiency ranging from 80% to 30%. In this study, TAA followed by the T or G base was preferred

as stop codon for efficient translational termination

Studies in our laboratory independent of this study have shown that unfused GFP or Gag antigens could
not be overexpressed in Salmonella vaccine vectors despite using strong promoters such as mir promoter.
The current study demonstrated that fusing the heterologous antigens to a prokaryotic peptide (LacZa)
enhanced expression their expression (Chpaters 3, 4, 5, 6 and 7). The reasons underlying this enhanced
antigen expression could be multifactorial. First, the fusion of prokaryotic peptide sequences to
heterologous antigen potentially improved transcription of the whole fusion gene. Second, the stability of
the mRNA transcripts is improved and are resistant to degradation. Third, the translational efficiency of
the antigen mRNA transcripts was improved. The fusion of the antigens to the natural ribosome-binding

site and N-terminus of B-galactosidase could have facilitated mRNA folding that promoted strong
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translation. Finally, fusion proteins are likely to be resistant to post-translational proteolytic degradation
(Butt er al,, 2005).

Overexpression of antigens may lead to cellular toxicity and this may depend on the nature of the
expressed protein {Chapters 3, 4 and 5). Li et al,, (1999) have demonstrated that apoptosis of mammalian
cells occurred when GFP was overexpressed. The cellular toxicity of recombinant GFP has also been
demonstrated in plants (Rouwendal ez al., 1997) and in recombinant Salmonella (Wendland and Bumann
(2002). In the current study, it was noted that GFP was not toxic to E. coli and Salmonella despite its
massive antigen expression (Chapter 3). This could be due to the inclusion of the LacZo peptide
sequence motif to the N-terminal end of the GFP. However, the study demonstrated that HIV-1 Gag and
Salmgag were, to some extent, toxic to be bacterial cells (Chapter 4). The mechanisms of HIV-1 Gag
toxicity to bacteria such as Salmonella vaccine vectors or other microorganisms such as BCG have not
yet been elucidated. However, it has been speculated that the cell death by lysis (in the stationary phase)
was possibly due to membrane destabilization and leakage or pore formation. Reduction of this toxicity
could be achieved by insertion of a leader peptide (Donnelly et al., 2001, 2006). In the current study, the
fusion of HIV-1 Gag or Salmgag to with the N-terminal domain of Sgalactosidase a-fragment
potentially reduced the toxic effects of the antigen. Previous studies demonstrated that expression of
unfused Gag or GFP under the strong constitutive promoter, m#r had detrimental effects on the
Salmonella bacterial growth (results not reported). The insertion of lacZa peptide upstream of wild-type
Gag and Salmgag was speculated to have reduced the toxicity of the antigens. This is consistent with
findings from other studies. Donnelly et al., (2001) have shown that inclusion of a leader peptide derived
from the GroES Cochaperone drastically reduced toxicity and increased the expression of human
apoptosis modulator protein Bax in E. coli. Bax protein product is highly toxic and leads to bacterial lysis
when expressed even at low levels in E. coli (Asoh er al., 1998). Montigny et al., (2004) demonstrated
that upstream insertion of Asp-Pro sequence peptide into hepatitis C virus El and E2 antigens reduced
their cellular toxicity when expressed in bacteria. Corchero and Villaverde (1998) suggested that the
features of the encoded antigens influenced plasmid maintenance in recombinant bacteria. It was noted
that plasmids carrying toxic antigens were lost faster than those carrying non-toxic antigens (Corchero

and Villaverde, 1998).

The current study also provided fundamental insights into differences in subcellular localization of GFP
model and HIV-1 Gag antigens in the Salmonella vaccine vector (Chapter 7). Whereas GFP localized
homogenously in the bacterial cells, HIV-1 Salmgag was confined only to the polar regions. The
differences in the localization of the two antigens could be attributed to their differences in intrinsic
properties of the two antigens (Corchero and Villaverde, 1998). Alternatively, Salmgag expression
resulted in more metabolic burden to the vector than GFP expression. This might have resulted in
osmotic shock which pushed the antigen to be confined to the polar regions of the bacterial cell. In
addition to tagging HIV-1 Salmgag to monitor localization, the study demonstrated that GFP could be
used as a predictive folding reporter. It has been demonstrated by other studies that when GFP fusion
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proteins are overexpressed as inclusion bodies in E. coli, the GFP lost its fluorescence (Waldo et al,
1999; Drew et al., 2001). This explains why there was reduced fluorescence of Salmgag-GFP, which

suggested that a huge proportion of the antigen formed inclusion bodies.

Codon optimization of genes did not have an impact on the in vitro expression of antigens by the
Salmonella vaccine. High levels of GFP and HIV-1 Gag antigens were achieved despite their genes
being unoptimzed or optimized for expression in Salmonella. The fusion of the LacZa to antigens and
other factors were potentially responsible for their overexpression. However, codon-optimization had a
profound impact on the nature and magnitude of the antigen-specific immune responses against HIV-1
Gag when delivered by the Salmonella vector (Chapter 4 and 5). The Salmonella vaccine expressing the
native Gag only induced Gag-specific Th2 response after oral vaccination of mice (Chapter 4). In
contrast, codon-optimized Gag induced CD8+ Tcl, CD4+ Thl and Th2, 1gG1 and IgG2a responses after

vaccination of mice (Chapter 5).

The impact of formation of inclusion bodies on immunogenicity was not clear in this study. However, a
study by Kesik et al., (2004) demonstrated that inclusion bodies were immunogenic. The oral vaccination
of mice with inclusion bodies carrying viral antigens could induce both mucosal and systemic immune
responses (Kesik et al., 2004). Previous studies by Brett ef al,, (1993a) have also shown that antigen
processing of a viral nucleoprotein (NP) expressed as inclusion bodies in Salmonella required at least 6 h
after bacterial infection before macrophages could present the NP motifs effectively. In comparison,
soluble NP only required 2 to 4 h before motifs were presented on macrophage cell surfaces (Brett et al.,
1993b). This difference could be due to the greater stability of a polypeptide in insoluble aggregates
compared to that of a soluble protein by reason of resistance to degradative enzymes present in
phagolysosomes (Jespersgaard ef al., 2001). It was therefore anticipated that even if the Gag or Salmgag

were expressed as inclusion bodies in the Salmonella vector, they would be immunogenic.

8.4 Overall immunogenicity to recombinant Salmeonella vaccine vectors

Although the correlates of protection of HIV-1 are still poorly understood, a successful vaccine against
HIV-1 needs to stimulate the innate immune system and generate high neutralizing antibody levels and
strong cellular immune responses in the mucosal and systemic compartments (Haynes et al, 1996;
Pantaleo and Koup, 2004; McMichael er al., 2006). There is already evidence indicating that mucosal
immunity against HIV-1 plays a critical role in antiviral protection (Belyakov ef al., 1998). Studies by
Wu et al., (1997) have demonstrated that live oral Salmonella vaccines expressing HIV-1 gp120 could
induce mucosal immune responses in form of gp120-specific IgA antibody-secreting cell responses after
oral vaccination of mice. Splenic gpl120-specific CD4+ T cell responses were also observed. However no
measurable HIV-1-specific CD8+ T cell immune responses were induced by the bacterial vector (Wu ef
al., 1997). The current study investigated induction of only systemic GFP- and HIV-1 Gag-specific
immune responses after oral delivery of recombinant Salmonella bacteria. T cell and serum antibody

responses were monitored. Analysis of all the results concluded that oral vaccination of mice with the
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recombinant Salmonella vaccine vectors could result in induction of systemic antigen-specific CD4+ T-,
CD8+ T- and B-cell immune responses. The nature and magnitude of such responses depended on the
antigen and its properties. Recombinant GFP was soluble and evenly distributed when expressed in the
Salmonella vector and induced CD8+ Tcl and Tc2, together with IgG1 (CD4+ Th2) and IgG2a (Thl)
responses. Wild-type HIV-1 Gag was mainly expressed as inclusion bodies and induced only Th2
responses when delivered by the Salmonella vector. Codon-optimized HIV-1 Gag (Salmgag) was also
predominantly expressed as inclusion bodies, localized to the bacterial poles and induced mainly mixed
CD4+ Thl and Th2, together with IgG1 and IgG2a responses. Some of these multi-prbnged responses
are important targets for vaccines that are required for prevention of infection by HIV-1 in Southern
Africa.

8.4.1 CD8+ T cell cytokine responses

The study was able to demonstrate that oral vaccination of mice with recombinant Salmonella expressing
GFP or HIV-1 Gag could result in generation of antigen-specific CD8+ T cell responses. Whereas
recombinant Salmonella vectors expressing GFP induced both GFP-specific CD8+ Tcl and Tc2 cytokine
responses after three inoculations, the vectors expressing the wild-type or codon-optimzed HIV-] Gag
elicited no or very low detectable CD8+ T cell cytokine response. It was hypothesized that the solubility
of GFP and stability of its expression in vivo in the Salmonella vectors could be some of the reasons for
strong CD8+ T cytokine responses found. On the other hand, HIV-1 Gag expression was relatively toxic
to the vector and the antigens were insoluble and this could be the reasons for the development of weak
CD8+ T cell responses. Soluble and particulate antigens are also presented differently to the immune

system.

Although infection with Salmonella is expected to induce predominantly CD4+ T cell responses since
the bacteria reside in the phagosomes of the APCs, APCs such as macrophages and dendritic cells are
capable of cross-priming and this may result in the induction of CD8+ T cell immune responses
(Harding, 1996; Oh et al., 1997; Heath et al., 2004). The cross-presentation of antigens has been shown
to be a very inefficient process and is affected by a number of factors such as dose and time (Maecker et
af., 2001). This could be the main reason why no or poor antigen-specific CD8+ T cell responses were
detected after single vaccination of mice with the recombinant Salmonella vectors. It was not clear why
no or poor HIV-1 Gag-specific CD8+ T cell responses were detected even after booster immunizations
with the recombinant Salmonella vectors (Chapters 4 and 5). One of the possible reasons for the
inefficient cross-presentation of the Gag or Salmgag antigens could be its insolubility. Hone et al,
(1996) showed that when HIV-1 gpl120 was overexpressed cytoplasmically in a Salmonella vaccine
vector, inclusion bodies were formed. Oral vaccination of mice with the recombinant vector did not
induce systemic HIV-1 gp120-specific CD&+ CTLs. It was concluded that the failure to express a soluble
gpl120 in the vector was one of the reasons for the failure of the vector to evoke CD8+ T cell
immunogenicity (Hone et al., 1996). The poor CD4+ T help could also be one of the reasons for poor

Gag-specific CD8+ T cell responses observed in the current study. This CD4+ help is known to be
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critical for CD8+ T cell priming and maintenance of memory CD8+ T cells (Sun and Bevan, 2003; Sun
et al., 2004). Future studies need to focus on ways of developing Sa/monella-based vaccines that induce
strong memory CD8+ T cell responses, since this arm of the immune system plays a fundamental role in
controlling HIV-1 infection or disease (Chapter 1). Recent studies on vaccine-induced correlates of
protection have revealed that SIV-specific memory CD8+ T cells secreting Tcl cytokine profile are
fundamental in protection against AIDS disease in monkeys (Sun et al., 2005; Acierno ef al., 2006; Sun
et al., 2006).

8.4.2 CD4+ T cell cytokine responses

The current study demonstrated that systemic GFP- and HIV-1 Gag-specific CD4+ T cell responses by
the recombinant Salmonella vaccine vectors expressing heterologous antigens could be induced in orally
vaccinated mice. Direct evidence of GFP-specific CD4+ T cell responses was not available as there were
no known GFP-specific CD4+ peptides for use in stimulating the splenocytes. However, the presence of
both GFP-specific IgG1 and IgG2a provided indirect evidence of the induction both CD4+ Th1 and Th2
responses. Vaccination of mice with recombinant Salmonella expressing wild-type Gag of Salmgag
provided direct evidence of CD4+ T cell responses (Chapters 4 and 5). Whereas Salmonella expressing
wild-type Gag induced only Th2 response, Salmonella expressing Salmgag induced mixed CD4+
Th1/Th2 cytokine responses. The reasons for these differences were unclear. It was however speculated
that the codon-optimization of the gag enhanced the broad CD4+ T cell responses found in this study.
The Salmonella expressing the wild-type Gag could not perhaps efficiently invade the mucosal lymphoid
tissues so as to elicit both Thl and Th2 responses. It is known that exogenous soluble and particulate
antigens (such as GFP and HIV-1 Gag respectively) can be taken up by APCs, processed into peptides
and presented by MHC-II molecules to CD4+ T cells (reviewed in Unanue, 2002; Veeraswamy ef al,
2003). Live Salmonella can also be taken by APCs by phagocytosis and the bacteria reside and replicate
in phagosomes, with antigens being presented mainly by the MHC-II molecules to the CD4+ T cells
(Svensson et al., 1997; Yrlid and Wick, 2000; Kalupahana et al., 2005).

The pivotal role of CD4+ T cell responses in vaccine development has always been recognized. CD4+
Thl cytokines such as IFN-y and TNF-a provide protective immunity against intracellular pathogens
such as viruses and promote B cell class-switching to complement-fixing antibodies such as IgG2a in
mice (Finkerlman et al,, 1990; Seder and Paul, 1994; Spellberg and Edwards, 2001). On the other hand,
CD4+ Th2 cytokines such as IL-4 promote B cell class switching to neutralizing antibodies such as IgGl
in mice or IgGG4 in humans and to regulate the intensity of Thl cytokine responses (Stavnezer, 1996;
Hsieh et al, 1993; O'Garra and Arai, 2000; Spellberg and Edwards, 2001). In HIV-1 infection, the
critical regulatory roles of CD4+ helper T cells on CD8+ T-cell and humoral responses have been
documented (Chapter 2). The CD4+ Thl/Th2 balance has been documented to be an important
determinant in HIV-1/AIDS disease pathogenesis and progression. Thl cytokines promote long-term
disease non-progression, while a switch from Thl to Th2 cytokine profile contributed to AIDS disease

progression (Clerici and Shearer, 1994; Clerici, 2002). On the contrary, a recent study did not find such
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polarization of the Th1/Th2 cytokine profile in HIV patients (Fakoya et al, 1997). However, the
induction of mixed Th1/Th2 responses (as observed in Chapters 3 and 5) may be necessary for HIV-1
vaccines that need to induce both humoral and cellular responses. Future studies should attempt to
unravel the best Salmonella vaccine-induced CD4+ Th1/Th2 profiles which correlate with protection
against HIV-1 infection or disease. Some recent studies in monkeys have already shown that vaccine-
induced memory CD4+ T cells secreting Thl cytokines correlate with protection against AIDS disease
(Letvin et al., 2006; Sun et c_z!., 2006).

8.4.3 Humoral immune responses

The study demonstrated that vaccination of mice with recombinant Salmonella expressing GFP or
Salmgag could elicit mixed antigen-specific IgG2a (Thl) and IgG1 (Th2) responses. It was likely that the
Salmgag particles (whether folded correctly or incorrectly) could activate the B cells to proliferate and
produce HIV-1-specific antibodies. Viral structural proteins such as rabies virus nucleocapsid or HPV L1
are capable of forming virus-like particles in bacteria and induce long-lasting humoral immune responses
through activation of B cell and T cell helper responses (Nardelli-Haefliger et al., 1997; Koser et al,,
2004). The lack of codon-optimization of wiGag was possibly responsible for the failure of Salmonella
expressing the antigen to induce HIV-1-specific antibody response. The embedding of P41 and P24 into
the LacZo perhaps destroyed the necessary antibody epitopes (by not folding into their native forms) and
this could be one of the reasons why the recombinant Salmonella expressing the antigens could not elicit

antigen-specific IgG after oral vaccination of mice.

The results reported in this study demonstrated the induction of mixed CD4+ Thl and Th2 responses
(Chapter 3 and 5). Characterization of the anti-GFP (Chapter 3) and anti-Salmgag (Chapter 5) antibody
responses in the sera of mice vaccinated with recombinant Salmonelia vaccine vectors showed a strong
bias towards the production of IgG2a subclass at the expense of IgG1 subclass. Other studies have also
found that predominantly antigen-specific 1gG2a (Thl-type) responses were induced after oral
vaccination of animals with recombinant Salmonella vaccines (Huang et al., 2001; Kang et al., 2002; Wu
et al., 2006). 1t is known that IgG subclasses have the capacity to neutralize toxins and viruses, opsonize
particles for ingestion by phagocytes (opsonophagocytosis), or when complexed to antigens, activate the
classic complement pathway (Charalambous and Balakrishnan, 2004). Some of the antibody isotypes
such as Ig(G2a may play a key role in killer-cell antibody-dependent cell-mediated cytotoxicity (ADCC)
(Snapper and Paul, 1987: Ahmad and Menezes, 1996). In HIV-1 vaccinology, the Gag is not targeted fof
induction of HIV-1 neutralizing antibodies. The primary target has been the development of neutralizing

antibodies against HIV-1 envelope glycoprotein.
8.5 Novelty and relevance of the findings

e The work reported in the thesis is the first to explore the potential of using attenuated AroC

Salmonella enterica serovar Typhimurium mutant to deliver GFP and Southern Africa HIV-1
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Subtype C Gag to the immune system through the oral route. This is a good starting point in the
development of effective, safe and affordable vaccines for HIV-1 for the region.

e The work is the first to exploit the £. coli lac operon system to develop a system for overexpression
of heterologous antigens (GFP and HIV-1 Subtype C Gag) in recombinant Saimonella enterica
serovar Typhimurium vaccine vectors. The physiology of the lac operon was unravelled about half a
century ago by Jacob and Monad and this operon is not present in Salmonellae. Most researchers
emphasize on the use of stronger promoters such as Tac or Trp, believing that they can achieve better
expression of heterologous antigens in Salmonella vectors. The lac promoter can also be used for the
overexpression of antigens by Salmonella as demonstrated in this study.

o The phenomenon of fusing heterologous antigens to the N- and/or C-terminal domains of £. coli B-
galactosidase a-fragment to enhance expression of recombinant Salmonella enterica serovar
Typhimurium was original. Fusion of the antigens to the C-terminus of the B-galactosidase -
fragment did not affect their function and folding, but enhanced their expression. However,
embedding the antigens in the P-galactosidase a-fragment (Chapter 6) affected their folding and
immunogenicity, but further enhanced their expression.

o The work is one of the first to evaluate simultaneously the secretion of vaccine-induced antigen-
specific CD4+ Th1/Th2 or CD8+ Tcl/Tc2) cytokines by splenocytes from mice vaccinated orally
with recombinant Salmonella enterica serovar Typhimurium expressing heterologous antigens. Most
of the current studies in HIV-1 vaccinology only evaluate the induction of IFN-y cytokine without
the considerations of the role of other cytokines such as TNF-a, IL-4 and IL-5. It should be critical to
evaluate the simultaneous secretion of the whole array of cytokines induced after vaccinations. This
would give some ideas on whether the vaccine would be protective or not.

e The work is one of the first to show that Salmonella-based vaccines could induce both antigen-
specific memory CD8+ Tcl and Tc2 cytokines. The study also showed that both antigen-specific
memory CD4+ Th1 and Th2 cytokine responses could be induced after oral vaccination of mice with
codon-optimized Gag expressed by a Salmonella vector.

e The study was the first to investigate the sub-cellular compartmentalization of HIV-1 Gag in a
Salmonella vaccine vector. The localization of the antigens inside the bacterial vector could

potentially affect their immunogenicity.

8.6 Perspectives for the future

The findings reported in the thesis call for further investigations into the use of oral attenuated
Saimonella as vaccine vectors for HIV-1 antigens. The demonstration that GFP or HIV-1 Gag could be
constitutively expressed at high levels by the Salmonella bacterial vector using the simple £. coli lac
promoter was novel. Future studies should therefore further investigate the use of the E. coli fac or other
operon systems such as trp operon for the expression of HIV-1 Gag and other antigens such as Tat, Rev,
Nef, Pol and RT derived from circulating HIV-1 strains in Southern Africa by recombinant Salmonella

vaccine vectors. The expression plasmid systems developed by the study can still be improved. Future
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investigations need to look at ways of making such improvements. A number of strategies may be used
to fine-tune the expression of HIV-1 antigens in the Salmonella vectors. A number of different
constitutive promoters with different strengths such as ##p and mfr may be tried by replacing the lac
promoter. Levels of antigen expression may be also be tuned by changing the spacing between the -10
and -35 regions of the lac promoter. Different origins of replication may be used in the expression
plasmids so as to influence plasmid copy number and therefore gene dosage. The ribosome-binding site
sequences may be mutated so as to increase or decrease the levels of antigen expression. Therefore, the
whole backbone of expression plasmids can potentially be re-engineered. Besides antigen expression,
other key aspects such as alternative immunization strategies such as intranasal, vaginal and rectal routes,
prime-boost strategies may also need to be investigated in future studies. Furthermore, since Salmonella
enterica serovar Typhimurium is only a typhoid model in mice, future studies also need to investigate the
use of recombinant Salmonella enterica serovar Typhi such as Vivotif® (Berma Biotech, Berne,
Switzerland) and ZH07 (Microscience Lid, UK) as vaccine vectors for HIV-1,

Intracellular overexpression of heterologous antigens by recombinant Salmonella has a number of
problems such as induction of metabolic burden (Galen and Levine, 2001). Future studies should look at
other ways of avoiding such burden and this can be achieved by expressing the HIV-1 antigens in
different extra-cytoplasmic compartments (such as periplasm, outer membrane or extracellularly). It is
further worthwhile to investigate displaying of HIV-1 antigens on the surface of Salmonella vaccine
vectors. To achieve this, HIV-1 antigens or peptides may be fused to outer membrane proteins such as
OmpC of E. coli, OmpB of Vibrio cholerae or Oprl of Pseudomonas aeruginosa in an expression
plasmid. Oprl has already been used to surface display a foot and mouth disease virus epitope in a
Saimonella vector (Cote-Sierra ef al, 1998). Hepatitis B and C viral antigens have successfully been
displayed on the surface of Salmonella vaccine vectors using P. syringae Inp (Lee ef al., 2000). Future
studies should also explore the secretion of HIV-1 antigens from Salmonella vaccine vectors. The E.
coli-derived HlyA hemolysin secretion system (Gentschev ef al,, 2002) can be engineered for secretion
of HIV-1 antigens by Salmonella vectors. The type IIT secretion systems can also be used to translocate
heterologous antigens out of the vector into the host cytosol for induction of strong CD8+ T cell
responses (Ho and Starnbach, 2005). Integration of HIV-1 genes into the chromosome of Salmonella
vectors could be a powerful alternative for overcoming problems of metabolic burden and plasmid
stability and this needs future investigations. Chromosomal integration of a heterologous gene can
potentially result in complete stabilization of expression (Galen and Levine, 2001; Garmory ef al., 2003c¢;
Stratford et al., 2005). The only drawback for chromosomal integration may be low gene dosage that
may result in induction of poor immunogenicity after vaccination. This can potentially be circumvented
by the use of very strong promoters or by integration of several copies of the HIV-1 gag gene into the
Salmonella chromosome. Future studies should explore the use of strong, but regulated in vivo inducible
promoters, such as E. coli NirB (Xu et al., 1998), that would ensure low activity in vitro but would be

increased once the bacterial vectors reach the appropriate locations in the tissues.
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An alternative strategy to genetic stability of Salmonella vector that needs future studies is the use of
balanced-lethal plasmid stabilization systems. This involves the insertion of the gene encoding the
heterologous antigen into a plasmid containing a geneé that complements a metabolic defect in the
Salmonella vector (Galan et al, 1990). A number of studies have already successfully utilized this
system, in which the asd gene is inactivated in Salmonella (Tacket et al, 1997b; Chen and Schifferli,
2000; Wyszynska et al, 2004; Xu ef al, 2006). In asd Salmonella mutants the loss of the plasmid
carrying the asd gene in vivo is lethal and only Salmonella harbouring the plasmid survive (Galan ef al.,
1990). Using this system, plasmid instability associated with foreign viral antigen expression in

Salmonella vaccine vectors may be circumvented.

The work reported here should be used as a foundation for future studies in the development of
Salmonella-based vaccines for HIV-1 and other human pathogens. Foreign antigens can be
overexpressed using the prokaryotic expression strategy developed by this study. The antigens can be
delivered orally to the immune system using attenuated Salmonella vaccine vectors. It should be borne in
mind that the nature and magnitude of the antigen-specific immune responses induced by the
recombinant Salmonella vectors would depend on many factors, which include, the properties of the
heterologous antigen to be expressed, the design of the expression prokaryotic plasmid, the nature of
attenuating mutation of the vector, dose of vector administered and the vaccination route (Benyacoub et

al., 1999; Nardelli-Haefliger et @/, 2001; Curtiss, 2002).
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APPENDIX A: MICROBIOLOGICAL (BACTERIOLOGICAL) METHODS

Al: PROTOCOLS FOR BACTERIAL CULTURES

Al.l. Preparing plates for Blue-White Color Screening (a~-Complementation) of recombinant E. coli SCS110
cells

The agar plates were prepared as described in Sambrook ef al, (1989). Briefly, 2x YT agar (Appendix D) was
prepared. Prior to pouring of the plates, ampicillin (to a final concentration of 100 pg/ml), 5-bromo-4-chloro-3-
inodlyl-B-D-galactopyranoside (Appendix D) ({-gal) (to a final concentration of 80 pg/ml) and isopropyl-1-thio-B-
Dgalactopyranoside (IPTG) (Appendix ID) (to a final concentration of 20 mM) were added. Alternatively, 100 ul of
10 mM IPTG and 100 ul of 2% X-gal were spread on the solid agar prior to plating bacteria.

Al.2. Culture conditions for F coli and Salmonella bacteria

Standard bacteriological conditions for the culture of E. coli {(and Salmonella) have been described in Sambrook et
al., (1989). Briefly, E. coli was cultured at 37 °C in 2x YT broth (Appendix D) with vigorous shaking. If the
bacteria harboured a recombinant plasmid (encoding ampicillin resistance gene), ampicillin was added to a final
concentration of 100 ug/ml. An overnight starter culture of 5 - 10 ml 2x YT broth was prepared by inoculating a
single bacterial colony and this was grown for 12 — 18 hrs at 37 °C with vigorous shaking. The culture was diluted 1
in 100 in 100 ml 2x YT broth and grown with shaking at 37 °C. To grow E. coli on plates, 2x YT with agar
{Appendix D) was used to prepare solid medium. The bacteria cultures were spread or streaked on the 2x YT agar
plates with or without ampicillin (100 ug/ml) as appropriate. The plates were incubated overnight at 37 °C with
plates inverted. The culture conditions for were the same as those outlined above, but with minor modifications.
The 2x YT medium for growing Salmonelia enterica serovar Typhimurium, AroC mutant was supplemented with

aro mix and tyrosine (Appendix D). Storage of cultures was at -80 °C in 10% glycerol.

AL.3. Procedure for n;aking competent E. coli and Salmonella

Competent E. coli and Salmonella cells were prepared using calcium chloride according to Sambrook ef al.,, (1989)
with modifications. The bacteria were grown for 12 — 18 hrs at 37°C with vigorous shaking in a starter culture of 5-
10ml in 2x TY broth (supplemented for Salmonella) by inoculating a single colony from previous bacterial streak.
The cultures were diluted 1 in 100 in 100 m! in 2x YT broth (supplemented for Salmonella) and grown with
shaking at 37°C. The bacteria were harvested when growth reached logarithmic phase (when ODgq, was between
0.4 - 0.6) by centrifugation (5000 rpm for 5 min) at 4 °C. The cells were resuspended in 1/10™ culture volume of
0.1M ice-cold calcium chloride and held on ice for 1-2 hours. The cells were centrifuged as before and resuspended
in 1/10" culture volume of 0.1M ice-cold calcium chloride with a final concentration of 10% sterile glycerol. The

cells were stored at -80°C in 200 ul aliquots.

Al.4. Transformation of E. coli and Salmonella with plasmid vectors

The genetic transformation of competent E. coli or Salmonella cells with plasmid vectors was performed using the
heat-shock procedure as described by Sambrook er al., (1989), but with some modifications. The stored aliquots of
competent cells were thawed on ice. Plasmid DNA (10 - 100 ng) or ligation reactions (1 - 10 pl) were added to the
cells and incubated on ice for 10 - 20 min. The cells were heat-shocked in 2 42 °C water-bath for 1 - 2 min and 0.9
ml of 2x YT broth (supplemented for Salmonella only) without antibiotic was added. The cells were allowed to

grow at 37 °C water-bath for 60 min. After the incubation, 100 ul of the transformed cell culture was plated on 2x
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YT Agar (supplemented for Salmonella only) plates with ampicillin and incubated at 37°C for 12 — 18 hrs.
Verification of the presence of plasmids in recombinant bacterial clones was performed by restriction endonuclease

mapping after mini-plasmid isolation (Appendix B).

AZ2: PROTOCOLS FOR MAKING SALMONELLA VACCINES AND VACCINATION OF MICE

A2.1. Production of vaccine stocks

Recombinant Salmonella enterica serovar Typhimurium vaccines were prepared by first transforming the
competent bacteria with respective expression plasmids (as described in Appendix A1.4). A single colony was then
inoculated into 100 — 200 m! of 2x YT media supplemented with ampicillin {100 pg/ml), aro mix and tyrosine
{{Appendix D). The bacteria were cultured and harvested when they reached logarithmic phase (when ODgy was
0.8 - 1.0) by centrifugation at 5000 rpm for 10 min at 4 °C. The bacterial cells were suspended in 1/25™ culture
volume of 15% sterile glycerol. The cells were stored at -80 °C in about 200 - 400 ul aliquots until required for

animal vaccination.

A2.2, Bacterial counts and determination of plasmid loss in vaccine stocks

The stored aliquots (Appendix A2.1) of recombinant Salmonella enterica serovar Typhimurium vaccines were
thawed and serial dilutions (1/10%, 1/10°, 1/10°, 1/10® and 1/10'°) made in water or 2x YT. The last three dilutions
(1/10°%, 1/10% and 1/10'%) were plated (100 ul) on 2x YT plates with or without ampicillin. The plates were incubated
12 — 18 hrs at 37 °C. The colonies were counted and the numbers used to determine the bacterial colony-forming

units in original vaccine stocks.

A2.3. Animal vaccination

The vaccine stocks {Appendix A2.1) were thawed at room temperature and diluted in PBS to 2 required
concentration of bacterial colony forming units. Prior to vaccination, food and water were removed from mice for at
least 2 hours. The mice were anesthetized via an intraperitoneal injection of ketamine/xylazine and each mouse was

then administered 100 ul of bacterial suspensions by intragastric gavage.with a feeding needle.

A3. FLUORESCENCE MICROSCOPY OF GFP OR SALMGAG-GFP EXPRESSING BACTERIA

Bacterial culture volume of 1 mi were pelleted by centrifugation at 5 000 rpm for 1 min at ambient temperature.
The pellet was suspended in 1 ml of PBS and re-pelleted by centrifugation as before. The bacterial cells were
suspended in 30% glycerol solution. The cell suspension (5 - 10 ul) was placed on 3 microscope slide with a
coverslip. The sample was investigated as described by Lun and Wilson, (2004) using a Carl Zeiss Axiovert 200 M
inverted epifluorescence microscope. The excitation and detection of GFP were performed using a FITC filter set.
Digital images were captured with a standard-scan charge-coupled-device camera {(AxioCam HR; Carl Zeiss)

controlled by AxioVision software.
A4. ULTRAVIOLET (UV) FLUORESCENCE GFP-EXPRESSING BACTERIA

To check the fluorescence of bacterial colonies, Pedri dishes or liquid cultures in 2-ml eppendorf tubes were

exposed to ultraviolet (UV) light (256 nm) on top of UV transilluminator box. Results were recorded.
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APPENDIX B: MOLECULAR BIOLOGY AND IMMUNOLOGICAL METHODS

Bi. DNA ISOLATION AND MANIPULATION PROTOCOLS

B1.1. Small-scale plasmid DNA isolation (mini-prep) from recombinant E. coli and Salmonella

The small-scale plasmid DNA isolation was performed using an alkaline/SDS procedure from Sambrook ef al.,
(1989). Briefly, 300 ul of the culture (recombinant E. coli or Salmonella) was centrifuged at 10 000 rpm for 5 min
and 200 ul of Solution 1 (30 mM glucose, 25 mM Tris, pH 8.0, 10 mM EDTA) was added and mixed. Solution 2
(0.2M NaOH, 1% SDS) (400 ui) was then added and mixed gently. The tubes were incubated at ambient
temperature for 10 minutes. Solution 3 (5 M Potassium Acetate, pH 5.2) (300 pl) was added and mixed well. The
tubes were centrifuged at 14 000 rpm at ambient temperature for 5 min. The supernatant (650 ul) was taken into
fresh tubes and 650 ul of isopropanol added. Plasmids were pelleted by centrifugation at 14 000 rpm for 15 min.
The pellets were each washed with 500 ul of 70% ice-cold ethanol. After drying of the pellets, they were suspended
in 50 pl of distilled water.

B1.2. Large-scale plasmid DNA isolation from recombinant E. coli and Salmonella

To prepare large amounts of plasmid DNA from recombinant E. coli or Salmonella, the Plasmid DNA Purification
NucleoBond® AX100 PC Kit (Macherey-Nagel Inc. Germany) which employs a modified alkaline/SDS method
from Sambrook ef al., (1989) was used according to manufacturer’s instructions. Recombinant bacteria were grown
in 50 ~ 100 ml 2x TY as described in Appendix A. The cells were harvested by centrifugation at 5000 rpm for 3 - 5
min at 4 °C. The pellet was suspended in 4 ml of §1 (50 mM Tris-HCl, 10 mM EDTA, 100 ug/ml RNase A, pH
8.0). 4 ml of 52 (200 mM NaOH, 1% SDS) was added to the re-suspended cells and incubated at ambient
temperature for 5 min for cells to lyse. Buffer 83 (2.8 M KAc, pH 5.1) (4 ml) was then added to the suspension and
incubated for 5 min on ice. The suspension was centrifuged at 12 000 rpm to pellet the cellular debris. The
supernatant (contained the plasmid) was loaded onto AX100 column and was allowed to flow. The columns were
washed twice with 5 ml of with N3 (10 mM Tris, 15% ethanol, 1 M KCl, pH 6.3). The plasmid DNA was eluted
from the column with 2.5 ml of N5 (10 mM Tris, 15% ethanol, 1 M KCl, pH 8.5). The DNA was precipitated with
0.7 volumes of isopropanol and collected by centrifugation (15 000 rpm for 30 min). The pellets were washed with

ice~-cold 70% ethanol, dried and suspended in appropriate volume of water or TE buffer.

B1.3. DNA concentration and purity determination

DNA was quantified spectrophotometrically. The DNA dissolved in water or TE was diluted. The absorbance of the
DNA was read at 260 nm (Aqg) and 280 nm (Aqg) with a spectrophotometer using UV light. The concentration of
DNA in the original sample was calculated based on the fact that 1 OD at 260 nm corresponds to approximately 50
ug/ml double-stranded DNA (Sambrook ef al., 1989). To determine the purity of the DNA preparation, the
AsgoAase Tatio was calculated. The ratio of 1.8 -2.0 indicated a high purity DNA sample.

B1.4. Agarose gel electrophoresis of DNA

Agarose gel electrophoresis was carried out as described by Sambrook er al., (1989}, Depending on the sizes of
DNA, agarose gel concentrations ranging from 0.8 to 2% were used in 1X TBE or TAE buffers (Appendix D).
DNA samples (and molecular weight marker) to be run were mixed with 6X Loading buffer (Appendix D) and
loaded on polymerized gel. The electrophoresis was performed using DC Power Supply apparatus connected to the

electrophoresis unit as described in Sambrook ef al, (1989). After electrophoresis, the gel was strained with
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Ethidium bromide and visualized using UV transilluminator. The gels were photographed using Kodak DC120

digital camera.

B1.5. Restriction endonuclease digestions and mapping

Restriction digestion of plasmid DNA was performed using standard suggested protocols (Samroock ef al., 1989).
For restriction mapping, generally 1 - 5 ul (200 ng-1 pg) of DNA was digested in a total volume of 20 pl with §
units of respective enzyme, 2 ul of 10X enzyme buffer (supplied by enzyme manufacturer) and water. Where more
that one enzyme was used, the volume of water was adjusted appropriately. If the enzymes did not have compatible
buffers, the digestion was done separately. To digest large amounts of DNA for cloning, the units of enzyme(s), the
amount of buffer(s), DNA and water were adjusted appropriately. The restriction digest reactions were incubated at
37 °C for 1-4 hours or overnight, depending on the experiment. To check if digestion was complete, 5 pl of the

digest was analyzed by gel electrophoresis (Appendix B1.4).

B1.6. Extraction of DNA from agarose gels

DNA was purified from agarose gels using the QlAquick Gel Extraction Kit (QIAGEN, Germany). Briefly, DNA
fragments were separated on an agarose gel (Appendix B1.4) in duplicates. Afier running the gel, half of the gel
was removed and stained with ethidium bromide in order to locate the position of the required DNA fragments on
the other half of the gel. The relevant DNA band was then cut from the unstained gel and 3 volumes of Buffer QG
added. To solubilize, the gel was incubated at 50 °C. The solubilized sample was passed through the QIAGEN
column by centrifugation. The column was washed with 70% ethanol and the DNA eluted in 20-50 ul of distilled

water.

B1.7. DNA ligation

DNA ligation reactions were carried out in 10-20 ul volumes. Unless otherwise, ligation reactions were carried out
using the Rapid Ligation Kit {Roche, Germany) reagents or the Promega pGEM-T easy Kit (Promega, USA)
reagents according to manufacturer’s recommendations. For the ligation of the PCR products using pGEM Teasy
plasmid, the reagents supplied with the kit (Promega) were used. Ligation reactions contained 1-2 ul (20 - 60 ng)
linearized plasmid vector, 5-10 pl of 2X Rapid Ligation Buffer (Roche or Promega), 5-10 ul (50 - 150 ng) insert
DNA, 1 pul T4 DNA Ligase and appropriate volume of water. Depending on the experiment and nature of the
ligation, the reactions were incubated at room temperature for 1-5 hours or 12 - 16 hours at 16°C before genetic

transformation of competent £. coli cells.

B1.8. DNA sequencing

Sequencing of DNA was performed on automated sequencer at the University of Stellenbosch’s Central DNA
Sequencing Facility on an ABI-Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA). The ABI-
Prism BigDye Terminator Cycle sequencing is a variation of the Sanger method. The analysis of DNA sequence
data was done using the DNAMan software (Lynnon Biosoft, Canada) and ABI Prism Chromas software (Applied
Biosystems, Foster City, CA)



B2. PROTEIN ISOLATION PROTOCOLS

B2.1. Total bacterial (E. coli and Salmonella) protein isolation procedure

Protein lysate was prepared from bacterial cultures (normally stationary phase overnight cultures) by the SDS lysis
method. Bacterial cells were cultured m 50 - 100 mi 2x YT liquid broth (supplemented for Saimonelia), with
ampicillin selection. Culture volumes of 2 — 4 m! were pelleted at 14 000 rpm for 5 min. The peliets were washed
once with equal volumes of ice-cold PBS and suspended in 250 ul lysis buffer (3% SDS, 10% Glycerol, 0.0625 M
Tris-HCl, pH 6.8) and incubated in boiling water bath for 30 min. The tubes were centrifuged at 14 000 rpm for 10
min at ambient temperature and supernatants placed in fresh eppendorf tubes. The protein concentration was
assayed using the Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Germany) (Appendix B3). The samples were

stored at -20 °C until required.

B2.2. Soluble bacterial protein isclation procedure

Bacterial cells were cultured and harvested as in Appendix B2.1. The bacterial pellets were washed once with PBS
and re-suspended in 1.5 ml of fresh PBS, Silica spheres/beads (200 ug) were added into the tubes. The tubes were
placed onto a FastPrep FP120 machine (Bio 101, USA) and processed for 45 seconds at maximum speed. The tubes
were centrifuged at 15 000 rpm for 10 min. The supernatants, which contained the soluble bacterial protein

fractions, were placed in new tubes. Samples were stored at -20 °C until required.

B3. PROTEIN CONCENTRATION DETERMINATION BY BIO-RAD DC PROTEIN ASSAY

The concentration of bacterial protein lysates was determined by the Bio-Rad DC Protein Assay kit (Bio-Rad,
Germany} according to manufacturer’s recommendations. The DC Protein Assay is for protein concentration
determination following detergent solubilization and the reaction is based on the well-documented Lowry assay
(Lowry et al.,, 1951). To prepare a protein standard curve, several dilutions of bovine serum albumin (BSA) were
prepared ranging from 100 pg/mi to 2000 pg/ml. Reagent A (167 pul) was added to 33 pl of each sample or standard
followed by addition of 1333 ul of Reagent B. The mixtures were vortexed and after 15 min incubation, absorbance

was read at 750 nm. The concentrations of proteins in samples were determined using the BSA standard curve.

B4. SODIUM DODECYL SULPHATE-POLYACRYLAMIDE GEL ELECTROPHORESIS

Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with modifications as
previously described by Laemmli, (1970) and with recommendations from Sambrook ef @/, {1989). Acrylamide
(10% or 12.5%) running gels were prepared {Appendix D) and allowed to pelymerize in gel moulds at ambient
temperature for 4 hours or overnight at 4 °C. The gels were overlaid with water-saturated butanol to create a flat
uniform surface. A 1 - 2 cm deep 4% acrylamide stacking gel (Appendix D) was poured and after polymerization,
samples loaded and run as described in Sambrook et al., (1989). After the run, the gels were stained with

Coomassie Brilliant blue solution (Appendix D) or processed for Western blotting.

B5. COOMASSIE BRILLIANT BLUE STAINING AND DESTAINING

The SDS-PAGE was covered with Coomassie Brilliant blue solution (Appendix D) and incubated at ambient
shaking gently for about 2 — 16 hrs. To destain the protein gel, the staining solution was removed and the gel was
washed 5 - 10 times with Destaining solution I {Appendix D). Further washes were performed with Destaining
solution 11 {Appendix D). The destained gel was then placed on a light box and photographed with Kodak DC120

digital camera.
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B6. WESTERN BLOTTING AND IMMUNODETECTION PROTOCOLS

B6.1. Western blotting of proteins from gel to membrane

After separation of bacterial proteins by SDS-PAGE (Appendix B4), the gel was equilibrated in transfer buffer
{Appendix D) for 10-15 min. The Hybond-P membrane (Amersham Pharmacia Bioteck, UK) was sosked in
methanol for 2 min followed by rinsing in water and then in transfer buffer for 5 min each. The proteins were
transferred to the membrane by electroblotting at 15 volts for 30 — 45 min. The membrane was rinsed in TBS-
Tween (Appendix D) and soaked in 1% blocking buffer (Appendix D) for 1 hr at ambient temperature or 12 ~ 16
hrs at 4 °C.

B6.2. Immuno-detection of GFP or HIV-1 Gag antigens on Western blet

Immunodetection of GFP or HIV-1 Gag antigens from Western blots (Appendix B6.1) was carried out using
reagents from BM Chemiluminescence Blotting Substrate (POD) Kit (Roche, Germany) according to the
manufacturer’s recommendations. Briefly, the membrane was blocked with 1% blocking solution {Appendix D) for
2 hrs at ambient temperature or 16 hrs at 4 °C. The blocking solution was removed and the primary antibody (GFP-
or HIV-1 P55- or P24-specific) at the specified dilution (in 0.5% blocking solution) (Appendix D) was added. The
membrane was incubated at ambient temperature for 2 hours. The primary antibedy was removed and membrane
washed twice with 10 — 20 ml TBS-Tween {(Appendix D) for 10 min. The membrane was further washed once with
10 — 20 mi 1% blocking solution for 10 min. The blocking solution was removed and specific dilution (0.5%
blocking solution) of secondary antibody added. After incubation for 30 - 60 min, the membrane was washed three
times with 10 - 20 ml TBS-Tween (Appendix D). Three different detection methods were used. When secondary
antibodies were HRP conjugated, the BM Chemiluminescence Blotting Substrate (POD) Kit {Roche, Germany)
detection reagents were used according to manufacturer’s instruction. The detection reagents, A and B (mixed at
100:1 ratio in water) were added onto the membrane. The membrane exposed to X-ray film and developed.
Alternatively for HRP-conjugated secondary antibodies, the Nova Red Substrate solution (Vector Laboratories, CA,
USA) was used. The membrane was covered with the solution and removed when the protein bands had developed.
It was rinsed in water and dried. For alkaline phosphatase~-conjugated secondary antibodies, visualization of
proteins was achieved by means of BCIP-NBT (5 Bromo-4 Chloro-3 Indolyl Phosphate /NitroBlue Tetrazolium)
substrate. The solution was also poured directly onto the membrane and colour developed within 10 min. The

membrane was rinsed in water and dried.

B6.3. Immuno-detection of HIV-1 Gag antibodies using HIV NEW LAYV Blet

The NEW LAV-BLOT I kit (Bio-Rad, France) (normally used for human HIV diagnostic detection) was used to
detect HIV-1 Gag-specific antibodies in mouse serum with modifications of the recommented protocol. The NEW
LAV-BLOT I kit reagents (strips and washing solution) were equilibrated at room temperature for 30 minutes. Each
strip was covered with 2 ml of the reconstituted buffer solution/diluent (I in 5 dilution with water). and 20 pl {1 in
100 dilution) of serum sample was then added. The strips were incubated at ambient temperature with slight
shaking for 2 hrs. The strips were washed twice for 5 min with reconstituted buffer solution/diluent and then 2 ml
of the secondary anti-mouse antibody conjugated to alkaline phosphatase or horseradish peroxidase (diluted
appropriately) was added. This was followed by 1-hour incubation at room temperature. The strips were washed
twice as before and 2 ml of development solution {(Nova Red Substrate or BCIP/NBT depending on conjugate used)
was added. The colour development was stopped by rinsing the strips in water. The strips were dried and HIV-1

Gag-specific bands evaluated against the reference sirip.
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B7. PREPARATION OF SPLENOCYTES

The spleens were meshed using a rubber stopper and metal grid (Sigma) placed in 2 petri dish to generate a single
cell suspension. The cell suspension was transferred to a 50 m! conical centrifuge tube. The petri dish was washed
with 10 ml RPMI to collect residual cells. The volume was made up to 50 ml with RPMI. The cell suspension was
centrifuged at 1500 rpm for 3 minutes to pellet the cells. The pellet was re-suspended in 50 ml of RPMI and
centrifuged as before. The pellet was then washed twice with 50 ml of RPMI (before centrifuging the cells at the
last wash at which any extracelluar matter was removed using a Pasteur pipette. The cells were re-suspended in 50
ml RPMI complete medium (Appendix D). To count the cells and determine viability, 1/10 dilution of the
suspension was made in Trypan Blue and counted in a Neubauer counting chamber. Cell concentration in

suspension was calculated and adjusted to appropriate volume.

B8. DETECTION OF CYTOKINE-SECRETING SPLENOCYTES BY ENZYME LINKED
IMMUNOSPOT (ELISPOT) ASSAY

(IFN-y and IL-4 ELISPOT assays were carried out using BD Biosciences kits according to manufacturer’s
recommendations. Briefly, plates were coated with capture antibody (IFN-y or IL-4 antibody at 5 pg/m! in PBS).
The plates were sealed and incubated for 16 hr at 4°C. The coating buffer was discarded and wells were washed
once with 200 ul/well blocking solution. Blocking solution (200 ul/well) was added and plates incubated for 2 hrs
at ambient temperature. Peptides were diluted to the required working concentrations in R10 (RPMI 1640 + 10%
FBS + Pen/Strep + 2ME). The splenocytes {Appendix B7) were suspended in 5 mi lysis buffer (5§ mM Tris-HCI,
140 mM NH,CI, pH 7.3) for lysis of erythrocytes for 2 min and recenirifuged and resuspended in 2 m! of R10
(RPMI 1640 with Glutamax, Penicillin-Streptomycin, FBS, 2-ME), The cells were counted and prepared to a final
concentration of § x 10° cells/ml in R10 medium. After 2 hr of incubation of plates, the blocking solution was
discarded and wells were plated in triplicate with stimulants (100 pl per well) (Appendix D). This plating was
followed by addition of splenocytes (100 ul/well of the cell suspension, that is, 500 000 cells/well). After
incubation for 24 hr (IFN-y ELISPOT plate) or 48 hr (IL-4 ELISPOT plate), plates were processed for to detect
IFN-y- or IL-4-gpot-forming units. The cell suspensions were discarded and wells were washed twice with water
and three times with Wash buffer I (I1x PBS-0.05 Tween 20, Ph 7.4 (Sigma)). Detection Antibody (biotinylated
anti-IFN-y/I1L-4) was diluted in dilution buffer (PBS with 10% FBS) and added (100 ul/well) to the plates. The
plates were sealed and incubated at ambient temperature for 2 hr. The detection antibody solution was then
discarded and the wells were washed three times with Wash Buffer . Avidin-horseradish peroxidase (Avidin-HRP)
was diluted in dilution buffer and 100 pl/well added to the plates. The plates were incubated for 1 hr at ambient
temperature. The avidin-HRP solution was discarded and plates washed three times with Wash buffer I followed by
another three washes with Wash Buffer II {1 X PBS (Sigma). The Nova Red Substrate solution (Southern Cross)
was prepared by adding 3 drops of Reagent 1, 2 drops Reagent 2, 2 drops Reagent 3 and 2 drops of H,0; to 15 ml
of water. The solution (100 pl/well) was added to the plates and spots allowed to develop for § - 10 min in the dark.
The development of spots was stopped by washing wells with cold running tap water. The plates were air-dried at
room temperature overnight and stored in the dark until analysis. The plates were scanned on the ELISPOT CTL
Analyser (Series 3B) and spots enumerated using a computerized ImmunoSpot Image Analyzer (Cellular
Technology Ltd, Cleveland Ohio) with ImmunoSpot Version 3.2 software. The mean number of spots in triplicate
wells was calculated and background subtracted. The values were expressed as net antigen-specific IFN-y or 1L-4

spot forming units (net SFUs) per million splenocytes.

.6 145
APPERLICES oo v ieiiin ettt in i u e e rrxasssarcan b senasasasasasasen areasstakr i aanaas bh e e anres



BY. QUANTIFICATION OF CYTOKINES SECRETED BY SPLENOCYTES BY CYTOMETRIC BEAD
ARRAY (CBA) ASSAY

The amounts of CD8+ Tcl and Tc2 of CD4+ Thil and Th2 cytokines (INF-y, TNF-q, IL-4 and IL-5) secreted into
the supernatants upon antigenic stimulation were quantified simultaneously using a mouse Thl/Th2 cytokine
cytometric bead array {(CBA) kit (BD Pharmingen) according to manufacturer’s recommendations. The CBA
employs a number of particles with different fluorescence intensities and can be used to simultaneously detect
muitiple cytokines in a single specimen (reviewed in Morgan e af., 2004; Elshal and McCoy, 2006). Five bead
populations with distinct fluorescence intensities have been coated with capture antibodies specific for INF-y, TNF-
o, 1L-4 and 1L-5 proteins and have been mixed together to form the CBA, which is resolved in the FL3 channel of
the BD FACSCalibur™ flow cytometer. Standards were prepared for each cytokine from 20 - 5000 pg/ml by serial
dilutions. Capture beads (50 pl/sample) were added to the appropriate test or standard tubes. 50 pl of test sample or
standard was then added and to the capture beads. This was followed by addition of 50 ul of the Mouse Th1/Th2
PE detection reagent. The assay tubes were incubated for 2 hr at ambient temperature in the dark. Wash buffer (1
mi) was added to each assay tube and centrifuged at 1500 rpm for 5 min. The supernatant was discarded and bead
pellets suspended in 300 ul of the wash-buffer. The samples were analyzed on the FACSCalibur flow cytometer
(BD Pharmingen) with a BD CBA software. The standard curves for the cytokines (IFN-y, TNF-q, 1L-4 and IL-5)

were generated.

B16. DETECTION OF ANTI-GFP, ANTI-HIV-1 GAG OR ANTI-LPS ANTIBODIES BY ENZYME
LINKED IMMUNOSORBENT ASSAY (ELISA)

Determination of GFP, HIV-1 Gag (P24 or P55) or Saimonella LPS-antibody-specific responses (total IgG, 1gGl
and Ig(G2a) was determined using a standard enzyme-linked immunosorbent assay (ELISA). In brief, flat-bottom,
96-well MaxiSorp ELISA plates (AEC-Amersham} were coated with 530 pl of antigen (GFP, HIV-1 Gag P24 or P55
or LPS) diluted in coating buffer, (Appendix D} at a concentration of 1-5 pg/ml. Plates were sealed and incubated
overnight at 4°C, then washed three times with PBS-Tween (PBS containing 0.3% Tween 20, Merck) and blocked

with 200 pl/well of blocking solution (Appendix D) and incubated overnight at 4°C.

Mouse serum samples were diluted (normally 1710, 17100 and 1/1000 or 1/10 000) using dilution buffer (Appendix
D). The blocking buffer from the plates was decanted and 100 pl/fwell of diluted sera (in duplicate) added. The
plates were sealed and incubated overnight at 4°C. The plates were washed six times with PBS-Tween (with 1%
goat serum, 1% milk powder). 100 ul/well of biotinylated goat anti-mouse IgG (ICN/Cappel), diluted 172000 in
dilution buffer, was added and plates sealed and incubated for 1-2 hours at 37°C. The plates were washed five times
with PBS-Tween. Streptavidin-AP (Appendix D} (50 ul/well) diluted 1/1000 in dilution buffer was added and the
plates were sealed and incubated for 1 hr at 37°C. The plates were washed five times with PBS-Tween and 50
pliwell of PNP (Appendix D) diluted to a final concentration of Img/mi in substrate buffer was then added. The
plates were incubated in the dark for approximately 30 min at ambient temperature for colour development. The
optical density was read at 405 nm (ref filter 492nm) and data analyzed. The means were calculated for the readings
from the duplicate wells. To detect GFP-, P55- or LPS-specific IgG1 and 1gG2a isotypes from sera, phosphatase-
conjugated antibodies specific for Ig(il or 1gG2a) (Serotec) at a dilution of 1/2000, were used instead of the
biotinylated goat anti-mouse IgG and Streptavidin-AP (steps described above). All the other steps were the same as

described above.



B1l. STAINING OF CELL SURFACE MARKERS

To label cell surface receptors (CD3, CD4, CD8 and CD8) with fluorescent antibodies for analysis by flow
cytometry, 1 x 10° splenocytes were added into tubes. This was followed by addition of 25 ul of blocking solution
{Appendix D). The tubes were incubated for 20 min on ice in the dark. To wash the cells, 1 ml FACS Buffer (PBS
containing 1% FCS and 0.1% NaN,;) was added and tubes centrifuged at 1500 rpm for Smin. The supernatant was
discarded and the cells were re-suspended in the residual FACS buffer. The relevant antibody (Iso-APC, Iso-FITC,
CD3-APC, CD4-FITC, CD8-FITC, CDI19-FITC) (25 pl) was added. The tubes were incubated for 30 min in the
dark. The cells were washed once with 2 ml of FACS buffer and cells were suspended in the residual volume of
FACS Buffer. 1 m! of diluted FACS Lyse solution was added to each test tube and tubes incubated for 10 min at
room temperature. The cells were washed once in 2 ml of FACS buffer and cells suspend in 400 ul FACS Buffer.
The FACS Calibur was then run and data analyzed.

APPENDIX C: GENETIC AND AMINO ACID CODES

C1: Genetic code and amino acids encoded

First codon Second codon Third codon
pesition (57 peosition position (3%
U C A G
U Phe Ser Tyr Cys U

Phe Ser Tyr Cys C

Leu Ser * #* A

Leu Ser * Trp G

C Leu Pro His Arg U
Leu Pro His Arg C

Leu Pro Gin Arg A

) Leu Pro Gin Arg G

A ile Thr Asn Ser U
Tie Thr Asn Ser C

lle Thr Lys Arg A

Met Thr Lys Arg G

G Val Ala Asp Gly U
Val Ala Asp Gly C

Val Ala Glu Gly A

Val Ala Glu Gly G

* translation termination codon

C2: Ammo acid letter codes

Amino acid Three letter code One letter code
Alanine Ala A
Arginine Arg R
Asparagine Asp N
Asgpartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine Ile 1
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine . Phe F
Proline Pro P
Serine Ser s
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val v
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APPENDIX D: RECIPES OF MEDIA, SOLUTIONS AND BUFFERS USED IN THIS STUDY
D1. E. COLI AND SALMONELLA GROWTH MEDIA , SOLUTIONS AND BUFFERS

D1.1. Recipe for aro mix solution (x100) {for supplementing Salmonella growth media)

4-amino benzoic acid {(Merck) 200 mg
2,3-Dihydroxy benzoic acid (Sigma) 200 mg
L-Phenylalanine (Sigma) 800 mg
L-Tryptophan (Sigma) 800 mg
dH;O up to 200 ml

Filter-sterilise (0.22um pore size) & dispense into 10 ml aliquots. Store at ~20 °C (for up to 6 months)

D1.2. Recipe for tyrosine solution (x100) (for supplementing Salmonella growth media)

L-tyrosine (Sigma) 800 mg
0.iMHClupto 200 mi

Filter sterilise and dispense into 10 mi aliquots. Store at ~20 °C (for up to 6 months)

D1.3. 2x YT (2x Yeast Tryptone) Liquid broth (for growing Salmonella or E. coli)

Tryptone 6g
Yeast extract 10g
NaCl S5g
dH,O upto 1000 ml

Adjust pH to 7.0 with 5N NaOH and sterilize by autoclaving

D14, 2x YT (Yeast Tryptone) Agar (for growing Salmonella or E. coli)

Tryptone i6g
Yeast extract 10g
NaCl 5g
Agar i5¢g
dH,O up to 1000 mi

Adjust pH to 7.0 with 5N NaOH (and sterilize by autoclaving)

DL.5. 1M CaCl, Stock solution (per 200 ml water) (for preparation of competent Salmonelia or E. coli)
CaCl,.6H,0 34
dH,Oupto 200 ml (and filter with 0.22-micron filter)

D1.6. IPTG (for induction of lac operon in growing E. coli)
IPTG 2g
dH,0 up to 10 ml

Filter sterilize with 0.22-micron filter and store at -20° C in aliguots

D2. 1M TRIS BUFFER

Tris 21l g

dH;Oupto 1000 mli

Adjust pH to 7.4, 7.6 or 8.0 with HCI, aliquot and sterilize by autoclaving
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D3. 0.5M EDTA

EDTA 186.1 g
dH,O up to 1000 ml
Adjust pH to 8.0 with NaOH pellets

D4. TAE, 50x Stock solution (for agarose gel electrophoresis)

Tris base 242 ¢
Glacial acetic acid 57.1 ml
0.5M EDTA, pH 8.0 100 m!
dH,O up to 1000 ml

DS5. TBE, Sx Stock solution (for agarose gel electrophoresis)

Tris base 54 g
Boric acid 275¢
0.5M EDTA, pH 8.0 20 ml
dH,0 up to 1000 ml

D6. Loading buffer (for agarose gel electrophoresis)

Bromophenol blue 25 mg
Sucrose 4g

0.5M EDTA, pH 8.0 0.4 ml
dH,0 up to 10 mil

D6. SOLUTIONS AND BUFFERS FOR SDS-PAGE

D6.1. Monomer solution (30% Acryramide stock solution)

Acrylamide 292¢
Bis-acrylamide 08¢g
dH;O up to 100 mil

The solution was filter-sterilized and stored in the dark at 4°C.

D6.2. 4X Running gel buffer

Tris 363¢g
pH adjusted to 8.8 with HCI
dH,O up to 200 ml

D6.3. 4X stacking gel buifer (per 50 ml dH,0 r)

Tris 3g
pH adjusted to 6.8 with HCI
dH,0 up to 50 ml

D6.4. Separating gel (10% and 12.5% in 20 ml dH,0
10% 12.5%

Monomer solution 20 mi 25 ml

y O
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4X Running gel buffer 15 ml I5mi
10% SDS 600 ul 600 ul
10% APS 300 ul 300 ul
TEMED 20 ul 20 ul
dH,0 24.1 mi 19.1 ml
D6.5. Stacking gel

Monomer solution 750 ul
Stacking gel buffer 1.25 ml

10% APS 15 ul

TEMED 10 ul

dH,0 3.0ml

Dé6.6. SDS/Electrophoresis buffer (Tank buffer)

Tris 30.28

Glycine 14413 ¢

SDS 10g

dH,0 up to 10 litres

D6.7. 10% SDS

SDS : 10g

Dissolve at 68° C, allow to cool and adjust pH to 7.2 with concentrated HCl
dH,0 up to 100 m}

Dé6. 8. 10% Ammonium persulphate

Ammoniom persulphate 05¢g

dH,0 up to S mi

D6. 5. 2x Treatment buffer

4x stacking gel buffer 2.5ml

10% SDS 4 ml

Glyeerol 2ml
Bromophenol blue 2mg
Dithiothreitol 031g

dH,0 up to 10 ml

D7. COOMASSIE BRILLIANT BLUE STAINING AND DESTAINING SOLUTIONS

D7.1. Comassie brilliant blue staining solution

Coomassie Brilliant blue R ' 05g
Methanol 800 ml
Acetic acid (glacial) 140 ml
dH;O up to 2000 ml

i 3 } 5 O
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17.2. Destaining solution I

Methanol 400 ml
Acetic acid (glacial) 70 ml
dH,O up to 1000 mi

D1.3. Destaining solution I

Methanol 50 ml
Acetic acid {glacial) 70 mi
dH,Oupto 1000 ml

D8. 6X AGAROSE GEL LOADING BUFFER/DYE

Bromophenol blue 0.25%
Xylene cyanol FF 0.25%
Glycerol in dH,0 30%

D9. WESTERN BLOTTING AND IMMUNODETECTION BUFFERS

D9.1. Transfer buffer

Tris 582¢g
Glycine 293¢g
Methanol 260 ml
10% SDS 375mi
dH,O up to 1000 m!

D9.2. Tris-buffered saline (TBS)

Tris 12.11 g
Add 900 ml distilled water, pH 7.5 with HCI

NaCl Gg
dH,Oupto 1000 mi
D9.3. TBS-Tween

TBS with 0.1% Tween-20

D9.4. Blocking solution

Dilute the stock blocking buffer supplied with the Roche kit using TBS.
1% 10 m! stock blocking buffer + 90 ml TBS
0.5% 5 ml stock blocking buffer + 95 m] TBS

D16, SOLUTIONS, REAGENTS AND BUFFERS FOR ELISA PROTOCOLS

110.1. Coating Buffer (Carbonate buffer, Ph 9.6 (Sigma)): One carbonate buffer capsule was dissolved in 100ml
of de-iomised H,O (not necessary to adjust pH. - usually about 9.6 10 9.8).

D10.2. PBS: 10X PBS liquid, pH 7.4 (Adcock Ingram): PBS (100 ml) was diluted into water and pH adjusted to
7.4.

110.3. PBS-Tween: As in ELISPOT Solutions, Reagents and Buffers (Appendix D11)
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D10.4. Blocking buffer: PBS containing 0.3% Tween 20, 1% goat serum (Southern Cross Biotechnology), 3%
milk powder (Spar instant fat-free milk powder).

D106.5. Dilution buffer: PBS containing 1% goat serum, 1% milk powder was prepared.

D10.6. Biotinylated goat anti-mouse IgG (JICN/Cappel): Dilute 1/2000 in dilution buffer.

D10.7. Streptavidin-AP (Scientific Group): Dilute 1/1000 in Streptavidin HRP dilution buffer.

D10.8. Streptavidin-AP Dilution Buffer: 1% BSA (Roche), 0.02% NaNa; (Merck) in PBS was prepared.

D10.9. 4-Nitrophenyl Phosphate (PINP) Substrate {Sigma): Dilute to a final concentration of Img/ml in substrate
buffer.

D10.10. Substrate buffer: 0.02% NaNa; (0.2g/L), 97m! di-ethanolamine (Merck), 0.8g Mg CL,.6H,0 (Merck).
Add 700m! de-ionised H,O and adjust the pH to 9.8 with 10M HCIL. Make up to IL. Store at 4°C.

D11. SOLUTIONS, REAGENTS AND BUFFERS FOR USED FOR ELISPOT PROTOCOLS

D11.1. Capture antibody: Purified Anti-mouse IFN-y/IL-4: To coat the elispot plates, antibody stock at 1 mg/ml
was diluted 1:200 (5 pg/ml final concentration), that is, for 1 plate: 60 ul antibody + 12 ml coating buffer (PBS, pH
7.2)

D11.2. Detection antibody: Biotinylated anti-mouse IFN-y/Il-4: Stock antibody at a 0.5 mg/ml concentration was
diluted 1:250 (2 pg/ml final concentration) in dilution buffer (1 X PBS with 10 % FBS). For { plate: 48 pl antibody
+ 12 ml 10% FBS 1X PBS was made.

D11.3. Streptavidin Horseradish Peroxidase: The stock concentration at 0.5 mg/ml was diluted 1:100 in dilution
buffer {1 X PBS with 10% FBS). For | plate: 120 ul Avidin-HRP + 12 ml 10% FBS 1X PBS was used.

DB11.4. Coating buffer: 1 X PBS (Gibco, pH 7.2) was used

D11.5. R10 medium: To prepare 100 mi R10 solution, 88.9 ml RPMI 1640 with Glutamax + I mi Penicillin-
Streptomyein + 10 ml FBS + 100 pl 2-ME (Sigma). To make a stock of 50 mM 2-ME: 5 ul of 2-ME + 1.425 ml
RPMI

D11.6. Wash buffer I: 1 X PBS/Tween (Sigma): PBS + 0.05% Tween 20 — one sachet makes 11 solution, pH 7.4,
D11.7. Wash Buffer II: 1 X PBS (Sigma): One sachet makes 1 1 solution, pH =7.4.

D11.8. Dilution Buffer: 1 X PBS, pH 7.2 + 10% FBS

D11.9. Nova Red Substrate (Southern Cross): ‘To 15 ml dH,O, 3 drops Reagent 1 were added and mixed well,
followed by 2 drops Reagent 2 and mixing well. 2 drops Reagent 3 were added and mixed well followed by 2 drops

H,0, and mixing well.

D12. PEPTIDES/ANTIGENS FOR ELISPOT AND CBA ASSAYS

D12.1. Con A (Sigma, stock at | mg/ml): The stock was diluted 1:100 to give 10 pg/ml concentration. 2 ml
working stock was prepared, that is, 2 pl + 1980 pl in R10 medium. 100 pl/well was added to plate to get the final
concentration of 0.5 pg/ml in each well after adding 100 pl of cells.

D12.2. Irrelevent peptide, TYSTVASSL (stock at 4 mg/ml): To prepare 2 ml working stock of 4 pg/ml: 2 ul +
199811 R10 medium were mixed. 100 pl/well was added to plates to make a final concentration of 2 ug/mi after
adding 100 ul of cells.

Di2.3. AMQM CD8+ T cell peptide, AMQMLKDTI (stock at 4 mg/mi): To prepare 2 ml working stock of 4
ug/mb: 2 ul + 1998yl R10 medium were mixed. 100 pl/well was added to plates to make a final concentration of 2
ug/ml after adding 100 ul of cells.
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D12.4. TTST Gag CD8+ T cell peptide, TTSTLQEQI (stock at 4 mg/ml): To prepare 2 ml working stock of 4
pg/ml: 2 pl + 1998ul R10 medium were mixed. 100 pl/well was added to plates to make a final concentration of 2
pg/ml after adding 100 ul of cells.

D12.5. GFP CD8+ T cell peptide, HYLSTQSAL (stock at 4 mg/mi): To prepare 2 ml working stock of 4 pg/ml: 2
pl + 1998ul R10 medium were mixed. 100 pl/well was added to plates to make a final concentration of 2 ug/ml
after adding 100 ul of cells.

Di12.6. MRC 2 CD4+ T cell Gag peptide, VHQAISPRTINAWVKVIEEK (in powder): 2 mg powder was
dissolved in 500 pl PBS to make stock concentration of 4 mg/ml and stored at ~20°C Freezer. To prepare 2 mi
working stock of 4 pg/ml: 2 ul + 1998yl R10 medium were mixed. 100 pl/well was added to plates to make a final
concentration of 2 ug/m! after adding 100 ul of cells.

D12.7. MRC 13 Gag CD4+ T cell peptide, NPPIPVGDIYKRWIILGLNK (in powder): 2 mg powder was
dissolved in 500 pul PBS to make stock concentration of 4 mg/m! and stored at -20°C Freezer. To prepare 2 ml
working stock of 4 pug/ml: 2 pl + 1998ul R10 medium were mixed. 100 ul/well was added to plates to make a final
concentration of 2 ug/ml after adding 100 pl of cells.

D12.8. MRC 17 Gag CD4+ T cell peptide, FROYVDRFFKTLRAEQATQE (in powder): 2 mg powder was
dissolved in 2000 p! in PBS to make stock concentration of Img/ml and stored at ~20°C Freezer. To prepare 2 mi
working solution of 4 pug/ml: 8ul + 1996 ul R10 medium were mixed. 100 pl/well was added to plates to make a

final concentration of 2 pug/ml after adding 100 pl of cells.

APPENDIX E: BACTERIAL STRAINS USED AND DEVELOPED BY THIS STUDY

Table E1: E. coli and Salmonella bacterial strains used in this study

Strain Genotype Source

E. coli IM110 rpsL (817} thr leu thi-1 lacY galK galT ara tond tsx dam dem supE44 | Stratagene
A(lac-proAB) [F" traD36 proAB lacl8ZAMI 5]

E coli SCS110 rpsL (St} thr leu endA thi-1 lacY galK galTl ara tond tsx dam dem | Stratagene
supE44d A(lac-proAB) [F’ traD36 proAB lacl®ZAM1 5]

Salmonella  enterica | AAToC Microscience, UK
serovar Typhimurium

vaccine vector

Background information on JM110 and SCS110 cells: JM110 and SC8110 are deficient for the two methylases,
Dam and Dem. The Dam methylase recognizes the DNA sequence GATC and methylates the adenine residue and
Dem methylase recognizes the DNA sequence CCAGG and CCTGG and methylates the internal cytosine
(Allamane er al, 2000). The, SCS110 strain is an end4- derivative of the IM110 strain and are endonuclease
mutants {endA4). The quality of plasmid DNA prepared in SCS110 cells is better than DNA prepared in IM110 cells
(Stratagene). Since JM110 and SC110 cells contain the lac/qZ.MI5 gene on the F' episome, the blue-white

screening for recombinant plasmids can be used.

Background information on 8. enterica serovar Typhimurium AroC mutant : The AAroC Salmonella enterica

serovar Typhimurium vaccine strain (WT05) is an auxotroph that was derived from Salmonella enterica serovar

Y17 T U 153



Typhimurium vaccine TML strain (Khan ez al., 2003). The strain has a deletion in the aroC gene. The aroC gene

encodes chorismate synthase, a key enzyme required in the biosynthesis of aromatic compounds, tryptophan,

tyrosine, phenylalanine, para-aminobenzoic acid and 2,3-dihydroxybenzoate (Khan et al., 2003). Salmonella strains

with a mutation in the gene are attenuated when used in vaccination of animals or humans.

Table E2: Recombinant Salmonella (AAroC) vaccine vectors developed by this study

Name given Plasmid carried Antigen Antigen-specific  immunogenicity in
expressed mice

AroC+Pgagmtr Pgagmtr wiGag Not detectable (unreported results)

AroC+Pgagssa Pgagssa wiGag Not detectable {unreported results)

AroC+GFP pGEM+GFP GFP Detectable (see Chapter 3)

AroC+pGEM pGEM LacZa Negative control (see Chapters 3, 4, 5, 6)

AroCHwi(Gag pGEM+wiGag WiGag Detectable {(see Chapter 4)

AroC+GagK pGEM+GagK GagK Not determined

AroC+ pGagmirGFP pGagmtrGFP wtGag-GFP Not determined

AroC+Salmgag pGEM+Salmgag Salmgag Detectable (see Chapter 5)

AroC+P1724 pGEM+P1724 P41 (P17+P24) Detectable (see Chapter 6)

AroC+P24D pGEM+P24D Truncated P24 Detectable (see Chapter 6)

AroC+8almgagGFP pGEM+SalmgagGFP | Salmgag-GFP Not detectable (see Chapter 7)

APPENDIX F: OLIGONUCLEOTIDES (PRIMERS) USED IN THIS STUDY
Table H1: Primers used in this study ‘

Primer name

Sequence (5'-3")

Gene amplified

GFP2 (forward) ATG GCG CCA AAGACTCCG GLT CCG

GR (reverse) AAG CTT ATT TGT ATA GTT CAT CCA TGC Gfp

K1 (forward) CCACCCCACAAGATTTAAACAC

K2 (reverse) TTAAGC TTG AGA CAA GGC GTC Gagk
MAT1 (forward) ATA TGG GCG CCCGCG CGA GC P4i

CA1 (forward) CGA TCG TGC AGA ATCTGC AGG G

CA2 (reverse) GCT TCC GCC AGA ACGCGC GC P24, P41

MI3F
MI3R

G CCAGGGTTTT CCCAGTCACG AC
TCATAGCTGTTTCCTGTGTGA

For universal sequencing from

any vector with LacZ gene

Narl, Ehel and Bbel restriction site: GGCGCC
Hindlll restriction site: AAGCTT
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APPENDIX G: PLASMID VECTOR DESCRIPTIONS AND RESTRICTION MAPS

G1. RECOMBINANT PLASMIDS DEVELOPED USED OR DEVELOPED BY THIS STUDY

i Plasmid name Description Source/origin
pGEM Teasy Normally used as cloning vector for PCR products (Appendix G2) | Promega
pEHaOTGLF Carries gfp, tat, gag genes for expression in BCG vaccine vector Dr W Bourn, UCT
Pgem Generated by self-ligation of pGEM Teasy with LacZa in-frame. | This study

Used as a negative control (Appendix G3) (Chapter 3)
pOEM+GEP Carries gfp fused in-frame with the 5' end of LacZa (Appendices | This study

G4 and HI) (Chapter 3)
pGEM+wiGag Carries wild-type HIV-1 gag fused in-frame with the 5' end of | This study

LacZa (Appendices GS and H2) {Chapter 4)
pGEM+GagKk Carries the 3’ end of wild-type HIV-1 gag fused in-frame with 5' | This study

end of LacZo (Chapter 4}
Pscript+salmgag Carries the codon-optimized gag, that is, salmgag Geneart, USA

(Appendix G10) {Geneart, USA)
pGagmtr Carries wild-type HIV-1 gag under strong constitutive mer | This study

promoter {Appendix G11) (unreported results)
pGagmtrGFP Carries wild-type HIV-1 gag fused to gfp under strong constitutive | This study

mir promoter (unreported results)
pGagssa Carries wild-type HIV-1 gag under strong in vivo induced mtr | This study

promoter (Appendix G12) {unreported resuits)
pGEM+Salmgag Carries salmgag fused in-frame with 5' end of LacZa (Appendices | This study

G6 and HY) (Chapter 5)

| pGEM+P1724 Carries p4/ fused in-frame between the 5' and 3' ends of LacZo This study

‘ {Appendices G8 and H5) (Chapter 6)

| pGEM+P24D Carries truncated p24 fused in-frame between the 5' and 3' ends of | This study

LacZa (Appendix G9) (Chapter 6)
pGEM+*Salmga-GFP | Carries salmgag and gfp fused in-frame with §' end of LacZo | This study
(Appendices G9 and H6) (Chapter 7)
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G2. pGEM-TEASY VECTOR MAP AND BACKGROUND INFORMATION
{adapted from Promega, USA catalogue)

it g s:};aiw
i
éﬁ; [ LacZe (3) domain
Gad | 3
AmpR YT Ay
GER*T E ftd 43
" Yector o Sagdl 4.4 Cloning site of PCR products

LA

&l | ED LacZe (5] domain

Plac

Background information: The pGEM(R)-T Easy Vector has been linearized with EcoRV at Base 60 of this
sequence and a T added to both 3' -ends. This vector is designed for cloning PCR products, and not as an expression
vector. The pGEM-T Easy vector has a mutated version pMB/ origin of replication and this makes the plasmid to
have a copy number of 300-400 per bacterial cell. The pMBI origin of replication is closely related to that of
ColEl The ColET origin of replication makes a plasmid to have a copy number of 300-300 per cell.
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G3. pGEM VECTOR SKETCKY MAP AND LANDMARKS

EcoRI (32) EcoRV (60)
Sacll (49)
Notl (43) Spel (64)
EcoRI {70)
Neol (37) Notl (77)
Spht (26) e Pt] (88)
Aatll (20) — Sali (50)
——
Apal (14) fatZa Ndel (97)
T Sack (109)
pGEM Nsil (127)
3045bp
Scal (1890)
pGEM Vecior Sequence landmarks
Feature focation
muitiple cloning region 10-128
pUC/MI3 Reverse Sequencing Primer binding site 176-197
pUC/M13 Forward Sequencing Primer binding site 2949-2972
lacZa start codon (ATG) 178-180
lacZo stop codon (TAA) 2812-2814
lacZo coding region (-galactosidase a-fragment) 1-180 2815-3015
facZa N terminal region 60-180
lacZa C terminal regions 1-60, 28113015
lacZa operon sequences 2836-2996, 166-395
Beta-lactamase coding region 1337-2197
Lac promoter (Plac) region 181-302
-10 Sequence for lacZe operon 225-230
-35 Sequence for lacZa operon 249.253
Transcription start for lacZa operon 218
Shine-Dalgarno (AGGA) for lacZo 187-191

.
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G4. pGEMAGFP VECTOR SKETCKY MAP AND LANDMARKS

Cial (397) lacZo-gfp ORF
Hindll (62)
E:l:oRI 2 Ndel (550)
Sacll (49)
Notl (43 \
Neol (37) Neol (612)
Sphl (26} —
Aatll (20) =
Apal (14)
Ehel (818)
Narl (817
pGEM+GFP Bbel (820)
3779bp R Spel (828)
Sacl (873)
mpR EcoRI (834)
Ndel (861)
Scal (2654) | Sall (854)
Notl (841)
Pstl (852)
Nsil (891)
pGEM+GFP Vector Sequence landmarks
Feature location
pUC/M13 Reverse Sequencing Primer binding site 940-961
pUC/M13 Forward Sequencing Primer binding site 3713-3736
GFP2 primer binding site 800-823
GR primer binding site 62-88
lacZo-gfp start codon (ATG) 942-944
lacZa-gfp stop codon (TAA) 66-68
1 lacZ ar-gfp coding region 69-944
facZa N terminal region 824-944,
Beta-lactamase coding region 2101-2961
Lac promoter (Plac) region 945-1066
10 Sequence for lacZa operon 1013-1018
-35 Sequence for lacZa operon 982
r‘Transcription start for lacZa operon 952-954
Shine-Dalgarno (AGGA) for lacZa-GFP 952-954
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G3. pGEM+wiGag VECTOR SKETCKY MAP AND LANDMARKS

HindIl1 (62) lacZo-wigag ORF
EcoRI {52}
Sacl] (49) Avrl (327)
Notl {43)
Neol {37)
Sphl (26) Spel (828
Aatll {20)
Apal (14) Pt (924)
Nsil ¢1092)
Narl (1534)
pGEM+wtGag Ehel (1535)
mpr  496bp Bbel (1537)
Spel (1545)
EcoRI (1551)
Notl (1558)
Scal (3371) Pstl (1569)
Sall (1571)
Ndel (1578)
Sacl (1590)
Nil (1608)
pGEM+wtGag Vector Sequence landmarks
Feature location
pUC/M13 Reverse Sequencing Primer binding site 1658-1678
pUC/M13 Forward Sequencing Primer binding site 4431-4453
lacZa-wigag start codon (ATG) 16591661
lacZo-wigag stop codon (TAA) 59-62
lacZ a-wigag coding region 63-1661
lacZa N terminal region 1542-1661
Beta-lactamase coding region 2819-3678
Lac promoter (Plac) region 1662-1783
-10 Sequence for lacZa operon 1806-1811
-35 Sequence for lacZa operon 1730-1735
Transcription start for lacZa operon 1799
Shine-Dalgamo (AGGA) for lacZa-Gag 1678-1682
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Go. pGEM+Salmgag VECTOR SKETCKY MAP AND LANDMARKS

HindIl (62)

Pstt (208) lacZ a-salmgag ORF
EcoRI(52) Apal (539)
Sacll (49) Apal (689)
Noti (43) EcoRY (770)
Neol (37) ' Pstl (823)
Sphl (26) ————— e _Tmmmman
Aatll (20) ——""""T Apal {890

Apal (14)
Pstl {1138)
pGEM-+Salmgag Pstl (1339)
. PstI (1351} NarI (1534)
AmpR  4496bp Ehel (1535)
Seal (3371) . Bbel (1537)
N G (1545)
EcoRI(1551)
Notl (1558)
Pstl (1569)
Sall {1571)
Ndel (1578)
Sacl (1550)
Nsil (1608)
pGEM+Salmgag Vector Sequence landmarks
Feature location
pUC/M13 Reverse Sequencing Primer binding site 1658-1678
pUC/MI13 Forward Sequencing Primer binding site 4431-4453
lacZa-salmgag start codon (ATG) 1659-1661
lacZ -salmgag stop codon (TAA) 5962
lacZo-salmgag coding region 63-1661
lacZo N terminal region 1542-1661
Beta-lactamase coding region 2819-3678
Lac promoter (Plac) region 1662-1783
-10 Sequence for lacZa operon 1806-1811
-35 Sequence for lacZa operon 1730-1735
Transcription start for lacZa operon 1799
Shine-Dalgarno (AGGA) for lacZa-Salmgag 1678-1682
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G7. pGEM+24D VECTOR SKETCKY MAP AND LANDMARKS

lacZo-p24d ORF
EcoRV (180} Psd {233)
Apat (99) Apal (300)
Spht (26)
Aatl] (20 Psil (548)
Apal (14) Spel (568)
T EcoRI(574)
: Pstl {592}
pGEM+24D \Noﬂ {581}
3519p Sall (594
Ndel (601)
Sact (613)
Nsil (631}
Scal (2394)
pGEM+P24D Vector Sequence landmarks
Feature location
pUC/M13 Reverse Sequencing Primer binding site 681-701
pUC/M13 Forward Sequencing Primer binding site 3454-347¢
lacZa-p24d start codon (ATG) 682-684
lacZa-p24d stop codon (TAA) 3316
lacZe-p24d coding region 1-684, 3319-3519
lacZa N terminal region 565-684

lacZe C terminal regions

0-39 (part deleted), 3316-3519

Beta-lactamase coding region

1842-2701

Lac promoter (Plac) region 685-806
-10 Sequence for lacZa operon 729-734
-35 Sequence for lacZa operon 753-758
Transcription start for lacZo operon 722

Shine-Dalgarno (AGGA) for lacZa-P24D 691-695
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G8. pGEM+P1724 VECTOR SKETCKY MAP AND LANDMARKS

lacZo-p41 ORF

Apal (147
Apal (297}
EcoRI(52) 1 EcoRV (378)
i?;f: ((:39)) Psti (431)
Neol{37) Apal {498}
Sphl (26)
Aatll (20) Pstl (246
Apal (14) : 1 Pstl (947)
PStE (959)
Narl (1142}
pGEM+P1724 Ehel {1143}
| ey
Ampr  4107bp = Spel (1156)
EcoRI (1162)
Scal (2982 Notl (1169)
Psti (£ 180)
Sail (1182)
Ndel (1189)
Sacl (1201)
Nsil (1219)
pGEM+P1724 Vector Sequence landmarks
Feature location
pUC/M13 Reverse Sequencing Primer binding site 1269-1289
pUC/M13 Forward Sequencing Primer binding site 4042-4064
lacZo-pl724 start codon (ATG) 1276-1272
lacZarpl7 24 stop codon (TAA) 3904-3906
lacZor-pl724 coding region 1-1272, 3907-4107
lacZa N terminal region 1153-1272
lacZa C terminal regions 1-60, 3904-4107
Beta-lactamase coding region 2430-3289
Lac promoter (Plac) region 1273-1394
-10 Sequence for lacZa operon 1317-1322
-35 Sequence for lacZa operon 1341-1346
Transcription start for lacZo operon 1309
Shine-Dalgarno (AGGA) for lacZa-P1724 1279-1283
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G9. pGEM+Salmgag-GFP VECTOR SKETCKY MAP AND LANDMARKS

HindIll (62)
EcoRl (52) lacZce-salmgag-gfp ORF
Sacll (49)
Notl (43)
;q C&?I((;sv) G, et 5503
1 e
g T
i
Apal (14) Psil (955)
ApgieT286)
Apal (1436)
EcoRV (1517)
Pstl (1570)
pGEM+Saimgag-GFP Apal (1637)
Ampr  02430p Pstl (1885)
Scal (4118) Pstl {2086)
Pst1 (2098)
Narl (2281)
Ehel %2282%
""""" Bbel (2284
Spel (2292)
EcoR1{2298)
Notl (2305}
Pstl (2316)
Sall (2318)
Ndel (2325)
Nsil (2353) ™ Sa¢l (2337)
pGEM+Salmgag-GFP Vector Sequence landmarks
Feature focation
lacZa-salmgagfp start codon (ATG) 2406-2408
lacZo-salmgafpg stop codon (TAA) 66-68
lacZa-salmgagfp coding region 69-2408
lacZot N terminal region 2289-2408
Beta-lactamase coding region 3566-4425
Lac promoter (Plac) region 2449-2530
-10 Sequence for lacZo operon 2453-2458
-35 Sequence for lacZo operon 2477-2482
Transcription start for lacZa operon 2446
Shine-Dalgarno (AGGA) for lacZo-Salmgag 2416-2419
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G10. PSCRIPT+SALMGAG PLASMID AND ITS SKETCKY MAP

Aged 1441 e s {rpongin

salmgag

f pscriptsalmgag NN
’* SR0% by o xras
s N, PRt iy
1 Potl (IR
gsmwcgzwxg A T salregan
Cot &1 origin Repal L 1687
! T St SO0

, Tt 20T
§h pmat g2 <5

Ky {21873

The synthetic gene, salmgag was assembled from synthetic oligonucleotides and cloned into pPCR-

Script using Xhol and Sacl restriction sites (Geneart, U.8.A). The plasmid DNA was purified (Qiagen
midi-prep) from transformed bacteria. The final construct was verified by sequencing.

.
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G11. CONSTRUCTION OF PGAGMTR PLASMID AND ITS SKETCKY MAP

pGagmty
4575 bp

Gag gene

ColEl orf

W SR Avill

G12. CONSTRUCTION OF PGAGSSA PLASMID AND ITS SKETCKY MAP

Xhal

pgemGag-Nde/Avrif

Avrlll

Avrl ColET ori
<

‘.Q‘v‘y‘\

ColEI ort
%

S Avelt

p o5 165
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APPENDIX H: COMPLETE DNA SEQUENCS OF KEY EXPRESSION PLASMIDS
DEVELOPED BY THIS STUDY
(see Appendix G for landmark features of each plasmid)

61
121
181
241
301
361
421
481
541
£01
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2821
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
1241
3301
3361
3421
1481
3541
3501
3661
3721

1
61
121
i1
241

GGGCGAATTG
TAAGCTTATT
AGAAGGACCA
AGGTAATGGT
TGETCTGCTA
ATTCCATTCT
ARCTTGTGGC
TTGACGAGGG
TTGAAAGAGA
TGCCGCTTCA
ACAAGTGTTG
TTTCCGTATG
TCACCATCTA
GCTCGAGCCGE
CGECCGCCTE
TATTCTATAG
ABATTGTTAT
CTGGEGTECC
CCAGTCGGGA
CGGTTTGCGT
TCGGCTGCGA
AGGGGATAARC
ARAGGCOGCE
TCGACGCTCA
CCCTGGAAGC
CGCCTTTICTC
TTCGGTGTAG
CCECTGUGLC
GCCACTGGCA
AGAGTTCTTG
CGCTCTGCTG
ABRCCACCGCT
AGGATCTCAA
CTCACGTTAA
AAATTAALAA
TTACCARTGC
AGTTGCCTGA
CAGTGCTGCA
CCAGCCAGCC
GTCTATTAAT
CGTTGTTGCC
CAGCTCCGGT
GGTTAGCTCC
CATGGTTATG
TGTGACTGGT
CTCTTGCCCG
CATCATTGGA
CAGTTCGATG
CGTTTCTGGG
ACGGAAATGT
TTATTGTCTC
TCCGCGCACA
TAAGGAGAAA
ABATTTTTGT
TARATCAAAD
ACTATTRAAG
CCCACTACGT
AARTCGGAAC
GGCGAGAAAG
GOTCACGCTG
CATTCGCCAT
TTACGCCAGC
TTTTCCCAGT

H1. pGEM+GFP complete DNA sequence

GGCCCGACGT
TGTATAGTTC
TGTGGTCTCT
TGTCEGGTAA
GTTGAACGCT
TTTGTTTGTC
CGRGGATGIT
TETCTCCCTC
TGETCCTCTC
TATGATCTGG
GCCATGGAAC
TTGCATCACC
ATTCARCAAG
CGGARCCGGT
CAGGTCGACC
TGTCACCTAA
CCGCTCACAR
TAATGAGTGA
AACCTGTCGT
ATTGGGCGCT
CGAGCGGTAT
GCAGGARAGA
TTGCTGGLGT
AGTCAGAGGT
TCCCTCETGC
CCTTCGGGAA
GTCGTTCGCT
TTATCCGGTA
GCAGCCACTG
AAGTGGTGGC
AAGCCAGTTA
GGTAGCGOTG
GAAGATCCTT
GGGATTTTGG
TGAAGTTTTA
TTARATCAGTG
CTCCCCGTCG
ATGATACCGC
GGAAGGGCCG
TGTTGCCGGG
ATTGCTACAG
TCCCARCGAT
TTCGGTCCTC
QCAGCACTGC
GAGTACITCAA
GCGTCAATAC
AAARCGTTCTT
TARACCCACTC
TGAGCAAAAA
TGARATACTCA
ATGAGCGGAT
TTTCCCCGAA
ATACCGCATC
TAAATCAGCT
GAATAGACCG
ARCGTGGACT
GAACCATCAC
CCTAARGGGA
GAAGGGARAGA
CGCGTAACCA
TCAGGCTGCG
TGGCGAMAGG
CACGACGTTG

CGCATGCTCC
ATCCATGCCA
CTTTTCGTTC
AAGGACAGGE
TCCATCITCA
TGCCETGATC
TCCGTCCTCC
AARCTTGACT
CTGCACGTAT
GTATCTTGAA
AGUTAGTTIT
TTCACCCTCT
AATTGGGACA
GGAGCCGEGAG
ATATGGGAGA
ATAGCTTGGC
TTCCACACRA
GCTAACTCAC
GCCAGCTGCA
CTTCCGCTTC
CAGCTCACTC
ACRTGTIGAGC
TTTTCCATAG
GOCGAARALCC
QCTCTCCTICT
GOGTGGETGCT
CCARGCTGGG
ACTATCQTCT
GTAACAGGAT
CTAACTACGG
CCTTCGGARA
GTTTTTITGT
TGATCTTITC
TCATGAGATT
AATCAATCTA
AGGCUACCTAT
TGTAGATAAC
GAGACCCACG
AGCGCAGARG
AAGCTAGAGT
GCATCGTGGT
CAAGGCGAGT
CGATCGTTGT
ATAARTTCTCT
CCAAGTCATT
GGGATAATAL
CGGGGCGAAA
GTGCACCCAA
CAGGAAGGCA
TACTCTTCCT
ACATATTTGA
AAGTGCCACC
AGGAAATTGT
CATTTTTITAR
AGATAGGGTT
CCAACGTCAA
CCTAATCAMG
GCCCCCBATT
AAGCGAAAGG
CCACACCOGC
CAACTGTTGG
GGGATGTGCT
TARAACGACG

CGGCCBCCAT
TETGTAATCC
GGATCTTTCG
CCATCGCCAR
ATGTTGTGIC
TATACGTTGT
TTGAAATCGA
TCAGCACGTG
CCCTCAGGCA
ARGCATTCAA
CCAGTAGTGC
CCACTGACAG
ACTCCAGTGA
TCTTTGGCGC
GCTCCCAACS
GTAATCATGG
CATACGAGCC
ATTAATTGCG
TTAATGAATC
CTCGCTCACT
ARAGGCGGTA
AAMAGGCCAG
GCTCCGCCCC
CGACAGGACTA
TCCGACCUTG
TTCTCATAGC
CTGTGTGCAC
TGAGTCCAAC
TAGCAGAGCG
CTACARCTAGA

ARGAGTTGGT

TTGCAAGCAG
TACGGGGTCT
ATCAARAAGG
ARGTATATAT
CTCAGCGATC
TACGATACGG
CTCACCGGCT
TGGTCCTGTA
AAGTAGTTCG
GTCACGCTCG
TACATGATCC
CAGAAGTAAG
TACTGTCATG
CTGAGAATAG
COGCGCCACAT
ACTCTCAAGG
CTGATCTTCA
ARMATGCCGCA
TTTTCAATAT
ATGTATTTAG
TGATGCGCTG
ARGOGTTAAT
CCAATAGGCC
GAGTGTTIGTT
AGGGCGAALL
TTTTTTGGEG
TAGAGCTTGA
AGCGGGCGCT
CGCGCTTART
GRAGGGCGAT
GUAAGGCGAT
GCCAGTGAAT

BOCEECCGCE
CRGCAGUTGT
ARAGGGCAGA
TTGGAGTATT
TAATTTTGAA
GOGAGTTGTA
TTCCCTTAAG
TCTTGTAGTT
TGGCGCTCTT
CACCATAAGA
ARATARATTT
ARAATTTIGTG
ABAGTTCTTC
CATAATCACT
CGTTEGATGC
TCATAGCTGT
GGABRGCATAA
TTGCGCTCAC
GGCCAACGCE
GACTCGCTGC
ATACGGTTAT
CARARAGGCCA
CCTGACGAGC
TABAGATACC
COGCTTACCS
TCACGCTGTA
GAACCCCCCG
CCGUTARGAC
AGGTATGTAG
AGAACAGTAT
AGCTCTTGAT
CAGATTACGC
GACGCTOAGT
ATCTTCACCT
GAGTAAACTT
TGTCTATTIC
GAGGGCTTAC
CCAGATTTAT
ACTTTATCCG
CCAGTTAATA
TCGTTTGGTA
CCCATGTTGT
TTGGCCGCAG
CCATCCGTAA
TGTATGCGGC
AGCAGAACTT
ATCTTACCGC
GCATCTTTTA
ABRARAGGGAA
TATTGARGCA
AARAATAAAC
TGARATACCG
ATTTTGTTAA
GARATCGGCA
CCAGTTTGGA
ACCGTCTATC
TCGAGGETGCC
CGGOGARAGC
AGGGCGCTGE
GCGCCGCTAC
COETOCGRGC
TAAGTTGGGT
TGTARTACGA

GGAATTCGAT
TACAAACTCA
TTGTGTGGAC
TIGTTGRTAR
GTTAGCTTTG
GTTCTATTCC
CTCGATCCTE
CCCETOGTCC
GAAGAAGTCG
GAAAGTAGTC
AAGGGTAAGT
CCCATTAACA
TCCTTTCGAA
AGTGAATTCG
ATAGCTTGAG
TTCCIGTGTG
AGTGTAAAGC
TGCCCGTTTT
CGGUGAGAGE
GCTCGETCGT
CCACAGARTC
GEAACCGTAA
ATCACAAAAR
AGGCOTTICC
GATACCTGTC
GGTATCTCAG
TTCAGCCCGA
ACGACTTATC
GCGGTGCTAC
TTEGTATCTG
CCGGCARACA
GUAGAAARAA
GGRACGAAAR
AGATCCTTTT
GGTCTGACAG
GTTCATCCAT
CATCTGGCCC
CAGCAATAAA
CCTCCATCCA
GTTTGCGCAA
TGGCTTCATT
GCARMAALGC
TGTTATCACT
GATGCTTTTC
GACCGAGTTC
TAARAGTGCT
TETTGAGATC
CTTTCACCAG
TAAGGGCGAC
TTTATCAGGG
AAARTAGEGGT
CARCAGATGCG
ARTTCGCGTT
ABRARTCCCTTA
ACAAGAGTCC
AGGGCGATGG
GTAAAGCOACT
CGGCGAACGT
CAAGTGTAGC
AGGGCGCGTC
CTCTTCGCTA
AACGCCAGGE
CTCACTATA

H2. pGEM+wtGag complete DNA sequence

GGGCGAATTG GGCCCGACGT CGCATGCTCC CGGCCGCCAT GGCGGCUGCGE GGAATTCGAT
TAAGCTTGAG ACAAGGGGTC GCTGCCAAAG AGTGATTTGA GGGAAGTTAA GGGTTCCCTT
TCTATCGGCT CCTGCTTUGG AGCGGGGGTT GTCTCTTCGA GCCTGAAGCT CTUTGCTGGT
GOGGCTGTTG GCTCTGETCT GTTCTGAAGG AAATTCCCTS GCCTCCCCTT GTGGGAAGGC
CABATTTTCC CTABAAAATT AGCCIGCCTC TCAGTGCAGT CTTTCATTTIC GIGTCCTTCT
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301 TTTCCACATT TCCRACAGCC TTITTICCTA GGGGECTCTGC AATTTCTGEC TATGTGCCCT
361 TCCTTGCCAC AGTTAAAACA TTTAACAATT CTICTAGGGEC CTTTAAAATT GCTTCTCTGC
421 ATCATTATGT TTCCACTGTT TCGTTTGACTC ATTGCCTCAG CCAATACTCT TGCTTTGTGG
481 CCAGGTCCTC CCACCCCTITS ACATGCTGTC ATCATTITCTT CTAATGTAGC CCCTGGETCCC
541 AATGCTCTCA AAMATGOTCTT ACAATCTGCS TTCGCATITT GGACTAACAA GGTGTCIGTC
601 ATCCRATTTT TTACTTCTTG TGTAGCTTGT TCAGCTCTITA AAGTTTTAAA GAACCGATCT
661 ACATAGTCTC GARAAGGGTTC CTTTGECCCT TGTCTITATGT CCAABATGCT GACCGGGCTA
721 TACATTCTCA CTATTTTATT TAACCCCAGA ATTATCCATC TTTTATAGAT GTCTCCCACT
781 GGAATAGGTG GGTTACTTGT CATCCATGCT ATTPGTICCT GAAGGGTACLT AGTAGTTICCT
841 GUTATGTICAC TTCCCOTTGE TICTCTCATC TOGCUTGETG CAATAGGUCC CGCATGTACT
301 GOATGTAATC TATCCCATTC TGCAGCCTCT TCATTGATGG TATCTTTTAA CATTTGCATG
961 GCTCCTTEAT GTCCCCCCAC CETATTTAAC ATGGTCTTTA AATCTIGTGE GOTGECTCCT
1021 TCTGATAATG CTGTAAACAT GGGTATTACC TCTGGGCTAA AAGCCUTTTTC CTCTATTACT
1081 TTTACCCATG CATTCAAGGT TCTAGGTGAT ATGGCTTGAT GTACCATTIC CCCTTGGAGA
1141 TTCTGCACTA TAGGATAATT TTGACTGACT TTCCCGTCAG CCGCTTTTOC CTGCTGCGYT
1201 TTTTGCTGAC ATTTGTTTTG TTCTTCCTCT ATCTTATCTA AGGCTTCCTT GGTGICTCGT
1261 ACTTCTATCT TTTCATGTAC ACAATAGAGA GTTGCTACTG TGTCGTATAA TGATTTAAGT
1321 TCCTCTGTTC CTGTCTGGAG AGCTGGTTGT AGCTGTTTITA TTATTIGTTT ACATCCTTCT
1381 GATGTTTCTA AAAGGCCAGG GTTAAGTGUA AATCTTTCCA GCTOCCTGCT TGCCCATACT
1441 ATGTGTTTTA ACATATAATG TTTCITTCCC CCTGGCCTTA ACCTAATTTT TTCCCATGTA
1501 TCTAATTTTT CCCCCCTTAA TATTGACGCT CTGGCGCCAT AATCACTAGT GAATTCGCGG
1561 CCOBCCTGCAG GTCGACCATA TUGGAGAGCT CCCAACGUGT TGGATGCATA GUTTGAGTAT
1621 TCTATAGTGT CACCTARATA GUTTGGCGTA ATCATGUTCA TAGCIGTTTC CIGTGTGAAA
1681 TIGTTATCCG CTCACAATTC CACACAACAT ACGAGCCGGA AGCATARAGT GTAAAGCCIG
1741 GGETGCCTAA TCGAGTGAGUT AACTCACATT AATTGCGTTG CGCTCACTGC CCOCTITCCA
1801 GTCOGGARAC CTETCGETSCT AGUTGUATTA ATGAATUGGC CAACGLGCGG GGAGAGGCGE
1861 TTTGCGTATT GGGCGCTCIT CCGCTTCCTC GCTCACTGAC TCGCTGCGCT CGGTCGTTCG
1921 GUTGUGGCEA GUGGTATCAG CTCACTCAMA GGCGGTAATA CGCTTATCCA CAGAATCAGG
1981 GGATAACGUA GGAAAGAACA TGTGAGCAAA AGGCCAGCAR AAGUGCCAGGA ACCGTAAAAA
2041 GGCCGCETTE CTEGCETTITT TCCATAGGCT COGLCCCCCT GACGAGCATC ACAARAATCG
2101 ACGCTCAAGT CAGAGGTGGC GAAACCCCGAC AGGACTATAA AGATACCAGG CGTTTCCCCC
2161 TGGAAGCTCC CTCGTGCGCT CTCCTGTTCC GACCCTGCCG CTTACCGGAT ACCTGTCCGC
2221 CTTTCTCCCT TCGGGAAGCGE TGGCGCTTTC TCATAGCTCA CGCTGTAGGT ATCTCAGTTC
2281 GOTGTAGGTC GTTCGCTCCA AGCTGGGCTGE TGTGCACGAA CCCCCCGTTC AGCCCGACCG
2341 CTGCGCCTTA TCCGGTAACT ATCGTCTTGA GTCCAACCCG GTAAGACACG ACTTATCGCC
2401 ACTGGCAGCA GCCACTGGTA ACAGGATTAS CACAGCGASG TATGTAGGCG GTGCTACAGA
2461 GTTCTTGAAG TGGTGGCCTA ACTACGGCTA CACTAGAAGA ACAGTATTTG GTATCTGCGC
2521 TCTGCTGAAG CCAGTTACCT TCGGAAABAG AGTTGGTAGC TCTTGATCCUG GCAAACARAC
2581 CACCGCTGGT AGCGGTGGTT TTTTTGTTTG CAAGCAGUAG ATTACGCGCA CAAAMAAAGG
2641 ATCTCAAGAA CGATCCTTTGA TCTTTICTAC GGGGTCTGAC GUTTAGTGGA ACGAAAACTC
2701 ACGTTARAGGG ATTTTGGTCA TGAGATTATC AAARAGGATC TTCACCTAGA TCCTTTTAARA
2761 TTAABRAATGA AGTTTTAAAT CAATCTAAAG TATATATGAG TAAACTTGGT CTGACAGTTA
2821 CCARTGCTTA ATCAGTIGAGG CACCTATCIC AGCCATCTGT CTATTTCGTT CATCCATAGT
2881 TGCCTGACTC CCCGTCGTGT AGATAACTAC GATACGGGAG GGCTTACCAT CTGGCCCCAG
2941 TGCTGCAATG ATACCGCGAG ACCCACGCTIC ACCGGCTCCA GATTTATCAG CAATARACCA
3001 SCCAGCCGGA AGGGCCGAGT GCAGAAGTGE TUCTSCAACT TTATCCGCUT CCATCCAGTC
3061 TATTAATTGT TGCCGGGAAG CTAGAGTAAG TAGTTCGCCA GTTAATAGTT TGCGCAACGT
3121 TGTTGCCATT GCTACAGGCA TOGTGGTGTC ACGCTCETCG TITGGTATGG CITCATTCAG
3181 CTCCGGETTCC CAACGATCAA GGUGAGTTAC ATGATCCCCC ATGTTGTGCA AARAAAGCGGT
3241 TAGCTCCTTC GGTCCTCCGA TCOGTTGTCAG AAGTAAGTTG GCCGCAGTGT TATCACTCAT
3301 GGTTATGGCA GCACTGCATA ARTTCTCTTAC TGTCATGCCA TCCGTAARGAT GUTTTICIGT
3361 GACTGGTGAG TACTCAACCA AGTCATTCTG AGAATAGTGT ATGCGGCGAC CGAGTTGCTC
3421 TTGCCCGGCGE TCAATACGGGE ATAATACCGC GCCACATAGC AGAACTTTAA AAGTGCTCAT
3481 CATTGGAAAA CGTTCTTCGG GOCGAAAACT CTCAAGGATC TTAUCGCTGT TCAGATCCAG
3541 TTCGATGTAA CCCACTCGETG CACCCAACTS ATCTTCAGCA TCTTTTACTT TCACCAGCGT
3601 TTCTGGGTGA GCAAAAACAG GAAGGCAAAN TGCCOCAAAA AAGGGAATAAR GGGCGACACG
3861 GABATGTTGA ATACTCATAC TCTTCOTTTIT TCAATATTAT TGAAGCATTT ATCAGSGTTA
3721 TTGTCTCATG AGCGGATACA TATTTGAATG TATTTAGARA AATAAACAAA TAGGGGTTCC
3781 GCGCACATTT CCCCGAAAAG TGCCACCTGA TOCGGTGTGA AATACCGCAC AGATGCSTAA
3841 GGAGAARAATA CCGCATCAGG AAATTGTAAG CGTTAATATT TTGTTARAAT TCGUGTTAAA
3901 TTTTTGTTAR ATCAGCTCAT TTTTTAACCA ATAGGCCGAA ATCGGCAAAA TCCCTTATAA
3961 ATCAARAGAA TAGACCGAGA TAGGGTTGAG TETTGTITCCA GTTTGGAACA AGAGTCCACT
4021 ATTAAAGAAC GTGUACTCCA ACGTCAAAGG GCGARARAACC GTCTATCAGG GCGATGGLCC
4081 ACTACGTGAA CCATCACCCT AATCAAGTTT TTTGGGGTCE AGGTGCCGTA AAGCACTAAA
4141 TCOGAACCCT AAAGGGAGCC CCCGATTTAC AGCTTGACGE GGAAAGCCOG CEAACGIGSC
4201 GAGAAAGGAA GGGAAGAAAG CGARAGGAGC GGGUGCTAGG GCGUTGGCAA GTGTAGCGGT
4261 CACGCTGCGC GTAACCACCA CACCCGCCGC GUTTAATGUG CCGCTACAGG GUGCGTCCAT
4321 TCGCCATTCA GGUTGUGCAA CTGTTGGGAR GOGCGATCGES TGUGGECCTC TTCGCTATTA
4381 COCCAGCTGGE CGAAAGGGEG ATGTGCTGCA AGGCCATTAA CTTGGGTAAC GCCAGGGTTT
4441 TCCCAGTCAC GACGTTGTAA AACGACGGCC AGTGAATTGT AATACGACUTC ACTATA

H3. pGEM+Salmgag complete DNA sequence

1 GGGCGAATTG GGCCCGACGT COCATGCTCC CGGUCGCCAT GGCGGCCGCE GGAATTCGAT
61 TAAGCTTGGC TCAGCGGATC GCTGCCAAAC AGTGATTTCA GGCTGETCAG CGGTTCGLGT
121 TCAATCGGTT CCTGTTTCGG GGCCGGGETG GTTTCTTCCA GGCGAAATGA TTCCOGCCGGC
181 GOTGCGGTCE GTTCCEGGCE GTTCTGCAGA AAATTGOCCCE GGCGGCCTTT GTBGECTIGGC
241 CARATTTTGC CCAGAMAMATT GGUCTGGCGT TCGGTGCAAT CTTTCATCIG GTGGUCCTCT
301 TTGCCGCATT TCCRACAGCC TTTTTTGCGC GGTGUCGLGET AATTGCGHGGC AATGTGGCCT
361 TCTTTACCAC AGTTAAARACA TTTCACAARTG CGACGCGGGC CTTTAAAGTT GCUTGCGCTGC
421 ATCATGATGT TGCCGCTETT GETCTCGUTC ATCGCTTCCG CCAGAACGLG CGUTTTGETGE
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481 CCCGGACCGC CCACGCCCTG GCAGGCGGTC ATCATTTCIT CCAGGGTCGC ACCCGGGCCC
541 AGCGCGCGCA GAATGGTITTT ACAATCCGGG TTCGCATTCT GGACCAGCAG GGTATCGGTC
601 ATCCAATTTT TGACTTCCTG GGTICGCCTGT TCCGCGCGCA GGGTTTTAAA AAAGCGATCG
661 ACATAATCGC GAARCGGTTC TTTCGOGCUC TGGCGAATAT CCAGAATGCT GACLCGGGCTA
721 TACATGCGCA CGATTTTATT CAGGUCCAGA ATGATCCAGC GTITATAGAT ATCGCCCACC
781 GGAATCGGCGE GGTTGCTGGT CATCCAGGCA ATCIGTTCCT GCAGGGTGCT CGTGGTGCCC
841 GCAATATCGC TGCCGCGUGE TTCGUGCATC TGEUCTEGCE CARATCGGGCC CGCATGAACLC
g01 GGATGUAGGC GATCCCATTC CGCCGCTTCT TCATTGATGG TATCITICAG CATCTIGCATG
961 GCCGCCTGAT GGUCGCCCAC COTATTCAGC ATGGTGTTCA GATCCTIGCGG GGTCGCGCCT
1021 TCECTCAGCE CGGTAAACAT CCGAATGACT TCCGGGCUTAA ACGCTITITC TTCGATCACT
1081 TTCACCCACG CATTCAGGGT GCGCGGGCTA ATGGCCTGAT CGAACCATCTG GCCCTGCAGA
1141 TTCTGCACGA TCGGATAATT CTGGCTGACT TTGCCATCOCG CCGCTTTCGC CTGCTGUGTT
1201 TTCEGCIGAC ATTTCTITCTG TTCTTICTTCG ATTITATCCA GGGCTITCTTT GGTATCGCGC
1261 ACTTCGATTT TTTCATGCAC ACAATACAGE GTCGCAACGG TATCGTACAG GCTCITCAGT
1321 TCTTCGETGC COGTCTGCAG CGCCGECTEC AGCTIGTTTGA TGATCTGTTT ACAGCCTTIC
1381 CTGGTTTCCA GCAGGCCCGG GTTCAGCGCA AAGUGTTCCA GITCGCGGUT CGCCCARAACG
1441 ATGTGTTTCA GCATATAATG TTITTITGCCA CCCGEGCGCA GGCUGAATTITT TTCCCAGGTA
1501 TCCAGTTTITT COCCGCGCAG AATGCTCGCG CGGGBCGCCAT AATCACTAGT GAATTCGCGG
18561 CCGCCTGCAG GTCGACCATA TGGGAGAGUT CCCAACGCGT TGGATGCATA GUITGAGTAT
1621 TCTATAGTGT CACCTAAATA GUTTGGCGTA ATCATGGTCA TAGCTGTTTC CTGTGTGAAA
1681 TTGTTATCCG CTCACAATTC CACACAACAT ACGAGCCGGA AGCATAARGT GTAAAGCCTG
1741 GGGTGCCTAR TGAGTGAGCT BACTCACATT AATIGCGTTGE CGCTCACTIGC CCBCTTITCCA
1801 GTCGGGAAAMC CTGTCOTGCUC AGCTGCATTA ATGAATCGGC CAACGCGCGG GGAGAGGCGE
1861 TTTGCGTATT GOGUGCTCIT CCGCTTCCTC GCTCACTGAC TCGCTGCGCT CGGTCETTCC
1921 GUTGCGGCGA GUGGTATCAG CTCAUTCAAA GGUGGTAATA CGGTTATCCA CAGAATCAGG
1981 GEATAACGCA CGAAAGARACA TGTGAGCAAA AGGCCAGCAA AAGGCCAGGA ACCGTAMAAA
2041 GGCCGCETTE CTGGCGTTTT TCCATAGGCT CCGCCCCCCT GACGAGCATC ACAARAATCG
2101 ACGCTCAAGT CAGAGGTGGC GAAACCCGAC AGCGACTATAA AGATACCAGG CGITICCCCC
2161 TGGAAGCTCC CTCGTGCGCT CTCCTGTTCOC GACCCTGUCG CTTACCGGAT ACCTGTCCGC
2221 CTTICTCCCT TCGGOARAGCG TGGECGCTTTIC TCATAGCTCA CGUTGTAGCET ATCTCAGTTIC
2281 GGTGTAGGTC GTTCGCTCCA AGCTIGGGCTGE TGTGCACGAA CCCCCCETIC AGCCCGACCG
2341 CTGCGCCTTA TCCGGTAACT ATCUTCTTGA GTCCAACCCG GTAAGACACG ACTTATCGCC
2401 ACTGGCAGCA GCCACTGGTA AUAGGATITAG CAGAGCGAGE TATIGTAGECG GTGCTACAGA
2461 GTTCTTGAAG TGGTGGCCTA ACUTACGGUTA CACTAGAAGA ACRGTATITG GTATCIGLGC
2521 TCTGCTGARG CCAGTTACCT TCGGAARARACG AGTTIGOTAGC TCITGATCCG GUAAACRAAC
2581 CACCGCTGET AGCGGTGCETT TTITTTCGTTTC CAAGCAGUAG ATTACGCGCA GAAAARAAGE
2841 ATCTCAAGAR GATCCTTTGA TCTITITCTAC GOGETCTCGAC GCTCAGTGGA ACGARARARCTC
2701 ACGTTAAGGG ATTTTGGTCA TGAGATTATC AMAAMAAGGATC TTCACCTAGA TCCITTTAAA
2761 TTAAAAATGA AGTTTTAAAT CAATCTAARAG TATATATGAG TAAACTTGGT CTGACAGTTA
2821 CCAATGCTTA ATCAGTGAGG CACCTATCTC AGCGATCTGT CTATTTCGTT CATCCATAGT
2881 TGCCTGACTC CCCGTCGTGT AGATAACTAC GATACGGGAG GGUTTACCAT CTGGCCCCAG
23941 TGUIGCAATG ATACCGCGAG ACCCACGCTC ACCGGCTCCA GATTTATCAG CAATARAARCCA
3001 GCCAGCCGGA AGGGCCGAGT GCAGAAGTGG TCCIGCAACT TTATCCGLCT CCATCCAGTC
3061 TATTAATTGT TGCCGGGAAG CTAGAGTARG TAGTTCGCCA GTTAATAGTT TGCGCAACGT
3121 TGTTGCCATT GCTACAGGCA TCOCTGGTIGTC ACGUICGTCG TTTGGTATGG CTTCATTCAG
3181 CTCCGGTTCC CAACGATCAA GGCGAGTTAC ATGATOCCCC ATGTTGTGCA ARAAAGCGGT
3241 TAGUTCCTTC GGTCCTCCGA TCGTTETCAG AAGTAAGTTG GCCGCAGTGT TATCACTICAT
3301 GGTTATGGCA GCACTGCATA ATTCTCTTAC TGTCATGCCA TCCGTAAGAT GCTTITCTGT
3361 GACTGGTGAG TACTCAACCA AGTCATTCTG AGAATAGTGT ATGUGGCCGAL CGAGTTGUTC
3421 TIGCCCGGCE TCAATACGGG ATAATACCGC GUCACATAGC AGAACTTTAA AAGTGCTCAT
3481 CATTGGAARA CGTTCTTCGG GGCGRAAACT CTCRAGGATC TTACCGCTIGT TGAGATCCAG
3541 TTCGATGTAA CCCACTCGTC CACCCAACTG ATCTTCAGCA TCTTTTACTT TCACCAGLGT
3601 TICTGGETGA GCAARAAACAG GAAGGCAAAR TOCCGCAAAR AMAGGGAATAA GGGUGACACG
3661 GARATCGTTGA ATACTCATAC TCTTCCTTTT TCAATATTAT TGAAGCATTT ATCAGGGTTA
3721 TTGTCTCATG AGCGGATACA TATTTGAATG TATTTAGAAA AATAAACAAA TAGGGGTTCC
3781 GCGCACATTT CUCCGAAAAG TCCCAUCTGA TGUGGTGTGA AATACCGCAC AGATGCGTAA
3841 GGAGAAAATA CCGCATCAGG AMATTGTAAG CGTTAATATT TTGTITARAART TCOCGTTAAA
3901 TITTTGTTAR ATCAGCTCAT TTTTITAACCA ATAGGCCGAA ATCGGCAAAA TCCCTTATAA
3961 ATCAARAGAA TAGACCGAGA TAGGGTTGAG TGTTGTTCCA GTTTGGAACA AGAGTCCACT
4021 ATTABAGRAAC GTGGACTCCA ACGTCAAAGG GCGAMBARCC GTCTATCAGE GUGATGGCCC
4081 ACTACGTGAA CCATCACCCT AATCAAGTTT TTTGGGGTCG AGOTGCCGTA AAGCACTAAA
4141 TCGGAACCCT AAAGGGAGCC CCCGATTTAG AGCTTGACGG GGAAAGCCGE CGAACGTGGC
4201 GAGARAGGAA CGCGGAAGRAAL CGAAMGGAGC GBGCGCTAGG GCGUTGGCAA GTGTAGCGGT
4261 CACGCTGCGC GTAACCACCA CACCCGCCGC GCTTAATGOG CCGUTACAGG GCGCGTCCAT
4321 TCGCCATTCA GGCTGCGCAA CTGTTGGCGAR GGCCGATCGE TGCGGGCCTC TTCGCTATTA
4381 CGCCAGCTGE CGAAMAGCGGEG ATGTGCTGCA AGGUGATTAA GTTGGGTAAC GCCAGGGITT
4441 TCCCAGTCAC GACGTTGTAA AACGACGGCC AGTGAATTGT AATACGACTC ACTATA

H4. pGEM+P24D complete DNA sequence

1 GGGCGAATTG GGCCCGATGT CGCATGCTICC CGRCCGCCAG AACGCGCGCE GGGTTTTAAR
61 AMAGCGATUG ACATAATCGC GARAACGGTTC TTTCGHGUOC TGGCGARTAT CCAGAATGCT
121 GACCGGGCTA TACATGCGCA CGATTITATT CAGECCCAGA ATGATCCAGC GTTTATAGAT
i81 ATCGCCCACC GGAATCGGCG GGTTGCTGGT CATCCAGGCA ATCIGTTCCT GCAGGETGOT
241 COTGGTECCC GCAATATCGC TGCUGCGCGE TICGCGCATC TGGUCCGGEUG CAATCGHBGCC
301 CGCATGAACC GGATGCAGGC GATCCCATTC CGCCGCTTCT TCATTGATGG TATCITTCAG
361 CATCTGCATG GCCGCCTGAT GGCCGCCCAC CGTATTCAGC ATGGTGTTCA GATCCTGCGG
421 GGTCGCGCCT TCGCTCAGCG CGGTAAACAT COGAATGACT TCCGGGCTAA ACGCTTITTC
481 TTCGATCACT TTCACCCACG CATTCAGGGT GUGCGGGCTA ATGGCCTGAT GAACCATCIG
541 GUCCTGCAGA TTUTGCACGA TCGAATCACT AGTGAATTICG (GGCCGCCTG CAGGTCGACC
801 ATATGGCGAGA GUTCCCAACG COTTGGATGC ATAGUTTGAG TATTCTATAG TGTCACCTAA
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661 ATAGCTTGGC GTAATCATGGE TCATACGCTST TTOCTOTOTS AAATTCTTAT CCGOTCACAA
721 TTCCACACAA CATACGAGCC GGAAGCATAA AGTGTAAAGC CTGGGGTGCC TAATGAGTGA
781 GCTAACTCAC ATTAATTGCG TTGCGCTCAC TGCCCOCTTT CCAGTCGGGA AACCTETLGT
841 GCCAGCTGCA TTAATGAATC GGCCAACGCE CGGGGAGAGE CGCTTTGCGT ATTGGGCGCT
901 CTTCCGCTTC CTCGCTCACT GACTCGCTGC GCTCGGTCGT TCGGCTGOGE CGAGCGGTAT
961 CAGCTCACTC AAAGOCGGETA ATACGGTTAT CCACAGRATC AGGGGATAAC GCAGGAAAGA
1021 ACATGTGAGC AAAAGGCCAG CAARAGGCCA GGARACCGTAA ARAGOUUGCG TTGCTGGCGT
1081 TTTTCCATAG GCTCCGCCCC CCTGACGAGE ATCACAAAAS TCGACGCTCA AGTCAGAGOT
1141 GGCGAAACCC CGACAGGACTA TAAAGATACC AGGUGTTTCC CCCTGGAAGT TCCCTCGTGC
1201 GCTCTCCTGT TCCGACCCTG CCGCTTACCG GATACTTGTC CGCCTTTCTC CCTTCGGGAA
1261 GCGTGGUGCT TTCTCATAGC TCACGUTGTA GOTATCTCAG TTCGOGTGTAG GTCGTTCGCT
1321 CCAAGCTGGEGE CTGTGTGCAC GAACCCCCCE TTCAGCCCGA COGCTGUGCC TTATCCGGTA
1381 ACTATCGTCT TGAGTCCRAC CCGCTAAGAC ACGACTTATC GCCACTGGCA GCAGCCACTS
1441 GTAACAGGAT TAGCAGAGCG AGGTATGTAG GCGGTGCTAC AGACTTCITG AAGTGGIGGC
1501 CTAARCTACGG CTACACTAGA AGAACAGTAT TTGCGTATCIG CGCTCTGCTG AAGCCAGTTA
1561 CCTTCGGAAA AAGAGTTGGT AGCTCTTGAT CCGGUARACA AACCACUGCT GOTAGCOGTG
1621 GTTTTTTTGT TTGCAAGCAG CAGATTACGC GCAGAAAAMA AGGATCTCAA GAAGATCCTT
1681 TCGATCTTTTC TACGGGGTCT GACGCTCACT GGAACGAAAA CTCACGTTAA CGGGATTTTGG
1741 TCATGAGATT ATCAAAAAGG ATCTTCACCT AGATCCTTTT AAATTAAAAR TGAAGTITTA
1801 AATCAATCTA AAGTATATAT GAGTAAACTIT GGTCTGACAG TTACCAATGC TTAATCAGTG
1861 AGGCACCTAT CTCAGCGATC TETCTATTITC GITCATCCAT AGTTGCCTGA CTCCCCGTCG
1921 TGTAGATAAC TACGATACGG GAGGGCTTAC CATCTGGCCC CAGTGCTGCA ATGATACCGC
1581 GAGACCCACG CTCACCGGCT CCAGATTTAT CAGCAATAMA CCAGCCAGCC GGAAGGGCCG
2041 AGCGCAGARAG TGGTCCTGCA ACTTTATCCG CCTCCATCCA GTCTATTAAT TGTTGCCGGG
2101 AAGCTAGAGT AAGTAGTTCG CCAGTTAATA GTTTGCGCAA CGTTGTTGCC ATTGCTACAG
2161 GCATCGTGGT GTCACGCTOS TCGTTTGOTA TGECTTCATT CAGCTCCGGT TCCCAACGAT
2221 CBAGGUGAGT TACATGATCC CCCATGTITGT GCAAARAAAGC GGTTAGCTCC TTCGUTCCTC
2281 COATCGTTGT CAGAAGTAAG TTGGCUGCAG TGTTATCACT CATGGITATG CGCAGCACTGEC
2341 ATAATTCTCT TACTOTCATG CCATCCGTAA GATGCTTTITC TOTGACTGGT GAGTACTCAA
2401 CCAAGTCATT CTGAGAATAG TOTATGCGEC GACCGAGTIG CTCTTGCCCE GCGTCAATAC
2461 GOGATAATAC CGUGCCACAT AGCAGAARCTT TAAAAGTGCT CATCATTGGA AARACGTITCTT
2521 CGGGECGARA ACUTOTCAAGE ATCTTACCGC TGTTGAGATC CAGTTCGATS TAACCCACTC
2581 GTGCACCCAL CTGATCTTCA GCATCTTTTA CTTTCACCAG CGTTTCTGGG TGAGCAAAAA
2641 CAGGAAGGCA AAARTGUUGUA AAAARMGGGAA TAAGGGUGAC ACGGAAATGT TGAATACTCA
2701 TACTCTTCCT TTTTCAATAT TATTGAAGCA TTTATCAGGG TTATTGTCTC ATGAGCGGAT
2781 ACATATTTGA ATGTATTTAG AAAARATAAAC AAATAGGGGT TCCGUGCACA TTTCCCCGAA
2821 AAGTGCCACT TGATGCGGTG TGAAATACCG CACAGATGCG TAAGGAGAAA ATACCGCATC
2881 AGGAAATTGT AAGCGTTAAT ATTTTGTTAA AATTCGCGTT AAATTTTTGT TAAATCAGCT
2941 CATTTTTTAA CCRATAGGCC GAAATCGGCA AAATCCCTITA TAAATCAAAA GAATAGACCG
3001 AGATAGGUTT GAGTGTTGTT CCAGTTTGGA ACAAGAGTCC ACTATTAAAG AACGTGGACT
3081 CCAACGTCAA AGGGCGAAAR ACCGTCTATC AGGGCGATGG CCCACTACGT GAACCATCAC
3121 CCTAATCAAG TTTTTTIGGEGG TCOGAGGTGCC GTAAAGCACT AAATCGGAAC CCTAAAGGGA
3181 GCCCCCGATT TAGAGCTTGA CGGGGAARGC CGGCGAACGT GGCGAGAARG GAAGGGAAGA
3241 AAGCGARAGG AGCGGECGCT AGGGUGCTGE CAAGTGTAGC GETCACUGCTG CGUGTAACCA
3301 CCACACCCGC CGCGCTITAAT GCGCOGCTAC AGGGCGCGTC CATTCGCCAT TCAGGCIGCG
3361 CBACTGTTGG GAAGGGCGAT CGOTGUGGGC CTCTITCGCTA TTACGCCAGC TGGUGAMAGE
3421 GUGATGTGCT GCAAGGCGAT TAAGTTGGET AACGCCAGGE TTTTCCCAGT CACGACGTTIG
3481 TAABRCGACG GCCAGTGAAT TGTAATACGA CTCACTATA

HS. pGEM+P1724 complete DNA sequence

1 GGGUGAATTG GGCCCGACGT CGCATGCTCC CGGCCGCCAT GGCGGUCGTG GGAATTCGAT
61 TGCTTCCGCC AGAACGCGCG CTTTETGECC CGGACCECCC ACGCCCTEEC AGGUGGTCAT
121 CATTTCTTCC AGGGTCGCAC CCGGGCCCAG (CGCGCGCAGA ATGGTTTTAC AATCCGGGTT
181 CGCATTCTGG ACCAGCAGGG TATCGGTCAT CCAATTTTTG ACTTCCTGGG TCGCCTGTTC
241 CGCOCGCAGE GITTTAAAAA AGCGATCOGAL ATAATCGUGA AACGGTICTT TCGGGLCCTG
301 GCGAATATCC AGAATCCTCA CCGGGUTATA CATGCGCACG ATTTTATICA GGCCCAGAAT
361 GATCCAGCGT TTATAGATAT CGCCCACCGE AATCOGCOGE TTGCTGOETCA TCCAGGCAAT
421 CTGTTCCTGC AGGGTGCTCG TGGTGCCCGC AATATCGCTG CCGCGCGGTT CGCUGCATCTG
481 GCCCGGOGCA ATCGGGCCCG CATGAACCGE ATGCAGGCGA TCCCATTCCG CCGCTTCTTC
541 ATTGATGGTA TCTTTCAGCA TCTGCATGGC CUGCCTGATGG CCGCCCACCG TATTCAGCAT
601 GOTGTTCAGA TCUTGCGGEE TCGCGCCTTC GCTCAGCOCGE GTAAACATCG GAATGACTIC
661 CGGGCTAAAC GCTTTTTCTT CGATCACTTT CACCCACGCA TTCAGGGTGC GCGGGCTAAT
721 GGCCTGATGA ACCATCTGGC CCTGCAGATT CTGCACGATC GGATAATTCT GGUTGACTTT
781 GCCATCOGOC GOTTTCGCCT GOTGCGTTITT CTGCTGACAT TIGTTCOTGIT CTTCTTCGAT
841 TTTATCCAGG GCTTCTTTGG TATCGCGCAC TTCGATTTTT TCATGCACAC AATACAGGGT
201 CGCAACGGTA TCGTACAGGC TCTTCAGTTC TTCGGTGCCE GTCTGCAGCG CCGGCTGCAG
961 CTGTTTGATG ATCTGTTTAC AGCCTTCGCT GGTTTCCAGC AGGCOCGGGT TCAGCGCAAA
021 GCGTTCCAGT TCGCGGCTCOG CCCARACGAT GTGTTTCAGC ATATAATGTT TTTTGCCACC
1081 CGGGCGCAGE CGAATTTTIT CCCAGOTATC CAGTTTTTCC CCOCGCAGAR TGUTCGUGCS
1141 GGCGCCCATA TAATCACTAG TGAATTCGUG GUCGCUTGCA GGTCGACCAT ATGGGAGAGC
1201 TCCCAACGCG TTGGATGCAT AGCTTGAGTA TTCTATAGTG TCACCTAAAT AGCTTGGCGT
1261 ARTCATGGTC ATAGCTGTTT CCTGTGIGAA ATTGTTATCC GCTCACAATT CCACACAACA
1321 TACGAGCCGG AAUGCATAAAG TGTAMAGCCT GGGETGCCTA ATGAGTGAGC TAACTCACAT
1381 TAATTGCGTT GOGCTCACTG CCCGUTTTCC AGTCGGEAAL CCTGTCETGT CAGCTGCATT
1441 AATGAATCGGE CCAACGCGCG GGGAGAGGCE GTTTGCGTAT TGGGCGCTCT TCCGCTTCCT
1501 CGCTCACTGA CTCGCTGCGC TCGETCGTTC GGUTGCGGCEG AGCGGTATCA GCTCACTCAA
1561 AGGCGGTAAT ACGGTTATCC ACAGAATCAG GGGATAACGC AGGAAAGAAC ATGTGAGCAA
1621 AAGGUCAGCA ABAGUOCCAGG AACCGTAAAA AGGCCGCOETT GCTGECGTTT TTCCATAGGC
1681 TCCGCCCCCC TCGACGAGCAT CACARAARTC GACGCTCRAG TCAGAGGTGG CGAAACCCGA



1741 CAGGACTATA AARGATACCAG GCETITCCCC CTGGAAGCTC CCTCOTGCGC TCTCCTSTTC
1801 CGACCCTGCC GCTTACCGGA TACCTGTCCG CCTTTCTCCC TTCGGGAAGC GTGGCGCTTT
1861 CTCATAGCTC ACGCTGIAGG TATCTCAGTT CGGTGTAGGT CGTTCGCICC AAGCTGGGCT
1921 GTGTGCACGA ACCCCCCGTT CAGCCCGACC GUTGCGCCTT ATCCGGTAAC TATCGTCTTG
1981 AGTCCAACCC GGTAACGACAC GACTTATCGC CACTGGCAGC AGCCACTGGT ARCAGGATTA
2041 GCAGRGCGAG GTATGTAGGC GGTGCTACAG AGTTCTTGAA GTGGTGGCCT AACTACGGCT
2101 ACACTAGAAG AACAGTATIT GOTATCTIGCG CTCTGCTGAA GCCAGTTACC TTCGGAARAA
2161 GAGTTGGTAG CTCITGATCC GGCAAACAAAN CCACCGCTGG TAGCGGTGGT TTTTTTGTTT
2221 GCAAGCAGCA CATTACGCGC AGAARAAAAG GATCTCAAGA AGATCCTTTC ATCITITLTA
2281 CGGGGTCTGA CGCTCAGTGG AACGAAAACT CACGTTAAGG GATTTTGGTC ATGAGATTAT
2341 CAAAARGGAT CTTCACCTAG ATCCTTTTAA ATTAAAMAATG AAGITTTAAA TCAATCTAARA
2401 GTATATATGA GTAAACTTGE TCTGACACGTT ACCAATGCTT AATCAGTGAG GCACCTATCT
2461 CAGCGATCTG TCTATTITCET TCATCCATAG TTGCCTGACT CCCCETCOTG TAGATAACTA
2521 CGATACGGGA GRGCTTACCA TCTGGCCCCA GIGCTGCAAT GATACCGCGA GACCCACGCT
2581 CACCGGCTCC AGATTTATCA GCAATAAACC AGCCAGCCEG AAGGGCCGAG CGCAGAAGTG
2641 GTCCTGCAAC TTTATCCGCC TCCATCCAGT CTATTAATTG TTGCCGGGAA GCTAGAGTAA
2701 GTAGTTCGCC AGTTAATAGT TTGCGCAACG TTGITGCCAT TGCTACAGGU ATCGTGGTET
2761 CACGCTCGETC GTTTGGTATG GCTTCATTCA GCTCCGGTTC CCAACGATCA AGGCGAGTTA
2821 CATGATCCCC CATGTTIGTGC AABBAAGCGE TTAGCTCCTT CGGTCCTCCG ATCGTTETCA
2881 GAAGTAAGTT GGCCGCAGTG TTATCACTCA TGGTITATGGC AGCACTGCAT AATTCICTTA
2941 CTGTCATGCC ATCCGTAAGA TGCTTTTCTG TGACTGGTGA GTACTCAACC AAGTCATTCT
3001 GAGAATAGTG TATGCGGCGA CCGAGTTIGUT CTTGCCCGGC GTCAATALGG GATAATACCG
3061 CGCCACATAG CAGAACTTTA AAAGTGCTCA TCATTGGAAA ACGTTCTTCG GGGCGARAAC
3121 TCTCAAGGAT CTTACCGCTS TTGAGATCCA GITCOATOTA ACCCACTCGT GCACCCAACT
3181 GATCTTCAGC ATCTTTTACT TTCACCAGCG TTTCTGGGTG AGCAAABACA GGAAGGCAAA
3241 ATGCCGCAAL AMAGOGAATA AGOCCCACAC GGARATOTTE AATACTCATA CTCTTCCTTT
3301 TTCAATATTA TTGAAGCATT TATCAGGGTT ATTGTCTCAT GAGCGGATAC ATATTTGAAT
3361 GTATTTAGAR ARATABACAA ATAGGGGTITC CGCGCACATT TCCCCGARAR GTGCCACCTC
3421 ATGCGETGTE ARATACCGCA CACATGUGTA AGGAGAARRT ACCGCATCAG GAAATITGTAA
3481 GCGTTAATAT TTTGTTAAAA TTCGCGTTAA ATTTTTGTTA AATCAGCTCA TTTTTTAACT
3541 AATAGGCCGA AATCGGCAAA ATCCCTTATA AATCABAAGA ATAGACCGAG ATAGGGTTGA
3601 GTGTTGITCC AGTTTGGAAC AAGAGTCCAC TATTARAGAA COTGGACTCC AACGTCAAAG
3661 GGCGAAARAAC COTCTATCRG (GCOATGGCC CACTACGTGA ACCATCACCC TAATCRAGTT
3721 TTTTGGGGTC GAGCTGCCET AAAGCACTAA ATCOGAACCC TAAAGGGAGC CCCCGATTTA
3781 GAGCTTGACG GGGAAAGCCG GCGAACGTGG CGACAAMAGGA ACGGGAAGAAR GCUAAMAGGAG
3841 CEGGCGCTAG GGCGCTGGCA AGTGTAGCGE TCACGCTGCG CGTAACCACC ACACCCGCCG
3901 CGCTTAATGC GCCGUTACAG GGCGCGTCCA TTCGCCATTC AGGCTGCGCA ACTGTTGGGA
3961 AGGGCGATCG GTGCGGGCCT CITCGCTATT ACGCCAGCTG GCGAAAGGGE GATGTGCTGC
4021 AAGGCGATTA AGTTGGGTAA COCCAGGETT TTCCCAGTCA CGACGTTGTA AAACGACGGC
4081 CAGTGAATTG TAATACGACT CACTATA

H6. pGEM+Salmgag-GFP complete DNA sequence

1 GGGCGAATTG GGCCCGACGT CGCATGUTCC COGCCGCCAT GGCGGLCGCGE GGAATTCGAT
61 TAAGCTTATT TGTATAGTTC ATCCATGCCA TGTGTAATCC CAGCAGUTGT TACAAACTCA
121 AGAAGGACCA TGTGGTCTCT CTTTTCGTTG GGATCTTTCG AAAGGGCAGA TTGTGTGGAC
181 AGGTAATGGT TGTCTGGTAAR AARGGACAGGG CCATCGCCAA TTGGAGTATT TTGTTGATAA
241 TGGTCTGCTA GTTGAACGCT TCCATCTTCA ATGTTGTGTC TAATTTTGAA GTTAGCTTTG
301 ATTCCATTCT TTTUTTTGIC TGCCGTGATG TATACGTTGT GGGAGTTGTA GTTGTATICC
361 AACTTCTGGC COAGGATGTT TCCGTCOTCC TTGAAATCGA TTCCCTTAAG CTCGATCCTG
421 TTCACGAGGE TOTCTCCCTC AAMACTTOACT TCAGCACGTS TCTTGTAGTT CCCGTCGTCC
481 TTGARAGAGA TGETCCTCTC CTGCACGTAT CCCTCAGGCA TGRCGCTCTT GAAGAAGTCG
541 TGCCGCTTCA TATGATCTGG GTATCTTGAA AAGCATTCGAA CAUCATAAGR GAAAGTAGTG
601 ACAAGTGTTG GCCATGGARAC AGGTAGTITT CCAGTAGTGC AAATAAATTT AAGGGTAAGT
681 TTTCCGTATG TTGCATCACT TTCACCCTCT CCACTGACAG ARBATITGTG CCCATTAACA
721 TCACCATCTA ATTCAACAAG AATTGOGACA ACTCCAGTGA AAAGTTCTTC TCCTTTCGAA
781 GUTGAGCCGG CGGAACCGEC GGAGCCGGAA GCTTGGCTCA GCGGATCGCT GCCAAACAGT
841 GATTTCAGGC TGGTCAGCGG TTCGECGTTCA ATCGGTTCCT GITTCGGGGT CGGGGTGGTT
901 TCTTCCAGGC GAARATGATTC CGCCGGCGGET GUGETCGGTT CCGGGCGGTT CTGCAGRARAAR
961 TTGCCCGGGEC GECCTTTGTG GCTCGGCCAA ATTTTIGCCCA GAARATTGGC CTGGCETTCG
1021 GTGCAATCTT TCATCIGGETG GCCCTCTTTGE CCGCATTTCC AACAGCCTTT TTTGLGCGGT
1081 GCGCGGCAAT TOCGUGCAAT GTGGCCTTCT TTACCACARGT TAAAACATTT CACAATGCGA
1141 CGLGGGCCTT TARAGTTGCT GUGCTGCATC ATGATGTTGC CGCTGTTGGT CTGGCTCATC
1201 GCTTCCGCCA GAACGUGCGC TTTGTGECCC GGACCGCCCA CGCCCTGGCA GGCGGTUATC
1261 ATTTCTTCCA GGGTCGCACC COGGCCCAGC GCGCGCAGAA TGGTTTITACA ATCCGGEGTTC
1321 GCATTCTGGA CCAGCAGGGT ATCGGTCATC CAATTTTTGA CTTCCTGGGT CGCCTGTTCC
1381 GCGOGCAGGE TTTTAAAAAA GCGATCGACA TAATCGCGAA ACGGTTICTTT CGGGCCITGG
1441 CGAATATCCA GAATCCTCGAC CGUGGCTATAC ATGCGCACGA TTTTATTCAG GCCCAGAATG
1501 ATCCAGCGTT TATAGATATC GUCCACCGGA ATCGGCGGHET TGCTGGTCAT CCAGGCAARTC
1561 TETTCCTGCA GGOTGCTCGT GOTGCCCGCA ATATCGOTGC CGUGLEETTC GCGECATCTGE
1621 CCCGGUGCAA TCGGGCCCGT ATGAACCGGA TGCAGGCGAT CCCATTCCGC CGCTTCTTCA
1681 TTGATGGTAT CTTTCAGCAT CIGCATGECC GCCTGATGEC CGUCCACCGT ATTCAGCATG
1741 GTGTTCAGAT CCTGCGGGET CGCGCCTICG CTCAGCGUGE TAAMACATCGG AATGACTTCC
1801 GGGCTAAACG CTTTTTCTTC GATCACTTTC ACCCACGCAT TCAGGGTGCE CGGGCTAATG
1861 GCUTGATGAA CCATCTGGCC CTGCAGATTC TGCACGATCG GATAATTCTG GCTGACTTIC
1921 CCATCCGCCGE CTTTCGECCTG CTGCGTTTTC TECTGACATT TGTTCTIGITC TTCTTCGATT
1981 TTATCCAGGE CTTCTTTGGET ATCGCGCACT TCGATTTTIT CATGCACACA ATACAGGGETC
2041 GCAARCGGTAT CGTACAGGCT CTTCAGTTCT TCGGTGCCGG TCTGCAGCGC CGGCTGCAGC
2101 TGTTTGATGA TCTGTTTACA GCCTTCGCTG OTTTCCAGCA GGCCCGGETT CAGCGCAAAG
2161 CGTTCCAGTT CGCGGCTCGC CCARACGATG TGTTTCAGCA TATAATGTTT TTTGCCACCC




2221 GGGCGCAGGT GAATTTTTTC CCAGGTATCC AGTTITTTCGC CGUGCAGAAT GUTCGCECGS
2281 GCGCCATAAT CACTAGTGAA TTCGCGGCUG CCTCGCAGGTC GACCATATGG GAGAGCTCCC
2341 AACGCGTTGE ATGUATAGCT TGAGTATTICT ATAGTIGTCAC CTAAATAGCT TGGCGTAATC
2401 ATGGTCATAG CTIGTTTCCTG TGTGAAATTG TTATCCGCTC ACAATTCCAC ACAACATACG
2461 AGCCGGAAGC ATAAAGTGTA AAGCCTGGGG TGCCTAATGA GTGAGCTAAC TCACATTAAT
2521 TGCETTGCGC TCACTGCCCG CTTTCCAGTC GGGAAACCTG TCGTGCCAGC TGUATTAATG
2581 AATCGGCCAA COUGCGGEEA GAGGCGETTT GCUTATTGGGE CCGCTCTTCCG CTTCCTCGCT
2641 CACTGACTCG CTGCGCTCGGE TCGTTCGGCT GCGGUGAGCG GTATCAGCTC ACTCAAAGGC
2701 GGTAATACGG TTATCCACAG AATCAGGGGA TAACGCAGGA AAGAACATGT GAGCARAAGG
2761 CCAGUAAMAG GCCAGGAACC GTABRAAAGGL CGUGTTIG(CTG GUGTTITITCC ATAGGUTCCG
2821 CCCCCOTGAC GAGCATCACA AAAMATCGACG CTCAAGTCAC AGGTGGCGAA ACCCGACAGG
2881 ACTATAAAGA TACCAGGCGT TTCCCCCTGG AAGCTCCUTC GTGCGCTCTC CTGTTCUGAC
2%41 CCTECCGCTT ACCGGATACC TGTCCECCTT TCTCCCTTCG (GGAAGCETGG COCTTTCTCA
3001 TAGCTCACGC TGTAGGTATC TCAGTTCGET GTAGGTCGTT CGCTCCAAGT TGGGCTGTET
3061 GCACGAACCC CCCGTTCAGC CCOACCGCTG CGCCTTATCC GGTAACTATC GTCTTGAGTC
3121 CAACCCGGETA AGACACGACT TATCGUCACT GGCAGCAGCC ACTGGTAACA GGATTAGCAG
318l AGCGAGGTAT GTAGGUGGTG CTACAGAGTT CTTGAAGTGE TGGCUTAACT ACGGCTACAC
3241 TAGRAGAACA GTATTTIGGTA TCTGUGCTCT GUTGAAGCUA GTTACCTTCG GRAMAAGAGT
3301 TGGTAGCTCT TGATCUGGUA AACAAACCAC CGUTGGTAGC GGTGGTTTTT TTGTTTGCAA
3361 GCAGCAGATT ACGCGCAGARA AARAAGGATC TCAAGAAGAT CCTTTGATCT TTTCTACGHG
3421 GTCTGACGUT CAGTGGAACG AAAACTCACG TTAAGGGATT TTGGTCATGA GATTATCAAA
3481 AAGGATCTTC ACCTAGATCC TTTTAAATTA AAAATGAAGT TTTAAATCAA TCTAAAGTAT
3541 ATATGAGTAA ACTTGGTCTG ACAGTTACCA ATGCUTTAATC AGTGAGGCAC CTATCTCAGC
3601 GATCTGTCTA TITCGITCAT CCATAGTTGC CTGACTCCCC GTCGTGTAGA TAACTACGAT
3661 ACGGGAGGGC TTACCATCTG GCCCCAGTGC TGCARTGATA CCGCGAGACC CACGCTCACC
3721 GGCTCCAGAT TTATCAGCAA TAAACCAGCC AGCCGGAAGGE GCCGAGUGCA GAAGTGGTCC
3781 TGCAACTTTA TCCGCCTCCA TCCAGTCTAT TAATTGTTGC CGGGAAGCTA GAGTAAGTAG
3841 TTCGCCAGTT AATAGTTTGC GCAACGTTGT TGCCATTGCT ACAGGCATCG TGGTGTCACG
3901 CTCGTCOETTT GGTATGECTT CATTCAGCTC COGTTCCCAA CGATCAAGGC GAGTTACATG
3981 ATCCCCCATG TTCTGCAMMA AAGCGGTTAG CTCUTTCOGT CCOTCCGATCR TTOTCAGARG
4021 TAAGTTGGCC GCAGTGTTAT CACTCATGGT TATGGCAGCA CTGCATAATT CTCTTACIGT
4081 CATGCCATCC GTAAGATGCT TTTCTGTGAC TGGTGAGTAC TCAACCAAGT CATTCTGAGA
4141 ATAGTGTATG CGGCGACCGA GITGCTCTTG CCCGGUGTCA ATACGGGATA ATACCGUGCC
$201 ACATAGCAGA ACTTTAAAAG TGCTCATCAT TGGAAAACGT TCTTCGGGGC GAAAACTCTC
4261 AAGGATCTTA CCGCTGTTGA GATCCAGTTC GATGTAACCC ACTCGTGCAC CCAACTGATC
4321 TTCAGCATCT TTTACTTTCA CCAGCGTTTC TGGGTGAGCA AAAACAGGAA GGCAARATGT
4381 CGCAAAAAAG GGAATAAGHG CGACACGGAA ATGTTGAATA CTCATACTCT TCCTTTTITCA
4441 ATATTATTGA AGCATTTATC AGGGTTATTG TCTCATGAGC GGATACATAT TTGAATGTAT
4501 TTAGARAAAT AAACAAMATACG GGATTCCGCG CACATTTCCC CCARAAGTGC CACCTGATGC
4561 GOTGTGAAAT ACCGCACAGA TGUGTAAGGA GAAAATACCG CATCAGGAAA TTGTAAGCGT
4621 TAATATTTTG TTAAAATTCG CGTTAAATTT TTGTTAAATC AGUTCATTTT TTAACCAATA
4681 GGCCGAAATC GGCARAATCC CTTATAAATC AAAAGAATAG ACCGAGATAG GGTTGAGTGT
4741 TOTTCCAGTT TGGAACAAGA GTCCACTATT AAAGAACGTG GACTCCAACG TCAAAGGGCG
4801 AARAACCGTC TATCRAGGGCS ATGGCCCACT ACGTGAACCA TCACCCTAAT CRAGTTTITT
4861 GGGGTCCAGE TGCCCTAAAG CACTAAATCG GAACCCTAAA GGGAGCCCCC GATTTAGAGC
4921 TTGACGGGCA ARGUCGGCGA ACGTOGCGAG AAARGGAAGGE AAGAAAGUGA AAGGAGCGGG
4981 COCTAGGGCE CTGGCAAGTG TAGCGGTCAC GUTGUGCGTA ACCACCACAC CCBCUGLGCT
5041 TAATGCGCCG CTACAGGGCG CGTCCATTCG CCATTCAGGC TGCGCAACTG TTGGGAAGGG
5101 CGATCGGTGC GGGCCTCTTC GCTATTACGC CAGCTGGCGA AAGGGGGATG TGCTGCAAGE
5161 CGATTAAGTT GOGTAACGCC AGGGTTITCC CAGTCACGAC GTTGTARAAC GACGGCCAGT
5221 GAARTTGTAAT ACGACTCACT ATA

APPENDIX I;: RESTRICTION ENZYMES USED IN THIS STUDY

Enzyme Recognition sequence Source

EcoR1 GYAATTC Roche SA

Hindlll AVAGCTT Roche SA

Narl GGICGCC Roche SA

Bbel GGCGCIC Roche SA

Sfol GGCiGCC New England Labs
Clal ATICGAT Roche SA

Neol C{CATGG Roche SA

EcoRV GATYATC Roche SA

Ndel CAITATG Roche SA

*The arrow (¥) indicates the recognition site
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