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Abstract of the Dissertation

Development of FRET-based Technologies for Dynamic and Quantitative Measurement
of Protein-protein Interactions and High-throughput Screening of Small Chemical
Inhibitors of the SUMO Pathway

by
Yang Song
Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, August 2011
Dr. Jiayu Liao, Chairperson
SUMOylation is an important post-translational protein modification mechanism which
plays important roles in a variety of biological processes. Conjugation and deconjugation
of SUMO is a cascade event requiring multiple protein-protein interactions between
SUMO, SUMO E1-E3 enzymes and SUMO substrates. The nature of the SUMOylation
network indicates a great potential for small chemical inhibitors to be used in the
investigation and manipulation of this important pathway. FRET is an energy transfer
phenomenon which occurs between two spectrum-overlapping fluorophores in close
proximity. The efficiency of FRET is highly dependent on the distance between the donor
and acceptor fluorophores, which makes FRET very powerful in the detection of
molecular interactions. The goal of my research is to develop FRET-based techniques to
study protein-protein interactions in the SUMOylation network and to identify bioactive
chemical compounds which can inhibit the activity of this pathway. Using engineered

fluorescent proteins to modify protein components involved in the SUMOylation
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pathway, | set up a FRET-based assay and developed mathematical algorithms to
determine the binding affinity of non-covalent protein-protein interactions. | then
developed this FRET-based assay into high-throughput screening platforms to look for
small chemical inhibitors which can disrupt the interaction of SUMOL and its E2 enzyme,
Ubc9. | further used FRET-based strategy to set up a whole-pathway screening assay to
identify SUMOylation/deSUMOylation inhibitors. Over 200,000 compounds were
screened and the positive hits were characterized for their activities in vitro and in cells.
Finally, I was able to use FRET to detect the formation of intermediate protein complex
during SUMOylation reactions, and used the assay to map the targets of the
SUMOylation inhibitors identified from the high-throughput screening. These FRET-
based applications provide powerful tools for the study of the SUMOylation pathway and
can be used in the investigation of protein-protein interactions in other biological

pathways.
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INTRODUCTION

SUMO: Machinery of post-translational modification

Post-translational modifications are general mechanisms to alter the localization and function of
proteins after they are translated from messenger RNAs in the cells. While post-translational
modification can be either reversible or irreversible, enzymatic catalysis is required for efficient
modification in most cases. Examples of protein modifiers are small chemical moieties such as
phosphate, acetyl or methyl groups, which play key roles in many cellular events including
signaling transduction, protein turnover, DNA repair and transcriptional regulation (1-4). Besides
those small chemical moieties, small peptides can also function as protein modifiers. One well
known example is ubiquitin, a 76-residue peptide which can be covalently linked to many
proteins and results in proteasome-mediated degradation (5). SUMO, known as Small Ubiquitin-
related MOdifier, has emerged as an important protein modifier in recent years. SUMO is
expressed in all eukaryotes but is absent from bacterium (6). In human beings, SUMO represents
a family of four closely related small proteins with sizes around 100 amino acids. Human
SUMOI was first discovered in 1996 by homology studies of yeast SMT3 (Suppressor of Mif
Two 3) protein and shown to share sequence homology with human ubiquitin protein (7, 8).
SUMOL1 is conjugated to the Ran-GTPase-activating protein RanGAP1 in a reversible manner,
which results in its translocation from the cytoplasm to nuclear pore complex (9, 10). SUMO2
and SUMO3 were identified shortly after the discovery of SUMOI1 (11, 12), and SUMO4 was not
cloned until 2004 (13). So far more than 1000 proteins have been identified as the targets of
SUMO, and SUMO modification has been implicated to play important roles in the regulation of
many biological processes, including transcription, intracellular transport, DNA repair and

chromosome maintenance (14).



The mechanism of SUMOylation and deSUMOylation

Protein modification by SUMO is a highly dynamic and reversible process. Generally the term
SUMOylation is used to describe the conjugation of SUMO to its targets, and deSUMOylation
refers to the deconjugation of SUMO from target proteins. The whole SUMOylation/
deSUMOylation cascade is briefly summarized in Figure 1. Pre-SUMO is translated from
messenger RNA as a precursor protein. Pre-SUMO is then recognized by SUMO-specific
proteases (SENPs) and its C-terminal residues were cleaved to generate mature SUMO with a C-
terminal Gly-Gly motif (6, 15). The Aosl subunit of the El activating enzyme, which is a
heterodimer of Aosl and Uba2 proteins, functions as an adenylating enzyme and activates SUMO
using the energy from ATP hydrolysis. The SUMO-E1 complex then undergoes a conformational
change and transfers adenylated SUMO from the binding pocket of Aosl to the cysteine active
site of Uba2, where the carboxyl group of the C-terminal glycine of SUMO forms a thioester
bond with the cysteine residue of Uba2 (16). In the next step, the E2 conjugating enzyme Ubc9
non-covalently binds to SUMO-E1 complex and SUMO is transferred from EIl to the cysteine
active site of Ubc9. Catalyzed by SUMO E3 ligases, SUMO is finally transferred from Ubc9 to
the lysine residue of target proteins. SUMOylated proteins may then be recognized by SENPs and
free SUMO is cleaved off and used for the modification of other proteins (17).

SUMOylation is a multi-step reaction and involves many enzymes with different specificities
(Table 1). While only one isoform of E1 and E2 exist in human beings, a number of E3 ligases
have been identified. There are three major families of E3 ligases: the PIAS (protein inhibitor of
activated STAT) family (18), the polycomb group protein Pc2 (19) and the nuclear pore complex
protein RanBP2 (10). These E3 ligases function as a scaffold to recruit substrates to SUMO-E2
complex and facilitate SUMOylation (20). E3 ligases also control the specificity of SUMO

conjugation to different target proteins (6, 14). In term of the deSUMOylation process, six SENPs



have been identified: SENP1-3 and SENP5-7 (17). These SENP enzymes catalyze the processing
of pre-SUMO proteins as well as the deconjugation of SUMO from target proteins with different

specificities, and they also have strong preference for different SUMO isoforms (21).
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Table 1. Summary of human proteins involved in the SUMO pathway
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Figure 1. The SUMO cycle. Precursor SUMO is processed by SENPs and activated by E1 heterodimer
(Aosl/Uba2). Activated SUMO forms a thioester bond with a cysteine residue of Uba2. After being
transferred to the cysteine residue of E2 (Ubc9), SUMO is conjugated to the lysine residue of substrate
proteins with the help of E3 ligases. SUMO can then be cleaved from the substrate with the action of
SENPs.



Function of SUMO and roles in various diseases

While the 3-dimensional structures of SUMO and ubiquitin are highly similar, the functional
consequences of SUMO conjugation are quite different from those from Ubiquitin (15). The
effect of SUMO modification is highly target-specific. SUMOylation has been implicated to
repress the activity of many transcription factors, including p53, STAT-1, Elk-1 and the androgen
receptor (22-25). In these examples, mutation which prevents SUMO conjugation results in
increased transcription from responsive promoters, which is consistent with the negative role of
SUMO in gene expression (26). SUMOylation can also create new binding interface to facilitate
protein-protein interactions. A well-characterized example is the PML nuclear body, whose
assembly requires SUMOylation of many subunits (27). Modification of SUMO can control the
subcellular localization of target proteins. RanGAP1 is the first identified SUMO target, and its
SUMOylation cycle mediates the constant shuttling between the cytoplasm and nuclear
membrane (9). Finally, in contrast to ubiquitin whose conjugation results in proteasome-mediated
degradation, SUMO can also compete with ubiquitin for the same lysine residue and prevents the
target protein from degradation. One example is kB, a regulatory protein in the NFxB pathway
whose SUMOylation results in resistance to signal-induced degradation and persistent inhibition
of its downstream signaling (28).

Given the large number of SUMO targets and its importance in the regulation of many
physiological processes, it is not surprising that misregulation of the SUMO pathway is involved
in many diseases (Figure 2). The relationship between SUMO and cancer has been implicated in
many cases (29). Increased level of Ubc9, the SUMO E2 enzyme, has been found in several types
of human cancer, and overexpression of Ubc9 can also promote the growth of cancer cells (30,
31). Upregulation of other SUMO enzymes such as SENP1 and the E3 ligase PIAS3 has also

been observed in certain cancers (32, 33). Besides cancer, the roles of SUMO in neuronal



disorders have also been extensively studied. Many key proteins involved in Huntington’s,
Alzheimer’s and Parkinson’s diseases can be modified by SUMO, such as Huntington, Tau and
Amyloid-B (34-36). Interestingly, SUMOylation of these proteins seems to have diverse effects
on the fate of neuronal cells. Expression of SUMO rescues neuronal cells from degeneration in
case of Amyloid-PB in Alzheimer’s disease (36), whereas it enhances cell death in Huntington’s
disease (34). Other than cancer and neurodegenerative diseases, mutants which are unable to be
SUMOylated have been associated with heart disease and diabetes (37, 38). While these results
showed that SUMO may serve as a potential target for therapeutic applications, the detailed
mechanism of how misregulation of the SUMO pathway leads to pathogenesis still requires

further investigation.
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Figure 2. Misregulation of the SUMO pathway has been associated with many diseases including cancer,

heart diseases, diabetes and neurodegenerative diseases. Listed are some of SUMO-related proteins whose
mutation or overexpression has a positive relationship with pathogenesis.



Small chemical compounds can serve as useful tools to control SUMO pathway

SUMO plays an important role in many biological processes including regulation of immune
signal transduction, stabilization of target proteins and maintenance of chromosomal integrity, yet
investigation of the SUMO pathway has many challenges. Conjugation and deconjugation of
SUMO is a highly dynamic process and SUMO can be quickly removed upon cell lysis unless
cells are lysed in denaturing conditions or in the presence of SENP inhibitors (6). Furthermore,
given the important roles they play, knockout of genes involved in SUMOylation can have
serious effects and may even kill the transgenic animals, which makes genetic studies quite
difficult. Depletion of SUMOI or the E2 enzyme in mice is embryonically lethal (39, 40). Mice
embryos that are deficient of the E3 ligase PIASI also exhibit a lower survival rate than wide
type embryos (41). To overcome these difficulties, new tools besides the traditional biochemical
and genetic approaches are needed to study the SUMO pathway.

Among a variety of techniques for biological research, small chemical compounds stand as
unique tools to control the activity of biological processes. Compared with other biological
approaches, bioactive small chemical compounds not only offer better spatial and temporal
control of biological processes but can also be used to investigate the biological function of
proteins when gene knockout is not feasible. In recent years many researchers have started to
search for small chemical compounds which can control the activity of the SUMO pathway. Two
small chemical SUMOylation inhibitors, ginkgolic acid and kerriamycin B, have been identified
in 2009 from natural products using a low-throughput microscope-based method (42, 43). These
two compounds can inhibit SUMOylation in vitro and in cell cultures in micromolar range, yet
they have other side effects such as antibacterial activities and inhibition of histone acetylation. In

order to find compounds targeting the SUMO pathway with higher potency and specificity, there



is an urgent need in the development of high-throughput screening assays to test compounds from

synthetic libraries, which contain a much larger number of compounds than natural products.
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Forster Resonance Energy Transfer (FRET): principles and applications
One of the primary goals of my research is to set up high-throughput screening assay to look for
small chemical inhibitors of the SUMO pathway. To achieve this goal, I would like to develop
methods to detect the non-covalent and covalent interactions between proteins involved in
SUMOylation in a real-time manner, and FRET is selected as the major technology to set up
these methods. Originally predicted by German scientist Theodor Forster, FRET is a physical
phenomenon in which dipole-dipole resonance interaction results in energy transfer between
excited donor and acceptor chromophores (44). The interaction occurs between oscillating dipoles
with similar resonance frequencies, and is dependent on the spectroscopic and geometric
properties of the donor-acceptor pair. In the theory proposed by Forster, the rate constant (kr) of
energy transfer is given by:

kr =1 °%?In"*kp x 8.71 x 1023 sec™?,
and the efficiency (E) of energy transfer can be represented by:

_ K
RS + 16’

The variables used in the expressions are: r, the distance between the center of donor and
acceptor chromophores; «”, the orientation factor of the dipole-dipole interaction; J, the overlap
integral of donor emission spectrum and acceptor excitation spectrum; n, the refractive index of
the medium between donor and acceptor chromophores; kr, the rate constant of fluorescent
emission from the donor chromophore; R,, the distance between donor and acceptor
chromophores when the efficiency of energy transfer is 50%. The theory of FRET has been
validated by many subsequent studies, and the effects of different parameters to the efficiency of

FRET have been carefully examined (45-47).
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The theory of FRET has been validated by many subsequent studies, and the effects of different
parameters to the efficiency of FRET have been carefully examined. Stryer and Haugland (46)
synthesized poly-L-proline containing up to 12 residues as the linker to separate a pair of
fluorophores, and correlated the observed efficiencies of energy transfer with the reverse sixth
power of the donor-acceptor distances. An #° dependence was also confirmed by Biicher et al.
(45) using fatty acid layers with known dimensions to separate donor and acceptor chromophores.
The dependence of FRET efficiency on the spectrum overlap integral (J) was later verified by the
work of Haugland et al. (47), in which J was varied over 40-fold by changing the solvent and
shown to have a linear relationship to the energy transfer rate constant. Orientation factor (x°) is
dependent on the relative orientation of the donor and acceptor dipoles, and is given by:
k% = (cosa — 3cosfcosy)? ,

in which a is the angle between the donor and acceptor transition moments, § is the angle
between the donor moment and the line joining the centers of the donor and acceptor, and v is the
angle between the acceptor moment and the line joining the centers of the donor and acceptor.
Compared with molecular distance () and spectrum overlap integral (J), the value of «” is often
hard to be obtained experimentally due to the uncertainty of molecular motions. Stryer (48)
analyzed the probability distribution of donor-acceptor relative angles and showed that while the
theoretical value of «* can vary from 0 to 4, its range is narrower in practice and will introduce no
more than 20% variation to the determination of donor-acceptor distance. In most FRET studies
the value of #* is assumed to be 2/3, which corresponds to the ideal case that both donor and
acceptor chromophores undergo unrestrictive motion (48, 49).

The inverse sixth power relationship between energy transfer rate and donor-acceptor distance
makes FRET very sensitive to changes in molecular distance. When the distance of the donor and

acceptor narrows from Ry to 0.5Ry, the efficiency of FRET increases from 50% to near maximum.
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On the other hand, when the donor-acceptor distance increases by 100% of Ry, FRET efficiency
decreases to an almost undetectable level of 1.5%. This high sensitivity serves as the basis of two
types of FRET-based applications. First, FRET can be used as a spectroscopic ruler to precisely
measure molecular distance when the donor and acceptor distance is not far from their Ry; second,
when the exact molecular distance is not concerned, the “on” and “off” status of FRET can be
monitored to determine the status of molecular interaction. FRET has been widely used in many
biological applications including study of protein folding, monitoring biomolecular interactions
and sensory of signaling pathways (50-52). FRET is also extensively used in high-throughput
screening. Some examples include a membrane-potential assay for K;, channel inhibitors and an
assay for phosphatase inhibitors (53, 54). In the first assay, activation of the potassium ion
channel changes the membrane potential, which leads to translocation of two organic
fluorophores on the plasma membrane and increased FRET efficiency. Inhibition of the channel
can therefore be determined by monitoring the ratio of emission intensities from the FRET donor
and acceptor. In the second assay, a pair of fluorophores is tagged to the N- and C-terminus of a
peptide. Processing of the peptide by active phophatase leads to cleavage of the peptide and
separates the FRET pair apart. Inhibition of the phophatase by compounds can then be detected
by persistent FRET signals. In most FRET-based high-throughput screening assays, alteration in
molecular interaction or enzymatic activities changes the distance between the FRET pair and
results in decreased or increased FRET efficiency, which can detected via various parameters
such as individual fluorophore emission, the emission ratio of donor and acceptor, and the
lifetime of the donor fluorophore. In this dissertation, I will use FRET to detect the protein-
protein interactions in the SUMO pathway and set up high-throughput screening to look for small
chemical compounds to control the activity of this pathway. The identified compounds I got from

the assay will not only become powerful tools to study the biological function of SUMO, but may
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also serve as potential drugs for the treatment of diseases related to misregulation of the SUMO

pathway.
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CHAPTER 1: Development of FRET-based assay to determine the dissociation

constant of protein-protein interactions

Abstract
Dissociation constant (K,) is an important parameter for quantitative measurement of molecular
interactions. As an important protein post-translational modification, SUMOylation is a multi-
step enzymatic cascade and involves multiple covalent and non-covalent protein-protein
interactions. Understanding the binding affinity between different proteins will greatly contribute
to the understanding of this modification machinery. FRET has been widely used in biological
studies and is very powerful in the study of protein-protein interactions. In this chapter I will
describe the development of a FRET-based assay to determine the K, of the non-covalent
interaction between SUMOI1 and Ubc9, and further test of its consistency and accuracy.
Consistent results were derived at different experimental conditions, and the K, values are
compatible with those determined with other traditional approaches, such as surface plasmon
resonance (SPR) and isothermal titration calorimetry (ITC). These results indicate this FRET-
based assay can be useful in general for quantitative measurement of protein-protein interaction

disassociation constant.
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Introduction

Post-translational modification by ubiquitin (Ub) and ubiquitin-like proteins (Ubls), such as
SUMO, is an important mechanism that regulates protein activities and stability in eukaryotes.
The conjugation of ubiquitin, SUMO and other Ubls to target substrates shares an evolutionary
conserved, but distinct enzyme cascade that involves the sequential actions of E1, E2 and E3
ligases (6). Els activate Ub/Ubls in two major steps: The adenylation of the Ub/Ubls at its C-
terminus using ATP, and a covalent thioester bond formation between catalytic cysteine of El
and the C-terminus of Ub/Ubls by replacing the adenylate group (16). The activated Ubls will
then be transferred to E2 by a transthiolation reaction of E2, resulting in the formation of thioester
bond between E2 catalytic cysteine and Ub/Ubls. With helps of a variety of E3s, which are
generally considered to determine substrate specificity in vivo, Ub/Ubls are finally conjugated to
lysine residues of substrates (6). As multiple protein-protein interactions are involved in the
sequential protein-transferring reactions, studies of these interactions will gain much insights into
the mechanism of the cascades.

Dissociation constant (K;) is one of the most important parameters to characterize protein-protein
interactions (55). K; is related to binding affinity, and the measurement of K, is generally
conducted by techniques including surface plasma resonance (SPR) (56, 57), isothermal titration
calorimetry (ITC) (58, 59), and radioactive ligand binding assay (60). While these techniques
serve as the standard methods to measure the K, of protein-protein interactions, they either
require special instrumentation or radioactive labeling of proteins. FRET has been widely used in
biological assay in vitro and in vivo for both static and real-time measurements (50-52). In recent
years FRET has been used in the development of quantitative assays to determine the K, of
protein-protein interactions. In a study published in 2008 (61), a FRET donor and acceptor pair

(classic ECFP/VenusYFP) was conjugated to SUMO1 and the SUMO E2 enzyme, Ubc9,
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respectively. When CFP-SUMO1 and YFP-Ubc9 recombinant proteins were mixed, the
interaction of SUMOI1 and Ubc9 leads to FRET between ECFP and YFP (Figure 3A). The
concentration of CFP-SUMO1 was fixed in the assay and different amount of YFP-Ubc9 was
added to the system. The fluorescent spectrum of the mixture of CFP-SUMO1 and YFP-Ubc9
was compared with that from the control pair of CFP and YFP-Ubc9 to derive the FRET emission
from YFP-Ubc9 (Figure 3B). The FRET emission intensity was then fitted with YFP-Ubc9
concentration by an exponential equation to get the maximum FRET emission intensity (Figure
3C) and the bound YFP-Ubc9 concentration was calculated from the FRET emission in a linear
relationship. The bound and free YFP-Ubc9 concentrations were then fitted with a hyperbolic
equation to derive the K, (Figure 3D). There are several drawbacks associated with this FRET-
based K; measurement assay. The fluorescence intensity at the emission peak wavelength of
YFP-Ubc9 is consisted of the FRET emission of YFP-Ubc9 as well as the direct emission of
CFP-SUMO1 and YFP-Ubc9. This FRET assay used a pair of control proteins, CFP and YFP-
Ubc9, to calculate the direct emission of CFP and YFP. This control not only requires purification
of extra proteins but also did not consider the fact that quenching of CFP-SUMO1 by FRET
decreases its direct emission. Furthermore, while the FRET emission intensity and total YFP-
UbcY concentration fit well into the exponential equation, the mathematical background of this
equation was not provided. In order to stand as a solid method for K, measurement, major

improvement is needed to solve these issues.
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Figure 3. Summary of a previously published FRET-based K, measurement assay (61). (A) YFP-Ubc9 was
titrated into 1.1 uM CFP-SUMOI in increments up to 8 uM. The fluorescent spectra were collected at the
excitation wavelength of 400nm. (B) The fluorescent intensity at 530nm was corrected by that from the
control pair CFP and YFP-Ubc9 to get the FRET emission from YFP. (C) The FRET emission at 530nm
was plotted vs. total concentration of YFP-Ubc9 by an exponential curve to get the theoretical maximal
FRET emission. (D) Concentration of bound YFP-Ubc9 was then calculated and plotted against free YFP-
Ubc9 to get the value of K.
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In this chapter I will describe the development of a FRET-based K,; measurement assay. The
proteins used in the assay are SUMOI1 and the E2 enzyme, Ubc9. SUMO1 non-covalently binds
to Ubc9 in 1:1 ratio. The non-covalent interaction between SUMO and Ubc9 promotes the
formation of poly-SUMO chain in SUMOylation reactions and has been well characterized by a
variety of methods (61-63). SUMOI1 and Ubc9 also have smaller sizes than most of proteins in
the SUMO pathway, which makes them easy to express and purify. These characteristics make
SUMOI and Ubc9 good candidates for the development of FRET-based K; measurement assay.
In order to improve the FRET signal, instead of traditional CFP and YFP, CyPet and YPet are
conjugated to the N-terminus of SUMO1 and Ubc9, respectively. CyPet and YPet is a pair of
fluorescent proteins developed from CFP and YFP in 2005 with optimized FRET efficiency (64).
Using CyPet and YPet as the FRET pair could provide substantially improved sensitivity and
dynamic range in the detection of protein interactions. The development of this assay will have
several significances. First, this will establish a method to detect the non-covalent protein-protein
interactions involved in the SUMO pathway. Due to the ease of fluorescence measurement, it
would be possible to convert this assay into a high-throughput platform to screen small chemical
compounds that can disrupt protein-protein interactions. Second, this assay should be an
improvement over previous published FRET-based methods. Instead of using control protein
pairs, the FRET emission intensity should be derived directly from the whole spectrum. The

relationship between FRET emission and protein concentration should also be carefully examined.
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Material and Methods

Molecular cloning of DNA constructs

The open reading frames of CyPet, YPet, SUMOI1 and Ubc9 were amplified by PCR using
primers containing Nhel/Sall sites (CyPet/YPet) or Sall/Notl sites (SUMO1/Ubc9) and the PCR
products were cloned into pCRII-TOPO vector (Invitrogen). The fragments encoding SUMO1
and Ubc9 were extracted by Sall/Notl digestion and inserted into pCRII-CyPet or pCRII-YPet
plasmids which were linearized by Sall and Notl. After the sequences were confirmed, the cDNA
encoding CyPet-SUMOI1 and YPet-Ubc9 were cloned into the Nhel/Notl sites of pET28(b) vector
(Novagen) (Figure 4).

In order to get non-fluorescent tagged SUMO1 and Ubc9 as control proteins, the open reading
frames of SUMO1 and Ubc9 were amplified by PCR and cloned into the Sall/Notl sites or

pET28(b) vector.
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pET28(b)

Figure 4. Map of the bacterial expression plasmids encoding CyPet-SUMO1 and YPet-Ubc9. The open
reading frames of CyPet-SUMO1 and YPet-Ubc9 were fused with a poly-histidine tag so that the
recombinant proteins can be purified with Ni-NTA affinity chromatography. The expression of proteins is
driven by T7 promoter and induced by addition of IPTG to the culture medium.
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Recombinant protein expression and purification

BL21(DE3) Escherichia coli (E. coli) cells were transformed with pET28 vectors encoding
CyPet-SUMO1 or YPet-Ubc9. The transformed bacteria were plated on LB agar plates containing
50 pg/mL kanamycin, and single colony was picked up and inoculated in 2xYT medium. The
expression of polyhistidine-tagged recombinant proteins was induced with 0.1 mM IPTG at 25°C
overnight. Bacteria cells were spinned down at 6000 rpm 15 min, resuspended in buffer
containing 20 mM Tris-HCI (pH=7.5), 0.5 M NaCl and 5 mM imidazole, and sonicated with an
ultrasonic liquid processor (Misonix). Cell lysate containing recombinant proteins was cleared by
centrifugation at 25000 g 30 min. The recombinant proteins were then bound to Ni*-NTA
agarose beads (QIAGEN) and eluted by buffer containing 20 mM Tris-HCI (pH=7.5), 0.2 M
NaCl and 150 mM imidazole. After the proteins were dialyzed overnight in buffer containing 20
mM Tris-HCI (pH=7.5), 50 mM NaCl and 1 mM DTT, they were concentrated and purified by
gel filtration HPLC using Superdex75 10/300 GL column on a HPLC purification system. The
purity of the proteins was confirmed by SDS-PAGE and Coomassie blue staining, and their
concentrations were determined by Coomassie Plus Protein Assay (Thermo) with known
quantities of bovine serum albumin as standards. Aliquots of final products were stored in -80°C.
FRET measurement

Recombinant CyPet-SUMO1 and YPet-Ubc9 proteins were diluted with buffer containing 20 mM
Tris-HCI (pH=7.5) and 50 mM NaCl, and mixed in a 384-well plate to 100 pL in each well. Four
groups of mixture were prepared. The final concentrations of CyPet-SUMOI in these four groups
were 0.1 uM, 0.5 pM, 1.0 uM and 1.5 pM, respectively. In each group YPet-Ubc9 was added in
increment up to 4 uM. The fluorescence emission spectrum of each well was determined by a
fluorescence multi-well plate reader FlexstationII’™ (Molecular Devices, Sunnyvale, CA). The

emission intensities at 475 nm and 530 nm were measured at the excitation wavelength of 414 nm

22



with a cutoff filter of 455 nm, and the emission intensity at 530 nm was measured at the
excitation wavelength of 475 nm with a cutoff filter of 495 nm. The experiments were repeated
three times and the average value of fluorescence intensity was calculated for each specific
condition.

Surface plasma resonance (SPR) assay

All analyses of interaction between CyPet-SUMO1 and YPet-Ubc9 or SUMO1 and Ubc9 were
performed on BIACORE X100 system equipped with NTA sensor chips (BIACORE AB,
Uppsala, Sweden) at a flow rate of 30 pL/min. For immobilization of proteins, the chip was
treated with 500 uM NiCI2 for 1 min before 10 pg/mL purified CyPet-SUMO1 or 4 pg/mL
purified SUMOI1 protein was injected for 180 s and stabilized for 60 s. Then 20~150 pg/mL
thrombin-digested YPet-Ubc9 or 5~50 pug/mL thrombin-digested Ubc9 protein was injected for
90 or 120 sec and disassociated for 10 min. In order to continuously monitor the non-specific
background binding of samples to the NTA surface, YPet-Ubc9 and Ubc9 proteins were injected
into a control flow cell without treatment of NiCl, and CyPet-SUMO1/SUMOI1 proteins. All
measurements were performed at 25°C in a buffer containing S0mM sodium phosphate (pH=7.4),
150 mM NaCl and 50 uM EDTA. The value of K; was derived by BIACORE X100 evaluation
software ver.1.0 (BIACORE).

Data processing

The fluorescence intensities determined by FlexstationII®* were converted by Softmax 5
(Molecular Devices) into text file and processed by Excel. Data fitting was performed by Prism 5

(GraphPad). The results were reported as mean + SD.
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Results

Detection of the non-covalent interaction between SUMO1 and Ubc9 by FRET

Once the recombinant proteins of CyPet-SUMOT1 and YPet-Ubc9 were expressed and purified,
their fluorescent spectra were determined. The excitation/emission peak wavelengths of CyPet
and YPet are 414/475 nm and 515/530 nm, respectively (64). When CyPet-SUMOI1 protein is
excited at 414 nm, an emission peak at 475 nm is observed (Figure 5A, blue line). When YPet-
Ubc9 protein was added, the emission at 475 nm decreased (Figure 5A, green line), and the
increase of emission at 530 nm was greater than the emission from YPet-Ubc9 when it was
excited alone (Figure 5A, yellow line), which proved the FRET between CyPet-SUMOI1 and
YPet-Ubc9. I further determined if the disruption of SUMO1-Ubc9 interaction led to decreased
FRET. To estimate the relative level of FRET, I calculated the ratio of the emission intensity at
530 nm to 475 nm when the proteins were excited at 414 nm. The emission ratio of the mixture of
CyPet-SUMOI1 and YPet-Ubc9 proteins decreased upon dilution (Figure 5B) or addition of
SUMOI1 proteins without fluorescent tag (Figure 5C). Overall, these experiment results
confirmed that the non-covalent interaction of SUMO1 and Ubc9 can be detected by FRET and

the disruption of interaction results in decreased FRET.
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Figure 5. Detection of non-covalent interaction of SUMO1 and Ubc9 by FRET. (A) Protein interaction
results in quenching of CyPet-SUMO1 emission and increased emission from YPet-Ubc9. 20 pmole CyPet-
SUMOL1 and 40 pmole YPet-Ubc9 proteins were mixed in a total of 20 pL. The fluorescence emission
spectrum was determined at the excitation wavelength of 414 nm and compared with those of CyPet-
SUMOI or YPet-Ubc9 alone. (B) Disruption of protein interaction by dilution decreases Ems;o/Emyss ratio.
10 pmole CyPet-SUMO1 and 10 pmole YPet-Ubc9 were mixed in different total volumes from 20 pL to
100 puL. Ems3o/Emy;s ratio at each condition was determined in triplicate. (C) Competitive inhibition of
protein interaction decreases Emss;o/Emy;s ratio. 10 pmole CyPet-SUMO1 and 10 pmole YPet-Ubc9 were
mixed in a total volume of 20 pL in the presence of 0 to 125 pmole non-labeled SUMO1. Ems;¢/Emy;s ratio
at each condition was determined in triplicate.

25



FRET assay of CyPet-SUMOL1 and YPet-Ubc9

When YPet-Ubc9 protein is added to CyPet-SUMO1 protein, some of the protein molecules will
bind to each other and form protein complex. When the mixture is excited at 414 nm, a portion of
CyPet-SUMOI1 which is bound to YPet-Ubc9 will transfer energy to their binding partners.
Raising the concentration of YPet-Ubc9 will increase the concentration of protein complex and
result in increased emission from YPet-Ubc9 at 530 nm and decreased emission from CyPet-
SUMOI at 475 nm. In the FRET assay, a series of protein mixtures were prepared with the same
total volume and CyPet-SUMO1 concentration. The concentration of YPet-Ubc9 will gradually
increase. Figure 6A shows the fluorescent spectra of a series of protein mixtures at the excitation
wavelength of 414nm, in which CyPet-SUMOI concentration was fixed to 1.5 uM. As the
concentration of YPet-Ubc9 was gradually increased from 0 to 4 uM, binding of YPet-Ubc9 to
CyPet-SUMOI results in energy transfer from CyPet to YPet and reduces the direct emission
from CyPet-SUMOI from 1.3x10° RFU to 0.76x10° RFU. At the same time the emission at
530nm was increased from 0.45x10° RFU to 2.7x10° RFU. A total of four sets of experiments
were carried out, with the concentrations of CyPet-SUMOI fixed to 0.1 uM, 0.5 uM, 1.0 uM or
1.5 uM, respectively, and the concentration of YPet-Ubc9 increased from 0 to 4 uM. The
fluorescence emission spectra of all mixtures were then determined under the excitation
wavelengths of 414 nm and 475 nm. As shown in Figure 6B and 6C, increase of YPet-Ubc9
concentration results in decreased emission at 475 nm and increased emission at 530 nm at the
excitation wavelength of 414 nm. However, the emission at 530nm is not only consisted of FRET
emission from YPet-Ubc9, but also emission from both YPet-Ubc9 and unquenched CyPet-

SUMOI due to direct excitation, as shown in Figure S5A.

26



3 3.0x10% 4 1.5x10% 4
& 2 foo
2 x ea
gz.ost- Emnnﬂ%}ﬂ u“uﬁ o [CyPet-SUMO1 )14
£ 3 h’H 3 B 900840 o 0iuM
= L it 3 12 Y
c w i o 05uM
o 1.0x106+ w 5.0x109 4
W 5 [P og, = 1.0uM
_i_Eﬂ IE O%0000 0 @ g © a a 15L.|.M
w 0 0 it ssscssnese o ¢ o & o
460 480 500 520 540 560 0 1. i 5 'Ii é
Emission Wavelength (nm) [YPetubcS];opa: (M)

C D

3.0x10% 1.5=107 4
E § LIRS =) 3
4 E &
= 20x10% oo B [CyPet-SUMO1yyy X |
= |:|‘:'ulli » ? ' o 0.1uM .'!"‘-.‘”bdo7 [CyPet-SUMO1}otal
& n"i" o 0.5uM = e 0.1uM
S 10x10:] oa" co°°®® o qom L o 0.5uM
- . g009°° "y o 5.0x105 Sl
Ig a® o R @ 1.5uM e .! = 1.0uM
w :..-n"' s °? E i-' o 1.5uM

0 Jett : . . , o 48
0 1 2 3 4 5 0 T T T T 2
[YPetUbc9]igia) (uM) [YPetUbcS] o (M)

Figure 6. FRET assay to determine the K; of SUMO1 and Ubc9. (A) An example of fluorescence spectrum
under excitation wavelength of 414nm from one set of experiment in Kd measurement; [CyPetSUMOI1]
=1.5 uM, [YPetUbc9]=0-4 uM; (B) The plot for total emissions of various concentrations of mixed CyPet-
SUMOL1 and YPet-Ubc9 at 530 nm when excited at 414 nm. (C) The emission plot of CyPet-SUMOI1 in the
mixed solutions at 475 nm when excited at 414 nm. (D) The emission plot of Ypet-Ubc9 in the mixed
solution at 530 nm when excited at 475 nm. In (B), (C), and (D), four concentrations of CyPet-SUMOI,
0.1 uM, 0.5 uM, 1 uM and 1.5 pM were used in the assay. The concentration of YPet-Ubc9 was increased
from 0 to 4 uM in each assay.
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Analysis of fluorescent spectrum to calculate FRET emission from YPet-Ubc9
In order to obtain the intensity of FRET emission for K; measurement, the direct emissions at 530
nm of CyPet-SUMOI1 and YPet-Ubc9 need to be determined and excluded from the total
emission at 530 nm. When the mixture of CyPet-SUMO1 and YPet-Ubc9 is excited at 414 nm,
two emission peaks can be observed at 475 nm and 530 nm (Figure 7A), respectively. Emission at
475nm is from the emission of unquenched CyPet-SUMOI1 (FLpp). The emission intensity at 530
nm (FLps, Figure 7A orange) is consisted of three components: the direct emission of
unquenched CyPet-SUMO1 (Figure 7A blue), the direct emission of YPet-Ubc9 (Figure 7A light
green) and the emission of YPet-Ubc9 excited by energy transferred from CyPet-SUMOI
(Emgger, Figure 7A lightyellow). Excited at 475 nm, an emission peak at 530 nm (FLa4) can be
observed which resulted from the direct excitation of YPet-Ubc9 but not CyPet-SUMO1 (Figure
7B). Because the direct emission of CyPet-SUMOI1 at 530 nm (Ex=414nm) is proportional to
FLpp with a ratio factor of a (Figure 7C), and the direct emission of YPet-Ubc9 at 530 nm
(Ex=414nm) is proportional to FL,, with a ratio factor of B (Figure 7D), Emgrer can be
determined by:

Emgggr = (FLpa) — a x (FLpp) — B % (FLaa) , Equation 1
in which FLpy refers to the total fluorescence emission at the acceptor wavelength when excited
at the donor excitation wavelength, FLpp is the fluorescence emission at the donor wavelength
when excited at the donor excitation wavelength, and FLj, is the fluorescence emission at the
acceptor wavelength when excited at the acceptor excitation wavelength.
In order to determine the ratio constants o and B, two series of experiments were conducted. First
in order to determine the factor a, CyPet-SUMOI solutions with different concentrations were
prepared. The emission intensities of CyPet-SUMO1 at 475 nm and 530 nm (Ex=414nm) were

determined and divided to determine the value of a. In the second series of experiment, YPet-
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Ubc9 solutions with different concentrations were prepared. The emission intensity of YPet-Ubc9
at 530 nm (Ex=414 or 475nm) was determined. The value of B was derived by dividing the
emission at 530 nm (Ex=414nm) by the emission at 530 nm (Ex=475nm). From these
experiments, [ got the value of a to be 0.35 = 0.01 (Figure 7C) and B to be 0.029 + 0.002 (Figure
7D). The fluorescent spectrum data in figure 6 was then analyzed with equation 1 to derive
Emgggr at each specific CyPet-SUMO1 and YPet-Ubc9 concentrations (Figure 8A). Therefore the
FRET emission intensity of YPet-Ubc9 can be directly calculated using Equation 1 in contrast to
previous studies which requires at least three series of control proteins (61). Using this spectrum
analysis method, I also tested if modification of SUMOI1 and Ubc9 by CyPet and YPet may
introduce any non-specific interactions. After the recombinant proteins of CyPet and YPet were
purified, CyPet or CyPet-SUMO1 was mixed with YPet or YPet-Ubc9 at different concentrations.
Significant FRET emission was only seen in the mixture of CyPet-SUMOI1 and YPet-Ubc9
(Figure 8B), which indicates that this FRET-based assay is not affected by potential non-specific

interactions between fluorescent tags and the binding proteins.
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Figure 7. Quantitative analysis of fluorescence signals of FRET emission. (A) Fluorescent emission at 530
nm at the excitation wavelength of 414 nm (FLpa) can be divided into three components: FRET emission
from YPet-Ubc9, direct emission of unquenched CyPet-SUMO1, and direct emission of YPet-Ubc9. (B)
Fluorescent emission at 530 nm at the excitation wavelength of 475 nm (FLa4) is consisted of direct
emission of YPet-Ubc9. (C) Calculation of a factor using CyPet-SUMOL. (D) Calculation of B factor using
YPet-Ubc9.
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Figure 8. Determination of FRET emission. (A) Calculation of the FRET emission intensity from YPet-
Ubc9. YPet-Ubc9 protein was added into 0.1, 0.5, 1.0 or 1.5 pM CyPet-SUMOL1 in increment up to 4 uM.
(B) Test of non-specific interaction between CyPet/YPet and SUMO1/Ubc9. YPet or YPet-Ubc9 proteins
were added into 1.0 pM CyPet or CyPet-SUMOL in increment up to 4 pM. The FRET emission intensity
from YPet or YPet-Ubc9 was calculated at each specific condition.
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Derivation of the relationship between FRET emission and protein concentration
From the general law of mass action for CyPet-SUMOI1 and YPet-Ubc9 interaction,
CyPetSUMO1 + YPetUbc9 < CyPetSUMO1 - YPetUbc9

K, can be determined by following expression,

[CyPetSUMO1]free [YPetUbcO] free

4= 7 [CyPetSUMO1 - YPetUbc9] Equation 2

The concentration of bound proteins, [CyPetSUMO1 - YPetUbc9] or [YPetUbc9]y,qung should be

proportional to the FRET emission intensity as following,

[YPetUbc9lpouna Emgger
[YPetUbc9]bound max EMERET max Equation 3

In this equation [YPetUbc9]pound max refers to the theoretical maximal value of [YPetUbc9Jpounds
and Emgger max refers to the theoretical maximal value of Emgrer when [YPetUbc9],oung reaches its
maximum. Because SUMOI1 binds to Ubc9 in 1:1 ratio, [YPetUbc9]pound max €quals to the
concentration of CyPetSUMOI in the system. Therefore, in a series of experiments with fixed
CyPet-SUMO1 concentration, the values of Emgrpt max and [YPetUbe9 Juound max Will be constant.
Using this principle, Emgrgr derived in the assay can be easily correlated to the concentration of
bound protein, and further to K,,.

In a given set of conditions with fixed total concentration of CyPet-SUMOI1 ([CyPetSUMO1 Jiotal),

the K, can be calculated as following:

32



« _ [CyPetSUMO1 ]y [YPetUbcO]ree
4= [CyPetSUMO1 - YPetUbc9]

([CyPetSUMO1]ota1 — [CyPetSUMO1]pound) [YPEtUDCO] e
[YPetch9]bound

_ ([YPetUbc9]pound max — [CyPetSUMO1]youna) [YPetUbcO]free Equation 4

[YPetch9]b0und

The above equation can be converted to:

[YPetUbc9]hound max[YPetUbcO]gree

_ Equation 5
YPetUbc9 = q
[YPetUbcObouna Kg + [YPetUbcO] e
Combining Equation 3 and 5 yields:
. . [YPetUbc9]ree
= X s
MERET IMFRET max Ky + [YPetUbcO] ree Equation 6

If T set the total concentration of CyPet-SUMOI1 ([CyPetSUMO1]iy) to constant A, the
concentration of total YPet-Ubc9 ([YPetUbc9]1) to variable X and the concentration of free
YPet-Ubc9 ([YPetUbc9]s.e) to variable Y, respectively, the concentration of [YPetUbc9]youna and
[CyPet-SUMOL ] can be converted to:
[YPetUbc9]poung = X — Y Equation 7
[CyPetSUMO1]free = A — [YPetUbc9lpoung = A—X+Y Equation 8

Based on the definition of K; and Equations 7 and 8,

_ [CyPetSUMO1]gree[YPetUbclfree  (A—X+Y) x Y

= Equation 9
d [YPetUbc9]poung X—Y a

The above equation can be converted to following,

Y2 — XY + AY = K;X — K,;Y
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Y2 - (X—A—-K)Y—-K;X=0

Y:%(X—A—Kd +J(X = A—Ky)? + 4K;X) Equation 10
Combining Equation 6 and 10 yields:

2K,

Emgrpr = EMpRET max (1 — ) Equation 11
T XA+ K+ X —A—K? + AKX

Therefore fitting the dataset of Emgrer and [YPetUbc9]io (X) with Equation 11 will derive the

values of Emgrgt max and K; simultaneously.
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Determination of Ky

The datasets of Emgrpr and [YPetUbc9]r in figure 8A were fitted by equation 11 using the
software Prism 5 and the four regression plots corresponding to the four concentrations of CyPet-
SUMOL1 used in our experiments (0.1, 0.5, 1.0 and 1.5 uM) were generated (Figure 9A). The non-
linear regression fitted the data well (R* from 0.96 to 0.99). From the non-linear regression, the
values of predicted Emprer max are 1.56x10°, 8.92x10°, 1.67x10°, and 2.45x10° REU, respectively
(Table 2). Emgrgr max has a very good linear relationship with the corresponding amount of CyPet-
SUMOI1 (R*= 0.998) (Figure 9B). The values of K, from these four independent experiments are
0.32 £ 0.03 uM, 0.33 £ 0.04 uM, 0.27 £ 0.03 uM, and 0.29 + 0.04 uM, respectively (Figure 9C
and Table 2). As K, is an intrinsic property of molecular interaction and is independent of the
concentration of binding partners, the consistency of these K, values confirmed the reliability of
this FRET-based assay. These values are also very close to the results of K, 0.35uM using
Surface Plasma Resonance assay (see below), and 0.25uM using Isothermal titration calorimetry
(63). In summary these results suggest that this FRET-based assay can quantitatively measure the

value of K, with high consistency and accuracy.
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Figure 9. Determination of K; by FRET. (A) Fitting Emggrgr and [YPetUbc9] With our algorithm derives
maximal FRET emission intensity and K; value at the same time. (B) The maximal FRET emission is
proportional to the amount of CyPet-SUMOL in the system. (C) The FRET-based assay gives a consistent
result of K, regardless of different CyPet-SUMO1 concentrations used in the experiments.

36



[CyPetSUMO1] (uM) 0.1 0.5 1 15
(1.56 + (8.92+0.21) | (1.67+0.03) (2.45 +
Emgrer mex (REU) 0.03)x10° x10° x10° 0.06) x 10°
K, (uM) 0.32 +0.03 0.33 +0.04 0.27+0.03 | 0.29+0.04

Table 2. Summary of Emgrgt max and K, derived in the assay.

37




Validation by surface plasmon resonance (SPR) assay

To validate the results of K, from the FRET-based assay, the interaction affinity of CyPet-
SUMOI and YPet-Ubc9 was measured by SPR assay. As one of the standard methods to measure
the binding affinity of protein-protein interactions, SPR assay takes advantage of the fact that
accumulation of molecular mass on the metal surface changes the surface electromagnetic wave
and results in changes of the minimal reflection angle (65, 66). His-tagged CyPet-SUMO1 protein
was expressed in bacterial cells and purified using Ni-NTA agarose beads. After dialysis, His-
tagged CyPet-SUMO1 was immobilized onto a NTA sensor chip. YPet-Ubc9 without His tag was
obtained by digesting His-tagged YPet-Ubc9 protein on Ni-NTA agarose beads by thrombin. The
cleaved YPet-Ubc9 was then further purified by HPLC. Non-specific binding of YPet-Ubc9 to
the NTA chip was subtracted as described in Materials and Methods. The binding kinetics
analysis showed the binding response of the bound CyPet-SUMOI1 to injections of a series of
different concentrations of YPet-Ubc9 (Figure 10A). CyPet-SUMO1 bound to YPet-Ubc9 with
moderate kinetics. The K; was calculated to be 0.35 uM, which is consistent with the K
determined by the FRET-based assay described above.

To further analyze the possible interference of fluorescence tag to the interaction, a control
experiment was performed using SUMO1 and Ubc9 proteins without fluorescent tags. Similar to
the experiment above, His-tagged SUMO1 was immobilized onto NTA sensor chip. Cleaved
Ubc9 was purified by HPLC. SUMO1 shows binding response to a series of injected different
Ubc9 concentrations in similar kinetics as fluorescent protein-tagged proteins (Figure 10B). The
K, of SUMOI and Ubc9 interaction was determined to be 0.1 uM, which is in the same range

with that of CyPet-SUMO1 and YPet-Ubc9.
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Figure 10. Determination of K, by surface plasmon resonance assay. (A) CyPet-SUMO1 + YPet-Ubc9; (B)
SUMOI + Ubc9.
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Comparison with algorithms from previously published FRET-based K, assay
In the method published by Martin et al. (61), the datasets of Emgprgr and [YPetUbc9]io were
fitted by an exponential equation to derive the theoretical maximal FRET emission from Y Pet-

Ubc9:
Emgprer = EMpReT max X (1 — e K[YPetUbcolwotar) Equation 12

The value of [YPetUbc9]poung in each specific condition was then determined by Equation 3
assuming [YPetUbc9 lvound max €quals to [CyPetSUMON Jiora. After [YPetUbc9 g is calculated by
subtracting [YPetUbcO]pouna from [YPetUbc9]iwm, the dataset of [YPetUbc9]ge. and
[YPetUbc9]youmg Was fitted by a hyperbola curve (Equation 5) with [ YPetUbc9 Jpound max €qualing to
[CyPetSUMO1 Jioray to derive the value of K, In order to test which algorithm gives more
consistent and accurate result at different experimental conditions, the datasets of Emgper and
[YPetUbc9]i,r in Figure 8A were analyzed by the method of Martin et al. and compared with the
results described above. Both non-linear regression fitted the data well (Figure 11A), and the
values of Emgret max are not significantly different from each other (Figure 11B). When it comes
to K, the method of Martin et al. could also generate consistent results regardless of different
concentrations of CyPet-SUMO1 used in the assay, although the average value of K, slightly
decreased from 0.30 uM to 0.20 uM when the analytic method is switched to the exponential

fitting method (Figure 11C). Overall this exponential fitting algorithm can still be considered as a

good empirical solution, which generates results comparable to those from my assay.
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Figure 11. Comparison of the algorithm developed in my assay and previously published one using
exponential fitting. (A) Fitting Emgrgr and [YPetUbc9], using the algorithm I developed and previously
published exponential fitting method at the CyPet-SUMO1 concentration of 1.5 uM. (B) The exponential
fitting method tends to give smaller values of theoretical maximal FRET emission. (C) The algorithm I
developed gives similar results to those from exponential fitting method.
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Discussion

In summary, I have developed a FRET-based assay to quantitatively measure the K; of SUMO1
and Ubc9. Compared with previous published FRET-based methods, the fact that donor emission
is quenched by FRET is taken into account. With the new method of spectrum analysis, the FRET
emission from the binding partners, CyPet-SUMO1 and YPet-Ubc9, can be calculated directly
from their fluorescent spectrum without the need of control protein pairs. The new mathematic
algorithm also allows the K, to be derived directly from the FRET emission intensity. While these
improvements simplify the experimental and data analysis procedures, this FRET-based assay can
also generate accurate and reliable results. The K, determined at different concentrations of donor,
CyPet-SUMOI, ranging from 0.1 pM to 1.5 uM, are very close to each other and that obtained by
other biochemical methods. It is noteworthy that at the CyPet-SUMOI1 concentration of 1.5 pM,
the maximal YPet-Ubc9 concentration in the assay (4 uM) is less than three folds of the CyPet-
SUMO1 concentration, yet the result of K, is still consistent with those from smaller CyPet-
SUMOI1 concentrations. This is contrast to traditional biochemical approaches for K,
determination such as radioisotope-labeled protein binding assay, which requires at least a range
of 100 folds of labeled ligand in order to predict maximum binding (67).

The FRET-based K, measurement assay can provide several advantages over other current
standard K; measurement methods. First, except the fluorescent tags which in most cases would
not interfere with protein interactions, the FRET-based approach does not require specific
conjugation or orientation on a solid surface which could interfere with free interactions of
proteins, such as the case with surface plasmon resonance which requires conjugation of a partner
on chip surface. Second, this method only requires general fluorescence readers or fluorescence
microscopes, which are widely available. Other approaches for K, determination, such as surface

plasma resonance or isothermal titration calorimetry, require multiple steps and special
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instrumentation (59, 68). Finally, the FRET-based assay can be applied in general to study
protein-protein, protein-small molecule or small molecule-small molecule interactions. There are
indeed several drawbacks associated with the general application of this assay. Because the FRET
efficiency is highly dependent on the distance between the donor and acceptor, it is possible that
the size or the conformation of the complex makes FRET hard to detect even when the FRET pair
is conjugated to the binding partners. Another potential problem is that the bulk size of
fluorescent proteins used in the assay may affect the interaction. Possible solutions to solve these
issues include conjugation of fluorescent proteins to the N- or C-terminus of target proteins,
modification by small organic fluorophores, and incorporation of fluorescent unnatural amino
acids to specifically residues.

This FRET-based K; measurement assay was performed in 384-well plates, which makes it
suitable for high-throughput assays. After the genomic era, large-scale and genome-wide
mapping of protein-protein interactions can provide comprehensive understanding of protein
interaction networks in cells and potential new drug targets (69-71). While FRET assay has
become very popular in biological and biomedical research, quantitative estimations of protein
interactions could provide another level of information and a powerful tool for drug discovery

targeting protein-protein interactions.
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CHAPTER 2: Development of FRET-based high-throughput screening for small

chemical compounds disrupting SUMO1-Ubc9 interaction

Abstract
While enzyme-ligand is the major target of compounds used in biological research and clinical
applications, small chemical compounds that target protein-protein interactions have emerged as
promising tools to control biological processes. SUMOylation is important machinery for post-
translational protein modification, which involves multiple enzymes and protein-protein
interactions in a cascade of reactions. In this chapter I will describe the development of high-
throughput screening assays to look for small chemical inhibitors of SUMO1-Ubc9 interaction.
Based on the high efficiency of FRET between CyPet-SUMOI1 and YPet-Ubc9, the high-
throughput screening assays were set up either in vitro with recombinant proteins or in
mammalian stable cell lines. The protocol of screening was optimized and small-scale pilot
screenings were performed to validate the platform. Carried out in 384-well plates, these FRET-
based high-throughput screening assays provide a powerful tool for large-scale and high-

throughput applications.
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Introduction

Numerous small chemical compounds have been used in biological research and disease
treatment. The majority of bioactive compounds target enzymes and function by either activating
or inhibiting enzymatic activities. Although protein—protein interactions are essential components
of virtually all cellular processes, it is hard to target these interactions with chemical compounds
because of the large and often featureless interaction interfaces (72). Over the last two decades,
there has been significant interest in the search of small chemical compounds that inhibit specific
protein—protein interactions and increasing numbers of small molecules that function in this
manner with reasonable potency have been identified. Several examples are nutlin-3, an
antagonist of Mdm2 by inhibiting p53-Mdm?2 interaction (73), Memoquin, an anti-Alzheimer
drug which inhibits the aggregation of Amyloid-p (74), and chelerythrine, an apoptosis-inducing
compound which disrupts Bak/Bcl interaction (75). The development of these protein-protein
interaction inhibitors provides a new strategy to control biological processes.

Protein-protein interactions are crucial for the SUMOylation cascade. X-ray crystallography and
biochemical methods, such as yeast two-hybrid assay, have been used to examine the interactions
(16, 76-79), and the interaction of SUMO and its E2 enzyme, Ubc9, is one of the best-studied
interactions in the SUMO pathway. Studies of the crystal structure of SUMO1-Ubc9 protein
complex identified the key residues of the interacting interface and showed they are conserved
among SUMO and Ubc9 family members (80). Biochemical studies showed that the non-covalent
SUMO-Ubc9 interaction is not essential to the SUMOylation of substrate proteins but is required
for the formation of polySUMO chains (62). While SUMO forms a polymeric chain in vitro and
in vivo (81, 82), the biological significance of polySUMO chain is still unknown. Chemical tools
that disrupt the SUMO-Ubc9 interaction will be useful to understand its biological function.

However, while considerable effort has been invested in the search of small chemical inhibitors
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of the SUMO pathway (42, 43, 83), little has been done to identify compounds that disrupt the
SUMO-Ubc9 interaction.

In chapter 1 I developed a FRET-based assay to detect the non-covalent interaction between
SUMO1 and Ubc9 and determine the dissociation constant of their interaction. In the assay, a pair
of fluorescent protein, CyPet and YPet, was conjugated to the N-terminus of SUMO1 and Ubc9,
respectively. Interaction of SUMO1 and Ubc9 pulls CyPet and YPet close to each other and
results in FRET from CyPet to YPet. Disruption of SUMO1-Ubc9 interaction can be observed by
monitoring the ratio of emission at 530 nm to emission at 475 nm at the excitation wavelength of
414 nm, as shown in figure 5B. In this chapter I will describe the work to convert this FRET
assay into high-throughput screening, in which disruption of interaction between CyPet-SUMO1
and YPet-Ubc9 by small chemical inhibitors will be captured by a fluorescence reader in multi-
well plate manner (Figure 12). Depending on the environment of protein-protein interactions, the
high-throughput screening assay will be established either in vitro with purified recombinant
proteins or in cells using mammalian cell lines which stably express the binding pair. These high-
throughput screening assays will hopefully provide new tools to study the mechanism and

function of the SUMO pathway.
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Figure 12. Principle of high-throughput screening of small chemical compound disrupting SUMO1-Ubc9
interaction. Disruption of the interaction between CyPet-SUMO1 and YPet-Ubc9 by small chemical
inhibitors results in a decrease of Ems;o/Em,;5 emission ratio at the excitation wavelength of 414 nm.
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Materials and methods
Molecular cloning of DNA constructs
The open-reading frames of CyPet and YPet were amplified by PCR with primers containing
Nhel/Sall sites (CyPet/YPet) or Sall/Notl sites (SUMO1/Ubc9), and the PCR products were
cloned into pCRII-TOPO vector (Invitrogen). The fragments encoding SUMO1 and Ubc9 were
extracted by Sall/Notl digestion and inserted into the Sall/Notl sites of pCRII-CyPet or pCRII-
YPet, respectively. For expression of recombinant proteins in bacteria, the cDNAs encoding
CyPet-SUMOI1 and YPet-Ubc9 were cloned into the Nhel/Notl sites of pET28(b) vector
(Novagen). For expression of recombinant proteins in mammalian cell culture, the cDNAs
encoding CyPet-SUMO1 and YPet-Ubc9 were cloned into the Nhel/Notl sites of pcDNA3.1-
hygro and pcDNA3.1-V5His (Invitrogen), respectively (Figure 13A).
Generation of stable cell lines expressing CyPet-SUMO1 and YPet-Ubc9
All cell culture supplies including media, serum, and antibiotics were purchased from Invitrogen
(Carlsbad, CA). To generate cell lines which can stably express CyPet-SUMO1 and YPet-Ubc9
proteins, HEK293 cells were transfected with pcDNA3.1hygro-CyPet-SUMO1 using FuGene6
(Roche) in a 6-well plate, diluted to several 10cm dishes, and selected in DMEM medium
supplemented with 150 pg/mL hygromycin. After two weeks, cell colonies were transferred and
cultured on 96-well plates. In order to determine the expression of CyPet-SUMOI, the
fluorescence emission intensities of individual colonies at 475 nm (Excited at 414 nm) were

scanned using FlexstationII’®

(Molecular Devices). The colony having the highest emission
intensity was picked up and expanded. This CyPet-SUMO1-expressing HEK293 stable cell line
was then transfected with pcDNA3.1V5His-YPet-Ubc9 and selected with 750 ug/mL geneticin
for two weeks (Figure 13B). The fluorescence intensities of cell colonies at 475 nm and 530 nm

384
I

(Excited at 414 nm) were measured using Flexstationl (Molecular Devices), and the
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Ems;0/Emy;s emission ratio of each well was then calculated by dividing the emission intensity at
530 nm by that at 475 nm. The colony having the highest Ems3;o/Emy;5s emission ratio was picked

up and used for subsequent screening assays.
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Figure 13. Generation of mammalian stable cells expressing CyPet-SUMO1 and YPet-Ubc9. (A) Map of
the mammalian expression plasmids encoding CyPet-SUMO1 and YPet-Ubc9. pcDNA3.1-hygro encodes
the gene Hygro® which confers resistance to hygromycin. pcDNA3.1-V5His encodes the gene Neo® which
confers resistance to geneticin. (B) Stable transfection of HEK293 cells and screening of single colonies by

fluorescence.
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Cell-based screening of small-chemical compounds that disrupt the SUMO1-Ubc9
interaction

HEK293 cells stably expressing CyPet-SUMO1 and YPet-Ubc9 were diluted to 500 cells per uL.
with PBS. 60 pL resuspended cells were then aliquoted into each well of 384-well plates (Falcon)
using a liquid handler (Molecular Devices, AquaMax DW4). To screen the compound library for
inhibitors of SUMO1-Ubc9 interactions, 1 pL 500 uM chemical compound was added to each

well using the liquid handling module of FlexstationII***

(Molecular Devices). After incubation at
37°C for 2 hours, they were excited at 414 nm and the fluorescence emission intensities of each
well at 475 and 530 nm were measured using FlexstationII®. The Emss;o/Emu7s emission ratio
was then calculated for all the wells.

Expression, purification and fluorescence measurement of recombinant proteins
Recombinant CyPet-SUMO1 and YPet-Ubc9 proteins were expressed and purified as described
in chapter 1. The fluorescent emissions of CyPet-SUMO1 and YPet-Ubc9 were determined by the

fluorescent plate reader Flexstation II°***

(Molecular Devices) in 384-well plates at the excitation
wavelength of 414 nm with a cutoff filter of 455 nm. The readings were later corrected by the
background fluorescence of the plate to get the emission intensities of the fluorescent proteins.
The Ems;3o/Emy;s emission ratio of each well was then calculated.

Optimization of in vitro high-throughput screening

To determine the urea concentration that completely disrupts the interaction of CyPet-SUMOI1
and YPet-Ubc9, 15 pmole of YPet-Ubc9 protein was mixed with 15 pmole of CyPet-SUMO1 or
CyPet in a total volume of 60 pL of buffer containing 20 mM Tris-HCI (pH=7.5), and 500 mM
NacCl in the presence of 0, 0.7, 1.3, 2.7, 4, or 5.3 M urea. At each urea concentration, the emission

ratio of the mixture of CyPet-SUMO1 and YPet-Ubc9 was measured and compared with the

emission ratio of CyPet and YPet-Ubc9.
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To determine the best molar ratio of CyPet-SUMO1 and YPet-Ubc9 in the screening assay, two
proteins were mixed in a total of 60 uL buffer containing 20 mM Tris-HCI (pH=7.5), and 500
mM NacCl in the presence or absence of 2.7 M urea. The amount of CyPet-SUMO1 was fixed to
15 pmole and the molar ratio of CyPet-SUMO1 to YPet-Ubc9 changed from 1:0.6 to 1:2.6. After
the emission ratio of each condition was determined, Z factor was calculated as described
previously (84).

To determine the best molar concentration of CyPet-SUMO1 and YPet-Ubc9 in the screening
assay, two proteins were mixed in a total of 60 pL of buffer containing 20 mM Tris-HCI
(pH=7.5), and 500 mM NacCl in the presence or absence of 2.7 M urea. The molar ratio of CyPet-
SUMOL1 to YPet-Uba9 was fixed to 1:1.8, and the amount of CyPet-SUMO1 changed from 9 to
30 pmole. After the emission ratio of each condition was determined, the Z factor was calculated
using the equation described above.

In vitro screening of small-chemical compounds that disrupt the SUMO1-Ubc9 interaction
Compounds were acquired from Maybridge (Cornwall, UK) and dissolved in DMSO to 500 uM.
CyPet-SUMO1 and YPet-Ubc9 proteins were mixed and aliquoted into 384-well plate by
Aquamax4 (Molecular Devices). Each well contained 12 pmole of CyPet-SUMOI1 and 21.6
pmole of YPet-Ubc9 in a total of 60 pL buffer. The compound (1.2 pL) was transferred to each
well and mixed with the proteins by gently shaking the plates. After the fluorescent emission
intensities at 475 and 530 nm and the excitation wavelength of 414 nm were determined by

FlexstationII***

(Molecular Devices), the emission ratios of all the wells were calculated and
compared to look for compounds that decrease the emission ratio.

Data analysis

All data were processed by Prism 5 (GraphPad) and reported in the format of mean = SD.
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Results

Generation of cell lines stably expressing CyPet-SUMO1 and YPet-Ubc9 for cell-based
screening

When I began to investigate the feasibility of a high-throughput screening platform for
compounds disrupting SUMO1-Ubc9 interaction, I decided to set up the screening in a cell-based
environment. Compared with in vitro assays based on recombinant proteins, the major advantage
of cell-based screening assays is that they resemble physiological conditions and provide extra
levels of selection. Compounds which are converted into non-active form in cells or cannot
penetrate the cell membranes will be unlikely to function in living organisms and can be excluded
from the positive hits in cell-based screening assays. However, development of cell-based high-
throughput screening has its unique challenge due to the non-uniform nature of cells. In order to
achieve high signal-to-noise ratio and low variation, stable mammalian cell lines expressing
CyPet-SUMOI1 and YPet-Ubc9 were generated in a sequential manner. At the beginning,
HEK?293 cells were first transfected with plasmid encoding CyPet-SUMOV1, selected by addition
of hygromycin and screened for the highest expression level of CyPet-SUMOI by checking the
CyPet fluorescence emission. At the second round, the colony was then transfected with plasmid
encoding YPet-Ubc9, selected by addition of geneticin and screened for the highest YPet
expression by checking the emission ratio of YPet (530 nm) to CyPet (475 nm) at the CyPet
excitation wavelength (414 nm) (Figure 14A). When the cells were excited at 414 nm, the
Ems;3/Emy7s emission ratios of double-transfected stable cell lines were around 0.8 to 1.2, while
those of the control cell lines expressing only CyPet-SUMO1 were 0.4 to 0.6. Compared with
CyPet-SUMOI1 expressing cell lines, cells expressing CyPet-SUMOI1 and YPet-Ubc9 showed
significant decreased emission at 475 nm and increased emission at 530 nm when excited at 414

nm (Figure 14B).

53



< e ®
¥ 0.8 * .*
X e . * ™
~— o . e 4
= - - L
= -
£ 0.6
W . . o
2 0.44 . i .0
&£ 0.
| * .
012 TrrrrrrrrerrrrorrrrrrTrrrTrrrrrrrrorura
Colony #
B — Non-transfected 293 cells
= C-SUMO1 cell line
= C-SUMO1 and Y-UbcO cell line
= 1.2%x10¢ 5
-
L
3
%‘ 8.0x105 -
| =
@
£
S 4.0x105 -
rr
n
&
D -—# T =

460 480 560 ﬁiﬂ 540
Emission Wavelength(nm) (Ex=414nm)

Figure 14. Selection and characterization of stable cell lines. (A) FRET characterization of stable cell lines
expressing CyPet-SUMO1 and YPet-Ubc9. The colony marked by black circle was picked up for
subsequent experiments. (B) Fluorescence spectrum of non-transfected 293 cells, single transfected stable
cell line (green line), and double transfected stable cell line (blue line) when excited at 414 nm. The
number of cells is 1x10°.
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Non-covalent interaction of CyPet-SUMO1 and YPet-Ubc9 in the stable cell line

In order to prove that the FRET between CyPet-SUMO1 and YPet-Ubc9 in the stably transfected
cells is due to their non-covalent interaction and also to estimate the dynamic range of FRET
signal changes of the stable cell line in order to estimate the screening criteria, I examined the
effect of detergent on the FRET signal. The FRET spectrum (Ex=414nm) of stably transfected
cells in phosphate-buffered saline (PBS) or lysis buffer containing 200 mM NaCl, 10 mM Tris-
HCl (pH=7.4) and 1.0% Triton X-100 is shown in figure 15A. Lysis of cells significantly
decreased the fluorescent emission at 530 nm and recovered the emission at 475 nm when excited
at 414 nm. The Ems;¢/Emy;s emission ratio decreased from 1.2 to 0.6 upon cell lysis (Figure 15B),
which indicated that the interaction of CyPet-SUMOT1 and YPet-Ubc9 in the cells is non-covalent

and can be disrupted.

55



3.5x10% 4

3.0x10% 4

2.5x105 - PBS
-~ Lysis buffer
2.0x105+

1.5x105+

Emission Intensity (RFU)

1.0x10% T T T T T
460 480 500 520 540

Emission wavelength (nm) (Ex = 414nm)

B

Emission ratio before and after cell lysis
1.5-

-

*

W 1,0-

L

£

i et

= 0.5-

2

i i

L
0.0- e

PBS Lysis i:ufl’er

Figure 15. Reversible interaction of CyPet-SUMOI1 and YPet-Ubc9 in living cells. (A) The emission
spectra of 3x10° HEK293 cells stably expressing CyPet-SUMO1 and YPet-Ubc9 in phosphate-buffered
saline (PBS) or buffer containing detergent. The experiment was performed in triplicate. (B) Plot of
Ems30/Emy7s emission ratio of cells treated with or without lysis buffer as in A.
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Development of cell-based high-throughput screening assay for inhibitors of SUMO1-Ubc9
interaction

A highly predictable and reproducible assay is required for high-throughput screening and
miniaturization is a critical step in the high-throughput screening development. In principle, a hit
should have a signal in an assay with 95-99% confidence depending on the screenings, which
suggests that a hit should be picked at least two to three times the standard deviation (SD) beyond
the mean value of the control hits. In this FRET-based high-throughput screening assay, the
Ems;o/Emy7s emission ratio was used as screening signal and the coefficient of variation (CV) of
signals in 384-well plate format was used as the variation assessment. In order to optimize the
assay, different numbers of HEK293 stable cells were resuspended in PBS and aliquoted into
384-well plates. The CV at each condition was then determined to figure out the best number of
cells in each well. As shown in figure 16A, increasing number of cells per well lowers the CV.
30000 cell per well was used as the condition of subsequent screening, as it has a CV just less
than 10%. To validate this FRET-based high-throughput screening platform, a small-scale pilot
screening was then performed for 12000 compounds. 30000 cells were dispensed into each well
and compounds were added to a final concentration of 10 uM. The Ems;o/Emyss emission ratios
were then determined for all wells. As shown in figure 16B, the emission ratios have a mean
value of 0.95 and standard deviation of 0.15, and the FRET signals of most compounds were
centered at mean. The cut-off of primary hits was set at 0.5, which is the value of Mean-3xSD.
However, when the 136 compounds picked up from this screening were tested by in vitro binding
assay, all of them were proven to be false positive mainly due to their high fluorescence

background.
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Figure 16. Optimization and small-scale performance of the cell-based screening. (A) Different number of
cells per well were resuspended in PBS and aliquoted in 384-well plates. The Emsz;o/Emy;s emission ratios
(Ex=414nm) of all wells were determined and CV was calculated by dividing the standard deviation by the
mean value. (B) Example screening results. The dash line indicates the value of mean-3SD.
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Development of in vitro screening for inhibitors of SUMO1-Ubc9 interaction

While cell-based high-throughput screenings resemble the physiological conditions and provide
extra selection of compounds, it is not easy to adjust the expression level of proteins in the cells.
There are also certain challenges with the specific instrumentation in our lab, such as the liquid
dispenser whose metal needles is easily clogged by cell clusters. In order to more precisely
control the amount and ratio of proteins used in the screening and get an improved signal-to-noise
ratio, I then used purified recombinant proteins to set up an in vitro screening platform. Instead of
expressed in mammalian cells, CyPet-SUMO1 and YPet-Ubc9 proteins will be expressed and
purified from E. coli and mixed in vitro. The fluorescence of the compounds will be determined
and subtracted from the spectrum of protein-compound mixture. This way the interference of
compound fluorescence can be eliminated to hopefully decrease the number of false positive hits.

Because of the absence of any known compounds disrupting SUMO1-Ubc9 interaction, the
reagent urea, which disrupts protein interactions at high concentrations, is used as the positive
control in this FRET-based screening assay. When urea was added to the mixture of CyPet-
SUMOI1 and YPet-Ubc9 proteins, the SUMO1-Ubc9 interaction was disrupted and resulted in
increase of the emission at 475 nm and decrease of emission at 530 nm at the excitation
wavelength of 414 nm (Figure 17A). Because very high concentration of urea might disrupt the
tertiary structure of fluorescent proteins, I would like to find the minimal concentration of urea
that completely disrupted the SUMO1-Ubc9 interactions. As a control protein, recombinant
CyPet protein was expressed and purified as described in Materials and Methods session. YPet-
Ubc9 protein was then mixed with CyPet-SUMOI or CyPet, and the Ems;¢/Emy;5 emission ratios
of the mixtures were measured at different concentrations of urea to determine the condition in
which the emission ratio of the interacting protein pair (CyPet-SUMO1 + YPet-Ubc9) equals to

that of the non-interacting control pair (CyPet + YPet-Ubc9). When urea concentration was
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increased from 0 to 5.3 M, the emission ratio of CyPet-SUMO1 and YPet-Ubc9 decreased from
0.78 to 0.45, while the emission ratio of CyPet and YPet-Ubc9 stayed in the range of 0.46 to 0.5
(Figure 17B). The two lines converged at the concentration of 2.7 M urea, which is used in later
experiments to determine the quality of the screening assay.

The Z factor was introduced in 1999 to estimate the quality of high-throughput screening assays
(84). As a function of the mean values and standard deviations of the positive and negative
populations in a screening, Z factor in my assay is calculated by:

3(op +0y)

Zfactor=1—
|Up_un|

)’

in which p,, p,, o,, o, refer to the mean values and standard deviations of the emission ratio of
CyPet-SUMO1 and YPet-Ubc9 mixture in the presence and absence of urea, respectively. With a
theoretical upper limit of 1, a higher Z factor indicates a greater signal difference between
positive and negative populations and less signal variation within each population. In general
practice, a Z factor of 0.5 to 1 indicates the excellent quality of a screening assay.

Using urea as the positive control, I determined the minimal amount of CyPet-SUMO1 and YPet-
Ubc9 required for a satisfactory Z factor in the assay. After the proteins were mixed and added to
384-well plates, urea was added by the liquid transfer module of the fluorescent plate reader, and
the emission ratios of each well were determined. First, I fixed the amount of CyPet-SUMOI1 to
15 pmole per well and varied the amount of YPet-Ubc9 from 9 to 39 pmole. At each condition,
proteins were mixed with either H,O or urea to a final concentration of 2.7 M and added to 16
wells with the same volume of 60 pL in each well. Emission ratios of all mixtures were
determined, mean values and standard deviations of each group were calculated, and a Z factor
was calculated for each [CyPet-SUMO1]:[YPet-Ubc9] ratio (Figure 17C). At ratios of 1:0.6 and
1:1, the Z factors were only 0.13 and 0.17, respectively. At a ratio of 1:1.4, the Z factor was

barely above 0.50. When the ratio was 1:1.8 or higher, the Z factors were all above 0.7, mainly
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due to larger change of emission ratio upon addition of urea. Next I fixed the molar ratio of
CyPet-SUMOI to YPet-Ubc9 at 1:1.8 and repeated the assay with different amounts of proteins
added to each well. Changing the amount of CyPet-SUMO1 from 9 to 30 pmole with a fixed
[CyPet-SUMO1]:[YPet-Ubc9] ratio of 1:1.8 increased the Z factor from 0.39 to 0.90 (Figure
17D), and it went beyond 0.5 from 12 pmole CyPet-SUMO1. Based on these experiments, the
final recipe of this in vitro screening assay is determined to be 12 pmole of CyPet-SUMO1 and
21.6 pmole of YPet-Ubc9 in a total volume of 60 uL of buffer in each well of 384-well plates.

To validate the in vitro FRET-based high-throughput screening platform, a small-scale pilot
screening was performed with a collection of 300 compounds purchased from Maybridge. To
eliminate the interference of the fluorescent emission from compounds during the screening,
compound fluorescence was determined before the addition of proteins and subtracted from the
spectrum of the final mixtures to calculate the emission ratios of the fluorescent proteins (Figure
18A). The emission ratio has a mean value of 0.86 and a standard deviation of 0.06. The FRET
signals of most compounds were in the range of mean+3SD (Figure 18B). Only one compound
showed a significantly decreased emission ratio of 0.18, which was due to the high fluorescence
background from the compound. While I did not find any inhibitors that disrupted the SUMO1-
Ubc9 interaction in this small collection, these results showed that this in vitro FRET-based assay
has a high signal-to-noise ratio and good reproducibility and is suitable for screening of a broader

range of compounds.
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Figure 17. Optimization of the in vitro high-throughput screening assay using urea which mimics the effect
of positive control. (A) Effect of 2.7M Urea on the FRET between CyPet-SUMOI1 and YPet-Ubc9.
Excitation wavelength is 414 nm. (B) Titration of urea into mixtures of CyPet-SUMOI1 + YPet-Ubc9 or
CyPet + YPet-Ubc9. (C) Effect of different [CyPet-SUMOI1]:[YPet-Ubc9] ratio on the quality of the
screening assay. The amount of CyPet-SUMOI is fixed to 15 pmole per well. (D) Effect of different
amount of proteins on the quality of the screening assay. The [CyPet-SUMO1]:[YPet-Ubc9] ratio is fixed
to 1:1.8.
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Figure 18. Procedure and small-scale performance of the in vitro high-throughput screening assay. (A)
Procedure of in vitro high-throughput screening. Compound library was first transferred to 384-well plates
and the emission intensities of each compound were determined. 12 pmole CyPet-SUMOI1 and 21.6 pmole
YPet-UbcY9 were then aliquoted to each well to a final volume of 60 pL. The final concentration of
compound is 10 pM. The emission intensities of fluorescent proteins in each well were determined by
subtracting the compound fluorescence from the total fluorescence. Emsz;o/Emy;s emission ratios were then
calculated. (B) Representative data from a 384-well plate. Each closed circle represents the Emszo/Emyss
emission ratio of an individual well.
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Discussions

In this chapter, I have described the development of two FRET-based high-throughput screening
assay for small chemical inhibitors of SUMO1-Ubc9 interaction. One of these assays was based
on mammalian cell lines which stably express fluorescent-tagged SUMO1 and Ubc9, and the
other assay was based on the in vitro interaction of purified recombinant proteins. Both assays
were optimized so that the disruption of SUMO1-Ubc9 interaction can results in significant
changes of FRET signal from CyPet and YPet. Their qualities are also validated by small-scale
compound screening. Although no inhibitor was confirmed from the small collection of
compounds, these results showed the usability of FRET-based screening assays and the potential
to apply this high-throughput technology in the search of compounds targeting other protein-
protein interactions in the SUMO pathway.

The strategy using fluorescent proteins as fluorescent marker for bound and free partner
measurements can be a general method for high-throughput screening technology (85-87). There
are several advantages with this method. First, this approach is environmentally friendly and easy
to handle because it does not require radioisotope labeling or chemical modification of proteins.
Second, the fluorescent-tagged proteins are in aqueous phase, which is mostly close to their
natural environment in cells. Third, the fluorescence intensity can be determined by general
fluorescence plate reader, which is widely available. These characteristics make fluorescent
protein-based FRET screening appealing for protein-protein interaction.

When the in vitro and cell-based high-throughput screening assays are compared, each assay has
its own advantages and drawback. Cell-based assay better resembles physiological conditions and
evaluate the stability and membrane permeability of chemical compounds in the cells. Yet
controlling the expression level of FRET donor and acceptor in cells is difficult, and the FRET

signal from different cell batches can vary due to the nature of stable transfection. /n vitro assay
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in turn allows precise control of the amount of proteins used in the screening but does not allow
the test of compounds on their ability to function in the cells. Furthermore, compounds which are
metabolized to active form in the cells will be missed in the in vitro screening assay. The nature
of the target and the specific requirement of screening will determine the type of platform to be
used.

Several factors might have prevented the finding of inhibitors that disrupt the SUMO1-Ubc9
interaction in the pilot study. The small size of the library is the most obvious factor. Examining a
larger library would improve the chance of finding an inhibitor. Second, protein-protein
interactions generally have interfaces larger than typical enzyme-ligand reaction interfaces,
therefore making them more difficult to disrupt by small chemicals. In silica screening using the
crystal structures of binding proteins could possibly be used to predict the molecular scaffold of
compounds that might bind to their interaction interface. Furthermore, I tried to eliminate the
interference of compound fluorescence by subtracting their emission from the total emission. This
“correction” might nonetheless have inadvertently hidden effect as highly fluorescent compound
may absorb the emission from fluorescent proteins and result in aberrant values of the emission
ratio. To solve this issue, fluorophores with longer half-life such as terbium-based dyes may be
used to set up time-resolved FRET assays, in which compound emission is outside the window of

measurement.
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CHAPTER 3: An in vitro high-throughput screening assay for small chemical
inhibitors of the SUMO pathway
Abstract
SUMO as an important protein post-translational modifier has been discovered for over 15 years.
While more than 1000 proteins are identified as the targets of SUMO, in many cases the
biological function of SUMO modification remains unclear. In recent years significant effort has
been made in the search of small chemical compounds targeting the SUMO pathway, which may
be used in the study of SUMO functions and its potential role in pathogenesis. However, no
synthetic chemical inhibitor of the SUMO pathway has been identified, and there is an urgent
need of high-throughput methods to screen the large pool of synthetic compounds. In this chapter
I will describe the development and optimization of an in vitro FRET-based high-throughput
screening to look for compounds that can inhibit SUMOylation of target proteins. Over 200,000
compounds have been screened using this platform and the first synthetic SUMOylation inhibitor
has been identified. This screening platform provides a new strategy to identify small chemical

inhibitors of the SUMO pathway, and may also expand to the area of other protein modifications.
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Introduction

First identified in 1996, SUMO has emerged as an important modifier to regulate the function and
localization of target proteins. More than 1000 proteins have been identified as SUMO targets
including transcriptional factors, signaling transducers and cell-surface receptors (14). Because
the effect of SUMO modification is highly target-specific, in many cases its biological
significances remain to be uncovered (6). Misregulation of the SUMO pathway has been
discovered in various diseases (29). These facts indicate that small chemical compounds
regulating this pathway will be very useful in both research and therapeutic applications. In recent
years increasing effort has been taken in the search of inhibitors of the SUMO pathway. In 2009 a
Japanese research group identified the first two chemical inhibitors of SUMOylation, ginkgolic
acid and kerriamycin B, from natural products (42, 43)(Figure 19A). The ICs, (half maximal
inhibitory concentration) of ginkgolic acid and kerriamycin B is 3.0 uM and 11.6 uM,
respectively, and they both target the formation of thioester bond between SUMO and E1. Both
compounds were identified in an in situ cell-based assay (Figure 19B), in which Hela cells were
permeabilized with detergent and incubated with GFP-tagged SUMOI1, E1, E2 and ATP. After
free GFP-SUMOI1 is washed off, the level of conjugation by GFP-SUMOI in cells was
determined by fluorescent microscope (88). Due to the restriction of microscopy, this method is
quite low-throughput and requires enormous amount of work to screen just hundreds of natural
extracts. In order to expand the search of compounds targeting the SUMO pathway to the large
pool of synthetic chemical compounds, which often has a scale in millions, there is an urgent
need to develop high-throughput screening methods for the SUMO pathway.

High-throughput screening has been commonly used to find small chemical compounds which
can regulate specific biological pathways. When it comes to the SUMO pathway, methods are

needed to monitor SUMO conjugation of its substrates in a high-throughput manner. FRET will
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be ideal for this application because of its high sensitivity to molecular distance. A FRET-based
high-throughput screening assay for SUMOylation inhibitors has been reported in 2009 (83). In
this assay, chemical fluorophore-tagged SUMO1 was conjugated to a substrate protein, which
was then recognized by a fluorescent antibody. The FRET between SUMOI1 and the antibody was
then detected by a plate reader and inhibition of SUMOylation will result in the decrease of FRET.
The major issues of this assay are that both SUMO and the antibody used in the assay need to be
chemically modified, and antibody-antigen binding does not always maintain a 1:1 ratio. To solve
these issues, I would like to substitute small chemical fluorophores with fluorescent proteins,
which can be easily conjugated to target proteins by molecular cloning methods. Furthermore,
instead of using antibody to target SUMO substrate proteins, I will directly conjugate fluorescent
protein to the N- or C-terminus of target proteins. CyPet and YPet, which were used in previous
chapters, should also serve well in this FRET-based screening due to their high FRET efficiency.
The development of this FRET-based high-throughput screening assay will provide new strategy
to look for compounds targeting the SUMO pathway, and greatly facilitate the research of this

important cell machinery.
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Figure 19. In situ cell-based assay used to identify two SUMOylation inhibitors from natural extracts (88).
(A) Structures of two SUMOylation inhibitors reported in 2009. (B) Procedure of in situ cell-based assay to
identify these two compounds. Fluorescent microscope was used at the last step to quantify the GFP signal
from fixed and permeabilized cells.
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Material and Methods
Molecular cloning of DNA constructs
The open reading frames of CyPet, YPet, SUMOI1, C-terminal domain (420-587) of RanGAP1
(RanGAP1C) were amplified by PCR using primers containing Nhel/Sall sites (CyPet/YPet) or
Sall/Notl sites (SUMO1/RanGAPIC) and the PCR products were cloned into pCRII-TOPO
vector (Invitrogen). The fragments encoding SUMO1 and RanGAP1C were extracted by
Sall/Notl digestion and inserted into the Sall/Notl sites of pCRII-CyPet or pCRII-YPet,
respectively. After the sequences were confirmed, the cDNA encoding CyPet-SUMOI1 and YPet-
RanGAP1C were cloned into the Nhel/Notl sites of pET28(b) vector (Novagen). A short c-myc
tag was added to the N-terminus of YPet to facilitate protein analysis by Western Blotting. The
open reading frames of FLAG-tagged RanGAP1C, SUMO1, Aosl, Uba2, Ubc9 and the catalytic
domain of SENP1 and SENP2 were also amplified by PCR using primers containing Sall/Notl
sites and inserted into pET28(b) vector following similar protocols.
Protein expression and purification
BL21(DE3) Escherichia coli (E. coli) cells were transformed with pET28 vectors encoding
CyPet-SUMOI, YPet-RanGAP1C, FLAG-RanGAP1C, SUMOI, Aosl, Uba2 or Ubc9. After the
transformed bacteria were plated on LB agar plates containing 50 pg/mL kanamycin, single
colony was picked up and inoculated in 2xYT medium. The expression of polyhistidine-tagged
recombinant proteins was induced with 0.1 mM IPTG at 25°C overnight. Bacterium cells were
centrifuged at 6000 rpm 15 min, resuspended in buffer containing 20 mM Tris-HCI (pH=7.5), 0.5
M NacCl and 5 mM imidazole, and sonicated with an ultrasonic liquid processor (Misonix). Cell
lysate containing recombinant proteins was cleared by centrifugation at 25000g 30min. The
recombinant proteins were then bound to Ni*’-NTA agarose beads (QIAGEN) and eluted in

buffer containing 20 mM Tris-HCI1 (pH=7.5), 0.2 M NaCl and 150 mM imidazole. The proteins
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were later dialyzed in buffer containing 20 mM Tris-HCI (pH=7.5), 50 mM NaCl and 1 mM DTT.
The purity of the proteins was confirmed by SDS-PAGE followed by Coomassie blue staining,
and their concentrations were determined by Coomassie Plus Protein Assay (Thermo) using
known quantities of bovine serum albumin as standards. Aliquots of final products were stored in
-80°C.

Final procedures of the high-throughput screenings

For the screening performed in University of California, Riverside, 54000 compounds were
dissolved in DMSO to 10 mM and stored in 384-well plates. The compounds of every four stock
plates were combined into the corresponding wells in a single screening 384-well plate. Briefly,
25 puL H,O was dispensed into each well of the screening plates and four compounds of 0.5 pL
each were added using Biomek FX workstation (Beckman Coulter). Overall 44 screening plates
were prepared from 172 stock plates. 25 uL protein solution containing 10 pmole CyPet-SUMOI,
10 pmole YPet-RanGAPIC, 25 pmole Ubc9, 1.25 pmole Aosl, 1.25 pmole Uba2, 0.6 uL 0.4 M
MgCl,, 0.06 u. 1 M DTT and 6 uL 0.5 M Tris-HCI (pH=7.4) was then dispensed into each well
using Aquamax 4 (Molecular Devices). After the fluorescence emission intensity at 530 nm at the
excitation wavelength of 414 nm (Emssy) was determined using FlexstationII*** (Molecular
Devices), 10 uL 1 mM ATP was added into each well using Aquamax 4. After the plates were
incubated at 37°C for 2 hours the fluorescence intensity of Ems; was determined again. 10 pL
protein solution containing 0.4 pg catalytic SENP2, 0.4 uL 0.5 M EDTA, 1 uL 0.5 M Tris-HCI
(pH=7.4) was then dispensed into each well using Aquamax 4. After the plates were incubated at
37°C for 2 hours the fluorescence intensity of Ems;o was determined.

For the screening performed in University of Illinois, Urbana-Champaign, 175000 compounds
were dissolved in DMSO to 1mM and stored in 384-well plates. Briefly, 3 pL compound was

transferred to the screening 384-well plates using Matrix Platemate Plus (Thermo Scientific), and
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47 uL protein solution containing 18 pmole CyPet-SUMOI1, 18 pmole YPet-RanGAPI1C, 25
pmole Ubc9, 1.25 pmole Aosl, 1.25 pmole Uba2, 0.6 uL. 0.4 M MgCl,, 0.06 pL 1 M DTT and 6
uL 0.5 M Tris-HCI (pH=7.6) was then dispensed into each well using Matrix Platemate Plus. The
fluorescence emission intensity at 530+10nm at the excitation wavelength of 425+17.5nm (Ems;)
was determined using Analyst HT (Molecular Devices). 10 uL. 1 mM ATP was then added into
each well using Matrix Platemate Plus. After the plates were incubated at 37°C for 2 hours the
fluorescence intensity of Ems; was determined again. 10 pL protein solution containing 5ng
catalytic SENP1 and 1 pL 0.5 M Tris-HCI (pH=7.6) was then dispensed into each well using
Matrix Platemate Plus. After the plates were incubated at 37°C for 2 hours the fluorescence
intensity of Ems3o was determined.

As the positive control in the screening of SUMOylation inhibitors, one column of each screening
plate was not supplemented with ATP. Another column of each screening plate was
supplemented with ATP but has DMSO instead of compounds in the library to serve as the
negative control. Half of this column was supplemented with SENP proteins and serve as the
positive control of the deSUMOylation inhibitor screening, and the other half without SENP
proteins was the negative control of the deSUMOylation inhibitor screening.

Analysis of screening results

In the screening of SUMOylation inhibitors, the increase of Ems;o of each well was calculated by
subtracting the Ems;o before ATP addition from the Ems;o 2 hours after ATP addition. The mean
value and the standard deviation of the positive control and negative control columns were then
calculated. In UCR screening, we picked up and tested all compounds whose Ems;, increase was
beyond the range of Mean + 3xSD of the negative control. In UIUC screening, we picked up and
tested all compounds whose Ems;o increase was in the range of Mean + 3xSD of the positive

control.
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In the screening of deSUMOylation inhibitors, the decrease of Ems; of each well was calculated
by subtracting the Ems;zo 2 hours after SENP addition from the Emszo before SENP addition. The
mean value and the standard deviation of the positive control and negative control columns were
then calculated. In UCR screening, we picked up and tested all compounds whose Ems;g increase
was beyond the range of Mean + 3xSD of the negative control. In UIUC screening, we picked up
and tested all compounds whose Ems;o increase was in the range of Mean = 3xSD of the positive
control.

In vitro SUMOylation and deSUMOylation assay

0.08 pg SUMOLI, 0.1 pg FLAG-RanGAP1C, 0.2 pg Ubc9, 0.02 pg Aosl and 0.04 pg Uba2
proteins were mixed in 20 pL aqueous buffer containing 4 mM MgCl,, 1 mM DTT, 0.2 mM ATP
and 50 mM Tris-HCI (pH=7.6). The mixture was incubated at 37°C for 1 hour, supplemented
with loading buffer containing SDS and DTT, and denatured at 95°C for 5 min. After 10 uL
mixture was separated by 10% SDS-PAGE, the amount of unSUMOylated and SUMOylated
RanGAP1C was determined by Western blotting using anti-FLAG antibody.

In the deSUMOylation assay, after the SUMOylation reaction was performed following the
method described above, 0.16 ug catalytic SENP2 or 0.2 ng catalytic SENP1 was added to the
mixture and incubated at 37°C for 1 hour. The amount of unSUMOylated and SUMOylated
RanGAP1C was determined following the method described above.

Whole cell SUMOylation assay

HEK293 cells were plated in 60 mm culture dishes in DMEM medium supplemented with 10%
FBS and grown at 37°C until 80% confluency. The medium was changed fresh and compounds
were added to various concentrations. After 4h treatment, the medium was aspirated. The cells
were scraped off in 500 uL. PBS and transferred to 1.5 mL microtubes. Cell pellets were spinned

down at 3000 rpm for 2 min, washed with PBS, and resuspended in 120 pL whole cell lysis
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buffer containing 50 mM N-ethylmaleimide and protease inhibitor. Cells were then shaked at 4°C
for 30 min and spinned down at 13200 rpm 3 min to clear the lysate. After the concentration of
cell lysate was determined and normalized, loading buffer with SDS and DTT was added and cell
lysate was denatured at 95°C for 5 min. 30 pL sample was separated by 6% SDS-PAGE, and the
amount of high molecular weight SUMOylated protein was determined by Western blotting using

anti-SUMO1 antibody.
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Results

Detection of SUMOylation of RanGAP1C by FRET

Using molecular cloning methods, I tagged CyPet and YPet, a pair of engineered fluorescent
proteins with improved FRET efficiency, to the N-terminus of SUMOI and the C-terminal
domain of RanGAP1 (RanGAPI1C), respectively. RanGAP1 was the first identified SUMO
substrate. The formation of an isopeptide bond between SUMO and Lys526 of RanGAP1 in vitro
occurs in the presence of E1, E2 and ATP, and this reaction does not require E3 ligase (9). |
would like to use FRET between CyPet and YPet to monitor the conjugation and deconjugation
of SUMOI1 to RanGAP1C and further set up assays to look for compounds that can inhibit the
SUMO pathway. The excitation and emission peak wavelengths of CyPet and YPet are
414nm/475nm and 515nm/530nm, respectively. When the system is excited at 414nm and energy
transfers from excited CyPet to YPet in close proximity, increased emission at 530 nm (Ems;g)
can be observed. In the presence of Aosl/Uba2 (El), Ubc9 (E2), ATP and necessary cofactors,
CyPet-SUMOI1 will be covalently linked to YPet-RanGAPI1C and results in increase of Emszo. On
the other hand, deconjugation of CyPet-SUMO1 from YPet-RanGAPI1C catalyzed by SENP will
result in decrease of Ems;y (Figure 20A). We further set up a FRET assay to test this model.
CyPet-SUMO1 and YPet-RanGAP1C proteins were mixed with Aosl, Uba2 and Ubc9 proteins
in a buffered system without ATP. ATP was added at time point 0 and the Ems;, of the protein
mixture was monitored every 5 min. Compared with the negative control sample which did not
have ATP, the sample with ATP showed significant increase of Ems;o and reached the plateau in
20 min (Figure 20B). Addition of SENP protease quickly cleaved off SUMO1 from RanGAP1C
and reduced Ems; to baseline. This proves that the conjugation of CyPet-SUMOI to YPet-
RanGAPI1C is fully reversible and the status of conjugation can be monitored by FRET in a real-

time manner.
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Figure 20. FRET can be used to monitor the SUMOylation of RanGAP1C in vitro. (A) Principle of high-
throughput screening assay of small chemical inhibitors of SUMOylation/deSUMOylation. Modification of
YPet-RanGAPIC by CyPet-SUMOL in the presence of E1 (Aosl/Uba2), E2 (Ubc9) and ATP results in
FRET between CyPet and YPet and can be detected as increase of emission at 530 nm at the excitation of
414 nm. (B) FRET can be used to monitor SUMO conjugation in real-time manner.
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Optimization of in vitro high-throughput screening of SUMOylation inhibitors

While SUMOI1 forms monoconjugate on the Lys526 residue of RanGAP1 (9), it still has to be
determined if the best molar ratio of CyPet-SUMO1 to YPet-RanGAP1C is 1:1 in this assay. 10
pmole CyPet-SUMO1 was mixed with different amount of YPet-RanGAP1C in the presence of
E1/E2 enzymes and cofactors. The mixtures were incubated for an excess period of time so that
the conjugation reaction could be complete. The amount of Ems;, increase reached the plateau at
a molar ratio of 1:1 and did not have significant increase if more YPet-RanGAP1C was added
into the system (Figure 21A). Similar results were obtained when the amount of YPet-
RanGAP1C was fixed to 10pmole and various amount of CyPet-SUMO1 was added (Figure 21B).
These results indicate that a 1:1 molar ratio of CyPet-SUMOI1 and YPet-RanGAP1C would be
enoughl further tested the amount of each protein used in the screening. The concentration of
either Aosl/Uba2 or Ubc9 was fixed and the other enzyme was tuned to find the optimal
concentration that can complete the reaction in a period of 2 hours (Figure 22A and 22B). The
final recipe of the SUMOylation inhibitor screening is 10 pmole CyPet-SUMOI1, 10 pmole Y Pet-
RanGAPI1C, 25 pmole Ubc9, 1.25 pmole Aosl and 1.25 pmole Uba2 in 60 pL buffer. In the
deSUMOylation screening, 0.4 pg catalytic SENP2 was added to deconjugate SUMO1 from
RanGAPIC. I determined the Z factor of both screening assay and got 0.56 and 0.61 for the
SUMOylation and deSUMOylation inhibitor screening, respectively (Figure 23A and 23B),
which indicates this screening assay has an excellent quality and is suitable for large-scale

screening.
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Figure 21. Determination of the best ratio of CyPet-SUMOI1 and YPet-RanGAPI1C proteins used in the
screening assay. (A) CyPet-SUMO1 was fixed to 10 pmole in 60 pL buffer and different amount of YPet-
RanGAPI1C was added. E1, E2 and ATP were added and the reaction mixture was incubated long enough
for the completion of reaction. The increase of emission at 530 nm (Ex=414nm) before and after the
reaction was determined. (B) Similar as (A) except YPet-RanGAP1C was fixed to 10 pmole in 60 pL
buffer and different amount of CyPet-SUMO1 was added.
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Figure 22. Determination of amount of E1 and E2 used in the assay. CyPet-SUMOI1 and YPet-RanGAP1C
were fixed to 10 pmole in 60 pL buffer. (A) Aosl and Uba2 were fixed to 1.25 pmole and Ubc9 was varied.
(B) Ubc9 was fixed to 25 pmole and Aos1/Uba2 was varied.
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Screening of small chemical compounds

In the screening performed in UC Riverside, I used the FRET-based assay to screen 54,000
compounds for SUMOylation or deSUMOylation inhibitors. In order to save proteins and plates,
I combined every four stock 384-well plates into one screening plate, screened the compound
mixtures at a concentration of 80 uM, and picked up corresponding compounds for further
characterization. Out of 14000 wells we screened, significant inhibition of Ems;y increase upon
ATP addition were shown in 91 wells (Figure 24A), and significant inhibition of Ems;, decrease
upon SENP2 addition were shown in 4 wells. The compound mixtures in these wells were then
validated by in vitro SUMOylation assay. In this assay, non-fluorescent tagged SUMO1 and
FLAG-tagged RanGAP1C were mixed with E1, E2 and ATP and incubate at 37°C. The reaction
mixture was separated by SDS-PAGE and blotted by anti-FLAG antibody. SUMOylation of
RanGAPI1C results in its shift on the gel from ~22kDa to ~37kDa (Figure 24B). 45 mixtures were
still able to inhibit the SUMOylation of FLAG-RanGAP1C, but none of the 4 mixtures picked up
for SENP inhibitor passed the assay. I then used the FRET-based assay to run a small-scale
screening of the 164 compounds which corresponds to the 45 mixtures. 43 compounds were
shown positive in a one-compound-one-well basis. These compounds were then tested by in vitro
SUMOylation assay at a concentration of 50 uM and 25 compounds were finally confirmed as
positive. In order to make the quantitative assessment of these compounds more accurate, |
purchased 17 compounds from companies and test their potency to inhibit SUMOylation at 200,
50, 10 and 1 pM (Figure 24C). While most of the compounds were active at 200 uM, 10 of them
were active at 50 pM, and 6 compounds were active at 10 uM. When the concentration of
compounds was reduced to 1 uM, 3 compounds could still partially inhibit the SUMOylation

reaction.
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Besides the compounds from UC Riverside, I have also used this FRET-based screening platform
to screen a total of 175,000 compounds from University of Illinois at a concentration of 50 pM.
The final recipe of the SUMOylation inhibitor screening is 18 pmole CyPet-SUMO1, 18 pmole
YPet-RanGAP1C, 25 pmole Ubc9, 1.25 pmole Aosl and 1.25 pmole Uba2 in 60 pL buffer. In the
deSUMOylation screening, 5 ng catalytic SENP1 was added to deconjugate SUMOI1 from
RanGAPI1C. 157 compounds and 14 compounds were identified as potential inhibitors of
SUMOylation or deSUMOylation, respectively. I took these compounds back to UCR and tested
them by in vitro SUMOylation assay. A total of 41 SUMOylation inhibitors were confirmed as

positive at the concentration of 50 uM but none of the deSUMOylation inhibitors was confirmed.
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Figure 24. Screening and characterization of SUMOylation inhibitors. (A) Screening data from a sample of
five 384-well plates. Compounds with Ems;, increase less than Mean-3xSD were picked up. (B) In vitro
SUMOylation assay to validate active SUMOylation inhibitors. (C) The inhibitory activities of compounds
were tested at concentrations of 200, 50, 10 and 1 uM.
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Characterization of compound activities in mammalian cells

Three most potent compounds were tested for their abilities to inhibit SUMOylation in
mammalian cell culture. In the whole cell SUMOylation assay, HEK293 cells were plated in cell
culture dishes. Compounds were added to the culture medium to a final concentration of 100 uM.
After 4 hours of treatment, cells were collected and lysed. After the protein concentration of cell
lysates were normalized, the concentration of high molecular-weight SUMOylation conjugates in
the cell lysate was then determined by Western blotting using anti-SUMO1 antibody. Compared
with DMSO-treated cells, one compound named ST025091 was able to decrease the in-cell
concentration of SUMOylated proteins (Figure 25A). It inhibited SUMOylation in cells at a
concentration as low as 10 uM (Figure 25B). As determined by in vitro SUMOylation assay,
compound A has an ICs, (half maximal inhibitory concentration) value of 1.6 + 0.3uM (Figure
25D), which is more potent than two previously identified SUMOylation inhibitors, ginkgolic

acid (3.0 uM) and kerriamycin B (11.7 uM) (42, 43).
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Figure 25. In-cell activity and in vitro 1Csy of ST025091. (A) Test of compounds with whole cell
SUMOylation assay. ST025091 was able to decrease the concentration of high molecular weight
SUMOylated proteins in cells. (B) Titration of ST025091 to find the minimal functional concentration. (C)
Structure of ST025091. (D) Determination of its IC50 by in vitro SUMOylation assay.
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Discussion

In this chapter, I have developed a robust high-throughput screening platform for inhibitors of the
SUMO pathway using the high efficiency energy transfer between SUMO and its substrate.
Protein modification with fluorescent proteins is not only easy to achieve by molecular cloning,
but also ensures that the optimal 1:1 ratio of FRET donor and acceptor in the assay. Another
major advantage is that both SUMOylation and deSUMOylation inhibitors can be screened in the
same assay. Furthermore, using changes of fluorescence intensity instead of ratiometric FRET
signal as readout also reduces the possible interference of compound fluorescence. While the
current assay is specific to SUMOI, it can be expanded to other isoforms including SUMO?2 and
SUMO3 and hopefully identify isoform-specific small chemical inhibitors of SUMOylation.

This high-throughput screening platform looks for compounds which target any step of the
SUMOylation cascade, including activation of SUMO1 by Aosl, formation of thioester bond
between SUMO1 and Uba2, transfer of SUMO1 to Ubc9 and to the final substrate RanGAP1C.
As inhibitors of these individual steps are not distinguished, the potential hits from this assay may
be either general SUMOylation inhibitors or inhibitors specific to RanGAP1C SUMOylation. E3
ligases may be incorporated into this in vitro assay in the future to look for compounds specific to
the SUMOylation of other target proteins, and RanGAP1C used in current assay may be used as
the control.

Screening of compounds from UCR and UIUC has identified the first synthetic SUMOylation
inhibitor, ST025091. This compound is a general SUMOylation inhibitor and works both in vitro
and in cell culture. A number of interesting questions are worthy to be investigated, such as what
the mechanism of inhibition is, if changing functional group on the same scaffold can yield
compounds with higher potency, and if this compound has a significant effect on biological

pathways regulated by SUMOylation. In next chapter I will show some preliminary results on
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mapping the target of ST025091. Our lab is also currently working to see its effect on cell death,
cell proliferation, and JAK-STAT pathway. These studies will generate a lot of useful
information about this inhibitor and help evaluate its potential in SUMO research and therapeutic

applications.
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CHAPTER 4: A FRET-based assay to detect SUMOylation intermediates
Abstract
SUMOylation is a multi-step reaction, in which SUMO is activated by El activating enzyme,
transferred to E2 conjugating enzyme, and conjugated to substrates mediated by the E3 ligase in
vivo. The structural and biochemical basis for the cascade reactions have been elucidated by
several studies. However, the study of reaction intermediates has been hindered by their unstable
chemical nature and lack of real-time detection method. In this chapter I will describe the
development of a FRET-based assay to detect the formation of SUMOylation reaction
intermediate in vitro. In this assay, fluorescent protein-tagged SUMOI1 forms FRET pair with E1l
subunits or E2, and the formation of protein complex was revealed by increase of FRET. The
dependence on the activity of these enzymes was also confirmed in the assay. I further used this
assay to map the target of the SUMOylation inhibitor identified in previous chapter. This FRET-
based assay provides a novel strategy to study the activation and transfer cascade of the SUMO

pathway, and can be potentially applied to other protein modifiers such as ubiquitin and NEDDS.
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Introduction

Post-translational modification by ubiquitin (Ub) and ubiquitin-like proteins (Ubls), such as
SUMO and NEDDS8, plays critical roles in many physiological and pathological processes in
eukaryotes (5, 15). The conjugation of Ubiquitin, SUMO and NEDDS to target substrates share
an evolutionary conserved, but distinct enzyme cascade that involves the sequential actions of E1,
E2 and E3 ligases. E1 activates Ub/Ubls in two major steps. First, E1 catalyzes the adenylation of
the Ub/Ubls at its C-terminus in the presence of ATP and Mg**. Second, a catalytic cysteine of E1
forms a covalent thioester bond with the C-terminus of Ub/Ubls by replacing the adenylate group .
A transthiolation reaction then takes place between E1 and E2, resulting in the formation of
thioester bond between E2 catalytic cysteine and Ub/Ubls. In combination with a variety of E3s,
which are generally considered to determine substrate specificity in vivo, Ub/Ubls are finally
conjugated to lysine residues of their substrates (14, 15).

Several studies have revealed insights into the biochemical and structural basis of Ub/Ubl with E1
and E2 enzyme recognition and successive steps in substrate conjugation (89, 90). First,
biochemical studies show that E1 and E2 have different affinities for each other in their free or
Ub/Ubl thioester-linked form. Free E1 has low affinity for E2, while as double Ub-loaded E1
binds to E2 with higher affinity (90, 91). These differential affinities between different enzyme
forms may contribute to the Ub/Ubl progression along E1-E2-E3 cascade. Another study suggests
that there is an intrinsic non-covalent interaction between SUMO and its E2, Ubc9, and this non-
covalent interaction is required for poly-SUMOylation of substrates but not for mono-
SUMOylation (62). Second, structures of E1 alone or in complexes with substrate, respectively,
display similar domain orientations (92-95). Interestingly, the structure of an activation complex
of NEDDS containing heterodimeric E1, double-loaded NEDD8 (one bound non-covalently in the

adenylation packet and one linked to El catalytic Cys domain via thioester bond), and the
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NEDDS E2 conjugating enzyme Ubc12 bound to the UFD domain revealed two E2 binding sites
on E1(95). One binding site comes from conformational change of E1 after binding by NEDDS,
and the other binding site comes from E1 and NEDDS8 directly. The speculation that a
conformational change of E1 upon the binding of Ubl may provide a mechanism to bring E1 and
E2 catalytic cysteine domains to a close proximity has been further demonstrated by a recent
structure studies of SUMO-E1 adenylate and tetrahedral intermediate analogues (16). A striking
conformational change of E1 has been observed after the thioester bond formation between
SUMO and E1. This conformational change may potentially bring two catalytic Cys residues of
E1 and E2 within 3.5A which facilitates the transfer of SUMO from E1 to E2 (16).

Although much knowledge for the activation and transfer of Ub/Ubls has been learned from these
studies, mechanistic mechanisms of Ubl activation and switches between E1 and E2 ligases have
not been completely determined. In addition, the study of reaction intermediates has been
hindered by the unstable chemical nature of thioester bonds and lack of real-time detection
method. In one example reported in 2010 (16), the reaction intermediates in SUMOylation are
detected by using fluorescent-tagged ATP and quickly separating the reaction mixtures on SDS-
PAGE followed by immediate imaging. In this chapter I will describe the development of a
FRET-based method to detect the conjugation of SUMO to its E1 and E2 enzymes in a real-time
manner. In this method, SUMO1 and another protein, either Aosl or Uba2 or Ubc9, are modified
by CyPet and YPet, respectively. Formation of SUMO1-E1 or SUMO1-E2 complex will increase
the FRET signal between CyPet and YPet. The development of this method will facilitate the
study of enzyme function in the SUMOylation cascade, and also help the characterization of

SUMOylation inhibitors I identified from previous high-throughput screening assays.
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Materials and methods
Molecular cloning of DNA constructs
The open reading frames of SUMOI1, Aosl, Uba2, Ubc9 and the C-terminal domain of
RanGAP1 (420-587) were amplified by PCR and the PCR products were cloned into pCRII-
TOPO vector (Invitrogen). Point mutations on SUMOI1, Uba2 and Ubc9 were created by PCR
mutagenesis. After their sequences were confirmed, the cDNAs were ligated into linearized
pCRII-CyPet or pCRII-YPet to create fusion genes encoding fluorescence labeled fusion proteins.
The cDNAs encoding these proteins were then cloned into pET28(b) vector (Novagen).
Protein expression and purification
BL21 (DE3) E.coli cells were transformed with pET28 vectors encoding SUMOI1, Aosl, Uba2,
UbcY, RanGAPI1C, their mutants, and fluorescent protein-labeled versions. The transformed
bacteria were inoculated in 2XYT medium and the expression of polyhistidine-tagged
recombinant proteins was induced with 0.1 mM IPTG at 25°C overnight. The recombinant
proteins were purified by Ni*-NTA agarose beads (QIAGEN) followed by gel filtration HPLC
using Superdex75 10/300 GL column on a HPLC purification system (GE Healthcare, AKTA™
purifier). Protein purity was later confirmed by SDS-PAGE followed by Coomassie blue staining
and their concentrations were determined by Coomassie Plus Protein Assay (Pierce).
FRET measurement
After the proteins labeled by CyPet or YPet are mixed in the presence or absence of other protein
members or cofactors, their fluorescence was determined by the fluorescent plate reader
Flexstation II*** (Molecular Devices) in a 384-well plate over a period of time. The emission
intensities at three wavelengths were collected: 475 nm and 530 nm at excitation wavelength of

414 nm, and 530 nm at excitation wavelength of 475 nm. After the emission intensities were
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corrected by subtraction of background fluorescence from the plate, the FRET indexes (see
Results) at different time points were calculated and compared.

Protein Interaction and SUMOylation assay

For the interaction of SUMO1 with E1, 20 pmole CyPet-SUMOI1 and 20 pmole YPet-Aosl or
YPet-Uba2 were mixed in the presence or absence of 20 pmole Uba2 or Aosl, respectively, in a
buffered solution containing 50 mM Tris-HCI (pH=7.4), 1 mM DTT and 4 mM MgCl, with a
total volume of 36 puL.. Samples were incubated at 37°C and fluorescence emission was monitored
after 4 uL 10 mM ATP or H,O was added at time zero. For mutant Uba2 interaction assay, 20
pmole CyPet-SUMO1, 20 pmole wild type or mutant YPet-Uba2 and 10 pmole Aosl were mixed
in the buffered above in a total volume of 36 pL. For the interaction of SUMOI1 and Uba2 in the
presence of Ubc9, 10 pmole CyPet-SUMOI1, 10 pmole YPet-Uba2 and 10 pmole Aosl were
mixed in the presence or absence of 100 pmole wild type or mutant Ubc9 in the buffer above.
Samples were measured by FRET index after 4 pL of 10 mM ATP was added.

For the interaction assay of SUMOI1 and Ubc9, 0.4 pg CyPet-SUMOI1 and 0.5 pg YPet-Ubc9
were mixed in 20 pL PBS. 0 to 2 pg nonfluorescence-labeled SUMO1 was added to the mixture
and the FRET indexes were determined. In the interaction assay of SUMO1 and Ubc9, 20 pmole
CyPet-SUMOL1, 20 pmole wild type or mutant YPet-Ubc9, 10 pmole Aosl and 20 pmole Uba2
were mixed in a buffered solution containing 50 mM Tris-HCI (pH=7.4), 1 mM DTT and 4 mM
MgCl, with a total volume of 36 pL. For mutant Uba2 assay, 10 pmole wild type or mutant Uba2
was added. Samples were incubated at 37°C and fluorescence emission was monitored after 4 uL
10mM ATP or H,O was added at time zero.

For the interaction assays of wild type or mutant SUMO1 and mutant or wild type Ubc9,

respectively, 20 pmole wild type or mutant CyPet-SUMO1 and 20 pmole wild type or mutant
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YPet-Ubc9 were mixed in the presence or absence of 10 pmole Aosl and 10 pmole Uba2 in a
buffer above.

For the SUMO1 conjugation assay of mutant SUMO1 peptide, 0.4 pg wild type or mutant CyPet-
SUMOL, 0.5 pg YPet-RanGAPIC, 0.05 pg Aosl, 0.1 pg Uba2 and 0.5 pug Ubc9 were mixed in
the buffer above, containing 50 mM Tris-HCI (pH7.4), 1 mM DTT, and 4 mM MgCl, with a total
volume of 36 pL. Samples were incubated at 37°C and fluorescence emission was monitored
after 4 pL 10 mM ATP or H,O was added at time zero. Samples were measured by FRET index
at different time points.

For the SUMO1 conjugation assay of mutant Ubc9 or Uba2, SUMOI1 peptide 0.4 pg CyPet-
SUMOLI, 0.5 pg YPet-RanGAP1C, 0.05 pg Aosl were mixed in the presence or absence of 0.1
pg wild type or mutant Uba2 and 0.5 pg wild type or mutant Ubc9 in the buffer above.

The wild type or mutant form of 0.5 ug SUMOI, 0.05 pg FLAG-tagged RanGAP1C, 0.05 ng
Aosl, 0.1 ug Uba2 and 0.5 pg Ubc9 were mixed in a buffered solution containing 50 mM Tris-
HCI (pH=7.4), | mM DTT, 4 mM MgCl, and 1 mM ATP with a total volume of 40 uL. Samples
were incubated at 37°C for 1 hour. After they were separated by 10% SDS-PAGE and transferred
to a nitrocellulose membrane, the RanGAP1C proteins were recognized by incubation with
mouse anti-FLAG antibody (Sigma Aldrich) followed by HRP-labeled goat anti-mouse IgG
antibody (Sigma Aldrich). The chemiluminescence was developed using the Supersignal® West
Dura Extended Duration Substrate (Thermo Scientific) and captured by Biospectrum® imaging

system (UVP, LLC.).
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Results

Design of FRET-based method for monitoring SUMOylation cascade and definition of
FRET index.

To determine the formation of the reaction intermediate SUMO-E1 and SUMO-E2 protein
complex during the SUMOylation cascade, I used a FRET-based method, which involves the
FRET pair CyPet- and YPet-labeled SUMO1, Aosl (E1 subunit), Uba2 (E1 subunit), Ubc9 (E2),
the C-terminal domain (420-587) of RanGAP1 (RanGAPI1C, substrate) and their mutants which
lose different activities in the SUMOylation cascade (64, 86, 87) (Figure 26A). When CyPet-
tagged protein is mixed with YPet-tagged protein in vitro, interaction between two proteins can
shorten the distance between the FRET pair and result in two emission peaks at 475 nm and 530
nm when the mixture is excited at 414 nm. In order to quantitatively assess the relative extent of
FRET in the system, a new spectrum analysis method has been described in chapter 1. In this
method, the emission signal at 530 nm emission (Emy,,) is divided into three components: direct
emission from unquenched donor CyPet (CyPet[cont]), direct emission from the acceptor YPet
(YPet[cont]), and FRET emission from YPet (Emgrer) (Figure 26B). The direct emission of
CyPet and YPet at 530 nm (Ex=414nm) is proportional to their emission at 475 nm (Ex=414nm)
(FLpp) and 530 nm (Ex=475nm) (FLA,) by constant ratios o and B, which were determined to be
0.35 and 0.029, respectively. Therefore, I can calculate the CyPet (cont) and YPet (cont), and
subtract them from Emy, to derive Emgrgr. In order to use FRET to monitor the change of
protein-protein interaction status, the FRET index r is defined to be the ratio of FRET emission
(Emggrer) to the emission at 530 nm (Ex=475nm) (FLa4):

_ Empgrgr  FLpp —a x FLpp — B x FLpa
"~ FLan FLaa

Since FLa4 is contributed by direct emission of YPet, the FRET index can indicate the relative
percentage of YPet that receives energy from excited CyPet, and therefore the FRET index can be
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used as quantitative measurement of FRET signal. When the proteins involved in the
SUMOylation process are mixed and the conjugation cascade is initiated, the formation of protein
complexes will lead to an increase of the FRET index whereas disruption of protein complexes

will result in a decrease of the FRET index.
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Figure 26. FRET between CyPet- and YPet-tagged proteins. (A) The cloning maps of bacterial expression
vectors encoding the fusion proteins. (B) Analysis of fluorescence emission spectra of the mixtures of
CyPet and YPet-tagged proteins.
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Detection of SUMO-EL protein complex by FRET

The structures of E1 identified residues from both Aosl and Uba2 that contact Mg>"/ATP and the
Ub/Ubl C-terminal glycine (92-94, 96). 1 first determined the formation of complex between
SUMOI and heterodimeric E1 (Aosl/Uba2), which initiates the SUMOylation cascade and
catalyzes two critical reactions, adenylation with the help of ATP and thioester bond formation
with one of El1 subunit, Uba2. When SUMOI1 and Aosl were tagged with CyPet and YPet
respectively, no significant FRET was observed between CyPet-SUMO1 and YPet-Aosl without
ATP and Uba2 (Figure 27A). However, in case both Uba2 and ATP were added to the protein
mixture, a large increase of FRET index was observed and it reached plateau in about 20 min
(Figure 27A, open square). This suggests that interaction between SUMO1 and Aos1 requires the
presence of both Uba2 and ATP. Similar results were observed when SUMO1 and Uba2 were
labeled with the CyPet and YPet pair, respectively. In consistence with the results above, strong
interaction between CyPet-SUMO1 and YPet-Uba2 were observed only after Aosl and ATP were
added (Figure 27B). In case of CyPet-SUMOI1 and YPet-Uba2, the FRET index increased to
maximum in 5 min and dropped to baseline after about 30 min. Addition of more ATP into the
reaction mixture did not rescue the FRET signal (Figure 27B, close square), which suggests the
decrease of FRET index is not due to ATP depletion.

The dependence of FRET increase between CyPet-SUMO1 and YPet-Aosl or YPet-Uba2 on
ATP indicates the FRET signal I observed is due to the formation of complex between SUMOI1
and E1 upon SUMOL1 activation, but whether it is via non-covalent interaction with E1 subunits
or covalent conjugation to Uba2 is not clear. To answer this question, I generated a mutant of
Uba2 with its catalytic cysteine changed to serine (C173S), which lacks the ability to form
thioester bond with activated SUMO1. A strong increase of FRET index was still observed

between Uba2 (C173S) mutant and SUMOI, and interestingly the FRET index did not decrease
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as fast as its wild type counterpart (Figure 27C). This suggests that the formation of thioester
bond between SUMOI and E1 is not required for their FRET, which is at least partially
contributed by the non-covalent interaction between E1 and activated SUMO1.

The activation complex of SUMO-E1-E2 is not stable because SUMO conjugating to Uba2 via
thioester bond is readily passed to the catalytic cysteine of E2. It would be interesting to
determine how SUMOI-El active complex forms in the presence of Ubc9. Consistent with
previous result, FRET index between CyPet-SUMOI1 and YPet-Uba2 reached the peak in the
presence of Aosl and ATP, and then dropped to the background level of two separated proteins
over 30 min (Figure 27D filled circle). In the presence of Ubc9, the FRET signal of SUMO1-
Uba2 active complex did not increase as fast as it does in the absence of Ubc9, which suggests a
quick transfer of SUMOI from Uba2 to Ubc9 (Figure 27D open circle). Interestingly, in the
presence of catalytic deficient mutant of Ubc9 (C93S), the increase rate of FRET index was
comparable to the case where no Ubc9 is present (Figure 27D filled square). These results suggest
that the accumulation of SUMO-E1 complex upon SUMO activation can be slowed down by E2,
as SUMO forming thioester bond with Uba2 can be quickly transferred to the cysteine catalytic

site of Ubc9.
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Figure 27. Detection of SUMO-E1 complex by FRET. ATP was added at time zero to initiate the reactions.
(A) FRET between CyPet-SUMOI1 and YPet-Aos1 in the presence or absence of Uba2 and ATP. (B) FRET
between CyPet-SUMOI and YPet-Uba2 in the presence or absence of Aosl and ATP. ATP was added to
all the samples at 45 min to test if the decrease of FRET index is due to ATP depletion. (C) FRET between
CyPet-SUMOI1 and YPet-tagged Uba2 (WT) or Uba2 (C173S) in the presence of Aosl. (D) FRET between
CyPet-SUMOI and YPet-Uba2 in the presence of Aosl and Ubc9 (WT) or Ubc9 (C93S).
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Determination of two levels of interaction between SUMO1 and Ubc9.

SUMOI binds to its E2 enzyme Ubc9 in a non-covalent manner and also form covalent thioester
bond with catalytic cysteine of Ubc9 in the SUMOylation cascade (62). To determine whether
these two interactions can be distinguished by FRET, I analyzed the interaction between SUMO1
and Ubc9, which were tagged with CyPet and YPet, respectively. In the presence of E1 (Aosl
and Uba2) and ATP, the FRET index between CyPet-SUMO1 and YPet-Ubc9 quickly increased
and reached a peak (Figure 28A closed circle), which can be clearly distinguished from the
baseline indicating the non-covalent interaction of SUMO1 and Ubc9 (Figure 28A open square).
The formation of this SUMO-E2 complex requires the presence of ATP and both active El
subunits (Figure 28A). In order to investigate if the FRET increase is due to the formation of
covalent complex between SUMOI1 and Ubc9, I generated a mutant of Ubc9 (C93S) which lacks
the ability to form thioester bond with SUMOI1. No significant FRET increase was observed
between CyPet-SUMOI1 and YPet-Ubc9 (C93S) when E1 and ATP were added (Figure 28B).
These results suggest that the FRET-based method is able to detect the non-covalent interaction
between SUMO1 and Ubc9 as well as the formation of SUMO1-Ubc9 covalent complex in the

presence of E1 and ATP.
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Figure 28. Detection of SUMO-E2 complex by FRET. ATP was added at time zero to initiate the reactions.
(A) Increase of FRET between CyPet-SUMO1 and YPet-Ubc9 requires the presence of both ATP and
active E1. (B) Mutation of the active cysteine residue of Ubc9 abolished the FRET increase between
CyPet-SUMOI and YPet-Ubc9. Aosl and Uba2 were added in all samples.
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Independence of SUMOylation cascade on the non-covalent SUMO1-Ubc9 interaction

Previous biochemical studies have indicated that the non-covalent interaction of SUMO and Ubc9
is not essential for the SUMOylation cascade but promotes the formation of poly-SUMO chain on
substrate proteins (62). In order to validate this FRET assay, I would like to see if this
independence can be confirmed by FRET. Mutation of R17E on Ubc9 has been shown to abolish
its binding affinity with both E1 and SUMOI1 and the mutation of E67R or G68Y on SUMOI
either completely or partially abolished its non-covalent interaction with Ubc9 (62). After a
mutant Ubc9 (R17E) and a double mutant of SUMO1 (E67R/G68Y) were generated. The non-
covalent interaction between wide type and mutant SUMOI1, Uba2 and Ubc9 were then
determined using the FRET assay. As shown in figure 29A and 29B, SUMOI1 (E67R/G68Y) does
not have non-covalent interaction with Ubc9, and Ubc9 (R17E) loses binding affinity with both
SUMOI and Uba2. I further tested if these two mutants can support the formation of covalent
SUMO-E2 complex. Wide type and mutant CyPet-SUMOI1 and YPet-Ubc9 were supplemented
with E1 and ATP and the FRET index was monitored after the reactions were initiated (Figure
30). A significant FRET increase was observed between CyPet-SUMO1 (E67R/G68Y) and Y Pet-
Ubc9 (Figure 30, closed triangle) but not between CyPet-SUMOI1 and YPet-Ubc9 (R17E) (Figure
30, open square), which indicates the covalent complex of SUMOI1 and Ubc9 is independent of
their non-covalent interaction but cannot form when both SUMO1-Ubc9 and Uba2-Ubc9
interactions are disrupted. These mutants were also tested using in vitro SUMOylation assay, in
which CyPet-SUMOI1 is conjugated to YPet-RanGAPIC in the presence of E1, E2 and ATP.
Similar results were obtained by FRET (Figure 31A, 31B) or immunoblotting (Figure 31C).
These results confirmed that the non-covalent interaction between SUMO1 and Ubc9 is not
required for the SUMOylation cascade and showed that this FRET-based assay is a reliable

method to study these processes.
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FRET between CyPet-SUMO1 and YPet-Ubc9
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Figure 29. Interaction characteristics of SUMOI1 and Ubc9 mutants. (A) 20 pmole CyPet-SUMOI and 20
pmole YPet-Ubc9 were mixed in 40 puL buffer. FRET index was determined in triplicate. (B) 10 pmole
CyPet-Uba2 and 10 pmole YPet-Ubc9 were mixed in 40 pL buffer. FRET index was determined in
triplicate.
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FRET between CyPet-SUMO1 and

YPet-Ubc9
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Figure 30. Formation of SUMO-E2 complex is independent of SUMO-E2 non-covalent interaction but
cannot stand the lost of both SUMO-E2 and E1-E2 non-covalent interaction. Aosl and Uba2 were added in
all samples and ATP was added at time zero to start the reactions.
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FRET between CyPet-SUMO1 and YPet-RanGAP1C
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Figure 31. E1-E2 interaction but not SUMO-E2 interaction is required for SUMOylation of RanGAPIC. (A)
SUMOylation of RanGAP1 does not require the non-covalent interaction between SUMO1 and Ubc9. (B)
SUMOylation of RanGAPI1C requires active E1, E2 and interaction between E1 and E2. (C) Western
blotting confirms the inability of mutant Ubc9 to mediate the SUMOylation of RanGAP1.
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Mapping the target of SUMOylation inhibitor ST025091 by FRET assay

A compound named ST025091 has been identified as small chemical inhibitors of SUMOylation,
as described in chapter 3. Because the high-throughput screening platform used to identify this
compound adopts a multi-step SUMOylation reaction in the assay, it cannot give detailed
information about the target of the inhibitor. I would like to use the FRET-based assay developed
in this chapter to figure out if ST025091 can inhibit the formation of SUMOI1-E1 complex or
SUMOI1-E2 complex, or the final transfer of SUMO1 from Ubc9 to RanGAPIC. In the
experiments, the FRET index between CyPet-SUMO1 and YPet-Uba2 or YPet-Ubc9 or YPet-
RanGAP1C was monitored as described above. ST025091 was added to a concentration of 50
uM and its effect on FRET index increase was determined. As shown in figure 32, ST025091
significantly inhibited the increase of FRET index between all protein pairs. This suggests that
ST025091 inhibits SUMOylation by at least inhibiting the formation of SUMO1-E1 complex, but
whether it targets Aosl-mediated SUMO]1 activation or thioester bond formation between

activated SUMO1 and Uba?2 is still unclear yet.
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FRET between CyPetSUMO1 + YPetUba2
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Figure 32. Effect of ST025091 on the formation of different protein complexes involved in SUMOylation.
(A) ST025091 inhibits the increase of FRET between CyPetSUMOI and YPet-Uba2 in the presence of
Aosl. (B) ST025091 inhibits the increase of FRET between CyPetSUMO!1 and YPet-Ubc9 in the presence
of Aosl and Uba2. (C) ST025091 inhibits the increase of FRET between CyPetSUMOI1 and YPet-
RanGAPIC in the presence of Aosl, Uba2 and Ubc9.
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Discussion

In this chapter, I developed a FRET-based assay to detect the formation of intermediate protein
complex in the SUMOylation cascade. This method is based on high-efficient FRET between
protein pairs and can monitor the proceeding of SUMOylation reaction in real-time manner. The
formation of SUMO-E1 and SUMO-E2 complex during SUMOylation can be detected as an
increase of FRET index between fluorescent-tagged protein pairs. The advantage of using FRET
index to determine the strength of FRET signal is that it not only eliminates the interference of
the direction emission of unquenched CyPet and YPet at the same wavelength, but also considers
possible changes in the total fluorescence of YPet. After prolonged exposure to excitation light,
YPet might be photo-bleached, which leads to decreased total fluorescence and FRET emission.
Calculating the ratio of FRET emission to total fluorescence solves this issue. Therefore FRET
index should serve as a good standard to monitor the relative strength of FRET signal in a given
system. However, FRET index of protein pairs with dramatically different conformations cannot
be compared due to large changes in FRET efficiencies.

While the increase and decrease rate of FRET index can be determined from the assay, it should
be considered as a qualitative assay rather than a quantitative assay for the measurement of
enzymes kinetics. First, even with the same enzyme, different purified batches often have varied
activities, which will lead to different rates of FRET changes in the assay. Second, modification
with fluorescent proteins may affect the activity of the enzyme, so the reaction rate of CyPet-
SUMOI1 + YPet-Aosl + Uba2 and CyPet-SUMO1 + Aosl + YPet-Uba2 is likely to be different.
One good example of how this FRET-based assay can be used is demonstrated at the end of this
chapter, where this FRET-based assay was used to analyze the target of a SUMOylation inhibitor.
In this application, the effects of different compounds on FRET index were compared on a given

FRET pair, therefore avoiding the issues discussed above.
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When this FRET assay is used to detect the formation of SUMOI-Aosl and SUMO-Uba2
complex, fast decrease of the FRET index was observed after it reached the peak in five to twenty
minutes. The exact nature of this phenomenon is still unclear, although there are several hints to
the fact. Adding ATP to the mixture of CyPet-SUMO1 and YPet-Uba2 which already reacted and
showed FRET increase could not rescue the FRET signal. Furthermore, mutating the active
cysteine residue of Uba2 largely abolished the decrease of the FRET index. Based on the crystal
structure of the SUMO-E!1 intermediate analogue (16), SUMOL is activated by ATP hydrolysis
and bound non-covalently to the binding pocket of Aosl. The complex of SUMO1-Aosl-Uba2
then undergoes a large conformational change so that the C-terminal glycine residue of SUMO1
gets close to the catalytic cysteine residue of Uba2. The two residues then form a thioester bond
and SUMOI1 will leave the binding pocket of Aosl. Therefore, one possible explanation of the
FRET decrease observed between SUMO1 and Aosl1/Uba2 is that the FRET signal reflects the
status of active SUMOI1 binding to the pocket of Aosl. The presence of wide type Uba2 will
make SUMO1 get out of the binding pocket and reduces FRET but mutant Uba2 will not have the
same effect. Although still a hypothesis, this demonstrates a good example of how this FRET

assay can provide insights of the dynamic interactions of proteins in biological process.
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CONCLUSIONS
In this dissertation, I have developed several FRET-based assays to study the protein-protein
interactions in the SUMO pathway, which is an important protein post-translational modification.
FRET is achieved by modifying the N-terminus of target proteins with a pair of engineered
fluorescent proteins. Non-covalent interaction or covalent conjugation of fluorescent-tagged
proteins will be then detected by changes of FRET. I first used FRET to quantitatively determine
the dissociation constant of a well-studied protein pair, SUMO1 and Ubc9. The fluorescence
spectrum was carefully analyzed to separate FRET emission from other direct emissions, and
novel mathematical algorithms were developed to depict the relationship between protein
concentration and FRET emission. The method was tested under different conditions and
validated by traditional biochemical methods. It also offers great advantages to previous FRET-
based K; measurement assays. I further apply this FRET technique into high-throughput
screening assays to look for small chemical inhibitors which either disrupts the non-covalent
protein interactions or inhibits the SUMOylation of substrate proteins. These high-throughput
screening assays provide fast and reliable method for the identification of compounds targeting
the SUMO pathway. Several screening attempts also discovered the first synthetic small chemical
inhibitor of SUMOylation, which is currently under further investigation in our lab. Finally, the
principle of FRET was used to develop the first assay for the real-time detection of transient
covalent interaction between proteins involved in the SUMO pathway. The formations of SUMO-
El and SUMO-E2 complex during the SUMOylation reaction were detected, and their
dependence on different enzymes was confirmed by using wide type or mutant form of enzymes
in the assay. The target of the SUMOylation inhibitor identified from the screening was also
successfully revealed using this FRET-based method. Overall the work described in this

dissertation provides novel powerful tools for the study of non-covalent and covalent protein-
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protein interactions in the SUMO pathway, and can be hopefully expanded to the research of

other protein modifiers such as ubiquitin and ubiquitin-like proteins.
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