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General Introduction 

Antibodies were designed to well•defined epitopes of the principal neutralization domain 

of Human Immunodeficiency Virus (HIV), core protein (p24) of HIV and cytochrome 

c3 (C3) from Desulfovibrio vulgaris Hildenborough to expand the understanding of the 

structure, conformation, orientation and analysis of the molecules. Three different 

problems, each of which is unique to one of these three proteins were successfully solved 

by designing the proper immunoassays and generating and isolating antibodies to defined 

epitopes of these molecules. 

The lack of broadly reactive antibodies to the principal neutralization domain (PND) of 

HIV has slowed the development of a vaccine for HIV. This problem is addressed in the 

first chapter by selecting the conserved region (GPGR), of the neutralization domain of 

HIV and generating broadly reactive polyclonal antibodies to the PND. These antibodies 

showed binding to neutralization domain peptides containing GPGR, GPGK and GPGQ 

epitopes, which are present in more than 92% of the HIV-1 isolates. The development 

of the antibodies to the GPGR region also permitted characterization of the conformation 

of this region in the gp 120 protein which was then compared with the cyclic V3 peptide. 

The increased sensitivity and the reduction in total incubation time in the p24 assay will 

have a significant impact on the cost and the time of screening, patient management and 

drug efficacy studies for HIV. The development of a high sensitivity immunoassay for 

p24 protein is discussed in the second chapter. This assay was developed by selecting 

two monoclonal antibodies to the p24 protein with two distinct non•overlapping epitopes 

across amino acid 210 and 309. Consequently, the binding of one antibody did not 

reduce the binding of the second to the p24 protein. Selection of these antibodies to such 
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defined epitopes permitted development of an immunoassay that has a 16 to 27 fold 

lower detection limit and a 2 to 8 fold reduction in total incubation time in comparison 

to the commercially available assays. 

The generation of monoclonal antibodies with binding epitopes encompasses Histidine 

70 residue of the heme 1 of cytochrome c3 and the use of these antibodies to understand 

the potential-dependent conformations and orientations of the adsorbed cytochrome c3 

on a mercury electrode are discussed in chapter three. The generation of high affinity 

monoclonal antibodies to the heme 1 area permitted conformation of the existence of 

three conformationally different cytochrome c3 forms on the mercury electrode 

depending on the incubation potentials. Further, the utilization of monoclonal antibodies 

for orientational analysis of these three conformations is discussed in this chapter. 

The successful understanding and the completion of these three projects were possible 

because antibodies were generated to defined epitopes on these proteins. This reinforces 

the importance of immunoassays as structural and analytical probes. 



Chapter I 

Generation of broadly reactive antibodies to Principal 

Neutralization Domain of Human Immunodeficiency Virus Type-I (HIV-I) 

and 

structural characterization of variable region three (V3) of the envelope protein 

gpl20 
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Abstract 

Broadly reactive polyclonal antibodies were generated to the principal neutralization 

domain of Human Immunodeficiency Virus (HIV) using peptides consisting of the 

conserved region; GPGR. The antibodies generated to the peptides GPGR and 

GPGRGPG, were reactive with other principal neutralization domain peptides containing 

GPGR, GPGK and GPGQ epitopes. These antibodies are present in over 92% of the 

HIV-1 strains. The two dimensional NMR studies of the GPGR and GPGRGPG indicate 

that there is no type- I I p tum population in the solution phase. These antibodies were 

reactive to non-glycosylated gp120(cnv2-3) and glycosylated gp120 111B, but only 

antibody generated against GPGR binds the glycosylated gp120 SF2. The inhibition 

assays confinncd the confonnational differences of the solution phase gp 120 SF2 and 

cyclic V3 peptide in the GPGR region. These results contradict the previous hypothesis 

that the GPGR region of gp 120 contains a type-1 I p turn similar to that of the cyclic V3 

peptide. 
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Background 

Since the identification of Hwnan Immunodeficiency Virus (HIV) (Figure 1) in 1983 

as the causative agent of Acquired Immunodeficiency Syndrome (AIDS) by Montagnier 

(Barrc-Sinouss, et al., 1983) and then by Gallo (Wong-Staal, and Gallo, 1985), much 

of the intensive international effort in the development of an effective vaccine has 

focussed on the stimulation of a neutralizing antibody response. Neutralizing antibodies 

are the simplest and most immediate of antiviral immune defense mechanisms that block 

the virus entry to the host cell. These antibodies block virus-host cell interaction either 

by binding to the virus and inhibiting the virus-receptor interaction or by binding to the 

virus and blocking the virus entry pathway to the host cell. 

Almost all the effective antiviral vaccines that are currently administered are based on 

one of two approaches. First, the live attenuated strategy takes the entire virus and 

weakens it so the immune system sees the immunization as a weak infection. This 

strategy was quite successful for vaccines against measles, mumps, polio and rubella. 

The second strategy is to use the whole killed approach, in which the genetic material is 

altered by chemicals, heat or irradiation. The whole killed method was successful in the 

vaccination against rabies and polio. Unfortunately, these two classical approaches have 

been ruled out for AIDS vaccine because of safety concerns. The attenuated vaccine 

strategy was not implemented because the integration of HIV genes into the hwnan 

genome could lead to cancer. The whole killed method was omitted because if some HIV 

viruses escape the treatment, the vaccine itself can cause AJDS. Due to these predictable 

problems, vaccine researchers have decided to use safer approaches for HIV vaccines. 

The most common method used in vaccine research is the use of recombinant HIV 

proteins as antigens to elicit an immune response that could neutralize the virus. 
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Figure I. Schematic of the Human Immunodeficiency Virus (HIV) 
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Cells infected by HIV 

Human Immunodeficiency Virus type 1 (HIV-I) infects a variety of cell lineages, such 

as hematopoietic cells, brain cells and skin cells. The major target for HIV infection is 

CD4+ helper T lymphocytes but other hematopoietic cells, particularly macrophages 

(Gartner, et al., 1986), monocytes, B lymphocytes, megaknryocytes, natural killer (NK) 

cells, eosinophils, thymic epithelial cells and dendric cells arc also susceptible to 

infection. CD4+ helper T lymphocytes arc the most visibly infected cell type since they 

replicate high levels of HIV viruses. Macrophages arc frequently found infected but due 

to the low level of viral infectivity these cells can be detected as uninfected. Infection of 

cells other than the hematopoietic cell population is controversial. Some researchers 

cannot detect the inf ectivity of HIV viruses to these cells. This question needs further 

confirmation (Davis, et al., 1991, Molina, ct al., 1990). 

Cellular receptors of HIV 

One of the major breakthroughs in HIV research, was the identification of the CD4 

molecule as the cellular receptor of the virus (Dalgleish, et al., 1984, Klatzmann, et al., 

l 984(a), Klatzmann, et al., l 984(b )). This explained the preferential growth of HIV in 

CD4+ cells and its affinity to the CD4 protein on the cell surface. Subsequent studies 

indicated that for virus binding, the VI region (variable region I) of the CD4 molecule 

interacts with the fourth conserved portion (near the C-terminal end) of the HIV envelope 

protein gp120 (Capon, and Ward, I 991). The other important regions of CD4 for the 

interaction are mainly the CDR2 domain (complementary determinate region 2) 

(McDougal, et al., 1986) and class 11 MHC binding sites (Moebius, et al., 1992). The 

CD4 receptor has important tasks other than gp120 binding. The conformational change 

due to the gpl20 binding (Manzoni and Mous, 1992) helps the virus entry by virus-cell 

fusion (Poulin, et al., 1991 ). CD4 of the uninfected lymphocytes could be selectively 

involved in cell-cell fusion (Juszc:zak, et al., 1991) by binding to the gp120 envelope 
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protein on the infected cell surface. Recent studies showed that elimination of regions 

of CD4 by mutations could reduce the viral infection and eliminate the possibility of the 

cell-cell fusion. These mutated sites therefore must be important in the cell-cell fusion 

process. Monoclonal antibodies have been isolated to block the cell-cell fusion but this 

does not inhibit the binding of HIV to CD4 and vice versa (Attanasio, et al., 1991, 

Celada, et al., 1990). Although these studies show that the regions associated with virus-

cell fusion and cell-cell fusion arc different, the exact area involved in cell-cell fusion 

needs to be characterized. 

Other human cells that lack the CD4 receptor arc also susceptible to HIV infection. In 

vivo, there are bowel epithelium cells, renal epithelium cells, brain astrocytes and 

oligodendrocytes, that are CD4- but could be infected with HIV. These show limited 

infection (fewer than 1 %) and substantial virus replication inside the cells after infection 

(Levy, et al., 1986). The receptor that binds gp 120 in these cells is unknown but is 

assumed to be related to galactosyl ceramide (Gal C) glycolipid due to the inhibition of 

virus entry by antibodies to this protein (Bhat, et al., 1991 ). 

The Fe receptor and the complement receptor on the cell surface have also been 

identified as cellular receptors that could facilitate viral infection of CD4- cells. One 

pathway that leads to these types of infections is assumed to be related to the binding of 

the Fe portion of the non-neutralizing antibodies to the Fe receptors after the 

antibody/gp120 complex is formed. The complement factors that are involved in these 

complexes could also bind to the cell surface complement receptors helping the infection 

(Baucke, and Spear, 1979). Although the mechanism of virus entry is unknown for these 

cells, it is assumed that these receptors bring the virus closer to the entry point. 
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HIV entry to host cells 

The binding of gp 120 to CD4 is knO\vn to initiate a series of events that allows the virus 

to infect the cells. Some reports have suggested that the interaction of CD4 with gp 120, 

uncovers a region of gp41 that could initiate the virus-cell fusion (Sattentau, and Moor, 

1991 ). Research based on sCD4 (soluble CD4) molecule, which is produced by 

recombinant techniques, suggested that the binding of the gp120 to CD4 shed the gp120 

from the virus allowing the gp41 to fuse with the cell (Berger, et al., 1991 ). Although in 

vitro studies provided the clues to the shedding phenomenon, the virus entry in vivo or 

the syncytia formation does not correlate with these findings (Berger, et al., 1992, 

Clapham, et al., 1991) and requires further investigation. The virus entry may be 

triggered by cell membrane protease cleavage of the V3 region of gp120 protein. The 

target site of these proteases resembles the sequence for trypsin inhibitors and HIV- I 

gp 120 has an affinity for TL2-trypsin-like protease (Kido, et al., 1991 ). It has been 

proposed that these enzymes cleave the gp 120 in the V3 region after CD4 attachment 

to gp 120, to facilitate a conformational change in the envelope allowing the gp41 to fuse 

\\ith the cell membrane (Sattentau, and Moore, 1991). However, the CD4+ cells that are 

resistant to certain HIV strains might lack the necessary cellular proteolytic enzyme(s) 

required for the particular V3 region when it is exposed. The proteolytic digestion theory 

gains support from the studies that displayed the ability to digest gp 120 using proteases 

(Clements, et al., 1991) and the cleavage of the gp 120 after its attachment to CD4 

molecule (Moore, et al., 1992, Werner, et al., 1990). The monoclonal antibodies that 

bind to the V3 region of gp 120 to block the cleavage demonstrate that the attachment of 

the glycoprotein to CD4 induces a conformational change that exposes the V3 region. 

The virus entry to the host cell is a pH independent phenomenon (McClure, et. al., 1988). 

This supports the hypothesis that the virus must enter by fusing directly with the plasma 

membrane, leading to infection in some cells (Goto, et al., 1988). The role of CD4 

interaction with gp120 is not only important in the fusion of the virus but also in the 



virus entry to the cell. It has been suggested that the conformational changes in gp 120 

allow the cytoplasmic gp41 region to penetrate the cytoplasm of the cell by letting the 

nucleocapsid of the virus enter the cell (Gabuzda, et al., 1992). 

Recent studies with mutated V3 and V 4 regions of the CD4 protein displayed delayed 

types of virus entry to the cells (Poulin, et al., 1991 ). These mutants demonstrated that 

CD4 is important not only to virus binding and entry, but also for the penetration of 

virion from the cell surface into the cytoplasm of the cell. 

Neutralizing antibodies 

A successful vaccine should induce both humoral immunity and cell mediated immunity 

against the virus even years after the immunization. A vaccine against the HIV virus 

should clearly block either the virus-cell fusion pathway or the pathway of gp 120 binding 

to CD4 receptor, to have an effective immunity against the virus. The ability to isolate 

neutralizing antibodies to HIV from seropositive individuals show the humoral immunity 

against the virus can be achieved. Most of the neutralizing antibodies isolated showed 

affinity to gp 120 glycoprotein and blocked the virus entry to cells. Hence the interest in 

producing a vaccine for HIV, has been mainly focused on induction of a neutralizing 

immune response to gp120 to block the infection through this pathway. There have been 

virus neutralizations using the sera inoculated with purified native gp 120 (Robey, et al., 

1986), recombinant gp 120 protein expressed in mammalian Chinese hamster ovary cells 

(Lask.-y, et al., 1986), recombinant gp 160 expressed using baculovirus vectors insect cells 

(Rusche, et al., 1987), and gp 120 expressed using vaccinia virus vectors (Earl, et al., 

1989). The ability of the deglycosylated fragments of HIV envelope to elicit neutralizing 

antibodies (Putney, et al., 1986) indicated that the neutralizing epitope is not affected by 

the glycosylation. Most of the neutralizing antibodies of seropositive individuals or 

antibodies induced by the gp120 protein showed high binding to the hypervariable region 
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3 (V3:aa 308-331:Principal neutralizing domain (PND)) of the gp120 protein (Rusche, 

et al., 1988, Putney, et al., 1986). 

A large number of subunit vaccine studies for HIV is based on the synthetic peptides 

derived from principal neutralization domains (PND) (aa:307-321, V3 loop of gp 120) or 

its fragments as immunogens (Rusche, et al., 1988, Modrow, et al., 1987, Javnherian, 

et al., 1989, Thomas, et al., 1988). Polyclonal and monoclonal antibodies were generated 

by immunizing the V3 loop or its fragments conjugated to a carrier molecule. These 

antibodies could neutralize the HIV virus and prevent syncytia formation (cell-cell 

fusion). Most of these antibodies could neutralize only the isolate used to design the 

synthetic peptide (Javaherian et al., 1989, Laman et al., 1992, Keller et al., 1993). Some 

polyclonal and monoclonal antibodies generated by the conjugated fragments of V3 

loops neutralized a group of HIV isolates that had common PND's (Laman et al., 1992, 

White-Scharf, et al., 1993, Haynes, et al., 1993). 

Both polyclonal sera (Sarin, et al., 1986) and monoclonal antibodies (Papsidero, et al., 

1989) have been developed for HIV gag gene products (p 17). Although some of these 

antibodies elicit neutralizing activity, the mechanism of neutralization is unknown. The 

epitopes of these antibodies were not found on the surface of the virion or infected cells. 

This suggests that the mechanism of neutralization is related to early infection events or 

late events in the virus life cycle, such as protein processing, assembly or budding. 

Other neutralizing epitopes on the gpl20 protein have been reported. These epitopes are 

on conserved domains of the protein. Although synthetic peptides resembling these 

regions (aa 152-176, and 248-269) induce neutralizing antibodies to divergent strains 

of lllV, seroposith·e individuals do not produce antibodies to these regions (Vahlne, et 

al., 1991). The carboxyl end of the gpl20 (aa 503-532) and a segment of the 
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transmembrane protein (gp41-aa 735-752) induces neutralizing antibodies (Chanh, et al., 

1986) that neutralize different strains of HIV. 

Vaccine induced neutralization of HIV could be achieved through the blockage of gp120 

binding to the cell surface receptor CD4. The binding site on gp 120 to CD4 receptor, has 

been identified as a peptide with amino acids between 420-463 (Asjo, et al., 1986) and 

the sequence is highly conserved. HIV infected humans have antibodies that arc able to 

block the interaction of gp120 and the CD4 receptor (Back, et al., 1990, Kang, et al., 

1991). Synthetic peptides of the CD4 binding domain of the gpl20 have been inoculated 

in rabbits and mice to produce polyclonal and monoclonal antibodies, respectively. 

Mouse monoclonal antibodies directed against aa: 423-437 have recently been shown to 

be group specific in a syncytia forming assay and in an infectivity assay (Sun, et al., 

1989). The binding site of gp120 to the CD4 molecule has been characterized as a 

complex discontinuous binding site that uses only a limited number of amino acids from 

the C4 region. This was confirmed by a competitive assay using a monoclonal antibody 

that showed broad neutralization with a soluble CD4 molecule and a human monoclonal 

antibody that recognized a continuous epitope in the C4 region (Ho, et al., 199 l) of 

gp 120. The advantages of these peptides as vaccines are overcast by the hazards 

associated with them when used. In particular, the antibodies that bind the gpl20/CD4 

binding site resemble the structure of the CD4 molecule. These antibodies could 

themselves elicit an antibody response (ldiotype antibodies) which recognizes the 

structural characteristics of the gpl20-CD4 binding site. These antibodies could then 

bind to the CD4 receptor and destroy the cells carrying the CD4 receptors that are an 

integral part of the human immune system. 

Generation of an idiotype vaccine to block the gp 120 interaction with CD4 has also been 

studied. To de\·elop an idiotype vaccine candidate, researchers have used two methods. 
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In the first method, an antibody which is specific to gpl20/CD4 binding site has been 

used to generate an idiotype antibody. These antibodies will have an affinity to CD4 and 

will interact with the binding domain. These antibodies will be used as a vaccine to 

produce anti-idiotype antibodies in humans. These antibodies will bind to gp 120 at the 

CD4 binding region and inhibit the binding of HIV viruses to CD4 receptors. In the 

second method, anti CD4 antibodies have been used as the vaccine candidate. These anti 

CD4 antibodies will generate an idiotype antibody response that will bind to gpl20 upon 

infection to block the complexation of gp120 and CD4. Although the theoretical 

pathways have been described, the vaccine trials with primates have not generated a high 

level of gp 120 idiotype antibodies (Attanasio, and Kennedy, 1990). 

Although a large number of avenues have been studied to generate an effective vaccine, 

the most popular vaccine candidates have been the gp 120 to produce anti-gp 120 

antibodies that block the virus entry pathway. This method also poses major problems. 

TI1e main problem with these vaccines is the generation of a CTL (Cytotoxic T 

Lymphocytes) response. Six homosexual males who exhibited cell mediated immunity 

to HIV \\ithout antibodies to the virus and without the virus particles in their blood, have 

shown decreases in the cell-mediated immunity with the appearance of antibodies and 

virus particles in their blood (Clerici, et al., 1992). These studies have shown that the 

CTL response is also a requirement for the HIV vaccine. The second disadvantage of 

these gp 120 vaccines is the neutralization of groups of HIV strains or a single strain that 

was immunized. To be accepted as a vaccine these preparations should neutralize most 

of the HIV strains isolated. The third disadvantage of these gp120 vaccines is the ability 

to produce antibodies that enhance the infectivity through complement and Fe-mediated 

response. Such antibodies have been observed in gp4 l(aa:579-613 and 644-663, 

Robinson, et al., 1991) and in gp 120 polyclonal sera (Jiang, et al., 1992). 
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Although twelve years have passed since the discovery of HIV virus, there appears to be 

little hope of producing a vaccine before the end of this century. The understanding of 

the virus entry pathway to CD4- cells, CTL activation and understanding of regions that 

are conserved will bring new ideas for vaccine production. 
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Introduction 

Human Immunodeficiency Virus (HIV) is the etiological agent of the Human 

Immunodeficiency Syndrome (AIDS) (Barre-Sinouss, et al., 1983, Wong-Staal, and 

Gallo, 1985). Since its identification, the spread of this disease has become a world wide 

epidemic, without an effective vaccine or drug to control the spread of this virus. 

Production of an effective vaccine against this virus is a major area of interest due to the 

experience with viruses that were effectively controlled or eradicated by vaccinations. 

Most of the vaccine developments for HIV arc based around the envelope glycoprotcin 

(gp 120), which is immunogenic in seropositive individuals. In vitro experiments have 

shO\m that, serum samples from infected humans contain neutralizing antibodies against 

this protein (Ho, et al., 1987, Matthews, et al., 1986). Neutralizing antibodies have also 

been isolated from animals inoculated with purified gp 120 from infected cells, 

recombinant gp 120 or deglycosylated gp 120 protein (Robey, et al., 1986, Lasky, et al., 

1986, Putney, et al., 1986). Most of the neutralizing antibodies recognized the variable 

region three (V3) loop of gp 120. This is formed by a disulfide bond between two 

cysteines at the end of the amino acid (aa) sequence 304-337 (Rusche, et al., 1988, 

Putney, et al., 1986). The principal neutralizing domain (PND) of HIV was identified as 

a 24 amino acid fragment (aa: 307-332) of the V3 loop (Rusche, et al., 1988). Most of 

the polyclonal and monoclonal antibodies derived by inoculating gp 120 showed strain 

specific neutralization. 

Synthetic peptides derived from the PND has been a major area of interest among 

researchers who study peptide vaccines against HIV. Neutralizing polyclonal and 

monoclonal antibodies have been generated by immunizing fragments of the PND 

(Palker, et al., 1988, Durda, et al., 1990, Laman, et al., 1992). Although most of these 

antibodies show strain specific neutralization (Laman, et al., 1992, Durda, et al., 1990 
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Palker, et al., 1988), some show group specific neutralization (Laman, el al., 1992, 

White-Scharf, et al., 1993, Fantini, et al., 1993). The strain specific neutralization by 

these antibodies arc associated with the high residue variations on the PND of different 

isolates. Group specific neutralizing antibodies share a common conserved epitope on 

the PND of different strains (Fantini, et al., 1993, White-Scharf, et al., 1993). This 

region is considered to be at the tip of the V3 loop containing the GPGR motif. The 

neutralizing antibody response for this region is thought to be of low titer, short lived and 

type specific, if these were generated using synthetic peptides. To increase the titers of 

these antibodies researchers have used multi-branched peptide-based immunogens. In 

these studies multiple antigen peptide system (MAP) has been used to form multi 

branched polymers of PND fragments. These antigens induced long term high titer 

neutralizing antibodies (Fantini, et al., 1993, Wang, et al., l 991 ). To overcome the 

hypervariability of the PND, a peptide mixture from different HIV isolates was used as 

the immunogen. Resulting antibodies neutralized all the strains contained in these 

peptide mixtures (Neurath, and Strick, 1990, Neurath, et al., 1991 ). Optimal peptide 

mixtures to induce broadly neutralizing antibodies to HIV have also been predicted using 

a neural network ( Holly, et al., 1991 ). 

The disease progression in AIDS patients and vaccine induced immunity in experimental 

animals are assumed to be directly correlated to the PND specific antibody titers 

(Berman, et al., 1990, Devash, et al., 1990). This hypothesis gained support from the 

observation that the virus transmitted from HIV positive mothers to their children during 

the pregnancy lacked high affinity maternal antibodies to the V3 region (Devash, et al., 

1990). To obtain high titer neutralizing antibodies, the PND coupled to T and B cell 

epitopes of the envelope gp 120 was used as the immunogen (Hart, et al., 1990, Palker, 

et al., 1989). An important factor in the development of vaccines against a virus is the 

ability to generate both humeral (antibody dependent) and cellular immune response. The 
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cellular immune response is achieved by generating a virus specific CDS+ cytotoxic T 

lymphocyte response. Cellular immune response against the HIV has been established 

by using a 15 amino acid peptide fragment from the PND that contained the amino acid 

sequence at the tip of the V3 loop, GPGR (aa:315-329, Sastry, et al., 1992). 

The property associated with the immunogenicity of a synthetic peptide is presumed to 

be the presence of a pref erred conformation that determines binding to the receptors on 

B lymphocytes (Lerner, 1984, Dyson, et al., 1988). The structural characteristics of the 

principal neutralizing domain in solution have been studied by one and two dimensional 

NMR (Nuclear Magnetic Resonance) spectroscopy. Three peptides of 12, 24 and 40 

residues in length (the 40 amino acid peptide consisted of the whole V3 loop including 

the disulfide bond) were characterized. These studies showed that the V3 loop and the 

24 amino acid residue peptide contained a significant population of conformations 

containing a P-turn in the conserved sequence GPGR. However, the 12 amino acid 

residue peptide did not show the P-tum in this region (Chandrasekhar, et al., 1991 ). 

1l1ese observations were further confirmed by solution phase characterization of a hybrid 

synthetic peptide that contained both epitopes from T helper lymphocytes and the PND 

( de Lorimier, et al., 1994). The crystal structure of the complex between a 24 amino acid 

peptide from the PND and a Fab fragment of a broadly neutralizing antibody confirmed 

a type II P-tum in the GPGR sequence (Ghiara, et al., 1994). 

There is a large body of literature regarding the induction of a neutralizing antibody 

response that could neutralize a broad spectrum of HIV strains by PND derived synthetic 

peptides. These studies were not successful due to the high sequence variations in the 

PND of the HIV virus strains. In this study, the ability to produce a broadly neutralizing 

antibody response was studied using the conserved region GPGR of the PND. Two 

peptides were designed (GPGR and GPGRGPG) and the secondary structural 
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characteristics were studied using one and t,vo dimensional NMR. Antibodies generated 

in rabbits using these synthetic peptide immunogens were characterized for the binding 

to the PND peptides spanning about 92% of the published strains of HIV-I. These 

antibodies were also characterized for binding to the recombinant gp 120 protein. 
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Experimental 

Materials 

l11e peptides GPGRGPG and GPGR named KLEI and KLE2, respectively were custom 

synthesized by Coast Scientific Products, La Jolla, CA. These peptides were purified by 

HPLC and purity was >95% by HPLC analysis. Purified Protein Derivative (PPD) used 

as the carrier molecule was kindly donated by Lederle Laboratories, Pearl River, NY. 

Bacillus Calmette-Guerin (BCG) for sensitization of rabbits was obtained from RIBI 

lmmunochem Research Inc. (Hamilton, MT). Complete and Incomplete Freund's 

Adjuvants were purchased from Gibco Laboratories (Grand Island, NY). DEAE-

Sephaccl resin for anion exchange was from Phamacia LKB (Piscataway, NY). Water 

soluble 1-ethyl-3-(3-Dimethylaminopropyl) carbodiimide (EDAC), Sulfo-N-Hydroxy 

succinimide (Sulfo-NHS) and Reactigel®-6X for affinity support were purchased from 

Pierce (Rockford, IL). Glutaraldehyde was purchased from Aldrich (Milwaukee, WI). 

Bovine Serum Albumin (BSA) for conjugation of peptides and Tween 20 for blocking 

solution were obtained from Sigma (St. Louis, MO). The substrate solution for 

Horseradish Peroxidase (HRP), Tetrarnethyl benzidine (TMB) was from Kirkegaard and 

Perry Inc. (Gaithersburg, MD). Goat anti Rabbit-HRP (Gt x Rb-HRP) was purchased 

from Organon Teknika-Cappel Corp. (Durham, NC). The following reagents were 

obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, 

NIAID, NIH: gpI20 from HIV-I SF2 from Dr. N. Haigwood of Chiron Corp., Non-

glycosylated HIV-I SF2 gp120(Env 2-3) from Dr. K. Steimer of Chiron Corp., 

Hybridoma 902 (anti-gp120) from Dr. B. Chesebro, A3.01 cell Line from Dr. T Folks, 

HIV-I V3 peptides were from NIAID. The 8E5 HIV infected cell line was donated by 

Dr. C. Wood, University of Kansas. HIV-I 111B gpl20 protein was purchased from 

American Bio-Technologies Inc., Cambridge, MA. All other reagents used were of 

anal)tical grade. The Nanopure system was from Barnstead Nanopure II (Boston, MA). 
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Apparatus 

All the NMR spectra were measured with a Bruker 500 AM spectrometer using a 5 mm 

proton optimized probe. Anion exchange chromatography and affinity chromatography 

were carried out with homemade columns using a Rainin Rabbit II peristaltic pump 

(Rainin Instruments, Woburn, MA). The absorbance was monitored at 280 nm with an 

ISCO flow path monitor (ISCO instruments, Lincoln, NE). Sterile high binding and low 

binding ELISA plates were from Coming (Coming, NY). A V max micro plate reader 

(Molecular Devices, Menlo park, CA) was used to read absorbance at dual wavelengths 

450-650 nm for ELISAs. HIV infected cell lines which arc inactive in reverse 

transcriptase activity and the A3.01 cell line were cultured and the experiments were 

carried out in the Level three Bio-Safety Laboratory, managed by the Dept. of 

Microbiology, University of Kansas. 

Characterization of peptides by Mass spectroscopy 

The KLEI and KLE2 peptides were subjected to FAB· mass spectrometry to confirm the 

purity, mass and the sequence. Mass and the sequence for each peptide was confirmed 

by the peptide sequence ion calculator output provided by the Mass Spectrometry 

Laboratory, University of Kansas .. 

Characterization of peptides by NMR 

Peptide samples for NMR spectroscopy were prepared according to the solubility of 

these samples. KLEI sample for NMR analysis was prepared in 90% H20 and I 0% 

2H20. KLE2 peptide sample was not completely soluble ii! H 0. This sample was 

prepared for NMR analysis in 91.5% H20 and 8.5% deuterated DMSO (dimethyl 

sulfoxide). The pH of both samples were adjusted to a value between 4 and 4.5 by using 

small aliquots of Na OH and HCI solutions. 
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NMR experiments were performed on a Bruker 500 NMR spectrometer equipped with 

digital phase shifting hardware. Both pH and temperature were chosen to reduce amide 

exchange (\VUthrich, 1986) and all the experiments were carried out at 10°C. The 

chemical shift references were obtained by 21-120 and deuterated DMSO for peptides 

KLEI and KLE2, respectively. 

One dimensional experiments were recorded using a spectral width of 6024 Hz and 32 

K of data points. A total of 64 FID's were coaddcd for each spectrum. The spectra were 

processed using Felix 2.30 (Biosym). The individual FID's were apodized by 

multiplication with matched exponential decay corresponding to 0.1 Hz line-broadening 

in the transformed spectrum. Amide temperature coefficients were calculated as the 

gradient of the linear plot of chemical shifts against temperature for each of the amide 

protons in both peptides. These chemical shifts were obtained from one dimensional 

spectra acquired at five temperatures (283, 288, 293, 298 and 303 °K). 

ROESY and HOHAHA spectra 

Typically, 2D spectra were acquired by recording 256 and 300 f.i.d. of 2048 points of 

KLEI and KLE2 peptides, respectively. The relaxation decay was set for 3.5 s. The 

spectral width were set for 5000 and 5494.5 Hz for KLEI and KLE2 peptides, 

respectively. All 2D spectra were acquired in the phase sensitive mode with time-

proportional phase incrementation (TPPI) of the initial pulse. The water signal was 

suppressed by continuous selective irradiation during the relaxation period. The 

irradiation time was selected to be as low as possible to avoid spill-over on the a-proton 

resonance. 

The ROESY spectra were recorded with mixing times of 300 ms. Mixing was achieved 

by a continuous radio frequency pulse, with a field strength of 2500 Hz. 64 scans were 
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acquired for each point in the f1 dimension. 

Preparation of peptide-protein carrier conjugates 

Peptides were coupled through the carboxyl end of peptides by activating them with 

water soluble 1-ethyl-3-(3-Dimethylarninopropyl) carbodiimide (EDAC) according to 

the enhanced carbodiimide coupling method of Staros et al., (1986), using Sulfo-N-

Hydroxysuccinimide (Sulfo-NHS) as the enhancer. Dissolved 2.38 mg of KLE 1 and 

1.54 mg of KLE2 in 2 mL of 0.01 M phosphate buffer (PB), pH 7.4, before adding 

EDAC to a final concentration of 0. I M. After stirring for a few minutes Sulfa-NHS was 

added dropwise until the Sulfa-NHS concentration was 1.25 times the peptide 

concentration. Finally, 4 mg of the carrier protein, PPD (Purified Protein Derivative), 

was added in 2 mL of PB to yield a final volume of 5 mL. The final peptide: PPD ratio 

was 10: 1. The reactions were allowed to proceed for 24 hr at room temperature. 

Reaction mixtures were dialyzed against 0.01 M PB (pH 7.4) overnight to remove the 

excess EDAC, Sulfa-NHS and peptides. These conjugates were named as PCKLEl and 

PCKLE2. 

Generation of polyclonal antibodies 

Polyclonal antibodies were generated in rabbits according to a standard protocol 

(Ausubel, et al., 1990). Four female New Zealand white rabbits were presensitized with 

BCG (intra muscular (i.m.), SOOµg each). A week after presensitization, two rabbits were 

immunized with PCKLEI and the other two were immunized with PCKLE2 in Freunds 

Complete Adjuvant (intradermal, 1: 1 ratio, 500µg each). After a two weeks interval these 

rabbits were boosted with the corresponding conjugates in Incomplete Freunds Adjuvant 

(i.m., 1: 1 ratio, SOOµg each). The titers were calculated one week after the third boost by 

collecting blood from their ear artery. The rabbits were boosted every two weeks until 

sufficient antiserum was collected, which was stored at -40°C. 
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Preparation of BSA-peptide conjugates 

Two different chemistries were used to couple the peptides, KLEI and KLE2 with BSA. 

These conjugates were prepared for screening anti-peptide antibodies. In these 

conjugations the peptide: BSA ratio was kept at 10: 1. The first .method utilized the 

carboxyl terminal of the peptides, to couple by the enhanced carbodiimide reaction 

(Staros, el al., 1986). This reaction was carried out according to the reaction procedure 

described in the section of preparation of peptide-protein carrier conjugates. These two 

conjugates were designated as BCKLE 1 and BCKLE2. 

The second method used for conjugation was the glutaraldchyde method. In this method, 

the NH2 groups in both BSA and peptide were conjugated through glutaraldehyde using 

a modified version of the method described by Childers, cl al., ( I 977). 0.361 mg of 

KLEI peptide and 0.233 mg ofKLE2 peptide were dissolved in 2 mL of0.01 M PB (pH 

7.0) and each sample was mixed with 2 mL of 2 mg/mL solution of BSA in the same 

buffer. Forty microliters of25% glutaraldehyde was added dropwise and the mixture was 

stirred at room temperature for 3 hr. Both reaction mixtures were extensively dialyzed 

in 0.01 M PB (pH 7.4) at 4°C with two buffer changes. These two conjugates were 

named as BGKLEI and BGKLE2. 

Screening for antibodies 

The antibodies elicited against the peptides were screened by an ELISA (Enzyme Linked 

Immuno Sorbent Assay). Four micro titer plates were coated with 100 µL of0.5µg/mL 

BCKLEI, BCKLE2, BGKLEI and BGKLE2 conjugates in 0.1 M CO3•2 buffer 

(Carbonate buffer, pH 9.35) for 2 hr at 37°C. Then the plates were washed four times 

with wash buffer (0.01 M PB (pH 7.4) + 0.15 M NaCl+ 0.05% Tween 20) and added 

I 00 µL of blocking buffer (wash buffer+0.2% BSA) to the wells. The plates were 

incubated for 1 hr at 37°C and washed the plates four times with wash buffer. Serum 
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was diluted fifty times with blocking buffer and 100 µL of serum was added to the first 

four wells of the plate. These samples were serially diluted in blocking buffer to study 

the titers of these antisera against the conjugates. The plates were incubated for I hr nt 

37°C. 100 µL of the reporter antibody, Gt x Rb-HRP (I :20,000 dilution), was added to 

each well after washing the plates with wash buffer. These plates were incubated for I 

hr at 37°C and washed four times with Nanopure water. TMB substrate solution (100 µL 

per well) was added to obtain the colorimetric end point. After 20 min the reaction was 

stopped by adding 50 µL of l M. HCl solution and the plates were rend at 450 and 

650nm. 

Preparation of affinity support 

PPD was coupled to Reactigel®-6X to form an immunosorbent column to remove the 

antibodies that bind the carrier molecule. The coupling procedure was a modification of 

the procedure described by Gunaratna and Wilson, (1993). A 5 mL solution of PPD 

(5mg/mL) was dialyzed overnight in 0.1 M CO3•2 buffer pH 8.5. The PPD solution was 

mixed with 5mL of prewashed gel for 30 hr at 4 °C by mechanical inversion. The coupled 

gel was first washed with pH 8, 1 M Tris-HCl buffer to deactivate the active groups and 

then washed \\ith a pH 2.2, 0.1 M phosphate buffer (PB) to elute the protein molecules 

that were n0nspecifically attached. Finally the coupled gel was washed with pH 7.4, 0.1 

M PB and stored in the same buffer at 4 °C. 

Purification of Antibodies 

Rabbits were bled from their ear artery when the antibody titers were higher than 27 for 

the BGKLEI and BGKLE2. The immunoglobulin fractions of the antisera were isolated 

by ammonium sulfate precipitation and the lgG fraction was separated by anion 

exchange chromatography using a homemade column (1 x 25 cm) of DEAE-Sephacel 

with a 0-300 mM NaCl linear gradient in pH 8, 10 mM Tris buffer. The fractions 
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collected were dialyzed, concentrated and redialyzed in pH 7.4 PBS buffer containing 

0.05% azide. 

Affinity purification of antibodies 

The IgG fraction of the anti-peptide antibodies was passed through a homemade PPD 

affinity column which was equilibrated with pH 7.4, PBS buffer containing 0.05% azide. 

One milliliter of BSA solution at a concentration of 5 mg/mL was passed through the 

column immediately after the column was packed. The unbound fraction of the BSA was 

eluted using 0.1 M PB (pH 2.2) and the column equilibrated with pH 7.4 PBS containing 

0.05% azide. The flow rate throughout the entire experiment was kept constant at 0.2 

mL/min. The antibody solution was recirculated through the column for 30 min before 

collecting the unbound fraction. The bound fraction was eluted with pH 2.2, PB 

containing 0.05% azide after washing the column with 0.1 M PBS (pH 7.4). The pH of 

the eluted fraction was kept at pH 7 to 7.5 by adding 0.1 M NaOH dropwise. These 

fractions collected were concentrated and dialyzed in 0.01 M PBS (pH 7.4) containing 

0.05% azide. Concentrated unbound fractions were reapplied to the column, and the 

procedure described above was followed to eliminate the antibodies that bound PPD but 

eluded the previous affinity purification step. The affinity purified antibodies from the 

four rabbits were labeled as D30, D31, D32 and D33. 

Characterization of Antibodies 

Affinity purified antibodies were characterized against the BCKLEI, BCKLE2, 

BOK.LEI, BGKLE2 conjugates and BSA. The ELISA method was similar to the 

procedure described in the section of screening for antibodies with some exceptions. The 

control wells (study of non-specific response) were prepared by adding 100 µL blocking 

buff er to the wells in the antibody addition step. The non-specific response was 

subtracted when calculating the binding constants. The antibody concentrations used for 
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BCKLE 1, BCKLE2 and BSA plates were 10 µg/mL. The antibody concentrations used 

for the glutaraldehyde conjugate adsorbed plates were 50 µg/mL. 

The binding characteristics of these antibodies to the peptides that were dry coated on the 

microtiter plates were studied. This procedure was a modification of Jitsuknwa, ct al., 

(1989). KLEI and KLE2 peptides were dry coated on the plates using a solution of 33.3 

µg of peptide and 16.7 µg of BSA in 5 mL of0.l M CO3•2 buffer, pH 9.35. Fifty micro 

liters of this solution was added to the microtiter plates and kept uncovered, overnight 

or longer at 37° C until all of the liquid had evaporated. The plates were washed four 

times with wash buffer and 200 µL of blocking buffer containing 1 % gelatin was added. 

Plates were incubated at 3 7 °C for 1.5 hr and washed four times with wash buff er. Then, 

I 00 µL of 1.56 x 10-6 M antibody solutions were added and serially diluted with ELISA 

diluent buffer. Gt x Rb-HRP conjugate (1 :20,000 dilution, 100 µL) was added after 1 hr 

of incubation at 37°C. The plates were washed with Nanopure water before adding 100 

µL of TMB substrate solution. The colorimetric reaction was stopped after 20 min by 

adding 50 µL of I M HCl solution and the plates were read at 450 and 650 nm. Control 

wells were studied in a manner similar to the procedure described in apparent binding 

constants for conjugates. 

Preparation of BSA-V3 peptide conjugates 

V3 peptides were coupled to BSA by using the enhanced carbodiimide reaction. The 

peptide: BSA ratio was kept constant at I 0: 1 in these conjugations. Appropriate amounts 

of these peptides (Table 1) were obtained from a solution of 1 mg/mL in Nanopure water 

and mixed \\ith 0.01 M PB (pH 7.0) to obtain a 500 µL solution. 100 µL of 1 M EDAC 

solution was added to each solution containing peptides and they were mixed for few 

minutes before adding 41.3 µL of 1 mg/mL Sulfo-NHS solution. Then 200 µL of mg/mL 

solution of BSA in 0.01 M PB (pH 7.0) was added to each solution and the reaction 
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Table I 

Quantity ofV3 peptides mixed for conjugation of peptides to BSA through 

carbodiimide reaction 

Peptide Molecular weight Amount mixed (µg) 

KSIHIGPGRAFYTTG 1603.9 244 

KSIPMGPGKAFFY A TG 1524.7 232 

KRIHIGPGRAFYTTK 1744 265 

KSITKGPGRVIYATG 1546.9 235 

KSIYIGPGRAFHTTG 1603.9 244 

TSITIGPGQVFYRTG 1595.8 243 

KGIGIGPGRA VY AAE 1556.9 237 
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mixtures were adjusted to 1 mL by adding 0.01 M PB (pH 7.0). Reactions were allowed 

to proceed for 24 hr at room temperature. These conjugates were dialyzed in 0.01 M PB 

(pH 7.4) at 4 °C for a day with two buffer exchanges. 

Antibody binding studies to V3 peptides coated on the plate 

Binding characteristics of the antibodies to V3 peptides dry coated on the plates were 

studied. These studies were done according to the dry coating procedure described in the 

antibody characterization section. 

Antibody binding studies to V3 peptide conjugates 

V3-BSA conjugates were coated on the ELISA plates using 100 µL/wetl of 5 µg/mL 

conjugate solutions in 0.1 M CO3•2 buffer, pH 9.35 at 37°C for 2 hr. The ELISA 

procedure was similar to the procedure described in the screening for antibodies section 

except that the affinity purified antibodies were serially diluted from a 10 µg/mL 

solution. 

Antibody binding studies to HIV-1 gpl20-SF2 

Antibody binding to gp 120 was characterized using an ELISA in which the gp 120 was 

coated on the plate. The glycoprotein was coated on the plate using I 00 µL/well from a 

5 µg/mL solution of gpl20 in 0.1 M CO/ buffer, pH 9.35 and incubated at 37°C for 2 

hr. The binding studies were carried out according to the procedure described in antibody 

characterization section. Antibodies were serially diluted from a 50 µg/mL solution for 

preliminary studies and a 250 µg/mL D32 antibody solution was used in further 

characterization of this antibody. 

Inhibition of D32 antibody binding to gpl20-SF2 by KLEI and KLE2 peptides 

Inhibition of antibody binding was studied to understand whether these two peptides in 
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solution have higher or lower binding to antibodies against gp 120 coated on the plate. 

The gpl20-SF2 was coated on the plate with a solution of 5 µg/mL (100 µL/well) in 0.1 

M CO/ buffer (pH 9.35) incubated at 37°C for 2 hr. This plate was washed four times 

with wash buffer and 200 µL of ELISA diluent buffer was added. The plate was 

incubated for l hr at 37°C and 100 µL of antibody-peptide mixture was added before 

incubating the plate at 37°C for l hr. The antibody-peptide mixture was prepared in a 

non sterile low binding ELISA plate in which the peptides were serially diluted from 

l.6x1Q·5 to 6.lxl0·8 Mand mixed with 125 µL of 3.lxl0·7 M D32 antibody solution to 

yield a total of250 µL/well. TI1e plate was washed with washing buffer and 100 µL of 

GtxRb-HRP (l :20,000 dilution) solution was added. After I hr incubation at 37°C the 

plate was washed with Nanopure water and l 00 µL of TMB solution was added. The 

plate was read at two wavelengths (450 and 650) after stopping the reaction with l M 

HCI (50 µL/well). 

Inhibition of D32 antibody binding to adsorbed gpl20-SF2 by gp120-SF2 and V3 

cyclic peptide in solution 

These inhibition studies were also carried out according to the procedure described 

above. The soluble gpl20-SF2 concentration range used was from 6.7xl0-6 to 2.6xl0·8 

M and the cyclic V3 peptide concentration range was l .6x l o-s M to 6.2x l o-s M. In both 

experiments the antibody concentration was kept constant at 3.1 x l 0·7 M. 

Antibody binding studies to gp120-111B 

Binding studies to gpl20-l 11B were carried out according to the procedure described 

under binding studies to gp120-SF2. The antibodies were serially diluted from 100 

µg/mL. 
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Antibody binding studies to gp120-SF2(en\'2-3) 

Binding studies to gpl20-SF2(env2-3), which is a non glycosylated gpl20-SF2, was 

carried out according to the procedure described in binding studies to gp120-SF2 section 

except that the antibodies were serially diluted from 10 µg/mL solution. 

Antibody binding studies to HIV infected cell line (SES) and T cell line (A3.01) 

The 8E5 and A3.0l cell lines were maintained in complete medium which contained 

RPMI supplemented with 10% fetal bovine scrum and 10 mM HEPES (Hildreth, and 

Orentas, 1989). This ELISA is a modification of the method described by Arunachalam, 

et al., ( 1990). The cells were counted on an inverted microscope and transferred ( 12.5 

x 106 cells) to a centrifuge tube. The cells were centrifuged at a speed of 1000 rpm and 

the supematants were discarded into a 10% bleach solution. The cells were resuspended 

in 20 mL of 0.01 M PBS (pH 7.4) and centrifuged for 10 minutes at 1000 rpm. These 

cells were resuspended in 5 mL of 0.01 M PBS (pH 7.4) and coated on a plate (50 

µL/well). The plates were kept uncovered at 37°C until all the liquid had evaporated. 

After the plates were dry, 50 µL ofNanopure water was added to the wells to rehydrate 

the cells at room temperature for 15 minutes. These plates were washed four times with 

washing buffer and incubated for 1hr at 37°C with 200 µL of blocking buffer which 

contained 0.5% normal goat serum and 0.2% gelatin. The normal ELISA procedure for 

binding constant study was used after the blocking step except that the ELISA blocking 

buffer for all the steps in this cell ELISA contained goat serum and gelatin. The positive 

control for this study was a monoclonal antibody (902) which neutralized the strains 

HIV-I LAV and HIV-I 1 llB (Chesebro and Wehrly, 1988). 
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Results and Discussion 

Synthetic peptide selection 

A large nwnber of studies have indicated that the central portion of the PND domain is 

highly immunogenic and binds to antibodies that neutralize the HIV virus. Polyclonal 

antibodies generated in rabbits and rhesus monkeys by immunizing peptides from I-IIV-1 

111 B (aa:303-321, CTRPNNNTRKSIRIQRGPG(Y)), HIV-I RF (aa:310-322, (C)RKSI 

TKGPGRVIY) and HIV-I MN (aa:303-321, CTRPNYNKRKRIHIGPGRA) strains 

coupled to T cell epitope neutralized only the isolate that was used as the antigen (Palker, 

et al., 1989, Hart, et al., 1990). A peptide from HIV-I MN strain (na:310-324, 

KRIHIGPGRAFYITK) generated neutralizing polyclonal antibodies that neutralized 

different strains of HIV-I. The strains that were neutralized contained an analogous 

sequence at the tip of the PND (Laman, et al., 1992). Peptide NCTRPNNNTRKRIR 

IGPGRAFVTIGKIGNIRQAHCN, which was created by including the V3 regions of 

different isolates have shom1 to elicit neutralizing antibodies which cross react with 

diverse strains of HIV-I (Wagner, et al., 1992). Polyclonal antibodies elicited in rabbits 

immunizing a peptide (GPGRAF)3C neutralized both MN and 111 B isolates. These 

strains contained GPGRAF sequence as a common epitope in both PNDs' (Javaherian, 

et al., 1990). Monoclonal antibodies generated by synthetic peptide from HIV- I 111 B 

P:ND (aa:308-322, RIQRGPGRAFVTIGK) did not neutralize any other strain except the 

IIIB strain. Broadly neutralizing monoclonal antibodies, have been generated by 

immunizing the whole V3 loop of the MN isolate (aa:310-323, INCTRPNYNKRKRI 

HIGPGRAFYITKNIIGTIRQAHCNIS). The epitopes of these antibodies have been 

identified as GPGRAF, RIHIG, IXIGPGR and HIGPGRAF (White-Scharf, et al., 1993). 

These studies demonstrated that most of the antibodies generated by synthetic peptides 

which resemble the PND neutralized only the isolate that was used to design the peptide. 



32 

This observation can be explained by the hypcrvariability of the V3 domain in these 

viruses. The hypervariablc V3 region of different isolates are sho,vn in Figure 2. The 

antibodies that only neutralize the strain that was used as the immunogcn contained a 

neutralizing epitope that was not common to the strains that were studied. This 

hypothesis can be explained by the neutralizing ability of the (GPGRAF)3C synthetic 

peptide induced antibodies. These antibodies neutralized nll four strains that contained 

the common epitope GPGRAF but failed to neutralize the three strains that lacked the 

two residues, AF. The hexapeptide GPGRAF, has been isolated from 60% of the HIV-I 

strains that have been sequenced (LaRosa, ct al., 1990). This observation suggests that 

to achieve a broader neutralization, a mixture of synthetic peptides should be used. The 

PND of 245 isolates of HIV-I show that to cover 90% of the isolates at least 13 

hcxapeptides containing a GPG sequence in the center arc needed (Holley, ct al., 1991 ). 

For 225 published sequences of HIV-I strains, the frequencies of occurrence of amino 

acids at position 11 to 27 have been calculated. These amino acid frequencies arc shown 

in Figure 3 (LaRosa, et al., 1991 ). These calculated amino acid frequencies show that the 

tip of the PND which contains the GPGR sequence is the most conserved region of the 

PND in many of the reported strains. The GPGR sequence occurred in about 90% of the 

strains that were sequenced. Hence, in this study we selected GPGR and GPGRGPG 

sequences to generate polyclonal and monoclonal antibodies. GPGR sequence was 

selected because this sequence is contained in 90% of the HIV-I sequences. GPGRGPG 

was selected because it was not clear whether the GPGR fragment would be able to 

generate antibodies due to the its size. GPGRGPG was designed assuming that the 

epitope when gathered in a series will enhance the immunogenicity of the GPGR epitope. 

Nl\lR characterization of KLEI and KLE2 peptides 

Peptides from the PND domain have been recently characterized by NMR. The NOESY 

spectra of peptides oflengths 12, 20 and 40, have confirmed a P-tum structure for the 
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10 20 30 40 

BH-10 CTRPNNN TRK SIRIQR GPGRAFVTIGK IGNMRQAIIC 

H..XB-2 CTRPNNN TRK RIRIQR GPGRAF\ITJGK I GNMRQAHC 

HXB-3 CTRPNNN TR'K KIRIQR GPGRAFVTIGK IGNMRQAIIC 

PV-22 CTRPNNN TRG SIRI QR GPGRAFVTIGK IGNMRQAHC 

SC CTRPNNN TTR S IHI GPGRAFYATGD IIGDIRQAHC 

RF CTRPNNN TRK SITK GPGRVIYATGQ IIGDIRKAHC 

SF-2 CTRPNNN TRK SI YI GPGRAFHTTGR IIGDIRKAHC 

MN CTRPNNN KRK RIHI GPGRAFYTTKN IIGTIRQAHC 

BR CTRPNNN TRK RITM GPGRVYYTTGQ II GDIRRAHC 

NY-S CTRPNNN TKK GIA) GPGRTLYAREK IIGDIRQAHC 

WMJ-1 CTRPNNN VRRR HIHI GPGRAFYTGE IRGNJRQAHC 

WW-2 CTRPYNN VRR SL SI GPGRAFRTRE IIGIIRQAHC 

WMJ-3 CTRPNDI ARR RIHI GPGRAFYTG K I IGNIRQAHC 

CD 451 CTRPNNH TRK RVTL GPGRVWYTTGE ILGNIRQAHC 

LAV-MA CTRPGNN TRR GSHF GPGQALVTTG IVGDMRRAYC 

Z-3 CTRPGS D KKI RQSIRI GPGKVFYAKGG ITG QAHC 

JY-1 CTRPDNKITRQ S TP I GLGKALYTTR IKGDIRQAYC 

Z-321 CMRPNNN TRK S IS I GPGQAFFATGD IIGDIRQAHC 

Z-6 CTRPYKN TRQ S TPI GLGQALYTTRGRT~IG QAHC 

MAJ. CTRPGNN TRR GIHF GPGQALYTTG IVGDIRRAYC 

ELI CARPYQN TRQ R TPI GLGQSLYT TRS RSIIG QAHC 

JH3 CTRPS KT TT RR RI HI GPGRAFYTTKQ IAGDLRQAHC 

Figure 2. Amino Acid sequences corresponding to the hypervariable loops from the 

V3 region of 22 HIV- I isolates. 
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R.:oo Km St:4 I 210 H114 l :02 · m · 234 G:?40 P2n Gw Rm A:?04 Fl76 Yt96 •24) Tm 
K:o R..57 G69 Ls Tn Mt7 Qto Rio AJ Ls E2 K11 v,s 129 V11 Ht A9: 

Sit N6 R4o MJ R:7 Lio R1 Gt E1 Al R: Q4 Ns V14 HD T1 ·S 

16 Qs H4 Tl p .. Vs RI Q: ·l Ts LIO Ls V4 
El K4 V2 N16 Tl S2 S: R4 Y1 Fs QJ 
P1 AJ E1 S16 R2 M1 K4 W6 RJ YJ 
Qt ·I F1 Yu K2 Gt Pl T1 s, s, 
G1 Fs Y2 s, s, M1 
Mt A2 F1 w, H1 h 

T1 G1 s, 
v, 
K1 

Figure 3. Amino Acid frequencies for the central portion of the PND. Amino acids 

are designated by standard one letter symbols followed by the number of sequences 

containing this substitution.Ref: LaRosa, et al., 1990. 
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two peptides 20 and 40 amino acids long. The P-tum was confirmed by the presence of 

a dr,.'N•(i, i+ 1) NOE between the amide protons of Gly and Arg. In addition, weak NOE 

connectivities are observed between Pro caH and the Arg amide proton. The 12 amino 

acid peptide did not show any NOE connectivities between daN•(i, i+2) protons. This 

observation led to the conclusion that this peptide docs not contain a significant 

population of P-tum structure (Chandrasekhar, er a/.,(1991 ). Recently, a 40 residue 

hybrid peptide containing na:301-324 of gp120 of HIV-1 has also shown NOE 

connectivities of a P-tum structure in the GPGR region (de Lorimier, ct al., 1994). 

One and two dimensional NMR studies were carried out for KLEI and KLE2 peptides. 

HOHAHA spectrums were used to assign the chemical shifts of these peptides. The 

ROESY spectra for the KLEI peptide are shown in Figure 4. The KLEI peptide showed 

a dl',~(i, i+ I) NOE between the amide protons of Gly 3 and Arg 4. This is an indication 

of a population of conformers with backbone conformations in the a region of space in 

this region. In addition NOE connectivities daN•(i, i+ 1) were observed between Pro 2 -

Gly 3 and Gly 3-Arg 4. These NOEs confirmed the presence of a reverse tum fom1ed by 

residues GPGR. The absence ofNOEs between drN•(i, i+I) can rule out a type IP tum. 

But the diagnostic NOE for a type II tum is a daN•(i, i+ I) connectivity between the 

residues 2 and 3 of the tum. This connectivity was observed for the KLEI peptide. This 

connectivity could define the tum when present in a protein. However, when this 

connectivity is present in a peptide that can exist in a dynamic equilibrium with the 

folded forms, the assignment of the tum becomes ambiguous. But, the absence of daN•(i, 

i+2) NOE connectivity confirms the non existence of a P-tum in KLEI. 

The temperature coefficients were studied for the amide protons of the KLEI peptide. 

These temperature coefficients are sho,,11 in Figure 5. The change in temperature 

coefficients confirms that there is no hydrogen bonding associated with these protons. 
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Figure 4. Portions of a 500-MHZ phase sensitive ROESY spectrum of KLE 1 in 90% 
H20/10% 2H20, pH 4.08 at 283K. (a) amide c-H region; (b) amide-amide region. 



8.8 

8.6 

8.4 

8.2 

8 

7.8 

7.6 

7.2 

I 
i 

I 
I 

! 7 
280 

-
-... _ 

-

- -

285 290 

..... 

-- .., 

"7' 

- -
295 

ppm1•k 

7.0 

8.0 
8.S 

9.0 

l 3.0 

305 

Figure 5. Temperature coefficient study for KLEI peptide amide protons. 

37 



38 

The two dimensional spectra and temperature coefficients were studied for KLE2. This 

peptide also showed structural characteristics similar to the KLEI peptide. The ROESY 

spectra for the KLE2 peptide are sho\\11 in Figure 6 and the temperature coefficient 

study is shown in Figure 7. 

Characterization of antibody binding to KLEI, KLE2 and conjugates 

The affinity purified antibodies were studied to understand the binding characteristics to 

different peptides and conjugates coated on the plate. The coating of the peptides on the 

plate was carried out by mixing one part of BSA to two parts of peptide. This method 

was a modification of the method described by Jitsukawa, ct al. (1989). The binding 

constants were calculated by taking the reciprocal of the half the maximum response 

(Tijssen, 1985). The typical response vs. antibody concentration for the D30 antibody to 

conjugates BCKLEI and BCKLE2 is shO\vn in Figure 8. TI1e apparent binding constants 

for all the antibodies are sho,vn in Table 2. These studies indicate that antibodies 

generated by immunizing KLE l peptide recognize the peptide KLE2. This is an 

indication that the GPGRGPG peptide generates antibodies that could bind the GPGR 

epitope. The GPGR (KLE2) immunized rabbits generated antibodies that could bind the 

GPGRGPG peptide. This indicates the ability of the four residue peptide to generate 

antibodies which could bind to a peptide carrying the epitope GPGR. Although these 

antibodies recognized the peptides coated on the plate, these peptides when adsorbed on 

the plate could be in a denatured form compared to the peptides in solution (Durda, ct 

al., 1990). 

To study the apparent binding constants for peptides in the solution conformation, 

peptides conjugated to BSA through a carboxylate groups were studied. The apparent 

binding constants to these conjugates were in the order of I 08 M. The antibodies 

generated by immunizing peptide KLEI recognized the peptide KLE2 conjugated to 
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Figure 6. Portions of a 500-MHZ phase sensitive ROESY spectrum of KLE2 in 93% 

H2O/7% 2DMSO, pH 4.2 at 283K. (a) amide C-H region; (b) amide-amide region. 
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Figure 8. Titration curves for D30 antibody to BCKLEI and BCKLE2 conjugates. 
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Table 2. 

Apparent binding constants of the KLEI and KLE2 anti-peptide antibodies to 

peptides and peptide conjugates 

Apparent Binding constant (M" 1) 

PCKLEI immunized PCKLE2 immunized 

Binding studies D30 D33 D31 D32 

KLEI 7.3xl06 2 xl07 1.7 xl07 6.2 xl06 

BCKLEl 1.7 xl08 4.5xl08 3.9 xl08 4.5 xl08 

BGKLEI 1.6 x107 5.5xl07 1.4 x107 7.9 x106 

KLE2 3 xl06 3 xl06 1.5 xl07 1.5 xl07 

BCKLE2 1.6 x108 4.5 xl08 4.8 xl08 4.6 xl08 

BGKLE2 2.1 xl07 5.2 xl07 1.4 xl07 8.7xl07 
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BSA and vice versa. Although these antibodies recognized the peptides of interest, one 

could argue that the chemistries that were used in the conjugation was similar to the 

conjugates that were used to immunize and the antibodies must be recognizing not only 

the peptides but also the spacer created by the conjugation. To verify this argument the 

peptides were coupled through a different spacer, and were used to study the binding of 

these antibodies. The antibodies showed similar binding patterns to the peptide 

conjugated to BSA through glutaraldehyde. But the apparent binding constants were one 

order of magnitude lower than the binding constants to the peptides that were conjugated 

through carbodiimide conjugation. This observation could be explained by the two 

different chemistries that were used in these conjugations. The carbodiimide reaction 

couples the carboxyl end of the peptides to BSA. This will not change the secondary 

structural characteristic of these peptides, but the glutaraldehyde conjugation couples the 

peptide through the NH2 groups. This could include the N~I of the arginine residue 

which may be the most immunogenic residue when compared to the other residues on 

these peptides due to the hydrophilicity of this residue. The coupling of this highly 

immunogenic NH2 residue in the conjugation process of peptide and BSA through 

glutaraldehyde, will reduce the binding constant of these antibodies to the BG KLEI and 

BGKLE2 conjugates. 

From the apparent binding constant studies of these antibodies it can be concluded that 

the peptides that were used for immunization have the ability to produce antibodies 

which react not only with the peptides immunized but also with peptides that carry a 

common epitope, i.e., the GPGR sequence 

Anti-peptide antibody binding studies to HIV-1 V3 peptides 

V3 peptides were selected which contained the GPGR sequence at the tip of the principal 

neutralizing domain from different isolates (fable 3). Most of the peptides selected 



Table 3 

Selected peptide sequences for apparent binding constant analysis 

and description 

Sequence Description 

KS IHI GPGRAFYTTG North American Consensus 

KSIPMGPGKAFY A TG B-Subtype Isolate 

KRIHIGPGRAFYTTK HIV-I MN 

KSITKGPGRVIY A TG HIV-I RF 

KSIYI GPGRAFHTTG HIV-I SF2 

TSITIGPGQVFYRTG E-S~btype Isolate 

KGIRIGPGRA VY AAE B-Subtype Isolate 

V3 Circular HIV -1 MN 

44 
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contained different residues at both ends of the GPGR sequence. The North American 

consensus sequence contained isoleucine and alanine as the GPGR flanking residues. But 

the selected peptides from different isolates contained valine, methionine, and lysine as 

the flanking residues. These changes in the flanking residues arc important in these 

binding studies due to the hypervariablity of the sequences in the PND. ll1ese adjacent 

residues to the GPGR sequence could change the structural characteristics of this region. 

The binding constants of these antibodies will provide valuable information as to how 

these structural changes will affect the binding of these antibodies generated by the two 

peptides that were used in this study. Previous studies using neutralizing monoclonal 

antibodies have indicated reduction of binding affinities due to the residue changes 

immediately after the epitope (Ohno, 1991) 

To understand the binding of the V3 peptides to antibodies, peptides were dry coated to 

the plate by using a mixture of peptide and BSA. l11e apparent binding constants of these 

antibody samples were calculated for the V3 peptides that were selected. These 

calculated apparent binding constants arc shown in Table 4. The apparent binding 

constants for D30, D32 and D33 are in the order of I 06 but antibody D31 sample showed 

one order of magnitude higher apparent binding constants. Although the D31 and D32 

antibody samples were obtained from rabbits immunized with the same conjugate, the 

differences in the binding constant may be due to the inherent antigen presenting 

properties in different rabbits. 

The moderate binding constants of antibodies generated by immunizing the KLEI and 

KLE2 peptides indicate the ability of these peptides to generate antibodies that could 

bind sequences containing the GPGR epitope. The apparent binding constants of these 

antibody samples do not exhibit a significant difference when binding to the various 

PND peptides. This is an indication that although the GPGR flanking residues changed, 
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Table 4 

Apparent binding constants of KLEI and KLE2 anti-peptide antibodies to HIV-I V3 

fragments of different strains dry coated on the plate 

Apparent binding constant (M·1) 

PCKLEI immunized PCKLE2 immunized 

Binding studies D30 D33 D31 D32 

KS IHI GPGRAFYTTG 3.7 xl06 9 xl06 I.I x107 5.4 xi 06 

KSIPMGPGKAFY ATG 3.7 xl06 7.4 xi 06 I.I xl07 4.1 xl06 

KRIHIGPGRAFYTTK 5 xl06 7.9 xl06 1.0 xl07 7.6xl06 

KSITKGPGRVIY A TO 4.7 xl06 4.7 xl06 1.2 xl07 4.3xl06 

KSIYIGPGRAFHTTG 4.7xl06 4.8xl06 I.I x107 6.4 xl06 

TSITIGPGQVFYRTG 5.8xl06 4 .. 2 xl06 9.3 xl06 4.7 xl06 

KGIRIGPGRA VY AAE 5.8 xl06 6.4 xl06 I.I xl07 1.4 xl07 

V3 Circular 9.2 xl06 9.8 xl06 1.4 xl07 1.6 xl07 
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these antibodies have the ability to bind the GPGR sequence without any steric 

hindrance. 

TI1e antibodies generated by these two peptides also bind to the PND peptide sequence 

which contained the GPGK sequence. The binding of these antibodies without any 

change in binding constants to GPGK epitopes must be due to the structural similarities 

of the charged side chains of arginine and lysine or because these antibodies have a high 

affinity to the GPG sequence. This observation agrees with the studies that have shown 

the possibility of replacing the arginine residue with a lysine residue without any loss of 

affinity to the peptides, using PEPSCAN (peptide scanning) techniques (Goudsmit, et 

al., 1988, Mcleon, et al., 1989). 

The antibodies generated also have moderate apparent binding constants to the PND 

peptide that contains a GPGQ cpitopc. This indicates that the replacement of arginine 

with glutaminc docs not pose any structural change which can be detected by these 

antibodies. Although these antibodies do not show any substantial apparent binding 

constant differences, there are studies that show the high apparent binding constant 

change during residue exchange experiments (Wagner, et al,. 1992). The moderate 

binding constants to GPGQ epitope indicate that these antibodies may be recognizing the 

GPG sequence \i.,ith moderate affinity. Further studies are required to confinn this 

binding phenomenon. 

These binding studies \\ith the PND's of different isolates confirmed the ability of these 

two peptides to generate antibodies which bind GPGR, GPGK and GPGQ epitopes with 

moderate affinities. Although these studies show moderate binding to these V3 

peptides, the dry coating of these peptides to microtiter plates may alter the structural 

characteristics of these peptides. Hence, these V3 peptides were conjugated to BSA to 
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study the binding characteristics of these antibodies. 

V3 peptides were coupled to BSA using the enhanced carbodiimide reaction. This 

method was chosen because these V3 peptides did not contain any side chain carboxyl 

groups in the vicinity of the GPGR region that could alter the structural characteristics 

of these peptides by coupling to BSA. It was assumed that by coupling these V3 peptides 

through the carboxyl end, would retain their solution phase conformations even after 

conjugation. The titration curves for the four antibody samples to BC-North American 

Consensus conjugate is sh0\\11 in Figure 9. The apparent binding constants for all the 

BSA-V3 conjugates were calculated. 1l1ese apparent binding constants arc shown in 

Table 5. These apparent binding constants were in the order of 1 QR M·1• These binding 

constants were one order of magnitude higher than the binding constants that were 

obtained for the V3 peptides dry coated on the plates. This may be due to the loss of the 

structural characteristics of these peptides during the dry coating procedure. The high 

apparent binding constants to V3 peptides with GPGR, GPGK and GPGQ epitopes 

confirmed the ability of KLEI and KLE2 peptides to generate antibodies to these 

epitopes. The published sequences of HIV-I isolates show these three epitopes GPGR, 

GPGK and GPGQ exist in about 92% of their PND's. This is an indication that these 

antibodies could perhaps be used to neutralize these strains in neutralization assays. 

Anti-peptide antibody binding to gp120 ofHIV-1 SF2 and 111B isolates 

The four antibody samples that were generated by KLE 1 and KLE2 peptides were 

characterized for the binding to gp 120 of HIV-I SF2 and 111 B isolates. Although both 

of these isolates bear the GPGR sequence, the GPGR flanking residues of these isolates 

were variable. The IIIB isolate contained RIQRGPGRAFVT sequence in the PND and 

SIYIGPGRAFHT sequence contained in SF2. These two isolates were selected for 

binding studies due to these variations in the PNDs. The titration curve ofD32 antibody 
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Table 5 

Apparent binding constants of KLE 1 and KLE2 anti-peptide antibodies to I-IIV-1 V3 

fragments of different strains conjugated to BSA 

Apparent binding constant (108 M·1) 

PCKLEI immunized PCKLE2 immunized 

Binding studies BSA D30 D33 D31 D32 

conjugates 

KS IHI GPGRAFYITG 1.3 4.3 3.1 3.6 

KSIPMGPGKAFY A TG 3.4 3.8 1.3 4.1 

KRIHI GPGRAFYTTK 1.4 3.6 3.2 3.5 

KSITKGPGRVIY A TG 1.3 4.2 3 3.1 

KSIYI GPGRAFFHTTG 3.3 4.2 3.7 4 

TSITIGPGQVFYRTG 4.6 4.1 3.6 4 

KGIRIGPGRA VY AAE 7.3 4 3.2 3.7 
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to gp120 ofHIV-1 SF2 is shown in Figure 10. The calculated binding constants for both 

isolates are shown in Table 6. 

These four antibody samples recognized the gpl20 of HIV-I IIIB with moderately high 

apparent binding constants. This indicates the ability of the peptides immunized to 

generate antibodies that could bind the V3 region of gp 120 molecule in the IIIB isolate. 

ll1e binding studies of the gpl20 of HIV-I SF2 show that only the D32 antibody has an 

affinity to this protein. Antibody D32 showed an apparent binding constant of 9.7 x 106 

M·1 for gp 120 SF2. Further studies arc required to give a definitive explanation on the 

binding pattern of these antibodies. However, comparing the binding patterns of these 

antibodies with gpl20 IIIB indicate that gpl20 SF2 may exhibit a confonnational 

change in the vicinity of the GPGR sequence which inhibits the binding of these three 

antibody samples to the SF2 protein. The binding studies with the V3 peptide KSIYI 

GPGRAFHTTG which is the PND peptide ofSF2 indicates high binding (fable 5). The 

lack of binding by some of the antibodies to gpl20 ofSF2 may be due to the differences 

in the glycosylation patterns of these proteins. Due to the different expression systems 

used to express these two gp 120 proteins, the glycosylation patterns could have changed. 

These different glycosylation patterns in turn, could change the structural characteristics 

in the GPGR region, thus altering the antibody binding. 

Antibody binding to gpl20 of HIV-I SF2 (cm·2-3) 

The antibodies were further characterized for the binding to I-IlV-1 SF2 (env2-3) protein 

which is a non-glycosylated gp120 (entire amino acid sequence) produced in yeast. These 

apparent binding constants are shO\\n in Table 6. The moderately high apparent binding 

constants of these antibodies show that these antibodies are capable of binding to the V3 

region even in the absence of glycosylation. The increase in the apparent binding 
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Table 6 

Apparent binding constants of KLE 1 and KLE2 anti-peptide antibodies to gp 120 of 

HIV-I SF2 I 1 IB and SF2 (env2-3) 

Binding studies 

gpl20-SF2(env2-3) 

gp120-SF2 

gpl20-l l IB 

NB-no binding 

Apparent binding constant (M·1) 

PCKLEI immunized PCKLE2 immunized 

D30 

4.3x 107 

NB 

4x 106 

D33 

4.6x 107 

NB 

4.3x 106 

D31 

4.3x 107 

NB 

3.4x 106 

D32 

4.4x I 07 

9.7x 106 

3.8x 106 
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constant by one order of magnitude in comparison to the glycosylated protein may be due 

to the enhanced accessibility of the antibodies to the V3 region compared to the 

analogous region of the gp 120 glycosylated proteins. 

These binding studies show that the antibodies generated by immunizing KLEI nnd 

KLE2 peptide are capable of producing antibodies of moderated nffinity to glycosylntcd 

gpl20 as well as to non-glycosylatcd gpl20 molecules. Although the apparent binding 

constants arc modest for these antigens coated on the plate it is important to study the 

binding characteristics of these antibodies to gp 120 proteins in solution. This is 

important in the neutralization step, in which the experiments arc based on the binding 

of antibodies to the gp 120 proteins expressed on inf ectcd cell surfaces. TI1c cells will be 

incubated with these antibodies to inhibit the virus infection of other non-inf ccted T 

cells. 

Inhibition of D32 antibody binding to gp120 SF2 by KLEI and KLE2 peptides 

Inhibition studies were carried out keeping the antibody concentration constant at 3 .13 

x I 0·1 Mand varying the peptide concentrations from 1.56 x 10·5 to 1.61 x I o-s M. The 

inhibition of antibody to gpl20 HIV-I SF2 by KLEI and KLE2 are sho\\TI in Figure 11. 

The inhibition curve ofKLEl peptide shows 20% inhibition when the peptide is 50 times 

higher than the antibody concentration but the inhibition goes dO\\n to zero when the 

peptide concentration is 12.5 times higher than the antibody concentration. This is an 

indication that the antibody D32 prefers the V3 confonnation of gp 120 adsorbed on the 

plate to the solution confonnation of KLEI peptide. The inhibition curve for KLE2 

peptide shows 95% inhibition when the peptide concentration is 50 times higher than the 

antibody concentration. \Vhen the KLE2 peptide concentration is 2.5 times lower than 
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the antibody concentration the peptide still shows a 66% inhibition of antibody binding 

to gp 120 on the plate. This is an indication that D32 antibodies prefer the solution 

conformation of KLE2 to the V3 conformation of gp 120 on the plate. 

From the inhibition studies it can be confirmed that the D32 antibody has a higher 

affinity to KLE2 peptide in solution than the KLE 1 peptide. This observation could be 

explained by the immunogen used to generate these antibodies. D32 antibodies were 

generated by immunizing with the KLE2 conjugate and these antibodies therefore, 

should show a higher affinity to KLE2 than to KLEI peptides. However, the NMR 

experiments confirmed that both these peptides have similar solution phase structures in 

the GPGR region. NMR experiments also indicated that the tum population of KLE 1 is 

low when compared to the tum population of KLE2 due to the low intensities of G3NR'4N 

NO Es. This may be the reason for the lower inhibition percentages for the KLE 1 peptide. 

The higher inhibition percentages for the KLE2 peptide indicate that D32 antibodies have 

higher binding to KLE2 peptide than to the V3 region of HIV-I SF2 gpl20. The NMR 

studies of KLE2 showed structural characteristics of a tum in the solution phase. These 

observations were in agreement with the previous studies of this region in HIV-I MN 

isolate peptide fragment that contained twelve amino acid residues. The fragments that 

contained 24 amino acids and also the cyclic V3 peptide of this isolate showed a P-tum 

population in the GPGR region (Chandrasekher, et al., 1991 ). The P-tum in the GPGR 

region was also confirmed by NMR in a V3 fragment of HIV- I RF isolate. If gp 120 of 

lllV-1 SF2 contained a similar P-tum structure this should reduce the inhibition ofD32 

antibody by KLE2 peptide. Th.is inhibition study confirms that the P-tum in gp 120 is 

different from the tum that was observed in the NMR experiments for both KLEI and 

KLE2 due to the very low and high inhibitions of these peptides. Although these studies 

indicate a different P-tum structure in gpl20 protein adsorbed to the solid phase from 



57 

that of the peptides in solution, it is important to understand the structural characteristics 

of gp 120 in solution. To confirm the structural characteristics of gp 120 in solution, 

inhibition studies were carried out using gp 120 and circular V3 peptide in solution. 

Inhibition of D32 antibody binding to gp120 SF2 by gp120 SF2 nnd cyclic V3 

peptide in solution 

The inhibition of D32 antibody binding to gp 120 SF2 coated on the plate by solution 

phase cyclic V3 peptide was studied. The cyclic peptide concentration for inhibition 

studies was varied from 1.58 x 1 o-~ M to 6.15 x 1 o-s M while the antibody concentration 

was kept constant at 3.13 x 10·7 M. The inhibition curve for D32 antibody is shown in 

Figure 12. The highest inhibition of 78% ,vas achieved with a 50 fold excess of VJ 

compared to the antibody concentration. An inhibition of about 8% was observed when 

the concentrations of cyclic VJ peptide and the antibody arc equal. l11is is an indication 

that the DJ2 antibodies have a high affinity to gp 120 SF2 protein adsorbed on the plate 

compared to the cyclic VJ peptide in solution. This is a confirmation that the structural 

characteristics of the GPGR region of cyclic V3 arc diff crent from the V3 region of the 

gp 120 SF2 protein. 

The inhibition ofD32 antibody binding to gp120 SF2 coated on the plate by gpl20 SF2 

in solution was studied. The gpl20 SF2 concentration was varied from 6.67 x 10·6 M to 

2.6 x 10·8 M keeping the antibody concentration constant at J.13 x 10-7 M (Figure 12). 

The highest inhibition of90% was observed when the gpl20 SF2 concentration was 20 

times higher than the antibody concentration. When the antibody and the gp 120 

concentrations were equal the inhibition of antibody binding was around J6%. This is 

an indication that the antibodies prefer the gpl20 coated on the plate. This result shows 

that the differences in the GPGR structure of gp 120 in solution and gp 120 coated on the 

plate are minimal. 
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The inhibition studies using gpl20 in solution and V3 cyclic peptide in solution indicate 

that the GPGR region of these two species possess different structural characteristics. 

If the GPGR regions of these two solution phase confommtions were equal these two 

inhibition curves should overlap. This confirms that the gpl20 GPGR region and V3 

cyclic peptide GPGR regions have different solution phase conformations. 

The inhibition curves of KLE2, cyclic V3 peptide and solution phase gp 120 SF2 arc 

sho\\TI in Figure 13. The NMR studies indicated that the KLE2 and V3 cyclic peptide to 

possess different tum structures in the GPGR region, a conclusion consistant with the 

inhibition studies. Although most of the researchers assumed that the GPGR region has 

a P-11 tum which is similar to that tum observed by NMR studies of the V3 region, our 

inhibition studies indicate different structural characteristics for these two regions. 

Comparison of inhibitions from KLE2, V3 cyclic peptide and GP 120 SF2 protein in 

solution, indicate that the structural characteristics of these three molecules in the GPGR 

region are different from one another. But the behavior of GP 120 SF2 protein in solution 

suggests that the structural characteristics of the tum in this protein arc recognized by 

antibodies as an intermediate tum between the turns cxibited by KLE2 and VJ peptide. 

Antibody binding to the HIV-1 LAV infected cell line (SES) 

The neutralizing ability of these antibodies will depend on the binding of these 

antibodies to inhibit the cell fusion (synC)tium formation) associated with the infection 

of uninfected T cells. To study the binding of these antibody samples to HIV infected cell 

lines, 8E5 cell line was selected. The 8E5 cell line carries a single copy of the entire 

LAV genome but produced noninfectious virus particles because of a point mutation in 

the reverse transcriptase gene (Hildreth, and Orcntas, 1989). The 8E5 cells express HIV 

envelope glycoproteins and when mixed \\ith CD4 positive Pl-IA-blasts and T-cell lines, 

produce cytopathic effects identical to those observed in cultures of T cells infected \\ith 
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wild-type virus (Folks, et al., 1986). The controlled cell line selected (A3.01) was the 

T-cell line used to generate the SES cells, which is a CD4- cell line of a sub clone of the 

CEM T-cell line (Folks, et al., 1986). 

The 8E5 cells were dry coated on the ELISA plate to perform these cell ELISA's. These 

cell ELISA's did not show any reproducible results for all the antibody samples 

including the positive control sample which contained a monoclonal antibody which has 

been previously shown to bind and neutralize the LAV strain. The expression of the HIV 

genome was studied using a p24 assay that was designed in our laboratory and which is 

described in chapter 2. The p24 assay showed a high level of expression of p24 in SES 

cells. The gp120 envelope protein is attached to gp41 transmembrane protein through 

electrostatic attractions. The lack of binding to gp120 by the positive control may be due 

to the shedding of gp 120 from these cells. This could happen because the electrostatic 

attractions between gp 120 and gp41 may be destroyed during the rehydration process. 

In future studies, this problem could be overcome by studying the binding characteristics 

of these antibodies with the infected cells in solution. Milipore® Multi screen-HY 

filtration plates could be used in these studies. These plates contain a porous membrane 

and the excess reagents could be removed by applying suction to the bottom of the plate 

which in tum would retain the cells on the bottom of these wells. 
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Conclusions 

The one and two-dimensional NMR studies confinned the structural characteristics of 

KLEI and KLE2 peptides as similar to those of the 12 amino acid peptide studied by 

Chanrasekahar, et al., (1991). Although both peptides showed a reverse tum population, 

there was no significant population of p II turn to give a NOE of datrCi,i+ 2) between the 

Pro line aH and the Arginine amide protons of these peptides. 

The antibodies generated by immunizing GPGR and GPGRGPG, showed high binding 

to PND sequences that contained GPGR, GPGK and GPGQ epitopes. These studies 

suggest that these antibodies may bind to more than 92% of the HIV-I sequences that 

bear these residues. The strong binding to the cyclic peptide spanning the entire PND 

sequence showed the ability of these antibodies to bind the native PNDs. Antibody 

binding to HIV- I IIIB isolate shows the ability of these antibodies to bind GPGR epitope 

of gp 120 envelope protein. 

Inhibition studies using D32 antibody \\-ith gpl20 protein and cyclic V3 peptide 

confinned the structural differences of the GPGR regions of these two molecules. This 

is the first reported study of the structural variation in the GPGR region of these two 

molecules. Although most of the structural characteriz.ations of cyclic V3 peptide showed 

a p II tum, these inhibition studies indicated a turn population in gpl20 GPGR region 

between that of the cyclic V3 peptide and the KLE2 peptide. This may be a factor that 

researchers must take into account in the future when using PND peptides to generate 

antibodies with high apparent binding constants to gpl20 protein. 

Future studies demonstrating of the ability of these antibodies to neutralize a broad range 

of HIV- I isolates will provide an answer to the fundamental question that we posed in 
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the beginning of this research project: are GPGR peptides capable of generating 

polyclonal antibodies with broad neutralizing capabilities? If these antibodies could 

neutralize broad range of isolates, GPGR or GPGRGPG peptides could be investigated 

as a candidates for a vaccine for HIV virus. 



Chapter 2 

High Sensitivity Immunoassay 

For 

Human Immunodeficiency Virus (HIV) 

Core Protein (p24) 
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Abstract 

A high sensitivity sandwich type immunoassay for Human Immunodeficiency Virus 

(HIV) core protein (p24) was developed. The detection limit of 1.88 pg/mL with a total 

incubation time of three hours was achieved by a streptavidin-biotin system, using 

calibrated p24 samples obtained from HIV infected lymphocyte culture supernatant. The 

developed assay had a 16 to 27 fold detection limit improvement and 2 to 8 fold total 

incubation time reduction when compared to the commercially available assays. The 

linear range of the assay was studied up to 250 pg/mL. The antibody immobilization on 

magnetic particles was studied to further improve the detection limit by increasing the 

capture antibody concentration. These studies confirmed the ability to improve the 

detection limit by 11.3 times using only 10 µL of antibody immobilized magnetic 

particles in the microtiter well. A membrane based flow injection immunoassay with 

chemiluminescent detection was optimized to substantially reduce the cost of diagnostic 

mununoassays. 
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Background 

The human immunodeficiency virus type I (HIV-I) gag-gene codes for a 55 kD 

molecular weight precursor protein (p55) which is processed by a protease coded by the 

pol-gene to give internal structural proteins pl 7, p24 and pl4 (Chassagne et al., 1986; 

Essex et al., 1985; Ferns et al., 1987; Henderson et al., 1988; Robey et al., 1985). pl 7 

is a matrix protein which provides the virus structure and this is vital for the integrity of 

the virion (Gelderblom et al., 1988). pl 7 is N-myristylated and phosphorylated, and is 

derived from the N-tenninal of the p55 protein. p14 is derived from the C-tenninal 

portion of the p55 protein, which is proteolytically cleaved to fonn p9 and p7 proteins. 

Both these proteins act as nucleocapsid proteins which are closely associated with the 

RNA genome and the reverse transcriptase enzyme (Mervis et al., 1988; Veronese et al., 

1988). 

p24 is the major core protein in HIV. It is composed of multiple subunits, derived from 

the middle fragment of the precursor protein p55 (Henderson et al., 1988; Mervis et al., 

1988; Veronese et al., 1988). p24 is N-phosphorylated and becomes incorporated into 

the HIV virion. This protein is produced in large quantities in cultured cells infected with 

HIV and is secreted into the cell culture medium in large quantities. Laurent et al., (1989) 

confinned the existence of four types of p24 proteins in infected cells utilizing two 

dimensional electrophoresis techniques. Two types of p24 molecules were observed to 

be incorporated as the core protein and the remaining p24 has been identified as 

membrane associated or as secreted from these cells. In this study the cell surf ace 

expression and the secretion accounted for gag-specific cellular responses observed in 

patients ,vith acquired immunodeficiency syndrome (AIDS) (Riviere er al., 1988; Walker 

et al., 1987) and the circulating p24 in the early and the late stage of the disease, 

respectively (Lange et al., 1986). 
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Serological studies have suggested that antibodies to core prbteins p24 and p55 are the 

first to appear during the infection (Biggar et al., 1985; Lang et al., 1986; Lelie et al., 

1988). One study, which focussed on the early phase of infection, observed that 87% of 

the experimental population showed positive results for p24 antibodies (McRae et al., 

1991 ). The disappearance of detectable HIV antigen and fonnation of immune 

complexes about 2-4 weeks after the initial p24 antigen detection appear to be related to 

the development of an IgG immune response to viral proteins including the p24 protein 

(Stramer et al., 1989 and Gaines et al., 1987). The immune complex formation followed 

by a period of apparent antigen absence in most individuals, is presumed to be related to 

the suppression of virus production (Von Sydow et al., 1988). In later stages of HIV 

infection, the concentration of antibody to p24, assessed by Western blot or other 

quantitative techniques, is generally low and has been shown to decrease or become 

undetectable in 10-30% of seropositive individuals (Allain et al., 1987). This 

phenomenon was explained by Allain et al., (1987) and de Wolf et al., (1989) as the 

increased complexation of p24 protein with p24 antibody due to the augmented 

production of this protein during the latter part of the infection. On the other hand, 

Hehlmann et al., (1987) and Orskov et al., (1989) explained the decrease of antibodies 

in HIV subjects as an abnormal immune mechanism. Stickler et al., (1992) confinned 

that this phenomenon was due to the more extensive complexation of the antibodies as 

a result of the increased production of p24 protein, but not due to any abnonnal immune 

mechanism or any loss of active antibody producing cells. 

Immune response to HIV p24 core protein during the early phase of infection could be 

studied by antibodies to p24. Continuous analysis of the serum will help to understand 

the stage of the HIV infection depending on the response to p24 proteins using ELISAs 

(Enzyme Linked Immuno Sorbent Assay) or Western blots. In the later stages of HIV 

infection, the antibodies to p24 drop to a minimal level when the p24 response increases 
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rapidly. The loss of antibodies to p24, increase in p24 levels in serum, and the decline 

in CD4 cells are the clinical markers for the progression of the infection to full blown 

AIDS (de Wolf, et. al., 1988). 

The lag phase between the infection and the appearance of the first serological marker 

of HIV typically lasts 2-6 weeks, and is followed by 1-2 weeks of viremia closely 

correlated with the detection of HIV core protein, p24 (Goudsmit ct al., (1986), Allain 

et al., (1986), Von Sydow et al., (1988)). Detection of p24 as an early diagnostic method 

has been studied in different populations in detail. The most successful group for 

detecting p24 was the infants born to HIV positive mothers. The nonnal indirect ELISA 

methods and Western blot methods are not infonnative in infants until the infants are 18 

months old due to the presence of maternal antibodies. Circulating p24 antigen has been 

detected in 57% of infants at 2 months of age (Borkowsky et al., 1989) and 18% have 

been detected at birth, using cell culture methods (Burgard et al., 1992). Detection of p24 

at birth has led to confinn that these infants were more susceptible to AIDS than the p24 

negative infants at birth (Burgard et al., 1992). 100% of the infants diagnosed with AIDS 

have shown positive p24 values (Goudsmit et al., 1986). 

HIV viremia and the human immune response to the HIV virus are shown in Figure I. 

The detection of p24 circulating in serum is more common than detecting antibodies 

against the HIV immediately after the infection. The appearance of antibodies against the 

viral proteins lags about 2-4 weeks that of p24 in serum. Analysis of p24 protein is 

critical during this period due to the unavailability of antibodies to the virus particles. 

Although Alter et al., 1990, using 500,000 donated blood samples, showed that with the 

sensitivity ofp24 assays currently available, this period is not effective in HIV screening. 

Studies using 35,000 people who were paid for repeated plasma donations have been 

shown to be p24 positive prior to appearence of antibodies against the virus (Stramer et 
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al., 1989). These studies confinn that some of the transfusion blood samples could be 

negative for antibodies, when screened for HIV antibodies before the transfusion. The 

current risk of HIV transmission from screened blood is not known, but has been 

estimated to range from l in 38,000 to l in 153,000 (Alter et al., 1990). 

Study conducted by Von Sydow et al., (1988) using 21 homosexuals showed that during 

the second and third week after the onset of infection the antibodies appeared and the 

concentration of p24 was reduced significantly to undetectable levels. Dissociation of the 

complex to free antigen and antibodies also showed reduction in p24 in the p24 reduction 

phase, and suggested that p24 was absent for several months in these complexes due to 

the low or negligible antigen production. The p24 assays with detection limits of 30-50 

pg/ml antigen showed that 20-30% of the individuals who were positive for HIV showed 

positive p24 values (Allain el al., 1987). 

p24 protein has been shown to reappear during in the latter stages of the infection in 

which the subjects are diagnosed as ARC (AIDS related complex) or AIDS (Goudsmit 

et al., 1986) phase. In this study 81 % of the adults and I 00% of the infants were positive 

for p24 antigen. Lange et al., (1986), showed that p24 antigen detection in seropositive 

subjects could predict the infection preceding the onset of AIDS more than a year before 

appearance AIDS complications. 

p24 can be used as a clinical marker for the HIV infection. Patients with HIV-I infection 

who were also p24 antigen positive were at a substantially greater risk of progression to 

AIDS than were infected individuals in p24 antigen negative cases (Moss et al., 1988). 

Periodic screening of p24 in infected individuals reveals an increase in the p24 

concentration even before the CD4 count shows signs of depletion, indicating the 

progression of infection to AIDS (Davey and Lane, 1990). Detection of p24 will help the 
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medical community to more effectively treat this disease by stopping the increase in viral 

activity in HIV positive patients. 

The measurement of p24 levels before and after the antiviral therapies has become one 

of the most important aspects of detection of this protein. Patients receiving zidovudine 

or interferon-a have shown significant decline in p24 concentration whereas the patients 

who received placebo a showed increased p24 concentration (Lane ct al., 1988, Lane et 

al., 1989). p24 protein concentrations in cell cultures are also analyzed for better 

understanding of antiviral therapies for different strains and the efficacy of new antiviral 

agents. This protein also plays a role in diagnostic cultures in which p24 is analyzed for 

detection of HIV infection. 
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Introduction 

Human immunodeficiency virus (HN) has been identified as the etiological agent of the 

acquired immunodeficiency syndrome, AIDS (Barre-Sinoussi et al., 1983; Popovic et al., 

1984). HIV virus belongs to the retrovirus family in which the nuclcocapsid of the virus 

is composed of an RNA genome protected by a protein coat called the core protein. The 

nucleocapsid itself is composed of multiple subunits of the core protein, p24 (24 kD) 

which is encoded by the gag gene of the HIV genome. p24 protein is N-phosphorylatcd 

and becomes incorporated into the HIV virion, but high concentrations of p24 protein 

could be detected in HIV infected cell culture supematants due to the secretion by 

infected cells. 

HIV infection is usually diagnosed by detection of circulating HIV specific antibodies 

in a subject's serum or plasma. Although infected subjects often produce antibodies 

against HIV virus, these antibodies could only be detected 4-8 weeks after the initial 

infection. Detection of p24 antigen is of diagnostic significance in several situations, 

such as in the early stages of infection before seroconversion occurs (Allain et al., 1986; 

Goudsmit et al., 1986; von Sydow et al., 1988), in neonates born to infected mothers 

(Furlini et al., 1989), as a prognostic marker (Lange et al., 1986; Goudsmit et. al., 1987; 

Rinaldo et al., 1989), in monitoring the effects of antiviral therapy (Chaisson et al., 1986; 

Fischl et al., 1987) and in evaluation of the efficacy of experimental antiviral agents 

(Davey and Lane, 1990). 

Although there are commercially available p24 assays, the detection limit of these assays 

is around 30-50 pg/mL with an incubation time of 6-24 hr (Healey et al., 1988; Tatsumi 

et al., 1990; Kontio, 1991 ). It has been confirmed that with the present detection limit, 

these assays do not add any advantages to the HIV screening at blood screening centers 
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across U.S.A. (Alter et al., 1990). Only 20-30% of the HIV seroconverters have shown 

positive response to the p24 assays that are currently available (Allain et al., 1987). The 

inability to detect p24 protein by these assays has been explained by complex formation 

between circulating p24 and the antibodies. 

Improvements in the detection limit and reduction in the total incubation time of the p24 

assay could improve the patient management and reduce the time for new antiviral drug 

discoveries. The improvement in detection limit would assist the clinicians in diagnosing 

the progression of infection to the ARC or AIDS stage more rapidly than the currently 

available methods. This will support the physicians in prescribing antiviral drugs to 

patients at the time when these transformations are occurring. The improvement in the 

detection limit would reduce the number of culture days for the lymphocytes that are 

used to diagnose the HIV infection and the cultures that are used to identify the new drug 

candidates. This will also provide an expanded linear range of p24 concentrations to 

study the activity of new drug candidates in humans. The reduction of the total 

incubation time by a factor of2 to 12 will reduce the cost of performing these assays due 

to the rapid turnaround time. 

In this study, two monoclonal antibodies specific for p24 protein were selected and 

characterized to develop a very sensitive sandwich immunoassay for p24. The detection 

limit ofthis assay was 1.88 pg/mL with a total incubation time of three hours. Antibody 

immobilization on magnetic particles was optimized to further increase the detection 

limit of this assay, if further improvement in the detection limit is necessary. 

A membrane based flow injection analysis method was identified to reduce the screening 

cost of analytes that show very low probability of detecting positive samples ( eg. p24 

assay as a screening method). All necessary parameters for the antibody immobilization 
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on the membrane and the activities of immobilized antibodies were studied. 
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Experimental 

Materials 

p 24-1 TrpE/Gag fusion clone and the hybridoma cell lines MW /SF2 and MW /G6. l and 

8E5 HIV infected cell line were kindly donated by Prof. Charles Wood, Dept. Of 

Microbiology, University of Kansas. 3-P-indole acrylic acid for induction of TrpE 

clones, Lysozyme, Phenyl methyl sulfonyl fluoride (PMSF) and Aproteinen protease 

inhibitors, guanidine hydrochloride, P-mercaptoethanol, 4-chloro-naphthol, bovine scrum 

albumin (BSA), Luminol and p-iodophenol were purchased from Sigma Chemical 

Company (St. Louis, MO). Bicinchoninic Acid (BCA) protein assay reagents, 2-(4'-

Hydroxyazo-benzene)-benzoic acid (HABA), affinity purified avidin from hen egg white 

and NHS-LC-Biotin were obtained from Pierce (Rockford, IL). Reactigcl®-6X as affinity 

support was also purchased from Pierce. DEAE-Sephacel for anion exchange 

chromatography and Sephadex G-25 for size exclusion chromatography were purchased 

from Pharmacia LKB (Piscataway, NY). Pronase Protease was obtained from ICN 

biochemical (Costa Mesa, CA). Dynal M-450 magnetic particles were purchased from 

Dynal Corporation (Lake Success, NY). The HIV antigen assay was obtained from 

Coulter Corporation (Hialeah, FL). Horseradish peroxidase enzyme (HRP) was 

purchased from Biozyme Laboratories (San Diego, CA). Immobilon® AV affinity 

membrane was purchased from Millipore Corporation (Bedford, MA). Molecular weight 

markers for electrophoresis and the nitrocellulose membrane for gel transfer were 

purchased from BioRad (Hercules, CA). The substrate solution for HRP, Tetramethyl 

benzidine (TMB) was from Kirkegaard and Perry Inc. (Gaithersburg, MD). Goat anti 

mouse-HRP (Gt x Mo-HRP) was from Organon Teknika-Cappel Corp. (Durham, NC). 

The cell culture plates and the microtiter plates were from Corning (Corning, NY). All 

other reagents used were of analytical grade. The Nanopure system was from Barnstead 

Nanopure II, Boston, MA. 
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Apparatus 

Anion exchange chromatography and affinity chromatography were carried out with 

homemade columns using a Rainin Rabbit II peristaltic pump (Rainin Instruments, 

Woburn, MA) and the absorbance was monitored at 280 nm with an ISCO flow path 

monitor (ISCO Instruments, Lincoln, NE). The concentrations of the antibody solutions 

were calculated using the absorbance at 280 run from a Shimadzu spectrophotometer 

(Shimadzu Corp. Columbia, MD). A V ma.~ micro plate reader (Molecular Devices, Menlo 

Park, CA) was used to read absorbance at dual wavelengths 450 and 650 nm for ELISAs. 

For high speed centrifugation a Beckman Model J21B centrifuge (Beckman Instruments 

Inc., Palo Alto, CA) was used. BioRad 3000xi computer controlled power supply, 

BioRad Transblot cell, BioRad Model 543 gel dryer and BioRad mini protein II 

electrophoresis cell were used for SDS-PAGE and Western blot analysis. The Lab Line 

Orbital Enviorn Shaker was from Lab Line Instruments Inc. (Melrose Park, IL). Flow 

injection analysis was carried out by using an ISCO pump (ISCO Instruments) and a 

Waters autoinjector (Waters, Milford, MA). An HIV infected cell line which is inactive 

in reverse transcriptase activity was cultured and the experiments were carried out in the 

Level 3 Bio-Safety Laboratory, managed by the Dept. of Microbiology, University of 

Kansas. 

Growth/induction of p24-1 protein in pATH vector-based clones 

The medium (pA TH medium) for the pA TH vector based p24-1 clone was composed of 

42 mM sodium phosphate dibasic, 22 mM potassium phosphate monobasic, 8.6 mM 

sodium chloride, 18. 7 mM ammonium chloride and 0.05% casamino acids. The medium 

was autoclaved for 20 min and supplemented with sterile stock solutions to make the 

final concentration of 0.1 mM calcium chloride, 1 mM magnesium sulfate, 0.2% glucose, 

10 µg/rnL thiamine and 20 µg/rnL ampicillin. For the overnight culture the medium was 

supplemented with 20 µg/rnL of sterile L-tryptophan to repress recombinant protein 
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synthesis. 

A frozen stock of p24-l recombinant plasmid containing cells was inoculated to 5 mL 

in pA TH medium containing 20 µg/mL L-tryptophan and allowed to grow overnight in 

a water bath shaker at 37°C. These cultures were used to inoculate a 200 mL culture to 

have an OD600 ofless than 0.1. The culture medium used in these inoculations was made 

and autoclaved the night before the inoculation. These cultures were grown in 2 L flasks 

to allow ample aeration during synthesis. These cells were grown for 1 hr in a rotating 

air shaker, rotating at 200 rpm and the temperature was kept at 30°C. After 1 hr, 1 mL 

of3-P-indole acrylic acid (1 mg/mL in ethanol) was added as the inducer and the shaking 

continued for three to four hours depending on the growth of these cells. 

Isolation of insoluble protein from pATH plasmid 

The plasmid containing cells were pelletted at I 0000 rpm and 4 °C for 20 min after these 

were grown for 3 to 4 hr. The pelletted cells were resuspended in 20 mL of 10 mM Tris 

buffer (pH 8) after the supernatant was discarded. These cells were pelletted again using 

the same conditions and resuspended in 20 mL of 50 mM Tris buffer (pH 8) containing 

5 mM EDT A and 2 mg/mL Lysozyme and incubated on ice for 1 to 1 ½ hr. To this 

solution 1.5 mL of I 0% NP40 and 1.4 mL of 5 M sodium chloride was added and 

inverted the solution for several times. The solution was incubated overnight on ice and 

sonicated two times for 15-20 seconds in an ice bath to shear the released DNA and to 

reduce the viscosity of the solution. The inclusion body was pelletted by centrifugation 

for 20 min at 10,000 rpm at 4 °C. The supernatant was discarded and the pellet was 

resuspended in 20 mL of 10 mM Tris buffer (pH 8) containing 1 M sodium chloride and 

centrifuged to isolate the insoluble pA TH proteins. The resulting pellet was resuspended 

in 1 mL of IO mM Tris buffer (pH 8) and stored in 4 °C with 20 µl of 5 mg/mL PMSF 

and 20 µl of 4 mg/mL aproteinen. 
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Solubilization of recombinant inclusion bodies 

The recombinant inclusion bodies were centrifuged at 10,000 rpm at 4 °C and the 

supernatant was discarded before these were solubilized in I mL of 7 M guanidine 

hydrochloride. lbis solution was centrifuged and the supernatant was mixed with 6 mL 

of 10 mM Tris buffer (pH 8) before extensively dialyzing with IO mM Tris buffer (pH 

8). The dialyzed protein solution was assayed for protein concentration by BCA assay. 

Preparation of MW/SF2.1 and MW/G6.1 antibodies 

The MW/SF2.1(2.l) and MW/O6.1(6.1) antibodies were generated using two methods. 

The first method that was used is the culture of hybridoma cells in serum free medium 

to generate these antibodies. 1 x I 06 cells were grown in growth media supplemented 

with 10% Fetal calf serum and 10 mM L-glutamate sodiwn pyruvate. After the cells were 

grown for more than a week, the supernatant was screened for the activity to p24-l 

preparation by an ELISA method described below. After the activity study these cells 

were fed with a 50/50 mixture of growth mediwn containing growth media/serum free 

growth media for 7 days. Every 4th day of culture, the media was changed by decreasing 

the normal growth media by 50% and increasing the serum free media by 50%. The cells 

that were gro\\n in serum free mediwn were screened for the activity of p24-1 antibodies. 

Finally, cells were grown in serum free media to obtain the supernatant for antibody 

isolation. Supernatant containing antibodies were concentrated and dialyzed in 0.01 M 

phosphate buffer (PB) containing 0.01% azide. The second method, that was used to 

generate antibodies was the production of antibodies as ascites fluid. These antibody 

preparations were stored at -40°C. 

Screening of antibodies for p24-1 binding 

Cell culture supernatant was screened for p24-1 binding by an ELISA. The p24-1 protein 

was coated on the microtiter plate using 100 µl of IO µg/mL p24-1 solution in 0.1 M 
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carbonate buffer (CO/ buffer, pH9.35) for 2 hr at 37°C. The plates were washed four 

times with wash buffer (10 mM PB containing 0.15 M NaCl and 0.05% Tween 20) and 

100 µl of blocking buffer (washing buffer containing 0.2% BSA) was added before 

incubating for 1 hr at 37°C. The plates were washed four times with wash buffer, and 

100 µ1 of culture supernatant was added and incubated for another I hr at 37°C. 100 µl 

of Gt x Mo-HRP conjugate (1 :20,000 dilution) was added after the plates were washed 

with wash buffer and incubated for 1 hr. The plates were washed four times with 

Nanopure water and 100 µl of TMB substrate solution was added for the colorimetric 

end point. 50 µl of 1 M HCl solution was added after 20 min to stop the colorimetric 

reaction and the plates were read in a 96 well plate reader at 450 and 650 nm. 

Isolation and purification of 2.1 and 6.1 antibodies 

The 2.1 and 6.1 antibodies from ascites fluid or culture supernatant were isolated by 

ammonium sulfate precipitation according to Tijssen (1985). These antibodies were 

extensively dialyzed in 0.01 M PB (pH7.4) and stored at -40°C before further 

purification. 

The immunoglobulin fractions were further purified by anion exchange chromatography 

using a homemade DEAE-Sephacel column. Briefly, the antibody samples were dialyzed 

overnight in 10 mM Tris buffer (pH 8) and applied to a 25 cm DEAE column. A sodium 

chloride gradient of0-300 mM in 10 mM Tris buffer (pH 8) was applied to the column 

within a 3 hr period. The antibody fractions were collected and extensively dialyzed in 

10 mM PB (pH 7.4), concentrated and redialzed in 10 mM PB (pH 7.4) containing 0.01 % 

azide. 

Antibodies were further purified by protein A chromatography using the standard method 

described in Instruction Sheet 44667X by Pierce, IL. Briefly, the antibody samples were 
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mixed at least I: 1 with IgG binding buffer prior to their application to the Protein A 

column. The unbound fraction of the sample was eluted with another 3 column volumes 

ofigG binding buffer prior to the elution of the bound antibody fraction with 2 column 

volumes ofigG elution buffer. The collected antibody samples were extensively dialyzed 

in IO mM PB (pH 7.4) containing 0.01 % azide and stored at -40°C. 

Study of apparent binding constants of 2.1 and 6.1 antibodies to p24-l protein 

Apparent binding constants of purified 2.1 and 6.1 antibodies were determined using a 

ELISA similar to the procedure described in the section of screening of antibody binding 

to p24-l, except that 100 µl of purified antibodies ( 10 µg/mL) was added in the culture 

supernatant addition step and serially diluted with blocking buffer. 

Biotin labeling of antibodies 2.1 and 6.1 

Biotin labeling of antibodies was carried out according to the method described by 

Wimalasena, et al., 1990. Briefly, the antibodies were dialyzed overnight in 0.1 M CQ3•2 

buffer (pH 8.5) and a 1 mg/mL solution of each antibody was transferred to a test tube. 

A 1 mg/mL solution of NHS-LC-Biotin was prepared in Nanopure water and 34.8 µI was 

added dropwise to each of the antibody solutions which were constantly stirred. The 

reactions were carried out for 3 h at room temperature and the conjugate mixtures were 

applied to a homemade Sephadex G-25 (25 cm) column equilibrated with 10 mM PB to 

remove the unreacted reagents from the antibody-biotin conjugate. The fractions 

containing the conjugates were collected observing the absorbance at 280 nm. Resultant 

conjugates were dialyzed in 10 mM PB containing 0.01 % azide. 

Determination of the coating antibody by an ELISA 

To choose the most appropriate capture antibody in a sandwich type ELISA, the 

follo,,ing sandwich ELISA was performed. Both 2.1 and 6.1 antibodies were coated on 
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a microtiter plate using 100 µl of 5 µg/mL antibody solution in 0.1 M CO3•2 buffer for 

2 hr at 37°C. The plate was washed four times with washing buffer, 200 µl of blocking 

buffer was added (washing buffer containing 0.2% skim milk) and the plate was 

incubated for 1 hat 37°C. 1 µg/well p24-l protein was added to the first four wells and 

serially diluted in blocking buffer except the control wells which contained only blocking 

buffer. The plate was incubated for 1 hr at 37°C and washed four times with washing 

buffer. 100 µl of biotin labeled conjugate was added after a 1 :64 dilution in blocking 

buffer. The 6.1-biotin and 2.1-biotin conjugates were added to the appropriate side of 

the ELISA plate. The plate was incubated for 1 hr at 3 7 °C and 100 µl of streptavidin-

HRP was added after washing the plates with wash buffer. The plates were incubated for 

1 hr at 37°C and 100 µl of TMB substrate solution was added to the plate which was 

previously washed four times with Nanopure water. The colorimetric reaction was 

stopped after 20 min incubation at room temperature by adding 50 µl of 1 M HCl and the 

plate was read at 450 and 650 nm. 

Optimization of capture antibody concentration for coating 

The capture antibody was optimized by coating different concentrations of 2.1 antibody 

on the microtiter plate. 100 µl of 2.1 antibody was coated at varying antibody 

concentrations from 10 µg/mL to 3 µg/mL in 0.1 M CO3•2 buffer (pH 9.35) for 2 hr at 

37°C. After the coating step, the procedure described in determination of coating 

antibody was followed using 6.1-biotin conjugate with the exception that the p24- l 

sample used was 0.25 µg/rnL and was not serially diluted. 

Study of the optimum number of biotin labels on an antibody 

The optimum number of biotin labels was established using the HABA reagent. To study 

the biotin labeling Gt x Mo-IgG antibodies were selected. Biotin labeling was done 

according to the procedure described in the biotin labeling of 2.1 and 6.1 with the 
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exception that the antibody:biotin molar ratios were changed. (Antibody:biotin labels 

studied 1 :5, 1 :7.5, 1: 10, 1: 15, and 1 :20). The concentration of the conjugates were 

determined by measuring the absorbance at 280 nm and the protein concentrations were 

also studied using the BCA assay. 

The number of biotin labels that could react with the avidin in these conjugates was 

determined using HABA reagent. The procedure given by the manufacturer (Pierce, IL) 

was followed without any modification. Briefly, 5 mg of avid in was dissolved in PBS 

buffer (10 mM PB, 0.15 M NaCl, pH 7.2) and 375 µl ofHABA solution was added. The 

HABA solution was prepared by adding 24.2 mg of HABA to 9.9 mL ofNanopure water 

and adding 0.1 mL of I N NaOH. 900 µl of avidin-HABA solution was added to 

different test tubes to which 100 µl of the antibody-biotin conjugates (3mg/mL) was 

added. The absorbance of these samples was read at 500 nm, including a sample of 

avidin-HABA mixture as the control. 

The number of biotins that have reacted with the antibody was calculated using antibody 

samples that were digested by pronase protease. I 00 µl samples of conjugates were 

heated at 56 °C for 10 min and 10 µl of I% pronase solution was added to each sample 

and digested overnight at room temperature. Overnight digestion, digests aH the protein 

and releases the biotins, thus enabling calculation of the exact number of biotin labels 

that were on the conjugates. The number of biotin labels were calculated according to the 

procedure described above. 

p24 protein isolation from SES cell culture supernatant 

The 8E5 cells were maintained in complete medium which contained RPMI 

supplemented \vith 10% fetal calf serum and IO mM HEPES (Hildreth and Orentas, 

1989). The supernatant from the culture was obtained by centrifuging the cells at 1000 
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rpm for 20 min and removing the supernatant to centrifuge tubes. To all the supernatant 

samples Triton X-100 was added to obtain a final concentration of 0.5%. 

Optimization of incubation time for Sandwich ELISA 

The incubation time was optimized to achieve the required detection limit. The sandwich 

ELISA, which was previously described, was carried out with the 2.1 antibody coated 

on the plate as the capture antibody. The optimum capture antibody concentration of 5 

µg/mL was used to coat the microtiter plate. The p24 sample obtained from the 8E5 

culture supernatant, previously calibrated using a commercial p24 assay (Coulter 

diagnostics, FL), was used as the p24 protein. The p24 concentration range that was 

studied was varied from 0.94 to 480 pg/mL. The time of p24 protein incubation and the 

incubation time for 6.1-biotin labeled antibody was varied to calculate the best 

incubation times. The incubation times that were studied included 60/60, 45/60, 60/45, 

30/60, 45/45 where the designation x/y indicates the p24 antigen incubation time/6.1-

biotin incubation time in minutes. 

Antibody immobilization on magnetic particles 

Antibody immobilization on the magnetic particles was optimized using Gt x Peroxidase 

antibodies. Antibodies were immobilized using the procedure which was recommended 

by the manufacturer. Briefly, the magnetic beads were mixed thoroughly to achieve a 

homogenous solution and were removed in five 200 µl aliquots. These magnetic particles 

were placed in a 24 well culture plate and a 200 µI solution containing 50, 75, I 00, 125 

and 150 µg/mL of antibody in 0.1 M borate buffer (pH 9.5) was added. The plate was 

kept on a shaker and the reaction allowed to proceed for 24 hr at room temperature. The 

immobilization reaction was stopped by washing the plate \\ith PBS buffer (pH 7.4) after 

applying a magnetic field to the bottom of the plate. The unreacted sites of these 

activated magnetic particles were blocked for 2 hr by adding 1 mL of 10% solution of 
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monoethanolamine in 0.1 M borate buffer (pH 9.5). The magnetic beads were washed 

using PBS buffer and resuspended in 200 µI of PBS buffer (pH 7.4). The immobilized 

antibody concentration was measured using the BCA assay using 50 µI of magnetic 

particles. 

Study of antibody immobilization and activity with time 

Antibodies were immobilized on the magnetic beads using a 125 µg/mL solution of 

antibody in 0.1 M borate buffer. This was previously shown to be the optimum antibody 

concentration. 200 µI aliquots of suspended magnetic beads were transferred to a 24 well 

culture plate and added 200 µI of antibody solution. The plate was placed on a shaker and 

the immobilization reaction to allowed proceed before magnetic beads were sampled at 

four defined intervals, i.e. 30, 90, 180 and 300 min. Immediately after the removal from 

the reaction, the magnetic beads were washed with PBS buffer (pH 7.4) and the active 

sites of the particles deactivated for 2 hr using l 0% monoethanolamine in 0.1 M borate 

buffer at room temperature. 

The concentration of the immobilized antibody with time was calculated using the BCA 

assay with a calibrated antibody sample as the standard. The activity of these 

immobilized antibodies was calculated by removing two 20 µl aliquots of magnetic 

particles from each sample and studying the HRP activity of these antibodies. The 

nonspecific sites on these particles were blocked by incubating them with blocking buff er 

for I hat room temperature. They were then washed four times with PBS (pH 7.4) by 

applying a magnetic field to the bottom of the plate. To calculate the activity, the coated 

magnetic particles were incubated for I hr with 200 µl of 0.5 µg/mL solution of HRP in 

IO mM PB (pH 7.4). After l hr, the particles were washed four times with l O mM PB by 

applying a magnetic field to the bottom of the plate. 1.6 mL of HRP substrate solution 

was added and the response change with time was read at 490 nm using a microtiter plate 
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reader. The substrate solution for the activity study was prepared by mixing 7.5 mL of 

1.7 mM hydrogen peroxide in 0.1 M PB (pH 7) with 7.0 mL of 2.5 mM 4-

aminoantipyrine with 0.17 M phenol in water. The measurement of the color change with 

time was carried out by applying a magnetic field to the bottom of the plate and 

transferring 100 µL of solution to an ELISA plate, and returning the solution to the 

original well after the reading was taken. The activity of each sample was calculated 

using an OD vs time curve and the slope of the curve was taken as the activity. 

Immobilization of antibodies on Immobilon AV affinity membrane 

The amount of antibody immobilized on the membrane was studied by varying the 

antibody concentrations of the immobiliz.ation solution. Five antibody concentrations 

were studied (0.1, 0.2, 0.5, 0.875 and 1.25 mg/mL) for immobiliz.ation. Immobiliz.ation 

was carried out by cutting a membrane disk of 0.283 cm2 and reacting it with 1 mL of 

the antibody solution in a petri dish for 18 hr at 4 °C in a shaker. After 18 hr, the 

membranes were washed with 0.1 M PB (pH 7.4) and the remaining active sites of the 

membrane were inactivated by treating these membrane with 10% monoethanolamine 

in 0.1 M sodium bicarbonate buffer (pH 9.35) for 2 hr at room temperature. Membranes 

were washed four times in 0.1 M PB (pH 7.4) and the amount of antibody immobilized 

was assayed by the BCA assay. 

Activity study of the immobilized antibodies on the membrane 

To study the activity of these antibodies after the imrnobiliz.ation, the non specific 

adsorption sites of the membrane disks were blocked by treating the disks with 1 mL of 

blocking buffer for 1 hr at 37°C. Each membrane disk was reacted with 1 mL of 10 

µg/mL HRP solution in 0.1 M PB (pH 7.4) for 1 hr at 37°C and washed four times with 

Nanopure water to remove the unreacted HRP on the membrane surface. Membranes 

were cut into four equal parts and the activity of one part of the membrane was studied 
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using the HRP substrate solution with 4-aminoantipyrine. The colorimetric reaction was 

monitored at 500 nm every 30 seconds in a spectrophotometer after adding I mL of 

substrate solution. The cuvet was removed after each reading and the substrate solution 

was mixed to get a uniform color in the solution. The activity of each part was studied 

by measuring the time dependent absorbance changes at 500 nm. 

Preparation of affinity support 

6.1 antibody was coupled to Reactigel®-6X used as the solid support in a p24-l affinity 

column to affinity purify the p24-l protein. The coupling procedure was a modification 

of the procedure described by Gunaratna and Wilson, (1993). A 5 mL solution of 6.1 

antibody (I mg/mL) was dialyzed overnight in 0.1 M CO/ buffer (pH 8.5) and 5 mL of 

Reactigel®, were added after perwashing to remove the preservatives was added. The 

antibody-gel mixture was mixed by mechanical inversion for 30 hr at 4 °C the unreacted 

antibody was removed by filtration. The coupled gel was then washed with I M Tris-HCl 

buffer (pH 8) to deactivate the reactive sites on the solid support. Then the gel was 

washed with 0.1 M PB (pH 2.2) to remove the antibodies which are non-specifically 

attached to the gel. The coupled gel was packed into a homemade column and I mL of 

BSA solution (5 mg/mL) in 0.1 M PB (pH 7.4) was passed through it using the same 

buffer as the running buffer of the column. Non-specifically attached BSA was removed 

by passing 0.1 M PB (pH 2.2) and the column was equilibrated with 0.1 M PB (pH7.4) 

containing 0.01 % azide before storing the column at 4 °C. 

Affinity purification of p24-1 protein 

(A) p24-1 protein was prepared according to the procedures described in the 

beginning of the experimental section. After the solubilization of the p24-1 protein in 7 

M guanidine-HCI, the protein was mixed with 6 mL of 10 mM PB (pH 7.4) and 

extensively dialyzed in 10 mM PB (pH 7.4). The protein solution was diluted with 10 
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mM PB (pH 7.4) until the cloudiness was reduced and was applied to the column 

previously equilibrated with IO mM PB (pH 7.4). The protein solution was recirculated 

four times before collecting the unbound fraction and the column was washed with 1 O 

mM PB (pH 7.4) buffer. The bound fraction of the protein was eluted using IO mM PB 

(pH 2.2) and the pH was adjusted to pH7.4 immediately, by adding a small amount of 

0.5 M PB (pH 8) buffer. The bound fraction was extensively dialyzed in 10 mM PB(pH 

8), concentrated and redialyzed in the same buffer before storing at 4 °C. The storing 

solution also contained PMSF and aproteinen as described previously in the section 

concerning isolation of p24- l. 

(B) The second method of affinity purification was done according to the same 

procedure described above except that the elution was carried out using 10 mM PB (pH 

7.4) containing 1 M NaCl. 

Characterization of the molecular weight of affinity purified p24-l protein 

The molecular weight of affinity purified p24- l was determined using denaturing SDS-

P AGE gels. SOS-PAGE gels were routinely cast by using the procedure described by the 

manufacturer, BioRad, CA. Briefly, the notched 10.2 x 8 cm glass plates were placed in 

the casting apparatus and the two 1.5 mm spacers placed in between the plates. The two 

plates with the spacers were placed in the clamp assembly and the top two screws of the 

clamp assembly were tightened. The clamp assembly was placed in the casting stand and 

the screws were loosened to place the plates and the spacer at the base of the casting 

assembly. Using the alignment card, the spacers were placed properly and the screws 

were tightened. The clamp assembly was mounted on the casting stand. 

A 30% stock solution of acrylamide was prepared by dissolving I 00 g of acrylamide 

mixed with 2.6 g of bis-acrylarnide in to 330 mL of Nanopure water. The acrylamide 
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stock solution was filtered using a Whatman 3MM filter paper using suction and stored 

in a brown bottle at 4 °C. Separating buffer (1.5 M Tris-HCl pH8.3, 0.4%SDS) and 

stacking gel buffer (0.5 M Tris-HCL pH6.8, 0.4% SOS) were usually made as 100 mL 

stocks. The running buffer was prepared at IOX (10 times concentrated) by dissolving 

15.17 g of Tris base in 200 mL of Nano pure water and adding 72 g of glycine with 5 g 

of SOS. The solution was diluted to 500 mL mark and the pH was adjusted to 8.3. The 

running buffer was prepared by diluting the I OX stock buffer with Nanopure water. All 

these buffers were stable at room temperature. 

The separating gel was prepared according to Table 1. The separating gel was poured to 

the casting plates immediately after adding TEMEO (N ,N ,N'N' -tetramethylene-diamine) 

and water was used to overlay the gel during the polymerization. After the separating gel 

was polymerized, stacking gel buffer was prepared and the water overlaying the 

separating gel was removed by applying suction. The stacking gel was poured into the 

casting plates and a comb was lowered down into the gel solution, placing the bottom of 

the comb 0.5 cm above the interface between the separating and stacking gels. 

Protein samples for analysis were prepared by mixing 5 µg of each sample with 4 µL of 

5 X LaemmLi buffer (50% glycerol, 10% glycine, 3% SOS, 0.0625 M Tris-HCI pH6.8, 

0.004% bromophenol blue), I µL of P-mercaptoethanol was added and the final volume 

adjusted to 20 µL. The tubes containing the samples were centrifuged and boiled in a 

water bath for 5 min before applying to the gel. The gel was run by initially applying a 

voltage of I 00 V in the stacking gel and the voltage was increased to 175 V in the 

separating phase. The separation was stopped when the dye ,vas close to the bottom of 

the gel. The clamp assemblies that were used to cast the gel were removed from the 

upper chamber and one glass from each gel was removed slowly without displacing the 

gel. 



Table 1. Composition of SOS-PAGE gels 

Separating gel (25 mL) 

Reagent 

Separating buff er 

Acrylamide stock/water 

30% Acrylamide stock 

Nanopure water 

10% Ammonium persulfate 

TEMED 

Stacking gel (10 mL) 

Reagent 

Stacking gel buffer 

30% Acrylamide stock 

Nanopure ,vater 

I 0% Ammonium persulfate 

TEMED 

10% 

6.25 mL 

18.75 mL 

8.33 mL 

10.42 mL 

92.5 µL 

25 µL 

Volume 

2.5mL 

l.5mL 

6.0mL 

30 µL 

20 µL 

12.5% 

6.25 mL 

18.75 mL 

10.42 mL 

8.33 mL 

92.5 µL 

25 µL 

89 
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Staining of the SDS-PAGE gels 

After the separation, the gel was separated into two parts. One contained the molecular 

weight marker lane, the affinity purified p24-l lane and the crude p24-l preparation lane. 

This part of the gel was stained in staining solution (Methanol 45%, Acetic acid 10%, 

Coomassi blue R250 0.25% and Nanopure water 45%) for 5 min and destained using 

a destaining mixture (Methanol 125 mL, Acetic Acid 185.5 mL and diluted to 3 L with 

Nanopure water). The stained gel was dried on filter paper using a gel dryer by applying 

suction. 

Electrotransf er of protein to nitrocellulose 

Protein samples separated on SDS gels were transferred to nitrocellulose using a 

Transblot cell apparatus. The method used for the transfer was previously described by 

Towbin, (1979). Transfer buffer was prepared by mixing l 00 mL of 1.0 M Tris-HCl 

(pH8.3), 58 g of glycine, 800 mL of ethanol and adjusting to 4 L by adding Nanopurc 

water. Two pieces of Whatman 3MM paper were cut to the same size as the separating 

gel to be transferred. They were soaked in separating buffer and the nitrocellulose 

membrane was cut to the size of the separating gel. The nitrocellulose filter was soaked 

in Nanopure water and laid on the gel making sure no bubbles were trapped between the 

membrane and the gel. The stacking gel was separated and removed from the separating 

gel using a razor blade after marking the side of the gel, or the lanes on the membrane. 

A piece of the 3MM paper was placed over the nitrocellulose membrane and the glass 

plate was slowly turned over to remove the gel from the plate. The other 3MM paper was 

placed on the top of the gel and the edges of the membrane or paper that extended 

beyond the edge of the gel were trimmed. The sandwiched gel was placed in the transblot 

apparatus placing the membrane in contact with the anode of the cell. Transfer buffer was 

filled to the transfer cell and the transfer was performed by applying a 90 mA current 

overnight. 
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Western Immunoblot analysis 

Western Immunoblotting was perfonned immediately after electrotransfer of proteins to 

the nitrocellulose membrane (Burnette 1989). After the removal of the nitrocellulose 

membrane, the molecular weight marker lane and the impure p24- l lane were separated 

by cutting the membrane, followed by staining for 5 min in Coomassie blue stain. The 

stained membrane was then destained in destaining mixture until the molecular weight 

markers were visible. The remaining part of the membrane was cut into two strips in 

which each strip contained a lane of p24-l impure preparation and an affinity purified 

protein lane. These two strips were placed in two petri dishes and incubated with 5 mL 

of blocking buffer which contained 0.85% NaCl, 20 mM HEP ES, I 0% fetal calf serum, 

50 µL/mL gentamicin, 0.5% Triton X-100, I 0% normal goat serum and 0.0 I% 

thimerosal. After blocking for 20 min at room temperature, the blocking buff er was 

removed by suction and 5 mL each of a 2.1 and 6.1 antibody solutions which was 

prepared in blocking buffer was added. The antibodies were allowed to react for 1 hr at 

room temperature and the membranes were washed four times using normal washing 

buffer. 5 mL of Gt x Mo-HRP conjugate was added after diluting the conjugate I 000 

times with blocking buffer and incubated for 45 min at room temperature. Membranes 

were washed four times with washing buffer and transferred to a new petri dishes before 

adding 5 mL of substrate solution. Substrate solution was prepared by mixing 12 mg of 

4 chloronaphthol (dissolved in 4 mL of methanol) and 12 µl of 30% H20 2 (in 20 mL of 

PBS pH7.4). After adding the substrate solution these petri dishes were kept in the dark 

until the color was developed. The color development was stopped by washing the 

membranes \vith washing buffer followed by drying before photographs were taken. 

Membrane based flow injection analysis 

Flow injection analysis studies were carried out by placing the immunoreactor directly 

in front of a photomultiplier tube (PMT) after the antibody immobilized membrane was 
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placed in the immunoreactor. After equilibrating the reactor for IO min with 10 mM PB 

(pH 7.4) containing 0.2% BSA and 5 x 10-s M p-iodophenol, 25 µL of Mox Bovine IgG 

was injected. The response from the bound fraction was observed by injecting 25 µL of 

Gt x Mo-HRP solution (1 to 20000 dilution) and after 5 min 25 µL of 0.01 M H20 2 

solution in 10 mM PB(pH7.4) was injected. The chemiluminescent reaction was 

repeatedly observed by injecting 25 µL of substrate solution. 
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Results and Discussion 

Selection of p24-1 protein for the assay development 

Recombinant p24 protein for the assay development was selected from a panel of E. coli 

clones that expressed p24 protein as TrpE/Gag fusion proteins (Windheuser et al., 1989). 

These clones have been used to characterize the immunoreactive domains of the human 

immunodeficiency virus type-I core protein. p24- l clone was specifically selected for 

the assay development due to the containment of the entire p24 protein. This protein also 

consisted of N-terminal pl5 residues and twelve residues from the C-terminal pl 7 

protein. The molecular weight of the p24-l fusion protein was 66 kD by SDS-PAGE 

analysis. 

The immunoreactivity of this protein was studied using a panel of 31 HIV-1 seropositive 

sera, which were confirmed by both Western blot and immunofluorescent tests at the 

Community Blood Center, Kansas City, MO (Windheuser, 1989). The sera that were 

reactive to p24 protein in commercial Western blots showed similar reactivities with the 

p24-l protein in a Western blot analysis. p24-l protein also reacted with a panel of sera 

that were drawn sequentially from two individuals who were antibody seroconverted 

during the time the samples were drawn. The reactivity studies with human sera 

confirmed the structural similarities between the recombinant p24- l and human p24 

proteins. The recombinant p24-1 protein also cross reacted with serum from Simian 

immunodeficiency virus (SIV) infected Macaques and African green monkeys. Toe cross 

reactivity of SIV infected monkey serum with p24 proteins has also been observed by 

Riggings et al., (1992). 

These immunological analyses of recombinant p24- l protein confirmed the possibility 

of using this protein as the p24 standard in the development of the p24 assay. The 
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recombinant p24- l protein also gives a great handling advantage with respect to p24 

proteins obtained from infected cell culture supernatant. The development of the p24 

assay using p24 obtained by infected cell cultures must be carried out in a Level 3 Bio 

safety laboratory with great care but the assay development with p24-l recombinant 

protein does not require any special handling techniques. 

Selection of antibodies for the assay development 

Antibodies required for the assay development were chosen from a panel of monoclonal 

antibodies that was donated by Prof. Charles Wood, Dept. of Microbiology, University 

of Kansas. This panel of monoclonal antibodies was generated by immunizing p24- l 

protein or detergent disrupted SF2 isolate of human immunodeficiency virus to mice 

(Windheuser, 1989). The specificities of these antibodies were characterized by an 

ELISA where the p24-1 protein preparations were coated on the ELISA plates. The 

antibodies specific for TrpE part of the protein were screened out by perfonning an 

ELISA with TrpE protein generated by cells that contained the unmodified plasmid. 

Binding epitopes of these monoclonal antibodies were studied by Western blot analysis 

using proteins that were generated from the panel of p24 clones. The panel of TrpE 

fusion proteins that were used in epitope identification and the binding domains of these 

antibodies are shown in Figure 2 (Windheuser et al., 1989). 

Monoclonal antibodies 2.1 and 6.1 were selected for the development of the p24 assay 

because of the distance between the two epitopes (100 amino acid separation) and the 

fact that the binding of one antibody to the p24 protein did not hinder the binding of the 

second antibody. lltls phenomenon was observed during the preliminary investigations. 

Production of 2.1 and 6.1 antibodies 

Both antibodies were generated as ascites fluid in mice and the immunoglobulin fraction 
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Figure 2. (A). Schematic representation of HIV-I pro\'iral genome with the gag DNA 

sequences expanded to indicate the p24 DNA segment which was cloned into the pA TH 

Yector. (B). Binding domains of the panel of monoclonal antibodies 
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was isolated by ammonium sulfate precipitation (Tijssen, 1985). The concentrations of 

these IgG fractions after the anion exchange chromatography were very low when 

compared to the volume of ascites fluid that was used in the purification procedure. 

These cell lines were low antibody producing cell lines and produced only about 0.5-0.2 

mg of antibodies per mL of ascites fluid. Due to the low antibody production in ascites 

fluid, these cell lines were transferred to serum free medium to produce large quantities 

of antibodies in cell culture flasks. The yield of antibodies in cell culture was comparable 

to the antibody concentrations that were obtained by ascites fluid. 

Preparation of p24-1 protein in E. coli 

The production of recombinant p24-1 protein was initiated by adding P-indoleacrylic 

acid to the cells which were grown under tryptophan starvation. The P-indoleacrylic acid 

acts as a specific inducer for the tryptophan operon which initiates the production of 

fusion protein. The production of the recombinant protein was dependent on the exact 

cell density that was induced and on the post induction time. After three to four hr of post 

induction, the fusion proteins were isolated as an insoluble protein preparation. The SOS-

PAGE analysis showed 40-60% p24-l protein in these protein preparations. These 

protein preparations were further purified (purity about 60-70%) by resuspending these 

proteins two or three times in 20 mL of 10 mM Tris buffer (pH 8) containing I M NaCl. 

The total protein concentration of 4-5 mg was obtained from an 800 mL (4 x 200 mL) 

culture which was grown for 4 hr after the post induction. 

Apparent binding constants of 2.1 and 6.1 antibodies to p24-1 protein 

The apparent binding constants of 2.1 and 6.1 antibodies for p24-1 protein were 

determined by an ELISA in which the impure p24-1 preparation was coated on the 

microtiter plate. The binding constants were estimated by taking the reciprocal of the 

concentration that gave the half of the maximum response (fijssen, 1985). The response 



97 

vs antibody concentration curves for 2.1 and 6.1 antibodies are shown in Figure 3. The 

calculated binding constants for 2.1 and 6.1 antibodies were 7.1 x l08 and 3.7 x l08 M·1, 

respectively. 

Selection of ELISA method for p24 analysis 

The ELISA method that was selected for p24 analysis was a sandwich ELISA in which 

one antibody was labeled with biotin to generate the colorimetric end point from the 

streptavidin conjugate. The two monoclonal antibodies, 2.1 and 6.1, had high apparent 

binding constants for the p24-I protein, and the epitopes of these antibodies did not 

interfere with the binding of the second antibody to the p24- l protein. The binding 

characteristics of these antibodies were the basis for the development of a sandwich 

ELISA for p24. 

The decision to use a NHS-LC-biotin conjugated antibody as the reporter antibody was 

based on the effective concentration range of the p24 assay. Although the p24 

concentration in serum could be detected at ng/mL level, in a clinical setting, a p24 

concentration over 200-300 pg/mL leads to the diagnosis of AIDS or ARC. Therefore, 

if the p24 assay is used as a diagnostic tool, the effective working concentration range 

will be very narrow (from I to 300 pg/mL) compared to normal ELISAs where the 

working concentration is well over three orders of magnitude (assuming the limit of 

detection of the assay as I pg/mL). Edwin, (1989), and Diamandis and Christopoulos, 

(1991) have used the biotin-avidin system to improve the sensitivity of immunoassays. 

Due to the narrow linear range of the p24 assay, it was decided to improve the sensitivity 

of this assay by using the biotin-avidin system. 

Determination of capture antibody for the sandwich immunoassay 

The capture antibody for the sandwich ELISA was determined by carrying out an ELISA 
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Figure 3. Titration curves for the calculation of apparent binding constant study of 2.1 

and 6.1 monoclonal antibodies for p24-l protein. 
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in which the concentrations of 2.1 and 6.1 were kept constant at the coating step. The 

p24-l was serially diluted and the respective biotin labeled antibodies were added to the 

plates at equal dilutions. The response that was observed in the 2.1 antibody coated plate 

was higher than the 6.1 coated plate and the number of dilutions that were detectable was 

also higher in that plate. This study confinns the high capture capacity of 2.1 antibodies 

coated on the plate. Although the antibody binding constants were studied using p24-1 

coated on the plate, the higher binding constant that was observed for the 2.1 antibody 

also indicates a higher capture capacity for this antibody. Therefore, the 2.1 antibody 

was used as the capture antibody in the sandwich assay that was developed. 

Optimization of capture antibody concentration 

The optimization of capture antibody concentration is one of the most important steps 

in the development of an immunoassay. The use of antibody concentrations higher than 

the optimum coating concentration will result in higher production costs due to the cost 

associated with the production and purification of monoclonal antibodies. Capture 

antibody concentration was optimized by changing the coating antibody concentrations 

and carrying out the sand·wich ELISA by using 100 µL of 0.25 µg/mL solution of p24- l. 

The response vs concentration of capture antibody used for coating is shown in Figure 

4. The coating antibody concentrations over 5 µg/mL did not show any significant 

increases in assay response. Therefore, a 5 µg/mL coating antibody concentration was 

used as the optimum coating concentration in the p24 sandwich ELISA. 

Study of optimum number of biotin labels on an antibody molecule 

There are studies that have indicated that excess biotin labeling of a protein could lead 

to high non-specific adsorption to the microtiter plate thus giving rise to higher non-

specific responses in immunoassays (Duhamel and Whitehead, 1990). Although there are 

studies that have used molar ratios of 2.2: 1 to 52: I of NHS-LC-Biotin to monoclonal 
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antibodies, the optimum number of biotins required to reduce the non-specific 

interactions without decreasing the limit of detection for a sensitive assay has not been 

studied (Gretch, 1987). A molar ratio of22:l of biotin: antibody has resulted in yields 

of 8-14 moles of biotin per mole of antibody with a reduction in the binding constant of 

these antibodies compared to higher molar ratios of NHS-LC-Biotin to antibody. 

Therefore, it is clear that there should be a delicate balance between the number of biotin 

labels and the non-specific interaction of a biotin conjugated antibody. 

To optimize the biotin labeling polyclonal Gt x Mo antibodies were labeled while 

varying the NHS-LC-Biotin:antibody molar ratios. The molar ratios of antibody:NHS-

·LC-Biotin that were studied were 1 :5, 1 :7.5, 1: 10, 1: 15 and 1 :20. The number of biotin 

labels that were conjugated to the antibody molecule was calculated using the HABA 

reagent. HABA is a dye that binds avidin with a low binding constant. HABAf avidin 

binding changes the color of HABA from yellow to red. When biotin conjugated 

antibody is added to the HABNavidin solution, HABA is replaced by biotin as a result 

of the higher binding constant between the biotin and avidin. The observation of the 

color change at 500 run (avidin/HABA complex) allows calculation of the number of 

biotins that reacted with avidin. Before carrying out the reaction with HABA reagent, 

the antibodies were digested overnight in the presence of a 1 % pronase protease solution 

at room temperature. The antibody digestion releases all the non-accessible biotin labels 

that ,,,ould have not reacted with avidin due to steric hindrance. The correlation between 

the total number of biotin labels coupled vs NHS-LC-Biotin:antibody molar ratio is 

shown in Figure 5. This curve confirms that the number of biotin labels coupled to 

antibodies increases with the increasing molar ratio of antibody:biotin. From these 

studies it was not clear how many molecules of labeled biotin are accessible to avidin in 

the reaction. To calculate the optimum number of biotins on an antibody that could react 

\\1th the avidin in solution, the HABA reaction was carried out. The relationship between 
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the number of biotin labels that reacted vs molar ratio ofNHS-LC-Biotin:antibody is 

shown in Figure 6. This curve indicates that even if an antibody molecule contains more 

than three molecules of biotin, the maximum number of biotin molecules that can react 

with avidin in solution is limited to three. Therefore, to reduce the non-specific responses 

from the biotin-streptavidin system and to obtain the best limit of detection, 6.1 

antibodies were labeled using a molar ratio of 1 to 10 of antibody:NHS-LC-Biotin. 

Isolation of p24 protein from infected cell culture supernatant 

The 8E5 cell line carries a single copy of the entire LAV genome but produces 

noninfectious virus particles because of a point mutation in the reverse transcriptase gene 

(Hildreth and Orentas, 1989). These cells secrete a high concentration of p24 to the cell 

culture supernatant and express envelope protein on the cell surface. 8E5 cells were 

grown in the Level 3 biosafety laboratory in Dept. of Microbiology and culture 

supernatant was separated from infected cells by centrifugation. Triton X-100 was added 

to the supernatant to achieve a final concentration of 0.5%. The cell culture supernatant 

was calibrated for p24 concentrations by the Coulter HIV antigen assay (Coulter 

Corporation, FL). 

Optimization of incubation time for sandwich ELISA 

Optimization of the incubation time was studied using the calibrated p24 samples from 

infected cell cultures. Reduction of the total incubation time was one of the main goals 

of this study, due to the long incubation times of the commercially available p24 assays. 

The normal incubation time of these assays varies from 6-24 hr with a detection limit of 

30-50 pg/mL p24 proteins (Alter, (1990), Huskins, (1990), Allan, (1986)). Different 

incubation times for p24 samples and for the biotin labeled antibodies were studied 

keeping the incubation time for the streptavidin-HRP conjugate constant at 1 hr. The 

calibration curves for these studies are shown in shov•m in Figure 7. The highest 
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sensitivity level and the best limit of detection for the p24 assay was obtained for the 

assay that was completed within a total incubation time of three hr. 

Calibration curve and the limit of detection 

The calibration curve for the p24 assay that was developed is shown in Figure 8. Total 

incubation time for this assay was three hr and the detection limit achieved was 1.88 

pg/mL, using calibrated p24 from culture supernatant as standards. The assay that was 

developed in this study has a 16-27 fold lower detection limit and 2 to 8 time lower total 

incubation time when compared to the commercially available p24 assays. 

The increase in detection limit would increase the understanding of HIV activity when 

the circulating p24 antigens are low in the HIV positive subjects. The currently available 

assays can detect only a 6 to 10 fold increase of p24 in the effective concentration range, 

but the assay method developed in this study provide information over a 160 fold 

concentration increase. This is more advantageous in patient management, where the 

physician could monitor patients from the onset of the progression of infection to AIDS. 

The increase in detection limit will reduce the days that inf ccted cultures have to be 

grown for the diagnosis of HIV or when new antiviral compounds are screened for 

activity. The reduction in culture days could save time and will reduce the cost of 

screening new antiviral therapies. The decrease in the detection limit to 1.88 pg/mL 

could provide the clinicians, physicians, and researchers with a diagnostic method that 

could detect the HIV infection from infection to AIDS stages. This is the first reported 

p24 assay with such a low detection limit of 1.88 pg/mL, useing a colorimetric end point. 

Optimization of antibody immobilization on magnetic particles 

Recently, 0ystein, et al., (1991) Paus and Nusttad, (1989), have reported irnmunoassays 
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using magnetic particles as the solid support. The immunoassays that use magnetic 

particles have advantages over nonnal immunoassays perfonned on microtiter plates. 

The activated groups on these particles can be used to prepare solid phases of antigen or 

antibody by a controlled covalent coupling procedure. Due to the small size of these 

particles, they can be kept in suspension by shaking. This improves the kinetics of the 

immunological reaction allowing reduced incubation times for immunoassays. The small 

diameter of the particles also provides a high surface to volume ratio. The high surface 

to volume ratio of these particles pennits immobilization of high concentrations of 

antibodies in an small volume of magnetic particles. 

The antibody immobilization on magnetic particles was studied to further increase the 

detection limit of the p24 immunoassay. In the sandwich ELISA that was developed, the 

capture antibody was immobilized on the bottom of a microtiter plate. Due to the 

constant surface area of the microtiter well, the capture antibody concentration in the 

well could not be increased to obtain an increased detection limit. But, due to the high 

surface to volume ratio of the magnetic particles, a high surface area could be created by 

using a small volume of magnetic particles on a microtiter plate. 10 µL of M-450 ( 4.5 

µm diameter) magnetic particles contain 10.17 cm2 surface area which is 10 times the 

surface area created by 100 µL sample on a microtiter well. The immobilization of the 

antibodies on magnetic particles was optimized to increase the detection limit of the p24 

assay. 

The optimum antibody concentration for the immobilization of Tosyl activated 

Dynabeads M-450 (4.5 µm diameter) magnetic particles was investigated by varying the 

coupling antibody concentrations. Gt x HPR antibodies were used to optimize the 

immobilization and to study the activity of these antibodies after the immobilization. 

These reactions were carried out for 24 hr at room temperature as instructed by the 
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manufacturer. The total antibody mass that was coupled to the magnetic beads was 

studied using the BCA assay. The total amount of antibody immobilized vs coupling 

antibody concentration curve is shown in Figure 9. This curve indicates that even when 

the coupling antibody concentration exceeded 125 µg/mL, the maximum concentration 

of antibody that could be coupled to magnetic particles is about 66 µg/mL Therefore, the 

optimum coupling antibody concentration was calculated as 125 µg/mL, and this 

concentration was used in the subsequent experiments. 

Immobilization time optimization for maximum activity of the antibodies 

The reaction time allowed for the immobilization of antibody on the magnetic particles 

could play a role in the activity of the immobilized protein. There arc studies that have 

confirmed the loss of antibody activity due to the excessive coupling (Wimalasena and 

Wilson, 1991). The amount immobilized vs time and activity vs time curves are shown 

in Figure l 0. This clearly indicates that although the amount of antibody immobilized 

on magnetic particles increased with time, the activity of these antibodies were reduced 

by (8.3 %) in 2 hr. Although the manufacturer recommended a 24 hr coupling time, the 

optimum coupling time was determined to be l ½ hr. 

Comparison of magnetic particles and microtitcr plate well 

Comparison of surface area and the activities of both solid supports are shown in Table 

2. 10 µL of magnetic particles show higher activity due to the high surface to volume 

ratio. The activity of l O µL of the magnetic particles show a 11.3 times more activity 

than the microtiter well. The ability to increase the activity of the assay will depend on 

the volume of the coated magnetic particles used. This is an indication that the use of 

l O µL of 2.1 coupled magnetic particles would increase the detection limit of the p24 

assay approximately ten times. The use of magnetic particles is very important in an 
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Table 2. Comparison of surface area and activity of magnetic particles and the 

microtitcr wells 

Surface area ( cm2? 

Activity (OD/min)b 

Magnetic particles 

(10µ1) 

10.17 

0.17 

Microtitcr well 

0.015 

112 

a Magnetic particles- calculated from the data sheet provided by the manufacturer 

Microtiter well- calculated for 100 µL sample, by calculating the total surface area that 

interact with the well. 

b Activity was measured using 4-aminoantipyrine as substrate for the captured HRP 

enzyme by the immobilized antibodies. 
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assay like p24 because the lowest circulating concentration of p24 has still not been 

established. The volume of the magnetic particles that should be used in the p24 assay 

must be determined after careful study of the p24 concentrations in HIV infected 

patients. 

Purification of p24-l protein 

The purification of p24-1 recombinant protein was carried out by affinity purification 

methods. Purification of p24-1 was very important in this study for two reasons. If the 

recombinant p24-1 could be purified, then this could be used as the standard in the p24 

assay, without using the p24 standards from infected cell cultures. This will ease the 

handling problems associated with p24 if this assay is produced in large quantities for 

commercial purposes. The purified p24-l could be used to develop another ELISA 

method, in which the detection of anti-p24 antibodies would be possible. The detection 

of anti-p24 antibodies could be carried out by adsorbing the purified p24-l on a 

microtiter plate followed by serum reaction to detect binding. In a diagnostic binding 

ELISA, purified recombinant proteins are absolutely necessary because the detection 

limit of such an assay will depend on the purity of the sample. 

There are two reported purifications of TrpE fusion proteins. TrpE-IGF 1 and II proteins 

have been purified using a C8 reverse phase column and a gradient of 2-propanol in 

formic acid (Hummel et al., 1989). TrpE-IL 6 fusion proteins have been purified by 

affinity purification techniques using a monoclonal antibody specific for TrpE protein 

(Nurse et al., 1991). Although the purified proteins show binding in a Western blot 

analysis, these studies have not indicated the loss of binding activity of these proteins 

after the purification. 
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Affinity purification of the p24-l recombinant protein was carried out by using a 

homemade affinity column with 6.1 antibody coupled to the solid support. The bound 

fraction was eluted with 10 mM PB (pH2.2) and adjusted to pH 7.4 immediately by 

adding small aliquots of 1.0 M Tris pH8. The SOS-PAGE and Western blot analysis of 

the fractions are shown in Figure 11. The SOS-PAGE analysis shows a molecular weight 

of 66 kD (Lane 2) for the affinity purified fraction. This molecular weight corresponds 

to the molecular weight of the p24-l protein. The Western blot analysis of the purified 

p24-1 do not show any binding of the 2.1 (Lane 4) and 6.1 (Lane 6) antibodies to this 

protein. But these two antibodies show binding to the impure p24-l protein (Lane 5 (2.1 ), 

Lane 7 (6.1)).This is an indication that although p24-1 protein could be purified using 

affinity purification, the protein undergoes a structural change may be due to the low pH 

of the elution buffer. To minimize the structural changes of the purified p24-l protein, 

the elution buffer was changed to 10 mM PB (pH7.4) containing IM NaCl. The purified 

p24-1 from this elution method showed 8.3% binding when compared to the impure p24-

l preparation using ELISA methods. This is an indication that the structural change is 

associated with the elution buffer in the affinity purification. In the future, the 

purification of p24-1 protein should be carried out using a more gentle elution buffer. 

ImmunoPure® gentle Ag/Ab buffer system (Pierce, IL) or a buffer system which 

contained 0.1 M glycine (Nurse et al., 1991) are good candidates for this purpose. 

Binding studies of other commercially available p24 proteins 

The possibility of using a commercially available recombinant p24 protein as the 

standard for the p24 assay was studied. A p24 sandwich ELISA was carried out for the 

p24 protein that was obtained from Intracel Corporation, MA. The p24 assay did not 

show any response at even high concentration of (I µg) p24 protein from three different 

batch numbers (95-437, 93-206, 92-162). This observation confirms the inability of the 

antibodies 2.1 and 6.1 to form the sandwich and to give a color response in this assay. 
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This confinns that at least one of the epitopes required for the fonnation of the sandwich 

is not present in the commercially available p24 protein. 

Calibration of impure p24-1 preparation 

Due to the technical difficulties with the affinity purification of p24- l, impure p24- l 

preparation was calibrated with the Coulter p24 assay to find out the prospects of using 

impure preparations as the assay standards. The calibrated (Coulter) impure p24-1 

preparation showed a 230.65 pg/mL concentration. But when this was calibrated with the 

assay that was developed using the p24 samples from 8E5 cell cultures as the standards 

the concentration was 55.17 pg/mL. There was a 4.18 fold difference between the two 

concentrations that were calculated by the two different assays. This is not surprising 

because this difference may be due to the non specific response of the Coulter assay or 

due to the structural changes that could occur during the resolublization process of p24- l 

protein using 7 M guanidine HCI. From the calibration studies of p24- l protein, it is not 

clear which calibration of the p24- l protein corresponds to the true concentration of the 

sample because there is no international p24 standard available for p24 assays 

(Charglegue and O'Toole, 1992). However, the assay that was developed in our lab could 

be used with the p24 standards that can be obtained from the cell culture supernatant. The 

use of infected cultures as the standards is not new in this type of assay. The p24 assay 

from Du Pont use an HIV lysate as the standard. 

Optimization of conditions for membrane based flow injection analysis method for 

p24 assay 

According to \VHO's conservative estimates, as many as 40 million people worldwide 

will be infected with HIV by the year 2000. The number of infected children by the 

beginning of the next century is estimated to be 4-10 million. Currently, there are over 

13 million young people and adults who have become infected ,\ith HIV (The mv / AID 
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pandemic, 1993). With the increasing number of HIV patients, cost effective ways to 

diagnose the infection and to manage the HIV infected patients arc the most important 

concerns of HIV researchers. Currently, diagnostic assays on a blood samples cost 

around $4-5.00. The probability of finding an infected blood sample in the nation as a 

whole is estimated to be 1 in 250-300 samples. These estimates show that to identify one 

positive sample, the screening agencies have to spend about $1000-1500. 

Due to the cost of current ELISA and Western blot procedures, in this study a membrane 

(lmmobilon® AV) based flow injection analysis (FIA) was proposed. The membrane 

based FIA method that was selected was studied by Liu ct al., 1991. A schematic 

diagram of the FIA system and the thin-layer flow cell is shown in Figure 12. The 

antibody in this assay system is covalently coupled to the membrane and the membrane 

has a much higher capacity of antibodies to capture the antigen than a microtiter well. 

The high capacity of the membrane allows screening of a large number of positive 

samples before saturating the membrane. When the membrane is saturated, the 

membrane could be regenerated by passing pH 2.2 buffer to dissociate the immune 

complexes yielding the regenerated membrane for a new set of analyses. This system 

when compared to the normal microtiter plate assay could reduce the cost of diagnosis 

significantly because the membrane could be used continuously, but the ELISA plates 

could be used only once even if the samples were negative. 

Optimization of coupling antibody concentration for membrane immobilization 

The optimum antibody concentration for membrane immobilization was studied by 

varying the coupling antibody concentration (Gt x HRP). The amount of antibody 

immobilized on the membrane was calculated using the BCA assay. The amount 

immobilized vs coupling antibody concentration curve is shown in Figure 13. This curve 

shows that the maximum amount of antibody which could immobilized on the membrane 
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is about 95 µg/cm2• When compared to the antibody concentration on the microtiter plate 

(from the magnetic particle study), this membrane has the capacity to couple 1350 times 

more antibodies per unit area, due to the porous nature of the membrane. 

The activity of the coupled membranes was studied using a colorimetric substrate 

reaction of 4-aminoantipyrine with H20 2 after HRP was reacted with the membranes. The 

activity was calculated using the slope of OD vs time curve and the activity vs coupling 

concentration curve is shown in Figure 13. The optimum coupling antibody 

concentration was selected as 0.5 mg/mL because this was the lowest coupling antibody 

concentration yielding the highest activity on the membrane. 

The flow injection analysis method was used to study a sample which contained 1 fmol 

of Mo x Bovine IgG in 25 µL of sample. The membrane based flow injection analysis 

should give a constant response to subsequent injections of substrate solution due to the 

containment of the immune complex on the membrane. But after five consecutive 

injections of substrate solution the response started to decrease (Figure 14). This is an 

indication that the sandwich that was fonned on the membrane is unstable or the 

subsequent injections of substrate may be deactivating the HRP enzyme on the reporter 

antibody. The same phenomenon was observed for a sample which contained 100 

attomoles. Due to the high antibody concentration on the membrane even if the immune 

complex was unstable, the immune complex should be re-formed due to the high 

concentration of antibodies on the surface. The reduction in the response was assumed 

to be related to the chemiluminescent reaction. Recently, Dr. Tom Bolden has shown that 

there are two types of reactions that occur in the chemiluminescent reaction and 

has optimized the conditions for this type of FIA method. Using these optimized 

parameters for the FIA analysis method, the membrane based FIA method could be 

developed for analysis of p24 protein. This could have an immense impact on the cost 
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of the diagnostic methods that are currently used in biological analysis. 
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Future directions 

In the future, the importance of the high sensitive p24 assay that was developed will be 

verified by comparison of the assay performance with a commercially available p24 

assay. First the assay performance will be validated for identification of p24 protein in 

the serum of HIV infected individuals. A high percentage of p24 positive samples 

identified by the high sensitive assay could confirm the potential of the assay in 

diagnostics. This p24 assay will also be used to analyse p24 in infected cell culture 

media. The early detection of the p24 in culture supernatant will confirm the importance 

of a high sensitive assay in these applications. Both studies will be performed in Prof. 

Charles Wood's laboratory, in Miami due to the availability of the facilities needed for 

these assays. 

The p24 assay method that was developed could be directly applied to the membrane 

based flow injection system without any modifications. Flow injection analysis technique 

could be improved by a new cell design which \viii reduce the leakage of solvents that 

has been observed numerous times. The reduction of the flow rate of the system could 

improve the immune complex formation giving rise to a better detection limit. This will 

also reduce the sample volume needed to analyze a certain concentration of p24 protein 

compared to the current method which uses a higher flow rate of 0.1 mL/min. 

Purification of bioactive p24-1 \vill provide a standard for the p24 assay that was 

developed. The purified p24-1 protein also could be used in an anti-p24 antibody 

detection assay where p24-l is coated on the microtiter plate. The 2.1 and 6.1 

monoclonal antibodies could be used in this assay as the standards. Affinity purification 

of the p24-1 can be carried out by gentle elution buffers available through Pierce or 

changing the buffer system to a glycine based elution buffer. 



Chapter 3 

Probing the conformations and orientations of adsorbed proteins with 

Monoclonal antibodies: 

Cytochrome c3 on a mercury electrode as a model 
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Abstract 

This is the first reported study of monoclonal antibodies as probes to identify the 

conformations and the orientations of electroactive adsorbed proteins. Two monoclonal 

antibodies were generated with epitopes in the vicinity of heme 1 of the Hidenborough 

cytochrome c3• These antibodies were utilized to confirm the existence of three 

conformationally distinct electrochemical forms of cytochrome c3 on the mercury 

electrode depending on the applied incubation potentials of open circuit, -0. 7 and -1.2 V 

vs AgCI/ Ag reference. In all three conformations, the cytochrome c3 was in a denatured 

state when compared to the solution phase molecules. As the applied potential is changed 

from the positive to the negative side of the point of zero charge (open circuit to -1.2 V), 

the positively charged heme 1 domain remained was oriented toward the solution in all 

three conformations, as oppose to the surface of the electrode. 
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Introduction 

The protein structure and function are very important in studies using enzymes, sensors 

and many bioanalytical applications in which the sensitivity of the assay depends on the 

orientation and conformation of the molecule that generates the response. Frequently, 

such applications use molecules that are immobilized by adsorption on surfaces. It is 

important to know the orientation and conformational changes that the molecules 

undergo during the adsorption phase. This information could be of utmost utility in 

manufacturing of surfaces for bioanalytical and health care applications. The present 

methods that are available to characterize the structure of proteins, NMR, CD, etc., are 

applied when the proteins are in solution (Wilthrich, 1989, Perczcl, et al., 1992). 

Although these techniques give information regarding solution phase conformations of 

larger proteins, these methods cannot resolve the conformational and orientational 

characteristics of an adsorbed protein at the very low concentrations typically resulting 

from surface adsorption. NMR can resolve the structural characteristics of adsorbed 

peptides attached at high concentrations to polymers, but the limitations of the technique 

do not allow analysis of small concentrations or high molecular weight bio molecules 

(Wilthrich, 1986). Other spectroscopic techniques suitable for studying the structural 

conformations of adsorbed proteins include Raman Spectroscopy and the information 

provided by this technique is limited to specific residues or specific functional groups of 

interest (Spiro, 1974). Surface Enhanced Raman Scattering (SERS) provides information 

about a residue within 5A of the surface on which it is adsorbed due to the Raman 

enhancement (Cusanovich, et al., 1994). Researchers have used CD to understand the 

structural conformations of adsorbed proteins but a fundamental limitation of CD, 

Raman spectroscopy and SERS is that the contribution of interactions from specific 

residues often cannot be assigned thus making spectral interpretation ambiguous. Due 

to the limitations of these techniques we decided to use the exquisite specific binding 
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characteristics of antibodies to their respective antigens to probe the confonnational 

characteristics of adsorbed proteins. 

The immune system is known to recognize structural characteristics of invading 

organisms and molecules to elicit a specific immune response as antibodies. These 

antibodies recognize a specific domain of the molecule known as an epitope. There are 

two types of epitopes, confonnational and sequential. Confonnational epitopes 

(discontinuous epitopes) are formed by residues adjacent in space but not in the primary 

sequence and sequential epitopes (continuous epitopes) are formed by adjacent amino 

acids in the polypeptide chain (Van Regenmortel, er al., 1986). Monoclonal antibodies 

are obtained by fusion of a single antibody producing cell with a myeloma partner to 

obtain a hybridoma cell line (Kohler and Milstein, 1975) and the cell line selected will 

produce only one type of antibody molecule. If the epitope of these antibodies is in an 

area of interest then conformational or orientational dependence on antibody binding can 

be exploited as the basis for conformational probing. Therefore, the diversity of the 

immunological repertoire and the specificity of the antibodies have been combined in this 

study to investigate the conformational and orientational characteristics of adsorbed 

cytochrome c3 on a Hg electrode. 

Cytochrome c3 fonns a unique class ofhemoproteins, which function in the respiratory 

chain to facilitate anaerobic sulfate reduction in bacteria of the Desulfovibrio genus. The 

protein mediates the electron transfer between a hydrogenase and iron-sulfur proteins, 

such as ferredoxin. The proposed electron transfer pathways are as follows (Akagi, 1967, 

Suh and Akagi, 1969). 

Pyruvate - - - - - > Pyruvate dehydrogenase - - - - - > ferredoxin - - - - - > 

Cytochrome c3 - - - - - > Hydrogenase - - - - - > H. 

or 
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H2 - - - - - > Hydrogenase - - - - - > Cytochrome c 3- - - - - > Ferredoxin Thiosulfate 

reductase - - - - - > S-S03 •2 

Researchers have extensively studied structural and the physiological properties of four 

types of cytochrome c3 molecules. They are cytochrome c3 from Desulfovibrio vulgaris 

strain Hildenborough (DvH), which was used in this study, cytochrome c3 from 

Desulfovibrio vulgaris strain Miyazaki (DvM), Desulfovibrio desulfuricans strain 

Norway (DdN) and Desulfovibrio gigas (Dg). The amino acid sequences and the heme 

attachment of the cytochrome c3 molecules are given in Table I. The hemes are 

numbered according to their attachment to the polypeptide chain. 

C3 cytochromes consist of a polypeptide chain to which the hemes are covalently bound 

through two thioether linkages. All the cysteines in the polypeptide chain are linked to 

the hemes (eight per molecule). There are two histidine residues for each heme that act 

as axial ligands, one of which is sequentially adjacent to the cysteine that forms the 

covalent bond with the heme. The other histidine is distant from the heme binding site 

and acts as the sixth ligand to the heme. This heme-histidine coordination is responsible 

for the tertiary structure of the cytochrome c3 molecule. 

The net charges of the different cytochromes depend on their pl values and the pH of the 

buffer solution in which it is solubilized. Cytochrome c3 (DvH) is basic (pl=I0.5) 

(Postgate, 1984) and at pH 7.0 the net charges of the molecule are +8 and +4 for the 

oxidized and reduced forms, respectively. The charge distribution on the protein surface 

is asymmetric and heme 1 is in a positive field because of the high lysine content in its 

vicinity (Figure l).The x-ray crystallographic structure of cytochrome c3 from DvH 

(Morimoto, et al., 1991 ), suggests that the overall dimension of a cytochrome c3 

molecule is approximately 33 x 39 x 34 A. In the DvH structure the heme groups are 



1 
M AP lC A p A D G 
H - - - - A P lC A p A D G 
G - V D V p A D G 
N AD A p G D D 'i V I·S A p E - G 

20 - -H S T H K A - V K M P - - V V F N 
H P - - V V F N 
G L - - V V F N 
N O K T V P F P 

H S T H KS - V K 

M 'i O K -
H Y R K - -

H S T H lC D -
HT K H A T -
T -

so 
CAT AG C H 
C G T A G C H 

G YA G - - -·-
N V K K - -

CT T D G 
C T T S G 

CH 
C H 

1 n.c.ME II 

70 
M y 'i - HAM H D K G T K F K 
H y y - H V M H DK N T K F K 
G w y - KV V H D A K G G A K 
N LV E S A F H T O - - - - -

100 
M A A KKK E !., T G C K G s K 
H A A KKK D LT G C KK s K 
G K E L KKK LT G C K G s A 
H D K K P T G PT A C - - G K 

HEME I 

V K 
V E 

D N 
D S 
N I 
D S 

- s 
- s 
p T 
- -

C H 
C •• r. 
C H 
C H 

10 
L lC M D - - lC T lC 0 
L KM E - - - - - A T lC E 
A K I D F I A G G - E K N 
M K A K P K G DK P G A L 

30 
C G DC H H 
C G DC H H 
C B B C H H 
C V 0 C H H 

HEME III 

H D - - K K 
M D - - K K 
L D - - K A 
LEFRDK 

80 
K: V G C H L 
IC V G C H V 
t I s CH K 
C I D C H -
_:. r 

s 
:. 
? s 
T T N 

40 
P V N G lC E D 
P V N G lC E D 
Z P G B lC O -
X X A D G G A 

60 
DKSAKG-
0 K S A lC G -
D K S V N S -
A N A K D I K 

90 
E T A G A D 
E V A G A D 
D K A G D D 
- A L K K K 

129 

M- Desulfovibrio vulgaris Miyazaki (Miyazaki), H- Desulfovibrio vulgaris 

Hildenborough (Hildenborough), G- Desulfovibrio Gigas (Gigas), N- Desulfovibrio 

desulfuricans Norway (Norway). 
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Figure I. Stereo Yiews of miyazaki c:1ochrome c, shov,ing the C backbone folding patter 

(top panel). the space-filling \iew of the relatin sohent exposure of heme 11 (middle 

panel). and the distribution of the electrostatic fields on the protein surface (lower panel). 

The \·iews in all three panels are of the san1e x. y. z orientation as displayed on an EYans 

and sutherland model PS.390 graphics system using soft\vare packages Insight (top and 

middle) and Frodo (lower). (Reprinted with permission from Cusano\·ich. M.A .. ct al .. 

199-L ACS AdYances in Chemistry. pp 47::!-489. f 1994. American Chemical Society). 
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located in a different protein environment and the different protein environment of the 

hemes may be responsible for the different redox potentials for the hemes. The solvent 

exposure contact areas of the hemes are 127,168,136, and 136.A.2 for the heme I - 4 

respectively, and this is a very high exposure for the hemes when compared with 

cytochrome c, in which it is typically 32 to 49A2. It is believed that the large heme 

exposure areas are responsible in part for the low redox potentials. 

The low redox potentials and the high solvent exposure of the hemes have inspired 

electrochemists to study the electron transfer mechanisms of these molecules. Mercury 

electrodes have been widely used in the structural studies of heme proteins, due to the 

good reproducibility of surface properties. Recently, electron transfer studies of 

cytochrome c3 from DvH on a Hg electrode (Zhang and Wilson, 1994) have concluded 

that there are three different electrochemical forms (A, B and C) which are induced by 

the applied electrode potential after the adsorption of cytochrome c3 on Hg at open circuit 

potential. The three respective cyclic voltammograms are shown in Figure 2 (Zhang and 

Wilson, 1994). All the potentials referred to in this chapter are referenced to the Ag/ AgCl 

reference electrode. 

When the applied potential is higher than the potential of zero charge, cytochrome c3 

adsorbs on the surface of mercury as fonn A. Cytochrome c3 in this form is electroactive 

and the electrode reaction is a one electron process instead of the expected four electrons. 

The A form of cytochrome c3 does not affect the heterogeneous electron transfer. The 

soluble cytochrome c3 exchanges electrons \\ith this film in a similar manner to that of 

a bare electrode. 

When an incubation potential between -0.4V and -0.8V is applied to a cytochrome c3 

modified electrode, the adsorbed cytochrome c3 changes to the B form. Cytochrome c3 
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Figure 2. Cyclic voltamrnogram of cytochrome c3 film. 

\Vork.ing electrode: Static mercury drop electrode. Scan rate: 1 Vis. 

Buffer: 0.03 M pH 7.0 phosphate. Incubation time: 4 minutes. 

Incubation potentials: (A) Open circuit (0.05 V). (B) -0.7 V. (C) -1.2 V. 

Ref: Zhang and Wilson, 1994. 
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in this form is electroinactive and non-conductive. The heterogeneous electron transfer 

of the soluble cytochrome c3 is blocked by the B form of cytochrome c3• 

When the incubation potential is lower than -0.9V, the conformation of the adsorbed 

cytochrome c3 changes to the C form. Cytochrome c3 in this form is electroactive, and 

the redox potential is lower than that of the soluble species. The number of electrons 

involved in the electrode reaction is about 3.3. However, the adsorbed film blocks the 

heterogeneous electron transfer. All of these transitions are irreversible and can take 

place only from A to B, B to C or A to C. 

Although the adsorption of cytochrome c3 on Hg has been reported (Niki, ct al., 1979, 

Bianco and Haladjian, 1979, Niki, et al., 1981 ), there are no reported definitive studies 

of the conformation of cytochrome c3 on the Hg electrode. In the recent studies by Zhang 

(1994), an attempt was made to establish whether there are spectroscopically detectable 

structural changes associated with these three electrochemical forms as measured by 

Surface Enhanced Raman Scattering (SERS). No clearly defined transitions were 

observed, apparently because the relevant functionalities were not within SA of the 

surface. In the present study, the possibility of using monoclonal antibodies with 

epitopes in the vicinity of heme I was explored to confirm the existence of three 

structurally distinct conformations of cytochrome c3 on the Hg electrode. The 

conformation sensitive nature of the antigen-antibody interaction was used to study the 

denaturation of the adsorbed cytochrome c3 on Hg and to investigate the orientation of 

the molecule in these three electrochemical forms. The results of the analysis of 

orientations and conformations of cytochrome c3 on the Hg electrode using monoclonal 

antibodies as probes will serve to demonstrate the utility of monoclonal antibodies to 

analyze the orientation and conformation of adsorbed protein. 
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Experimental 

Materials 

Cytochrome c3 from Desulfovibrio vulgaris strain Hildenborough (DvH) and two 

recombinant mutants H70M (histidine 70 residue substituted by a methionine residue), 

H70V (histidine residue substituted by a valine residue) were provided by Prof. M.A. 

Cusanovich (University of Arizona, AZ). Triply distilled mercury was from D. F. 

Goldsmith Chemical and Metal Corporation (Evanston, IL) and was filtered before use. 

DEAE-Sephacel for anion exchange and Sephadcx G-25 for gel filtration were from 

Phannacia LKB (Piscataway, NJ). The sp2/0 mouse myeloma cell line for the preparation 

ofhybridomas was obtained from American Type Culture Collection (Rockville, MD). 

Polyethylene Glycol, M.W. 3350 and Tween 20 were purchased from Sigma (St. Louis, 

MO). The substrate solution for Horseradish Peroxidase (HRP), tetramethyl benzidine 

(TMB) was purchased from Kirkegaard and Perry Inc. (Gaithersburg, MD). Goat anti 

mouse Immunoglobulin G- HRP (Gt x Mo-IgG-HRP) and Gt x Mo-HRP were obtained 

from Organon Teknika-Cappel Corp. (Durham, NC). The 1251 labeled Gt x Mo was 

purchased from DuPont (Boston, MA). The bicinchoninic acid (BCA) assay was from 

Pierce. (Rockford, IL). All other reagents used were of analytical grade. The Nanopure 

system was from Barnstead Nanopure II. (Boston, MA). 

Apparatus 

An EG&G M273 potentiostat (Princeton, NJ) controlled by M270 electrochemical 

software was used in the electrochemical measurements. A three-electrode system with 

a platinum flag as the counter electrode and a Ag/ AgCI electrode (in saturated KCI 

solution) as reference electrode was used. The working electrode (PARC 305A model) 

was a static hanging mercury drop electrode. A Hewlett Packard 845A Diode array 

spectrophotometer was used to measure the concentration of cytochrome c3• A Shimadzu 
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UV-160 spectrophotometer (Shimadzu Corp, Columbia, MD) was also used in the 

absorption measurements. A Shimadzu LC 6B liquid chromatographic system consisting 

of a SCL-6B system controller, SIL-6B autoinjector, LC 6A pump, CR 4A integrator and 

SD-6AV HPLC UV-VIS spectrophotometer were used with a Sorbax GF250 column (9.4 

mm x 25 cm) (DuPont, Boston, MA) for size exclusion chromatography. The ion 

exchange chromatography was carried out using a homemade column using a Rainin 

Rabbit II peristaltic pump (Rainin Instruments, Woburn, MA). The absorbance was 

monitored at 280 run with an ISCO flow path monitor (ISCO instruments, Lincoln, NE). 

Tissue culture plates and ELISA plates were from Coming (Corning, NY). A V max 

microplate reader (Molecular Devices, Menlo park, CA) was used to read absorbance at 

dual wavelengths 450-650 run for ELISAs. A 1282 Compugamma CS, Universal Gamma 

Counter from Wallac Oy was used to count the radioactivity (Turkil, Finland). 

Preparation of Monoclonal Antibodies 

Six to eight weeks old Balb/c mice were immunized according to a standard protocol 

(Ausubel, et al., 1990). Briefly, the mice were immunized intraperitoneally 100 µL of 

50 µg of cytochrome c3 in Freunds Complete Adjuvant (I: 1 ),(i.p ). Two weeks after the 

first immunization an intravenous (i.v.) immunization of 25 µL of 15 µg cytochrome c3 

in saline was administered. Two booster i.p. immunizations were done at two week 

intervals with I 00 µL of 50 µg of cytochrome c3 in Freunds Incomplete Adjuvant ( 1: 1 ). 

The mice were boosted (i.p.) four days before the fusion with 100 µL of 50 µg of 

cytochrome c3 in saline. Fusion of splenocytes with myeloma partner sp2/0 was done 

according to the method of Kohler and Milstein (1975). The fused cells were grown in 

tissue culture treated 96 well plates at 37°C and in a 6% CO2 atmosphere. The wells that 

showed grov.th were screened after two weeks for antibody specificity using an Enzyme 

Linked Immuno Sorbent Assay (ELISA). 
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Screening of Hybridomas 

The hybridomas were screened by a solid phase ELISA in which wild type cytochrome 

c3, H70M and H70V were adsorbed on the microtiter plate. The ELISA plates were 

coated with 100 µL/well of 10 µg/mL solutions of cytochrome c3 protein in 0.1 M 

carbonate buffer (pH 9.35) for two hours at 37°C. The plates were washed four times 

with wash buffer (0.01 M phosphate buffer, pH 7.4 containing 0.15 M NaCl (PBS) and 

0.05% Tween 20). Then the plates were incubated 1 hr with 100 µL/well of ELISA 

diluent buffer (wash buffer containing 0.2% gelatin) to block the non specific adsorption 

to the plate. After washing the plates four times, I 00 µL of culture supcrnatants were 

added and incubated for an additional hour at 3 7 °C. I 00 µL/well of Gt x Mo-IgG-HRP 

conjugate (1: 10,000 dilution) was added, after washing the plate with wash buffer. 

Incubated the plate for I hr at 37°C. Finally the plates were washed with nanopure water 

and I 00 µL of TMB solution was added. After 20 min at room temperature the color 

reaction was stopped by adding 50 µL of 1 M HCI and the absorption was read at 450 -

650 nm using a microtiter plate reader. The different responses to the three cytochrome 

c3 molecules, exhibited by the same hybridoma cell line, confirmed that the antibodies 

secreted by these cells could distinguish the structural differences between these three 

molecules. In other words, these antibodies bind to an epitope which is disrupted by the 

site directed mutagenesis at the histidine 70 residue or the vicinity of heme 1. 

Cloning and Ascites production 

Hybridomas that secreted antibodies which showed different responses to wild type 

cytochrome c3 and to the two mutants of cytochrome c3 were selected and cloned twice 

by the limiting dilution method (Lifkovits and Kamber, 1979). Large quantities of 

monoclonal antibodies were produced as ascites using two cell lines 2A2C6A5A12 

(2A2), 4H8H6Gl (4H8) in 3-5 months old pristaned Balb/c mice, injecting 1 x 106 cells 
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per mouse. The cell free ascites fluid was obtained by 1000 g centrifugation and stored 

at -40°C. 

Purification of Monoclonal antibodies 

The immunoglobulin fraction of ascites fluid was precipitated with ammonium sulfate 

and then purified by anion exchange chromatography employing a gradient of 0-300 mM 

NaCl in 10 mM Tris buffer, pH 8.0, created within 4 hr (Goding, 1983). The purified IgG 

fraction of the monoclonal antibodies was concentrated and then dialyzed in PBS, pH 

7.4 with 0.01% azide. 

Immunoreactivity of the antibodies 

Apparent binding constants of the two monoclonal antibodies to wild type cytochrome 

c3, and mutants H70M and H70V were calculated using the ELISA procedure similar to 

hybridoma screening with the following modifications: The purified antibody was 

serially diluted with blocking buffer in the addition of supernatant step (Beatty, et al., 

1987) and Gt x Mo- HRP was used as the conjugate. 

Porphyrin c3 preparation 

Porphyrin c3 was prepared by the method ofFlatmark and Robinson (1967). In a Teflon 

container 400 µg of cytochrome c3 was lyophilized. Distilled HF (0.5 mL) was added to 

the Teflon container which was in an ice bath and the protein was dissolved. The purple 

fluorescent solution was aspirated with N2 gas for about 5 min to remove the HF. This 

Teflon container was then placed in a desiccator and dried over NaOH under reduced 

pressure for 2 hr. The protein was dissolved in 1 mL of 6 M guanidine HCI in 0.05 M 

ammonium acetate buffer, pH 5.0, stirring gently for 4 hr at 4°C. The protein was purified 

using a Sephadex G-25 column, \vhich was equilibrated with 0.05 M ammonium acetate 

buffer, pH 5. The porphyrin c3 fraction was collected monitoring the eluent at 280 nm. 
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Absorbance spectra were obtained for all the fractions collected. These were comparable 

to the previously obtained spectra of porphyrin c (Flatmark and Robinson, 1967). A small 

amount of dithionite was added to a solution of porphyrin c3_ There were no changes in 

the absorption spectrum. This confinns that there is no significant amount of iron bound 

to porphyrin c3• The porphyrin c.i fraction was then subjected to HPLC size exclusion 

chromatography for molecular weight confirmation to verify that the HF treatment did 

not cleave any bonds in the protein backbone. The molecular weight was confinned by 

a calibration curve. The porphyrin c3 was denatured by heating the sample in a water bath 

for 5 minutes at 80°C. 

Reactivity of the antibodies with Porphyrin c3 and heat denatured Porphyrin c3 

The concentration of the porphyrin c3 was calculated using a BCA assay and was also 

verified spectrophotometrically (Flatmark and Robinson, 1967). The apparent binding 

constants were studied using the procedure described in the evaluation of the 

immunoreactivity of the antibodies. 

Inhibition ELISA 

ELISA plates were coated for two hours at 37°C with 100 µL/well of a 10 µg/mL 

cytochrome c3 wild type solution in 0.1 M carbonate buffer, pH 9.35. After washing the 

plates with wash buffer, they were blocked \\ith ELISA diluent buffer for I hr at 37°C. 

In a low protein binding ELISA plate ,..,iJd type cytochrome c3 was serially diluted with 

ELISA diluent buffer starting at 6.25 x I 0-6 M. Then a constant antibody concentration 

was added. ( For 2A2 and 4H8 6.25 x 1 o·8 and 3.13 x 1 o-s M, respectively). After mixing 

the solutions using an octapet, 100 µLout of the 200 µL total volume was transferred 

to the previously blocked plate and incubated 1 hr at 37°C. The monoclonal antibody 

bound to the plate was determined using a Gt x Mo-HRP conjugate. 
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Study of desorption and conformational stability of cytochrome c3 electrochemical 

forms on Hg electrode without an applied potential 

( I ). Stability of cytochrome c3 A form on Hg electrode 

Cytochrome c3 was adsorbed on the Hg electrode according to Zhang and Wilson (1994). 

Briefly, the static Hg drop electrode was immersed in a 3 µM cytochrome c3 solution for 

3 min at open circuit. The electrode was washed with nano pure water and transferred to 

a 0.03M phosphate buffer, pH 7.0, solution. Then the ce11 was degassed with argon for 

4 min and the electrode was incubated for 4 min at open circuit (~ -0.05 V). The 

cytochrome c3 modified Hg drop was then transferred to an ELISA well that contained 

0.03 M phosphate buffer, pH 7.0. After obtaining six cytochrome c3 modified Hg drops, 

there was a 2 hr interval before obtaining the second six drops. Immediately after 

obtaining the twelve drops, they were incubated with ELISA diluent buffer which 

contained 0.3% gelatin for I hr at 37°C to block non specific adsorption. The plates were 

washed and I 00µ1 of I µg/mL 2A2 antibody was added and incubated for another hour 

at 37°C. The bound antibody was detected by the Gt x Mo -HRP conjugate. 

( 2 ). Stability of the cytochrome c3 C form on the Hg electrode 

Cj1ochrome c3 was coated on the Hg drops as described above. After degassing the ce11 

\\1th argon for 4 min, the adsorbed cytochrome c3 was incubated at a cathodic potential 

of -1.2 V for 4 min. Then immediately a cyclic voltammogram was obtained and the 

same cytochrome c3 modified Hg electrode was kept in the cell under a steady stream of 

argon for 3 hr at open circuit. Immediately thereafter, another cyclic voltammogram was 

obtained. 

Characterization of cytochrome c3 on the Hg electrode 

C)1ochrome c3 was adsorbed on a Hg electrode using the methods described in the time 

dependent study. After incubating the electrodes at open circuit, Hg drops were washed 
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and transferred to a microtiter well which contained 0.03 M phosphate buffer, pH 7.0. 
The phosphate buffer was aspirated and I 00 µL of ELISA diluent buff er containing 
0.3% gelatine was added and incubated for I hr at 37°C. The normal ELISA procedure 

was followed with serial dilution of MAb, with the following modifications: Gt x Mo-

HRP was diluted to 1: 15,000 and the substrate incubation time before adding the stop 

solution was increased to 30 min. The same procedure was followed for the 
characterization of antibody affinities for cytochrome c3 modified Hg drops which were 

incubated at -0. 7 V and -I .2 V. 

Mercury drop ELISA 

Cytochrome c3 adsorbed Hg electrodes were incubated for 4 min under argon, in 0.03 M 
phosphate buffer at open circuit, -0. 7 V, -1.2 V, respectively. These cytochrome c3 coated 

Hg drops were then transferred to an ELISA well that contained 0.03 M phosphate 
buffer, pH 7.0. The ELISA was similar to the procedure described for the determination 
of the apparent binding constant ELISA for antibodies, with the exception that 100 µL 
of 1251 labeled Gt x Mo was used after diluting the original solution 100 times. Hg drops 

were transferred to test tubes after washing the drops four times with nanopure water, to 
read the radioactivity using the gamma counter. The control wells were treated similarly 

except ELISA blocking buffer was added instead of antibody solution. 
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Results and Discussion 

Selection of Hybridomas 

The most important step in the development of an immunological assay is the screening 

of the hybridomas immediately after the fusion, to identify the best cell line which could 

be used to analyze the antigen of interest (de Silva, 1994). This step will determine the 

selectivity and the sensitivity of the analysis. One goal of this project was to identify the 

cell lines that could recognize an epitope in the vicinity of the heme 1 in wild type 

cytochrome c3• To achieve this goal, the structural characteristics of heme I and the 

structural changes of cytochrome c3 after site directed mutagenesis were used. 

Apparent binding constant determination 

The apparent binding constants for 2A2 and 4H8 antibodies were estimated for wild type 

cytochrome c3, H70M and H70V by taking the reciprocal of the concentration of the 

antibody that showed half the maximwn response (Tijssen, 1985). The typical response 

vs. antibody concentration for these two antibodies to wild type cytochrome c3 is shown 

in Figure 3. A comparison of the apparent binding constants for the wild type, H70M and 

H70V is summarized in Table 2. Significant differences in the apparent binding 

constants between the wild type and the two mutants were conclusive evidence that the 

epitopes of these antibodies are in the vicinity of heme I. 

Apparent binding constants of the 2A2 antibody to the two mutants were three orders of 

magnitude lower than that of the wild type. Significant change in the binding constant 

to H70V could be due to the sensitivity of the 2A2 antibody to the structural changes 

imposed by the inability of the valine to coordinate with the Fe in heme I. Although 

previous studies using NMR and molecular modeling have confirmed that there are no 

significant structural changes in the H70M mutant (Mus-Veteau, et al., 1992), the 
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Figure 3. Titration curve for antibodies 2A2 and 4H8 to wild type cytochrome c3 
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Table 2 

Apparent binding constants of2A2 and 4H8 to cytochrome c3 wild type, H70M and 

H70V 

Apparent binding constant ( M·1 ) 

Antibody Wild type H70M H70V 
(Sub Isotype) 

2A2 l X 109 < 106 < 106 
(IgGI) 

4H8 l X 109 5.5x 106 2.6 X 108 

(IgG3) 
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reduction of the binding constant of H70M suggests that the 2A2 antibody is also 

sensitive to the amino acid residue at position 70. The drastic change in 2A2 antibody 

binding to the two mutants suggests that this antibody is sensitive to an extremely small 

conformational change in or around histidine 70 and in the vicinity of the heme 1. The 

two binding constants for the mutants provide strong support for 2A2 recognition of a 

conformational epitope. 

Although the apparent binding constant of the 4H8 antibody to H70V mutant is only an 

order of magnitude lower than that for the wild type cytochrome c3 the ability of the 4H8 

antibody to bind to the wild type and H70V mutant with high apparent binding constants 

suggests that the epitope recognized by this antibody is not sensitive to the 

conformational change imposed by H70V. Reduction of the apparent binding constant 

by two orders of magnitude to H70M supports the importance of the histidine 70 to this 

epitope and shows that the orientation of the methionine residue, when it is coordinated 

to heme, hinders the binding of the 4H8 antibody. These binding constants strongly 

suggest that the 4H8 antibody recognizes a sequential epitope on the cytochrome c3 

molecule. 

Characterization of the binding domains of 2A2 and 4H8 

From the binding studies it was suggested that the 2A2 and 4H8 antibodies were specific 

to a conformational and a sequential epitope, respectively. Conformational epitopes 

could be confirmed by denaturation of the protein and study of the antibody binding to 

the denatured protein. If the 2A2 antibody binds to a conformational epitope, it will not 

bind to the denatured protein. To confirm a sequential epitope, antibody binding to 

peptides resembling the sequence of the protein should be studied and if the antibody 

binds to a particular sequence, a linear epitope could be confirmed. To confirm the 
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binding domains of these antibodies porphyrin c3 was prepared according to porphyrin 

c preparation method by Flatmark and Robinson (1967). It has been confirmed that 

porphyrine cytochrome c has a compact structure similar to native cytochrome c, 

although it is less stable to heat denaturation (Fisher, W. R., et al. (1973). Assuming that 

the porphyrine c3 structural characteristics arc similar to porphyrin c, porphyrijl c 

facilitated the investigation of the conformational epitopc due to the partial dcnaturation 

of the protein. The sequential epitope was determined using the heat denatured porphyrin 

c3 protein. 

The apparent binding constants were determined using a normal binding ELISA in which 

the porphyrin c3 was adsorbed on the microtiter plate. The apparent binding constant for 

the 4H8 antibody was 2 x I 06 M·1 and the 2A2 antibody did not show any binding to the 

porphyrin c3• The apparent binding constant for the 4H8 antibody to heat denatured 

porphyrin c3 protein was 3.3 x I 06• The binding patterns of these antibodies could be 

explained by the structural differences between wild type cytochrome c3 and porphyrin 

c3• Due to the absence of the iron in porphyrin c > the histidine residues cannot coordinate 

with the appropriate hemes. This creates a small structural change in the cytochrome c3 

molecule and the porphyrin c3 probably assumes a partial denatured structure in the areas 

of the histidines that coordinate to the heme, which is a,vay from the heme binding site. 

The high binding constant of 4H8 antibody to porphyrin c3 confirms the ability of this 

antibody to bind to a non-native protein. The binding ability of this antibody to denatured 

porphyrin c3 which was generated by heating the sample to 80°C confirmed the epitope 

of this antibody. Comparing the presumed structural differences between the heat 

denatured porphyrin and the wild type and the associated variation of the binding 

constants ben.veen the wild type and the two mutants, it is concluded that the epitope of 

the 4H8 antibody is sequential. The binding constants to the mutants also show that the 
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histidine 70 residue is an essential component in this sequential epitope. 

The inability of the 2A2 antibody to bind to the porphyrin c3 confinns the sensitivity of 

the 2A2 antibody binding to the denaturation of the protein. The three orders of 

magnitude reduction in the 2A2 binding constants for the two mutants and the inability 

to bind to porphyrin c3 confinn that this epitope is confonnational. The binding to the 

H70M mutant also implies that this confonnational epitope encompasses the histidine 

70 residue. 

The binding of both 2A2 and 4H8 antibodies with wild type cytochrome c3, porphyrin 

c3 and the mutants confinn that the epitopes for these antibodies are in the vicinity of 

heme 1. The above experiments also confinned the ability of these antibodies to 

recognize the structural changes in cytochrome c3 on the electrode, if the heme 1 area is 

accessible. 

Binding characteristics of 2A2 and 4H8 to solution phase cytochrome c3 

The antibodies were further studied to characterize their binding to soluble cytochrome 

c3• These experiments helped to understand the accessibility of the epitopes in native 

cytochrome c3 to the antibodies, and the structural changes that occur when cytochrome 

c3 is adsorbed on a surface such as an electrode or microtiter plate. It has been well 

established that denaturation of protein occurs when adsorbed on a microtiter plate 

(Wimalasena, et al., 1990) and to the Hg electrode surface (Scheller and Priimke, 1976, 

Scheller, 1977, Kuznetsov, et al., 1977, Kuznetsov, 1981). 

An inhibition ELISA was done to verify the binding of these antibodies to cytochrome 

c3 in solution. The results of the inhibition ELISA (Figure 4) reveal that the 4H8 
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antibody does not recognize the cytochrome c3 in solution even at an antibody: 

cytochrome c3 ratio of I: 100. The 4H8 antibody has a sequential cpitopc and if this 

epitope were exposed in the native cytochrome c3, this should inhibit the binding of the 

antibody to the adsorbed form. This confirms that the epitope of 4H8 is only exposed 

when the cytochrome c3 is in a denatured form. 

The 2A2 antibody curve shows that there is a small inhibition (8.3%) when the antibody: 

cytochrome c3 ratio is 1: 50. The ability of the 2A2 antibody to interact weakly with the 

solution phase cytochrome c3, shows that the 2A2 antibody could recognize some 

similarities in the epitopes of the solution and adsorbed forms of the protein. 

The low inhibition of the native form and the high binding to the adsorbed protein on the 

microtiter plate confirmed that the epitopes recognized by both these antibodies arc fully 

exposed when cytochrome c3 is adsorbed. These results also indicate that the cytochrome 

c3 is in a denatured form when adsorbed to the microtiter plate. 

Is it possible to study cytochrome c3 conformations on Hg electrode using antibodies 

as probes? 

The structural changes induced by C)1ochrome c3 adsorption on the Hg electrode at 

different applied potentials can be studied if a particular adsorbed form remains stable 

and does not desorb from the electrode during the associated immunoassay. This poses 

two major obstacles when antibodies are used as the structural probes. The first obstacle 

is the presence of disulfide bonds in the antibody molecule. There are at least 30 disulfide 

bonds in a monoclonal antibody molecule and these have a redox potential around -0.43 

V (Rivat, et al., 1973). Therefore, the use of antibodies to study the structural differences 

of an applied potential lower than -0.43 V will denature the antibodies and will give a 

high nonspecific response due to the adsorption of reduced disulfides to the surface of 
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the Hg electrode. The second obstacle relates to the time required to perfonn an 

immunoassay. Nonnally an ELISA procedure takes at least 3-4 hr. To pcrfonn large 

number of ELIS As on each modified Hg electrode at the DME will take a significant 

amount of time. The results obtained by perfonning such an ELISA with one Hg 

electrode at a time cannot be compared due to the repeated preparation of conjugate and 

substrate solutions for each modified Hg electrode, due to the instability of these 

solutions. 

These obstacles were overcome by performing the ELISA on a microtiter plate by 

transferring the modified Hg drops to the plate wells and perfonning the ELISA for all 

the Hg drops simultaneously. However, prior to this assay, the stability of adsorbed 

cytochrome c3 against desorption and the conformational stability for at least 3 hr in the 

absence of an applied potential (the time required to perform an ELISA) was established. 

The best way to understand the stability of the cytochrome c3 modified Hg electrode is 

to study the cyclic voltammogram of the adsorbed film immediately after the 

modification and then again after 3 hr. If both voltammograms show the exact redox 

potentials and the peak height, this is an indication of the confonnational stability and 

non-desorption of adsorbed cytochrome c3 during the interval. 

Stability of A form, without an applied potential 

It is known that the A fonn of C}1ochrome c3 transfonns into the B fonn if repetitive 

cyclic voltammograms are perfonned between -0.2 and -0.8 V. The electrochemical 

inactivity of the B fonn will reduce the peak current of the cyclic voltammograrn in 

repeated scans. Due to this problem, the electrochemical method could not be used to 

study the stability of the A form. The stability studies were perfonned according to the 

methods described in the Experimental Section and the average responses obtained for 

both columns were equal and the coefficient of variation (CV) between the two columns 
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were less than 2.5%. The CV of 2.5% is acceptable when compared with the standard 

acceptable value of a nonnal ELISA which is around 5% (Gunaratna and Wilson, 1993). 

Similar averages for both columns confirm that the adsorbed cytochrome c3 in A form 

does not desorb in 3 hr and that the A fonn is stable without an applied potential. 

Conformational stability could be explained by the epitope of the 2A2 antibody. The 

2A2 antibody has a confonnational epitope and if the confonnation of the A fonn varied 

with time due to the lack of an applied potential, then the response of the two columns 

that contained the modified Hg drops with the A form of cytochrome c3 would have 

changed drastically. Such changes were not observed and thus this adsorbed A form was 

stable for 3 hr at open circuit. 

Stability of C form, without an applied potential 

It has been established that the C fonn on the Hg electrode is stable for at least 20 

continuous scans bet\veen -0.2 V and -0.8 V (Zhang, 1994). Using this property, the 

stability of the C form without an applied potential for 3 hr was studied using the 

electrochemical method. The cyclic voltarnrnogram immediately after adsorption and the 

voltarnrnograrn 3 hr later without an applied potential were compared to determine the 

peak currents and the redox potentials. The identical peak currents in both 

voltarnrnograrns confinn the minimal desorption of electroactive species on the 

electrode. Redox potential stability confinns the stability of the C form on the Hg 

electrode without an applied potential. 

The non-desorption and the stability of A and C fonns of cytochrome c3 on Hg electrode 

without an applied potential illustrate the ability to study conformational analysis 

microtiter wells. The stability of B fonn was not studied but was assumed as stable by 

considering the amount of cytochrome c3 adsorbed to the Hg electrode, which fell 

between that of the A and C forms and both these forms were stable for more than three 
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hours. 

Apparent binding constants to A form of cytochrome c3 on Hg electrode 

The apparent binding constants of these antibodies to the A form of cytochrome c3 on 

the mercury electrode were obtained using an ELISA. The binding curves for both 2A2 

and 4H8 are shown in Figure 5. The apparent binding constants were 3.3 x 108 and 3.3 

x 108 M·' for 2A2 and 4H8, respectively. The binding constants for the A form on Hg arc 

one order of magnitude lower than the cytochrome c3 on the microtiter plate. These 

results confirm the existence of a small structural difference between the A form of 

cytochrome c3 on Hg and the cytochrome c3 adsorbed on the microtiter plate. 

Orientation of heme 1 on the Hg electrode in cytochrome c3 A form 

It has been previously hypothesized (Bianco and Haladjian, 1987) that the physical area 

of the protein adsorbed onto the mercury electrode will depend on the potential of zero 

charge (pzc) of Hg and the charge of the protein molecule. The potential of zero charge 

of the Hg electrode in a phosphate buffer is -0.4 Vat pH 7.0 (Bard and Faulkner, 1980) 

and cytochrome c3 is positively charged at pH 7.0 due to the high pl value (pl=l 0.5) of 

this protein. There are large number of lysine residues (Morimoto, et al., 1991) in the 

vicinity of heme I, and at pH 7.0 these lysine residues are positively charged. If Bianco's 

hypothesis is correct, the cytochrome c3 adsorbed on the Hg, at open circuit will orient 

such a way that the heme I is facing the solution rather than the electrode surface based 

on electrostatic arguments. Both antibodies characterized in this study show binding to 

an epitope in the vicinity of the heme 1. The high apparent binding constants of these 

antibodies to the A form on the Hg electrode confirm that the C)'tochrome c3 orientation 

on Hg does not block the binding epitope, established to be in the heme 1 region. The 
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ability of these antibodies to bind to heme 1, confirms that heme I on Hg nt open circuit 

is facing the solution rather than the surface of the electrode thus confirming the 
hypothesis of Bianco. 

Is the A form of cytochrome c3 on Hg electrode, native or denatured? 

Electrochemical studies of cytochrome c3, have established strong adsorption of 

cytochrome c3 (DvM) on the Hg electrode (Niki, et al., 1979, Bianco and Halndjian, 

1979). Although it is strongly adsorbed, the extent of deformation of cytochrome c3 is 

considered very small (Niki, et al., 1981 ). These deformation studies were based on 

theoretical calculations of the amount of cytochrome c3 adsorbed on the Hg electrode, the 

area of the electrode and the area of the cytochrome c3 molecule from x-ray 

crystallographic studies. Nevertheless, this method does not provide any direct evidence 

in favor of or against cytochrome c3 denaturation on the Hg electrode. 

The binding study of 4H8 antibody to the A form enables us to analyze the nature of the 

cytochrome c3 on Hg electrode. The inhibition ELISA confirmed that the epitope 

recognized by the 4H8 antibody is in a denatured form of cytochrome c3 and the epitope 

is not accessible in the native form. The 3.3 x 108 M·1 apparent binding constant of 4H8 

to the A form on the electrode, confirms that the A form is a denatured form of 

cytochrome c3• 

Conformational analysis of cytochrome c3 on Hg electrode using 

Radioimmunoassay (RIA) 

To verify the existence of three conformations on the Hg electrode induced by incubation 

potentials, a radioirnmunoassay was performed. The antibody concentrations for both 

2A2 and 4H8 used in this assay were selected from the titration curves of the A form. An 

antibody concentration of Sµg/rnl was used for the 2A2 antibody, because it lies on the 
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top of the rising portion of the binding curve. The 4H8 antibody concentration selected 

was 40µg/ml and this concentration lies on the plateau of the binding curve close to the 

rising portion. The careful selection of these conditions was very important in this study. 

The highest concentration on the rising portion of the antibody concentration vs. 

response curve (Figure 4) shows that antibody binding to adsorbed protein can reach 

saturation on the electrode. It has been reported that the three forms that adsorb on Hg 

electrode contain different amounts of cytochrome c3, ranging from 100-200 f mol per 

Hg drop or 0.67-1.1 10·11mol/cm 2 (Zhang and Wilson, 1994). The concentrations of 

adsorbed cytochrome c3 are reduced when passing from the A to the C form. The 

following assumption was made to confirm the existence of these three conformations. 

If all these forms have the same structural characteristics, then the response should 

change linearly with adsorbed concentrations of cytochrome c3 in comparison to the A 

form. If the responses do not change linearly with the cytochrome c3 concentrations at 

these three potentials, then there must be structural differences between the three forms 

of cytochrome c3 on the Hg electrode. 

The results of the RIA are sh0\\11 in Table 3. They show that although the measured 

surface coverage decreases by a factor of 1.4 in passing from form A to B the amount 

of antibody binding decreases by a factor of 6. 7. If the structural characteristics for A 

and B forms were similar then the response should change with a ratio equal to the 

concentration ratio. The greater response change for binding compared to the 

concentration change of cytochrome c3 on the electrodes confirms different structural 

characteristics for the A and B forms. The response ratio of 4H8 antibody for these forms 

are 6.68: 3.9 : 1 ,vhen the surface coverage ratio of these three forms are 1.64: 1.4: 1. 

The differences in these ratios also show different antibody binding patterns. The higher 

response ratio change is due to the lower binding constants for the B and C forms 



Table 3 

Results of conformational analysis of cytochrome c3 on Mercury electrode 

using Radioimmunoassay 

Conformation 

Surface coverage 

( mol/cm2 ) X J 0·11 

Surface coverage 

ratioa 

2A2 antibody 

response ratiob 

(n=3) 

4H8 antibody 

response ratiob 

(n=3) 

Open circuit 

( 0.05 V) 

A 

1.10± 0.05 

1.64 ± 0.15 

6.70± 0.08 

6.86 ± 0.3 

Incubation potential 

-0.7 V 

B 

0.94 ± 0.2 

1.40± 0.25 

3.90 ± 0.32 

a: surface coverage of (x) form/ surface coverage of c form 

- 1.2 V 

C 

0.67 ± 0.1 

NA 

b: response of (x) form/ response of c form NA - no response 

155 



156 

compared to A. This also indicates that the C fonn has the lowest binding constants. 

Thus, the existence of at least three structurally different cytochrome c3 confonnations 

on Hg electrode can be confinned. 

Although there are clearly three structurally different confonnations, the response change 

could be due to the A fonn remaining on the electrode without undergoing the structural 

change to Band C fonns, but binding to the antibodies to cause a response. If this were 

true then the amount of A fonn in B and C fonns should be equal in both experiments 

and the response ratios for both antibodies should be equal. The different response ratios 

for 2A2 and 4H8 antibodies confirm that the response is due to the binding of the 

antibodies to structurally different confonnations. 

Apparent binding constants of 2A2 and 4H8 to B and C forms 

Although the RIA confinned the existence of three confonnations, this could be 

independently reconfinned by studying the binding constants of the 2A2 and 4H8 

antibodies to the B and C fonns. The binding constants of these antibodies will differ 

from form to fonn if there are confonnational changes associated with the 

electrochemical fonns observed in the electrochemical studied (Zhang, 1994). The 

results for the binding constant studies are summarized in Table 4. The binding constants 

for 2A2 and 4H8 antibodies showed a decreasing affinity to the electrochemical fonns 

going from the A to the C fonn. The existence of different binding constants for both 

antibodies from the A to the C form confinned the three structurally independent 

cytochrome c3 fonns. 

The larger binding constant change of2A2 antibody could be explained by the epitope 

recognized by this antibody. The 2A2 antibody has a conformational epitope that is 

sensitive to the structural changes in the vicinity of heme I. Due to this sensitivity the 



157 

Table 4 

Apparent binding constants for cytochrome c3 A, B and C forms 

Apparent binding constant ( M·' ) 

Incubation open circuit -0.7V - 1.2 V 
potential ( -0.05 V) 

form A B C 

2A2 3.3 X 108 5 X }05 < 10s 

4H8 3.3 X 108 3.2 X 106 4 X 105 
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binding constants undergo more than three orders of magnitude change between the A 

and C forms. The binding constant difference for 4H8 antibody between the A and C 

form is less than three orders of magnitude because it binds to a sequential epitope. The 

perturbation of the sequential epitope on the Hg electrode as a result of an applied 

potential could be smaller than for the conformational epitope. This is reflected in the 

lower binding constant change for 4H8 antibody when passing from the A to the C fom1. 

Does cytochrome c3 adsorb on a mercury electrode, and reorient at an incubation 

potential of -1.2V? 

The binding constants for the cytochrome c3 A form confirmed that at open circuit the 

protein orients in such a way that the positively charged heme I area is facing the 

solution. Therefore, the incubation potential of -l .2V, which is more negative than the 

pzc of Hg, should attract the positively charged heme 1 toward the electrode surface. The 

transformation of the heme 1 toward the electrode could be assumed to occur by two 

pathways. In the first pathway the adsorbed cytochrome c3 could desorb from the 

electrode and reorient with heme I directly adsorbed onto the surface of the electrode. 

The reduction of cytochrome c3 on the electrode surface and the change in 

electrochemical characteristics from an electroinactive to an electroactive state supports 

this pathway. (The tv,,•o posible pathways proposed are shown in Figure 6). In the second 

pathway cytochrome c3 does not change its orientation (heme I remains oriented towards 

the solution) but instead flattens out.This process could be facilited by the electrostatic 

attraction of the negatively charged electrode and the positive charge of the heme 1 

region. If the first proposed pathway is correct, the cytochrome c3 at an incubation 

potential of -1.2 V, orients in a way that the antibody cannot react with the heme 1. From 

the binding constant studies both 2A2 and 4H8 antibodies bind to the cytochrome c3 C 

form. The apparent binding constants and the epitopes of these antibodies, which are in 
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Pathway 1. 

-1.2 V 

Pathway 2. 

-1.2 V 

Figure 6. Proposed pathways for the transfonnation of adsorbed C)1ochrome c3 from 
A fonn to C fonn. 
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the vicinity of the heme 1, support the second pathway. This confinns that, although the 

electrode is highly negatively charged at -1.2 V, the adsorbed cytochrome c3 docs not 

undergo a reorientation at the electrode surface. 
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Conclusions 

The two monoclonal antibodies prepared against DvH cytochrome c3 were used 

successfully to confinn the existence of three confonnations of cytochrome c3 on the Hg 

electrode at three different incubation potentials as reflected also in the different 

electrochemical properties observed for this protein at these three incubation potentials 

(Zhang, 1994). 

This is the first reported study of structural characteristics on an electrode using 

antibodies as probes. The ability to study conf onnational changes on a mercury electrode 

containing 100-200 fmol of protein on an area of 0.018 cm2 using RIA and ELISA will 

be new tools to study conf onnational changes on other electrodes or surfaces. ll1is study 

explicitly shows that detection of an adsorbed protein with three different structural 

characteristics, on a surface of very small area at a low concentration is possible without 

specially designed or expensive instrumentation. 

In conclusion, the new method developed in this study, could be successfully 

incorporated to explain the behavior of the adsorbed proteins in many bioanalytical 

applications such as enzyme confonnations on sensors, blood coagulation on polymers 

or metallic surfaces, etc. Recently with the development of new recombinant 

phamaceuticals, methods that could analyze the structural characteristics of these 

molecules in fonnulations have become a great challenge. This method could also be 

used to study the structural characteristics of fonnulation that use adsorption of the 

proteins to polymers for drug delivery purposes. 
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