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Abstract 

The anticancer drug n«thotrexate (MTX) was conjugated to the monoclonal 
antibody (mAb) K20 directed against a cell surface antigen on the human kidney cancer cell 
line, Caki-1, for the purpose of obtaining effective targeting agents. Linkage of MTX to 
mAb K20 was through the use of human serum albumin (HSA) as an intermediary, in 
which HSA containing between 28 and 35 mol MTX/mol HSA (HSA-MTX) was linked to 
the mAb. The hypothesis was that carrier-based conjugates would be more effective 
targeting agents than direct mAb K20-MTX conjugates on the basis of increased drug load 
and greater retention of antigen binding activity of the mAb. The conjugation of HSA-
MTX to mAb K20 was carried out using a site-specific method in which HSA-MTX was 
linked to the carbohydrate moiety of the mAb. It was predicted that site-specific conjugates 
would retain greater antibody activity than non-site-specific conjugates in which HSA-
MTX was linked to amino groups of the mAb since the carbohydrate moiety is located at a 
distance from the antigen binding site. 

Two site-specific heterobifunctional spacers were synthesized to allow conjugation 
to the carbohydrate moiety of mAb K20. These were 3-(2-pyridyldithio)propionic acid 
hydrazide (HPDP) and ll-[3-(2-pyridyldithio)propionyl]arninoundecanoic acid hydrazide 
(AUPDP). Use of the longer AUPDP gave higher yields of ternary mAb K20-HSA-MTX 
conjugates, suggesting that steric factors limited conjugation of HSA to the carbohydrate of 
mAb K20 when using HPDP. Hydrazone-linked conjugates prepared using AUPDP were 
unstable and could not be . Mated without prior stabilization by cyanoborohydride. 
Following stabilization, 1:1 b ̂ -specific mAb K20:HSA-MTX conjugates were isolated. 
Non-site-specific ternary conjugates were also synthesized using 3-(2-pyridyldithio) 
propionic acid succinimidyl ester as the cross-linker. The non-site-specific conjugates 
retained only one third the antibody activity of the corresponding site-specific conjugates. 
The site-specific mAb K20-HSA-MTX conjugate was more cytotoxic to target Caki-1 cells 
than either the non-site-specific mAb K20-HSA-MTX conjugates, or direct conjugates in 
which MTX was linked directly to mAb K20 amino groups. The site-specific conjugate 
also displayed the greatest selectivity for the target cell line Caki-1, compared to D10-1, a 
non-target cell line. It is likely that the greater cytotoxicity to Caki-1 cells as well as the 
increased selectivity was the result of the increased retention of antigen binding activity in 
the site-specific conjugate. 

xiii 
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I. Introduction 

1. Immunotherapy of cancer 

One of the shortcomings of traditional cancer treatment with anti-cancer drugs is 

that these agents have limited specificity for cancer cells. Anti-cancer drugs are 

preferentially toxic to rapidly dividing cells which include many vital normal cell 

populations as well as cancer cells. This lack of specificity limits the doses which can be 

used to levels which result in acceptable toxicity to normal cells. Often these doses are 

insufficient to destroy all cancer cells. One approach to attain greater specificity has been to 

link the drug to a suitable targeting agent which can deliver it specifically to cancer cells (1). 

Targeting agents which have been used include growth factors (2,3), cytokines (4), LDL 

particles (2,5), lectins (6), hormones (7), and antibodies (8,9). Of these agents, antibodies 

have become the most widely used due to the ability to produce large amounts of 

homogeneous antibody preparations directed against virtually any cell-surface antigen. 

2. IgG structure 

Immunoglobulins of the G class (IgG) are proteins made up of four polypeptide 

chains; two identical light chains and two identical heavy chains (Figure 1). Each heavy 

chain is composed of one variable region (VH) and three constant regions (CHI, CH2. and 

CH3)- The light chain has one variable region (VjJ and one constant region (CjJ. The 

heavy and light chains of IgG typically have MWs of 50 kDa and 25 kDa, respectively, 

resulting in an overall MW of 150 kDa for an intact IgG (10). IgGs differ from the 

immunoglobulins of other classes (IgA, IgD, IgE and IgM) on the basis of the type of 

heavy chain which they contain. The different heavy chains of immunoglobulins are 

associated with differences in normal physiological roles, abundance in serum and, in the 

cases of IgA and IgM, the degree of polymerization as these are found as dimers and 

1 
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Figure 1. Schematic representation of IgG structure. 
Each heavy (H) and light (L) chain of the IgG molecule is divided into constant (C) and 
variable (V) regions and each region contains an intrachain disulfide bond. The two heavy 
chains are disulfide bonded in the hinge region and each light chain is disulfide bonded to 
one heavy chain. Shown also are the amino and carboxyl termini of the heavy and light 
chains as well as the conserved N-linked glycosylation site in the Cm domain. The antigen 
binding site is defined by the complementarity determining regions (shaded) of both heavy 
and light chains. See text for greater detail. 
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pentamers, respectively. IgG can be further divided into subclasses in which CH 

sequences are different, but these differences are not as great as those between 

immunoglobulins of other classes. The subclasses of mouse IgG are IgGi, IgG2a. IgGteb 

and IgG3. These differ in relative abundance in serum, half-life, locations of disulfide 

bonds, flexibility and antigen-binding capability. Two types of light chains are known to 

occur, these being either kappa or lambda chains. In the mouse, the majority of 

immunoglobulins contain the kappa light chain (11). 

Each light chain is disulfide bonded to one heavy chain near the carboxyl terminal 

of the light chain, and the two heavy chains are disulfide linked between Cm and CH2. this 

area forming the hinge region of the molecule. The constant and variable regions are 

similar in sequence and form compact, globular domains which are similar in tertiary 

structure. The conformation of these domains is known as the immunoglobulin fold, 

consisting of two layers of antiparallel ^-sheets which interact with neighbouring domains 

of either the heavy or light chain. Each domain contains an intrachain disulfide bond which 

stabilizes the tertiary structure of that domain (12). Intact immunoglobulins are dynamic in 

nature and form a flexible Y- or T-shaped structure with the variable regions present at the 

ends of the arms of the Y (T). The Y-T transition is important as it allows for variable 

positioning of each antigen binding site. It arises from the flexibility of the hinge region. 

The structure of the hinge differs in immunoglobulins from different classes and members 

of different classes bind antigen with varying efficiency (13,14). 

IgG can be proteolytically cleaved into characteristic fragments with pepsin and 

papain. Papain cleaves the heavy chains at a site above the interchain disulfide bonds, 

giving rise to two Fab fragments (fragment antigen binding) and an Fc fragment (fragment 

crystallizable). Pepsin cleaves the heavy chains below the interchain disulfide bonds 

resulting in the formation of a bivalent F(ab')2 fragment (11). 

The antigen binding function of the IgG molecule is localized in the V regions. 

Each heavy and light chain V region is subdivided into four framework regions separated 
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by three hypervariable or complementarity-determining regions (CDRs). The CDRs form 

the {J-loops or reverse turns which join the antiparallel ^-sheets of the immunoglobulin 

fold. The amino acids contained within the six CDRs interact with antigen and the 

combination of interactions between the CDRs and the antigen comprise the antigen binding 

site of the immunoglobulin (10). 

The CH2 domain of IgG contains the conserved N-glycosylation site at Asn 297 in a 

number of species. A number of murine antibodies also possess the N-linked carbohydrate 

addition sequence Asn-X-Ser̂ Thr in the second CDR of the variable region of the heavy 

chain, although these are generally antibodies which are specific for carbohydrate (15-17). 

Conservation of this glycosylation sequence suggests a functional role, but the precise 

influence of these heavy chain oligosaccharides on Fc structure and function is still unclear. 

Glycosylation of IgG has been implicated in both its biological functions and 

physiochemical properties, including resistance to proteases, thermal stability, solubility, 

binding to macrophage and monocyte Fc receptors, interaction with complement 

component Clq, and circulatory lifetime in vivo (18-20). In addition to N-linked 

carbohydrate, O-linked carbohydrate has been reported within the hinge region of rabbit 

(21) and murine IgG (12,22). 

IgGs from all species have been found to exhibit diversity in their oligosaccharide 

structures, both in the types and the arrangement of the sugars. The IgG molecule 

characterized by one amino acid sequence (i.e. monoclonal) is therefore a population of 

glycosylated variants or glycoforms in which, in any glycoform, the amino acid sequence 

is identical but the attached oligosaccharides are different The N-linked oligosaccharides 

are of the biantennary complex type that have a pentasaccharide core structure consisting of 

three mannose (Man) and two N-acetylglucosamine (GlcNAc) residues. The presence or 

absence of a fucose (Fuc) residue attached to the Asn-linked GlcNAc residue (±Fucal—6) 

and a bisecting GlcNAc at the Man branch (±GlcNAcpl—4) add to the diversity of the core 

structure. The complete N-linked oligosaccharide can be represented as: 
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±GlcNAcpl-4Manpl-4GlcNAcpl-4GlcNAc-~Asn 

3 
± ± t 

Siact2-6Gaipi-4GlcNAcpl-2Manal 

In mouse IgG, 94% of N-linked carbohydrate is found to contain the Fuc, but the bisecting 

GlcNAc is not found (21,23). In contrast, IgG from bovine, rabbit and humar serum have 

been found to contain various amounts of both the Fuc and the bisecting GlcNAc (23). 

Outer chain heterogeneity arises from the residues attached to the core structure, as both 

sialic acid (Sia) and galactose (Gal) may or may not be present. In addition to sialic acid, 

N-glycolylneuraminic acid has been found as the terminal sugar residue in a number of 

species (23). In IgG isolated from pooled mouse serum, the relative proportions of 

neutral, mono-sialylated and di-sialylated oligosaccharides was found to be 77%, 17% and 

7%, respectively (23). However, a recent study of a mouse mAb IgGj has shown that the 

glycosylation pattern is highly dependent on the culture method employed to produce that 

mAb (24). The relative proportions of neutral to acidic oligosaccharides varied greatly 

depending on whether the hybridoma was obtained from ascites fluid or from cell culture. 

mAb from ascites fluid contained only neutral oligosaccharide chains whereas that from cell 

culture contained variable amounts of both mono- and di-sialylated components. The 

proportions were similar to that seen in pooled IgG from mouse serum, and dependent on 

whether the hybridoma was grown in serum-free or serum-containing medium. 

Differences in the relative amounts of both fucose and galactc se were also seen, depending 

on the methods. 

X-ray crystallographic studies have established the three-dimensional structure of 

the carbohydrate in rabbit (25) and human (26) Fc fragments and the protein-

oligosaccharide interactions are consistent with the conformational analysis of free IgG 



oligosaccharides determined by high resolution NMR (27). The carbohydrate is present 

between the two Cm domains which prevents the interactions found between domains in 

other parts of the molecule. The al—6 linkage can assume two conformations in solution, 

giving a flexible arm to the oligosaccharide. However, when the oligosaccharide is 

attached to Asn 297, the al—6 antannae interact with hydrophobic and polar residues 

within the same CH2 domain giving rigidity to the structure. The al—3 arms are also rigid 

in nature, with the al—3 arm of one oligosaccharide chain interacting with the core of the 

opposing chain, and the remaining al—3 arm extending outwards between the domains. 

3. Tumor antigens 

To be useful as targeting agents, antibodies require specific targets present on 

cancer cells. Results obtained from studies on tumor transplantation and identification of 

antibody and T-cell responses against tumors support the existence of tumor associated 

aiiligens. Tumor-specific antigens have been demonstrated on chemically induced tumors 

by tumor transplantation in inbred mice (28). The majority of these studies used 

methylcholanthrene-induced sarcomas, which were shown to be immunogenic in inbred 

mice leading to rejection of tumor transplants in presensitized mice. A noteworthy feature 

of these tumor rejection antigens is that each chemically-induced tumor is antigenically 

distinct. A tumor can elicit an immune response against itself, but not against another 

tumor which was induced by the same carcinogen in the same animal (29). 

The p53 tumor suppressor molecule is an example of a sen 'ogically detected tumor 

antigen. Antibodies to p53 were found in sera of mice immunized with 

methylcholanthrene-induced sarcomas, and p53 was immunoprecipitated from a number of 

transformed but not normal cells (30). Many mutations of p53 have been found to be 

clustered in four highly conserved regions of the molecule. Mutations in these regions may 

therefore induce common conformational changes that can be identified by antibodies (31). 
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Since p53 mutations are common to a number of human cancers, mAbs to mutant p53 

should be useful in the diagnosis of malignancy. 

At the present time, many tumor associated antigens detected by mAbs have been 

defined and can be classified by function: i) antigens with signalling or transport functions 

such as growth factor nceptors (epidermal growth factor, transferrin) (3,32), cation-

binding proteins (melanotransferrin) (33), and transport proteins (P-glycoprotein) (34); ii) 

cell-cell interacting tumor antigens such as carcinoembryonic antigen (CEA) (35) and 

intercellular adhesion molecule-1 (ICAM-1) (36); iii) cell matrix-interacting antigens such 

as the integrins (laminin and vitronectin receptors) (37); and iv) blood group antigens such 

as the Lewis antigens (33). 

The structural identification of determinants recognized by T-cells is difficult due to 

the cell-bound nature of the T-cell antigen receptor and the MHC-restriction of T-cell 

recognition. Cloned tumor specific T-cell reactivities have recently been identified, and a 

small number of T-cell-defined antigens are beginning to be characterized (28). Tumor 

antigens of the P815 mastocytoma were the first T-cell-recognized antigens to be 

structurally defined. Cells which were mutagenized in vitro were found to be immunogenic 

in vivo as well as being susceptible to lysis by cytotoxic T-cells generated to each variant. 

Responses in both cases were variant-specific, indicating that the antigens expressed were 

different. The antigens of three such clones were subsequently identified and found to be 

deferent from each other, and each differed from normal cellular counterparts by a single 

amino acid substitution (28,38). Mucins represent another group of T-cell antigens present 

on a number of human cancers, where cytotoxic T-cells have been shown to recognize the 

polypeptide core of the mucin. There does not appear to be any change in the polypeptide 

itself in these mucins, but instead a change in O-linked glycosylation (31). 

Until recently, it was generally believed that tumor antigens present on malignant 

cells were the same as antigens present on normal cells, but that their expression was 

higher on malignant cells. According to this view, there are no tumor specific antigens, but 
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instead, tumor associated antigens (33). A new concept which has arisen is that there are, 

in fact, tumor specific antigens, and that these are defined by tumor specific mutant 

proteins. The mutant proteins are encoded by oncogenes and tumor suppressor genes 

which have undergone various mutations. Evidence for this view comes from the 

demonstration of structural mutations in several oncogenes involving point mutations, 

chromosomal translocations, internal deletions, and viral insertional mutagenesis (31). 

Point mutations in the tumor suppressor genes, p53 and RB 1, have also been detected 

(39). Since proto-oncogenes and suppressor genes are important in normal cellular 

regulation and differentiation processes, their alteration may result in novel proteins with 

transforming activity (31). Some of these mutant proteins may represent tumor specific 

antigens that could be useful in immunotherapy. 

Other tumor antigens which are possible targets for immunotherapy include those 

which are abnormally glycosylated. Surface glycoproteins on a number of human tumors 

display abnormal carbohydrate structures which may lead to the exposure of new epitopes 

(40). Still other potential targets include those which are amplified in certain tumors. For 

example, the epidermal growth factor receptor (41) and transferrin receptor are 

preferentially expressed on a number of tumors. Oncofetal antigens such as 

carcinoembryonic antigen and alpha-fetopiotein, which are generally not expressed by 

normal differentiated cells, are found in patients with colon and liver cancer, respectively 

(33). 

While it is obvious that the tumor specific antigens defined by mutant proteins can 

serve as targets for antibody therapy on the basis of their restriction to tumor sites, tumor 

associated antigens which are only preferentially expressed on tumors may or may not be 

good targets. The utility of such tumor associated antigens as targets will depend on their 

level of expression relative to that on normal cells. 
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4. Use of antibodies for immunotherapy 

A large number of mAbs have been produced against a wide variety of tumor 

antigens. The majority of these are of murine origin which have been generated by the 

immunization of mice with tumor extracts, whole cells, or purified antigen preparations. A 

number of human mAbs have also been produced, usually by fusion of lymphocytes 

obtained from lymph nodes of cancer patients with either human or murine myeloma cells. 

The advantages of human mAbs is that these may recognize antigenic determinants which 

are not immunogenic in mice, and these mAbs will not elicit the human anti-mouse 

response seen with murine mAbs. 

4.1 Criteria for antibody selection 

A number of variables determine whether a particular mAb v ; ' be suitable for the 

preparation of mAb conjugates for cancer therapy. The specificity of the mAb for the 

tumor itself is of importance in this regard. As discussed, certain tumor antigens are more 

tumor specific than others, and the effectiveness of agents targeted by mAbs directed 

against these antigens will therefore depend in part on the distribution of antigen between 

normal and tumor cells (1). The number of antigen molecules on the surface of tumor 

cells, the affinity with which the mAb binds, and the fate of the mAb-antigen complex are 

also factors which should also be considered for mAb selection (42). Many tumor antigens 

are present at approximately 1 x 106 molecules per cell surface, although values between 

2.5 x 104 and 7 x 106 have been reported (43). It is generally believed that a higher antigen 

density is desirable, since a greater number of mAbs can potentially bind to target cells. 

Along this same line, a greater proportion of high affinity mAbs will bind to cells compared 

to low affinity mAbs at a given concentration. mAbs with affinity constants below 1 x 108 

M'1 are thought to be inappropriate for drug targeting purposes (44). For therapeutic 

purposes, the immunoreactive fraction (IRF) of the mAb preparation is also important 

(45,46). The IRF defines the proportion of mAbs contained in the preparation 
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which are capable of binding to antigen. Preparations with a high IRF are desirable since 

they contain low amounts of non-specific antibody. 

The fate of cell-bound mAb depends on the antigen to which the mAb is directed. 

Some tumor antigens are integral components of the cell surface and are not internalized 

(47), whereas others are endocytosed following cross-linking by mAbs (48,49). The use 

of non-internalized mAbs would be useful in applications where internalization is not 

desirable, such as in antibody-directed enzyme/prodrug therapy where cell-bound mAb-

enzyme conjugates are used to activate circulating prodrugs in the vicinity of the tumor 

(50). For example, mAb-alkaline phosphatase conjugates have been used in combination 

with phenol mustard phosphate (51), doxorubicin phosphate (52), and mitomycin 

phosphate (53). MTX-a-alanine has also been used as a prodrug and activated with mAb-

carboxypeptidase A (54). Certain anti-cancer agents such as the anthracyclines 

(doxorubicin, daunomycin), platinum complexes (cisplatin), and alkylating agents 

(nitrogen mustard, chlorambucil, nitrosoureas) may also have cell membrane effects, and 

may be useful with these non-internalized mAbs (55). The majority of anticancer drugs 

which are used in mAb-based drug targeting are active intracellularly, so mAbs that are 

internalized would appear to be the most appropriate choice for these drugs. 

4.2 Unconjugated antibodies as therapeutic agents 

Unconjugated mAbs can produce antitumor effects by a number of mechanisms. 

mAbs can cause activation of components of the immune system, such as triggering of 

complement- or antibody-dependent cytotoxicity, and can cause interference of growth or 

differentiation by direct binding to tumor cells (56). 

It is well known that the proliferation of tumor cells in culture is controlled by 

various growth factors, and a similar control mechanism is postulated for the control of 

tumor cell growth in vivo (57). mAbs to growth factor receptors, such as epidermal 

growth factor receptor on carcinomas (58), interleukin-2 receptors on T-cell leukemias (59) 
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and bombesin receptors in small cell lung carcinoma (57), among others, are being 

evaluated as therapeutic agents. Antibodies to such receptors have been shown to inhibit 

growth of tumor cells both in vitro and in vivo. In most cases, the major mode of action of 

these mAbs in vivo appears to be the disruption of normal receptor functioning by blockage 

of ligand binding and not the recruitment of host effector mechanisms. 

Unconjugated mAbs have been used to target the natural effector systems against 

specific cell types. In vivo, cells coated with antibody are susceptible to antibody-

dependent cell-mediated cytotoxicity, complement-mediated cytotoxicity and phagocytosis. 

Clinical responses with mAbs have been seen in the treatment of certain hematologic (60) 

and solid tumors (56), but poorer responses have been seen in the treatment of solid 

tumors. The type of mAb used for treatment is of importance since mAbs from different 

species and of different isotypes activate human effector systems to various degrees. 

A problem encountered with the use of mouse mAbs in human patients is that the 

patient usually produces antibodies against the mouse mAb, this being known as the human 

anti-mouse antibody (HAMA) response (57). HAMA greatly reduces the effectiveness of 

the mAb treatment since the mouse antibodies are complexed by human antibodies, 

resulting in degradation and excretion. mAb fragments such as Fab or F(ab')2 are less 

immunogenic than whole IgG due to the lack of the Fc portion of the molecule, but their 

continued use still results in a HAMA response. Ideally, the use of human mAbs would 

be appropriate, but attempts to construct human hybridomas have met with limited success. 

Approaches to reduce the immunogenicity of murine mAbs have therefore been developed, 

these being the use of chimeric and humanized mAbs (61). Chimeric mAbs are constructed 

to contain the variable region of the original murine mAb and the constant region of a 

human antibody. The antibody retains the original antigen binding properties. 

Immunogenicity of chimeric mAbs is reduced to some degree, but the variable region of a 

number of chimeric mAbs has been found to be immunogenic. Humanized antibodies 

reduce the immunogenicity further, since they contain both human constant regions as well 
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as human framework regions, and only the hypervariable regions are of murine origin (62). 

These hybrid antibodies may also be more efficient than murine mAbs at eliciting host 

responses against the targeted cells, since it is known that murine mAbs are poor activators 

of human effector systems. 

The use of bispecific mAbs represents another approach taken to target host effector 

systems against tumors. These mAbs are bifunctional in that each antibody binding site has 

specificity for a different ligand, typically for a tumor antigen and for an antigen present on 

an effector cell. These mAbs have been prepared either by chemical cross-linkage or 

through disulfide exchange of appropriate mAbs, and by the fusion of two appropriate 

hybridomas, resulting in the formation of hybrid-hybridomas (quadromas) (63). The most 

effective bispecific mAbs have been those with specificity for the CD3 antigen on cytotoxic 

T cells or the CD16 FcyRm receptor on natural killer cells. It has been demonstrated both 

in vitro and in vivo that these bispecific mAbs can result in selective lysis of target cells 

(63,64). 

Antibodies termed anti-idiotypic antibodies have binding specificity for the 

antigen binding site of another antibody. The antigenic determinants on the target antibody 

are called idiotypes. Anti-idiotypic antibodies directed against cell-surface idiotypes present 

on malignant B cells have been used to regulate the proliferation of these cells in vitro and 

in vivo (65,66). Surface immunoglobulin on B cells typically serve as a growth 

stimulatory receptor where antigen binding results in proliferation of antigen-binding 

clones, however, antibodies directed against the idiotypes of these immunoglobulins appear 

to have a regulatory influence on proliferation, the mechanisms of which are still unknown 

(56). 

Anti-idiotypic antibodies may also be immunologically identical to the antigen with 

which the primary antibody reacts. Anti-idiotype antibodies have therefore been used as 

vaccines to immunize against tumors. Immunologic response to the anti-idiotype antibody 

results in the production of anti-anti-idiotype antibodies in the host which may bind the 
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original antigen. The advantage of this type of vaccine is that anti-idiotype antibodies can 

be obtained in pure form in large quantities, and may also be more immunogenic than the 

original tumor antigen (56). This concept has met with some success in human clinical 

trials where patients with colorectal cancer were administered a goat anti-idiotype antibody 

(67). All patients developed anti-anti-idiotype antibodies and a number showed positive 

clinical responses. 

4.3 Radiolabeled antibodies as therapeutic agents 

mAbs coupled to radionuclides have been used for tumor detection and therapy. 

Factors important for tumor imaging include the radionuclide used, the antibody form, and 

the scanning method. The radionuclides used most often for imaging are 1 3 1 1 , 1 * lIn, 123I, 

and " T c owing to their short half-lives and appropriate gamma-emitting properties. 

Although intact IgG are retained better by tumors and are therefore more desirable for drug 

or toxin immunotherapy, F(ab')2 and Fab fragments are preferred for imaging because both 

targeting and blood clearance are more rapid, thus reducing background. A number of 

mAbs have been developed which show sufficient tumor targeting properties to be useful 

for radioimmunodetection. Among the most widely used mAbs for imaging have been 

those directed against carcinoembryonic antigen. Apart from direct imaging of known or 

unknown tumors, radioimmunodetection is often used for the confirmation of tumor 

targeting by mAbs which are to be used for immunotherapy. Imaging resolution is 

typically in the range of 1.0 to 2.0 cm, although tumors as small as 0.5 cm have been 

detected (68). 

One advantage of radiolabeled mAbs for therapy over drug- or toxin-mAb 

conjugates is that, with the appropriate choice of radionuclide, radiolabeled mAbs can kill 

cells from a distance of several cell diameters and may therefore kill antigen negative cancer 

cells contained within the tumor. Internalization of the mAb is also not necessary, allowing 

greater flexibility in the choice of mAb. Whereas a high target/nontarget ratio of counts is 



required for optimal imaging, a high concentration of tissue radioactivity over a long 

duration is desirable for radioimmunotherapy (56). Cell killing by radiation is most closely 

related to the damage to DNA. p-emitting radionuclides such as 1311,90Y and 67Cu have 

been used in therapy. Although superior to ̂ emitters, p-emitters are not the ideal choice 

due to inefficient local cell-killing and toxicity to distant normal tissues. Future use of 

radionuclides for immunotherapy will likely focus on a-emitting particles as these may be 

the most effective at killing tumor targets without significantly penetrating normal tissues 

(69). 

4.4 Antibody-bound drugs as therapeutic agents 

Anti-cancer drugs have been covalently linked to mAbs in an effort to direct these 

agents to tumor sites. The chemistry involved in the linkage of these drugs to antibodies 

has been reviewed extensively (1,70,71) and will only be dealt with briefly (except for 

MTX-see below) to demonstrate the underlying principles involved. The major goal of 

conjugate construction is the retention of both drug and antibody activities while at the same 

time maximizing the load of drug carried by the mAb. A number of functional groups 

present in mAbs have been used as sites for conjugation, for example thiols (either derived 

from the mAb itself by limited reduction of disulfides, or by introduction of blocked thiols 

such as in SPDP), amino groups, and carboxyl groups. Of these, the e-amino groups of 

lysine residues have been used most often. mAbs differ widely in their sensitivity to 

chemical modifications (72,73) and appropriate mAbs as well as conjugation methods must 

be chosen accordingly. This sensitivity is especially a problem with monoclonal compared 

to polyclonal preparations because a decrease in binding activity is likely to be shared by all 

molecules in the monoclonal preparation due to their homogeneity. 

In many cases, drug activity is also decreased following conjugation to mAbs 

(1,73). This may be due to steric hindrance because of the proximity of the drug to the 

mAb or to the blockage of important functional groups on the drug which are neccessary 
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for full drug activity. A loss of drug activity following conjugation may not be a problem if 

drug is released at the target site in an active form. Methods to achieve such release have 

been incorporated into conjugate design and include the use of: i) acid-labile spacers 

between drug and mAb (for example a cis-aconitic spacer) (74); ii) hydrazone bonds which 

are cleaved in the acidic environment of the lysosome (75); iii) peptide linkers designed to 

be cleaved by lysosomal enzymes (76); and iv) disulfide linkage of the drug which allows 

release of free drug more readily in lysosomes (77). 

Representatives from a number of different classes of anti-cancer drugs have been 

linked directly to mAbs for targeting purposes. Reports of these conjugations are 

numerous and include: antimetabolites (MTX, 5-fluorouridine) (73,78-80), anthracyclines 

(daunomycin, adriamycin, idarubicin) (81-84), antitumor antibiotics (mitomycin C) (85), 

alkylating agents (chlorambucil, melphalan) (86,87), and vinca alkaloids (vinblastine, 

vindesine) (88). 

5. Methotrexate 

MTX belongs to a class of antimetabolites known as the antifolates. It has been 

widely used for the treatment of a number of cancers including leukemias, lymphomas and 

breast cancer. Newer antifolates such as trimetrexate, pyritrexim and lO-ethyl-5-deaza-

aminopterin have basic structures similar to MTX but differ in their uptake, sites of action 

and intracellular processing (see below). These new antifolates are being evaluated for use 

as chemotherapeutic agents, but to this point MTX remains the most commonly used 

antifolate (89). 

Folates are active in their reduced form as tetrahydrofolates (THF) and are used for 

the synthesis of thymidylate from deoxyuridylate as well as in the synthesis of the purine 

ring (Figure 2). In the case of purine synthesis, THF in the form of 10-formyl THF 

supplies a one-carbon group for purine ring synthesis. Similarly, THF in the form of 

5,10-methylene THF supplies a methylene group as well two hydrogens in the synthesis of 
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Figure 2 . Sites of action of Methotrexate. 
Intracellular MTX polyglutamates formed by the action of folylpolyglutamyl synthetase 
inhibit thymidylate synthesis by direct inhibition of dihydrofolate reductase (DHFR) and 
tiiymidylate synthase (TS) as indicated by the broken arrows, de novo purine synthesis is 
also disrupted by inhibition of glycinamide ribonucleotide (GAR) transformylase and 
aminoimidazole carboxamide ribonucleotide (AICAR) transformylase. DHF, 
dihydrofolate; THF, tetrahydrofolate; 10-CHO THF, 10-formyl THF; 5,10-MeTHF, 
5,10-methelene THF. Shown also are the structures of MTX and DHF. 
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thymidylate from deoxyuridylate. Both these reactions require a pool of reduced cofactor 

which is generated by dihydrofolate reductase (DHFR) (90). MTX is a structural analogue 

of dihydrofolate (DHF) as shown in Figure 2. The substitution of an amino group for the 

hydroxyl group at position 4 of the pteridine ring of DHF is the key feature of MTX which 

allows for the tighter binding of MTX to DHFR compared to DHF (91). By inhibiting 

DHFR, MTX reduces the available pool of reduced folates required for the synthesis of 

purines and thymidylate, thereby blocking cell division and ultimately causing cell death. 

In the presence of NADPH, MTX binds to DHFR in what has been characterized as a 

slow, tight binding process in which MTX first forms a rapid but weak complex with 

DHFR and NADPH, followed by a slow isomerization to a tightly bound complex (92). 

The binding of MTX to DHFR is tight but is reversible, and under therapeutic conditions 

where high levels of competitive substrate 03HF) are present, an excess of MTX over 

DHFR is required for total inhibition of the enzyme (93). 

MTX enters cells by a high affinity influx mechanism which is both temperature 

sensitive and energy-dependent. This mechanism appears to be mediated by specific 

membrane proteins and is also responsible for the transport of naturally occurring reduced 

folates (94,95). It accounts for all MTX uptake at extracellular drug concentrations of up to 

50 uM. A second less efficient uptake mechanism has also been proposed which occurs at 

high extracellular MTX concentrations and may represent passive diffusion since it does 

not demonstrate competition with natural folates (96). Efflux of MTX appears to occur 

through at least two route-specific carriers, one of which is the uptake carrier protein. The 

second efflux mechanism is also energy-dependent and appears to be shared by cyclic 

nucleotides (90). 

Naturally occuring folates are polyglutamated by the action of folylpolyglutamyl 

synthetase which adds from two to five glutamate residues in a y-peptide linkage to the 

folates. Polyglutamation enhances both the intracellular retention of folates as well as their 

affinity for thymidylate synthetase and aminoimidazole carboxamide ribonucleotide 



18 

transformylase (97). Intracellular MTX is also polyglutamated by folylpolyglutamyl 

synthetase, although the affinity for MTX is much lower than for normal physiological 

folates. MTX polyglutamates are better inhibitors of DHFR than free MTX, and also 

inhibit thymidylate synthase, GAR and AICAR transformylase, whereas free MTX has 

little effect on these enzymes (98). Cellular cytotoxicity appears to be a result of DHFR 

inhibition as well as MTX polyglutamate inhibition of the purine synthesis pathway 

(99,100) as shown in Figure 2. The two factors considered most important to the efficacy 

of MTX treatment of cancer are the intracellular concentration of drug and the duration of 

exposure (90). A high intracellular concentration is required to ensure total inhibition of 

DHFR and the purine-synthesizing enzymes, while the duration of exposure is important 

because the action of MTX is S-phase specific and longer exposures enable more cells to be 

inhibited during the vulnerable period. 

A number of mechanisms have been shown to contribute to the resistance to MTX. 

These include decreased MTX transport (94), reduced polyglutamation of MTX (101), 

increased DHFR levels and changes in DHFR affinity for MTX (102). 

6. Direct linkage of methotrexate to antibodies 

MTX has been conjugated to carriers by a variety of methods. These methods 

generally make use of the glutamic acid portion of MTX due to the unreactive nature of 

MTX amino groups (103). One of the earliest methods reported for coupling MTX to IgG 

was through the diazotization of MTX. DeCarvalho et al. (104) used diazotized benzidine 

which was reacted f«rst with MTX and then with IgG. It was believed that the major 

product formed upon reaction of MTX with diazotized benzidine was the 2-substituted 

derivative of MTX and it was unclear as to which functional groups in the IgG acted to 

couple the activated MTX. Robinson et al. (103) later attempted to activate MTX directly 

by diazotization with nitrous acid, but noted the formation of a number of MTX derivatives 

following the reaction. This method of MTX activation has seen little use in the 
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conjugation of MTX to proteins due to the comparatively harsh reaction conditions which 

typically lead to extensive protein precipitation (71). 

MTX was reported to have been coupled to an antibody with high incorporations 

using an anhydride derivative of MTX formed on reaction between MTX and acetic 

anhydride (105). It was likely that the acylating species in this case was the mixed 

anhydride, and not a cyclic anhydride formed by cyclization of MTX carboxyls following 

the activation of one carboxyl. [14C]acetic anhydride was used for the reaction with MTX 

and the resulting antibody conjugates were found to contain an amount of 14C consistent 

with the formation of the double mixed anhydride. Using this method, Kulkami et al. (73) 

found that incorporation of MTX into IgG was low and neither the conjugate nor the 

activated MTX product were capable of inhibiting DHFR, indicating that MTX was altered 

in some way during the activation process, possibly by polymerization of the drug or 

reaction with the pteridine amino groups. 

Watanabe et al. (106) have reported the conjugation of MTX to polyaldehyde 

dextran, the latter obtained by periodate oxidation of dextran T-40. The reaction was 

presuiw.bly through Schiff base formation between dextran aldehydes and MTX amino 

groups. The MTX-dextran was then conjugated to a mAb and the product was stabilized 

by sodium borohydride reduction. The reported conjugate was found to contain a high 

retention of antibody' inding activity, although MTX substitution per mAb was quite low 

with a maximum of 9 MTX/IgG. These results are surprising for two reasons. The 2- and 

4-amino groups of MTX are generally believed to be unreactive, and linkage by these 

amino groups would be expected to destroy the DHFR inhibitory capacity of MTX as this 

portion of the molecule must interact intimately with DHFR. 

Later, the water-soluble carbodiimide, l-ethyl-3-(3*-dimethylaminopropyl) 

carbodiimide (EDCI) was used to activate MTX for coupling with biopolymers such as 

anti-tumor antibodies (73,107), bovine serum albumin (BSA) (73,108,109), human serum 

albumin (HSA) (107,110,111), mannosyl BSA (112) and maleyl BSA (113). MTX has 
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also been linked to a number of synthetic macromolecules including poly(L-lysine) 

(114,115), poly (D-lysine) (116), and dextran (117) using EDCI. In this method, MTX is 

activated under aqueous conditions in situ in the presence of EDCI and amino group-

containing polymer. Activation of MTX carboxyl groups proceeds first by reaction of one 

or both carboxyls with EDCI prcvJ jcing an O-acylisourea derivative of MTX (70). This 

derivative undergoes a nucleophilic substitution reaction with an amino group from the 

polymer, forming an amide bond between polymer and MTX. 

In 1981, a method for the activation of MTX by conversion to a succinimidyl ester 

was described by Kulkami et al. (73). Since that time, this has become one of the most 

widely used approaches for the conjugation of MTX to amino-containing polymers. 

Conjugates prepared with the succinimidyl ester of MTX include antibodies 

(9,73,79,80,118-127), HSA (120,125), and amino-dextran (117). The succinimidyl ester 

of MTX, also known as the active ester of MTX (MTX-AE), is prepared by reaction of 

MTX with dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) as shown 

in Figure 3. Reaction of MTX carboxyl groups with DCC results in the formation of the 

O-acylisourea intermediate which can react with NHS to form the active ester. The active 

ester is then capable of reaction with protein amino groups resulting in the formation of an 

amide bond between the glutamate of MTX and the protein amino group. The advantage of 

this method over the in situ carbodiimide method described above is that, by limiting the 

ratio of DCC over MTX, the amount of carbodiimide introduced into the protein solution 

can be minimized. In the case of direct carbodiimide activation of MTX in the presence of 

protein, there is typically a large excess of carbodiimide over protein which can result in 

protein cross-linking as both amino and carboxyl groups are present (71). 

The reactions between MTX and antibodies described above can be considered non-

site-specific, in that the attachment of MTX was typically through amino groups which are 

present at different locations on the antibody. Although linkage of MTX to these sites may 

not be truly random due to the enhanced reactivity of some amino groups over others, 
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Figure 3. Synthesis of MTX-AE and its reaction with protein. 
MTX carboxyl groups are activated in the presence of dicyclohexylcarbodiimide (DCC) and 
N-hydroxysuccinimide (NHS) to give an active ester of MTX (MTX-AE). MTX-AE reacts 
with protein amino groups resulting in an amide linkage between MTX and protein. 



conjugates prepared in this manner are considered non-site-specific since the potential for 

reactivity at different sites exist A more recent approach of linking MTX to antibodies is a 

site-specific approach, in which a suitable derivative of MTX is linked to specific sites on 

the antibody. MTX has been activated by conversion of MTX carboxyl groups to the 

hydrazide derivatives (128,129). These hydrazides can react with aldehyde groups 

resulting in the formation of a hydrazone bond. Periodate oxidation of IgG results in the 

formation of aldehyde groups from IgG carbohydrate residues. Kralovec et al. (128) 

compared mAb K20 conjugates prepared using the non-site-specific active ester method 

and the site-specific MTX-hydrazide method with respect to antibody binding activity and 

cytotoxicity to target Caki-1 cells. Both conjugates contained approximately 6-7 mol 

MTX/mol IgG and were found to retain full antibody binding activity. The non-site-

specific conjugate showed greater in vitro cytotoxicity to target cells than the site-specific 

conjugate. Shih et al. (129) also compared mAb-MTX conjugates prepared using these 

two methods and found that the site-specific conjugates gave a greater therapeutic effect in 

treating tumors in mice. 

7. Linkage of drags to antibodies through a carrier 

Due to the loss of antigen binding activity seen with some mAbs following 

conjugation with drugs (1,71), conjugation methods to reduce activity loss while achieving 

high levels of drug incorporation have been developed. One such method is the use of a 

drug carrier or intermediary which is first loaded with drug and then linked to the mAb. 

The rationale behind this type of conjugation is that many more drug molecules car. be 

loaded on the carrier than directly on the mAb. The incorporation of a limited number of 

these carrier molecules on the mAb would be predicted to maximize the drug load while 

minimizing damage to mAb activity. This system has been used with a number of mAbs, 

carriers and types of drugs. A number of physical properties of the polymer to be used as a 

drag carrier should be considered. The carrier should be homogeneous to facilitate 
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subsequent separation of conjugates from unbound mAb and carrier, and have a large 

number of suitable functional groups or be amenable to incorporation of suitable groups for 

reaction with both mAb and drug. The carrier should also be highly soluble since most 

anti-cancer drugs have poor water solubility. As with direct MTX-antibody conjugates, 

conjugates are termed either non-site-specific or site-specific, depending on the location of 

linkage of the carrier on the mAb. Non-site-specific conjugates contain the carrier linked to 

functional groups which occur at different locations on the mAb, such as amino groups. 

Site-specific conjugates contain the carrier linked to a specific location on the mAb. The 

cystine residues that hold the two heavy chains together, or carbohydrate chains are 

examples of site-specific modifications since these sites are present only in defined areas of 

the mAb. For purposes of clarity, another distinction should be made with respect to the 

nomenclature used for the different types of conjugates. Direct conjugates are those with 

drug directly bound to the mAb, whereas conjugates in which a carrier is used can be either 

ternary (drug + carrier + mAb) or binary (carrier/toxin/enzyme + mAb). Intermediaries 

which have been used as drug carriers in antibody-mediated targeting include serum 

albumins, dextran and its derivatives, and liposomes. Conjugates prepared with the use of 

such carriers are described below. 

8. Chemistry of antibody-protein conjugation 

The field of protein conjugation chemistry has grown considerably and 

encompasses the cross-linking of proteins with other proteins, drugs, nucleic acids, 

peptides, and solid particles. The cross-linkers or spacers which are used to achieve 

conjugation are numerous, with over three hundred having been synthesized up to the 

present time (130). A number of reviews on this diverse subject have been published 

(71,130), so an in depth review will not be presented here. Instead, this review will be 

limited to illustrating the principles involved and the most frequently used methods to 

achieve the conjugation of antibodies with other proteins. 



Of the functional groups present in proteins, only a limited number can be 

considered sufficiently reactive to be useful for conjugation. These include the guanidinyl 

group of arginine, the side chain carboxyls of glutamic and aspartic acids, the sulfhydryl 

group of cysteine, the imidazolyl group of histidine, the e-amino group of lysine, the 

thioether moiety of methionine, the indolyl group of tryptophan and the phenolic hydroxyl 

group of tyrosine (71). Since most protein modification reactions are of the nucleophilic 

substitution type, the nucleophilicity and hence reactivity of these functional groups 

increases with increasing pH. The hydroxyl groups of serine and threonine are generally 

unreactive due to their high pKa values, and methionine and tryptophan are usually buried 

and therefore not accessible for reaction. Of the remaining reactive groups, e-amino groups 

and sulfhydryl groups have been used most extensively in conjugation reactions and further 

discussion will be restricted to these two functional groups. The most commonly used 

reactions of thiol compounds are shown below: 

P P 

Reaction A. R-S" + 0 ~ - RS"CN"R' 
P 0 

O P 
Reaction B. R-S' + X-CH2-C-R' —»- R-S-CH2-C-R* 

Reaction C. R-S' + a —•»• R-S-S-R* 

- S-S-R' 

In the above reactions, the thiolate (pKa = 8.5) is the reactive species and reactivity 

therefore increases with increasing pH. Thiols react with maleimides (Reaction A) and a-

haloacetyl compounds (Reaction B, where X = I, Br, CI) to form stable thioether bonds. 

Examples of these types of modifications are the blocking of thiol groups by N-

ethylmaleimide and carboxymethylation of thiols with iodoacetate, respectively. The 
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reaction with an activated disulfide such as 2-pyridyldisulfide (Reaction Q results in the 

formation of a disulfide bond which itself is susceptible to disulfide interchange (reduction) 

by sulfhydryl reagents. This reaction is also the basis of protein sulfhydryl determination 

with 5,5'-dithiobis(2-nitrobenzoic acid), (Ellman's reagent) (131). Reaction C can be 

considered specific for thiols whereas A and B show selectivity towards thiol compounds 

but also the potential for reaction with amino groups. These minor side-reactions can be 

reduced considerably by carrying out reactions at neutral to slightly acidic pH. 

Amino groups can be alkylated or acylated by a number of reagents as shown 

below (Reactions D to F). Reaction of amino groups (pKa = 9.5) with aryl halides results 

in alkylation of the amino group (Reaction D, X = F, CI, Br). The product is stable and 

has been used extensively for protein N-terminal analysis using l-fluoro-2,4-

dinitrobenzene. Other nucleophiles such as thiolates and phenolates also react with aryl 

halides but only the product formed on reaction with amino groups is stable at alkaline pH. 

Reaction E represents Schiff base formation following reaction with an aldehyde or ketone. 

The imine is not stable and requires reduction by reagents such as sodium borohydride. A 

similar reaction occurs between hydrazides (R-CONHNH2) and carbonyl groups forming a 

hydrazone bond. Schiff base and hydrazone bonds will be discussed in greater detail in a 

following section. 

NO2 NO2 

tion D. R-NH2 + X - / \ -NO2 — R { j " \ /~l 

R' R' NaBHi p> 
Reaction E. R-NH2 + 0 »cC - * - R-N=cf — - R - N - C ' 

SR" SR" H SR" 

X ? \ 
Reaction F. R-NH2 + ^N-O-C-R* —*• R-N-C-R" 

file:///-NO2


Acylation of amino groups can be achieved by reaction with reagents such as N-

succinimidyl esters to form a stable amide bond (Reaction F). Another so called active 

ester is based on the p-nitrophenyl group which reacts in the same manner as the N-

succinimidyl esters. Other reactive groups which have been used to acylate amino groups 

include isocyanates, isothiocyanates, imidoesters, acyl chlorides and sulfonyl chlorides. 

As with aryl halides, other nucleophiles react with these acylating species. Many of these 

other products are not stable and can be hydrolyzed under appropriate conditions. For 

example, acylated tyrosine can be deacylated with hydroxylamine (118). 

It can be envisioned that a compound possessing two reactive functional groups 

separated by a suitable bridge or backbone would be useful for conjugating two proteins. 

These compounds are refered to as cross-linkers or spacers. A cross-linker containing two 

identical reactive groups, or groups, with reactivity toward the same nucleophile, are 

termed homobifunctional. A cross-linker with specificity for two different functional 

groups is referred to as heterobifunctional. Many of each type of spacer have been reported 

in the literature (for a review see reference 132). The backbones of the spacers have been 

designed to possess desirable characteristics with respect to length, solubility properties, 

steric properties, and the ability to be cleaved. The use of homobifunctional spacers is 

generally considered undesirable for the conjugation of two unlike proteins. If each protein 

possesses the same functional groups, for example amino groups, it is likely that cross-

linking with a homobifunctional spacer will result in the formation of homoconjugates ie. 

conjugates of two like proteins, as well as heteroconjugates containing both proteins. A 

more refined approach is possible with heterobifunctional cross-linkers, where one protein 

(protein-1) is derivatized with the spacer by one of the reactive functions, and then the 

protein-1-spacer derivative reacted with protein-2 via the second reactive function on the 

spacer. For example, using a spacer containing amino- and thiol-reactive groups, protein-1 

can be modified at amino groups and then reacted with thiol-containing protein-2. In 

theory, this system eliminates the formation of homoconjugates. Two requirements for the 
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use of such heterobifunctional spacers are i) that protein-1 not contain any of the functional 

groups used for conjugation of protein-2 to the spacer (thiol groups), and ii) that protein-2 

contains the appropriate functional group for reaction with spacer (thiol groups). 

Requirement i) can be met by blocking any thiols on protein-1 prior to reaction with spacer. 

Since this amino-thiol heterobifunctional approach is widely used in protein conjugation, 

and few proteins contain free thiols, methods to introduce thiols into proteins have been 

developed (133-135). The most straightforward method is the reduction of internal 

disulfide bonds (110,119), but this is not usually desirable since the tertiary structure 

and/or activity of toxins and enzymes may be altered. Other methods rely on the 

incorporation of thiols: 

Reaction G. PROTEIN -NH2 + i V o - C ^ ^ M^J ~—~ 

P 
P ^ s » p 

PRPTEIN-NC^/v L Jl J U L PRPTEIN-NC^^. 
H ^ ^ ^ S — S ^ T T H ^ ^ ^ S H 

1 o o 
Reaction H. PRPTEIN-NH2 + \ N-P-C^^S-C-CHs —•** 

o 
0 g NH2PH ° 

PROTEIN-Nc ^S-C-CH3 •* PROTEIN-Nc^SH 

NH2
+C.' 

Reaction I. PRPTEIN-NH2 + (^ ,>»NH2 + cr-*- P R P T E I N - N H - C L ^ V . S H 

The three reagents shown in Reactions G to I above, react with protein amino groups. The 

cross-linking reagent 3-(2-pyridyldithio)propionic acid succinimidyl ester (SPDP) 

introduces a blocked thiol (Reaction G) which can be deprotected by reduction with DTT 

(133). Similarly, N-succinimidyl S-acetylthioacetate (SATA) introduces a blocked thiol 
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group (Reaction H) which can be deprotected with hydroxylamine (134). 2-Iminothiolane 

(Reaction I, Traut's reagent) incorporates an unprotected thiol (135). Blocked thiols are 

useful since spacer-derivatized proteins can be modified with other reagents without the 

possibility of the thiol participating in the reactions. 

Two commonly used cross-linkers for antibody-protein conjugation are SPDP 

(Reaction G above) and y-rrialeimidobutyric acid succinimidyl ester (GMBS): 

GMBS: 

P P 

Variations of these two spacers include those with the same two reactive groups but 

backbones of different length or steric orientation of functional groups. For example, the 

presence of a benzene ring within the backbone places the two functional groups at 

different angles. 

9. Non-site-specific linkage of carriers to antibodies 

A number of carriers containing various drugs have been conjugated to antibodies 

for the purpose of immunotherapy of cancer. The majority have been constructed using 

non-site-specific conjugation techniques in which the drug-loaded carrier was linked 

randomly to functional groups on the antibody. 

Serum albumin 

Human serum albumin (HSA) has been used as a carrier for MTX 

(107,110,111,119). It has a MW of 67,000 and contains 58 lysine residues (136) which 

could be used for the loading of a substantial amount of MTX, and also has a free thiol at 

cysteine 34 (136,137) which may be useful for subsequent reaction with the mAb. 

Incorporation of MTX into HSA was achieved either through the use of EDCI or the MTX-
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AE reactions described above, with incorporations ranging from 24 to 38 mol MTX/mol 

HSA. Linkage of MTX-loaded HSA to mAbs was achieved in a variety of ways using the 

specificity of thiol reactions to reduce polymerization of HSA-MTX or mAbs. Garnett et 

al. (107) incorporated a limited number of blocked thiols into HSA amino groups prior to 

MTX incorporation using SPDP (133). MTX-HSA-SPDP was then reduced with DTT to 

deblock the thiols and reacted with iodoacetylated mAb, the latter prepared by reaction of 

mAb lysine residues with N-succinimidyl iodoacetate. Gamett et al. (110) also used the 

free cysteine of HSA for conjugation of HSA-MTX with iodoacetylated mAb. Endo et al 

(119) prepared mAb-IISA-MTX conjugates in a similar way by reacting DTT-reduced 

HSA-MTX with a mAb which had been derivatized with maleimide groups using y-

maleimidobutyric acid succinimidyl ester (GMBS). Due to the difficulty in separating 

specific conjugates from both starting materials and from mAb-HSA-MTX conjugates 

containing different amounts of HSA-MTX, the conjugates which were isolated by gel 

filtration were not homogenous and likely contained HSA-MTX of various stoichiometrics 

as well as unreacted mAb. The partially purified preparations were found to retain 

between 28 and 36% antibody activity relative to native mAb and showed selective 

cytotoxicity to antigen-positive cell lines. Except for the one conjugate prepared by Gamett 

et al. (110), these ternary conjugates were less cytotoxic than unconjugated MTX in vitro. 

Umemoto et al. (138) used bovine serum albumin (BSA) as a carrier for mitomycin 

C and conjugated mitomycin C-loaded BSA to an IgM monomer fragment (IgMs) derived 

from IgM by limited reduction and alkylation with iodoacetamide. BSA is similar to HSA 

in terms of MW, solubility properties, and also contains a free thiol group (139). In these 

studies, mitomycin C was converted to a succinimidyl ester for reaction with amino groups 

on IgMs (for direct conjugation), or for reaction with the carrier BSA. The BSA thiol was 

blocked with 2-pyridyldisulfide prior to reaction with mitomycin C , and then reduced with 

DTT following drug loading. Conjugation of mitomycin C-BSA to IgMs was through a 

thioether linkage formed between the carrier and maleimide-derivatized IgMs, the latter 
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prepared by reaction of IgMs amino groups with N-succinimidyl m-(N-maleimido)benzoate 

(SMB). Ternary conjugates were isolated by gel filtration but, as with the HSA conjugates 

discussed above, separation was poor and the isolated conjugate poorly defined. Antibody 

activity was not reported and, although a direct comparison between the direct and ternary 

conjugates was not made, both conjugates were less cytotoxic than free mitomycin C 

against an antigen-positive cell line in vitro. 

Dextran 

Dextran and its derivatives have been used as carriers for a variety of drugs. Anion 

and Sela (140) used polyaldehyde dextran (PAD) which was prepared by oxidation of 

dextran with sodium periodate. PAD was reacted first with daunomycin and then with 

antibody and Schiff bases reduced with sodium borohydride. The reaction between 

daunomycin and PAD was believed to produce either Schiff bases with the amino sugar 

group of daunomycin or an oxazolidine derivative with the sugar amino group and its 

vicinal hydroxyl group. Attachment of PAD-daunomycin to the antibody was likely 

through Schiff base formation between unreacted aldehydes on PAD and amino groups on 

the antibody. These ternary conjugates contained between 25 and 30 mol daunomycin/mol 

antibody and retained approximately 70% antibody activity, which was comparable to 

direct conjugates containing from 2 to 6 mol daunomycin/mol antibody. The cytotoxicity 

of the ternary conjugates was, however, lower than that of direct conjugates, measured on 

the basis of drug concentration. 

PAD was also used as a carrier for cytosine arabanoside (141) as well as for 

mitomycin C (142) and bleomycin (143). In all cases, an amino group of the drug formed 

a Schiff base with aldehyde groups on PAD. Linkage of the carrier was either to a 

polyclonal antibody (141) or a mAb (142,143) and was achieved by Schiff base formation 

between residual aldehydes present in PAD with amino groups in the IgG. All Schiff bases 

were stabilized by cyanoborohydride or borohydride reduction. Antibody activity in the 
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conjugates was churned to be comparable to native antibody, although examination of the 

binding data shown for two of these conjugates (142,143) reveals substantial loss of 

activity. Cytotoxicity to target cells was higher for the mitomycin C and bleomycin 

conjugates (142,143) and lower for cytosine arabanoside conjugates when compared to 

free drug. 

Hurwitz et al. (144) described a method for preparing a hydrazide derivative of 

carboxymethyl dextran (CMD). CMD was prepared by the reaction of dextran with 

chloroacetic acid, and the carboxyl groups of CMD condensed with hydrazine using EDCI. 

This dextran-hydrazide was used as a carrier for 5 iluorouridine (141). Aldehydes were 

formed by the periodate oxidation of 5-fluorouridine and reacted with hydrazide groups on 

the carrier to form hydrazone linkages between drug and carrier. The carrier was then 

linked to a polyclonal antibody using the dialdehyde cross-linking reagent glutaraldehyde. 

Glutaraldehyde would theoretically form Schiff bases with proteins; however the cross-

linked products have been found to be stable without reduction. The mechanism of this 

cross-linking remains uncertain, but it appears that glutaraldehyde undergoes 

polymerization to form a,P-unsaturated aldehyde polymers in solution. Presumably it is 

the unsaturated polymer which cross-links amino groups (145). Antibody activity was 

decreased following the linkage of the drug-loaded carrier and was thought to be due to the 

cross-linking of IgG. The conjugate was found to be less cytotoxic than free drug although 

it had better activity than the drug linked to carrier without antibody. 

Polyglutamate 

Rowland et al. (146) used poly-L-a-glutamate (PGA) as a carrier for p-

phenylendiamine mustard. The amino group of the drug was linked to PGA carboxyl 

groups using EDCI. The PGA-drug intermediate was then linked to amino groups of a 

polyclonal anti-EL4 antibody through unreacted carboxyl groups on PGA with the use of 

EDCI. The antibody activity of this conjugate was reported as 66% of native antibody, and 
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the conjugate was shown to dramatically increase survival of EL4 tumor bearing mice 

relative to untreated control mice. 

A more elegant approach was taken by Kato et al. (147) who polymerized ybenzyl-

N-carboxy-L-glutamate anhydride in the presence of a limiting amount of cystamine. The 

carboxyl groups of N,N'-bis(poly-L-glutamyl)cystamine were deblocked, and the disulfide 

reduced to ?'1ow separation of thiol-containing from non-thiol-containing polymer on 

thiopropyl-sepharose containing the activated 2-pyridyldithio group. Following elution of 

the thiol-containing polymer with DTT, the thiol group of the polymer was converted to the 

2-pyridyldisulfide and the polymer carboxyl groups reacted with daunomycin in the 

presence of EDCI. The average MW of polymer obtained by this procedure was 12,000, 

containing 80 glutamate residues per unit. The substitution with daunomycin was quite 

low, with only 6.5 mol daunomycin/mol carrier. The daunomycin-containing polymer was 

then reduced with DTT to deblock the thiol group and reacted with a polyclonal antibody 

containing maleimide groups introduced into the antibody by reaction of antibody amino 

groups with N-succinirrudyl-4-(N-maleimido)butyrate. Ternary conjugates were purified 

by preparative PAGE and the isolated material had an average of 1.2 mol carrier/mol 

antibody. The antibody activity of the ternary conjugate was found to be similar to that of 

the native mAb and the cytotoxicity of the conjugate was greater than that of free 

daunomycin against target cells and less than free drug against a non-target cell line. The 

advantage of this procedure over other carrier-based methods is that a single thiol group 

was contained in the polymer, thereby reducing the risk of cross-linking antibody 

molecules to form higher conjugates. 

Polylysine 

A more recent development in the targeting field is that of antibody-mediated DNA 

targeting. Although the purpose of this type of targeting is not to cause cell death, gene 

therapy can be regarded as a form of therapy for the purposes of this review on the use of 
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drug carriers. In a recent report (148), poly(L-lysine) with an average MW of 3,000 was 

reacted with SPDP to introduce an activated disulfide at its N-terminal. The pyridyldithio-

poly(L-lysine) was reacted with a mAb which had been derivatized at amino groups with 

iminothiolane to introduce thiol groups. The antibody activity of isolated binary conjugates 

containing between 2 and 3 poly(L-lysine) units was found to be quite low compared to 

native mAb (approximately 10% activity). For formation of ternary conjugates, the binary 

conjugate was complexed with suitable DNA preparations. Target cells, which were 

incubated with ternary conjugates formed between binary mAb-poly(L-lysine) and 

plasmids containing the chloramphenicolacetyl transferase marker, were shown to express 

chloramphenicolacetyl transferase activity at a much higher level than cells which were 

incubated with a ternary conjugate synthesized with a non-specific mAb. 

Antibody-bound toxins 

Toxins have been attached to mAbs to achieve directed cytotoxicity. Toxins are 

complex proteins derived from bacteria or plants which bind to animal cells and deliver an 

enzymic component into the cytosol that is capable of irreversibly inactivating protein 

synthesis. Toxins are very potent and only a small number of molecules are required to 

cause cell death. The toxins most often used in the preparation of immunotoxins are the 

bacterial pseudomonas exotoxin A and diptheria toxin, and the plant-derived ricin toxin 

(149). These toxins have been conjugated to antibodies using SPDP, where toxin-SPDP 

was reacted with thiol-containing antibody (150). Because of their potency, the specificity 

and non-specific interactions of immunotoxins becomes much more important than in the 

case of drug conjugates. The lack of specificity of early immunotoxins was due to the 

presence of recognition sequences within the toxin itself. Apart from the enzymatic 

activity, toxins possess cell recognition sequences contained either in separate domains or 

polypeptide chains. More recent immunotoxins have used truncated or mutated versions of 

the toxins to reduce the non-specific binding caused by these sequences (149,151). 



Another recent advance in the preparation of immunotoxins has been the preparation of 

recombinant chimeric toxins (single chain immunotoxins) where antibody-derived genes 

for the antigen binding domains (Fv fragments) have been fused with modified toxin genes 

(152). 

Antibody-bound liposomes 

Liposomes are microvesicles composed of a continuous bilayer of phospholipid 

surrounding an aqueous phase. A number of drugs have been encapsulated in liposomes 

for passive drug delivery or site-avoidance delivery (153). The use of antibody-bound 

liposomes containing MTX for the purpose of selective drug targeting has been shown 

effective both in vitro (154,155) and in an ascites tumor model in vivo (156). In one 

study, ternary conjugates were shown to be superior to either free drug or direct binary 

conjugates prepared with the same mAb (155). In these studies pyridyldithio groups were 

incorporated into the liposomal membrane using N-[3-(2-pyridyldithio)propionyl] 

stearylamine as a membrane component. MTX entrapment was achieved by allowing 

liposomes to form in the presence of MTX. The attachment of pyridyldithio-containing 

liposomes to mAb was achieved by reaction of liposomes with thiol-containing mAb, the 

latter prepared by reaction of mAb with SPDP followed by reduction with DTT. 

10. Site-xpecific linkage of carriers to .. lies 

The conjugates formed using the linkage prew,!ures described above were non-site-

specific in that the carrier was usually attached to amino groups of the antibody. Although 

these methods allowed increased levels of drug to be incorporated into the antibody, 

antigen binding activity was still decreased in many cases, presumably due to the 

modification of amino groups present in the antigen binding site, or by steric hinderance of 

the carrier due to its proximity to the antigen binding site. Methods to modify antibodies at 

sites distant from the antigen binding site have been developed. These include the specific 

modification of thiol groups present in the hinge region of the IgG and the selective 
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modification of cartx.hydrate residues contained mosdy in the CH2 domain of IgG (21). 

The specific modification of hinge region thiols is limited because the selective reduction of 

only intrachain disulfides is difficult without some reduction of disulfides linking heavy to 

light chains, and possibly interchain disulfides. Immobilization of IgG fragments through 

these thiols was found to result in loss of antigen binding capacity (157). Reactions for the 

selective modification of protein carbohydrate have been known for some time, but it was 

not until the last decade that such selective reactions were applied to protein labelling and 

conjugation. As discussed previously, the majority of IgG carbohydrate from all species 

studied is of the N-linked type attached to Asn 297 in the Fc portion of the molecule. 

Modifications of IgGs at this site would therefore be expected to have little effect on antigen 

binding activity. This has been shown to be true for a number of carbohydrate-specific 

modifications such as immobilization (158-161), incorporation of chelating agents (162-

164), incorporation of antitumor drugs (75,83,128,129,165), incorporation of low MW 

probes such as biotin (166-168), linkage of a dextran-MTX moiety (117), and more 

recently, the production of a mAb-protein conjugate (169). 

The selectivity of carbohydrate-specific reactions arises from the presence of vicinal 

hydroxyl groups present in the sugar residues of oligosaccharide chains. Aldehyde groups 

have been generated from these residues both enzymatically and chemically. Galactose 

oxidase has been used to form a C-6 aldehyde group on terminal galactose or N-

acetylglucosamine residues (170). In cases where sialic acid is the terminal residue, it can 

be removed by neuraminidase to expose the penultimate galactosyl residue. The chemical 

method involves the periodate oxidation of vicinal diols to aldehydes (171). It has been 

reported that under suitably mild conditions, the periodate oxidation can be specific for the 

generation of the exocyclic C-7 aldehyde on sialic acids whereas harsher conditions result 

in oxidation of other vicinal diols (172). 

Aldehydes formed in the carbohydrate chains can react specifically with suitable 

nitrogen containing bases. These reactions can be represented as: 
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D R OH R 

> = 0 * H*N-R' — H'<NH-R. ~ H^C=N"R' + H J ° 

R' = NHCO-R" for a hydrazide compound (pKa = 3) 
= R" for amino-containing compound (pKa = 9.5) 

The nucleophilic attack of either a hydrazide or amino group at the carbonyl carbon results 

in the formation of an intermediate addition compound. The second step is the rate-

limiting, acid-catalyzed dehydration of the intermediate to form either a hydrazone bond (R' 

= NHCO-R") or a Schiff base (R' = R"), depending on the nucleophile (173). For Schiff 

base formation, the second step can also be a base-catalyzed dehydration (174), whereas 

hydrazone formation does not generally appear to occur by this mechanism (175). The pH 

optima for the two reactions appear to be governed by the opposing effects of general acid 

catalysis and the decrease in the concentration of attacking free nitrogen base due to 

coversion to the conjugate acid at low pH (173). 

The choice between a hydrazide and amino group for coupling to IgG aldehydes is 

one based on specificity. Primary amines are present on lysine residues and occur 

throughout the protein and are therefore available for reaction with aldehyde groups. The 

reaction with protein amino groups may compete with the desired reaction between amino-

containing reagent and result in inter- and intramolecular cross-linking of the IgG, although 

this might be suppressed through the use of a large excess of amino-containing reagent 

Greater specificity can be achieved through the use of a hydrazide-containing reagent The 

pKa of the hydrazide and primary amino groups are approximately 3 and 9.5 respectively. 

Because the unprotonated form of the hydrazide or amino group is the reactive species, the 

reaction with aldehydes will occur most readily at pH values above the pKa of the 

functional group. By performing the reaction between a hydrazide-containing reagent and 
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IgG adehydes al slightly acidic pH values (typically 4-5.5), Schiff base formation is 

decreased, resulting in greater specificity for reaction between aldehyde and hydrazide. 

It is generally accepted that Schiff bases are unstable and require reduction of the 

imine by either borohydride or cyanoborohydride for stabilization. However, there is some 

controversy in the literature regarding the stability of hydrazone bonds. The majority of 

reports indicate that hydrazone bonds formed between two proteins or between an insoluble 

matrix and protein are stable (158,169,176,177). King et al. (178) showed that hydrazone 

bonds formed between model aldehydes and hydrazides were unstable under neutral and 

acidic conditions and that they could be stabilized by reduction with cyanoborohydride. 

Others also have reported similar instability (75,83,165) of low molecular weight 

hydrazides also. 

The next logical refinement in the construction of antibody-drug conjugates was the 

linkage of the carrier site-specifically to the IgG to increase the load of drug and to 

minimize the effect on antigen binding activity. Such conjugates have been synthesized and 

are described below. 

Polyglutamate 

Hurwitz et al. (144) used polyglutamyl hydrazide as a carrier for daunorubicin. 

Polyglutamyl hydrazide was prepared by reaction of poly-y-benzyl-L-glutamate with 

hydrazine, and the hydrazide groups of the carrier reacted with IgG aldehydes which were 

formed by periodate oxidation of IgG carbohydrate. The resulting hydrazone-linked binary 

conjugate was then reacted with daunorubicin to form further hydrazone linkages between 

the CI 3 ketone group of daunorubicin and the hydrazide groups of the carrier. Conjugates 

formed in this way were found to precipitate following the addition of daunorubicin and 

were not useful as targeting agents. Precipitation of IgG is a common problem encountered 

during drug conjugation to IgG. This is likely due to the low water solubility of many ami-



cancer drugs. It has been generally found that the solubility of the IgG, and hence 

recovery, decreases as the incorporation of drug increases. 

Dextran 

Shih et al. (117) used dextran as a carrier for MTX and linked dextran-MTX to the 

carbohydrate moiety of a mAb. Dextran with an average MW of 40,000 was oxidized to 

PAD, converted to an amino group-containing polymer by reaction with l,3-diamino-2-

hydroxypropane and the Schiff base reduced with borohydride. MTX was coupled to the 

carrier using EDCI, and the dextran-MTX linked to periodate-oxidized mAb through Schiff 

base formation between unreacted amino groups on the carrier and aldehyde groups on the 

mAb. The Schiff bases were stabilized with cyanoborohydride and the conjugates isolated 

by gel filtration. An average of one carrier unit containing between 30 and 40 MTX was 

found in the isolated conjugate. Antibody activity in the conjugate approximated that of 

native mAb, and the conjugate was found to be as effective as free MTX against antigen-

positive cells and approximately 100 times less cytotoxic to non-target cells indicating that 

specificity was conferred by the mAb. 

Antibody-bound liposomes 

Chua et al. demonstrated that hydrazide groups could be incorporated into 

liposomal membranes and subsequently used for site-specific attachment to IgM 

carbohydrate residues (179). They showed that liposomes containing a dye as a marker 

were attached to IgM with retention of both liposome integrity and IgM antigen binding 

capacity. Such a system may prove useful for the targeting of drug molecules contained in 

the liposomes. 
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Antibody-bound toxins 

Vogel et al. (169) recently reported on the synthesis of two site-specific 

heterobifunctional spacers and used these to conjugate barley toxin to the carbohydrate of 

IgM. Although the conjugates synthesized were not intended for therapeutic purposes, the 

procedure illustrates this potential. The spacers which were used were based on the 

structure of SPDP and contained two different functional groups; a hydrazide and an 

activated disulfide. (One of the spacers reported by this group was independently 

synthesized in the present study.) The spacers were incorporated into oxidized IgM 

carbohydrate through a hydrazone bond to introduce activated disulfides. Barley toxin was 

modified to contain a thiol group by reaction with SPDP, and the thiol group deblocked and 

reacted with IgM. Conjugates were purified by gel filtration and contained an average of 

3.3 mol barley toxin/mol IgM. Toxin activity was decreased as a result of conjugation to 

IgM. However, this was found to be due to the acylation of toxin amino groups by SPDP. 

IgM antigen binding activity was found to be comparable to that of native IgM. This 

method should prove to be useful for the site-specific linkage of a number of different 

proteins for the purpose of cancer therapy. 

11. Project rationale and objectives 

The use of antibodies conjugated to drug-loaded carriers offers the potential to 

improve the effectiveness of drag-antibody conjugates as cancer treatment agents due to the 

greater loadings of drug which are possible, compared to direct drug-antibody conjugates. 

One of the shortcomings of the ternary conjugates which have been synthesized and 

evaluated for use as targeting agents was the failure to isolate a well characterized 

homogeneous product In many cases, conjugates contained free antibody as well as a 

mixture of different conjugation products, limiting the validity of their evaluation as 

potential treatment agents. 
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In order to evaluate the therapeutic potential of these types of conjugates, conjugates 

constructed with MTX linked direcdy to a mAb were compared to those in which MTX 

was linked to a carrier using the same mAb. The carrier-based conjugates were synthesized 

using both non-site-specific and site-specific conjugation techniques, as die latter offers the 

further potential for producing conjugates with increased retention of antigen binding 

activity. Many methods are available for the non-site-specific linkage of the drug-loaded 

carrier to mAbs, but for the synthesis of site-specific conjugates, appropriate cross-linkers 

had to be synthesized and conditions for their use established to enable linkage of the 

carrier to the carbohydrate moiety of the mAb. The three types of conjugates (binary, non-

site-specific ternary, and site-specific ternary) were isolated and evaluated with respect to 

their retention of antigen binding activity as well as cytotoxicity to target and non-target cell 

lines. Such a comparison between these different linkage methods using the same antibody 

has not been made in the past and should prove useful in designing future drug-antibody 

conjugates. 



n. Materials and Methods 

Materials 

Freund's incomplete adjuvant was from Gibco Laboratories, Grand Island, NY, USA. 

Fetal calf serum and horse serum were from Flow Laboratories, McLean, VA, USA. 

Bio-Gel P300, desalting columns, Bio-Gel P10, nitrocellulose, acrylamide, bis-

acrylamide, ammonium persulfate, Coomassie Blue R-250, Coomassie Blue G-250, 

sodium dodecyl sulfate, Affi-Gel 102, Bio-Lyte 3/10 carrier ampholytes, goat anti-mouse 

IgG-peroxidase, isoelectric focusing standards, rabbit anti-HSA, Protein A binding buffer 

and Protein A elution buffer were from Bio-Rad Laboratories, Richmond, CA, USA. 

Capryllic acid, Dulbecco's Modified Eagles Medium, Hank's buffered saline solution, 

pepsin, papain, chloramine T, sodium metabisulfite, l-fluoro-2,4-dinitrophenyl benzene, 

human serum albumin, sodium cyanoborohydride, sodium borohydride, 4-chloro-l-

naphthol, Y-maleimidobutyric acid succinimidyl ester, o-phenylenediamine, bovine serum 

albumin, dithiothreitol, methotrexate, dihydrofolate, dihydrofol ^ reductase, NADPH, 

extravidin-peroxidase, penicillin, streptomycin sulfate, thic ~vl chloride, triethylamine, 

propionaldehyde, crystal violet, Tween 20, N-ethylmaleimide, N,N-di(2,4-dinitrophenyl)-

L-cystine, P-mercaptoethanol, and biotin-hydrazide were from Sigma Chemical Co, St. 

Louis, MO, USA. 

Sulfosuccinimidyl 6-(biotinamido)hexanoate was from Pierce, Rockford, II, USA. 

Rabbit serum was from Antibody Incorporated, Davis, CA, USA. 

Hydrogen peroxide was from Fischer Scientific, Fairlawn, NJ, USA. 

1 2 5I and 1 3 1I supplied as Nal in 0.1 M NaOH at 25 mCi/mL were from ICN, 

Mississauga, Ont. 

Protein A-Sepharose, DEAE-Sepharose, and Pharmalyte 5-8 ampholytes were from 

Pharmacia Fine Chemicals, Uppsala, Sweden. 
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N-hydroxysuccinimide, 11-aminoundecanoic acid, and N,N-dimethylformamide were 

from Aldrich Chemical Co., Milwaukee, WI, USA. 

Dicyclohexylcarbodiimide was from Eastman Organic Chemicals, Rochester, NY, USA. 

96 well Falcon ELIS A plates were from Beckton Dickinson, Lincoln Park, NJ. 

Sodium metaperiodate was from J.T. Baker Chemical Co., Phillipsburg, NJ. 

*H NMR spectra were recorded in CDCI3 on a Nicolet NT360NB spectrometer with shifts 

reported relative to tetramethylsilane. 

TLC was performed on Merck-Kieselgel 60 analytical foil backed silica gel plates 

containing UV indicator (254nm). EDTA and TLC plates were from BDH, Dartmouth, 

NS. 

Melting points were measured with an Electrothermal 9100 melting point apparatus. 

Buffer A was 0.1 M sodium acetate, pH 4.0. 



Methods 

1. General Methods 

1.1 Protein assays 

Protein concentration was determined either by the Lowry protein assay (180) or by 

measurement of absorbance at 280 nm using A28O of a 1.0 mg/mL solution of IgG = 1.4 

(133,181), and A28O of a 1.0 mg/mL solution of HSA = 0.49, the latter value determined 

experimentally. For the Lowry assay, 10 to 30 ug of protein in 0.2 mL was mixed with 

1.0 mL of a solution containing 0.02% (w/v) G1SO4,0.04% (w/v) potassium tartrate, 2% 

(w/v) Na2C03 in 0.1 M NaOH. After 10 min, 0.1 mL of Folin-Ciocalteu phenol reagent 

diluted 1:2 in dH20 was added while mixing and samples incubated at RT for 30 min, at 

which time the absorbance at 700 nm was measured. Standards used for determining 

unknown HSA and IgG concentrations were HSA and NRG, respectively, since these 

proteins are known to give different responses in the Lowry assay (181). 

1.2 Polyacrylamide gel electrophoresis 

The procedure of Laemmli (182) was followed for sodium dodecylsufate 

polyacrylamide gel electrophoresis (SDS PAGE) using the Bio-Rad Mini-Protean II 

apparatus. Stacking gels were 3% (w/v) acrylamide and running gels varied from 6% 

(w/v) to 12% (w/v) acrylamide, depending on the sample to be analyzed. The thickness of 

the gels was 0.75 mm. Electrophoresis was carried out using a constant voltage of 200 V 

until the tracking dye reached the bottom of the gel. Native PAGE was carried out 

essentially by the same method as SDS PAGE, with the exception that SDS was omitted 

from samples, gels and running buffer. One to 2 tig of protein were typically loaded per 

lane. Gels were stained with 0.1% (w/v) Coomassie Blue R-250 in 10% (v/v) acetic acid 

and 10% (v/v) isopropanol, and destained in the acetic acid/isopropanol solution. 



1.3 Desalting 

Low MW components were separated from proteins by gel filtration. For small 

volumes, prepacked columns (10 mL) were equilibrated with 20 mL of desired buffer and 

up to 1.5 mL of sample applied, followed by buffer. After collecting 1.5 mL of eluate, 

protein was collected in the following 2.5 mL fraction. For larger volumes, columns were 

packed with Bio-Gel P10 and samples desalted as with prepacked columns with the 

exception that the column effluent was monitored at 280 nm for collection of protein. 

1.4 Iodination of proteins 

Proteins were radiolabelled using the chloramine-T method (183). Proteins to be 

radiolabelled with ^ l j o r 125j w c r e equilibrated with 0.3 M sodium phosphate buffer, pH 

7.3, to give a protein concentration of 1 to 2 mg/mL. Radioactive iodine, supplied as Nal 

in 0.1 M NaOH (typically at 25 mCi/mL), was neutralized with an equal volume of 0.1 M 

HC1. Using the experimentally observed iodination efficiencies of 30% for *25i and 50% 

for 13 1L an amount of neutralized radioiodine calculated to give the desired specific 

activity, was added to the protein solution while stirring. Chloramine T, freshly dissolved 

in dH20 at 1 to 5 mg/mL, was added to the protein/iodine solution to give a final 

concentration of 100 ug of chloramine T per mg protein. After 3 min, sodium 

metabisulfite, freshly dissolved in dH20 at 1 to 5 mg/mL, was added to give a 

concentration of 100 ug sodium metabisulfite/mg protein and the protein solution desalted 

into PBS after 5 min. The protein concentration was determined either by the Lowry assay 

or by measurement of A280 and radioactivity measured in a Beckman Gamma 4000 

counter. Iodine incorporation was determined by comparison to a standard containing a 

known amount of radioiodine prepared at the time of protein iodination. Specific activities 

were calculated on the basis of these two measurements. 



2. Cell lines 

The human renal cell carcinoma cell line Caki-1 (184) was maintained in Dulbecco's 

Modified Eagles Medium (DME) containing 10% (v/v) fetal calf serum (FCS), 200 

units/mL penicillin, 0.2 mg/100 mL streptomycin sulfate and 0.11% (w/v) sodium 

pyravate. For propagation, cells attached to glass flasks were treated with 2 mL of 0.25% 

(w/v) trypsin in HBSS for 30 sec to release cells from glass, collected in 14 mL of PBS in 

plastic conical tubes, centrifuged at a setting of 3 on an IEC model CL clinical centrifuge 

(approximately 500 x g), and PBS decanted. Cells were dislodged from the bottom of 

tubes by gentle agitation, and taken up in growth medium. Cell clumps were broken up by 

repeated passage through a 1.5 inch x 22 gauge needle attached to a 3 mL syringe, and an 

aliquot counted in a Coulter model Zf cell counter. For routine subculturing of Caki-1 

cells, 1.5 x 106 cells were seeded in glass flasks containing 25 mL of growth medium and 

incubated at 37 °C in an atmosphere of 5% C02-

The cell line D10-1, a human B-cell lymphoma, was maintained in culture as a 

suspension. D10-1 cells were subcultured in the same manner as Caki-1 cells described 

above with the exception that trypsin treatment was not required. 

3. Production and isolation of IgG 

3.1 Hybridoma growth and ascites formation 

mAb K20, an IgGi mAb directed against a cell surface antigen on the renal cell 

carcinoma cell line, Caki-1, was obtained from hybridoma K20 (185). The K20 

hybridoma was grown as a suspension in 96 mm plastic petri dishes in DME containing 

10% (v/v) horse serum, collected by centrifugation (500 x g, 10 min) and resuspended in 

DPBS. The cells were washed twice and resuspended in DPBS at a density of 30 x 106 

cells/mL. 

Balb/c mice were primed by injection (i.p.) with 0.1 mL of Freund's incomplete 

adjuvant 7 days prior to hybridoma injection. The K20 hybridoma was injected as a 



suspension in DPBS (15 x 10° cells/mouse in 0.5 mL). After 7 to 10 days following 

hybridoma injection, ascites fluid was obtained from mice by insertion of a needle (25 

gauge x 1.5 inch) into the peritoneal cavity and fluid collected by gravity into 15 mL glass 

screwcap tubes. Tubes were centrifu^^d in the IEC tabletop centrifuge at a setting of 6 for 

20 min, supematants pooled, heated at 56 °C for 40 min to inactivate complement and 

frozen. 

3.2 Purification of antibodies 

Fractionation with capryllic acid. IgG from ascites fluid and normal rabbit 

serum was isolated using the capryllic acid precipitation method described by McKinney 

and Parkinson (186), with minor modifications. Serum or ascites fluid was diluted with 

four volumes of 0.1 M sodium acetate buffer, pH 4.5, and capryllic acid (25 uL/mL of 

diluted sample) was added dropwise while stirring at RT. After 30 min, the precipitate was 

removed by centrifugation (10,000 x g, 30 min), the supernatant diluted with 0.1 volume 

of 10 times concentrated PBS, adjusted to pH 7.4 with 1.0 M NaOH, and cooled to 4 °C. 

IgG was then precipitated by the addition of ammonium sulfate (60% saturation) while 

stirring for 30 min, and collected by centrifugation (10,000 x g, 15 min). The pellet was 

redissolved in a small volume of PBS and dialyzed against PBS at 4 °C for 3 days with 6 

changes of buffer. 

Chromatography using Protein A-Sepharose. Ascites fluid was diluted 

with two volumes of Protein A binding buffer and passed through a column of Protein A-

Sepharose previously equilibrated with binding buffer. The column was washed with 

binding buffer until the absorbance at 280 nm returned to the baseline value, and the IgG 

fraction eluted with Protein A elution buffer. The eluted fraction was neutralized 

immediately with a small volume of 2.0 M Tris/HCl pH 9.0 and dialyzed against PBS at 4 

°C for 3 days with 6 changes of buffer. 
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4. Characterization of mAb KM 

4.1 Determination of the immunoreactive fraction 

The immunoreactive fraction (IRF) of mAb K20 was measured using the method of 

Lindmo and Bunn (45) with some modifications. mAb K20 was radiolabelled with 125] ^ 

described in Section 1.4 to a specific activity of 0.27 uCi/ug. A non-specific monoclonal 

IgGi antibody (mAb IgGi) of unknown specificity was also labelled with *25l to 

approximately the same specific activity as mAb K20. Caki-1 cells were removed from 

flasks by treatment with 0.02% (w/v) EDTA in HBSS, washed twice with PBS, and 

resuspended in a small volume of growth medium. Two parallel serial 1:2 dilutions of 

Caki-1 cells were made with DME containing 10% FCS, and 0.2 mL of each diluted cell 

suspension added to glass 5 mL test tubes previously coated with 1% (w/v) BSA in PBS. 

An aliquot of cell suspension was counted in the cell counter to determine the number of 

cells in each dilution. To the first series of tubes was added 0.1 mL of radiolabelled mAb 

K20 (0.18 ug, 0.049 uCi) in PBS containing 1% BSA, and an equivalent amount of mAb 

IgGi in 0.1 mL was added to the second series. The amount of radioactivity added per 

tube was determined by counting 0.1 mL of both the mAb K20 and mAb IgGi solutions. 

Tubes were incubated for 1 h at 4 °C with shaking after which time tubes were centrifuged, 

the supernatant removed and cells resuspended in 2.0 mL of PBS containing 0.1% (w/v) 

BSA. The wash procedure was repeated twice and tubes were counted to determine cell-

associated radioactivity. Non-specific binding as determined with the non-specific mAb 

IgGi preparation was subtracted from mAb K20 counts at each cell concentration, and the 

specific binding expressed as a fraction of total mAb K20 counts added. The IRF was 

determined by extrapolation to the ordinate from a plot of the inverse of the fraction bound 

against the inverse of cell concentration. 



4.2 Determination of the number of binding sites per cell and the apparent 

affinity constant 

Caki-1 cells were removed from flasks by treatment with 0.02% (w/v) EDTA in 

HBSS, washed twice with PBS, and resuspended in DME containing 10% FCS at a 

density of 4.56 x 106 cells/mL. A series of dilutions of 125I-mAb K20 (3.38 uCi/ug) 

were made in PBS containing 0.2% (w/v) BSA (PBS/BSA) starting at an mAb K20 

concentration of 2.56 ug/mL. In glass test tubes previously coated with 2% (w/v) BSA in 

PBS was added 0.1 mL of Caki-1 cell suspension and 0.3 mL of an mAb K20 dilution. 

Assay tubes were incubated at 4 °C for 1 h with shaking, at which time cells were washed 

3 times with PBS/BSA and cell-associated radioactivity measured in the gamma counter. 

The number of binding sites and the apparent affinity constant were determined by 

Scatchard analysis after correction for the IRF of mAb K20. The ratio of the amount of 

bound to free mAb K20 in each dilution was plotted against the amount of bound mAb 

K20. From the plot the apparent Ka was determined from the negative slope, and the 

estimated extent of maximal binding determined by extrapolation to the absissa. 

4.3 Isoelectric focusing 

mAb K20 was analyzed by isoelectric focusing (IEF) under both native and urea-

denatured conditions. For IEF in the presence of urea, the Bio-Rad Mini Protein cell was 

used and all urea-containing solutions were freshly prepared. Samples were dissolved in 

sample buffer containing 20 mM Tris/HCl, pH 8.2, and 8 M urea, and loaded on 5% (w/v) 

acrylamide gels cast to contain 7% (w/v) urea, 5% (v/v) Bio-Lyte 3/10 carrier ampholytes, 

and 10% (v/v) glycerol. Gels were prefocused for 30 min at 110 V, samples loaded and 

focused for 6 h at 200 V using 0.02 M NaOH and 0.01 M H3PO4 as cadiolyte and anolyte 

respectively. Gels were stained using Coomassie Brilliant Blue G-250 (0.027% (w/v) in 

3.5% (v/v) percloric acid) and destained with 10% (v/v) acetic acid. For IEF under native 

conditions, gels were cast using the Bio-Rad Mini Protein system, but were run using an 
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LKB Multiphor horizontal system. Native IEF gels contained 5% (w/v) acrylamide, 6% 

(v/v) Pharmalyte 5-8, and 10% (v/v) glycerol, and were poured so as not to contain sample 

wells. Once polymerized, one plate from the sandwich was removed and the gel placed on 

the cooling stage of the LKB 2117 Multiphor apparatus previously cooled to 4 °C. 

Samples were applied directly to the gel by absorption through Whatman 3 MM filter 

paper, and gels were focused for 4 h at 500 V and 4 °C using 1.0 M NaOH as cadiolyte 

and 0.04 M glutamic acid as anolyte. Gels were fixed in 4% (w/v) suifosalicylic acid and 

12% (w/v) TCA for 1 h, then stained with a solution containing 0.5% (w/v) G1SO4, 

0.04% (w/v) Coomassie Blue R-250,7% (v/v) ethanol, and 10% (v/v) acetic acid for 2 h 

and destained in the same solution without Coomassie Blue. 

5. Coupling of MTX to HSA 

5.1 Synthesis of MTX-AE 

Stock solutions of MTX (25 mM), DCC (200 mM) and NHS (200 mM) were 

prepared in DMF and appropriate volumes of each mixed to give the desired reactant ratios 

and a final MTX concentration of 12.5 mM. The reaction mixtures were stirred at RT for 

16 h, cooled to -20 °C, filtered through glass wool to remove precipitated 

dicyclohexylurea, and the MTX concentration determined spectrophotometrically using £ = 

7000 cm^M"1 at 370 nm for free MTX (71). An aliquot of each MTX-AE preparation 

was diluted in PBS (approximately 0.15 umol in 0.5 mL), passed slowly through a column 

containing 1 mL of Affi-Gel 102 previously equilibrated with PBS, and the column washed 

with 5.0 mL of PBS to remove unbound MTX. The amount of MTX eluted from the 

column was determined spectrophotometrically, and the percentage bound taken to be the 

amount of activated MTX in the preparation. Affi-Gel 102 contains 15 umol of amino 

groups per mL of gel, and typically 0.15 umol of MTX was passed through the column to 

ensure an excess of amino groups over MTX. 
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MTX reaction mixtures prepared using different ratios of MTX:NHS:DCC were 

also analyzed by TLC. Samples of reaction mixtures after 1 h and 24 h were mixed with an 

equal volume of methanol before application to TLC plates, and plates developed using a 

3:2 CHCI3/DMSO system. 

The MTX-AE was isolated from some reaction mixtures as follows. The cooled 

reaction mixture was filtered through glass wool, and the MTX-AE in a small volume of 

DMF precipitated by the slow addition of 25 mL of diethyl ether while stirring. The 

precipitate was collected by centrifugation (12,000 x g, 10 min) and redissolved in a small 

volume of DMF. The procedure was repeated and the ether in the final pellet removed with 

a stream of nitrogen and the MTX-AE dissolved in DMF. 

5.2 Incorporation of MTX-AE into HSA 

Effect of molar ratio of MTX-AE over HSA. MTX-AE was prepared by 

mixing MTX, DCC, and NHS in a molar ratio of 1:3:3 in DMF (90 umol of MTX in 2.0 

mL) and the reaction mixture stirred at RT for 16 h, after which the solution was cooled to 

-20 °C and the precipitate removed by filtration. The amount of activated MTX in the 

preparation was determined using Affi-Gel 102 as described in Section 5.1, and was found 

to be 82%. The MTX-AE in DMF was added dropwise to HSA (10 mg, 1.0 mL PBS) 

while stirring to give a molar excess of MTX-AE over HSA between 8- and 80-fold, and a 

final concentration of HSA of 8.1 mg/mL. The solutions were stirred slowly at 4 °C for 4 

h, centrifuged to remove precipitate (12,000 x g, 15 min), and dialyzed against PBS. The 

molar incorporation of MTX into HSA was determined using e = 6500 cm'^M"! for 

protein bound MTX (117) at 370 nm, and HSA concentration determined using the Lowry 

assay with HSA as the standard. 

Effect of pH . The effect of pH on MTX ncorporation into HSA was 

determined between pH 7.2 and 9.0. The MTX-AE preparation was obtained by reacting 
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MTX, NHS, and DCC in a rr.olar ratio of 1:3:3 as follows. MTX (14.1 mg, 31 umol), 

DCC (19.1 mg, 93 umol), and NHS (10.7 mg, 93 umol) were added to 1.0 mL of DMF 

and stirred at RT for 18 h, the mixture cooled at -20 °C, and the precipitate removed by 

filtration. The percentage of activated MTX in the preparation was found to be 83% using 

Affi-Gel 102 (Section 5.1). To HSA (3.6 mg/mL, 1.0 mL) in either PBS or 0.5 M 

Tris/HCl in the pH range of 7.2 to 9.0, was added an 80-fold molar excess of MTX-AE in 

132 uL of DMF while stirring. The solutions were stirred for 4 h at 4 °C, dialyzed against 

PBS, and centrifuged to remove any precipitate. The molar incorporation of MTX in HSA 

at each pH was determined as described in Section 5.2. 

Routine synthesis of HSA-MTX. For the routine synthesis of HSA-MTX, 

MTX-AE was prepared by reacting MTX with DCC and NHS in a 1:3:3 molar ratio 

(MTX/DCC/NHS), and the MTX-AE partially purified from the reaction mixture as 

described in Section 5.1. To a solution of HSA (10 to 20 mg/mL) in 0.15 M Tris/HCl, pH 

9.0, was added DMF to a concentration of 20% (v/v) followed by an 80-fold molar excess 

of MTX-AE in DMF while stirring to give a final DMF concentration of 35% (v/v). The 

pH was adjusted to 9.0 with 0.1 M NaOH and the solution left at RT for 2 to 3 h with 

occasional stirring. HSA-MTX was then desalted into the appropriate buffer. 

S.3 Incorporation of MTX into HSA using EDCI 

MTX was coupled to HSA using EDCI to activate MTX for reaction with protein 

amino groups(107,108). To 1.0 mL of HSA (6.5 mg/mL, 97 nmol) in PBS was added 

MTX (4.4 mg, 9.7 iimol) followed by EDCI (2.8 mg, 14.5 iimol) giving a molar ratio of 

1:100:150 (HSA:MTX:EDCI). The mixture was stirred at 4 °C for 4 h, centrifuged at 

12,000 x g for 30 min, dialyzed against PBS to remove unreacted EDCI and MTX, and 

centrifuged to remove any precipitate. The molar incorporation of MTX into HSA was 

determined as described in Section 5.2. 
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6. Direct incorporation of MTX into IgG 

MTX was coupled to mAb K20 using the same active ester method with the 

exception that MTX was activated using a 1:1:1 ratio of MTX:DCC:NHS instead of a 1:3:3 

ratio which was used for HSA coupling. The 1:1:1 ratio was used in direct coupling 

because high incorporations of MTX were not desired unlike the case of MTX reaction 

with HSA. The molar excess of MTX over IgG varied and was dependent on the molar 

incorporation desired. To mAb K20 in PBS at 5 to 10 mg/mL, was added DMF 

drowpwise to a concentration of 10% (v/v) followed by an excess of filtered MTX-AE in 

DMF ranging from 5- to 50-fold over IgG while stirring to give a final DMF concentrarion 

of 20%. The solution was left at RT for 2 h after which time it was desalted into PBS. 

7. Activation of HSA for conjugation to IgG 

7.1 Direct reduction of HSA with DTT. 

Direct reduction of HSA was accomplished by the addition of an excess of DTT. 

To HSA at 10 mg/mL in PBS, was added DTT in dH20 while stirring to give a range of 

molar excess from zero to 20. Samples were left at RT for 30 min, desalted into PBS, and 

the thiol content determined. The thiol content of HSA was measured using DTNB as 

follows. To 1.0 mL of 0.1 M sodium phosphate, pH 7.3, containing 1 mM EDTA, in a 

1.0 mL cuvette was added 100 uL of a stock DTNB solution (10 mM in 0.1M phosphate, 

pH 7.2,1 mM EDTA) and either 100 uL of sample to be assayed in PBS or 100 uL of 

PBS, and the contents of the cuvette mixed by inversion. After 15 min, the absorbance of 

the sample cuvette was measured relative to the reference at 412 nm and the thiol 

concentration in the sample determined using e = 14,150 cm_1M_1 (131,187). The protein 

concentration was measured by the Lowry assay and the number of moles of thiol per mole 

of HSA calculated for the sample. 



53 

7.2 Incorporation of thiols into HSA using SPDP. 

To react HSA with SPDP, SPDP dissolved in & small volume of DMF was added 

to HSA at a concentration of 5 to 10 mg/mL in PBS while stirring to give a 5- to 10-fold 

molar excess of SPDP over HSA. After 30 min, the solution was desalted into 0.1 M 

sodium acetate, pH 4.5,0.15 M NaCl and DTT added to a concentration of 50 mM. The 

solution was desalted into 0.1 M phosphate, pH 7.3,1 mM EDTA after 20 min. SPDP 

incorporation was determined by measuring the absorbance at 343 nm of an aliquot of 

HSA-SPDP in the presence of 100 mM DTT using e • 8080 cm^M"1 for pyridine-2-

thione (133) and the HSA concentration measured using the Lowry assay with HSA as 

standard or by measurement of A280 using the following correction for pyridyldithio group 

contribution to A280: A28O actual = A28O measured - 5100 x [pyridine-2-thione], where 

the pyridine-2-thione concentration is the molar concentration determined in the presence of 

100 mM DTT. 

8. Synthesis of MTX-HSA-SPDP for conjugation to IgG 

To HSA (200 mg, 3.0 *imol) in 20 mL of PBS was added SPDP (9.6 mg, 30 

Iimol) in 2.0 mL of DMF while stirring at RT. After 30 min, DMF was added to a 

concentration of 20% (v/v), followed by 2.0 M Tris/HCl, pH 9.0, and a 75-fold molar 

excess of partially purified MTX-AE in DMF to give final concentrations of 0.1 M 

Tris/HCl, 35% DMF and 6.8 mM MTX. The pH was adjusted to pH 9.0 with 0.1 M 

NaOH and the solution left at RT for 2.5 h with occasional stirring. While stirring, 35 mL 

of PBS was then added, followed by the dropwise addition of a sufficient volume of 2.0 M 

sodium acetate, pH 4.0, to lower the pH of the reaction mixture to 4.5. The precipitated 

MTX-HSA-SPDP was collected by centrifugation (10,000 x g, 15 min), the pellet 

redlssolved in 0.5 M Tris/HCl, pH 9.0, and MTX-HSA-SPDP equilibrated with PBS. 

The MTX-HSA-SPDP monomer was purified from MTX-HSA-SPDP polymers by gel 

filtration chromatography on Bio Gel P-300 (2.5 cm x 90 cm, 7.5 mL/h). The monomer 



was concentrated by precipitation at pH 4.5 as described above, and equilibrated with 0.1 

M sodium phosphate, pH 7.3,1 mM EDTA. 

9. Synthesis of non-aite-specific IgG-HSA and IgG-HSA-MTX conjugates 

9.1 Incorporation of SPDP and OMBS spacers into IgG 

mAb IgGi and mAb K20 were reacted with SPDP as described in Section 7.2 

using a 5- to 10-fold molar excess of SPDP over IgG. Maleimide groups were introduced 

into IgG by reaction of IgG with GMBS under the same conditions as for reaction with 

SPDP. 

The number of maleimide groups introduced into IgG by reaction with GMBS was 

determined with N-(2,4-dinitrophenyl)-L-cysteine (DNP-cys). DNP-cys was prepared by 

the addition of mercaptoethanol (100 uL, 1.5 mmol) to N,N-di-(2,4-DNP)-L-cystine (4.0 

mg, 7.0 umol) dissolved in 1.7 mL of acetone and 0.2 mL dH20. The solution was 

stirred at RT for 2 h, mercaptoethanol removed by evaporation with nitrogen, aliquoted, 

and DNP-cys stored at -20 °C covered in foil. To assay for protein maleimide groups, a 

100-fold molar excess of of DNP-cys over IgG was dissolved in a small volume of DMF 

and added to protein in PBS while stirring. After 30 min at RT, the solution was desalted 

into PBS and the incorporation of DNP-cys determined spectrophotometrically using e = 

1** 000 cnr^M"! (138) at 360 nm for DNP-cys. The protein concentration was measured 

using the Lowry assay with NRG as standard. 

9.2 Non-site-specific conjugation of spacer-derivatized IgG to HSA and 

HSA-MTX 

For synthesis of non-site-specific IgG-HSA-MTX ternary conjugates, IgG-SPDP 

was equilibrated with 0.1 M sodium acetate, pH 4.5,0.15 M NaCl following reaction of 

IgG with SPDP, and DTT added to a concentration of 20 mM. After 20 min at RT, the 

solution was desalted into 0.1 M sodium phosphate, pH 7.3,1 mM EDTA, and MTX-
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HSA-SPDP (Section 8) added to give a two-fold molar excess of HSA over IgG. After 16 

h at RT, a 100-fold molar excess of N-ethylmaleimide over IgG was added in a small 

volume of DMF to block free thiols. 

For the synthesis of non-site-specific IgG-HSA binary conjugates, IgG-SPDP or 

IgG-GMBS were equilibrated with 0.1 M sodium phosphate, pH 7.3,1 mM EDTA and 

reacted with HS A-SPDP-SH (Section 7.2). HSA-SPDP-SH was added at a ratio of 2 

HSA/IgG. After 16 h at RT, a 100-fold molar excess of N-ethylmaleimide over HSA was 

added to block free thiols. 

10. Synthesis of heterobifunctional site-specific spacers 

10.1 Synthesis of SPDP 

SPDP (N-Succinimidyl 3-[2-pyridyldithio]-propionate) was synthesized using the 

method of Carlsson(133) with minor modifications. The TLC system used in all the 

following procedures was 9:1 chloroform:methanol unless stated otherwise. To 2,2'-

dipyridyldisulfide (3.75 g, 17 mmol) dissolved in 15 mL ethanol containing 0.4 mL glacial 

acetic acid was added 3-mercaptopropionic acid (0.9 g, 0.74 mL, 8.5 mmol) dropwise in 5 

mL ethanol. The reaction mixture was stirred vigorously for 10 h at RT after which time 

the ethanol was removed by evaporation and the pale oil taken up in 

dichloromethane/ethanol (3:2) and added to ca. 50 g of alumina in suspension in 

dichloromethane/ethanol (3:2) in a beaker while stirring. The solvent was removed by 

filtration and the alumina washed with dichloromethane/ethanol (3:2). The washing was 

repeated until TLC showed no starting matei.al remaining in the wash. The product 2-

carboxyethyl 2-pyridyl disulfide, was then eluted from the alumina using 4 mL acetic acid 

in 100 mL of dichloromethane/ethanol (3:2). The solvent was evaporated and the acetic 

acid removed under vacuum to give 1.30 g (6.0 mmol, yield 71%) of oil. N-

hydroxysuccinimide (0.76 g, 6.6 mmol) and dicyclohexylcarbodiimide (1.36 g, 6.6 mmol) 

were added to the oil which was dissolved in 5 mL of dichloromethane, and the reaction 



mixture stirred for 2 h at RT. The mixture was cooled to -20 °C, the precipitate removed 

by filtration and the dichloromethane washed with saturated sodium bicarbonate, then 

water, dried with sodium sulfate, dichloromethane evaporated and SPDP crystallized from 

ethanol at 4 °C. The crystals were collected by filtration and dried under vacuum. Yield 

1.5 g, 56%; Rf 0.84. lH NMR 8 2.83 (s, 4H), 3.13 (m, 4H), 7.13 (m, 1H), 7.69 (m, 

2H), 8.50 (m, 1H). 

10.2 Synthesis of HPDP 

To SPDP (1.0 g, 3.2 mmol) dissolved in 20 mL of methanol was added 160 uL of 

hydrazine (4.8 mmol) in 5 mL of methanol. The reaction mixture was stirred at RT for 15 

min, methanol removed under reduced pressure, the oil taken up in methylene chloride and 

extracted first with saturated sodium bicarbonate followed by water, dried with sodium 

sulfate and the methylene chloride evaporated. The product was crystallized from diethyl 

ether to give a fine white powder. The product reacted with both acetone and DTT as 

followed by TLC, confirming the presence of the hydrazide and disulfide functions. Yield 

0.20 g, 27%; mp 91.5-92.5 °C; Rf 0.41. *H NMR 8 2.62 (t, 2H), 3.10 (t, 2H), 3.98 (s, 

2H), 7.14 (m, 1H), 7.62 (m, 2H), 8.24 (s, 1H), 8.52 (m, 1H). 

10.3 Synthesis of AUPDP 

ll-[3-(2-pyridyldithio)propionyl]aminoundecanoic acid. To 11-

aminoundecanoic acid (129 mg, 0.64 mmol) and sodium bicarbonate (108 mg, 1.28 mmol) 

dissolved in 2 mL of a 2:1 water-ethanol mixture, was added SPDP (200 mg, 0.64 mmol) 

in 4 mL of ethanol. The solution was stirred at RT for 1 h, adjusted to pH 7.0 with 1 M 

HCl, and the solvent removed under reduced pressure, the residue distributed between 

water and chloroform, extracted with water, and dried over sodium sulfate. Chloroform 

was evaporated to give a white powder. Hydrolysis of the product with 7 M HCl at 50 °C 

for 16 h confirmed the presence of 11-aminoundecanoic acid in the product as 
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determined by TLC of the hydrolyzate (4:1:1 n-butanol/acetic acid/ H2O). Yield 232 mg, 

91%; Rf0.46. 

1 l-[3-(2-pyridyldithio)propionyl]aminoundecanoic acid hydrazide. 

To ll-[3-(2-pyridyldithio)propionyl]aminoundecanoic acid (232 mg, 0.58 mmol) 

dissolved in 5 mL of methylene chloride was added NHS (73 mg, 0.64 mmol) and DCC 

(131 mg, 0.64 mmol). The mixture was stirred for 2 h at RT, cooled to -20 °C, 

dicyclohexylurea removed by filtration, and methylene chloride evaporated. To 11-[3-(2-

pyridyldithio)propionyl]aminoundecanoic acid succinimidyl ester (284 mg, 0.58 mmol, Rf 

0.64) dissolved in 5 mL of methanol was added hydrazine (37 uL, 1.16 mmol) dissolved 

in a small amount of methanol and the solution stirred for 1 h at RT. Methanol was 

removed by evaporation, the residue taken up in methylene chloride and extracted with 

saturated sodium bicarbonate then with saturated NaCl, dried over sodium sulfate, 

evaporated, and the solid washed with ether to give a white powder. The product reacted 

with both acetone and DTT, indicating the presence of both hydrazide and disulfide 

functions. Yield 160 mg, 61%; mp 105 °C; Rf 0.32. *H NMR 8 1.22 (s, 18H), 1.51 

(p, 2H), 1.62 (p, 2H), 2.50 (t, 2H), 2.60 (t, 2H), 3.08 (t, 2H), 3.26 (q, 2H), 3.96 (bs, 

2H), 6.50 (s, 1H), 7.13 (q, 1H), 7.20 (s, 1H), 7.66 (m, 2H), 8.45 (m, 1H). 

10.4 Synthesis of DNP-AU-hydrazide 

11-aminoundecanoic acid methyl ester. To 4 mL of methanol at -10 °C 

(ethanol/ice bath) with stirring was added thionyl chloride (1.04 mL, 14 mmol) followed 

by the slow addition of 11-aminoundecanoic acid (800 mg, 4 mmol). After addition, the 

solution was stirred at RT for 1 h after which time two volumes of diethyl ether were added 

and the white precipitate isolated by filtration. 



ll-(2,4-dinitrophenyl)aminoundecanoic acid methyl ester. To 11-

aminoundecanoic acid methyl ester hydrochloride (150 mg, 600 umol) and triethylamine 

(167 u.L.1.2 mmol) in 10 mL of DMF was added l-fluoro-2,4,-dinitrobenzene (68 uL, 

540 umol) and the reaction mixture stirred at RT for 1 h. The DMF was removed by 

evaporation, the residue taken up in chloroform, extracted with 0.1 M HCl, washed with 

saturated NaCl, dried with sodium sulfate and evaporated. The product was dried with 

ether to give a yellow powder. Yield 155 mg, 75%; Rf 0.96 in 19:1 CHCiymethanol. *H 

NMR 8 1.29 (s, 10H), 1.46 (m, 2H), 1.60 (m, 2H), 1.78 (p, 2H), 2.33 (t, 2H), 3.44 (q, 

2H), 3.68 (s, 3H), 6.94 (d, 1H), 8.28 (d, 1H), 8.58 (bs, 1H), 9.15 (t, 1H). 

ll-(2,4-dinitrophenyl)aminoundecanoic acid hydrazide. To ll-(2,4-

dinitrophenyl)aminoundecanoic acid methyl ester (130 mg, 341 umol) in 50 mL of 

methanol was added hydrazine (5.2 mL, 166 mmol) and the reaction mixture stirred for 16 

h at RT at which time TLC showed complete conversion to product The methanol was 

removed by evaporation, the residue taken up in chloroform, extracted with saturated 

sodium bicarbonate, dried with sodium sulfate and evaporated to give a yellow powder. 

Yield 117 mg, 90%; mp 119-121 °C; Rf 0.17 in 19:1 CHCiymetiianol; Xmax = 360 nm; 

e = 17,000 M ' W 1 (138). *H NMR 8 1.30 (s, 10H), 1.43 (p, 2H), 1.63 (m, 2H), 1.77 

(p, 2H), 2.15 (t 2H), 3.41 (q, 2H), 3.90 (bs, 2H), 6.66 (bs, 1H), 6.92 (d, 1H), 8.28 

(dd, 1H), 8.56 (bs, 1H), 9.16 (t, 1H). 

XL Synthesis of site-specific IgG-HSA and IgG-HSA-MTX conjugates 

11.1 Oxidation of IgG with sodium periodate 

IgG was oxidized with sodium periodate using 100 to 150 mM periodate for 

conjugation of IgG with HSA or HSA-MTX, and 0.26 to 260 mM periodate for spacer 

incorporation studies. To IgG (5 to 10 mg/mL) in 0.1 M sodium acetate, pH 5.5,0.15 M 

NaCl at 0 °C was added a suitable excess of sodium meta-periodate (100 mg/mL in dH20) 
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while stirring. The solution was left for 20 min in the dark at 0 °C after which it was 

desalted into 0.1 M sodium acetate, pH 4.0. 

11.2 Incorporation of HPDP and AUPDP spacers into oxidized IgG 

To oxidized IgG in 0.1 M sodium acetate, pH 4.0 was added DMF while stirring to 

a concentration of 15% (v/v), followed by the addition of either HPDP or AUPDP 

dissolved in DMF to give a final DMF concentration of 25% and a 50-fold molar excess of 

spacer over IgG. After 3 h at RT die solution was either desalted into 0.1 M sodium 

phosphate, pH 7.3,1 mM EDTA for conjugation, or 0.1 M sodium acetate, pH 4.0 for 

stabilization with sodium cyanoborohydride. The number of spacers introduced into IgG 

were determined as described for SPDP incorporation in Section 7.2. 

11.3 Site-specific conjugation of spacer-derivatized IgG to HSA and HSA-

MTX 

For comparison of conjugation efficiency between IgG-HPDP and IgG-AUPDP 

with various derivatives of HSA, IgG-HPDP or IgG-AUPDP in 0.1 M sodium phosphate, 

pH 7.3,1 mM EDTA were reacted with a four-fold molar excess of either HS A-SH, HS A-

SPDP-SH (Section 7), MTX-HSA-SH (Section 5.2), or MTX-HSA-SPDP-SH (Section 

8). The latter derivatives of HSA were prepared by direct reduction of the parent 

compound in PBS (20-fold excess DTT, 20 min). After 16 h free thiols were blocked by 

the addition of a 100-fold molar excess of N-ethylmaleimide over HSA and reaction 

mixtures analyzed by native PAGE. 

For the synthesis of stable ternary conjugates, IgG-AUPDP was stabilized by 

reduction with sodium cyanoborohydride. To IgG-AUPDP (Section 11.2) in 0.1 M 

sodium acetate, pH 4.0 was added sodium cyanoborohydride in dH20 to a concentration 

of 15 mM. After 90 min at RT, DTT in dH20 was added to a concentration of 15 mM, the 

solution desalted into 0.1 M sodium phosphate, pH 7.3,1 mM EDTA after 15 min and 
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HSA-SPDP-MTX added at a ratio of 2 mol HSA/mol IgG. After 16 h a 100-fold molar 

excess of N-ethylmaleimide over IgG was added to block unreacted thiols. 

For synthesis of stabilized binary mAb K20-HSA conjugates, mAb K20-AUPDP 

in 0.1 M sodium phosphate, pH 7.3,1 mM EDTA was mixed with HSA-SPDP-SH 

(Section 7.2) at a ratio of 2 mol HSA/mol IgG. After 16 h at RT, N-ethylmaleimide was 

added as above, followed by sodium cyanoborohydride to a concentration of 15 mM. 

After 90 min at RT, the solution was desalted into PBS. 

12. Stability of site-specific conjugates 

12.1 Native PAGE and elution of conjugates from the gels 

Conjugation mixtures were prepared using mAb K20 modified with either HPDP or 

AUPDP (Section 11.2), and GMBS or SPDP (Section 9.2) by reaction of mAb K20-

spacer with HSA-SPDP-SH as described in Section 11.3. Reaction mixtures were 

separated by native PAGE on 5% gels using a preparative comb in a Bio Rad Mini-Protean 

II apparatus with gels of 0.75 mm thickness. Samples containing between 150 and 260 ug 

of mAb K20 were mixed with an equal volume of sample buffer and loaded onto gels. 

After electrophoresis, a narrow strip from the edge of the gel was cut out stained, and used 

as a reference to cut out the remaining conjugate-containing band from the gel. The 

electroelution apparatus consisted of two reservoirs connected by dialysis bags in each 

reservoir and a bridge between the two bags. The reservoir, dialysis bags and bridge were 

filled with 50 mM Tris/HCl, pH 8.6, with the gel-containing bag in the cathode 

compartment. Elution conditions were 100 V for 7 h, after which the collection bags were 

removed, and eluted conjugates dialyzed against 50 mM NH4CO3, lyophilized, and 

analyzed by SDS PAGE. 
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12.2 Dialysis of IgG containing DNP-AU-hydrazide as a reporter group 

Site-specific IgG-DNP-AU-hydrazide was prepared as follows: to NRG (25 mg, 

167 nmol) in 2.1 mL of 0.1 M sodium acetate buffer, pH 5.5, containing 0.15 M NaCl at 0 

°C was added sodium periodate dissolved in 0.8 mL dH20 (100 mg, 334 umol) while 

stirring. The reaction mixture was kept in the dark for 20 min at 0 °C after which time it 

was desalted into 0.1 M sodium acetate buffer, pH 4.0 (Buffer A). To 4 mL of oxidized 

NRG was added 706 uL of DMF while stirring followed by DNP-AU-hydrazide (6.4 mg, 

16.7 umol) in 627 uL DMF to give a final DMF concentration of 25% (v/v). The reaction 

mixture was kept in the dark for 4 h after which it was desalted into Buffer A. Reporter 

group-containing NRG was either treated with 15 mM sodium cyanoborohydride, 15 mM 

sodium borohydride, or not treated. After 48 h at RT, solutions were desalted into Buffer 

A, dialyzed at 37 °C, samples taken over a period of 11 days and the number of DNP-AU-

hydrazide groups/NRG determined. Protein concentration was measured by the Lowry 

assay using NRG as the standard and the DNP-reporter group measured at 360 nm using e 

= 17,000 cm_1M_1 (138). Control reactions were carried out in which i) a 100-fold molar 

excess of DNP-AU-OMe was added to oxidized NRG in Buffer A, and ii) a 100-fold 

molar excess of DNP-AU-hydrazide was added to non-oxidized NRG in Buffer A. After 4 

h at RT the mixtures were desalted into Buffer A and the number of reporter groups/NRG 

determined as above. 

To determine the effect of cyanoborohydride treatment prior to reaction with DNP-

AU-hydrazide, oxidized NRG in Buffer A was treated with a molar excess of sodium 

cyanoborohydride ranging from 0 to 4,000 (0 to 110 mM). The reaction mixtures were left 

at RT for 48 h after which time they were desalted into Buffer A, reacted with DNP-AU-

hydrazide (100-fold molar excess) for 4 h, desalted into Buffer A and the incorporation of 

DNP-AU-hydrazide determined. 



12.3 Competitive release of DNP-AU-hydrazide with propanal 

Oxidized NRG containing DNP-AU-hydrazide prepared as described in Section 

12.2 was either treated with 15 mM sodium cyanoborohydride or sodium borohydride for 

48 h, or not treated. Each reaction mixture was desalted into Buffer A and a 10,000-fold 

molar excess of propanal over IgG added (80 mM) in a small volume of DMF. After 48 h 

at RT, reaction mixtures were desalted into Buffer A and the incorporation of reporter 

groups determined. 

12.4 Time required for hydrazone stabilization by cyanoborohydride 

NRG containing hydrazone-linked reporter groups was prepared as in Section 12.2 

and treated with 15 mM sodium cyanoborohydride. Samples were taken over a 26 h 

period, desalted into Buffer A and propanal added as above. After 24 h, each sol don was 

desalted into Buffer A and the incorporation of DNP groups/NRG determined. 

13. Purification of conjugate! 

13.1 Binary mAb K20-HSA conjugates 

mAb K20-HSA binary conjugates were purified from the conjugation mixtures by 

gel filtration chromatography on Bio Gel P300 (2.5 cm x 90 cm) equilibrated with PBS 

using an upward flow system with a flow rate of 7.5 mL/h Fractions collected were either 

3.75 mL or 7.5 mL and were analyzed by SDS PAGE for purity of conjugates. 

Conjugation mixtures were concentrated prior to gel filtration by ammonium sulfate 

precipitation (60% saturation), centrifuged (10,000 x g, 20 min), the precipitate redissolved 

in a small aliquot of PBS and desalted into PBS. 

13.2 Ternary mAb K20-HSA-MTX conjugates 

mAb K20-HSA-MTX ternary conjugates were purified by the same method as the 

binary conjugates with the exception of an initial step using DEAE-Sepharose. 
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Conjugation reaction mixtures were passed through a column containing DEAE-Sepharose 

previously equilibrated with PBS and washed with PBS containing 0.15 M NaCl until the 

absorbance at 280 nm returned to baseline. MTX-containing spuies were eluted from the 

column using PBS containing 1.0 M NaQ and concentrated by the addition of a volume of 

2.0 M sodium acetate pH 4.0 sufficient to lower the pH to 4.5. The precipitate was 

centrifuged (12,000 x g, 10 min) redissolved in a small volume of 0.5 M Tris/HCl, pH 

9.0, equilibrated with PBS, and separated on Bio Gel P300 as described for binary 

conjugates above. 

14. Characterization of conjugate* 

14.1 Measurements of antibody activity 

Antibody activity by ELISA. Caki-1 cells in DME containing 10% (v/v) FCS 

were plated in 96 well ELISA plates 96 h before use (5000 cells/well in 0.2 mL). Cells 

were fixed with 0.5% (v/v) glutaraldehyde in PBS for 1 min and washed 3 times with 

PBS. All subsequent washes were 3 times with PBS containing 0.1% BSA (PBS/BSA). 

Serial 1:2 dilutions of native mAb K20 or modified mAb K20 in PBS/BSA were added to 

wells in a vo'ume of 100 uL in triplicate, incubated with cells for 1 h, washed, and 100 uL 

of goat anti-mouse IgG-peroxidase conjugate (1:3000 in PBS/BSA) added for 1 h. Plates 

were then washed, and 100 LIL of o-phenylenediamine at 0.4 mg/mL in 50 mM citrate/25 

mM phosphate buffer pH 5.0, containing 0.015% (v/v) H2O2 added per well. After 5-15 

min the reaction was stopped by the addition of 100 uL of 2.5 M H2SO4 and the 

absorbance at 490 nm measured using a Bio Rad model 3550 ELISA Plate Reader. Native 

mAb K20 binding was compared to modified mAb K20 by plotting A490 against the 

concentration of mAb K20 added. Percent binding activity was determined using the 

following formula: IC50 native mAb K2O/IC50 test mAb K20 x 100, where IC50 is the 

concentration of antibody required to give half the saturation A490. 



Antibody activity by competition with 125I-mAb K20. 125I-mAb K20 

(3.38 uCi/ug, 0.52 ug) in PBS containing 0.1% (w/v) BSA (PBS/BSA) was mixed in 

duplica^ with dilutions (in PBS/BSA) of either native mAb K20, site-specific mAb K20-

HSA conjugate, or non-site-specific mAb K20-HSA conjugate in a volume of 0.3 mL to 

give a range of unlabelled mAb K20 between 0.20 ug to 4.0 ug per tube. Control tubes 

containing no competing unlabelled antibody were also prepared. Tubes were previously 

blocked with PBS containing 1% BSA and cooled to 4 °C prior to addition of cells. Caki-1 

cells were removed from flasks by treatment with 0 02% (w/v) EDTA in HBSS, washed 

with PBS, resuspended in PBS/BSA and 5.0 x 105 cells in 0.1 mL added to each tube. 

Cells were incubated at 4 °C with occasional shaking, and after 2 h tubes centrifuged, the 

supernatant removed and cells resuspended in 2.0 mL PBS containing 1% BSA. The wash 

nrocedure was repeated twice and tubes counted for radioactivity in the gamma counter. 

Conjugates of mAb K20 were compared to native mAb K20 by plotting the percentage of 

label bound against the amount of unlabelled mAb K20 added. The percent inhibition of 

1251-mAb K20 binding was determined using the formula: (1 - cpm bound in presence of 

noniodinated mAb K20/cpm bound in absence of noniodinated mAb K20) x 100. Percent 

activity of mAb K20 conjugates was determined using the formula: IC50 native mAb 

K2O/IC50 conjugated mAb K20 x 100, where IC50 is the concentration of noniodinated 

mAb K20 required to give 50% inhibition of iodinated mAb K20 binding. 

Antibody activity by competition with mAb K20-biotin. Caki-1 cells in 

DME containing 10% (Wv) FCS were plated in 96 well ELISA plates 96 h before use 

(5000 cells/well in 0.2 mL). Cells were fixed with 0.5% (v/v) glutaraldehyde in PBS for 1 

min and washed 3 times with PBS. A non-site-specific mAb K20-biotin competition mAb 

was prepared by reaction of mAb K20 (4 mg/mL, 0.6 mL) in PBS with a 10-fold molar 

excess of sulfosuccinimidyl 6-(biotinamido)hexanoate (90 ug in 25 uL DMF) and the 

solution desalted into PBS after 1 h. Equal volumes of nv b K20-biotin and serial 1:2 
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dilutions of either native mAb K20 or modified mAb K20 were mixed and 100 uL added 

per well in triplicate. All samples were diluted with PBS containing 1% BSA (PBS/BSA) 

and the final concentration of mAb K20-biotin was 5 ug/mL and that of competing mAb 

K20, either native or modified, was typically in the range of 0.1 Ug/mL to 80 ug/mL. 

Samples were incubated for 1 h, plates washed 3 times with PBS/BSA, and 100 uL of 

extravidin-peroxidase (2 ug/mL in PBS/BSA) added. After 1 h, plates were washed 3 

times with PBS/BSA, and 100 uL of o-phenylenediamine substrate solution prepared as 

described above, added. Colour development proceeded for 5 to 10 min, was quenched by 

the addition of 100 uL of 2.5 M H2SO4 and absorbance at 490nm was measure using the 

ELISA plate reader. Inhibition of mAb K20-biotin binding by native and modified mAb 

K20 was determined as described above for 125I-mAb K20 binding inhibition with the 

exception that A490 was substituted for cpm. 

14.2 Measurement of cytotoxicity of conjugates 

Caki-1 cells were plated in 96 well plates at a density of 1000 cells/well in 0.1 mL 

or growth medium. After 48 h, medium was removed and serial dilutions of MTX or 

conjugates confuting MTX were added in HBSS containing 10% (v/v) growth medium in 

triplicate. Concentrations were typically in the range of 0.01 uM to 4 ^M for free MTX, 

0.1 uM to 100 uM for mAb K20-MTX conjugates, and 10 uM to 120 uM for HSA-MTX. 

Cells were exposed to MTX or conjugales for 6 h after which time the cytotoxic agent was 

removed, 200 uL of medium added, and cells incubated for 72 h (37 °C, 5% CO2). 

Following incubation, 100 uL of medium was removed by aspiration and cells were fixed 

by the addition of 100 \iL of 2% (v/v) glutaraldehyde in PBS. Cells were quantitated using 

a crystal violet staining method (188) in which plates were washed four times with dH20, 

100 uL of 0.1% (w/v) crystal violet in 0.1 M sodium acetate, pH 5.0 added, and plates 

incubated for 15 min. The crystal violet solution was removed, plates washed four times 

with dH20, dried overnight 200 uL of 10% acetic acid added to solubilize the dye, and 
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absorbance at 590 nm was measured in the ELISA plate reader. The IC50 of conjugates 

relative to untreated Caki-1 cells was determined from plots of A590 aga îst MTX 

concentration, where IC50 is the concentration of MTX required to inhibit growth by 50%. 

Standardization experiments showed that crystal violet staining was directiy proportional to 

cell number. 

D10-1 cells were plated in % well plates at a density of 40,000 cells/well in 0.1 mL 

of growth medium. After 24 h, plates were centrifuged (500 x g, 10 min), medium 

removed, and either MTX or MTX-containing conjugates added in triplicate as described 

above for Caki-1 cells. After 6 h, plates were centrifuged (500 x g, 10 min), test agents 

removed, and 200 ul of growth medium added. Cells were incubated for 5 days (37 °C, 

5% CO2), and cells counted in the Coulter counter. The IC50 for each conjugate was 

determined as described for Caki-1 cells above. 

14.3 DHFR inhibition assay 

MTX and MTX-containing conjugates were assayed for their ability to inhibit 

DHFR using the method of Peterson (189) with the exception that 0.1 M Tris/HCl, pH 7.5 

was used instead of 0.5 M sodium acetate, pH 6.0. Assay mixtures contained 0.1 M 

Tris/HCl, pH 7.5,0.6 M KC1, 50 uM NADPH, 33 mM dihydrofolate, 0.0i5 units 

DHFR/mL, and MTX concentrations in free or conjugated form ranging from 0 to 500 nM. 

All components of the assay mixture were added with the excepton of DHF, the mixture 

incubated for 30 sec and the rate of NADPH oxidation monitored at 340 nm for 2 min 

following the additon of DHF. The IC50 was determined for samples relative to the 

uninhibited rate from plots of reaction rate against MTX concentration. 

14.4 Establishment of conjugate composition 

Native PAGE and Western blot analysis of conjugates. A conjugate 

mixture obtained by reaction of mA* K20-HPDP with HSA-SPDP-SH (Section 11.3) as 
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well as both mAb K20-HPDP and HSA-SPDP-SH were separated on native PAGE under 

non-reducing conditions in duplicate, and die proteins transferred to nitrocellulose. The 

transfer buffer contained 25 mM Trs, 192 mM glycine, and 20% (v/v) methanol, pH 8.3, 

and the transfer conditions were 100 V (constant) for 1 h at 4 °C and nitrocellulose was 

blocked for 1 h with PBS containing 0.05% Tween 20 (PBS/Tween). One membrane was 

probed for mAb K20, and the other for HSA. To demonstrate the presence of mAb K20, 

nitrocellulose was incubated with goat anti-mouse IgG-peroxidase (1 in 3000 in 

PBS/Tween) for 1 h, nitrocellulose washed 6 times with PBS/Tween, and peroxidase 

detected with 100 mL of substrate solution consisting of 7 mg/mL 4 chloro-1-napthol in 

PBS containing 20% methanol and 0.03% (v/v) H2O2. To show the presence of HSA, the 

nitrocellulose was first incubated with rabbit anti-HSA (1 in 1000 in PBS/Tween) for 1 h, 

washed 3 times with PBS/Tween, incubated with goat anti-rabbit whole serum-peroxidase 

(1 in 3000 in PBS/Tween) for 1 h, washed 6 times with PBS/T ween, and peroxidase 

detected as above. 

Dual labelling experiments to determine conjugate composition. NRG 

was labelled with *31i and HSA with 125j to specific activities of 6.2 uCi/mg and 2.9 

uCi/mg respectively, as described in Section 1.1. NRG-GMBS was prepared as in Section 

9.1 and MTX-HSA-SH as in Section 11.3, and the two mixed at a ratio of 4 HSA/IgG. 

After 16 h at RT, an aliquot of the conjugation mixture was analyzed by SDS PAGE under 

uon-reducing conditions. The gel was stained with * oomassie Blue and the band 

migrating directiy above NRG was cut out and counted for both 125j and 13lj wJth 

correction for spillover of 131j mi0 m e 125j channel. A total of eleven conjugate bands 

were cut out and counted in this manner. The ratio of HSA to IgG in the conjugate band 

was calculated on the basis of the known specific activities. 
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14.5 Evidence for site-specificity in site-specific conjugates 

Labelling of mAb K20 with biotin. mAb K20 was labelled with either 

sulfosuccinimidyl 6-(biotinamido)hexanoate or biotin-hydrazide. Non-site-specific mAb 

K20-biotin was prepared as described in Section 14.1. To prepare site-specifically 

modified mAb K20, mAb K20 (4 mg/mL, 0.3 mL) in pH 5.5 sodium acetate buffer 

containing 0.15 M NaCl, was treated with sodium periodate (6.8 mg in 68 uL dH20) while 

stirring at 0 °C and then left for 20 min in the dark at 0 °C. Oxidized mAb K20 was 

desalted into sodium acetate pH 4.0 and a 100-fold molar excess of biotin-hydrazide (0.18 

mg in 50 uL DMF) was added while stirring. The solution was left for 4 h at RT, after 

which time sodium cyanoborohydride (1.0 mg in 100 uL dH20) was added while stirring. 

After 1 h at RT the mixture was desalted into PBS. 

Digestion with papain. To 10 uL (25 ug in PBS) of mAb K20, modified 

either site-specifically with biotin hydrazide, or non-site-specifically with sulfosuccinimidyl 

6-(biotinamido)hexanoate, was added 30 uL of 0.1 M sodium acetate buffer, pH 5.5,2 uL 

of 1 M cysteine in dH20,2 uL of 20 mM EDTA in dH20, and 5 ^L (0.5 ixg) of papain in 

sodium acetate bufft.. Final incubation conditions were 70 mM sodium acetate, pH 5.5, 

50 mM cysteine, 1 mM EDTA, and 20 ug papain/mg mAb K20. The digestion mixtures 

were incubated at 37 °C for 2 h, at which time 1.5 uL of 1.7 M Tris/HCl, pH 6.9 was 

added and an aliquot mixed with an equal volume of reducing SDS PAGE sample buffer. 

Samples were analyzed by SDS PAGE on 12% gels. 

Digestion with pepsin. To 10 uL (25ug in PBS) of mAb K20 modified either 

site-specifically with biotin hydrazide, or non-site-specifically with sulfosuccinimidyl 6-

(biotinamido)hexanoate, was added 30 uL of 0.1 M citrate, pH 3.5, and 5 uL of pepsin 

(0.25 ug, 10 Lig/mg mAb K20) in citrate buffer. The digestion mixture was incubated at 

37 °C for 30 min, at which time 4 uL of 2.0 M Tris/HCl, pH 9.0 was added and aliquots 
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mixed with equal volumes of either reducing SDS PAGE sample buffer or non-reducing 

SDS PAGE sample buffer. Samples were analyzed by SDS PAGE on 7% gels (non-

reduced samples) or on 12% gels (reduced samples). 

Western blot analysis of digested mAb K20-biotin. Site-specific mAb 

K20-bictin, non-site-specific mAb K20-biotin and their pepsin and papain digests prepared 

as above were separated on SDS PAGE in duplicate. Both gels were transferred to 

nitrocellulose and either stained for total protein using India ink or probed for biotin using 

extravidin-peroxidase. The composition of the transfer buffer was 50 mM Tris, 380 mM 

glycine, 0.1% SDS, and 20% methanol, and the transfer conditions were 85 V (constant) 

for 1.5 h at 4 °C. For total protein staining, blots were washed in PBS containing 0.4% 

(v/v) Tween 20 with two changes of 5 min each, stained with 0.1% (v/v) India ink in 

PBS/Tween for 30 min and destained in PBS. For biotin-specific staining, blots were 

rinsed with PBS, blocked with 2% BSA in PBS (PBS/BSA) for 1 h, and treated with 

extravidin-peroxidase diluted to 1 Ug/mL in PBS/BSA for 1 h. Blots were then washed 

with PBS/BSA four times (10 min each wash) and peroxidase activity detected with 100 

mL of substrate solution consisting of 7 mg/mL 4-chloro-l-napthol in PBS containing 20% 

methanol and 0.03% (v/v) H7O2. 

14.5 Long term stability of mAb K20-HSA binary conjugates 

Purified mAb K20-HSA binary conjugates prepared as described in Sections 9.2 

and 11.3, were analyzed by SDS PAGE under non-reducing conditions after storage for 16 

months at 4 °C in PBS containing 0.02% (w/v) sodium azide. 



HI. Results 

1. Rationale for IgG-HSA-MTX conjugate construction 

Methotrexate has been conjugated directly to amino groups on monoclonal 

antibodies (123,124,127) in spite of die fact that derivatization of some antibodies at their 

lysine e-amino groups with methotrexate results in a decrease in antigen oinding activity 

(72,73,190). This loss of activity is presumably due to modification of residues in and 

around the antigen binding site. In order to maximize the amount of methotrexate loaded 

per antibody molecule while minimizing damage to antibody activity, HSA has been used 

as a carrier for methotrexate, and methotrexate-loaded HSA bound to antibodies (110,119). 

While the use of HSA as a carrier enabled greater loading of methotrexate, antibody activity 

was still reduced since HSA was linked via lysine e-amino groups of the antibody. 

The use of carbohydrate-directed conjugation tecnniques for the synthesis of 

immunoconjugates has become popular in recent years. The majority of the carbohydrate 

present on IgG is located in the hinge region of the molecule, well away from the antigen 

binding site (23,24,191,192). Modifications to the carbohydrate moiety would therefore 

be predicted to result in minimal damage to antigen binding activity. Indeed, antibodies 

have been modified at their carbohydrate residues with low MW drugs (75,83,128,165), 

liposomes (179), toxin molecules (169), and radionuclides (163) with full retention of 

antibody activity reported in many cases. The specific modification of cartwhydrate 

residues involves the oxidation of IgG carbohydrates with sodium periodate to generate 

aldehyde groups, followed by reaction with a suitable hydrazide-containing compound, 

resulting in the formation of a hydrazone bond between IgG carbohydrate and the 

hydrazide compound. In this report, modifications to IgG carbohydrate are termed site-

specific, whereas amino group-modifications are termed non-site-specific. 

70 
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Based on the findings that HSA can effectively serve as an intermediary for MTX 

conjugation to antibodies, and that site-specific modifications of antibodies result in 

minimal damage to antibody activity, the feasibility of conjugating MTX-loaded HSA to the 

carbohydrate moiety of mAb K20 was investigated in this thesis. Conjugates synthesized 

in this manner were compared with similar non-site-specific conjugates in which HSA-

MTX was linked to amino groups on IgG. The preparation of site-specific conjugates 

entailed the synthesis of suitable hydrazide-containing cross-linkers, as none were available 

at the outset followed by the development of the methodology to first link the spacers site-

specifically to IgG. and then to link a suitably activated form of HSA-MTX to the spacers 

on IgG. 

HSA contains a thiol group (136,137) which can be used as the site for linkage 

with IgG. However, this sulfur is typically found in a disulfide bond with cysteine or 

glutathione (137,139) and therefore must be reduced to liberate the free thiol. 

Alternatively, a protected thiol can be introduced into HSA using the heterobifunctional 

cross-linking reagent SPDP. This reagent contains a succinimidyl ester which reacts with 

protein amino groups, and a pyridyldithio group which can either react with thiols, or be 

reduced with DTT to generate thiol groups (133) (see Figure 4). By reacting SPD ? with 

HSA prior to reaction with MTX, a number of protected thiols can be introduced into HSA 

which can be used for reaction with appropriately activated IgG. 

For the non-site-specific conjugation of HSA-MTX to IgG, IgG can be activated 

for reaction with thiol groups on HSA either by the introduction of maleimide- or 

pryridyldithio-containing heterobifunctional spacers into the IgG using the reagents GMBS 

and SPDP, respectively. Both these spacers contain a succinimidyl ester which, upon 

reaction with protein amino groups, results in an amide linkage between the spacer and 

protein (Figrue 4). These cross-linkers are termed non-site-specific in that both modify 

amino groups which are distributed throughout the IgG molecule and their incorporation is 
r 

therefore not restricted to a single site on IgG. ^ 
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Figure 4. Reactions of SPDP and GMBS with proteins. 
SPDP (left) and GMBS (right) are heterobifunctional cross-linkers which react with amino 
groups and thiol groups. In both cases an amide bond is formed between spacer and protein 
upon reaction of the succinimidyl group with protein amino groups. On reaction with protein 
thiols, SPDP gives a disulfide linkage whereas GMBS gives a thioether linkage. 
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The presence of MTX on HSA complicated the conjugation reactions owing to its 

low solubility as well as to steric factors imposed by the presence of MTX itself. For these 

reasons, conjugates were first synthesized using HSA without MTX in order to define the 

conditions for the synthesis of stable, well-defined conjugates. These IgG-HSA 

conjugates without MTX are termed binary conjugates in this thesis. Once procedures 

were established, conjugates containing MTX (ternary conjugates) were synthesized for 

evaluation of their targeting potential. 

2. Activation of MTX 
2.1 Formation of MTX-AE 

MTX was activated for reaction with proteins by conversion to its active ester form 

(MTX-AE) by reacting MTX with N-hydroxysuccinimide (NHS) and 

dicyclohexylcarbodiimide (DCC) under anhydrous conditions (73,190). The conversion 

of MTX to MTX-AE was evaluated using the analytical method described by Kulkami et 

al. (73), where activated MTX was reacted with Affi-Gel 102, an agarose-based gel 

substituted with amino groups. From the amounts of MTX which were bound to the gel, it 

was possible to estimate the proportion of activated MTX in any given preparation without 

the need to isolate the active ester from the reaction mixture. To determine the influence of 

the molar ratios of MTX, NHS and DCC during the preparation of MTX-AE, products 

from reaction mixtures containing different ratios of MTX, NHS, and DCC were tested for 

their reactivity towards Affi-Gel 102. Known amounts of MTX from each reaction mixture 

were passed through a column containing Affi-Gel 102 and the proportion of MTX which 

reacted with the resin, and was therefore in an active form, determined by subtracting the 

amount that passed through the column (Table 1). Using a ratio of MTX/DCC/NHS of 

1:1:1, it was found that 51 % of the MTX was activated. The amount of activated MTX 

increased to 82% with a 1:3:3 ratio and 91% with a 1:5:5 molar ratio of MTX/DCC/NHS. 
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MTX:DCC:NH5 ratio % MTX activated 
1:1:1 51 
1:3:3 82 
1:5:5 91 
1:5:0 40 
1:3:1 72 
1:5:1 71 
LH) 9 

Table 1. Effect of reactant ratio on activation of MTX. 
MTX was activated in the presence of DCC and NHS in the ratios indicated and the 
amount of activated MTX formed determined by reaction with Affi-Gel 102. 

In another experiment MTX, DCC and NHS were mixed in different molar ratios 

and reaction products analyzed by TLC after 1 and 24 h. MTX has an Rf of approximately 

0.4 in this solvent system. After 1 h, all reaction mixtures except that with a 1:4:0 ratio 

showed a new product with an Rf of 0.5, as well as a second product with an Rf of 0.8, 

and all contained unreacted MTX. After 24 h, no unreacted MTX was seen in 1:2:2, 

1:4:4,1:4:1, and 1:4:0 mixtures, and the intermediate product with Rf 0.5 was no longer 

present. The 1:1:1,1:2:1, and 1:1:2 mixtures all contained unreacted MTX and the product 

with Rf 0.5, as well as the product with Rf 0.8. It would appear that the product with Rf 

0.5 is an intermediate in the formation of the final product with Rf 0.8 since the Rf 0.5 

product is formed first and not present after 24 h under conditions of excess DCC and 

NHS. The product with Rf 0.8 appears to be the major active ester product as long as both 

DCC and NHS are present in excess over MTX. This assumption is based on the finding 

that the product activated under these conditions has high acylating activity (Table 1). 

When NHS was left out altogether, a new product with Rf 0.9 was the major product with 

some material of Rf 0.8. This higher mobility product also appears to have acylating ability 

as seen in Table 1 where a similar ratio of 1:5:0 showed 40% activity. 

A ratio of 1:3:3 (MTX/DCC/NHS) was chosen for the synthesis of MTX-AE for 

use in coupling MTX to HSA since the product contained a reasonably high proportion of 



activated MTX, and for limiting the amount of excess reactants in the final preparation of 

MTX-AE which would be added to HSA. 

2.2 Isolation of MTX-AE 

A method to isolate MTX-AE from reaction mixtures before addition to HSA was 

developed. MTX-AE is not soluble in diethyl ether whereas NHS and DCC, the two 

reactants present in excess, and the urea product are. By precipitating MTX-AE from the 

reaction mixture with ether, the excess reactants and products were removed from the 

MTX-AE preparation, resulting in less precipitation of MTX and HSA during coupling 

reactions. Using MTX-AE isolated by this method, consistently high loadings of MTX 

into HSA were achieved. 

3. Coupling of MTX to HSA 

3.1 Effect of coupling conditions on MTX-AE incorporation into HSA 

In order to establish conditions to achieve high loadings of MTX into HSA, the 

effect of MTX-AE excess over HSA and of pH during coupling were studied. In the first 

case, HSA dissolved in PBS was reacted with a molar excess of MTX-AE over HSA 

between 8- and 80-fold for 4 h and the amount of MTX incorporated into HSA determined 

after removal of unreacted MTX (Table 2). 

MTX-AE excess MTX Incorporation* 
8 2 
16 5 
32 8 
48 9 
64 15 
80 18 

Table 2. Effect of MTX-AE excess on incorporation into HSA 
MTX-AE was prepared using a 1:3:3 molar ratio (MTX:DCC:NHS) and reacted 
with HSA in PBS using the excess of MTX-AE over HSA indicated. 
amolMTX/molHSA 



It can be seen that there was a linear relationship between the excess of MTX-AE used and 

tiie molar incorporation of MTX into HSA, with incorporations ranging from 2 mol 

MTX/mol HSA at an 8-fold molar excess, to 18 mol MTX/mol HSA when an 80-fold 

excess of MTX-AE was used. 

The reaction of MTX-AE with proteins is believed to occur primarily at amino 

groups in a nucleophilic substitution type reaction (73,110). It was anticipated that the 

incorporation of MTX into HSA could be increased by raising the pH, as the unprotonated 

e-amino group of HSA lysine residues is thought to be the reactive species. HSA was 

reacted with a fixed excess of MTX-AE, in this case an 80-fold molar excess, at different 

pH values and the incorporation of MTX determined after removal of unreacted MTX. 

These incorporation studies were carried out in Tris/HCl buffer over a pH range of 7.2 to 

9.0 (Table 3). It was found that the molar incorporation could be doubled from 20 to 40 

MTX/HSA by increasing the pH from 7.2 to 9.0 and that there was an approximately linear 

relationship between pH and incorporation in this pH range. 

pH MTX incorporation* 
7.2 (PBS) 20 
7.2 20 
7.6 24 
8.0 30 
8.2 34 
8.6 37 
9J) 40 

Table 3. Effect of pH on MTX-AE incorporation into HSA. 
MTX-AE prepared using a 1:3:3 molar ratio (MTX:DCC:NHS) was reacted with 
HSA in PBS or in Tris/HCl at the pH values indicated using an 80-fold molar 
excess of MTX-AE over HSA. 
a mol MTX/mol HSA. 

There was progressively more yellow precipitate seen in reaction mixtures as the pH 

decreased. However, the precipitated material would appear to be MTX, since recovery of 

HSA in the form of HSA-MTX was 80% in all cases. It is interesting to note that the 

buffer itself can theoretically react with the active ester since it also contains an amino 
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group. This reaction does not appear to occur to an appreciable extent since high loadings 

of MTX into HSA were achieved. 

HSA-MTX to be used for subsequent conjugation to IgG was synthesized using the 

most favorable conditions which were determined from the proceeding experiments: 

activation of MTX with a 1:3:3 molar ratio (MTX:NHS:DCC); isolation of vlYX-AE by 

ether precipitation; the use of an 80-fold molar excess of MTX-AO over HSA, with 

coupling carried out at pH 9.0. Under these conditions, molar incorporations of between 

30 and 35 mol MTX/mol HSA were consistently achieved. 

3.2 Coupling of MTX to HSA using EDCI 

The use of the water soluble carbodiimide, EDCI, was also evaluated for the 

coupling of MTX to HSA. Because EDCI is soluble in aqueous solutions, MTX was 

activated in situ with this reagent in the presence of HSA amino groups. Using a molar 

ratio of 1:100:150 (HSA:MTX:EDCI), an incorporation of 11 MTX/HSA was obtained. 

By subjecting this conjugate to a second cycle of MTX and EDCI treatment, the 

incorporation was increased to 18 MTX/HSA. Yields were considered quantitative since 

there was no loss due to precipitation during the reactions. The advantage of this method 

over the MTX-AE method is that fewer steps are involved. The disadvantages are that the 

efficiency of MTX incorporation is low, although this might have been increased at a 

higher pH, and that there is an increased potential of crosslinking HSA by activation of 

HSA carboxyl groups with EDCI. This method for coupling of MTX to HSA was not 

investigated further since high incorporations of MTX into HSA and acceptable yields of 

HSA-MTX were achieved using the MTX-AE method. 

3.3 Purification of HSA-MTX monomer 

It was found that dimers and trimers of HS/ ^ r e formed during the reaction of 

MTX-AE with HSA. Although HSA preparations themselves contained small amounts of 
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dimer prior to coupling with MTX, these were disulfide linked since they were reducible as 

demonstrated by SDS PAGE under reducing conditions. The dimers and trimers of HSA 

formed during MTX incorporation on the other haru! '««" ? not reducible with 

mercaptoethanol. inc .ating that the cross-linking was not through disulfide bonds. The 

basis of this cross-linking is not readily apparent since it occurred whether or not excess 

DCC and NHS were removed by purification of MTX-AE. In order to facilitate the 

subsequent separation of IgG-HSA-MTX conjugates by gel filtration chromatography, the 

HSA-MTX monomer was separated from dimers and trimers by gel filtration. Recovery of 

HSA as the HSA-MTX monomer was typically 50%. 

4. Activation of HSA and HSA-MTX for conjugation with IgG 

4.1 Introduction of thiols using SPDP 

Protected thiols were introduced into HSA by reacting HSA with SPDP, an N-

succinimidyl derivative of pyridyldithiopropionic acid. This reagent is known to react with 

protein amino groups at neutral pH to form an amide linkage between protein and cross-

linker (133) as shown in Figure 4. The molar excess of SPDP over HSA used was varied 

depending on the age of the SPDP preparation, since older preparations showed some 

hydrolysis of the N-succinimidyl ester as monitored by TLC. Typically, with a fresh 

preparation of SPDP, a 5-fold molar excess of SPDP over HSA resulted in the 

incorporation of 2.5 pyridyldithio groups per HSA. HSA was reacted with SPDP prior to 

MTX loading since both SPDP and MTX-AE react with amino groups, and prior reaction 

with a large excess of MTX-AE would inhibit the subsequent incorporation of SPDP into 

HSA. For the synthesis of ternary IgG-HSA-MTX conjugates, pyridyldithio groups in 

MTX-HSA-SPDP were reacted with free thiol groups introduced into IgG, whereas for the 

synthesis of binary IgG-HSA conjugates, pyridyldithio groups in HSA-SPDP were 

reduced with DTT to produce free thiols (HSA-SPDP-SH), and these reacted with 

pyridyldithio groups introduced into IgG. 
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4.2 Introduction of thiols by direct reduction of HSA with DTT 

A different approach was taken in testing the effect of spacer length on conjugation, 

where thiols were derived from HSA itself. HSA contains 35 cysteine residues forming 17 

disulfide bonds leaving one free thiol group (136,137). It has been shown however that 

the majority of these "free" thiols are in fact disulfide bonded to low MW sulfur-containing 

compounds such as cysteine and glutathione (137,139). Measurement of the thiol content 

of unreduced HSA with DTNB confirmed that only 30% of the cysteine residues existed in 

the thiol form, with the remainder presumably blocked (Table 4). 

excess of DTT extent of HSA 
over HSA reduction* 

0 0.3 
2.5 1.0 
5 1.1 
10 1.5 
20 2.7 

Table 4. Reduction of HSA disulfides with DTT. 
HSA dissolved in PBS was treated with the molar excess of DTT indicated for 30 
min and the solution desalted into PBS. The number of thiols generated were 
determined using DTNB. 
amolSH/molHSA 

It was found that the extent of HSA reduction by DTT could be controlled to a large degree 

by the excess of the reducing agent over HSA. Treatment of HSA with a 2.5-fold to 5-fold 

molar excess of DTT generated a total of one thiol group per HSA, this most likely being 

the blocked "free" thiol. An excess of DTT of 10-fold or greater resulted in the production 

of more than one thiol per HSA, indicating that under these conditions internal disulfides 

were reduced. These reduction studies were performed using HSA not containing MTX. 

It was assumed that HSA and HSA-MTX would be reduced to similar extents. 
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5. Site-specific IgG-HSA-MTX conjugates 

In an effort to produce mAb K20-HSA-MTX conjugates with high retention of 

antibody binding activity, a site-specific conjugation approach was taken. Methods for the 

site-specific immobilization or conjugation of antibodies have been based on the specific 

reactivity of IgG aldehydes generated by the oxidation of IgG carbohydrate by periodate. 

These aldehydes have been reacted with either hydrazide-containing spacers resulting in the 

formation of a hydrazone bond between spacer and antibody (167), or with amino groups 

present on carriers resulting in the formation of a Schiff base between antibody and canier 

(117). All hydrazide spacers commercially available at the beginning of this study were 

homobifunctional in nature, i.e. contained two hydrazide groups. The use of a 

homobifunctional spacer for the conjugation of HSA to IgG was unsuitable since the 

formation of antibody homoconjugates was possible. The use of a Schiff base to link IgG 

with HSA-MTX was also undesirable because the formation of IgG homoconjugates 

during the conjugation was likely. For this reason, two hydrazide-containing 

heterobifunctional spacers were synthesized. These were derived from the non-site-

specific cross-linker SPDP (Figure 5) and were designed to contain two different functional 

groups. Both contained a hydrazide group for reaction with IgG aldehydes, and a 

pyridyldisulfide group for reaction with thiols, but differed in the distance between the two 

functional groups. 

5.1 Synthesis of the site-specific spacers HPDP and AUPDP 

The two heterobifunctional spacers, HPDP (lb) and AUPDP (2c) were synthesized 

from SPDP (la) as shown in Figure 5. HPDP was prepared directly from SPDP by 

reaction with hydrazine to yield the corresponding hydrazide. The influence of both 

solvent composition and molar excess of hydrazine over SPDP were investigated in the 

preparation of this derivative. DMF, n-butanol and methanol were compared as solvents to 

find that giving the greatest conversion to the hydrazide. All gave comparable conversion 
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Figure 5. Structures of site-specific cross-linkers and a site-specific 
stability probe. 
HPDP (lb) was derived from SPDP (la) by treatment with an excess of hydrazine. For 
the synthesis of AUPDP (2c), SPDP was reacted with 11-aminoundecanoic acid and the 
product of this reaction, 1 l-[3-(2-pyridyldithio)propionyl]arninoundecanoic acid (2a), 
converted to the succinimidyl ester (2b) by reaction with NHS and DCC. Treatment of 2b 
with hydrazine resulted in the formation of AUPDP (2c). The site-specific stability probe, 
DNP-AU-hydrazide (3b) was obtained by reaction of 11-aminoundecanoic acid methyl 
ester with l-fluoro-2,4-dinitrobenzene. The product of this reaction, ll-(2,4-
dinitrobenzene)aminoundecanoic acid methyl ester (3a), was then treated with an excess of 
hydrazine to give DNP-AU-hydrazide (3b). 
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to the hydrazide, but methanol was found to be the most convenient solvent In testing the 

excess of hydrazine required for complete conversion of SPDP to HPDP, it was found that 

using either a one-fold or more than a two-fold molar excess resulted in the formation of 

side products, whereas a 1.5 to 2.0-fold excess gave the desired product in greatest yield. 

Following extraction and crystallization, the product was judged to be of high purity on the 

basis of lack of contaminants as seen by TLC and its narrow melting point range. Reaction 

of HPDP with either acetone or DTT confirmed the presence of the hydrazide and disulfide 

functions and NMR spectroscopy confirmed the structure as HPDP. 

In the first attempt to synthesize AUPDP, the methyl ester of 11-aminoundecanoic 

acid was prepared and reacted with SPDP to give 1 l-[3-(2-pyridyldithio)propionyl]amino 

undecanoic acid methyl ester in good yield. The product was then treated with hydrazine to 

convert the methyl ester to the hydrazide, but the high excess required also resulted in 

cleavage of the disulfide bond and release of pyridine-2-thione. The second synthetic 

approach was similar to that used in the preparation of HPDP. SPDP was reacted with 1I-

aminoundecanoic acid, and the resulting acid (2a) converted to the succinimidyl ester (2b) 

which, upon treatment with hydrazine, gave the hydrazide derivative (2c). It was found 

necessary to carry out the reaction between SPDP and aminoundecanoic acid in aqueous 

ethanol containing sodium bicarbonate in order for any appreciable reaction to occur. The 

conversion to the succinimidyl ester was carried out using a slight excess of NHS and 

DCC, and as with HPDP, it was found that the use of a 1.5- to 2.0-fold molar excess of 

hydrazine was important in preventing the formation of unwanted side products. 

Hydrolysis of the product with 6 M HCl confirmed the presence of aminoundecanoic acid, 

and reaction with acetone and reduction with DTT showed the presence of the hydrazide 

and disulfide functionalities, respectively. Purity was judged to be high on the basis of the 

lack of contaminants TLC and its narrow melting point range. NMR data also supported 

the structure as that of AUPDP. 



5.2 Site-specific modification of IgG with HPDP and AUPDP 

HPDP and AUPDP were incorporated into the oxidized carbohydrate of IgG for 

subsequent conjugation with HSA-MTX (or HSA). Pretiminary experiments using NRG 

were performed to define the oxidation conditions required to incorporate sufficient spacers 

into the carbohydrate moiety. NRG was oxidized with an excess of periodate at pH 5.5 for 

20 min at 0 °C, and then reacted with a fixed excess of AUPDP following removal of 

excess periodate. As shown in Figure 6, the incorporation of AUPDP into NRG was 

dependent on the excess of periodate used. Incorporations ranged from 0.4 spacers/IgG 

with 0.26 mM periodate and 5 spacers/IgG with 260 mM periodate, corresponding to 

molar excesses of 10- and 10,000-fold over IgG, respectively. The low solubility of both 

HPDP and AUPDP in aqueous solution required that these spacers be added to IgG 

solutions containing 15% DMF to prevent precipitation of HPDP and AUPDP during the 

coupling reaction. 

For the site-specific incorporation of HPDP and AUPDP into mAb K20, oxidation 

was carried out for 20 min at pH 5.5 and 0 °C using a 4,000-fold molar excess of periodate 

(100-200 mM). Incorporations of approximately 4 spacers/mAb K20 were consistently 

achieved under these conditions. 

5.3 Site-specific conjugation of HSA and HSA-MTX to IgG 

Conjugation of mAb K20 with HSA. In order to evaluate HPDP and 

AUPDP for use in conjugation, spacer-containing IgG was reacted with various forms of 

HSA and HSA-MTX. mAb K20, modified with either HPDP (3.8 HPDP/mAb K20) or 

AUPDP (4.6 AUPDP/mAb K20), was reacted with either HSA which had been reduced 

directiy with DTT (HSA-SH, 2 thiols/HSA) or with HSA which had been modified with 

SPDP and then reduced with DTT (HSA-SPDP-SH, 2.5 thiols/HSA). Where HSA was 

reduced directiy, the thiol was generated from HSA itself, whereas in the case of SPDP-

modified HSA, the thiol was derived from the spacer. Conjugate formation was monitored 
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Figure 6. Effect of oxidation level on incorporation of AUPDP into NRG. 
NRG at a concentration of 8.7 mg/mL in 0.1 M sodium acetate, pH 5.5, containing 0.15 M 
NaCl, was oxidized with sodium periodate at the concentrations indicated. After 20 min at 
0 °C in the dark, samples were desalted into 0.1 M sodium acetate, pH 4.0, DMF added to 
a concentration of 15%, and a 50-fold molar excess of AUPDP dissolved in DMF added to 
give a final DMF concentration of 25%. Samples were desalted into 0.1 M sodium acetate, 
pH 4.0, after 3 h and the incorporation of AUPDP into NRG determined. NRG 
concentration was measured by the Lowry assay with NRG as standard, and the spacer 
concentration determined spectrophotometrically in the presence of 100 mM DTT using 
e = 8080 cm^M"1 at 343 nm. 
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by native PAGE as shown in Figure 7 A. Lanes 4 and 6 show the products of reaction 

between directiy reduced HSA and HPDP- and AUPDP-derivatized mAb K20 respectively. 

The band migrating directly below mAb K20 itself on native PAGE was shown to contain 

both HSA and mAb K20 by Western blotting. It is apparent that the use of the longer 

AUPDP resulted in a much higher yield of conjugate compared to HPDP. When HSA was 

first modified with SPDP and then reduced, a similar pattern was seen in which AUPDP-

derivatized mAb K20 (lane 5) gave greater conversion than HPDP-derivatized mAb K20 

(lane 3). These data suggest that the ability to link HSA to the carbohydrate of mAb K20 is 

dependent on the length of spacer or spacers between the two proteins. The finding that the 

extent of conversion to conjugates using AUPDP can be further increased when SPDP is 

present on HSA (lanes 5 and 6) indicates that there is still some degree of steric hindrance 

present when AUPDP is used alone, and suggests that a longer spacer may be more 

appropriate for synthesis of site-specific mAb K20-protein conjugates. 

Conjugation of mAb K20 with HSA-MTX. Figure 7B shows a similar 

experiment in which HSA or HSA-SPDP were reacted first with MTX and then reduced 

with DTT prior to conjugation with HPDP- or AUPDP-derivatized mAb K20. In this case, 

no conjugates were formed when mAb K20-HPDP was reacted with MTX-HSA-SH or 

MTX-HSA-SPDP-SH (lanes 3 and 4). In contrast, mAb K20-AUPDP did show 

conversion to conjugates with both MTX-HSA-SH and MTX-HSA-SPDP-SH (lanes 5 and 

6), although the difference between HSA with and HSA without SPDP was not as large as 

seen in Figure 7A. These findings indicate that while HPDP may be useful for the 

synthesis of mAI«K20-HSA binary conjugates, the presence of MTX on HSA appears to 

create a further steric barrier to conjugation making it necessary to use the longer 

crosslinker AUPDP for synthesis of site-specific ternary conjugates. Site-specific 

conjugates between HSA or HSA-MTX and mAb K20 which were synthesized for 
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Figure 7. Analysis of site-specific conjugation yield by native PAGE. 
HSA or HSA-SPDP (Figure 7A) and HSA-MTX or MTX-HSA-SPDP (Figure 7B) were 
reduced with DTT and reacted with mAb K20 derivatized with either HPDP or AUPDP and 
reaction mixtures separated by native PAGE as described in Section 11.3 of Materials and 
Methods. 
Figure 7A: lane 1, mAb K20-HPDP; lane 2, mAb K20-AUPDP; lane 3, mAb K20-
HPDP +HSA-SPDP-SH; lane 4, mAb K20-HPDP + HSA-SH; lane 5, mAb K20-
AUPDP + HSA-SPDP-SH; lane 6, mAb K20-AUPDP + HSA-SH. 
Figure 7B: lane 1, mAb K20-HPDP; lane 2, mAb K20-AUPDP; lane 3, mAb K20-
HPDP +MTX-HSA-SPDP-SH; lane 4, mAb K20-HPDP + MTX-HSA-SH; lane 5, mAb 
K20-AUPDP * MTX-HSA-SPDP-SH; lane 6, mAb K20-AUPDP + MTX-HSA-SH. 
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evaluation of antibody activity and conjugate cytotoxicity were therefore synthesized using 

AUPDP as the cross-linker to maximize the yield of conjugates obtained. 

Conjugation of NRG with HSA. Unlike mAb K20, the conjugation of HSA 

to NRG did not show the same steric restrictions. Conjugation was found to proceed to a 

similar extent whether NRG was derivatized with HPDP or AUPDP. Furthermore, the 

presence of SPDP on HSA made little difference in the yield of conjugates. 

5.4 Evaluation of hydrazone bend stability and stabilization with 

cyanoborohydride 

Elution of conjugates from native PAGE gels. The first indication that the 

hydrazone bond between mAb K20 and HSA had limited stability arose from the inability 

to isolate these site-specific conjugates in pure form by gel filtration chromatography. 

Following chromatography, the conjugate-containing fractions were found to contain both 

unconjugated HSA and mAb K20 as well as the conjugate. In order to investigate the 

apparent instability further, site-specific conjugates contained in reaction mixtures were 

separated from unreacted HSA and mAb K20 by native PAGE on a preparative scale, and 

conjugate bands eluted from the gels. The eluates were analyzed by SDS PAGE as shown 

in Figure 8. As seen in lanes 2 and 3, respectively, both HPDP- and AUPDP-linked 

conjugates showed the presence of free mAb K20 and HSA as well as the conjugates. For 

comparison, conjugates between HSA and mAb K20 were also synthesized non-site-

specifically, and were treated under the same conditions (the synthesis of non-site-specific 

conjugates is described in Section 6.2). Both non-site-specific conjugates, either disulfide-

linked using mAb K20-SPDP (lane 5), or thioether-linked using mAb K20-GMBS (lane 

6), showed very little free HSA or free mAb K20 in the isolated conjugates. The linkage 

between mAb K20 and spacer was an amide bond in the case of non-site-specific 

conjugates, and a hydrazone bond in the site-specific conjugates. 
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inAbK20 
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Figure 8. SDS PAGE analysis of conjugates eluted from native gels. 
Binary mAb K20-HSA conjugates were prepared as described in Sections 11.3 and 9.2 
under Materials and Methods. Site-specific conjugates were prepared with either HPDP or 
AUPDP, and non-site-specific conjugates were prepared with SPDP or GMBS. Each 
conjugate-containing reaction mixture was subjected to preparative native PAGE, and the 
band containing the conjugate cut out and material from the band eluted from the gel as 
described in Section 12.1 under Materials and Methods. Eluted material was lyophilized 
and analyzed by SDS PAGE. 
Lanes 1,4 and 7, mAb K20; lane 2, AUPDP conjugate; lane 3, HPDP conjugate; lane 5, 
SPDP conjugate; lane 6, GMBS conjugate. 



The inability to isolate the site-specific conjugates in pure form indicated that the site of 

instability was tr.o.-.i likely the hydrazone linkage between mAb K20 and spacer. The 

disulfide bond wis not the site of instability because non-site-specific conjugates 

synthesized with mAb K20-SPDP contained the same disulfide linkage present in the site-

specific conjugates, and the disulfide-linked non-site-specific conjugates were of 

comparable stability to thioether-linked conjugates synthesized using GMBS. 

Model studies with DNP-AU-hydrazide. King et al. (178) showed that 

hydrazone bonds could be stabilized by cyanoborohydride reduction. A chromophoric 

DNP hydrazide was used to assist in defining conditions for stabilization of site-specific 

conjugates. Retention of DNP groups in the protein could be used to monitor hydrazone 

stability whereas pyridyldithio groups from AUPDP were found to be susceptible to 

disulfide reduction by cyanoborohydride with accompanying loss of pyridyldithio reporter 

function. DNP-AU-hydrazide was synthesized by reaction of fluoro-2,4-dinitrobenzene 

with 11-aminoundecanoic acid methyl ester, and the methyl ester (3a, Figure 5) converted 

to the hydrazide (3b, Figure 5) by reaction with an excess of hydrazine. As expected on 

the basis of the similarity in structure in the region of the hydrazide group, it was found to 

display similar reactivity toward oxidized IgG as AUPDP. DNP-AU-hydrazide was 

incorporated into NRG following IgG oxidation with periodate using conditions similar to 

those for reaction with AUPDP. Control reactions in which oxidized NRG was treated 

with the methyl ester derivative of DNP-AU-hydrazide, or where non-oxidized NRG was 

treated with DNP-AU-hydrazide showed no incorporation of the DNP label into NRG, 

indicating the specificity of the reaction between oxidized NRG and hydrazide. 

It was first determined whether the incorporation of DNP-AU-hydrazide ir. JO 

oxidized NRG could be prevented by prior reduction of NRG aldehyde groups with 

cyanoborohydride. Table 5 shows that NRG which had been oxidized and reacted with 

DNP-AU-hydrazide incorporated 6.2 DNP groups/NRG. However, NRG which was 
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treated with cyanoborohydride prior to reaction with the probe showed that approximately 1 

DNP group/NRC was introduced, demonstrating that the majority of aldehyde groups 

generated by periodate oxidation of NRG carbohydrate were also sterically accessible to 

reduction by cyiinoborohydride. 

molar excess of number of DNP 
cyanoborohydride groups/NRG 

~ 0 6.2 
500 1.0 
1000 1.0 
2000 0.8 
4000 1.2 

Table 5. Reduction of NRG aldehyde groups by cyanoborohydride. 
NRG was oxidized with sodium periodate and treated widi the molar excess of 
cyanoborohydride indicated (0 to 110 mM) for 48 h. Samples were desalted and 
reacted with DNP-AU-hydrazide for 4 h and the incorporation of DNP groups into 
NRG determined as described in Section 12.2 of Materials and Methods. 

In order to evaluate the stability of the hydrazone bond formed by reaction of NRG 

aldehyde groups with the hydrazide probe, probe modified-NRG (DNP-NRG) was 

dialyzed over a period of 11 days at 37 °C. Figure 9A shows that approximately 60% of 

probe is lost from ooth the non-reduced control and the sodium borohydride treated 

samples after this period of time. In contrast DNP-NRG which had been treated with 

sodium cyanoborohydride in order to reduce the hydrazone bonds prior to dialysis, showed 

retention of approximately 75% of the DNP-probe after 11 days, indicating that a 

proportion of the hydrazone bonds had been reduced and stabilized. 

King et al. (178) also showed that hydrazone-linked protein-protein conjugates 

could be dissociated by an exchange reaction with an excess of acetyl hydrazide. 

Extending this displacement approach to the DNP-NRG system, it was found that release 

of the DNP-probe from NRG could be achieved by treatment with an excess of 

propionaldehyde. As seen in Table 6, NRG which contained 7.9 DNP groups initially and 

was treated with an excess of propanal for 48 h showed retention of only 1.5 DNP 
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Figure 9. Stabilization of the hydrazone linkage between DNP reporter 
groups and NRG with cyanoborohydride. 
Figure 9 A: NRG was oxidized with sodium periodate, reacted with an excess of DNP-
AU-hydrazide and either treated with IS mM sodium borohydride (open squares), IS mM 
sodium cyanoborohydride (open circles) or not treated (filled circles) and dialyzed at 37 °C. 
Samples were taken at the times indicated and the percentage of DNP groups remaining 
associated with NRG determined. 
Figure 9B: To study the effect of sodium cyanoborohydride reduction time on DNP-
hydrazone stability, DNP-IgG was either not treated (filled circles) or treated with 15 mM 
sodium cyanoborohydride for 1.5 h (open circles), 18.S h (open squares), or 26 h (filled 
squares). Samples were then incubated with a 10,000-fold molar excess of propanal in 0.1 
M sodium acetate, pH 4.0, at RT, atiquots desalted at the times indicated, and the 
percentage of DNP groups remaining associated with NRG determined. 



groups/NRG (23%). However, DNP-NRG which had been reduced with 

cyanoborohydride prior to aldehyde treatment retained substantially more DNP i.e. 4.5 

DNP groups/NRG (57%) after reaction with propanal. 

Sample Treatment number of DNP* % DNP/NRU 
groups/NRG remaining 

""""""""start™"""""""™ 7.9 107™""""*" 
1 after NaCNBH3 5.1 65 
2 after NaBH4 6.3 80 
3 control 7.0 89 
1 NaCNBH3 + aldehyde 4.5 57 
2 NABH4 +aldehyde 1.7 22 
3 control + aldehyde L8 23 

Table 6. Stabilization of DNP-NRG hydrazone bonds with sodium 
cyanoborohydride. 
Oxidized NRG was reacted with an excess of DNP-AU-hydrazidc for 4 h, desalted, 
and samples treated with 15 mM sodium borohydride (NaBH4), 15 mM sodium 
cyanoborohydride (NaCNBH3), or untreated (control). After 48 h samples were 
desalted and treated with an excess of propanal for 48 h and the number of DNP 
groups remaining bound to NRG determined, 
a mol DNP/molNRG 

This competition study essentially showed the same result as the dialysis study, indicating 

that untreated hydrazones and those treated with sodium borohydride at pH 4.0 showed 

very limited stability, with approximately 20% of hydrazone bonds remaining intact 

following iwmoval of unstable linkages by propanal. Sodium cyanoborohydride treatment 

on the other hand, resulted in the stabilization of approximately 60% of the hydrazone 

bonds. Competition with propanal also showed that treatment of DNP-NRG with 15 mM 

cyanoborohydride for 1.5 h was sufficient to reduce the majority of hydrazone bonds, with 

little more stabilization being achieved after this time (Figure 9B). 

5.5 Synthesis of stabilized site-specific conjugates 

mAb K20-HSA conjugates. Site-specific conjugates were first synthesized 

with HSA not containing MTX in order to test whether the stabilization conditions 



determined for the DNP-AU-hydrazide probe would result in sufficient stabilization of the 

hydrazone bond to allow the isolation of conjugates. Site-specific mAb K20-HS A binary 

conjugates were constructed using the scheme shown in Figure 10. mAb K20 was first 

oxidized with sodium periodate and then reacted with AUPDP to incorporate pyridyldithio 

groups into the carbohydrate moiety of the IgG. mAb K20-AUPDP was then reacted with 

HSA-SPDP-SH and the resulting conjugate was treated with cyanoborohydride for 90 min. 

The 1:1 HSA:mAb K20 conjugate was separated from the conjugation mixture by gel 

filtration chromatography as shown in Figure 11. Collected fractions were analyzed by 

SDS PAGE to determine which fractions contained purified conjugate, and fractions 38 to 

43 from Figure 11 were pooled. Lane 3 of Figure 12A shows the pooled conjugate 

analyzed by non-reducing SDS PAGE where it can be seen that the conjugate was isolated 

without contamination by unbound mAb K20 or HSA. Lane 3 in Figure 12B shows the 

same site-specific conjugate analyzed under reducing conditions where it is seen to break 

down to the expected components under these conditions: HSA, IgG heavy, and IgG light 

chains. The recovery of mAb K20 in the binary conjugate was 15%. The ability to isolate 

the site-specific binary conjugate indicated that the cyanoborohydride treatment had 

stabilized a proportion of hydrazone bonds. 

mAb K20-HSA-MTX conjugates. Site-specific mAb K20-HSA-MTX 

ternary conjugates were prepared using the scheme shown in Figure 13 where IgG was 

oxidized and reacted with AUPDP. Stabilization of the hydrazone bond was achieved by 

reduction of mAb K20-AUPDP with cyanoborohydride, following which spacer 

pyridyldithio groups were reduced with DTT to give the free thiol. mAb K20-AUPDP-SH 

was then reacted with MTX-HSA-SPDP (28 MTX/HSA) resulting in the formation of 

stabilized site-specific ternary conjugates. The conjugation reaction mixture as analyzed by 

SDS PAGE is shown in lane 1 of Figure 14. Purification of the conjugate was achieved by 

a two step procedure involving ion exchange chromatography on DEAE-Sepaharose 
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Figure 10. Scheme for the synthesis of site-specific mAb K20-HSA binary conjugates. 
mAb K20 (1) carbohydrate was oxidized with sodium periodate and oxidized mAb K20 (2) reacted with 
the site-specific cross-linkers AUPDP or HPDP (AUPDP shown). HSA (4) amino groups were derivatized 
with pyridyldithio groups using SPDP and HSA-SPDP (5) then treated with DTT to generate thiol groups 
from protected disulfides. HSA-SPDP-SH (6) was then reacted with mAb K20-AUPDP (3) resulting in the 
formation of the binary mAb K20-HSA conjugate (7). The hydrazone bond between IgG and HSA was 
reduced with sodium cyanoborohydride giving the stabilized site-specific binary mAb K20-HSA 
conjugate (8). 
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Figure 11. Purification of a site-specific mAb K20-HSA binary conjugate 
by gel filtration chromatography. 
A site-specific binary conjugate was synthesized with mAb K20 and HSA using the 
scheme shown in Figure 10. The conjugation mixture was separated by gel filtration 
chromatography on Bio Gel P300 (2.5 cm x 90 cm) using an upward flow system with 
PBS as eluant and a flow rate of 7.5 mL/h. Fractions of 3.75 mL were collected. The 
shaded area represents the fractions containing purified conjugate as determined by SDS 
PAGE. SDS PAGE analysis of the pooled fractions is shown in Figure 12. 
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Figure 12. Comparison of purified mAb K20-HSA site-specific and non-
site-specific binary conjugates by SDS PAGE. 
Binary mAb K20-HSA conjugates were synthesized either by using the non-site-specific 
method as shown in Figure 16, or by the site-specific approach using mAb K20-AUPDP 
as shown in Figure 10 and conjugates purified by gel filtration chromatography. Purified 
conjugates were analyzed either under non-reducing conditions (12A) or under reducing 
conditions (12B). 
Figure 12A: lanes 1 and 5, mAb K20; lane 2, HSA; lane 3, purified site-specific mAb 
K20-HSA conjugate; lane 4, purified non-site-specific mAb K20-HSA conjugate. 
Figure 12B: lanes 1 and 5, HSA; lanes 2 and 6, mAb K20; lane 3, purified mAb K20-
HSA site-specific conjugate; lane 4, purified mAb K20-HSA non-site-specific conjugate. 
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Figure 13. Scheme for the synthesis of site-specific mAb K20-HSA-MTX ternary 
conjugates. 
IgG (1) carbohydrate was oxidized with sodium periodate and oxidized IgG (2) reacted with 
the heterobifunctional site-specific cross-linkers AUPDP or HPDP (AUPDP shown). IgG-
AUPDP (3) was then treated with sodium cyanoborohydride and cross-linker disulfides 
reduced with DTT. HSA (5) was first derivatized with SPDP, and HSA-SPDP (6) reacted with 
MTX-AE to give MTX-HSA-SPDP (7). Reaction of IgG-AUPDP-SH (4) with MTX-HSA-
SPDP (7) resulted in the formation of stable site-specific ternary conjugates (8). 
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Figure 14. SDS PAGE analysis of a site-specific mAb K20-HSA-MTX 
conjugation mixture and conjugate purification. 
A site-specific mAb K20 conjugate was prepared as shown in Figure 13. The conjugate 
was purified by ion exchange chromatography on DEAE-Sepharose followed by gel 
filtration on Bio Gel P300 and collected fractions analyzed by SDS PAGE. 

Lane 1, mAb K20 site-specific conjugation mixture; lane 2, mAb K20 conjugation mixture 
after ion exchange chromatography; lanes 3 to 13, fractions collected by gel filtration. 



followed by gel filtration. Only MTX-containing species bound to the ion exchange 

column when the conjugation mixture was applied in PBS, with unreacted mAb K20 

passing through the column. MTX-containing species were then eluted from the column 

using PBS containing 1.0 M NaCl. As seen in lane 2 of Figure 14, the majority of 

unreacted mAb K20 was removed by this method. The eluted conjugate mixture was then 

separated by gel filtration chromatography. Figure 14, lanes 3 to 13 show the SDS PAGE 

analysis of these collected fractions, and the fractions shown in lanes 8 to 11 were pooled 

as purified conjugate. Figure 15, lane 5 shows the pooled purified conjugate. The 

recovery of mAb K20 in the purified 1:1 conjugate form was 2.5% in one experiment and 

1.2% in a second experiment (Table 7). These yields were substantially lower than that 

obtained with the binary conjugates, where 15% recovery of mAb K20 in conjugate form 

was achieved. The reason for these low yields may in part be related to the solubility of 

mAb K20-AUPDP and the final conjugates. Solutions of mAb K20-AUPDP were 

typically cloudy, likely due to the presence of the hydrophobic cross-linker. Following 

reaction with HSA however, solutions were clear, this most likely due to a solubilizing 

effect of HSA. HSA-MTX on the other hand, being less soluble than HSA, most likely 

did not contribute to the solubility of conjugates to the same degree. Another reason for the 

lower yields of ternary conjugates may be related to the increased steric hinderance imposed 

by MTX. As shown previously, the presence of MTX on HSA reduced the yield of 

conjugate. 

It was found necessary to stabilize the hydrazone bond between mAb K20 and 

AUPDP prior to reaction with HSA-MTX because HSA-MTX or conjugates containing 

HSA-MTX precipitate at pH values below 6. Cyanoborohydride reduction at a pH above 6 

was found to be inefficient, and reduction with sodium borohydride at pH 6 was found to 

alter the absorption spectrum of MTX, suggesting that MTX itself was reduced under these 

conditions. These problems were avoided by stabilizing the hydrazone bond prior to 

conjugation with HSA-MTX. 
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Figure 15. SDS PAGE analysis of purified mAb K20-HSA-MTX 
conjugates. 
Fractions containing purified site-specific and non-site-specific mAb K20-HSA-MTX 
conjugates shown in Figures 14 and 17, respectively, were pooled and analyzed by SDS 
PAGE. Shown also are direct mAb K20 and mAb IgGl conjugates. 

Lane 1, mAb IgGi; lane 2, mAb K20; lane 3, HSA-SPDP-MTX; lane 4, purified mAb 
IgGi-HSA-MTX non-site-specific conjugate; lane 5, purified mAb K20-HSA-MTX site-
specific conjugate; lane 6, purified mAb K20-HSA-MTX non-site-specific conjugate; lane 
7, mAb IgGi-MTX (2.6)*; lane 8, mAb IgGi-MTX (4.6); lane 9, mAb K20-MTX (42); 
lane 10, mAb K20-MTX (8.4). 

* the number in ( ) indicates the molar incorporation of MTX in direct IgG-MTX 
conjugates 



of MTX* conjugate^fornaP 

Direct IgG-MTX conjugates 
mAb K20-MTX 

mAblgGi-MTX 

Binary conjugates 
mAb K20-HSA site-•specific 
mAb K20-HSA non-site-specific 

4.2 
8.4 
2.6 
4.6 

-
-

77 
29 
100 
99 

15 
19 

Ternary conjugates 
mAb K20 site-specific 28 2.5 
mAb K20 site-specific 35 1.2 
mAb IgGi non-site-specific 28 6.4 
mAb K20 non-site-specific 28 11.2 
mAb K20 non-site-specific 35 6.2 

Table 7. Recovery of IgG in conjugates. 

a mol MTX/mol conjugate 
D amount of IgG recovered in conjugate form relative to starting amount of IgG 

& Non-site-specific IgG-HSA-MTX conjugates 

Conjugates between mAb K20 and HSA-MTX were also prepared using a non-site-

specific approach in which the antibody was activated for conjugation with 

heterobifunctional cross-linkers in a random manner. These conjugates were synthesized 

to allow comparison with the site-specific conjugates with respect to retention of antibody 

binding activity and cytotoxicity toward target and non-target cell lines. A non-site-specific 

mAb IgGi-HSA-MTX ternary conjugate was also prepared as a control conjugate for 

cytotoxicity testing. 

The non-site-specific heterobifunctional spacers SPDP and GMBS were used to 

activate mAb K20 for subsequent conjugation with thiol-containing HSA or HSA-MTX. 

Both spacers contain an N-succinimidyl ester which reacts with protein amino groups, 
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resulting in an amide linkage between spacer and IgG, and a thiol-reactive function as 

shown in Figure 4. SPDP contains an activated disulfide which reacts with protein thiols 

to form a disulfide linkage between the protein and spacer, whereas GMBS contains a 

maleimide group, which, upon reaction with a thiol, results in a thioether bond between the 

thiol-containing protein and spacer. Non-site-specific conjugates synthesized for 

comparison with site-specific conjugates were constructed using SPDP so as to contain the 

same disulfide linkage present in the site-specific conjugates. The stability of disulfide and 

thioether bonds is known to differ, the former being susceptible to disulfide exchange with 

thiol-containing compounds. To minimize the differences between the two types of 

conjugates, the same type of linkage within the spacers between the two proteins was used. 

6.1 Incorporation of SPDP and GMBS spacers into IgG 

The reaction between SPDP and IgG was carried out under conditions similar to 

that between SPDP and HSA, where a five-fold molar excess of fresh SPDP resulted in the 

incorporation of two to three pyridyldithio groups per IgG. The reaction of GMBS with 

IgG showed a similar pattern of incorporation. 

6.2 Non-site-specific conjugation of IgG with HSA 

Non-site-specific conjugates without MTX were prepared to allow comparison with 

binary site-specific conjugates. These two types of binary conjugates were compared with 

respect to yield and retention of antibody binding activity. The conjugation procedure used 

for the synthesis of non-site-specific conjugates between mAb K20 and HSA was similar 

to that shown in Figure 16. mAb K20 was first derivatized with SPDP to introduce 

pyridyldithio groups into IgG, and then reacted with HSA which had also been derivatized 

with SPDP and treated with DTT to release the free thiol from the pyridyldithio group. As 

with the site-specific binary conjugate, purification of the 1:1 binary mAb K20-HSA 

conjugate was achieved by gel filtration. The yield of mAb K20 in the mAb K20-HS A 
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Figure 16. Scheme for the synthesis of non-site-specific IgG-HSA-MTX ternary 
conjugates. 
IgC (1) and HSA (4) were both reacted with the non-site-specific cross-linker SPDP to 
introduce protected thiol groups. IgG-SPDP (2) was reduced with DTT to give the spacer-
derived thiol group, and HSA-SPDP (5) reacted with MTX-AE to give MTX-HSA-SPDP (6). 
MTX-HSA-SPDP (6) was then reacted with IgG-SPDP-SH (3) resulting in the formation of 
non-site-specific ternary conjugates (7), 
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binary conjugate was 19%, this being comparable with the 15% yield obtained for the site-

specific binary conjugate (Table 7). Figure 12A, lane 4 shows the high degree of purity of 

the conjugate isolated as seen by SDS PAGE under non-reducing conditions. In Figure 

12B the conjugate was analyzed by SDS PAGE under reducing conditions where it can be 

seen that the conjugate breaks down into three bands (lane 4), these corresponding to the 

mobility of HSA and mAb K20 heavy and light chains. This was the expected pattern for a 

disulfide linked conjugate since the HSA-IgG disulfide bond as well as IgG interchain 

disulfides are reduced under these conditions. 

6.3 Non-site-specific conjugation of IgG with HSA-MTX 

mAb K20-SPDP and mAb IgGi-SPDP were conjugated to HSA-SPDP-MTX (28 

MTX/HSA) using the reaction scheme shown in Figure 16. HSA was first reacted with 

SPDP to introduce activated disulfides into HSA, followed by reaction with MTX-AE. 

IgG was also reacted with SPDP and the free thiol released from the pyridyldithio group by 

treatment with DTT. Thiol-containing IgG was then mixed with MTX-HSA-SPDP for 

conjugation of the two proteins. As with the site-specific ternary conjugates, the non-site-

specific ternary conjugates were purified by a combination of ion exchange and gel 

filtration chromatography to isolate the 1:1 IgG:HSA ternary conjugate as shown in Figure 

17 for the mAb K20 conjugate. The ion exchange step was found to be very efficient for 

removing unreacted IgG from the reaction mixture as can be seen by comparison of lanes 1 

and 2 in Figure 17. Following ion exchange chromatography, the conjugate was separated 

by gel filtration as shown in lanes 3 to 11 in Figure 17. Both conjugates isolated following 

gel filtration were considered pure as shown in Figure 15, lanes 4 and 6 for mAb IgGi and 

mAb K20 conjugates respectively. Recovery of IgG in the conjugates was 6.4% for mAb 

IgGi *nd 11% for mAb K20. In a second experiment, the yield of mAb K20 in ternary 

conjugate form was 6.2% (Table 7). The recoveries of mAb K20 in site-specific and non-
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Figure 17. SDS PAGE analysis of a non-site-specific mAb K20-HSA-MTX 
conjugation mixture and conjugate purification. 
A non-site-specific mAb K20 conjugate was prepared as shown in Figure 16. Conjugates 
were purified by ion exchange chromatography on DEAE-Sepharose followed by gel 
filtration on Bio Gel P-300 and fractions analyzed by SDS PAGE. 

Lane 1, mAb K20 non-site-specific conjugation mixture; lane 2, mAb K20 conjugation 
mixture after ion exchange chromatography; lanes 3 to 11, fractions collected by gel 
filtration. 
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site-specific ternary conjugates were quite different, with yields approximately four to five 

times greater for non-site-specific conjugates. 

7. Synthesis of direct IgG-MTX conjugates 

Conjugates with MTX linked directiy to mAb K20 were also prepared for 

comparison with site-specific and non-site-specific ternary conjugates with respect to 

retention of antibody binding activity and cytotoxicity. mAb IgGi-MTX direct conjugates 

were also prepared as controls for cytotoxicity testing. 

Direct IgG-MTX conjugates were synthesized by reaction of mAb IgGi or mAb 

K20 with MTX-AE prepared using a 1:1:1 molar ratio of MTX, DCC and NHS. The 

molar incorporation of MTX into IgG under these conditions was between 25% and 50% 

of the amount of MTX-AE added. A large amount of precipitation of mAb K20 occurred 

during coupling where none was seen with mAb IgGi. This loss due to precipitation is 

reflected in the low recovery of mAb K20 conjugates (Table 7). Yields of mAb K20 in 

mAb K20-MTX were 29% at an incorporation of 8.4 MTX/mAb K20 and 77% at an 

incorporation of 4.2 MTX/mAb K20, whereas mAb IgGi yields were 100% for similar 

incorporation levels. Analysis of mAb K20 and mAb IgGi conjugates by SDS PAGE 

following removal of unreacted MTX and precipitate showed that a substantial amount of 

polymerization of mAb K20 had occured during coupling whereas there was none with 

mAb IgGi (Figure 15, lanes 1 and 2, and 7 to 10). 

8. Characterization of mAb K20 conjugates 

8.1 Determination of the ratio of HSA-MTX to IgG 

The ratio of HSA to IgG in the isolated product was determined using a dual 

labelling experiment in which 125I-HSA-MTX was conjugated to 131I-NRG-GMBS. In 

this case, HSA was activated for coupling by direct reduction of HSA-MTX disulfides with 

DTT and allowed to react with maleimide-containing NRG. The reaction mixture was 

separated by SDS PAGE and stained with Coomassie Blue. The band migrating directly 



above NRG was cut out and counted for both 125I and 131I from eleven different lanes. 

From the known specific activity of both isotopes, the ratio of HSA to NRG in these bands 

was calculated to be 0.88 ± 0.10. This showed that the first band from the conjugation 

mixture which migrated direcdy above IgG on SDS PAGE was the MTX-containing 1:1 

HSA:IgG conjugate. 

8.2 Evidence for carbohydrate linkage in site-specific conjugates 

In order to localize the site of the hydrazide reactivity with oxidized IgG, mAb K20 

was either derivatized site-specifically by oxidation and reaction with biotin-hydrazide or 

non-site-specifically with a succinimidyl ester derivative of biotin. Each of these was 

digested with pepsin or papain and analyzed by SDS PAGE and Western blotting. It can 

be seen /hr<t mAb K20 modified with either form of biotin was completely digested to 

F(ab;2 by pepsin (lanes 1 to 4, Figure 18A). When stained for biotin, both site-specific 

and non-site-specifically derivatized whole antibodies stained positive (lanes 7 and 8, 

Figure 18A), but only the F(ab*)2 from the non-site-specifically derivatized mAb stained 

positive (lanes 5 and 6, Figure 18A). The cleavage site for pepsin is below the interchain 

disulfide bonds joining the two heavy chains as shown in Figure 19. This cleavage gives 

rise to F(ab')2 and a number of small fragments since the Fc portion is degraded by pepsin. 

The lack of staining of the site-specifically derivatized mAb F(ab*)2 is consistent with 

labelling of the oxidized carbohydrate moiety, the location of which is known to be below 

the interchain disulfide bonds and therefore also below the pepsin cleavage site. Under 

reducing conditions, both biotin-labelled whole antibodies are broken down to heavy and 

light chains as shown in lanes 1 and 2 of Figure 18B. When probed for biotin, both heavy 

and light chains were seen to be labelled approximately to the same extent with the non-site-

specific biotin derivative, this being consistent with a random modification of IgG by 

succinimidyl ester compounds (lane 7, Figure 18B). The site-specific biotin-mAb K20 
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Figure 18. Localization of sites on mAb K20 reactive toward site-specific 
and non-site-specific derivatives of biotin. 
mAb K20 was labelled site-specifically with biotin hydrazide (s) or non-site-specifically 
with sulfosuccinimidyl 6*(biotinamido)hexanoate (n), digested with papain or pepsin, 
separated by SDS PAGE either under non-reducing (7% gels, 18A) or reducing (12% gels, 
18B) conditions. Gels were run in duplicate, transferred to nitrocellulose and either stained 
for total protein with India ink (left panels) or for biotin with extravidin-peroxidase (right 
panels). H chain, heavy chain of IgG; L chain, light chain of IgG. 
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Figure 19. Digestion of mouse IgGl by pepsin and papain. 
Pepsin cleaves mouse IgGl below the interchain disulfide bonds linking the two heavy chains 
resulting in the production of F(ab')2. with a molecular weight of approximately 100 kDa. 
The Fc portion contains additional pepsin cleavage sites and is degraded to low molecular 
weight fragments. Papain cleaves at a site above the interchain disulfide bonds resulting in the 
formation of two identical Fab fragments and an Fc fragment, each of approximately 50 kDa. 
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showed labelling of the heavy chain only, again supporting the presumption of specific 

carbohydrate labelling by hydrazides (lane 8, Figure 18B). Pepsin-digested samples 

analyzed under reducing conditions (lanes 3 and 4, Figure 18B) showed that both the light 

chain and the heavy chain fragments appear to migrate the same distance on these gels. As 

expected, only the non-site-specifically labelled sample stained positive for biotin since it 

was shown that the biotin label is in the degraded Fc fragment in the site-specific sample 

(lanes 9 and 10, Figure 18B). Analysis of papain-digested samples under reducing 

conditions (lanes 5 and 6) shows two bands staining for total protein, one with a migration 

position expected for the light chain and a second slower migrating species. This second 

band stained positive for biotin in the site-specific sample (lane 12), and therefore 

represents the Fc portion of mAb K20 since it was established with the pepsin digests 

(Figure 18A) that the biotin label must be in this portion of the molecule for the site-specific 

sample. In the non-site-specific case, the intensity of the lower band is much greater than 

that of the Fc band. The lower band contains both the light chain and that portion of the 

heavy chain above the papain cleavage site since it was shown in lanes 3 and 4 of Figure 

18B that a similar sized fragment, namely the portion of the heavy chain above the pepsin 

cleavage site, migrates with the light chain. The difference in staining intensities between 

Fc and Fab fragments with the non-site-specific biotin derivative indicates a preference for 

reaction with the Fab portion of mAb K20. 

8.3 Effect of modifications and conjugation on mAb K20 binding activity 

The retention of mAb K20 binding activity was determined after each step in 

conjugate synthesis. Antibody binding activity was assessed initially using a direct cell-

binding assay in which fixed Caki-1 cells in %-well ELISA plates were used as the source 

of antigen and incubated with either dilutions of native mAb K20 or modified mAb K20. 

The amount of mAb K20 bound to cells was then determined using a second anti-mouse 

IgG antibody containing a peroxidase label. The assumption made in this assay is that all 
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cell-bound mAb K20, either native or modified, is recognized by the second antibody with 

the same efficiency, and therefore that peroxidase acitivity and colour production are 

proportional to the amount of mAb K20 present An example of this analysis is shown in 

Figure 20A, where direct mAb K20-MTX conjugate binding was examined. It is apparent 

from the binding curves that increased loading of MTX resulted in decreased binding of the 

conjugate. Antibody binding activity results for all conjugates are summarized in Table 8. 

Binding activity was 35% and 8% of that of native mAb K20 at incorporation levels of 4 

and 8 mol MTX/mol mAb K20, respectively. Radioiodination of mAb K20 to a level 

similar to that used for IRF extermination was found to have no effect on antibody activity. 

mAb K20-HSA binary conjugates prepared site-specifically or non-site-specifically 

were also compared with native antibody using this direct cell-binding assay (Figure 20B). 

The binding curve for the non-site-specific conjugate exhibited a plateau at a level similar to 

that for native mAb, whereas the curve for the site-specific conjugate gave a plateau at a 

value approximately half that of native antibody. These differences in saturation indicated 

that the two conjugates were not recognized by the second antibody to the same extent, and 

therefore that this type of assay waj not appropriate to assess antibody activity in site-

specific conjugates. 

In order to define the retention of binding activity in mAb K20-HS A conjugates, an 

assay based on competetive binding was developed. Initially, the assay used was one in 

which a fixed amount of 125l-labelled mAb K20 was allowed to compete for binding to 

Caki-1 cells with increasing amounts of either native mAb or mAb K20-HSA conjugates as 

shown in Figure 21. Comparison of the IC50 values of these three samples showed that 

the non-site-specific mAb K20-HSA retained 9% activity and the site-specific conjugate 

retained 32% activity relative to native mAb K20 (Table 8). These findings confirmed that 

the ELISA based assay was not appropriate to assess binding activity in site-specific 

conjugates, although it appears to be valid for non-site-specific conjugates and direct 

conjugates. 
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Figure 20. Analysis of binding of conjugates by ELISA. 
Direct mAb K20-MTX conjugates (20A) and mAb K20-HSA binary conjugates (20B) at 
the concentrations shown were incubated with Caki-1 cells in 96-well ELISA plates. 
Binding was quantitated using goat anti-mouse IgG-peroxidase conjugate and o-
phenylendediamine to detect peroxidase activity as described in Section 14.1 under 
Materials and Methods. Peroxidase activity was quenched with 2.5 M H2SO4 and the 
absorbance at 490 nm measured in an ELISA plate reader. 

Figure 20A: native mAb K20 (filled circles) was compared with direct conjugates 
containing: 3.7 (open circles), 8 (open squares), 13 (open diamonds), and 17 (filled 
triangles) moles MTX per mole mAb K20. 
Figure 20B: native mAb K20 (filled circles) was compared with the non-site-specific 
mAb K20-HSA binary conjugate (open squares), and the site-specific mAb K20-HSA 
binary conjugate (open circles). 
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Figure 21. Competitive binding of binary conjugates measured with 1 2 5 I -
mAb K20. 
Conjugates or native mAb K20 were mixed with 125I-mAb K20 (3.38 uCi/ug) to give a 
final concentration of 1.25 ug/mL radiolabelled mAb K20 and the concentrations indicated 
for native and conjugated mAb K20. Duplicate samples were incubated with Caki-1 cells 
in test tubes at 4 °C for 2h, cells washed, and cell-associated radioactivity measured in a 
gamma counter. The percent inhibition of 125I-mAb K20 binding was determined as 
described in Section 14.1 under Materials and Methods. Error bars represent the standard 
deviation from duplicate determinations. Native mAb K20 (open squares), non-site-
specific mAb K20-HSA binary conjugate (open circles), site-specific mAb K20-HSA 
binary conjugate (filled circles). 
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A second competition assay was developed for the routine measurement of antibody 

activity. mAb K20 was derivatized with a succinimidyl ester derivative of biotin and 

allowed to compete for cell binding with either native mAb K20 or conjugates, and the 

amount of biotinylated mAb K20 bound detected with avidin-peroxidase. This assay 

proved to be more convenient than the 1^1-mAb K20-based competition method since the 

assay could be performed in ELISA plates. Using this assay system, mAb K20-HSA-

MTX ternary conjugates were evaluated as shown in Figure 22. It is apparent that the site-

specific conjugate retained more activity than the non-site-specific conjugate, since a lower 

concentration of the former was required to inhibit binding of mAb K20-biotin. Analysis 

of these results showed that the site-specific conjugate retained 56% activity and the non-

site-specific conjugate retained 11% activity. Results from this and other competition 

experiments are summarized in Table 8. Site-specific conjugates had binding activities 

ranging from 32% to 56% relative to native mAb K20, whereas all non-site-specific 

conjugates, whether binary or ternary, had binding activities in the range of 9% to 16%. 

The large loss of activity seen with non-site-specific conjugates is not surprising 

considering that simply reacting mAb K20 with SPDP resulted in a 60% loss of activity. 

Both oxidation with 150 mM periodate and reduction with 15 mM cyanoborohydride had 

no effect on mAb K20 binding activity but the incorporation of AUPDP resulted in a 34% 

loss of activity. It would be expected that AUPDP incorporation should not affect binding 

if it is in the carbohydrate moiety. A possible explanation for the observed loss of activity 

is that the hydrophobic nature of the spacer resulted in aggregation or precipitation of the 

modified mAb during the assay, rather than the spacer exerting a direct effect on binding 

activity. 
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Figure 22. Competitive binding of ternary conjugates measured with mAb 
K20-biotin. 
Conjugates or native mAb K20 were mixed with mAb K20-biotin to give a final 
concentration of 2.5 Lig/mL mAb K20-biotin and the concentrations indicated for native 
mAb K20 and conjugates. Triplicate samples were incubated with Caki-1 cells in 96-well 
ELISA plates. Plates were washed after 1 h and the extent of mAb K20-biotin binding was 
measured by incubation with avidin-peroxidase, and peroxidase activity detected with o-
phenylenediamine. Colour development was quenched after 10 min with 2.5 M H2SO4 
and the absorbance at 490 nm measured in an ELISA plate reader. Percent inhibition of 
mAb K20-biotin binding was calculated as described in Section 14.1 under Materials and 
Methods. Native mAb K20 (open squares), non-site-specific mAb K20-HSA-MTX 
ternary conjugate (open circles), site-specific mAb K20-HSA-MTX site-specific conjugate 
(filled circles). 
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Type of mAb K20 conjugate 
or chemical modification 

Direct MTX conjugates 
4 MTX/mAb 
8 MTX/mAb 
13 MTX/mAb 
4 MTX/mAb 
8 MTX/mAb 

Ternary conjugates 
non-site-specific, 28 MTX/mAb 
non-site-specific, 35 MTX/mAb 
site-specific, 28 MTX/mAb 
site-specific, 35 MTX/mAb 

Binary conjugates 
non-site-specific 
site-specific 

Chemical modifications 
125I labelling at 0.54 uCiAig 
periodate oxidation 
oxidation and BH3 reduction 
oxidation and AUPDP incorpo^aon 
SPDP incorporation 

% activity* 
(ELISA<>) 

34.5 ± 0.8 
8.3 ±0.1 
2.9±0.1d 

11.1 ±0.3 
6.5 ± 0.3 

106.4 ± 7.6 

% activity* 
(competition6) 

28.2 ± 0.3 
7.1 ±0.4 

10.6 ± 0.5 
15.8 ± 1.4 
56.1 ± 3.8 
35.1 ±2.9 

9.36±0.0ld«e 

32.2 ± 1.4C 

97.3 ± 4.5 
92.6 ± 7.6 
65.7 ± 4.5 
40.4 ±0.3 

Table 8. Retention of mAb K20 binding activity following chemical 
modification and conjugation. 

a activity ± SD expressed as percentage of activity relative to native mAb K20. 
b ELISA was by direct cell binding assay with detection by goat anti-mouse-peroxidase. 
c competition with mAb K20-biotin. 
d activity determined from the amount of mAb K20 required to give one third saturation. 
e competition with 12^i mAb K20. 



117 

8.4 DHFR inhibition by MTX-containing conjugates 

The effect of incorporation of MTX into both HSA and IgG on the ability of MTX 

to inhibit DHFR was studied using the method of Peterson (189) with the exception that the 

assay was peiformed at pH 7.5 instead of pH 5.0. This change in pH was necessary 

because HSA-MTX or ternary conjugates containing HSA-MTX precipitate at pH values 

below 6. Increasing concentrations of either free or conjuated MTX were incubated with 

DHFR prior to addition of dihydrofolate, and the concentration of MTX required to inhibit 

DHFR activity by 50% (IC50) was determined. 

Conjugate Incorporation DHFR ICsob 

of MTX* (nM MTX) 

MTX - 0J 

Direct conjugates 
mAbK20 8.4 235 
mAbK20 4.2 169 
mAb IgGi 4.6 184 
mAb IgGi 2.6 202 
HSA-MTX 28 443 

Ternary conjugates 
non-site-specific mAb K20 28 405 
non-site-specific mAb IgGi 28 477 
site-specific mAb K20 28 393 

Table 9. DHFR inhibition by MTX-containing conjugates. 
a mol MTX/mol IgG or mol MTX/mol HSA 
b concentration of MTX to give 50% inhibition of DHFR activity 

As shown in Table 9, the general trend was that the IC50 increased as the molar 

incorporation of MTX into IgG or HSA increased. All direct IgG-MTX conjugates with 

incorporations between 3 and 8 MTX/IgG had an IC50 of approximately 200 nM and all 

ternary conjugates as well as HSA-MTX had an IC50 of approximately 400 nM. These 

high values for conjugated MTX relative to free MTX (IC50 of 0.5 nM) indicate that MTX 

bound to protein is a much weaker inhibitor of DHFR compared to free MTX. 
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8.5 Cytotoxicity of MTX-containing conjugates 

mAb K20 and mAb IgGi conjugates were compared with respect to cytotoxicity 

toward a target cell line for mAb K20 (Caki-1) and a cell line toward which neither mAb 

displayed any specificity (D10-1). Cells from both lines were incubated with increasing 

amounts of either free or conjugated MTX for 6 h, after which the test agent was removed 

and replaced with growth medium. The number of Caki-1 cells per treatment group was 

determined after 3 days by using the crystal violet assay, and the numbers of D10-1 cells 

determiner' by direct counting of cells. Crystal violet staining was found to be directiy 

proportional to the number of cells present in the range used in the cytotoxicity assays. As 

shown in Table 10, the concentration required to inhibit growth by 50% (the IC50) of free 

MTX was 0.5 uM for both cell lines whereas the IC50 for all conjugates was substantially 

greater, indicating that all were less cytotoxic than free MTX toward either cell line. Of all 

the conjugates tested, the site-specific mAb K20-HSA-MTX terna.y conjugate was found 

to be the most effective in inhibiting the growth of Caki-1 cells with an IC50 of 11 uM, or 

24 times that of free MTX. The site-specific conjugate was twice as effective as the non-

site-specific mAb K20 conjugate (IC50 of 25 uM), indicating that the greater antibody 

binding activity in the site-specific conjugate (56% versus 11%) resulted in greater 

cytotoxicity since both conjugates contained an equivalent amount of MTX. Both these 

conjugates were more potent than either HSA-MTX or the mAb IgGi-HSA-MTX control 

conjugate, showing that conjugation to mAb K20 resulted in specificity toward Caki-1 

cells. In the case of direct mAb K20-MTX conjugates, there was no correlation between 

antibody activity and cytotoxicity since the conjugate containing 8 MTX/mAb K20 was 

more cytotoxic than the conjugate containing 4 MTX/mAb K20, although the latter retained 

four times the antibody binding activity. The control mAb IgGi-MTX direct conjugates 

also showed considerable cytotoxicity against Caki-1 cells and were found to be as potent 

as the mAb K20 direct conjugates. However, unlike the mAb IgGi direct conjugates, the 



Conjugate MTX Retention of ICsob for Sensitivity IQJob~for Sensitivity Selectivity 
incorporation3 antibody Caki-1 cells ratiocfor D10-1 cells ratio0 for ratiod 

activity (%) (uMMTX) Caki-1 cells (uMMTX) D10-1 cells 

direct 
mAbK20 4.2 28.2 ± 0.3 55.5 ± 0.6 116 39.2 ±2.6 80 1.5 
mAbK20 8.4 7.1 ±0.4 33.9±1.6 71 55.2±11.6 113 0.6 
mAb IgGl 2.6 -- 31.0 ±0.9 65 9.3 ± 0.8 19 3.4 
mAb IgGl 4J> - 40.5 ± 1.1 84 21.6 ±1.6 44 1.9 

ternary 
site-specific mAb 28 56.1 ± 3.8 11.4 ±0.9 24 23.9 ±2.9 49 0.5 
K20 
non-site-specific 28 10.6 ±0.5 25.4 ±0.6 53 21.22 ±2.8 43 1.2 
mAbK20 
non-site-specific 28 -- 104.2 ±7.3 217 26.12 ±18.4 53 4.1 
mAb IgGl 

HSA-MTX 28 -- 59.2 ±1.9 123 55.2 ±8.9 113 1.1 

MTX -- -- 0.48 ±0.04 - 0.58 ±0.13 

Table 10. Cytotoxicity of conjugates toward Caki-1 and D10-1 cells. 

a mol MTX/mol protein. 
b concentration of MTX ± SD required to inhibit growth by 50% following 6 h pulse exposure as 

described in Section 14.2 of Materials and Methods. 
c IC50 for conjugate/IC5o for free MTX. 
d sensitivity ratio for Caki-1 cells/sensitivity ratio for D10-1 cells. 
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control mAb IgGi-HSA-MTX ternary conjugate showed very little cytotoxicity in this 

assay. 

In testing for cytotoxicity toward the non-target D10-1 cell line, all three ternary 

conjugates were found to be equally potent with an IC50 value approximately 50 times that 

of free MTX. mAb K20 direct conjugates were from 80 to 110 times less potent than free 

MTX whereas mAb IgGi direct conjugates were from 20 to 40 times less potent than free 

MTX. Taken together, these results indicate that the site-specific ternary conjuate was the 

most potent conjugate to target cells and showed some specificity since it was less cytotoxic 

to non-target cells. 

8.6 Long term stability of mAb K20-HSA binary conjugates 

Binary site-specific and non-site-specific mAb K20-HSA conjugates as shown in 

Figure 12A, lanes 3 and 4, respectively, were analyzed by SDS PAGE after storage for 16 

months at 4 °C. Comparison of lanes 2 and 3 in Figure 23 for site-specific and non-site-

specific conjugates, respectively, shows that both conjugates exhibited some breakdown 

after long term storage. Both contained small amounts of material migrating at positions 

expected for mAb K20 and HSA along with a band migrating between these two. The 

conjugates appear to show both a similar degree and pattern of breakdown. 

9. Characterization of native mAb K20 

9.1 Isolation of mAb K20 

mAb K20 was isolated from ascites fluid either by capryllic acid precipitation or 

Protein A chromatography. Average yields of mAb K20 were 1.2 mg/rnL ascites by 

capryllic acid and 2.7 mg/mL ascites by Protein A affinity chromatography. Purity of mAb 

K20 isolated by both techniques was comparable as seen by SDS PAGE. Typical patterns 

for purified mAb K20 are shown in Figure 15, lane 2 and Figure 12A, lane 1. 
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Figure 23. Long term stability of site-specific and non-site-specific mAb 
K20-HSA binary conjugates. 
The purified site-specific and non-site-specific binary mAb K20-HSA conjugates shown in 
Figure 12 were stored at 4 °C in PBS containing 0.02% (w/v) sodium azide for 16 months 
and analyzed by SDS PAGE under non-reducing conditions. 

Lanes 1 and 4, mAb K20; lane 2, site-specific mAb K20-HSA binary conjugate; lane 3, 
non-site-specific mAb K20-HSA binary conjugate; lane 5, HSA. 
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9.2 Immunoreactive Fraction 

The immunoreactive fraction (TRF) of mAb K20 was measured using the method of 

Lindmo and Bunn(45) in which increasing concentrations of Caki-1 cells were incubated 

with either ^^l-tibeYLed mAb K20 or mAb IgGi at 4 °C. Non-specific binding as 

measured by mAb IgGi binding, was subtracted from mAb K20 counts to determine the 

amount of specific binding. For determination of IRF, the inverse of the cell concentration 

was plotted against the inverse of the fraction bound (T/B where T is total counts added and 

B is the counts bound) as shown in Figure 24A. Extrapolation to the intercept with the 

ordinate gives the theoretical amount of mAb K20 which is capable of binding to cells at 

infinite antigen excess. As shown in Figure 24A, extrapolation to infinite antigen excess 

gives an IRF of 0.24, indicating that 24% of the antibody molecules in the preparation are 

capable of binding to Caki-1 cells. These data were also plotted as T/B versus the inverse 

of the number of free binding sites per sample to correct for the lack of antigen excess (not 

shown). The value of 3.5 x 10s binding sites per cell (see below) was used to calculate the 

total number of free sites. Results taking this correction factor into account were 

comparable to the IRF obtained without correction. 

9.3 Number of bindings sites and apparent affinity constant for Caki-1 

cells. 
125I-mAb K20 binding to target Caki-1 cells was also examined by Scatchard 

analysis. In this case, Caki-1 cells were incubated with increasing amounts of 125j_ 

labelled mAb K20 at 4 °C to decrease endocytosis of bound antibody. The binding data 

were corrected for the IRF of mAb K20 (0.24) and the Scatchard plot of this data is shown 

in Figure 24B. From these data, it was determined that mAb K20 has an apparent Ka of 

9.1 X 10** M_1 for Caki-1 cells and 3.5 X 105 binding sites are present per cell. 
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9.4 IEF of mAb K20 

mAb K20 was subjected to isoelectric focusing under either denaturing conditions 

in the presence of urea or under native conditions. In the former case a pH gradient of 3 to 

10 was used to resolve different molecular species in the preparation. As seen in lane 1 of 

Figure 25, Protein A-purified mAb K20 shows the presence of three major bands in the pi 

range from 7.0 to 8.1. Under native conditions using a pH gradient of 5 to 8, mAb K20 

showed at least four bands, with two major bands in the center and a minor band on either 

side of the major bands (not shown). 
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Figure 24 . Analysis of mAb K20 binding to Caki-1 cel ls . 
Figure 24A: The immunoreactive fraction of mAb K20 was determined by incubating 
the dilutions of cells shown with 1 2 5I-mAb K20 (0.18 ug, 0.27 uCiAtg) in a total volume 
of 0.3 mL at 4 °C. Cells were washed after 1 h and cell-associated radioactivity 
determined. Counts were corrected for non-specific binding as determined by incubation 
of cells with with an equivalent amount of 125I-mAb IgGl. The inverse of the fraction of 
counts bound (B) relative to total counts added (?) at each cell concentration is plotted 
against the inverse of the cell concentration. Extrapolation to the ordinate represents the 
inverse of the theoretical amount of mAb K20 bound at infinite antigen excess. The IRF 
was found to be 0.24. 
Figure 24B: The apparent affinity constant and number of binding sites for mAb K20 
on Caki-1 cells was determined by Scatchard analysis. Serial dilutions of 125I-labelled 
mAb K20 (3.38 uCi/ug) were added to 4.56 X 105 Caki-1 cells at 4 °C in a total volume of 
0.4 mL to give a range of 0.4 to 770 ng of mAb K20 added. After 90 min, cells were 
washed and cell-associated radioactivity determined. The ratio of bound mAb K20 (B) to 
free mAb K20 (F) was plotted against the amount bound. The apparent Ka was determined 
from the negative slope of the line, and the maximum amount of binding determined by 
extrapolation to the abscissa. The free mAb K20 concentration was corrected according to 
the IRF determined in Figure 24A. No correction for non-specific binding was made as 
this was found to be negligible. mAb K20 was found to have an apparent Ka of 9.1 X 108 

M*1 and 3.5 X 105 binding sites were present per cell. 
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Figure 25. Isoelectric focusing (IEF) analysis of mAb K20. 
mAb K20 isolated from ascites fluid was analyzed by IEF under denaturing conditions 
using a pH gradient from 3 to 10 in the presence of 8 M urea. 

Lane 1, purified mAb K20; lane 2, mAb K20 hybridoma culture supernatant; lane 3, IEF 
standards. 



IV. Discussion 

It is generally recognized that to be therapeutically effective, drug-antibody 

conjugates should incorporate relatively large amounts of drug and yet retain antigen 

binding activity. The majority of drug-antibody conjugates synthesized to date have 

focused on the direct incorporation of drug into the antibody molecule. Overall, this 

approach appears to be limited since antibody activity typically decreases with increased 

drug loadings (1,73). In an attempt to prepare more potent drug-antibody conjugates for 

targeted therapy, two approaches were taken in the present study. The first was the use of 

a carrier which was loaded with drug and linked to an anti-tumor IgG antibody. Such a 

method of drug linkage was predicted to minimize the loss of antibody activity while at the 

same time increasing the amount of drug load per antibody molecule. Second, the drug-

loaded carrier was linked to the carbohydrate moiety of the antibody molecule since it was 

expected that linkage to this site would further preserve antigen binding activity. 

The antibody used in this study was mAb K20, an IgGi mouse monoclonal 

antibody directed against a cell-surface component of the human kidney cancer cell line 

Caki-1. mAb K20 (185) was chosen on the basis of its availability as well as on the 

knowledge of its internalization following binding to Caki-1 cells. The control antibody 

was a non-specific mAb IgGi, a mouse myeloma IgGi monoclonal antibody shown not to 

react with Caki-1 cells. MTX was used as the model drug for this study because of its use 

in a number of ternary conjugates which had been reported prior to this work 

(107,110,119,120), and also on the grounds that the linkage chemistry of MTX to proteins 

as well as its primary mode of action have been established. One of the objectives of this 

study was to isolate well-defined homogeneous conjugates for evaluation of antibody and 

cytotoxicity activity. Although the isolation of well-defined conjugates is an obvious 

prerequisite for proper conjugate characterization, reports of previous ternary conjugates 

126 



127 

which have been synthesized failed to demonstrate the use of well-defined conjugates. 

HSA was chosen as the drug carrier for the following reasons: i) it has a large number of 

amino groups for the incorporation of a relatively large amount of MTX; ii) it is highly 

water soluble and should be capable of carrying large amounts of hydrophobic MTX; and 

iii) unlike other synthetic polymers such as dextran and polyglutamic acid which exhibit a 

distribution of molecular weights, HSA is homogeneous in this respect. This last feature 

of HSA was expected to facilitate the subsequent isolation of homogeneous conjugates. 

This discussion will be divided into three sections: i) synthesis of the drug-carrier 

intermediate, HSA-MTX; ii) synthesis and physical characterization of ternary conjugates; 

and iii) functional characterization of ternary conjugates. 

1. Synthesis of HSA-MTX 

In the synthesis of HSA-MTX for use as a drug carrier for subsequent conjugation 

to anti-tumor mAb, the goal was to produce a homogeneous drug-loaded intermediary 

containing a large amount of MTX. The activation of MTX was studied first to establish 

conditions which would give high drug loadings into HSA and use MTX efficiently. The 

general trend seen in studies on the preparation of MTX-AE using different ratios of 

reactants was that an excess of both NHS and DCC over MTX resulted in activation of a 

larger amount of the MTX activation as measured functionally by the acylating ability of the 

product Analysis of the reaction mixtures by TLC showed that a number of products were 

formed, the proportions of these being dependent on the molar ratios of reactants. The first 

product to be formed would be expected to be the MTX-O-acylisourea intermediate 

resulting from reaction of MTX carboxyl(s) with DCC, and conversion of this intermediate 

to an acylating species. The formation of such an intermediate is consistent with TLC data 

obtained, which showed that a product with a higher mobility than MTX was formed 

intitially, but was no longer present after 24 h. An increased mobility on TLC would be 
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predicted for any product which blocks one or both carboxyl groups of MTX. The 

disappearance of this intermediate and formation of higher mobility products suggests that 

the intermediate was the mono-substituted O-acylisourea which was either converted to the 

di-substitued O-acylisourea or other products. 

MTX contains two carboxyl groups in the glutamic acid portion of the molecule. 

Theoretically, one or both of these carboxyls can be converted to the succinimidyl ester, the 

proportion of each probably determined by the molar ratio of reactants. Alternatively, a 

cyclic anhydride may be formed once one carboxyl group is activated, forming a stable six-

membered ring. This latter possibility was proposed by Bumstein and Knapp (105) in 

their experiments on MTX activation with acetic anhydride. However, they determined that 

the major activated species was the double mixed anhydride and not an intramolecular 

anhydride, this most likely being due to the large excess of anhydride over MTX during 

activation. All three of these compounds, the monester, Chester, and intramolecular 

anhydride of MTX, are potential acylating species which may be formed during the 

activation of MTX under conditions studied in the present experiments. 

Endo et al. (119) monitored the distribution between monoester and diester forms 

of MTX by HPLC following the activation of MTX with equimolar amounts of DCC and 

NHS. The succinimidyl esters were not separated directiy, but instead converted to the 

amide derivatives by reaction with isopropylamine prior to separation. They determined 

that the proportions of monoester and diester were 38% and 20%, respectively, following 

activation of MTX under these conditions. They found that the distribution between the 

two products could be altered by first reacting MTX with DCC for 15 h, followed by the 

reaction with NHS. Under these conditions, the amounts of monoester and diester were 

58% and 12%. It was proposed that reaction between MTX and DCC resulted in the 

formation of an intramolecular anhydride, which gave the active ester upon reaction with 

NHS. 



Rosowsky and Yu (193) studied the esterification of MTX with diethyl L-glutamate 

using DCC. They found that, under conditions of equimolar reactants, mono- and 

disubstituted MTX derivatives were formed in the ratios 31%, 17%, and 11% for the a-

monoglutamate, y-monoglutamate, and a,y-diglutamate, respectively. Reaction using a 

1:2:2 (MTX:DCC:diethyl L-glutamate) molar ratio was found to increase the amount of 

disubstituted product, but also result b the formation of two new products which were 

identified as the a- and Y-monoglutamate containing the acylurea product on the y- and ct-

carbonyl groups, respectively. They also pointed out that the use of DCC as well as other 

peptide-forming agents led to the racemization of the glutamate moiety of MTX. The 

mechanism proposed to account for the racemization was formation of an oxazolone 

intermediate involving the benzoic acid carbonyl group and the DCC-activated a-carbonyl 

group of the glutamic acid portion of MTX which could form a resonance stabilized five-

membered ring. It is the existence of a number of resonance structures which leads to the 

racemization of MTX. This racemization may affect the cytotoxicity of MTX derivatives as 

discussed in a later section. This oxazolone intermediate can also be considered an 

acylating species and may be one of the products formed during the activation of MTX in 

the present study. 

The preferential activation of the a-carboxyl of MTX may be undesirable since it is 

known that this carboxyl group is important in binding to DHFR (194) (see below). 

Studies have also shown that y-substituted MTX derivatives are much more effective than 

the corresponding a-substituted MTX derivative in inhibition of human lymphoblastic 

leukemia cells in vitro as well as L1210 murine leukemia tumors in vivo (193). It is not 

known which carboxyl group of MTX was preferentially activated in the present study. 

However, as shown by Rosowsky (193), the proportion of disubstituted ester increases 

with an increase in the ratio of DCC over MTX. Thus, the final product in this study likely 

contained a number of different species which were not resolved by TLC, i.e. not a single 

"active ester", but instead, a mixture of compounds which have acylating ability. 
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The reaction mixture obtained by activation of MTX with an excess of DCC and 

NHS could not be used directiy for reaction with HSA since there was precipitation on 

addition to aqueous solutions, resulting in low incorporations of MTX into HSA. This 

was most likely due to the poor water solubility of the excess reagents which caused the co-

precipitation of MTX at the concentrations used for large scale HSA-MTX preparations. 

MTX and not HSA-MTX was the species which precipitated since the precipitate was 

yellow (MTX is yellow), but there was Utile loss of HSA during the reaction. Precipitation 

of MTX was eliminated by the purification step using ether to precipitate MTX, while 

removing excess DCC and NHS. 

It was found that both the molar excess of MTX over HSA as well pH had an effect 

on incorporation, with the greatest incorporations achieved at high molar excess and high 

pH. HSA contains 58 lysine residues (136), although there are many known genetic 

variants which have an increased lysine content (195). HSA obtained from commercial 

sources may therefore be expected to display some heterogeneity since blood products are 

usually pools derived from the general population. The "active ester" of MTX is believed 

to react primarily with protein amino groups to form an amide linkage between the protein 

and MTX (73), and hence an upper limit for the molar incorporation of MTX into HSA of 

approximately 58 would be predicted. As the unprotonated amino group is likely to be the 

most significant nucleophile present, the increase seen with increasing pH was expected. It 

is likely that both molar excess and pH affect the distribution between the two competing 

reactions, namely hydrolysis of the acylating species and reaction with HSA. HSA-MTX 

which was prepared for subsequent conjugation with IgG typically had molar 

incorporations between 30 and 35 mol MTX/mol HSA. These incorporations were lower 

than those found during studies of the effect of pH on incorporation into HSA, and is 

probably due to the efficiency of removal of unbound or weakly bound MTX by desalting 

as compared to dialysis. The incorporations of MTX into HSA which were achieved in the 
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present study were comparable to those reported by others which ranged from 24 to 38 mol 

MTX/mol HSA (107,110,162). 

It is possible that other nucleophiles present in HSA may also react with activated 

MTX, particularly at higher pH values. Halbert et al. (108) found that MTX linked to BSA 

showed some degree of instability. Following extensive dialysis approximately 15% of 

bound MTX was released from BSA. Furthermore, release of MTX was found to be 

biphasic, suggesting the presence of two distinct types of linkages. 

Endo et al. (118) examined the conjugates formed between MTX-AE and a number 

of carriers in an attempt to determine the types of linkages formed. Reaction of the active 

ester with dextran produced conjugates which contained MTX, presumably bound through 

an ester linkage. These conjugates were unstable as 100% of the MTX could be removed 

by treatment with hydroxylamine. MTX-AE which had been reacted with polylysine on the 

other hand, produced conjugates which retained 80% of the MTX following 

hydroxylamine treatment They further showed that IgG which had been previously 

succinylated to block amino groups (93% blocked) also incorporated MTX, the majority of 

which could be removed with hydroxylamine, indicating that the MTX which was bound 

was probably linked through ester linkages. Cytotoxicity of mAb-MTX conjugates with 

and without hydroxylamine treatment also differed significandy. The conjugate that was 

not treated with hydroxylamine was more cytotoxic. However, when conjusr. ,, **& 

assayed in the presence of thiamine pyrophosphate, an inhibitor of the MTX &•: -> e 

transport system, both conjugates showed similar low cytotoxicity. These results indicated 

that free MTX was likely released from the untreated samples and resulted in the increased 

cytotoxicity as compared to conjugates which had weakly bound MTX removed by 

hydroxylamine treatment It is possible that HSA-MTX conjugates produced in the present 

study also contained MTX linked by more than one type of linkage. If present, weakly 

bound MTX could result in the release of free MTX during cytotoxicity assays resulting in 

erroneously higher cytotoxicity to cells. However, there was no evidence of such release, 
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since the non-specific control ternary r^Ab IgGi-HSA-MTX conjugate as well as HSA-

MTX itself exhibited very low cytotoxicity toward cells, as will be discussed later. Weakly 

bound MTX, if present, could have been removed during the extensive purification of the 

conjugates. 

It was found that dimers and trimers of HSA-MTX were formed during the 

incorporation procedure. These were readily removed by gel filtration and only the 

monomer was used for the subsequent conjugation with IgG, since contamination with 

ternary conjugates containing HSA-MTX polymers would be expected to make the 

separation of the 1:1 IgG:HSA-MTX conjugate more difficult and reduce the yield of the 

desired conjugate. The mechanism of HSA-MTX cross-linking is not readily apparent 

since the polymers were formed in spite of the fact that excess NHS and DCC were 

removed in purifying MTX-AE. The linkage was not reducible by low MW thiol 

compounds and so was probably not due to disulfide formation. The product resulting 

from the direct coupling of MTX to mAb K20 also formed polymers. However, under the 

same conditions and using the same MTX-AE preparation, the mAb IgGi product did not 

show this type of polymerization. 

2. Synthesis of Ternary Conjugates 

Since no heterobifunctional site-specific cross-linkers were commercially available 

at the time of the present study, two such spacers were synthesized for use in the site-

specific attachment of HSA-MTX to mAb K20. The design of HPDP and AUPDP was 

based on the structure of SPDP for the following reasons: i) the acylating potential of 

SPDP offered a convenient synthetic route to the cross-linkers; and ii) the thiol reactions of 

the site-specific derivatives would be expected to be similar to those of SPDP. Both 

spacers contained a hydrazide group for reaction with aldehyde groups, and a pyridyl 

disulfide group for reaction with thiol groups. Zara et al (169) have recently and 



independently reported the synthesis of HPDP for use in site-specific conjugation of 

antibodies with toxins. Their synthesis differed from that used in the present study in that 

they reacted 3-(2-pyridyldithio)propionic acid with tert-butyl carbazate in the presence of 

DCC to give the protected hydrazide, followed by removal of the tert-butyloxycarbonyl 

protecting group with HCl. Their yield of HPDP (from 3-(2-pyridyldithio)propionic acid) 

was 40% compared to 27% (from SPDP) achieved by reaction of SPDP with hydrazine as 

reported here. This low yield was mostly due to the poor crystallization which was 

achieved. Conversion of HPDP to the hydrochloride might have facilitated its isolation and 

resulted m a higher yield of HPDP. The synthetic route devised in the present study for 

AUPDP gave a yield of 56% from SPDP. The fact that AUPDP was already crystalline 

following removal of sclvent contributed to the better yield compared to HPDP. 

Site-specific spacers were incorporated into IgG by reaction of IgG aldehyde 

groups with cross-linker hydrazide groups resulting in the formation of hydrazone bonds 

between IgG and the spacers. Aldehyde groups are usually generated from IgG 

oligosaccharides by periodate oxidation. In studying the oxidation level required for the 

subsequent incorporation of approximately four mol of HPDP or AUPDP per mol IgG, it 

was determined that the concentration of periodate required to generate sufficient aldehyde 

groups was approximately 10-fold higher than that typically used by others. It had been 

reported that with periodate concentrations between 1 and 10 mM at pH 5.5 and 0 °C, the 

terminal sialic acid residues are selectively oxidized (172,176,177). Under these mild 

conditions, both reactivity toward AUPDP and HPDP as well as subsequent reactivity of 

the incorporated pyridyldithio groups with HSA were found to be low. The need for more 

spacer groups to achieve efficient conjugation with HSA observed in this study suggests 

that those incorporated as a result of mild oxidation conditions differ from those 

incorporated after oxidation under harsher conditions with respect to their reactivity 

towards HSA. This difference may be due to the location of the spacer incorporation 
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within the carbohydrate chain, and reflect the steric accessibility of the spacer for reaction 

with HSA. 

It has been shown that periodate can oxidize certain free amino acids (196), 

although relatively harsh conditions (120 mM periodate at RT for 6-12 h) are required for 

the destruction of tyrosine and sulfur containing amino acids contained in polypeptides 

(197). Chua et al. (179), reported that periodate oxidation of IgM at 0 °C with 10 mM 

periodate resulted in the loss of 4% of tyrosine residues after 30 min, and 19% loss after 1 

h, although antibody binding affinity was not altered. The oxidation conditions used in the 

present study could be considered harsh compared to those typically used by others. It is 

not known whether oxidation of susceptible amino acids occured, but the oxidation 

conditions used for the incorporation of HPDP and AUPDP into mAb K20 did not result in 

any loss of antigen binding activity. 

The major functional difference between AUPDP and HPDP is the distance 

between the two reactive groups. This difference in length had a significant effect on the 

ability to form conjugates between mAb K20 and HSA. As mentioned above, the 

synthesis and use of HPDP has recendy been reported by Zara et al. who used it to 

conjugate an IgM mAb with ricin A-chain or barley toxin (169). They found that the use of 

an internal thiol present in ricin A-chain for conjugation with HPDP-derivatized IgM 

resulted in low conversion to conjugates, and showed that the incorporation of an SPDP-

derived thiol into barley toxin was required to achieve conjugation between IgM and the 

toxin. These results indicated that the internal thiol of ricin A-chain was probably not 

sterically accessible for reaction with the carbohydrate-linked spacer. Similarly, in the 

present study, mAb K20 which was modified with AUPDP was found to be superior to the 

shorter HPDP with respect to the amount of conjugate formed after reaction with HSA. A 

direct correlation was found between the total length of spacer(s) between mAb K20 and 

HSA, and the yield of conjugates. The presence of MTX on HSA lowered the yields, and 

only AUPDP-derivatized mAb K20 showed any appreciable conjugate formation with 
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HSA-MTX, indicating that MTX itself imposes a further steric barrier to conjugation. 

These findings are not surprising considering the location of the carbohydrate moiety 

within the IgG molecule. The majority of carbohydrate is present at the conserved N-

glycosylation site at Asn 297 of both heavy chains on all IgG (21). Structural studies on a 

number of IgGs have shown that the carbohydrate lies between the two Cm domains of the 

molecule (25,26), which would explain the apparent steric constraints seen with the 

conjugation of HSA to this location. These results suggest that although HPDP may have 

some applications in the conjugation of non-sterically hindered proteins, it is too short to 

allow for good conjugate yields when using IgG-associated carbohydrate and a second 

protein. The finding that the presence of MTX on HSA resulted in a decrease in conjugate 

yield when reacted with AUPDP-derivatized mAb K20 indicates that a longer spacer or 

combination of spacers may be required for optimal conjugate yield under stericalry 

demanding conditions. 

Unlike mAb K20, NRG could be efficiendy conjugated with HSA using both site-

specific cross-linkers and did not display the same steric constraints which were found with 

mAb K20. This may be due to the fact that NRG is polyclonal, and therefore contains a 

number of different immunoglobulin species. It has been shown that a number of 

immunoglobulins in serum also possess carbohydrate structures in their light chains 

(15,17,194). These carbohydrate chains are probably not buried as in the case of CH2-

linked carbohydrate. The presence of stericalry accessible carbohydrate residues may 

therefore explain the differences in conjugation yields seen between mAb K20 and NRG. 

Steric hindrance did not present a problem in synthesis of non-site-specific mAb 

K20 conjugates using SPDP-derivatized mAb K20 since good yields of conjugates were 

obtained. Furthermore, the presence of SPDP on HSA or HSA-MTX to increase the 

distance between HSA and the thiol, was found not to significantly increase the yield of 

conjugates. These findings are consistent with the incorporation of spacers by reaction 

with amino groups which would be expected to be present on the exposed surface of the 
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IgG rather than buried. Incorporation of SPDP on the surface of IgG would be predicted 

to allow efficient reaction between IgG spacers and HSA thiols. 

The site-specific mAb K20-HSA conjugates which were formed by reaction of 

AUPDP-derivatized mAb K20 and thiol-containing HSA could not be isolated by either gel 

filtration or preparative electrophoresis. Following purification by either method, both free 

mAb K20 and HSA as well as conjugates were found to be present. In contrast, non-site-

specific mAb K20-HS A conjugates containing a disulfide linkage between the two 

proteins, were isolated by both techniques free of contaminating HSA and mAb K20, 

indicating that the site of breakdown was likely the hydrazone linkage. This conclusion 

was supported by the observed release of DNP-groups from DNP-AU-hydrazide-

derivatized IgG. A number of recent reports are in agreement with these findings, showing 

that hydrazone-linked antibody-99mTc (162), antibody-adriamycin (75,165) or antibody-

MTX (128) conjugates are unstable, particularly at pH values below 6. In fact, the 

instability of the hydrazone bond has been taken advantage of to release free adriamycin 

from antibody-adriamycin conjugates in the acidic lysosomal compartment once the 

conjugate has been internalized (75,83,165). 

Several workers have reported the isolation of stable protein-protein conjugates 

formed through hydrazone bonds (169,177,178). King et al. (178) synthesized 

hydrazone-linked ovalbumin-ovalbumin conjugates by reaction of aldehyde- and hydrazide-

derivatized ovalbumins. Aldehydes were introduced by acylation of ovalbumin amino 

groups with the N-hydroxysuccinimide ester of p-carboxybenzaldehyde and hydrazides 

were introduced by a two-step procedure in which ovalbumin was reacted first with N-

(bromoacetyl)-P-alanyl N-hydroxysuccinimide ester, then with N-acetylhomocysteinyl 

hydrazide. They reported that ovalbumin-ovalbumin conjugates isolated by gel filtration 

chromatography were stable for at least 30 days at pH 7.0, with little or no breakdown to 

ovalbumin monomers. However, the addition of an excess of acetyl hydrazide did result in 

breakdown of the conjugates indicating that the hydrazones were susceptible to hydrolysis 



under these conditions. Furthermore, this breakdown could be prevented if hydrazone 

bonds were reduced with sodium cyanoborohydride prior to treatment with acetyl 

hydrazide. The stability of the ovalbumin conjugates was found to be significantly greater 

than that seen with model hydrazones which were also examined by King et al. (179), and 

the difference was attributed to the presence of multiple hydrazone linkages between the 

proteins. The presence of multiple hydrazone bonds was probable in these conjugates as 

the ovalbumins contained approximately five aldehyde groups and six hydrazide groups. 

These aldehyde and hydrazide groups would be expected to be randomly distributed on the 

surface of the ovalbumins because they were introduced by acylation of amino groups by 

succinimidyl esters. The apparent difference in stability between my site-specific mAb 

K20-HSA conjugates and the ovalbumin conjugates could also be explained on this basis. 

It was found that the carbohydrate-linked site-specific cross-linkers were not readily 

accessible for reaction with thiol-containing HSA, presumably due to steric factors. This 

implies that few hydrazone bonds between mAb K20 and HSA would be present in the 

conjugates which were formed, resulting in a less stable product than if multiple hydrazone 

bonds were present The nature of the immediate environment of the hydrazone linkages in 

the present conjugates and those of King also differed significantly. In the case of the 

ovalbumin conjugates, the aldehyde-donating substituent was p-carboxybenzaldehyde, 

whereas with mAb K20 conjugates, aldehyde groups were derived from the carbohydrate 

of mAb K20. As was shown by King et al. (179) with model compounds, the equilibrium 

constants for hydrazone bond formation between i) acetyl hydrazide and p-

carboxybenzaldehyde and ii) acetyl hydrazide and acetaldehyde were 4.2 x 104 M'1 and 5 x 

103 M"1, respectively, showing that the immediate environment of the hydrazone bond had 

an effect on stability of the bond. They further showed that hydrazones formed from 

benzaldehyde that contained electron-withdrawing groups were more stable than those 

formed with benzaldehyde that contained electron-donating groups. Zara et al. (169) used 

HPDP to conjugate IgM containing 7 HPDP/IgM with barley toxin containing 4.3 



SPDP/toxin molecule and reported that conjugates could be isolated without reductive 

stabilization. Unlike IgG where the majority of carbohydrate is located in one area of the 

molecule, each heavy chain of the pentameric IgM has N-linked carbohydrate. Widi the 

presence of multiple spacers at different locations on both IgM and on barley toxin, it is 

again probable that the conjugates which were isolated contained multiple hydrazone 

bonds. In summary, it is likely that differences in the number of hydrazone bonds 

contributes to the differences in stability seen among ovalbumin, IgM and mAb K20-HSA 

conjugates. 

During their studies on the site-specific immobilization of oxidized horseradish 

peroxidase to a hydrazide-containing Sepharose matrix, O'Shannessy and Hoffman (160) 

found that hydrazone-linked peroxidase continuously leaked from the matrix. However, 

they attributed this leakage to instability of the matrix because peroxidase coupled through 

amino groups using cyanogen bromide showed a similar pattern of leakage. They 

concluded that the hydrazone bonds were stable. This might have been an erroneous 

conclusion because the cyanogen bromide coupled product is an N-substituted 

imidocarbonate which itself has Umited stability (132). 

Having established that the hydrazone bonds between HSA and mAb K20 

possessed Umited stability, it was necessary to stabilize the bonds to allow isolation of site-

specific mAb K20-HSA-MTX conjugates. Using model hydrazones, King et al. (178) 

showed that stabilization could be achieved by reduction of the bond with 

cyanoborohydride in a manner similar to that used for stabilization of Schiff bases. 

Reduction was found to be faster at lower pH and with high concentrations of reducing 

agent (31). In the present study, a preliminary assessment of the conditions for hydrazone 

bond stabiUzation by cyanoborohydride was made using a DNP-containing hydrazide 

probe. The use of such a probe was necessary because pyridyldithio groups of HPDP and 

AUPDP were found to be reduced by cyanoborohydride, resulting in the loss of reporter 

function of the pyridyldithio group. It was seen that the hydrazone-linked probe was 



unstable during extended periods of dialysis and was susceptible to an exchange reaction 

with propanal. It was found that 60% of hydrazone-linked DNP groups could be stabilized 

by treatment with 15 mM sodium cyanoborohydride at pH 4.0 for 90 min. The reduction 

process itself appeared to result in the release of a fraction of the DNP-probe from IgG, and 

this may be a reflection of the mechanism of reduction by cyanoborohydride, in which an 

intermediate of the reduction process can either form the reduced disubstituted hydrazide or 

result in hydrolysis of the bond. Approximately 20% of the hydrazone-linked probe 

appeared to be stable without reduction, as neither dialysis nor propanal competition could 

remove 100% of the DNP groups. This may be an indication tiiat some of the hydrazone 

bonds which were formed are stable as a result of the immediate environment around them. 

Alternatively, the fraction of probe groups which could not be removed may represent 

reaction of the probe elsewhere in IgG with group(s) other than the oxidized carbohydrate, 

resulting in the formation of stable linkages. Control reactions in which oxidized IgG was 

incubated with the DNP-AU-OMe, or where non-oxidized IgG was incubated with DNP-

AU-hydrazide failed to show incorporation of the DNP label, indicating the specificity of 

the hydrazide group for oxidized IgG. As discussed previously, certain amino acid side 

chains are known to be oxidized by periodate under harsh conditions, and may become 

sites of label incorporation. If reaction with certain oxidized amino acids did occur, this 

shou'd have resulted in at least some biotin hydrazide incorporation into the F(ab')2 portion 

of oxidized IgG. This possibility therefore seems unlikely since it was shown that biotin 

hydrazide was selectively incorporated into the Fc portion of IgG under the same oxidation 

conditions used for DNP-probe incorporation. 

When the reduction conditions used to stabilize the DNP-probe were applied to 

mAb K20-HSA conjugates, a proportion of the hydrazone bonds between IgG and HSA 

were apparently reduced, since conjugates could be isolated following reduction. The 

reduced hydrazone appeared to be similar in stability to an amide bond as both site-specific 

and non-site-specific conjugates showed a similar pattern and a similar degree of 
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breakdown on extended storage at pH 7.2,4 °C. Both conjugates contained disulfide 

hnkages which are known to be less stable than thioether linkages because of the possibility 

of disulfide exchange. A new site-specific cross-linker recendy reported by Chammow et 

al. (177) containing hydrazide and maleimide functional groups may be an alternative 

method of linkage to produce more stable conjugates. 

Evidence for the selective modification of oxidized IgG carbohydrate by hydrazides 

in the present study is based on the findings that i) oxidation of IgG is a prerequisite for the 

incorporation of hydrazide-containing compounds, and ii) that a biotin-hydrazide label was 

selectively incorporated into the Fc portion of IgG, this being consistent with the known 

location of the conserved glycosylation site. Others have described similar findings (198), 

and have further demonstrated that endoglycosidase F which releases N-linked 

oligosaccharides could remove a biotin-hydrazide label from oxidized IgG. 

It is important to note that a number of authors have claimed that site-specific 

conjugates have been isolated (169,177,178), but, as is often the case in the conjugation 

Uterature, Utile evidence of purity in the form of electrophoretic or chromatographic analysis 

was given. If the site-specific conjugates prepared by these authors were impure, and the 

preparations contained unbound components, the lack of stability of the hydrazone bond 

would not be readily apparent The failure to purify conjugates would also affect 

subsequent antibody activity assays, giving erroneously high activity levels if unreacted 

antibody was present In the present study, purification of stable conjugates was achieved. 

Purification of binary conjugates was more difficult than that of the ternary conjugates 

because, in the latter case, the presence of MTX allowed the removal of unreacted IgG by 

ion exchange chromatography which simplified the subsequent separation by gel filtration. 

In the case of binary conjugates, species with predicted MWs of 150 kDa (IgG), 217 kDa 

(JgG + 1 HSA), 284 kDa (IgG + 2 HSA) were separated by gel filtration alone. It was 

established that the non-site-specific ternary conjugates which migrated to a position 

directly above IgG on SDS PAGE were 1:1 HSA:lgG conjugates by using a dual-labelling 
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experiment The conclusion that the site-specific conjugates isolated were also 1:1 

IgG:HSA-MTX conjugates is based on their mobility which was closely similar to that of 

the non-site-specific conjugates. The binary and ternary conjugates which were isolated by 

gel filtration were also 1:1 conjugates since these were shown to migrate directiy above IgG 

on SDS PAGE. One of the difficulties encountered in the purification of conjugates by gel 

filtration was the low resolution achieved in the region of 200 kDa. Bio Gel P-300 was 

found to give the best resolution in this region. A number of matrices including Sephadex 

G-200, Sephacryl HR-200, and Ultrogel AcA 34 were found to be unsatisfactory for this 

separation. 

One of the problems encountered with the use of AUPDP in site-specific 

conjugation was its poor water solubility. Although the presence of 25% DMF in the 

reaction mixture prevented precipitation, solutions of mAb K20 derivatized with 4 to 5 

AUPDP were cloudy once DMF was removed. FoUowing reaction with HSA and 

stabilization, solutions were once again clear. This was most likely due to a solubilizing 

effect by HSA. Recovery of mAb K20 in the form of the site-specific binary mAb K20-

HSA conjugate was comparable to that in the corresponding non-site-specific conjugate, 

with yields of 15% and 20%, respectively. Yields of site-specific conjugates synthesized 

with HSA containing MTX were much lower, with the best yield being 2.5%, compared to 

11% for the corresponding non-site-specific conjugate. Similar mAb-HSA-MTX non-site-

specific ternary conjugates have been prepared by others (107,110,111,119), but 

recoveries of mAb in the isolated conjugates were not reported. The low recovery of the 

site-specific conjugates in the present study probably reflects the lower water solubility of 

HSA-MTX compared to HSA, and therefore the lower degree of solubiUzation by HSA-

MTX. Similarly, Hurwitz et al. (144) found that the site-specific incorporation of 

polyglutamyl hydrazide did not affect the solubility of the IgG, but the subsequent 

incorporation of daunorubicin into the carrier resulted in irreversible precipitation of IgG. 

It is well known that the incorporation of hydrophobic drugs directiy into IgG can result in 
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IgG precipitation, with recovery decreasing as drug incorporation increases (73). Because 

IgG-associated carbohydrate is believed to play a role in IgG solubility (17), it is possible 

that the incorporation of a large hydrophobic entity into this area diminishes the solubilizing 

effect of the carbohydrate residues, and results in a product which is less soluble than the 

corresponding non-site-specific conjugate. 

3. Characterization of Conjugates 

Conjugates as well as conjugation intermediates were evaluated for retention of 

antigen binding activity. It was found that neither oxidation with periodate nor reduction 

by cyanoborohydride resulted in loss of antibody activity, whereas derivatization with 4 

AUPDP/mAb F V* resulted in a 35% loss of antibody activity. According to a number of 

reports, antibodi . lerivatized site-specifically with low MW hydrazides such as biotin 

hydrazide (165,166), HPDP (IgM) (169), MTX-hydrazide (128), and adriamycin-

hydrazide (75) retained fuU antibody activity following derivatization. The reason for the 

apparent loss of mAb K20 antigen binding activity following derivatization with AUPDP 

may be related to a decrease in solubility of AUPDP-derivatized mAb K20. It is possible 

that aggregation of mAb K20 occurred during the assay of antibody activity, thereby 

reducing the effective mAb K20 concentration in the assay. 

mAb K20 which had been modified with SPDP, showed a much greater loss of 

antibody activity, with a loss of 60% foUowing derivatization with 3 SPDP/mAb K20. 

Such losses of antibody activity have been reported by others following derivatization of 

antibody amino groups with biotin (166), MTX-AE (73), or vinblastine (199), and the 

degree of activity loss was directly proportional to the level of derivatization. In the present 

study, mAb K20 which was derivatized directly with MTX using the MTX-AE method 

also showed high levels of loss of antibody activity, with losses of 70%, 92%, and 97% 

for incorporations of 4,8, and 13 MTX/mAb K20, respectively. It would appear that 



modification of amino groups of mAb K20 results in direct modification of residues at or 

near the antibody binding site. Experiments with non-site-specifically labelled mAb K20 

confirmed that this area was preferentially labelled by the succinimidyl ester of biotin. 

Based on size alone and the assumption that amino groups are randomly distributed 

throughout the antibody, it would be predicted that the ratio of Fab to Fc labelUng would be 

2:1 since Fab and Fc have MWs of approximately 50 kDa each, and, for each IgG, two 

Fab and one Fc fragment are generated by papain digestion. However, Fab fragments 

were found to be labelled to a much greater extent than the predicted 2:1 (Fab:Fc) ratio. 

These results indicate that amino groups in the Fab and/or antigen binding region were 

much more susceptible to acylation. It is likely that the a-amino groups of the terminal 

residues of the heavy and light chains are preferentially acylated. The a-amino groups are 

present in the area of the antigen binding site and have a lower pKa than lysine e-amino 

groups, so they would be predicted to be more nucleophilic than e-amino groups at neutral 

pH. Preferential labelling of these terminal residues would explain the high reactivity 

towards acylating compounds as well as the decrease in antibody binding activity foUowing 

acylation. 

It is known that not aU mAbs are susceptible to loss of antibody activity following 

amino group modification. As a preliminary screening tool, mAbs have been reacted with 

fluoro-2,4-dinitrobenzene to determine whether the mAb in question is susceptible to loss 

of binding activity due to amino group modification (200). Methods to minimize the 

damage caused by chemical modification of mAbs have also been employed. Endo et al. 

(72) used the reversible reaction of 2,3-dimethylmaleic anhydride with protein amino 

groups for protection of the antigen binding site. The rationale of this modification was 

based on the finding that in some cases, the acylation of only a small number of amino 

groups was sufficient to result in a large decrease in antigen binding activity. This 

suggested that the most reactive amino groups were also important in antigen binding. 

Blockage of these groups with the anhydride would be expected to prevent their subsequent 



reaction with MTX-AE. FoUowing the loading of MTX, dimethylmaleyl groups were 

removed by treatment with hydroxylamine to regenerate the free amino groups. Using this 

method, they found antibody activity could be preserved with two mAbs which were 

tested. Further attempts to preserve mAb binding activity include those in which the mAb 

(201) or polyclonal antibody (202) was bound to soUd-phase antigen prior to chemical 

modification. One of the problems with this technique in the past has been the poor 

recovery of IgG from the solid phase. These methods can now be optimized for a 

particular mAb and quantitative yields have been reported by Ramjeesingh et al. (201). 

They found that antigen binding activity of mAbs undergoing a variety chemical 

modifications could be preserved using such an active site protection method. Such 

protection may also be useful for the preservation of antibody activity in conjugates 

utilizing those mAbs which are susceptible to damage following amino group acylation. 

The assay initially used to measure antibody activity of the conjugates in the 

present study was a direct ceU-binding assay in which Caki-1 cells were used as antigen, 

and cell-bound mAb K20 was detected with a second antibody-peroxidase conjugate. It 

was found, however, that mAb K20-HSA site-specific conjugates were not recognized as 

efficiently as native mAb K20 by the second antibody. Non-site-specific and direct 

conjugates did not show this effect, and results from assays based on competition with 

either radiolabelled or biotinylated mAb K20 were comparable with those from direct 

binding assays. Based on the findings that mAb K20 is modified preferentially in or near 

the region of the antigen binding site with amino group-reactive reagents, it is likely that 

HSA is also linked near the amino termini of mAb K20 in the non-site-specific conjugates. 

In contrast HSA is bound to the hinge region in the site-specific conjugates. Considering 

that HSA has a MW greater than that of one heavy chain, it is likely that HSA blocks a 

large portion of one face of IgG when it is linked to the Cm domain. The second antibody 

used was polyclonal and so a number of different epitopes on mAb K20 should be 

recognized. The finding that site-specific conjugates showed saturation at a value 



145 

approximately half that of native mAb K20 would seem to indicate that half the molecule is 

blocked by HSA in site-specific conjugates, and only the other half is available to bind with 

the second antibody. Non-site-specific conjugates did not show this effect, presumably 

because the HSA was likely linked near the amino termini and did not block a large portion 

of the IgG. 

Bee se the direct binding assay underestimated the activity retained in site-specific 

conjugates, their activity was measured using an assay based on competition. The 

advantage of a competition assay is that no second antibody was involved and only the 

ability to bind to ceUs was detected. The activities found for three different non-site-

specific conjugate preparations ranged from 10% to 16%, and for three different site-

specific conjugates between 32% and 56%, clearly showing that the site-specific conjugates 

consistently retained from two to three times more activity than the non-site-specific 

conjugates. The reason for the large loss of antibody activity in the non-site-specific 

conjugates can be explained by the direct blockage of the antigen binding site by HSA as 

was shown for both SPDP and MTX-AE. The values of 10% to 16% retention of binding 

activity found in the non-site-specific conjugates appears to correlate very weU with the 

relative staining intensities of Fab and Fc fragments foUowing non-site-specific linkage of 

biotin to mAb K20, where it was seen that approximately 90% of the label was in the Fab 

portion and the remainder in the Fc. It is therefore possible that 90% of the HSA molecules 

were linked to the Fab portion of mAb K20 and 10% to the Fc portion, and only the latter 

retained antigen binding activity. Endo et al. (119) and Baldwin's group (107,110,111) 

have previously synthesized similar mAb-HSA-MTX non-site-specific ternary conjugates. 

They reported antibody activities ranging from 28% to 35% for the conjugates. These 

results should be interpreted cautiously, however, since their relatively impure preparations 

Ukely contained unreacted mAb that would increase the apparent activity of the conjugates. 

The site-specific conjugates obtained in the present study, although having greater 

antigen binding activity compared to the non-site-specific conjugates, stiU showed a 
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decrease in antibody activity. This may be related to the steric factors imposed by HSA 

itself, where HSA may physically interfere with the antibody-antigen interaction. The use 

of a smaUer protein for site-specific conjugation to IgG may be more appropriate for this 

reason. Rose et al. (203) recently described a method to specifically introduce hydrazide 

groups at the carboxyl terminus of insuUn by using reverse proteolysis. They showed that 

a number of enzymes could effect incorporation of carbohydrazide under suitable pH and 

substrate conditions. Such a method may prove useful for IgG modification if 

carbohydrazide incorporation can be restricted to the heavy chains carboxyl groups, as this 

would be predicted to eliminate any antibody activity loss due to steric factors imposed by 

drug carriers linked to this location. 

Shih et al. (117) synthesized a site-specific mAb-dextran-MTX ternary conjugate 

using Schiff base formation between amino-dextran (average MW 40 kDa) and oxidized 

IgG-associated carbohydrate. The conjugate was reported to retain 100% of antibody 

binding activity. It is interesting to note that activity was assayed using a second antibody 

and that the conjugate did not show the same blockage of IgG epitopes by carbohydrate-

linked dextran as was seen in the present study. Similarly, Zara et al (169) prepared site-

specific IgM-barley toxin conjugates using HPDP and reported full retention of antibody 

activity. Purification of both the above conjugates was by gel filtration chromatography, 

although the degree of purification was not shown. It is possible that IgM is less 

susceptible to activity loss due to its pentameric structure, and blockage of a limited number 

of antigen binding sites by the toxin may not be reflected in decreased activity, since other 

binding sites present on IgM are still functional. 

Native mAb K20 was found to be only 24% immunoreactive (IRF of 0.24). 

Possible reasons for this include clonal heterogeneity of the mAb K20 hybridoma (199), 

contamination by normal mouse IgG since the antibody was obtained from ascites, or 

damage arising from purification methods. Radiolabelling of mAb K20 to a similar specific 

activity as that used for IRF determination was shown not to affect antibody activity so the 
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low IRF is not due to the iodination procedure. The apparent binding affinity of mAb K20 

for target Caki-1 cells was found to be approximately 9 x 108 M'1, which is considered 

acceptable for targeting purposes (44). 

The percent retention of antibody activity has been expressed in terms of the relative 

ability of the conjugate and unmodified mAb K20 to compete for cell surface binding sites. 

All ternary conjugates were less active than the starting mAb, for example the site-specific 

and non-site-specific conjugates had 56% and 11% of the abiUty of native mAb K20 to 

compete for sites, respectively. According to the simplest interpretation, all activity loss 

following conjugation would be due to a loss of immunoreactivity, and all active mAbs in 

the final conjugate preparations homogeneous with respect to binding properties. This 

simplest interpretation is unlikely and the activity which was measured in the isolated 

conjugates is probably a composite of both immunoreactivity (can the mAb bind) as well as 

affinity (how well does the mAb bind). Unfortunately, the starting mAb contained only 

24% of molecules capable of binding (based on its IRF of 0.24). These inactive IgG 

molecules were also conjugated and contributed to non-specific background in the 

cytotoxicity assays (see below). 

The heterogeneity of native mAb K20 as seen by IEF analysis has been reported by 

others (199,204) who showed that different mAb preparations contained from four to six 

bands within a narrow isoelectric point range. It is conceivable that this microheterogeneity 

represents species containing variable amounts of sialic acid in the carbohydrate portion of 

the mAb. One study, however, showed that this was not the case, since digestion with 

neuraminidase to remove sialic acid failed to result in convergence of the bands (204). 

Another possible origin for the heterogeneity of mAb preparations is as a result of variable 

post-synthetic deamidation of glutamine and/or asparagine residues. This has been 

demonstrated in both heavy and light chains in myeloma proteins (205). Others have found 

that hybridomas can also express irrelevant IgG (199) which would increase the apparent 

heterogeneity seen by IEF analysis. 
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The DHFR inhibition of MTX in all conjugates was found to be from 20- to 40-

times less than that of free MTX. Such losses of inhibition activity following conjugation 

have been reported previously (73,190) and are not neccessarily an indication that MTX 

itself was damaged by coupling to eithe: HSA or IgG. Two likely explanations for this 

effect are based on steric factors. First, the linkage of MTX to protein is likely to interfere 

with its abUity to interact optimally with DHFR. Second, the distribution of MTX on the 

protein surface is likely to be such that there are "local high concentrations" of MTX 

(protein-bound MTX) which would preclude all MTX binding to DHFR at the same time. 

The finding that DHFR inhibition activity decreased with increasing MTX incorporation 

supports the latter point Alternatively, a proportion of MTX which was bound to protein 

may have undergone racemization. As discussed previously, Rosowsky and Yu (19J) 

found that activation of MTX by DCC led to partial racemization of the gbtamate moiety of 

MTX and showed that the D-enantiomer was less cytotoxic to human lymphoblastic 

leukemia cells in culture compared to the L-enantiomer. This effect could have been due to 

differences in either transport or DHFR inhibition capacity of the two enantiomers. 

The ultimate goal in the synthesis of drug-antibody conjugates is the production of 

conjugates which show cytotoxicity to target cells. Furthermore, to be therapeutically 

effective, conjugates should also show antibody-based selectivity between target and non-

target cells, i.e. they should be more toxic to target cells than to antigen-negative non-target 

cells. It was predicted that conjugates which retained greater antigen binding capacity 

should be more cytotoxic to target cells. This was found to be the case with the ternary 

conjugates synthesized in the present study, for which cytotoxicity correlated with the 

retention of antibody binding activity. The site-specific ternary conjugate which had the 

greatest antibody binding activity also showed the greatest inhibition of proliferation of 

target Caki-1 cells, with a sensitivity ratio of 24 (i.e. 24 times weaker than free MTX). The 

non-site-specific mAb K20 and the control IgGi ternary conjugates had much lower 

sensitivities i.e. sensitivity ratios of 53 and 217, respectively. HSA-MTX itself also 
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exhibited a low sensitivity (sensitivity ratio of 123). These results showed that the 

presence of mAb K20 in the conjugates was responsible for the greater cytotoxicity of the 

ternary conjugates. The cytotoxicity was not directly proportional to antibody activity since 

the site-specific ternary conjugate showed approximately five times the antibody activity, 

but only twice the cytotoxicity compared to the non-site-specific mAb K20 ternary 

conjugate. It would be expected that more potent conjugates would have been obtained if 

the initial IRF of mAb K20 was higher. 

Direct mAb K20-MTX conjugates showed Utile correlation between antibody 

activity and cytotoxicity. Direct conjugates synthesized using irrelevant IgG showed 

growth inhibition comparable to the mAb K20 conjugates. A possible explanation for this 

apparent lack of specificity is high levels of non-specific binding during the assay. 

Conjugates were compared on the basis of MTX concentration, and therefore those with 

lower incorporations of MTX had higher IgG concentrations during the assay which would 

make non-specific binding more likely. The most cytotoxic mAb K20 direct MTX 

conjugate had an incorporation of 8 MTX/mAb K20 and shewed a sensitivity ratio of 71, 

whereas the mAb K20 site-specific ternary conjugate had an incorporation of 28 MTX/mAb 

K20 with a sensitivity ratio of 24, indicating that the ternary conjugate was a more effective 

inhibitor of cell proliferation. These sensitivity ratios are based on MTX concentrations. 

Had they been based on mAb K20 concentration, the difference between the two 

conjugates would be much greater, indicating that ternary conjugates with their increased 

loading are more potent than direct conjugates on a per IgG basis, as was predicted. 

The ternary conjugates were also shown to be target-selective since the mAb K20 

and the non-specific IgG ternary conjugates all showed similar cytotoxicity toward the 

antigen-negative D10-1 cell line. Of these, the mAb K20 site-specific ternary conjugate 

was the most selective with a selectivity ratio of 0.5 (sensitivity to target ceUs + sensitivity 

to non-target cells) indicating that it was twice as cytotoxic to target cells than to non-target 

ceUs. The D10-1 ceU line is a B-cell lymphoma line and therefore as aU B-cells, have Fey 
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receptors on their surface. The presence of these receptors may have contributed to non

specific binding and subsequent toxicity of conjugates. It is likely, however, that all 

conjugates would be equally non-specifically cytotoxic to these ceUs, and the presence of 

non-specific cytotoxicity would therefore be expected to decrease the selectivity ratio 

proportionally for all conjugates. 

The mAb-HSA-MTX ternary conjugates synthesized by other groups 

(107,110,119) were found to retain from 28% to 35% antibody activity. One difficulty in 

comparing different conjugates is that different assays were used to measure cytotoxicity, 

the variables being the conditions of exposure and method of cytotoxicity determination. In 

two reports (107,119), the cytotoxicity of conjugates was found to be less than that of free 

MTX and conjugates showed specificity in that they were more cytotoxic to target cells than 

non-target cells as was found for the site-specific ternary conjugate in the present study. 

These conjugates were assayed using a continuous exposure to cytotoxic agent, unlike the 

6 h pulse exposure employed here. Gamett et al. (107) also assayed conjugates using a 15 

min pulse exposure which was designed to mimic the in vivo situtation more closely, 

where circulating conjugates only briefly encounter either tumor or normal non-target cells. 

In this assay, the same conjugate which was weaker than free MTX in a continuous assay, 

showed much greater cytotoxicity to target cells than did the free drug. A second ternary 

conjugate prepared using the same mAb was also studied by this group (110). The 

synthesis of this conjugate differed from that previously reported, in that the incorporation 

of MTX was increased from 32 to 38 mol MTX/HSA. A more significant difference was 

that the conjugation method employed to link HSA-MTX to the mAb was altered to reduce 

the amount of high MW polymers which were produced. This conjugate was shown to be 

more cytotoxic to target cells, based on a 5 d continuous exposure assay. The higher 

cytotoxicity of this conjugate compared to the previous one was attributed to both the 

higher MTX loading and the greater number of HSA-MTX per mAb, while at the same 

time retaining antigen binding activity. Two of these studies (107,119) also demonstrated 



that cytotoxicity was dependent on the presence of mAb in the conjugate since the presence 

of unconjugated mAb during cytotoxicity assays could completely inhibit cytotoxicity. 

Studies with direct mAb-MTX conjugates have shown similar results in that conjugated 

MTX was typically less cytotoxic to target ceUs than free MTX and that conjugates showed 

selectivity to the target cells defined by the mAb (77,80,206). In some cases, direct 

conjugates were reported to be more cytotoxic to target ceUs than free MTX (123,128). 

It is difficult to compare the cytotoxicity of conjugates synthesized in the present 

study with those of others because of differences in the mAbs and cell lines, as well as the 

type of cytototxicity assay used and the purity of conjugates. Based on the finding that the 

mAb K20-HSA-MTX ternary conjugate retained more antibody activity and was more 

cytotoxic to target ceUs than the comparable non-site-specific conjugate, it would be 

expected that those mAbs which are susceptible to loss of antibody binding activity 

foUowing acylation of amino groups would yield more potent conjugates by the site-

specific conjugation approach reported here. 

The finding that cytotoxicity to Caki-1 ceUs was dependent on the presence of 

specific mAb (ie. mAb K20), as well as retention of mAb K20 antigen binding activity, 

illustrates that the toxic effect is exerted by an antibody-mediated mechanism. Such 

cytotoxicity would be expected to be dependent on a number of factors, including the 

antigen density and homogene:*v of antigen expression on all ceUs, efficiency of conjugate 

internalization, as well as the intracellular fate of the internalized conjugate (117). It is 

generally accepted that free MTX enters cells by different mechanisms than mAb-

conjugated MTX. Evidence for this view is that compounds which inhibit MTX transport 

reduce the cytotoxicity of free MTX but not of conjugates (206), and that conjugate 

cytotoxicity and not free MTX cytotoxicity is reduced by the presence of unconjugated 

mAb (107,119). Once bound to ceU-associated antigen, mAb conjugates can either be 

internalized or shed from the cell surface (207). Some controversy exists as to the effect of 

antibody affinity on the fate of cell-bound antibody. Earlier reports (1,44) indicated that 
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only mAbs with a certain threshold affinity would be useful as targeting agents, however a 

recent report by Kyriakos et al. (207) disagrees with this view and proposes that divalent 

antibody binding to ceUs can be considered essentially irreversible and that the concept of 

affinity is therefore not appUcable to this situation (207). Cell-bound antibody can either be 

shed, internatized, or remain bound to the ceU surface in the case of non-internalized 

antigen. The internatization of mAb can proceed either quickly or slowly depending on the 

receptor and the pL
 fhway involved for internalization of that receptor. In the case of 

receptor-mediated endocytosis by the clathrin coated pit pathway, endocytosis occurs 

rapidly with recycUng of the receptor as, for example, in the case of the transferrin and 

epidermal growth factor receptors (208). 

The majority of mAbs against cell surface antigens are internalized via non-clathrin-

dependent endocytosis (207). The physiological significance of this pathway is not fully 

understood but it has been proposed that the process is responsible for the normal turnover 

of ceU surface components (209). It is likely that, once internalized by this pathway, the 

mAb is routed to lysosomes for degradation. Evidence for such catabolism comes from 

studies showing that inhibitors of lysosomal enzymes prevent degradation of mAbs (207) 

or of mAb-drug conjugates (79), or decrease the cytotoxicity of mAb-drug conjugates 

(80,119). The presence of intracellular low MW drug-containing species have also been 

demonstrated following binding of antibody-drug conjugates (122). The mode of action of 

the ternary conjugates prepared in the present study is likely to follow a similar process, 

i.e. binding of conjugate, internalization, lysosomal degradation to release either free MTX 

or MTX bound to peptides derived from HSA, possible polyglutamation of MTX, and 

inhibition of DHFR and other target enzymes by MTX or MTX-containing fragments. 
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4. Future Directions 

Conjugates synthesized in the present study using HSA as a drug carrier and with 

the carrier linked site-specifically to the carbohydrate moiety of mAb K20 were clearly 

superior to both direct conjugates as weU as carrrier-based conjugates with the carrier 

Unked non-site-specifically to the mAb. These findings support the view that drug load as 

well as retention of antibody activity are important factors in the preparation of potent 

conjugates, and indicate that this method of drug-targeting is a worthwhile avenue of 

pursuit For such conjugates to be useful for future studies, a number of improvements in 

the synthesis are required. The foremost of these is the need for a more hydroplulic site-

specific spacer, the use of which would be predicted to result in yields of ternary 

conjugates comparable to that of non-site-specific conjugates. It is also likely that the use 

of a mAb which has a high initial IRF would yield conjugates with greater cytotoxicity, and 

the use of a smaller carrier protein may reduce the loss of antigen binding activity which 

was found with the present site-specific conjugates. Another approach to increase the 

potency of these conjugates is the introduction of specific lysosomotropic spacers between 

HSA and MTX which would be expected to facUitate intraceUular release of MTX in an 

active form. 



V. Conclusions 

1. The site-specific conjugation of HSA or HSA-MTX to the carbohydrate moiety of mAb 

K20 yielded conjugates with greater antigen binding activity compared to conjugates 

containing HSA or HSA-MTX linked non-site-specifically. 

2. The site-specific ternary mAb K20 conjugates showed greater cytotoxicity to target 

Caki-1 ceUs than the non-site-specific mAb K20 ternary conjugates. The increased 

cytotoxicity was likely due to the greater retention of antibody binding activity. Both 

conjugates were more cytotoxic than a non-specific mAb IgGl ternary conjugate. 

3. Both site-specific and non-site specific mAb K20 ternary conjugates were more 

cytotoxic to target Caki-1 ceUs than direct mAb K20-MTX conjugates. 

4. The greater antigen binding activity of the site-specific ternary conjugates also resulted 

in greater selectivity between target and non-target cell lines. 

5. The hydrazone bond used to tink mAb K20 with HSA and HSA-MTX was unstable, 

but could be stabiUzed by reduction with cyanoborohydride with full retention of 

antibody activity. 

6. Comparison of HPDP and AUPDP for use in conjugation of HSA-SH and HSA-

SPDP-SH to the carbohydrate moiety of mAb K20 suggested that the efficiency of 

conjugation was dependent on the total length of the spacer moiety between the two 

proteins. 

7. Site-specific incorporation of hydrazides was restricted to the carbohydrate moiety in the 

Fc portion of mAb K20. The non-site-specific spacers were preferentially incorporated 

into the Fab fragments of mAb K20, and this explains the differences in antibody 

activity between site-specific and non-site-specific conjugates. 
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