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Abstract of the Dissertation

Probing O-GIcNAc Modifications Via Metabolic Labeling Using Unnatural Sugars
by
Lakshmi Rajaram
Doctor of Philosophy
in

Chemistry

Stony Brook University

2013

Understanding the impact of post-translational modifications in the context of the
complexity of the human proteome is extremely challenging. Part of the challenge lies
in cataloging the proteins that are modified with any given post-translational
modification, and how this list changes in response to changes in cellular/tissue
physiology. The O-GIcNAc modification is one such modification that involves an
addition of a single N-acetylglucosamine moiety onto serines and threonines of
eukaryotic proteins. This dynamic modification is mediated via two enzymes: O-GIcNAc
transferase (OGT) for installing the sugar and O-GIcNAcase (OGA) for cleaving the
sugar off modified proteins. O-GIcNAcylation occurs mainly in nuclear and cytosolic
proteins ranging from structural proteins and enzymes to transcription factors and tumor
suppressors. The dynamic nature of the modification, which can be compared to
phosphorylation, has emerged as an important player in signaling, regulation of
metabolism, nutrient response and disease onset.

Despite being implicated as a key regulator of cellular physiology, O-GIcNAc remains ill-
defined due to a lack of effective analytical tools. In this context, the chemical reporter
strategy, which installs a chemical handle that can be later modified and monitored,
provides a potential solution. Here we detail efforts towards installing chemical reporter
mimics of O-GIcNAc and using them to profile the repertoire of proteins modified with
this post-translational modification. In particular, we chose to scrutinize the involvement
of O-GIcNAc in the activation of T lymphocytes, which was prompted by the discovery
that OGT is essential for T and B lymphocyte activation.
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Chapter 1

Study of O-GIcNAc modifications via metabolic labeling with
unnatural sugars

Abstract:

The O-GIcNAc modification is a post-translational modification that involves an addition
of a single N-acetylglucosamine moiety onto serines and threonines of eukaryotic
proteins. This dynamic modification is mediated via two enzymes: O-GIcNAc
transferase (OGT) for installing the sugar and O-GIcNAcase (OGA) for cleaving the
sugar off the protein. O-GlcNAcylation occurs mainly in nuclear and cytosolic proteins
ranging from structural proteins and enzymes to transcription factors and tumor
suppressors. The dynamic nature of the modification, which can be compared to
phosphorylation, has emerged as an important player in signaling, regulation of
metabolism, nutrient response and disease onset. In this chapter, efforts to probe O-
GIcNAc dynamics via metabolic incorporation of unnatural sugars containing azido and

alkynyl functional groups are presented.

Introduction:

Glycosylation as a post-translational modification:

Amongst the numerous post-translational modifications that eukaryotic proteins are
subjected to, glycosylation remains one of the most widespread and complex.
Essentially eukaryotic post-translational glycosylation can be categorized into three
types: N-linked glycosylation that involves modification of asparagine residues of
proteins, O-linked mucin type glycosylation of serine and threonine residues on
extracellular proteins and the nucleo-cytosplasmic O-GIcNAc modifications of serines

and threonines.



N-linked glycosylation occurs in the endoplasmic reticulum and demonstrates a
consensus sequence of Asn-Xaa-Ser/Thr where the amino acid Xaa cannot be proline.’
N-linked glycans have a complex structure that begins co-translationally in the
endoplasmic reticulum with the addition of a 14 sugar glycan, thereafter, this core

structure undergoes trimming in the Golgi apparatus to yield the final N-linked glycan.

O-linked mucin type glycosylation® involves the addition of complex oligosaccharides
onto serine and threonine residues and is found on extracellular proteins. Unlike N-
linked glycans, there is no consensus sequence for this modification adding to
challenges in its study. This post-translational modification occurs in the Golgi
apparatus and is most common on secreted and membrane bound proteins, giving rise
to the name “mucins”. There are 8 common core structures of mucin type glycans,
which can be further decorated with highly branched sugars leading to highly complex
structures. These glycans are responsible for cell recognition and have roles to play in a
variety of cellular functions such as inflammatory responses, angiogenesis,

autoimmunity and cancer onset.

OH
O
OH 0O,
Set/Thr NH  Ser/Thr
l X
OGT
O-GlcNAcase
Naked protein O-GIcNAc modified protein

Figure 1.1: The O-GIcNAc modification of serine and threonine residues on proteins, cycled by OGT or O-
GlcNAc transferase and OGA or O-GIcNAcase

In contrast to the above two forms of glycosylation, the nuclear and cytosolic O-GIcNAc
is simple in structure in that only a monosaccharide, namely a B-N-acetylglucosamine
residue is appended onto the hydroxyl side chains of serine and threonines. This post-
translational modification was discovered by Gerald W. Hart and co-workers at John’s



Hopkins University®* while studying the capping of terminal GIcNAc residues with
bovine milk galactosyl transferase, on the surface of lymphocytes. They were using a
tritum labeled galactose substrate for the enzyme and chanced upon the
monosaccharide O-GIcNAc modification on several intracellular proteins. This was the
first report of such a post-translational modification, immediately distinguishing itself
from canonical O-linked glycosylation. Besides the location and structure, the other
striking difference between O-GIcNAc and mucin type glycans is that the O-GIcNAc
modification is dynamic by virtue of being cycled by two complimentary enzymes: O-
GIcNAc transferase (OGT) and O-GlcNAcase (OGA). In this respect O-GIcNAc can be
likened to phosphorylation, another wide spread and well studied post-translational
modification that is cycled by kinases and phosphatases. Indeed O-GIcNAc can be
considered more similar to phosphorylation than any other type of glycosylation. The
third striking feature of O-GIcNAc pertains to its purported function in the cell, given its
localization and dynamic nature already discussed above, it is ideal as a signaling

modulator.

Role of O-GIcNAc in the eukaryotic cell:

Given its dynamic nature O-GIcNAc has emerged as an important player in cellular
signaling pathways much like phosphorylation. Since its discovery in 1984, a wide
variety of intracellular proteins from transcription factors, cytoskeletal proteins, enzymes
and metabolic regulators have been identified as being O-GlcNAc modified and the list
continues to grow. Due to its ubiquitous nature in the eukaryotic cell, the functions of O-
GIcNAc range from cellular localization, protein-protein interaction mediation,
involvement in signaling cascades to mediating protein degradation. In addition to these
broad functions based on identification of the types of proteins found to be O-GIcNAc
modified, there is also mounting evidence that flux in GIcNAcylation patterns often
accompany disease onset.
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Figure 1.2 Figure adapted with permission from Nature Publishing Group, Macmillan Publishers Ltd: Hart,
G.W., Housley, M.P. & Slawson, C. Cycling of O-linked [beta]-N-acetylglucosamine on nucleocytoplasmic
proteins. Nature 446, 1017-1022 (2007)., Copyright(2007) This figure shows the intracellular distribution

of O-GlcNAc in an eukaryotic cell.

O-GIcNAc: one modification, many roles

The O-GIcNAc modification is an ideal modification to act as a sensor of cellular stress
and nutrient state, given that the end product of the hexosamine biosynthetic pathway
(HBP), namely, UDP-GIcNAc is the donor sugar for OGT to modify proteins. The
hexosamine biosynthetic pathway intersects with virtually all metabolic pathways and
therefore the cellular concentration of UDP-GIcNAc is mirrored by the cellular state. As
is illustrated by the diversity in the types of proteins modified by O-GIcNAc, it is
understandable that it plays a variety of roles in the cell. Modification on transcription is
effected by the fact that the catalytic subunit of RNA polymerase |l and numerous
transcription factors such as Sp1, NFkB and NFAT are known to be O-GlcNAc modified,
thereby enabling the regulation of transcriptional activity.” GIcNAc is also involved in a
regulatory role in cytoskeletal remodeling, protein trafficking and degradation.6 Given



that both phosphorylation and GIcNAcylation can occur on serine and threonine
residues, there has been speculation about their reciprocity. In some cases, the site of
modification by O-GIcNAc is also the site for phosphorylation, such as in the case of c-
Myc” and estrogen receptor®, but in other cases the sites of modification are close to
one another but not at the same site, such as in the case of p53.° Therefore, it is more
accurate to label the relationship between O-GIcNAc and phosphorylation being that of
cross-talk, involving nuanced and intersection layers of regulation.

In addition to this, O-GIcNAc has also been implicated in the onset of disease states like
cancer, diabetes and neurodegenerative diseases®. Several oncogenes, such as c-Myc
and p53 have been shown to be modulated via their GIcNAc modiifcations. Therefore,
O-GIcNAc, by its location, structure and dynamics is poised as a versatile regulator of
cellular physiology in tandem with other post-translational modifications like
phosphorylation.

OGT and OGA:

OGT or O-GIcNAc transferase is the only enzyme known to be able to carry out the O-
GIcNAc modification, being able to act on a variety of substrates in intracellular
locations. Knock-out of the OGT gene is embryonically lethal in mice' signifying the
integral nature of OGT and O-GIcNAc modifications in the cell. Even though there is no
consensus sequence for this modification, OGT recognizes its substrates via
protein:protein interactions mediated by several tetratricopeptide repeat motifs.”" The
uridine diphosphate activated donor sugar of GIcNAc, i.e. UDP-GIcNAc is the substrate
for OGT which is also the end product of the hexosamine biosynthetic pathway (HBP)."
This signifies that OGT and O-GIcNAc modifications intersect with nutrient sensing and
metabolism of the cell in addition to all the other metabolic pathways that intersect with
the HBP.

After the characterization of OGT from rabbit'

and rat™ in the 1990’s, the crystal
structure of OGT was recently solved'® for OGT in complex with UDP and UDP+peptide
substrate which throws more light on the recognition of peptide sequences by OGT.



OGA or O-GIcNAcase is the reciprocal enzyme to OGT, being responsible for the
cleavage of the sugar residue from O-GIcNAc modified proteins. At this time there is no

d"®'" which

crystal structure for OGA but two bacterial homologs have been characterize
indicate the presence of a C-terminal histone acetyltransferase domain in addition to the
N-terminal glycosidase domain. They also aid in the understanding of the mechanism of
OGA action which is supposed to proceed via a substrate assisted catalysis
mechanism.'® Inhibitors of OGA include PUGNAc and NAG-thiazoline' and
GlcNAcstatin®®?? which have greatly impacted the ability of researchers to study O-
GIcNAc modifications in cells.

Together, OGT and OGA present a potent combination of enzymes that can moidify

protein structure, function and stability via the O-GIcNAc modification.

Chemical tools employed for the study of O-GlcNAc:

O-GIcNAc modifications are challenging to study as demonstrated by how they evaded
discovery until the early eighties. The reason being that the single monosaccharide
modification is sub-stoichiometric and therefore challenging to probe via standard
analytical techniques, it does not alter protein charge or significantly alter the size
therefore migration in gel electrophoresis is not affected. Additionally, on cell lysis, O-
GIcNAcase inhibitors are essential to prevent loss of O-GIcNAc by OGA cleavage as a
response to cellular stress and damage. Furthermore, the O-GIcNAc Ser/Thr linkage is
labile in traditional mass spectrometric methods.?®

Historically, the first method used to study O-GIcNAc was the use of a GalT galactosyl

transferase method 3

which caps any terminal GIcNAc residue with a N-
acetylgalactosamine (GalNAc). Based on this method Hseih-Wilson and coworkers
developed a chemoenzymatic method for the study of O-GIcNAc modified proteins from
cell lysates®* which employed a mutant GalT enzyme that could accept a ketogalactose
in the form of a UDP donor sugar. This method was an improvement on the initial GalT
capping method because the ketogalactose moiety afforded a chemical handle through

which O-GIcNAc modified proteins could be enriched for or visualized. However it



suffered from the caveats of needing a mutant GalT with stringent pH requirements for
efficient enzymatic reaction and a challenging synthesis of the ketogalactose donor

sugar.

tag
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Figure 1.3: Reprinted with permission from (Tai, H.C., Khidekel, N., Ficarro, S.B., Peters, E.C. & Hsieh-
Wilson, L.C. Parallel identification of O-GlcNAc-modified proteins from cell lysates. Journal of the
American Chemical Society 126, 10500-10501 (2004)). Copyright (2004) American Chemical Society.

.Chemoenzymatic tagging of O-GIcNAc modifications for subsequent identification of modified proteins in

cell lysates.

Another approach used for the study of O-GIcNAc modifications involves the use of a
two-step procedure to identify the site of modification on the protein via mass
spectrometric techniques. The first step is a mild B-elimination reaction of the O-GIcNAc
group resulting in an a,B-unsaturated carbonyl compound that can undergo a Michael
addition with a nucleophile. This allows the identification of O-GlcNAcylated peptides
from trypsin digested proteins because a unique molecular weight tag can be attached
in the form of dithiothrietol (DTT). Alternatively, the peptides can be enriched for by



affinity chromatography via a biotin pentyl amine tag (BAP). Tandem mass spectrometry
followed by database searches facilitates identification of the exact location of the O-
GIcNAc moiety on the peptide.

O-Phosphate or O-GIcNAc
DTT d, or DTT dg or BAP

\NLH/ - Michael addition
_— \ -
H Beta elimination - ~

N N
° H o DTT (do) or DTT (dg) H o
0, 0
YNHH
HN)é"“\/\)LN’\/\/\NHz
H \-s H
or BAP

Figure 1.4: BEMAD B-elimination followed by Michael addition marks the site of O-GIcNAc on the peptide
by using a unique mass tag, which enables quantitation (when using heavy and light isotope labeled DTT)

or enrichment (when using Biotin pentyl amine tag).

One of the chemical approaches has been the incorporation of non-canonical sugar
substrates as a means to enrich for and identify GIcNAcylated proteins. The driving
principle of this strategy is the installation of an unnatural GIcNAc surrogate via the
metabolic machinery of the cell. There is no need for a mutant GalT enzyme in this
case, which makes this method easier than the chemoenzymatic strategy described
above. The non canonical sugar substrate is accepted by the biosynthetic pathways, in
this case the hexosamine biosynthetic pathway? that ultimately yields the activated
donor sugar (UDP-GIcNAc) bearing the unnatural functionality. Thereafter, OGT
transfers the unnatural sugar onto its targets. Once installed, the surrogate sugar,
chosen for its capability to undergo one of the bioorthogonal reactions described in
Figure 1.6 can be suitably modified. The first attempt at this method was by Bertozzi
and co-workers where they incorporated GIcNAz via metabolic labeling with
peracetylated N-azidoacetylglucosamine AcsGIcNAZ?®. The peracetylated version of the
sugar was used to enhance the cell permeability, once inside the cell, intracellular
esterases deacetylate the unnatural sugar substrate upon which it gets funneled into the



hexosamine biosynthetic pathway via the the GIcNAc salvage pathway, as shown in
Figure 1.5.
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Figure 1.5: Figure reprinted from Vocadlo, D.J., Hang, H.C., Kim, E.J., Hanover, J.A. & Bertozzi, C.R. A
chemical approach for identifying O-GIlcNAc-modified proteins in cells. Proceedings of the National
Academy of Sciences of the United States of America 100, 9116-9121 (2003). "Copyright (2003) National

Academy of Sciences, USA."

Hexosamine biosynthetic pathway showing de novo synthesis of UDP-GIcNAc and the salvage pathway
through which incorporation of peracetylated GIcNAz occurs. The peracetylated derivative enters the cell
via passive diffusion and is deacetylated in the cytosol by esterases.
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Azido derivatives of GIcNAc have been used by Zhao and coworkers to survey cell
lysates for O-GIcNAc modified proteins through a tagging via substrate strategy.?® They
employed AcsGIcNAz as a chemical reporter followed by Staudinger ligation with a
biotinylated phosphine reagent to aid in enrichment and identification of GIcNAcylated
proteins.

Although Ac4GIcNAz was found to be incorporated into GIcNAcylated proteins, the
incorporation level was not high because of the tolerance of the GIcNAc salvage
pathway enzymes as demonstrated by Vocadlo et al. ?° Bertozzi and coworkers found
that interestingly, AcsGalNAz, peracetylated azidogalactosamine, that they were using
to label extracellular mucin type O-linked glycans was a better suited for intracellular O-
GlcNAc.?” The phenomenon was due to AcsGalNAz being directed to the GalNAc
salvage pathway and converted to the activated donor sugar UDP-GalNAz and then
subsequently being epimerized via the UDP-GIcNAc epimerase to UDP-GIcNAz. This
apparent “cross-talk” between the GalNAc salvage pathway and the GIcNAc pathways
was beneficial for better azido sugar incorporation for GIcNAc protein identification,
producing up to three orders of magnitude more UDP-GIcNAz donor sugar from UDP-
GalNAz compared to when AcsGIcNAz is used as the metabolic label. This can be
attributed to the better tolerance of the unnatural azido sugar substrate by the enzymes
of the GalNAc salvage pathway rather than the GIcNAc salvage pathway.
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Results:

The finding that Ac4sGalNAz provides a better metabolic incorporation of azido sugar
than AcsGIcNAz was employed to study O-GIcNAc modifications in our laboratory.

Ho OH AcQ OAc
Ho OH EtsN, DIC, HOBt o o
rt, overnight Ac,O/pyridine
o] OH OH OAc OAc
OH —m—mmm> NH —_— NH
OH o . N 0 o
NH,.HCI o MeOH =S
N3 N3
D-galactosamine hydrchloride  Azido acetic N-azidoacetylgalactosamine Peracetylated GalNAz
acid GalNAz

Figure 1.6: Synthesis of AcsGalNAz for metabolic labeling to detect O-GIcNAc modifications. The

peracetylated sugar was includedd in cell culture media to facilitate metabolic labeling.

The strategy for studying O-GIcNAc modifications followed the following scheme:

Metabolic labeling of O-GIcNAc proteins
with unnatural sugar

Chemical labeling with corresponding
bioorthogonal probe

!

Enrichment of metabolically AND
chemically labeled O-GIcNAc
proteins

I

[Proteomic analysis ]

Scheme 1.1:Experimental scheme for study of O-GIcNAc modified proteins from metabolically labeled cell

lysates
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Given that azides can be modified using a variety of bioorthogonal reactions, we chose
two reactions: Copper accelerated Azide Alkyne Cycloaddition (CuAAC) ?®and
Staudinger ligation also known as Bertozzi-Staudinger Ligation®.

However, to serve the objective of enriching for O-GIcNAc modified proteins, probes
containing biotin were chosen. Biotin based chemical probes can be used as an affinity
purification tag using the affinity between biotin and strept(avidin). The biotin-avidin
interaction is a widely used affinity purification strategy but suffers from some
drawbacks. The most noticeable one is that very harsh elution conditions are required to
break the biotin-(strept)avidin interaction (K4 of 107'°M). To overcome this, a derivative
of biotin with lower affinity (K4 10" M) called desthiobiotin was considered™ to aid in the
enrichment process. The desthiobiotin-(strept)avidin affinity can be disrupted by using
an elution buffer containing free biotin which gently replaces the binding sites on
(strept)avidin and affords elution of desthiobiotin labeled and hence O-GIcNAz labeled

proteins.

0, 0 o]
YNHH
HN@\/\)LH/\/\(\/\O);\/\HJ\/\\\

H S
Biotin alkyne
X
HN NH
H H >
N (o) N\n/\//
) NN *);/\/

Desthiobiotin alkyne

Figure 1.7: Desthiobiotin and biotin alkynes used for CUACC labeling of metabolically azide labeled
lysates. Desthiobiotin is a derivative of biotin that has lower affinity for (strept)avidin and hence can be

eluted gently using a solution of free biotin.

Using the desthiobiotin alkyne, enrichment of O-GIcNAc modified proteins was
attempted via affinity capture using streptavidin agarose beads. Briefly, metabolically
and chemically labeled lysates were captured over streptavidin beads, washed and
eluted using 50 mM solution of free biotin. The eluates should contain O-GIcNAz and
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desthiobition labeled proteins that can then be analyzed for O-GIcNAz modified

proteins.
N:=N Binding
1 H
Q-Streptavidin + O—N — N e
Desthiobiotin
(o]
Streptavidin agarose Chemically labeled O-GlcNAc
modified proteins Elution
(o] 50 mM biotin
Q- streptavidin- Desthiobiotin __ )J\/\(\ _—
N -
H N:N'N—_O
(o]
Desthiobiotin\ )]\/\K\
N —
H N: N—_O
N
Eluted proteins

Figure 1.8: Procedure for capture of metabolically and chemically labeled proteins bearing desthiobiotin
moieties with streptavidin agarose. The desthiobiotin and streptavidin interaction can be disrupted by a

gentle elution buffer containing 50 mM free biotin.
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Figure 1.9 Results of enrichment with lysates metabolically labeled with Ac4GalNAz then chemically
labeled with desthiobiotin alkyne. A anti-avidin blot shows signal from desthiobiotin labeled proteins and a

silver stained gel shows total protein profile for the same samples. Gentle elution refers to 50 mM biotin
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solution and harsh elution refers to a denaturing buffer containing urea, SDS and biotin®" Poor enrichment

and overwhelming background is evident form the silver stained gel on the right panel above.

The results of the enrichment show that although there is signal arising from
desthiobiotinylated and hence O-GIcNAzylated proteins in the eluates on the anti-avidin
blot, the protein profile in the silver gel indicates that the background overwhelms the
signal. To investigate the cause of this low efficiency of enrichment, we sought to verify

that the chemical labeling was proceeding satisfactorily.

OMe
(o)
Q DYKDDDDK
/\)L DYKDDDDK PhaP
z o
FLAG alkyne FLAG phosphine
a-FLAG western Protein loading 5x greater for "click”
blot 12 "8 o
kDa
175 —— .
80 =
o —
46
i —
25 \
Ac,GalNAz + o+ o+ + Staudinger ligation
CuBr + + +
Alkyne FLAG + o+ +

Figure 1.10: Bioorthogonal chemical labeling of azides introduced metabolically onto O-GIcNAc modified
proteins. Azide containing cell lysates were chemically labeled with FLAG peptide containing probes via
CuAAC or Bertozzi-Staudinger ligation. Subsequently lysates were run on SDS PAGE, followed by
Western blotting using an anti-FLAG antibody.
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From the above western blot it can be observed that the western signal obtained from
CuAAC labeled lysates is significantly lower than that from Bertozzi-Staudinger ligation.
The disparity between these two bioorthogonal reactions can be rationalized based on
the fact that at the concentration regimes of the metabolically incorporated azide, the
Staudinger ligation may be more efficient than the CuAAC. The poor enrichment using
the CuAAC reaction was further illustrated by mass spectrometric analysis of eluates
from metabolically and chemically labeled lysates and control lysates with no metabolic

labeling. There was no enrichment of GIcNAzylated proteins over the background.

To further understand the results above the following rationale can be put forward.
Given the incomplete knowledge of the kinetics of the CuAAC reaction in biomolecules,
and given that the metabolically incorporated reactant (azido sugar) is always going to
be lower in concentration than the exogenously added alkyne, it can be argued that
metabolically incorporating an alkyne instead of an azide could significantly affect the
reaction rate. Precedents exist for metabolically installed azides showing higher
background after chemical labeling due to non specific interaction of the Cu (1) acetylide
formed by the alkyne probe.*? Therefore, exploring the O-GIcNAc modification using a
metabolically installed alkyne sugar may prove to be beneficial.

Previously, alkyne analogs of sugars have been used for metabolic labeling. Wong and
coworkers have employed alkynyl analogs of fucose and N-acetylmannosamine for the
study of cell surface oligosaccharides.®® Interestingly, Lemoine and coworkers have
reported that alkynyl derivatives of O-GIcNAc were not incorporated into cell lysates.>
This result is contradictory to our findings that alkynyl analogs are in fact incorporated
into cellular proteins which was corroborated by the findings of Pratt and coworkers.*

We proceeded to synthesize alkynyl derivatives of both glucosamine and

galactosamine, to metabolically label O-GIcNAc modified proteins in cells.
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Figure 1.11: Synthesis schemes for alkynyl derivatives of glucosamine and galactosamine.

Peracetylated N-4-pentynylgalactosamine

The alkynyl derivatives were included in cell culture media following the same

procedure as the azido sugars, cells were lysed and lysates were chemically labeled

with azido probes and analyzed via western blot of in gel-fluorescent scanning.
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Figure 1.12: Biotin azide was used to chemically label metabolically labeled lysates, after which labeled
proteins were detected on an anti-avidin blot. The bands observed in the negative control lanes we
attribute to endogenous biotinylated proteins that were detected in all lysates, including metabolically
unalabeled lysates. TAMRA (tetramethylrhodamine) azide can be used for in-gel-fluorescent scanning
after chemical labeling and SDS PAGE.

Based on our results and those of Pratt and co-workers>?, given both azido and alkynyl
chemical reporter mimics of O-GIcNAc, we chose the alkynyl analog of glucosamine i.e.

Ac,GlcPent or AcsGIcNAIk as the best choice for a metabolic labeling reagent.

o7 ® o . & 0Id conditions
9 a9 v @ kDa
175
80

kDa
175

80

58 58

46

46 30

30

In-gel fluorescence scanning using TAMRA dyes

Figure 1.13: A range of concentrations of azido and alkynyl sugar analogs ranging from 50, to 200 uM
final concentration for 16 h in cell culture were used, metabolically labeled cells were lysed, chemically
labeled with TAMRA azide (see Figure 2.8 for structure) and then subjected to in-gel fluorescence. Old
conditions depict 50 uM concentration of alkynl sugar analogs on the gel on the left and azido analogs on

the gel on the right. 200 uM GlcPent was chosen as the best analog for metabolic labeling for future

experiments.

The concentration of AcsGalNAz used by the Bertozzi group®” was 50 uM with a
labeling period of 72 h in cell culture. In contrast the Pratt group® used a 200 pM

labeling concentration for a period of 16 h in cell culture.

The Pratt group’s procedure was adopted for further experiments via a collaboration for

enrichment of metabolically and chemically labeled lysates using their cleavable biotin

18



linker.>® The enrichment strategy developed by them is detailed below. The results from
these studies are detailed in Chapter 2.
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Figure 1.14: Zaro, B.W., Yang, Y.-Y., Hang, H.C. & Pratt, M.R. Chemical reporters for fluorescent
detection and identification of O-GIlcNAc-modified proteins reveal glycosylation of the ubiquitin ligase
NEDDA4-1. Proceedings of the National Academy of Sciences (2011)

Discussion:

Probing O-GIcNAc modifications using azido chemical reporter mimics yielded poor
labeling via CuAAC but strong labeling with Bertozzi-Staudinger ligation. This
phenomenon can be rationalized based on the fact that given the concentration regime
of metabolically installed chemical reporter, i.e. O-GIcNAz, the Bertozzi-Staudinger
ligation reaction may be more efficient than the CuAAC. Additionally, since the kinetics
of the CuAAC in biomolecules are not clearly defined with a rate law, and given the
literature precedence®? showing increased background labeling with exogenous alkyne
probe rather than azide probe, the choice of an alkynyl derivative of GIcNAc would be
the best choice for probing this modification using chemical reporters.

However, the azido sugars do have the advantage of being accessible via a variety of
bioorthogonal reactions, namely CuAAC, Strain promoted alkyne azide cycloaddition
(SPAAC) and Bertozzi-Staudinger ligation. The increased background issue is offset by
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this versatility and a decision of the best metabolic label has to be made taking into
consideration all these factors.

Materials and methods:
Synthesis of O-GIcNAc derivatives

Synthesis of AcsGalNAz and AcsGIcNAz

1.3 were used.

Procedures detailed in Laughlin et a
GIcNAz and GalNAz:

Azidoacetic acid was synthesized according to Luchansky et al.*” D-glucosamine
hydrochloride or D-galactosamine hydrochloride (1.5 g, 7.0 mmol) was added to a
solution of azidoacetic acid (0.98 g, 9.7 mmol) in methanol (70 mL). Triethylamine (2.5
mL, 17 mmol) was added and the reaction mixture was stirred for 5 min at rt. The
solution was cooled to 0 °C and N-hydroxybenzotriazole (HOBt, 0.86 g, 7.0 mmol) was
added, followed by diisopropylcarbodiimide (1.76 g, 14 mmol). The reaction was allowed
to warm to rt overnight, concentrated and the crude GIcNAz or GalNAz was purified
using a gradient of 5-20% methanol-dichloromethane. The yield for GIcNAz was 70%

and yield for GalNAz was 65%.

Ac4GIcNAz and AcsGalNAz:

Acetic anhydride (1.0 mL, 11 mmol) was added to a solution of GIcNAz or GalNAz
(0.025 g, 0.095 mmol) in pyridine (2 mL) and the reaction mixture was stirred overnight
at room temperature. The solution was concentrated, resuspended in dichloromethane,
washed with 1M HCI, saturated NaHCO3; and saturated NaCl. Then the worked up
solution was dried over MgSO,, filtered and concentrated. If necessary, silica gel
column chromatography was performed eluting with 2:1 hexanes:ethylacetate. The yield
for AcsGIcNAz was 40% and yield for AcsGalNAz was 42%.

20



AcsGIcNAZz

'H NMR: 400 MHz, CDCl3; mixture of anomers d: 1.99-2.16 (6H and 6H, overlap due to
mixture of anomers), 3.86 (2H, s), 3.98-4.05 (2H, m), 4.19-4.23 (1H, m), 4.38-4.40 (1H,
m), 4.41-4.44 (1H, m), 5.12-5.27 (2H, m), 6.14-6.15 (1H, d), 6.70-6.72 (1H, d)

3C NMR: 400 MHz, CDCl; d: 20.49-20.79, 51.12, 52.21, 61.50, 67.51, 69.72, 70.32,
90.25, 167.43, 168.92, 169.33, 170.90, 171.02, 171.65

AcsGalNAz spectra:

'H NMR: 400 MHz, CDCls mixture of anomers d: 2.01-2.02 (6H), 2.16-2.17 (6H), 3.93
(2H, s), 4.06-4.10 (2H, m), 4.23- 4.27 (2H, m), 4.65-4.71 (1H, m), 5.22-5,26 (1H, dt),
5.43-5.44 (1H, d), 6.22 (1H, d) 6.27 (1H, d)

*C NMR: 400 MHz, CDCls d: 20.61-20.87, 47.01, 52.45, 61.20, 66.55, 67.60, 68.63,
90.91, 169.92-170.96

Synthesis of AcsGlcPent and AcsGalPent:

1,3,4,6-tetra-O-acetyl-N-pentynylglucosamine (AcsGlcPent):

a) N-succinimidyl 4-pentynoate: to a stirred solution of 4-pentynoic acid (1 g, 10.2 mmol)
and N-hydroxysuccinimide (1.18 g, 10.2 mmol) in dry dichloromethane (100 mL) at 0 °C,
dicyclohexylcarbodiimide (DCC) (2.10 g, 10.2 mmol) was added. The resulting mixture
was stirred at room temperature for 5 h. The urea formed was filtered out and the filtrate
was concentrated and re-dissolved in ethyl acetate (200 mL). The solution was washed
with 5% aqueous NaHCO3; (2 x 50 mL), water (50 mL) and brine (50 mL). The organic
layer was separated, dried over anhydrous MgSO4 and concentrated. Recrystallization
with dichloromethane and hexanes yielded the desired product with no further
purification necessary, yield was 90%

'H NMR: 300 MHz, CDCl3 d 2.03 (1H, t), 2.60 (2H,td), 2.83 (4H, s) 2.87 (2H, 1)

b) N-4-Pentynylglucosamine
The scheme provided Hsu et al** was followed: Briefly, a mixture of d-glucosamine
hydrochloride (863 mg, 4.0 mmol), N-succinimidyl 4-pentynoate (781 mg, 4.0 mmol),
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triethylamine (1.67 ml, 12.0 mmol) in DMF (31 ml) was stirred at room temperature
overnight. The reaction mixture was concentrated in vacuo, and the residue was purified
by flash column chromatography (gradient of 10-20% MeOH/CH.CIl,) to give N-4-
Pentynoylglucosamine (GlcPent), yield 40%

Thereafter, acetic anhydride (1.0 mL, 11 mmol) was added to a solution of GlcPent
(0.220 g, 0.849 mmol) in pyridine (2 mL) and the reaction mixture was stirred overnight
at room temperature. The solution was concentrated, resuspended in dichloromethane,
washed with 1M HCI, saturated NaHCO3; and saturated NaCl. Then the worked up
solution was dried over MgSO,, filtered and concentrated. If necessary, silica gel
column chromatography was performed eluting with 2:1 hexanes:ethylacetate. The yield
for AcsGlcPent was 34%.

The same procedure was followed for AcsGalPent, substituting galactosamine

hydrochloride in the first step. GalPent yield was 35%, AcsGalPent was 28%.

Ac4GlcPent

'H NMR: 400 MHz, CDCl3 (mixture of anomers) d: 1.98-2.13 (13H), 2.13 (3H, s), 2.28-
2.31 (2H, m), 2.41-2.42 (2H, m), 3.95-3.99 (2H, m), 4.03-4.08 (1H, m), 4.08-4.19 (1H,
td), 4.46-4.49 (2H, m), 5.91-5.93 (1H, d), 6.12-6.13 (1H, d)

*C NMR: 400 MHz, CDCl; d: 14.52-14.67, 20.40-20.80, 34.40, 35.21, 50.76, 52.52,
61.42, 61.54, 67.45, 67.85, 69.31-69.55, 70.37, 72.31, 72.54, 82.38, 82.48, 90.42,
92.29, 168.52, 169.00, 169.18, 169.37, 170.55, 170.79, 170.89, 171.02, 171.39

AcsGalPent

'H NMR: 400 MHz, CDCl3 (mixture of anomers): 1.9-2.1 (12H), 2.35-2.48 (4H, m), 3.44-
3.67 (2H, m), 4.10-4.30 (3H, m), 4.74-4.80 (1H, td), 5.23-5.24 (1H,d), 5.72-5.74 (1H,d)
6.20 (1H, d)

*C NMR: 400 MHz, CDCl; d: 14.19-14.75, 20.74-21.05, 35.23, 46.67, 47.21, 60.41,
60.64, 62.42, 66.85, 67.73, 67.90, 69.56, 69.94, 70.18, 71.47, 82.56, 82.60, 91.29,
91.45, 168.90, 169.00, 171.14- 171.24
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FLAG alkyne and phosphine: FLAG peptide was synthesized by Fmoc-protected
Solid phase peptide synthesis according to procedures detailed in Laughlin et al.>®
Briefly, all peptides were synthesized by standard Fmoc SPPS protocol using
diisopropyl carbodiimide and HOBt to form activated esters. Alkyne functionalized
peptides were produced by on-bead N-terminal functionalization with propynoic acid.
Phosphine FLAG was obtained by on-bead N-terminal derivitization with 2-
(Diphenylphosphino)terephthalic acid 1-methyl 4-pentafluorophenyl diester (Sigma-
Aldrich 679011). During all deblocking steps 0.1 M HOBt was added to the 20%

piperidine solution to alleviate aspartamide formation.

Desthiobiotin alkyne and Biotin alkyne were synthesized by Marian S. Fernando

Biotin azide:

This compound was a gift from the Sampson lab at Stony Brook University.

Briefly, the procedure used for synthesis was as follows:

Biotin-NHS: N-hydroxysuccinimide (1.02 uymol, 117 mg), biotin (1.02 pmol,

250 mg) and DCC (1.02 ymol, 211 mg) were dissolved in 7 mL dry DMF, and the
reaction was stirred for 16 h at rt. After filtration and evaporation of solvent, the product
was precipitated with Et20, and was washed with a mixture of cold Et20/2-propanol

(1:1).

Biotin-PEG10-Ns. Biotin-NHS (0.31 mmol, 107 mg) and O-(2-Aminoethyl)-
O'-(2-azidoethyl)nonaethylene glycol (0.21 mmol, 110 mg) were dissolved in 1 mL dry
DMF. DIEA (0.31 mmol, 56 pL) was added to the mixture, and the reaction was stirred
for 16 h at rt. After evaporation of solvent, the product was precipitated with Et20. Silica
gel chromatography eluting with CH3OH:EtOAc/1:1 yielded Bio-PEG10-N3. ESI mass
spectrometry was used to identify the compound, calculated [M+H]" was 7524,

experimental was 753.4.

TAMRA-azide and alkyne:
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TAMRA-azide was purchased from Lumiprobe LLC, cat # 17130 as a 10 mM stock in
DMSO.
TAMRA alkyne was synthesized by Partha S. Banerjee

Cell culture:

Jurkat cell lines (human leukemic cell line) were maintained in a 37 °C/5% CO2
incubator, in RPMI 1640 media supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin antibiotic. Cells were maintained between densities of 1x10° to
2x10°.

Metabolic labeling procedure:

Metabolic labeling procedure for initial experiments with azido sugars was followed
according to Boyce et al. % Briefly, 50 uL AcsGalNAz stock solution (50 mM) in
methanol was coated onto cell culture flasks by allowing methanol to evaporate. Sugar
coated cell culture flasks were used to culture Jurkat cells as mentioned above. The
final concentration of azido sugar was 50 yM in the media and metabolic labeling was
carried out for 72 h. For later experiments comparing the alkynyl sugars Ac,GlcPent and
AcsGalPent to azido sugars as in figure 1.13, labeling times were reduced to 16 h and
final concentration of alkynyl sugars in cell culture media was increased to 200 puM.
Ac4GlcPent and AcsGalPent stock solutions of 200 mM concentration were prepared in
DMSO, appropriate volumes of stock solutions were introduced into the cell culture
media for metabolic labeling.

Cell lysis procedure:

Jurkat cells were pelleted by centrifugation at 4 °C for 5 min at 5,000 rpm, followed by 2
washes with ice-cold PBS. Cell pellets were then resuspended in 1% NP-40 lysis buffer
[1% NP-40, 150 mM NaCl, 50 mM triethanolamine (TEA) pH 7.4] with protease inhibitor
cocktail (Calbiochem Cat# 539134, protease inhibitor cocktail set Ill, EDTA free) for 10
min and then centrifuged at 4 °C for 10 min at 10;000 x g. The supernatant or soluble
lysate was used for all chemical labeling experiments.
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Chemical labeling procedure:

Staudinger ligation on azido sugar labeled lysates:

Staudinger ligation was carried out by mixing virus samples with final concentration of
500 pM FLAG phosphine reagent and PBS, according to the procedure detailed in

Laughlin et al.®’

Reactions were allowed to proceed at rt overnight.

CUuAAC reaction on azido and alkynyl sugar labeled lysates:

Reactions consisted of metabolically labeled lysates, with a final concentration of 100
MM corresponding alkyne or azide probe, 1 mM sodium ascorbate, 100 yM tris[(1-
benzyl-1-H-1,2,3-triazol-4-yl)methyllamine ligand (TBTA) (10 mM stock in DMSO) and 1
mM CuSOyq in the reaction mixture. Reactions were allowed to proceed for 1h at rt.

In-Gel Fluorescence Scanning:

Metabolically and chemically labeled lysates were separated via SDS-PAGE, the gel
was incubated in destaining solution (50% methanol, 40% H20, 10% glacial acetic acid)
for 5 min followed by water for an additional 5 min prior to scanning on a Typhoon
scanner with excitation filter at 532 nm and emission filter at 580 £ 15 nm.
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NMR Spectra
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Ac4GlcPent also called Ac4GIcNAIk
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Chapter 2

Probing O-GIcNAc modifications during T-cell activation

Introduction:

Linking O-GIcNAc modifications to lymphocytes:

The immune system in multi-cellular organisms can be broadly divided into the innate
and adaptive arms. The innate immune system provides the first line of defense against
a pathogenic infection or any kind of foreign agent. The innate immune response is one
that occurs based on the recognition of common patterns and motifs associated with the
physical structure of pathogens and is not a specific response. It is mediated by cells
that circulate in the vascular system of the organism like monocytes, neutrophils,
macrophages etc. and occurs immediately upon infection. On the other hand, the
adaptive arm of the immune system requires more time to develop and needs specific
gene expression and production of antibodies against the pathogen. T and B
lymphocytes are the main cells responsible for regulating the adaptive immune system.
They are responsible for interfacing with the innate immune system to process the
nature of the infection or pathogen and then undergo changes in gene expression. This
in turn triggers a series of chemical and genetic signals that cause maturation and
proliferation of specific cells that can eradicate the infection. The process by which this
occurs requires a complex and inter-related set of signaling mechanisms. The first step
in this process is usually triggered at the cell surface of the T or B lymphocyte conduct
information from their cell surface T and B cell receptors (TCR or BCR) to the interior of
the cell. After stimulation of the TCR or BCR, a series of phosphorylation and de-
phopshorylation events occur via various cytosolic signaling proteins. This signal
cascade culminates in a change in transcriptional activity at the nuclear level leading to

change in protein expression and hence change in cellular behavior.
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Given this scenario, a post-translational modification like O-GIcNAc could prove to be
versatile and useful in modulating protein structure and function in a dynamic fashion.
Therefore, it is plausible that signaling cascades usually involving phosphorylation may
also involve O-GIcNAc to transmit information based on external stimuli that directs
cellular physiology.

The earliest reported instance linking O-GIcNAc modifications with lymphocyte
activation was from 1991, about 7 years after the discovery of O-GIcNAc in 1984. Hart
and coworkers observed® that there was an rapid change in global levels of O-GIcNAc
modifications in T lymphocytes that were treated with agents known to cause activation.
Known activators of T cells include phorbol 12-myristate 13-acetate (PMA) and
ionomycin and concavalin A. The change in O-GIcNAc levels with PMA/ionomycin or
concavalin A treatment was rapid after activation and returned to control levels after a
few hours. Interestingly, after activation while O-GlcNAcylated nuclear proteins were
increased, returning to control levels after a few hours, there was a concomitant
decrease in a subset of cytosolic O-GlcNAcylated proteins, which also returned to
control values after few hours. This was the first clue that O-GIcNAc may have some

role to play in the early stages of T cell activation.

Thereafter, the link between O-GIcNAc and lymphocyte activation was further
strengthened by the finding that the transcription factor NFkB, which controls
transcription of a variety of cytokine genes important for T cell activation was O-GIcNAc
modified.®*® Guerini and coworkers then showed that OGT was required for the
activation of T and B Iymphocytes40 with clear evidence that in addition to NFkB,
another master regulator of transcription NFAT, was also O-GIcNAc modified and that
their O-GIcNAc state might influence their nuclear translocation and hence control
transcriptional activity. These two transcription factors are also phosphorylated and
changes in phosphorylation modulate their location and function in the cell. Introducing
the O-GIcNAc modification into the picture provides a second layer of control and
complexity to their regulation that could impact the process of T cell activation. This
work remains the strongest link between the O-GIcNAc modification and the T cell
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activation signaling pathways leaving a lot of unanswered questions as to how the
dynamics of these processes is dictated.

Other evidences of O-GIcNAc involvement in the immune system include the finding
that neutrophils stimulated with a chemotactic peptide show increased O-GIcNAc
modified proteins*' and that motility signaling is influenced by O-GIcNAc modifications.*?

These evidences build up a strong case for investigating the dynamics of O-GIcNAc
modified proteins during T cell activation. To begin to elucidate such a complex network
of interlacing signaling pathways, it is important to identify the players i.e. signaling
proteins that are O-GIcNAc modified. The fact that phosphorylation plays a pivotal role
in these signaling pathways provides an added layer of complexity because O-GIcNAc
and phosphorylation can both target the same amino acid residues. A few key points
have to be noted before embarking on investigating the O-GIcNAc dynamics of T cell
activation: firstly, the flux in O-GIcNAc following T cell activation, as first reported® was
found to be transient and it has also been reported that in Jurkat cells (immature T-
lymphocyte cell line) and in primary T cells that O-GIcNAc modification on NFAT
increases after TCR activation*®**, lasts for around 15 minutes and then decreases
rapidly. The increase in O-GIcNAc modification also coincides with nuclear translocation
in lymphocytes. Given that traditionally, NFAT is considered to be dephosphorylated to
expose a nuclear localization signal, it is possible that O-GIcNAc modification of NFAT
stabilizes the dephosphorylated form and therefore controls the localization. Therefore,
it would be interesting to gain more insight into how O-GIcNAc plays into the more
characterized phosphorylation dynamics during T cell activation.
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Overview of T cell signaling networks:
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Figure 2.1: Samelson, L.E. Inmunoreceptor Signaling. Cold Spring Harbor Perspectives in Biology
3(2011) doi: 10.1101/cshperspect.a011510 Copyright © 2011 Cold Spring Harbor Laboratory

Press; all rights reserved.
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This figure shows the T cell signaling network from the cell surface T cell receptor to the nucleus
with transcription factor recruitment. The phosphorylation events that occur in downstream of

TCR activation are also shown.

The signals for T cell activation originate at the cell surface either via engagement of the
TCR with an antigen presenting cell or by other receptor activated events. Calcium
channel opening can also trigger signaling events that ultimately cause changes in
transcriptional activity. The event that occurs first after receptor engagement is
activation of tyrosine kinases, which leads to a series of phosphorylation cascades. In
the figure shown above NFAT and NFkB are depicted in the nucleus where they
perform their role as transcription factors and regulate the transcription of cytokines and
other T cell maturation signals. This marks the response to the stimulus received at the
cell surface and the fact that O-GIcNAc modification of these transcription factors affects
their activity underscores the need to understand other targets of O-GIcNAc in this

complex and multi-layered signaling network.

Activators of T cell signaling:

For T cell activation studies, the most commonly used immortalized cell line is the
Jurkat cell line. It is a human leukemic cell line generated from a male subject with
leukemia. Common methods to induce T cell activation in cell culture containing Jurkat
cells include the use of anti-CD3 antibodies to mimic the receptor engagement process
and the use of mitogens like phorbol esters and lectins. The mitogens used by Hart and
coworkers>® to show O-GIcNAc flux in cells was the combination of phorbol 12-myristate
13-acetate (PMA) and ionomycin, administered together, or Concavalin A administered
alone. The first combination is known to act on T cells by by-passing the signaling
cluster proximal to the TCR*, instead they act on the PLCy and the calcium channel
ORAI. PMA like other phorbol diesters, is known to activate Protein kinase C****¢
(PKCBO). lonomycin is a calcium ionophore (i.e. can induce calcium ion transport across
a lipid membrane) and therefore also activates PKCB.*" lonomycin also serves as an

|48

ionophore for the calcium channel ORAI™ that leads to activation of Calcineurin, a
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phosphatase that ultimately affects NFAT activity. Concavalin A is a plant lectin
extracted from jack bean that causes activation of T cells by associating with T-cell
receptors.*® Depending on the mode of activation chosen, different sub-networks in the

T-cell signaling network shown in Figure 2.1 can be invoked.

OH ‘CH3
_CH:
H3C ! lo H "0-“‘5_‘]"' J
- H HaC
" _ ™ HO
'-‘C\‘..--"""OH
o 0 Ca 0
S G A 1 ‘ ~ 0
CH3 CHs CH3 CHs CHa
PMA lonomycin

Figure 2.2: Structures of PMA and ionomycin, activators of PKCO

Chemical approach to investigating the dynamics of O-GIcNAc in T cell

Given the evidence of involvement of OGT and O-GIcNAc modifications in the

T-cell activation process, we sought to use the chemical reporter strategy using
unnatural sugar mimics of O-GIcNAc to probe the dynamics in the system. The alkynyl
reporter GICNAIk developed by Pratt and coworkers®* was used as the method for
enrichment of O-GIcNAc modified proteins from activated Jurkat cells. The question we
sought to answer using this strategy was to identify the proteins that are O-GIcNAc
modified immediately following activation to aid in understanding how this post-
translational modification could impact the process and signaling involved in T-cell

activation.
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Results:

Activation of T cells:

The method of activation of Jurkat cells was chosen based on literature precedence
from the work of Hart and coworkers®® and Guerini and coworkers.*® A combination of
PMA and ionomycin was used in both these studies. The other deciding factor for our
experiments was to zoom in on a time window around activation where we could have
the most O-GlcNAc modifications as this modification has been observed to be transient
in T cells. Based on Guerini and coworkers observation*® that it is likely that O-GIcNAc
on NFAT undergoes an upsurge immediately following T cell activation to return to
basal levels 10-15 minutes afterward directed us to a specific time window of 5-10
minutes after activation to capture the maximum number of O-GIcNAc modified
proteins. The activation of T cells was performed using 10 ng/mL PMA and 2.5 uyM

ionomycin as per the work of Guerini et al.*°

Metabolic labeling and enrichment of O-GIcNAc modified proteins:

Jurkat cells were metabolically labeleld by introducing the peracetylated alkynyl sugar
analog Ac4GIcNAIk or AC4GlcPent for 16 hours according to the Pratt laboratory
protocol® at the end of which activation reagents were introduced into the cell culture
medium. The activated and control cells were incubated with 10 ng/mL PMA and 2.5 uM
ionomycin for 5 minutes before lysis. Chemical labeling via CuUAAC on metabolically
labeled lysates and control lysates was done using a fluorescent azide probe azido-
rhodamine>® (Az-Rho) to check for any discernable differences between labeling pattern
of activated and unactivated cells.
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Figure 2.3: In-gel fluorescence scanning on metabolically labeled and unlabeled Jurkat cell

lysates with and without activation with PMA/ionomycin

The chemical labeling profile shows no discernable difference between the activated
and unactivated cell lysates in terms of banding pattern. This could be due to the fact
that the changes may not be detectable in a gross survey like a fluorescence scan of a
gel. In addition, due to the short time frame of the activation the manifested differences
may require a more sensitive and subtle technique to highlight differences between
activated and unactivated cell sets. Thereafter the metabolically labeled and activated
lysates were subjected to enrichment by chemically labeling with azo-azido-biotin
followed by in gel LC MS
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Figure 2.4: Zaro, B.W., Yang, Y.-Y., Hang, H.C. & Pratt, M.R. Chemical reporters for fluorescent
detection and identification of O-GIcNAc-modified proteins reveal glycosylation of the ubiquitin

ligase NEDD4-1. Proceedings of the National Academy of Sciences (2011)

There were four possible types of samples that could have been used for the mass
spectrometry experiments namely: AcsGIcNAIk labeled and activated, AcsGIcNAIk
labeled and unactivated, metabolically unlabeled and activated, metabolically unlabeled
and unactivated. We however only chose to run in gel-LC/MS on Ac4GIcNAIK labeled
and activated and metabolically unlabeled and activated lanes. The reason for this
decision to omit the unactivated samples irrespective of whether they were
metabolically labeled or not was due to the fact that without doing isotopic labeling (e.g.
SILAC or iTraq) the comparison of protein level between activated and unactivated
samples could be difficult. Therefore we chose to probe O-GIcNAc modified proteins
only in the activated samples to then follow up on interesting proteins via traditional
biochemical methods.
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Figure 2.5: Chart showing the approximate percentages of different proteins based on their
cellular function. This is not a quantitative representation because most of the proteins
identified were annotated with 2 or more known cellular functions. The label “Other” signifies

protein functions that were too small in percentage to be assigned a unique color.

The chart above shows proteins identified via the enrichment procedure detailed in
Figure 2.4. A total of 1069 proteins were identified which were then grouped in to high
(234), medium (332) and low (366) confidence proteins. This rating was given by the
following criteria: high is if a protein had at least 5 peptides in the GIcNAIk labeled
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sample and at least 2X as many peptides in GIcNAIk versus the unlabeled
samples. Similarly, medium is at least 2 peptides in the GIcNAIk lane and at least 2X as
many peptides in GICNAIk versus unlabeled samples. Low confidence proteins were
deemed so if there is at least 1 peptide in the GIcNAIk sample and 0 peptides in the
control i.e. unlabeled sample.

Selecting targets to validate from mass spectrometric data:

We chose to scrutinize the high confidence list of proteins to determine if proteins
known to be involved in T cell activation were identified. At first glance, (see table 3.1 on
the following page) the T cell receptor glycoprotein CD3 epsilon and delta chains were
found in the high confidence list. Additionally, Zap-70 and Receptor type tyrosine protein
phosphatase C, also called CD45, were found in the list. Referring to Figure 2.1
detailing the T cell signaling network, these are all components that are proximal to the
T cell receptor and are hence separated from the sub-networks activated by
PMA/ionomycin. It is plausible that there may be some sort of feed-back from those
TCR-distal networks to components of the TCR-proximal networks. Regardless of
whether these identified proteins were O-GIcNAc modified in response to
PMA/ionomycin treatment or by a feedback mechanism or are constitutively O-GIcNAc
modified, we chose to pursue these targets for their impact on T cell activation.
Interestingly, CD45 and Zap-70 are part of the initial phosphorylation cascade that
occurs proximal to the TCR: CD45 de-phosphorylates Lck, which in turn phosphorylates
Zap-70. Although Zap-70 and CD45 were found on our high confidence list, Lck was
found in the medium confidence list. The prospect of all three of these signaling proteins
being O-GIcNAc modified was very interesting and further exploration would be useful

to gain insight on how their O-GlcNAcylation state affects their activity.
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‘ Accession# ‘ Description ‘ Unlabeled ‘ GlcNAIk ‘ Molecular Function

Q12906 Interleukin enhancer-binding factor 3 1 29 DNA binding; protein binding; RNA
binding
P08575 ~ Receptor-type tyrosine-protein 24 Catalytic activity; protein binding;
phosphatase C or CD45 receptor activity; signal transducer
activity
QI9UIGO Tyrosine-protein kinase BAZ1B 20 catalytic activity; metal ion binding;

nucleotide binding; protein binding;

structural molecule activity

Q9Y277 Voltage-dependent anion-selective 13 nucleotide binding; transporter activity
channel protein 3

P45880 Voltage-dependent anion-selective 12 nucleotide binding; transporter activity
channel protein 2 ]

QONYF8 Bcl-2-associated transcription factor 1 10 DNA binding; protein binding
0OS=Homo sapiens
P18031  Tyrosine-protein phosphatase non- 7 catalytic activity; metal ion binding;
receptor type 1 protein binding
Q12905 Interleukin enhancer-binding factor 2 7 catalytic activity; DNA binding;
nucleotide binding; protein binding;
RNA binding
P07766 T-cell surface glycoprotein CD3 epsilon 7 protein binding; receptor activity;
chain signal transducer activity; structural
molecule activity
P43403  Tyrosine-protein kinase ZAP-70 7 catalytic activity; nucleotide binding;
protein binding
Q99986 Serine/threonine-protein kinase VRK1 2 6 catalytic activity; nucleotide binding;
protein binding
Q96HS1 Serine/threonine-protein phosphatase ] 6 catalytic activity
P04234 T-cell surface glycoprotein CD3 delta chain 5 protein binding; receptor activity;
signal transducer activity
P21796 Voltage-dependent anion-selective 5 protein binding; transporter activity

channel protein 1

P18031 Tyrosine-protein phosphatase non- 7 catalytic activity; metal ion binding;
receptor type 1 protein binding
protein binding

Table 2.1 This table shows the curated list of high confidence proteins that were chosen based
on their intimate involvement with the T cell signaling process. The only exception is the protein
tyrosine kinase Lck, highlighted in red, which is a medium confidence protein. The four proteins

highlighted were chosen for further validation experiments.
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The sequence of experiments to validate hits from the mass spectrometric data was as

follows:

1.

Immunoprecipitate target from activated and metabolically labeled Jurkat cell
lysates

Confirm incorporation of unnatural sugar (azido sugar AcsGalNAz or alkynyl
sugar AcsGlcPent/AcsGIcNAIk). The alkynyl sugar was used for the enrichment
strategy as per the Pratt lab procedure® but for confirming the presence of O-
GIcNAc on the target, we chose to use lysates metabolically labeled with
Ac,sGalNAz followed by Bertozzi-Staudinger ligation with FLAG-Phosphine.

The next step was to treat the O-GlcNAcylated target protein with a glycosidase
to remove O-GIcNAc, or in this case the metabolically incorporated O-GIcNAz
residue. After de-GlcNAcylation chemical labeling with FLAG phosphine should
show loss of azide dependent signal. The glycosidase of choice was first jack
bean B-N-acetylhexosaminadase (HexC), which has been used by Bertozzi, and
coworkers® for the treatment of azido labeled O-GIcNAc modified proteins.
Another alternative to HexC, which is more specific for the O-GIcNAc
modification, is CpNagJ, a bacterial analog of human O-GIcNAcase, which has
shown to be highly effective as an O-GIcNAc stripper.’*° CpNagJ, however has
not been used on azido substrates so our experiments with O-GIcNAz labeled

proteins and CpNagJ were exploratory.

Target 1: CD45

Brief overview:

CD45 is a receptor type protein phosphatase (PTP) that is also called leukocyte

common antigen due to being expressed ubiquitously on all leukocytes. CD45 can exist

in several isoforms ranging in molecular weight between 180-220 kD. The extracellular

domain of this protein is extensively glycosylated with N- and O-linked glycans and the

glycosylation state of which varies based on the state of the T cell.’’ The tyrosine
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phosphatase activity comes from a membrane proximal phosphatase domain whose
substrates are mainly Src kinase family members crucial to T cell signaling, namely
Lck®? from T cells and and Lyn in B cells®®. CD45 dephosphorylation of these kinases is
important for triggering T-cell proliferative and cytokine secretion signaling

mechanisms.®*

Immunoprecipitation of CD45 from activated Jurkat cell lysates:

CD45 was immunoprecipitated from AcsGalNAz labeled and activated Jurkat cell

lysates, that were chemically labeled with FLAG-phosphine.

Ac,GalNAz + o+ o+
FLAG phosphine - + +
..' |
175 kDa___
80 —
58 — |
IP: a-CD45
WB: a-FLAG ,,
CD45 Positive control:
Jurkat cell lysate

Figure 2.6: CD45 shows FLAG phosphine and hence azide dependent signal on
immunoprecipitation at the correct molecular weight 180-220 kD. This confirms that CD45 has

an azido sugar incorporated on it metabolically, which is accessible to FLAG phosphine.

This experiment was a preliminary one to ascertain if CD45 was indeed O-GIcNAc
modified. However, there was an added complication in interpreting this result because
CD45 is known to be both N and O-linked glycosylated. From the Pratt lab results* it
was indicated that GIcNAIkK was incorporated into N-linked glycans, intracellular O-
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GIcNAc but not in the core structure of O-linked glycans. The azido sugar GalNAz, has
been shown to be predominantly in intracellular O-GIcNAc by Boyce et al.?” However, it
may be incorporated into the mucin type O-glycans to a lesser extent. Therefore to truly
understand the nature of the glycosylation that CD45 seems to exhibit, we chose to
enzymatically treat it with 2 speciifc enzymes, CpNagJd specific for intracellular O-
GIcNAc, and PNGase F (peptide: N-glycosidase F) specific for N -linked glycans. After
treating metabolically labeled CD45 with these two enzymes, we should be in a better
position to comment on the nature of the glycosylation and ultimately determine if it is in
fact O-GIcNAc modified.

Treatment of CD45 with CpNagJ and PNGase F

CpNagJ + + - -
PNGase F - + + -

ST L

175 kba —

IP: a-CD45
80 — WB: a-FLAG

Figure 2.7: The anti-FLAG western blot above shows immunoprecipitated, azido sugar labeled
CD45 treated in succession with CpNag) and PNGase F to remove O-GIcNAz and N-linked
glycans. Chemical labeling with FLAG phosphine was done post enzymatic treatment and FLAG
and hence azide dependent signal was assayed by western blot.

For the above experiment, CD45 from metabolically labeled lysates was
immunoprecipitated, eluted and then enzymatically treated. The result of CpNagJ and
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PNGase F treatment followed by FLAG phosphine labeling shows that CpNagJ
treatment does reduce the signal significantly from the untreated lane on the extreme
right, however, PNGase F treatment does not diminish the azide dependent signal,
although it does reduce the molecular weight of the protein, as demonstrated by the
higher mobility on the gel and western shown above. This result confirms that CD45 is
in fact O-GIcNAc modified and that CpNagJ treatment reduces that modification
although it does not completely remove it. This can be reasoned as being due to the
incomplete treatment of CD45, i.e. the amount of CpNagJ added was insufficient or that
the fact that CD45 had O-GIcNAz instead of O-GIcNAc, reduced the efficiency of the
enzyme. As mentioned before, this is the first instance of CpNagJ being used to cleave
an azido derivative of GIcNAc.

We next chose to determine if inhibition of CpNagJ with a small molecule transition
state mimic inhibitor PUGNAc would ablate the ability of CpNagJ to remove O-GIcNAz
from CDA45.
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Treatment of CD45 with CpNagJ with and without PUGNAc inhibition

CpNagJ + + -
PUGNACc - + -
175 kDa —
IP: a-CD45
WB: a-FLAG
80
CpNagJ + + -
PUGNACc - + -
175 kDa
%0 IP: a-CD45
WB: a-CD45

Figure 2.8: Treatment of CD45 with CpNagJ) with and without PUGNAc shows that PUGNAc
prevents digestion of O-GIcNAz from CD45 as demonstrated by the chemical labeling with FLAG

phosphine.

The above result convinced us that CD45 is O-GIcNAc modified and that it can be de-
GIcNAcylated using CpNagJ. To determine the impact of the O-GIcNAc modification on

its functional activity as a phosphatase, we chose to do an in vitro phosphatase assay.
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CD45 functional assay: phosphatase activity based on presence or absence of O-
GIcNAc.

0.25

0.15 =

Absorbance
At 477 nm

0.05 1 —

CDA45 +CpNagJ CDA45 -CpNagJ

Figure 2.9: Phosphatase activity assay on CD45 treated with and without CpNagJ measured by
the dephosphorylation of OMFP. CD45 was incubated with CpNagJ) prior to assaying
phosphatase activity, PUGNAc was included in all samples to block background hydrolase

activity of CpNagJ, values shown are in triplicate with blank correction.

The above experiment was carried out on metabolically unlabeled CD45 to understand
the true impact of CpNagJ mediated de-GlcNAcylation. The in vitro phosphatase assay
was carried out by incubating immunoprecipitated CD45 with and without CpNagJ
treatment in a phosphatase reaction buffer, containing a small molecule phosphatase
substrate, o-methyl-fluorecscein phosphate (OMFP). OMFP is routinely used as a
phosphatase substrate for alkaline phosphatases and protein tyrosine phosphatases
(PTPs) and the read out of the assay is absorbance at 477 nm. This assay shows that
de-GlcNacylated CD45 shows more than 50% increase in phosphatase activity, which is
significant. The implications of this on CD45’s activity are discussed in the Discussion

section.

51



Target 2: Zap-70

Brief overview:

Zap-70 or T cell receptor zeta associated protein gets its name due to its 70 kD
molecular weight. Zap-70 is a soluble tyrosine kinase that is crucial player in the TCR
proximal phosphorylation cascade that determines T cell activation.>® Zap-70 is
recruited to the TCR zeta chian when the immunoreceptor tyrosine based activation
motifs (ITAMS) on the TCR are phosphorylated by tyrosine kinases like Lck.
Recruitment of Zap-70 is a key step to ensure propagation of the signaling mechanism.
Like many Src family kinases, Zap-70 undergoes autophosphorylation and can also be
phosphorylated by Lck during the signaling process. Phosphorylated Zap-70 is also
responsible for recruitment of other adaptor proteins, which act as its substrate in the

phosphorylation cascade.

Immunoprecipitation of Zap-70 from activated Jurkat cell lysates:

Ac,GalNAz + +
FLAG phosphine + -

175 kDa —
80 — .
58 —
IP: a-Zap-70
26— WB: a-FLAG
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Figure 2.10: This figure shows Zap-70 immunoprecipitated from metabolically and chemically
labeled lysates shows azide dependent signal. This confirms that Zap-70 is O-GIcNAc modified
but the banding pattern shows bands leading up to the correct molecular weight of 70 kDa.

The preliminary experiment on immunoprecipitation of Zap-70 from metabolically
labeled and chemically FLAG labeled lysates showed that Zap-70 shows azide
dependent signal, in addition being an intracellular soluble kinase, Zap-70 does not
contain other forms of O- or N-linked glycosylation. Therefore the signal can be
attributed to intracellular O-GIcNAc. However, the laddering of bands up to the correct
molecular weight is a phenomenon that has been observed previously’®® by other
researchers working with Staudinger ligation of FLAG phosphine on metabolically
incorporated azides. Thus, there may be multiple sites of O-GIcNAc on Zap-70 that

could lead to such a laddering pattern.

Treatment of Zap-70 with CpNagJ:

CpNagJ + -

175 kDa

80

58
46

IP: a-Zap-70

30 WB: a-FLAG

Figure 2.11: Treatment of Zap-70 with CpNag) shows no difference between treated and
untreated lanes by anti-FLAG western blot.

The next step was to determine if the O-GIcNAc on Zap-70 could be stripped by
treatment with CpNagJ. Interestingly, Zap-70 showed no signs of CpNagJ dependent
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loss of signal which can only be attributed to the poor processing of the azido sugar by
CpNagJ for de-GIcNAcylation. The prospect that such a regulatory modification, as we
believe O-GIcNAc to be, to be “buried” in the interiors of the protein may be implausible.

Target 3: Lck

Brief overview:

Lck or lymphocyte specific protein tyrosine kinase is a 56 kDa member of the src family
of kinases and displays characteristic Src homology 2 (SH2) and SH3 domains. Lck is
localized to the cell membrane via N-terminal myristoylation or palmitoylation of amino
acid residues. Lck activity is maintained by a delicate balance between kinases like C-
terminal Src kinase (CSK) that inhibit and phosphatases such as CD45 that activate it.°’
Lck is capable of autophosphosphorylation and is responsible for phosphorylating
ITAMs on the CD3 and zeta chains of the T cell receptor, which eventually causes

recruitment of Zap-70.

Immunoprecipitation and treatment of Lck with CpNagJ:

CpNagJ + -

175 kDa ——
80 —
58 ——
46 —
IP: a-Lck
WB: a-FLAG
30 —
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Figure 2.12: This figure shows immunoprecipitated Lck with and without CpNagJ treatment,
banding pattern leading up to the correct molecular weight of 56 kDa. Again, like Zap-70, Lck is

O-GIcNAc modified but there is no reduction in azide dependent signal on CpNagJ treatment.

The results for Lck mirrored that for Zap-70, Lck showed O-GIcNAc modification but
was impermeable to the treatment with CpNagJd, which we attribute to the poor

processing of the azido sugar by CpNagJ in the context of Lck.

Target 4: PTP1B

Brief overview:

PTP1B is one of many protein tyrosine phosphatases (PTP) that has an N terminal
catalytic domain and a C-terminal domain that targets it to the cytoplasmic face of the
endoplasmic reticulum.”® PTP1B is believed to be regulated via phosphorylation of
serine as well as tyrosine residues. Protein kinase C has been shown to phosphorylate
PTP1B on treatment with phorbol esters.*® The substrates of PTP1B dephosphorylation
interact with this ER tethered enzyme via a protein:protein interaction regulatory
domain. PTP1B was the only target chosen with no direct link to the TCR signaling
pathway, however the fact that protein kinase C (which is activated by PMA/ionomycin

treatment) modulates PTP1B, could prove interesting for our studies.
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Immunoprecipitation and treatment of PTP1B with CpNagJ:

CpNagl + -

i
175 kDa —— e n

80
58
46 g
IP: a-PTP1B
30 WB: a-FLAG

Figure 2.13: Immunopreciptated PTP1B showed azide dependent signal but at a very high
molecular weight. The correct molecular weight of PTP1B is 50 kDa, however two bands close to
175 kDa and above were observed on all immunopreciptates. Additionlly, there was no

reduction in signal for the CoNagJ treated samples.

Discussion:

From our results, all four targets we chose to validate via immunoprecipitation showed
presence of O-GIcNAc modifications as seen by azide dependent signal in anti-FLAG
blots. However, there was no difference between the azide dependent signal on targets
pulled down from unactivated and activated lysates (data for unactivated lysates not
shown, there was no observable difference between the azide dependent signal on
immunoprecipitates from activated and inactivated cells). This indicates that the targets
we chose may be constitutively O-GlcNAc modified, in fact our mass spectrometry data
queried only activated lysates for O-GIcNAc, unactivated lysates with or without
metabolic labeling were not included in the enrichment experiment. Regardless of this,
our finding that these targets are O-GIcNAc modified is still relevant and provides
interesting insight into the effect of O-GIcNAc on T cell signaling proteins.
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The second interesting feature about our results is that out of the four targets, only
CD45 seemed susceptible to CpNagJ de-glycosylation. Admittedly, our experiments
with CpNagJ were carried out on metabolically labeled CD45, Zap-70, Lck and PTP1B,
which has never been reported or attempted before. It is not very plausible that the O-
GIcNAc modifications on these proteins are inaccessible but it is indeed plausible that
CpNagJ is unable to “fit” O-GIcNAz on Zap-70, Lck and PTP1B in its active site to
deglycosylate them. Furthermore, the site of glycosylation on these proteins are as yet
unknown and identification of these sites may improve our ability to predict the local
environment and three dimensional accessibility of the O-GIcNAc modification for
CpNagdJ treatment.

Thirdly, the FLAG modified Zap-70, Lck and PTP1B demonstrate some unique features.
In the case of anti-FLAG blots on azido sugar labeled Zap-70 and Lck, they are marked
by a regular banding pattern, leading up to the right molecular weight, which
presumably is due to discreet sub-populations of the protein that have varying number
of FLAG moieties attached. This has been reported previously in proteins carrying
azidohomoalanine®® that were modified via Staudinger ligation. On the other hand, the
PTP1B blots show two distinct bands around 175 kDa, even though the molecular
weight of the protein is 50 kD. The only explanation that fits this observation is that
either PTP1B has extensive O-GlcNAcylation and hence multiple FLAG modifications
causing the low mobility upon gel electrophoresis.

Regarding the results obtained for CD45, we have been able to show that not only is
CD45 O-GIcNAc modified, but it is also susceptible to O-GIcNAc stripping via treatment
with CpNagJ and subject to inhibition by PUGNAc. Most interestingly, the phosphatase
activity of CD45 shows a more than 50% increase upon O-GIcNAc stripping. This
phenomenon has exciting implications for the regulation of the activity of CD45 by the
O-GIcNAc modification. In 1991, Ostergaard et al.®® reported that ionomycin had a
negative regulatory effect on the phosphatase activity of CD45 from mouse T cells.
Interestingly, this reduction in phosphatase activity was accompanied by reduced
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phosphorylation on serine residues on CD45. Our results that CD45 is O-GlcNAcylated
and that removal of O-GIcNAc sharply increases its phosphatase activity could be a
plausible explanation for the negative regulatory effect of ionomycin. At the time this
report was published, the authors did not consider the possibility of a modification like
O-GIcNAc as a factor that could regulate CD45 activity. However, today, in the light of
all the information about the nuanced mechanisms by which O-GIcNAc and
phosphorylation can interact, it is indeed a distinct possibility that serines on CD45 may
be both O-GIcNAc and phosphorylated. This explanation also corroborates with the
evidence for increased O-GIcNAc levels immediately after activation which happens on
ionomycin treatment. However we did not carry out studies on CD45 from unactivated
cells due to our observation that both activated and unactivated cells showed similar
azide dpendent signal and hence GIcNAc modification. The details of this phenomenon
of ionomycin mediated reduction in CD45 phosphatase activity®® and O-GlcNAc
mediated reduction in phosphatase activity needs to be explored in further detail.

Conclusion and Future directions:

Using the alkynyl chemical reporter mimic GIcNAIk or GlcPent we have identified 234
high confidence proteins that are potentially O-GIcNAc modified. Out of those 234, we
chose 3 high confidence proteins (CD45, Zap-70, PTP1B) and 1 medium confidence
protein (Lck) to validate via traditional biochemical methods. Upon immunoprecipitation,
all four targets showed the presence of the O-GIcNAc modification via azide dependent
western signal. The fact that we used the alkynyl reporter for the mass spectrometric
experiments but the azido reporter for our confirmatory experiments with correlating
results, proves the versatility of the chemical reporter strategy and validates the
principle behind using this tool to probe GIcNAc dynamics. Furthermore, our results with
CD45 demonstrate the impact of the O-GIcNAc modification on its function and open up
exciting avenues for the regulation of this ubiquitously expressed protein tyrosine

phosphatase in TCR based signaling.

58



Having established that these four targets are in fact O-GIcNAc modified, the next
challenge is to identify the sites of modification, which can shed more light on how their
O-GIcNAc modification interfaces with their phosphorylation state.

Materials and methods:

Cell culture and metabolic labeling:

Jurkat cell culture was done as previously described in Chapter 1. Metabolic labeling
was done according to Zaro et al*® Briefly, 50 yL DMSO stock solutions (200 mM) of
AcsGlcPent or AcsGIcNAIk were introduced into cell culture media at a final
concentration of 200 yM. Control flasks were administered with only DMSO. For azido
sugar labeling for immmunoprecipitation experiments for target validation, flasks were
coated with stock solution (50 mM ) in methanol of AcsGalNAz. By letting the methanol
stock solution evaporate in the flasks, a final concentration of 200 uM was achieved. For
both types of sugars, metabolic labeling was allowed to proceed for 16 hours prior to
lysis and/or activation.

T cell activation:

Phorbol 12-myristate 13-acetate was obtained from Calbiochem, Cat# 524400, 1mg/mL
stock solution was prepared in DMSO and stored at -20 °C. lonomycin was obtained
from Calbiochem, cat# 407950, 1 mg/mL stock solution was prepared in DMSO and
stored at -20 °C. For activation experiments, to Jurkat cells metabolically labeled for 16
hours, 10 ng/mL of PMA and 2.5 uM of ionomycin was introduced into the cell culture
flask and incubated in the 37 °C incubator for 5 minutes after which cells were spun

down and washed for lysis.
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Cell lysis and immunoprecipitation:

Jurkat cells after metabolic labeling and activation were spun down, washed 2X with ice
cold PBS before resuspending in lysis buffer. Lysis buffer consisted of 50 mM Tris pH
7.6, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1% NP-40 and 1x protease inhibitor
cocktail (Calbiochem Cat# 539134, protease inhibitor cocktail set Ill, EDTA free) and
0.05 mg/mL PMSF. Cells were resuspended in lysis buffer and vortexed every few
minutes and kept on ice for 20 min before spinning down in a microcentrifuge at 13,500
rom for 20 min to pellet insoluble material. The supernatant form this was used for all
immunoprecipitation and flash frozen in liquid nitrogen for short term storage at -20 °C,
or at -80 °C for longer term storage.

Immunoprecipitations were carried out on lysates obtained above, the antibody for the
desired protein was added to the lysate following manufacturer’s instructions and rocked
at 4 °C. Antigen-antibody complex was allowed to form for a minimum of 2h up to a
maximum of 12 h, after which Protein-G agarose beads (Santa Cruz Biotechnology,
#sc-2002) was added to pull down immune complexes. Protein G beads were allowed
to rock with the immune complex for at least 1 hour up to a maximum of 6 hours. At the
end of that period, the samples were spun down at 3000 rpm in a microcentrifuge, and
washed 3 to 6 times with a wash buffer containing 20 mM Tris pH7.6, 300 mM NacCl, 2
mM EDTA, 0.1% NP-40, 1X protease inhibitor cocktail (see lysis buffer for Cat# and
details) and 0.05 mg/mL PMSF. After washes, the immune complex was eluted with 5X
Laemmli buffer for blots in figures 2.6 and 2.10 where FLAG labeled lysates were used
for IP. However, for all other IPs where chemical labeling and enzymatic treatment had
to be done on eluate, a pH 2.9 100 mM glycine buffer was used. Elution was carried out
by incubating washed protein G beads with immune complex with 50 to 100 pL of
glycine elution buffer with rocking at room temperature for 15 min. At the end of 15 min,
the beads were spun down, the eluate collected and immediately neutralized with 1 M

MES buffer pH 6.5. The elution process was repeated 2 more times; elautes from all
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three elutions were combined and used for chemical labeling and/or enzymatic

treatment as required.

Staudinger ligation:
Metabolically labeled lysates carrying azido sugars were subjected to Staudinger
ligation by mixing lysates, with a FLAG phosphine reagent and PBS, according to the
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procedure detailed in Laughlin et al.”" Reactions were allowed to proceed at room

temperature overnight.

Enzymatic treatments: CpNagJ and PNGase treatment

CpNagJ treatment was carried out according to procedures described by Rao et al."’
CpNagJ was obtained from Glycobiochem, Dundee, Scotland, cat# GBCO00001. Briefly,
for treatment of azido sugar labeled mmunoprecipitated proteins, 100 mM glycine pH2.9
eluates neutralized with 1 M MES pH 6.5 were taken, 20-30 pL reaction volumes were
used with 1-2 uL of 1 mg/mL CpNagJd enzyme. The eluates and enzyme were incubated
in a 37 °C water bath for 4 hours. The same procedure was used for the PUGNAc
treated samples, except that 50 mM PUGNACc stock solution in DMSO was added to a
final concentration of 100 uM. Samples marked untreated with PUGNACc received just
DMSO as a control. The same procedure was used for metabolically unlabeled CD45

eluate used for the phosphatase assay (Figure 2.9)

PNGase F peptide:N-glycosidase F treatment was obtained from New England Biolab,
cat# P0704S according to the instructions provided by the manufacturer. Briefly, CD45
eluates from immunoprecipitation were treated with the G7-glycosidase-reaction buffer
and PNGase F enzyme and incubated at 37°C water bath for 1 hour after which

chemical labeling was carried out with FLAG phosphine.

In vitro phosphatase assay for CD45:
CD45 glycine/MES eluates from immunoprecipitations were used as is for this assay

without any concentration or buffer exchange. Phosphatase reaction mixtures were
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prepared with a final concentration of MES of 83 mM, 50 mM NaCl, mM EDTA, mM
DTT, 0.1 mg/mL BSA and 100 yM OMFP. 50 mM PUGNACc stock solution in DMSO was
added to a final concentration of 100 uM in all samples, including the blank to inhibit the
CpNagJ and therefore reduce any background hydrolase activity that may be observed.
The CD45 phosphatase reaction mixtures were allowed to incubate in a 37°C water
bath for 2-3 hours before absorbance was read at 470 nm in a US-Vis spectrometer. All
readings were taken in triplicate and blank corrected.

Antibodies and reagents:

Antobodies for CD45, Zap-70, Lck and PTP1B were purchased from Santa Cruz
Biotechnology, Texas. Catalog# sc-1178, sc-32760, sc-433, sc-133259 respectively.
PUGNACc for inhibition of CpNagJ was obtained from Tocris Bioscience, cat # 3384

Western blots:

FLAG labeled samples were boiled at 95°C for 6 minutes with 5X loading dye. The
samples were run on a 5% (for CD45 blots) or 10% (for all other blots) polyacryamide
electrophoresis gel and transferred onto nitrocellulose at 40V over 2 hours in western
transfer buffer (25 mM tris, 192 mM glycine, 0.5% SDS and 10% methanol). Anti-FLAG
blots were blocked in 5% milk in PBST and treated with anti-FLAG M2 HRP conjugate
at a dilution of 1:12000 in 5% milk in PBST. Blots were washed with milk and PBST and
developed by chemiluminescence (Millipore Immobilon Western kit). For anti-CD45
blots, incubation with primary antibody anti-CD45 was carried out at a dilution of 1:1000
in 5% milk/PBST for 4 hours at rt. After 4 washes in PBST, blots were incubated with
secondary anti-mouse HRP antibody at a dilution of 1:1000 for 1 h at rt. Blots were
washed 4x with PBST before exposing to HRP substrate and development.

Biotin Enrichment:

Jurkat cells labeled with Ac4GIcNAIk (200 uM) or DMSO were resuspended in 200 pL
H20, 60 yL PMSF in H20 (250 mM), and500 uL 0.05% SDS buffer (0.05% SDS, 10
mM TEA, pH 7.4,150 mM NacCl) with Complete Mini protease inhibitor cocktail (Roche

Biosciences). To this was added 8 pL Benzonase (Sigma), and the cells were incubated
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on ice for 30 min. At this time, 4%SDS buffer (2000 yL) was added and the cells were
briefly sonicatedin a bath sonicator and collected by centrifugation at 20;000 x g for 10
min at 15 °C. Protein concentration was normalized by BCA assay (Pierce,
ThermoScientific) to 1 mgMmL(10 mg total cell lysate). The appropriate amount of click
chemistry cocktail was added and the reaction was allowed to proceed for 1 h, after
which time 10 volumes of ice-cold methanol were added. Precipitation proceeded
overnight at —80 °C. Precipitated proteins were centrifuged at 5,200 x g for 30 min at 0
°C and washed three times with 40 mL ice-cold MeOH, with resuspension of the pellet
each time. The pellet was then air dried for 1 h. To capture the biotinylated proteins by
streptavidin beads, the air-dried protein pellet was resuspended in 4 mL of Hepes buffer
(6 M urea, 2 M thiourea, 10 mM Hepes, pH 8.0) by bath sonication. The captured
proteins were incubated with freshly made 1 mM dithiothreitol (100 mM stock solution)
for 40 min to reduce cystienes. Cystiene capping was achieved after further incubation
with freshly prepared 5.5 mM iodoacetamide (550 mM stocksolution) for 30 min in the
dark. The beads were then washed twice with PBS (250 pL) once with 4% SDS buffer.
Beads resuspended in Hepes buffer were then incubated on a rotator for 2 h, washed
twice with Hepes buffer, twice with PBS, and twice with 1% SDS in PBS (10 mL per
wash, 2;000 x g, 2 min). Samples were then transferred to 2-mL dolphin-nosed tubes.
Beads were then incubated in 250 yL of sodium dithionite solution (1% SDS, 25 mM
sodium dithionite) for 30 min at RT to elute captured proteins. The beads were
centrifugated for 2 min at 2;000 x g and the eluent collected. The elution step was
repeated, and the eluents combined. Protein was concentrated using a YM-10
Centricon (Millipore), washed with 300 yL PBS and centrifuged at 10;000 x g for 30 min.
The concentrated eluent was transferred to a microcentrifuge tube and dried by
SpeedVac. Dried pellets were resuspended in 1x SDS-free loading buffer (10% glycerol,
0.1% bromophenol blue, 0.7% B-mercaptoethanol) and boiled for 5 min.

LC-MS Analysis

Each lane of the SDS-PAGE gel was sliced into 10 fractions, and each excised gel slice

was placed in a microcentrifuge tube. The gel slices were washed twice with 50 mM
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ammonium bicarbonate (ABC, 300 L, 15 min), destained twice with a 1 : 1 solution of
50 mM ABC/acetonitrile for 30 min, and then dehydrated in 100% acetonitrile. After
drying the gel pieces in a SpeedVac, gel pieces were rehydrated in a trypsin solution (2
Mg of trypsin per gel slice) and incubated at 37 °C in a water bath for 18 h. The peptides
were eluted in 50% acetonitrile in H20 with 0.1% TFA (200 pL, twice), and SpeedVac
dried. Samples were then subjected to nano-HPLC/MS/MS analysis (Thermo Linear
Trap Quadrupole- Orbitrap in the Proteomic Resource Center at Rockefeller University).
LC-MS analysis was performed with a Dionex 3000 nano-HPLC coupled to an Linear
Trap Quadrupole-Orbitrap ion trap mass spectrometer (ThermoFisher). Peptides were
pressure loaded onto a custom-made 75-um-diameter, 15-cm C18 reverse phase
column and separated with a gradient running from 95% buffer A [HPLC water with
0.1% (voWol) formic acid] and 5% buffer B [HPLC-grade CH3CN with 0.1% (volAol)
formic acid] to 55% B over 30 min, next ramping to 95% B over 10 min and holding at
95% (voWol) B for 10 min. One full MS scan (300-2,000 MW) was followed by three
data-dependent scans of the nth most intense ions with dynamic exclusion enabled.
Peptides were identified using MASCOT 2.3.02 in this case and the data was compared
against the Uniprot database. A total of 1069 proteins were identified which were then
grouped in to high (234), medium (332) and low (366) confidence proteins. This rating
was given by the following criteria: high for a protein that had at least 5 peptides in the
GIcNAIk labeled sample and at least 2X as many peptides in GIcNAIK versus the
unlabeled samples. Similarly, medium for a protein that had at least 2 peptides in the
GIcNAIk lane and at least 2X as many peptides in GIcNAIK versus unlabeled
samples. Low confidence proteins were deemed so if there was at least 1 peptide in
the GIcNAIk sample and 0 peptides in the control i.e. unlabeled sample. A qualitative
representation of the approximate percentages of different proteins based on their
cellular function is depicted in Figure 2.5. This is not a quantitative representation
because most of the proteins identified were annotated with 2 or more known cellular
functions. The label “Other” signifies protein functions that were too small in percentage

to be assigned a unique color.
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Chapter 3

Modification of the surface of poliovirus with an unnatural amino acid

Abstract:

Modification of the surface of viruses commonly used in gene therapy, such as
adenoviruses and lentiviruses, is an attractive strategy to manipulate their function and
efficacy. In the Carrico lab, successful incorporation of unnatural sugar and amino acid
analogs have been demonstrated in adenoviruses and lentiviruses with minimal
perturbation to viral fithess and titer. The unnatural analogs contain “click” chemistry or
CuAAC compatible functional groups such as azides and alkynes that can be
chemoselectively modified. The modification of the surface of polioviruses is an
attractive avenue that we sought to explore to manipulate the surface for novel anti-
polio vaccine development. The first step towards achieving this was to evaluate if
poliovirus production was affected by inclusion of azidohomoalanine in the growth
medium and how it impacts viral fitness and titer. The poliovirus production was
severely hampered by azidohomolanine with a loss in infectivity as measured by plaque
forming units per mL when compared to the wild type control grown in regular media.
Therefore the two-step method of metabolically introduced azidohomoalanine thereafter
reacted with an exogenously added CuAAC probe to produce novel polio vaccines was
not feasible.

Introduction:

The poliovirus is one of best studied and characterized human viruses. Poliovirus
belongs to the genus Enterovirus from the family Picornaviridae, the name derives form
the Latin word for small, namely “pico” and the picornavirus family includes small, non

enveloped RNA viruses. Poliovirus is the cause for poliomyelitis, which affects the
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central nervous system causing motor neuron destruction that results in paralysis, or
even death by respiratory failure. Poliovirus eradication in the developed world has
been possible due to the discovery of two vaccines, the inactivated virus vaccine by
Salk and the live attenuated virus vaccine by Sabin®®. This along with the World Health
Organization’s (WHO) stringent polio eradication program has lead to the decline of
poliomyelitis as a global threat. However, there still remains interest in generating novel
attenuation schemes to generate anti-polio vaccines. Poliovirus has also been exploited
as an anti-tumor therapy agent.63 Therefore engineering the surface of the poliovirus via
incorporation of unnatural amino acid functionalities presents an attractive avenue. With
the results obtained from incorporation of unnatural sugar® and amino acid®
functionalities onto the surface of we sought to apply the same principles towards
engineering the surface of poliovirus. Azidohomoalanine (Aha) was chosen as a
surrogate for methionine, which has been shown to be incorporated onto the adenoviral
capsid with minimal perturbation to viral fithess and infectivity.

Results:

Effects of inclusion of azidohomoalanine during production of poliovirus type 1:

Azidohomoalanine (Aha) at 4 mM and 32 mM concentrations was added into the growth
medium of HeLa cells used to produce Poliovirus type 1. Briefly, cells were infected with
a stock of poliovirus type 1, to a final concentration of 10® pfu/plate. To measure the
production of virus at t= 0, 2, 4, 6, 9 and 24 hours, cells infected with poliovirus were
frozen at the specified time points. Lysis of cells from all plates was achieved by 3
cycles of freeze and thaw. After which the lysates containing virus were used for
infectivity assays.

These concentrations of Aha were chosen to compare to existing protocols for the
modifications of adenoviral surfaces. The 32mM Aha treated HelLa cells were unable to
produce any virus and 4 mM Aha caused a drop in viral titer of 10® plaque forming
units/mL from 10° pfu/mL for control HeLa cells. Furthermore, the production of viruses
in Aha treated cells was significantly lower than the control/wild type as demonstrated
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by poor recovery after purification by ultra-centrifugation. The results are depicted
below.

Effect on Infectivity (fithess):

Production of PVM with Aha
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Figure 3.1: Viral fitness as measured by its ability to infect cells to form plaques was measured
for the 4 mM Aha treated samples and untreated control. A drop in pfu/mL of 1 order of

magnitude was observed compared to wild type.

The procedure used for poliovirus production was taken from the literature®®®” with the
only modification of Aha addition to the production cell line (HeLa) media. For the
plaque assay data shown above, no purification of virus was performed; cell lysate

containing a suspension of virus was used.
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Effect on particle count (production):
To determine the effect of Aha inclusion on the particle count of poliovirus, virus
purification via a sucrose cushion followed by ultracentrifugation was performed

according to literature procedures.®®®’

v
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Figure 3.2: Viral production titer in terms of particle/mL was measured after concentrating HelLa
lysate from infected cells and subjecting it to ultracentrifugation under a sucrose gradient.
Concentrated samples were run on SDS PAGE and stained using silver stain. The control virus
showed predicted bands for 4 viral capsid proteins while 4 mM Aha treated virus showed very
faint bands for viral capsid proteins indicating low titer. Measurement of the RNA/protein
absorbance in a Nanodrop spectrophotometer showed that a particle count of 1x10%
particles/mL was obtained for the 4 mM Aha treated, purified virus and 8x10™ particles/mL for

the control/wild type virus.
The low infectivity (pfu/mL) observed with Aha inclusion in poliovirus production was

accompanied by low particle/mL number as demonstrated by the silver stained gel

above.
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Attempt at chemical modification with azide compatible biorthogonal reactions
(Click reaction and Staudinger ligation):

kD
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Figure 3.3: Anti-FLAG western blot: since the primary aim of this project was to understand if
Aha can be incorporated onto the poliovirus surface, purified virus samples of 4 mM Aha treated
were reacted with 2 bioorthogonal reactions: “click” with FLAG alkyne and Staudinger ligation
with FLAG phosphine (see Figure 2 for structures). No bands for the viral capsid proteins in the
34 kD to 7 kD region were observed and comparison with Hela lysate metabolically labeled with
Aha showed a similar banding pattern indicating that some cellular protein contaminants may
be accounting for the observed FLAG specific western signal. Inclusion of Aha modified
adenovirus type 5 (Ad5) as a positive control on a similar anti-FLAG western blot (data not
shown) showed banding pattern corresponding to the Ad5 capsid proteins as expected therefore
proving that the western signal obtained for poliovirus samples could not be attributed to
incorporation of Aha in the viral capsid but due to cellular contaminants in the virus sample that

may have leached in due to the low particle number of virus produced.
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Lastly, an attempt at chemically modifying poliovirus grown in the presence of Aha with
was made. The results of the biorothogonal reactions are depicted in Figure 3.3. The
results showed that contaminant azide proteins from Hela cell lysate chemically
modified with FLAG (alkyne or phosphine reagent) dominated the western signal in an
anti-FLAG western blot.

Materials and Methods:

Production of Poliovirus with Aha:

Poliovirus type 1 (Mahoney) production was carried out according to literature

procedures®®’

with inclusion of azidohomoalanine (Aha) in the growth medium. Briefly,
HelLa R19 cells were maintained as a mono-layer culture in DMEM supplemented with
10% Bovine Calf Serum (BCS). HelLa cells were washed 3x with Met free DMEM media
after which infection was carried out with Poliovirus type 1 Mahoney at a multiplicity of
infection (MOI) of 5 pfu/cell. Cells were rocked with infection buffer/inoculum for 30
minutes at rt after which inoculum was aspirated out. The cells were allowed to incubate
at 37°C in an incubator with 2% BCS and 4 or 32 mM Aha containing Met free DMEM
medium. Control plates were incubated with 4 mM Met supplemented Met free DMEM
medium. Plates were incubated at 37°C for 2, 4, 6, 9 and 24 hours, at the end of each
time point cells were frozen by placing in the -80°C freezer. At the end of the last time
point (24 h) three cycles of freeze/thaw were used to lyse cells (from all time points)
followed by centrifugation to remove cell debris. This cell lysate containing viral particles

was used to determine infectivity via plaque assay, as depicted in Figure 3.1

Purification of Poliovirus and determination of particle number by OD2g
absorbance:

Literature procedures were followed for the purification of virus particles via a sucrose
cushion and ultracentrifugation.®®®” Briefly, cell lysates produced after 3 freeze/thaw
cycles after 24h of infection were clarified by centrifugation for 10 min at 2,000 x g
followed by a second 10 min centrifugation at 14,000 x g. Supernatants were incubated
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for 1 h at room temperature in the presence of 10 yg/ml RNase A (Roche) to digest any
extraviral or cellular RNA. Thereafter, addition of 0.5% sodium dodecyl sulfate (SDS)
and 2 mM EDTA was followed by overlaying virus-containing supernatants on a 6-ml
sucrose cushion (30% sucrose in Hanks balanced salt solution [HBSS]; Invitrogen).
Virus particles were sedimented by ultracentrifugation for 4 h at 28,000 rpm using an
SW28 swinging bucket rotor. Supernatants were discarded and centrifuge tubes were
rinsed twice with HBSS while leaving the sucrose cushion intact. After removal of the
last wash and the sucrose cushion, virus pellets were resuspended in PBS containing
0.2% SDS and 5 mM EDTA.

Virus titers were determined with a NanoDrop spectrophotometer (NanoDrop
Technologies) at the optical density at 260 nm (ODysp) and calculated using the formula
1 OD2g0 unit = 9.4 x 10'? particles/mL.

Plaque assay to determine infectivity:

Literature procedures were followed for the protocol.®*® Briefly, serial 1:10 dilutions of
virus containing lysate or purified virus were used to infect HeLa R19 cells. Post
infection, cells were overlaid with a semisolid overlay of 0.6% tragacanth gum (Sigma-
Aldrich) in minimal Eagle medium and allowed to incubate undisturbed in a 37°C
incubator. At the end of 3 days, the overlay and cell culture media were discarded and
the monolayers stained with Crystal Violet to visualize plaques and calculate virus
infectivity in pfu/mL.

Western blots:

FLAG labeled samples were boiled at 95°C for 6 minutes with 5X loading dye. The
samples were run on a 10% polyacryamide electrophoresis gel and transferred onto
nitrocellulose at 40V over 2 hours in western transfer buffer (25 mM tris, 192 mM
glycine, 0.5% SDS and 10% methanol). Anti-FLAG blots were blocked in 5% milk in
PBST and treated with anti-FLAG M2 HRP conjugate at a dilution of 1:12000 in 5% milk
in PBST. Blots were washed with milk and PBST and developed by chemiluminescence
(Millipore Immobilon Western kit).
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Staudinger ligation:
Staudinger ligation was carried out by mixing virus samples with final concentration of
500 pM FLAG phosphine reagent and PBS, according to the procedure detailed in

Laughlin et al.®’

Reactions were allowed to proceed at rt overnight.

CuAAC reaction:

CUAAC reactions were carried out according to literature detailed in Agard et al.?®
Reactions consisted of virus samples mixed with 100 uM final concentration of FLAG
alkyne, with final concentrations of 1 mM sodium ascorbate, 100 yM tris[(1-benzyl-1-H-
1,2,3-triazol-4-yl)methyllamine ligand (TBTA) (10 mM stock solution in DMSO) and 1
mM CuSOQ, overnight at rt.

Conclusion:

From the preliminary experiments attempting to incorporate azidohomoalanine on
poliovirus, it was observed that a severe loss of infectivity as measured by plaque
forming units/mL was observed. In addition to the loss of infectivity, there was also
crippling loss in the particle number of virions as shown by the low particle number
obtained and the very faint bands in the silver stained gel. This result was not expected
by us, given the seamless incorporation of azidohomoalanine on the surface of
adenovirus type 5 (Ad 5), with minimal loss in infectivity and particle production.
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Chapter 4

Poliovirus antigenic display on the surface of azide enabled
adenovirus

Abstract:

When a vaccine against poliovirus is administered, specific regions of the virus capsid
are found to stimulate the immune system. These regions present amino acid
sequences that are called antigenic epitopes®® and stimulate production of antibodies
that neutralize the virus and therefore protect the vaccinated organism from future
infections. The concept of taking these antigenic peptide epitopes, presenting it to the
immune system by simply attaching it to a carrier protein and then eliciting an immune
response without exposure to whole virus has been explored.”®”" Although the concept
is an attractive one, the results have been less than favorable. The immunity produced
by the peptide epitopes alone was weak and not long lived enough to be a viable
alternative. This was attributed to the inability of linear (and cyclic) peptide epitopes in
replicating the three dimensional conformation presented by the intact virus to the cells
of the immune system. As a continuation of this concept, one of the first genetic
modifications of the adenovirus capsid protein was performed’? by incorporating a
poliovirus type 3 antigenic epitope.” The premise was that the presentation of the
epitope on the surface of the adenovirus should mimic the regular three dimensional
pattern required by the immune system to trigger antibody production. However the
genetically displayed epitope on adenovirus caused antibody production but not a
protective immune response.

The aim of this project was to revisit the concept of using antigenic peptide epitopes to
elicit an immune response using two modern tools. Firstly, the display of these antigenic
peptide epitopes “clicked” onto the capsid of an adenovirus equipped with azides®® can
provide the regular, repetitive arrangement with versatility and flexibility, lacking in the
genetic method described above, to potentially stimulate the immune system.
Additionally, transgenic mice bearing the receptor required for poliovirus infection are

available now that are infected with polio in a facile manner. Such animal models are
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important because of the ability to do challenge tests after vaccination to check for

protection against infection.

Specific Aims:

The main principle behind this project was to use our lab’s azide equipped adenoviruses
as a platform for the display of antigenic epitopes towards poliovirus. For this, the
procedure we followed was:
1. Design peptide motifs for chemical labeling of azide modified adenovirus, based
on knowledge of what antigenic epitopes are most potent for poliovirus
2. Attach said peptide epitopes to adenovirus via “click” reaction
3. Assay the ability of antigenic epitope displaying adenovirus to elicit an immune
response in mice susceptible to poliovirus infection. This was to be assayed in
two ways: firstly via the production of neutralizing anitbodies and secondly via the

challenge test in mice for protective immunity.
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Experimental Design:

Design of antigenic peptide epitopes:

a b VP1 (95-105)
A\ = neutralizing antigenic site 1

Figure 4.1: Figure adapted from Hogle, J.M. & Filman, D.J. THE ANTIGENIC STRUCTURE OF
POLIOVIRUS. Philosophical Transactions of the Royal Society of London Series B-Biological
Sciences 323, 467-& (1989) Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences © 1989 The Royal Society

Antigenic peptide epitopes on the surface of Poliovirus type 1 were mapped based on mutants in
a virus population that escaped neutralization by antibodies produced in immunized animals.
The structural determinants that differentiated these “escape mutants” from the regular
population helped determine which residues on the viral capsid were important for inducing a
neutralizing antibody response. Since VP1 residue 95-105 forms a contiguous monodentate

antigenic epitope it was chosen: PASTTNKDKLF
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The genetic introduction of a poliovirus type 3 peptide on adenovirus’? was used as an
inspiration for this project and the peptide EVDNEQPTTRAQKLFA" was selected as
the second antigenic epitope to covalent “click” on to adenovirus.

The azide enabled (azidohomoalanine or Aha labeled) adenovirus type 5 (Ad5) was
produced as described in literature®. Briefly, adenovirus was produced in HEK 293 cells
with inclusion of azidohomoalanine in the cell culture medium. Thereafter, adenovirus
particles equipped with azides were purified via standard ultracentrifugation procedures
over a CsCl gradient.
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Antigenic peptides equipped with Strain Promoted Alkyne Azide Cycloaddition
(SPAAC) functionalities for reaction with azidohomoalanine labeled adenovirus
type 5 (Ad5):
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Figure 4.2: Peptide epitopes chosen were synthesized in a microwave assisted peptide
synthesizer and equipped with a bicyclononyne based Strain promoted alkyne azide

cycloaddition (SPAAC) moiety via a C terminal Cys residue.

The “click” reaction chosen for attachment of peptide to the Ad5 particles was the Strain
Promoted Alkyne Azide Cycloaddition (SPAAC) containing a bicyclononyne (BCN)
functionality.74 In order to conjugate the cleaved peptide to the bicyclononyne fragment,
a maleimide based coupling method was chosen as per literature precedence’ due to
lability of the strained alkyne under the TFA conditions used for cleavage of peptide
from solid synthesis support.

Vaccination scheme:

To determine if antigenic peptides displayed on Ad5 via SPAAC were able to elicit an
immune response, polio infection susceptible mice were vaccinated with formalin
inactivated, peptide conjugated AdS5. Suitable controls included metabolically unalabed
i.e. azide deficient Ad5 treated with peptide-BCN as a negative control. The human oral

polio vaccine was chosen as a positive control.

Vaccinations were carried out in the following groups by intramuscular injection in the

thigh according to literature procedures.®®

Group 1: vaccinated with 32 mM Aha -Ad-PV1 peptide

Group 2: vaccinated with 32 mM Aha-Ad-PV3 peptide

Group 3: vaccinated with metabolically unlabeled Ad, treated with BCN-PV1 peptide
(negative control)

Group 4: vaccinated with metabolically unlabeled Ad, treated with BCN-PV3 peptide
(negative control)

Group 5 and 6: treated with a 1/10 dose of human oral polio vaccine (positive control)
Group 7 and 8: vaccination with formalin inactivated PV1 and PV3
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The vaccination schedule adopted was as follows®

First dose 10°® particles per mouse

+4 weeks 2" dose (booster 1)

+2 weeks 3" dose (booster 2)

Wait 2 weeks then challenge with a Poliovirus infection to check for immunity
Wait up to 21 days after challenge

Neutralization assay:

To determine if the antigenic epitopes attached to Ad5 were able to elicit an immune
response, an assay of neutralizing antibody titer in the serum of vaccinated animals was
performed. Basically, blood from vaccinated animals was taken, the serum separated
and assayed for the ability to block poliovirus infection in cell culture. The neutralization
assay was carried out according to the literature®. Briefly, an overlay of HeLa cells were
exposed to increasing dilutions of antisera from vaccinated mice, followed by exposure
to the corresponding poliovirus (type 1 or type 3 based on antigenic peptide used for
vaccination). Thereafter, the cells were allowed to incubate in a 37 °C incubator for 3-4
days and then stained with Crystal Violet to check for neutralizing antibody response.

Results:

Neutralization assay

Mouse #
T P N S =

Antisera dilutions

1:20 N\ )
K ‘ *Plate antisera
1:40 & | *Plate 100 PFU of
Yl l virus/well
1:80 & | sIncubate @37 C
1:160 ..y for 2h
© *Plate cells
1:320 | eIncubate @37 C
for 3-4 days
1:640
1:1280 P
1:2560 ]
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Human polio vaccine

Figure 4.3: the neutralization assay shown above queries the neutralizing antibody titer in the
sera from vaccinated mice. Neutralizing antibodies if present in the sera, blocks infection by
poliovirus on an overlay of cells. The steps involved are outlined in the figure. The result was
that none of the Ad-Poliovirus peptide conjugates produced any neutralizing antibody titer. The
positive controls which were vaccinated with dilutions of the Human Polio vaccine were the only
ones to produce neutralizing antibodies and therefore block infection, shown by the blue wells

with intact monolayer of cells.

Challenge test:

Infection method: intramuscular injection of PV1 in the hind limb = Day 1
Day 3: all Ad vaccinated mice (peptide conjugated and negative controls) began to
show paralysis in the hind limbs (stronger on the side injected) 1 mouse in Group 1 (Ad-
PV1 peptide) showed delayed onset of paralysis.
Day 4: All Ad-peptide and negative control mice are severely paralyzed, i.e. No
protective immunity from vaccination, they were sacrificed

2 out of 8 positive control mice vaccinated with human polio vaccine were protected till
day 21.

80



Therefore the result of these experiments show that the antigenic peptide epitopes
when conjugated to Ad5 via SPAAC were unable to produce a neutralizing response.

Conclusion:

On examining the results from the neutralization assay and challenge tests, all
indications were that the antigenic epitopes attached to Ad5 were unable to elicit an
immune response in vaccinated mice. There are however a few caveats to this
interpretation. The chemical labeling of the Ad5 with antigenic epitopes was not
rigorously characterized due to technical limitations. An attempt at characterizing the
peptide conjugated Ad5 particles was made but was unsuccessful because the only
available technique was western blotting and both the anti-VP1 antibody (antibody
raised against the viral capsid protein 1) and the anti-poliovirus antibody (antibody
raised against whole, intact poliovirus) were not able to recognize the Ad-peptide
conjugate. This may be partly due to the fact that the anti-VP1 antibody recognizes the
VP1 protein in denatured virus, and the anti-poliovirus antibody (against whole intact
poliovirus) had never been used in a western blotting platform (originally having been
developed for neutralization assays). Therefore, the chemical labeling via BCN-
antigenic peptide conjugates was not characterized completely. In addition, there was
no positive control available for the chemical labeling that could be used in a western
blotting format: for example, FLAG-BCN conjugate to Ad5 would have served as a

suitable positive control.

Materials and methods:
Peptide synthesis:

PASTTNKDKLFC and EVDNEQTTRAQKLFAC
0.5 g of Fmoc-Cys(Trt)-Wang Resin 100-200 mesh (Novabiochem) with a substitution of
0.5 mmole/g was used in a 0.25 mmol scale synthesis reaction using instrument

specifications detailed in Marek, P., et al. ® Double coupling was used for S, T, V and
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P. All side chain protected Fmoc amino acids were obtained from Anaspec or EMD
Biochemicals. All reactions were performed in N-Methylpyridine (NMP) unless where
noted. 0.45M HBTU in DMF and 2M DIPEA in NMP were used to form the activated
ester of amino acids. Deprotection was performed using a 20% v/v solution of piperidine
in DMF (40 W power, 75°C for 30 s in the first cycle and 180 s in the second cycle).

Synthesis of BCN-peg-maleimide:

1 EtN 2

Y
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BCN-peg-amine 1 was synthesized by YHO and FAR™, 2 was obtained from Thermo
Scientific catalog # 22108. Briefly a solution of 7.7 ymol of 1 in acetonitrile was added to
a 7.8 ymol of 2 in acetonitrile, argon was bubbled through the reaction mixture and the
reaction allowed to rotate on the Labquake rotator overnight. Acetonitrile was
evaporated and then the crude reaction mixture was purified by HPLC and identity
confirmed by LC/MS. Calculated [M+H]" mass was 899.15, experimental masses
observed were 899.35 and 1011.31 for [M+H]" and [M+TFA] peaks respectively.

Synthesis of C-terminal Cysteine tagged synthetic poliovirus epitopes:
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Polio type 1 peptide BCN Peg Maleimide conjugate
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To a solution of Polio type 1 peptide (7.6 mg, 5.74 ymol) in water, reducing buffer
consisting of 20 mM EDTA, 10 mM TCEP, 50 mM sodium phosphate pH 7.0 was added
to a final volume of 400 puL and rotated at rt for 1 hour on a Labquake rotator.
Thereafter a 200 pL of a 22.5% acetonitrile/water solution of BCN-Peg-Maleimide (5.35
mg, 5.951 ymol) was added and coupling allowed to take place overnight at rt with
rotation on the Labquake machine. The resulting reaction mixture was concentrated in a
speedvac and purified by HPLC with 33% yield. Identification of the BCN-peptide
conjugate was confirmed by MALDI spectrometry, calculated mass for [M+H]" was
2224.5, experimental mass was 2224.0 for [M+H]".

Polio type 3 peptide BCN Peg Maleimide conjugate
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To a solution of Polio type 3 peptide (11.1 mg, 5.69 ymol) in water, reducing buffer
consisting of 20 mM EDTA, 10 mM TCEP, 50 mM sodium phosphate pH 7.0 was added
to a final volume of 400 pyL and rotated at rt for 1 hour on a Labquake rotator.
Thereafter a 200 pL of a 22.5% acetonitrile/water solution of BCN-Peg-Maleimide (5.35
mg, 5.951 ymol) was added and coupling allowed to take place overnight at rt with
rotation on the Labquake machine. The resulting reaction mixture was concentrated in a
speedvac and purified by HPLC with 17% yield. Identification of the BCN-peptide
conjugate was confirmed by MALDI spectrometry, calculated mass for [M+H]" was
2848.8, experimental mass was 2850.9 for [M+H]" and 2832.5 for [M-18+H]".

Chemical labeling of azide equipped Ad5:

Azide (32 mM Aha) labeled Ad5 was reacted with 500 yM final concentration of the
appropriate BCN-poliovirus Type 1or 3 peptide conjugate in PBS overnight.

An attempt at characterizing the peptide conjugated AdS particles was made but was
unsuccessful because the only available technique was western blotting and both the
anti-VP1 antibody (antibody raised against the viral capsid protein 1) and the anti-
poliovirus antibody (antibody raised against whole, intact poliovirus) were not able to

recognize the Ad-peptide conjugate. Additionally, the anti-VP1 antibody recognizes the
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VP1 protein in denatured virus, the anti-poliovirus antibody (against whole intact
poliovirus) had never been used in a western blotting platform (originally having been
developed for neutralization assays). Therefore, the chemical labeling via BCN-
antigenic peptide conjugates was not characterized rigorously. In addition, there was no
positive control available for the chemical labeling that could be used in a western
blotting format: for example, FLAG-BCN conjugate to Ad5 would have served as a

suitable positive control.

Preparation of peptide epitope bearing Ad5 samples for vaccination:

Inactivation of AdS conjugated to BCN-polio epitope peptide prior to vaccination was
achieved in accordance with literature procedures.”” Briefly, Ad5 virus particles after
SPAAC reaction with BCN-poliovirus Type 1 or 3 peptide were treated with formalin at a

final concentration of 0.01%, at 37 °C for 1 h.
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