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Abstract

Development and Applications of Well-Defined Antibody and Antibody Fragment Bioconjugates 

by

Chawita Netirojjanakul

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Matthew B. Francis, Chair

Antibodies have been widely used in many biological applications, including reseach tools, 
imaging, and therapeutics, due to their excellent binding specificity and affinity. As therapeutics, 
the ability to elicit immune effector functions and plasma half-life extension through the function of 
the constant domain (Fc) render antibodies superior to small molecules in these aspects. This work 
describes the use of chemical-based bioconjugation techniques to develop novel bioconjugates 
from antibody fragments and full-sized antibodies for therapeutic and imaging purposes. The 
complex structures of this class of biomolecules — with the presence of multiple polypeptide 
chains, extensive disulfide networks, and critically important glycosylation patterns — make it 
difficult to manipulate these biomolecules in a controlled manner. Thus, protein modification 
techniques play important roles in enabling the development of these constructs. In this work, we 
discuss the generation of Fc-synthetic molecule hybrids as antibody mimics, full-sized antibody-
synthetic molecule conjugates as bispecific antibodies, and MS2-antibody conjugates as targeted 
delivery vehicles. The ability to conjugate different moieties into one molecule provides the ability 
to shuffle and combine synergistic advantages of the component molecules. 
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Preface
	
	 Had I not attended the immunology class at UC Berkeley, my PhD dissertation might have 
been much different from this one. I started my PhD career in the Francis Group conducting re-
search on cell patterning of cardiac myoblasts and on the attachment of aptamer on cells for apppli-
cations in homing stem cells to an organ or cytotoxic T cells to target cells, using the technology 
developed by Dr. Sonny Hsiao. We reached the point where the biological assessment was beyond 
our capability at the time (though looking back with my current knowledge, it might be possible). 
Then came along the Fc-synthetic molecule hybrid idea, which was perhaps the very first grand 
idea of mine that actually developed into a research project. The idea emerged during one of the 
immunology lectures in the Spring semester of my first year. Why did I take immunology? My 
curiosity led me, and the more I learned, the more fascinated I have become with the complexity 
of human body. We were learning the basic pathways of the innate immune system — complement 
pathways. The main character here was a molecule called the antibody, which I really did not know 
much about at the time. I remember vividly looking at each component of the pathways and fixat-
ing on a part of the antibody called the  Fc or crystallizable fragment (often known as the constant 
domain). The Fc is responsible for recruiting the complement proteins and initiates the cytotoxicity 
cascade. I asked myself, “what if we can create an antibody mimic by attaching a synthetic target-
ing group to the N-termini of Fc?” I asked the immunology professor right after class whether this 
idea could work. He said, “Yes,” and everything began shortly after another “yes” from Prof. Matt 
Francis, my adviser. 	
	 For the Ab-DNA project, the idea came from a small project in collaboration with Prof. 
Garry Nolan at Stanford Medical School. They would like to find alternative approach to generate 
antibody-DNA conjugates. Since both antibodies and DNA oligonucleotides are relatively large 
and costly biomolecules, an oxidative coupling reaction with its fast kinetics was a reaction of 
choice. Growing beyond the initial collaboration, I then had an idea that we can create an Ab-ap-
tamer conjugates to function as bispecific antibodies. The collaboration from this group also ex-
panded to the MS2-antibody project as well when we decided to generate a better mass cytometry 
(CyTOF) probes using MS2-encapsulated nanoparticles. Despite widespread uses of antibodies 
as targeting groups, the Francis group has never tried attaching them to MS2. If we can generate 
MS2-antibody conjugates that still retain the binding specificity and affinity of the antibody, it 
could be useful for many other applications, including in vivo imaging and drug delivery.
	 Writing about what I have done for the past five years reminds me of the time I applied 
to PhD program at Berkeley. In my statement of purpose, I asked a question, “Will my small step 
make a giant leap for mankind?” and my answer was “For me, just a tiny possibility to influence 
many lives other than my own makes it worth an attempt. Then, my journey in science will be 
more than mere satisfaction of my own…Just as a trickle of light from a jellyfish can be to the 
benefit of us humans!” During this PhD journey, what I was hoping to do has been, in some way, 
accomplished. Even though the usefulness of my modified proteins, as of now, is nowhere near 
that of the fluorescent proteins from jellyfish, I hope that this Jelly has put in her small contribution 
to the field as originally intended and will continue to do so. Just like the wish I gave myself at the 
start of my PhD, now it is for the next adventure I am taking...Bon Voyage, Jelly(fish)!     
	 To those who are reading my dissertation, I am very grateful for your attention, and I hope 
that it will be of some values to you.
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1

Chapter 1
Advance in Antibody Engineering and Alternative Antibody Platforms

Abstract

This chapter gives an overview of the recent advancements in antibody engineering with a focus 
on the cancer therapeutic applications. In the past, antibodies have been widely used as research 
tools in various applications. It was not until the 1970s when Georges Köhler and César Milstein 
developed the hybridoma technology for production of monoclonal antibodies (mAbs) that the 
concept of using antibodies as “magic bullet” therapeutics was realized. Antibody engineering 
has further improved the properties of mAbs, and at this time, there are more than 20 antibodies 
already being used in the clinic. Following the success of antibodies, many other platforms, such 
as antibody fragments, bispecific antibodies, and antibody-drug conjugates, have been investigat-
ed as alternatives. Here, we discuss the mechanisms of actions of therapeutic mAbs based on the 
functions of each antibody fragment, the advancement in antibody engineering, and alternative 
antibody mimic and antibody-based platforms. 
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1.1 Significance of Antibodies in Therapeutics
	 Over a century ago, Paul Ehrlich proposed the “magic bullet” concept for drugs that go 
straight to their targets [1]. However, it was not until Georges Köhler and César Milstein devel-
oped the hybridoma technology for production of monoclonal antibodies (mAbs) in 1975 that the 
possibility of using mAbs for therapeutics became a viable option [2]. In the past, mAbs originat-
ing from mice often had limited clinical applicability due to their immunogenicity and poor ability 
to induce immune effector responses in humans [3]. The advance in antibody engineering led to 
the development of mouse/human chimeric antibodies [4], humanized antibodies [5], and fully 
human monoclonal antibodies [6,7], which satisfactorily addressed many of these problems [3]. 
This breakthrough has allowed the use of antibodies as therapeutic agents [8]. To date, there are 
more than 20 mAbs approved as therapeutic agents for a variety of diseases, nine of which are for 
cancer therapy (Table 1.1) [9]. In this chapter, we focus on these anti-cancer antibody therapeutics 
and discuss their structures and mechanisms of action, advance in antibody engineering, and lastly 
alternative antibody-based platforms.

1.2 Antibody Structures and Mechanisms of Action

1.2.1 Antibody structures
	 Antibodies are grouped into five classes based on the sequence of their heavy chain con-
stant regions: IgM, IgD, IgG, IgE, and IgA. Of the five classes, IgG, in particular the IgG1 isotype, 
is the most frequently used for cancer immunotherapy [3,10,12]. Human IgG1 is a heterodimer 
of ~150 kDa, comprised of heavy and light chains, shown in blue and purple, respectively (Fig-
ure 1.1). It can be subdivided into two distinct functional units, the fragment of antigen binding 
(Fab) and the crystallizable fragment (Fc, also known as constant fragment), connected through 
a flexible polypeptide called the hinge region (Figure 1.1). In addition, human IgG1 contains two 

Generic name (trade name) Target Antibody Form Mechanisms of Action Approved indications

Cetuximab (Erbitux) EGFR

EGFR

Chimeric IgG1

Panitumumab (Vectibix) Human IgG2

Trastuzumab (Herceptin) HER2 Humanized IgG1

Block ligand binding; inhibit receptor 
dimerization; induction of apoptosis;
ADCC; sensitization of cells to 
chemotherapy and radiotherapy

Block ligand binding; inhibit receptor 
dimerization; induction of apoptosis

Inhibit receptor dimerization; inhibit 
HER2 shedding; ADCC; sensitization 
of cells to chemotherapy

Pertuzumab (Perjeta) HER2 Humanized IgG1 Inhibit receptor dimerization; ADCC

Table 1.1. Approved antibodies for cancer therapy (Table adapted from Ref. [10])

Rituximab (Rituxan) CD20 Chimeric IgG1 Induction of apoptosis, ADCC; CDC;
sensitization of cells to chemotherapy

Non-Hodgkin's lymphoma, 
RA and CLL

Ofatumumab (Arzerra) Human IgG1CD20 CLLADCC; CDC

Bevacizumab (Avastin) Humanized IgG1VEGFA Neutralization of VEGFA activity Metastatic colorectal cancer

Alemtuzumab (Campath) Humanized IgG1CD52 CLLADCC

Metastatic colorectal cancer; 
head and neck cancer

HER2-overexpressing 
breast cancer

HER2-positive metastatic
breast cancer

Metastatic colorectal carcinoma

Ipilimumab (Yervoy) CTLA4 Human IgG1 Blockade of CTLs inhibitory mechanism

ADCC, antibody-dependent cellular cytotoxicity; CD, cluster of differentiation; CDC, complement-dependent cytotoxicity; CLL, chronic lymphocytic 
leukaemia; CTLs, cytotoxic T lymphocytes; CTLA4, cytotoxic T lymphocyte antigen-4; EGFR, epidermal growth factor receptor, HER2, human epidermal 
growth factor receptor 2; RA, rheumatoid arthritis; VEGFA, vascular endothelial growth factor A

melanoma
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N-linked oligosaccharides covalently attached at the asparagine 297 (Asn297) in the CH2 domain 
(Figure 1.1). These oligosaccharides are composed of a mannosyl-chitobiose core structure in the 
presence or absence of a fucose, a bisecting N-acetylglucosamine (GlcNAc), and terminal galac-
tose and sialic acid, yielding a heterogeneous mixture of 30 or more glycoforms [8,13,14,15].
	 Antigen binding specificity can be achieved through the Fab fragment, which contains 
three hypervariable complementarity determining regions (CDRs) that form the antigen binding 
site of the antibody. Antibodies elicit various immune effector functions via the Fc fragment by 
initiating complement-dependent cytotoxicity (CDC) and binding to Fc γ-receptors (FcγR) for the 
antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis 
(ADCP) effects [16-20]. The presence of oligosaccharides is also critical for the binding of Fc to 
FcRs and complement proteins and plays a critical role in inducing effector functions [15,21,22]. 
Moreover, the Fc can also bind to the neonatal Fc receptor (FcRn), which allows the Ab to be pro-
tected from degradation in the endosome and recycled to plasma [23,24]. The Fc-FcRn interaction 
is thus important for the plasma half-life extension of antibodies. 

1.2.2 Antibody mechanisms of action
	 In this section, we discuss the mechanisms of action that therapeutic antibodies can use 
to treat cancer, classified according to two major components of antibodies: the Fab and the Fc 
fragments. The Fab confers specific binding to any target antigens with high affinity. This domain 
can thus be designed to perturb growth signaling cascades, induce apoptosis pathways, or inter-

2 Heavy Chains
(Blue)

2 Light Chains
(purple)Antigen binding sites

(yellow)

Fc

hinge

Fab 

Asn297

Fucose

Mannose

N-acetylglucosamine

Galactose

Sialic acid

Core
Variable

Bisecting 
N-acetylglucosamine

Glycosylation

VL’

CL’

CH1’

CH2’ CH2

CH3CH3’

CH1

CLVH’ VH

VL

inter-chain disulfide bonds

Figure 1.1. Human immunoglobulin G1 (IgG1) structure. Antibodies comprise two heavy and two light chains, shown in blue and 
purple, respectively. The light chain has two domains: variable (VL) and constant (CL). The heavy chain contains four domains, 
three of which are constant CH1, CH2, and CH3, and the other is variable VH. The variable and the first constant domain of heavy 
and light chain form the antigen binding fragment (Fab), where hypervariable loops or complementarity determining regions 
(CDRs; shown in yellow) form antigen binding sites. The other two constant domains of the heavy chain form the crystallizable 
fragment, also known as constant fragment (Fc). The flexible linkage between Fab and Fc is called the hinge region. Two dimers 
of IgG1 are connected through two inter chain disulfide bonds (yellow dots represent Cys residues of inter chain disulfide bonds) 
in the hinge region. There is also another inter-chain disulfide connecting heavy and light chains, as well as one intra-chain 
disulfide in each domain. The human IgG1 isotype also contains one glycan linked to each heavy chain at Asn297 (shown in 
green). The glycan comprises of mannosyl-chitobiose core (connection shown in solid lines) with variable galactose, sialic acid, 
core fucose, and bisecting GlcNAc residues (connection shown in dotted lines).
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fere with the tumor microenvironment to prevent important nutrients or signaling molecules from 
supplying tumor cells. The Fc can induce various cytotoxic events through immune effector cells, 
such as ADCC, CDC, and ADCP (Figure 1.2). Moreover, it has been shown to induce the adaptive 
immunity through cross-presentation of antigen presenting cells (APCs) to T-cells (Figure 1.2).   

1.2.2.1	The use of Fab for specific binding of antigens
	 Specific binding of Fab can interfere with the growth of cancer cells through several mech-
anisms, including the blocking of ligand binding, perturbation of signaling pathways, and interfer-
ence with the tumor microenvironment [3].  Blocking ligand-receptor interactions and perturbing  
signaling pathways have been the earliest mechanisms for tumor targeted therapeutics. The main 
targets are members of the epidermal growth factor receptor (EGFR) family, including EGFR (also 
known as ERBB1), Human epidermal growth factor receptor 2 (HER2, also known as ERBB2), 
HER3 (also known as ERBB3), and HER4 (also known as ERBB4), which are frequently over-
expressed in solid tumors [3]. Many of the antibodies targeting these receptors have already been 
approved by the FDA and are summarized in Table 1.1. These antibodies function by preventing 
binding of activating ligand and/or by preventing receptor dimerization, thus blocking downstream 
growth signaling events. Other mechanisms of action may also include those triggered by interac-
tion of Fc with immunologically relevant proteins and/or receptors. The Fc-induced cytotoxicity 
will be discussed in the following section. 
	 Cetuximab and penitumumab both target EGFR but at different epitopes. They exhibit sim-
ilar modes of action, i.e., blocking the binding of EGF and inhibiting receptor dimerization [25-
27], except that penitumumab, as an IgG2, does not elicit ADCC responses [27]. Other EGFR-tar-
geting antibodies in clinical trials include nimotuzumab (approved in India and several countries in 
South America) [28] and necitumumab [29]. In addition to targeting the complete form of EGFR, 
efforts are underway to target a truncated form of the receptor, EGFRvIII, one of the most common 
mutations in glioblastomas, occurring in about 50% of cases where the EGFR gene is amplified 
and also found in head and neck cancer and lung squamous cell carcinoma [30-32]. An in-frame 
deletion of exons II–IV leads to the elimination of 267 amino acids from the extracellular domain, 
and the insertion of a novel glycine at the fusion junction, resulting in a mutant EGFR that is un-
able to bind any known ligand but capable of constitutive signaling . 
	 HER2 has also been a very successful target for antibody therapy.  HER2 was found to be 
overexpressed in many types of cancers: 25-30% of breast, 44% of bladder, 26% of pancreatic, and 
smaller percentages in ovarian and lung cancers [33,34]. Even though the natural ligand for HER2 
has not been discovered, homodimerization and/or heterodimerization with other EGFR family 
members (EGFR, HER3, and HER4) leads to tyrosine phosphorylation of these receptors and 
triggers a variety of signaling cascades that play a critical role in tumorigenesis [35]. Thus, the an-
tibodies targeting this receptor have been raised primarily to inhibit receptor homo- and hetero-di-
merization and internalization, rather than by blocking ligand-binding [35]. Trastuzumab (Her-
ceptin), a humanized IgG1, was the first anti-HER2 antibody to be approved for invasive breast 
cancer that exhibits gene amplification and overexpression of HER2. Besides blocking of receptor 
dimerization, this antibody can activate ADCC [19,37] and inhibit the shedding of the HER2 extra-
cellular domain, which leads to a truncated form (HER2 p95) with potentially enhanced signaling 
activity [36]. Whether trastuzumab induces HER2 downregulation and subsequent degradation in 
HER2-overexpressing breast cancer cells is currently subject of discussion [38-40]. Pertuzumab 
(Perjeta), which binds to different epitope of HER2 extracellular domain, was approved in 2012 
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for the treatment of HER2-positive metastatic breast cancer. Its mechanism of action is similar to 
that of trastuzumab, but its ability to block HER2 shedding has not been proven [41]. Given that 
pertuzumab and trastuzumab target different epitopes on HER2, they can be used together in com-
bination therapy to achieve more comprehensive blockade of HER2 signaling [41-43]. Efforts in 
targeting HER3 and HER4 are relatively recent and as of now, no antibodies have been approved; 
however, many promising studies have been reported [44,45].
	 Another strategy is to target critical events within the tumor microenvironment. Vascular 
endothelial growth factor (VEGF), which is expressed by many solid tumors to stimulate an-
giogenesis upon binding to VEGF receptor (VEGFR) on the vascular endothelium, has become 
one of the main targets. A VEGF-specific humanized monoclonal antibody, such as bevacizumab 
(Avastin), has been developed and approved for the treatment of breast, colorectal and non-small 
cell lung cancer in combination with cytotoxic chemotherapy [46]. Other efforts also include de-
veloping antibodies against VEGFR [47] and platelet-derived growth factor receptor (PDGFR) 
[48]. PDGF, another proangiogenic mediator, was found to be upregulated during treatment with 
bevacizumab, increasing the occurence of bevacizumab-resistant tumors. Thus, the blockade of 
PDGFR-signaling via a PDGFRβ-specific antibody has been shown to have a synergistic effect 
with that of VEGF-VEGFR signaling pathway [48,49]. 
	 In addition to the angiogenesis pathways, many studies have targeted relevant receptor-li-
gand interactions of the immune systems in the tumor microenvironment, including transforming 
growth factor β (TGFβ), an immunosuppressive cytokine that inhibits T cell activation, prolifera-
tion, and differentiation, cytotoxic T lymphocyte antigen-4 (CTLA4), a negative regulator of T cell 
activation, and CD40, a member of the tumor necrosis factor receptor (TNFR) family expressed by 
APCs [3,50-53]. Both antagonists to TGFβ and CTLA4 and agonists to CD40 have been shown to 
have anti-tumor activities [50-53]. 

1.2.2.2	The use of Fc for immune effector functions

1.2.2.2.1 Antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular 
phagocytosis (ADCP)
	 ADCC and ADCP are natural mechanisms designed to remove or destroy pathogens such 
as viruses or bacteria that could invade the body [54]. These pathogens are first recognized by 
specific antibodies, followed by recognition and destruction of the antibody-bound particles by 
FcR-expressing immune effector cells [54]. The FcγRs family, comprised of FcγRI (CD64), Fcγ-
RII (CD32), and FcγRIII (CD16) in humans, are expressed on a variety of immune cells, such as 
natural killer (NK) cells, neutrophils, and macrophages [54]. These receptors are specific to the Fc 
of IgGs, with the highest affinity to IgG1 and IgG3 [54]. The crosslinking of FcγRs on immune 
effector cells upon binding to Fc-bound antigens triggers the signaling and subsequent immune 
responses, such as release of inflammation mediators, B cell activation, endocytosis, phagocytosis, 
and cytotoxic attack [15,55]. The main players in ADCC are NK cells, which use an analogous 
mechanism of attack to that of cytotoxic T-cells, involving the release of cytoplasmic granules 
containing granzyme or perforin to attack target cells (Figure 1.2a). ADCP is an effect of the inter-
action of Fc with FcγRs on phagocytes, such as neutrophils and macrophages (Figure 1.2b).  
	 The engagement of the Fc fragment of the antibody with Fcγ receptors (FcγRs) has been 
shown to be important for the anti-tumor effects of several mAbs. An in vivo study in FcγR-defi-
cient mice showed reduced anti-tumor activity of trastuzumab and rituximab, as compared to their 
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effects in wild-type mice [19]. Moreover, the FcγR polymorphisms, which lead to high binding of 
antibodies to FcγR, are also associated with high response rates to rituximab [56,57], trastuzumab 
[58], and cetuximab [59], highlighting the importance of ADCC for these therapeutic antibodies. 
Unlike ADCC, there have been several reports of the ADCP effect in vitro [60-62], but few exam-
ples are available for studies in vivo or in clinical settings [63]. 

1.2.2.2.2 Complement-dependent cytotoxicity (CDC)
	 Another strategy that antibodies use to eliminate foreign pathogens is to activate the cas-
cade of complement proteins or the so-called complement-dependent cytotoxicity (CDC) [54]. 
Complement activation occurs upon binding of C1q to an IgM (existing in pentameric form) or two 
or more bound IgG molecules. The complement cascade then proceeds via a series of proteolytic 
cleavage reactions and finally results in the polymerization of C9 molecules into a pore-forming 
structure called the membrane-attack complex, which destroys the target cells (Figure 1.2c) [54]. 
For cancer therapeutics, one of the most studied CDC effects is that of anti-CD20 and anti-CD52 
antibodies. CDC was shown to be critical to the anti-cancer efficacy of rituximab (Rituxan); an-
ti-tumor protection by rituximab was completely abolished in C1q knockout mice [64]. Depletion 
of complement by using cobra venom factor (CVF) also reduced therapeutic activity of rituximab 
in a xenograft model of human B-cell lymphomas [65]. Studies using ofatumumab, another an-
ti-CD20 antibody that binds a different epitope from rituximab, and alemtuzumab (Campath), 
which recognizes CD52, also reveal the importance of CDC [66,67]. One hypothesis suggests that 
effectiveness of CDC may depend on the distance between the plasma membrane and the Fc of 
the bound antibody. Thus, mAbs directed at membrane proximal targets such as CD20 and CD52 
lead to more effective CDC than the mAbs that target the receptor epitopes farther away from cell 
surface [66].

1.2.2.2.3 Induction of T cell immunity through cross-presentation
	 Early research on the anti-tumor effects of therapeutic antibodies focused on the induction 
of cytotoxic effects via innate immunity, ADCC and CDC. Not until recently did several studies  
suggest the role of the adaptive immune system in mediating the long-term benefit or “vaccinal” 
effect of mAbs [68]. Tumors coated with antibodies were able to enhance cross-presentation by 
dendritic cells (DCs), which are antigen-presenting cells (APCs), in an FcγR-dependent fashion 
[68-71]. DCs can also engulf the resultant apoptotic tumor cells from ADCC and subsequently 
present tumor antigens on MHC class I and II molecules. This dual presentation leads to the gener-
ation of CD8+ T cells, causing direct tumor cytotoxicity, and the generation of CD4+ T cells, which 
can prime B cells for the production of tumor-specific host antibodies (Figure 1.2d). However, 
DC presentation of engulfed tumor antigens can lead to either adaptive immunity, as mentioned 
above, or tolerance, which suppresses immune response, based on the tumor microenvironment. 
Accordingly, adjuvant therapy (GM-CSF, Flt-3 ligand, and IFN-α) promoting the cross-presenta-
tion or strategies aimed at blockade of immunosuppressive factors, e.g., TGFβ and CTLA4, and 
activation of inflammatory pathways, such as via CD40 in the microenvironment, as mentioned in 
section 1.2.2.1, may have a synergistic effect with tumor-directed antibody therapy by enhancing 
cross-presentation and breaking local tolerance [50,68].
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1.3 Advances in Antibody Engineering
	 As discussed in the previous section, numerous studies suggest that interactions between 
the Fc and immunological relevant proteins (FcRs and complements) are critically important for 
the cytotoxic effect of antibodies in cancer immunotherapy. The Fc-FcRn interaction also prolongs 
the plasma half-life of antibodies. To enhance the ADCC, CDC, and also increase the half-life, 
various efforts in engineering Fc for higher affinity to activating FcRs, complements, and FcRn 
have been conducted [8]. We will focus on the improvement in ADCC, one of the most studied 
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Figure 1.2. Anti-tumor mechanisms induced by interactions between Fc and immunologically relevant proteins. (a) Antibody-de-
pendent cellular cytotoxicity (ADCC). The antibody-bound tumor cell is recognized by FcγRs on immune effector cells such as 
NK cells. The crosslinking of FcγRs on NK cells triggers the release of cytoplasmic granules containing granzyme or perforin to 
attack target cells. (b) Antibody-dependent cellular phagocytosis (ADCP). The IgG-coated tumor cells can bind FcγRs on phago-
cytes and initiate Fc- dependent phagocytosis, leading to the lysosomal degradation of the tumor cells. (c) Complement-dependent 
cytotoxicity (CDC). Upon binding of antibodies to target tumor cells, the Fc recruits C1q complement protein to initiate the 
complement cascade, resulting in tumor cell lysis by the membrane attack complex (MAC).  (d) Induction of T cell immunity 
through cross presentation. Antigen presenting cells (APCs) such as dendritic cells (DCs) can engulf IgG-coated apoptotic tumor 
cells and present these tumor antigens, which are peptides derived from lysosomal degradation of tumor cells, on MHC class I and 
II molecules, leading to activation of CD8+ cytotoxic T cells and CD4+ helper T cells, respectively. (Figure adapted from Ref. [3])
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and a major mechanism of action of cancer therapeutic antibodies, such as cetuximab, rituximab, 
and trastuzumab. Two main approaches to modify the Fc domain for enhanced ADCC include (1) 
amino acids alteration of Fc domains and (2) modification of Fc domain oligosaccharides. 

1.3.1 Protein engineering
	 Enhancing ADCC activity by modifying the amino acid sequence of the Fc domain has 
been extensively studied. Shields et al. reported a detailed mutational analysis of IgG1 Fc regions 
based on the co-crystal structure of IgG and FcγRIIIa [72] and identified up to three key muta-
tions, S298A, E333A, and K334A, which increase the binding of IgG1 to the activating receptor 
FcγIIIa and reduce the binding to the inhibitory receptor FcγIIb [18]. These mutants were shown 
to enhance capacity for ADCC in in vitro studies. Using a yeast display system, Stavenhagen et al. 
have screened a number of comprehensive Fc mutants. The best variant, containing five mutations 
(F243L, R292P, Y300L, V305I, and P396L), showed ~10-fold higher binding affinity to FcγRIIIa 
and ~100-fold improved ADCC activity [73]. Computational design algorithms based on structural 
information of the Fc/FcγR interface have also been used to design IgG1 Fc variants. Lazar et al. 
computationally designed amino acid modifications of the Fc region that provide more favorable 
interaction at the Fc/FcγR interface while maintaining the stability and solubility of the IgG [55]. 
The variant of Fc, containing S239D/A330L/I332E mutations, exhibited a ~100-fold improvement 
in binding affinity to FcγRIIIa, resulting in remarkably enhanced ADCC activity in vitro and in 
cynomolgus monkeys [55]. 

1.3.2 Glycoengineering
	 Another factor that affects the binding of Fc to FcγR is the N-glycosylation at Asn297 in 
the Fc domain. Antibodies that lack N-glycosylation structures cannot mediate ADCC and CDC as 
a result of reduced affinity of the Fc domain for the FcγRs and C1q [21,22]. It was hypothesized 
that the structural change of the Fc domain from “opened” to “closed” conformation upon removal 
of glycans ablates binding to FcγRs and C1q and abrogates ADCC and CDC [74]. Moreover, the 
degree of cell-mediated killing is sensitive to the composition of the glycans in the Fc region of the 
antibody [75]. 
	 Many studies have investigated the effect of each sugar component on the glycans. Even 
though other sugar residues (such as bisection of GlcNAc) may have affected the immune effec-
tor functions of the antibody, several studies have revealed that fucose has the most critical role 
in inhibiting ADCC activity [8]. The absence of fucose from the glycans on the Fc resulted in 
increased ADCC activity by improving FcγRIIIa binding [76]. Multiple strategies, including cell 
line engineering and chemical approaches, were taken to produce fucose-deficient glycoforms. In 
cell line engineering, earlier efforts established the use of Lec13 cells, a variant of Chinese hamster 
ovary (CHO) cells [77], and rat hybridoma YB2/0 cells [76], which produce low-fucose containing 
IgG1. Later, knockout CHO cell lines, lacking α-1,6-fucosyltransferase (FUT8), identified to be 
responsible for the core fucosylation of N-linked oligosaccharide [76], were constructed to pro-
duce completely de-fucosylated antibodies with fixed quality and consistently enhanced ADCC 
activity [78].
	 Furthermore, other approaches were taken to produce uniform glycoforms of human IgG. 
Li et al. reported novel expression systems using engineered Pichia pastoris cell lines, which can 
perform specific human N-glycosylation reactions with high fidelity [75]. Not only was a library of 
uniform glycoforms of the anti-CD20 rituximab produced, but these yeast glycoforms, especially 
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ones lacking fucose, exhibit higher binding affinity to the activating receptor FcγRIIIa, while re-
taining similar or lower binding affinity to the inhibitory receptor FcγRIIb, as compared to those 
expressed in mammalian cells [75].
	 An alternative strategy to produce a uniform glycosylation pattern on antibodies is to chem-
ically modify the glycosylation site. Two interesting approaches have been reported: (1) replacing 
the Asn297, the natural glycosylation site, with a cysteine residue and then ligating a synthetic 
oligosaccharide by an asymmetric disulfide conjugation [79]; and (2) performing in vitro chemo-
enzymatic glycosylation based on the transglycosylation activity of endo-β-N-acetylglucosamini-
dases (ENGases) [80]. These two approaches can thus be used to append any glycoform of interest, 
including ADCC-enhanced ones.  

1.4 Alternative Antibody-Based Platforms
	 The modular nature of immunoglobulins renders the possibility of using each fragment 
for “customized” therapeutics, with pharmacologic properties optimized for specific applications 
[81]. Thus, half-life, distribution, valency, affinity, avidity, tissue penetration, and bioactivities 
could each be controlled by selection of appropriate molecular domains or defined genetic fea-
tures [81]. Fab can be used on its own, leading to the specific binding properties. Similarly, the 
Fc may also be fused with other molecules or even used on its own in some applications, such as 
intravenous immunoglobulin (IVIG) treatment. In this section, we present alternative therapeutic 
platforms to mAbs, extracting the advantages of each modular domain of an antibody.

1.4.1 Fab, scFv, and nanobodies
	 Since the specificity of mAbs lies entirely at the CDRs or antigen binding sites in the Fab 
fragment, the Fc portion may not be necessary in the design of therapeutics that only require the 
binding event, such as those for ligand sequestration or receptor blockade. The smaller size of frag-
ments may permit cheaper, faster production in microbial systems. However, the lack of Fc and 
also the smaller size lead to a shorter serum half-life. Even though this property may be useful in 
other applications, such as imaging, which requires faster clearance of the agents, this section will 
focus on the use of these fragments as therapeutics. The first Fab therapeutic that received approval 
was abciximab, an anti-GPIIb/IIIa chimeric Fab [81]. Recently, two more have been approved: 
ranibizumab (in 2006), an anti-VEGF-A humanized Fab, and certolizumab pegol (in 2008), an an-
ti-TNFα pegylated humanized Fab [81]. For the latter, polyethyleneglycol (PEG) was conjugated 
to Fab to extend the circulation half-life of the construct. 
	 Other platforms were also developed to shrink the Fab to its core binding modality. The 
variable regions of light and heavy immunoglobulin chains encoding antigen-binding domains 
are engineered into a single polypeptide, called single-chain variable fragments (scFvs). Gener-
ally, the VH and VL sequences are joined by a flexible linker sequence, and a series of variants are 
generated for optimizing binding affinity and stability [82]. Further attempts to remove domains 
deemed non-essential for function or to reduce the size of the mAbs resulted in the “nanobodies,” 
which were derived from the antigen-binding variable heavy chain regions (VHHs) of heavy chain 
antibodies found in camels and llamas [83,84]. These antibodies naturally lack light chains; thus 
only the CDRs of heavy chains in these species were necessary for the high binding affinity and 
specificity [83,84].
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1.4.2 Fc fusions
	 Fc fusion proteins are molecules in which the immunoglobulin Fc is fused genetically to 
a protein of interest, such as an extracellular domain of a receptor, ligand, enzyme, or peptide. 
The fusion strategy has been invented in order to equip the protein with the favorable attributes of 
the Fc domains, including the prolongation of serum half-life through FcRn interaction [23], the 
increase in size limiting renal clearance [85], Fc dependent effector functions [86], and in some 
cases, improved biophysical properties of its fusion partner [87,88]. Moreover, the Fc may also 
contribute to several manufacturing advantages, such as high expression, secretion to cell culture 
medium, and protein A affinity purification of Fc fusion proteins [87]. To date, seven Fc fusion 
proteins have been approved by the FDA as summarized in Table 1.2. Six of these are receptors 
fused to Fc, while romiplostim is the only peptide-Fc fusion that has been approved thus far. Most 
of these Fc-fusions target receptor-ligand interactions, working either as antagonists to block re-
ceptor binding (e.g., etanercept, aflibercept, rilonacept, belatacept, abatacept) or as agonists to 
directly stimulate receptor function to reduce (e.g., alefacept) or increase immune activity (e.g., 
romiplostim) [89]. Besides therapeutics, Fc-fusion proteins may also be used in other applications, 
such as vaccines and research tools [89].

1.4.3 Peptide scaffolds 
	 Over the past few years, a number of alternative scaffolds to antibodies have been designed 
as new binding proteins [90]. The development of new technologies for selection and evolution 
from libraries independent of the antibody scaffold has also enabled the finding of these new 
platforms. Even though high affinity and specificity can be achieved by both antibody and the 
alternative platforms presented here, other desired properties of engineered affinity proteins make 
it appealing to discover non-immuglobulin alternatives. Some of the benefits that these molecules 
may possess include (1) small size, enabling efficient tissue penetration; (2) designed pharmacoki-
netic properties appropriate for the application (rapid clearance for imaging agents and prolonged 
half-life for protein drugs); (3) tunable biophysical properties (rapid folding and high chemical, 
proteolytic and thermal stability); (4) absence of cysteines; (5) cost-efficient production by chem-
ical synthesis or recombinant methods; and (6) flexible engineering for conjugation to other mol-

Generic name (trade name) TargetFusion Protein Mechanisms of Action Approved indication

Etanercept (Enbrel) TNF-α

CD2

p75 TNFαR

Alefacept (Amevive) LFA-3

Abatacept (Orencia) CD80 and CD86CTLA-4

TNF-α inhibitors

CD2 antigen inhibitors

T cell activation inhibitors

Romiplostim (Nplate) Thrombopoietin 
receptor

Thrombopoietin receptor
-binding peptide

Activation of thrombopoietin 
receptor

Belatacept (Nulojix) CD80 and CD86Mutated CTLA-4 T cell activation inhibitors

Rilonacept (Arcalyst) IL-1Binding domains of 
IL-1R and IL-1RacP

IL-1 inhibitors

Aflibercept (Eylea) VEGF-A and PGF2nd domain of VEGFR1
and 3rd domain of VFGFR2

Angiogenesis inhibitors

Table 1.2. Approved Fc-fusion proteins (Table adapted from Ref. [10],[87])

Plaque psoriasis

RA, JIA, PA, AS,
plaque psoriasis

RA and JIA

Thrombocytopaenia in 
patients with idiopathic 
thrombocytopaenic purpura

CAPS

Wet macular degeneration

Prophylaxis of organ rejection

AS, ankylosing spondylitis; CAPS, cryopyrin-associated periodic syndrome; CD, cluster of differentiation; CTLA4, cytotoxic T lymphocyte antigen-4; 
IL-1R, Interleukin-1 receptor; IL-1RacP, interleukin-1 receptor accessory protein; JIA, juvenile idiopathic arthritis; LFA-3, lymphocyte function-associated 
antigen 3; PA, psoriatic arthritis; PGF, placental growth factor; RA, rheumatoid arthritis; TNFαR, tumor necrosis factor α receptor; VEGF-A, vascular 
endothelial growth factor A 
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ecules and generation of bispecific or multispecific constructs [91]. A few of the most important 
examples are based on either natural protein scaffolds or entirely new designed scaffolds. 
	 Repeat proteins are characterized by small, repeating structural motifs of 20–50 amino 
acids, important for many protein-protein interactions [90]. In some species, repeat proteins are 
used in nature instead of antibodies. For example, in jawless vertebrates, the adaptive immune 
system is based on leucine-rich repeat (LRR) family, instead of the immunoglobulin fold [92]. The 
major motifs include 2-3 helix repeats, as seen in HEAT (αRep), Armadillo, TPR, and Ankyrin (Ta-
ble 1.3). Among many scaffolds of repeat proteins, designed ankyrin repeat proteins (DARPins), 
which has helix-turn-helix-β-hairpin motif, have gained much traction in potential use for thera-
peutics, such as viral retargeting to tumors and as the targeting moiety for a payload [90]. In order 
to increase the stability of these repeat proteins, several approaches have been undertaken, includ-
ing stapled peptides [93-95], D-peptides [96], and α/β peptides [97].
	 Besides repeat proteins, affibodies, adnectins, anticalins, and knottins form the other subset 
of non-immunoglobulin alternatives, based-on natural scaffolds (Table 1.3) [91]. These molecules 
are derived from domain B of staphylococcal protein A, human 10th fibronectin domain, lipocalin, 
and cysteine knot peptides, respectively [91]. These scaffolds all contain different structural motifs 
as summarized in Table 1.3. Apart from natural scaffolds, novel designed scaffolds, such as cyclic 
peptides or bicyclic peptides [98], also offer alternatives for the protein binders. The smaller size 
and synthetic control of these peptide scaffolds are advantageous.  

1.4.4 Bispecific antibodies 
	 Bispecific antibodies (bsAb) present another antibody-based platform that combines the 
benefits of two antibodies into one agent. Complex diseases, such as cancer or inflammatory dis-
orders, can easily develop resistance to a treatment. Due to a redundancy of disease-mediating 
ligands and receptors, as well as crosstalk between signal cascades, blockade of one signaling 
pathway may result in upregulation of another with the same action [99]. Blockade of multiple 
pathways or receptor-ligand interactions simultaneously can be achieved by combination therapy, 

Protein Scaffold Length (Aa)Structural MotifOrigin

Table 1.3. Alternative scaffolds to antibodies (Table adapted from Ref. [90],[91])

HEAT (aRep)
Repeat protein scaffold

Non-repeat protein scaffold

Armadillo (ARM)

Ankyrin (DARPin) Repeated sequence in yeast cell-cycle regulation

tetratricopeptide (TPR) Yeast cell division control protein 23 (CDC23)

Huntingtin, elongation factor 3 (EF3), subunit A of 
phosphatase 2A (PP2A), yeast PI3-kinase TOR1

Two α-helices

Three α-helices

Helix-turn-helix

Helix-turn-helix-β-hairpin

Affibody molecules

Adnectins/monobodies

Anticalins

Knottins/microproteins

Protein A domain Three helical bundle

β-sandwich structure connected 
by six loops

10Fn3

Lipocalin

Cysteine knot peptides

β-barrel structure containing 
four loops

Three antiparallel β-strands 
connected by three disulfide bonds

58

94

170

30

31

42

34

33

Product of the Drosophila melanogaster 
segmentation polarity gene Armadillo
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which has been shown to help improve the therapeutic efficacy [100]. During the past decade, dual 
targeting with bispecific antibodies has emerged as an alternative to combination therapy. The con-
cept of dual targeting with bispecific antibodies is based on the targeting of multiple disease-mod-
ifying molecules with one drug. From a technological and regulatory perspective, the concept of 
targeting multiple disease-modifying molecules with one drug makes development and treatment 
less complex [99]. The manufacturing, preclinical and clinical testing, and treatment regimen are 
reduced to a single, bispecific molecule. 
	 Dual targeting strategies can be divided into two routes: (1) targeting two receptor-ligand 
interactions and (2) retargeting effector molecules or effector cells [99,101]. The former may in-
clude binding of bsAb to two receptors, one receptor-one ligand, two ligands, or two epitopes on 
one receptors or ligands simultaneously. In the latter, effort has been put in the retargeting of T 
cells by binding to CD3, which is part of the T cell receptor complex, or of natural killer (NK) cells 
by binding to the FcγRIII (CD16) [102-104]. These bispecific, as well as multispecific, antibodies 
can be produced using various approaches, including assembly of two mAbs, chemical crosslink-
ing, and recombinant fusion of scFvs to each other or to the N- and/or C-terimini of IgG [99,101].  
	 First, the assembly of two mAbs can be achieved via expression in quadromas, i.e., hy-
brid-hybridromas, or via engineering of the constant regions to promote asymmetric assembly of 
heavy chains from two different mAbs. Such strategies includes (1) knobs-into-holes, where the 
contact site between the CH3 domains are substituted by larger or smaller residues [105,106], (2) 
charge pair strategy, where charged residues of the CH3 domain interface were engineered in order 
to introduce an electrostatic steering effect [107], and (3) strand-exchange engineered domain 
technology (SEEDbody) with CH3 sequences composed of alternating segments from human IgA 
and IgG [108]. Second, the chemical crosslinking approaches have been devised from the use of 
homo- or hetero-bifunctional coupling reagents or the CovX-Body platform, which comprises 
a catalytic IgG molecule covalently coupled to a branched peptides targeting two different anti-
gens [109,110]. Third, the scFv-based bispecific platform emerged from the generation of tandem 
scFVs [111,112] or the fusion of scFv molecules to the N-terminus and the C-terminus of the heavy 
or light chain of a mAb [113-115]. One of the most successful strategies was the “bispecific T-cell 
engager” (BiTE) antibodies, which is a combination of anti-CD3 scFV and tumor specific scFv 
[112]. 

1.4.5 Antibody-drug conjugates (ADCs)
	 To improve the cytotoxicity of mAbs, toxins have been conjugated to the mAbs. In this 
way, mAbs are used to deliver these cytotoxic agents to specific targets. The concept of conjugat-
ing an antibody to a cytotoxic agent to produce a synergistic effect has been around for decades, 
but early products faced technological, targeting, and potency issues that did not allow integrity of 
the antibody to be maintained [116,117].  The recent approval of brentuximab vedotin [118] and 
trastuzumab emtansine [119] have ushered in a renaissance in the popularity of ADCs. Many more 
are in clinical trials and development. To achieve optimal efficacy, each component of ADCs has 
to contain the following characteristics [9,116,117]:
	 (1) The target antigen is expressed at high level in the malignant cells as compared to nor-
mal cells. 
	 (2) The mAb is internalized following binding and has minimal non-specific binding.
	 (3) Conjugation sites do not impact stability, binding, internalization, and pharmacokinet-
ics. The heterogeneity of the conjugates is controlled. 
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	 (4) The linker is stable in circulation. 
	 (5) The cytotoxic drug is highly potent such that two to four molecules are sufficient, and 
it is amenable to modification. The drug is stable in circulation and in lysosomes and non-immu-
nogenic. 
	 Here, we will focus on the modification of the mAbs. The most common approach is to 
modify the lysine or the cysteine (from reduced interchain disulfide bonds) residues, yielding 
non-site-selective modification. Recently a few studies have shown that sites of conjugation, as 
well as number of drugs per mAbs, play important roles in efficacy of ADCs [120]. To control the 
number and site of conjugation, the solvent-accessible cysteines that form the interchain disulfide 
bonds were replaced with serine, to reduce the eight potential conjugation sites down to 4 or 2 
[121]. Various other efforts have also established site-selective modification of mAbs. The thiom-
abs from Genentech achieve site selectivity by introducing additional Cys residues to the heavy or 
light chains [122,123]. Upon mild reduction (without reducing endogenous disulfide bonds), two 
drug molecules per mAbs can be conjugated via maleimide chemistry. Schultz and co-workers 
introduced the nonnative amino acid p-acetylphenylalanine to a specific site for conjugation using 
oxime formation [124]. 

1.5 Conclusions
	 The importance of monoclonal antibodies as therapeutics has been proven over the past 
several decades. More than 20 antibodies have already been approved for the use in clinical set-
ting, and hundreds more are in clinical trials, making antibodies one of the fastest growing class of 
biologics. Antibodies possess multiple attractive therapeutic properties, including high specificity 
and affinity to target ligands or receptors, immune effector functions, and long plasma half-lives. 
Advances in protein engineering and glycoengineering have reduced immunogenicity, improved 
binding properties, and enhanced the cytotoxic effects of these molecules. Moreover, antibody 
fragments, alternative binding scaffolds, and other novel antibody-based platforms, such as bispe-
cific antibodies, ADCs, and Fc fusions, have been developed. In the following chapters, we present 
our development of Fc-synthetic molecule hybrids and mAb-synthetic molecule hybrids as an 
alternative antibody-based platform for cancer therapeutic applications. Furthermore, we demon-
strate the use of antibodies for the generation of targeted MS2 viral capsids for various applica-
tions, including mass cytometry and in vivo imaging. 
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Chapter 2
Site-Selective Modification of Antibody Fc Domains and Its Applications

Abstract

This chapter describes the development of novel antibody mimics by installing synthetic mole-
cules at the N-termini of crystallizable fragment domains (Fc’s) via a chemical modification ap-
proach. First, a pyridoxal 5′-phosphate (PLP) mediated N-terminal transamination reaction provid-
ed a compatible method for site-selectively installing ketones as reactive handles on Fc domains. 
High levels of conversion were achieved. Two strategies were subsequently used for the ligation 
of our desired synthetic targeting compounds to the protein: (1) via oxime or hydrazone linkages 
and (2) via oxidative coupling reaction. In the latter case, we used the ketone as a site to introduce 
a second reaction handle: an aniline group that can participate in an oxidative coupling reaction. 
By combining the advantages of synthetic targeting agents (e.g. high stability, low cost, and facile 
and reproducible production and discovery) with the ability of Fc domains to mediate targeted cell 
death and extend plasma half-life, these new hybrid agents may possess the best qualities of both. 
As an initial proof of concept, Fc domains were functionalized with DNA aptamers. The specificity 
of the aptamers for binding their cellular targets was demonstrated, as was the ability of the mod-
ified Fc domains to bind to complement proteins and Fc receptors. 

Portions of the work described in this chapter have been reported in a separate publication [1].
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2.1 Introduction
	 Since the early 1980s proteins have emerged as a major new class of pharmaceuticals, with 
over 200 marketed products currently available for therapeutic, diagnostic, and vaccine use [2-4]. 
Protein engineering has revolutionized this field by providing tools to customize existing proteins 
or to create new ones for specific clinical applications. A particularly important advance has been 
the generation of fusion proteins comprising segments derived from two or more different precur-
sors. This approach allows multiple biological functions, such as binding and therapeutic activity, 
to be combined in a single entity. Arguably the most clinically and commercially successful fusion 
protein therapeutics to date contain the crystallizable fragment (Fc) region of immunoglobulins. 
The Fc fusions can endow attached peptides or proteins with the antibody-like property of long 
serum half-life (days to weeks) by binding to the neonatal Fc receptor (FcRn) [2-6]. The abilitiy 
of the Fc to bind to Fc receptors and/or complement proteins can also provide the fusion protein 
with immunological cytotoxicity functions [2-4,7-10]. Moreover, the smaller size of Fc domains, 
compared to full-size monoclonal antibodies (mAbs), may also improve tissue penetration [11,12] 
and allow for alternative routes of administration such as pulmonary delivery [13,14]. They also 
only require a single gene for expression. However, most approaches involve protein engineering, 
hence limiting the class of targeting group to peptides or proteins. 
	 In contrast, the chemical protein modification strategy delineated in this chapter combines 
protein and synthetic targeting groups, which can potentially expand the variety of antibody-like 
constructs. Barbas and coworkers have previously explored a combination approach by conjugat-
ing a targeted small molecule and an RNA aptamer to aldol-catalyzing mAbs [15,16]. The resulting 
construct exhibited significant increases in the plasma half-lives of the synthetic moieties [15,16]. 
While these results provide an exciting approach to the creation of antibody fusions using various 
types of targeting groups, their method required the use of full-size mAbs, with Fab domains that 
catalyzed the ligation reaction [16]. Thus, the final hybrid products still retain the large size and 
complexity of full-sized antibodies. Currently, there is no analogous way to conjugate other classes 
of therapeutics, such as small synthetic molecules, aptamers [17,18], peptoids [19], or chemical-
ly-modified peptides [20-26], to only the Fc fragments in order to make Fc-fusions. This is largely 
due to the complex structure of Fc domains, which contain multiple polypeptide chains, extensive 
disulfide networks, and essential glycosylation patterns. These components make it very difficult 
to design chemical approaches that can modify Fc domains site-specifically. 
	 To date the most promising methods for site-selective modification of complex molecules 
containing disulfide bonds and oligosaccharides have included the double alkylation of cysteines 
resulting from the reduction of interchain disulfide bonds [20-22], the alkylation of a site-specif-
ically introduced cysteine residue [28], native chemical ligations at the C-termini [29], and the 
chemical modification of genetically encoded aldehyde tags [30]. The Bertozzi aldehyde tagging 
method [30] provides a particularly intriguing possibility for subsequent site-selective hydrazone 
and oxime formation, and could indeed be used as an alternative strategy for the generation of 
the conjugates described herein. As an additional possibility, artificial amino acids can also be 
incorporated for the site-selective modification of antibodies. For example, Rader and co-work-
ers have demonstrated the insertion of selenocysteine residue at the C-termini of Fc proteins for 
an attachment to LLP2A, an α4β1 integrin-binding small molecule [31]. More recently, Schul-
tz and co-workers also showed an incorporation of p-acetylphenylalanine to the antigen-bind-
ing fragments (Fab) and full-sized antibodies for the attachment of the protein toxin saporin and 
monomethyl auristatin D (MMAD), respectively [32-34]. The latter method could also potentially 
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provide the carbonyl groups that are targeted in our strategy.
	 In this chapter, we present a new method to create antibody mimics by directly conjugating 
antibody Fc domains to synthetic targeting molecules using chemically-based protein modification 
methods. This synthesis leads to the production of Fc-synthetic molecule hybrids, where the Fc 
domains serve as building blocks to improve the pharmacokinetic properties of synthetic agents 
and potentially endow them with immunological activating properties, such as the ability to induce 
antibody dependent cell-mediated cytotoxicity (ADCC) and complement dependent cytotoxicity 
(CDC). These Fc-synthetic molecule hybrids are still much smaller in size compared to mAbs. 
Moreover, these chemical modification techniques should be extensible for the modification of 
many other complex biomolecules, including IgG itself, as discussed in chapter 3. 

2.2 Design and Strategy

2.2.1 The components

2.2.1.1 Fc protein
	 In the early stages of this project, I imagined that the described approach could be used to 
modify any Fc obtained by digesting the IgG1 molecules isolated from a patient’s serum. IgG1 is 
the isotype that is commonly used for therapeutics as it can best induce ADCC and CDC (Table 
1). IgG3 is as good as or even slightly better than IgG1 in inducing ADCC and CDC, but has a 
somewhat shorter half-life, susceptibility of the longer hinge region to proteolysis, and extensive 
allotypic polymorphism that make it less desirable [35,36]. 

	 In practice, IgG1 would be isolated from patients, and Fc would be obtained by digestion 
at the hinge region. After attaching synthetic molecules to the Fc, the Fc-synthetic conjugates can 
then be injected back to the same patient for various purposes, e.g., half-life extension of therapeu-
tic drugs for that patient or redirecting the Fc with synthetic targeting groups for immunotherapy. 
Even though the constant region of most people will be the same or very similar, this method 
would be applicable to all patients, even those that reject humanized antibodies from other sources. 
	 Within the same species, the Fc regions of the same isotype contain the same primary se-
quence; therefore, another approach for obtaining Fc is to express the human IgG1 Fc in mamma-
lian cells. The production and purification method of human IgG1 mAbs has been widely studied 

Functional activity

Neutralization

Opsonization

Sensitization for killing by NK cells

Sensitization of mast cells

Activates complement system

IgM IgD IgG1 IgG2 IgG3 IgG4 IgA IgE

+ - ++ ++ ++ ++ ++ -

+ - +++ * ++ + + -

- - ++ - ++ - - -

- - + - + - - +++

+++ - ++ + +++ - + -

Table 1. Functions of each immunoglobulin isotype (Table adapted from Ref. [37])

+++: major function; ++: lesser function; +: minor function; -: no function
*IgG2 can act as an opsonin in the presence of an Fc receptor of the appropriate allotype, found in about 50% of caucasians.
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as it is the most common isotype for antibody therapeutics. 

2.2.1.2 Synthetic groups
	 Ideally, the synthetic groups could be virtually any molecules you can imagine. In my 
work, I chose DNA aptamers to start with as the Francis group had prior success using a DNA 
aptamer as the targeting agent [38].

2.2.2 The methodology
	 The first protein modification approach I considered was pyridoxal 5’-phosphate (PLP)-me-
diated N-terminal modification developed in the Francis group [38-45]. However, other N-termi-
nal transamination reactions, including that promoted by Rapoport’s salt [46], could also be used. 
These reactions are advantageous in several ways: 
(1) They are site-selective at the N-terminus, which is the preferred modification site for creating 
antibody mimics. Hence, other residues are not modified;
(2) The reaction conditions are mild and biocompatible (i.e., the protein would not be denatured); 
(3) The methodology is applicable to a wide variety of N-terminal amino acids; and
(4) The product of transamination is a glyoxamide (for N-terminal glycine) or pyruvamide deriva-
tive (for N-terminal residues other than glycine) that can be subsequently modified by bioorthog-
onal oxime or hydrazone formation [47-50].
	 The first strategy is shown as route 1 in Figure 2.1 This strategy, however, is limited as 
the hydrazone formation between transaminted Fc and hydrazide aptamers requires long reaction 
times (usually 2 days) and a large excess of oligonucleotides to achieve decent yields. An alter-
native method using oxidative coupling [51-53] (route 2, Figure 2.1) may prove superior. The 
oxidative coupling provides a highly efficient ligation strategy requiring very short reaction times 

Figure 2.1. Modification of Fc proteins. First, ketone functional groups are installed at the N-termini through PLP-mediated 
transamination. These groups can then be functionalized using two different approaches. The first involves the direct attachment 
of molecules of interest via oxime formation (with 4) or hydrazone formation (with 5). The second strategy uses a highly efficient 
oxidative coupling reaction. This approach involves the chemoselective coupling of aniline groups on the Fc proteins (9) with 
aminophenol-containing reagents (10). (Figure adapted from Ref. [1]).  
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(two minutes or less) at room temperature [52]. The enhanced efficiency is a useful feature for the 
installation of high-value cargo, such as complex drug molecules or the nucleic acid aptamers. 
Even though the oxime formation between keto-Fc and aniline alkoxylamine is still necessary, 
aniline alkoxylamine is a much cheaper molecule for the use in excess and also one can imagine 
producing a large batch of Fc-aniline conjugates that can be stored for subsequent coupling to 
aminophenol-containing synthetic molecules. Current efforts in N-terminal modification in the 
Francis group may also be used to bypass the oxime formation step altogether.

 
2.3 Results and Discussion

2.3.1 Fc production
	 The Fc domains can be generated via (1) proteolytic digestion of full-sized human IgG1 at 
the hinge region or (2) expression of human IgG1 Fc protein in mammalian cells.

2.3.1.1 Digestion of human IgG1
	 I first attempted the digestion of a monoclonal anti-FLAG® antibody produced in mice 
using papain resins, followed by purification of Fc from Fab using a protein A column that is 
known to bind only the Fc fragments of antibodies. Papain non-specifically digests antibodies at 
the hinge region above the disulfide bonds that connect two heavy chains, although predominantly 
at the C-terminus of His224 residue (in italics) of the human IgG1 heavy chain sequence -Ser-Cys-
Asp-Lys-Thr-His-Thr-Cys- (See full sequence of the hinge region in Figure 2.12) [54-56]. After 
a few trials, the digestion and purification to separate Fc from Fab were successfully achieved, 
as shown by SDS-PAGE (Figure 2.2a) and LCMS analysis of each fraction (data not shown). A 
similar approach using papain resins, as well as another approach using endoproteinase Lys-C, 
were explored for digesting human IgG1 mixture isolated from human serum. Limited proteolysis 
with endoproteinase Lys-C was shown to cleave the antibody in the flexible hinge region between 

Lane 1 2 3 4 5 Lane 1 2 3 4 5

1: Ladder
2: Undigested sample
3: Unpurified digested 
    sample
4: Flow-through from 
    protein A column
5: Fraction bound and 
    eluted from protein A

Fab

Fc

Fab

Fc

50

75

100
kDa

37

25

20

15

50

75
100
150
200
kDa

37

25

20

15

(a) (b)

Figure 2.2. SDS-PAGE analysis of digested antibodies. (a) Mouse anti-FLAG® antibodies were digested using papain resins, 
followed by separation of Fab from Fc fragments using protein A columns. (b) Human IgG1 antibody mixture isolated from human 
serum was digested using the same strategy as in (a). However, Fab was non-specifically bound to protein A even after elution 
using high salt (400 mM NaCl) solution. Digestion of human IgG1 antibodies using endoproteinase Lys-C protease also yielded 
similar results as shown in (b). 
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Lys222 and Thr223 to produce one Fc and two identical Fab domain fragments, giving a more 
defined digestion of human IgG1 [56,62]. However, the digested Fab from both strategies seemed 
to be bound to protein A or protein G column, even after using high salt buffer (400 mM NaCl) to 
disrupt any non-specific binding of Fab to protein A (Figure 2.2b). LCMS analysis of the protein A 
bound fraction also confirmed that it contained both Fab and Fc of digested human IgG1 (data not 
shown). 

2.3.1.2 Expression of human IgG1 Fc proteins
	 An alternative approach to obtaining Fc proteins was to express the protein. However, 

(a)

hEF1-HTLV prom

Ori

CMV enh

hFerL prom

EM2KC
Sh ble βGlo pAn

SV40 pAn

CH3
Intron

Intron

CH2

hinge
IL2ss

hinge

CH2 CH2

CH3 CH3

= oligosaccharide

= disulfide bond

Figure 2.3. Structure, expression vector, and LCMS analysis of human IgG1 Fc. (a) Structure of Fc region of human immuno-
globulin G1 (IgG1) is comprised of two monomers, each containing two domains (CH2 and CH3), with glycosylation at Asn297. 
The hinge region, which contains two disulfide bonds, serves as a flexible spacer between the Fc and the Fab. The sialic acids 
highlighted in the gray shaded box were not observed using our expression system. (b) A plasmid expressing human IgG1 Fc 
protein with introns and IL2 signal sequence (IL2ss) was constructed and used for these experiments. The introns helped to 
increase the expression level of the IgG1 Fc, and IL2ss signaled the secretion of the Fc protein to the extracellular medium. (c-e) 
LCMS analysis of the Fc protein collected 2 d after transfection, the Fc protein collected 5 d after transfection (fresh Opti-MEM 
media was replaced after 2 d), and  the Fc protein after treatment with PNGase F (both 2 d and 5 d samples were identical). The 
heterogeneity was a result of differences in the number of galactose (G, 162 Da) and N-acetylglucosamine (N, 203 Da) residues 
that were incorporated. Because each monomer of the Fc protein could contain up to two galactose residues, there are five 
possibilities of glycosylation patterns for the Fc dimer, corresponding to a normal distribution of M+0G (55206 Da), M+1G 
(55368 Da), M+2G (55530 Da), M+3G (55692 Da), and M+4G (55854 Da). Additionally, peaks at 55005, 55166, 55329, and 
55492 Da appear to match M+0G-N, M+1G-N, M+2G-N, and M+3G-N, respectively. (Figure adapted from Ref. [1]). 
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since the oligosaccharide on the Fc domain is important for binding to Fc receptors and comple-
ment proteins, the proteins cannot be expressed in E. coli. Mammalian and yeast cells can be used 
instead, with Chinese hamster ovary (CHO) and human embryonic kidney (HEK) cells being the 
most common as they give the closest glycosylation patterns to those produced in human. Many 
efforts in glycoengineering have been conducted to improve binding efficiency of Fc to Fc receptor 
and complement proteins, as reviewed in chapter 1 [57-61].
	 The plasmid vector for expressing human IgG1 Fc was obtained from InVivogen. Since the 
efficiency of PLP-mediated transamination depends on the sequence of the N-terminus [41,42], the 
Fc protein was first mutated to contain a highly reactive alanine-lysine-threonine (AKT) sequence 
[42]  immediately following the IL2 signaling peptide (Figure 2.2; see sequence in materials and 
methods). This leader peptide was cleaved during the secretion of the AKT-Fc proteins from the 
host cells. The protein was expressed in glycosylated form in transfected HEK 293T cells (Figure 
2.2c-e) and purified using a protein G column. 

2.3.2 Fc modification

2.3.2.1 PLP-mediated N-terminal transamination
	 Reaction conditions for PLP-mediated N-terminal modification were previously optimized 
[42], and we confirmed that the same conditions were also optimal for modification of Fc proteins 
(Figure 2.4d). In brief, the AKT-Fc proteins were exposed to a freshly prepared 100 mM solution 
of PLP in pH 6.5 phosphate buffer at 37 °C for 1 h. Due to the small mass difference (1 Da) cor-
responding to the transamination of each terminus, the resulting protein was exposed to benzyl 
hydroxylamine (BnONH2, 4a) for 2 d at RT before characterization using mass spectrometry. To 
simplify the analysis, the carbohydrate domain was removed from the samples using PNGase F. 
As shown for the non-reduced Fc products in Figure 2.4a,b, very high conversion was observed. 
Two major products were obtained (6a and 6a+PLP), both resulting from the desired oxime for-
mation reaction at the two Fc termini. The higher mass product resulted from an aldol reaction 
between the aldehyde of PLP and the transaminated terminus during the first reaction step (shown 
as 3+PLP in Figure 2.1). The only other product that was evident was a small amount of Fc with 
a single oxime modification (species 12). In samples lacking PLP treatment, exposure to BnONH2 
led to no observable modification. Oxime formation using AlexaFluor 488 alkoxyamine was also 
used to detect reaction progress via SDS-PAGE (Figure 2.4e). Fluorescence was detected in the 
+PLP lanes using both reducing and non-reducing gel loading buffers, suggesting that AKT-Fc 
underwent transamination by PLP and that the Fc remained in a dimeric state under the reaction 
conditions. In addition to the expected products, a small amount of residual Fc dimer (~4-7% by 
densitometry) was observed in the reduced lane. We presume this resulted from an aldol reaction 
between the two terminal ketones, which are directly adjacent to one another in the dimeric Fc 
structure. Such a species would still possess a single remaining ketone group, thus allowing its 
labeling with the dye molecule. The presence of this minor species could also explain species 12 
in Figure 2.4b, but the identities of these two byproducts have not been confirmed further due to 
their very low abundance. 
	 After successful transamination and oxime formation with BnONH2, I then explored the 
attachment of aniline-ONH2 (compound 8), an oxidative coupling partner, to the N-termini of Fc 
using the transamination/oxime formation procedure described above. Not only did we achieve  Fc 
proteins bearing an aniline group at each of the two termini (species 9), but much to our surprise, 



28

the amount of PLP adduct (species 9+PLP) was much reduced when aniline-ONH2, as compared 
to other alkoxyamines, was used in the oxime step (Figure 2.4c). We hypothesized that aniline can 
catalyzed the retro aldol reaction through iminium ion formation (Figure 2.4f). However, simply 
adding aniline in the oxime formation step of BnONH2 does not achieve the same reduced amount 
of PLP adduct as using aniline-ONH2. Further investigation on peptides and proteins is thus nec-
essary to confirm this hypothesis.

2.3.2.2 Oxidative coupling
	 Following successful installation of aniline groups on the Fc proteins, the oxidative cou-
pling reaction was then investigated using aminophenol containing polyethyleneglycol 10a (MW 

Figure 2.4. Analysis of transamination efficiency for AKT-Fc domains. AKT-Fc (1) was exposed to 50 mM 4a for 40 h at pH 6.5, 
followed by treatment with PNGase F (a) without prior transamination with PLP (as a negative control), or (b) following  
transamination with 100 mM PLP at 37 °C for 1 h. The peak at 52315 Da corresponded to unmodified AKT-Fc (expected: 52315 
Da). The double-oxime product (6a) appeared at 52525 Da (expected: 52523 Da), and the peak at 52772 Da corresponded to 
product 6a plus a single PLP addition (expected: 52770 Da). The peak at 52419 Da corresponded to the addition of one molecule 
of 4a to the AKT-Fc fragment (12, expected: 52419 Da). (c) After transamination using the same condition as in (b), resulting 
keto-Fc (3) was exposed to 25 mM 8 for 40 h at pH 4.5, followed by PNGaseF treatment. The double-oxime product (9) appeared 
at 52697 Da (expected: 52695 Da), and the peak at 52944 Da corresponded to product 9 plus a single PLP addition (expected: 
52942 Da). The peak at 52506 Da corresponded to the addition of one molecule of 8 to the AKT-Fc fragment (13, expected: 52506 
Da). (d) Product distribution of PLP-mediated transamination of the Fc domains at various reaction time, followed by oxime 
formation with benzyl hydroxylamine (4a). Percent yields were calculated by peak area of each product. (e) Samples of AKT-Fc 
with and without transamination using PLP (100 mM PLP at 37 °C for 1 h) were exposed to 80 μM AlexaFluor 488 alkoxyamine 
(4b) for 43 h in the presence of 100 mM aniline as a catalyst. They were then analyzed by SDS-PAGE under reducing (lanes 1 and 
2) or non-reducing conditions (lanes 3 and 4). The fluorescent images of the Fc-AlexaFluor 488 oxime products (top) were taken 
using a Typhoon imaging system. The bottom gel was stained using Coomassie blue. (f) Proposed mechanism for the decrease of 
PLP adduct after oxime formation with aniline-ONH2 (8). We hypothesized that aniline can catalyze the reverse aldol reaction 
releasing PLP from the PLP aldol adduct. (Figure adapted from Ref. [1]).
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~ 2000 Da) [51-53]. Aniline Fc 9 (10-40 µM) was combined with 100 µM 10a in pH 6.5 phosphate 
buffer. A stock solution of sodium periodate was added to a final concentration of 1 mM, and the 
reaction was incubated for 2 min. The resulting solution was then passed through a NAP-5 gel 
filtration column to quench and remove the periodate. SDS-PAGE analysis under reducing condi-
tions (and without the use of PNGase F) indicated that 50% of the individual Fc chains were con-
verted to the singly PEGylated product (Figure 2.5a, lane 6), as indicated by optical densitometry. 
The lower PEGylation yield likely results from the close proximity of the two N-termini in the 
intact Fc domains, leading to the attachment of only one PEG chain to each protein dimer. None-
theless, a high degree of modification was observed using very short coupling times.
	 As one potential concern with this strategy, immunoglobulin proteins contain oligosaccha-
rides that could be cleaved to form aldehydes in the presence of sodium periodate. To determine 
to what degree the glycan oxidation occurs, unmodified Fc domains were exposed to NaIO4 under 
the oxidative coupling conditions for 2 min and 1 h. The resulting aldehyde groups were then visu-
alized by subsequent reaction with AlexaFluor 488 alkoxyamine (4b). As seen in Figure 2.5c, the 
oligosaccharides on the Fc protein were only minimally oxidized by NaIO4 at the 2 min time point 
(compare lanes 2 and 5 to the background labeling for unmodified Fc in lane 1). Furthermore, we 
found that the addition of 10 mM to 100 mM mannose could suppress this oxidation of the carbo-
hydrate groups completely (Figure 2.5c). Interestingly, the oxidative coupling reaction still pro-
ceeded with similar conversion in the presence of 10 mM mannose (Figure 2.5a, lane 7) although 
a somewhat reduced conversion in the presence of 100 mM mannose (lane 8) was observed. Thus, 

Figure 2.5. Modification of Fc domains via oxidative coupling (O.C.). (a) Samples of unmodified Fc (1) and Fc-aniline (9) were 
exposed to 100 μM 2k PEG-aminophenol (10a) and 1 mM NaIO4 for 2 min at RT. Lanes 1-5 display negative controls. Only in the 
presence of both aniline on the Fc and NaIO4 did the attachment of 2k-PEG-aminophenol occur (lane 6). In the presence of 10 mM 
mannose (lane 7), the O.C. still proceeded; however, the yield suffered when the mannose concentration was increased to 100 mM 
(lane 8). (b) The reaction scheme for analyzing the extent of oxidation of the oligosaccharides on the Fc protein.  The Fc proteins 
were first exposed to oxidant, followed by addition of TCEP to stop the oxidation. Aldehydes from oxidized saccharides were then 
detected by oxime formation with AlexaFluor 488-ONH2. (c) The Fc proteins were exposed to 1 mM NaIO4 for 2 min (the O.C. 
reaction time) with and without addition of mannose. The fluorescent images of Fc-AlexaFluor 488 oxime products (top) were 
taken using a Typhoon imaging system. The oligosaccharides on the Fc were minimally oxidized under the O.C. reaction time of 
2 min (lane 2) and this oxidation was lowered to background level upon addition of 10 mM mannose or higher concentration (lanes 
3 and 4). The oxidation of oligosaccharides on Fc with NaIO4 for 1 h was shown as a positive control (lane 5). Lane 1 and 6 display 
the background level of oxidized sugar in the absence of NaIO4. (d) The Fc was exposed to either NaIO4 or K3Fe(CN)6  
(abbreviated Fe in the figure) for 2 (lane 2) and 15 min (lane 4), respectively, the reaction time required for completion of the O.C. 
Exposure to ferricyanide does not result in any detectable oxidation of the glycoprotein even after 1 h (lane 5). (Figure adapted 
from Ref. [1] and [53]). 
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this strategy provides a method to protect glycoproteins from undesired oxidation with this pro-
cedure. Even though it should be noted that the Fc protein examined here does not contain sialic 
acids, which are the most susceptible to oxidation, we anticipate that oxidative coupling will still 
occur in a much shorter timescale in comparison to oxidation of oligosaccharides.  
	 Recently, a new oxidant for the oxidative coupling reaction was reported by Obermeyer et 
al. [53]. Potassium ferricyanide (K3Fe(CN)6) can be used to achieve similar yield to NaIO4 but did 
not oxidize the glycans due to both a lower oxidation potential as well as a distinct mechanism of 
oxidation. Figure 2.5d shows no detectable amount of glycan oxidation even after 1 h incubation 
with 1 mM K3Fe(CN)6. This new approach will be useful for reaction on complex molecules with 
post-translational glycosylation, including the Fc proteins and antibodies. 

2.3.3 Attachment of synthetic targeting groups
	 Since the 1990s, small RNA and DNA aptamers have emerged as a new class of molecules 
for therapeutic and diagnostic purposes, owing to the successful development of the systematic 
evolution of ligands by an exponential enrichment process, known as SELEX [17,18,67-71]. Us-
ing SELEX, new aptamers can  be evolved to bind to cells with high specificity and affinity, often 
without prior knowledge of the specific molecular targets. These readily evolved binding groups 
could endow Fc domains with specific cell binding abilities, and, conversely, the Fc domains could 
improve the in vivo circulation times of the oligonucleotides, as shown by Barbas et al. [15]. Two 
aptamers were selected for attachment to the Fc proteins as a proof of principle for the produc-
tion of Fc-synthetic molecule hybrids: (1) sgc8c, which targets protein tyrosine kinase 7 (PTK7) 
[67-69] and (2) TD05.1, which targets membrane-bound IgM (mIgM, also known as the B-cell 
receptor) [70,71]. The sgc8c aptamer has been used in many applications [38,72-75] and shown 
high specificity to its target. The use of TD05.1 could be advantageous because there is currently 
no antibody that is specific to mIgM without also binding to circulating IgM in the blood [71]. For 
use as a negative control in cell binding experiments, a non-specific 41-nucleotide DNA sequence 
(M2M2) was also attached to Fc. 
	 Using the hydrazone formation strategy with 100 µM hydrazide-oligonucleotides (5) and 
100 mM aniline as a coupling catalyst [76,77] over a 48 h period, the Fc-aptamer conjugates could 
be obtained as identified by SDS-PAGE analysis (Figure 2.6b). Due to the high negative charge of 
the DNA portion, the Fc conjugates could also be separated using anion exchange chromatography 
(Figure 2.6c,d), allowing more accurate determination of the product ratios. The major product 
(64%) possessed a single attachment of the oligonucleotide to one of the Fc N-termini, likely 
due to steric hindrance and electronic repulsion between two DNA molecules. The doubly mod-
ified product corresponded to 20% yield, with only 16% of unconjugated Fc protein remaining. 
The alternative method, the attachment of aminophenol-DNA oligonucleotides (10b, 100 µM) to 
Fc-aniline (9) via oxidative coupling reaction, was achieved at RT in 2 min. In this case, 58% of 
the protein product corresponded to the single aptamer conjugate and 39% corresponded to the 
double aptamer conjugate, representing a total of >95% of the protein species. The overall yields 
were therefore slightly higher than those achieved by direct hydrazone formation (Figure 2.6a, 
lane 4-6), but they were obtained with drastically reduced coupling times. Anion exchange chro-
matography was again used to obtain pure conjugates for use in subsequent binding studies, Figure 
2.6e. 
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2.3.4 Biological properties

2.3.4.1 Cell binding specificities
	 The specificities of Fc-sgc8c, Fc-TD05.1, and Fc-M2M2 hybrid constructs generated from 
both the hydrazone and the oxidative coupling strategies were next evaluated for selective cell 
binding using flow cytometry.  Jurkat cells, a T-cell leukemia cell line overexpressing PTK7, were 
used as the targeted cells for the Fc-sgc8c constructs. Ramos cells, a Burkitt’s lymphoma cell line 
overexpressing mIgM, were used as target cells for Fc-TD05.1. U266 cells, a B-cell line overex-
pressing neither membrane protein, were chosen as a negative control sample. The binding assay 
was conducted as outlined in Figure 2.7a, with detection of the cell-bound Fc conjugates using flu-
orescently labeled anti-human IgG1. Only Jurkat cells were bound by Fc-sgc8c, and only Ramos 
cells were recognized by Fc-TD05.1 (Figure 2.7b). Neither cell line was recognized by Fc-M2M2. 
Moreover, the U266 negative control cell line did not bind to any of the Fc-aptamer constructs.  
In addition to confirming that the aptamers retained their specificity after attachment to the Fc do-
mains, these results also indicated that the Fc region retained its proper folding and thus could still 
be recognized by the fluorescent secondary antibodies.

Figure 2.6. Construction of Fc-aptamer conjugates. Two different aptamers, sgc8c targeting PTK7 and TD05.1 targeting 
membrane-bound IgM, were attached to keto-Fc using the two approaches shown in Figure 1. (a) Structure of hydrazide- and 
aminophenol-DNA oligonucleotides used for hydrazone formation and the oxidative coupling reaction, respectively. (b) 
SDS-PAGE analysis under non-reducing conditions showed the formation of Fc hybrids using either hydrazone formation (labeled 
as ‘h’, lanes 1-3) or oxidative coupling (‘o’, lanes 4-6). Single aptamer conjugates were the major products, along with lesser 
amounts of doubly-labeled conjugated species. (c) Anion exchange-HPLC purification of Fc-TD05.1 adduct following the oxida-
tive coupling reaction. Integration of each peak also indicates the relative quantities of Fc, Fc-DNA, and Fc-(DNA)2. (d) 
SDS-PAGE analysis of Fc-DNA contructs after anion exchange HPLC purification. Fractions at various time points of the HPLC 
runs were collected every 1/3 min, and small amounts were used for SDS-PAGE analysis to visualize the collected Fc-DNA 
specices. The combined fractions are outlined by the red dotted lines. (e) SDS-PAGE analysis (non-reducing) of the purified 
Fc-aptamer conjugates used for cell binding analysis. (Figure adapted from Ref. [1]).  
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2.3.4.2 Binding to immunologically relevant proteins
	 A key feature associated with the toxicity of many antibodies is the recruitment of comple-
ment proteins found in blood serum. We therefore evaluated the ability of the modified Fc proteins 
to bind to the C1q complement protein using ELISA [62]. Briefly, varying concentrations of the Fc 
conjugates were bound to a polystyrene 96-well plate, after which a 2 µg/mL solution of human 
C1q was added. Binding ability was confirmed using an anti-C1q antibody conjugated to horse-
radish peroxidase (HRP).  These results showed that the PLP-treated Fc and Fc-aptamer constructs 
still retained their ability to bind to C1q with similar affinities. This suggests that the bulk of the 
immunological activating properties of the Fc domains remained intact following the modification 
process (Figure 2.8). Similarly, we also evaluate the binding of Fc-aptamer conjugates to Fc re-
ceptors (FcRs) using ELISA. The binding affinities of unmodified Fc and different Fc-aptamers to 
activating FcRs (FcRIIa and IIIa) are within the same order of magnitude to each other, indicating 
that the attachment of aptamers does not interfere with the ability of Fc to bind to FcRs (Figure 
2.9). 

2.3.4.3 Phagocytosis with neutrophils
	 To examine whether the Fc-DNA conjugates can still be recognized by immune cells, we 
established a collaboration with the Heinrich Group at UC Davis. Here, we used beads as a mimic 
of target cells and coated the beads with our Fc-DNA constructs from both the hydrazone forma-

Figure 2.7. Cell binding specificity of Fc-aptamer conjugates. (a) The general cell binding analysis scheme is shown. The cells 
were incubated with Fc-aptamer samples, which were subsequently detected using FITC-labeled secondary antibodies specific for 
Fc of human IgG1. (b) Flow cytometry data are shown for the binding of Fc-aptamer conjugates to Jurkat cells (overexpressing 
PTK7, the target of the sgc8c aptamer), Ramos cells (overexpressing membrane-bound IgM, the target for the TD05.1 aptamer), 
and U266 cells as a negative control. All Fc-sgc8c and Fc-TD05.1 conjugates retained their targeting specificity, whether they 
were generated using hydrazone formation (labeled ‘h’) or oxidative coupling (labeled ‘o’). Unmodified Fc proteins and an 
Fc-M2M2 conjugate (bearing a non-specific 41-base oligonucleotide) did not bind to any cell lines. (Figure adapted from Ref. [1]).

target cell

Fc-aptamer Anti-human IgG1 (Fc specific)
FITC conjugated

Fluorescence

no agent
Unmodified Fc

Fc-M2M2 (h)
Fc-M2M2 (o)

Fc-sgc8c (h)
Fc-sgc8c (o)

Fc-TD05.1 (h)
Fc-TD05.1 (o)

Fluorescence Fluorescence

Jurkat Ramos U266

(a)

(b)

%
 o

f m
ax

100 101 102 103 104
0

20

40

60

80

100

100 101 102 103 104
0

20

40

60

80

100

%
 o

f m
ax

%
 o

f m
ax

100 101 102 103 104
0

20

40

60

80

100



33

tion and the oxidative coupling strategy, as portrayed in Figure 2.10a. The Fc-DNA coated beads, 
together with negative controls (plain and DNA-coated beads), were then subjected to polymor-
phonuclear leukocytes (PMNs), mostly comprised of neutrophils isolated from human blood, and 
phagocytotic events were imaged and analyzed by flow cytometry (Figure 2.10b,c). Only Fc-DNA 
beads were phagocytosed by PMNs, suggesting that Fc modified with DNA oligonucleotides using 
our two strategies can still be recognized by immune cells. Even though only 30-50% of PMNs 
contained the Fc-DNA coated beads, this could be due to low density of Fc-DNA on the beads, and 
the assay can be further optimized.

2.4 Conclusions and Future Prospects
	 In this chapter, we have developed two new approaches for the site-specific modification of 
antibody Fc domains. We also further demonstrated the utility of these strategies to make antibody 
mimics through the generation of a new class of Fc-aptamer conjugates, in which the aptamers 
served as targeting molecules replacing Fab fragments. These hybrid agents still retain the binding 
specificity of the original aptamers while adding the ability of the Fc domain to be recognized 
by complement proteins and FcRs. The strategy developed here could be readily adapted for the 
attachment of other classes of synthetic molecules, such as peptoids or small molecules, to Fc do-
mains for in vivo applications.  
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Figure 2.8. C1q binding of Fc-aptamer conjugates. (a) Scheme shows the experimental set up for ELISA. Various concentrations 
of modified and unmodified Fc were bound to a 96-well plate, followed by incubation with 2 µg/mL human C1q. The bound C1q 
were then detected by anti-human C1q HRP conjugated antibody. (b) ELISA data are shown for C1q binding to unmodified Fc, 
PLP-treated Fc, and Fc after oxime formation with BnONH2. The binding of all the agents are similar, suggesting that transamina-
tion or attachment of BnONH2 did not appreciably interrupt the binding of Fc to C1q. (c) ELISA data are shown for C1q binding 
to the Fc-aptamer conjugates. All the Fc-DNA conjugates retained similar C1q binding to unmodified Fc. (Figure adapted from 
Ref. [1]).  
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	 The idea of making antibody mimics can also be expanded to the development of synthetic 
molecules mimicking the Fc protein itself.  So we can imagine having a mix and match between 
each portion of antibody and the synthetic counterparts or even have a completely synthetic an-
tibody mimics. Unlike the Fab fragments, whose main function is to bind target receptors, the 
Fc has many characteristics: (1) binding to FcRs to initiate ADCC and/or ADCP, (2) binding to 
complement proteins to initiate CDC, and (3) binding to FcRn for plasma half-life extension. The 
FcRs and complement proteins interact with the Fc at around the same site close to the hinge re-
gion, whereas FcRn binds at the junction of the CH2 and  CH3 domains [9,78,83,84].  Even though 
it may be possible to create an Fc mimic that includes all of these properties, a much simpler and 
more systematic approach would be to mimic one property at a time, especially when the synthetic 
molecule mimic is much smaller and less complex than a 50 kDa Fc domain. As an initial attempt, 
we decided to create an FcRn binding peptoid in collaboration with the Kodadek group at Scripps, 
Florida. Peptoids (peptide mimics) have several advantages over peptides, including facile synthe-
sis and proteolytic stability, while still retaining as large, if not larger, diversity as peptides [85].
	 We designed a one-bead-one-peptoid library with the size of ~500,000 members for our 
initial screen, which corresponds to a 5-mer peptoid with 14 different monomers. The interaction 
between Fc and FcRn is also pH dependent — FcRn binds to Fc inside lysosomes that have low 
pH (pH 6) and protect antibodies from degradation, and antibodies get released at physiological 
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Figure 2.9. FcRs binding of Fc-aptamer conjugates. (a) Scheme shows the experimental set up for ELISA. FcRIIa and FcRIIIa (2 
µg/mL) were bound to 96-well plate, followed by incubation with various concentrations of unmodified Fc and Fc-aptamer conju-
gates. The bound Fc conjugates were then detected by anti-human Fc HRP conjugated F(ab’)2 fragment. (b) ELISA data are shown 
for FcRIIa binding to unmodified Fc and Fc-DNA conjugates. The binding of all the agents are similar, suggesting that Fc-aptam-
ers still retained their binding to FcRIIa. (c) ELISA data are shown for FcRIIIa binding to the Fc-aptamer conjugates. Similar to 
results in (b), all the Fc-DNA conjugates and unmodified Fc retained similar binding to FcRIIIa. Estimated Kd from these curves 
were also within the same order of magnitude (data not shown). However, the binding affinity of Fc to both FcRIIa and IIIa are 
low and the samples used in these experiments were not concentrated enough to reach the binding saturation. Therefore, the 
binding to FcRs may need further investigation to confirm the retention in FcR binding affinity. 
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pH (pH 7.4) at the cell surface. A crystal structure of an FcRn/heterodimeric Fc complex reveals 
the amino acid residues on the Fc that is interacting with FcRn and these include 3xHis, Ile, Leu, 
Lys, Ser, and Tyr [84]. Having three histidines in the Fc-FcRn interface results in the pH depen-
dent binding property. When we designed our library, we selected six of the 14 monomers to have 
side chains with pKa in the range of 5 to 7, similar to His. These side chains are derivatives of 
imidazole, pyridine, and quinoline (Figure 2.11). The rest of the library monomers include one Lys 
mimic, non-charged polar, and non-polar side chains (Figure 2.11). To conduct the library screen, 
we plan to follow on-bead two-color (OBTC) cell screen protocol established by Udugamasooriya 
et al, using human FcRn-expressing HEK293 cells (gift from Prof. Roopenian) as positive control 
cells and HEK293 can then be used as negative. If successful, this project can be beneficial in 
various applications including plasma half-life extenstion of various therapeutics and nanoscale 
delivery vehicles by attachment of FcRn-binding peptoids. Moreover, these conjugates may be 
considered for pulmonary delivery due to expression of FcRn in lung epithelial cells[13] and for 
vaccine application as antigen-presenting cells also highly express FcRn [86].
	 Alternatively, we may be able to use the same library to screen for an pH-dependent Fc 
binder for antibody purification purposes. The most widely used method for antibody purification 
is protein A or G affinity chromatography. However, these techniques require a harsh elution step 
using low pH (pH 2-3) elution buffer. An alternative Fc binder that can be switched on/off in mild-
er conditions (e.g., pH 5-6) will prove useful for future purification of antibodies and perhaps other 
proteins.   
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beads coated with Fc-DNA conjugates. First, streptavidin beads (“plain beads”) were coated with complementary oligonucleotides 
to yield “DNA beads,” followed by incubation with the Fc-DNA conjugates from both hydrazone (h) and oxidative coupling (o) 
strategy, which readily formed double stranded complexes, resulting in Fc coated beads or “Fc-DNA beads.” Plain, DNA, Fc-DNA 
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isolated from human blood. (b) Images of neutrophils after incubation with different types of beads. Only the Fc-coated beads were 
phagocytosed. (c) Flow cytometry analysis of fluorescent beads prepared similarly to scheme (a) showed that only Fc-DNA beads 
were phagocytosed by PMNs. Also, Fc-DNA from both hydrazone formation and oxidative coupling resulted in similar extent of 
phagocytosis. These results confirmed that Fc modified with DNA oligonucleotides can still be recognized by immune cells.      
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2.5 Materials and Methods

2.5.1 General experimental procedures and materials
	 Unless otherwise noted, all chemicals and solvents were of analytical grade and used as re-
ceived from commercial sources. Water (dd-H2O) used in biological procedures or as the reaction 
solvent was deionized using a NANOpure purification system (Barnstead, USA). All oligonucle-
otides were obtained from Integrated DNA Technologies (Coralville, IA). All cell culture reagents 
were obtained from Gibco/Invitrogen Corp. (Carlsbad, CA) unless otherwise noted. Cell culture 
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was conducted using standard techniques. Jurkat and Ramos cells were grown in T-25 or T-75 
culture flasks (Corning) in RPMI Medium 1640 supplemented with 10% (v/v) fetal bovine serum 
(FBS, Omega Scientific) and 1% penicillin/streptomycin (P/S, Sigma). U266 cells were grown in 
T-25 or T-75 culture flasks (Corning) in RPMI Medium 1640 supplemented with 15% (v/v) FBS 
and 1% P/S.

2.5.2 Construction of the plasmids for the expression of Fc domains
	 To express the Fc substrates, the pInFuse-hIgG1-Fc2 (InvivoGen, San Diego, CA) plas-
mid, which contained the human IgG1-Fc gene with its introns and an IL2 signal sequence, was 
used. A short intron was present between each region: one intron was located between the hinge 
and the CH2 domain and one intron was located between CH2 and CH3 (Figure 2.12). The Fc pro-
tein expressed from this plasmid was comprised of the CH2 and CH3 domains of the human IgG1 
heavy chain. Intracellular cleavage of this sequence occurs after Ser20 and leads to the secretion 
of the protein to the extracellular medium (Figure 2.12). As in the sequence shown in Figure 2.12, 
Ile-Ser-Ala remains at the N-terminus of the secreted Fc protein after the IL2 signal sequence is 
cleaved. The DNA sequence ATATCGGCC encoding Ile-Ser-Ala at the N-terminus was replaced 
with GCAAAGACC, encoding Ala-Lys-Thr (the optimized sequence for PLP-mediated transami-
nation) using a Quikchange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Moreover, the 
ATG following these 9 bases was also changed to ACG to eliminate the potential of having another 
translation initiation site. This was accomplished via two rounds of Quikchange site-directed mu-
tagenesis: the first round mutated ISA to AKT and the second mutated M to T. The sequences of 

 

ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGATATCGGCCATGGTTAG 
M     Y     R      M   Q     L     L     S     C     I      A     L     S      L     A     L     V    T      N     S     I      S     A     M    V    R 
ATCTGACAAAACTCACACATGCCCACCGTGCCCAGgtaagccagcccaggcctcgccctccagctcaaggcgggacaggtgccctag 
   S     D     K     T     H    T      C     P     P      C     P     A 
agtagcctgcatccagggacaggccccagccgggtgctgacacgtccacctccatctcttcctcagCACCTGAACTCCTGGGGGGACCGTC 
                                                                                                                                 P     E      L     L      G      G     P     S  
AGTCTTCCTCTTCCCCCCAAAACCCAAGGACACCCTCATGATCTCCCGGACCCCTGAGGTCACATGCGTGGTGGTG 
   V      F    L     F     P     P     K      P    K      D     T     L    M    I      S     R     T      P     E      V     T     C     V      V    V 
GACGTGAGCCACGAAGACCCTGAGGTCAAGTTCAACTGGTACGTGGACGGCGTGGAGGTGCATAATGCCAAGAC 
D      V     S      H     E      D     P    E       V    K     F     N     W    Y     V     D     G     V     E      V      H    N    A     K     T 
AAAGCCGCGGGAGGAGCAGTACAACAGCACGTACCGTGTGGTCAGCGTCCTCACCGTCCTGCACCAGGACTGGCT 
   K      P     R     E      E       Q    Y     N     S     T      Y     R     V     V     S      V     L    T      V     L    H     Q     D    W     L  
GAATGGCAAGGAGTACAAGTGCAAGGTCTCCAACAAAGCCCTCCCAGCCCCCATCGAGAAAACCATCTCCAAAGC 
   N     G      K      E     Y     K      C     K      V    S     N     K     A     L     P     A     P     I      E      K      T     I      S     K    A   
CAAAGgtgggacccgtggggtgcgagggccacatggacagaggccggctcggcccaccctctgccctgagagtgactgctgtaccaacctctgtcc 
   K     G 
ctacagGGCAGCCCCGAGAACCACAGGTGTACACCCTGCCCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCAG 
                  Q     P      R     E      P    Q     V     Y     T     L      P     P     S     R     D     E      L     T     K      N     Q     V    S 
CCTGACCTGCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGTGGAGTGGGAGAGCAATGGGCAGCCGGAGA 
   L     T      C     L      V     K     G     F     Y    P     S      D     I      A     V     E      W    E      S      N    G     Q      P     E     N 
ACAACTACAAGACCACGCCTCCCGTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAA 
      N     Y    K      T     T      P     P     V     L     D     S     D    G      S     F    F     L     Y    S      K      L     T      V     D    K 
GAGCAGGTGGCAGCAGGGGAACGTCTTCTCATGCTCCGTGATGCATGAGGCTCTGCACAACCACTACACGCAGAA 
    S     R       W   Q     Q     G     N     V     F     S     C    S      V     M    H    E     A    L     H     N     H     Y    T      Q     K  
GAGCCTCTCCCTGTCTCCGGGTAAATGA  
    S     L     S     L      S     P    G     K      ••• 

Figure 2.12. Sequence of IL2ss and human IgG1 Fc in expression vector from InVivogen. The sequence of the IL2ss (grey) and 
human IgG1 Fc (upper case letters) is shown with introns (lower case letters) inserted between hinge and CH2 and between CH2 
and CH3 (red). The mutated region is in bold. (Figure adapted from Ref. [1]).
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mutagenic and sequencing primers used in this study are listed in Table 2. 
	 The polymerase chain reaction (PCR) mixture was composed of 1 µL of 50 ng/µL plasmid 
template, 5 µL of each primer (25 ng/µL), 1 µL of dNTP mixture, 5 µL of 10x buffer, 1 µL of Pfu-
Turbo DNA polymerase (2.5 units/µL) and 33 µL of dH2O. The reaction was started with 2 min at 
95 °C to predenature the template, followed by 18 cycles of 30 sec at 95 °C, 1 min at 55 °C and 6 
min at 70 °C. The PCR ended with final polymerization at 70 °C for 10 min, and the reaction mix-
ture was left at 10 °C until the next step. After the PCR, 1 µL of DpnI (10 units/µL) was added and 
the mixture was incubated at 37 °C for 2 h to degrade the original unmodified plasmid templates. 
After DpnI digestion, 2 µL of the mixture was used to transform E. coli XL1-Blue competent 
cells by heat-shock following the manufacturer’s protocol. The transformed E. coli XL1-Blue was 
spread on LB plates containing Zeocin (Fast-Media Zeo Agar, InvivoGen) and incubated at 37 °C 
overnight (~16 h). Colonies were selected and grown in 5 mL terrific broth (TB) media containing 

Zeocin (Fast-Media Zeo TB, InvivoGen) at 37 °C overnight (12-16 h). Plasmid DNA was isolated 
using a QIAprep Spin Miniprep Kit (Qiagen). The DNA sequences were confirmed by gene se-
quencing. The sequences of the primers used for sequencing are listed in Table 2.   
  
2.5.3 General procedure for expression of AKT-Fc
	 The plasmids expressing AKT-Fc constructed above were transiently transfected into hu-
man embryonic kidney (HEK) 293T cells using Lipofectamine 2000 (Invitrogen) in Opti-MEM 
medium following the protocol from Invitrogen. The cells were incubated at 37 °C in 5% CO2. 
After 2 days, media were collected, and secreted antibodies were purified using protein G affinity 
chromatography, according to the procedure from the manufacturer (Pierce). Fresh media was 
added, and cultures were grown for additional 3 days, after which additional antibodies were har-
vested and purified as above. Purified protein was buffer exchanged into PBS using Amicon Ultra 
4 mL 10 kDa MWCO (Millipore) centrifugal ultrafiltration membranes. Purity was evaluated by 
SDS-PAGE with Coomassie staining (Figure 2.13). 
 
2.5.4 General procedure for PLP transamination
	 The 2x protein stock solutions were prepared at 10-40 µM using 25 mM phosphate buffer 
at pH 6.5. The 2x (200 mM) PLP stock solutions were prepared in 25 mM phosphate buffer and 
the pH of the solution was adjusted to 6.5 using NaOH solution. Protein and PLP stock solutions 
were mixed in equal volumes. The reaction mixture was briefly agitated to ensure mixing and then 
incubated without further agitation at 37 ˚C for 1 h. After incubation, the PLP was removed using 
NAP Sephadex size exclusion columns (GE Healthcare). The resulting keto-Fc solution was then 

Table 2. Primer sequences used for construction of plasmid expressing AKT-Fc and sequencing primers. 
Purpose Primers* 

Mutating ISA to AKT 5'-GCACTAAGTCTTGCACTTGTCACGAATTCGGCAAAGACCATGGTTAGATCTGACAAAACT-3' 

 5'-ATGTGTGAGTTTTGTCAGATCTAACCATGGTCTTTGCCGAATTCGTGACAAGTGCAAGAC-3' 

Mutating M to T 5'-TGTCACGAATTCGGCAAAGACCACGGTTAGATCTGA-3'  

 5'-AGTTTTGTCAGATCTAACCGTGGTCTTTGCCGAATTC-3' 

Sequencing 5'-TGCTTGCTCAACTCTACGTC-3' 

  5'-TTGCAGCTTATAATGGTTACAAA-3' 

*The mutated sites are in bold. 
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concentrated and buffer exchanged with 25 mM phosphate buffer (pH 6.5), using Millipore 0.5 or 
4 mL spin concentrators (MWCO 10 kDa), following the protocol from the manufacturer.    

2.5.5 General procedure for hydrazone and oxime formation 
	 The reaction was performed with 10-40 µM keto-Fc and RONH2 or R(CO)NHNH2 at var-
ied concentrations. For the analysis of PLP transamination efficiency, BnONH2 and AlexaFluor 
488-ONH2 were added to keto-Fc to a final concentration of 100 mM and 80 µM, respectively. For 
the attachment of an oxidative coupling partner, aniline-ONH2 was added to a final concentration 
of 25 mM. To make Fc-aptamer constructs, keto-Fc was mixed with the hydrazide-aptamer (ap-
tamer sequences shown in table 3) at a final concentration of 100 µM in the presence of 100 mM 
aniline, which is known to enhance the rate of hydrazone formation [76]. The reaction mixture 
was incubated at RT for 18-50 h. All the reactions were carried out in 25 mM phosphate buffer 
(pH 6.5), except for oxime formation with aniline-ONH2, which was done in 25 mM phosphate 
buffer (pH 5). Following the reaction, the small molecules were removed using NAP Sephadex 
size exclusion columns (GE Healthcare) and the resulting product mixtures were concentrated 
using Millipore 0.5 or 4 mL spin concentrators (MWCO 10 kDa), following the protocol from 
the manufacturer. The percent reaction conversion for the Fc samples with small molecules was 
analyzed using LCMS and the modification with large molecules was analyzed using SDS-PAGE 
with Coomassie staining.  

Table 3. Sequence of DNA oligonucleotides used in the protein modification. 
DNA oligonucleotides Sequence 
Sgc8c (41-mer) 5’-ATCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGA-3’  
TD05.1 (37-mer) 5’-AGGAGGATAGTTCGGTGGCTGTTCAGGGTCTCCTCCT-3’ 
M2M2 (41-mer) 5’-CCCTAGAGTGAGTCGTATGACCCTAGAGTGAGTCGTATGAA-3’ 
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2.5.6 General procedure for oxidative coupling
	 To a solution of 10-40 µM Fc-aniline (9) in 25 mM phosphate buffer (pH 6.5) was added a 
solution of aminophenol-2k PEG (10a) or aminophenol-aptamer (10b) (aptamer sequences shown 
in table 3) to a final concentration of 100 µM. Sodium periodate (Sigma-Aldrich) was dissolved 
to a concentration of 10 mM in 25 mM phosphate buffer (pH 6.5). The sodium periodate was then 
added to the reaction mixture to reach a final concentration of 1 mM, and the reaction was allowed 
to proceed for 2 min at RT. In some cases, a solution of mannose was also added to a final concen-
tration of 10 mM or 100 mM before addition of the periodate solution. The resulting protein sam-
ples were purified on NAP Sephadex size exclusion columns (GE Healthcare) and concentrated 
using Millipore 0.5 or 4 mL spin concentrators (MWCO 10 kDa), following the protocol from the 
manufacturer.

2.5.7 Purification of Fc-aptamer constructs
	 The resulting Fc-DNA conjugates from both hydrazone formation and oxidative coupling 
were purified from unreacted Fc and DNA using anion exchange HPLC with a 20-min gradient of 
100 % buffer A to 5% buffer A 95% buffer B, where buffer A is 25 mM sodium phosphate buffer 
pH 6.5 and buffer B is 25 mM sodium phosphate buffer pH 6.5 with 1 M NaCl. The fractions col-
lected were analyzed using SDS-PAGE and those containing Fc-DNA constructs were combined 
and concentrated using Millipore 0.5 mL spin concentrators (MWCO 10 kDa). 

2.5.8 Flow cytometry analysis for cells binding specificities
	 Flow cytometry was used to determine the binding ability of all the Fc-aptamer constructs. 
All experiments were carried out in triplicate. For all samples, 100 µL of 3x106 cells/mL of Jurkat, 
Ramos, and U266 were used, suspended in binding buffer (4.5 g/L glucose, 5 mM MgCl2, 0.1 mg/
mL yeast tRNA  (Sigma) and 1 mg/mL BSA (Fisher) in Dulbecco’s PBS with calcium chloride 
and magnesium chloride (Invitrogen)). To these cells were added 10 µL of a series of 400 nM 
Fc-aptamer construct solutions. The samples were then incubated on ice for 1 h. The resulting cells 
were washed with 500 µL of binding buffer and resuspended in an additional 100 µL of binding 
buffer. Anti-human IgG1 antibody (specific for the Fc domain) with FITC conjugated (Sigma) was 
then added to a final concentration of ~ 0.30 µM. Cells were incubated for 1 h on ice in the dark, 
washed with 500 µL of binding buffer, and resuspended in 200 µL of binding buffer. The cells 
were analyzed by flow cytometry (Becton Dickinson FACScalibur) to determine the amount of 
FITC fluorescence. For each sample, 10,000 cells were counted. A FACSCalibur flow cytometer 
(BD Biosciences, USA) equipped with 488 and 633 nm lasers were used for all flow cytometry 
measurements, usage courtesy of Prof. Carolyn Bertozzi (UC Berkeley). Data was analyzed using 
FlowJo 8.0 (TreeStar, Ashland, OR). 

2.5.9 ELISA for C1q binding
	 The binding of human C1q to AKT-Fc, chemically-modified Fc, and Fc-DNA conjugates 
was assessed by an ELISA binding assay, adjusted from a published procedure [78]. High binding 
Costar 96-well plates (Corning, NY) were coated with varying concentrations of Fc samples in 
coating buffer (0.05 M sodium carbonate buffer, pH 9) overnight at 4 °C. All samples were run 
in duplicate. The plates were washed three times after each incubation step with 300 µL of PBST 
buffer (PBS, containing 0.05% Tween 20, pH 7.4). After coating, the plates were blocked with 
200 µL of ELISA diluent (0.1 M Na3PO4, 0.1 M NaCl, 0.1% gelatin, 0.05% Tween 20, 0.05% Pro-
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Clin300) for 1 h at RT, followed by incubation with 100 µL of 2 µg/mL human C1q (Quidel, San 
Diego, CA) in ELISA diluent for 2 h. Then, 100 µL of a 1:400 dilution of sheep anti-human C1q 
peroxidase-conjugated antibody (Abcam) in ELISA diluent was added and incubated at RT for 1 h. 
The plates were developed with 100 µL of 3,3’,5,5’-tetramethylbenzidine (TMB) substrate buffer 
(Sigma) at RT for 15 min. The reaction was stopped upon the addition of 100 µL of stop reagent 
for TMB substrate (Sigma), and the absorbance at 450 nm was measured using a Spectramax M3 
microplate reader (Molecular Devices, Sunnyvale, CA). The obtained Hill plots displayed dif-
ferent amplitudes for the binding curves, which were taken to arise from different amounts of Fc 
samples binding to the wells. The plots were therefore normalized based on their maximum overall 
absorbance. 

2.5.10 ELISA for FcR binding
	 The binding of human FcRIIa and FcRIIIa to unmodified Fc and Fc-DNA conjugates was 
assessed by an ELISA binding assay, adjusted from a published procedure [79]. High binding 
Costar 96-well plates (Corning, NY) were coated with 100 µL of 2 µg/mL FcRIIa or FcRIIIa in 
PBS overnight at 4 °C or for 2 h at RT. The plates were washed three times after each incubation 
step with 200 µL of PBST buffer. After coating, the plates were blocked with 200 µL of PBS+3% 
BSA (w/v) overnight at 4 °C or for 2 h at RT, followed by 2 h incubation at RT with 100 µL of 
3-fold serial dilution in PBST buffer of unmodified Fc or Fc-DNA samples, starting from 200 nM. 
Then, 100 µL of a 1:2000 dilution of HRP-conjugated F(ab’)2 fragment of anti-human Fc (Jackson 
Immunoresearch) in PBST buffer was added and incubated at RT for 1 h. The plates were devel-
oped with 100 µL of 3,3’,5,5’-tetramethylbenzidine (TMB) substrate buffer (Sigma) at RT until 
blue color was developed. The reaction was stopped upon the addition of 100 µL of stop reagent 
for TMB substrate (Sigma), and the absorbance at 450 nm was measured using a Spectramax M3 
microplate reader (Molecular Devices, Sunnyvale, CA). The obtained Hill plots were calculated 
using Origin 8.0. 

2.5.11 Generation of Fc-DNA coated beads
	 Streptavidin-coated green fluorescent polystyrene beads or Streptavidin Fluoresbrite® YG 
Microspheres (Polysciences, Warrington, PA) were washed three times with binding buffer (0.1 M 
phosphate buffer, 0.15 M NaCl, 10 mg/mL BSA, pH 7.4) and then resuspended into binding buf-
fer to the density of 5x108 particles/mL. To the beads solution, the biotin-5T-C2 oligonucleotides 
(complementatry strand of M2 sequence with biotin functionalized at the 5’ end and five thymines 
spacer in between) were added to a final concentration of 2 µM and incubated at 4 °C for 30 min 
on a rotator. The beads were washed three times with binding buffer and then resuspended in PBS 
containing 10 mg/ mL BSA and 0.1% v/v Tween-20. The Fc-DNA was added to the final con-
centration of 100 nM and incubated overnight at 4 °C or for 30 min at RT on a rotator. The beads 
were washed three times in Hanks’ balanced salt solution (HBSS without calcium or magnesium; 
Sigma-Aldrich, St Louis, MO) and used in phagocytosis experiment. 

2.5.12 Neutrophils phagocytosis
	 Neutrophils were isolated from human blood according to the published protocol [82] on 
the day of use and resuspended in HBSS with calcium. Neutrophils were then incubated with Fc-
DNA coated beads and also the negative controls (plain beads and beads coated with DNA only) in 
a ratio of 1:5 of cells:beads with end-over-end rotation for 1 h at RT. The cells were washed twice 
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to remove unbound beads. Each cell washing step involved spinning down at 200 xg for 6 min for 
cells to pellet, discarding the supernatant, and resuspending cells in PBS. The neutrophils were 
fixed by incubation with 2% formaldehyde for 10 min at RT, followed by a cell washing step, and 
then characterized by flow cytometry and microscopy. This experiment was done in collaboration 
with The Heinrich Lab at UC Davis. 

2.5.13 Synthesis of hydrazide-DNA (5)
	 The synthesis of hydrazide-DNA (5) is outlined in Figure 2.14. The 5’ thiol DNA oligonu-
cleotide supplied by IDT was reduced in 40 mM TCEP in PBS, pH 7.4 for 2 h at RT. The TCEP 
was removed using NAP Sephadex size exclusion columns (GE Healthcare). Ten equivalents of 3, 
3’-N-(ε-maleimidocaproic acid) hydrazide, trifluoroacetic acid salt (EMCH, Pierce), were added to 
a sample of reduced 5’ thiol oligonucleotide in PBS, pH 7.4. The reaction mixture was incubated 
for 2.5 h at RT. The resulting hydrazide-DNA (5) was purified using NAP Sephadex size exclusion 
columns (GE Healthcare), followed by spin concentration with Millipore 0.5 mL spin concentra-
tors (MWCO 10 kDa).

Figure 2.14. Scheme for the synthesis of hydrazide-DNA oligonucleotide 5. (Figure adapted from Ref. [1]).

Figure 2.15. Scheme for the synthesis of aminophenol-DNA oligonucleotide 10b. (Figure adapted from Ref. [1]).
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2.5.14 Synthesis of aminophenol-DNA (10b)
	 The synthesis of aminophenol-DNA (10b) is outlined in Figure 2.15. The 5’ thiol DNA 
oligonucleotide supplied by IDT was reduced in 40 mM TCEP in PBS, pH 7.4 for 2 h at RT. The 
TCEP was removed using NAP Sephadex size exclusion columns (GE Healthcare). The resulting 
product was buffered exchanged into 25 mM phosphate buffer at pH 8 by spin concentration with 
Millipore 0.5 mL spin concentrators (MWCO 10 kDa). Approximately one equivalent of a nitro-
phenol-maleimide linker was added to the reduced 5’ thiol DNA oligonucleotide and the reaction 
was carried out in 25 mM phosphate buffer pH 8 at RT for 1 h. The resulting nitrophenol-DNA 
was then purified using NAP Sephadex size exclusion columns (GE Healthcare), followed by spin 
concentration with Millipore 0.5 mL spin concentrators (MWCO 10 kDa) into PBS. The nitro 
group was reduced to the corresponding aniline in the presence of 10 mM sodium dithionite at RT 
for 10 min. The final product aminophenol-DNA was purified using NAP Sephadex size exclusion 
columns (GE Healthcare), followed by spin concentration with Millipore 0.5 mL spin concentra-
tors (MWCO 10 kDa) into 25 mM phosphate buffer pH 6.5 for subsequent conjugation with Fc 
proteins.

2.5.15 Synthesis of aniline-ONH2 (8)
	 To (Boc-aminooxy)acetic acid (280 mg, 1.5 mmol) dissolved in methylene chloride was 
added dicyclohexylcarbodiimide (362 mg, 1.7 mmol) and N-hydroxysuccinimide (168 mg, 1.5 
mmol). After 15 min with stirring, the precipitate was filtered through Celite, followed by a 0.22 
µm PVDF syringe filter. To the remaining solution was added 2-(4-aminophenyl)ethylamine (200 
mg, 1.5 mmol) and triethylamine (400 mg, 4 mmol). After 1 h of stirring the solution was concen-
trated under reduced pressure and applied to a silica gel column. Purification using ethyl acetate 
as the mobile phase afforded approximately 200 mg of the desired product (45% yield). 1H NMR 
(400 MHz, CDCl3) δ 1.4 (s, 9H), 2.7 (t, 2H), 3.4 (q, 2H), 3.5 (br s, 2H), 4.2 (s, 2H), 6.6 (d, 2H), 
7.0 (d, 2H), 8.1 (br s, 1H), 8.5 (s, 1H). The Boc group was removed via exposure to 1:1 trifluoro-
acetic acid:methylene chloride for 10 min, after which the solvent was removed under a stream 
of nitrogen. The resulting oil was placed under high vacuum overnight, dissolved to 100 mM in 
water, and stored frozen until used. To avoid precipitation of protein, it was necessary to neutralize 
the residual trifluoroacetic acid by adding phosphate buffer before addition to protein-containing 
solutions.

2.5.16 Synthesis of 2k PEG-aminophenol (10a)
	 2k PEG-aminophenol (10a) was synthesized according to a published protocol [52].

2.5.17 Synthesis of nitrophenol-maleimide linker
	 To tyramine was added dropwise one equivalent of fuming nitric acid at 4 °C using triflu-
oroacetic acid as the solvent, resulting in quantitative conversion to o-nitrotyramine. The resulting 
o-nitrotyramine (50 mg, 0.27 mmol) was dissolved in 10 mL DMF and treated with one equivalent 
of succinimidyl-6-N-maleimidohexanoate [81] along with sufficient triethylamine to reach pH 8. 
Multiple equivalents of triethylamine were required due to residual trifluoroacetic acid from the 
nitration step. After 45 min, 20 mL of 0.1 M NaHSO4 were added to the reaction. The product was 
extracted with methylene chloride, dried over Na2SO4, and purified on a silica column using ethyl 
acetate as the mobile phase. The isolated yield was 33%. 1H NMR (300 MHz, CDCl3) δ 1.2 (m, 
2H), 1.6 (m, 4H), 2.1 (t, 2H), 2.8 (t, 2H), 3.5 (t, 4H), 5.6 (br s, 1H), 6.6 (s, 2H), 7.0 (d, 1H), 7.5 (d, 
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1H), 8.0 (s, 1H), 10.5 (br s, 1H).

2.5.18 Instrumentation and sample analysis

2.5.18.1 Liquid chromatography mass spectrometry (LCMS) 
	 Fc protein bioconjugates were analyzed using an Agilent 1200 liquid chromatograph (LC; 
Santa Clara, CA) that was connected in-line with an LTQ Orbitrap XL hybrid mass spectrometer 
equipped with an electrospray ionization source (ESI; Thermo Fisher Scientific, Waltham, MA), 
located in the QB3/Chemistry Mass Spectrometry Facility at UC Berkeley. The LC was equipped 
with a reversed-phase C8 column (100 mm x 1.0 mm, 5 µm particles, Restek, Bellefonte, PA). 
Solvent A was 0.1% formic acid/99.9% water and solvent B was 0.1% formic acid/99.9% aceto-
nitrile (v/v). For each sample, approximately 200 picomoles of protein analyte were injected onto 
the column. Following sample injection, analyte trapping was performed for 5 min with 99.5% A. 
The elution program consisted of a linear gradient from 30% to 95% B over 19.5 min, isocratic 
conditions at 95% B for 5 min, a linear gradient to 0.5% B over 0.5 min, and then isocratic con-
ditions at 0.5% B for 9.5 min. Solvent (Milli-Q water) blanks were run between samples, and the 
autosampler injection needle was rinsed with Milli-Q water after each sample injection, to avoid 
cross-contamination between samples. Mass spectra were recorded in the positive ion mode over 
the range m/z = 450-2000.  Raw mass spectra were processed using Xcalibur software (version 
2.0.7 SP1, Thermo) and protein charge state distributions were deconvoluted using ProMass soft-
ware (version 2.5 SR-1, Novatia, Monmouth Junction, NJ). 

2.5.18.2 High Performance Liquid Chromatography (HPLC) 
	 HPLC was performed on an Agilent 1100 Series HPLC System (Agilent Technologies, 
USA). Sample analysis for all HPLC experiments was achieved with an inline diode array detector 
(DAD). Anion exchange HPLC of Fc-DNA conjugates was accomplished using a Biosep-DE-
AE-PEI column (Phenomenex).

2.5.18.3 Gel Analyses 
	 For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out on a Mini-Protean apparatus from Bio-Rad (Hercules, CA), following the 
protocol of Laemmli [80]. The reducing protein electrophoresis samples were heated for 10 min 
at 95 °C in the presence of β-mercaptoethanol to ensure reduction of any disulfide bonds. Gels 
were run for 40 min at 200 V to allow good separation of bands. Commercially available markers 
(Fisher) were applied to at least one lane of each gel for assignment of apparent molecular masses. 
Visualization of protein bands was accomplished by staining with Coomassie Brilliant Blue R-250 
(Bio-Rad). For fluorescent protein conjugates, visualization was accomplished on a Typhoon 9410 
(Amersham Biosciences). 
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Chapter 3
Generation of Antibody-DNA conjugates for Application as Bispecific Antibodies

Abstract

This chapter describes the design and development of antibody-DNA (Ab-DNA) conjugates, which 
have been widely used in many applications, such as immuno PCR, proximity ligation, and DNA 
barcoding. Here, we describe our chemical approaches in generating these conjugates and propose 
their application as bispecific antibodies. First, antibodies were installed with an aniline oxidative 
coupling partner either site-specifically at the N-termini via transamination or at lysine residues 
via NHS ester chemistry. These anilines can then be coupled to aminophenol-containing DNA 
aptamers to produce the Ab-DNA aptamer conjugates. In the N-terminally modified conjugates, 
we also provide strategies to achieve chain-specific Ab modifiction using pyridoxal 5′-phosphate 
(PLP) or Rapoport’s salt (RS) mediated N-terminal transamination reaction. The binding specific-
ity and affinity of Ab-aptamer conjugates were demonstrated. In addition, the feasibility of using 
these conjugates to improve binding affinity of Ab and to redirect immune effector cells to target 
cells was preliminarily studied. 

The RS-mediated N-terminal modification studies described in this chapter have been reported in 
a separate publication [1].
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3.1 Introduction
	 Antibody-DNA (Ab-DNA) conjugates have proven useful in many applications, including 
immuno PCR (using traditional PCR [2-7], T7 RNA polymerase [8], rolling circular amplification 
(RCA) [9]), proximity ligation assays (PLA) [10-12], DNA barcoding [13], and DNA-encoded an-
tibody library (DEAL) techniques [14] that rely on the high affinity and specificity of antibodies, in 
combination with unique properties of DNA, such as hybridization, PCR amplification, etc. Previ-
ous efforts for coupling oligonucleotides to antibodies have taken advantage of the strong binding 
between biotin and streptavidin [2-6], crosslinking amino groups on the antibodies and oligonu-
cleotides with glutaraldehyde [8], reacting sulfhydryl group-containing oligonucleotides with ma-
leimide-modified antibodies [7,9], and conjugating modified oligonucleotides and antibodies via 
hydrazone formation [15]. A more recent development incorporated non-natural amino acids into 
Fab fragments for site-selective attachment of oligonucleotides [16]. In this chapter, we demon-
strate a new method for generating Ab-DNA conjugates, site-selectively and non-site-selectively. 
An oxidative coupling reaction, a highly efficient bioconjugation reaction requiring mild condi-
tions and short reaction time [17-19], was used to covalently connect the two large biomolecules – 
antibodies and DNA oligonucleotides. First, Ab and DNA were decorated with oxidative coupling 
partners: aniline and aminophenol moieties, respectively. The aniline-Ab and aminophenol-DNA 
can be produced in large batches and stored under appropriate conditions. Once needed, these two 
reagents can be covalently coupled at room temperature in less than 5 min. The site-selectivity was 
achieved using pyridoxal 5’-phosphate (PLP)- or Rapoport’s salt (RS)-mediated N-terminal trans-
amination [1,20-25]. Moreover, due to N-terminal sequence preferences of these two reagents, 
chain specific modification on the Ab can be demonstrated by altering the N-terminal sequences of 
the wild-type Ab to match the preferences of each reagent (Figure 3.1). The non-site-selective ap-
proach used was via lysine modification for applications that do not require site-selectivity (Figure 
3.1). Using NHS ester chemistry, a higher number of aniline coupling partners can be appended 
onto Ab, and no sequence alteration is necessary. 
	 Despite many other applications shown in prior works, we proposed the use of these con-
jugates in therapeutic applications, including bispecific antibodies, antibody-derived proteins with 
the ability to bind to two different epitopes. Dual targeting strategies can be (1) those that directly 
act on target structures, e.g., cell surface receptors or soluble factors and (2) those that use dual 
targeting for delivery (retargeting) of a therapeutically active moiety, e.g., effector molecules and 
effector cells [26-28]. Even though the concept of bispecific antibodies (bsAb) has existed for sev-
eral decades, they have become increasingly important as our knowledge of the potential efficacy 
of antibody-based therapeutics expands. The first bsAb in the market was catumaxomab (anti-Ep-
CAM x anti-CD3), approved in the European Union for the treatment of malignant ascites [29]. 
It was produced from a mouse/rat quadroma cell line, a fusion of two different hybridoma cell 
lines. Another approach to generate bsAb is chemical conjugation focusing on the use of homo- or 
hetero- bifunctional crosslinking reagents [26,30]. The difficulty in generating bsAbs and batch-
to-batch variation using quadromas and chemical cross-linking has depopularized the use of these 
techniques [26-28,30]. Instead, the significant improvements in recombinant antibody technolo-
gies has led to the development of many new bsAb formats (45 formats in the past two decades) 
[26]. However, employing the recombinant techniques, the targeting agents would be limited to 
the use of proteins or peptides.
	 In this work, we aimed to expand the class of bsAb to include Ab-synthetic molecule 
hybrids. Our first attempt involved the attachment of DNA (or potentially RNA) aptamers to full-
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sized antibodies. The new hybrid constructs combine the binding ability of the two agents and 
should increase the affinity and specificity to target cells that express two target receptors. In this 
particular case, the N-terminal modification became attractive due to the proximity of the Ab bind-
ing site and the newly introduced targeting agent. We compared the properties of the N-terminally 
modified constructs with the lysine modified ones. Preliminary results showed that the enhance-
ment in binding affinity of Ab-aptamer constructs depends on the selected pair of targeted recep-
tors. Much further investigation is necessary to establish the use of these constructs as bispecifics. 
However, our studies offer an alternative route for the generation of Ab-DNA conjugates, not only 
to expand the class of bispecific antibodies, but also to be used in many other applications. More-
over, these methods can be applied to attaching other classes of synthetic molecules to full-sized 
antibodies, antibody fragments, or even other types of proteins. 

3.2 Design and Strategy
	 Building on the success of site-selective modification of Fc fragments, we used the sequence 
preference for PLP-mediated N-terminal transamination to achieve chain-selective modification 
of antibodies. Through peptide library screening, previous work in the lab has identified optimal 
seqences for transamination by PLP, as well as sequences that have lower transamination yields. 
The alanine-lysine-threonine (AKT) sequence was one of the highest yielding sequences, while 
leucine-glutamine-threonine (LQT) was identified as one of the lowest transamination-yielding 
sequences [22,23,31]. To build antibodies with only modified light chains, we then engineered the 
light chain to contain highly-modifiable N-terminal sequences and heavy chain with low yielding 
sequences, resulting in antibodies with two modification sites available (Figure 3.1c). However, 
when modification of all four N-terminal sites is desired, both light chains and heavy chains were 
engineered to contain the sequence with optimal yields (Figure 3.1c). To minimize the interfer-
ance with protein folding, the three residue sequences were appended at the N-termini, instead of 
replacing the natural sequences. The extension would also increase the solvent and reagent acces-
sibility, resulting in the higher likelihood of being modified. 
	 While the effort on PLP modification is ongoining, Rapoport’s salt (RS) or N-methylpyr-
idinium-4-carboxaldehyde was identified as another N-terminal transamination reagent, together 
with another set of highly reactive sequences (glutamate terminal), through library screening. In 
collaboration with Dr. Leah Witus, we elected to demonstrate the application of RS via antibody 
modification as >50% of human IgG1 (the most common isotype for therapeutics) contain glu-
tamate terminal heavy chains [32-34]. In addition, we designed antibodies with N-termini con-
taining glutamate-glutamate-serine (EES) and proline-glutamate-serine (PES), one of the most 
optimal and least optimal sequences, respectively (Figure 3.1c).  

3.3 Results and Discussion

3.3.1 Antibody engineering and expression
	 To achieve chain-selective modifications, the alanine-lysine-threonine (AKT), one of the 
optimal sequences for PLP-mediated transamination, was appended to the N-termini of the chains 
on which modification was desired (in this case light chains), while leucine-glutamine-threonine 
(LQT), identified as one of the lowest transamination-yielding sequences, was appended to the 
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heavy chains. When modification of all chains was desired, an AKT sequence was added to the 
N-termini of both heavy and light chains. As a proof of concept, we chose humanized anti-HER2 
monoclonal antibody (known under the trade name Herceptin) as our modification platform. The 
sequences of the variable domains of the light chain (VL) and variable and constant region 1 of 
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Figure 3.1. Design of antibody-DNA conjugates. Among many approaches that can be used to modify antibodies, we selected two 
strategies for the attachment of DNA oligonucleotides: (a) site-selective N-terminal modification and (b) lysine modification. 
Further, we used oxidative coupling, a highly efficient ligation, as a main strategy for the conjugation of two large biomolecules. 
First, we appended the oxidative coupling partners to antibodies and oligonucleotides. Previously, we found that aminophenols, the 
more reactive partner, can crosslink the two chains of antibodies if two aminophenol groups are in the same vicinity (data not 
shown). Therefore, anilines were added to the antibodies, and aminophenols were on DNA strands. For N-terminal modification of 
antibodies, we used PLP or RS to transaminate the N-termini of antibodies on either or both chains. Using these two reagents, we 
achieved chain-selective modification by varying the sequence at the N-termini as shown in (c). The Ala-Lys-Thr (AKT) and 
Leu-Gln-Thr (LQT) were chosen as a reactive and an unreactive sequence for PLP-mediated reaction, and the Glu-Glu-Ser (EES) 
and Pro-Glu-Ser (PES) were a reactive and an unreactive sequence for RS-mediated modification, respectively. Moreover, we also 
found that the wild-type human IgG1 with Glu at the N-termini of the heavy chain were selectively modified with no modification 
on the light chains (Asp N-terminal). After transamination, the ketone groups can then be attached to aniline via oxime formation. 
For lysine modification in (b), we attached aniline groups via NHS ester chemistry or via amide bond formation with isatoic 
anhydride. The final step was to conjugate antibody-aniline conjugates to aminophenol-DNA via oxidative coupling, using sodium 
periodate or newly found potassium ferricyanide as oxidants. 



53

the heavy chains  (VH and CH1) of the anti-HER2 antibody were obtained from the literature [35] 
and assembled into gene inserts. The plasmids for light and heavy chains were then constructed 
separately using plasmid backbones containing light chain constant region CL1 and heavy chain 
constant regions CH2 and CH3 from InVivogen (Figure 3.2 and S3.1). IL2 signal sequences were 
used as secretion signal to achieve higher expression yields. 
	 Similarly, we also explored the possibility of using RS as a transamination reagent. We 
used both mutants and wild-type of anti-HER2 antibodies as >50% of the wild-type heavy chain 
sequences contain Glu termini. For the mutants, the EES and PES were chosen as one of the most 
reactive sequences and least reactive sequences for RS-mediated N-terminal transamination, re-
spectively. To obtain antibodies with EES and/or PES N-termini, the Quikchange mutagenesis 
technique was used to alter the sequence at the AKT and/or LQT sites. 
	 To optimize the expression of monoclonal antibodies (mAbs), various ratios of light to 
heavy chain plasmids were transfected into the HEK293T cell expression system (Figure 3.2). 
The 3:2 ratio of light and heavy chains was found to give the highest yield of anti-HER2 mAbs. 
These antibodies were then purified using protein A or G columns. While expressed, miscleavage 
of IL2ss caused the chains with LQT and EES to contain two species (Figure S3.2, S3.3). The EES/
PES antibodies were not expressed in high enough yields for further studies.  
	  
3.3.2 Antibody modification

3.3.2.1 N-terminal modification of engineered anti-HER2 antibody
	 Anti-HER2 antibodies with AKT appended to both light and heavy chains (AKT/AKT) and 
with AKT appended to the light chains and LQT to heavy chains (AKT/LQT) were incubated with 
100 mM PLP at 37 °C for 1 h, followed by oxime formation with aniline-ONH2. More than 90% 
of all the chains containing AKT at the N-termini, translating to both light and heavy chains of 
AKT/AKT antibodies and only the light chain of AKT/LQT antibodies, were modified, while the 
modification of LQT termini was much less (Figure 3.3). However, using LQT, we were not able to 
fully suppress the modification. We also observed chain-selective modification in the subsequent 
oxidative coupling of antibody-aniline conjugates and aminophenol-containing PEG (2 kDa and 5 
kDa). Both chains of the AKT/AKT antibodies were modified to ~40-50% yields, while only the 
light chains of AKT/LQT ones were conjugated to aminophenol-PEG to the same extent (Figure 
S3.4). The LQT heavy chains were <10% modified. Note that we have observed previously that 
most protein reactions with PEG stopped at ~50% yields, not reflecting the extent of modification 
seen in attachment of small molecules. We hypothesized that this results from the steric hindrance 
caused by large size of PEG. As shown in previous studies [37], up to 10 mM mannose can be add-
ed to the oxidative coupling reaction to prevent oxidation of glycans without sacrificing the yield 
of the products (Figure S3.4). Higher concentrations of mannose (e.g., 100 mM) resulted in loss of 
product yields. 
	 Exploring another transamination reagent, Rapoport’s salt (RS) or N-methylpyridini-
um-4-carboxaldehyde, wild-type anti-HER2 antibodies and those containing EES on both light 
and heavy chains (EES/EES) were incubated with 100 mM RS at 37 °C for 1 h. Unfortunately, 
EES/PES antibodies did not get expressed in high enough yields; therefore, they were omitted 
from these studies. Following oxime formation with BnONH2, LCMS was used to analyze the ex-
tent of modification. The heavy chain wild-type sequence  provided 67% conversion to the oxime 
product, in which 15% also included the RS adduct (Figure 3.3, S3.3). In contrast, no modification 



54

was observed for the light chain (Figure 3.3, S3.3). This is likely because the steric environment 
of the folded protein reduces the accessibility of the already less-reactive substrate (DIQ terminal 
sequence). The complete lack of modification also clearly demonstrated that RS does not react 
with lysine side chain amines or other residues. The net result of this experiment is that RS-me-
diated transamination of the wild-type sequence allowed the selective modification of only the 
heavy chain [1]. The EES/EES antibodies were modified on both the light and the heavy chains  
(56% and 68%, respectively). During the expression of this mutant, we observed some improper 
cleavage of the IL2 signal sequences, which led to the production of a small proportion of light and 
heavy chains that lacked the N-terminal EE groups. The resulting serine-terminal analogs were not 
modified to the same extent as the EES sequence on the heavy chain, and we observed no modifi-
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Figure 3.2. Optimization of anti-HER2 human IgG1 expression. Genes for variable regions of light and heavy chains were 
constructed and cloned into two seperate expression vectors from Invivogen (see scheme in Figure S3.1). Using Lipofect-
amine2000, both plasmids were transfected into HEK293T cells in various ratios to find one that yielded the highest expression 
level. SDS-PAGE analysis under reducing conditions (top) and non-reducing conditions (bottom) was used to detect proteins that 
were expressed and secreted from HEK293T. The first two lanes were negative controls (lane 1: neither plasmids nor Lipofect-
amine was added; lane 2: only Lipofectamine was added) showing proteins in the media or naturally expressed. We found that the 
expression of IgGs was highest when light chain plasmids were in excess compared to heavy chain plasmids (H:L = 1:2, 1:3, 1:4, 
1:5, and 2:3). However, the more light chain plasmids were transfected, the more excess light chains that did not pair with heavy 
chains were expressed. We hypothesized that proteins in red dotted box were excess light chains that formed dimers with each 
other, and those in black dotted box were the monomers. A ratio of 2:3 of heavy to light chain plasmids (H:L) was chosen as the 
most optimized for scale-up expression.  
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cation for the serine-terminal light chain (Figure S3.3).

3.3.2.2 Lysine modification of wild-type anti-HER2 antibodies
	 To attach aniline onto lysine side chains, we first explored and optimized the reaction with 
isatoic anhydride (Figure 3.4c). Incubation of antibodies with 1 mM isatoic anhydride at RT for 1 
h seemed to give us good modification on both light and heavy chains (average of two anilines per 
light chain and four anilines per heavy chain). However, the yields of antibody-DNA conjugates 
following oxidative coupling was not as high as expected. Another route coupling 3-(4-amino-
phenyl) propionic acid (aniline-COOH) to the lysine side chains via NHS/EDC-mediated amide 
bond formation was investigated on a model protein substrate lysozyme. Even though the number 
of anilines attached to proteins was similar, the subsequent oxidative coupling of aniline from 
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be one of the most and least reactive sequences, respectively, for PLP, and EES was one of the most reactive sequences for RS. 
Different combinations of N-terminal sequences were analyzed by LCMS of the products from transamination, followed by 
oxime formation with small molecule alkoxyamines. When treated with PLP, antibodies with AKT on both chains achieved the 
highest yield of modification (89% on light and >95% on heavy); however, when the AKT N-terminal sequence was replaced with 
LQT, the yield dropped to only 22% on the heavy chains. For RS, which is highly reactive to Glu N-terminal residue, wild-type 
N-terminal sequences of anti-HER2 antibodies, containing EVQ N-terminal sequence on the heavy chains, were tested and found 
to achieve site-selective modification as only the heavy chains were modified. The light chain with DIQ N-terminal sequence did 
not yield any transaminated product. While this result show that Glu is a more reactive terminal residue, lack of modification on 
the light chain can also be due to buried N-termini. To achieve transamination on both light and heavy chains using RS, the EES 
sequences were appended, and ~60-70% modification on both chains were obtained. The LCMS traces of this analysis are shown 
in Figure S3.2 and S3.3. (Figure adapted from Ref. [1]).
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aniline-COOH gave much higher yields, indicating that the aniline yielded from aniline-COOH/
NHS/EDC coupling was more reactive towards oxidative coupling (Figure 3.4). The carbonyl 
conjugated to the aniline after isatoic anhydride reacted with lysine reduced the nucleophilicty of 
the aniline, resulting in less reactivity. Therefore, aniline-COOH/NHS/EDC coupling was chosen. 
In both case, the aminophenol-PEG also reacts with the proteins in the absence of aniline group 
(Figure 3.4d,e, lane 2-3), suggesting the reactivity of native amino acid residues in the presence 
of oxidants, either NaIO4 or K3Fe(CN)6. This was later explored by Obermeyer et al. and found to 
be amine groups at the N-termini [36]. Lanes 4-7 in Figure 3.4d also showed a small amount of 
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Figure 3.4. LCMS of lysozyme after attachment of aniline groups using aniline-COOH/NHS/EDC and isatoic anhydride, and 
SDS-PAGE analysis of lysozyme-aniline after oxidative coupling. Lysozyme was used as a model protein to compare the reactivity 
of aniline from attachment using aniline-COOH/NHS/EDC (+147) and isatoic anhydride (+119). LCMS analysis showed an 
average of three anilines per lysozyme for aniline-COOH/NHS/EDC coupling (b) and two anilines per lysozyme for isatoic 
anhydride coupling (c). Figure 3.4a displays an MS of unmodified lysozyme. (d) and (e) show SDS-PAGE analysis of oxidative 
coupling reaction of lysozyme-aniline from aniline-COOH/NHS/EDC coupling (d) and isatoic anyhydride coupling (e). The 
lysozyme-aniline conjugates obtained from both methods were oxidative coupled with aminophenol-PEG (2k) and aminophe-
nol-DNA (47-mer). Despite similar number of anilines attached on to lysozyme via both methods, the aniline from 
aniline-COOH/NHS/EDC coupling were more reactive towards oxidative coupling. Two oxidants, NaIO4 and K3Fe(CN)6 (abbre-
viated as Fe in the figure), were explored. In the reaction conditions used (2 min at RT for NaIO4 and 15 min at RT for K3Fe(CN)6), 
oxidative coupling using K3Fe(CN)6 (lane 9 and 11) seemed to give slight higher yields than the ones using NaIO4 (lane 8 and 10). 
We also noticed background coupling reaction between native amino acid residues and oxidized aminophenol-PEG in the absence 
of aniline (lane 2-3, arrow pointed). In addition, lane 4-7 of Figure 3.4d showed slight amount of lysozyme dimers from self-cou-
pling (red dotted box), which was later prevented by adjusting the ratio of aniline-COOH:NHS:EDC used in the reaction to 1:1:1. 
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cross-linked proteins as a results of excess EDC and NHS (the ratio of aniline-COOH:NHS:EDC 
used was 1:2:2 as obtained from Behrens et al. [18]). The amount of cross-linked proteins became 
even more significant when the reaction was pursued on antibodies, as light and heavy chains of 
antibodies are close in space to each other (Figure 3.5a, lane 4-7). In an effort to optimize the re-
action further, we adjusted the ratio of aniline-COOH:NHS:EDC to 1:1:1 to reduce the amount of 
excess NHS/EDC and prevent cross-linking (Figure 3.5b, lane 1-2). Imidazole was also added to 
the reaction conditions, as it was found to minimize the side reaction with native N-termini. Even 
though the side reactions should not interfere with our applications, the addition of imidazole up 
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Figure 3.5. SDS-PAGE analysis of oxidative coupling reaction of aniline-antibody and aminophenol-DNA oligonucleotides. After 
lysine modification using aniline-COOH/NHS/EDC coupling, the resulting antibody-aniline conjugates were subjected to oxida-
tive coupling with aminophenol-PEG (5 kDa) and aminophenol-DNA to test the efficiency of the reaction using NaIO4 and 
K3Fe(CN)6 (abbrev. as Fe in the figure) as oxidants. The SDS-PAGE analysis of the products from these reactions is shown in (a). 
The two oxidants used gave similar product yields. While NaIO4 requires less time, K3Fe(CN)6 is a milder oxidant that was found 
to not oxidize oligosaccharides. The use of these two oxidants would depend on the presence and the importance of glycans for 
each protein substrates. Figure (b) displays the optimization of NaIO4-mediated oxidative coupling between antibody-aniline and 
aminophenol-DNA by varying [NaCl], [imidazole], and reaction time. We found that none of these factors affected the reaction 
yields. In this experiment, we also reduced the ratio of aniline-COOH:NHS:EDC to 1:1:1 in Lys modification to generate the 
antibody-aniline conjugates from 1:2:2 in (a). Lane 1-2 in figure (b) show fewer crosslinked chains as compared to lane 4-7 in 
figure (a). 
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to 10 mM did not affect the yield of the antibody-DNA conjugates. Various amounts of NaCl were 
added to shield the negative charges on DNA oligonucleotides; however, the reaction yield did 
not increase even after 450 mM was added (Figure 3.5b,c). Finally, reaction time was varied and 
again a longer reaction time did not result in higher yield (Figure 3.5b,d). This is perhaps because 
oxidative coupling using NaIO4 is highly efficient, and the reaction is normally complete in 2 min 
or less. In fact, the most important factor we found for oxidative coupling of two large biomole-
cules is the number of equivalents of the aminophenol coupling partners. The larger the molecules 
desired to attach, the higher number of equivalents required. For example, ~10 equivalents of 5 
k-PEG were required to achieve significant modification yields, while at least 30-50 equivalents of 
50-mer DNA oligonucleotides were necessary to reach similar yields (Figure S3.5).

3.3.3 Generation of antibody-DNA aptamer conjugates for improvement in binding affinity
	 In order to generate bispecific antibodies from antibody-DNA aptamer conjugates, we ex-
plored two different routes: (1) site-specific N-terminal modification and (2) non-specific lysine 
modification. Oxidative coupling was chosen as the secondary conjugation reaction due to its high 
efficiency. For the N-terminal modification, AKT/AKT anti-HER2 antibodies gave us the highest 
percent modification of aniline conjugates. For the lysine modification, aniline-COOH/NHS/EDC 
coupling yielded the more reactive aniline. Thus, we decided to pursue further modification with 
these constructs. 
	 We first explored the modification of anti-HER2 antibodies with sgc8c, an anti-PTK7 ap-
tamers, and TD05.1, an anti-mIgM aptamer [38-42]. These two constructs were successfully gen-
erated via the two routes as analyzed by SDS-PAGE (Figure 3.6a). The Ab-aptamer conjugates 
were purified away from excess DNA aptamers by size exclusion FPLC (Figure 3.6c,d). Other 
purification methods such as protein A or G were also explored. The acidic elution conditions were 
avoided by instead using Gentle Ag/Ab Elution Buffer, pH 6.6 from Pierce. The Ab-DNA could 
also be successful obtained via this approach (Figure 3.6b). However, there is still a significant 
amount of Ab-DNA left in the flow-through (Figure 3.6b). Thus, the size exclusion FPLC was a 
more efficient purification method and was used to seperated up to 50-mer DNA from its Ab-DNA 
conjugates. Note that we did not attempt to separate antibodies with one, two, and/or three aptam-
ers attached. Therefore, the final solution remained a mixture of all possible constructs. 
	 The concentration of Ab-sgc8c and Ab-TD05.1 conjugates were quantified using BCA as-
says1 for protein quantification, and their binding properties were assessed on Jurkat and Ramos, 
target cells for sgc8c and TD05.1, respectively, using flow cytometry. The results show specific 
binding of both constructs to their target cells at low concentration (2 nM) (Figure 3.7). Howev-
er, at higher concentrations (20 and 200 nM), the results showed slight increase in non-specific 
binding of Ab-aptamer conjugates to the negative control cell lines (Figure 3.7). This non-specific 
binding could result from the conjugates with more than one aptamers attached. The binding of 
Ab-DNA to a HER2-positive cell line, MCF7 clone 18, suggested that the antibodies did not lose 
their binding properties to the original target at least at a high concentration (200 nM) tested.
	 To test the whether dual targeting can increase the binding affinity, we selected HCC1954 
and MCF7 clone 18 to be the target cells. In previous studies, sgc8c aptamer was found to bind 
protein tyrosine kinase 7 overexpressed in T-cell leukemia [38-40]. We also screened binding 

1 The BCA assay was conducted without using unmodified antibodies of known concentrations as positive controls. 
Therefore, even though the concentrations obtained should still be accurate within the same order of magnitude, the 
uncertainty in concentrations of Ab-DNA conjugates may become crucial in the binding studies.
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of sgc8c aptamers to other cancer cell lines and  found that it binds to several others, such as 
HCC1954, MDA-MB-453, MCF7 clone18, and L3.6pl (Figure S3.6). Subsequent studies of PTK7 
expression on HCC1954 and MCF7 clone 18 suggested that the binding of sgc8c on these cell lines 
was likely through PTK7 receptors as these cell lines show high expression level of PTK7, espe-
cially in HCC1954 which seemed even higher than that of Jurkat, a T-cell leukemia in the original 
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Figure 3.6. SDS-PAGE analysis and purification of antibody-DNA aptamer conjugates from N-terminal and lysine modification 
strategies. Two DNA aptamers, sgc8c (targeting protein tyrosine kinase 7, PTK7) and TD05.1 (targeting membrane-bound IgM, 
mIgM), were chosen to attach to anti-HER2 human IgG1s and the oxidative coupling products were analyzed by 5% Tris-HCl 
SDS-PAGE gel (under non-reducing conditions) to visualize the full-sized antibodies. The conjugates were shown in figure (a) to 
be successfully prepared in good yields with almost no trace of unmodified antibodies. The antibody-DNA conjugates can be 
purified from excess aminophenol-DNA by using protein G columns or size exclusion FPLC. Figure (b) shows the SDS-PAGE 
analysis (10-20% Tris-HCl gel under non-reducing conditions) of flow-through, washes, and eluents from protein G columns using 
Coomassie stain (top) to visualize protein and Methylene Blue stain (bottom) to visualize single-stranded DNA. This method can 
be used to separate Ab-DNA conjugates from excess DNA; however, there is still a significant amount of Ab-DNA, which did not 
bind to the column, left in the flow-through. Figure (c) shows the absorbance traces at 260 nm and 280 nm from the size exclusion 
FPLC purification. Ab-DNA conjugates were eluted from the colum slightly earlier than the DNA oligonucleotides itself. Thus, 
Ab-DNA can be successfully purified and SDS-PAGE analysis (10-20% Tris-HCl gel under reducing conditions) of the Ab-DNA 
peak is shown in (d). The size exclusion FPLC was a more efficient purification method and was used to seperated up to 50-mer 
DNA from its Ab-DNA conjugates. 
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studies. HCC1954 and MCF7 clone 18 were then chosen for further studies of HER2/ PTK7 dual 
targeting purpose. 
	 Binding of Ab-sgc8c from both the N-terminal and lysine modifications at different con-
centrations were assessed using flow cytometry. However, instead of an increase in affinity, Ab-
DNA seemed to lose their binding affinity as compared to the unmodified Ab (Figure 3.8a,b). The 
estimated Kd obtained from Hill curve fit showed at least 10-fold decrease in binding and the two 
different DNA aptamers appeared similar in Kd, indicating that the attached aptamers did not play 
a role in binding. Instead, these DNA oligos somehow blocked the binding of Ab to its target. The 
different attachment sites (N-termini vs. lysine) also showed no difference in binding (both de-
creased from the unmodified).
	 We further tested another construct of Ab-aptamer by generating anti-CD20-TD05.1 con-
jugates via lysine modification. The preliminary binding studies to Ramos cell line, expressing 
both CD20 and mIgM, showed improvement in binding affinity of anti-CD20-TD05.1 over un-
modified anti-CD20 antibodies (Figure 3.8c). These results suggested that whether the binding of 
the Ab and synthetic molecules will have synergistic effects may depend on the target receptors. 
Therefore, we may be able to use the Ab-synthetic conjugates to improve binding to target cells 
only in some cases while in others, they may have negative effects. 

3.3.4 Generation of antibody-DNA aptamer conjugates for redirecting effector cells
	 Another widespread application of bispecific antibodies is to redirect immune effector cells 
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Figure 3.7. Flow cytometry analysis of Ab-DNA conjugates. The binding of anti-HER2 Ab-sgc8c and anti-HER2 Ab-TD05.1 
conjugates from N-terminal and lysine modification were tested on their target cells, Jurkat (a) and Ramos (b), respectively. Since 
these two aptamers do not cross talk, they are also negative controls of each other. Unmodified wild-type and AKT antibodies, as 
well as non-specific human IgGs isolated from myeloma, were used as negative controls agents. At high concentration (200 nM), 
there is some background binding of Ab-aptamer conjugates to the non-target cell lines. Since normally these two aptamers by 
themselves do not show non-specific binding at 200 nM, this observed background binding could be due to the Ab-DNA conju-
gates containing more than one aptamer. At lower concentrations, we observed less non-specific binding and none at all at 2 nM. 
The binding of the Ab-DNA conjugates was also tested on MCF7 clone 18 cells, which overexpress HER2, as shown in figure (c). 
The modification did not seem to interfere with binding when high concentration (200 nM) of agents was present. 
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to induce cytotoxic effects on the target cells. One of the most successful strategies was “bispecific 
T-cell engager” or BiTE antibodies [43-46]. This technology recombinantly links two single-chian 
variable fragments (scFv), one of which is an anti-CD3 scFv having the ability to bind and activate 
CD3+CD8+ cytotoxic T-cells and the other can be specific to a target antigen [43-48]. In this case, 
we applied a similar concept to the Ab-aptamer construct by appending the TD05.1 aptamer, which 
is specific to mIgM, over expressed in Burkitt lymphoma, to UCHT1 mouse IgG1, which specif-
ically binds the ɛ-chain of the CD3/TCR complex. The lysine modification scheme was applied 
to generating UCHT1-TD05.1 conjugates, and flow cytometry analysis of the construct confirms 
the bispecificity of the hybrid to both target Burkitt’s lymphoma cell line, Ramos, and also the T 
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Figure 3.8. Binding studies of Ab-DNA in comparison to unmodified Ab. Flow cytometry analysis was used to construct binding 
curves of Ab-DNA from N-terminal and lysine modification in comparison to the unmodified Ab (wild-type and AKT mutants) on 
MCF7 clone 18 (a) and HCC1954 (b), both overexpress HER2 and PTK7, targets of anti-HER2 Ab and sgc8c aptamer. Our hypoth-
esis was that dual binding of anti-HER2 Ab-sgc8c conjugates would increase their binding affinities to the target as compared to 
the unmodified Ab. However, we found that the binding affinities of these Ab-sgc8c conjugates decrease and appeared similar to 
the Ab-TD05.1, whose targets are present on neither MCF7 clone 18 nor HCC1954. Therefore, it is likely that the attachment of 
DNA aptamers in this case, irrespective of sites of attachment, interfere with the binding of the anti-HER2 Ab to the HER2 target 
antigens on these cell surfaces. Another combination of antibody and DNA aptamers, anti-CD20 Ab-TD05.1 conjugate by Lys 
modification, was examined. The preliminary binding studies showed an improvement in binding affinity of this pair, as shown in 
(c). 
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lymphocyte cell line, Jurkat (Figure 3.9). Further studies need to be conducted to demonstrate the 
ability to recruite primary cytotoxic T lymphocytes, which can be obtained from peripheral blood 
mononuclear cells (PBMCs), to kill the target cells. However, we hypothesized that similar to oth-
er anti-CD3-based bispecific antibodies, such a construct would be able to activate and recruit cy-
totoxic T-cells to target tumor cells and induce subsequent lysis of the target cells. In this particular 
case, one of the major advantages of using the TD05.1 aptamer as a targeting agent is the ability 
to bind specifically to only the mIgM and not the circulating IgM  [42]. Other anti-Ig antibodies 
that have been developed as therapeutic vehicles for the treatment of lymphoma also interact with 
the soluble Ig in serum, which is found in high concentration. The interaction with soluble Ig also 
leads to immune complexes that are cleared, thus resulting in limited binding to tumor targets [42].
This work may demonstrate significance in expanding the class of antibody-based therapeutics to 
include antibody-synthetic molecule conjugates.

3.4 Conclusions and Future Prospects
	 In this chapter, we demonstrated the use of chemically-based bioconjugation techniques in 
creating Ab-DNA conjugates. The Ab can be site-selectively modified with aniline, an oxidative 
coupling partner, at the N-termini using either PLP or RS as transaminating reagents. Chain-se-
lectivity can also be achieved by altering the N-terminal sequences of heavy and/or light chains to 
those preferred or unpreferred by PLP or RS. For application requiring no site-selectivity, standard 
lysine modification can be used to attach aniline groups to Ab. The aminophenol-containing oli-
gonucletides can be conjugated to aniline-Ab via the highly efficient oxidative coupling reactions, 
using either NaIO4 or K3Fe(CN)6 as oxidants. Ab-DNA conjugates can be synthesized in high 
yields with almost no trace of unmodified Ab and purified using SEC FPLC. To separate Ab with 
different numbers of oligonucleotides attached, anion-exchange chromatography can also be em-
ployed. 
	 Upon attaching DNA aptamers, the antibodies can be redirected to new target cell lines. 
However, depending on the original targets of the Ab and perhaps the Ab sequences, the Ab may 
lose its binding affinity to the original targets. This could be due to the chemical alteration and also 
the attachment of a large DNA oligonucleotides. We also further showed that the loss in binding 
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Figure 3.9. Flow cytometry analysis of anti-CD3-TD05.1 conjugate. The binding of anti-CD3-TD05.1 conjugates from lysine 
modification were tested on Jurkat, a CD3+ T lymphocyte cell line (left), and Ramos, a model Burkitt’s lymphoma cell line (right). 
Both cells were treated with 60 nM unmodified anti-CD3 and anti-CD3-TD05.1 conjugate on ice for 1 h, followed by detection 
using AlexaFluor 488 conjugated anti-mouse secondary antibodies. The anti-CD3-TD05.1 conjugate still retained similar binding 
specificity and affinity to the unmodified one. In addition, the Ab-aptamer conjugate were able to bind the target Ramos cell line, 
while the unmodified Ab remained unbound. 
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affinity could be case specific to each pair of target antigens. In some others, the binding of ap-
tamers and antibodies can be synergistic, as seen in the increase in binding of anti-CD20-TD05.1 
conjugates.
	 To demonstrate the use of these Ab-DNA aptamer conjugates as bsAbs for retargeting 
effector cells, future studies of the constructs, such as anti-CD3-aptamers or anti-CD16-aptamers 
for for redirecting cytotoxic T-cells and NK cells, may be conducted. This approach will expand 
the use of the bsAb concept to include other targets that may not have been reached by antibod-
ies, antibody fragments, or peptides. The use of other types of synthetic molecules, such as small 
molecules, peptoids, or chemically modified peptides, can also be used instead of DNA or RNA 
aptamers. As such, the targets of Ab-synthetic molecule conjugates also should not be limited to 
cell surface receptors but include other ligands or soluble factors, both for activiating and/or neu-
tralizing effects of any ligand-receptor targets.  

3.5 Materials and Methods

3.5.1 General experimental procedures and materials
	 Unless otherwise noted, all chemicals and solvents were of analytical grade and used as re-
ceived from commercial sources. Water (dd-H2O) used in biological procedures or as the reaction 
solvent was deionized using a NANOpure purification system (Barnstead, USA).  N-methylpyr-
idinium-4-carboxaldehyde benzenesulfonate salt (Rapoport’s salt, RS) was obtained from Alfa 
Aesar. Pyridoxal 5’-phosphate monohydrate was obtained from Aldrich. Wild-type anti-HER2 
human IgG1 monoclonal antibodies were obtained from Eureka Therapeutics (Emeryville, CA). 
Mouse anti-human CD3 antibodies clone UCHT1 were obtained from Southern Biotech (Bir-
mingham, AL). Goat anti-human IgG (Fcγ specific) PerCP-conjugated F(ab’)2 fragments were 
purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Anti-human IgG1 (Fc 
specific) FITC-conjugated purified mouse IgG clone 8c/6-39 and non-specific IgG1 kappa isolated 
from human myeloma were purchased from Sigma (St. Louis, MO). Anti-mouse IgG AlexaFluor 
488-conjugated antibodies were purchased from Life Technologies (Grand Island, NY). All oli-
gonucleotides were obtained from Integrated DNA Technologies (Coralville, IA). All cell culture 
reagents were obtained from Gibco/Invitrogen Corp. (Carlsbad, CA) unless otherwise noted. Cell 
culture was conducted using standard techniques. Jurkat, Ramos, and HCC1954 cells were grown 
in culture-treated flasks (Corning) in RPMI Medium 1640 supplemented with 10% (v/v) fetal 
bovine serum (FBS, Omega Scientific) and 1% penicillin/streptomycin (P/S, Sigma). HEK293T, 
MCF7, MCF7 clone 18,  L3.6pl, and MDA-MB-231 cells were grown in culture-treated flasks 
(Corning) in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) FBS 
and 1% P/S. MDA-MB-453 cells were grown in culture-treated flasks (Corning) in L-15 media 
supplemented with 10% (v/v) FBS and 1% P/S.

3.5.2 Construction of light chain anti-HER2 human IgG1 expression plasmids 
	 To clone a plasmid for the expression of the anti-HER2 human IgG1 light chain, the se-
quence for the variable domain of the light chain (VL) was obtained from the literature [35] with 
an additional GCTAAAACT added to the 5’ end  in order to create a three residue N-terminal 
extension Ala-Lys-Thr (AKT). Gene2Oligo [49] was used to generate the following set of oligo-
nucleotides for gene assembly from the VL sequence. An IL2 signaling sequence was also included 
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in the N-terminal region: (The bases in lower case were added by the Gene2Oligo program and did 
not belong to the input sequence): 

R0      ACCTTTTTTTacattgaagtgcag
F0      ctgcacttcaatgtAAAAAAAGGTCACCATGTACAGGATGCA
R24     GCAATGCAAGACAGGAGTTGCATCCTGTACATGGTG
F42     ACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCA
R60     TCAGTCTTAGCCGAATTCGTGACAAGTGCAAGACTTAGT
F80     CGAATTCGGCTAAGACTGACATCCAAATGACTCAGAGCC
R99     GCGCTCAGGGAACTGGGGCTCTGAGTCATTTGGATG
F119    CCAGTTCCCTGAGCGCTTCCGTAGGGGACAGG
R135    GCCCGACATGTTATTGTCACCCTGTCCCCTACGGAA
F151    GTGACAATAACATGTCGGGCTAGCCAGGATGTCAATACAG
R171    CTGGTACCAAGCGACAGCTGTATTGACATCCTGGCTA
F191    CTGTCGCTTGGTACCAGCAAAAGCCCGGAAAGGC
R208    GCTGTATATAAGAAGCTTTGGCGCCTTTCCGGGCTTTTG
F225    GCCAAAGCTTCTTATATACAGCGCCAGTTTCCTCTATTCTGG
R247    GAACCTGCTCGGCACGCCAGAATAGAGGAAACTGGC
F267    CGTGCCGAGCAGGTTCTCTGGATCTCGGTCCG
R283    TCAGTGTGAAATCGGTCCCGGACCGAGATCCAGA
F299    GGACCGATTTCACACTGACCATTAGTTCTCTGCAGCC
R317    TAGTATGTTGCAAAGTCCTCTGGCTGCAGAGAACTAATGG
F336    AGAGGACTTTGCAACATACTACTGCCAGCAGCACTAT
R357    AGGTTGGGGGTGTGGTATAGTGCTGCTGGCAG
F373    ACCACACCCCCAACCTTTGGTCAGGGCACGAA
R389    CGTACGCTTGATTTCCACCTTCGTGCCCTGACCAA
F405    GGTGGAAATCAAGCGTACGAAAAAAAcccccaactttgt
F424    acaaagttgggggTTTTTTT

These DNA sequences were assembled into a gene by PCR (see detailed protocol in 
supplementary information), then cloned into a plasmid containing the light chain constant region. 
The resulting VL gene was inserted into a vector at BsiWI and BstEII restriction sites using standard 
cloning techniques. The vector used, pFUSE2-CLIg-hk from Invivogen (San Diego, CA), already 
contained the constant region of the kappa light chain (Figure S3.1). A Quikchange site-directed 
mutagenesis kit (Stratagene, La Jolla, CA) was used to generate plasmids for the desired N-terminal 
Glu-Glu-Ser (EES) mutant. Incorporation of these mutations was verified by sequencing.

3.5.3 Construction of heavy chain anti-HER2 human IgG1 expression plasmids 	
	 A plasmid for the expression of the anti-HER2 heavy chain was cloned in a similar fashion 

to that of light chain. In brief, the variable and constant region 1 of heavy chain (VH and CH1) was 
constructed from the following set of oligonucleotides with additional bases (CTCCAAACA) at 
the 5’ end, corresponding to three N-terminal residues, Leu-Gln-Thr (LQT). 

R0      TTTTTTTcttagctgctttga
F0      tcaaagcagctaagAAAAAAAGAATTCGCTCCAAACAG
R21     CGACGAGTTGGACTTCTGTTTGGAGCGAATTC
F38     AAGTCCAACTCGTCGAAAGCGGAGGTGGC
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R53     CCAGGCTGAACCAGGCCACCTCCGCTTT
F67     CTGGTTCAGCCTGGCGGAAGCCTGCGC
R81     GCAGCACAGCTCAAGCGCAGGCTTCCG
F94     TTGAGCTGTGCTGCCTCCGGATTTAATATCAAAGA
R108    CGAACCCAGTGTATATAAGTATCTTTGATATTAAATCCGGAG
F129    TACTTATATACACTGGGTTCGCCAGGCTCCTGGA
R150    CCACTCCAGACCCTTTCCAGGAGCCTGG
F163    AAGGGTCTGGAGTGGGTGGCGAGAATCTACC
R178    GGGTATAACCATTGGTTGGGTAGATTCTCGCCAC
F194    CAACCAATGGTTATACCCGCTATGCAGACAGCG
R212    GTAAACCGCCCTTTCACGCTGTCTGCATAGC
F227    TGAAAGGGCGGTTTACAATTAGTGCCGACACA
R243    GGTAAGCGGTATTTTTAGATGTGTCGGCACTAATT
F259    TCTAAAAATACCGCTTACCTCCAGATGAACTCTCTG
R278    TGTCCTCGGCCCTCAGAGAGTTCATCTGGA
F295    AGGGCCGAGGACACGGCTGTGTATTATTGC
R308    CACCCCACCGGCTGCAATAATACACAGCCG
F325    AGCCGGTGGGGTGGAGACGGATTCTATGCT
R338    TGACCCCAATAGTCCATAGCATAGAATCCGTCTC
F355    ATGGACTATTGGGGTCAGGGCACTCTCGTCA
R372    TGGCACTGCTTACAGTGACGAGAGTGCCC
F386    CTGTAAGCAGTGCCAGCACAAAGGGGCC
R401    CAAGGGGAAAGACACTAGGCCCCTTTGTGC
F414    TAGTGTCTTTCCCCTTGCTCCATCTAGCAAATCTAC
R431    GGTGCCCCCGCTGGTAGATTTGCTAGATGGAG
F450    CAGCGGGGGCACCGCCGCCCTGGGAT
R463    GTCCTTGACCAGGCATCCCAGGGCGGC
F476    GCCTGGTCAAGGACTATTTTCCTGAGCCAGT
R490    TCCAGGACACGGTGACTGGCTCAGGAAAATA
F507    CACCGTGTCCTGGAATAGTGGCGCCTTGA
R521    TGTGTGAACACCAGAAGTCAAGGCGCCACTAT
F536    CTTCTGGTGTTCACACATTTCCCGCCGTCC
R553    CAGCCCACTAGATTGAAGGACGGCGGGAAA
F566    TTCAATCTAGTGGGCTGTACTCTCTCTCCAGTGT
R583    TGGGTACCGTCACCACACTGGAGAGAGAGTA
F600    GGTGACGGTACCCAGTTCAAGCTTGGGCA
R614    TGCAGATATAGGTCTGTGTGCCCAAGCTTGAAC
F629    CACAGACCTATATCTGCAATGTGAACCACAAGCC
R647    CCACCTTTGTATTGCTGGGCTTGTGGTTCACAT
F663    CAGCAATACAAAGGTGGACAAAAAAGTCGAGCCT
R680    TGTCACAGCTCTTTGGAGGCTCGACTTTTTTGT
F697    CCAAAGAGCTGTGACAAAACTCACACATGCCC
R713    TACCTGGGCACGGTGGGCATGTGTGAGTTT
F729    ACCGTGCCCAGGTAAGCCAGCCCAGGC
R743    ccccattgactTTTTTTTAGGCCTGGGCTGGCT
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R756    CTAAAAAAAagtcaatgggg

The BglII site was introduced using PCR with forward primer F0 and a reverse primer 
containing a BglII restriction site (sequences shown below). 

Forward: tcaaagcagctaagAAAAAAAGAATTCGCTCCAAACAG
Reverse: tttttttAGATCTCTTTGGAGGCTCGACTTTTTTGT

The gene encoding VH and CH1 was inserted into a vector comprising the crystallizable 
fragment (Fc) domain (i.e., CH2 and CH3 domains) of human IgG1 heavy chain (pINFUSE-hIgG1-
Fc2 from Invivogen) at the EcoRI and BglII restriction sites (Figure S3.1). A Quikchange site-
directed mutagenesis kit was used to generate plasmids for the desired N-terminal Ala-Lys-Thr 
(AKT), Pro-Glu-Ser (PES), and Glu-Glu-Ser (EES) mutants. Incorporation of these mutations was 
verified by sequencing.

3.5.4 General procedure for expression and purification of mutant antibodies 
	 The plasmids for the light and heavy chains of the anti-HER2 antibody were transiently 

co-transfected into human embryonic kidney (HEK) 293T cells in a 3:2 ratio using Lipofectamine 
2000 (Invitrogen, Grand Island, NY) in Opti-MEM medium following the protocol from Invitrogen. 
The ratio used was found to be one of the highest yielding from the optimization  process in which 
various ratios of heavy to light chain plasmids were used. The cells were incubated at 37 °C in 
5% CO2. After two days, the media was collected and the secreted antibodies were purified using 
protein G affinity chromatography, according to the procedure from the manufacturer (Pierce, 
Rockford, IL). The media was replaced and cultures were grown for an additional 3 days, after 
which the additional antibodies were harvested and purified as above. Purified protein was buffer 
exchanged into PBS using Amicon Ultra 4 mL 10 kDa MWCO (Millipore) centrifugal ultrafiltration 
membranes. Purity was evaluated by SDS-PAGE with Coomassie staining. 

3.5.5 General procedure for PLP or RS-mediated transamination  of antibody substrates 
	 Protein, PLP, and RS stock solutions were prepared at twice the desired final concentration 
and mixed in equal volumes in a 1.7 mL Eppendorf tube. The 2x antibody stock solutions were 
prepared at 0.5 - 1 mg/mL in 25 mM phosphate buffer at pH 6.5. The 2x PLP or RS stock solution 
(200 mM) was freshly prepared before each reaction in 25 mM phosphate buffer (with 0.02% 
NaN3), pH 6.5 from solid stocks of PLP (pH adjustment using 1-5 M NaOH solution is necessary for 
the solubility of PLP in buffer) [50] or RS (recrystallized from acetonitrile). The reaction mixture 
was briefly agitated to ensure mixing and then incubated without further agitation at 37 °C for 1 
h. Following the reaction, the excess aldehyde was removed using NAP Sephadex size exclusion 
columns (GE Healthcare, USA). The resulting keto-protein solution was then concentrated and 
buffer exchanged using 0.5 mL spin concentrators with a MWCO of 10 kDa (Millipore, Billerica, 
MA). The buffer exchange first involved the dilution of each sample to 500 µL with 25 mM 
phosphate buffer (pH 6.5). Each sample was then concentrated to ~50 µL, and the process was 
repeated 3 times. The resulting keto-protein was then treated with 125 mM BnONH2 (in water 
with the pH adjusted to 5.5) in a 1.7 mL Eppendorf tube and incubated at RT for 48 h to analyze 
the transamination efficiency. After oxime formation, the NAP column and buffer exchange steps 
were again repeated to remove the excess alkoxyamine to stop the reaction. The reduction and 
capping of antibody chains for mass spectrometry analysis of modification of the heavy and light 
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chains is described as followed.

3.5.6 General procedure for generating antibody-aniline conjugates via N-terminal 
transamination
	 First, the Ala-Lys-Thr (AKT) mutant of anti-HER2 antibodies was subjected to PLP-
mediated N-terminal transamination as described above. The aniline group was attached at the 
N-termini via oxime formation of transaminated products and aniline-ONH2 (synthesis of this small 
molecule was described in chapter 2 and also in Ref. 37). The oxime formation was conducted 
in 25 mM phosphate buffer pH 5 at RT for 40-48 h. Under these conditions, we believe that the 
ketone generated from transamination would form oxime products. 
	
3.5.7 General procedure for generating antibody-aniline conjugates via lysine modification 
using aniline-COOH/NHS/EDC
	 Aniline-NHS ester was pre-formed by mixing 3-(4-aminophenyl) propionic acid (aniline-
COOH), N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC) in a 1:1:1 ratio at a final concentration of 50 mM in DMF for 10 mM at RT. An example of 
the mixture is shown below. 

Reagent Stock conc. Vol (µL) Final conc. 
Aniline-COOH 100 mM 50 50 mM
NHS 0.5 M 10 50 mM
EDC 125 mM 40 50 mM

In the meantime, the antibody was buffer exchanged into 25 mM phosphate buffer pH 8 by spin 
concentration 3-6 times using Amicon-0.5 mL spin concentrators with a MWCO of 10 kDa 
(Millipore, Billerica, MA). For a 100 uL reaction, 5 uL of aniline-COOH/NHS/EDC mixture was 
added to 95 uL of ~ 1mg/mL Ab (scale up as appropriate). The reaction was incubated at RT for 1 h 
and quenched by adding 10 µL of 110 mM NH2-OH (final conc. = 10 mM) to reverse any transient 
amide bond formation. The small molecules were then removed from the reaction mixture by 
using NAP Sephadex size exclusion columns (GE Healthcare, USA) equilibrated with 25 mM 
phosphate buffer pH 6.5. Further spin concentration using Amicon-0.5 mL spin concentrators with 
a MWCO of 10 kDa up to 6 times with 25 mM phosphate buffer pH 6.5 was conducted to ensure 
all aniline-COOH was removed. The Ab-aniline conjugates can be stored at 4 °C. An example of 
a detailed protocol is in the supplementary information of this chapter. 

3.5.8 General procedure for generating aminophenol DNA oligonucleotides
	 The procedure for generating aminophenol-DNA (AP-DNA) was previously published 
[51,52]. Briefly, the stock solution of 1 mM amine-DNA (DNA oligonucleotides with amine 
(C6NH2) functional group at the 5’ end) in 50 mM phosphate buffer pH 8 was mixed with 38 mM 
nitrophenol-NHS ester (NP-NHS) in DMF in a 1:1 ratio. The reaction mixture was incubated for 
1.5 h at RT. Any precipitate may be filtered out using 0.22 uM spin filter. Excess NP-NHS was 
then removed by NAP Sephadex size exclusion columns (GE Healthcare, USA) equilibrated with 
ddH2O. The resulting nitrophenol-DNA conjugates were collected in 1 mL ddH2O (if NAP5 was 
used). Sodium dithionite (Na2S2O4) was added to the final concentration of ~ 5 mM and incubated 
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with NP-DNA for 15 min at RT to reduce the nitrophenol to the aminophenol. The reaction mixture 
was then subjected to three NAP columns (equilibrated with ddH2O) to ensure the removal of all 
excess small molecules which can affect subsequent bioconjugation steps. The resulting AP-DNA 
solution was frozen and then lyophilized o/n. It could be stored in lyophilized form or resuspended 
in 50 µL 50 mM phosphate buffer pH 7.2 and stored at -20 °C. An example of a detailed protocol 
is in the supplementary information of this chapter. 

3.5.9 General procedure for conjugating antibody-aniline and aminophenol DNA 
	 The antibody-DNA conjugates were generated via oxidative coupling of antibody-aniline 
and aminophenol-DNA using sodium periodate as an oxidant. However, potassium ferricyanide, 
the newly reported oxidant from the Francis group, may also be used following this similar 
procedure, as a milder alternative that does not oxidize glycans [19]. To the reaction mixture, the 
reagents in the table shown below were added (reaction can be scaled up or down as necessary) 
and left incubated at RT for 2-5 min. 

Reagent Stock conc. Vol (µL) Final conc. # equivalents

Antibody-aniline 1-3 mg/mL 
(18-30 µM) 30 1-4 µM 1

AP-DNA 1 mM 15 100 µM 25-100
NaIO4 10 mM 15 1 mM
Imidazole 100 mM 15 10 mM
PB pH 6.5 25 mM 75
Total 150

The excess small molecules were removed by NAP Sephadex size exclusion columns (GE 
Healthcare, USA) equilibrated with phosphate buffered saline (PBS). Antibody-DNA conjugates 
were purified from excess AP-DNA by AKTA FPLC system on Superdex 200 10/300 GL SEC 
column. All the fractions containing Ab-DNA were combined and spin concentrated with PBS using 
Amicon-4 mL or Amicon-0.5 mL spin concentrators with a MWCO of 10 kDa. The concentration 
of Ab-DNA was measured using BCA assay (Pierce). An example of a detailed protocol is in the 
supplement info of this chapter. 

3.5.10 General procedure for antibody disulfide reduction and cysteine capping for mass 
spectrometry analysis 

	 To prepare the antibody mutants for mass spectrometry analysis, first the oligosaccharides 
were removed via treatment with Peptide-N-Glycosidase F (PNGase F) following the protocol 
from the manufacturer (New England Biolabs, Ipswich, MA). Briefly, a buffer exchange into PBS 
was performed on the antibody samples. In a 1.7 mL Eppendorf tube, 35 μL of protein (~1 mg/mL) 
was mixed with 5 μL of G7 reaction buffer,  2 μL PNGase, and additional PBS to a total volume of 
50 μL. The mixture was then incubated at 37 °C overnight. Immediately following treatment with 
PNGase, buffer exchange was performed into 100 mM Tris buffer, pH 8. Dithiothrietol (DTT) and 
ethylenediaminetetraacetic acid (EDTA) were then added to a final concentration of 10 mM each, 
and the reaction was incubated at room temperature for 20 min. After the reduction, iodoacetamide 
was added to a final concentration of 50 mM and the mixture was incubated at 37 ºC for 30 
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min. The samples were then subjected to buffer exchange into 10 mM Tris buffer pH 8 for mass 
spectrometry analysis.

3.5.11 Flow cytometry analysis of antibody bioconjugates 
	 For the binding experiment, adherent cell lines (HCC1954, MCF7, MCF7 clone 18,  L3.6pl, 

MDA-MB-231, and MDA-MB-453 cells) were first trypsinized at 37 °C for 5 min, followed by 
the addition of complete media (L-15 + 10% FBS in the case of MDA-MB-453, RPMI + 10% FBS 
in the case of HCC1954, or DMEM + 10% FBS for all the other cell lines) to stop trypsinization. 
For suspension cell lines (Jurkat and Ramos cells), the overnight culture were used without further 
treatment. Cells were then pelleted and resuspended in binding buffer (Dulbecco’s phosphate 
buffered saline (DPBS) containing 1% FBS) to the density of 2-3 x106 cells/mL. Aliquots of 100 µL 
containing 2-3 x106 cells/mL of cells were incubated with antibody conjugate samples at specified 
final concentration for 45-60 min on ice. The cells were then washed twice with 150 µL of binding 
buffer (or once with 500 µL) and resuspended in 100 µL of binding buffer containing 1:1000 
dil. anti-human IgG (Fcγ specific) PerCP-conjugated goat F(ab’)2 fragments or anti-mouse IgG 
AlexaFluor 488-conjugated antibodies (Life Technologies). Another secondary Ab used was anti-
human IgG1 (Fc specific) FITC-conjugated purified mouse IgG clone 8c/6-39 (Sigma) at 0.15 µM 
final concentration. The cells were incubated for 30 min on ice in the dark, then washed twice with 
150 µL of binding buffer (or once with 500 µL) and resuspended in 200 µL of binding buffer. The 
cells were analyzed by flow cytometry to determine the amount of FITC or PerCP fluorescence. 
For each sample, 10,000 cells were counted. A FACSCalibur flow cytometer (BD Biosciences, 
USA) equipped with 488 and 633 nm lasers were used for all flow cytometry measurements, usage 
courtesy of Prof. Carolyn Bertozzi (UC Berkeley). Data was analyzed using FlowJo 8.0 (TreeStar, 
Ashland, OR). 

3.5.12 Instrumentation and sample analysis

3.5.12.1 Liquid chromatography mass spectrometry (LCMS) analysis of reduced antibody bio-
conjugates
	 Acetonitrile (Fisher Optima grade, 99.9%), formic acid (Pierce, 1 mL ampules, 99+%), 
and water purified to a resistivity of 18.2 MΩ·cm (at 25 °C) using a Milli-Q Gradient ultrapure 
water purification system (Millipore, Billerica, MA) were used to prepare mobile phase solvents 
for LCMS. Electrospray ionization mass spectrometry (ESI-MS) of proteins was performed us-
ing an Agilent 1260 series liquid chromatograph outfitted with an Agilent 6224 Time-of-Flight 
(TOF) LCMS system (Santa Clara, CA). The LC was equipped with a Poroshell 300SB-C18 (5 
µm particles, 1.0 mm × 75 mm, Agilent, Santa Clara, CA) analytical column. Solvent A was 99.9% 
water/0.1% formic acid and solvent B was 99.9% acetonitrile/0.1% formic acid (v/v). For each 
sample, approximately 15 to 30 picomoles of analyte was injected onto the column.  Following 
sample injection, a 20-100% B elution gradient was run at a flow rate of 0.55 mL/min for 7 min. 
Data was collected and analyzed using Agilent MassHunter Qualitative Analysis B.05.00.

3.5.12.2 Fast protein liquid chromatography (FPLC) 
	 FPLC was performed on an AKTA Pure M System (GE Healthcare, USA). Size exclusion 
FPLC of Ab-DNA conjugates was accomplished using Superdex 200 10/300 GL column (GE 
Healthcare, USA) with 50 mM phosphate buffer, pH 7.0 in the presence of 150 mM NaCl and 
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0.02% NaN3 as elution buffer at 0.5 mL/min flow rate.  

3.5.12.3 Gel analyses 
	 For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out on a Mini-Protean apparatus from Bio-Rad (Hercules, CA), following the 
protocol of Laemmli [53]. The reducing protein electrophoresis samples were heated for 10 min at 
95 °C in the presence of β-mercaptoethanol to ensure reduction of any disulfide bonds. Gels were 
run for 60 min at 150 V to allow good separation of the bands. Commercially available markers 
(Bio-Rad) were applied to at least one lane of each gel for assignment of apparent molecular 
masses. Visualization of protein bands was accomplished by staining with Coomassie Brilliant 
Blue R-250 (Bio-Rad). For fluorescent protein conjugates, visualization was accomplished on a 
Typhoon 9410 (Amersham Biosciences). For visualizing single-stranded DNA, 0.02% Methylene 
Blue stain (for 50 mL, 10 mg Methylene Blue + 1 mL 5x TBE buffer + 49 mL ddH2O) was used.  

3.6 Supplementary Information

3.6.1 Design and assembly of synthetic DNAs

Design DNA:
1. 	 Use GeneDesigner (DNA 2.0) to back-translate the protein sequence to a DNA sequence
2. 	 Make sure to add a stop codon at the end of your gene
3. 	 Check boxes for restriction sites you would like to avoid
4. 	 Typical codon usage for protein expression in E. coli is Class II (highly-expressed during 	
	 exponential growth) with a cut-off of 10%
5. 	 Make sure the smallest repeat sequence is only 6-8 bp
6. 	 Add any regulatory sequences (rbs, promoter) and cloning sequences (restriction sites, 
	 purification tags)
7. 	 Back translate sequence

Design oligos for assembly:
1. 	 Use Gene2Oligo (http://berry.engin.umich.edu/gene2oligo) to generate a set of oligos for 
	 the assembly
2. 	 If default conditions do not succeed try lowering the hybridization length or the Tm
3. 	 Design rescue primers for the 5’ and 3’ ends of the gene for PCR amplification and sub
	 cloning (can just use the ones with lower case letters)

PCR Assembly of the Synthetic DNA:
1. 	 Resuspend all of the primers to 100 µM in Buffer EB (or water)
2. 	 Mix 5 µl of each of the primers to make a master mix (leaving out the rescue primers) 	
	 and calculate the concentration of each primer in this solution 
3. 	 Dilute the master mix to 1 µM of each oligo
4. 	 Make a serial dilution using this master mix with the final concentrations of each primer 
	 being 500, 250, 100, 50, and 25 nM 
5. 	 Set up the PCR using the following conditions:
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Reaction: (in order of addition)
	 37.6 µL water
	 5 µL Pfu Turbo Reaction Buffer
	 1 µL dNTPs (10 mM each)
	 5 µL primer mix (1 uM to 25 nM in each oligo)
	 0.2 µL Forward Rescue Primer (100 uM)
	 0.2 µL Reverse Rescue Primer (100 uM)
	 1 µL Pfu Turbo 
	 total volume = 50 µL

Thermocycler Conditions:
	 initial cycle: 			   95 °C, 5 min; 55 °C, 2 min; 72 °C, 1 min
	 25 cycles:			   95 °C, 0.5 min; 55 °C, 0.5 min; 72 °C, 3-5 min
	 final extension:		  72 °C, 10 min; 10 °C, infinity

6. 	 Gel purify your fragment
7. 	 (optional) PCR amplify your gene using the same rescue primers and your PCR program 		

	 of choice

3.6.2 Sample protocol for generating antibody-aniline conjugates

Materials
1.	 100 mM 3-(4-aminophenyl) propionic acid (aniline-COOH) (Sigma # 560251) 
	 (16.52 mg in 1 mL DMF) *Make fresh before use*
2.	 0.5 M NHS (Sigma # 130672) 
	 (5.755 mg in 100 µL DMF) *Make fresh before use*
3.	 125 mM EDC (Sigma # 03450)
	 (2.4 mg in 100 µL DMF) *Make fresh before use*
4.	 110 mM hydroxylamine HCl (NH2-OH) (Sigma # 255580)
	 (7.6 mg in 1 mL 50 mM phosphate buffer pH 8) *Make fresh before use*

Protocol
1.	 Buffer exchange antibody into 25 mM phosphate buffer pH 8 using Amicon-0.5 -10k 3-6
	 times 
2.	 Mix aniline-COOH, NHS, and EDC (scale up as necessary)

Reagent Stock conc. Vol (µL) Final conc. 
Aniline-COOH 100 mM 50 50 mM
NHS 0.5 M 10 50 mM
EDC 125 mM 40 50 mM

	 Incubate at RT for 10 min
3.	 Add 5 µL of aniline-COOH/NHS/EDC mixture to 95 uL of ~ 1 mg/mL Ab (buffered ex-	
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	 change in step 1) (Scale up as necessary)
4.	 Incubate at RT for 1 h
5.	 Quench reaction by adding 10 µL of 110 mM NH2-OH (final conc = 10 mM)
6.	 NAP5 with 25 mM phosphate buffer pH 6.5 to remove excess small molecules
7.	 Spin concentrate using Amicon-0.5-10k 6 times with 25 mM phosphate buffer pH 6.5 (to 
	 make sure all aniline-COOH is removed)
8.	 Store Ab-aniline at 4 °C

3.6.3 Sample protocol for generating aminophenol-DNA

Material
1.	 5 mM Amine-DNA in 50 mM phosphate buffer pH 8
2.	 0.4 M nitrophenol-NHS (NP-NHS) in DMSO 
	 (0.123 g in 1 mL DMSO) *Can be stored as solution at -20 °C*
3.	 100 mM Na2S2O4 (Sigma, # 157953) in 0.2 M phosphate buffer pH 6.5 
	 (17.4 mg in 1 mL of 0.2 M PB pH 6.5) *Make fresh before use*

Protocol
1.	 Mix 50 µL of 5 mM amine-DNA with 200 µL of 50 mM phosphate buffer pH 8
2.	 Mix 24 µL of 0.4 M NP-NHS with 226 µL DMF
3.	 Mix solution from step 1 and 2. Incubate for 1.5 h at RT
4.	 If there is any precipitate, filter it out using 0.22 um spin filter
5.	 Remove excess NP-NHS using NAP 5 pre-equilibrated with ddH2O (add 500 µL rxn
	 mixture, then elute with 1 mL ddH2O)
6.	 Add 53 uL of 100 mM Na2S2O4 to the 1 mL from step 5
7.	 Incubate at RT for 15 min
8.	 NAP 10 pre-equilibrated with ddH2O (1 mL rxn mixture, elute with 1.5 mL ddH2O)
9.	 NAP25 pre-equilibrated with ddH2O (1.5 mL from above, then 1 mL ddH2O, elute with 
	 2.5 mL ddH2O)
10.	NAP25 pre-equilibrated with ddH2O (2.5 mL from above, elute with 3.5 mL ddH2O)
	 NOTE: These three NAP steps (8-10) may be eliminated by doing HPLC or FPLC purifi	
	 cation instead.
11.	Freeze then lyophilize o/n
12.	Resuspend in 50 uL 50 mM phosphate buffer pH 7.2
13.	Measure A260 using Nanodrop. Then adjust concentration to 1 mM (keep stock at -20 	
	 °C)

3.6.4 Sample protocol for generating antibody-DNA conjugates

Materials
1.	 1 mM Aminophenol-DNA (from above)
2.	 3-5 mg/mL antibody-aniline (from above)
3.	 10 mM NaIO4 (Sigma # 311448) in 25 mM phosphate buffer pH 6.5
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	 (2.1 mg in 1 mL 25 mM phosphate buffer pH 6.5) *Make fresh before use*
4.	 100 mM imidazole pH 6.5 

Protocol
1.	 Mix the following reagents:

Reagent Stock conc. Vol (µL) Final conc. # equivalents

Antibody-aniline 1-3 mg/mL 
(18-30 µM) 30 1-4 µM 1

AP-DNA 1 mM 15 100 µM 25-100
NaIO4 10 mM 15 1 mM
Imidazole 100 mM 15 10 mM
PB pH 6.5 25 mM 75
Total 150

	 (Scale up or down as necessary)
	 Incubate at RT for 2-5 min
2.	 NAP5 with PBS to remove excess small molecules 
3.	 Purify using AKTA system (Superdex 200 10/300 GL column, GE Healthcare)
	 Elution buffer: 50 mM phosphate buffer + 150 mM NaCl + 0.02% NaN3, pH 7.0 
4.	 Combine all Ab-DNA fractions. Spin concentrate and buffer exchange into PBS using Am-
	 icon-4 mL or Amicon-0.5 mL spin concentrators with a MWCO of 10 kDa depending on 
	 the volume all the combined fractions and the final volume desired. For example, if starting 
	 volume is ~ 4 mL and the desired volume is ~100 uL, one approach is the following. Spin 
	 concentrate using Amicon-4-10k with PBS twice. Get all the liquid above membrane (rinse 
	 membrane with 200 uL PBS 3 times). Spin concentrate using Amicon-0.5-10k 2 times 
	 (14000 xg, 5-7 min). Flip (1000 xg, 2 min) then rinse the membrane with 50 µL PBS once. 
	 Obtain ~80-90 µL. 
5.	 Measure the concentration of Ab-DNA using BCA assay
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3.6.5 Supplementary figures

IL2ss XXX VL XXX VH CH1

Digestion with restriction enzymes

IL2ss XXX VL

Gene construction Gene construction 

Digestion with restriction enzymes

XXX VH CH1

Cotransfection into HEK293T cells

Gel purification Gel purification

IL2ss XXX

VL

C
L1

plasmid for light chain

IL2ss XXX

VH

CH
1

hinge
intro

n

CH2
intron

CH3

plasmid for heavy chain

Figure S3.1. Scheme of antibody cloning and expression. The plasmid diagrams were obtained from the Invivogen catalog. 
“XXX” represents the three N-terminal residues that were extended in the mutant expressed to include the AKT, LQT, or EES 
motifs (Figure adapted from Ref. [1]).
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Figure S3.2. Deconvoluted LCMS spectra of the heavy and light chain of AKT/LQT and AKT/AKT anti-HER2 antibodies after 
transamination using PLP, followed by oxime formation with aniline-ONH2 (AnONH2). The full-sized antibodies were deglyco-
sylated using PNGase F and reduced with DTT. The reduced cysteines were capped with iodoacetamide before LCMS analysis. 
The asterisk denotes peaks with an additional iodoacetamide attached to the proteins. 
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Figure S3.3. Deconvoluted LCMS spectra of the heavy and light chain of wild-type and EES/EES anti-HER2 antibodies after 
transamination using RS, followed by oxime formation with BnONH2. The full-sized antibodies were deglycosylated using 
PNGase F and reduced with DTT. The reduced cysteines were capped with iodoacetamide before LCMS analysis. The asterisk 
denotes peaks with an additional iodoacetamide attached to the proteins. The shoulder peaks observed were 18 mass units from the 
main peak, and likely resulted from the addition of water. (Figure adapted from Ref. [1]).



77

AP-PEG

Mannose

- +2k +2k +5k +5k +5k+2k

- 0 10 100 0 10 100

- +2k +2k +5k +5k +5k+2k

- 0 10 100 0 10 100

AKT/AKT AKT/LQT

(reducing)

Figure S3.4. PEG shift analysis of oxidative coupling between aminophenol-PEG and antibody-aniline conjugates from N-termi-
nal modification. Antibody-aniline conjugates from transamination of AKT/AKT and AKT/LQT Ab with PLP, followed by oxime 
formation with aniline-ONH2, were subjected to oxidative coupling with aminophenol-PEG (2 kDa and 5 kDa). The AKT/AKT 
showed modification with PEG on both chains, while the LQT sequence on the heavy chain of the other sample greatly reduced 
the yield of aniline put on that chain, hence less oxidative coupling PEG products on the heavy chain of AKT/LQT Ab. Up to 10 
mM of mannose can also be added to the reaction to suppress glycan oxidation without sacrificing the yield of oxidative coupling. 
At 100 mM mannose addition, the yield noticeably dropped. The analysis was performed on 10-20% Tris-HCl SDS-PAGE under 
reducing conditions. 
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Figure S3.5. Equivalent screen of AP-5k PEG and AP-DNA (50-mer) in oxidative coupling with aniline-antibodies. The oxidative 
coupling reactions were performed with 2 μM aniline-antibodies in the presence of 1 mM NaIO4 (except for the first lane which is 
a negative control), 10 mM imidazole, and various concentrations of aminophenol-5k PEG or 50-mer DNA at RT for 2 min. After 
2 min, the reactions were quenched by adding 2 μL of 0.5 M TCEP and the reaction mixtures were analyzed by 10-20% Tris-HCl 
SDS-PAGE under reducing conditions. 
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Figure S3.6. (a) Binding studies of sgc8c aptamers to various cancer cell lines. M2M2 was a non-specific 41-mer sequence, used 
as a negative control. (b) Expression level of PTK7 on MCF7 clone 18 and HCC1954, as compared to Jurkat (one of the original 
target cell lines for sgc8c aptamer), by flow cytometry analysis with anti-PTK7 mouse Ab. Non-specific mouse antibodies of the 
same isotype were used as a negative control. 
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Chapter 4
A New Strategy for Generation of MS2-Antibody Conjugates 

Abstract

This chapter describes a new strategy for conjugating antibodies to MS2 viral capsids. Previous 
work in the Francis Group has shown successful uses of the MS2 viral capsid as a targeted delivery 
vehicle for imaging agents and therapeutics using peptides or DNA aptamers as targeting moieties. 
Here, we expand the classes of targeting groups to include antibodies, arguably the most widely 
used targeting agents to date. The oxidative coupling reaction was chosen to conjugate the two 
large protein molecules. The antibodies were modified with nitrophenol coupling partners, fol-
lowed by reduction and oxidative coupling with p-aminophenylalanine-containing MS2 capsids. 
The biophysical and biological properties of the resulting MS2-Ab conjugates were assessed. 

The studies described in this chapter were done in collaboration with Dr. Adel Elsohly, Ioana Aa-
nei, and Dr. Michelle Farkas and will be a part of a peer-reviewed publication.
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4.1 Introduction
	 Multivalent scaffolds, such as polymers [1,2], dendrimers [3,4], inorganic nanoparticles 
[5,6], and liposomes [7,8], have been useful in many applications, including research tools, drug 
delivery, and diagnostic imaging. In addition to these synthetic scaffolds, self-assembled multi-
meric biomolecule complexes, such as heat shock proteins [9-11] and viral capsids [12-17], have 
also shown great promise for development of next generation imaging and drug delivery agents. 
The interior cavities and multiple attachment sites of these protein cage scaffolds allow them to 
house a large amount of imaging or therapeutic agents, leading to the enhancement of the imaging 
intensity and ability to deliver multiple copies of drug molecules. However, in order to achieve 
specific detection or delivery, these vehicles have to be modified with targeting agents. Various 
chemical bioconjugation techniques have played crucial roles in the development of these targeted 
protein cage nanoparticles using different types of targeting groups, including small molecules 
[18,19], nucleic acid aptamers [15], peptides [10,20,21], glycans [22], or antibodies [10,23].
	 Work in our lab has established the use of bacteriophage MS2 as a multimeric scaffold. 
The 27 nm capsid can be expressed recombinantly and self-assembles from 180 protein subunits. 
We have engineered both the interior and exterior surface of these capsids to allow for loading 
small molecule cargos on the inside and targeting agents on the outside. First, a solvent-accessible 
cysteine residue was introduced to the interior surface for site-specific attachment of small mole-
cules that can diffuse through thirty-two 2 nm pores of these capsids. Dyes [14,15], photodynam-
ic agents [24], metal ion chelators [17,25], or even drug molecules [16] have been successfully 
installed. Second, a non-natural amino acid p-aminophenylalanine (pAF) residue was engineered 
onto the exterior surface. This residue is critical for allowing site-specific attachment of targeting 
agents via an oxidative coupling (O.C.) reaction, which allows conjugation of large biomolecules 
to proceed rapidly with high product conversion under mild conditions [15,20,26]. This reaction 
has been used previously to attach peptides [20] and DNA oligonucleotides [15,27] to the capsids. 
	 In this chapter, we describe the use of these strategies to generate MS2-antibody (MS2-Ab) 
conjugates. Among the different types of targeting agents, antibodies have been the most widely 
used for a variety of applications due to their high specificity and affinity to targets. In fact, until 
now, more than 20 antibodies have been approved as therapeutic agents targeting specific ligands 
or receptors [28-30]. Even more have been used as research tools or developed into diagnostic 
or imaging agents. Our strategy is to combine the high specificity and affinity of antibodies with 
the signal enhancement property of the MS2 capsid. The work presented here broadens the use of 
bacteriophage MS2 to reach more targets for use in a wider range of applications.    

4.2 Design and Strategy
	 Previous work in the Francis Group has demonstrated the concept of using MS2 viral cap-
sids as delivery vehicles for imaging agents [17,25] and therapeutic drugs [16,24]. The capacity 
of MS2 to load up to 180 copies of small molecules inside the capsid make it particularly useful 
for enhancing the intensity of imaging agents or delivering multiple copies of drugs in one carrier. 
To direct these carriers to specific targets, we have employed several classes of targeting agents, 
including cyclic peptides [20], designed ankyrin repeat proteins (DARPins) (unpublished), and 
DNA aptamers [15]. Antibodies, one of the largest collection of targeting agents, are still untapped. 
In this chapter, we established a strategy for conjugating antibodies to MS2 viral capsids for mass 
cytometry (CyTOF) and in vivo positron emission tomography (PET) imaging applications. The 
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enhancement in signal intensity gained by the attachment of >100 copies of metal chelators in one 
agent could be particularly useful in both applications.  

4.2.1 Interior design
	 MS2 viral capsids can be decorated with small molecules on the interior via diffusion of 
these molecules through 2 nm pores in the capsids. To achieve interior modification, prior effort 
in the lab has utilized site-directed mutagenesis to incorporate Cys at residue 87 (N87C mutation). 
With no other solvent exposed Cys residues in MS2, small molecules can then be attached to the 
interior surface via maleimide-thiol chemistry (Figure 4.1). 

4.2.2 Exterior design
	  Due to large sizes of both Ab and the MS2 viral capsid, we used oxidative coupling as the 
conjugation reaction of choice. This reaction has been shown to couple two large biomolecules 
under mild conditions and with very short reaction times [15,20,26,31]. However, the biomole-
cules need to contain oxidative coupling partners, one bearing an aniline and the other bearing 
an aminophenol [20]. Aniline-containing MS2 viral capsids were obtained via non-natural amino 
acids incorporation of p-aminophenylalanine (pAF) on the exterior surface of the capsids [32]. 
Aminophenol was attached to the antibodies via non-site-specific lysine modification using a ni-
trophenol-NHS ester, followed by the reduction of the nitrophenol-conjugated products to the cor-
responding aminophenols. NaIO4 was then used as the oxidant to couple the two partners (Figure 
4.1). However, K3Fe(CN)6, a newly reported oxidant, can also be used [33]. 
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Figure 4.1. Site-specific dual surface modification of MS2 viral capsid. The exterior surface was introduced p-aminophenylala-
nine (pAF) residues for conjugation using oxidative coupling reaction. An Arg87 on the interior surface was mutated to a cysteine 
residue for an attachment with maleimide. 
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4.2.3 Linkers between antibody and MS2
	 We hypothesized that upon attachment, the conjugated antibodies may lie tangentially on 
the MS2 viral capsid surface; thus 5 kDa polyethylenenglycol (PEG) linkers were inserted as spac-
ers between antibody (Ab) and MS2 capsid. The Ab would first be conjugated to nitrophenol-con-
taining 5 kDa PEG-COOH (NP-PEG-COOH) via EDC coupling with lysine residues. Subsequent 
reduction would result in aminophenol-PEG-Ab (AP-PEG-Ab) conjugates, which can be oxida-
tively coupled to pAF MS2.   

4.3 Results and Discussion

4.3.1 Antibody modification and attachment to MS2 viral capsids
	 First, antibodies were modified with nitrophenol-NHS ester (NP-NHS) at lysine residues, 
followed by reduction using Na2S2O4 to obtain aminophenol-conjugated Ab (AP-Ab). The AP-
Ab was then conjugated to the pAF residues on MS2 viral capsids via O.C. using NaIO4  as the 
oxidant (Figure 4.2a). To investigate the possibility of generating MS2-Ab conjugates, we used 
an anti-human IgG mouse monoclonal antibody as a model substrate. To find the optimal number 
of aminophenol coupling partners to be attached to Ab, we varied the number of equivalents of 
NP-NHS from 5-100 equivalents in the first step. LCMS analysis revealed that with 5 equivalents 
of NP-NHS, ~30% of the light chains were modified with one NP and ~75% of the heavy chains 
had one, two, or three NPs (Figure 4.2b). More nitrophenol groups were appended on both the 
heavy and light chains as the number of NP-NHS increased. More than 10 nitrophenol groups 
were attached to the heavy chains and an average of 6 groups to the light chains when 100 equiv-
alents of NP-NHS were added (Figure S4.1). However, even with only 5 equivalents of NP-NHS, 
the calculation of product distribution resulted in 98% of the full-sized Ab having at least one NP 
attached (Figure S4.2). After reducing the nitrophenol to aminophenol groups, these AP-Ab were 
then subjected to trial oxidative coupling reactions with pAF-MS2 in 3:1 and 5:1 antibody to cap-
sid ratio. The high number of aminophenols on the Ab (after using 300 equivalents of NP-NHS) 
resulted in substantial amounts of inter-chain crosslinking of Ab light and heavy chains in the 
presence of NaIO4 during the subsequent oxidative coupling step (Figure S4.3a, lane 2). Due to the 
nucleophilicity of aminophenol groups, they can easily couple to their oxidized counterparts when 
two of them are in close proximity. Lysine residues could also react with oxidized aminophenol 
groups, resulting in inter-chain crosslinks. Even though the crosslinking did not seem to affect the 
conjugation efficiency of AP-Ab to the MS2 viral capsids (Figure S4.3a, lane 3-4), using fewer 
equivalents (5-20 eq.) of NP-NHS substantially reduced the amount of Ab interchain crosslinking 
(Figure S4.3b-d, lane 2). Small amounts of crosslinked interchain products were still produced 
in the presence of NaIO4 or even upon standing in solution (Figure S4.3b-d, lane 1-2). The lower 
numbers of aminophenol groups on the Ab did not seem to affect the MS2-Ab conjugation yields 
(Figure S4.3b-d, lane 3-4). Therefore, 5 equivalents of NP-NHS were used for the generation of 
AP-Ab in all the following experiments.  
	 To optimize the ratio of Ab per capsid, we varied the number of anti-EGFR monoclonal 
Ab equivalents (3, 5, 10, and 20 equivalents) per capsid in the O.C. reaction with pAF MS2. The 
conjugation was confirmed by SDS-PAGE analysis (Figure 4.2c). For the 3:1 ratio, ~13% and 
~9% of the light chains contained one and two MS2 monomers, respectively, and ~32% of the 
heavy chain were modified with one MS2 monomer, as analyzed by optical densitometry per-
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formed on SDS-PAGE gels. The higher degree of modification of heavy chain bands could not be 
accurately analyzed due to band diffusivity. For the 5:1 Ab:MS2 capsid ratio, ~19% and ~11% of 
the Ab light chains were modified with one and two MS2 monomers, respectively. For the 10:1 
ratio of Ab:MS2 capsid, ~21% and ~9% of the Ab light chains were modified with one and two 
MS2 monomers, respectively. For the 20:1 ratio of Ab:MS2 capsid, ~22% and ~9% of Ab light 
chains were modified with one and two MS2 monomers, respectively. The heavy chains from all 
variations were modified in ~31-34% with one MS2 monomer (Table 4.1). The similar or slightly 
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Ab:MS2 capsid ratio

% modification of light chains with
# of MS2 monomers

0 1 2

% modification of heavy chains with
# of MS2 monomers

0 1

3:1

5:1

10:1

20:1

78 13 9

70 19 11

70 21 9

69 22 9

68 32

66 34

67 33

69 31

Table 4.1. Percent modification of antibody light and heavy chains in MS2-Ab constructs analyzed by densitometry.
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higher percentage of modified light and heavy chains resulted in higher absolute number of modi-
fied Ab per capsid as the higher ratios of Ab:capsid were used.
	 To better understand the efficiency of these couplings, we performed size exclusion chro-
matography (SEC) to monitor the extent of the O.C. reactions containing 3, 5, 10, and 20 equiva-
lents of Ab. Reaction mixtures generated before the addition of NaIO4 (pre-O.C.) and with NaIO4 
added, followed by quenching with Na2SO3 (post-O.C.), were subjected to SEC high performance 
liquid chromatography (HPLC) to monitor the amount of unconjugated Ab remaining after the 
O.C. reactions (Figure 4.3). The reaction of MS2 with 3 equivalents of Ab left no trace of un-
modified Ab, indicating that all the Ab were consumed in the reaction. While the reaction with 
5 equivalents had only a trace of unmodified Ab, we found increased amounts of unmodified Ab 
remaining when 10 and 20 equivalents were added. The excess amount of unmodified Ab could 
be removed by performing spin concentration with molecular weight cutoff (MWCO) of 100 kDa. 
The MS2-Ab conjugates remained above the filter membrane, while Ab, which is much smaller in 
size, collected with the filtrate. The SEC HPLC after purification using spin concentrators showed 
that the unmodified Ab were removed. 
	 We also found that the MS2-Ab conjugates derived from a higher number of Ab equiva-
lents get eluted in shorter time, suggesting the increase in the size of MS2-Ab conjugate products 
due to higher numbers of antibodies attached to the MS2 capsids. The unmodified MS2-Oregon 
Green 488 (MS2-OG) conjugates were used as an internal standard to visualize the shift in elution 
time (Figure 4.4). The absorbance at 280 nm showed both the MS2-Ab conjugates after spin con-
centration purification and the MS2-OG internal standard. The absorbance at 488 nm was used to 
indicate the elution of MS2-OG by itself. In the light of these results, we chose the 3:1 Ab:MS2 
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Figure 4.3. The extent of the oxidative coupling (O.C.) between aminophenol-Ab (AP-Ab) and pAF MS2 using varying ratios of 
the two starting materials. Size exclusion chromatography (SEC) HPLC was used to separate and analyze the components (MS2, 
Ab, and MS2-Ab products) of the O.C. reaction (a) before the reaction started, (b) after the reaction was complete, and (c) after 
purification using spin concentration. The AP-Ab and MS2 capsids were mixed in varying ratios: 3:1, 5:1, 10:1, and 20:1. The 
reaction was achieved in the presence of NaIO4 for 6 min at RT. All the antibodies were consumed in the reaction using 3:1 
Ab:MS2. Using a higher ratio of Ab:MS2 yielded the larger-sized MS2-Ab products, shown by the shorter retention times. In these 
samples, unconjugated AP-Ab was also present, indicating an incomplete reaction. However, a large portion of the unmodified Ab 
could be removed using 100 kDa MWCO spin concentrators. Peaks at 11 min retention time corresponded to small molecules, such 
as Na2S2O4 remaining from the reduction step and Na2SO3 added to quenched excess NaIO4. 
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ratio since statistically >95% of the conjugates would be expected to have at least one Ab append-
ed per one viral capsid . This approach also requires no purification step as all the antibodies were 
consumed in the O.C. reaction with the MS2 capsid. However, more Ab can also be attached if a 
multivalency effect is desired.

4.3.2 Physical characterization of MS2-Ab conjugates
	 The sizes of the MS2-Ab conjugates were analyzed by dynamic light scattering (DLS). 
Using 3:1 ratio of Ab:MS2 capsid, the MS2-Ab conjugates appeared at the size of 30.73 ± 0.80 
nm (Figure 4.5a). The MS2-Ab conjugates seemed to be only ~ 3 nm larger than the unmodified 
capsid, which measured 27.07 ± 1.16 nm, suggesting that the antibodies might attach tangentially, 
rather than perpendicularly, to the surface of the MS2 capsid (as modeled in Figure 4.5b). The 
higher the number of Ab attached to MS2, the larger the conjugates appeared (Figure 4.5a). Images 
from transmission electron microscopy (TEM) showed intact capsid after conjugation to Ab and  
supported our model of attachment as we observed a rather uniform surface of MS2 capsid even 
after conjugation with 3 equivalents of Ab (Figure 4.5c). The size of this conjugate was measured 
at 31 nm, consistent with the data obtained from DLS. 

4.3.3 Biological assessment of MS2-Ab conjugates
	 To test the biological applicability of the MS2-Ab constructs, we first analyzed whether 
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Figure 4.4. Identification of the MS2-Ab conjugates containing varying numbers of Ab. The spin concentration-purified products 
of the O.C. from varying ratios of Ab:MS2 starting materials were coinjected with Oregon Green 488-containing MS2 (MS2-OG) 
without exterior modification as an internal standard. MS2-OG represented the size and elution time of the unmodified MS2. As 
the higher ratio of Ab:MS2 used, we clearly see the emergence of a new species having lower retention time than the MS2-OG. 
These results confirmed that the conjugation between pAF MS2 and AP-Ab occured, and higher Ab:MS2 ratio led to larger 
constructs with more Ab attached. 
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the specificity and affinity of the Ab was retained after conjugation to the MS2 capsid. First, we 
conjugated an anti-EGFR IgG1 monoclonal antibody, which targets epidermal growth factor re-
ceptor (EGFR), overexpressed in many types of cancers, to the Oregon Green 488-containing MS2 
(MS2-OG) capsids. The Oregon Green 488 dyes were attached to the mutated Cys (N87C) residue 
on the interior of MS2 via thiol-maleimide chemistry (Figure S4.4). Using flow cytometry, we an-
alyzed the binding specificity and affinity of MS2-anti-EGFR Ab conjugates in an EGFR-negative 
(MCF7 clone 18) and three EGFR-positive (MDA-MB-231, L3.6pl, and HCC1954) human-de-
rived cancer cell lines. The MS2-anti-EGFR constructs only bound to the EGFR-positive cells 
(Figure 4.6). The MS2-OG by itself and MS2-OG conjugated to non-specific human IgG1 were 
used as negative controls, and neither of which exhibited binding to any of the cell lines tested. 
This result thus confirmed that the binding of MS2-anti-EGFR conjugates was specifically due 
to the EGFR/anti-EGFR Ab interaction. Live cell images from confocal microscopy after 1 h 
of incubation at 37 ºC with the agents also indicated the binding specificity of MS2-anti-EGFR 
conjugate to the target cells (Figure 4.6b). The images from confocal microscopy revealed several 
green fluorescent vesicles inside the cells, suggesting that the MS2-anti-EGFR conjugates might 
be internalized (Figure S4.6). EGFR has already been known to be internalized upon binding to 
a series of anti-EGFR antibodies, including cetuximab [34-38]. In fact, receptor downregulation 
and internalization is one of the main mechanisms of action of anti-EGFR therapeutic antibodies. 
A previous study from Tong et al. have shown internalization of MS2 conjugated to specific ap-
tamers inside the target cells [15]. Further, we investigated the binding specificity of a few other 
MS2-Ab constructs, including anti-HER2, anti-CD3, and anti-CD20 (Figure S4.5). These results 
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Figure 4.5. Biophysical analysis of MS2-Ab conjugates. (a) The size of MS2-Ab conjugates using varying numbers of equiva-
lents of aminophenol-containing anti-EGFR antibodies as starting materials. Data plots were obtained from dynamic light scatter-
ing (DLS) measurements. Diameters were calculated from an average of three measurements, shown as size distribution by 
number, which weighs large and small particles equally. (b) Models for attachment of the antibodies to MS2 capsids. The attached 
antibodies can be oriented perpendicularly or tangentially to the surfaces of the capsids. (c) Transmission electron micrograph 
(TEM) images of MS2-Ab conjugates using 3 equivalents of AP-Ab. The capsids were shown to be intact, and their measured 
diameter was 31 nm. The scale bar represents 20 nm.  
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confirm that the binding specificity of the all MS2-Ab conjugates we investigated was retained. 
	 Next, we compared the binding affinity of unmodified anti-EGFR antibodies and MS2-an-
ti-EGFR conjugates. By fitting the median fluorescence intensity measurement from each point to 
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Figure 4.6. Binding studies of MS2-anti-EGFR antibody conjugates. (a) Flow cytometry analysis of the binding of MS2-anti-EG-
FR Ab conjugates to EGFR negative (MCF7 clone 18) and EGFR positive (MDA-MB-231, L3.6pl, and HCC1954) cell lines. The 
Oregon Green 488 (OG)-containing MS2-anti-EGFR Ab construct was incubated with these cell lines in DPBS containing 1% 
FBS binding buffer on ice for 45 min at ~5.5 nM of capsid concentration, which correspond to 1 μM MS2 monomer concentration. 
The results from flow cytometry showed specific binding of  MS2-anti-EGFR conjugates to only the EGFR positive cell lines, 
while remaining unbound to the EGFR negative cells. MS2-OG and MS2-OG conjugated to non-specific human IgG1 were used 
as negative control agents and were incubated with cells similarly to the anti-EGFR-MS2 conjugates. None of them were found to 
bind to any cell lines non-specifically, confirming that the binding of MS2-anti-EGFR conjugates was specifically due to the 
EGFR/anti-EGFR Ab interaction. (b) Confocal microscopy studies of MS2-Ab binding to live cells. Images were taken after 1 h 
incubation at 37 ºC of OG-containing MS2, MS2-IgG (non-specific), and MS2-anti-EGFR antibodies construct to live HCC1954 
cells, which are EGFR-positive, in DPBS containing 1% FBS binding buffer. Only the MS2-anti-EGFR conjugates were found to 
bind to the cells, which appeared in the fluorescence channel. Green fluorescent vesicles inside the cells were also noticed, 
suggesting that the MS2-anti-EGFR conjugates might be internalized into cells. DAPI was used to stain the cell nucleus. The scale 
bars represent 50 µm.  
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Figure 4.7. (a) Comparison of binding affinity of unmodified anti-EGFR antibody, MS2-anti-EGFR, and MS2-PEG-anti-EGFR 
conjugates. Flow cytometry was used to measure the median fluorescence of MDA-MB-231 cell population after incubation with 
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ti-EGFR with and without the PEG spacer did not seem to be altered as compared to the unmodified Ab. 
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the Hill equation varying Kd, we obtained the Kd of unmodified anti-EGFR and MS2-anti-EGFR 
conjugates to be equal to 0.41 ± 0.07 nM and 0.14 ± 0.03 nM, respectively (Figure 4.7). The Kd 
of anti-EGFR Ab was in excellent agreement to another published study of 125I cetuximab binding 
to EGFR on MDA-MB-231, which reported a Kd of 0.38 nM [39]. Therefore, the conjugation to 
MS2 did not worsen the binding affinity, and in fact, the affinity seemed to be slightly better for 
the MS2-Ab conjugates. 
	 In addition, we generated MS2-Ab conjugates with 5 kDa polyethyleneglycol (PEG) spac-
er to investigate whether we can futher improve the binding of the MS2-Ab conjugates. If the 
tangential attachment of the antibodies to the MS2 does lead to a loss in binding, then we hypothe-
sized that the PEG spacer would allow the antibody to orient more favorably in the binding events. 
First, nitrophenol-containing 5k-PEG was conjugated to antibodies via lysine modification (Figure 
4.8). The nitrophenol groups were reduced to aminophenols (AP), and the AP-PEG-Ab conjugates 
were attached to pAF MS2 using the O.C. The binding affinity of MS2-PEG-Ab conjugates was 
assessed by flow cytometry. Using the Hill equation, the Kd was calculated to be 0.20 ± 0.03 nM, 
suggesting that PEG spacer did not improve the binding affinity of MS2-Ab constructs.  

4.4 Conclusions and Future Prospects
	 Following the success of targeted MS2-based platforms, here, we developed a new con-
struct with higher complexity using full-sized antibodies as targeting moieties. Given the vast, 
diverse targets of antibodies, attachment of these biomolecules expands the access of the MS2 
vehicles to many more new targets. MS2 can be loaded with up to 180 copies of metal chelators, 
while the attachment of the antibodies can direct the constructs to specific targets. The combined 
advantages of signal enhancement of MS2 and the high binding specificity and affinity of anti-
bodies will be useful in many applications. The technique established in this chapter is versatile 
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Figure 4.8. Synthetic scheme of MS2-PEG-Ab conjugate formation. (a) Synthesis of nitrophenol-5 kDa polyethylene glycol 
(PEG)-COOH (NP-PEG-COOH). The amine group on H2N-PEG-COOH was functionalized with nitrophenol-NHS (NP-NHS) to 
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coupling. The reaction was quenched by adding hydroxylamine to hydrolyze any transiently stable species. The nitrophenol groups 
were then reduced to yield aminophenol-PEG-Ab (AP-PEG-Ab) by addition of Na2S2O4. The resulting AP-PEG-Ab was coupled 
to pAF MS2 via oxidative coupling using NaIO4 as an oxidant. 
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for both mouse and human IgG and is very likely to be applicable to antibodies with other iso-
types or antibodies from other species as well. As any molecules smaller than the pore size of 
MS2 can be attached to the interior surface of MS2, this method to be applied to the generation 
of targeted imaging or drug delivery agents. Preliminary effort has gone into attaching  chelators 
such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and 1,4,7-triazacyclo-
nonane-1,4,7-triacetic acid (NOTA). These chelators can chelate various lanthanide metal ions 
for MRI contrast enhancement, as well as 64Cu, for mass cytometry and in vivo positron emission 
tomography (PET) imaging applications. The use of this platform for magnetic resonance imaging 
(MRI) and drug delivery will also be explored. 

4.5 Materials and Methods

4.5.1 General experimental procedures and materials
	 Unless otherwise noted, all chemicals and solvents were of analytical grade and used as 
received from commercial sources. Water (ddH2O) used in biological procedures or as the reac-
tion solvent was deionized using a NANOpure purification system (Barnstead, USA). Wild-type 
anti-HER2 and anti-EGFR human IgG1 monoclonal antibodies were obtained from Eureka Ther-
apeutics, Inc. (Emeryville, CA). Mouse anti-human CD3 and anti-human CD20 antibodies were 
obtained from Biolegend (San Diego, CA). Goat anti-human IgG (Fcγ specific) PerCP-conjugat-
ed F(ab’)2 fragments were purchased from Jackson ImmunoResearch Laboratories, Inc. (West 
Grove, PA). Anti-human IgG1 (Fc specific) FITC-conjugated purified mourse IgG clone 8c/6-39 
and non-specific IgG1κ isolated from human myeloma were purchased from Sigma (St. Louis, 
MO). Anti-mouse IgG AlexaFluor 488-conjugated antibodies were purchased from Life Technol-
ogies (Grand Island, NY). All oligonucleotides were obtained from Integrated DNA Technologies 
(Coralville, IA). All cell culture reagents were obtained from Gibco/Invitrogen Corp. (Carlsbad, 
CA) unless otherwise noted. Cell culture was conducted using standard techniques. Jurkat, Ra-
mos, and HCC1954 cells were grown in culture-treated flasks (Corning) in RPMI Medium 1640 
supplemented with 10% (v/v) fetal bovine serum (FBS, Omega Scientific) and 1% penicillin/
streptomycin (P/S, Sigma). MCF7 clone 18,  L3.6pl, and MDA-MB-231 cells were grown in cul-
ture-treated flasks (Corning) in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 
10% (v/v) FBS and 1% P/S. MDA-MB-468 cells were grown in culture-treated flasks (Corning) in 
L-15 media supplemented with 10% (v/v) FBS and 1% P/S. All cell lines were grown in 5% CO2 
atmosphere, except for MDA-MB-468, which was cultured in 100% air.

4.5.2 Synthesis of nitrophenol-NHS ester
	 The synthesis of the nitrophenol-NHS ester was performed according to published proce-
dure [33].

4.5.3 Synthesis of nitrophenol-PEG-COOH
	 10.2 mg of amine-5k-PEG-pentanoic acid (NH2-PEG-COOH) (0.00204 mmol, 1.0 equiv.) 
was dissolved in 0.5 mL of DCM in a 1 dram screwcap vial containing a magnetic stirrer. Nitro-
phenol NHS ester (400 mM in DMSO, 25 μL, 0.0102 mmol, 5.0 equiv.) and triethylamine (2 mg, 
2.8 μL, 0.0204 mmol, 10 equiv.) were added sequentially. The reaction turned yellow/orange upon 
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addition of triethylamine. The reaction mixture was capped and stirred at RT overnight. Solvent 
was removed under a gentle stream of nitrogen, and the reaction mixture was placed on a high vac-
uum for ~ 4 h to remove the residual small quantities of DMSO. Excess NP-NHS was precipitated 
by the addition of 500 μL of water. The insoluble materials were removed by filtration through 
a 0.45 uM spin filter and washing once with an additional 500 μL of water. The filtrate was spin 
concentrated with water in 3 kDa MWCO spin concentrators to remove other soluble small mol-
ecules. The material was then purified by RP-HPLC, and the obtained material was negative in 
the ninhydrin test. The combined fractions were extracted with DCM twice, and the solvent was 
removed under nitrogen stream. The nitrophenol-PEG-COOH product was dissolved in water to 
give an approximately 5 mM stock solution for use in all subsequent experiments.

4.5.4 Synthesis of anti-EGFR-AlexaFluor 488 conjugates
	 Antibody solution in 25 mM phosphate buffer pH 8 was prepared by addition of 100 mM 
pH 8 phosphate buffer to the antibodies supplied in PBS. To this solution is added NHS-AlexaFlu-
or 488 (Life Technologies, Grand Island, NY) from 20 mM DMSO stock (20 equiv.). The mix-
ture was briefly vortexed, and the reaction was allowed to proceed at RT for 1.5 h. The excess 
dye molecules were removed by using NAP-5 Sephadex size exclusion columns (GE Healthcare, 
USA) equilibrated with 10 mM pH 7.0 phosphate buffer, followed by spin concentration with a 
MWCO of 30 kDa (Millipore, Billerica, MA) in 10 mM pH 7.0 phosphate buffer. The resulting 
anti-EGFR-AlexaFluor 488 conjugates contained ~4.7 dyes per protein molecule, as quantified by 
absorbance. 

4.5.5 Procedure for expression and purification of T19pAF N87C MS2 viral capsid
	 Bacteriophage MS2 T19pAF plasmid production and growth has been previously report-
ed [15,32]. The Peter Schultz lab (Scripps Research Institute, La Jolla, CA) provided the tRNA 
and tRNA synthetase-encoding plasmids necessary for p-aminophenylalanine (pAF) incorporation 
[40]. The plasmid containing the amber stop codon mutation in the MS2 coat protein was co-tran-
formed into DH10B cells with the pDULE plasmid containing the pAF aminoacyl tRNA synthe-
tase and tRNA [33]. Position 87 was mutated into a cysteine via Quikchange mutagenesis strategy 
using the following forward and reverse primers, as previously reported [15].

Forward: 5’–AGCCGCATGGCGTTCGTACTTATGTATGGAACTAACCATTC–3’
Reverse: 5’–GAATGGTTAGTTCCATACATAAGTACGAACGCCATGCGGCT–3’

The T19pAF N87C MS2 expression was carried out in minimal media, following the published 
protocol [15,32,40]. The pellets were thawed and resuspended in 20 ml of 20 mM taurine buffer 
(pH 9) containing 6.5 mM DTT, 6 mM MgCl2, and 10 μg/ml of DNase and RNase. Following son-
ication for 10 min, the cells were spun down for 45 min at 11,000 rpm. Next, the supernatant was 
applied to a DEAE-Sephadex column (GE Healthcare). In 20 mM taurine buffer, pH 9, MS2 eluted 
first from the DEAE column, and was collected and precipitated using 50 % aqueous ammonium 
sulfate. The protein pellets were resuspended in 10 mM K2HPO4, pH 7.2, and applied to a Sephac-
ryl S1000 column (GE Healthcare, USA). The fractions containing MS2 were then collected and 
concentrated using Amicon Ultra 100 kD MWCO centrifugal concentrators (Millipore). A yield of 
~10 mg/L culture was obtained for T19pAF N87C MS2 following two purification rounds.
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4.5.6 General procedure for attachment of Oregon Green 488 to interior of T19pAF N87C 
MS2
	 The cysteine residues on the interior of T19pAF N87C MS2 were alkylated with an Oregon 
Green 488-maleimide (Life Technologies) following published procedures [15]. In brief, to a solu-
tion of T19pAF N87C MS2 (final monomer concentration of 100 μM) in 10 mM phosphate buffer 
pH 7.2, OG-maleimide was added from a stock solution of 100 mM in DMF (10 equivalents). The 
reaction mixture was incubated at room temperature for 4 h. Upon completion, the excess dye was 
removed using NAP-10 Sephadex size exclusion columns (GE Healthcare, USA) equilibrated 
with 10 mM pH 7.2  phosphate buffer and subsequent concentration with 100 kDa MWCO spin 
concentrators (Millipore, Billerica, MA).
  
4.5.7 General procedure for generating aminophenol-antibody conjugates
	 First, the antibody solution in 25 mM phosphate buffer pH 8 was prepared by either buffer 
exchange using spin concentrators or addition of 100 mM pH 8 phosphate buffer to the antibodies 
supplied in PBS. To this solution is added 5 equivalents of NHS-nitrophenol from either a 5 mM 
or 10 mM DMSO stock, depending on the reaction scale. The mixture was briefly vortexed and 
incubated at RT for 1-1.25 h without further agitation. The nitrophenol groups were reduced to 
aminophenol by addition of a stock solution of 100 mM sodium dithionite (Na2S2O4) in 100 mM 
pH 6.5 phosphate buffer to reach a final concentration of 10 mM. The reduction was carried out at 
RT for 10-20 min, followed by removal of excess small molecules using 0.5 mL spin concentrators 
with a MWCO of 30 kDa (Millipore, Billerica, MA) with 10 mM pH 7.0 phosphate buffer. The 
concentration of the final product can be measured by UV absorbance at 280 nm using A280 of 1.4 
yielding 1 mg/mL (~6 μM) as a conversion factor. 

4.5.8 General procedure for generating aminophenol-PEG-antibody conjugates
	 Nitrophenol-PEG-NHS ester was pre-formed by mixing N-hydroxysuccinimide (NHS), 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and nitrophenol-PEG-COOH in water. 
Briefly, NHS (1.2 μL, 100 mM in water) and EDC (1.2 μL, 100 mM in water) were added 
sequentially to 24 μL of a 5 mM solution of nitrophenol-PEG-COOH in water, and the mixture was 
incubated at RT for 30 min. To the pre-formed nitrophenol-PEG-NHS ester solution was added 90 
μL of antibody (~6.6 μM in PBS). The reaction was allowed to proceed at RT for 2.5-3 h, followed 
by the addition of 1.2 μL of a 1 M solution of hydroxylamine hydrochloride and incubation for 5 
min at RT in order to hydrolyze any unreacted or transiently stable species. Nitrophenol groups 
on the resulting NP-PEG-Ab conjugates were reduced to aminophenol (AP) to yield AP-PEG-Ab 
conjugates by adding 20 μL of 100 mM sodium dithionite (Na2S2O4) in 100 mM pH 6.5 phosphate 
buffer, followed by 15 min incubation at RT. All the excess small molecules in the reaction mixture 
were removed by using 0.5 mL spin concentrators with a MWCO of 30 kDa (Millipore, Billerica, 
MA) with 10 mM pH 7.0 phosphate buffer.

4.5.9 General procedure for generation MS2-antibody conjugates
	 A solution of MS2 was added to the above solution of AP-Ab conjugates at a specified 
ratio of antibody to capsid. In general, the final concentration of the capsid was ~200-300 nM 
(corresponding to ~ 50 μM MS2 monomer), and the concentration of Ab was ranged from 0.6-6 
μM, depending on the ratio of Ab to MS2 capsids. To initiate the oxidative coupling, NaIO4 was 
added to a final concentration of 500 μM, and the reaction was performed at RT for 5-8 min. 
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Excess NaIO4 was removed by using NAP-5 Sephadex size exclusion columns (GE Healthcare, 
USA) equilibrated with 10 mM pH 7.0 phosphate buffer. The resulting product can be further 
purified by sequential spin concentration using a MWCO of 100 kDa or by FPLC.

4.5.10 General procedure for antibody disulfide reduction and cysteine capping for mass 
spectrometry analysis 

	 To prepare the antibody conjugates for mass spectrometry analysis, first the oligosaccharides 
were removed via treatment with Peptide-N-Glycosidase F (PNGase F) following the protocol 
from the manufacturer (New England Biolabs, Ipswich, MA). Briefly, a buffer exchange into PBS 
was performed on the antibody samples. In a 1.7 mL Eppendorf tube, 35 μL of protein (~1 mg/mL) 
was mixed with 5 μL of G7 reaction buffer, 2 μL of PNGase F, and additional PBS to a total volume 
of 50 μL. The mixture was then incubated at 37 ºC overnight. Immediately following treatment 
with PNGase F, buffer exchange was performed into 100 mM Tris buffer, pH 8. Dithiothrietol 
(DTT) and ethylenediaminetetraacetic acid (EDTA) were then added to a final concentration of 
10 mM each, and the reaction was incubated at room temperature for 20 min. After the reduction, 
iodoacetamide was added to a final concentration of 50 mM and the mixture was incubated at 37 
ºC for 30 min. The samples were then subjected to buffer exchange into 10 mM Tris buffer pH 8 
for mass spectrometry analysis.

4.5.11 Flow cytometry analysis of MS2-Ab conjugates 
	 For the binding experiment, adherent cell lines (HCC1954, MCF7 clone 18, L3.6pl, MDA-

MB-231, and MDA-MB-468 cells) were first trypsinized at 37 °C for 5 min, followed by the 
addition of complete media (L-15 + 10% FBS in the case of MDA-MB-468, RPMI + 10% FBS 
in the case of HCC1954, or DMEM + 10% FBS for all the other cell lines) to stop trypsinization. 
For suspension cell lines (Jurkat and Ramos cells), the overnight culture were used without further 
treatment. Cells were then pelleted and resuspended in binding buffer (Dulbecco’s phosphate 
buffered saline (DPBS) containing 1% FBS or PBS containing 1% BSA) to the density of 2-3 x106 
cells/mL. Aliquots of 100 µL containing 2-3 x106 cells/mL of cells were incubated with MS2-Ab 
conjugates containing Oregon Green 488 (OG) or unmodified on the interior at specified final 
concentrations for 45-60 min on ice. For the OG-containing samples, the cells were washed twice 
with 150 µL (or once with 500 µL), resuspended in 200 µL of binding buffer, and analyzed by flow 
cytometry. For the other samples, the cells were washed twice with 150 µL (or once with 500 µL) 
and resuspended in 100 µL of binding buffer containing 1:1000 dilution of anti-human IgG (Fcγ 
specific) PerCP-conjugated goat F(ab’)2 fragments or anti-mouse IgG AlexaFluor 488-conjugated 
antibodies (Life Technologies). Another secondary Ab used was anti-human IgG1 (Fc specific) 
FITC-conjugated purified mouse IgG clone 8c/6-39 (Sigma) at 0.15 µM final concentration. The 
cells were incubated for 30 min on ice in the dark, then washed twice with 150 µL (or once with 
500 µL) and resuspended in 200 µL of binding buffer. The cells were analyzed by flow cytometry 
to determine the amount of FITC or PerCP fluorescence. For each sample, 10,000 cells were 
counted. A FACSCalibur flow cytometer (BD Biosciences, USA) equipped with 488 and 633 nm 
lasers were used for all flow cytometry measurements, usage courtesy of Prof. Carolyn Bertozzi 
(UC Berkeley). Data was analyzed using FlowJo 8.0 (TreeStar, Ashland, OR). 	

	 In the binding affinity studies, the OG-containing MS2-Ab samples were compared with 
antibodies conjugating to AlexaFluor 488. The Hill equation fitting was calculated using Origin 8.0 
software (OriginLab Corporation, Northampton, MA). The obtained Hill plots displayed different 
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amplitudes for the binding curves, which were taken to arise from three reasons: (1) the use of 
different dyes, AlexaFluor 488 in antibodies samples and Oregon Green 488 in MS2-Ab samples; 
(2) the different conjugation efficiency of Ab-PEG-AP and Ab-AP to MS2; and (3) accessibility 
of MS2-PEG-Ab and MS2-Ab to cell surface. Two hypotheses can be made to account for the 
difference between MS2-PEG-Ab and MS2-Ab. First, the AP-PEG-Ab may have lower coupling 
efficiency to MS2 capsid than AP-Ab, resulting in fewer antibodies attached per capsid. Second, 
due to the PEG spacer, more MS2-PEG-Ab can be packed on cell surface than MS2-Ab without 
spacer. According to these two hypotheses, more MS2-PEG-Ab can bind to each cell, leading 
to higher maximum fluorescence as compared to MS2-Ab samples. The plots were therefore 
normalized based on the maximum median fluorescence of each fit.

4.5.12 Confocal microscopy of MS2-Ab conjugates
	 Cells were washed with PBS, trypsinized, and trypsin was quenched with complete growth 
media, as described above. Cells were then resuspended in the growth media at a concentration of 
25,000 cells/mL, and 2 mL was added to each 35 mm glass bottom dish (MatTek Corp., Ashland, 
MA). Cells were allowed to grow at 37 °C with 5% CO2 for 48-72 h. For incubation with MS2 
samples, first, all media was removed from the dishes, and cells were washed once with 1 mL PBS. 
The MS2 sample was added to each well of the plate at a final concentration of 1 μM (by monomer 
or ~ 5 nM by capsid concentration) in 150 μL of binding buffer (DPBS containing 1% FBS), and 
the dishes were incubated at 37 °C with 5% CO2. After 1 h, the cells were washed three times with 
PBS (for each wash, 1 mL of PBS was added to wash the cells gently, and was then removed), and 1 
mL of phenol red-free media with 10% FBS was added to the cells. 4’,6-diamidino-2-phenylindole 
(DAPI) was added to 1 μM prior to acquisition of the final images. Images were acquired on a 
Zeiss 510 NLO Axiovert 200M Tsunami microscope equipped with 488 and 633 nm lasers, usage 
courtesy of Prof. Christopher Chang (UC Berkeley).

4.5.13 Instrumentation and sample analysis
	  

4.5.13.1 Liquid chromatography mass spectrometry (LCMS) analysis of reduced antibody bio-
conjugates
	 Acetonitrile (Fisher Optima grade, 99.9%), formic acid (Pierce, 1 mL ampules, 99+%), 
and water purified to a resistivity of 18.2 MΩ·cm (at 25 °C) using a Milli-Q Gradient ultrapure 
water purification system (Millipore, Billerica, MA) were used to prepare mobile phase solvents 
for LCMS. Electrospray ionization mass spectrometry (ESI-MS) of proteins was performed us-
ing an Agilent 1260 series liquid chromatograph outfitted with an Agilent 6224 Time-of-Flight 
(TOF) LCMS system (Santa Clara, CA). The LC was equipped with a Poroshell 300SB-C18 (5 
µm particles, 1.0 mm × 75 mm, Agilent, Santa Clara, CA) analytical column. Solvent A was 99.9% 
water/0.1% formic acid and solvent B was 99.9% acetonitrile/0.1% formic acid (v/v). For each 
sample, approximately 15 to 30 picomoles of analyte were injected onto the column.  Following 
sample injection, a 20-100% B elution gradient was run at a flow rate of 0.55 mL/min for 7 min. 
Data was collected and analyzed using Agilent MassHunter Qualitative Analysis B.05.00.

4.5.13.2 High performance liquid chromatography (HPLC)
	 HPLC was performed on an Agilent 1100 Series HPLC System (Agilent Technologies, 
USA). Sample analysis for all HPLC experiments was achieved with an inline diode array detector 
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(DAD). SEC HPLC of MS2-Ab conjugates was accomplished using BioSep GFC s-4000 (Phe-
nomenex, Torrance, CA). The samples were eluted in isocratic flow of 100 mM phosphate buffer 
pH 6.8 containing 0.02% NaN3 at 1 mL/min.

4.5.13.3 Gel Analyses
	 For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out on a Mini-Protean apparatus from Bio-Rad (Hercules, CA), following the 
protocol of Laemmli [41]. The protein electrophoresis samples were heated for 10 min at 95 °C 
in the presence of β-mercaptoethanol to ensure reduction of any disulfide bonds. Gels were run 
for 60 min at 150 V to allow good separation of the bands. Commercially available markers (Bio-
Rad) were applied to at least one lane of each gel for assignment of apparent molecular masses. 
Visualization of protein bands was accomplished by staining with Coomassie Brilliant Blue R-250 
(Bio-Rad). 

4.5.13.4 Dynamic Light Scattering (DLS)
	 DLS measurements were obtained using a Malvern Instruments Zetasizer Nano ZS (Mal-
vern Instruments Ltd., Worcestershire, UK). MS2 samples were prepared at 10 μM (concentration 
by MS2 monomer) in 10 mM phosphate buffer pH 7.0 and filtered through a 0.22 μm centrifugal 
filter unit (Millipore Corporation, Billerica, MA) prior to data collection. Data plots are shown as 
size distribution by number, which weighs large and small particles equally. Diameters were cal-
culated from an average of three measurements.

4.5.13.5 Transmission Electron Microscopy (TEM) 
	 TEM images were taken at the UC Berkeley Electron Microscope Laboratory (UCB EML) 
using a FEI Tecnai 12 transmission electron microscope (TEM) with 120 kV accelerating voltage. 
Samples were prepared by pipetting 5 μL onto Formvar-coated copper mesh grids (400 mesh, Ted 
Pella, Redding, CA) for 5 min, followed by rinsing with 8 μL of dd-H2O. The grids were then ex-
posed to 8 μL of a solution of uranyl acetate (15 mg/mL in dd-H2O) for 2 min as a negative stain. 
Excess stain was then removed and the grids were allowed to dry in air for 10 min.
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4.6 Supplementary Information
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different numbers of equivalients of NP-NHS. The full-sized antibodies were deglycosylated using PNGase F and reduced with 
DTT. The reduced cysteines were capped with iodoacetamide before LCMS analysis.
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Figure S4.2. Percent modification of each antibody chain after incubation with 5 equivalents of NP-NHS. (a) Deconvoluted 
LCMS spectrum of the light chain. (b) Deconvoluted spectrum of the heavy chain. The full-sized antibodies were deglycosylated 
using PNGase F and reduced with DTT. The reduced cysteines were capped with iodoacetamide before LCMS analysis. The 
asterisk denotes peaks with an additional iodoacetamide attached to the proteins. (c) Product distribution of nitrophenol-modified 
full-sized antibodies calculated from percent modification of light and heavy chain in (a) and (b). 
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Figure S4.3. SDS-PAGE analysis of reactions between AP-Ab (with different numbers of aminophenol groups appended on Ab) 
and pAF MS2. (a) Ab was first reacted with 300 equiv. of NP-NHS, followed by reaction with pAF MS2 in the presence of NaIO4 
in diffrent ratio of Ab:MS2 (lane 3-4). Lane 1 and 2 was AP-Ab by itself in the absence and presence of NaIO4, respectively.  (b) 
AP-Ab made by lower numbers of equivalents of NP-NHS (5, 10, and 20 equiv.). SDS-PAGE analysis was performed under the 
reducing conditions in both (a) and (b).
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Figure S4.4. LCMS analysis of MS2 conjugating to small molecules at the cysteine residue on the interior. (a) unmodified N87C 
T19pAF MS2 (unmod MS2;expected mass = 13779 Da). (b) N87C T19pAF MS2 conjugating to Oregon Green 488 (MS2-OG; 
expected mass = 14242 Da). The peak at 14260 Da corresponds to the product of the succinimide hydrolysis. 
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Figure S4.5. Fluorescence flow cytometry analysis of MS2-antibody conjugates. (a) Binding of MS2-anti-HER2 Ab conjugates to 
HER2 negative, MDA-MB-468, and HER2 positive, MCF7 clone 18 and HCC1954, cell lines. The Oregon Green 488 (OG)-con-
taining MS2-anti-HER2 Ab construct was incubated with these cell lines in PBS containing 1% BSA binding buffer on ice for 45 
min at ~5.5 nM of capsid concentration, which corresponds to 1 μM MS2 monomer concentration. The results from flow cytome-
try showed specific binding of MS2-anti-HER2 conjugates to only the HER2 positive cell lines, while remaining unbound to the 
HER2 negative cells. MS2-OG and MS2-OG conjugated to non-specific human IgG1 were used as negative control agents and 
were incubated with cells similarly to the MS2-anti-HER2 conjugates. None of them were found to bind to any cell lines non-spe-
cifically, confirming that the binding of MS2-anti-HER2 conjugates were specifically due to HER2/anti-HER2 Ab interaction. (b) 
Binding of MS2-anti-CD3 and MS2-anti-CD20 Ab conjugates to Jurkat (CD3+ CD20-) and Ramos (CD3- CD20+) cell lines. The 
MS2-anti-CD3 and MS2-anti-CD20 constructs were incubated with Jurkat and Ramos cells in DPBS containing 1% FBS binding 
buffer on ice for 45 min at ~5.5 nM of capsid concentration, followed by washing step and incubation with AlexaFluor 488-conju-
gated anti-mouse IgG secondary antibody. The MS2-anti-CD3 bound specifically to Jurkat cells, and the MS2-anti-CD20 bound 
to Ramos cells although it has slight non-specific binding to Jurkat cells. 
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Figure S4.6. Images from the confocal microscopy studies of MS2-Ab binding to live cells, as shown in Figure 4.6b. Several 
green fluorescent vesicles were found inside the cells after 1 h incubation with the MS2-anti-EGFR conjugates, suggesting that 
the MS2-anti-EGFR conjugates might be internalized



104

4.7 References
1.	 Liu, S.; Maheshwari, R.; Kiick, K. L. Macromolecules 2009, 42, 3–13.

2.	 Srivastava, A.; O’Connor, I. B.; Pandit, A.; Gerard Wall, J. Prog. Polym. Sci. 2014, 39, 308–
329.

3.	 Svenson, S.; Tomalia, D. A. Adv. Drug Deliv. Rev. 2005, 57, 2106–2129.

4.	 Lee, C. C.; MacKay, J. A.; Fréchet, J. M. J.; Szoka, F. C. Nat. Biotechnol. 2005, 23, 1517–
1526. 

5.	 Gao, X.; Cui, Y.; Levenson, R. M.; Chung, L. W. K.; Nie, S. Nat. Biotechnol. 2004, 22, 
969–976.

6.	 Liong, M.; Lu, J.; Kovochich, M.; Xia, T.; Ruehm, S. G.; Nel, A. E.; Tamanoi, F.; Zink, J. I. 
ACS Nano 2008, 2, 889–896.

7.	 Torchilin, V. P. Nat. Rev. Drug Discov. 2005, 4, 145–160.

8.	 Tiwari, G.; Tiwari, R.; Sriwastawa, B.; Bhati, L.; Pandey, S.; Pandey, P.; Bannerjee, S. K. Int. 
J. Pharm. Investig. 2012, 2, 2–11.

9.	 Flenniken, M. L.; Liepold, L. O.; Crowley, B. E.; Willits, D. A.; Young, M. J.; Douglas, T. 
Chem. Commun. (Camb). 2005, 447–449.

10.	 Flenniken, M. L.; Willits, D. A.; Harmsen, A. L.; Liepold, L. O.; Harmsen, A. G.; Young, M. 
J.; Douglas, T. Chem. Biol. 2006, 13, 161–170.

11.	 Suci, P.; Kang, S.; Gmür, R.; Douglas, T.; Young, M. Antimicrob. Agents Chemother. 2010, 
54, 2489–2496.

12.	 Wang, Q.; Kaltgrad, E.; Lin, T.; Johnson, J. E.; Finn, M. G. Chem. Biol. 2002, 9, 805–811.

13.	 Douglas, T.; Young, M. Science 2006, 312, 873–875.

14.	 Kovacs, E. W.; Hooker, J. M.; Romanini, D. W.; Holder, P. G.; Berry, K. E.; Francis, M. B. 
Bioconjug. Chem. 2007, 18, 1140–1147.

15.	 Tong, G. J.; Hsiao, S. C.; Carrico, Z. M.; Francis, M. B. J. Am. Chem. Soc. 2009, 131, 11174–
11178.

16.	 Wu, W.; Hsiao, S. C.; Carrico, Z. M.; Francis, M. B. Angew. Chem. Int. Ed. Engl. 2009, 48, 
9493–9497.

17.	 Garimella, P. D.; Datta, A.; Romanini, D. W.; Raymond, K. N.; Francis, M. B. J. Am. Chem. 
Soc. 2011, 133, 14704–14709.

18.	 Destito, G.; Yeh, R.; Rae, C. S.; Finn, M. G.; Manchester, M. Chem. Biol. 2007, 14, 1152–
1162.

19.	 Ren, Y.; Wong, S. M.; Lim, L.-Y. Bioconjug. Chem. 2007, 18, 836–843.

20.	 Behrens, C. R.; Hooker, J. M.; Obermeyer, A. C.; Romanini, D. W.; Katz, E. M.; Francis, M. 
B. J. Am. Chem. Soc. 2011, 133, 16398–16401.

21.	 Hovlid, M. L.; Steinmetz, N. F.; Laufer, B.; Lau, J. L.; Kuzelka, J.; Wang, Q.; Hyypiä, T.; 
Nemerow, G. R.; Kessler, H.; Manchester, M.; Finn, M. G. Nanoscale 2012, 4, 3698–3705.



105

22.	 Rhee, J.-K.; Baksh, M.; Nycholat, C.; Paulson, J. C.; Kitagishi, H.; Finn, M. G. Biomacromol-
ecules 2012, 13, 2333–2338.

23.	 Brown, W. L.; Mastico, R. a.; Wu, M.; Heal, K. G.; Adams, C. J.; Murray, J. B.; Simpson, 
J. C.; Lord, J. M.; Taylor-Robinson, A. W.; Stockley, P. G. Intervirology 2002, 45, 371–380.

24.	 Stephanopoulos, N.; Tong, G. J.; Hsiao, S. C.; Francis, M. B. ACS Nano 2010, 4, 6014–6020.

25.	 Farkas, M. E.; Aanei, I. L.; Behrens, C. R.; Tong, G. J.; Murphy, S. T.; O’Neil, J. P.; Francis, 
M. B. Mol. Pharm. 2013, 10, 69–76.

26.	 Hooker, J. M.; Esser-Kahn, A. P.; Francis, M. B. J. Am. Chem. Soc. 2006, 128, 15558–15559.

27.	 Capehart, S. L.; Coyle, M. P.; Glasgow, J. E.; Francis, M. B. J. Am. Chem. Soc. 2013, 135, 
3011–3016.

28.	 Weiner, L. M.; Surana, R.; Wang, S. Nat. Rev. Immunol. 2010, 10, 317–327.

29.	 Jiang, X.-R.; Song, A.; Bergelson, S.; Arroll, T.; Parekh, B.; May, K.; Chung, S.; Strouse, R.; 
Mire-Sluis, A.; Schenerman, M. Nat. Rev. Drug Discov. 2011, 10, 101–111.

30.	 Trail, P. Antibodies 2013, 2, 113–129.

31.	 Netirojjanakul, C.; Witus, L. S.; Behrens, C. R.; Weng, C.-H.; Iavarone, A. T.; Francis, M. B. 
Chem. Sci. 2013, 4, 266–272.

32.	 Carrico, Z. M.; Romanini, D. W.; Mehl, R. A.; Francis, M. B. Chem. Commun. (Camb). 2008, 
1205–1207.

33.	 Obermeyer, A. C.; Jarman, J. B.; Netirojjanakul, C.; El Muslemany, K.; Francis, M. B. An-
gew. Chem. Int. Ed. Engl. 2014, 53, 1057–1061.

34.	 Sunada, H.; Magun, B. E.; Mendelsohn, J.; MacLeod, C. L. Proc. Natl. Acad. Sci. 1986, 83, 
3825–3829.

35.	 Fan, Z.; Lu, Y.; Wu, X.; Mendelsohn, J. J. Biol. Chem. 1994, 269, 27595–27602.

36.	 Harding, J.; Burtness, B. Drugs Today (Barc). 2005, 41, 107–127.

37.	 Perez-Torres, M.; Guix, M.; Gonzalez, A.; Arteaga, C. L. J. Biol. Chem. 2006, 281, 40183–
40192.

38.	 Perera, R. M.; Zoncu, R.; Johns, T. G.; Pypaert, M.; Lee, F.-T.; Mellman, I.; Old, L. J.; Toom-
re, D. K.; Scott, A. M. Neoplasia 2007, 9, 1099–1110.

39.	 Patel, D.; Lahiji, A.; Patel, S.; Franklin, M.; Jimenez, X.; Hicklin, D. J.; Kang, X. Anticancer 
Res. 2007, 27, 3355–3366.

40.	 Mehl, R. A.; Anderson, J. C.; Santoro, S. W.; Wang, L.; Martin, A. B.; King, D. S.; Horn, D. 
M.; Schultz, P. G. J. Am. Chem. Soc. 2003, 125, 935–939.

41.	 Laemmli, U. K. Nature. 1970, 227, 680–685.




