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Abstract
The effects that influenza’s seasonal epidemics have on human health and the global
economy have been clearly noted; while they are indeed very impressive, the impact of influenza
pandemics arguably surpass other known infectious agents. Influenza A virus attaches to, enters,
and infect cells by releasing its segmented genome which localize to the nucleus then use the host’s
cellular machinery to replicate and create viral progeny. The virus is able to hijack transcriptional
components as well as to interact with other known and unknown host proteins which ultimately
allows for a balance between cell viability and viral propagation. One known system that is
required for the viral life cycle is the SUMOylation system. Several influenza A viral proteins need
to be SUMOylated to function properly. Our lab was the first to show that proteins from influenza
A are SUMOylated in a tissue culture model. This was followed by verification, by ours and other
groups, that non-SUMOylatable forms of the same viral proteins resulted in loss of function or
diminished viral propagation. The Non Structural protein 1 (NS1) is known for its role as an
immune response antagonist. NS1 is also a protein that requires SUMOylation to function
properly. Rather than target viral components which easily overcome current therapeutics with
single point mutations, understanding and then modulating the SUMOylation system to impede
viral replication may be a viable alternative to combat influenza. The SUMOylation system has
been tied to both the immune and the cellular stress response systems. Regulation of the
SUMOylation system, however, is not yet fully understood. The aim of this study is to characterize
potential regulatory factors of the SUMOylation system which could in turn have a downstream
effect on the cellular stress and immune response. This will be accomplished by using several
models which are known to induce an increase in the SUMO profile; both expression levels of
SUMO as well as its conjugation to target proteins. The first aim of this project is to optimize all
protocols needed to induce increases in SUMOylation using three models; heat shock, hypoxia,
and influenza infection. The second part of Aim 1 will lead to the standardization of protocols to
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determine if the changes in SUMO expression and conjugation is regulated at the transcriptional
level. Quantitative Reverse Transcriptase - Polymerase Chain Reaction (qRT-PCR) will be used
to measure SUMO1 transcript levels after treating cells with several factors known to induce
SUMOylation increases, e.g. Infection, heat shock, and hypoxia.
The second aim of this project, to further understand how SUMO is regulated, will be to
optimize the steps required to conduct an efficient and fully reproducible proteomic analysis of
SUMO modified proteins. Collection of the samples requires standardized procedures that
minimize loss and contamination of the sample. Quality control measures are included in order to
avoid degradation and inaccuracy. The differentially SUMOylated proteins, after infection, may
be key players involved in the immune response regardless if SUMOylation activates or inhibits
them. Antibodies against SUMO1 will allow for the isolation and enrichment of the SUMO
modified proteins in the most non-artificial biologically accurate setting. Proteins which interact
with SUMO before and after treatment will be compared after analysis by Tandem Liquid
Chromatography Mass Spectrometry (LC-MS/MS). To perform this analysis a large amount of
antibodies will be required. Liquid tumors, known as ascites, are able to form in mice when
inoculated by fusion cells. These hybridoma cells are comprised of b-cells fused with myeloma
cells. These cells can be grown in animal cavities until large volumes of ascitic fluid, with a high
concentration of antibodies, are later extracted and sold commercially. Optimization of this
technique is a major focus of my second aim.
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Chapter 1: General Introduction
1.1 THE GLOBAL IMPACT OF INFLUENZA
Influenza virus causes seasonal epidemics resulting in significant morbidity and mortality,
primarily in the very young and the elderly [Mubareka et al. 2013]. Infection by influenza for
individuals over the age of sixty-five results in increased mortality when compared to other
respiratory viruses [Thompson et al. 2003]. Seasonal epidemics cause close to 500,000 deaths
worldwide annually, ten percent occurring in the United States [Pillet et al. 2011; Maines et al.
2012]. New virulent strains of influenza, to which pre-existing immunity in the global population
is not present, emerge at unpredictable periodicity and result in high mortality and morbidity
[Rewar, Mirdha, & Rewar, 2015]. These outbreaks lead to global pandemics, and have claimed
the lives of over 100 million people in the last century, independent of their age or health status
[Mubareka et al. 2013]. Four pandemics have occurred in the last one hundred years, with the 1918
“Spanish Flu” claiming the lives of an estimated 50 million people [Johnson & Mueller, 2002].
Seasonal epidemics as well as the less frequent global pandemics have severe consequences for
both human health and the global economy. Transmission and reassortment studies have
demonstrated that the 2009 H1N1 pandemic strain of swine origin has the potential to undergo
reassortment with the highly pathogenic H5N1 avian influenza virus if coinfection in a susceptible
host occurs [Octaviani et al. 2010; Tao, Li, White, Steel, & Lowen, 2015]. Both of these strains
are currently circulating in human and animal reservoirs and this recombination would allow the
extremely virulent H5N1 avian strain (with a mortality rate above 60%) to become highly
transmissible among humans. This would potentially result in one of the deadliest pandemics to
date [Octaviani et al. 2010]. Several emerging strains of influenza have been shown to contain
mutations in surface proteins that allow for complete evasion of current antiviral treatments
[Kageyama et al. 2013)]. The majority of human strains of influenza, including pandemic 2009
H1N1, are resistant to the adamantane M2 ion channel inhibitors [Watanabe et al. 2010]. IAV
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resistance to neuraminidase inhibitors, such as oseltamivir, is occurring at higher frequencies and
this highlights the flaw with targeting poorly conserved viral components [Watanabe et al. 2010].
The limitations of current therapeutics to diminish the spread of influenza as well as the threat of
a pandemic support the urgent need for research aimed at developing novel therapeutics against
Influenza A virus. In order to address influenza epidemics through the development of therapeutics
which inhibit viral transmissibility as well as propagation, more research is required. A better
understanding of both how viral components interact with the host system and how the host cellular
system regulates immune responses is needed to develop more effective methods to combat
influenza.
1.2 THE INFLUENZA A VIRUS
Influenza A is a negative-sense single stranded RNA virus from the family
Orthomyxoviridae [Edinger, Pohl, & Stertz, 2014]. The host derived lipid-enveloped virus contains
eight genome segments which encode at least 11 viral proteins [Steinhauer & Skehel, 2002;
Watanabe et al. 2010]. Influenza can be further classified into subtypes based on variations in its
surface glycoproteins which govern the viral lifecycle at cellular entry and release of virions,
hemagglutinin (HA) and neuraminidase (NA) [Bender et al. 1999]. There are currently 18
hemagglutinin and 10 neuraminidase variants which allow for hundreds of viral subtype
combinations; this high variability is another example of how targeting viral components for
therapeutics is not ideal [Gamblin & Skehel, 2010; Tong et al. 2012; 2013]. The nomenclature
assigned to influenza viruses detail key information about the strain. Virus type (A), species of
origin unless human, location isolated (Panama), isolate number (2007), and year of isolation
(1999) are listed in that order - A/Panama/2007/1999(H3N2). Human strains do not specify
human as the species of origin but include the hemagglutinin and neuraminidase subtypes [Bouvier
& Palese, 2008; Cinti, 2005]. Subtypes of influenza are labeled by their surface protein variants,
as exemplified by the denominations “H1N1” swine flu or “H5N1” avian flu. The majority of viral
2

subtypes are classified, based on their virulence in chickens, as Low Pathogenic Avian Influenza
(LPAI) viruses or Highly Pathogenic Avian Influenza (HPAI) [Herfst, Schrauwen et al. 2012].
After reassortment, influenza A viruses of the H5 and H7 subtypes can give rise to strains of Highly
Pathogenic Avian Influenza (HPAI) [Herfst, Schrauwen et al. 2012].
1.3 INFLUENZA VIRAL COMPONENTS
Influenza A viruses have an RNA genome consisting of eight gene segments associated to
four viral proteins to form the viral ribonucleoprotein complex (vRNP) [Herfst, Schrauwen et al.
2012]. This relatively simple structure enables the virus to manipulate the host cellular machinery
to its advantage by either enhancing or inhibiting certain cell functions during each step of the viral
life cycle. Segments one, two, and three encode three of the four proteins that are needed to form
this complex: basic polymerase 2 (PB2), basic polymerase 1 (PB1), and acidic polymerase (PA),
respectively (see table 1). The fourth protein needed to form the vRNP, nucleocapsid protein (NP),
coats the viral RNA and is encoded by the fifth genome segment [Herfst, Schrauwen et al. 2012].
These four proteins are involved in viral genome transcription and replication and are referred to
as the viral RNA dependent RNA polymerase (vRdRp) [Herfst, Schrauwen et al. 2012]. In some
viral strains, the second genome segment has also been shown to encode a second small protein,
PB1-F2, which has been implicated in the induction of cell death [Chen et al. 2001].
The structure of influenza virus is dependent on four viral proteins. Two of the four surface
transmembrane proteins HA and NA are embedded into the lipid envelope and are encoded by
segments four and six, respectively [Shaw, Stone et al. 2008]. Hemagglutinin i) binds to sialic
acids on the host cell surface for viral docking, allowing for entry via endocytosis, and ii) is
required for fusion between the virus and late endosome membranes [Herfst, Schrauwen et al.
2012]. Neuraminidase is a viral enzyme responsible for cleaving sialic acids, releasing progeny
virions from the host cell surface to continue the infection cycle [Herfst, Schrauwen et al. 2012;
Watanabe et al. 2010].
3

Segment seven encodes for the third and fourth structural proteins, M1 and M2 [Herfst,
Schrauwen et al. 2012]. M2 ion channel protein is also a transmembrane protein, present at lower
levels than the other surface proteins, which delivers protons from the late endosome into the virus
interior [Shen, Lou, & Wang, 2015]. This acidification triggers the change in hemagglutinin that
allows for virus-host membrane fusion and vRNP release [Shen, Lou, & Wang, 2015]. M1 is the
viral matrix protein which lines the inner surface of the virion, supporting its structure and acting
as binding site for the vRNPs required for packaging [Herfst, Schrauwen et al. 2012].
The last viral genome segment encodes for two non-structural proteins NS1 (non-structural
protein 1) and the NEP (nuclear-export protein) previously known as NS2 [Herfst, Schrauwen et
al. 2012]. NS1 is the main viral antagonist of cellular innate immune responses, whereas NEP,
which is encoded by a spliced product of the NS1 segment, is involved in the nuclear export of
vRNPs into the cytoplasm before virus assembly [Herfst, Schrauwen et al. 2012]. A new strain of
influenza, carrying an NS gene segment coding for a non-SUMOylatable form of NS1, was created
utilizing the 12 plasmid reverse genetics system previously described [Santos et al. 2013]. This
strain, referred to as WNS/T7T7[NS1K70AK219A~NS2] will be included in this analysis to test
if the changes in the expression of SUMO1 transcripts, SUMO conjugation, and viral life cycle
are dependent on the SUMOylation of NS1.
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Table 1.1 Proteins encoded by viral RNA segments.
The negative sense single-stranded RNA of the influenza A genome is packaged into eight
ribonucleoprotein (RNP) complexes. A minimum of 11 proteins are encoded by almost all strains
of influenza [Steinhauer & Skehel, 2002].
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1.4 INFLUENZA INFECTION AND LIFECYCLE
Unlike most RNA viruses, IAV replicates in the nucleus. Therefore, the virus has to
overcome several barriers on its way to the site of replication and, simultaneously, avoid being
recognized by the innate immune system. The viral lifecycle is a dynamic process that requires the
completion of several distinct steps: attachment to target cells (I), internalization by receptor
mediated endocytosis (II), membrane fusion between the virus envelope and the endosome which
leads to the uncoating and release of vRNPs into the cytoplasm (III), nuclear localization of the
vRNPs using import machinery of the host cell nuclear pore complex (IV), two stage replication
(V), nuclear export, processing, assembly and release (VI) (Fig. 1). During this process, influenza
uses many host cellular functions and a more complete understanding of how these mechanisms
are regulated will help in the development of novel therapeutics by allowing researchers to target
key interactions needed for viral propagation and the host immune response.
Reassortment between strains from different host reservoirs allows for new and virulent,
pandemic rated strains to arise; this may have severe consequences for the human population
[Edinger, Pohl, & Stertz, 2014]. The H1N1 swine origin pandemic strain is an example of a strain
which crossed over from animals to humans with devastating effects. The attachment and entry
process of influenza has been a major target of focus for current antiviral strategies as blocking
HA functionality (i.e., sialic acid binding or membrane fusion) should inhibit viral entry,
replication, and propagation. However, antibodies developed against either the active site or the
stalk of HA have failed to provide the anticipated results.
1.4.1 Viral attachment
The hemagglutinin protein (HA) is a multifunctional viral protein that mediates attachment
and fusion to the host cell [Palese & Shaw, 2007]. HA is initially synthesized as a single
polypeptide precursor (HA0), which is cleaved into the HA1 and HA2 subunits by trypsin-like
6

proteases in the host cell [Horimoto & Kawaoka, 2005; Galloway et al., 2013]. The switch from
LPAI to HPAI virus phenotypes occurs upon the introduction of several basic amino acid residues
into the HA0 cleavage site, also known as the multi basic cleavage site (MBCS) (see figure 1)
[Horimoto & Kawaoka, 2005]. HA sequence dependent cleavage has been shown to be a
determining factor for infection and pathogenicity [Horimoto & Kawaoka, 2005]. HA’s of LPAI
viruses have a short arginine cleavage site (RETR) and can only be cleaved by respiratory and
intestinal proteases, while HA’s of HPAI viruses contain multiple basic amino acids in their
cleavage site (RERRRKKR) and can be cleaved by a number of proteases in a wide range of
organs [Horimoto & Kawaoka, 2005]. Infection with this type of virus can become systemic with
lethal effects. Upon cleavage, the HA protein, expressed as a trimer, interacts with the host Nacetylneuraminic acid (sialic acid) through its receptor binding pocket (RBP) [Bouvier & Palese,
2008; Edinger, Pohl, & Stertz, 2014]. Sialic acid residues are found at the outer ends of N- and Olinked glycoproteins or lipids and interact with the underlying sugar, galactose, via an α2,3 or α2,6
linkage [Ito et al. 1998; Matrosovich et al. 2000]. The second carbon atom of the sialic acid is
bound to either the third or sixth carbon of the galactose, respectively, by an oxygen atom [Ito et
al. 1998; Matrosovich et al. 2000]. Avian strains of influenza are able to interact most efficiently
with sialic acids in the α2,3 configuration, mostly found in waterfowl epithelia [Ito et al. 1998;
Matrosovich et al. 2000]. In contrast, human strains of influenza exhibit preferential binding to
sialic acids in the α2,6 configuration, which is the predominant type found in human epithelia [Ito
et al. 1998; Matrosovich et al. 2000]. Alpha 2,3 linked sialic acids are found in humans, however,
in lower numbers, mostly on ciliated epithelial cells, and lower in the respiratory tract [Ito et al.
1998; Matrosovich et al. 2000]. Strains of IAV that are highly transmissible between humans
require the ability to bind to α2,6 linkages as seen in several pandemics (1918 “Spanish Flu”) [Ito
et al. 1998; Matrosovich et al. 2000; Davis et al. 2016]. Swine trachea contain both types of sialic
acid interactions and could serve as a “reassortment vessel” leading to the emergence of new
viruses, as exemplified by the H1N1 swine flu which contains segments from all three hosts -
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avian, swine, and human [Nelson & Vincent, 2015]. The sialic acid interacting site, RBP, is located
at the globular end of the HA trimer, is highly conserved among HA subtypes, and acts as the
primary contact site between the virus and the host cell [Weis et al. 1988; Edinger, Pohl, & Stertz,
2014]. Because the HA to sialic acid is a low affinity interaction, multiple interactions must take
place to strengthen this attachment [Sauter et al. 1989; Edinger, Pohl, & Stertz, 2014]. HA binding
to sialic acids of α2,6 linkage is shown to be dependent on the long umbrella-shaped structure that
is a result of this link, while α2,3 have a shorter cone like structure [Chandrasekaran et al. 2008;
Edinger, Pohl, & Stertz, 2014]. Upon attachment, influenza is then able to enter host cells and
systematically reprogram the cellular environment to its advantage.

8

Figure 1.1 Multi Basic Cleavage Site.
HA cleavage site sequence of influenza A viruses. Basic amino acids are shown in blue boxes.
Virulent strains have multiple arginine and lysine residues. Dashes are for the purpose of alignment
only.
Image from Horimoto, T., & Kawaoka, Y. (2005). Influenza: lessons from past pandemics,
warnings from current incidents. Nature Reviews. Microbiology, 3(8), 591–600.
http://doi.org/10.1038/nrmicro1208.
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1.4.2 Endosome trafficking, membrane fusion, and uncoating
Upon receptor binding, internalization of the viral particle into the host cell is able to occur.
Internalization can be mediated by clathrin-dependent endocytosis (spherical virions) but also by
non clathrin-dependent pathways; e.g. macropinocytosis (filamentous virions) [Mercer &
Helenius, 2012; Watanabe et al. 2010; Chan et al. 2016; Chlanda & Zimmerberg, 2016]. Influenza
internalization, but not attachment, has recently been shown to be heavily dependent on the
abundantly expressed Nucleolin (NCL) protein which is implicated in a large number of cellular
activities [Chan et al. 2016]. NCL is known to localize to the nucleoplasm, cytoplasm, as well as
the cell surface and has been described to play a role is several important life cycle stages for
multiple viruses [Greco et al. 2012; Tayyari et al. 2011; Chan, et al. 2016]. The main route for
viral entry, clathrin dependent endocytosis, is facilitated by recruitment of the clathrin adaptor
protein Epsin-1 to the host side of the viral binding site [Chen & Zhuang, 2008]. The resulting
endosome undergoes pH changes at early and later stages of endocytosis. In the early endosome,
the proton pump induced acidification causes a conformational change in HA but it is not until the
late endosome reaches a pH of 5 that membrane fusion is achieved [Grove & Marsh, 2011; White
& Whittaker, 2016]. The fusion of the viral envelope and the cellular endosome is mediated by the
hemagglutinin fusion peptide (HAfp) on the N-terminal fragment of the HA2 subunit [Worch,
2014]. The drop in pH triggers the conformational change in HA2 that results in the insertion of
the HAfp into the endosomal membrane; the transmembrane domain (TMD) of HA2 is anchored
to the viral envelope while the fp domain is now anchored to the endosomal membrane [Cross et
al. 2009; Worch, 2014]. During a second conformational change, the HA protein folds, bringing
its two ends together resulting in fusion of the two membranes [Luo, 2011]. Disrupting progression
from the early to the late endosome by modifying proteins known to regulate intracellular vesicle
trafficking halts the viral lifecycle [Watanabe et al. 2010]. More recently, cathepsin W (CtsW),
from a superfamily of cysteine proteases involved in numerous cellular functions (apoptosis and
inflammatory processes), has been shown to be crucial for viral particle escape from the late
10

endosome [Edinger et al. 2015]. The internal acidification of the virion is dictated by the M2 ion
channel and triggers disassembly of the M1 layer and vRNP release; membrane fusion dependence
on pH varies by ∼0.7 pH units between influenza strains [White & Whittaker, 2016; Galloway et
al. 2013]. Human influenza viruses generally require a lower pH than avian strains but acidification
ultimately leads to an expansion of the fusion pore and the release of the vRNPs into the cytoplasm
where further subversion of host machinery results in their nuclear import [Chlanda &
Zimmerberg, 2016; Galloway et al. 2013; Watanabe et al. 2010].

Figure 1.2 Membrane Fusion by HA.
After endocytosis, membrane fusion is depicted in steps B through E. (B) upon the endosome
induced drop in pH, the hemagglutinin subunit HA2 which is embedded in the viral envelope by
11

its TMD then anchors its fusion peptide domain into the inner endosomal membrane. (C) and (D)
show the conformational change in HA that result in the contact and fusion of the two distinct
membranes. This process results in the formation of the so-called fusion pore (E).
Image from Worch, R. (2014). Structural biology of the influenza virus fusion peptide. Acta
Biochim Polonica, 61(3), 421-426.
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1.4.3 Nuclear localization, cap-snatching, and mRNA synthesis
Influenza A virus replication, unlike other RNA viruses, takes place in the nucleus and all
viral components released in the uncoating step, detailed above, require transport through the
nuclear pore complex (NPC) [O’Neil et. al., 1995]. The viral genome and associated proteins
utilize a signal based nuclear import mechanism, nuclear localization signals (NLS), to gain entry
into the nucleus [Cohen, Au, & Panté, 2011; Wu et. al., 2007]. Each of the separately packed
vRNPs has a diameter of approximately 15nm, a length between 50 and 100nm [Compans,
Content, & Duesberg, 1972], and are each comprised of a single copy of the trimeric viral RNA
polymerase (PB1, PB2, and PA) with several copies of the structural nucleoprotein (NP) [Cohen,
Au, & Panté, 2011]. Importin α, a member of the cellular karyopherin import pathway, recognizes
cargo proteins containing nuclear localization signals (NLS) and then binds to importin β; the
resulting complex - cargo/importin α/β is then transported into the nucleus through the NPC [Wu
et. al., 2007]. Influenza vRNPs (PB1, PB2, PA, and NP) contain NLSs and have all been shown to
interact with RanBP5 (importin 5), importin α1, as well as importin α2 [Watanabe et. al., 2010;
Cohen, Au, & Panté, 2011]. NP contains two characterized NLSs: the more potent mediator of
nuclear import, NLS1 which spans residues 1-13 and NLS2 (198-216) which has been shown to
be positioned in an RNA binding groove and is less accessible [Cohen, Au, & Panté, 2011; Ye,
Krug, & Tao, 2006]. PB1 was also shown to directly interact with RanBP5 via the first 290 Nterminal residues of the polymerase [Hutchinson et. al., 2011]. Import of the vRNPs into the
nucleus is followed by viral polymerase activation.
The viral proteins, PB1, PB2, and PA, are major components of the virus each with a
distinct function and have a combined mass of ~250 kDa [Das et al., 2010]. This polymerase
complex is needed for viral genome transcription and replication. Increased transmissibility and
pathogenicity have been tied to an increase in polymerase activity [Naffakh et al., 2008]. Synthesis
of viral mRNA requires the binding of PB2, through residues 318-482, to the 5’ cap (m7GTP) of
host pre-mRNAs. This is followed by a phosphodiester bond cleavage of the nascent mRNA 1013

13 nucleotides downstream of the cap, facilitated by the endonuclease domain at the N-terminus
of PA – a process known as “cap snatching” [Das et. al., 2010; Dias et al., 2009; Yuan et al., 2009;
Ulmanen, Broni, & Krug, 1981]. Transcription of the viral mRNA uses the cleaved 3’ end of the
capped segment as a primer for PB1 binding, which contains enzymatic motifs that allow it to
function as a polymerase, and results in the production of viral mRNAs virtually indistinguishable
from host mRNAs [reviewed in Das et. al., 2010].
Influenza viral RNAs have a specific structure; i) a long central antisense open-reading
frame ii) flanked on each end by two short untranslated regions (UTRs) [Fournier, et al., 2012].
iii) The UTRs contain two partially complementary terminal promoters which are conserved
between segments and allow for the panhandle structure to be formed; 13 and 12 nucleotides at
the 5’ and 3’ termini, respectively [Fournier, et al., 2012; Ozawaa & Kawaoka, 2011]. These
sequences contain promoter elements recognized by the heterotrimeric RNA-dependent RNA
polymerase (RdRp comprised of PB1, PB2, and PA) and are needed for transcription and
replication [Fournier, et al., 2012; Ozawaa & Kawaoka, 2011]. The mRNA is used for translation
of viral proteins and the cRNAs produced by PB1 serve as the template for the synthesis of vRNA
to be packaged in progeny virions [Scull & Rice, 2010].
1.4.4 Two stage lifecycle
Transcription of the viral genome takes place in two stages, early and late. In the nucleus,
each vRNP acts as an independent unit for transcription initiating synthesis of 5’ capped and 3’
polyadenylated viral mRNA which are shuttled out of the nucleus into the cytoplasm for
translation; the production of viral proteins necessary for replication utilizes host mechanisms and
comprises the first round of viral protein synthesis [reviewed in Santos, Chacón & Rosas-Acosta,
2013; Fodor, 2013; Das et al., 2010]. The 5’ cap and the 3’ polyadenylated tail ensure that viral
mRNA is indistinguishable from host RNA; resulting in nuclear export, protection from
degradation, and proper translation [Kapp & Lorsch, 2004]. The proteins expressed in the early
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stage of the viral lifecycle are the polymerase proteins, NP, and the non-structural protein NS1
[Palese & Shaw, 2007]. NS1 and PB1-F2 have been shown to be key inhibitors of the cellular
antiviral response [Krug et al., 2003; Dudek et al., 2011]. Influenza virus infection shuts off host
protein synthesis, thereby enhancing translation of viral mRNAs [Chen & Krug, 2000]. In the
second or late stage of viral infection, the proteins synthesized during the early phase localize back
into the nucleus and initiate the transcription of late viral genes, which code for structural and
surface proteins. The late viral proteins HA, NA, M2, and M1 are sent through the secretory
pathway to undergo processing, glycosylation and are localized to the cell membrane [Das et al.,
2010]. Later during infection and independent of a primer, the viral polymerase switches from
transcription to the replication of vRNA to generate progeny virions. To this end, the RdRp first
synthesizes complementary RNA (cRNA), which serves as template, and then synthesizes vRNA,
which is coated by NP at an approximate proportion of one NP molecule for every 24 nucleotides
[Fodor, 2013; Scull & Rice, 2010]. The ends of each viral mRNA contain signals required for the
proper packaging of each genomic segment into the virion through interactions with viral proteins
NEP and M1 [reviewed in Fodor, 2013; Neumann, 2000].
1.4.5 Nuclear export – NEP, packaging, budding, and release
The export of vRNPs out of the nucleus require the help of the viral nuclear export protein
(NEP), and the interaction between NEP and the vRNP is bridged by M1 [Huang et al. 2012]. Two
leucine-rich nuclear export signals (NES1 and 2) on the C-terminal and N-terminal domains of
NEP, respectively, are required for recognition and export by the host nuclear export receptor,
chromosome region maintenance 1 (Crm1) [Huang et al. 2012]. The vRNPs are shuttled to the
cytoplasm via microtubules and arranged for packaging based on specific interactions between
vRNA and viral proteins [Fournier et al. 2012]. The vRNPs are incorporated into the progeny
viruses at the so-called budozones which form close to lipid rafts populated with viral membrane
proteins, HA, NA, and M2 [reviewed in Santos, Chacon & Rosas-Acosta, 2013]. Stabilizing
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interactions between M1 and the cytosolic tails of HA and NA are key factors in the budding
process [Rossman & Lamb, 2011]. Hydrophobic residues in M1 associate to the membrane side
and allow for an interlocking sheet to form [Reviewed in Rossman & Lamb, 2011]. The formation
of spherical or filamentous viral particles may be dependent on differences in the membrane
curvature induced by M2 [Rossman et al. 2010]. Completion of the budding process does not
require the ESCRT complex, as seen with other viruses, but instead, membrane scission is M2
dependent [reviewed in Rossman & Lamb, 2011; Santos, Chacón & Rosas-Acosta, 2013]. Progeny
virion are released into the extracellular environment after NA cleaves sialic acids bound to the
host cell and from glycoproteins on the viral membrane [Nayak et al. 2009]. Release of infectious
particles results in subsequent waves of attachment and replication.
1.4.6 Immune response and NS1
The recognition of pathogen-associated molecular patterns (PAMPs) from infection by
influenza activates the innate immune response triggering the release of proinflammatory
cytokines and chemokines including interferon (IFN); this is one of the most effective host
mechanisms against influenza virus infection [Ehrhardt et al., 2010]. The retinoic acid-inducible
gene 1 (RIG-I) is a dsRNA helicase enzyme which recognizes vRNPs, activates the interferon
response, and is one target of the viral multifunctional host immune response inhibitor NS1 [Forbes
et al., 2013]. The influenza A virus non-structural protein, NS1, interacts with numerous cellular
and viral factors due to its ability to translocate between the nucleus and the cytoplasm [Hale et
al., 2008]. NS1 is comprised of two domains, the N-terminal RNA binding domain (residues 1-70)
and the C-terminal effector domain (residues 86-230) [reviewed in Das et al., 2010]. The Nterminal domain exists in a homodimeric state which binds to dsRNA and is able to block the
detection of dsRNA normally facilitated by 2’, 5‘-oligoadenylate synthetase (OAS) [Min & Krug,
2006]. OAS is IFN induced and activates RNase L which leads to the degradation of cellular and
viral RNAs [Randall & Goodbourn, 2008]. By blocking viral RNA detection, NS1 is able to inhibit
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both the production of antiviral proteins as well as the host cell apoptotic response [Hale et al.,
2008]. NS1 is also reported to inhibit the expression of host genes, including type I IFN, through
interactions between its C-terminal domain and the cleavage and polyadenylation specificity factor
30 (CPSF30) in the nucleus, decreasing 3′-end processing of cellular pre-mRNAs [Kochs et al.,
2007]. Protein kinase R (PKR), in response to infection, inhibits host translational machinery as a
protective measure, this activity is blocked by interactions with the C-terminal domain of NS1
[Min & Krug, 2006].
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Figure 1.3 Influenza A life cycle.
(a) The viral surface glycoprotein HA binds to the host cell-surface sialic acid receptors (b) entry
via endocytosis; acidification results in membrane fusion and dissociation of vRNPs from M1 (c)
nuclear import by NLSs is followed by “cap-snatching” for transcription. (d) Early stage proteins
are translated for vRNA production and packaging. This is followed by late stage protein synthesis
of structural and surface proteins for virion assembly. (e) NS1 blocks mRNA processing and
allows for the transport of unprocessed viral mRNA into the cytoplasm. (f) The switch from
transcription to unprimed replication produces (-) sense vRNA packaged into vRNPs and shuttled
out of the nucleus to the cell membrane through interactions with M1, NEP, and CRM1. (g) vRNPs
are incorporated into new viruses that bud out of the cell and require NA cleavage for their final
release from the cell surface.
Image from Das, K., Aramini, J. M., Ma, L.-C., Krug, R. M., & Arnold, E. (2010). Structures of
influenza A proteins and insights into antiviral drug targets. Nature Structural & Molecular
Biology, 17(5), 530–538. http://doi.org/10.1038/nsmb.1779.
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1.5 SUMO
1.5.1 SUMO: The Small Ubiquitin-like MOdifier
Ubiquitin-like proteins (Ubls) are a set of post translational modifiers homologous to
ubiquitin in structure, including interferon-stimulated gene 15 (ISG15), small ubiquitin-like
modifier (SUMO) and NEDD8; however, Ubls are processed, activated, conjugated and
deconjugated by a different set of enzymes than those involved in the ubiquitin pathway.
[Hochstrasser, 2000; Liu et al., 2013] The Small Ubiquitin-like MOdifier (SUMO) is covalently
conjugated to target proteins in a process known as SUMOylation, and results in the modulation
of the target protein's stability, activity, localization, and conformation. The downstream affects
attributed to this modifier include changes in transcription, DNA repair, and the immune response
[Hannoun, Maarifi & Chelbi-Alix, 2016]. SUMO is approximately 11kDa in size but usually runs
as a 17kDa protein by SDS-PAGE. SUMO-1,-2,-3, and -4 are the four distinct isoforms found in
mammals. SUMO1 shares 50% homology with SUMO2 and 3 which are indistinguishable by
antibodies and share 97% identity with each other [Johnson, 2004]. SUMOylation involves three
enzymes for conjugation to target proteins. Conjugation occurs through lysine residues and a
substantial fraction of known SUMOylation sites are located within the consensus sequence ψKxE,
where ψ corresponds to a large hydrophobic amino acid, generally isoleucine, leucine, or valine,
K is a lysine residue, x is any amino acid, and E is a glutamic acid residue [Rodriguez, Dargemont
& Hay, 2000]. The ψKxE motif is present at the N-terminal region of SUMO2/3 and this allows
them to form poly-SUMO chains. SUMO1 lacks this sequence and is therefore considered to act
as a SUMO chain terminator [Tatham et al., 2001] (Figure 1.4A).
1.5.2 SUMO basics
SUMO is translated as an immature precursor which requires processing by a SUMO
protease. Proteolytic cleavage by SUMO proteases exposes a di-glycine motif that allows for the
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now mature form of SUMO to be reversibly conjugated to a target protein [Everett, Boutell &
Hale, 2013] (Figure 1.4b). Once in this mature form, SUMO forms an ATP driven thioester linkage
between its carboxyl terminus and a cysteine residue in the active site of the E1 activating enzyme;
E1 is a heterodimer of SUMO Activating Enzymes SAE1 and SAE2 [Hay, 2005]. SUMO is then
transferred directly to the E2 conjugating enzyme, Ubc9, via an analogous thioester bond
formation [Hay, 2005]. Ubc9 alone is able to directly recognize and conjugate SUMO to its protein
targets through the formation of an isopeptide bond between the di-glycine motif in SUMO and
the epsilon amino group of the lysine side chain in the substrate molecule [Wang & Dasso, 2009;
Gareau, & Lima, 2010] (Figure 1.4c). The conjugation of SUMO to specific targets can be
enhanced by E3 ligase enzymes which act by stabilizing the interactions established between
SUMO, Ubc9, and the target protein [Melchior, Schergaut & Pichler, 2003]. The number of
proteins characterized as SUMO E3 ligases continues to increase [Kagey, Melhuish & Wotton,
2003], but three main groups of E3 ligases have been characterized to date, namely the protein
inhibitor of activated STAT (PIAS) proteins, the Ran binding protein 2 (RanBP2), and the
polycomb protein (PC2) [Kagey, Melhuish & Wotton, 2003]. SUMOylation is a transient
modification and therefore SUMO is frequently removed from its target shortly after conjugation.
The effect of this modification is nevertheless frequently maintained even after deconjugation by
proteolytic cleavage. The main family of mammalian SUMO proteases consist of seven sentrinspecific protease (SENP) isoforms which contain C-terminal Ulp domains of varying hydrolase
activity [Drag, 2008; Melchior, Schergaut & Pichler, 2003]. Upon being de-conjugated from its
target, sumo can be recycled back into the conjugation pathway.
Viruses have evolved numerous mechanisms to hijack host cellular components for optimal
replication including the subversion of host defenses. Influenza has been shown to not only interact
with the SUMOylation system, but to also require an active SUMOylation system for successful
replication, packaging, and optimal protein functionality [Pal et al., 2010; Pal et al., 2011; Mok et
al., 2012; Han et al., 2014; Tawaratsumida et al., 2014; Domingues et al., 2015].
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Figure 1.4 SUMOylation Figure.
(a) SUMO activation and enzymatic pathway for conjugation and deconjugation. (b) Proteolytic
cleavage at the C-terminal end of SUMO to expose the di-glycine motif. (c) Isopeptide bond
formation at the epsilon amino group of the lysine side chain in the substrate molecule.
Image from Hickey, C. M., Wilson, N. R., & Hochstrasser, M. (2012). Function and regulation of
SUMO proteases. Nature Reviews. Molecular Cell Biology, 13(12), 755–66.
http://doi.org/10.1038/nrm3478.
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1.5.3 The cellular SUMOylation system and influenza infection
Protein SUMOylation has been shown to regulate numerous cellular functions. The
molecular consequences of SUMO modification are the main focus of current research; however,
the factors involved in the signaling and regulation of substrate modification by SUMO are far less
characterized and understood. The cellular SUMO profile, both free and conjugated, is known to
increase under several known stress inducing conditions including heat shock, hypoxia, and
influenza infection [Golebiowski et al. 2009; Hsieh et al. 2013; Santos et al. 2013]. The increase
in SUMO2/3 seen during heat shock and hypoxia is reported to be crucial for cellular survival
[Golebiowski et al. 2009]. Similarly, increased SUMOylation has been shown to be essential for
cell survival under viral infection [Hsieh et al. 2013; Sahin, 2014], even though numerous viral
proteins are required to be SUMOylated for optimal function.
Influenza virus interacts with several cellular post-translational modification systems,
including glycosylation (which targets HA and NA), palmitoylation (S-acylation of HA and M2),
phosphorylation (which regulates NS1 and PB1-F2), ISGylation (which targets NS1), and
SUMOylation (known to target M1, NS1, NP, PB1, and NEP reviewed in Matsuoka, Kawaoka et
al. 2013; Tang et al. 2010). The non-structural protein NS1 appears to be the most effectively
SUMOylated protein during influenza infection [Pal et al. 2011]. Furthermore, the SUMOylation
of NS1 at lysine residues 70 and 219 is crucial for its ability to act as an antagonist of the host
immune response, and mutations blocking the SUMOylation of these residues results in
diminished viral growth [Santos et al. 2013; Xu et al. 2011]. SUMOylation is a mechanism that
has proven crucial for both viral propagation and cellular survival. Further research towards
understanding the regulatory factors involved with substrate selection and the increase in
SUMOylation seen during stress is clearly needed.
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1.6 SIGNIFICANCE AND AIMS
Pandemic strains of influenza can easily spread across the globe and with mortality rates
likely to reach values as high as 60%, they can pose a serious threat to the human population and
global economy. This risk is exacerbated by the proven inability to produce, distribute, and
implement an effective vaccine in a timely manner, against a novel pandemic virus. Rather than
focusing research resources on the development of vaccines and anti-viral therapies rapidly
rendered ineffective by viral mutations, research resources should be expanded to emphasize
studies aimed at understanding how influenza is able to interact with and modulate host cellular
systems to its advantage. Our research group was the first to show that NS1 is a SUMO substrate
and that influenza interacts extensively with the SUMOylation system [ PAL ET AL. 2010,

2011]. This was followed by our discovery that NS1 is a key player in the regulation of the
SUMOylation system during infection [Santos et al. 2013]. Not only does NS1 require
SUMOylation to maintain normal function (immune response antagonist, RNA binding, etc.), but
NS1 also needs to be SUMOylated in order to induce a global increase in the SUMOylation profile.
This finding, in combination with recent work suggesting that SUMO is heavily involved in the
cellular antiviral and stress responses indicate that research in SUMO is clearly needed; identifying
regulatory mechanisms of such a vital signaling protein presents valuable discovery potential
including immune regulation, cell survival, and cancer related cell maintenance. The use of model
regulators of the SUMOylation system will allow for the tracking of specific key interactions. Heat
shock and hypoxia are two known environmental stressors capable of triggering increases in
cellular SUMOylation. More recently, other labs have reported findings supporting our discovery
that influenza infection also causes a Global Increase in Cellular SUMOylation (GICS) and this
increase has been suggested to be protective. Remarkably, very little is known about how SUMO
is regulated or what role it plays during stress inducing events such as heat shock or influenza
infection. The overarching goal pursued by this project was to standardize the protocols
needed to determine whether the global increase in SUMOylation levels that occur during
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cellular stress is the result of transcriptional and post-translational level regulatory
mechanisms or a result of other mechanisms governing SUMO conjugation and target
specificity of the system.
Specific aims:
The specific goals of this project will focus on the optimization of protocols for all key
techniques needed to consistently quantify transcripts from cells as well as to efficiently conduct
immunoprecipitations in future proteomic studies. The experiments that will be able to be
performed following this optimization will address potential regulatory mechanisms involved in
dictating cellular SUMOylation levels.
Aim 1:
To develop techniques needed to consistently quantify transcript levels with high accuracy,
several protocols require standardization. These techniques will be used by future researchers to
measure changes in steady state transcript levels of any gene using GAPDH as a positive control
and loading control. For this optimization, transcript levels of SUMO1 and GAPDH will be
measured after the induction of the Global Increase in Cellular SUMOylation (GICS) under the
constraints of three known factors. GICS induction was standardized using heat shock, hypoxia,
and influenza infection; all of which are reported to cause a marked increase in the SUMOylation
profile. Previous studies have attributed the cellular stress response to almost exclusively involve
SUMO2/3, but present studies by our lab and others have shown the SUMO1 profile to also
fluctuate significantly after exposure to specific stress factors, including heat shock, hypoxia, and
influenza infection [Rosas-Acosta et. al. 2005]. After treatment, purification of total RNA using a
commercially available kit will be optimized. RNA quantification, by RNA gel electrophoresis
followed by cDNA synthesis is required to create a template that can be used for quantitative PCR.
To set up and analyze cDNA by qPCR, using SYBR Green as the reporter, will require two levels
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of optimization; i) preparation of all components involved in the reaction and ii) optimization of
the settings required to perform quantitative PCR and analysis. cDNA synthesis (two long
temperature stages – resulting in single stranded cDNA equal in copy number to starting mRNA)
is followed by real time qPCR using sequence specific primers in combination with SYBR Green
intercalating reference dye. Measuring transcript levels before and after triggering GICS as well
as the change in SUMO1’s mRNA profile after IAV infection, with a strain that codes for a nonSUMOylatable version of NS1, will provide insight towards the possibility that regulation may or
may not occur at the transcriptional level. The NS1
SUMOylation deficient mutant does not cause a GICS and has a significant reduction in
growth by plaque assay, but it is highly virulent in a mouse model. Currently, published and
unpublished data suggests that NS1 needs a narrow range of SUMOylation for proper
dimerization, RNA interaction, and other protein-protein interactions. Interestingly, the increase
in virulence seen in the non-SUMOylatable mutant continues to support the hypothesis that
SUMOylation is a protective response and influenza has the ability to modulate the system for
maximum cell viability and optimal viral replication.
Aim 2:
To further characterize SUMO target selection during stress, all SUMO modified proteins
will be identified. The second aim of this project was designed to optimize the protocols needed
to identify the SUMO1 target profile before and after the induction of GICS. This study will also
account for the differences seen in both strains of IAV – wild type (WT) and the virus containing
a non-SUMOylatable NS1 – Double Mutant (DM). Using these two models to highlight the
differences in SUMO1 targeting may bring to light crucial interactions needed for optimal cell
viability after infection. The SUMO1/substrate samples immunoprecipitated from a tissue culture
model will be analyzed by mass spectrometry. To collect a sufficient amount of protein required
for analysis, a large amount of antibodies against SUMO1 were needed. We have recently obtained
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hybridoma cells that produce a very specific and sensitive monoclonal anti-SUMO1 antibody.
These cells were used to synthesize milligrams of anti-SUMO1 antibody. Optimization of this
entire process is needed to efficiently produce antibodies in large amounts. The hybridoma cells
will be grown in tissue culture and tested before inoculating a balb/c mouse via Intraperitoneal
injection (IP). The subsequent ascites that develops in the abdominal cavity of the mouse will
contain a large volume of relatively pure IgG at high concentrations. The antibodies were
immobilized on protein G beads, incubated with the lysate of treated cells, collected using a
column, and the bound proteins captured by the anti-SUMO1 antibodies were eluted. The
differentially SUMOylated set of proteins will be categorized by function and may be further
investigated as key regulators in future research.

Altogether, this project provides a detailed account of the standardization of protocols
needed to study the changes in SUMOylation. The three models that will be used to consistently
induce increases in SUMOylation (cause GICS) include: heat shock, hypoxia, and influenza
infection. These protocols were standardized and verified by immunoblot for future use in this lab.
After the induction of GICS using each model, future experiments will measure changes in steady
state levels of mRNA and changes in substrate targeting. These findings will assist in the
identification of potential regulatory processes involved in the SUMOylation pathway. SUMO has
been shown to rival ubiquitin in function and an increasing number of research groups continue to
find the post translational modifier to be closely tied to cellular stress and antiviral responses. This
finding alone warrants an increase in research focused towards understanding the regulation of this
protein which could potentially be the key to understanding the stress response on a cellular level.
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Chapter 2: Quantifying SUMO transcript expression by quantitative Reverse
Transcription - Polymerase Chain Reaction (qRT-PCR)
2.1 INTRODUCTION
An increase in the SUMO1 profile, both free and conjugated, is observed after exposure to
several known factors. These factors are also known stress response triggers; they induce GICS
similarly but with distinct differences. Due to their ability to induce GICS similarly, these three
independent types of stress (heat shock, hypoxia, and infection by several viruses including
influenza) can serve as models to be used for the investigation of potential regulatory mechanisms
involved in the SUMOylation pathway. The goal of this aim is to determine if the inducible
increase in SUMOylation is achieved by the modulation of one specific gene, SUMO. Previous
studies by Rosas-Acosta et al. 2004, Pal et al. 2010, and Hale 2015, have determined that the
increased SUMOylation is not caused by the increased synthesis of SAE2,1 or Ubc9 (the
conjugating enzymes required for SUMOylation). Rather, the increase may be a result of a number
of other factors including; increased Ubc9 activity, alternative splicing of the SUMO1 transcript
rendering some forms more active, an increase in SUMO stability, microRNA regulation, or a
decrease in de-SUMOylation. Another alternative may involve an increase in the translation of
SUMO1 transcripts, typically associated to increases in the polysomal fraction – multiple
ribosomes actively translating mRNA coding for SUMO1. The regulation of SUMO1 may still be
a result of altered substrate targeting which will be the focus of my second aim.

Upon viral infection, the non-structural protein (NS1) encoded by the eighth gene segment
of influenza A begins its journey in the subversion of the host cell. A major function attributed to
NS1 is its ability to inhibit the host immune response. As a result, the virus is able to evade the
cytoplasmic checkpoint of dsRNA recognition mediated by RIG-I (Hale et al. 2008). In a similar
manner, NS1 is also able to inhibit the antiviral responses regulated by the PKR (recognition of
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dsRNA) and OAS (triggers RNA degradation during viral infection) proteins [Kochs et al. 2007].
NS1 ultimately prevents the activation of Interferon Regulatory Factors (IRFs) as well as other
antiviral factors, however, the majority of NS1’s known functions appear to be dependent on
modification by SUMO1 [Pal et al. 2009; Santos et al. 2013]. The article published by, Santos et
al. 2013, demonstrates that SUMOylation of NS1 modulates its ability to form dimers and in turn,
its ability to bind to RNA [Hale, 2008; Engel, 2013]. It is vital to take note that only upon
SUMOylation, does NS1 acquire the ability to induce a Global Increase in Cellular SUMOylation
termed GICS [unpublished data]. Cell lines infected by a strain of influenza containing a nonSUMOylatable form of NS1 (double mutant - DM), developed by our lab, show a decrease in viral
propagation and a loss in the ability to trigger the GICS normally associated with infection. This
same SUMOylation deficient virus exhibits a distinct difference in growth and pathogenicity when
studied in a mouse model. It does not induce GICS but does result in increased viral pathogenicity
and mortality [unpublished data]. Comparing the changes in the SUMOylation profile after
infection with viruses containing either the WT or DM form of NS1 will allow us to determine
whether increased SUMOylation is accompanied by changes in SUMO transcript abundance. NS1
may interact with factors involved with the activation of SUMO1 transcription. Changes in
SUMO1 mRNA levels after infection, heat shock, or hypoxia would suggest that there are factors
imposing one or more regulatory mechanisms at the transcriptional level of processing. The goal
of this aim is to identify if the Global Increase in Cellular SUMOylation seen by protein analysis
is a result of increased levels of SUMO1 mRNA.
2.2 MATERIALS AND METHODS
Cells and viruses
HEK293FT cells (Invitrogen Corp., Carlsbad, CA), MDCK cells (ATCC, Manassas, VA)
and A549 cells (ATCC) were maintained in complete medium consisting of 1x Dulbecco’s
modified eagle medium (DMEM) supplemented with high glucose, L- glutamine, sodium pyruvate
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(Corning Incorporated Life Sciences, Corning, NY), and 10% fetal bovine serum (Atlanta
Biologicals, Inc., Flowery Branch, GA). For HEK293FT cells, Geneticin (Invitrogen Corp.) was
added to the complete medium at a final concentration of 500μg/mL. All cell lines were maintained
at 37°C and at 5% CO2.
Influenza A/Puerto Rico/8/1934 H1N1 (referred to as PR8) was a gift from John M.
Quarles (Department of Microbial and Molecular Pathogenesis, College of Medicine, Texas A&M
Health Sciences Center). PR8, and all other viruses, were propagated in MDCK cells at a
multiplicity of infection (MOI) of 0.001 by using 1x DMEM supplemented with 0.2% bovine
serum albumin (BSA) and 2 μg/mL tosyl-phenylalanyl-chloromethyl-ketone (TPCK)-treated
trypsin (Worthington Biochemical Corp., Lakewood, NJ). The virus was titered as described
below.
A/WSN/1933 (referred to as WSN) and the non-SUMOylatable NS1 strain
WNS/T7T7[NS1K70AK219A~NS2] (Double Mutant) used in this study were generated as
previously described [Santos et al. 2013]. Briefly, the A/WSN/1933 [H1N1] 12-plasmid reverse
genetics system [Neumann et al. 2000] was provided by Yoshihiro Kawaoka (Department of
Pathobiological Sciences, School of Veterinary Medicine, University of Wisconsin-Madison,
Madison, WI). WSN viruses were propagated and titered as described for all viruses. Two strains
were created previously from the 12-plasmid reverse genetics system and used in this experiment.
NEP, as a splicing variant of the NS gene segment, was shifted to eliminate errors induced by
mutations made to NS1. The NEP or NS2-shifted constructs used are WSN/T7T7[NS1~NS2]
(WT) and WSN/ T7T7[NS1K70AK219A~NS2] (DM). The addition of T7 tags and the shifting of
NEP did not result in significant differences in viral propagation [Santos et al. 2013]. Cells infected
at an MOI of 10 are removed from the plate after 18 hours and treated with RNeasy lysis buffer
(following manufacturer’s suggestions) for RNA extraction or 4x Sample Buffer + 10% β
Mercaptoethanol for analysis by SDS-PAGE and immunoblot.
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Plasmids
pcDNA5/FRT/TO is a vector used for transfection and alone does not encode for proteins.
pcDNA5/FRT/TO/His-SUMO1/IRES/His-Ubc9 is a dual expression construct, used for
transfection, that not only causes an increase in the SUMO and Ubc9 proteins, but also causes an
increase in SUMOylation of a wide range of proteins; this construct was previously developed and
described [Pal, et al. 2009; Santos et a. 2013].
pCMV6-XL5/GAPDH is a construct that after transfection will induce an increase in the total
pool of GAPDH and will be used to validate the qRT-PCR results.
pcDNA3/Pol2/T7T7NS1-PR8 #2 codes for a double T7 tagged NS1 protein from the PR8 strain.
pcDNA3/Pol2/T7T7[NS1~NS2] was used to create and generate the recombinant virus
WSN/T7T7[NS1~NS2].
pcDNA3/Pol2/T7T7/NS1K70AK219A~NS2

used

to

generate

the

recombinant

virus

WNS/T7T7[NS1K70AK219A~NS2].
Primers
PolyT_cDNAsynth.RV (5' - TTT TTT TTT TTT TTT TTT - 3') was ordered from Integrated
DNA Technologies (IDT - Coralville, IA) and will be used to uniformly create single stranded
cDNA from the pool of total RNA purified from cell culture by reverse transcription.
The following gene-specific primers were used in previous studies to measure SUMO1, and
GAPDH (Moore et al. 2013; Schmittgen & Zakrajsek, 2000) and will be used to quantify transcript
levels using StepOnePlus Real-Time PCR System (ThermoScientific) and associated software.
SUMO1_qPCR.FW (5' – GGA GGC CAA ACC TTC AAC TGA GG – 3')
SUMO1_qPCR.RV (5’ – CCC CGT TTG TTC CTG ATA AAC TTC AAT CAC – 3’)
GAPDH_qPCR.FW (5' – GAT CCC TCC AAA ATC AAG TGG G – 3')
GAPDH_qPCR.RV (5' – GCA GGT TTT TCT AGA CGG CAG G – 3’)
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RT-qPCR equipment
For DyNAmo Flash SYBR Green (ThermoFisher #F415S) detection, real time PCR
primer products should be between 50-200 base pairs and should target a central region of the
transcript to avoid quantification errors caused by degradation of the 5’ and 3’ ends.
Transient transfections
HEK293FT cells (Invitrogen Corp.) were seeded at a density of 3 x 105 cells/well into 6
well plates. 24 hours later, cells were transfected by liposome-mediated transfection using 5 µg of
CsCl-purified plasmids and 15 µL of TransIT-LT1 (Mirus Bio LLC, Madison, WI) per well,
according to the manufacturer’s recommendations. Cells were incubated at 37ºC, 5% CO2, for 36
hours. This incubation period was followed by both the collection of cells for RNA extraction and
analysis by SDS-PAGE and immunoblot.
TCID50 to determine viral titers
MDCK cells were plated into 96-well plates at a density of 1.6 x 105 cells/well in 1x
DMEM supplemented with 10% FBS and incubated at 37°C in 5% CO2 until the cells formed a
confluent monolayer. The cells were then washed once with 1x DMEM, and a virus dilution
prepared in 1ml of 1x DMEM supplemented with 0.2% BSA was added to the cells and incubated
with the cells at 37°C in 5% CO2 for a minimum of 3 days or until cytopathic effects (CPE) were
observed, upto a maximum of 7 days post-infection.
Hemagglutination Assay
50µL of supernantant from TCID50 plates were transferred to a 96-well V-bottom plate
(Corning Incorporated Life Sciences). 50µL of 0.5% turkey red blood cells (Lampire Biological
Laboratories, Pipersville, PA) suspended in 1x PBS, were added to the V-bottom plate and gently
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tapped to mix. Plates were incubated at room temperature for 45 minutes. Plates were scored and
viral titers were determined using the Reed-Muench method.
Heat Shock
1mL of otherwise untreated A549 cells adjusted to 8x106 cells/mL was placed in a
microfuge tube and held at 45oC in a water-bath for 45 minutes. The tubes were then centrifuged
at 6,000 RPM for 30 seconds to pellet the cells. The supernatant was removed and the pellet was
treated with RNeasy lysis buffer for RNA extraction or 4x Sample Buffer + 10% β
Mercaptoethanol for analysis by SDS-PAGE and immunoblot.
Hypoxia
Cells were treated with 125µM CoCl2 (Cobalt (II) Chloride hexahydrate) for 24 hours at
37°C in 5% CO2 to induce hypoxic like conditions. The supernatant was removed and the cells
were treated with RNeasy lysis buffer for RNA extraction or 4x Sample Buffer + 10% β
Mercaptoethanol for analysis by SDS-PAGE and immunoblot. Induction of hypoxia will be
verified by the presence of HIF-1alpha protein at approximately 115kDa by immunoblot.
RNA purification and cDNA first strand synthesis
Total RNA was extracted using both the QiaShredder and RNeasy Mini Kits (Qiagen).
RNA was quantified by agarose gel electrophoresis and fluorescence densitometry of 28s rRNA
as a reference, and subsequently used for cDNA synthesis using the M-MLV Reverse
Transcriptase (Promega, Madison, WI) and PolyT_cDNAsynth.RV primer to target the
polyadenylated 3’ ends of all mRNA following kit recommendations (detailed below).
Total RNA extracted from cell extracts was prepared for quantification by adding 3/4x
loading buffer containing formamide to preserve the RNA from degradation and formaldehyde to
denature the RNA for gel electrophoresis. The samples were loaded into a 1% agarose gel
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containing MOPS buffer, formaldehyde, and ethidium bromide for detection, ran for 70 minutes
at 100 volts. The 18s and 28s rRNA will be visible at 1,900bp and 5,000bp, respectively. The
cDNA product and primers were tested for functionality by PCR before continuing to qPCR with
SYBR Green. The same gene-specific primers were used in combination with SYBR Green to
calculate the absolute copy number by qPCR.
Qiashredder (purple tube)
a.
b.
c.
d.
e.
f.
g.

Add 350µL of RTL Buffer (cell lysis) to 1x107 cells total
Mix well to assist with lysis add to purple Qiashredder tube
Spin 30sec 12,000 rpm
SAVE FLOW THROUGH
Add 350µL 70% EtOH (make fresh) to the FT
MIX WELL – this is very important
Transfer total volume (700µL) to the pink RNeasy tube

a.
b.
c.
d.
e.

Spin down the 700µL - 12K 30sec
Discard FT
Wash cartridge – 100µL RW1 Buffer then spin - 12K 30sec
Wash cartridge 2x – 500uL RPE – 12K 30sec
Repeat D

a.
b.
c.
d.
e.
f.
g.

Add 30uL of super clean QH2O (for qPCR)
Wait 1 min
Spin 12K rpm 30sec
Re-use 30uL to re-elute
Wait 1 min
Spin 12K rpm 30sec
Aliquote 5uL per tube – Freeze at -800C

RNeasy

Elution

Quantification by Electrophoresis
a. 4µL for gel and 1uL for nanodrop
b. RNA quantification
i. To the 4µL of RNA add
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ii. 12µL ¾x Loading Buffer
 62.88% Formamide
 6.9% 20x MOPS
 22.7% Formaldehyde
 6.9% Glycerol
 50µL 2% Bromophenol Blue
iii. Heat 650C 5min – Chill on ice
iv. Run on Formaldehyde gel (cast and run under the chemical hood)
100v for 70min
 Agarose…………………………...1.8g
 20x MOPS………………….……..9mL
 QH2O…………………………......166.5mL
 Boil then add
 Ethidium Bromide [10 mg/ml]…...1.8µL
 10% Formaldahyde………………9.7mL
v. 20x MOPS
 42g MOPS
 6.8g sodium acetate (mw 136.08)
 20 mL 0.5 M EDTA
 400 mL H2O
 pH to 7.0
 bring up to 500mL

cDNA Synthesis Prep [1µM = 1pMol/µL]
a.
b.
c.
d.
e.
f.

RATIO - Use 2µg of RNA : 2.5µL 18T.RV Primer [10mM]
1µL RNA 2µg/µL + 2.5µL 18T.RV primer
Bring up to 15µL with QH2O
Heat 700C for 5 min
Ice to stop annealing
Make a second tube for No Reverse Transcriptase (NRT) – IMPORTANT

cDNA Synthesis PCR
a. Add 5µL of M-MLV (Cat# M1701 Promega, Madison, WI)
b. M-MLV Mix 1x
vi. QH2O…………………..13.375µL
vii. M-MLV Buffer………….5.0µL
viii. 10mM dNTPs…………..5.0µL
ix. RNasin………………….0.625µL
x. M-MLV RT……………..1.0µL (with ROX already mixed in)
c. Cycle Conditions
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xi. 420C – 1 hour
xii. 700C – 10 min
xiii. 40C – hold
d. Store at -800C

qRT-PCR
Transcript copies are identified as the cDNA is replicated by PCR using gene specific
primers to create <200bp double stranded DNA segments that allow for the intercalation of SYBR
Green fluorescent dye. The subsequent quantification is accomplished through the use of plasmids
of known copy number and the comparison is based off of the number of cycles needed to reach
the Ct (threshold cycle).
SYBR Green Mix (ThermoFisher #F415S) requires a passive ROX reference dye
dependent on the qPCR machine (included in the kit - do this when it arrives the first time to avoid
error in measurement). Half of the total volume experimental sample is SYBR Green. StepOne™
Real-Time PCR Systems includes software to plan the experiment including volumes and controls.
Cycle Conditions
SUMO1

GAPDH

1. 950C…………….10 min

3. 560C…………....30 sec

2. 950C…………….30 sec
3. 58.50C…………..30 sec
4. 680C…………….30 sec
5. Go To 2………...31x
6. 680C…………….10 min
7. 40C………………hold
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Immunoblot analysis
Prior to SDS-PAGE analyses, all cell extracts generated were passed several times through
a 29½-gauge needle to break down genomic DNA and decrease viscosity. β-mercaptoethanol was
added up to a final concentration of 10%, and the samples were boiled in a bead bath for 10
minutes. The samples were resolved using SDS-PAGE gels made in-house and, subsequently, the
proteins were transferred to Immobilon-FL (Millipore Corp., Bedford, MA) for use with IRDyeconjugated secondary antibodies (LI-COR Biosciences Inc., Lincoln, NE) and infrared
fluorescence imaging.
Infrared fluorescence imaging
Immobilon-FL membranes (Millipore Corp.) were washed four times in 1x PBS, blocked
with Odyssey Blocking Buffer (LI-COR Biosciences Inc.) for a minimum of 1 hour at room
temperature, and incubated in Odyssey Blocking Buffer plus 0.1% polysorbate 20 (Tween 20) at
4°C overnight with the primary antibody at the indicated dilution (anti-SUMO1 Y299 Abcam,
1:2000; anti-GAPDH AB2302 Millipore, 1:2000; anti-β Actin ab8227 Abcam, 1:5000; and
anti-M1 ab20910 Abcam, 1:2000; anti-HIF-1-alpha ab51608 Abcam, 1:1000). The membranes
were then washed four times with 1x PBS, supplemented with 0.1% polysorbate 20 (Tween 20),
and incubated with secondary antibodies diluted in Odyssey Blocking Buffer plus 0.1%
polysorbate 20 (Tween 20) for 1 hour (IRDye 800 CW- and IRDye 680 LT-conjugated
secondary antibodies LI-COR Biosciences Inc. 1:20,000). The membranes were then washed
two times with 1x PBS, supplemented with 0.1% Tween 20, three times with 1x PBS and scanned
on an Odyssey CLx infrared imaging system (LI-COR Biosciences Inc.). Quantitative analyses of
the images obtained was performed by using Odyssey Infrared Imaging System Application
software version 3.0.29 (LI-COR Biosciences Inc.). Statistical analyses and graphics of the data
generated were performed by using GraphPad Prism version 5.04 for Windows (GraphPad
Software Inc., San Diego, CA).
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Statistical analysis and computer software.
All statistical analyses and graphics presented were performed by using GraphPad Prism
version 5.04 for Windows (GraphPad Software Inc.). All figures were created by using Adobe
Photoshop CS5 extended version 12.0.3 X64 (Adobe Systems Inc., San Jose, CA).
2.3 RESULTS
Inducing Global Increases in Cellular SUMOylation using several proven models.
Future studies aimed at measuring changes in steady state transcript levels from Eukaryotic cells
must satisfy several procedural steps, verified by quality control, for optimal efficiency: i)
treatment, ii) collection of RNA, iii) quantification of RNA, iv) primer validation, v) qPCR pretest,
vi) Final qPCR. For this project, three treatments will be used to induce an increase in
SUMOylation. Standardization of the models being used as GICS induction factors is the initial
step required for reproducibility.
Heat Shock:
Increasing the temperature of cells until ‘heat shock’ is achieved requires the several factors
to be accounted for. Heat shock has to occur across all cells rapidly and for a set amount of time.
Protocols previously used to induce heat shock for monitoring changes in the SUMO profile
recommend the incubation of cells at 420C for 30 minutes [Golebiowski, 2009]. This was improved
by the removal of the cells from the culture plate and the use of a water bath to maximize time
spent at heat shock inducing temperatures. The optimal settings for heating cells to adequately
induce increases in SUMOylation were 45 minutes at 420C (Fig. 2.1). Substantial increases in
SUMOylation can be seen at the 42kD, 50kD, and high molecular weight ranges by immunoblot.
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Hypoxia:
To deprive cells of oxygen below normal levels requires either the use of a hypoxic
chamber, a cell culture incubator with nitrogen, or through the addition of a chemical inducer of
hypoxia, such as Cobalt Chloride (Cobalt (II) Chloride hexahydrate) - CoCl2, for 24 hours [Hsieh
et al. 2013]. Concentrations from 1mM to 31.3µM were tested and compared to the positive control
for GICS - influenza infection (Fig. 2.2). A distinct change in the SUMO1 profile was seen
between basal SUMO levels and the most effective concentration of 125µM seen at the 25kDa and
65kDa ranges. This increase in SUMOylation was also seen in the positive control of IAV
infection. Cobalt Chloride was used to mimic hypoxia but the indicator protein, HIF-1α, was not
visible as the antibodies used were defective. This method was functional and may be simple to
implement, however, it may not be a completely reliable, reproducible, or as effective as using a
hypoxic chamber. CoCl2 may not accurately mimic hypoxic conditions because it becomes less
effective over time as it continuously scavenges oxygen from the environment and because cobalt
chloride can be disproportionately distributed between wells.
Influenza infection:
An increase in cellular SUMOylation had been observed upon the infection of a variety of
cell lines. Transfection of A549 cells with the gene segment that codes for NS1,
pcDNA3/Pol2/T7T7[NS1~NS2], causes an increase cellular SUMOylation (Fig. 2.3). Influenza
infection as well as the transfection of NS1 both cause GICS as characterized by the appearance
of newly SUMOylated bands at 40, 52, and a third band between 70 and 90kDa. The NS1 protein
from the WSN strain has a dramatic increase over PR8 (pcDNA3/Pol2/T7T7NS1-PR8 #2), as well
as

when

compared

to

its

mutated

non-SUMOylatable

form

(pcDNA3/Pol2/T7T7/

NS1K70AK219A~NS2) (Fig 2.3). Due to its ability to induce GICS at higher levels, the
recombinant virus containing this same NS1 was used to infect A549 cells at an MOI of 10 for 24
hours (Fig 2.4). The appearance of newly SUMOylated bands at the 40, 52, and 90kDa ranges
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provide verification that this virus is capable of inducing GICS. The time frame needed to best
visualize infection-mediated increases of SUMOylation has not previously been standardized. The
aim of this section was to identify the hours post infection that result in optimal increases in SUMO
visible by immunoblot. This was achieved by a completing a time course experiment to standardize
the duration of infection (Fig. 2.5). Infection inducing the most prominent increases in
SUMOylation occurred after the 16-hour time point. Infection lasting 24 hours resulted in a slight
decrease in total SUMO signal and will not be used for future GICS related experiments.
RNA extraction and quantification:
After all treatments are completed, collection of RNA is a crucial step to avoid a loss in
quality due to cross contamination, a loss in accuracy due to inaccurate measurement, and a loss
in yield as a result of degradation. Optimal settings used for the final elution step of the RNeasy
kit were tested (Fig. 2.6). Using 70% ethanol made ahead of time resulted in decreased yield (lane
1). Extracting RNA from two times as many cells than the kit suggests (lane 2) resulted in yields
similar to lane 4. The third variation was to perform a second elution of one sample using the same
30µL of QH2O and this resulted in an extreme increase in total yield (lane 4). However, a second
elution of one sample using a fresh 30µL of QH2O (for a final volume of 60µL) resulted in a
diminished concentration of RNA; taking into account the increase in total volume (lane 3). After
the collection of RNA using the RNeasy kit, total RNA must be quantified. Prepared samples were
resolved using formaldehyde agarose gel electrophoresis and UV followed by densitometry. RNA
concentration was then adjusted to uniform levels and further optimized for cDNA first strand
synthesis. This step was followed by cDNA synthesis and storage at -800C.
Primer check:
Primers were designed as previously described by Moore et al. and Schmittgen et al.
Optimal annealing temperature for each set of primers was determined by using a gradient of
39

temperatures around the indicated melting temperature (Fig. 2.7). SUMO1 primers worked most
efficiently at 58.50C with a product at 250 base pairs (Fig. 2.7 left) The GAPDH primer produced
the highest amount of 500bp product at 560C (Fig. 2.7 right).
RT-qPCR optimization:
Before the full quantification of steady state mRNA is performed, a final validation
experiment was conducted. This final optimization experiment tested the cDNA synthesized after
RNA quantification, the negative control – NTC, the SYBR Green polymerase, and the plasmid
dilutions standards used for absolute quantification (Fig. 2.8). The reaction was performed using
a thermo-cycler PCR machine for 30 cycles with the optimized annealing temperatures. The
negative control containing no DNA (NTC) returned no product when incubated with either primer
set. The cDNA was functional and at an adequate concentration as the product was present for
SUMO1 and GAPDH at 250bp and 500bp, respectively. The five dilutions of each plasmid
produced double stranded DNA fragments of the expected size. All of the components needed for
accurate quantification of SUMO1 and GAPDH transcripts including SYBR Green were
functional.
Positive control validation:
To validate our ability to quantify changes in transcript levels by RT-qPCR, cells were
transfected with one of three plasmids. A non-coding plasmid (#23), a dual expression construct,
used in previous research by Santos et al. 2013, that induces increases in free and conjugated
SUMO1 (#28), and a plasmid coding for GAPDH (#453). The cells were collected 36 hours post
transfection. The purified RNA was quantified and used for cDNA synthesis. The Step-One qPCR
machine and software was used with SYBR Green to quantify steady state transcript levels (Table
2.1). Both the SUMO1 (Table 2.1A) and GAPDH (Table 2.1B) transfected cells showed to have a
dramatic increase in transcripts (Fig. 2.9). Increased transcript levels result in a decrease in Ct
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values. The Tm value is used to verify that the product being measured is indeed the same in all
samples.
Influenza infection and heat shock:
Steady state mRNA levels of SUMO1 were measured from cells infected with
WNS/T7T7[NS1~NS2] at an MOI of 10 for 18 hours and cells that underwent heat shock at 420C
for 45 minutes (Fig 2.10). SUMO1 values were normalized to GAPDH and did not have
statistically significant changes in quantity after heat shock or infection. The influenza infected
cells did show a small decrease in SUMO1 transcript levels as seen by an increase in the number
of cycles needed to reach Ct (Fig 2.10A). The absolute copy number was calculated to have a
similar change (Fig 2.10B).
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High molecular
weight SUMO
conjugates

Figure 2.1 Inducing GICS of SUMO1 with the heat shock model.
A549 cells were re-suspended in sterile 1xPBS, transferred to a microfuge tube, and held at 42oC
in a water-bath for 45 minutes. The cells were collected and treated for analysis by SDS-PAGE
and immunoblot. Samples collected prior and up to 30 minutes into the heat shock process did not
result in any visible changes in the SUMO1 profile. The increase in the SUMO1 profile, seen at
42 and 50kDa, occurs at 45 minutes and slightly diminishes at the 60-minute time point. A
substantial increase in SUMOylation, between 75 and 250kDa, is also seen after 45 minutes of
heat shock. Monoclonal antibodies (Mab) from rabbit (Rb) and mouse (M) were used to identify
SUMO1 and GAPDH, respectively.

42

Figure 2.2 Inducing GICS of SUMO1 with the hypoxia model.
A549 cells were treated with doubling dilutions of Cobalt Chloride for 24 hours. The cells were
collected and treated for analysis by SDS-PAGE and immunoblot. Treatment with 1mM CoCl2
did alter the SUMOylation profile, however the most dramatic change is seen in samples treated
with 125µM. Increases in SUMOylation are seen at the 17kDa and 50kDa ranges. Changes in
SUMOylation were compared to the positive control, Influenza infection (MOI:10 for 24 hours).
Monoclonal antibodies (Mab) from rabbit (Rb) and mouse (M) were used to identify SUMO1 and
GAPDH, respectively.
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Figure 2.1 Validating GICS using NS1 from multiple strains of influenza.
A549 cells were transfected with gene segments coding for NS1 from different strains of influenza.
36 hours post transfection the cells were collected and treated for analysis by SDS-PAGE and
immunoblot. Newly SUMOylated bands after transfection became present at the 40 and 52 kDa
ranges. T7T7 tagged NS1 is synthesized in the samples transfected with NS1 from PR8, WSN,
and the DM strains (lanes 4, 5, and 6). A change in the SUMO1 profile was seen with WSN but
not as prominently with PR8 or non-SUMOylatable strains. The WSN strain of influenza will be
used for infection experiments.
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Figure 2.4 Inducing GICS of SUMO1 with the A/WSN/T7T7[NS1~NS2] strain.
A549 cells were infected with A/WSN/T7T7[NS1~NS2] at an MOI of 10 for 24 hours. The cells
were collected and treated for analysis by SDS-PAGE and immunoblot. Non-infected and mockinfected cell extracts did not show changes in the SUMO1 profile. Virus infected cells present
newly SUMOylated bands at the 40, 52, and 90 kDa ranges. High molecular weight (HMW)
SUMO conjugates also appear in the WSN infected cell extracts and not as distinctly in the noninfected samples. Duration of infection will be optimized for optimal visualization of SUMO1
increases.
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Figure 2.5 Time course optimization of the influenza infection model.
A549 cells were infected with A/WSN/T7T7[NS1~NS2] at an MOI of 10 for 24 hours. The cells
were collected and treated for analysis by SDS-PAGE and immunoblot. Mock-infected cell
extracts did not show changes in the SUMO1 profile. Infection for less than 8 hours did not result
in any visible increases in the SUMO1 profile. Samples collected at the 16 and 24-hour time points
showed newly SUMOylated bands present in the 42 and 50kDa ranges.
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Figure 2.6 Total RNA elution and quantification.
Optimization of the elution process used in the final step of the RNeasy kit was performed. Using
70% ethanol made ahead of time resulted in decreased yield. Starting with twice the amount of
cells than suggested resulted in yields similar to simply eluting the sample a twice using the same
30µL of QH2O. Using twice the volume, 60µL, to elute the RNA from the collection column
resulted in a diminished concentration. After RNA extraction using the RNeasy kit, total RNA
must be quantified. Prepared samples were resolved using formaldehyde agarose gel
electrophoresis, visualized by UV light, and quantified by densitometry. 18s and 28s rRNA is
visible at 1,900bp and 5,000bp, respectively, and used as a reference for total RNA. RNA
concentration should be adjusted to uniform levels and further optimized for cDNA synthesis.
RNA concentration was reverified by Nano-drop and 2µg of RNA was combined with 2.5µL of
polyT primer [5µM] for optimal cDNA synthesis.
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Figure 2.7 Primer annealing temperature optimization.
Prior to using the primers designed for the quantification of SUMO1 and GAPDH mRNA by
qPCR, optimal annealing temperatures should be determined. Three temperature ranges for each
primer was selected based on the primer’s melting temperature and primers were incubated with
TAQ-man polymerase and plasmids for either SUMO1 or GAPDH. The PCR product was resolved
by DNA gel electrophoresis and visualized using Ethidium Bromide and exposure to UV light.
The primers were designed to produce a 250bp double stranded product for SUMO1 and a 500bp
product for GAPDH. The optimal temperature is 58.50C for SUMO1 and 560C for GAPDH. These
temperatures will be used in future quantification experiments by qPCR and SYBR Green.
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Figure 2.8 Final optimization and test of standards.
The SYBR Green polymerase was tested before use in the final qPCR experiment. The plasmid
standards were also tested for proper dilution and PCR product. The No Template Control (NTC)
returned no product after 30 cycles and was determined to be a functional negative control. The
same cDNA was used for both SUMO1 and GAPDH primers also producing a correct sized
product. The standards are serial dilutions of the plasmids coding for human SUMO1 and GAPDH.
The standards will be used for absolute quantification of transcript copy number.
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Table 2.1 Positive control validation.
To validate the settings used for RT-qPCR, an initial test was conducted using cells transfected to
over express either a non-coding plasmid (empty) – #23, SUMO1 – #28, or GAPDH – #453. RNA
was collected, quantified, and used for cDNA synthesis. The cDNA was then used for qPCR with
SYBR Green. Using primers for either SUMO1 or GAPDH, cycles to threshold and absolute copy
number were quantified. When SUMO1 transcripts for the positive control, SUMO1 transfected
cells, were measured they had a decreased Ct value. Table 2.1A contains all qPCR values using
the SUMO1 primers and table 2.1B is the quantification of GAPDH transcripts after transfection.
No Template Control (NTC) and No Reverse Transcriptase (NRT) are negative controls and
should not return any quantity values.
Table 2.1A – SUMO primers for qPCR
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Table 3.1B - GAPDH primers for qPCR
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Figure 1.9 Validating qPCR sensitivity and component quality.
The mRNA measured in this experiment was extracted from cells transfected with either a noncoding plasmid (empty #23), GAPDH (#453), or a dual expression construct that causes a marked
increase in cellular SUMOylation (#28). The non-treated control samples had very low basal levels
of SUMO (red) and GAPDH (green) transcripts. After 36 hours of transfection with GAPDH or
SUMO1/I/Ubc9 there was a dramatic increase in the number of transcripts present. This validates
transfection, primer design, standards used for absolute quantification, and the SYBR Green kit
for qPCR.

52

Figure 2.10A Number of cycles to reach threshold.
After 40 cycles, SUMO1 values were normalized to GAPDH. The IAV infected cells had fewer
starting transcripts and had to undergo an average of 2 extra cycles to reach the threshold intensity
cut off. The steady state levels of SUMO1 based on Ct values appear to be equal in the not treated
and heat shock treated cells.

Figure 2.10B Absolute copy number.
Five serial dilutions of plasmid copies of known values were used as a standard to estimate starting
transcript copy number. SUMO transcripts levels remain the same after influenza infection but
decrease slightly after incubation at 420C for 45 minutes to induce heat shock.
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2.4 DISCUSSION
Previous studies monitoring changes in SUMOylation as a response to cellular stress
inducing factors such as heat shock, hypoxia, and influenza infection have suggested that the
increases in SUMOylation are in some way protective. In the case of influenza infection,
SUMOylation plays a large role in viral protein functionality. The primary focus of ongoing
research is limited to the downstream effects of SUMO conjugation. How SUMO is regulated,
activated, and targeted is not yet understood but could in fact be vital for the discovery of novel
therapeutic measures that may enhance protective mechanisms currently utilized by the cell.
Several studies have attempted to contribute the increases in SUMOylation seen by immunoblot
to either a redistribution of SUMO from one set of proteins to a secondary set of proteins, or as a
result of transcript regulation dictated by microRNA [Domingues et al. 2015; Sahin et al. 2014].
Here, we have optimized the necessary procedures required to accurately quantify steady state
transcript levels from immortalized cell lines grown in tissue culture. This first stage of RT-qPCR
has provided validation of technique and confirmed the results presented by other groups. To
measure changes of SUMO transcript levels, the cells must undergo treatments which induce
changes in SUMO that can be verified by immunoblot. The standardization of optimal conditions
for each of the stress inducing models used to trigger Global Increases in Cellular SUMOylation
(GICS) is followed by the optimization of RNA purification from the treated samples. The final
stage of standardization involves the RT-qPCR components and procedures. Overall, this project
has provided evidence that SUMO1 transcripts do not fluctuate as dramatically as do the
corresponding proteins.
To ensure accurate and reproducible results, the conditions to induce Global Increases in
Cellular SUMOylation (GICS) using each of the three models, heat shock, hypoxia, and influenza
infection, require standardization. We demonstrate that by detaching adherent cells grown in tissue
culture and submersing them in a water bath for 45 minutes, the cells undergo an adequate change
in temperature which results in the activation of the cellular heat shock response as measured by a
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marked increase in the SUMO1 profile. This protocol was modified from the cell line specific
protocol detailed by Golebiowski and Hay et al. 2009. While the protocol effectively increases the
time that the total population of cells are exposed to heat shock temperatures, detaching the
adherent cells from the flask increases the amount of extraneous variables and potential loss of
sample. The second stress model, cobalt chloride, was used to induce conditions that mimic
hypoxia. Treating A549 cells with 125µM for 24 hours resulted in an increase in the SUMO1
profile similar to infection with influenza. Hypoxia, however, was not verified by the production
of HIF-1α as the antibodies available did not target the correct species and further verification may
be needed. The H1N1 WSN strain of influenza provided the most robust increase in SUMOylation
and was used for the optimization of the infection model. Using a multiplicity of infection (MOI)
of 10 viral particles per cell, an increase in the SUMO1 profile was seen after 16 hours but began
to diminish after 24 hours. The increase in protein synthesis may not be a result of increased
transcription but instead a consequence of increased translational activity of the transcripts present
in the way of multiple ribosomes per transcript forming polysomes.
Following treatment, extraction and quantification of RNA for cDNA synthesis required
optimization. Using the RNeasy kit to capture and elute RNA from tissue culture samples, the most
efficient method that provides the maximum yield was to use 30µL of ultra clean water for the
first elution and reuse the same volume for the second elution. This method dramatically increases
the yield and minimizes error resulting from sample loss. The RNeasy kit is however a more
expensive alternative to extract RNA and may have similar yet more uniform yields than using
alternatives such as TRIzol. Two sets of primers were used in previous experiments to measure
SUMO1 and GAPDH transcripts [Moore, 2013 and Schmittgen, 2000]. To ensure their validity
and the conditions needed for these primers to function properly, several standardization steps
were put into place. Annealing temperatures for each set of primers was determined through the
use of a gradient of temperatures starting from below the calculated melting temperature. SUMO1
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and GAPDH primers had similar annealing temperatures but require two different temperatures to
be used for accurate results.
Overall, this project has standardized key procedural steps needed to increase
reproducibility of the quantification of steady state transcript levels. The standards used to quantify
transcript levels were created from serial dilutions of plasmids encoding SUMO1 or GAPDH from
human origin. The positive controls were tested to show that the system was able to track changes
in transcript levels for both sets of primers. The final RT-qPCR experiment provided evidence that
steady state transcript levels of SUMO1 did not change as drastically as is seen in the protein
profile.
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Chapter 3: Regulation of the SUMO1 substrate targeting mechanism.
Changes in the SUMOylation profile are seen after exposure to several types of stress at
both the cellular as well as the organismal level. A more detailed understanding of how these
changes are regulated is vital for immune and stress response research. Protocols needed for the
analysis of regulation at the transcriptional level were optimized in Aim 1 and following the
standardization of protocols in Aim 2, SUMO1 conjugated proteins will then be able to be analyzed
by mass spectrometry. In the attempt to detect SUMOylated proteins, two major issues arise.
SUMOylated transcription factors are in very low abundance and are difficult to detect using
traditional methods. Also, targets can easily be de-SUMOylated in non-denaturing conditions as
SUMO isopeptidases remain highly active [Becker et al. 2013]. In attempt to overcome these
obstacles, previous studies have attempted to identify all SUMOylated proteins by using artificially
modified cellular environments. Proteins of interest are often overexpressed using either
transiently expressed proteins (SUMO, Ubc9, or specific target proteins) or by stably expressing
tagged versions of SUMO. The error in these methods is associated to the non-biologically
accurate environment that is created by the artificial proteins and their resulting abundance
[Barysch et al. 2014]. As a result, a research group has devised a method to enrich endogenously
expressed proteins under denaturing conditions that is applicable for the analysis of the
SUMOylated proteome [Becker et al. 2013]. The immunoprecipitation (IP) of SUMO1 will be
accomplished by using hybridoma cells to produce high amounts of monoclonal antibodies at a
low cost; this allows for the use of a very large quantity of antibodies to capture the total SUMO
population including targets of very low abundance. The production of antibodies against SUMO1
through the use of hybridoma cells is a sub-aim and will require the culture of the cells and the
inoculation of mice to form ascites. SUMO1 will then be immunoprecipitated and enriched from
A549 cells using these monoclonal antibodies immobilized on protein G agarose beads. The target
proteins will be further isolated by the introduction of an epitope spanning elution peptide specially
designed to outcompete this interaction. The final pool of SUMO1 and its interacting partners will
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be analyzed by mass spectrometry. The differentially conjugated set of proteins will be subdivided
by function, and further analyzed in future studies.
3.1 MATERIALS AND METHODS
SUMO1 (21C7) hybridoma cell line:
The 21C7 anti-SUMO1 hybridoma cell line was developed by Dr. Michael J. Matunis
from Johns Hopkins Bloomberg School of Public Health and obtained from the Developmental
Studies Hybridoma Bank at the University of Iowa. The hybridoma cells were initially
expanded from the 1mL vial received. To this end, the cells were thawed rapidly and supplemented
with 50mL fresh media for a final concentration of 0.1% DMSO. The cells were pelleted at
3,000RPM for 5 minutes ensuring that the decelerate speed was at the lowest setting to not disturb
the soft pellet that is formed by these suspension cells. The pellet was re-suspended in 15mL of
complete medium consisting of 1x Roswell Park Memorial Institute medium (RPMI)
supplemented with high glucose, L- glutamine, sodium pyruvate (Corning Incorporated Life
Sciences, Corning, NY), and 10% fetal bovine serum (Atlanta Biologicals, Inc., Flowery
Branch, GA). The T-25 flasks used to culture this volume of cells, and all flasks used to grow
these hybridoma cells, should be maintained in a vertical orientation to facilitate proper oxygen
exchange relative to surface area and cell density. Rock the cells gently on a daily basis to increase
cell survival. If the cells are growing properly, 3 to 5 days later they will need to be expanded and
can be transferred to a T-75. An equal volume of fresh media will be added to the T-75 to assist
with the expansion of the culture. In approximately 7 days the culture will require a second
expansion allowing for the required cell density to make a sufficient number of frozen stocks.
Again, the volume should be transferred to a larger flask (T-175) and an equal volume of fresh
media added. The final volume at this stage is 60mL and after one week can be increased to 120mL
in a similar fashion while using the same flask. One week after this final expansion, frozen stocks
should be made at 2x106 cells/mL in a 1xRPMI + 10%FBS + 5%DMSO freezing solution.
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BALB/c mice (Charles River Laboratories)
The mice were inoculated with 500µL of Pristane (2,6,10,14-Tetramethylpenta-decane,
Acros Organics) 3 to 7 days prior to inoculation with the cell line via Intraperitoneal (IP) injection.
Pristane is viscous and requires the use of both a larger needle (17-19g) and sedation by isoflurane.
The sedation time is very short and is only needed to eliminate any movement by the mouse.
Preceding injection, the hybridoma cells must be sufficiently washed of Fetal Bovine
Serum. This requires three washes of 50mL sterile 1x PBS each followed by a 5 minute and
3,000RPM spin. Before the final spin, cell density should be calculated. Following the removal of
the final 50mL of 1x PBS, the pellet should be re-suspended in a final volume that brings the cells
to a final concentration of 8x106 cells/mL.
The mice were injected with approximately 4x106 hybridoma cells in 500µL sterile 1xPBS
by IP. Two to three weeks later, the mice usually reach the upper weight limit dictated by the
IACUC and are sacrificed after collection of the ascites (the fluid is drawn from the abdominal
cavity of the mice after anesthesia induced by isoflurane). Quantification and functionality tests,
including SDS-PAGE followed by coomassie (protein concentration) and SDS-PAGE followed
by immunoblot (functionality against target substrate), are subsequently conducted to verify
concentration as well as functional dilution. Cell extracts containing enhanced levels of the
substrate are used to measure functionality by immunoblot.
Both assays should be completed in 1-2 days after extracting the ascites and steps for long
term storage should be taken. Before final storage, the antibodies need to be brought to a specific
concentration, and also require the addition of two components. A final concentration of 50%
glycerol and 0.05% sodium azide should be reached. This requires an adjustment of the antibody
concentration from the initial concentration to the working concentration of 2mg/mL. Sodium
azide can be added directly to this volume, accounting for the final volume which will be double
the current volume. An equal volume of glycerol can then be added resulting in a final
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concentration to be at 1mg/ml of antibodies, 50% glycerol and 0.05% sodium azide. Aliquots can
be made at this time and must be stored at -200C.
Immobilization of antibodies:
8mg of monoclonal anti-SUMO1 was added to 1 ml of Protein G–agarose (Roche)
equilibrated in 20mM NaH2PO4, pH 7.0. To cross-link the antibodies to Protein G, 50mM borate
buffer, pH 9.0, containing 20mM dimethyl pimelimidate (DMP, Thermo Scientific) was freshly
prepared and directly added to the agarose. After 1-hour incubation, the cross-linker was quenched
with 50mM Tris, pH 8.0. Before use, beads were washed once with 200mM acetic acid,
500mM NaCl, pH 2.7, and twice with 20mM NaP, pH 7.0.
Transient transfections:
HEK293FT cells (Invitrogen Corp.) were seeded at a density of 3 x 105 cells/well into 6
well plates. 24 hours later, cells were transfected by liposome-mediated transfection using 5 µg of
CsCl-purified plasmids and 15 µL of TransIT-LT1 (Mirus Bio LLC, Madison, WI) per well,
according to the manufacturer’s recommendations. Cells were incubated at 370C, 5% CO2, for 36
hours. This incubation period was followed by the collection of cells for analysis by SDS-PAGE
and immunoblot using 500µL of boiling 4x Sample Buffer (25 mM Tris [pH 6.8], 5% glycerol,
2% SDS, 0.01% bromophenol blue).
Plasmids:
pcDNA5/FRT/TO

(Invitrogen)

is

a

noncoding

control

plasmid

and

pcDNA5/FRT/TO/SUMO1/IRES/HA-Ubc9 (developed by our lab) allows for the dual
expression of SUMO1 and, through an internal ribosomal entry site (IRES), the expression of Ubc9
at a lower abundance. This dual expression construct allows for increases in both SUMO1 protein
levels and SUMO substrate conjugation.
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Immunoblot analyses:
Before SDS-PAGE analyses, all cell extracts generated were passed several times through
a 29½-gauge needle to break down the genomic DNA released and decrease the viscosity of the
samples. Subsequently, β-mercaptoethanol was added up to a final concentration of 10%, and the
samples were boiled for 5 min. The samples were resolved by 10% SDS-PAGE gels made inhouse. Upon SDS-PAGE, the proteins were transferred onto Immobilon-FL (Millipore Corp.,
Bedford, MA) for use with IRDye-conjugated secondary antibodies (LI-COR Biosciences
Inc., Lincoln, NE) and infrared fluorescence imaging.
Infrared fluorescence imaging:
Immobilon-FL membranes were washed 3 times in 1× PBS, blocked in Odyssey blocking
buffer (OBB) (LI-COR Biosciences Inc.) for 1 hour at room temperature, and incubated in OBB
supplemented with 0.1% Tween 20 (here referred to as OBB-T) (Thermo Scientific #233362500)
at 4°C overnight with the primary antibody at the indicated dilution. The membranes were then
washed 3 times with 1× PBS-T and incubated for 1 h at room temperature in OBB-T with the
appropriate highly cross-absorbed IRDye 800 CW- and IRDye 680 LT-conjugated secondary
antibodies (LI-COR Biosciences Inc.) at the indicated dilution. The membranes were then
washed 3 times with 1× PBS-T and twice again with 1× PBS and scanned on an Odyssey CLx
infrared imaging system (LI-COR Biosciences Inc.). Quantitative analyses of the images obtained
was performed by using Odyssey Infrared Imaging System Application software version 3.0.29
(LI-COR Biosciences Inc.).
Primary antibodies:
Rabbit Anti-SUMO1 (Y299 Abcam) and Mouse anti-SUMO1 (ascites) were both used
at 1:3000 in Odyssey® Blocking Buffer (PBS) (LI-COR Biosciences Inc.) supplemented with
0.1% Tween20 (Thermo Scientific #233362500).
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Secondary antibodies:
Both the IRDye 800 CW-conjugated goat anti-mouse IgG and the IRDye 680 LTconjugated goat anti-rabbit IgG were used at a 1:20,000 dilution (LI-COR Biosciences Inc.).
Immunoprecipitation:
A549 cell line:
The alveolar cell line obtained from ATCC was maintained in complete medium consisting
of 1x Dulbecco’s modified eagle medium (DMEM) supplemented with high glucose, L-glutamine,
sodium pyruvate (Corning Incorporated Life Sciences, Corning, NY), and 10% fetal bovine serum
(Atlanta Biologicals, Inc., Flowery Branch, GA).
A549 cell lysate:
After exposure to treatment, A549 cells (8 × 106) were lysed in 8mL of lysis buffer (20mM
sodium phosphate (NaH2PO4), pH 7.4, 150 mM NaCl, 1% SDS, 1% Triton, 0.5% sodium
deoxycholate, 5mM EDTA, 5mM EGTA, 10mM NEM, 1 tablet of cOmplete Protease Inhibitor
per 50mL (EDTA free - Roche Life Science). NEM is needed to inhibit the isopeptidases
responsible for deSUMOylation. The viscous lysate was sonicated until it became fluid. The cell
lysate was then supplemented with 50 mM dithiothreitol (DTT), boiled for 10 min and finally
diluted 1:10 with RIPA buffer without SDS (20mM NaP, pH 7.4, 150 mM NaCl, 1% SDS, 1%
Triton, 0.5% sodium deoxycholate, 5mM EDTA, 5mM EGTA, 1 tablet of cOmplete Protease
Inhibitor per 50mL, and 20mM NEM). The lysate was filtered through a 0.45-μm filter (Rotilabo
syringe filters, Carl Roth GmbH) and used for immunoprecipitation.
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Immunoprecipitation and peptide elution:
For SUMO1 immunoprecipitation, 100 µL immobilized antibodies were added to the 10
ml of lysate and incubated overnight at 4 °C. Beads were washed three times with 20mM NaP, pH
7.4, 150mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate, 5mM EDTA,
5mM EGTA, 10mM NEM, and 1 tablet of cOmplete Protease Inhibitor per 50mL. A final wash
with three bead volumes of high-salt buffer (500mM NaCl instead of 150mM) was carried out for
30 min at 37°C on a rotating wheel. Two consecutive elution steps were performed at 37 °C on a
rotating wheel for 30 min, each time using three bead volumes of elution buffer (high-salt buffer
plus 0.5 mg/ml epitope-containing peptide (for SUMO1 21C7, VPMNSLRFLFE - GenScript).
Stock solutions of 10 mg/ml in DMSO were stored at –80 °C. Immunoprecipitation efficiency will
be measured by SDS-PAGE and sent for analysis by Mass Spectrometry.
3.2 RESULTS
Hybridoma cells:
Efficient synthesis of high quality antibodies requires implementing quality control
checkpoints so as not to jeopardize thousands of hours and dollars. The first checkpoint verifies if
the hybridoma cells are indeed synthesizing the correct antibodies and if the antibodies are able to
recognize the intended substrate. An initial screening using 5mL of tissue culture supernatant
supplemented with polysorbate20 to a final concentration of 0.1% was used in place of primary
antibodies (Fig. 3.1). The supernatant contained antibodies against SUMO1 and were detectable
by anti-mouse secondary antibodies. The large volume needed to visualize the substrate, SUMO1,
provides evidence that the antibody concentration is low and will need to be concentrated or
synthesized in an alternative manner. Free His-SUMO1 seen at 20kDa and SUMOylated RanGAP
(80kDa) are the two main proteins that increase after transfection with this construct. The cells
over-expressing SUMO1 showed to have a marked increase in signal greater than the cells
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transfected with an empty plasmid or a plasmid designed to overexpress SUMO2. The antibodies
were produced in tissue culture, are fully functional, and were not cross-reactive with other cellular
proteins.
Ascites test:
The concentration of the antibodies present in the ascites fluid collected from balb/c mice
must be determined. This was accomplished by diluting, treating, and resolving the samples by
SDS-PAGE followed by Coomassie stain (Fig. 3.2). The samples primarily contain two proteins.
After exposure to the denaturing conditions used for SDS-PAGE sample preparation, IgG is visible
in two distinct ranges, 25kDa (Light chain) and 50kDa (Heavy chain). The second protein,
albumin, is present at 65kDa. Bovine Serum Albumin (BSA – 65kDa) was used to create a standard
curve for the quantification of the antibodies. The 7mL of ascites, collected from one mouse,
contained 10mg/mL of antibodies, for a total of 70mg.
Anti-SUMO1 IgG functionality test:
After determining concentration, the antibodies derived from balb/c mice were tested for
functionality. This assay not only determines functionality but also compares recognition of the
substrate to a commercially available antibody against SUMO1 (Fig 3.3). Cells were transfected
with the dual expression construct SUMO1/IRES/Ubc9, treated for SDS-PAGE and analyzed by
immunoblot. Transfer membranes were incubated overnight with antibodies against SUMO1
[1µg/µL] at a dilution of 1:3000 (left: antibodies from Abcams – right: antibodies from hybridoma
cells). When used at the same concentration, commercially available antibodies against SUMO1
did not compare to the hybridoma based antibodies; as determined by a decrease in specificity seen
in lane 3 (free SUMO1 at 20kDa) and a decrease in sensitivity (lanes 1 and 2). The membrane
incubated with hybridoma antibodies had a SUMO1 signal that is more prominent while
background noise is noticeably decreased. For future experiments involving the detection of
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SUMO1, the hybridoma derived anti-SUMO1 IgG is the better option to eliminate potential cross
reactivity. In addition, the hybridoma derived antibody’s epitope has been mapped and an epitope
spanning peptide has been developed to be used to outcompete the interaction with SUMO1,
ultimately allowing for the detachment of SUMO after immunoprecipitation.
Antibody saturation:
The theoretical total amount of SUMO1 that can be captured by each anti-SUMO1 IgG is
estimated as a molar ratio of 2 SUMO1 proteins per 1 antibody. This was verified by incubating a
constant amount of anti-SUMO1 with increasing concentrations of purified SUMO1 protein for 1
hour at 40C on a hula shaker. Saturation of the antibodies was determined by immunoprecipitation,
SDS-PAGE, and Coomassie. The 2µg of antibodies against SUMO1 were able to capture a
maximum of 1µg of purified SUMO1 at which point saturation was reached as determined by the
plateau in fluorescence (Fig 3.4A). SUMO1 seen at 17kDa was quantified and the fluorescence
intensity is shown in graphical from (Fig 3.4B).
Crosslinking the antibodies to protein G–agarose:
Crosslinking was performed to further optimize the immunoprecipitation process. By
immobilizing the antibodies on beads, the final samples will not be contaminated with an excess
of antibodies against SUMO1. Following the quenching step in the crosslinking process, the
antibodies were tested for crosslink efficiency. The antibody/bead eluate was incubated at 370C
for 30 minutes and then centrifuged to obtain two fractions. Each fraction was then treated for
SDS-PAGE and analyzed by Coomassie stain. The optimal result of this process should provide a
pellet fraction that contains antibodies fixed on beads and a supernatant fraction with little to no
antibodies. Crosslinking did result in a supernatant fraction with minimal antibodies seen at 25 and
50kDa (Fig 3.5A). The non-crosslinked antibody samples, however, released a large amount of
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antibody into the supernatant fraction. The pellet and supernatant fractions were quantified and
compared in Fig 3.5B.
Final immunoprecipitation optimization:
To ensure optimal results, a final immunoprecipitation trial was performed using
transfected cell extracts. HEK293FT cells were transfected with the dual expression construct
SUMO1/IRES/Ubc9 to induce increases in free and conjugated SUMO1. Samples were saved from
each step to verify efficiency of the entire process. Input refers to the starting cell extract not yet
exposed to antibodies and should contain the most dilute concentration of SUMO1 (Fig 3.6 lane
1). Cell extracts were then incubated with the crosslinked antibodies on a hula shaker for 1 hour at
40C. This was followed by centrifugation that produced two fractions. The supernatant was saved
and used to determine the quantity of SUMO1 that was not captured during the incubation period
(Fig 3.6 lane 2). The pellet which captured SUMO1 and its interacting partners was then washed
to eliminate non-specific binding – pre elution wash (Fig 3.6 lane 3). The pellet was incubated
with epitope spanning peptides to outcompete with the interaction taking place between SUMO1
and the antibodies. This allowed for the release of SUMO1 and binding partners into the
supernatant. At this stage, the pellet only contains antibodies crosslinked to beads and was saved
for reuse. The supernatant eluate contains a high concentration of SUMO1 and could be used for
further analysis by mass spectrometry (Fig 3.5 lane 4). All samples were treated for SDS-PAGE
and analyzed by immunoblot. Anti-SUMO1 (Rb) was used with goat anti-Rabbit secondary
antibodies to visualize changes in SUMO1 while goat anti-Mouse secondary antibodies bound
directly to residual hybridoma derived antibodies. The total amount of SUMO1 present in the
transfected cell extracts was outside of the range capturable by this quantity of antibodies and
should be taken into account for experiments involving increases in SUMO1 (Fig 3.6 lane 2).
Immunoprecipitation using antibodies targeting SUMO1 resulted in the enrichment of both
endogenous SUMO1 and the transfected His-SUMO1 in the final eluate. Secondary antibodies
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that target mouse proteins revealed that a small fraction of antibodies remained in the final eluate
as seen at 25kDa and 50kDa for the light and heavy chains, respectively (Fig. 3.6 lane 4 – lower
image). The higher molecular weight bands present are most likely antibody aggregates (75kDa
and 150kDa) that did not fully denature during treatment for SDS-PAGE.
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Figure 3.1 Hybridoma cell functionality assay.
Prior to the inoculation of balb/c mice with hybridoma cells that produce antibodies against
SUMO1, they must be tested for IgG production. Supernatant from hybridoma cells grown in cell
culture was tested for the presence of functional antibodies. HEK293FT cell extracts transfected
with either a non-coding plasmid, a dual expression construct coding for SUMO1, or SUMO2
were resolved by SDS-PAGE and analyzed by immunoblot. The supernatant was supplemented
with polysorbate20 to a final concentration of 0.1% and used as the primary monoclonal antibody
(Mab) derived from a mouse (M). The membrane was then probed with goat anti-mouse antibodies
with flourophores excitable at 800nm. Free His-SUMO1 seen at 20kDa and SUMOylated RanGAP
(80kDa) are the two main proteins that increase after transfection with this construct. The cells
overexpressing SUMO1 showed to have a marked increase in signal while the cells overexpressing
the other two plasmids did not. The antibodies were fully functional and were not cross-reactive
with other cellular proteins.
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Figure 3.2 Quantification of SUMO1 IgG from ascites.
The ascites fluid was collected from balb/c mice inoculated with hybridoma cells that produce
antibodies against SUMO1. This fluid with a high concentration of anti-SUMO1 IgG was diluted
1:10 and then treated for analysis by SDS-PAGE. This was followed by Coomassie stain and
visualized 680nm. The BSA standard was used to calculate IgG concentration. The heavy chain
domain of the denatured antibody was used to calculate total concentration and the volume was
adjusted to 2µg/µL before adding an equal volume of 100% glycerol. This final volume was
supplemented with sodium azide to a final concentration of 0.05%, aliquots were made and stored
at -200C.
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Increased
specificity of
anti-SUMO
antibodies

Abcam

Ascites

Figure 3.3 Comparison of hybridoma derived SUMO1 antibodies.
The SUMO1 antibodies currently available from commercial sources when compared to the antiSUMO1 IgG produced by hybridoma cells do not possess the specificity or sensitivity needed for
immunoprecipitation assays. HEK293FT cell extracts were collected after transfection i) Not
treated, ii) empty plasmid (pcDNA5/FRT/TO), or iii) pcDNA5/FRT/ TO/SUMO1/IRES/HAUbc9. Transfer membranes were incubated overnight with antibodies against SUMO1 [1µg/µL]
at a 1:3000 dilution (left: antibodies from Abcam – right: antibodies from hybridoma cells).
Unconjugated SUMO is seen near 20kDa. At a final concentration of 0.3ng/µL the SUMO1
collected from the ascites had increased levels of specificity, as seen by the increase in the intensity
of SUMOylated bands (lane 3). They also exhibit an increase in sensitivity as seen by the decrease
in background bands lane 1 and 2.
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Figure 3.4A Antibody saturation.
Saturation of hybridoma derived antibodies by SUMO1 was determined by immunoprecipitation.
Increasing concentrations of purified SUMO1 protein were incubated with 2µg of antibodies
against SUMO1. The percipitate was analysed by SDS-PAGE and Coomassie stain. Saturation,
determined by the platue of fluorescence intensity at 680nm, was reached with 1µg of SUMO1
(17kDa). IgG is visible at 50kDa for the heavy chain and 75kDa for the heavy and light chain.

71

Figure 3.4B Antibody saturation quantification.
The fluoresence intensity of SUMO1 captured by immunoprecipitation is presented in this figure.
The saturation of IgG is reached with 1µg of SUMO1. The experimental sample containing 2µg
of SUMO1 shows a marked decrease in fluoresnece, this was due to experimental error as the
following two concentrations displayed similar values as the 1µg sample. Data was plotted and a
logarithmic trendline determined by using Microsoft Excel (2010).
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Figure 3.5 Crosslinking optimization.
Immunoprecipitation purity is ensured by crosslinking the antibodies to beads. After crosslinking,
the samples were incubated at 370C for 30 minutes and then centrifuged to obtain two fractions a pellet of antibodies cross-linked to beads and the supernatant (SPNT) fraction. To determine
crosslink (X-link) efficiency, the samples were treated for SDS-PAGE and Coomassie analysis.
The amount of antibodies that became detached from the beads, and were found in the supernatant
after the 370C incubation period were much higher in the non-crosslinked samples when compared
to the ones that did undergo crosslinking.
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Figure 3.6 Final optimization.
The immunoprecipitation optimization was performed on two cell extracts. HEK293FT cells were
either not treated or transfected with a dual expression construct to overexpress SUMO1 and Ubc9.
The final eluate was resolved by SDS-PAGE and visualized by antibodies against SUMO1.
Increased levels of SUMO require a higher concentration of antibodies to capture the entire
population of SUMO1. The supernatant from the immunoprecipitation of transfected cell extracts
contained high amounts of SUMO1 that was not captured and will affect further analysis.
Following immunoprecipitation, endogenous SUMO1 (17kDa) is enriched under both settings but
the high amount of His-SUMO1 (22kDa) in the transfected samples makes it difficult to visualize.
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3.3 DISCUSSION
Previous groups have attempted to conduct full proteomic analyses to determine which
proteins are modified by SUMO under several conditions and in different cell lines. Data from
those groups have decreased reliability because they were using exogenous additives to render the
changes measurable. The results from projects altering protein structure or synthesis rate will
create new and immeasurable downstream effects on an unknown set of processes. To date, no
other research has shown which proteins are SUMO modified after influenza infection using
endogenous SUMO1. Immunoprecipitation coupled with peptide elution will provide the most
accurate and biologically relevant insight into the changes that take place in the targeting of
SUMO1 after infection and stress. The work presented here includes a detailed account of
standardized protocols required to obtain maximal efficiency and reproducibility. A high
concentration of antibodies against SUMO1 is required to conduct multiple replicates and ensure
high yields of protein for analysis by mass spectrometry. The most efficient and cost effective
means to acquire the necessary amount of antibodies needed is to use hybridoma technology. The
hybridoma cells created by Dr. Michael Matunis at Johns Hopkins University were mapped by the
Melchior group and they designed peptides that span the entire epitope to out compete the antibody
substrate interaction. The use of this technology provides a large amount of highly effective
antibodies that can easily be removed from the target protein, ultimately increasing sample purity
and overall accuracy of the experiment. The data derived though using these standardized and
optimized protocols will add to our understanding of how SUMO1 is regulated at the protein level
and which proteins are preferentially targeted after exposure to stress.
Three major requirements for a successful immunoprecipitation: i) a large quantity of
functional antibodies that target the substrate of choice and have little to no cross-reactivity with
other cellular proteins ii) treating the cells to induce stress, described in chapter 2 iii) collecting
the cell extracts under denaturing conditions to ensure that no de-SUMOylation occurs. To address
the antibody requirements, the media used to grow the hybridoma cells in tissue culture was tested
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for presence, functionality, and specificity of the IgG. The cells were indeed producing high
amounts of quality antibodies targeting SUMO1. Balb/c mice were injected, via IP, with the same
cells and the ascites fluid that developed contained high concentrations of anti-SUMO1 IgG. The
antibodies were then compared to commercially available antibodies from ABCAM. When used
at equal concentrations, the hybridoma antibodies were found to have enhanced specificity and
sensitivity. Two quality control steps were completed prior to the use of these antibodies in the
final immunoprecipitation. First, the antibodies were tested for saturation. The molar ratio of
antibodies to substrate was estimated to be 1:2. This was tested by the immunoprecipitation of
increasingly saturated antibodies. The final results demonstrate that 2µg of antibodies are fully
saturated with 1µg of purified SUMO1. This quality control step allowed us to verify if the
antibodies were indeed able to be used for immunoprecipitation as well as to identify the saturation
point that will assist in the calculation of total amount of antibodies needed for future experiments.
Second, the antibodies were chemically crosslinked to protein G agarose beads which increases
sample purity by limiting the total amount of antibody loss.
Overall, this project has set into place crucial procedural techniques needed to accomplish
highly reproducable and cost effective immunoprecipitations. The final optimization step verified
the entire process and resulted in a better understanding of the total amount of antibodies needed
to measure changes in the SUMO1 protein profile. Future projects will benefit by using this
standardized protocol to accurately measure changes in the SUMO1 profile though mass
spectromety and discern how the proteins differentially modified by SUMO1 correspond to
networks of cellular pathways involved in specific mechanisms.
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Chapter 4: Final conclusions and future directions
Changes in steady state transcript levels of SUMO1 measured by RT-qPCR gathered from
the experiments conducted for this project fall in line with previously reported data and appear to
have little to fluctuation after stress is induced. Neither RNA synthesis nor degradation is measured
in this experiment but may also affect the total protein levels without being measurable itself by
RT-qPCR. Another potential cause of the discrepancy seen between transcript levels and total
protein may be in part due to changes in the translational activity of transcripts rather than the total
copy number. This is an interesting and under investigated potential regulatory factor. The
potential for polysomal translation to be occurring on a large fraction of transcripts will be the
initial direction of future studies. The RNA from treated cells will be extracted and fractionated
using a sucrose gradient. The percentage of transcripts with one ribosome will be distinguishable
from the polysomal fraction containing multiple ribosomes per transcript.
Substrate targeting may also be a major factor involved with the regulation of SUMO1 as
a cellular anti-viral and stress response. To address these interactions as potential regulatory factors
involved in the cellular anti-viral response, future projects will utilize mass spectrometry to
analyze anti-SUMO1 immunoprecipitation products after inducing cellular stress. The
differentially modified proteins will be sub categorized by the functions to which they are
commonly associated. Further investigation of these interactions will dictate the direction of focus.
Further studies are required to determine the relevance of the stress induced changes taking
place at both the translational level as well as the SUMO1 substrate targeting level. The quality
control and procedural techniques described herein will facilitate more accurate and reproducible
results for future projects.
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