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Abstract

Structural Immunology of Humoral and Cellular Recognition of a MUC]1 Breast Cancer

Antigen

Jeffrey Scott Grinstead

Chair of the Supervisory Committee: Assistant Professor A. Patricia Campbell

Department of Medicinal Chemistry

MUCI1 mucins have recently been the target of breast cancer vaccine trials. MUC]I
peptide vaccine studies in mice have resulted in rejection of solid tumor and protection
from further tumor challenge. These results represent the desired immune response in
humans, but clinical trials have not shown MUC1 peptide-based vaccines to be effective.
Clinical trials using tumor-associated MUCI1 carbohydrate vaccines have produced
immune responses with limited efficacy, and leave much room for improvement.

Both immunological and biophysical evidence suggests that a combination of MUC]I
peptide and carbohydrate moieties in a glycopeptide vaccine could be more effective at
inducing an effective anti-tumor immune response in humans. The results presented in
this thesis describe intermolecular interactions of MUCI1 peptides and glycopeptides with
the tumor-associated antibody B27.29. The identification of both peptide and
carbohydrate interactions with B27.29 points to a mechanism for immune recognition of
the tumor-associated MUC1 mucin, and suggests that a MUC1 glycopeptide vaccine
might better represent the tumor-associated antigen. Further experiments are presented
that give methodology for determining how MUCI peptides or glycopeptides might
stimulate a cellular immune response, as well. These results are discussed within the
framework of developing a next-generation MUC1 glycopeptide vaccine that might be
able to effectively treat and/or prevent recurrence of breast cancer.
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Chapter 1: Introduction

The MUC1 Tumor Antigen:

Mucin (MUC) proteins are large transmembrane glycoproteins that are expressed
on the ductal surface of epithelial cells. Mucin proteins are expressed on all epithelial
tissues, and serve to screen the cell surface from extracellular pathogens, retain moisture,
and to lubricate the extracellular tract (Patton et al., 1995). Many different classes of
mucin have been discovered, each with some tissue specificity and sequence similarity
(Bhavanandan, 1991).

The extracellular region of the mucin consists of a variable number of tandem
repeats of the 20-amino acid sequence GVTSAPDTRPAPGSTAPPAH, in the case of the
MUCI mucin. The VNTR region of the protein is repeated from 20 to over 100 times to
produce a very large, extended glycopeptide chain protruding from the surface of the cell
(Figure 1.1). MUCI is extensively O-glycosylated at the five threonine and serine sites
with large, branched sugars (Carlstedt & Davies, 1997, Koganty et al., 1997; Rudd &
Dwek, 1997; Van den Steen et al., 1998).

Recently, mucins have been targeted for vaccine or immunotherapy development
in cancers of the breast, colon, pancreas, lung, and ovary because of the differences
between their normal and tumor-associated forms (Apostolopoulos et al., 1999a;
Apostolopoulos et al., 1999b; Miles & Taylor-Papadimitriou, 1999; Taylor-
Papadimitriou et al., 1999) (see also Figure 1.1). MUCI is overexpressed in 90% of all
breast carcinomas (Zotter et al., 1988), and in the tumor-associated state MUC1 becomes

an autoantigen as a result of incomplete glycosylation and sparse distribution of
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Figure 1.1: Tumor-associated MUC1 mucin undergoes several key changes affecting its
immunogenicity. The top panel illustrates how a MUC1 mucin loses its apical
distribution and becomes exposed to the immune system. The bottom panel depicts the
differences in glycosylation state between normal and tumor-associated MUC1. The
MUC1 repeat sequence is shown, with the five possible sites of O-glycosylation starred.



3
remaining carbohydrate structures (Hanisch, 2001). The reduced glycosylation is
believed to result in the exposure of a highly immunogenic core peptide sequence
(PDTRPAP in bold above) (Girling ez al., 1989). The MUCI sequence PDTRPAP has
been identified as the immunodominant B-cell epitope from monoclonal antibody studies
in mice (Bashford ez al., 1993; Burchell ez al., 1989; Denton et al., 1993; Kotera et al.,
1994; Xing et al., 1992). This PDTRPAP core peptide sequence is also believed to be
immunodominant in humans. Breast cancer patients with MUC1-expressing tumors
develop limited humoral and cellular immune responses against the tumor (Finn et al.,
1995; Nakamura et al., 1998; Petrarca et al., 1999), with the elicited antibodies and T
cells cross-reactive to the PDTRPAP core peptide sequence (Ding et al., 1993; Jerome et
al., 1991; Musselli et al., 2002).

Abnormal glycosylation is also believed to result in exposure of the normally
cryptic core Tn (GalNAc), STn (sialyl 02-6 GalNAc) and TF (Gal B1-3 GalNAc)
carbohydrates (Brockhausen et al., 1998; Itzkowitz ez al., 1989). All three carbohydrate
epitopes are strongly expressed on human carcinoma cells (Cao et al., 1999; Cao et al.,
1997; Itzkowitz et al., 1989; Springer, 1995; Springer, 1997), and may be associated with
cancer progression and metastasis (David e al., 1992; Kishikawa ef al., 1999; Terasawa
et al., 1996). Like the exposed MUCI sequence, these carbohydrates are also known to
induce an immune response, and both MUC1 peptides and MUC]1-associated
carbohydrate groups have been the subjects of clinical research to develop a cancer

vaccine or immunotherapy (Mitchell, 2002).



Vaccine Trials:

Over the past decade, many different clinical trials have been undertaken to assess
the ability of MUC1-based vaccines to generate anti-MUC1 immune responses effective

at destroying the solid MUC1-expressing tumor (Figure 1.2 shows an overview of cell

Antigen-loaded APC
Antigen-loaded APC (DC)
(DC)

CD4* Th1 cell

Priming

CD8* T cell
CD4* ThO cell
Activates Killing
B cells
B cell
Antibody-mediated killing Tumor

Figure 1.2: Overview of immune response to tumor cells. Antigen presenting cells
(APC) such as dendritic cells and B cells activate both CD4+ helper T cells (Th) and
CD8+ cytotoxic T cells (CTL). B cells recognize MUCI mucin on the tumor cell surface
and secrete antibodies specific for this antigen. CD8+ T cells recognize the MUC1
antigen on the tumor cell and are able to lyse the tumor cell directly. The Th cells play a
major role in regulating the other immune system cells, while CD8+ CTL and antibody-
mediated cell killing are the primary direct cytotoxic mechanisms of the immune system.



5
types involved in immune responses to the MUCI1 tumor). Early MUC1 synthetic
peptide vaccines utilized multiple repeats of the 20-amino acid sequence. Conjugated
and administered with the proper adjuvant, these peptides have generated B cell and Tv
cell immune responses in animal models (Apostolopoulos et al., 2000; Apostolopoulos et
al., 1996; Barratt-Boyes et al., 1999; Lofthouse e al., 1997; Vaughan et al., 1999). Most
encouraging were the immunization results with MUC1-transgenic mice where MHC
Class 1 restricted CD8+ cytotoxic T-cells were produced that eradicated the MUC1
tumors and provided protection against further MUC1 tumor challenge (Apostolopoulos
et al., 2000; Apostolopoulos et al., 1996; Lofthouse et al., 1997). Unfortunately, the
strong cellular immune responses observed in animals do not translate well to humans.
Phase I & II trials of a 5-repeat MUCI peptide-GST fusion protein conjugated to
oxidized mannan produced only weak T-cell proliferative responses in adenocarcinoma
patients, demonstrating instead a high antibody titre indicative of a predominantly
humoral immune response (Apostolopoulos et al., 1996; Goydos et al., 1996; Karanikas
et al., 1997). Several other recent clinical trials have explored the use of MUC1 peptides
coupled to different haptens, keyhole limpet hemocyanin, glutathione S-transferase, and
oxidized mannan (Apostolopoulos et al., 1999a). All of these clinical trials have
demonstrated predominantly humoral immune responses, and none have been able to
shrink the solid tumor. Boosting MUC1-specific cellular immunity in adenocarcinoma
patients may be key to successful development of a MUC1-based cancer vaccine, but this
still represents a major hurdle in MUC1 vaccine design.

Progress is being made in the field of immunology to develop methods to better
stimulate cellular immunity to a particular antigen. Undoubtedly this type of research
will improve the efficacy of vaccines or immunotherapy for many diseases. Recently,

dendritic cells have been recognized to be highly efficient at antigen processing and
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presentation to T cells, and several vaccination trials have attempted to boost the immune
response to cancer by utilizing peptide- or DNA-pulsed dendritic célls as vaccine vectors.
Dendritic cells pulsed with either MUC1 peptides or cDNA have been able to generate
limited CD8" T cell responses to solid breast tumors (Brossart et al., 2000; Pecher et al.,
2002), although these responses did not result in tumor rejection. Indeed, none of the
MUCI vaccine candidates described above have been shown to be effective at tumor
rejection, although the reasons for this are not absolutely clear (Denda-Nagai & Irimura,
2000; Doehn & Jocham, 2000; Foon, 2001; Morse, 2000; Morse, 2001).

Elucidation of this specific immune mechanism necessary for tumor rejection
would advance the field of cancer vaccine design. However, one fundame;ntal problem
with present MUC1-based cancer vaccine candidates is that they may not accurately
reflect the tumor-associated state of the MUCI antigen. MUCI1 peptide vaccine
candidates lacking the MUCI tumor-associated carbohydrates probably do not best
represent the structure, dynamics, peptide epitope exposure, or even glycosylation state of
the tumor-associated mucin. For example, vaccination with a MUCI peptide is unlikely
to generate an immune response to the heavily glycosylated region of the extracellular
domain of MUCI on the surface of healthy epithelial cells. While this situation should
limit the possibility of an autoimmune response against healthy epithelial tissues, it is
also unlikely to lead to a strong tumor-specific immune response against the partially
glycosylated tumor-associated MUCI1 protein. Therefore, even if the mechanisms
necessary for a strong immune response could be triggered, this response would probably
lack the specificity required to recognize the MUC1-expressing tumor.

Several lines of evidence suggest that an important element for boosting MUC1
specific immunity in adenocarcinoma patients may be the inclusion of MUC1 tumor-

associated carbohydrates at select sites in the MUC1 peptide vaccine. Exposure of these
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tumor-associated core carbohydrate epitopes through the use of O-glycosylatioln
inhibitors has been shown to lead to lysis of MUCI transfected targets in a Class I MHC-
restricted manner (Bohm et al., 1997). In addition, immunization trials using MUC1
carbohydrate epitopes can elicit both a tumor-shrinking immune response against the
MUCI1-expressing tumor and a protective effect against further tumor challenge (Fung et
al., 1990; Henningsson et al., 1987). One of these vaccines uses the cancer-associated
MUCI core STn carbohydrate coupled to the keyhole limpet hemocyanin (KLH)
adjuvant and is presently in Phase III clinical trials (Mitchell, 2002). These results
suggest that preferential killing of MUCI expressing tumors may be due to T-cell
recognition of an internal carbohydrate epitope accessible only on the underglycosylated
MUCI. Furthermore, natural MUC1 antibodies from breast cancer patients have been
shown to react more strongly with GalNAc-glycosylated peptides than with the naked
peptide sequence (von Mensdorff-Pouilly e al., 2000), which suggests that a MUC1
. glycopeptide more closely approximates the mucin epitope as it exists on the partially

glycosylated tumor cell surface.

Structural Hypothesis for MUC1 Immune Recognition:

Redesign of a next-generation MUC1 glycopeptide vaccine requires a better
characterization of the tumor-associated MUCI1 antigen. Figure 1.3 describes
schematically our structural hypothesis for MUC1 immune recognition. MUCI can be
recognized by the immune system in three different ways. First, B cells can secrete
antibodies (see the IgG molecule in Figure 1.3) that are specific for MUC1. These
antibodies should be capable of recognizing the tumor-associated MUC1 glycoprotein on
the tumor cell surface. This recognition event is likely modulated by the glycosylation

state of the MUCI peptide sequence, the number of MUC1 tandem repeats, and MUC1
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peptide structure and dynamics. Second, T cell recognition of the tumor-associated
MUCI1 sequence can and usually involves Class I MHC presentation of the MUCI tumor
antigen. In this case, the glycosylation state of the peptide can be envisioned to affect T
cell recognition and activation if the glycopeptide is presented by the MHC. As the
MUCI peptides or glycopeptides are bound to Class I MHC in the restricted case, the
native peptide structure and dynamics of the unrestricted antigen is probably irrelevant.

Finally, it has been demonstrated in the literature that T cells recognize tumor-associated

Figure 1.3: Structural hypothesis for humoral and cellular immune recognition of tumor-
associated MUC1. Humoral immune recognition of MUC1 involves antibodies secreted
by B cells. Antibodies bind directly to the extracellular portion of the MUC1
glycoprotein, and recognition of the antigen should be dependent upon MUCI structure,
dynamics, and glycosylation state. Cellular immune recognition of MUC] is mediated
primarily by CD8+ cytotoxic T cells. T cells recognize MUCI in two ways: Class I
MHC-restricted recognition of the peptide-MHC complex, or direct multivalent binding
to the extracellular portion of the MUC1 glycoprotein. :
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MUCI in a MHC-unrestricted manner. In this case, the native structure and dynamics, as
well as the glycosylation state of the tumor-associated MUCI1 sequence could be
envisioned to play a significant role in T cell receptor binding. The number of MUC1
repeats is probably also important, because crosslinking of T cell receptors with a
multivalent antigen is known to better activate the T cell. Therefore, a detailed
understanding of immune recognition of the MUC1 tumor antigen requires an exploration
of the role of multiple repeats, glycosylation state, and native MUCI structure and

dynamics in B cell/T cell recognition.
Humoral Immune Recognition of the MUC1 Antigen:

Exposure of the immunogenic MUC1 B cell epitope sequence (PDTRPAP) is a
primary requirement for humoral immune recognition of the MUC1 antigen. Synthetic
MUCT peptides have been used extensively to study both antibody binding and MUC1
peptide structure. Spectroscopic techniques such as NMR and CD have identified native
B-turn secondary structure and poly-proline type II helix (PPII) in unglycosylated MUC1
(Fontenot, 1993; Fontenot et al., 1993; Fontenot ef al., 1995; Grinstead et al., 2002; Liu
et al., 1995; Schuman et al., 2003). Since the B-turn is a common structural motif in
antigenic regions of proteins (Koebnik et al., 2000) and is commonly found in NMR and
crystal structures of antibody-antigen complexes (Derrick et al., 1999; Stanfield et al.,
1999; Tugarinov et al., 1999; Zvi et al., 2000), the presence of a B-turn within the MUC1
B-cell epitope may explain the immunodominance of this region. Indeed, it has been
suggested that B-turn structure is important in humoral immune recognition of the MUC1
sequence (Fontenot, 1993). At the time of our initial studies on this system, no structural

studies of MUCI peptides bound to tumor-associated antibodies had been performed.
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Furthermore, no research has attempted to correlate MUC1 B-turn structure to the
partially-glycosylated MUCI1 protein as it exists on the tumor cell surface.

In addition to previous structural studies showing B-turn structure within the
PDTRPAP B-cell epitope, other structural studies of single versus multiple repeat MUCI1
peptides have shown significant PPII helix structure, and B-turn structure that adopts
more ‘native-like structure’ with increasing repeat number (Fontenot, 1993). If increases
in repeat number lead to more ordered immunogenic structure in the tumor-associated
MUCI sequence, then this might explain why longer peptides are more immunogenic. In
this regard, a study of 56 MUCI1-specific antibodies showed that 47 out of the 56
antibodies bound with higher affinity to a 5-repeat MUC1 sequence than a one-repeat
sequence (Price et al., 1998). However, there remains the question as to whether the
observed differences in antibody binding are due to differences in length-dependent
MUCT structure or dynamics, or only due to increased avidity from multivalent binding.

In addition to B-turn structure and repeat number, the glycosylation state of
tumor-associated MUCI1 is a major factor in humoral immunity, because the
glycosylation state of the MUC1 sequence directly regulates the exposure of the peptide
core to antibodies and modifies the structure and dynamics of the exposed MUCI1
sequence. There are five potential O-glycosylation sites in each tandem repeat of the
MUCI sequence (GVISAPDTRPAPGSTAPPAH). Identifying which of these sites
remains glycosylated in the tumor-associated state is important for MUC1 vaccine
design, as the vaccine should approximate as closely as possible the glycosylation state
and peptide backbone exposure of the intact tumor. In vitro glycosylation studies using
human tumor cell extracts (Nishimori et al., 1994a; Nishimori et al., 1994b) and three
different recombinant GalNAc transferases identified from human tumor cell lines

(Wandall er al., 1997) have demonstrated glycosylation at three separate sites (GVITSA
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and GSTAP), but not at the threonine within the PDTRPAP B cell epitope sequence.
These findings are significant because they suggest that reduced glycosylation of MUCI1
permits antibodies access to this region of the peptide sequence. However, recent in vivo
studies have demonstrated that all five sites on the MUCI1 tandem repeat are
glycosylation targets (Muller et al., 1999; Muller et al., 1997), although there is no
evidence to suggest that all sites are actually glycosylated. Ultimately, we do not know
where or what types of carbohydrates exist on the tumor-associated MUCI1 sequence. In
fact, there is most likely not a single, uniformly presented glycoform of the tumor-
associated MUCI antigen. The glycosylation state is probably highly heterogeneous
(Cao et al., 1999; Cao et al., 1997).

In summary, prior research performed by other groups has raised the following
questions as to how the humoral immune system recognizes the MUC1 tumor-associated
antigen. 1) What is the role of the B-turn in humoral recognition of the tumor-associated
MUCI] antigen? 2) What are‘the effects of repeat number on MUCI1 structure and
dynamics and humoral recognition of the MUC1 antigen? 3) What are the effects of
glycosylation of the MUC1 B cell epitope on native MUC1 structure and dynamics and

therefore on humoral recognition and immunogenicity?
Cellular Immune Recognition of the MUC1 Antigen:

T cells recognize antigenic peptides that are presented bound to MHC molecules
on the surface of a target cell. Class I MHC binds 8- to 10-residue peptides along a
platform of eight antiparallel f-strands that are bound on the sides by two o-helices that
make a conserved network of hydrogen bonds to the main chain of the bound peptide

(Madden, 1995). Detailed structural studies have identified six different pockets in the
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peptide binding groove of the human Class I MHC molecule HLA-A*0201 (Madden et
al., 1993). Two main pockets bind the sidechains of the N- and C-terminal residues for
canonical high-affinity antigens. The remaining pockets provide secondary binding
interactions that modulate bound peptide affinity.

Two T cell epitopes (SAPDTRPA and STAPPAHGYV) have been identified in the
MUCI1 sequence. These sequences do not contain the canonical primary sidechains
required for high-affinity binding to Class I MHC. Without these sidechains, MUC1
peptides bind MHC with low affinity. However, these peptides are still weakly
immunogenic, so methods for improving their immunogenicity are being explored in
depth (Berzofsky et al., 2001). Higher affinity for Class I MHC has been correlated with
greater immunogenicity (Sette et al., 2002). Therefore, if the basis for low-affinity
binding to MHC could be characterized, it might be possible to improve affinity for MHC
without altering T cell specificity for the antigen. For example, in the only published
crystal structure of a MUCI peptide in complex with Class I MHC, several of the peptide
sidechains do not fill the MHC binding pockets completely (Apostolopoulos et al., 2002)
(see Figure 1.4). It may be possible to mutate the sidechains of the MUCI1 peptide
residues that fill pockets in the MHC to increase affinity for the MHC without altering
the orientation of upper peptide face that interacts with the T cell receptor. The increased
affinity of this molecule for MHC may then better stimulate T cells to recognize the
MUCI1 antigen.

Since MUCI1 glycosylation plays an important role in the humoral immune
response to MUCI antigenic peptides, it is not surprising that carbohydrate-specific T
cell responses have been generated from immunization of mice with . MUCI

glycopeptides (Gad et al., 2003; Vlad et al., 2002). Around 0.5% of peptides presented
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Figure 1.4: 1.6 A crystal structure of murine Class I MHC H-2KP in complex with
MUCI peptide SAPDTRPA (Apostolopoulos et al., 2002). Occupancy of H-2KP pockets
(dotted surface) by MUCI peptide sidechains (in red) is shown. Small secondary anchors
at positions P2, P5 and P8, coupled with the absence of 'rescuing' water and a large cavity
at the side of the C pocket are hypothesized to contribute to the low affinity of the peptide
for MHC.

by Class I MHC on normal cell surfaces are glycosylated with a N-acetyl glucosami_ne
(GIcNAc) (Haurum et al., 1999), and both CD8+ and CD4+ T cells are capable of
binding to peptides with mono-and disaccharide modifications (Abdel-Motal et al., 1996;
Deck et al., 1999). While glycopeptide presentation to T cells clearly plays an important
role in immunity (Rudd ez al., 2001), the cellular mechanism for glycopeptide production
and loading onto Class I MHC is not known. Furthermore, the structural mechanisms
whereby T cell receptors recognize MUCI carbohydrate are also unknowﬁ. The crystal
structure of a glycopeptide-MHC complex is shown in Figure 1.5, which demonstrates
that the carbohydrate moiety of the peptide is available to make substantial stabilizing

interactions with a T cell receptor (modeled above the glycopeptide). No crystal structure
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Figure 1.5: 2.85 A crystal structure of murine Class I MHC H-2Db in complex with an
O-GIcNAc substituted peptide, FAPS(O-GIcNAC)NYPAL (Glithero et al., 1999). The
carbohydrate (in yellow) is solvent exposed and available for direct recognition by the
afTCR. The modeled MHC-glycopeptide-TCR complex (left and right) shows that a
single saccharide residue can be accommodated in the standard TCR-MHC geometry. H-
2DP CTL clones raised against the glycopeptide were shown to require the carbohydrate
moiety for recognition.

of a MUCI glycopeptide-MHC complex has been solved, and structural information
about this type of complex would be very useful, as it might resolve the role of
carbohydrate in cellular recognition and immunogenicity.

In addition to Class I MHC-restricted T cell responses to the MUCI antigen,
several groups have characterized MHC-unrestricted T cell responses (Finn et al., 1995;
Rudd et al., 2001). The structural basis for T cell responses directly to the MUCI antigen
is not known, but is thought to involve the interactions of multiple T cell receptors with
the multiple repeat MUCI antigen. The increased stability afforded by the multivalent
binding may overcome the inherently weak affinities of T cell receptors for antigens free
in solution (not presented by MHC). Since MHC-unrestricted T cell immune responses
appear to be well established in the literature, a characterization of the structural and

dynamic properties of MUCI peptides and glycopeptides free in solution could provide
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fundamental insight into the role of MUC1 structure and dynamics (as well as how repeat
number or multivalency may play into these attributes) in cellular recognition and

immunogenicity.

NMR Approach to the Study of MUC1 Immune Recognition:

In the absence of a clear picture of MUCI mucin in its tumor-associated state, the
design of a peptide or glycopeptide vaccine that mimics that unknown state is a difficult
undertaking. In order to circumnavigate this difficulty, we utilize an approach that does
not rely on a priori knowledge of peptide conformation or glycosylation state of the
tumor-associated MUC1 mucin. Our approach uses an anti-MUCI1 antibody, Mab
B27.29, as a ‘reverse-template’ for MUC1 vaccine design, which allows exploration of
the humoral immune response to MUC1 tumor antigen. Mab B27.29 was raised directly
against MUCl1-expressing tumors, so should bind most tightly to a MUCI peptide or
glycopeptide that best approximates the structure, dynamics, and glycosylation state of
the tumor-associated MUCI mucin. Therefore, Mab B27.29 is an immunologically
relevant reverse-template of the structure, dynamics, and chemistry of the tumor-
associated MUC1 mucin. In brief, this approach identifies the immunologically relevant
peptide conformation and glycosylation states of the tumor-associated MUC1 mucin by
probing the structure and dynamics of MUC1 peptide - Mab B27.29 binding. Solution
state NMR is used as the probe in these systems, because it allows both structure and
dynamics information to be obtained for the bound state, even if that bound state is
dynamic and conformationally heterogeneous. Figure 1.6A outlines the experimental
approach to studying MUC1 humoral immunogenicity. Our approach uses 15N and 13C
HSQC experiments to map the boundaries of the B27.29 epitope, and NMR relaxation

experiments to characterize immobilization of MUCI residues upon antibody binding.
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Our approach to exploration of the cellular immune response to the MUC1 tumor
antigen involves refolding of human Class I MHC HLA-A*0201 with various antigenic
peptides, and then using NMR spectroscopy to characterize the structure and dynamics of
the bound peptides. Figure 1.6B outlines the experimental approach to study of MUC1
peptides in a stable complex with refolded human Class I MHC HLA-A*0201. Through
analysis of differential linewidth of resonances and other strategies, we can infer which
peptide sidechains might point out of the MHC binding groove for potential interactions
with the T cell receptor, and which peptide sidechains point down into the MHC peptide
binding groove to stabilize the peptide-MHC complex. Multiple peptides can be studied
in this manner, and hopefully the structural and dynamic basis for low-affinity tumor-
associated antigenic peptide binding can be established. The same approach could also
be used to characterize glycopeptides bound to HLA-A*0201, and to determine how
MUC]I-associated carbohydrate substituents might be positioned to interact with either
MHC or TCR. In addition, the effects of carbohydrate location and type on MUC1
glycopeptide-MHC complex stability could be easily assayed using our refolding
protocol. This would allow simple screening of MUC1 glycoforms and analogs for Class

I MHC binding, without using more complicated NMR methodologies.

Overview of Chapters:

In Chapter 2, we use heteronuclear NMR methods to characterize the differences
between l-repeat and 2-repeat MUCI1 peptides. These peptides exhibit identical
structural features and very similar dynamics in solution, and point to the effects of
avidity from multivalent binding as being important for humoral recognition of MUC1

peptides.
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ISN/13C-labeled
Fab B2729 antigenic peptide
or glycopeptide

CHO

NMR experiments to study humoral immune recognition of
exchanging MUCI peptide/glycopeptide

--15N/13C-HSQC epitope mapping
--15N/13C-NMR relaxation measurements
--Transferred 15N/13C-edited NOESY

A
heavy chain (HC) f2 microglobulin  15N/13C-labeled
ol,a2 & a3 (B2m) 8- to 10-residue
domains antigenic peptide

NMR experiments to study peptide structure and dynamics

--ISN/13C-HSQC linewidth analysis

--15N/13C.NMR relaxation measurements

~15N/A3C-edited or filtered NOESY B

Figure 1.6: Experimental approach to the study of MUC1 immunogenicity. Panel A
shows the proposed protocol for study of the MUCLI peptide or glycopeptide interactions
with Fab B27.29. Panel B shows the protocol for study of antigenic peptides or

glycopeptides refolded with human Class I MHC HLA-A*0201.
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In Chapter 3, we use NMR methods to probe the structural and dynamic
consequences of glycosylation at serine and threonine residues upstream of the
PDTRPAP core epitope region of MUCI1 synthetic peptides. We correlate these
structural and dynamic effects of glycosylation to the recognition of a monoclonal
antibody, B27.29, raised against the intact tumor-associated MUC1 mucin. Four peptides
were studied: a MUC1 16mer peptide of the sequence (Glyl-Val2-Thr3-Ser4-Ala5-Pro6-
Asp7-Thr8-Arg9-Pro10-Alall-Pro12-Gly13-Ser14-Thr15-Alal6), two singly Tn-
glycosylated versions of this peptide at either Thr3 or Ser4, and a doubly Tn-glycosylated
version at both Thr3 and Ser4. Included in the study are two-dimensional !H NMR
TRNOESY studies of the binding of the doubly-glycosylated MUC1 16mer to the Fab
fragment of B27.29. These sfudies allowed a mapping of the MUC1 B-cell epitope, and
an assessment of the contribution of the PDTRP core peptide epitope versus the Tn core
carbohydrate epitope to antibody B27.29 recognition. The results of these studies are
discussed within the framework of developing a glycosylated second-generation MUC1
glycopeptide vaccine.

In Chapter 4, we extend our NMR-based approach to examine the role of peptide
structure and dynamics in Fab B27.29 recognition of the same 16 residue MUCI peptide
(GVTSAPDTRPAPGSTA), as well as of a 40 residue MUCI1 peptide,
(VTSAPDTRPAPGSTAPPAHG),, that represents two repeats of the MUC1 sequence.

Included in this present study are two-dimensional isotope-edited NMR
experiments, as well as heteronuclear NMR relaxation measurements, monitoring the
binding of the isotopically-labeled MUCI1 peptides to the unlabeled Fab fragment of
B27.29. These experiments allowed a precise mapping of the boundary of the B27.29
epitope, based on a determination of the immobilized portion of the peptide as it is bound

within the B27.29 antibody combining site. The results of these studies are discussed
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within the framework of developing a second-generation MUCI1 peptide vaccine that
better represents the peptide portion of the tumor-associated MUC1 mucin, as it is
recognized by B27.29.

In Chapter 5 we present a refolding protocol to produce the ternary HLA-A*0201
complex (HC/B,m/peptide) for study by NMR spectroscopy. Combined with a novel
approach to producing recombinant, uniformly isotope-labeled MUCT1 peptides, this
procedure will allow study of the basis for low-affinity binding of MUCI1 antigenic
peptides to Class I MHC HLA-A*0201. In addition, the system also should allow study
of MUC1 glycopeptide-MHC complexes.

In summary, the above chapters have characterized several features affecting the
humoral and cellular immune responses to the tumor-associated MUCI1 antigen. Our
conclusions are as follows: that the B-turn region appears to be recognizing the cancer-
associated antibody B27.29, that repeat number does not affect the structure or dynamics
of the MUCI sequence, and that site-specific glycosylation of the MUCI1 sequence
upstream from the B-turn structure interacts with B27.29. In addition, we have
established a protocol for study of Class I MHC HLA-A*0201-MUC1 peptide complex
using NMR spectroscopy. Implications for next-generation vaccine design are discussed

in Chapter 6 (Conclusion and Future Directions).
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Chapter 2: Effect of Repeat Number on MUCI Structure and Dynamics

ABSTRACT: MUCI1 mucin is large transmembrane glycoprotein with an extracellular
domain composed of repeating units of a 20 amino acid sequence. In the cancer-
associated state, mucin expression is upregulated and the extracellular region is
aberrantly glycosylated. Previous antibody binding studies show higher affinity for a 5-
repeat MUC1 peptide over a 1-repeat MUCI1. Results in our laboratory have led us to
investigate the structural and dynamic consequences of increasing repeat number.
Isotopically labeled MUCI1 peptides were cloned, expressed, and purified, and the
structure and dynamics of the peptides were characterized using 15N and 13C NMR
spectroscopy. We find that a type I B-turn is formed within the PDTR B-cell epitope
sequence and another B-turn is formed within the sequence APGS. The data show that
MUCT structure, dynamics, and binding affinity for an anti-MUCI - antibody are all
insensitive to the number of MUCI1 repeats. The results of this study are discussed with

regard to vaccine design.

Introduction:

Mucins have been implicated as targets for vaccine development in cancers of the
breast, colon, pancreas, lung, and ovary because of the differences between normal and
tumor-associated mucin (Apostolopoulos et al., 1999a; Apostolopoulos et al., 1999b;
Miles & Taylor-Papadimitriou, 1999; Taylor-Papadimitriou et al., 1999). Mucin 1
(MUC1) is a large transmembrane glycoprotein that is expressed on the ductal surface of
epithelial cells. The extracellular region of the protein consists of a variable number of
tandem repeats of the 20-amino acid sequence (GVTSAPDTRPAPGSTAPPAH),,

extensively O-glycosylated at threonine and serine sites with large, branched sugars



28
(Carlstedt & Davies, 1997; Koganty et al., 1997; Rudd & Dwek, 1997; Van den Steen et
al., 1998). However, in the tumor-associated state MUC1 becomes an autoantigen as a
result of incomplete glycosylation and sparse distribution of remaining carbohydrate
structures (Hanisch, 2001). The reduced glycosylation is believed to result in the
exposure of a highly immunogenic core peptide sequence (PDTRPAP in bold above)
(Girling et al., 1989), identified as the immunodominant B-cell epitope from monoclonal
antibody studies in mice (Bashford et al., 1993; Burchell et al., 1989; Denton et al., 1993;
Kotera et al., 1994; Xing et al., 1992a). This PDTRPAP core peptide sequence is also
believed to be immunodominant in humans. Breast cancer patients with MUCI1-
expressing tumors develop limited humoral and cellular immune responses against the
tumor (Finn et al., 1995; Nakamura et al., 1998, Petrarca et al., 1999), with the elicited
antibodies and T cells cross-reactive to the PDTRPAP core peptide sequence (Ding et al.,
1993; Jerome et al., 1991; Musselli et al., 2002).

Many different clinical trials have been undertaken over the past few years to
assess the ability of MUC1-based vaccines to generate strong and cytotoxic anti-MUC1
immune responses against the solid MUC1-expressing tumor. Several of these trials have
explored the use of MUCI peptides coupled to different haptens, keyhole limpet
hemocyanin, oxidized mannan, and glutathione S-transferase (Apostolopoulos et al.,
1999a). In addition, at least two different vaccine trials have used MUC1-associated
antigenic sugars (without peptide) (Mitchell, 2002). Other more recent clinical trials
have utilized peptide- or DNA-pulsed dendritic cells as vaccine vectors, attempting to
capitalize on the superior immune activation by these antigen presenting cells. Dendritic
cells pulsed with either MUCI peptides or cDNA have been able to generate limited
CD8" T cell responses to solid breast tumors (Brossart et al., 2000; Pecher et al., 2002),
. although these responses did not result in tumor rejection. Indeed, none of the MUCI1

vaccine candidates described above have been shown to be effective at tumor rejection,
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although the reasons for this are not absolutely clear (Denda-Nagai & Irimura, 2000;
Doehn & Jocham, 2000; Foon, 2001; Morse, 2000; Morse, 2001).

The unusual characteristics of tumor-associated MUC1 suggest a mechanism for
recognition by the immune system. Tumor-associated MUCI is present at over 50-fold
greater expression levels on the tumor cell surface relative to normal MUCI1 (Gendler &
Spicer, 1995). Each molecule of the profein has many copies of the same B cell and T
cell epitope sequence exposed on its surface, and should offer a highly immunogenic
target. Previous work in our laboratory has focused on the effects of glycosylation of the
MUCI1 sequence on antibody recognition (Grinstead et al., 2002; Grinstead et al., 2003;
Schuman et al., 2003) (see also Chapters 3 and 4). Results from other studies have
suggested that the multiple repeat nature of MUCI also contributes to its
immunogenicity. For example, a large cooperative workshop study of 56 anti-MUC1
antibodies showed that 47 of the antibodies had higher affinity for a 5-repeat relative to a
I-repeat MUCI peptide (Karanikas et al., 1998; Price et al., 1998). Other studies have
found multiple repeat MUCI1 peptides to be better at binding antibodies from breast
cancer sera (Kotera et al., 1994), and another study has characterized length-dependent
differences in the structure of MUCI peptides (Fontenot, 1993). Differences in structure
based on the length of MUCI peptides are not consistent with data from our laboratory.
Therefore, the effect of MUCI1 repeat number on peptide structure and dynamics is
addressed here.

The experiments described below seek to identify the effect of MUCI repeat
number on MUCI1 peptide structure and dynamics. Solution state NMR is used as the
probe in these systems, because it allows both structure and dynamics information to be
obtained for the MUCI1 peptides, even if those peptides are dynamic and
conformationally heterogeneous. NMR studies probing the structure and dynamics of the

16 and 40 residue MUCI peptides are significantly facilitated by our ability to generate
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isotopically labeled recombinant peptides. This allows for the acquisition of isotope-
edited NMR experiments of the MUC1 peptides, offering a significant increase in the
information content relative to our previous efforts with simple homonuclear NMR
experiments. In addition, isotope labels allow us to perform NMR relaxation experiments
to characterize the dynamics of the 13N/13C-labeled MUC1 peptides. In this study, we
have performed 13C- and 15N-based NMR experiments to analyze the solution state
conformation and backbone dynamics of two MUC1 peptides: a 16mer corresponding to
one repeat of the MUCI1 tandem repeat sequence (GVTSAPDTRPAPGSTA), and a
40mer corresponding to two repeats of the MUCI sequence
(VTSAPDTRPAPGSTAPPAHG),. This study aims to determine the effect of repeat
number on MUCI peptide structure and dynamics, and to correlate those findings with
the affinity of known anti-MUC1 antibodies. Results are discussed with regard to the

structural/dynamic basis for antibody affinity and consequences for vaccine design.
Materials and Methods:

Cloning of 16mer and 40mer peptides. Two MUCI sequences derived from the
extracellular domain of the MUCI protein were cloned and expressed for the purposes of
this study: (1) a one-repeat 16mer MUCI sequence (Gly1-Val2-Thr3-Ser4-Ala5-Pro6-
Asp7-Thr8-Arg9-Prol0-Alal1-Pro12-Gly13-Ser14-Thr15-Alal6) MUCI peptide; and (2)
a two-repeat 40mer MUC1 sequence (Vall-Thr2-Ser3-Ala4-Pro5-Asp6-Thr7-Arg8-Pro9-
Alal0-Prol1-Gly12-Ser13-Thr14-Alal5-Pro16-Prol7-Alal8-His19-Gly20-Val21-Thr22-
Ser23-Ala24-Pro25-Asp26-Thr27-Arg28-Pro29-Ala30-Pro31-Gly32-Ser33-Thr34-

Ala35-Pro36-Pro37-Ala38-His39-Gly40). These two 16mer and 40mer MUCI
sequences were expressed as 19N,13C-labeled recombinant peptides in E. coli using a

methodology previously described (Kuliopulos & Walsh, 1994). Briefly stated, genes
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with multiple repeats of MUC1 DNA sequences were constructed from purchased
oligonucleotides, purified, and ligated into plasmid DNA vector pET-31b(+). The MUC1
16mer and 40mer DNA-containing plasmids were transformed separately into the
competent E. coli strain BLR(DE3) for protein expression. Isotopically 15N,13C-labeled
peptides were then expressed by growing the transformed bacteria in minimal media
containing M9 salts, and with 15NH,Cl and 13C¢-glucose as the sole sources of nitrogen
and carbon, respectively. Isotopically labeled minimal media was inoculated at ODg, of
0.1 from an overnight culture, and grown to an ODg of 0.6 - 0.8 before induction of
protein expressidh with ImM IPTG. Induced cultures were grown overnight before cell
harvest by centrifugation.

Harvested cell pellets were lysed by sonication, and the insoluble fraction was
collected by centrifugation. The insoluble fraction was washed with Tris buffer, and then
solubiliied using Tris buffer containing 4 M guanidine hydrochloride. The solubilized
fusion protein was purified using nickel column chrqmatography under denaturing
conditions of 4 M guanidine. Purified fusion protein was eluted from the column with a
linear gradient of 4 - 500 mM imidazole. Fractions containing protein were dialyzed
against water overnight, exchanging with fresh watef several times. The water-insoluble
fusion protein precipitate was collected by centrifugation.

The expressed fusion protein was designed with methionine residues separating
the KSI domain from the inserted MUC1 peptide sequence, between each repeat of the
MUCI1 peptide sequence, and before the histidine tag. The fusion was digested with an
excess of CNBr in 88% formic acid under nitrogen gas overnight at room temperature to
cleave at all methionine residues and leave a homoserine lactone at the C-terminus of all
fragments. Formic acid was removed by rotary evaporation, and the products were

stirred in distilled water. The insoluble KSI domain remained as precipitate, and was
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removed by centrifugation. The soluble peptide cleavage products were lyophilized and
resuspended in 90% water, 10% acetonitrile for HPLC purification.

MUCI peptides were purified using reverse-phase HPLC on a prep scale radial
compression C18 column (Alltech, USA). MUCI peptides were eluted with a linear
gradient of 10% - 95% acetonitrile. One major peak was observed in most cases, which
eluted with the same retention time as a standard synthetic MUC1 peptide. Fractions
containing purified MUCI1 peptides were collected, and the volatile solvents were
removed by rotary evaporation. The aqueous solutions lyophilized to give pure peptide at
a yield of 17 mg isotope-labeled peptide per liter of minimal media (50 mg/L for peptide

in unlabeled LB medium).

Inhibition ELISA. Inhibition (liquid phase).ELISA was used to determine the 50%
inhibition of binding for the recombinant MUC1 16mer and 40mer peptides to a panel of
anti-MUCI1 peptide antibodies. The inhibition ELISAs were performed as previously
described (Xing et al., 1991; Xing et al., 1989). Briefly stated, polyvinyl chloride
microtitre 96 well plates were coated with 20pg/ml of peptide Cpl-30 (C-
PDTRPAPGSTAPPAHGVTSAPDTRPAPGST)x2 in 0.2M NaHCO, buffer, pH9.6 for 2
hours at 37°C. Non specific binding was blocked with 2% bovine serum albumin/PBS
for 1 hour at 37 °C, and washed 5 times with PBS 0.2% Tween 20. On another plate,
titrating 16mer or 40mer peptide (0.001-10pg/ml) was mixed with constant (5pg/ml)
anti-peptide monoclonal antibodies (BCP7, epitope VTSA; BCPS, epitope DTR; BCP9,
epitope GSTAP; BCP10, epitope RPAP) (Xing et al., 1992b) for 3 hours at room
temperature (RT). The mixture was then added onto the pre-coated/blocked plates and
left at 4 °C for 16-18 hours. Plates were washed and incubated with horseradish
peroxidase-conjugated sheep anti-mouse Ig (Selinus, Australia) for 1 hour at RT and

washed again before adding developing buffer [50ul, 0.03% 2,2'-azino-di(3-
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ethylbenzthiazoline sulphonate (Amersham, UK), 0.02% H,0, (100 Volume, Ajax
Chemical) in 0.1M citrate buffer, pH4.0] at RT for 30 min. Plates were read on an
EL312e microplate reader at 405 nm. The percentage of inhibition was calculated by
comparing the binding of monoclonal antibody with and without inhibitor: % of
inhibition = (binding of monoclonal antibody with inhibitor / binding of monoclonal

antibody without inhibitor) x 100%.

Fluorescence binding measurements. Fluorescence measurements were used to
determine the equilibrium dissociation constants (Kp) for the binding of the recombinant
MUCI 16mer and 40mer peptides to Fab B27.29, a generous gift from Biomira Inc.
(Edmonton, Alberta, Canada). Fab B27.29 (0.86 uM stock solution) was titrated with
small aliquots of peptide to a final concentration greater than 200-fold in excess of Fab
concentration. The change in Fab fluorescence intensity was monitored, and the
concentration of bound ligand was calculated (percent of maximum fluorescence
change). The natural log of the free ligand concentration was plotted against the

concentration of the bound ligand, and the curve was fit to equation 1
[bound] = (capacity * [free ligand]) / (Kp, + [free ligand]) (D

according to Michaelis-Menton kinetics, where the capacity is the concentration of the

Fab, and the Kp, is the equilibrium dissociation constant.

Preparation of peptide NMR samples. The 15N,13C-labeled recombinant MUC1 16mer
and 40mer peptide NMR samples used for the 15N-edited NMR experiments were 2.0
mM peptide in 90% H20/10% D,0 PBS buffer, pH 7.15, 0.05% NaN3, with 1 mM DSS
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added as an internal chemical shift reference. These same samples were lyophilized and

resuspended in 99.9% D, for the 13C-edited { !Ha}-13Co NOE experiments.

NMR experiments. All NMR experiments were performed on a Varian Inova 5S00MHz
spectrometer, equipped with three channels, a pulsed-field gradient triple reésonance probe
with an actively shielded z gradient, and a gradient amplifier unit. !H, 15N and 13C NMR
resonances were assigned as previously reported (Grinstead et al., 2003). 2D !H-15N
HSQC spectra were acquired using a spectral width of 1024 Hz and 32 points in t; (15N),
and 6000 Hz and 1024 points in t, (!HN). 2D !H-13C HSQC spectra (Vuister & Bax,
1992) and all 13C relaxation experiments (see below) were acquired using a spectral
width of 3750 Hz and 48 points in t; (13C), and a spectral width of 6000 Hz and 1024
points in t, (\HC). 3D !5N-edited NOESY-HSQC spectra (Zhang et al., 1994) used a
mixing time of 300 ms, and were acquired using the following spectral widths and
numbers of complex points: 5000 Hz and 75 points in t; ({H), 1024 Hz and 32 points in
t, (13N), and 6000 Hz and 1024 points in t3 ({HN). 3D HNHA spectra (Vuister & Bax,
1993) were acquired using the following spectral widths and numbers of complex points:
1024 Hz and 32 points in t; (13N), 5000 Hz and 75 points in t, ({H), and 6000 Hz and
1024 points in t; (\HN). Broadband decoupling for 15N and !3C was achieved in each of
these experiments using WALTZ-16 (Shaka et al., 1983) and GARP (Shaka et al., 1985)
decoupling, respectively.

The 15N NMR relaxation experiments of Farrow et al. (Farrow et al., 1994) were
used to measure 1SN T;, T, and {H}-!15N NOE values for the 15N ,13C-labeled
recombinant MUC1 16mer and 40mer peptides. All 15N NMR relaxation experiments
were acquired using a spectral width of 1024 Hz and 32 points in t; (15N), and 6000 Hz
and 1024 points in t, ({HN). Relaxation delays of 11.1, 55.5, 555, 832, 1110, 1388 and

1665 ms were used for the 15N T, experiments, with duplicate experiments recorded for
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the 55.5 ms data point to confirm our error estimates. Relaxation delays of 15.8, 31.7,
63.4, 126.7, 158.4, 174.2 ms were used for the 5N T, experiments. The {1H}-15N NOE
was obtained by recording spectra with and without 3 s of 1H saturation. In the case of
spectra acquired without NOE, a net relaxation delay of 5 s was employed, whereas a
delay of 2 s prior to 3 s of H saturation was employed for spectra with NOE. The NOE
values were calculated as the ratio of peak intensities in the experiments with and without
proton presaturation. 15N T, and T, experiments were obtained with 32 transients per
“complex point, whereas {{H}-15N NOE experiments were obtained with 64 transients per
complex point.

The 13C relaxation experiments of Yamakazi er al. (Yamazaki et al., 1994) were
used to measure 13Co Ty, Ty, and {{Ho}-13Co NOE values for the 15N,!3C-labeled
recombinant MUC1 16mer and 40mer peptides. Relaxation delays of 10, 50, 100, 150,
200, and 300 ms were used for the 13C T, experiments, with the 100 ms data set
duplicated for confirmation of error estimates. Relaxation delays of 10, 20, 40, 60, 100,
150, 200, and 250 ms were used for the 13C T} p experiments, with the 40 ms data set
duplicated for confirmation of error estimates. The {!Ha}-13Co. NOE was obtained by
recording spectra with and without 3 s of H saturation, as described above. 13C T and
T, experiments were obtained with 32 transients per complex point, whereas {1Hat}-

13Co NOE experiments were obtained with 64 transients per complex point.

Data processing and analysis. All spectra were processed on a SGI Octane® workstation
using NMRPipe/NMRDraw (Delaglio et al., 1995) softWare and analyzed using ANSIG
(Kraulis, 1989). The FIDs in the indirect dimension of 15N- and 13C-edited experiments
were doubled using forward linear prediction. 15N/13C T and T, values were determined
using non-linear least-squares fitting of the measured peak heights to a two-parameter

exponential decay, also within the NMRPipe package. Uncertainties in the calculated T
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and T, values from the least-squares fitting were determined by the signal-to-noise ratio
of i.ndividual peaks in each of the T and T, experiments (Farrow et al., 1994;_ Yamazaki
et al., 1994). Two groups have recently shown that error estimates from least-squared
fitting is unreasonably small, and have used the value of 5% as being more realistic
(Volkman et al., 1998; Zhang et al., 1997). Therefore, we have set the error in the
calculated T| and T, to 5% of the values.

Temperature coefficients (—AS/AT ppb) for all backbone amide (NH) protons of
the 15N,13C-labeled recombinant MUC1 16mer and 40mer peptides were calculated from
linear plots of chemical shift versus temperature measured from !H-15N HSQC spectra
acquired at 5, 10, 15, and 20, and 25 °C. 3Jy¢ coupling constants were obtained for each
residue from the ratio of the intensities of the diagonal peak of residue i to its «H-NH (i,i)

cross-peak in the HNHA spectra (Vuister & Bax, 1993).

_Reduced Spectral Density Mapping. Reduced spectral density mapping is a convenient
method for characterizing the motion of each N-H bond at J(0), J(wy), and J(®)
frequencies (Peng & Wagner, 1992a; Peng & Wagner, 1992b). The spectral densities at
these three frequencies can be obtained from relaxation rates R (1/T;) and R, (1/T,) and

the heteronuclear NOE using equations 2 — 4.

T(ogy) = [4/(5d%)] (/v (NOE - 1)/T @)
J(oy) = [1/Ty - (7d%/4) Jog)V/ [(3d%/4) + c2] 3)
J(0) = [L/T,— (3d%/8 + c2/2)J(wy) - (13d2/8) J(w)/[(d%/2) + 2¢2/3] @)

For the above equations, d = [ugh(yNYy)/872l<1/r3 N> and ¢ = (0 /(3)1/2)(0”- o)) and

oy and oy are the Larmor frequencies of the 15N and H nuclei, respectively.
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Results and Discussion:

ISN and 13C HSQC spectra. 1SN and 13C HSQC spectra of the MUC! 16mer and 40mer

peptides are shown in Figure 2.1. The spectra show that most of the 16mer and 40mer
107
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Figure 2.1: 500 MHz !H-15N (left panel) and 'H-13C (right panel) HSQC spectra of the
recombinant, 15N,13C-labeled MUCI 16mer (overlaid in red) and 40mer (black).
Experimental conditions were 2 mM peptide in PBS buffer, pH 7.15, 5.0 °C.

resonances overlap. Chemical shift is a sensitive indicator of the structure of a molecule,
and the identical chemical shifts for many of the resonances indicate that the two peptides
have identical structure for the residues with overlapping resonances (Wishart et al.,
1995). Specifically, the resonances that have identical chemical shift include (using the
40mer numbering) P5/25, D6/26, T7/27, R8/28, P9/29, A10/30, P11/31, G12/32, S13/33,
and T14/34. This stretch of residues spans the B cell epitope sequence PDTRPAP. The

residues at the ends of the 16mer are slightly shifted relative to the corresponding 40mer
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residues due to the different starting and ending residues of the 16mer and 40mer. This
was expected, since the 16mer sequence ends at a residue (A16) that would be in the
center of the 40mer (A15). However, it was surprising that nearly identical chemical
shifts were observed for the residues preceding these. For example, the .16mer resonance
for T15 was less than 0.02 ppm separated from the corresponding 40mer T14/34
resonance, and the preceding serine resonances overlay exactly. For the N-terminal
resonances, P5 is chemical shift degenerate, and A4 of the 40mer is separated from the
A5 of the 16mer by 0.05 ppm. These trends indicate that near native MUCI structure is
achieved in 3-4 residues. This is in agreement with other studies of MUC1 glycopeptides
in our group that showed nearly identical structure 2-3 residues from the site of
glycosylation for a 9 residue peptide (TSAPDTRPA) and the same peptide glycosylated
at the central threonine (Schuman et al., 2003). The same trend was seen in a series of 16
residue MUCI glycopeptides (Grinstead et al., 2002).

We have also measured the 13C and 'H chemical shifts for a synthetic 80mer 4-
repeat peptide using natural abundance 13C NMR. The chemical shifts of the 40mer and
80mer MUCI1 peptides are degenerate (data not shown). If we assume that the 80 residue
peptide represents “native” structure, the observation of chemical shift degeneracy
between the 40 and 80 residue peptides indicates that the 40mer has the same structure as
the native MUCI structure. It is not surprising that the 16, 40, and 80 residue peptides all
display the same native structure, since the extracellular portion of the MUCI protein is a
tandem repeat of 20 residue peptide units with no global fold, as determined by a lack of

long-range NOEs and limited chemical shift dispersion.

Structural characterization of MUCI 16mer and 40mer. Figures 2.2 and 2.3 show strip

plots of the 15N-edited NOESY spectra for the 16mer and 40mer acquired at pH 7 and 5
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Figure 2.2: Strip plot from the 500 MHz !H-I1SN NOESY-HSQC spectrum of the
recombinant 19N, 13C-labeled MUC1 16mer, showing the amide crosspeaks with amide
protons (lower panel) and alpha and sidechain protons (upper panel). Resonances were
assigned by connecting interresidue dyn NOEs with intraresidue dgn NOEs, illustrated
by horizontal and vertical connecting lines in the upper panel. The three proline residues
were assigned by their NOEs to the amide proton of the following residue (in boxes,
upper panel). The PDTR B-turn sequence is underlined. Experimental conditions were 2
mM peptide in PBS buffer, pH 7.15 and 5.0 °C.

°C. The crosspeaks connected with horizontal and vertical lines represent d and dyy

connectivities associated with the backbone amide proton of the residue indicated in the
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Figure 2.3: Strip plot from the 500 MHz !H-15N NOESY-HSQC spectrum of the
recombinant 15N,13C-labeled MUC1 40mer, showing the amide crosspeaks with amide
protons (lower panel) and alpha and sidechain protons (upper panel). Resonances were
assigned by connecting interresidue dgn NOEs with intraresidue dogn NOEs, illustrated
by horizontal and vertical connecting lines in the upper panel. The three proline residues
were assigned by their NOEs to the amide proton of the following residue (in boxes,
upper panel). The PDTR B-turn sequence is underlined. For simplicity, only the second
repeat of the MUCI repeat sequence is shown.

sequence. Intra- and inter-residue dyn NOEs allow sequential assignment of all of the
resonances from both peptides, except for prolines. Proline connectivities were assigned
using the sequential dgy and dyy NOEs from the proline sidechain to the amide group of
the following residue.

In addition to assignment information, the NOESY experiment gives excellent

structural information. PB-turn secondary structure is indicated by the presence of strong
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dyn(2,3) and dyn(3,4) NOEs, and a medium dgy (2,4) NOE (Wuthrich, 1986). The
strip plot of the NOESY HSQC in Figure 2.3 shows the presence of strong dyn(2,3) and
dyn(3,4) NOEs between D6/T7 and between T7/R8 in the MUCI PDTR sequence.
Medium d (2.4) and weak dBN(2,4) NOEs are also observed. The conformation of the
PSDOT7RS turn in the 40mer (where proline is residue 1 in the 4-residue turn) is type I, as
determined from the d,N(2,3)/dyp(2,3) ratios (a type I turn has a ratio less than 1,
whereas a type II turn has a ratio greater than 1) and by the presence of a medium
dyn(2,4) connectivity (Wuthrich, 1986). The 40mer also displays a strong dyn(3,4)
connectivity between G12 and S13, a weak dpgn(2,4) connectivity between P11 and S13,
and a weak d,N(2,4) connectivity between P11 and S13. This second cluster of
connectivities is diagnostic of another type I B-turn spanning residues APGS in the
sequence. This B-turn has not been detected in previous NMR studies using synthetic
versions of these peptides, 'demonstrating the utility of isotope-edited NMR techniques
for elucidating localized conformational preferences.

The same NOEs are present in the spectra of both the 16mer and the 40mer,
indicating that each of the recombinant MUCI peptides appears to contain two type I -
turns. In order to quantify the differences in structure between the MUCI1 16mer and
40mer peptides, we have measured the intensities of the dgn(2,4) NOESs from the first f3-
turn spanning PDTR. Figure 2.4 shows the homonuclear 1H-!H NOESY spectra of the
MUC1 16mer and 40mer peptides. Both spectra have the dgn(2,4) NOE, and it appears
that the 40mer NOE is much stronger. This most likely does not indicate a shorter
distance between these protons. The NOE in the 40mer spectrum appears larger for two
possible reasons. First, the chemical shifts of the resonances for the aspartic acid 8
protons from each repeat of the MUCI sequence are degenerate, resulting in twice the
intensity as the NOE in the 16mer for the same concentration of peptide. Second, the

40mer peptide is twice the molecular weight of the 16mer and experiences a substantially
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Figure 2.4: The dgn(2,4) NOE from the dgn region of the 2D !H-!H NOESY spectra of
the recombinant 19N, 13C-labeled MUC1 40mer (left panel) and 16mer (right panel). The
NOE connects the D6/7 B protons with the amide of R8/9. Experimental conditions were
2 mM peptide in PBS buffer, pH 7.15, 5.0 °C.

longer rotational correlation time in solution. Therefore, the cross-relaxation rate of the
40mer could be much different than the 16mer, resulting in a larger NOE. Both of these
possibilities can be accounted for by normalizing the NOEs to an internal reference peak,
such as the intra-residue dgn NOE for aspartic acid, which should be independent of the
peptide backbone conformation. Normalized in this way, the 40mer and 16mer dgn(2,4)
NOEs have the same intensity. These results suggest that B-turn structure in the MUC1
16mer and 40mer peptides is populated to the same extent.

In addition to the B-turn NOEs mentioned above, we have identified no long-
range NOEs in the NOESY spectra of the MUCI peptides. This observation suggests
that there is no globular, folded tertiary structure of the sequence, and this is generally in
agreement with the literature. In a previous structural analysis of multiple repeat MUC]1
mucins using CD and 'H-NMR, Fontenot and coworkers suggested that the structure of
the MUC1 sequence was a poly-proline type II (PPII) helix, as evidenced by a CD

absorption at 198nm. PPII helix is defined by trans proline peptide bonds (PP I involves
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cis bonds), an absence of sequential dyy connectivities and J, values of 3.8 Hz,
corresponding to a ¢ angle of -78° (Cowan & McGavine, 1955; Dalcol et al., 1996).
They also observed a type II B-turn spanning PDTR and an increase in structure with
increasing repeat number, as suggested by increasing complexity in the B protons of
aspartic acid and histidine residues (Fontenot, 1993). In contrast to these data, our
observations of type I B-turns at residues PDTR and APGS refine and improve upon the
structural information available for MUC1. Our finding of a lack of a globular MUC1
fold, combined with the likely presence of PPII helix does suggest a model for overall
MUCT structure as an extended string of B-turns on a PPII helix scaffold.

Figure 2.5 shows the consolidated results from our NOESY studies of the MUC1
l6mer and 40mer peptides. In addition, this schematic shows coupling constants,
temperature coefficients, and deviations from random coil chemical shift. The
temperature coefficients, coupling constants, and chemical shift deviations sharply
contrast the NOE data. For example, NOEs identify two f3-turns in the MUC1 sequence.
Stable type I and type II B-turn structures are characterized by a dihedral angle of ¢2 = -
60° for the second residue in the four residue turn (Richardson, 1981; Wilmot &
Thornton, 1988). This local conformation should result in a coupling constant of 4 Hz <
3INo € 5 Hz, assuming 100% B-turn population in solution. 3J N coupling*constants
measured for all non-proline residues in the MUC1 16mer and 40mer peptides are greater
than 5 Hz, and suggest that neither of the -turns identified by NOE patterns are 100%

populated in solution. This is not surprising, since most small peptides are highly
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Figure 2.5: Schematic diagram showing the magnitude of dnN, dgN, and dgn NOEs
observed in the 'H-1SN NOESY-HSQC spectra of the recombinant 15N,13C-labeled
MUCI 16mer (A) and 40mer (B). The diagram also includes coupling constants (3JNg),
temperature coefficients (—~A3/AT) and chemical shift deviations from random coil values
(Adg, = 8¢, obs - 8 coil). Table A3 in Appendix A lists the values of —AS/AT, 3JNq,
Ady and Adcg for both the 16mer and 40mer peptides.
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dynamic in solution and may sample many different conformational states. PPII helix is
expected to give 3T coupling constant values of 3.8 Hz. The observed 3J 4N coupling
constants do not support high population of this type of structure, either.

Most of the temperature coefficients measured are very close to the average
coefficient for the entire peptide, indicating that most of the backbone amide protons are
exposed to solvent and under exchange with water. However, the amide protons in
position 4 of both of the B-turns have temperature coefficients that are somewhat smaller
than the rest of the amides, indicating that these amide protons may participate in
stabilizing hydrogen bonds. In a f-turn, the amide proton of the fourth residue is
positioned appropriately so as to hydrogen bond with the carbonyl group of the first
residue in the turn. Resonances generally shift upfield with increasing temperature. An
amide proton that is hydrogen bonded to a carbonyl will conversely be shifted downfield.
Upon heating, the hydrogen bond is weakened, resulting in a slight upfield shift. This
upfield shift is generally much smaller than if the amide proton is interacting with
solvent. Temperature coefficients below 6 ppb/°C can be indicative of hydrogen bonds
(Baxter & Williamson, 1997). Prediction of hydrogen bonding using temperature
coefficients can be complicated by the overlapping effect of changes in structure upon
heating (Andersen et al., 1997). That is to say that the observed temperature dependence
of the amide proton is a superposition of the intrinsic temperature coefficient and the
temperature dependent chemical shift between the structured and random coil states.

The deviation from random coil chemical shifts measured for the recombinant
MUCI1 16mer and 40mer are corrected for proline effects and use the random coil values
of Wishart ez al. (Wishart et al., 1995). A deviation from random coil chemical shift (in
ppm) of +0.4 for Hoo (~1.4 for Co) or 0.3 for Ha (+1.2 for Cav) are indicative of p-
sheet or o-helix, respectively. Because the largest deviations from random coil (except

for the peptide termini) are a slight positive deviation (~+0.1 ppm) for the Ho: resonances
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of the APGS f-turn, it appears that the MUC1 peptides have a conformation near that of
random coil. We conclude that the time averaged MUCI peptide structure is near that of
random coil, even though NOEs indicate that for a significant portion of time these
residues exist as a 3-turn. Once again, identical results were obtained for both the 16mer
and 40mer peptides. The combination of coupling constants, temperature coefficients,
random coil chemical shift deviations, and NOE patterns indicates that the peptides both

exist in equilibrium between B-turn and unfolded states.

MUCI 16mer and 40mer dynamics measurements. 15N and 13C NMR relaxation results
for the MUC1 16mer peptide are shown in Figure 2.6. In the top panel, 15N and 13C
values parallel each other. Generally, the center of the peptide displays shorter relaxation
times than the ends of the peptide, and this is because of increased flexibility at the ends
of the peptide. The magnitude of the 15N T; and T, and the 13C T, and T, are
representative of a flexible 16-residue peptide. The PDTR B-turn region does not display
distinctly shorter relaxation times than the rest of the peptide, suggesting that the turn is
not a well-ordered element of secondary structure.

The bottom panel in Figure 2.6 displays the {IH}-15N NOE and {!Ho}-13Co
NOE for the 16mer. In this case, the {{H}-15N NOE values indicate a dramatic
difference between the center of the peptide around the B cell epitope sequence

PDTRPAP relative to the rest of the peptide. The ends of the peptide appear to be far
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Figure 2.6: 1N Ty, T; and {IH}-1’N NOE, and 13C Ty, T}, and {!Ha}-13Ca NOE
measured for the 1°N,13C-labeled MUC1 16mer. Experimental conditions were 2 mM
peptide in PBS buffer, pH 7.15, 5.0 °C. Tables B2, B3, and B4 in Appendix B list the
values for the 15N Ty, T and {{H}-15N NOE, and 13C Ty, T1p and {1Ha}-13Co NOE.

more disordered than the rest of the peptide. In contrast to the {{H}-15N NOE, the
{!Ha}-13Co. NOE displays larger values in regions of higher flexibility. The 16mer
{!Ha}-13Ca NOE values do not show much difference between the center and ends of
the peptide. It should be noted that the magnitudes of both NOE parameters are typical

of small, flexible peptides.
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Figure 2.7 shows the 15N Ty, T, and {!H}-15N NOE and 13C T, T,
and{!Ho}-13Co. NOE values for the MUC1 40mer peptide. The trends for the
PDTRPAP region of the sequence are the same as those of the 16mer peptide. The
40mer sequence has two repeats of this sequence, and the residues separating the two
repeats shows significantly higher flexibility than the B cell epitope portion of the
sequence. These trends indicate that both MUCI1 peptides have a significant increase in
the order of the B-turn sequences, separated by a sort of ‘hinge’ region. The absolute
value of the 16mer and 40mer relaxation parameters are slightly different due to the
longer rotational correlation time of the 40mer. The differences are most likely not
indicative of greater order in the longer 40mer.

It can be informative to analyze relaxation parameters in terms of a motional
model. The Lipari-Szabo Model Free formalism is typically used to obtain order
parameters, a global T., and local internal T;. This formalism depends on having fast
internal motion of the protein backbone that is distinct and separable from the timescale
of global rotation of the molecule. In the case of the small, flexible MUC1 peptides, the
relevance of the formalism breaks down because the internal motion of the peptide
approaches that of the overall rotational correlation time. This is evidenced in the large
deviation from the average relaxation times across the peptide sequences. In a large,
well-ordered protein the relaxation parameters tend to have much more uniform values
due to a high degree of order achieved by stable secondary and tertiary structure.

Even in flexible systems like MUCI peptides, spectral density mapping allows

analysis of relaxation parameters. In general, the spectral density at J(0) is proportional
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Figure 2.7: 15N Ty, T; and {!H}-15N NOE, and !13C Ty, T1p and {!Ha}-13Ca NOE
measured for the 15N,13C-labeled MUC1 40mer. Experimental conditions were 2 mM
peptide in PBS buffer, pH 7.15, 5.0 °C. Tables B2, B3, and B4 in Appendix B list the
values for the 15N Ty, T2 and {1H}-15N NOE, and 13C Ty, Typ and {!Ho:}-13Ca NOE.

to the local correlation time of the backbone nitrogen (Peng & Wagner, 1992b).  Thus, it
is possible to interpret differences in J(0) on the basis of changes in local correlation
times. This interpretation is valid only in the absence of conformational exchange
phenomena, which can lead to shortening of T, times, and therefore larger values of J(0)
(Davis & Agard, 1998). Therefore, the contribution of slow exchange motions (us-ms) to
J(0) must also be considered in spectral density analysis.

Using equations 2 — 4 in Materials and Methods, the J(®) spectral density values,
J(0), J(wy) and J(wy), were calculated from the 1SN T, and T, relaxation rates and the

steady-state heteronuclear {{H}-15N NOE measured for the 15N/13C-labeled MUC1
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16mer and 40mer peptides free in solution (see Tables B2, B3, and B4 in Appendix B).
These values are shown in Figure 2.8, which plofs the J(0) and J(wy) values only (see
Table B5 in Appendix B for the raw data). The peptide J(0) yield average values across
the entire sequence of <J(0)> = 0.53 ns rad-1 for the 16mer and <J(0)> = 0.78 ns rad-! for
the 40mer, consistent with the longer global correlation time of the larger two-repeat
peptide. In comparison, the average J(0) value for the PDTRPAP epitope sequence is
<J(0)>epitope = (0,57 for the 16mer, and <J(0)>¢pitore = (.79 for the 40mer. Therefore, the
epitope sequences are not especially ordered relative to other parts of the sequence.

As previously alluded to, conformational exchange processes on slow timescales
can artificially elevate the value of J(0) (Davis & Agard, 1998). However, these slow
timescale motions have a negligible effect on the calculated values of the J(wy) and
J(wy) spectral densities, as these represent only high frequency motions (Bhattacharya et
al., 2002; Peng & Wagner, 1992b; Peng & Wagner, 1995). Figure 2.8 plots the J(wy)
values calculated from the relaxation data presented in Tables B2, B3, and B4 in
Appendix B. A comparison of the J(wy) and J(0) plots for the 16mer and 40mer reveals
similar trends for the two parameters, with slightly larger spectral density values for the
40mer peptide. These plots suggest that slow timescale conformational exchange on the
us-ms timescale does not occur in the MUC1 peptides, and supports our interpretation of
increased local correlation time for the 40mer over the 16mer. Because the trends in the

spectral density
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Figure 2.8: Spectral density values J(0) and J(wy), calculated from 135N NMR relaxation
data acquired for the 15N,13C-labeled recombinant MUC1 16mer and 40mer peptides.
Table BS in Appendix B lists the values of the J(0), J(wy) and J(wg) for both the 16mer
and 40mer peptides.

parameters for the MUCI peptides parallel each other, and because the 40mer does not
have dramatically larger J(0) and J(wy) values, it can therefore be assumed that there is

no significant increase in peptide backbone order for the 40mer.

ELISA binding assays. ELISA binding assays were performed to complement existing
- studies of 5-repeat versus 1-repeat MUCI peptides binding to anti-MUCI antibodies.
These studies used the MUC1 16mer and 40mer peptides binding to four anti-MUCI1
antibodies. The concentration of 50% inhibition for monoclonal antibodies BCP7
(epitope VTSA), BCP8 (epitope DTR), BCP9 (epitope GSTAP), and BCP10 (epitope
RPAP) are shown in Table 2.1. BCP7 and BCP10 both bound similarly to the 16mer and
40mer peptides, with 50% inhibition of binding achieved at 0.9 pg/ml for BCP7 and 0.4
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Table 2.1: Equilibrium dissociation constants (Kp) measured for the binding of the
recombinant MUC1 16mer and 40mer peptides to anti-MUCI tumor Fab B27.29 (epitope
PDTRPAP), compared to 50% inhibition values obtained by competitive ELISA for anti-
MUCI peptide antibodies BCP7 (epitope VISA), BCPS8 (epitope DTR), BCP9 (epitope
GSTAP), and BCP10 (epitope RPAP).

Binding Affinity
16mer
(50% inhibition)

10.9 uM (Kp)
0.9 pg/ml
0.3 pg/ml

0.2 pg/ml

0.4 pg/ml

ug/ml for BCP10. The similar binding of these two antibodies suggests that the two
MUCI peptides adopt identical structures.

Monoclonal antibody BCP9 (epitope GSTAP) bound to the 40mer more tightly
than did the 16mer, with 50% inhibition of binding achieved at 0.2 pg/ml for the 16mer
and 0.05 pg/ml for the 40mer. The 16mer sequence lacks the full epitope sequence for
BCP9, which could offer an explanation for the difference in affinity for the two peptides.
BCP8 (epitope DTR) also bound to the 40mer more tightly than to the 16mer. BCP8
bound to the 16mer with 50% inhibition of binding at 0.3 pg/ml, compared to 0.05 pg/ml

for the 40mer. It is unclear why the 40mer appears to bind more tightly to BCP8 than

does the 16mer.
In summary, these ELISA binding experiments parallel the literature regarding
the length-dependent binding of MUCI1 peptides to anti-MUCI antibodies. Some of the

antibodies show binding with no length preference, while others do display a length-
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dependent binding affinity. In this study, the differences in binding cannot be attributed
to increased avidity from multivalent binding. However, since we have not observed any
differences in the structures of the two peptides, we cannot tell why BCP8 binds more
tightly to the longer MUCI1 peptide, but BCP7 and BCP10 do not discriminate based on

peptide length.

Fluorescence binding titrations. Since most of the antibodies reported in the literature as
being specific for MUCI were raised against synthetic MUC1 peptides, they may not be
relevant to cancer vaccine design. Since we are interested in MUC1 immunogenicity, we
really want to test the binding of MUCI peptides to a cancer-associated antibody.
Monoclonal antibody B27.29 was raised against breast tumor cells and is the basis for a
screening test administered to breast cancer patients to determine prognosis (Gion et al.,
2001). Therefore, the preferences of this antibody should be more useful in vaccine
design. Table 2.1 shows the equilibrium dissociation constants for the MUC1 16mer and
40mer peptides binding to the antibody fragment of B27.29 as determined by a
fluorescence-monitored binding titration. The MUC1 16mer has a Kp of 10.9 + 0.4 uM
and the 40mer has a Ky of 11.2 + 0.5 pM. These values show that the binding constants

are the same within experimental error.

Conclusions:

The data presented in this study indicate that the MUC1 16mer and 40mer
peptides populate the B-turn structure to the same extent, as determined by NOE
connectivities, coupling constants, temperature coefficients, and chemical shift deviations
from random coil values. The peptides do not form rigid secondary structure, but

interconvert between random coil and B-turn structures. This conclusion is supported by -
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the NMR relaxation measurements, which find that the two peptides demonstrate very
similar dynamics distinguished only by the larger size and longer rotational correlation
time of the 40mer peptide.

The peptides do not display a uniform length-dependent difference in binding
affinity to four anti-MUCI antibodies tested by ELISA. We also find that the peptides
bind with the same affinity for the breast cancer-associated antibody B27.29. Therefore,
the two MUCI1 peptides used in this study do not appear to have any definite length-
dependent differences in binding affinity for anti-MUCI1 antibodies. Most of the
antibodies reported in the literature have a higher affinity for multiple-repeat MUC1
peptides (Karanikas et al., 1998; Price et al., 1998). Our findings of no differences in B-
turn structure or fast ns-ps timescale dynamics between the 16mer and 40mer peptides
imply that the increase in antibody binding affinity is simply due to multivalent binding.

Multivalency can be ruled out for the MUC1 16mer and 40mer peptides binding
to antibodies. Using molecular modeling (modeling the peptide as extended, with two -
turns spanning PDTR and APGS), Schuman et al. (unpublished results), have determined
that a two-repeat MUCI peptide is not long enough to bind to both binding sites on an
antibody simultaneously. Specifically, the average distance between the two combining
sites of an IgG1 molecule is 110-150 A, depending on the angle between the two Fab
domains. The distance between the end of the first PDTRP epitope and the beginning of
the last PDTRP epitope of a 3-repeat MUCI peptide is 105 A, not long enough to
accomplish multivalent binding to the antibody. Therefore, avidity due to multivalent
binding is not possible.

These results have implication for vaccine design, becauise without length-
dependent binding preferences smaller, more cost-effective peptide vaccines can be
utilized. Furthermore, these vaccines can also be engineered to improve their oral

bioavailability or to position multiple binding epitopes on a stable, semi-flexible linker.
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Multivalency plays a major role in many cellular recognition processes, and could be

relevant here.
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Chapter 3: Effect of Glycosylation on MUC1 Humoral Immune
Recognition: NMR Studies of MUC1 Glycopeptide-Antibody

Interactions

ABSTRACT: MUCI mucin is a large transmembrane glycoprotein, of which the
extracellular domain is formed by a repeating 20 amino acid sequence,
GVTSAPDTRPAPGSTAPPAH. In normal breast epithelial cells, the extracellular
domain is densely covered with highly branched complex carbohydrate structures.
However, in neoplastic breast tissue, the extracellular domain is under-glycosylated,
resulting in the exposure of a highly immunogenic core peptide epitope (PDTRP in bold
above) as well as the normally cryptic core Tn (GalNAc), STn (sialyl 2-6 GalNAc) and
TF (Gal B1-3 GalNAc) carbohydrates.

In the present study, NMR methods were used to correlate the effects of cryptic
glycosylation outside of the PDTRP core epitope region to the recognitioh and binding of
a monoclonal antibody, Mab B27.29, raised against the intact tumor-associated MUC1
mucin. Four peptides were studied: a MUC1 16mer peptide of the sequence (Gly1-Val2-
Thr3-Ser4-Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-Alal 1-Pro12-Gly13-Ser14-Thrl15-Alal6),
two singly Tn-glycosylated versions of this peptide at either Thr3 or Ser4, and a doubly
Tn-glycosylated version at both Thr3 and Ser4. The results of these studies showed that
the B27.29 MUCI1 B-cell epitope maps to two separate parts of the glycopeptide, the core
peptide epitope spanning the PDTRP sequence, and a second (carbohydrate) epitope
comprised of the Tn moieties attached at Thr3 and Ser4. The implications of these results
are discussed within the framework of developing a glycosylated second-generation

MUCI1 glycopeptide vaccine.
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Introduction:

Mucins are attracting real interest as potential targets in the development of
vaccines for adenocarcinomas expressing Mucin 1 (MUC1), particularly for breast cancer
but also for pancreatic, lung, colorectal and ovarian cancers (Apostolopoulos et al.,
1999a; Apostolopoulos et al., 1999b; Miles & Taylor-Papadimitriou, 1999; Taylor-
Papadimitriou er al., 1999). MUCI mucin is a large transmembrane glycoprotein, of
which the extracellular domain is formed by a repeating 20 amino acid sequence
(GVTSAPDTRPAPGSTAPPAH),. In normal breast epithelial cells, the extracellular
domain is densely covered with highly branched complex carbohydrate structures,
attached to the proximal serine and threonine residues within the peptide sequence
(Carlstedt & Davies, 1997; Koganty et al., 1997; Rudd & Dwek, 1997; Van den Steen et
al., 1998). However, in the tumor-associated state, MUC1 becomes an autoantigen as a
result of incomplete glycosylation and sparse distribution of these carbohydrate structures
(Hanisch, 2001). This is believed to result in the exposure of a highly immunogenic core
peptide sequence (PDTRP in bold above) (Girling et al., 1989) identified as the
immunodominant B-cell epitope from monoclonal antibody studies in mice (Bashford et
al., 1993; Burchell et al., 1989; Denton et al., 1993; Kotera et al., 1994; Xing et al.,
1992a; Xing et al., 1992b). Abnormal glycosylation is also believed to result in the
exposure of the normally cryptic core Tn (GalNAc), STn (sialyl 02-6 GalNAc) and TF
(Gal B1-3 GalNAc) carbohydrates (Itzkowitz et al., 1989) (Brockhausen et al., 1998).
All three carbohydrate epitopes are strongly expressed on human carcinoma cells (Cao et

al., 1999; Cao et al., 1997, Itzkowitz et al., 1989; Springer, 1995; Springer, 1997), and
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may be associated with cancer progression and metastasis (David et al., 1992; Kishikawa
et al., 1999; Terasawa et al., 1996).

There are five potential O-glycosylation sites in each tandem repeat of the MUC1
sequence (GVISAPDTRPAPGSTAPPAH). Identifying which of these sites remains
glycosylated in the tumor-associated state is important for MUC1 vaccine design, as the
vaccine should approximate as closely as possible the glycosylation state and peptide
backbone exposure of the intact tumor. In vitro glycosylation studies using human tumor
cell extracts (Nishimori et al., 1994a; Nishimori et al., 1994b) and three different
recombinant GalNAc transferases identified from human tumor cell lines (Wandall ef al.,
1997) have demonstrated glycosylation at three separarate sites (GVISA and GSTAP),
but not at the threonine within the PDTRP core peptide epitope region. These findings
are significant insofar as reduced glycosylation of MUCI1 is assumed to permit the
immune system access to this region of the peptide sequence. However, recent in vivo
studies have demonstrated that all five sites on the MUCI1 tandem repeat are
glycosylation targets (Muller et al., 1999; Muller et al., 1997), although there is no
evidence to suggest that all sites are actually glycosylated.

In a recent study by this group, NMR methods were used to probe the structural
and dynamical consequences of glycosylation at the central threonine within the PDTRP
core epitope region of MUCI synthetic peptides (Schuman et al., 2003). This study
showed that a partially-populated type I B-turn was adopted by residues PDTR in the
unglycosylated MUCI sequence, and that attachment of a Tn carbohydrate to the central
threonine within this sequence resulted in a desfabilization of the B-turn and a shift in the
conformational equilibrium of the underlying peptide backbone toward a less dynamic
and more extended structure. The existence of a similar B-turn within the PDTRP core

peptide epitope of the underglycosylated tumor-associated MUC1 mucin protein might
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explain the immunodominance of this region in vivo, as the presence of B-turn structure
has been correlated with increased immunogenicity in other systems.

In the present study, we use NMR methods to probe the structural and dynamical
consequences of glycosylation at serine and threonine residues upstream of the PDTRP
core epitope region of MUCI synthetic peptides, and correlate these effects to the
recognition and binding of a monoclonal antibody, Mab B27.29!, raised against the intact
tumor-associated MUC1 mucin. Four peptides were studied: a MUC1 16mer peptide of
the sequence (Glyl-Val2-Thr3-Ser4-Ala5-Pro6-Asp7-Thr8-Arg9-Prol0-Alall-Prol2-
Gly13-Ser14-Thr15-Alal6), two singly Tn-glycosylated versions of this peptide at either
Thr3 or Ser4, and a doubly Tn-glycosylated version at both Thr3 and Ser4. Included in
the study are two-dimensional 1H NMR TRNOESY studies of the binding of the doubly-
glycosylated MUC1 16mer to the Fab fragment of B27.29, so as to allow a mapping of
the MUC1 B-cell epitope, and an assessment of the contribution of the PDTRP core
peptide epitope versus the Tn core carbohydrate epitope to Mab B27.29 recognition and
binding. The results of these studies are discussed within the framework of developing a

glycosylated second-generation MUCI1 glycopeptide vaccine.

Materials and Methods:

MUCI Peptides and Fab B27.29. MUCI1 peptides and glycopeptides were provided by

Biomira Inc., Edmonton, Alberta, Canada. These included an unglycosylated 16mer

1 Monoclonal antibody B27.29 was raised against ovarian tumor cell derived mucin and displays
specificity for MUC1 expressing tumors of the ovaries and breast (Reddish er al., 1992). Epitope
fingerprinting studies identify the B27.29 epitope as PDTRPAP
(GVTSAPDTRPAPGSTAPPAH) within the immunodominant PDTRP epitope region (Schol et
al., 1998). B27.29 is used as a diagnostic antibody for cancer expressing the MUC1 mucin

(MacLean et al., 1992).
7
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(Gly1-Val2-Thr3-Ser4-Ala5-Pro6-Asp7-Thr8-Arg9-Pro10-Alal 1-Pro12-Gly13-Ser14-
Thr15-Alal6), two singly-glycosylated versions of this 16mer, one with a Tn
carbohydrate o-linked to the B-hydroxyl of Thr3 (Tn3-glycosylated 16mer), the other
with the Tn carbohydrate o-linked to the $-hydroxyl of Ser4 (Tn4-glycosylated 16mer),
and a doubly-glycosylated version of the 16mer, with Tn carbohydrates o-linked to the 3-
hydroxyls of both Thr3 and Ser4 (Tn3,Tn4-glycosylated 16mer). The Fab fragment of
anti-MUC1 monoclonal antibody B27.29 was prepared by papain digestion of the

purified intact IgG, and was also provided in lyophilized form by Biomira Inc.

2D !H NMR Spectroscopy of MUCI Peptides Free in Solution. Peptide NMR samples of
the unglycosylated 16mer, Tn3-glycosylated 16mer, Tn4-glycosylated 16mer and
Tn3,Tn4-glycosylated 16mer were prepared by dissolving the lyophilized peptides in 450
ul of 90% H,0/10% D50 PBS buffer to a concentration of 1 mM by mass. DSS was then
added as an internal chemical shift reference and the final pH was adjusted to 7.0. 'H
NMR experiments were acquired at 500 MHz on a Varian Inova 500 spectrometer
equipped with an actively shielded z-axis gradient and a triple resonance probe. The
hypercomplex method (States et al., 1982) was used for acquisition of all 2D data sets.
DQFCOSY (Piatini et al., 1982) (Rance et al., 1983) and TOCSY (Bax & Davis, 1985)
data sets typically included 6000 Hz spectral widths, 64 transients, 300 increments and
4096 points along F2; whereas NOESY (Jeener et al., 1979; Macura & Ernst, 1980) data
sets typically included 6000 Hz spectral widths, 256 transients, 256 increments and 2048
points along F2. TOCSY experiments utilized a spin lock field of 7.12 kHz. NOESY
experiments were acquired with a mixing time of 300 ms. All 2D data sets were
collected in duplicate at two separate temperatures; 5 °C to retard rapid backbone amide

proton exchange, and 25 °C to temperature shift the water peak and allow observation of
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carbohydrate resonances between 4.7 and 5.0 ppm. Water suppression was achieved
using a gradient-tailored echo pulse sequence incorporating two selective pulses around
the 180° pulse of the echo that prevent the water signal from refocusing. In addition, a
water selective 90° pulse followed by a gradient was used to diffuse water. 2D data sets
were processed on a SGI Octane workstation using NMRPipe/NMRDraw software
(Delaglio et al., 1995). Typical processing utilized 90° shifted sine-bell squared window
functions and zero filling to 4K X 4K prior to Fourier transformation.

Temperature coefficients (—AS/AT ppb) for all backbone amide (NH) protons of
the unglycosylated and Tn-glycosylated MUC1 16mers were calculated from linear plots
of NH chemical shift versus temperature. The NH chemical shifts were measured from
DQFCOSY spectra acquired at 5 and 25 °C and from one dimensional spectra acquired at
5, 10, 15, 20 and 25 °C. 3Jy,, coupling constants were obtained from the backbone NH
proton region of the one dimensional spectra acquired at 5 °C, where the individual
resonances were curve-fitted using a program written by R. Boyko (University of
Alberta; xcrvfit program available at www.pence.ualberta.ca.ftp) which utilizes an
iterative fitting procedure. Where overlap of the NH resonances in the one dimensional
spectrum precluded analysis, 3Ty, coupling constants were obtained from the «CH-NH
fingerprint region of the 4K x 4K (F2 x F1) DQFCOSY spectrum acquired at 5 °C. The
DQFCOSY spectrum was zero filled to 16K in the F2 dimension and processed using 90°
shifted sine-bell weighting in the F1 dimension and no weighting in the F2 dimension.

Traces were taken in ®2 and then curve-fitted as described above.

Natural Abundance 13Cot Relaxation Measurements of MUC1 Peptides Free in Solution.
500 MHz 13Ca Ty and 13Ca Typ relaxation times and steady-state {!Ho}-13Co

heteronuclear NOE values were measured for the unglycosylated and Tn3,Tn4-
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glycosylated 16mers to determine the effect of glycosylation on local backbone motion.
| NMR samples were prepared by dissolving the peptides in 500 ul of 99.9% D,0 PBS
buffer, pH 7.0, to a concentration of 10 mM. The pulse sequences of Yamakazi and co-
workers (Yamazaki et al., 1994) were used for these measurements, modified to remove
I5N and 13C’ decoupling. !3C broadband decoupling during acquisition was achieved
using GARP, with a field strength of 8.2 kHz. Relaxation delays of 5, 50, 100, 150, 200,
300, 400, 500 and 600 ms were used for the T experiments; and delays of 4.0, 8.0, 12.1,
16.1, 24.1, 40.2, 56.3, and 80.0 ms were used for the T|p experiments. Both the T; and
T, p experiments used a recycling delay of 1.2 s between transients. The {!Ho}-13Ca
NOE was obtained by recording spectra with and without 3 s of H saturation. In the
case of spectra acquired without NOE, a net recycling delay of 5 s was employed,
whereas a recycling delay of 2 s prior to 3 s of H saturation was employed for spectra
with NOE. All T;, T{p and NOE spectra were recorded at 5 °C using spectral widths of
6000 Hz and 2500 Hz for 'H and 13C, respectively, 105 increments in the 13C dimension
and 1024 complex points per FID.

13Ca T, T;p and NOE data sets were processed on a SGI Octane workstation
using NMRPipe/NMRDraw software (Delaglio et al., 1995). The FIDs in the 13C
dimension were doubled using forward linear prediction. Typically, spectra were
processed in the acquisition and indirect dimensions with 90° shifted sine-bell squared
window functions. For the 13C T; and T p data sets, a Lorentz-to-Gauss transformation
was performed. NMRPipe/NMRDraw software was used to pick peaks and fit the

measured peak heights to a two-parameter exponential decay function of the form

1(t) = Ipexp(-t/Ty 1p) [1]



68
where I(t) is the intensity after a delay of time t and I is the intensity at time t = 0. The
uncertainties in the T; and T;p values from non-linear least-squares fit were calculated
using the assumption that the RMS noise in each spectrum gives a good estimation of the
error in the measured intensities of the peaks. This assumption was validated by
comparison of two experiments with identical relaxation times, where the standard
deviation of the peak heights was shown to approximate V2 * RMS noise in each of the
spectra.

The steady-state {1H}-13C NOE values were determined from the ratios of the
average intensities of the peaks with and without 1H saturation. The standard deviation
of the NOE value, onop Was determined on the basis of measured background noise

levels using the following relationship

onor/NOE = ((Glsat/Isat)2 + (GIunsat/Iunsat)z)l/2 (2]

where I, and I, represent the measured intensities of a resonance in the presence and
absence of proton saturation, respectively. The standard deviations of these values,
estimated from the root-mean-square noise of background regions, are represented by

Ofsat and Olunsat:

Fluorescence Measurements of MUCI Peptides Binding to Fab B27.29. Fluorescence
measurements were used to determine the equilibrium dissociation constants (Kp) and
off-rates (koﬁv) for the binding of the unglycosylated 16mer, Tn3-glycosylated 16mer,
Tn4-glycosylated 16mer and Tn3,Tn4-glycosylated 16mer peptides to Fab B27.29. Fab
B27.29 (0.86uM stock solution) was titrated with small aliquots of peptide and

glycopeptide to final concentrations greater than 200-fold in excess of Fab concentration.
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The change in Fab fluorescence intensity was monitored, and the concentration of bound
ligand was calculated (percent of maximum fluorescence change). The natural log of the
free ligand concentration was plotted against the concentration of the bound ligand, and

the curve was fit to the equation
[bound] = (capacity * [free ligand]) / (K[, + [free ligand]) [3]

according to Michaelis-Menton kinetics, where the capacity is the concentration of the

Fab, and the Ky, is the equilibrium dissociation constant.

IH NMR-Monitored Titrations of MUCI Peptides with Fab B27.29. 'H NMR-monitored
titrations of fhe unglycosylated 16mer and the Tn3,Tn4-glycosylated 16mer with Fab
B27.29 were next undertaken. These included forward titrations (peptide NMR sample
titrated with Fab) and reverse titrations (Fab NMR sample titrated with peptide), so as to
correct for any nonspecific linebroadening of peptide resonances caused by Fab-induced
increases in sample viscosity. The forward titrations used the 1 mM peptide NMR
samples prepared above in 90% H,0/10% D,0 PBS buffer. Lyophilized Fab was added
to these peptide NMR samples in small aliquots of a few milligrams at a time to a final
concentration of 400 uM (0.4 molar equivalents Fab/peptide). In the reverse titration,
lyophilized Fab was dissolved in 450 ul 90% H,0/10% D,0 PBS buffer, pH 7.0, to a
concentration of 200 uM by mass. Peptide was then added in aliquots of 10-20 pL from
an 8 mM stock solution to a final concentration of 1.4 mM (0.14 molar equivalents
Fab/peptide). All NMR samples contained DSS as an internal chemical shift reference,
and the pH was adjusted to within 7.0 + 0.05 after each aliquot of peptide or Fab added.

One-dimensional !H NMR data sets were collected at four points in each of the
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forward and reverse titrations. In the forward titration, these points represented 0 uM
Fab (1 mM free peptide), 100 uM Fab (0.1 molar equivalents Fab/peptide), 200 uM Fab
(0.2 molar equivalents Fab/peptide) and 400 uM Fab (0.4 molar equivalents Fab/peptide).
In the reverse titration, these points represented O uM peptide (200 uM free Fab), 400
uM peptide (0.5 molar equivalents Fab/peptide), 800 uM peptide (0.25 molar equivalents
Fab/peptide) and 1.4 mM peptide (0.14 molar equivalents Fab/peptide). NOESY and
TRNOESY data sets were acquired at 5 °C and 25 °C for the beginning and end point of
the forward titration, and for all four points in the reverse titration. DQFCOSY data sets
were acquired at 5, 10, 15, 20 and 25 °C for the beginning and end points of the forward
titration. Data acquisition and processing details for these NMR experiments have been
described earlier in Experimental Methods, as have the methodologies for calculation of

temperature coefficients and 3J, coupling constants from the DQFCOSY data sets.

Determination of Exchange Timescales for the Binding of the MUCI Peptides to Fab
B27.29. Interpreting !H NMR results for systems undergoing chemical exchange (for
example, the MUCI1 peptides binding to Fab B27.29) requires a determination of
exchange timescales with respect to both chemical shift and T; relaxation. BIAcore
analysis of the binding of a one-repeat unglycosylated MUCI peptide to Mab B27.29
have measured a Ky = 63 nM (Karanikas et al., 1998). Since most Fab fragments have
Kp values 10 - 20 fold higher than their parent IgG (reﬂepting differences in avidity due
to monovalent binding; (Nice et al., 1996), the K, for the binding of the same one-repeat
peptide to Fab B27.29 is expected to be in the range of 0.1 < Kp <1 uM. Our own
fluorescence measurements of the MUC1 16mer peptides and glycopeptides binding to
Fab B27.29 have produced Ky values in the range of 10 + 10 uM, in rough agreement

with these calculations. Assuming a Kp = 1 uM and a diffusion-controlled on-rate (k,;,
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= 108 M-ls-1), kofr is then calculated to be ~ 100 s-1, or 100 Hz. Typical differences
between free and bound chemical shifts are 100-1000 Hz (Gemmecker, 1999), so a k=
100 Hz places the MUCI system into intermediate exchange on the chemical shift
timescale. In this regime, resonances do not shift with varying concentration of ligand,
but instead experience a loss in signal intensity due to linebroadening (Gemmecker,
1999). This is the behavior exhibited in our NMR titrations of MUCI1 peptides and
glycopeptides binding to Fab B27.29 (see results).

It is appropriate to note here that the linebroadening observed in the MUCI
peptide-Fab titrations is only partly caused by intermediate exchange chemical shift
behavior. Changes in the relaxation properties of MUCI peptide backbone and sidechain
resonances as these regions are bound and partially immobilized within the antibody
combining site also contributes to linebroadening effects. Indeed, NMR relaxation
measurements of MUCI1 peptides in the presence of Fab have demonstrated a strong
correlation between Fab-induced linebroadening and Fab-induced decreases in T,
(Grinstead er al., 2003), indicating decreased mobilities for broadened resonances, and
more importantly, fast exchange on the relaxation timescale. The existence of these two
exchange regimes for the MUCI system, intermediate on the chemical shift timescale but
fast on the relaxation timescale, allows implementation of TRNOESY experiments (see

below) which rely on changes in T to relay information of the bound state.

TRNOESY Studies of the Binding of MUCI Peptides to Fab B27.29. The transferred
nuclear Overhauser effect (TRNOE) is an extension of the nuclear ngrhauser effect
(NOE) to exchanging systems such as peptide-protein complexes (Campbell & Sykes,
1993). In the presence of chemical exchange, NOEs conveying conformational

information of the bound peptide are 'transferred' to the free peptide resonances. Eqn. 4
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diagramatically represents a system undergoing chemical exchange, in this case a MUC1
16mer peptide binding to Fab 27.29. Here, Pr and Pp are the free and bound peptide,
k1[Fab] and k_;

k1[Fab]

Fab + Pp Fab ePp [4]

k-1

are the exchange rates, Tg and Tg are the correlation times which modulate the interaction
between protons in the free and bound peptide, and WF and WB are the dipolar cross-
relaxation rates between protons in the free and bound peptide (proportional to the

measured NOE intensities, NOEF and NOEB, at short mixing times):

TF=109s B> 1095

WF o« NOEF WB o« NOEB

The only necessary condition for the transfer of magnetization is that the exchange rate
be faster than the Tj longitudinal relaxation rate of the bound peptide (k.1 > 1/TR), i.e.
fast exchange with respect to relaxation. This condition is met in the MUCI system
studied. Under these conditions, the TRNOE is dominated by the bound peptide
conformation (even for Pr > Pp), since the cross-relaxation rates for the bound peptide
are so much faster than they are for the free (WB >> WF). However, since the MUC1
system is also in intermediate exchange with respect to chemical shift, the measured
TRNOE cannot be simply deconvoluted into a populated-weighted average of free and

bound NOEs (Campbell & Sykes, 1993). Thus, a qualitative as opposed to a quantitative
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approach must be adopted in analyzing the TRNOE results obtained for the MUCI1

system.

Results:

Chemical Shifts and Resonance Assignments for the Unglycosylated and Tn-Glycosylated
MUCI 16mers. Table Al in Appendix A presents the IH NMR assignments for the
peptide and carbohydrate resonances of the unglycosylated, Tn3-glycosylated, Tn4-
glycosylated and Tn3,Tn4-glycosylated MUC1 16mers in 90% H,0/10% D,0 PBS
buffer, pH 7.0, 5 °C. Table A2 in Appendix A presents the 13C NMR assignments for the
unglycosylated and Tn3,Tn4-glycosylated 16mers in 99.9% D,0 PBS buffer, pH 7.0, 5
°C, obtained from natural abundance 13C-edited HSQC spectra. With allowances made
for different temperature and solvent conditions, assignments are in good agreement with
those previously published in 60% CD;0H/40% H,0, pH 5.5, 10 °C (Liu et al., 1995).
The assignments in Tables A1l and A2 in Appendix A show that glycosylation-
- induced chemical shift perturbations are localized to residues at or immediately adjacent
to the site of carbohydrate attachment. For example, a comparison of the chemical shifts
for the unglycosylated 16mer versus the Tn4-glycosylated 16mer shows significant
downfield shifts for the NH and Ho resonances of Serd (8.49 to 8.71 ppm, and 4.45 to
4.62 ppm, respectively), less significant shifts for the NH of Ala5 (8.53 to 8.65 ppm), and
only small perturbations for the Hoo and HPB resonances of Thr3. Even the doubly
glycosylated 16mer exhibits no significant !H or 13C chemical shift perturbations for
residues more than two positions removed from the site(s) of carbohydrate attachment.
Indeed, the chemical shifts for the backbone and sidechain resonances of residues within

the PDTRP peptide epitope region are virtually identical across the series of MUCI1
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16mer peptides and glycopeptides studied (see Table Al in Appendix A), suggesting that
the chemical and conformational environment of the peptide epitope region is unaffected
by lipstream glycosylation events at Thr3 and Ser4.

The localized glycosylation-induced chemical shift perturbations observed in
Tables 3.1 and 3.2 can be correlated to localized shifts in the conformational equilibrium
of the underlying peptide backbone, as assessed from a calculation of the deviation of the
IHo proton and 13Ca carbon chemical shift values from random-coil (Wishart et al.,
1991). A8y, and Adq, values (observe - random coil) were calculated for the
unglycosylated and Tn-glycosylated MUCI1 16mer peptides, and these values are
presented in Table A3 in Appendix A and Figures 3.1A (unglycosylated 16mer), 3.1B
(Tn3-glycosylated 16mer), 3.1C (Tn4-glycosylated 16mer) and 3.1D (Tn3,Tn4-
glycosylated 16mer). The Ady, and Adq, values for the unglycosylated 16mer are close
to random coil (Wishart ez al., 1995) for all residues, except for Glyl and Val2 at the N-
terminus and Alal6 at the C-terminus. In contrast, the Ady, and A, values for
glycosylated residues in the Tn-glycosylated 16mers show significant downfield shifts
and upfield shifts, respectively.

These values can be explained by either inductive effects of chemical substitution
of the sidechain hydroxyl group with an ester linkage to the sugar or by an increase in the
population of extended structure for these residues.2 In addition to the chemical shift
values, the coupling constants for the site of glycosylation increases with glycosylation.

The coupling constant is to a first-order approximation independent of chemical

2 lHo proton chemical shift deviations measured for all 20 naturally occurring amino acids show
a mean o proton shift of - 0.39 ppm (upfield from the random coil value) when the residue is
placed in a helical conformation, and a mean o proton shift of + 0.37 ppm when the residue is
placed in an extended conformation (Wishart et al., 1991). The shifting tendancies for 13C nuclei
are opposite in direction to those found for INH and !Ha protons, so that the !3Co carbons
experience a upfield shift from the random coil value when in an extended conformation (Wishart

et al., 1991).
7?7
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Figure 3.1: Schematic diagram showing the magnitude of NN, dBN, dad and NS NOE
connectivities observed in the NOESY spectrum of the unglycosylated MUC1 16mer
(panel A), Tn3-glycosylated MUCI1 16mer (panel B), Tn4-glycosylated MUC1 16mer
(panel C), and Tn3,Tn4-glycosylated MUC1 16mer (panel D). The diagram also includes
coupling constants (3Jy,), temperature coefficients (~AS8/AT) and chemical shift
deviations (ASp = Oy 0bs — Opycoil). The strong sequential dNN(,i+1) NOEs
between Asp7 an?i Thr8, and Thr8 and Arg9, and the medium dBN(i,i+2) NOE between
Asp7 and Arg9 define a type I B-turn spanning Pro6-Asp7-Thr8-Arg9 in each peptide
(boxed). The medium dod(i,i+1) and dN&(,i+1) NOEs linking all X-Pro pairs in the
sequence define an 'all-trans' configuration (Wuthrich, 1986) for each peptide.

environment and suggests that glycosylation shifts the conformational equilibrium of the
underlying peptide backbone toward extended strand. This phenomenon probably arises
from limitations placed by the carbohydrate on the ¢, y dihedral space available to the
underlying peptide backbone. In line with these steric arguments is the observation that
Tn-glycosylation at either Thr3 or Ser4 shifts the degenerate H3 resonances of Ser4
(3.85 ppm for the unglycosylated 16mer) into nondegenerate positions (3.76 and 3.91

ppm in the Tn4-glycosylated 16mer, for example), which suggests that carbohydrate also
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hinders rotation about the 1 bond of Ser4. Although chemical induction can have a
large effect on chemical shift, the coupling constants for the sites of glycosylation
increase from 5.7 Hz for Thr3 in the unglycosylated 16mer to 8.8 Hz for the glycosylated

peptide, which suggests that glycosylation results in a more extended conformation at

Thr3.

NOESY Connectivities for the Unglycosylated and Tn-Glycosylated MUC1 16mers. The
NOEs diagnostic of B-turn secondary structure include dNN(2,3), dNN(3,4) and
daN(2,4) crosspeaks (Wuthrich, 1986), where the numbering indicates the position in the
4-residue turn. Figure 3.1 shows the magnitudes of these B-turn defining NOEs observed
in the NOESY spectra of the unglycosylated (Figure 3.1A), Tn3-glycosylated (Figure
3.1B), Tn4-glycosylated (Figure 3.1C), and Tn3,Tn4-glycosylated (Figure 3.1D) 16mer
peptides. All peptides display strong sequential ANN(i,i+1) NOEs between Asp7 and
Thr8, and between Thr8 and Arg9. These NOEs are diagnostic of a type I B-turn (¢2 = -
600, y2 = -30°, ¢3 = -90° , y3 = (0°) spanning Pro6-Asp7-Thr8-Arg9 within the PDTRP
peptide epitope region of each peptide, as such a turn would give rise to equally strong
dNN(2,3) and dNN(3,4) NOEs (Chandrasekhar ef al., 1991). A type I B-turn conformation
for this region in each peptide is further suggested by the medium dfN(2,4) NOEs
observed between Asp7 and Arg9, since this distance can approach as closely as 2.9 A in
a type I turn, but only as closely as 3.6 A in a type II turn3 (Chandrasekhar et al., 1991).
Glycosylation does not appear to affect either the stability or conformation of the type I

B-turn, as the relative intensities of the dNN(2,3) and dNN(3,4) NOEs measured in the

3 Unfortunately, the doN(2,4) NOE between Asp7 and Arg9 is overlapped with the intraresidue
doN of Arg9 in the NOESY spectrum of each MUC1 16mer peptide (the Hot resonances of Arg7
and Arg9 are degenerate in each case). However this NOE has been observed in the NOESY
spectra of both the unglycosylated and Tn3,Tn4-glycosylated 16mer peptides in a methanol/water
mixture (Liu et al., 1995).
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unglycosylated versus Tn-glycosylated 16mer NOESY spectra are comparable. This
suggests that the conformation of the peptide PDTRP epitope region is unaffected by
upstream glycosylation evénts at Thr3 and Ser4.

Our findings of a type I P-turn spanning the PDTR sequences of the
unglycosylated and Tn-glycosylated MUC1 16mer peptides are in agreement with the
results of three separate biophysical studies of MUC1 peptides: the previously referenced
NMR study involving the unglycosylated and Tn3,Tn4-glycosylated 16mer peptides in
methanol/water (Liu et al., 1995), an earlier NMR study by another group involving a 20-
residue MUC1 peptide (PDTRPAPGSTAPPAHGVTSA) in DMSO (Scanlon et al.,
1992), and our own recent NMR studies involving a shorter 9-residue MUCI peptide
(TSAPDTRPA) in water (Schuman et al., 2003). Other studies of MUC1 peptides have
found different favored turn conformations for the PDTR sequence. Fontenot and co-
workers proposed a type II B-turn conformation (62 = -60° , y2 = +120°, ¢3 = +90° , y3
= 0°) on the basis of their NMR/CD studies of three-repeat MUC]1 peptides in water
(Fontenot, 1993; Fontenot et al., 1993; Fontenot et al., 1995). However, a type 11
conformation would give rise to a weak dNN(2,3) crosspeak between Asp7 and Thr8,
which is not observed in our 16mer peptides. It has also been proposed by Kirnarsky and
co-workers on the basis of their NMR structure calculations that the PDTR sequence
adopts two overlapping inverse y-turns in solution, the first spanning Pro-Asp-Thr and
second Asp-Thr-Arg (Kirnarsky et al., 2000). However, the strong dNN(i,i+1)
connectivities observed for this region of the sequence argue against the existence of two
overlapping inverse y-turns, as this arrangement would give rise to only weak dNN(i,i+1)
crosspeaks between Asp7 and Thr8, and Thr8 and Arg9, corresponding to distances of

3.8 A in each y-turn®. Although it is conceivable that the different experimental

4 The NOEs characteristic of an inverse y-turn (-85° < ¢2 < -700 , +60° < y2 < +70°) (57, 58)
include include a strong daN(2,3) crosspeak, corresponding to a distance of 2.4 A, a weak
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conditions used in each NMR study might have led to a different favored turn
conformation, it is more probable that the PDTR region of the MUCI epitope is
conformationally heterogeneous, sampling different turn conformations (type I B-turn,
type II B-turn, inverse y-turn, etc.) as part of a complex conformational equilibrium. This
possibility has been explored in greater detail in our recently published NMR studies of a

9-residue MUCI1 peptide and its Tn-glycosylated derivative (Schuman et al., 2003).

Coupling Constants for the Unglycosylated and Tn-Glycosylated MUCI1 16mers. Type |
and type Il B-turns are characterized by a dihedral angle of ¢2 = -60° for the second
residue in the four residue turn (Richardson, 1981; Wilmot & Thornton, 1988). This
local conformation is consistent with a coupling constant of 4 Hz < 3Jy, £ 5 Hz,
assuming a P-turn which is stably folded (100% populated) in solution. 3Jy, coupling
constants were measured for all non-proline and non-glycine residues in the
unglycosylated and Tn-glycosylated MUC1 16mer peptides, and these values are
presented in Table A3 in Appendix A and Figures 3.1A (unglycosylated 16mer), 3.1B
(Tn3-glycosylated 16mer), 3.1C (Tn4-g1ycosy1ated 16mer) and 3.1D (Tn3,Tn4-
glycosylated 16mer). All peptides display reduced coupling constants for Ala5 and
Alall, a result of their placement prior to a proline (Pro6 and Prol2) in the MUCI1
sequence’. All peptides also display a reduced coupling constant for Asp7 in position
two of the putative type I B-turn, which is the same value within error (5.9 £ 0.1 Hz)
across the series of 16mer peptides and glycopeptides. This value, however, does not fall

within the range of 4 Hz < 3Ty, < 5 Hz predicted for the second residue of a stably folded

dNN(2,3) crosspeak, corresponding to a distance of 3.8 A, and a weak daN(2,3) crosspeak
corresponding to a distance of 4.3 A (Inai ef al., 2000; MacArthur & Thornton, 1991).

5 In general, the residue proceeding a proline experiences steric clashes between its NH, Ho and
HP protons and the HO protons and carbonyl carbons of the proline. This results in a
displacement towards more negative ¢ values for the proceeding residue, and a concommitant
decrease in the measured 3JNOL value (MacArthur & Thornton, 1991).
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type I B-turn. Since the partially structured 16mer peptides and glycopeptides are likely
to be undergoing a conformational equilibrium between folded (f-turn) and unfolded
(extended) states, the measured coupling constants for Asp7 should represent a populated
weighted average of the 3],y values associated with each interconverting state. Using a
very simplistic two-state model (Campbell et al., 1995; Yao et al., 1994) in which Asp7
can find itself either in a turn conformation (3Jy,, = 5 Hz) or in an extended conformation
(3Ino = 9 Hz), a measured coupling constant of 3Jy, = 5.9 + 0.1 Hz translates into
approximately 70 - 75% of Asp7 sites in a folded turn conformation for each peptide.
This rough estimate suggests that the turn population within the PDTRP epitope region is
unaffected by upstream glycosylation events at Thr3 and Ser4, in agreement with the
NOE and chemical shift perturbation data previously discussed.

Whereas the coupling constant data suggest no .long range effects of
glycosylation, the dependence of the 3Jy, of Thr3 on the glycosylation state suggests
significant localized effects. For example, the 3Jy, of Thr3 increases from 5.7 Hz in the
unglycosylated 16mer, to 7.3 Hz in the Tn4-glycosylated 16mer, to 8.8 Hz in the Tn3-
glycosylated 16mer. Using the simple but conceptually effective two-state model
described above, these coupling constants translate into approximately 17%, 58% and
95% local extended conformation, respectively, for each peptide. These rough estimates
suggest that glycosylation shifts the conformational equilibrium of the underlying peptide
backbone toward extended strand, a finding consistent with the chemical shift data

presented earlier in the chapter.

Temperature Coefficients for the Unglycosylated and Tn-Glycosylated MUC1 16mers.
The temperature dependence of the amide proton chemical shift, or temperature

coefficient (-AS/AT), is often interpreted as a measure of solvent shielding in folded
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peptides and proteins. For unfolded regions of the sequence, temperature coefficients are
expected to be 6 < —A/AT < 10 ppb/K (Rose et al., 1985), indicating that the backbone is
freely solvated by water and that no hydrogen bonds are present which would protect the
backbone amides from solvent exchange. For folded regions of the sequence,
temperature coefficients are expected to decrease to —AS/AT< 6 ppb/K (Rose et al.,
1985), indicating either the presence of a hydrogen bond or a high degree of solvent
shielding. The temperature dependence of the amide proton chemical shift can therefore
be an indication of possible intramolecular hydrogen bonding.

Temperature coefficients (~A8/AT) were measured for all non-proline residues in
the unglycosylated and Tn-glycosylated MUC1 16mer peptides, and these values are
presented in Table A3 in Appendix A and Figures 3.1A (unglycosylated 16mer), 3.1B
(Tn3-glycosylated 16mer), 3.1C (Tn4-glycosylated .16mer) and 3.1D (Tn3,Tn4-
glycosylated 16mer). All peptides display reduced temperature coefficients of 6.0 <
—AS/AT< 6.5 ppb/K for Arg9 in position four of the putative type I B-turn. These
reduced temperature coefficients suggest involvement of the Arg9 NH in a hydrogen
bond that partially protects it from solvent exchange, an interpretation consistent with the
presence of Pro6-CO to Arg9-NH (1,4) hydrogen bonds stabilizing the type I B-turn
proposed to span Pro6-Asp7-Thr8-Arg9 within the PDTRP peptide epitopé region of
each peptide. |

Also observed in the temperature coefficient data is an unusually strong
dependence of the —AS/AT of Thr3 on the glycosylation state of this residue. For
example, the —AS/AT of Thr3 is much more elevated in the Tn3- and Tn3,Tn4-
glycosylated 16mers (12.6 and 12.0 ppb/K, respectively) than in the unglycosylated or
Tn4-glycosylated 16mers (8.0 and 8.6 ppb/K, respectively). These elevated values of
—AS/AT correlate with the significant downfield shifts observed for Thr3 NH in the Tn3-
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and Tn3,Tn4-glycosylated 16mers (8.91 and 8.90 ppm, respectively), in agreement with
the strong correlation that exists between —AS/AT and NH chemical shift in unstructured
systems (Andersen et al., 1997)°. One way to interpret the significant downfield shifts of
Tﬁr3 NH in the Tn3-glycosylated and Tn3,Tn4-glycosylated 16mers is to relate it to the
possible existence of a hydrogen bond between the backbone NH proton of Thr3 and the
carbonyl of the N-acetyl group of Tn3, as the presence of hydrogen bonds is often
accompanied by marked downfield shifts in folded peptides and proteins (Andersen et al.,
1997). This proposal receives some support from molecular modeling studies of a
glycosylated trimer Ac-Thr(a-GalNAc)-Ala-Ala-OMe (Mimura et al., 1989) in which the
existence of a hydrogen bond between the peptide NH protons and the GalNAc N-acetyl
carbonyl was demonstrated. Were such hydrogen bonds to exist in the Tn-glycosylated
MUCI 16mers, these bonds might also play a role in shifting the conformation of the

underlying peptide backbone toward more extended structure.

13C NMR Relaxation Experiments for'the Unglycosylated and Tn3,Tn4-Glycosylated
MUCI I6mers. Natural abundance 13Ca T, and T;p relaxation times, and {1Hot}-13Cot
heteronuclear NOE values were measured for the unglycosylated and Tn3,Tnd-
glycosylated MUC1 16mer peptides in order to assess the effect of carbohydrate
attachment at Thr3 and Ser4 on peptide backbone dynamics. The relaxation times and
NOE values presented in Table A4 in Appendix A and Figures 3.2A (13Co T; and T;p)
and 3.2B ({{Ha}-13Ca NOE) show that glycosylation significantly affects the backbone

dynamics of glycosylated (Thr3, Ser4) and neighboring (Val2, Ala5) residues, but has no

6 Tt should be noted that the proposal of a hydrogen bond based on large negative values of
-AS/AT is consistent with the 'equilibrium between states' interpretation of temperature
coefficients (Yao et al., 1994), although it does contradict the conventional 'solvent shielding'
interpretation of ~A8/AT (MacArthur & Thornton, 1991) which assumes a correlation between small
—AJ/AT and the presence of a hydrogen bond.
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Figure 3.2: Natural abundance 13Co relaxation data measured for the unglycosylated
(open circles) and Tn3,Tn4-glycosylated (black circles) MUC1 16mer peptides. Panel A
plots the 13Ca Ty and T;p relaxation times, and panel B plots the {!Ha}-!13Ca
heteronuclear NOE values measured for each residue. Error bars (standard deviations
calculated for each relaxation parameter) are plotted only when the bars are larger than
the actual size of the symbol. Experimental conditions were 10 mM peptide in 99.9%
D,0 PBS buffer, pH 7.0, 5 °C.

significant effects on the backbone dynamics of more remote residues within the PDTRP
core epitope region.

For example, the relaxation times and NOE values of Thr3 are T; = 295 + 5 ms,
Tip =188 + 19 ms, and NOE = 1.58 + 0.04 for the unglycosylated 16mer, and T; = 262 +
11 ms, Typ =110 % 13 ms, and NOE = 1.29 + 0.02 for the Tn3,Tn4-glycosylated 16mer.
These times and values are consistent with glycosylation-induced increases in the local

correlation time and order of the Thr3 13Ca-1Ha bond vector. In contrast, the relaxation
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times and NOE values averaged over the central residues of the peptide (Pro6-Asp7-
Thr8-Arg9-Pro10-Alal1-Prol2) are not significantly changed by upstream glycosylation
at Thr3 and Ser4; i.e., <T>¢ 1p = 281 £ 9 ms, <Tp>¢. 12 = 134 £ 21 ms, and <NOE>¢ |,
= 1.44 = 0.05 for the unglycosylated 16mer, and <T{>¢_.1, =298 £ 9 ms, <T;p>4.1, =120
*+ 21 ms, and <NOE>¢_ 15, = 1.46 + 0.05 for the Tn3,Tn4-glycosylated 16mer. Our
findings of only localized effects of glycosylation on underlying peptide backbone
dynamics are in agreement with the 13C NMR relaxation studies of a sequentially
deglycosylated native ovine submaxillary mucin (OSM) (Gerken et al., 1989), where a

'stiffening effect' was transmitted from the site of glycosylation only to adjacent residues.

Peptide-Sugar NOE Connectivities Identified for the Tn3,Tn4-Glycosylated MUCI
I6mer. The 13C NMR relaxation results described above suggest that glycosylation
exerts its conformational effects on the underlying mucin peptide backbone through the
imposition of steric constraints on ¢, y, ! dihedral space. However, a second
mechanism involving conformational effects through specific peptide-sugar interactions
is also possible. In order to probe for the existence of specific peptide-sugar interactions
that could mediate conformational effects on local peptide backbone, NOESY spectra of
the Tn3,Tn4-glycosylated MUC1 16mer peptide were carefully scrutinized for peptide-
sugar NOEs. These NOEs, listed in Table AS in Appendix A and shown diagramatically
in Figure 3.3, suggest that interactions between the attached sugar and the underlying
peptide backbone are specific and localized.

For example, the Tn3 carbohydrate displays close contacts only to Val2, Thr3 and
Ser4, whereas the Tn4 carbohydrate displays close contacts only to Ser4, Ala5 and Pro6.
The absence of longer range contacts between the attached Tn carbohydrates and the

peptide backbone is consistent with the absence of longer range effects on the
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Figure 3.3: Diagrammatic representation of strong peptide-sugar NOEs observed in the
NOESY spectrum of the Tn3,Tn4-glycosylated MUC1 16mer peptide acquired in 90%
H,0/10% D,0 PBS buffer, pH 7.0, 5 °C. Refer to Table AS in Appendix A for a
complete list of peptide-sugar NOE:s.

conformation or dynamics of the peptide PDTRP epitope region following upstream
glycosylation at either Thr3 or Ser4.

Some of the strongest NOEs observed in the NOESY spectra of the Tn3,Tn4-
glycosylated MUC1 16mer peptide include those between the NH protons of Thr3 and
Ser4 and the methyl and NH protons of the N-acetyl groups of their directly attached Tn
moieties. Similar peptide-sugar connectivities have been observed in other NMR studies
of o-GalNAc O-glycosylated peptides (Kirnarsky et al., 2000; Liang et al., 1995; Live et
al., 1999; Schuman et al., 2003). For example, Kirnarsky and co-workers observed a
strong NOE between the NH proton of their glycosylated threonine residue and the N-
acetyl group of GalNAc in their o-linked O-glycosylated 15-residue MUCI1 peptide
(Kirnarsky et al., 2000). The presence of these specific peptide-sugar NOEs between the
N-acetyl group of the attached GalNAc and the backbone NH of the glycosylated residue
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suggests that the N-acetyl of the GalNAc might interact directly with the peptide
backbone, providing some evidence for the existence of hydrogen bonds between the NH
proton of the peptide backbone and the carbonyl on the N-acetyl group of the GalNAc.
The pattern of peptide-sugar NOEs does not explain why the Thr3-Tn3 pair displays a

much larger temperature coefficient than does the Ser4-Tn4 pair.

!H NMR-Monitored Titrations of the Unglycosylated and Tn3,Tn4-Glycosylated MUCI
16mers with Fab 27.29. Competitive ELISA binding studies on mucin solid phase have
shown that Tn-glycosylation at Thr3 and Ser4 in the MUCI1 synthetic peptides leads to a
small but reproducible increase in the affinity of the peptide for Mab B27.29, an antibody
raised against the intact tumor-associated MUC1 mucin (Liu et al., 1995). As upstream
glycosylation at Thr3 and Ser4 does not affect the conformation and dynamics of the
immunodominant PDTRP peptide epitope region, this increased affinity for B27.29
cannot be due to the proximal carbohydrate stabilizing the peptide epitope conformation
most favored for binding (presumably the type I B-turn spanning PDTR). A more likely
scenario is that the carbohydrates comprise part of the recognition domain for B27.29,
whose natural MUCI1 antigen remains extensively glycosylated with cryptic carbohydrate
structures in the tumor-associated state.

In order to determine the contribution of defined peptide secondary
structure (peptide epitope) versus specific-site glycosylation (carbohydrate epitope) in
antibody recognition and binding, !H NMR-monitored titrations of the unglycosylated
and Tn3,Tn4-glycosylated MUC1 16mers with the Fab fragment of Mab B27.29 were
performed. Figure 3.4 shows the backbone amide region of the 500 MHz !H NMR

spectra of the unglycosylated 16mer (Figure 3.4A) and Tn3,Tn4-glycosylated 16mer
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(Figure 3.4B) in the absence and presence of 0.4 molar equivalents Fab B27.29. Several

amide resonances are observed to diminish appreciably in the bound spectrum, due to

All
D7 R9 Tn4
AcNH
i T8
R9
T8
T15
S14

RS BRI UL BRI SN SIS S I
87 86 85 84 83 82 8.1 ppm 89 88 87 86 85 84 83 82 8.1 ppm

Figure 3.4: Backbone amide NH regions of lH NMR spectra showing the forward
titration of the unglycosylated (panel A) and Tn3,Tn4-glycosylated (panel B) MUCI1
l6mer peptides with Fab B27.29. The lower traces correspond to the free peptides,
whereas the upper traces correspond to the peptide in presence of 0.4 molar equivalents
Fab. Resonances marked by arrows experience the greatest losses in signal intensity due
to linebroadening in the presence of Fab. Experimental conditions were 1 mM peptide +
400 uM Fab in 90% H,0/10% D,0 PBS buffer, pH 7.0, 5 °C.

exchange broadening and/or increases in local correlation time as these residues are
preferentially bound and immobilized in the antibody combining site. The spectrum of
the glycosylated 16mer shows greater line broadening effects than does the spectrum of
the unglycosylated 16mer at the same molar equivalents of Fab. The difference in
linebroadening between the 16mer peptide and glycopeptide bound to Fab B27.29
suggests a stronger interaction for the glycosylated peptide, in agreement with the
competitive ELISA binding experiments (Liu et al., 1995). Regardless of these
differences in overall linebroadening, the most selectively broadened amide resonances
for each peptide correspond to Asp7, Thr8, Arg9 and Alall within or near the PDTR B-

turn region. This collection of residues suggests that the turn is preferentially bound in
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the antibody combining site, and constitutes the peptide portion of the B-cell epitope for
both the unglycosylated 16mer and thé Tn3,Tn4-glycosylated 16mer. The sugar moieties
must also bé involved in the binding of Fab, since the N-acetyl NH resonance(s) of Tn3
(not shown) and Tn4 are observed to substantially diminish in intensity in the bound
spectra of the glycosylated 16mer.

The identification of epitope regions using differential linebroadening is best
accomplished using the DQFCOSY experiment, as the antiphase nature of the crosspeaks
render them uniquely sensitive to the linewidth of the detected proton (the positive and
negative lobes cancel when peak linewidth is greater than the coupling constant). Thus,
the DQFCOSY experiment can act as a dynamic filter of differential proton mobilities
and has been used in this capacity to identify the residues comprising the determinants of
several peptide antigens when these are bound to antibody (Campbell et al., 1997,
Cheetham et al., 1991; Zvi et al., 1995). Figure 3.5 shows the dyN fingerprint regions of
the 500 MHz DQFCOSY spectra of the unglycosylated and Tn3,Tn4-glycosylated 16mer
peptides in the absence (Figure 3.5A) and presence (Figure 3.5B) of Fab B27.29, where
several dgN crosspeaks are observed to disappear or diminish appreciably in intensity
upon the addition of antibody. Those dyN crosspeaks correspond to AlaS, Asp7, Arg9
and Alall in each peptide, residues within or near the PDTR [B-turn region. However,
the backbone (as detected by the dgN crosspeak) is not the only portion of the turn that is
selectively immobilized upon binding to antibody. When the dgp regions df the
DQFCOSY experiments are plotted for each peptide in the absence and presence of Fab
(see Figures 3.6A and 3.6B), the dg f crosspeaks which experience the greatest
linebroadening correspond to the B-protons of Asp7, Arg9 and Prol0 in each peptide,
suggesting that the side-chains of these residues are also partially immobilized in the

antibody combining site. Thus, the side chains as well as backbone portion of the
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Figure 3.5: Fingerprint doN regions of DQFCOSY spectra showing the forward titration
of the unglycosylated and Tn3,Tn4-glycosylated MUC1 16mers with Fab B27.29. Panels
A and B correspond to the unglycosylated 16mer in the absence (panel A) and presence
(panel B) of 0.4 molar equivalents Fab, whereas panels C and D correspond to the
Tn3,Tn4-glycosylated 16mer in the absence (panel C) and presence (panel D) of 0.4
molar equivalents Fab. Boxed crosspeaks experience the greatest losses in signal
intensity due to linebroadening in the presence of Fab. Experimental conditions were 1
mM peptide = 400 uM Fab in 90% H,0/10% D,0 PBS buffer, pH 7.0, 5 °C.
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PDTRP peptide epitope appear to be involved in the recognition and binding of Fab
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Figure 3.6: Aliphatic regions of DQFCOSY spectra showing the forward titration of the
unglycosylated and Tn3,Tn4-glycosylated MUC1 16mers with Fab B27.29. Panels A
and B correspond to the unglycosylated 16mer in the absence (panel A) and presence
(panel B) of 0.4 molar equivalents Fab, whereas panels C and D correspond to the
Tn3,Tn4-glycosylated 16mer in the absence (panel C) and presence (panel D) of 0.4
molar equivalents Fab. Boxed crosspeaks experience the greatest losses in signal
intensity due to linebroadening in the presence of Fab. Experimental conditions were 1
mM peptide + 400 uM Fab in 90% H,0/10% D,0 PBS buffer, pH 7.0, 5 °C.
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TRNOESY Studies of the Binding of the Tn3,Tn4-Glycosylated MUCI1 16mer to Fab
27.29. TRNOESY experiments were next performed at both 5 and 25 °C for the
Tn3,Tn4-glycosylated 16mer peptide in the presence of Fab B27.29. The goals of these
TRNOESY experiments were threefold: 1. to map the MUC1 B-cell epitope recognized
by B27.29, 2. to identify peptide-Fab and sugar-Fab NOEs across the binding interface so
as to better define the MUCT antigen-B27.29 interaction, and 3. to determine if the PDTR
type I B-turn found within the free solution state MUCI peptide is conserved within the
B27.29 combining site.

Figure 3.7 shows the daN, dBN, dyN and ddN regions of the NOESY and
TRNOESY spectra acquired at 25 °C from the reverse titration of the Tn3,Tn4-
glycosylated 16mer in the absence (Figure 3.7A) and the presence (Figure 3.7B) of Fab
B27.29. This figure illustrates the development of TRNOEs in the bound glycopeptide,
which are more easily observed at 25 °C due to the attenuation of the free peptide NOEs
at this temperature. The strongest of these TRNOEs correspond to residues within the
PDTRP epitope. For example, the dBN and dyN crosspeaks of Asp7, Thr8 and Arg9 are
observed only in the presence of Fab (Figure 3.7B). TRNOE effects are also observed
for the Tn-glycosylated residues Thr3 and Ser4 and for the Tn carbohydrates attached to
these residues. No TRNOE effects are observed for the C-terminal residues of the
glycopeptide, as evidenced by the absence of daN, dBN and dyN crosspeaks for Gly13,
Serl4, Thrl5 and Alal6 in the presence of Fab (Figure 3.7B). The aliphatic portion of
the TRNOESY spectrum of the Tn3,Tn4-glycosylated 16mer in the presence of Fab
B27.29 was also analyzed (data not shown), and showed a similar pattern of TRNOE

effects - significant enhancements for the glycosylated residues, Thr3 and Ser4, and
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Figure 3.7: doN, dBN, dyN and ddN regions of NOESY spectra acquired at 25°C from
the reverse titration of the Tn3,Tn4-glycosylated MUC1 16mer with Fab B27.29. This
figure illustrates the development of TRNOEs in the bound peptide, which are easier to
identify at 25°C due to the attenuation of the free peptide NOEs at this temperature.
Peaks corresponding to sugar-peptide or sugar-protein NOEs are colored red. Panel A
corresponds to 1.4 mM peptide (no Fab), whereas panel B corresponds to 200 uM Fab +

1.4 mM peptide (0.14 molar equivalents Fab/peptide). Experimental conditions were
90% H,0/10% D,0 PBS buffer, pH 7.0, 25°C.
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significant enhancements for residues Asp7, Thr8, Arg9 and Prol0 within the PDTRP
epitope.

The pattern of TRNOE enhancements observed for the Tn3,Tn4-glycosylated
16mer in the presence of Fab closely mirrors the pattern of linebroadening observed in
the 1H NMR-monitored titration of this glycopeptide (selective linebroadening for
PDTRP peptide epitope and Tn carbohydrate resonances). This similarity in TRNOE and
linebroadening patterns suggests that both effects derive from increases in
localcorrelation times (i.e., TB > TF; see Eqn. 4) as the PDTRP peptide epitope and the Tn
carbohydrates are preferentially bound and immobilized in the antibody combining site.
Thus, the MUC1 B-cell epitope in the Tn3,Tn4-glycosylated 16mer appears to be
comprised of two separate portions, a peptide epitope spanning the PDTRP sequence, and
a carbohydrate epitope consisting of Tn sugars attached at Thr3 and Ser4.

TRNOESY experiments were also performed at 5 and 25 °C for the
unglycosylated 16mer peptide in the presence of Fab B27.29 (data not shown). These
experiments demonstrated TRNOE enhancements for residues within the PDTRP peptide
epitope, but no enhancements for residues at the C-terminus of the peptide, in agreement
with the results obtained for the Tn3,Tn4-glycosylated 16mer. Significantly, no TRNOE
enhancements were observed for either Thr3 or Ser4 in the unglycosylated peptide,
presumably because these residues lack the attached carbohydrate that can bind directly
to antibody.

Having mapped the B27.29 B-cell epitope in the glycosylated MUCI antigen to
separate peptide and carbohydrate epitopes, TRNOESY spectra were then carefully
scrutinized for peptide-Fab and sugar-Fab NOEs. Figure 3.8 shows the dNN region of

the NOESY/TRNOESY spectra acquired at 5 °C from the reverse titration of Tn3,Tn4-
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Figure 3.8: dNN regions of NOESY spectra acquired at 5 °C from the reverse titration of
the Tn3,Tn4-glycosylated MUCI1 16mer with Fab B27.29. Panel A corresponds to the
800 uM peptide (no Fab), panel B to 200 uM Fab + 400 pM peptide (0.5 molar
equivalents Fab/peptide), panel C to 200 uM Fab + 800 uM peptide (0.25 molar
equivalents Fab/peptide), and panel D to 200 uM Fab + 1.4 mM peptide (0.14 molar
equivalents Fab/peptide). Experimental conditions were 90% H,0/10% D,0 PBS buffer,
pH 7.0, 5 °C.

glycosylated 16mer, and at four different molar equivalents of Fab. Panel A corresponds
to no Fab (only peptide), panel B to 0.5 molar equivalents Fab/peptide, panel C to 0.25
molar equivalents Fab/peptide, and panel D to 0.14 molar equivalents Fab/peptide. These
four ratios of Fab/peptide were exploréd so as to better discriminate peptide-peptide

TRNOESs from intermolecular peptide-Fab and sugar-Fab NOEs. Examination of Figure
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3.8 reveals an important sugar-Fab NOE, which is labeled Tn4 AcNH-Fab NH. This
NOE is absent in both the free peptide (Figure 3.8A) and the free Fab NOESY spectrum
(not shown), confirming its source as sugar-Fab. The presence of such a strong and
unequivocal sugar-Fab contact suggests a direct interaction of the Tn4 carbohydrate with
Fab B27.29, supporting the linebroadening and TRNOE results observed for this
carbohydrate resonance.

Figure 3.9 shows the dPN and dyN regions of the NOESY/TRNOESY spectra
acquired at 5 °C from the same reverse titration of Tn3,Tn4-glycosylated 16mer, and
using the same four molar equivalents of Fab described above. Another sugar-Fab NOE
is observed in this figure, labeled Tn4 AcCH;-Fab NH, Which is absent in both the free
peptide (Figure 3.9A) and free Fab NOESY spectrum. The Fab NH partner (@8.41 ppm)
in this Tn4 AcCHj3-Fab NH crosspeak is the same Fab NH in the Tn4 AcNH-Fab NH
crosspeak shown in Figure 3.8, an assignment confirmed by temperature titrations.
Panels C and D of Figure 3.9 also show a peptide-sugar TRNOE of special interest, Tn4
AcCH;3-T8 NH, which is absent in both the free peptide (panel A) and the free Fab
NOESY spectrum (not shown). This existence of this medium-range peptide-sugar
TRNOE implies that T8 and Tn4 are both bound at the antibody combining site, and
supports the notion that the MUC1 B-cell epitope is comprised of both a peptide portion
and a carbohydrate portion. The simultaneous binding of T8 and Tn4 at the B27.29
combining site is supported by an analysis of all sugar-Fab and peptide-Fab NOEs
observed in the reverse titration. These NOE:s are listed in Table A6 in Appendix A, and
show Fab contacts to Tn3, Tn4 and T8 in the peptide. Of particular interest in Table A6
in Appendix A are the strong T8 y(CH3)-Fab NOEs linking the y methyl protons of Thr8
to the upfield Fab methyl group at -0.30 ppm (this peptide-Fab is observed at both 5 and
25 °C) and the strong T8 y(CHj3)-Fab NOE linking the y methyl protons of Thr8 to
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Figure 3.9: Space-filling model of the Tn3,Tn4-glycosylated MUC1 16mer peptide
showing a proposed antibody binding interface, based on the peptide-Fab and sugar-Fab
NOEs observed for the peptide in the presence of Fab B27.29 (see Table A6 in Appendix
A). Two views of the model are shown, related by a 40° rotation around a horizontal axis.
The amino acids are coded by type, and the carbohydrate moieties are shaded gray.
White atoms correspond to hydrogens and their directly bonded heteroatoms for which
peptide-Fab and sugar-Fab NOEs were observed. Asp7, situated in the middle of the
binding pocket in the model, is significantly linebroadened in the presence of Fab, which
may account for the lack of observable peptide-Fab NOEs to this residue.



96
aromatic Fab resonances at 6.91 ppm (observed at 25 °C). These NOEs identify Thr8 as
a key Fab contact residue for the PDTRP peptide epitope.

Finally, turn defining TRNOEs were carefully analyzed in the TRNOESY spectra
of the Tn3,Tn4-glycosylated 16mer in order to determine if the type I B-turn found within
the PDTRP core peptide epitope of the free peptide is conserved within the B27.29
combining site. Referring back to Figure 3.8, dNN(2,3) and dNN(3,4) connectivities
diagnostic of turn conformation are observed both in the presence (Figure 3.8C, 3.8D)
and in the absence (Figure 3.8A) of Fab. This finding implies that the B-turn
conformation is conserved in the antibody-bound peptide. In addition, a careful
examination of the two panels that represent the same concentration of peptide (Figure
3.8A and 3.8C, respectively) show modest 30% TRNOE enhancements for dNN(2,3) and
dNN(3,4) in the presence of Fab, although the exact contributions of the free versus the
bound state to these observed TRNOEs are difficult to quantitate. However, coupling
constant and temperature coefficient measurements made for the Tn3,Tn4-glycosylated
16mer in the presence of 0.4 molar equivalents Fab B27.29 (see Table A7 in Appendix
A) do support a small increase in turn population in the bound state - Fab binding leads to
a decrease in the 3Jy, coupling constant of Asp7 (5.9 Hz to 5.4 Hz) and a decrease in the
—AS/AT of Arg9 (6.0 to 5.2 ppb/K). Future studies by the group will involve isotope-
edited and isotope-filtered experiments of labeled MUCI peptides binding to Fab, so as
to better define the involvement of the PDTR B-turn in MUCI1 humoral immune

recognition.

Conclusions:

The cryptic core carbohydrates that remain on the underglycosylated MUCI-
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expressing tumor are believed to contribute significantly to humoral immune recognition
of the tumor (Karsten et al., 1998; Liu et al., 1995; Spencer et al., 1999; Spencer et al.,
1996; von Mensdorff-Pouilly ef al., 2000). However, the mechanism through which this
occurs is not fully understood, especially as an exact glycosylation state (if there is only
one) of the MUC1-expressing tumor remains to be determined. In the absence of a clear
picture of the tumor-associated glycosylation state, we advance two plausible
mechanisms to explain how MUC1 carbohydrate might contribute to humoral immune
recognition of the intact tumor. In the first of these mechanisms, the cryptic
carbohydrates are proposed to affect MUC! humoral immune recognition by altering the
conformation of the PDTRP peptide epitope portion of the MUC] antigen. In the second
of these mechanisms, the cryptic carbohydrates are proposed to affect MUC1 humoral
immune recognition by directly interacting with the B-cell receptor.

In order to explore the first of these mechanisms, that carbohydrates alter the
conformation of the PDTRP core peptide epitope, NMR studies were performed probing
the structural and dynamical effects of glycosylation in a series of synthetic MUCI1
glycopeptides of the form (Glyl-Val2-Thr3-Ser4-Ala5-Pro6-Asp7-Thr8-Arg9-Prol0-
Alall-Pro12-Gly13-Ser14-Thr15-Alal6). The results of these studies showed that
Tn3,Tn4-glycosylation at Thr3 and Ser4 produced only localized effects on the
conformation and backbone dynamics of residues at or immediately adjacent to the site(s)
of carbohydrate attachment. No longer range effects on the conformation and dynamics
of the downstream type I B-turn that spans residues Pro6-Asp7-Thr8-Arg9 within the core
peptide epitope were observed. These results suggest that the increased affinity displayed
by the Tn3,Tn4-glycosylated MUCI peptide for the anti-MUCI1 antibody B27.29 (Liu et
al., 1995) is not caused by the carbohydrate stabilizing a peptide epitope conformation

most favored for binding (presumably the type I B-turn).
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In order to explore the second mechanism, that the MUC1 carbohydrates
contribute to MUC1 humoral immunogenicity by directly binding to B-cell receptor, two-
dimensional 1H TRNOESY experiments of the binding of the Tn3,Tn4-glycosylated
MUC1 16mer to the Fab fragment of B27.29 were performed. The results of these
studies showed that the B27.29 MUC1 B-cell epitope maps to two separate parts of the
glycopeptide, the core peptide epitope spanning the PDTRP sequence, and a second
carbohydrate epitope comprised of the Tn moieties attached at Thr3 and Ser4. Careful
analysis of intermolecular sugar-Fab and peptide-Fab NOEs observed in the TRNOESY
also showed that the Tn4 carbohydrate and the Thr8 sidechain directly contact the Fab
across the combining site interface, defining separate carbohydrate and peptide 'contact
points'. Finally, turn defining peptide-peptide TRNOESs observed in the TRNOESY
spectra are consistent with the PDTRP peptide epitope maintaining its free solution state
B-turn conformation in the B27.29 combining site. Taken together, these results point to
the involvement of the PDTR B-turn and the upstream cryptic Tn carbohydrates in the

humoral immune recognition of the underglycosylated MUCI1 tumor in vivo.

Significance of Results to MUCI Glycopeptide Vaccine Design. Several lines of
evidence suggest that the key to boosting MUCI1 specific immunity in adenocarcinoma
patients may be the inclusion of the MUCI tumor associated carbohydrates at select sites
in the MUCI1 peptide vaccine. Exposure of these tumor-associated core carbohydrate
epitopes through the use of O-glycosylation inhibitors has been shown to lead to lysis of
MUCI transfected targets in a Class I MHC-restricted manner (Bohm et al., 1997). In
addition, immunization trials using MUCI1 carbohydrate epitopes alone (no peptide) can
elicit both a cytotoxic response against the MUC1-expressing tumor and a protective

‘effect against further tumor challenge in mice (Fung et al., 1990; Henningsson et al.,
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1987). These results suggest that preferential killing of MUC1 expressing tumors may be
due to the T-cell recognition of an internal carbohydrate epitope accessible only on the
underglycosylated MUC1. Furthermore, natural MUC1 antibodies from breast cancer
patients have been shown to react more strongly with Tn-glycosylated peptides than with
the naked peptide sequence (von Mensdorff-Pouilly et al., 2000), implying that a Tn-
glycosylated MUCI1 peptide more closely approximates the mucin epitope as it exists on
the partially glycosylated tumor cell surface. All of these results indicate that a MUCI
glycopeptide might make a better vaccine candidate than its unglycosylated counterpart.
In the present study, we have shown that the inclusion of the tumor-associated Tn
carbohydrates at Thr3 and Ser4 upstream from the PDTRP core peptide epitope
(GVISAPDTRPAPGSTA) increases B27.29 binding affinity through direct
carbohydrate-antibody interactions. These results demonstrate that proximal
carbohydrate and peptide structural epitopes are part of tHe recognition domain for
B27.29, whose natural tumor-associated antigen is extensively glycosylated with ‘cryptic'
carbohydrate structures, but also underglycosylated in the region of the PDTRP core
peptide epitope. Future studies by this group will involve other MUC1 glycoforms, so as
to arrive at a more detailed understanding of the conformation and glycosylation state of
the MUC1 antigen as it exists on the tumor cell surface. This work should ultimately
provide information relevant to the design of a more potent and immunospecific MUC1

glycopeptide vaccine.
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Chapter 4: Epitope Mapping and NMR Relaxation Measurements of

Recombinant MUC1 Peptides Free and Bound to Breast Cancer

Antibody Fragment B27.29

ABSTRACT: MUCI mucin is a breast cancer-associated transmembrane glycoprotein,
of which the extracellular domain is formed by the repeating 20 amino acid sequence,
GVTSAPDTRPAPGSTAPPAH. In neoplastic breast tissue, the highly immunogenic
sequence PDTRPAP (in bold above) is esiposed. This sequence has been the target of
many recent clinical vaccine trials, none of which have been successful at shrinking solid
MUCl—eXpressing tumor. The failure of these MUCI1-based immunotherapies to
generate effective immune responses may stem from the use of vaccine candidates that
do not best represent the structure, dynamics, peptide epitope exposure, or even
glycosylation state of the tumor-associated MUC1 mucin.

Antibodies raised directly against MUC1-expressing tumors offer unique access
to this tumor-associated state, as they represent immunologically relevant ‘reverse-
templates’ of the tumor-associated mucin. In a previous study (Grinstead ez al., 2002),
IH NMR methods were used to correlate the effects of cryptic glycosylation outside of
the PDTRPAP core epitope sequence on the recognition and binding of Mab B27.29, a
monoclonal antibody raised against breast tumor cells. In the present study, isotope-
edited NMR methods are used to probe the recognition and binding of the PDTRPAP
epitope sequence to Fab B27.29. Two peptides were studied: a one-repeat MUC1 16mer
peptide of the sequence (GVTSAPDTRPAPGSTA), and a two-repeat MUC1 40mer
peptide of the sequence (VTSAPDTRPAPGSTAPPAHG),. The results of this study
provide direct spectroscopic evidence that the PDTRPAP epitope sequence of both

-peptides is bound and immobilized within the Fab B27.29 combining site, and that an



106
increase in repeat number from one to two has no effect on the affinity, dynamics or
specificity of this interaction. The implications of these results are discussed within the

context of the MUCI1 breast cancer vaccine design.
Introduction:

Mucins have been implicated as targets for vaccine development in cancers of the
breast, colon, pancreas, lung, and ovary because of the differences between normal and
tumor-associated mucin (Apostolopoulos et al., 1999a; Apostolopoulos et al., 1999b;
Miles & Taylor-Papadimitriou, 1999; Taylor-Papadimitriou et al., 1999). Mucin 1
(MUC1) is a large transmembrane glycoprotein that is expressed on the ductal surface of
epithelial cells. The extracellular region of the protein consists of a variable number of
tandem repeats (VNTR) of the 20-amino acid sequence
GVTSAPDTRPAPGSTAPPAH, extensively O-glycosylated at threonine and serine sites
with large, branched sugars (Carlstedt & Davies, 1997; Koganty et al., 1997; Rudd &
Dwek, 1997; Van den Steen et al., 1998). However, in the tumor-associated state MUC1
becomes an autoantigen as a result of incomplete glycosylation and sparse distribution of
remaining carbohydrate structures (Hanisch, 2001). The reduced glycosylation is
believed to result in the exposure of a highly immunogenic core peptide sequence
(PDTRPAP in bold above) (Girling et al., 1989), identified as the immunodominant B-
cell epitope from monoclonal antibody studies in mice (Bashford et al., 1993; Burchell et
al., 1989; Denton et al., 1993; Kotera et al., 1994; Xing et al., 1992). This PDTRPAP
core peptide sequence is also believed to be ifnmunodominant in humans. Breast cancer
patients with MUC]1-expressing tumors develop limited humoral and cellular immune

responses against the tumor (Finn et al., 1995; Nakamura et al., 1998; Petrarca et al.,
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1999), with the elicited antibodies and T cells cross-reactive to the PDTRPAP core
peptide sequence (Ding et al., 1993; Jerome et al., 1991; Musselli et al., 2002). .

Many different clinical trials have been undertaken over the past few years to
assess the ability of MUC1-based vaccines to generate strong and cytotoxic anti-MUCI1
immune responses against the solid MUC]1-expressing tumor. Several of these trials have
explored the use of MUCI1 peptides coupled to different haptens, keyhole limpet
hemocyanin, oxidized mannan, and glutathione S-transferase (Apostolopoulos et al.,
1999a). In addition, at least two different vaccine trials have used MUC1-associated
antigenic sugars (without peptide) (Mitchell, 2002). Other more recent clinical trials
have utilized peptide- or DNA-pulsed dendritic cells as vaccine vectors, attempting to
capitalize on the superior immune activation by these antigen presenting cells. Dendritic
cells pulsed with either MUCI1 peptides or cDNA have been able to generate limited
CD8" T cell responses to solid breast tumors (Brossart et al., 2000; Pecher et al., 2002),
although these responses did not result in tumor rejection. Indeed, none of the MUCI
vaccine candidates described above have been shown to be effective at tumor rejection,
although the reasons for this are not clear (Denda-Nagai & Irimura, 2000; Doehn &
Jocham, 2000; Foon, 2001; Morse, 2000; Morse, 2001).

The failure of MUC1-based vaccines to generate effective immune responses may
stem from the use of vaccine candidates that do not represent the structure, dynamics,
peptide epitope exposure, or even glycosylation state of the tumor-associated mucin. For
example, vaccination with a MUCI peptide is unlikely to generate an immune response
to the heavily glycosylated region of the extracellular domain of MUC1 on the surface of
healthy epithelial cells. While this situation should limit the possibility of an

autoimmune response against healthy epithelial tissues, it is also unlikely to lead to a
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strong tumor-specific immune response against the partially glycosylated tumor-
associated MUCI protein.

In an effort to better characterize the glycosylation state and peptide epitope
exposure of the tumor-associated MUCI protein, many in vitro and in vivo glycosylation
studies have been undertaken. In vitro glycosylation studies using human tumor cell
extracts (Nishimori et al., 1994a; Nishimori et al., 1994b; Wandall et al., 1997) have
demonstrated the presence of cryptic carbohydrate structures at only three sites in the
sequence (GVTSA and GSTAP), and not at the central threonine within the PDTRPAP
core peptide epitope region. However, recent in vivo studies have demonstrated that all
five sites are glycosylation targets in the tumor cell (Muller et al., 1999; Muller et al.,
1997). Thus, the glycosylation state of the tumor-associated MUC1 mucin remains
indeterminate at present. Furthermore, while spectroscopic techniques such as NMR and
CD have identified native B-turn secondary structure and polyproline type IT helix,
respectively, in unglycosylated MUCI1 (Fontenot, 1993; Fontenot et al., 1993; Fontenot et
al., 1995; Grinstead et al., 2002; Liu et al., 1995; Schuman et al., 2003a), these studies
have not been extrapolated to the intact partially-glycosylated MUCI protein as it exists
in situ on the tumor cell surface. In the absence of a clear and definitive picture of the
MUCI1 mucin in its tumor-associated state, the design of a peptide or glycopeptide
vaccine that mimics this ‘unknown’ state is a difficult undertaking.

In order to circumnavigate this difficulty, we propose an approach that does not
rely on a priori knowledge of peptide conformation or glycosylation state for the tumor-
associated MUCI mucin. This alternative approach involves the use of an anti-MUCI1
antibody, Mab B27.29, as a ‘reverse-template’ for MUCI1 vaccine design. Mab B27.29
was raised directly against MUC1-expressing tumors, so should bind most tightly to a

MUCI1 peptide or glycopeptide that best approximates the structure, dynamics, and
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glycosylation state of the tumor-aésociated mucin. As such, Mab B27.29 is an
immunologically relevant reverse-template of the structure, dynamics, and chemistry of
the tumor-associated MUC1! mucin. In brief, this approach identifies the
immunologically relevant peptide conformation and glycosylation states of the tumor-
associated MUC1 mucin by probing the structure and dynamics of MUCI peptide - Mab
B27.29 recognition and binding. Solution state NMR is used as the probe in these
systems, as it allows both structure and dynamics information to be obtained for the
bound state, even if that bound state is dynamic and conformationally heterogenous.

Using this NMR-based approach, we recently examined the effect of
glycosylation on Fab B27.29 recognition of a series of 16-residue MUC1 glycopeptides
of the sequence GVTSAPDTRPAPGSTA (Grinstead et al., 2002). The results of this
study showed that the B27.29 epitope maps to two separate parts of the glycopeptide, the
core peptide epitope spanning the PDTRPAP sequence, and a second (carbohydrate)
epitope comprised of two cryptic carbohydrate moieties attached at Thr3 and Ser4 in the
16mer sequence. In the present study, we extend this NMR-based approach to examine
the role of peptide structure and dynamics on Fab B27.29 recognition of the same 16
residue  MUC1 peptide, as well as of a 40 residue MUCI1 peptide,
(VTSAPDTRPAPGSTAPPAHG),, that represents two repeats of the MUC1 sequence.

NMR studies probing the structure and dynamics of the 16 and 40 residue MUC1
peptides in free versus Fab-bound states are significantly facilitated by our ability to
generate isotopically labeled recombinant peptides. This allows for the acquisition of
isotope-edited NMR experiments of the MUCI1 peptide-B27.29 antibody complex,
offering a significant incréase in thé information content relative to our previous efforts
with simple homonuclear NMR experiments. Included in this present study are two-

dimensional isotope-edited NMR experiments, as well as heteronuclear NMR relaxation
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measurements, monitoring the binding of the isotopically-labeled MUCI1 peptides to the
unlabeled Fab fragment of B27.29. These experiments allow a precise mapping of the
boundary of the B27.29 epitope, based on a determination of the immobilized portion of
the peptide as it is bound within the B27.29 antibody combining site. The results of these
studies are discussed within the framework of developing a second-generation MUC1
peptide vaccine that better represents the peptide portion of the tumor-associated MUC1

mucin, as it is recognized in situ by B27.29.
Materials and Methods:

Peptide and Fab samples. Fab (~50kDa) was generated by papain and pepsin cleavage

of IgG B27.29, and was a generous gift from Biomira Inc. (Edmonton, Alberta, Canada).

Cloning of 16mer and 40mer peptides. Two MUCI sequences derived from the
extracellular domain of the MUCI protein were cloned and expressed for the purposes of
this study: (1) a one-repeat 16mer MUC1 sequence (Gly1-Val2-Thr3-Ser4-Ala5-Pro6-
Asp7-Thr8-Arg9-Prol0-Alall-Prol12-Gly13-Ser14-Thr15-Alal6); and (2) a two-repeat
40mer MUCI1 sequence (Vall-Thr2-Ser3-Ala4-Pro5-Asp6-Thr7-Arg8-Pro9-Alal0-
Pro11-Gly12-Serl13-Thr14-Alal5-Pro16-Pro17-Alal8-His19-Gly20-Val21-Thr22-Ser23-
Ala24-Pro25-Asp26-Thr27-Arg28-Pro29-Ala30-Pro31-Gly32-Ser33-Thr34-Ala35-

Pro36-Pro37-Ala38-His39-Gly40). These two 16mer and 40mer MUC1 sequences were
expressed as 15N,13C-labeled recombinant peptides in E. coli using a methodology
previously described (Kuliopulos & Walsh, 1994). Briefly stated, genes with multiple
repeats of MUC1 DNA sequences were constructed from purchased oligonucleotides,

purified, and ligated into plasmid DNA vector pET-31b(+). The MUC1 16mer and
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40mer DNA-containing plasmids were separately transformed into the competent E. coli
strain BLR(DE3) for protein expression. Isotopically 1N,13C-labeled peptides were then
expressed by growing the transformed bacteria in minimal media containing M9 salts,
and with 15NH,CI] and 13C,-glucose as the sole sources of nitrogen and carbon,
respectively. Isotopically labeled minimal media was inoculated at ODy,, of 0.1 from an
overnight culture, and grown to an ODgy, of 0.6 - 0.8 before induction of protein
expression with ImM IPTG. Induced cultures were grown overnight before cell harvest
by centrifugation.

Harvested cell pellets were lysed by sonication, and the insoluble fraction was
collected by centrifugation. The insoluble fraction was washed several times with Tris
buffer (50mM, pH 8), and then solubilized using 4 M guanidine hydrochloride-containing
Tris buffer. The solubilized fusion protein was purified using nickel column
chromatography under denaturing conditions of 4 M guanidine. Purified fusion protein
was eluted from the column with a linear gradient of 4 - 500 mM imidazole. Fractions
containing protein were dialyzed against water overnight, exchanging with fresh water
several times. The water-insoluble fusion protein precipitate was collected by
centrifugation.

The expressed fusion protein was designed with methionine residues separating
the insoluble KSI domain from the inserted MUCI1 peptide sequence, between each
repeat of the MUCI peptide sequence, and before the histidine tag. The fusion was
digested with an excess of CNBr in 88% formic acid under nitrogen gas overnight at
room temperature to cleave at all methionine residues to leave a homoserine lactone at
the C-terminus of all fragments. Formic acid was removed by rotary evaporation, and the

products were stirred in distilled water. The insoluble KSI domain remained as
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precipitate, and was removed by centrifugation. The soluble peptide cleavage products
were lyophilized and resuspended in 90% H,0/10% acetonitrile for HPLC purification.

MUCI peptides were purified using reverse-phase HPLC on a prep scale radial
compression C18 column (Alltech, USA). MUCI peptides were eluted with a linear
gradient of 10% - 95% acetonitrile. One major peak was observed in most cases, which
cluted with the same retention time as a standard synthetic MUCI peptide. Fractions
containing purified MUCI1 peptides were collected, and the volatile solvents were
removed by rotary evaporation. The remaining aqueous solutions lyophilized to give
pure peptide at a yield of 17 mg isotope-labeled peptide per liter of minimal media

(50mg/L for unlabeled peptide in LB medium).

Fluorescence binding measurements. Fluorescence measurements were used to
determine the equilibrium dissociation constants (K) and kinetic dissociation rate
constants (k_) for the binding of the MUC1 16mer and 40mer peptides to Fab B27.29.
Fab B27.29 (0.86 uM stock solution) was titrated with small aliquots of peptide to a final
concentration greater than 200-fold in excess of Fab concentration. The change in Fab
fluorescence intensity was monitored, and the concentration of bound ligand was
calculated (percent of maxirhum fluorescence change). The natural log of the free ligand
concentration was plotted against the concentration of the bound ligand, and the curve

was fit to equation 1
[bound] = (capacity * [free ligand]) / (K, + [free ligand]) €9)

according to Michaelis-Menton kinetics, where the capacity is the concentration of the

Fab, and the K, is the equilibrium dissociation constant.
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Titration of Fab with peptides. Samples for NMR spectroscopy were dissolved in 90%
H,0, 10% D,0 PBS, ImM DSS, 0.01% NaN;, and adjusted to pH 7.1 (uncorrected for
D,O concentration). Titrations were performed on samples containing 200 uM Fab
B27.29 (by mass), with MUC1 16mer peptide at 40, 80, 140, 200, 500, 800 and 1600
uM, and 40mer peptide at 80, 160, 240, 320, 400, 800, and 1200 uM. Peptide was added
from concentrated 30 mM stock solutions to minimize dilution of the Fab sample. At the
final titration point, dilution of the Fab sample was less than 5%. The concentrations of
the stock peptide solutions were determined by comparing the 1D NMR integration of
peptide peaks relative to an external DSS standard. The integration of the external DSS
standard was calibrated against the integration of the aromatic resonances of the primary
standard, potassium hydrogen phthalate. At each titration point, lH NMR spectra were
obtained, as well as 1H-15N HSQC and 'H-13C HSQC spectra. At select titration points,
N Ty, I5N Ty, {!H}-15N NOE, 13C Ty, and 13C Ty, experiments were also collected.
The {IH}-13C NOE data sets were obtained by lyophilizing the samples and

resuspending in 99.9% D50 to aid in water suppression.

NMR experiments. Most NMR experiments were performed on a Varian Inova 500 MHz
spectrometer at 5°C. Triple resonance and !>N-edited NOESY-HSQC experiments to
identify Fab-bound peptide resonances were acquired on a Varian Inova 750 MHz
spectrometer at 5°C. All NMR spectra were referenced to DSS at 0 ppm. Proton NMR
resonances were assigned as previously reported (Grinstead et al., 2002). Carbon and
nitrogen resonances were assigned using the known proton chemical shifts in the !H-15N
HSQC and 'H-13C HSQC spectra, as well as a 3D 1H-15N NOESY-HSQC experiment.
1D 1H NMR spectra were acquired at 5°C, with a spectral width of 7000 Hz, using 32000
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acquired points. 'H-1SN HSQC spectra were typically acquired using a spectral width of
1114 Hz and 32 points in t; and 7000 Hz and 2048 points in t,. IH-13C HSQC spectra
of alpha carbon-proton pairs were typically acquired using a spectral width of 3000 Hz
and 48 points in t;, and a spectral width of 7000 Hz and 2048 points in t;. Relaxation
experiments utilized similar parameters. 15N T, experiments recorded spectra with
relaxation delays of 10.3, 51.3, 102.5, 153.8, 205, 307.5, and 410 ms, with duplicate
experiments recorded for the 51.3 ms data point to confirm our error estimates. !3C T,
experiments recorded spectra with relaxation delays of 10, 50, 100, 150, 200, and 300 ms,
with the 100 ms data set duplicated for confirmation of .error estimates. 19N T,
experiments recdrded spectra with relaxation delays of 14.4, 28.8, 57.6, 86.4, 115.2, 144,
and 158.4 ms, with a duplicate data set at 57.6 ms. 13C T}, experiments recorded spectra
with relaxation delays of 10, 20, 40, 60, 100, 150, 200, and 250 ms, with the 40 ms data
set duplicated for confirmation of error estimates. Steady-state {!H}-!SN NOE and
{IH}-13C NOE experiments were performed with and without a 3 s presaturation period.
During this presaturation period, proton frequencies were irradiated with a continuous
low power pulse. In the experiment without presaturation, the low power irradiation was
replaced with a delay period of 3 s. The NOE values were calculated as the ratio of peak
intensities in the experiments with and without proton presaturation. Pulse sequences
were utilized as reported (Farrow et al., 1994; Yamazaki et al., 1994).

Triple resonance experiments HNCACB (Wittekind & Mueller, 1993) and
CBCA(CO)NNH (Grzesiek & Bax, 1992) were performed at 750 MHz to assign the
bound peptide resonances that appear in the Fab-bound spectra. The MUC! 16mer
peptide was used for these experiments due to its spectral simplicity. MUC1 16mer (250
UM final concentration) was added to Fab B27.29 (200 uM) to drive occupancy of the

Fab and therefore to achieve the highest intensity for the Fab-bound resonances without
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complicating the spectra with resonances from the free MUC1 16mer. 2D versions of the
HNCACB and CBCA(CO)NNH experiments were employed, because under sample
conditions used, and with the greater spectral dispersion of the higher magnetic field
strength of 750 MHz, the amide protons of interest were resolved from all other
resonances. The HNCACB experiment was acquired using 1000 transients and 1024
complex points in the acquired dimension, 120 complex points in the indirect carbon
dimension, and sweep widths (750 MHz) of 15100 Hz for carbon and 10500 Hz for
proton. The CBCA(CO)NNH experiment was acquired using 2048 transients and 1024
complex points in the acquired dimension, 80 complex points in the indirect carbon
dimension, and sweep widths (750 MHz) of 11000 Hz for carbon and 10500 Hz for
proton. In addition, a 2D 1SN-edited NOESY-HSQC experiment was acquired at 750
MHz on the same MUCI1 16mer-Fab B27.29 sample. This experiment utilized 1216
transients and 1024 complex points in the acquired dimension, 188 points in the indirect
proton dimension, and sweep widths (750 MHz) of 7500 Hz for the indirect proton and

10500 Hz for the acquired proton dimensions.

Data processing and analysis. All 2D data sets were processed on a Silicon Graphics 02
workstation using the NMRPipe System software (Delaglio et al., 1995). In both
dimensions, 2D data sets were multiplied by a 90°-shifted squared sine bell and zero-
filled prior to Fourier transformation. T; and T, values were determined using non-linear
least-squares fitting of the measured peak heights to a two-parameter exponential decay,
also within the NMRPipe package. Uncertainties in the calculated T; and T, values from
the least-squares fitting were determined by the signal-to-noise ratio of individual peaks
in each of the T; and T, experiments (Farrow et al., 1994; Yamazaki et al., 1994). Two

groups have recently shown error estimates from least-squared fitting to be unreasonably
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small, and have used the value of 5% as being more realistic (Volkman et al., 1998;
Zhang et al., 1997). Therefore, we have set the error in the calculated T and T, to 5% of

the values.

Reduced spectral density mapping. Reduced spectral density mapping is a convenient
method for characterizing the motion of each N-H bond at J(0), J(wy), and J(wy)
frequencies (Farrow er al., 1995; Peng & Wagner, 1995). The spectral densities at these
three frequencies can be obtained from relaxation rates Ry (1/T}) and R, (1/T,) and the

steady-state heteronuclear NOE using equations 2 - 4.

J(op) = [4/(5d%)] (w/yu) (NOE - 1)/T| )
J(oy) = [1/T; - (7d2/4) J(@g))/ [(3d2/4) +¢c2] ?3)
J(0) = [1/T,— (3d2%/8 + c%/2)J(wy) - (13d%/8) H(wy)V/[(d2/2) + 2¢2/3] 4)

For the above equations, d = [oh(YyYu)/8m2]<1/r3> and ¢ = (0y /(3)12)(0}- 6,), and wy

and oy are the Larmor frequencies of the 15N and 'H nuclei, respectively.
Results:
Assignment of resonances. H, 15N and 13C resonance assignments for the 1SN/13C-

labeled recombinant MUC1 16mer and 40mer peptides are shown in Table Bl in

Appendix B.
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Fluorescence binding measurements. The equilibrium dissociation constant (K,) for a
ligand binding to a macromolecule is equal to the ratio of the intrinsic kinetic association

(k1) and dissociation (k_;) rate constants.
Kp = k.1/ky | 5)

Fluorescence binding measurements were used to determine the K, k_y, and
stoichiometry for the binding of the MUC1 16mer and 40mer peptides to Fab B27.29.
These experiments yielded K, = 10.9 + 0.4 uM for the 16mer, and K, = 11.1 + O.S/MM

for the 40mer, with 1:1 binding stoichiometry measured in each case.

Exchange timescales of MUCI peptide-Fab B27.29 binding. Using the K, values
measured from the fluorescence binding titrations, we have attempted to establish kinetic
dissociation rates and timescales for the binding of the MUC1 16mer and 40mer peptides
to Fab B27.29, a prerequisite for accurate NMR data interpretation. Surface plasmon
resonance experiments in other systems indicate that a diffusion-controlled association
rate (10°M-1s-1) is not a valid assumption for a flexible peptide binding to solution-state
Fab. Based on estimates for similar complexes (Foote & Eisen, 1995; Karlsson & Falt,
1997; Northrup & Erickson, 1992; Raman et al., 1992), we therefore assume a value of
10°- 10’ M-1s-1 for the kinetic association rate k;. Combining this value with the
measured equilibrium binding constant Ky, equation 5 gives a kinetic dissociation rate k_;
of 10 — 100 s-1.

The first relevant NMR timescale to be considered is the chemical shift timescale.

Intermediate exchange on the chemical shift timescale (k.; ~ A8!) is expected for the

L A8 represents the difference between the frequencies of the exchanging free and bound peptide
resonances, (A8 = |8 - 3g)).
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majority of peptide resonances in the MUC1-B27.29 complex, as a k_; of 10 —~ 100 s'! is
within range of the typical differences between free and bound chemical shifts (A = 100
- 1000 Hz; (Gemmecker, 1999)). In this regime, MUCI peptide resonances are not
expected to shift with varying concentration of ligand, but instead experience a loss in
signal intensity due to linebroadening (Gemmecker, 1999). However, the MUC1-B27.29
system’is additionally complicated due to portions of the peptide co-existing on different
exchange timescales, contingent on the relative magnitudes of the A3 terms (which vary
across the peptide sequence). For exaﬁlple, peptide resonances belonging to the Fab
binding epitope residues PDTRPAP, which are expected to have the largest Ad terms,
. may experience slow exchange on the chemical shift tirﬁescale (k.1 << AS). In this
regime, distinct free and bound MUCI peptide resonances would be expected at their
respective chemical shifts. Conversely, smaller Ad values for resonances at the MUC1
peptide termini could well translate into fast exchange on the chemical shift timescale (k.
| >> Ad). This third regime, if present, would be characterized by a single MUC1
peptide resonance at the population-weighted average of the free and bound chemical
shifts. Thus, we anticipate a mixture of exchange regimes for MUCI peptide resonances
in an HSQC-monitored Fab B27.29 titration, marked by complex spectral behavior.

Another relevant NMR timescale to be considered is the relaxation timescale.
Relaxation parameters such as the spin-lattice relaxation rate, Ry, spin-spin relaxation
rate, R,, and steady-state heteronuclear NOE are characterized by rate differences
between their free and bound states that are smaller than those associated with chemical
shift. For example, typical differences cited in the literature are 0.1 - 10 Hz for Ry, 1 - 50
Hz for R,, and 0.1 - 5 Hz for NOE (Gemmecker, 1999). Thanks to these faster
timescales, a k_; of 10 — 100 s~! puts the MUCI1 peptide-Fab system in the fast exchange

limit with respect to spin relaxation (k.; >> Ryp, where R|g = 1/Typ, the spin-lattice
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relaxation rate of the bound state). In this regime, relaxation properties of the bound state
are transferred to the resonances of the free state, and the observed Ry is a population-

weighted average of the free and bound R; values (equation 6; (Lian et al., 1994)).

Riobs = PBRiB +PERjF (6)

The same principle allows implementation of the TRNOESY experiment (Campbell &
‘Sykes, 1993). We have previously shown that the MUCI1 peptide experiences a
significant transferred NOESY effect upon binding to Fab B27.29 (Grinstead et al.,
2002), providing further credence that the system is in fast exchange with respect to the
NMR relaxation timescale.

The existence of two exchange regimes for the MUCI1 system, intermediate on the
chemical shift timescale, but fast on the relaxation timescale, allows dynamics
information to be obtained for the bound state, regardless of whether an averaged
resonance is monitored (fast exchange on the chemical shift timescale), an exchange
broadened resonance is monitored (intermediate exchange on the chemical shift
timescale), or separate free and bound resonances are monitored (slow exchange on the
chemical shift timescale). An interesting corollary of this condition is that these separate
free and bound MUC1 resonances should also manifest the same linewidth, as linewidths
are largely dependent on spin-spin relaxation rates, and these rates are population-

weighted averages in the limits of fast exchange with respect to relaxation.

1SN HSQC-monitored titrations of MUCI peptides with Fab B27.29. Figures 4.1A and
4.1C present the 15N-edited HSQC spectra acquired for the 19N,13C-labeled 16mer and

40mer MUCI1 peptides, respectively, in the absence of Fab B27.29. A cursory
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Figure 4.1: 'H-15N HSQC spectra of 5N-labeled recombinant MUC1 peptides in the
absence and presence of Fab B27.29: (A) 800 uM 16mer, (B) 500 uM 16mer + 200 pM
Fab, (C) 800 uM 40mer, and (D) 320 uM 40mer + 200 uM Fab. Boxed crosspeaks
experience the greatest losses in signal intensity due to exchange broadening in the
presence of Fab. The peptide * Fab spectra were recorded at 500 MHz on a Varian Inova
500 NMR spectrometer. NMR samples were in PBS buffer, pH 7.1, 90% H,0/10%
D,0, 5.0 °C.
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examination of these spectra reveals that the chemical shifts for residues
APDTRPAPGSTA are almost identical for the two peptides (i.e., the peaks representing
A5-Al6 in the 16mer sequence are roughly superimposable with the peaks representing
A4-A1S5 in the 40mer sequence). This suggests that the PDTRPAP epitope regions in the
l6mer and 40mer explore similar, if not identical, conformational space. Further
examination of just the 40mer HSQC spectrum (Figure 4.1C) reveals that the peaks
corresponding to residues PDTRPAPGSTA (D6/16-A18/38) are chemical shift
degenerate, indicating that the conformational space explored by the core peptide epitope
is identical from one repeat to the next. A full characterization of the dependence of
MUCT structure and dynamics on the number of repeat sequences is presented elsewhere
(Schuman et al., 2003b). However, previous 'H NMR studies published by this group
have identified a significantly populated type I B-turn spanning residues PDTR within the
PDTRPAP epitope region (Grinstead et al., 2002; Schuman et al., 2003a; Schuman et al.,
2003b). As the B-turn is a common structural motif of in antigenic regions of proteins
(Koebnik et al., 2000), and is commonly found in NMR and crystal structures of
antibody-antigen complexes (Derrick et al., 1999; Stanfield et al., 1999; Tugarinov et al.,
1999; Zvi et al., 2000), the presence of a B-turn within the MUC1 B-cell epitope may
explain the immunodominance of this region.

Figures 4.1B and 4.1D present the 15N-edited HSQC spectra acquired for the
15N,13C-labeled 16mer and 40mer MUCI peptides, respectively, in the presence of Fab
B27.29. These spectra correspond to the first titration point with greater than unity molar
ratio of peptide to Fab ([peptide]/[Fab] > 1), a point at which resonances for the
significantly exchange broadened residues within the PDTRPAP epitope region could
begin to be detected. These resonances correspbnd to D7, T8, R9, A1l and G13 within
the 16mer (boxed in Figure 4.1B), and D6/26, T7/27, R8/28, A10/30 and G12/32 within
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the 40mer (boxed in Figure 4.1D), an identical collection of residues that indicates an
identical mode of epitope recognition and binding in the one-repeat versus the two-repeat
system.

As predicted, complex spectral behavior is observed in Figures 4.1B and 4.1D,
marked by a mixture of chemical shift exchange timescales. For example, extensive
linebroadening consistent with an intermediate exchange timescale (k_; ~ A8), renders the
PDTRPAP resonances unobservable until the Fab is saturated ([peptide}/[Fab] > 1) and a
significant pool of free peptide is allowed to build up. In contrast, MUCI residues
outside the PDTRPAP epitope sequence display sizeable peaks, even for [peptide]/[Fab]
< I(see Figure 4.2A, 4.2B), at which point all of the peptide would be expected to be in
the Fab-bound pool. The intensitieé of these peaks increase with increasing concentration
of peptide, and resonate at or near their free chemical shifts (AS ~ 0), implying no change
in chemical environment upon Fab binding and therefore little or no contact with the
antibody combining site. This behavior is consistent with fast exchange on the chemical
shift timescale (k_; >> Ad), as predicted for residues at the MUC1 peptide termini.

Finally, Figure 4.1B shows one of several new peaks in the Fab-bound spectrum
of the 16mer (starred in the spectrum). These peaks appear at the lowest concentrations
of MUCI1 peptide, and increase in intensity with peptide concentration until the Fab is
saturated with peptide, and the free peptide peaks of the bound epitope sequence begin to
appear in the spectrum (see Figure 4.2). In other words, these new bound peptide peaks
display classic slow-exchange titration behavior. Similar bound resonances are also seen
in the 'H-15N HSQC spectrum of the 40mer. As these new 16mer peaks are absent in the
free peptide spectrum, they must correspond to a set of bound peptide resonances that
experiences slow exchange on the chemical shift timescale (k.; << A8). Interestingly,

only two new bound peptide resonances are observed with strong intensity, not four
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Figure 4.2: 1H-15N HSQC-monitored reverse titration of Fab B27.29 with 15N-labeled
recombinant MUC1 16mer peptide: (A) 200 uM Fab + 40 uM 16mer ([peptide]/[Fab] =
0.2) (B) 200 uM Fab + 200 pM 16mer ([peptide)/[Fab] = 1.0), (C) 200 uM Fab + 500
uM 16mer ([peptide)/[Fab] = 2.5), and (D) 200 uM Fab + 800 uM l6mer
([peptide)/[Fab] = 4.0). The Fab-bound peptide resonances are starred, and increase in
intensity until [peptide]/[Fab] = 1.0. At [peptide]/[Fab] > 1.0, the ‘free’ resonances of the
PDTRPAP epitope sequence begin to appear, whereas the bound resonances experience
no further increases in intensity. This behavior is consistent with slow exchange on the
chemical shift timescale. Notice that the resonances for T3 and S4 (near the termini of
the MUC1 peptide and outside the epitope sequence) have strong intensity throughout the
titration, even for [peptide]/[Fab] < 1.0. This behavior is consistent with fast exchange
on the chemical shift timescale. The peptide + Fab spectra were recorded at 500 MHz on
a Varian Inova 500 NMR spectrometer. NMR samples were in PBS buffer, pH 7.1, 90%
H,0/10% D70, 5.0 °C.

bound peptide resonances as might be expected since the PDTRPAP epitope sequence
contains four non-proline residues. Therefore, these two bound peptide resonances must
represent a subset of residues within the peptide epitope that experience the greatest
change in chemical environment upon Fab binding (the largest Ad terms), and thus the
most intimate contact with the antibody combining site. In order to probe further the

identities of these bound peptide resonances, triple-resonance experiments were
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performed. Although chemical exchange broadening of most epitope resonances within
the PDTRPAP sequence prohibits complete assignment of the observed bound state
resonances, the triple resonance experiments confirm that the new peak at 8.51 ppm in
the 1SN HSQC spectrum of the 16mer (starred in Figure 4.1B and Figure 4.2) is from R9.
This conclusion is supported by mutational analysis demonstrating that the presence of
R9 in the MUCI sequence is necessary for binding to other breast and ovarian cancer

antibodies (Xing et al., 1992).

13C HSQC-monitored titrations of MUCI peptides with Fab B27.29. The 13C-edited
HSQC spectra acquired for the 15N,13C-labeled 16mer and 40mer MUCI peptides in the
~absence (Figures 4.3A and 4.3C) and presence (Figures 4.3B and 4.3D) of Fab B27.29 is
also shown. These 13C-edited HSQC spectra provide chemical shift information for the
many proline residues in the MUCI1 sequences, as well as for select sidechain resonances.
As previously noted for Figure 4.1, APDTRPAPGSTA backbone and sidechain
resonances are chemical shift degenerate in the 16mer versus the 40mer spectra, and from
one repeat to the next in the 40mer spectra. Consistent with the 15N-edited HSQC
monitored titration is the appearance of exchange broadened 13C peptide resonances for
molar ratios [peptide]/[Fab] > 1 (Figures 4.3B and 4.3D). These resonances correspond
to P6, D7, T8, R9, P10, Al1, P12 and G13 within the 16mer (boxed in Figure 4.3B), and
P5/25, D6/26, T7/27, R8/28, P9/29, A10/30, P11/31 and G12/32 within the 40mer (boxed
in Figure 4.3D), an identical collection of residues that indicates identical binding
epitopes in the one-repeat versus two-repeat systems.

Taken together, the results of the 15N-edited and 13C-edited HSQC monitored
titrations are consistent and complimentary. The exchange broadening observed for

residues PDTRPAP demonstrates selective interactions of this region of the sequence
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Figure 4.3: 1H-13C HSQC spectra of 13C-labeled recombinant MUC1 peptides in the
absence and presence of Fab B27.29: (A) 800 uM 16mer, (B) 500 uM 16mer + 200 uM
Fab, (C) 800 uM 40mer, and (D) 320 uM 40mer + 200 uM Fab. Boxed crosspeaks
experience the greatest losses in signal intensity due to exchange broadening in the
presence of Fab. The spectra were recorded at 500 MHz on a Varian Inova 500 NMR
spectrometer. NMR samples were in PBS buffer, pH 7.1, 90% H>0/10% D50, 5.0 °C.
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with Fab B27.29, in agreement with the epitope mapping of B27.29 provided by ELISA
binding studies (Price ef al., 1998). Significantly, earlier NMR studies by this group have
identified a type I B-turn spanning residues PDTR within the PDTRPAP epitope region
of both the 16mer and the 40mer (Grinstead et al., 2002; Schuman et al., 2003a; Schuman
et al., 2003b). These same studies also identified a second less well-defined B-turn in the
40mer, spanning residues GSTA immediately downstream of the peptide epitope region
(Schuman et al., 2003b). However, our present studies demonstrate that only the glycine
residue from the GSTA sequence (G13 in the 16mer, and G12/32 in the 40mer) is
exchange broadened in the presence of Fab. These results point to the specificity of the
antibody as recognizing uniquely the PDTRPAP sequence, and not f3-turn structures in

general.

ISN NMR relaxation measurements. Once enough peptide was added to obtain sufficient
intensity for the PDTRPAP resonances, NMR relaxation experiments were performed to
probe the dynamics of the system at tlﬁs high percentage of bound ligand ([peptide]/[Fab]
>> 1). These experiments included the measurement of 15N T; and T, relaxation rates
and steady-state heteronuclear {{H}-15N NOEs for the 15N,13C-labeled 16mer and
40mer MUCIT peptides in the absence and presence of Fab B27.29. The values of these
relaxation parameters are presented in Tables B2, B3, and B4 in Appendix B. The 15N
T, relaxation data from these tables are plotted in Figures 4.4A (16mer + Fab) and 4.4B
(40mer £ Fab).

In general, the 15N Ty and T, values acquired for the 16mer and 40mer MUCI
peptides become shorter in the presence of Fab, consistent with an overall increase in the

correlation time of the peptides as they are bound to antibody. For example, the averaged
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Figure 4.4: 15N T relaxation times measured for the 15N-labeled recombinant MUC1
peptides in the absence and presence of Fab B27.29: (A) 800 uM 16mer (solid squares),
1600 uM 16mer + 200 uM Fab (solid triangles), 800 uM 16mer + 200 uM Fab (solid
circles); and (B) 800 uM 40mer (open squares), 1200 uM 40mer + 200 uM Fab (open
triangles), and 800 uM 40mer + 200 uM Fab (open circles). All measurements were
made at 500 MHz on a Varian Inova 500 NMR spectrometer. NMR samples were in
PBS buffer, pH 7.1, 90% H;0/10% D>0, 5.0 °C. The 5% error estimated for each
measurement is plotted as an error bar.

15N T, value of the 16mer across the entire sequence is <T ;> = 767 ms in the absence of
Fab, but <T;> = 508 ms in the presence of Fab (800uM 16mer + 200uM Fab B27.29, or
[peptide]/[Fab] = 4). The corresponding 15N Ty values for the 40mer are < T;> = 669 ms
and 539 ms in the absence and presence of the same relative ratios of Fab. These T,
values show titration dependent behavior (see Figures 4.4A and 4.4B), in that an increase
in the [peptide]/[Fab] ratio leads to a corresponding increase in the 15N T; value
measured for each residue in the peptide sequence. This concentration dependent
behavior demonstrates that the MUC1 peptide-Fab B27.29 complex experiences fast
exchange behavior on the NMR relaxation timescale, and thus the measured 15N T,
values are population-weighted averages of the free and bound states (see equation 6).
Under these conditions, relaxation measurements made for exchange broadened or even

‘free state’ peptide resonances (i.e., exchange intermediate to slow on the chemical shift
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timescale) will nevertheless yield information relevant to the dynamics of the bound
state. Thus, Fab-induced changes in the measured relaxation parameters can be
interpreted within the context of Fab-induced changes to the backbone dynamics of the
MUCI1 peptides as these peptides are bound and immobilized within the B27.29

combining site.

13C NMR relaxation measurements. While the 15N NMR relaxation measurements
discussed above provide evidence of fast exchange on the relaxation timescale, the Fab-
induced changes measured for individual relaxation parameters (T, T, and NOE) are
fairly uniform across the MUCI1 peptide sequence. The limited sequence-specific
information provided by the 15N nucleus arises from the magnetic susceptibility of the
I5N-1H bond vector to a variety of environmental influences, including changes in
solvent exposure and solvent exchange. In contrast, the magnetic susceptibility of the
13Co-1Ha bond vector is uniquely sensitive to changes in local backbone conformation
and chemical environment. Thus, 13C NMR relaxation measurements can provide high-
resolution, sequence-specific information of Fab-induced changes to the backbone
dynamics of the MUCI peptides, allowing a precise mapping of the boundaries of the
peptide epitope recognized and bound by Fab B27.29. 13Co T, and T, relaxation rates
and steady-state heteronuclear {{Ha}-13Ca NOEs were therefore also measured for the
15N,13C-labeled 16mer and 40mer MUCI peptides in the absence and presence of Fab
B27.29. The values of these relaxation parameters are presented in Tables B2, B3, and
B4 in Appendix B.

Of the three parameters measured (Ty, Ty, and NOE), the T parameter arguably

provides the best probe of local ns-ps timescale dynamics, as its contains no exchange
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contributions2, nor does it suffer from low signal-to-noise or propagated error3. Figure
4.5 therefore only presents the 13Co T| measured for the 16mer (4.5A) and 40mer (4.5B)
MUCI peptides in the absence (squared symbols) and presence (circular symbols) of Fab

B27.29. In the presence of Fab, significant decreases in T (> 50 ms) are observed only
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Figure 4.5: 13C T, relaxation times measured for the 13C-labeled recombinant MUC1
peptides in the absence and presence of Fab B27.29: (A) 800 uM 16mer (solid squares),
800 uM 16mer + 200 uM Fab (solid circles); and (B) 800 uM 40mer (open squares), 800
UM 40mer peptide + 200 uM Fab (open circles). All measurements were made at 500
MHz on a Varian Inova 500 NMR spectrometer. NMR samples were in PBS buffer, pH

7.1, 90% H>0/10% D-0O, 5.0 °C. The 5% error estimated for each measurement is
plotted as an error bar.

for residues A5, P6, D7, R9, P10, Al1, and P12 in the 16mer, and P5/25, D6/26, T7/27,
and R8&/28 in the 40mer, indicating increases in the local correlation times of these
PDTRPAP core epitope residues as they are bound and immobilized within the B27.29
combining site. That this collection of ‘bound and immobilized residues’ differs
somewhat between the two peptides (PDTR for the 40mer, and APDTRPAP for the

L6mer) is not a reflection of different binding modes. Rather, the disparity between the

2 The paramaters that measure transverse magnetization, T1, and T, contain a contribution from exchange
between the free and bound state, according to Ryghs = PBR2B + PRRoF + PBPF(T)(ZRAS)z, where T ~
1/k_1 (compare to the analogous expression for R1ghs shown in equation 6).

The steady-state heteronuclear NOE is calculated from difference spectra (with and without Iy
saturation), so experimental errors are summed. In addition, the spectrum acquired without 1H saturation
often suffers from low to signal-to-noise, contributing a significant error to the final calculated NOE.
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epitope profiles detected in the 16mer versus the 40mer arises from the overlap of alanine
and proline peaks in the 40mer T spectra, which leads to averaged T; values measured
for P9/29, P16/36 and P17/37, and for A4/24, A10/30 and A15/35 in the 40mer, and
therefore artifically elevated values for P9/29 and A10/30 within the PDTRPAP core
epitope. Thus, the epitope profile detected from the 16mer T experiment probably best
represents the true boundaries of the peptide epitope recognized and bound by Fab
B27.29 (APDTRPAP), a profile which very closely matches that identified from earlier
indirect ELISA based experiments (PDTRPAP) (Bashford et al., 1993; Burchell et al.,
1989; Denton et al., 1993; Girling et al., 1989; Kotera et al., 1994; Xing et al., 1992).

Spectral density analysis. Raw relaxation rates are usually analyzed within the context of
a relaxation formalism that can provide simplified motional models, as well as some
insight into the timescales and amplitudes of internal motions. One such formalism is the
model-free approach of Lipari and Szabo (Davis & Agard, 1998; Peng & Wagner, 1992),
which provides é means of assessing the contributions of internal motions and
conformational exchange to spin relaxation. However, there are limitations to this
approach that arise from inherent assumptions. The overall molecular reorientation must
be isotropic and independent from fast internal motions (which contribute negligibly to
measured relaxation). These assumptions do not hold for small flexible peptides, like the
MUCI1 peptides, which can experience a broad range of motional timescales.

An alternative relaxation analysis approach for characterizing molecular dynamics
is provided by spectral density analysis (Davis & Agard, 1998; Peng & Wagner, 1992),
which has the advantage that it makes no assumptions about the separability of the
timescales between the motions, and allows the possibility of sizeable contributions to

relaxation from high-frequency motions. Moreover, this methodology is analytic and
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independent of error estimates. In general, the spectral density at J(0) is proportional to
the local correlation time of the backbone nitrogen (Peng & Wagner, 1992). Thus, it is
possible to interpret Fab binding-induced chances in J(0) on the basis of changes in local
correlation times. However, this interpretation is valid only in the absence of
conformational exchange phenomena, which can lead to shortening of T, times, and
therefore larger values of J(0) (Davis & Agard, 1998). Therefore, the contribution of
slow exchange motions (us-ms) to J(0) must also be considered in spectral density
analysis.

Using equations 2 — 4 in Materials and Methods, the J(w) spectral density values,
J(0), J(wy) and J(wyy), were calculated from the 19N T; and T, relaxation rates and the
steady-state heteronuclear {!H}-15N NOEs measured for the ISN/13C-labeled MUCI
16mer and 40mer peptides free in solution versus bound to Fab B27.294 (see Tables B2,
B3, and B4 in Appendix B). These values are shown in Figure 4.6, which plots the J(0)
(4.6A and B) and J(wy) (4.6C and D) values only (see Table BS in Appendix B for the
raw values). The free peptide J(0) (squared symbols) yield average values across the
entire sequence of <J(0)> = 0.53 ns rad-! for the 16mer and <J(0)> = 0.78 ns rad-! for the
40mer, consistent with the longer global correlation time of the larger two-repeat peptide.
In comparison, the average J(0) value for the PDTRPAP epitope sequence is <J(0)>cpitope
= 0.57 for the 16mer, and <J(0)>¢pitore = 0.79 for the 40mer. Thus, the epitope sequences
are not especially ordered relative to other parts of the sequence, at least in the free

solution states of these peptides.

4 The reduced spectral density mapping approach assumes that the high-frequency spectral density terms
are of approximately equal magnitude, i.e. J(0y £ ) = J(0y), and may therefore be replaced by a single
equivalent term, J(wg) (47, 48). This assumption does not hold for 13C NMR relaxation, where J(oy + ax.)
cannot be expected to equal J(®y). Thus, reduced spectral density terms were calculated only for the 19N
NMR relaxation data set.
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Figure 4.6: J(0) (ganels A and B) and J(wy) (panels C and D) spectral density values
calculated from 15N NMR relaxation data acquired for the [SN-labeled recombinant
MUCI peptides in the absence and presence of Fab B27.29: (A, C) 800 uM 16mer (solid
squares), 800 uM 16mer + 200 uM Fab B27.29 (solid circles); and (B, D) 800 uM 40mer

(open squares), 800 uM 40mer + 200 uM Fab B27.29 (open circles). NMR samples were
in PBS buffer, pH 7.1, 90% H,0/10% D,0, 5.0 °C.

Addition of Fab (Figure 4.6, circular symbols) leads to significant increases in the
J(0) values measured across the 16mer and 40mer sequences, commensurate with
increases in the global correlation times experienced by these peptides as they are bound
to antibody. These increases in J(0) are not uniform across the length of the peptides,
being the most pronounced for residues within the PDTRPAP epitope region. For
example, <J(0)> for the entire 16mer sequence increases from 0.53 to 2.8 ns rad-! (an
increase of ~ 2.3 ns rad-1), whereas <J(0)>¢pitope for just the PDTRPAP epitope within the

16mer increases from 0.57 to 3.9 ns rad-! (an increase of ~ 3.3 ns rad-l). Similarly,
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<J(0)> for the entire 40mer sequence increases from 0.78 to 1.8 ns rad-! (an increase of ~
1.0 ns rad-1), whereas <J(0)>¢pitore increases from 0.79 to 2.2 ns rad-! (an increase of ~
1.4 ns rad'1)5. These substantially elevated <J(0)>¢Pitore values are consistent with
significant increases in the local correlation times of residues that directly contact the
antibody, well in excess of the uniform increases in global correlation time expected as a
result of binding. Thus, the J(0) spectral density terms calculated from 15N NMR
relaxation experiments are sensitive indicators of specific epitope-antibody interactions
across the molecular interface, even if the constituent relaxation parameters (T, T, and
NOE) appear to provide a less well-resolved picture upon first analysis.

As previously alluded to, conformational exchange processes on slow timescales
can artificially elevate the value of J(0) (Davis & Agard, 1998). However, these slow
timescale motions have a negligible effect on the calculated values of the J(wy) and
J(wyy) spectral densities, as these represent only high frequency motions (Bhattacharya et
al., 2002; Peng & Wagner, 1992; Peng & Wagner, 1995). Figure 4.6 (panels C and D)
plots the J(wy) values calculated from the relaxation data presented in Table B5 (see
Appendix B). A comparison of the J(wy) and J(0) plots reveals the same pattern of
increases for PDTRPAP epitope residues, supporting our interpretation of increased local
correlation time for these epitope residues upon antibody binding (Bhattacharya et al.,
2002; Lefevre et al., 1996), and further confirming that exchange effects do not dominate
the observed increases in J(0). Most importantly, the quality of the J(®wy) and J(0) data
presented for the MUCI1 system illustrates the utility of spectral density analysis in

epitope mapping, even in the presence of slow chemical exchange.

5 The smaller increases in J(0) measured for the 40mer versus the 16mer (at the same molar ratios of Fab
to peptide) may be a result of the doubled effective ligand concentration of the 40mer, which presumably
leads to a J(0) value averaged between the one bound epitope and the one free epitope in the two repeat
peptide.
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. Peptide epitope mapping. In the present study, two different classes of isotope-edited
NMR experiments have been used to map the binding of Fab B27.29 to one- and two-
repeat MUCI1 peptides: (1) HSQC-monitored titrations that measure exchange
broadening, and therefore relative magnitude of the Fab-induced chemical shift; and (2)
NMR relaxation measurements that measure changes in the ps-ns timescale motions in
the peptide backbone as a function of Fab-induced increases in local correlation time. A
comparison of the 40mer peptide epitope profiles obtained from !H-15N HSQC-
monitored spectral analysis versus 1SN NMR relaxation analysis is presented in Figure
4.7. The top panel (4.7A) plots differences in the HSQC peak intensities (Al)as a
consequence of Fab-induced chemical shifts, whereas the bottom two panels (4.7B and
C) plot differences in the low and high frequency spectral density values (AJ(0) and
A J(wy)) as a consequence of Fab-induced increases in local correlation time. As
expected, these profiles show very similar trends, indicating that changes in chemical
environment track changes in local dynamics. Thus, regions of the 40mer peptide
backbone that experience a marked change in chemical environment upon binding to
B27.29 also show significant decreases in ps-ns timescale motions as they become
immobilized within the antibody combining site. The consistency and complimentarity
of the information provided by these two independent NMR observables (chemical shift
and spin relaxation) illustrates the power of a direct spectroscopic approach in peptide
epitope mapping, especially if it can provide additional structural and dynamical

information useful in peptide vaccine design.
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Figure 4.7: B27.29 epitope mapping of the MUC1 40mer peptide from analysis of
linebroadening and relaxation data. (A) Differences in the 1H-15N HSQC peak
intensities, Al, measured for the 400 pM 40mer + 200 uM Fab B27.29 (AI = [+Fab _ [-Fab),
Negative values of Al indicate significant Fab-induced linebroadening, i.e. I+Fab << J-Fab,
(B) Differences in the J(0) spectral density values, A J(0), calculated from 15N NMR
relaxation data measured for the 400 uM 40mer + 200 uM Fab B27.29 (A J(0) = J(0)*Fab
— J(0)Fab). Increased values of A J(0) indicate significant Fab-induced increases in local
correlation time, i.e. J(0)*Fab >> J(0)Fab, (B) Differences in the J(wy) spectral density
values, A J(wy), calculated from 1SN NMR relaxation data measured for the 400 uM
40mer + 200 uM Fab B27.29 (A J(0y) = J(owy)*Fab — J(wy)Fab). Fab-induced increases
in J(wy) ‘track’ Fab-induced increases in J(0).
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Conclusions:

We have developed an approach utilizing NMR relaxation measurements and
heteronuclear correlation experiments to map antibody epitopes. These NMR
experiments allow a direct, sequence-specific probe of binding, and demonstrate which
parts of the MUCI1 peptide epitope are immobilized upon binding antibody. We apply
this technique to determining the epitope of an antibody raised against tumor cells for the
purposes of designing a cancer vaccine. Our method uses the antibody epitope as an
indirect probe of a structural/dynamic state present on the tumor cell surface, and as a
probe of the peptide state that is immunogenic. Our approach to vaccine design is of
géneral utility for any antigen that lacks sufficient analytical characterization, as is the
case with most tumor-associated antigens. |

In this study, we provide direct spectroscopic evidence that the MUCI peptide
sequence PDTRPAP, portions of which were identified from earlier ELISA based
experiments (Bashford et al., 1993; Burchell et al., 1989; Denton et al., 1993; Girling et
al., 1989; Kotera et al., 1994; Xing et al., 1992) and our own previous 1H NMR study
(Grinstead et al., 2002), is bound and preferentially immobilized in the Fab B27.29
combining site. Immobilization of the entirc PDTRPAP sequence implies that the
B27.29 epitope is continuous and all residues in the epitope contribute to the binding
energy. Furthermore, we observe for the first time the bound-state resonance of arginine
within the PDTRPAP epitope sequence. The observation of a bound state resonance for
arginine suggests that this residue makes intimate contact with B27.29, consistent with
the mutational studies of Xing et al. (Xing et al., 1992). In addition, we show that the

residues in the MUCI sequence outside the boundaries of this defined epitope remain
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highly flexible in the bound state, demonstrating that they do not interact with antibody
and extend into solution out of the antibody combining site.

Our characterization of the B27.29 epitope can be used to increase the
immunogenicity of MUCI peptide vaccine candidates. For example, since the MUC1
sequence outside the PDTRPAP epitope retains its conformational heterogeneity in the
Fab-bound state and is not important for binding, it could be engineered for increased
oral bioavailability, or to act as a linker for multiple PDTRPAP epitopes or other
immunogenic peptide sequences. These changes could significantly improve the efficacy
of a MUCI1 peptide-based vaccine, while not altering the specificity of the immune
response. In addition, our results suggest that since the PDTRPAP sequence is highly
ordered in the antibody binding site, preordering of the structure of the vaccine candidate
could increase similarity with the immunologically relevant MUCI1 structure and
therefore increase ifnmunogenicity. Future studies will continue to probe the structure of
the antibody-bound MUCI1 peptide sequence, with the ultimate goal of developing a
second-generation MUCI peptide vaccine that better represents the peptide portion of the

tumor-associated MUC1 mucin.
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Chapter 5: NMR Studies of an Isotope-labeled Antigenic Peptide
in Complex with Class | MHC HLA-A*0201

ABSTRACT: T cell responses are an integral part of the human immune response to
pathogenic bacteria and viruses. Recent clinical trials have attempted to use tumor-
associated antigens to elicit immune responses capable of rejecting solid tumors. T cells
recognize antigenic peptides when they are presented to the T cell on the surface of an
antigen-presenting cell (APC). These peptides are presented on the surface of the APC in
complex with Class I MHC molecules. The affinity of the peptide-MHC complexes
determines their ability to stimulate T cells. Cancer-associated MUC1 mucin peptides
are known to elicit T cell responses, although they bind MHC with low affinity.
Increasing the affinity of these peptides for MHC without changing their specificity for
the T cell receptor should lead to a more active immune response. Here, we demonstrate
a methodology for generating peptide-MHC complexes and for studying these complexes
using NMR spectroscopy. The methodology allows assay of changes in binding affinity
for Class I MHC and characterization of the structural and dynamic properties of MUC1

peptide or glycopeptide.
Introduction:

Cytosolic proteins are routinely degraded by the proteasome into small, 8- to 10-
residue peptides that are imported into the endoplasmic reticulum by the transporter
associated with antigen processing (TAP). These peptides are then loaded onto newly

translated Class I MHC proteins and trafficked to the cell surface, where they are
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observed by circulating T cells. Cytotoxic T cells (expressing the cell surface receptor
CD8) recognize and bind to surface-expressed Class I MHC-peptide complexes and
determine if the presented peptide is from a self or foreign protein. In the case of a self-
peptide, the T cell dissociates unactivated and continues to survey MHC-peptide
complexes on the surface of other cells. In the case of a cell infected with a virus or
bacterium, sbme of the peptides presented by Class I MHC will be of viral or bacterial
origin. Binding of a T cell to these foreign peptide-MHC complexes causes T cell
activation and lysis of the antigen presenting cell. Mature T cells in circulation recognize
and bind only foreign peptide-MHC complexes because during the T cell maturation
process in the thymus, T cells.that recognize self peptide-MHC complexes are selectively
destroyed.

In addition to pathogenic bacteria and viruses, cancer cells are also known to
produce peptides capable of inducing an immune response, and recent clinical research
has focused on generation of a cancer Vaccin.e or immunotherapy. This seems
counterintuitive, because cancer cells are self-cells, and therefore produce self-proteins.
However, cancer cells also may produce a tumor-associated antigen, or a protein that is
expressed differently in a tumor relative to a healthy cell. For example, mutations in
protein sequence, altered glycosylation patterns, or differential protein expression can all
result in a tumor-associated antigen that is capable of inducing a tumor-specific immune
response. In the case of the tumor-associated MUCI antigen, it is believed that reduced
and aberrant glycosylation exposes the MUCI protein and carbohydrate core to solution.
In fact, two T cell epitopes have been identified in the MUCI1 sequence: a 9-residue
sequence (SAPDTRPAP) overlapping the B cell epitope (PDTRPA) (Apostolopoulos &
McKenzie, 1994; Barnd et al., 1989; Bashford et al., 1993; Burchell ez al., 1989; Denton

et al., 1993; Toannides et al., 1993; Jerome et al., 1991; Kotera et al., 1994; Xing et al.,
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1992) and a 9-residue sequence (STAPPAHGV) just downstream of this region
(Apostolopoulos et al., 1997a; Apostolopoulos et al., 1997b; Domenech & Finn, 1995).
Since MUCI1 on healthy cells is normally heavily glycosylated, T cells specific for the
MUCI sequence are not deleted during thymic development, and therefore recognize the
MUCI sequence as a foreign antigen. Immune responses specific for the MUCI1
sequence have been identified in breast cancer patients, and for this reason MUCI has

been the target of clinical research to develop a MUC1-based cancer vaccine.

Vaccine trials. First-generation MUCI synthetic peptide vaccines have been designed
from multiple repeats of the 20-amino acid MUC1 sequence (see Chapters 1 and 3 for a
discussion of MUCI1 structure). Conjugated and administered with the proper adjuvant,
these peptides have generated B cell and T cell immune responses in animal models
(Apostolopoulos et al., 2000; Apostolopoulos et al., 1996; Barratt-Boyes et al., 1999;
Lofthouse et al., 1997; Vaughan et al., 1999). Most encouraging were the immunization
results with MUCI-transgenic mice where MHC Class 1 restricted CD8+ cytotoxic T-
cells were produced that eradicated the MUC1 tumors and provided protection against
further MUC1 tumor challenge (Apostolopoulos et al., 2000; Apostolopoulos et al., 1996;
Lofthouse et al., 1997).

Unfortunately, the strong cellular immune responses observed in animals do not
translate well to humans. Phase I & II clinical trials of a 5-repeat MUC1 peptide-GST
fusion protein conjugated to oxidized mannan produced only weak T-cell proliferative
responses in adenocarcinoma patients, demonstrating instead a high antibody titre
indicative of a predominantly humoral immune response (Apostolopoulos et al., 1996;
Goydos et al., 1996; Karanikas et al., 1997). Several other recent clinical trials have

explored the use of MUCI peptides coupled to different haptens, keyhole limpet
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hemocyanin, glutathione S-transferase, and oxidized mannan (Apostolopoulos ef al.,
1999). All of these clinical irials have demonstrated predominantly humoral immune
responses, and none have been able to shrink the solid tumor. Therefore, boosting
MUCI-specific cellular immunity in adenocarcinoma patients may be essential to
successful development of a MUC1-based cancer vaccine, although this still represents a

major hurdle in MUCI vaccine design.

Structural studies of Class I MHC-presented tumor-associated antigens. Many groups
are presently studying the structural basis for T cell recognition of antigen, with the hope
of designing a vaccine capable of inducing an immune response effective at destroying
solid tumor. CD8+ cytotoxic T cells (CTL) are the primary immune mechanism for
killing diseased cells. These T cells recognize antigenic peptides that are bound to cell
surface-expressed Class I MHC. Some of the principles for Class I-restricted CTL
recognition of antigen in cellular immunity have been defined recently (Garcia et al.,
1999a; Garcia et al., 1999b; Hennecke & Wiley, 2001). Central to these principles is an
understanding of how Class I MHC binds and presents peptide to the T cell receptor.
Class I MHC binds 8- to 10-residue peptides along a platform of eight antiparallel B-
strands between two a-helices that make a conserved network of hydrogen bonds to the
main chain of the bound peptide (depicted in Figure 5.1) (Madden, 1995). Conserved
hydrogen bonding of the peptide N- and C-termini anchor the ends of the antigenic
peptide in the MHC binding groove and produce the 8- to 10-residue length preference.
Detailed structural studies have identified six different pockets (A-F) in the beta sheet
platform of the Class I MHC molecule HLA-A*0201 (Apostolopoulos ez al., 2002). The
two main pockets (B and F) bind the canonical sidechains of the N-terminal and C-

terminal peptide residues, located at position 2 (P2) and 9 (P9) of the sequence. The
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canonical P2 and P9 anchor residues are necessary, but not sufficient, for high affinity
binding, because the fit of secondary anchors into the remaining four pockets has been
shown to modulate affinity of the peptide-MHC complex. Table 5.1 lists the HLA-
A*0201 binding pocket preferences for canonical (P2, P9) and secoﬁdary (P1, P3-P8)

anchor residues.

Figure 5.1: Crystal structure of human Class I MHC HLA-A*0201 (in yellow) (Madden
et al., 1993). The bottom of the peptide binding groove is formed by a g-sheet, with two
o-helices forming the sides of the groove. A MUCI peptide (in red) is modeled bound to
the MHC.

Viral antigens that bind with high affinity to HLA-A*0201 contain a high
proportion of preferred sidechains for the secondary anchor residues. In contrast, many
peptide tumor antigens that bind with weak affinity to HLLA-A*0201 contain the preferred
sidechains for the canonical P2 and P9 anchor residues, but lack preferred sidechains for

the secondary anchor residues. Furthermore, a handful of peptide tumor antigens (MUC1
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included) lack one or both of the preferred sidechains for P2 and P9, as well as many of
the preferred sidechains for the secondary anchor residues (see Table 5.2). Surprisingly,
these non-canonical weak-binding\ peptides are still presented by Class I MHC to elicit a

CTL response (Apostolopoulos et al., 1997b).

Table 5.1: HLLA-A*0201 Binding Pocket Preferences.

Pocket Local Hydrophobicity

Hydrophobic preferred
Hydrophobic preferred
Hydrophobic preferred
Hydrophilic preferred
Hydrophilic preferred

Hydrophobic preferred
Hydrophilic preferred
Hydrophobic preferred

Several recent crystal studies of Class I MHC-associated peptide tumor antigens
have begun to reveal the structural basis for the low affinity binding exhibited by both
canonical and non-canonical binders. In a study using HLA-A*0201, the weakly binding
HER-2/neu epitope IISAVVGIL (which contains the preferred P2 and P9 anchor residues
in bold) was not found to make stabilizing contacts with the center of the peptide binding
cleft, leading to uninterpretable electron density within the center of the peptide
(Boniface e‘t al., 1999). The authors concluded that the center of the peptide does not

assume one unique conformation, and may be interconverting between several
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conformational states. Most relevant to the present study is a crystal structure of murine
H-2kP in complex with an 8-residue MUC1 peptide that spans the overlapping B-cell/T-
cell epitope SAPDTRPA (Rudolph & Wilson, 2002). Although the MUC1 peptide
contains only small nonpreferred sidechains in the anchor positions, it was still found to

bind with the same overall features as high affinity peptides, i.e. the peptide was

Table 5.2: HLA-A*0201 Epitope Sequences.

Peptide
ILKEPVHGY

LLFGYPVYYV

GILGFVFTL
TLTSCNTSV
FLPSDFFPSV

B

Peptide
PLQPEQLQV
TLEEITGYL
LLGRNSFEYV
FLWGPRALY
YMDGTMSQV
IMDQVPFSV

Peptide
SAPDTRPAP
STAPPAHGY
"EAAGIGILTYV

anchored at the N- and C-termini. However, deviations from canonical binding were
observed in the center of the peptide. Small secondary anchors at positions P2, P5 and
P8, the absence of water-mediated hydrogen bonds, and a large cavity at the side of the C
pocket (accompanied by a high B factor for the P5 sidechain) were hypothesized to

account for the low affinity of the peptide for MHC. Despite the fact that a murine (H-
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2kP) haplotype was used in these studies, the H-2kY/MUCT structure does suggest that the
weak anti-MUC1 T-cell immune responses observed in humans may similarly be linked
to a poor fit of non-canonical MUCI sidechain anchors in human Class I MHC pockets.
Furthermore, the high B factors and weak electron densities observed in the HLA-
A*0201/HER-2/neu and H-2kb/MUCI crystal structures suggest a correlation between
poor fit and increased peptide backbone and sidechain motions. The putative flexibility
of the MHC-bound MUC1 antigens has consequences for the kinetic and thermodynamic
properties of T cell receptor/peptide-MHC recognition, modulation of T cell selection, T
cell activation, and even alloreactivity (Oukka et al., 1996; Rudolph et al., 2002; Sette et

al., 1994; Sundberg & Mariuzza, 2000).

Structural approach to characterizing and optimizing MUCI T cell epitope presentation.
An observed correlation between immunogenicity and peptide-MHC binding affinity
(Haurum et al., 1994; Tourdot et al., 2000; van der Burg et al., 1996) has led to the
proposal that once the basis for low affinity MHC binding of breast TAAs has been
identified, MUCI antigenic peptides or glycopeptides might be modified to increase
Class 1 MHC-binding affinity, and thus the strength of the CTL response against the
parent tumor (Mouritsen et al., 1994). In theory, it is possible to identify the structural
and dynamic features that account for the low affinity, then modify these features to
increase Class I MHC binding. As an illustration of this concept, thirty-two low affinity
peptides derived from tumor and viral antigens were recently converted to high affinity
HL.A-A*0201 binders by replacing the amino acid at P1 with tyrosine (Mouritsen et al.,
1994). Our approach uses a similar concept, and is outlined in Figure 5.2. The first
phase of our approach involves determining the unique structural and dynamic features of

each MHC-peptide or glycopeptide complex. For example, the first phase of the
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approach could involve a determination of which peptide sidechains are responsible for
binding MHC versus interaction with the TCR, or a determination of how carbohydrate
moieties on a MUC1 tumor-associated glycopeptide might be available to interact with
TCR.

The second phase of our approach involves selective modification of both
canonical and secondary sidechain anchors to enhance complex stability, while leaving

unaltered the upper face of the peptide that interacts with the T cell receptor. If we

Class | MHC
HLA-A*Q201

Antigenic peptide

—_—

modify bottom
face of the peptide

low affinity peptide: high affinity peptide:
- elicits weak CTL responses against tumor - elicits strong CTL response against tumor
- not useful in breast cancer immunotherapy - now a potential breast cancer vaccine candidate

Figure 5.2: Outline of structural hypothesis for optimization of MUCI peptide vaccines
binding to Class I MHC. A breast tumor associated antigenic peptide may have poor
sidechain complementarity with MHC binding pockets. Characterization of which
peptide sidechains do not properly occupy the pockets, followed by rational mutation,
should improve affinity of the peptide for MHC without altering the upper face of the
peptide that interacts with the T cell receptor.

determine that MUC1 tumor-associated carbohydrates are responsible for anchoring
MUCI glycopeptides in the MHC binding groove, then these carbohydrate moieties
might also be altered to optimize MUC1 presentation to TCR. Ultimately, our two-phase

approach should allow redesign of a more immunogenic MUC1 vaccine.
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NMR spectroscopy provides an excellent technique for determining the unique
structural and dynamic features of each Class I MHC-associated peptide tumor antigen.
In fact, NMR may provide the only viable structural technique in the case of low-affinity
MHC binding, where the absence of stabilizing contacts across the peptide-MHC
interface leads to conformational heterogeneity of the bound peptides. For systems like
the MUC1-MHC complex, the NMR technique is arguably at its strongest, with its ability
to characterize structurally interconverting states and measure timescales of
interconversion. NMR spectroscopy can also identify MUC1 backbone and sidechain
atoms buried in the MHC binding cleft versus pointed toward a potential interaction with
the T. cell receptor. We have made significant progress in generating MHC refolded with
15N-/13C-labeled antigenic peptides, and preliminary NMR experiments have been
performed. The results of these experiments are discussed within the context of
developing a system to study the structure and dynamics of HLA-A*0201-bound MUC1
peptide tumor antigens for the purpose of defining features of low-affinity MHC binding

and mechanisms of T cell activation. .
Materials and Methods:

Peptide synthesis. Peptides were synthesized using an ABI system synthesizer with
standard FMOC chemistry. Peptides were synthesized on the 250 wmol scale, and at
least a 4-fold molar excess of each unlabeled amino acid was used. An equimolar

equivalent was used for the isotope-labeled amino acids.

Synthesis of ’C-/"N-labeled valine and alanine. Uniformly *C and ""N-labeled valine

and alanine were purchased from Cambridge Isotope Laboratories (Cambridge, MA).
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FMOC-ethyl ester (9-fluorenyl methyl oxycarbonate-ethyl ester) was purchased from
SIGMA (IL). Labeled valine and alanine were solubilized separately in a mixture of
DMF:MeOH:pyridine along with FMOC-ethyl ester. Reaction progress was monitored
using thin-layer chromatography. The products FMOC-valine and FMOC-alanine were
purified using flash column chromatography (silica) in MeOH:Acetic acid, running a
gradient from 95:5 to 50:50. Solvent was removed from the fractions by rotary
evaporation to leave a gel. .The gel was highly hygroscopic, yet not water-soluble.
Therefore, the product was solubilized in a minimal amount of methanol, and water was
added to cause a fine, suspended white precipitate to form. The methanol was removed
by rotary evaporation, and the resulting suspension was lyophilized. The flocculent,
white, highly hygroscopic lyophilate was stored at -20°C under nitrogen gas to prevent
water absorption. Product left exposed to moisture in the air turned into a gel within 24

hours.

Expression and purification of HLA-A*0201 subunits. The HC and ,m of HLA-A*0201
were expressed separately in E. coli and purified as previously published (Garboczi et al.,
1992). In brief, HLA-A*0201 HC and B,m subunits were expressed as inclusion bodies.
Bacterial cell pellets were lysed, insoluble inclusion bodies were pelleted and washed
multiple times with detergent, and then with buffer. Inclusion bodies were then
solubilized with 6M guanidine buffer and remaining insoluble material removed by

centrifugation.

Refolding of HLA-A*0201/peptide complexes. HLA-A*0201 HC and B,m inclusion
bodies were refolded according to.a published redox-shuffling refolding protocol

(Garboczi et al., 1992), by diluting the HC into buffer with B, m, antigenic peptide,
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arginine, and the redox pair cystamine/cysteamine. Refolded complexes were dialyzed

against pure water to remove arginine.

Column chromatography. Refolded, dialyzed, concentrated HLA-A*0201/peptide
complex was purified using a DEAE weak anion exchange column, followed by
Superdex 200 and Superdex 75 size exclusion chromatography. The DEAE column was
equilibrated with 10mM Tris-HCI, pH 8. Sample was loaded on the column, washed, and
then eluted with a NaCl gradient (0-500mM). The major peak was concentrated and
further purified on fhe size exclusion columns. Size exclusion columns were run using
10mM Tris, pH 8 isocratically. Peak elution was monitored by absorbance at 280nm, and
standard molecular weight proteins (BSA, ~60kDa; cyt bs, ~11kDa) were used to
calibrate the retention time of the HLA-A*0201 complex (~42kDa) and the excess $,m

(~12kDa).

Characterization of purified HLA-A*0201 complex. Antibody W6/32 (specific for
correctly folded HLA-A family proteiﬁs) was used in an immunoprecipitation assay to
identify the refolded HLA-A*0201. Purified protein was incubated for two hours at room
temperature with antibody W6/32. Next, protein A covalently linked to sepharose beads
was added to bind to the antibody/HLA-A*O201 complex. The sepharose beads were
recovered by centrifugation and rinsed several times with buffer to remove any
contaminating proteins. The original supernatant and the final precipitated product were

analyzed on a 20% SDS-PAGE with purified HLLA-A*0201 as a standard.

Generation of uniformly 13C-/I5N-labeled peptides for refolding with HLA-A*0201. In

order to generate uniformly labeled peptides for refolding with HLA-A*0201, a cloning
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strategy similar to that discussed in Chapter 4 was used. However, since the N- and C-
termini of the antigenic peptides are essential for native hydrogen bonding interactions
with the HLA-A*OZOi binding groove, the C-terminal homoserine left by the cloning
process had to be removed. Therefore, a strategy for cloning a longer peptide sequence
followed by proteolytic cleavage of the peptide into the desired sequence was used.
Initial studies with this protocol were performed to generate a MUCI peptide sequence
predicted to bind to HLA-A*0201. The 8mer sequence SAPDTRPA is known to bind to
murine H-2kb, so the following peptide sequence was designed: SAPDTRPAKVWPAM.
After CNBr cleavage from the fusion protein, the C-terminal methionine becomes a
homoserine (SAPDTRPAKVWPAhs). This initial peptide sequence was then digested
with 0.1 equivalents of trypsin (recrystallized Type I from bovine pancreas) to cleave C-
terminal of the lysine residue into two peptide fragments (SAPDTRPAK and VWPAhs).
The trypsin reaction was specific for the lysine residue and not for the arginine residue,
because trypsin will not cleave at a basic residue followed by a proline. Identical results
were obtained for sequencing grade trypsin, so the lower grade recrystallized trypsin was
used. The N-terminal fragment was purified using HPLC (it is easily distinguishable
from the C-terminal fragment because the C-terminal fragment absorbs light at 280nm
due to the tryptophan residue). The N-terminal fragment was then digested using 0.01
equivalents of carboxypeptidase B to cleave the basic lysine from the C-terminus of the
peptide to leave the peptide SAPDTRPA. This peptide was also purified using HPLC.
Intermediate and final products were identified using MALDI MS, as well as comparison
of HPLC retention times to a synthetic SAPDTRPA peptide.
In theory, the same protocol can be extrapolated to many sequences. For
example, the MUC1 sequence STAPPAHGVKVWPAM (another MUCI T cell epitope)

could be used. Other MUCI peptides related to the sequence containing the B-cell
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epitope sequence APDTRPAP could also be cloned. The only requirement for using this
strategy is that the peptide sequence must contain no basic residues, unless they are

followed by a proline.

NMR samples. All NMR samples were exchanged into 90%H,0/10%D,0 PBS buffer,
pH 7.1, with 0.02% sodium azide. HPLC-pure peptide samples were lyophilized and
resuspended in buffer. Protein samples were buffer-exchanged using a 10,000 MWCO of
30,000 MWCO centrifugal filter. All NMR experiments were performed on a Varian

Inova 500 MHz spectrometer.

Results:

Synthesis of ILKEPV*HGYV labeled with 13C and 5N at valine 6. 'H NMR and {H-13C
HSQC spectra demonstrate correct synthesis of labeled ILK peptide. In addition,
MALDI mass spectra gave the correct isotopic mass for the peptide, 6 mass units larger

than the unlabeled peptide.

Expression and refolding of HLA-A*0201. The SDS-PAGE in Figure 5.3 demonstrates
expression of the HLA-A*0201 HC and 3,m subunits separately in E. coli. In order to
assess the feasibility of the refolding protocol, the tight-binding viral peptide antigen
from HIV-1 RT, ILKEPVHGV (ILK), was used in initial refolding trials with the

bacterially expressed HLA-A*0201 protein subunits. In addition, refolding of HLA-
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Figure 5.3: SDS-PAGE of purified inclusion bodies of Class I MHC HLA-A*0201 HC
and ,m subunits expressed in E. coli. The HC (~33kDa) and ,m (~11kDa) inclusion
bodies are relatively pure before subsequent refolding with peptide.

A*0201 with the ILK peptide was compared to refolding with three different MUC1
peptides: GVTSAPDTRPAPGSTA, SAPDTRPA, and STAPPAHGV. Figure 5.4 depicts
size exclusion chromatography traces of HLA-A*0201 refolded with these peptides.
Panel A shows the complex with the ILK peptide. The major peak eluted at the
molecular weight corresponding to the correctly refolded HC/B,m/peptide complex
(~42kDa). A minor peak eluted at the molecular weight of free B,m, and is due to excess
B,m present in the refolding mixture. Panel B shows the same refolding protocol, but
using the MUCI 16-residue peptide GVTSAPDTRPAPGSTA. In this trace only the $,m
peak is present, because the peptide failed to refold any of the HC. This is not surprising,
since the HLA-A*0201 molecule prefers to bind 8- to 10-residue peptides. Panel C
shows refolding of the HLA-A*0201 subunits with the MUCI peptide STAPPAHGV.
This trace depicts free f,m, some large aggregates, and also a large peak corresponding

to correct refolding of the HLA-A*0201-peptide complex. Finally, Panel D depicts the
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trace of the same refolding protocol performed with the MUCI1 peptide SAPDTRPA.

This refolding exhibits a large free f,m peak, many species of large, soluble aggregates,
and very little specific refolding into the soluble, monomeric complex. The SEC traces in
Figure 5.4 demonstrate that the refolding process was highly efficient using the viral ILK
peptide. Refolding efficiency was lower with the MUCI1 peptides, with the
STAPPAHGYV peptide (containing one of the canonical sidechain anchor residues)
demonstrating higher refolding efficiency relative to the other two MUCI sequences
(containing none of the canonical sidechain anchor residues). Fractions corresponding to
the correctly refolded complex with ILK were further purified on a Superdex 75 size
exclusion column (shown in Figure 5.5). The results of an immunoprecipitation assay
with the conformationally sensitive antibody W6/32 (specific for HLA-A family proteins)
positively identified the purified complex, and are shown in Figure 5.6. Identical
immunoprecipitation results were obtained when refolding unlabeled or isotope-labeled

ILK peptides with HLA-A*0201.

NMR spectroscopy of HLA-A*0201 complexes. Figure 5.7 shows the 1D 1TH NMR
spectra of the free peptide and the HLLA-A*0201 complex. No free peptide resonances
are observable, although spectral overlap prevents observation of small peptide peaks.
Several characteristics of the refolded complex can be ascertained from the 1D spectrum.
Between 0.7 and -1 ppm, several protein methyl resonances are visible. These peaks are
upfield-shifted from their normal positions near 0.9 ppm due to ring-current shifts from
nearby aromatic residues in a well-packed hydrophobic core of the refolded complex.
The spectrum also shows amide resonances downfield of 10 ppm, indicative of folded

beta secondary structure. The 1D spectrum implies that the protein is correctly folded
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Figure 5.4: Size exclusion chromatography traces of HLA-A*0201 HC and f3,m subunits
refolding with antigenic peptides. Panel A shows efficient refolding with the viral
ILKEPVHGYV peptide. The two peaks in the trace are correctly refolded complex and
free B,m (excess in the refolding reaction). None of the HC is observed in the traces
because it is insoluble free in solution. Panel B shows the same refolding protocol, but
with the MUC1 16mer peptide GVTSAPDTRPAPGSTA. None of the HC was
solubilized in the refolding, because the peptide is too long to bind MHC. Panel C shows
refolding with the MUCI1 9mer peptide STAPPAHGV. The efficiency of refolding was
not at efficient as the ILK peptide. Panel D shows refolding with the MUC1 8mer
peptide SAPDTRPA. The efficiency of this refolding is much worse than the ILK
peptide.
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Figure 5.5: Panel A shows the SEC trace of HLA-A*0201 refolded with the ILK peptide.
Panel B shows an SDS-PAGE of the fractions from the SEC. The purified complex
breaks down into its HC and ,m subunits on the SDS-PAGE.
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Figure 5.6: Immunoprecipitation of purified HLA-A*0201/ILK complex with antibody
W6/32, which is specific for correctly folded HLA-A family proteins. The
immunoprecipitation supernatant lane shows no HLA-A*0201. The immunoprecipitation
lane shows both HC and B,m subunits, as well as the antibody heavy and light chains.

and well structured. Figure 5.8 shows the 2D 1H-13C HSQC spectra of the unlabeled
HLA-A*0201 complex refolded with unlabeled peptide in panel A. Several peaks are

observed at natural abundance from the unlabeled protein. Panel B shows the 2D 1H-13C
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Figure 5.7: 1D 'H NMR spectra of free ILK peptide (A) and the HLA-A*0201 complex
(B). In the complex, upfield-shifted methyl protons indicate hydrophobic packing within
the refolded complex, and downfield-shifted amide protons are characteristic of beta

sheet structure.
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Figure 5.8: IH-13C HSQC spectra of unlabeled HLA-A*0201/ILKEPVHGV complex.
The top panel shows the protein refolded with unlabeled ILK peptide. Only natural
abundance peaks from the protein are observed. The bottom panel shows the protein
refolded with the ILKEPVHGYV peptide unniformly labeled at valine 6 with 15N and 13C.
In this spectrum, new peptide peaks appear that are most likely from the peptide valine

methyl groups. The peaks do not correspond to the free peptide peaks, which are
overlaid in red.
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HSQC spectrum of the same protein refolded with ILK peptide with uniformly 1SN-/13C-
labeled valine at position 6. Superimposed upon this spectrum is the ZD IH-13C HSQC
spectrum (in red) of the free ILK peptide with uniformly labeled valine 6. The free peaks
for valine 6 do not appear in the spectrum with the HLA-A*0201/peptide complex,
indicating no free peptide in solution. In the spectrum of the complex with isotope-
labeled ILK peptide, two new peaks appear in the spectrum. These resonances are from
valine 6 in the bound peptide, and they experience a strong upfield shift in their chemical
shift relative to their position in the free state. This shift could be due to close contact
with aromatic sidechains in the HLA-A*0201 binding groove. In Figure 5.9 is the 2D
'H-I5N HSQC spectrum of the HLA-A*0201-peptide complex. One resonance is
observed for the IH-15N bond vector of the valine 6 amide group, highly upfield-shifted
from the free peptide resonance (in red). In addition, the linewidth of the bound
resonance (> 50 Hz) is much greater than that of the free peak (~20 Hz), reflecting the
large size of the complex relative to the free peptide.

Initial NMR studies using the HLA-A*0201-ILK peptide complex were
completed. The results imply that the sidechain of the isotope-labeled valine 6 interacts
with the MHC binding pocket and has close contact with aromatic sidechains. This
contact causes strong upfield shifting of the valine methyl resonances from 0.97 ppm to
0.1 ppm and -0.6 ppm. The loss of chemical shift degeneracy for these two methyl
resonances also implies that the sidechain rotation is hindered so that the methyl groups
do not exist in identical magnetic environments. Figure 5.10 shows the crystal structure
of the ILK peptide bound to HLA-A*0201. In the figure, the valine 6 sidechain is
pointed into the MHC binding groove. In addition, aromatic sidechains within 5A of the
residue are shown. Several histidine and tyrosine sidechains are shown that could be

responsible for the aromatic ring current shifting of the valine methyl groups.
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Figure 5.9: 2D H-15N HSQC spectra of the free ILK peptide in red (uniformly labeled
at valine 6) superimposed on the spectrum of the same peptide in complex with HLA-
A*0201. The resonance for the bound peptide exhibits a dramatic upfield shift and
broadened linewidth relative to the free peptide.

Further NMR experiments. ’Subsequently, 3D triple resonance and NOESY-based
experiments were attempted for the purpose of assigning the bound peptide peaks and
gaining structural information about the orientation of the valine 6 sidechain. However,
since the large size of the ternary HLA-A*0201-peptide complex results in fast transverse
spin-spin relaxation, the signal-to-noise decreased dramatically for those longer 3D pulse
sequences (the result of dipolar relaxation with neighboring proton nuclei prior to
acquisition), and no usable data were obtained. It is difficult to obtain solution structures

from larger proteins, but many systems larger than the HLA-A*0201-peptide complex
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Figure 5.10: Crystal structure of ILK peptide bound to Class I MHC HLA-A*0201
(Madden et al., 1993). The a-helices flanking the binding groove have been removed in
the figure for ease of view. The bound ILK peptide is colored purple, and the labeled
valine is colored cyan. HLA-A*0201 sidechains within 5A of the peptide valine
sidechain are shown in yellow. Ring current shifts from these histidine and tyrosine
sidechains could be responsible for upfield shifting of the peptide resonances of the
complex.

have been studied using several techniques. Partial or full deuteration of recombinant
proteins reduces transverse relaxation rates of the protein considerably and can be
achieved by growth in deuterated minimal media (Venters et al., 1995). In addition,
deuteration schemes that retain protons for the methyl groups of isoleucine, leucine and

valine sidechains offers a method for reducing transverse relaxation rates while also
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retaining some protons for getting NOE information (Goto et al., 1999). Transverse
relaxation optimized spectroscopy (TROSY) has recently been developed as a way to
obtain narrower linewidths for large proteins (Pervushin et al., 1997). In addition,
selective isotope labeling of protein domains or ligands reduces the spectral complexity
of some larger systems. All of these techniques can be utilized with the study of Class I
MHC-bound antigenic peptides. Therefore, to obtain structural information about the
MHC-bound peptide struéture and dynamics, deuteration of the MHC appears to be
necessary. It should be noted that our observation of bound peptide resonances without
the benefit of fractionally deuterated protein or TROSY-based pulse sequences speaks to
the feasibility of 3D NOESY or triple resonance experiments on the system, provided that
deuterated protein and TROSY-based pulse sequences are used. These sophisticated 3D
NMR experiments should then allow the assignment of uniformly labeled peptides bound
to Class I MHC HLA-A*0201, a prerequisite for the structural or dynamics studies

proposed herein.

Deuteration of HLA-A*0201. Although growth of the HLA-A*0201 HC and f,m
subunits in deuterated minimal media was attempted, it was not successful. Protein
expression in unlabeled LB media did not transfer to the deuterated cultures. The reasons
for this are unknown. A new HLA-A*0201 plasmid‘was obtained that is a single chain
version of the HC and ,m subunits that utilizes a 15 amino acid (glycine and serine)
flexible linker to connect the two domains. This construct expressed the single chain
MHC (scMHC), and expression was under IPTG induction control. However, in our

initial studies the protein did not express in deuterated media.
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Conclusions and Future Directions:

Using a methodology that assembles Class I MHC from heavy chain (HC) and
B,m subunits expressed separately in E. coli (Garboczi et al., 1992), we have successfully
refolded Class I MHC with several synthetic peptides. These peptides include a 9-residue
viral peptide antigen from HIV-1 RT (ILKEPVHGYV) containing the canonical anchor
residues (P2 and P9) and a 9-residue MUCI peptide tumor antigen (STAPPAHGV)
containing only one of the canonical anchor residues (P9). We have also established a
general method for determining the relative refolding efficiency of other MUC1 peptide-
MHC complexes monitored by SEC chromatography. This method allows preliminary
determination of the suitability of individual peptide-MHC complexes for study by NMR
spectroscopy. In addition, the method also allows an initial assay of how mutations to the
peptide sequence or changes in glycopeptide carbohydrate moieties might affect peptide
binding to HLA-A*0201.

Further NMR experiments will utilize uniformly isotope-labeled MUC1 peptides.
Our previous work has established a cloning strategy for producing recombinant, isotope-
labeled MUCT1 peptides (Grinstead et al., 2003; Schuman et al., 2003). In this study, we
have expanded that protocol to produce peptides with unaltered termini. Triple resonance
experiments of MHC-bound, uniformly labeled MUC1 peptides will allow assignment of
resonances. Experiments such as 13C/15N-edited or 13C/15N-filtered NOESY should
help to define the bound peptide structure, and orientation of peptide sidechains. NMR
relaxation measurements should help to characterize bound peptide sidechain and
backbone flexibility. These experiments all form the basis of future work on this system.

The proposed NOESY-based and triple resonance NMR experiments outlined

above have been attempted with the present MHC-bound ILK peptide complex.
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However, these studies have suffered from extremely poor spectral quality because the
large size of the peptide-MHC complex (~42kDa) causes fast transverse relaxation of
magnetization. Therefore, the most important aspect of future studies is generation of
deuterated MHC. Further attempts at deuteration of both the HLA-A*0201 HC and the
scMHC construct must be made. It may be necessary to use several cell lines to see if
one is better suited to deuteration than another. Several strategies for production of
deuterated protein have been published, so some of those would be attempted. Once
deuterated protein is expressed, biophysical experiments will allow characterization of
the stability of the refolded MHC-peptide complex.

Complexes with sufficient stability can be studied directly in the NMR tube as a
complex. Since peptides assembled with MHC in a 1:1 complex will not be in chemical
exchange, they will not benefit from the narrow 'free linewidth' contributions of the
~ transferred experiments as was the case with the Fab studies discussed in Chapters 3 and
4. The large size of the MHC-peptide complex will result in broad linewidths of NMR
resonances. However, the recently developed 19N-edited TROSY experiment may prove
to be of great assistance in overcoming the rapid T, relaxation of the amide proton,
producing significantly reduced linewidths and enhanced sensitivity for this nucleus (Zhu
et al., 2000).

The experiments outlined in this chapter should allow determination of which
MUCI antigenic peptide sidechains are important for peptide-MHC complex stability,
versus pointed away from the MHC binding groove for potential interactions with the
TCR. This would be the first step in structure-based redesign of a more immunogenic

MUCT peptide vaccine.
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Chapter 6: Significance of Conclusions and Future Directions
Significance of conclusions:

One major problem with developing a MUC1 cancer vaccine capable of shrinking
solid breast tumor has been accurate identification of a tumor-associated MUC! antigen.
Most information regarding the immunogenicity of the MUCI sequence has been based
on studies of MUCI peptides binding to anti-peptide antibodies. However, recent
literature reports illustrate how important tumor-associated MUC]1 carbohydrate moieties
are to a tumor-relevant immune response. Our strategy of using a tumor-associated
antibody to identify the peptide and carbohydrate moieties responsible for binding the
antibody has allowed revision of the known cancer-associated peptide epitope to
incorporate carbohydrate substituents. For example, our results outlined in Chapter 3
indicate that both the B-turn spanning PDTR and sugars upstream from this sequence
interact with the tumor-specific antibody B27.29, while the remaining residues in the
sequence remain highly flexible in the bound state and are not affected by binding to the
antibody. These results imply that a smaller, more defined glycopeptide vaccine might
be more effective at stimulating a strong, tumor-specific immune response.

A second major problem in the development of a tumor-specific MUCI1 vaccine is
stimulation of a cellular immune response. MUCI is poorly immunogenic, not because
the immune system has been tolerized against the antigen (which would leave only low-
affinity T cell clones in circulation), but because MUCI1 antigenic peptides are poorly
presented to T cells by MHC Class 1. Therefore, if the basis for low-affinity binding to
MHC could be discovered and possibly improved, then the peptide-MHC complex should

be bétter able to stimulate T cell immunity.
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Future directions:

Future studies of the MUC1 system will address the role of glycosylation in
MUCI immunogenicity. In this regard, we have developed an NMR-based methodology
for study of both humoral and cellular recognition of MUC1 glycopeptides. Using this
methodology, we propose in the future to probe humoral recognition of MUCI
glycopeptides by studying the structure and affinity of various MUC1 glycopeptide-Fab
B27.29 complexes. These studies should help refine a model of the MUC1 tumor-
associated antigen. Future studies of cellular recognition of MUC] will examine the role
of glycosylation in MUC1 peptide presentation by Class I MHC HLA-A*0201. NMR
studies of isotope-labeled peptides should help to define the mode of MUCI peptide
binding to MHC, and refolding assays will determine how cancer-associated
carbohydrate moieties affect assembly of the MHC-peptide complexes. Ultimately,
generation of an isotope-labeled glycopeptide would allow structure determination of the
glycopeptide-MHC complex, which should provide a better structural understanding of
how tumor-associated carbohydrate is available to interact with a T cell receptor.
Ultimately, these future studies probing the role of MUCI carbohydrate in humoral and
cellular immune recognition should enable design of a next-generation MUCI
glycopeptide vaccine capable of inducing stronger humoral and cellular immunity

proficient at shrinking the solid tumor.
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Appendix A: Supplementary 1H NMR and natural abundance 13C
NMR data for MUC1 16mer peptide and glycopeptides.

Table A1: 1H NMR resonance assignments of unglycosylated and Tn-glycosylated
MUCI1 16mer peptides (pH 7.0, 5 °C).

A. unglycosylated 16mer (GVTSAPDTRPAPGSTA)

Residue IHN IHo 1HB 1Hy 1HS IHe
Glyl

Val2 8.65 4.26 2.12 0.97

Thr3 8.52 4.42 4.22 1.22

Ser4 8.49 4.45 3.85

Alas 8.53 4.62 1.37

Pro6 441 191,229 203 . 3.66,3.81

Asp7 8.61 4.62 2.64,2.75

Thr8 8.21 4.32 4.26 1.18

Arg9 841 4.60 1.78 1.70 1.71 3.22
Prol0 4.40 1.86,2.26 1.99 3.60, 3.84

Alall 8.65 4.56 1.36

Prol2 4.42 1.94,2.33 2.08 3.66, 3.85

Gly13 870  4.00

Serl4 8.28 4.54 3.94

Thrl5 8.39 441 431 1.21

Alalé 8.12 4.11 1.34

B. Tn3-glycosylated 16mer (GVT(Tn)SAPDTRPAPGSTA)

Residue 1IN Ho 1HB 1Hy 108 IHe
Glyl

Val2 8.63- 4.37 2.12 0.98

Thr3 8.91 4.66 4.32 1.28

Serd 8.64 4.47 3.79, 3.86

Ala5 8.65 448 1.39

Pro6 4.39 1.90,2.31 2.04 3.66, 3.83

Asp7 8.63 4.61 2.64, 2.75
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Thr8 8.21 431 425 1.18

Arg9 8.41 4.60 1.78 1.70 1.70 3.21
Prol0 4.39 1.86,2.26  2.00 3.60, 3.84

Alall 8.65 4.56 1.36

Prol2 4.41 1.94,232  2.09 3.67, 3.83

Glyl3 8.70 3.99

Serl4 8.28 4.54 3.92

Thrl5 8.39 441 431 1.21

Alal6 8.12 4.11 1.34

H1 H2 H3 H4 H5 H6,H6' AcCH; AcNH

Tn3(Thr3)  4.94 4.07 3.89 2.03 7.68

C. Tn4-glycosylated 16mer (GVTS(Tn)APDTRPAPGSTA)

Residue IHN IHa IHB 1y 1H8 1He
Glyl

Val2 8.62 4.26 2.12 0.95

Thr3 8.52 4.39 4.18 1.22

Serd 8.71 4.62 3.76,3.91

Alas 8.65 4.62 1.38

Pro6 441 1.91,2.30 2.03 3.67,3.80

Asp7 8.62 4.61 2.63,2.74

Thr8 8.25 431 4.25 1.18

Arg9 8.43 4.59 1.78 1.70 1.70 3.21
Prol0 4.39 1.86,2.26 2.00  3.60,3.83

Alall 8.65 4.56 1.36

Prol2 441 1.94,2.33 2.07 3.67,3.84

Gly13 870  3.99

Serl4 8.28 4.54 3.93

Thrl5 8.39 4.40 4.31 1.21

Alal6é 8.12 4.11 1.33

H1 H2 H3 H4 H5 H6,H6' AcCH; AcNH

Tn4(Ser4) 4.89 4.16 3.92 3.65 2.03 8.12

D. Tn3.Tnd-glycosylated 16mer (GVT(Tn)S(Tn)APDTRPAPGSTA)

Residue 1IN Ho 3313 1Hy 14§ 1He

Glyl
Val2 8.61 4.38 2.12 0.99
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Thr3 8.90 4.65 434 1.29
Serd 8.83 4.63 3.75, 3.91
Ala5 8.69 4.50 1.39
Pro6 4.39 191,231 2.03 3.65, 3.82
Asp7 8.61 4.61 2.63,2.75
Thr8 8.24 431 4.25 1.18
Arg9 8.42 4.59 1.78 1.70 1.70 3.22
Prol0 4.40 1.86,2.26  2.00 3.60, 3.84
Alall 8.64 4.56 1.36
Prol2 4.41 1.94,2.33  2.09 3.67,3.84
Gly13 8.70 3.99
Serl4 8.28 4.54 3.92
Thrl5 8.38 4.41 4.30 1.21
Alal6 8.11 4.11 1.33
Hi 02 H3 H4  H5 H6,H6' AcCH; AcNH
Tn3(Thr3) 492 407  3.90 205  7.74
Tn4(Serd) 491 415  3.92 205  8.15

Table A2: 13C NMR resonance assignments of unglycosylated and Tn3,Tn4-

glycosylated MUC1 16mer peptides (pH 7.0, 5 °C).

A. unglycosylated 16mer (GVTSAPDTRPAPGSTA)

Residue 13Co, 13CB 13¢Cy. 13C8
Glyl 42.96

Val2 62.29 32.90 20.17, 21.01

Thr3 61.69 69.66 2143

Ser4 57.92 63.65

Alas 50.51 18.08

Pro6 63.23 31.92 27.44 50.51
Asp7 54.14 40.86

Thr8 61.55 69.52 21.57

Arg9 54.14 29.82 26.60 43.24
Pro10 62.67 32.06 27.44 50.65
Alall 50.37 17.66

Prol2 63.51 31.92 27.44 50.51
Gly13 45.06

Serl4 58.34 63.79

Thrl5 61.41 69.80 21.43

Alal6 53.86 19.75
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B. Tn3,Tn4-glycosylated 16mer (GVT(Tn)S(Tn)APDTRPAPGSTA)

Residue 13Ca, 13CB 13cy 13C8
Glyl 43.19 |
Val2 62.10 33.00 20.33,21.07
Thr3 59.84 81.69 21.07
Serd 55.69 64.32
Alas 50.41 17.84
Pro6 62.83 32.01 27.54 50.40
Asp7 54.17 41.21
Thr8 61.59 71.75 21.57
Arg9 54.17 29.77 26.54 - 43.19
Prol0 62.72 32.01 27.54 50.65
Alall 50.45 17.59
Prol2 62.49 32.01 27.54 50.40
Glyl3 45.18
Serl4 58.49 64.07
Thrl5 61.55 72.02 21.32
Alal6 54.02 19.83
Cl C2 C3 C4 C5 Cé6 Ac
Tn3(Thr3) 52.39 24.80
Tn4(Ser4) 52.39 24.80

Table A3: Comparison of temperature coefficients (-AS/AT), coupling constants (3Jy,)
and alpha proton chemical shift index (Ad,) measured for the unglycosylated and Tn-

glycosylated MUC1 16mer peptides (pH 7.0, 5 °C)1.

A. unglycosylated 16mer B. Tn3-glycosvlated 16mer
Residue -AS/ AT 3] No, ASH(X ASCOC -AS/ AT 3J Na ASHC(
(ppb/K) (Hz) (ppm) (ppm) (ppb/K) (Hz) (ppm)
Glyl 2.1

! Uncertainty in the measured temperature coefficient values is + 0.2 ppb/K. Uncertainty in the
measured coupling constants is * 0.2 Hz. The chemical shift index for the Ho proton is
calculated as the difference between the observed chemical shift and the random coil chemical
shift (Ady = 8y 0bs - §coil) where the random coil shift of a given residue is taken from
Wishart e al. (Wishart et al., 1995).
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Val2 0.14 0.25
Thr3 8.0 5.7 0.07 12.6 8.8 0.31
Serd 7.0 7.2 -0.02 8.1 6.7 0.00
Alas 8.0 5.7 0.00 8.1 -0.14
Pro6 -0.01 -0.03
Asp7 8.4 5.9 -0.02 8.7 5.9 -0.03
Thr8 7.6 7.8 -0.03 8.0 79 -0.04
Arg9 6.5 6.8 -0.05 6.4 7.0 -0.05
Prol0 -0.02 -0.03
Alall 9.0 53 -0.06 8.7 5.3 -0.06
Prol2 0.00 -0.01
Gly13 8.0 0.04 8.0 0.03
Serl4 5.0 0.07 5.6 6.9 0.07
Thrl5 8.4 0.06 8.6 9.1 0.06
Alal6 6.0 -0.21 6.4 6.5 -0.21
C. Tn4-glycosylated 16mer D. Tn3.Tn4-glycosylated 16mer
Residue -AS/AT Ady, ASAT 3y Adygy  Adgy
(ppb/K) (ppm) (ppb/K) (Hz) (ppm) (ppm)

Glyl -1.9
Val2 0.14 0.26 -0.1
Thr3 8.6 0.04 12.0 8.7 0.30 2.0
Ser4 0.15 7.6 7.1 0.16 2.6
Alas 94 0.00 8.0 5.3 -0.12 -0.1
Pro6 -0.01 -0.03 -0.5
Asp7 9.0 -0.03 8.0 5.9 -0.03 0.0
Thr8 8.0 -0.04 9.0 7.9 -0.04 -0.2
Arg9 6.4 -0.06 6.0 6.3 -0.06 0.2
Prol10 -0.03 -0.02 -0.6
Alall 9.4 -0.06 8.2 5.5 -0.06 0.1
Prol12 ‘ -0.01 -0.01 -0.8
Gly13 8.6 0.03 8.0 0.03 0.1
Serl4 54 7.0 0.07 6.2 6.8 0.07 0.2
Thrl5 8.8 9.5 0.05 8.0 9.5 0.06 -0.3
Alal6 6.8 6.6 -0.21 6.4 6.5 -0.21 1.5
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Table A4: Natural abundance 13C T, and T;p relaxation times, and {!H}-13C NOEs
measured for the unglycosylated and Tn3,Tn4-glycosylated MUC1 16mer peptides (pH
7.0, 5°C).

A. unglycosylated 16mer

Residue T, (ms) Typ (ms) {!H}-13C NOE
Val2 3136 208 +£23 1.80 + 0.07
Thr3 295+5 188 +19 1.58 +0.04
Serd 286+ 5 155 +13 1.56 = 0.08
Ala5 290 +5 144 + 12 1.52 +0.09
Pro6 285+5 139+ 11 1.43 £ 0.07
Asp7 269 +4 117+ 8 1.43 +0.06
Thr8 2905 142 =+ 11 1.50 = 0.08
Arg9 269 +4 117 8 1.43 + 0.06
Pro10 291 +£5 133+ 10 1.37 £0.10
Alall 2775 136 + 10 1.50 + 0.09
Prol2 2885 156 + 13 1.43 +0.07
Serl4 296 5 175+ 16 1.60 = 0.07
Thrl5 298 + 5 191 + 19 1.65 +0.04
Alalé 460 £ 11 269 + 39 1.80 £ 0.04
B. Tn3.Tn4-glycosylated 16mer

Residue Ty (ms) Tip (ms) {!H}-13C NOE
Val2 294 + 12 137 +20 1.65 +0.04
Thr3 262 +11 110+ 13 1.29 £ 0.02
Serd 262+ 11 109+ 13 1.32 +0.03
Alas 304 +12 96 + 10 1.37 £+ 0.04
Pro6 303 +12 110+ 13 1.48 £ 0.02
Asp7 292 +12 101 +11 1.41 +0.02
Thr8 302 +12 131 £ 18 1.50 +£0.03
Arg9 203 + 12 101 =11 1.41 £ 0.02
Prol0 303 +12 110+ 13 148 +0.04
Alall 283 +11 159 + 27 142 +£0.03
Prol2 312+ 13 131 £ 18 1.53 £ 0.03
Serl4 297 =12 178 £ 35 1.53 £ 0.03
Thrl5 310+ 13 206 =47 1.82 +0.02
Alal6é 449 + 19 236 + 60 1.83 £0.03



Table AS: Peptide-sugar NOEs observed for the Tn3,Tn4-glycosylated 16mer peptide

(pH 7.0, 5 °C).

Peptide resonance

Tn resonance

intensity (s, m, w), # contours2

Val2 oH Tn3 AcNH m,4 -
Val2 §H Tn3 AcCHj,4 s, 18
Val2 y(CHj), Tn3 AcNH m, 4
Thr3 NH Tn3 AcNH S, 9
Thr3 NH Tn3 AcCH; s, 7
Thr3 NH Tn3 H2 m, 4
Thr3 NH Tn3 H3 m, 5
Thr3 oH Tn3 AcNH m, 4
Thr3 BH Tn3 AcNH m, 5
Thr3 y(CHj3) Tn3 AcNH m, 4
Thr3 y(CHj3) Tn3 H2 s, 14
Ser4 NH Tn4 AcNH s, 6
Serd NH Tnd AcCHj; 5,6
Ser4 NH Tn3 H2 w, 2
Ser4 NH Tn4 H3 m, 5
Ser4 oH Tn4 AcNH m, 5
Ser4 BH (3.83 ppm) Tn4 AcNH 8,6
Serd4 B'H (3.70 ppm) Tn4 AcNH m, 4
Ser4 BH (3.83 ppm) Tn4 AcCHj, s, 12
Ser4 §'H (3.70 ppm) Tn4 AcCHjy s, 10
Ala5 B(CHy) Tn3 AcNH w, 2
Ala5 B(CHj) Tn4 AcNH w, 2
Ala5 B(CHjy) Tn4 AcCHj3 s, 15
Pro6 aH Tnd AcNH m, 4

Table A6: Peptide-Fab NOEs observed at 5 °C and 25 °C (pH 7.0) for the Tn3,Tn4-
glycosylated MUC1 16mer peptide in the presence of 0.14 molar equivalents Fab.
Peptide was 1.4 mM and Fab was 200 uM.

Peptide/Sugar resonance Fab resonance intensity(s,m,w),

# contours

Tn3 AcNH arom. (6.91 ppm, 25 °C) m, 5 (25 °C)

2 Intensity of the peptide-sugar NOE is categorized as strong (s) for # contours > 6; medium (m)
for 4 <# contours < 6; and weak (w) for 1 < # contours < 4.
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Tn4 AcNH NH (8.41 ppm, 5 °C) s,6(5°C)
Tn4 AcNH NH (8.21 ppm, 25 °C) s, 9(25°C)
Tn4 AcCHj;4 'NH (8.41 ppm, 5 °C) s,6 (5°C)
Tn4 AcCHj, NH (8.21 ppm, 25 °C) m, 3 (25 °C)
T8 oH arom. (6.91 ppm, 25 °C) m, 3 (25 °C)
T8 y(CHy) CHj; (-0.30 ppm, 5 °C) s, 7 (5°C)
T8 y(CHy) CH; (-0.30 ppm, 25 °C) s, 12 (25 °C)
T8 y(CHs) arom. (6.91 ppm, 25 °C) s, 6 (25 °C)

Table A7: Temperature coefficients (-A8/AT) and coupling constants (3Jno) measured
for the unglycosylated and Tn3,Tn4-glycosylated MUC1 16mer peptides in the presence
0.4 molar equivalents Fab. Peptide was 1 mM and Fab was 400 uM (pH 7.0, 5 °C).

A. unglycosylated 16mer + Fab B. Tn3.Tn4-glycosylated 16mer + Fab

Residue -AS/AT 3 NG -AS/AT 3N

(ppb/K) (Hz) (ppb/K) (Hz)
Thr3 7.8 6.6 12.0 8.6
Ser4 8.0 7.0 7.7 7.5
Ala5s 7.8 6.6 7.7 5.9
Asp7 8.4 5.6 8.6 54
Thr8 8.0 7.5 8.4 7.9
Arg9 6.6 7.0 5.2
Alall 94 54 9.3 5.2
Gly13 7.4
Serl4 5.4 6.5 5.8 6.9
Thr15 8.8 9.6 8.6
Alal6 6.4 6.3 6.9 6.6
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Appendix B: Supplementary 1H, 13C, and 15N NMR data for
recombinant, 13C/15N-labeled MUC1 16mer and 40mer.

Table B1: 'H, 13C, and 15N NMR resonance assignments of the recombinant MUC1
16mer (A) and 40mer (B) peptides (pH 7.1, 5°C).

A. 16mer GVTSAPDTRPAPGSTA (Hs)

Residue  lHN 1Ho IHB IHy 11 IHe
Glyl 3.91

Val2 8.65 4.28 2.15 0.98

Thr3 8.57 4.44 425 1.22

Serd 8.53 4.47 3.96, 3.91

Ala5 8.57 4.65 1.40

Pro6 443 193,231 2.04 3.69, 3.83
Asp? 8.65 4.63 2.67,2.76

Thr8 8.26 435 428 1.18

Arg9 8.45 4.63 1.83 1.72 3.24
Prol0 441 1.89,2.30 2.04 3.62,3.85
Alall 8.69 4.59 1.39

Prol2 4.44 197,235  2.10 3.69, 3.83
Gly13 8.75 4.02

Serl4 8.32 4.55 3.87

Thrl5 8.41 441 428 1.21

Alal6 8.46 4.36 1.42

Hs 17 8.19 4.24 1.88 3.66

Residue  ISN Bco,  13CP 13cy 13¢8 13Ce
Glyl 63.07

Val2 1196 6229  32.74 20.08, 21.02

Thr3 1175  61.67  69.86 21.48

Serd 1180 5802  63.92

Ala5 1264 5056  18.06

Pro6 63.07  31.88 27.22 50.41
Asp7 119.6 5414  60.66

Thr8 1139 6151  69.79 21.48

Argd 1240 5414  29.79 26.45 43.15
Prol0 62.68  31.88 27.22 50.49
Alall 1251 5041  17.60

Prol?2 6346 3181 27.22 50.41
Glyl3 109.1 - 65.09

Serl4 1146 5841  63.77

Thrl5 1149 6159  69.79 21.48
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Alal6 126.3 52.43 19.07
Hs 17 123.2 55.15 56.47 61.13

B. 40mer (VISAPDTRPAPGSTAPPAHG),(Hs)

Residue IHN IHa 1HB 1Hy 1H8 1He
Vall 4.72 2.12 1.03, 1.05

Thr2 443 4.27 1.26

Ser3 8.62 446 3.89,3.93

Ala4 8.53 4.58 1.38

Pro5/25 442 1.90,2.31 2.04 3.62,3.83
Asp6/26 8.58 4.62 2.66,2.76

Thr7/27 8.19 4.33 4.24 1.22

Arg8/28 8.37 4.62 1.83 1.72 3.22
Pro9/29 4.40 1.90,2.31 2.04 3.62, 3.83
Alal0//30 8.62 4.61 1.38

Prol11/31 442 1.90,2.31 2.04 3.62,3.83

Gly12/32  8.66 3.99
Serl13/33  8.24 4.54 3.87

Thrl4/34  8.33 4.39 4.18 1.22
Alal5/35 841 4.61 1.38

Prol6/36 4.40 1.90,2.31 2.04 3.62, 3.83
Prol7/37 4.40 1.90,2.31 2.04 3.62, 3.83
Alal8/38  8.54 425 1.35

His19 8.36 4.56 3.13

Gly20 8.42 3.94

Val21 8.19 423 2.12 0.95, 0.96

Thr22 8.45 445 427 1.26

Ser23 8.43 4.46 3.89, 3.93

Ala24 8.49 4.58 1.38

His39 8.36 4.62 3.13

Gly40 8.47 3.94

Hs 41 8.04 427 1.88 3.59, 3.66

Residue  ISN Bco,  13cp 13cy 13¢§
Vall 6138  32.84 19.44, 20.50

Thr2 6149  69.42 21.54

Ser3 11886  57.88  63.92

Alad 12643 5031  17.93

Pro5/25 6324 3204 27.48 50.32
Asp6/26 11959 5404  40.89

Thr7/27 11395 6149  69.65 21.54

Arg8/28 12393 5404  29.79 26.45 43.33
Pro9/29 62.66  32.04 27.48 50.32
Alal0/30  125.10 5043  17.93

Pro11/31 6324 32,04 27.48 50.32

Glyl12/32 10897  45.18
Ser13/33 11444  58.35 63.79
Thr14/34  115.06  61.38 69.65 21.54
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Alal5/35 12741 50.43 17.93

Pro16/36 62.66 32.04 27.48 50.32
Prol17/37 62.66 32.04 27.48 50.32
Alal8/38  123.63  52.18 19.10

His19 117.45  55.90 27.17

Gly20 109.37  45.18

Val2l 118770  62.31 32.84 20.50, 21.19
Thr22 11778  61.73 69.42 21.54

Ser23 117.88  57.88 63.92

Ala24 12635  50.31 17.93 61.13

His39 117.45 5590 27.17

Gly40 110.11  45.18

Hs 41 12425  54.97 30.45 61.02

Table B2: 1N T; and !13C T, relaxation times measured for the !5N,!13C-labeled
recombinant MUC1 peptides in the absence and presence of Fab B27.29. All
measurements were made at 500 MHz on a Varian Inova 500 NMR spectrometer. NMR
samples were in PBS buffer, pH 7.1, 90% H,0/10% D»0, 5.0 °C.

A. DN T relaxation times measured for the 15N-labeled 16mer + Fab B27.29

Residue 800 uM 16mer 800 uM 16mer 1600 uM 16mer 2600 uM
+ 200 uM Fab + 200 uM Fab + 200 uM Fab

Glyl

Val2 866 + 63 ms

Thr3 8552 625 + 23 669 + 11 693 +11
Ser4 772 £2 622 + 30 586 £ 13 639+9
Alas 773 £2 512+20 547 £ 10 568 +7
Pro6

Asp7 663 +2 384 +27 427 + 11 471 £5
Thr8 647 £ 2 429 £ 39 410 + 14 462 £ 5
Arg9 641 £3 416 £ 34 483 +12 467 £ 5
Prol0

Alall 714 £ 2 430 + 29 481 £ 10 498 £ 6
Prol2

Glyl13 664 +2 446 £ 72 449 £ 21 494 £ 6
Serl4 665t 2 438 £33 499 + 14 523+ 6
Thrl5 732 +2 492 +32 533+ 15 579 £7
Alal6 814 +2 537+ 15 595+8 615+8
Hs 17 1160 £ 10 768 +9 8676 910+ 18

B. 15N T relaxation times measured for the 15N-labeled 40mer + Fab B27.29

Residue 800 UM 16mer 400 uM 40mer 800 uM 40mer 1200 uM
+ 200 uM Fab + 200 uM Fab + 200 uM Fab

3 Standard deviations calculated for each parameter are given as + error. These standard
deviations are significantly smaller than the 5% errors estimated as the more accurate reflection
of uncertainty in each measurement.
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Thrl
Val2
Ser3
Alad
Pro5s
Asp6/26
Thr7/27
Arg8/28
Prol9
Alal0/30
Proll
Gly12/32
Ser13/33
Thrl14/34
Alal5/35
Prol6/36
Prol7/37
Alal8/38
His19/39
Gly20
Val2l
Thr22
Ser23
Ala24
Gly40
Hs 41

916 £ 6 ms
7375

620+ 4
609 £4
568 £ 4

617+ 4

659 5
633t4
673t 4
6314

638+ 4
700 £5
661 £5
627 £ 4
649 + 4
635t 4
632t 4
85916
955+6

555111
465+ 8

4136
405 %5
4035

4396

406 £ 5
4396
439+ 6
490 £ 8

515+9
5039
473 7
534+9
452+ 6
473+ 8
5289
566 + 11
804 £ 20

619 £ 24
625 +23

459 + 18
450 + 18
451 + 18

500 £ 20

485+ 20
523 £20
536 £ 20
550 +20

566 + 21
566 £ 22
478 £ 19
569 £ 21
533+20
533120
523+£20
660 + 22
878 £34

767 + 33
658 +27

573 £21
577+£22
534 +£22

595+23

578 £22
585+22
602 + 23
589 + 22

596 £ 23
633 £ 25
640 £ 26
594 £23
606 £ 23
606 £ 23
613+ 24
687 £ 29
948 £ 41

C. 13C T relaxation times measured for the 13C-labeled 16mer + Fab B27.29

Residue 800 uM 16mer 800 uM 16mer
+ 200 uM Fab

Glyl :

Val2 291 £ 10 ms 318 £2

Thr3 296 + 8 2793

Ser4 270+ 8 257 +4

Alas 263+7 176 + 8

Pro6 262+ 8 175+6

Asp7 253+ 8 186+ 6

Thr8 269+ 8 231 +£17

Arg9 253+ 8 186 £ 6

‘Prol0 2666 130+ 9

Alall 266 +7 170 £ 16

Prol2 28419 191 +9

Gly13

Serl4 268 +8 244 + 6

Thrl5 247 + 8 279 +£3

Alalé 291 +11 323+4
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Hs 17 347 £ 22 386 +3

D. I3C T, relaxation times measured for the 13C-labeled 40mer + Fab B27.29
Residue 800 uM 40mer 800 uM 40mer

+ 200 uM Fab
Vall 277+ 12
Thr2 278 £ 15 ms 317t 14
Ser3 296+ 12 277 £ 10
Ala4 300+ 15 319 £13
Pro5 306+ 9 216 + 14
Asp6/26 289+ 10 218 £ 11
Thr7/27 306 £ 11 251+ 15
Arg8/28 289+ 10 218 £ 11
Pro9/19 284 + 12 21719
Alal0/30 300 £ 15 31913
Prol11/31 306 £ 12 281 £ 22
Gly12/32
Ser13/33 311 £13 284 + 12
Thr14/34 299 + 14 299 + 11
Alal5/35 300+ 15 319+13
Prol16/36 284+ 12 277+9
Prol7/37 284 +12 277+9
Alal8/38 300 £ 13 295 £ 16
His19/39 255+ 11 268 + 10
Gly20
Val21 296 + 23 417 + 48
Thr22 278 £ 15 317+ 14
Ser23 296 + 12 277+ 10
Ala24 300 £ 15 319 +13
Gly40
Hs 41 378 £ 25

Table B3: 15N T, and 13C Tjp relaxation times measured for the 15N ,13C-labeled
recombinant MUC1 peptides in the absence and presence of Fab B27.29. All
measurements were made at 500 MHz on a Varian Inova 500 NMR spectrometer. NMR
samples were in PBS buffer, pH 7.1, 90% H,0/10% D-0, 5.0 °C.

A. 3N T; relaxation times measured for the 15N-labeled 16mer + Fab B27.29

Residue 800 uM 16mer 500 uM 16mer 800 uM 16mer
+ 200 uM Fab + 200 uM Fab

Glyl

Val2 363 £ 8 ms

Thr3 439+ 1 149 £2 142+ 2
Ser4 395+1 132 %5 142 £ 3

Ala5 425+ 1 88+ 4 98 +2



Pro6
Asp7
Thr8
Arg9
Prol0
Alall
Prol2
Gly13
Ser14
Thr15
Alal6
Hs 17

B. 1SN T, relaxation times measured for the !5N-labeled 40mer + Fab B27.29

383+ 1
3721
344+ 1

409 + 1

3401
3581
402t 1
491 £ 1
766 £ 7

87t 15
6314
82t 16

44+ 8

76 26
85+10
9517
142+£3
2743

77%3
78 £4
69+3

66 =2

78+ 6
86x3
115+ 4
156 £2
299 £3

Residue 800 uM 40mer 800 uM 40mer
+ 200 uM Fab
Thrl
Val2
Ser3 336 =2 ms 159 +3
Alad 385+3 161 £3
Pro5
Asp6/26 294 +2 124 £2
Thr7/27 291 +2 1152
Arg8/28 276 £ 1 112+2
Prol9
Alal0/30 3002 128 +£2
Proll '
Gly12/32 2601 112 £2
Ser13/33 265+1 1252
Thri4/34 272 +1 133+2
Alal5/3 312+2 174 £ 4
Prol16/36
Prol7/37
Alal8/38 3252 182+4
His19/39 302+2 158 +3
Gly20 2752 138 +3
Val21 287 +2 180 +4
Thr22 286 +2 128 +2
Ser23 239+1 176 £ 4
Ala24 272 £1 13212
Gly40 3772 174 £ 4
Hs 41 663 +7 406 + 18

C. I3C Tp relaxation times measured for the 13C-labeled 16mer + Fab B27.29
800 uM 16mer

Residue

800 uM 16mer

500 uM 16mer

+ 200 uM Fab

+ 200 uM Fab

Glyl

202



Val2
Thr3
Serd
Alas
Pro6
Asp7
Thr8
Arg9
Pro10
Alall
Prol2
Gly13
Serl4
Thrl5
Alal6
Hs 17

202 £ 9 ms
180 £ 8
134 £5
130+ 4
139 + 4
112+3
12713
112+3
1225
121 £3
135%5

133+ 4
174 £7
196 + 10
137+ 13

203
133+2 115+6
106 + 2 ' 92+t7
83+2 41 £8
371
542
511
84 +5
51%1
62t3
37t4
523

65t1

1052 92 +8
1052 693
1252 109 £2

D. 13C Typ relaxation times measured for the 13C-labeled 40mer + Fab B27.29

Residue 800 uM 40mer 800 uM 40mer
+ 200 uM Fab
Vall 99 + 7
Thr2 155+ 8 ms 197 £ 10
Ser3 117 %5 136 £ 6
Alad 117£5 1024
Pro5 107 4 97 %6
Asp6/26 94 +3 1005
Thr7/27 96+ 4 114 £5
Arg8/28 94 +3 100 £5
Pro19 - 101 +£4 145 + 8
Alal0/30 1175 102 +4
Proll 107 £4 83+4
Gly12/32
Ser13/33 108 +4 96+ 5
Thr14/34 114 £ 4 125 +6
Alals/35 1175 102 +4
Prol6/36 101 +4 145 £ 8
Prol7/37 101 +4 145 £ 8
Alal8/38 116 £5 126 £ 6
His19/39 100 £4 143 £7
Gly20
Val21l 115+4 175+ 8
Thr22 155+ 8 197 £ 10
Ser23 117 £5 136 £ 6
Ala24 117 %5 102+ 4
Gly40
Hs 41 221+ 16 343 £ 37
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Table B4: {!H}-15N NOE and {!Ho}-13Co. NOE measured for the 15N,13C-labeled
recombinant MUCI1 peptides in the absence and presence of Fab B27.29. All
measurements were made at 500 MHz on a Varian Inova 500 NMR spectrometer. NMR
samples were in PBS buffer, pH 7.1, 90% H,0/10% D0, 5.0 °C for the {!{H}-15N NOE
experiments, and in 99.9% D50 for the {{Ho}-13Co NOE experiments.

A. {1H}-15N NOE measured for the 15N-labeled 16mer + Fab B27.29

Residue 800 uM 40mer 800 uM 40mer
+ 200 uM Fab

Glyl

Val2 -1.235 +£.042

Thr3 -1.394 £ .004 -1.000 + .130

Ser4 -1.073 £ .003 -0.686 + .040

Ala5s -0.743 £ .002 -0.323 £ .024

Pro6

Asp7 -0.267 £.002 -0.097 £.031

Thr8 -0.112 £ .002 -0.050 + .033

Arg9 -0.086 £ .003 -0.039 £ .035

Prol0

Alall -0.082 +£.002 -0.039 +.028

Prol2

Gly13 -0.301 £.002 -0.135 £.050

Serl4 -0.219 £.002 -0.111 £ .038

Thrl5 -0.779 £+ .002 -0.459 £ .044

Alal6 -1.100 £.003 -0.496 £ .020

Hs 17 -1.802 £ .004 -0.912 + .018

B. {!H}-15N NOE measured for the 15N-labeled 40mer + Fab B27.29

Residue 800 uM 40mer 800 uM 40mer
+ 200 uM Fab

Thrl

Val2

Ser3 -1.03 £ .016 -0.77 £ .059

Ala4 -0.66 = .005 -0.47 £.029

Pro5

Asp6/26 -0.17 £.001 -0.10 £ .011

Thr7/27 0.04 £ .001 -0.01 +£.015

Arg8/28 0.05 +.002 -0.03 £.017

Pro19

Alal0/30 0.05 £.001 0.04 £ .009

Proll

Gly12/32 -0.04 £.002 0.01 +£.020



Ser13/33
Thr14/34
Alal5/35
Prol16/36
Prol17/37
Alal8/38
His19/39
Gly20
Val2l
Thr22
Ser23
Ala24
Gly40
Hs 41

C. {!Ho}-13Co. NOE measured for the 13C-labeled 16mer + Fab B27.29

0.05 £.002
-0.21 +£.002
-0.20 £ .001

-0.32 £.001
-0.47 £ .005
-0.18 £.005
-0.08 £ .002
-0.34 +.004
-0.25 £ .004
-0.25 £.003
-0.91 £ 011
-1.46 = 011

0.10+£.012
-0.08 +.016
-0.20 £ .010

-0.19 £.008
-0.34 +.024
-0.17 £.040
-0.03 +.032
-0.19 £.027
-0.15 +.032
-0.23 £.037
-0.81 £.058
-1.29 £ .059

Residue 800 uM 16mer 2600 uM 16mer
+ 200 uM Fab
Glyl
Val2 1.63 £ .126 1.716 £ .127
Thr3 1.44 £+ .069 1.761 £ .072
Ser4 1.61 £.019 1.592 +.022
Alas 1.51 +£.032 1.490 £ .037
Pro6 149+ .118 1486 +.133
Asp7 1.46 + .057 1.404 + .063
Thr8 1.39 + .061 1.517 £ .077
Arg9 1.46 + .057 1.404 £+ .063
Prol0 1.42 +.097 1.373 £ .115
Alall 1.40 +.033 1.447 £ .039
Prol12 1.52 +.207 1.842 + 389
Gly13
Serl4 1.58 £.019 1.511 £.023
Thrl5 1.66 + .046 1.708 + .049
Alal6 1.8 £.201 2.000 + .228
Hs 17 1.91+.073 1.903 £ .034

D. {!Ho}-13Ca NOE measured for the 13C-labeled 40mer + Fab B27.29

Residue 800 uM 40mer 800 uM 40mer
+ 200 uM Fab
Vall 1.56 £ .031 1.49 + .077
Thr2 1.67 £.033 1.74 £ .070
Ser3 1.65 +.032 1.60 £.072
Ala4 1.47 £.029 1.54 + .031
Pro5/25 1.53 +£.030 1.25+ .280
Asp6/26 141 +.028 1.30 +.105
Thr7/27 1.52 +.030 1.49 + .064
Arg8/28 1.41 + .028 1.30+.105
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Pro9/29
Alal0/30
Prol1/31
Gly12/32
Ser13/33
Thr14/34
Alal5/35
Pro16/36
Prol7/37
Alal8/38
His19/39
Gly20
Val21
Thr22
Ser23
Ala24
Gly40
Hs 41
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Table B5: Spectral density values (J(0), J(wy) and J(wy)) calculated from 1SN NMR
relaxation data acquired for the 15N-labeled recombinant MUC1 peptides in the absence
and presence of Fab B27.29.

A. J(0), J(wy) and J(wp) calculated for the 1SN-labeled 16mer + Fab B27.29

Residue 800 uM 16mer 800 uM 16mer + 200 uM Fab
J(0) J(y) J(0g) J(0) J(oy) J(0y)
Glyl
Val2 0.636 0.166 0.040
Thr3 0.480 0.162 0.044 1.906 0.241 0.050
Ser4 0.543 0.192 0.042 1.914 0.257 0.042
Alas 0.494 0.205 0.035 2.845 0.333 0.040
Pro6
Asp7 0.548 0.260 0.030 3.622 0.462 0.045
Thr8 0.572 0.273 0.027 3.610 0.424 0.035
Arg9 0.639 0.277 0.026 4.127 0.431 0.039
Prol10
Alall 0.522 0.249 0.024 4.377 0417 0.038
Prol2 :
Gly13 0.652 0.258 0.031 3.664 0.395 0.040
Serl4 0.607 0.261 0.029 3.239 0.404 0.040
Thrl5 0.522 0.215 0.038 2.373 0.339 0.046
Alal6 0.398 0.181 0.040 1.675 0.308 0.043
Hs 17 0.230 0.109 0.038 0.803 0.199 0.039
Boundl XXX XXX XXX 4.060 0.394 0.057
Arg9bound XXX XXX XXX 2.360 0.332 0.041

B. J(0), J(wy) and J(wp) calculated for the 15N-labeled 40mer + Fab B27.29
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Residue 800 uM 40mer 800 uM 40mer + 200 uM Fab
J(0) J(wy) J(wg) J(0) J(wy) J(wy)
Vall
Thr2
Ser3 0.725 0.163 0.035 1.637 0.283 0.050
Ala4 0.562 0.218 0.035 1.558 0.358 0.049
Pro5/25
Asp6/26 0.782 0.283 0.029 2.109 0.430 0.041
Thr7/27 0.795 0.298 0.025 2.303 0.444 0.039
Arg8/28 0.832 0.320 0.026 2.374 0.445 ~0.040
Pro9/29
Alal0/30 0.765 0.295 0.024 2.061 0414 0.034
Prol1/31
Gly12/32 0.945 0.272 0.025 2.379 0.445 0.038
Ser13/33 0913  0.287 0.023 2.123 0417 0.032
Thr14/34 0.891 0.259 0.028 1.963 0.405 0.038
Alal5/35 0.724 0.276 0.030 1.443 0.356 0.038
Pro16/36
Pro17/37 _
Alal8/38 0.684 0.268 0.032 1.381 0.339 0.036
His19/39 0.779 0.238 0.033 1.630 0.338 0.042
Gly20 0.873 0.265 0.028 1.903 0.371 0.039
Val2l 0.814 0.284 0.027 1.419 0.336 0.030
Thr22 0.821 0.262 0.032 2.063 0.386 0.041
Ser23 1.033 0.272 0.031 1411 0.372 0.038
Ala24 - 0.873 0.273 0.031 2.044 0.328 0.036
Gly40 0.611 0.178 0.035 1.471 0.276 0.050

Hs 41 0.261 0.143 0.040 0.526 0.176 0.044
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