
UC Riverside
UCR Honors Capstones 2016-2017

Title
Rational-based drug discovery for the inhibition of SUMO E2 protein

Permalink
https://escholarship.org/uc/item/23c5k0vx

Author
Schaaf, Amanda Lucia

Publication Date
2017-12-08

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/23c5k0vx
https://escholarship.org
http://www.cdlib.org/


RATIONAL-BASED DRUG DISCOVERY FOR THE INHIBITION OF  
SUMO E2 PROTEIN 

 
 

 
By 

 
 

Amanda Lucia Schaaf 
 
 

A capstone project submitted for  
Graduation with University Honors 

 
 

May 29, 2017 
 
 

University Honors 
University of California, Riverside 

 
 
 
 
 
 
 
 
 
 

APPROVED 
 
 
 
–––––––––––––––––––––––––– 
Dr. Jefferson Perry, Department of Biochemistry 
 
 
–––––––––––––––––––––––––– 
Dr. Richard Cardullo, Howard H Hays Jr. Chair and Faculty Director, University Honors 
Interim Vice Provost, Undergraduate Education 



 ii 

Abstract 

Posttranslational modification of proteins with small ubiquitin-like modifier 

(SUMO) tag occurs through an enzymatic cascade involving E1, E2, and E3 enzymes[2]. 

The SUMO tag promotes proteins to maintain their roles in a variety of cellular 

processes, including DNA repair, nuclear transport, transcription, chromosomal 

segregation, and genome stability[2][9][10]. Notably, many of the particularly hard to treat 

cancers, including KRAS-driven tumors[6], as well as drug-resistant acute myeloid 

leukemia[1] are observed to be addicted to the SUMO pathway for their viability. My 

research goal was to begin early stage drug discovery against SUMO E2 Ubc9 with the 

overall goal of inhibiting the SUMO pathway, thus killing cancer cells. Helping the drug 

discovery search is that there is only one type of SUMO E2 enzyme in humans, called 

Ubc9[2].   

We have cloned, expressed, purified and recently crystallized Ubc9, enabling our 

rational-based drug discovery methods. We have conducted soaking experiments with a 

known Ubc9 binder, 2-D08[7], and recently conducted synchrotron-based X-ray 

diffraction studies on these crystals. Our future goals are to expand our studies, studying 

at least 40 more potential small molecule binders identified through computer-aided drug 

discovery (C.A.D.D.), as well as the 365 fragments from the Zenobria library of the Perry 

laboratory, and analyzing said compounds using structural biology methods. Defining 

compound binding at atomic resolutions will enable the development of an inhibitor with 

high affinity and selectivity. 
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Introduction 

X-ray crystallography is an advantageous method because it can be used to define the 

binding of small molecules or fragments, even at very low affinity, allowing for the quick 

development of leading compounds. 

Our rational-based drug discovery methods are comprised of C.A.D.D and structure-

based approaches, including small molecule drug discovery (SMDD) and fragment-based 

drug discovery (FBDD). These methods are distinct from the classical and more 

expensive method of high throughput screening (HTS) (Fig. 1). Whereas HTS deals with 

screening compounds with a 

relatively high molecular weight 

(>500 Da), small molecule and 

fragment screens investigate 

compounds with much lower 

molecular weights, 500 Da and 

150-200 Da, respectively.  

Smaller compounds have a 

lower number of atoms  that 

contribute to binding, so the 

affinity of small molecule or 

fragment hits for the protein 

will likely be lower compared to larger compounds identified through HTS. However, if 

a small molecule or fragment is identified as a hit, it will have very high ligand efficiency, 

where most of the atoms of that compound are involved in binding. Thus, it can be 

Figure 1. High Throughput Screening (HTS) 
It takes screening of up to one million or more 
compounds to identify only a few that bind.  
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“grown” into a molecule 

that better binds the target 

or if 2-3 fragments bind 

adjacently; they can be 

chemically coupled to 

produce a high affinity 

compound (Fig. 2). These 

modified fragment hits 

likely will remain small, 

having simple chemistry 

and being highly selective 

and specific; these 

attributes make for much 

more ideal drugs, whereas the chemistries required to modify HTS hits tend to make the 

HTS altered compounds move further from the ideal.  

Before beginning rational-based drug discovery, Ubc9 and mutant Ubc9C93S had to be 

cloned, expressed, purified, and crystallized. Ubc9C93S has a cysteine to serine point 

mutation in the active site.  Thanks to the efforts of myself and the Perry laboratory Ubc9 

and Ubc9C93S have successfully been crystallized, which has allowed us to begin 

investigating potential binders.  

 

 

 

Figure 2. Small molecule & Fragment-based Drug Discovery  
This method allows for the discovery of several small fragment 
binders. Although initially the fragment binders may bind with a 
lower affinity than larger compounds identified using HTS, 
chemical coupling or extension can result in a compound with 
even higher affinity. 
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Methodology 

Cloning 

Cloning steps were previously performed in the Perry laboratory. A pSUMO vector was 

used which contained a hexa His-tag. This tag allowed for later purification using Ni-

NTA affinity columns.  

Protein expression 

The goal of expression was to produce an abundance of Ubc9 protein (WT and C93S) 

copies. The expression was regulated by the promoter T7 system phage RNA polymerase, 

under the control of the lactose-inducible promoter. This system is useful for this type of 

work because expression can be induced by Isopropyl β-D-1-thiogalatopyranoside 

(IPTG). Following induction by IPTG, large amounts of Ubc9 can be obtained in a 

relatively short period. 

Small-scale expression was initially performed to identify the optimal conditions for 

protein expression.  The recombinant plasmid, pSUMO-Ubc9 was transformed into E. 

coli BLD21 (DE3). Single colonies transformed by this plasmid were inoculated 

overnight in 5 ml of LB medium containing 5 µg/ml kanamycin in a 37˚C shaking 

incubator. The following day, the culture was added to 1L of fresh LB medium 

containing 1000 µg/ml Kanamycin for exponential growth. Once the O.D value reached 

between 0.5 and 0.7, IPTG was added to a final concentration of 0.4 mM. The culture 

was incubated for 4 more hours at 37ºC with shaking at 225 rpm. The cell medium 

induced was harvested by centrifugation at 5,500 rpm for 20 min (4ºC). Cell pellet was 

frozen at -80ºC overnight. The pellet was resuspended in Buffer A (50 mM Tris-HCL (ph 

8); 100 mM NaCl; 20 mM imidazole; 1 mM DTT) and dissolved by sonication (3 min; 70% 
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Amp; 10 sec ON/10 sec OFF). The suspension was centrifuged at 18,000 rpm for 20 

minutes (4ºC). The soluble fraction (the fraction containing the protein) was collected and 

the insoluble fraction was discarded.  

Purification 

Liquid chromatography purification was used, with small-scale purifications completed 

on gravity columns, while large-scale purification was conducted in the NGC.  

 Purifications columns sequentially used: 

HisTrap Ni-NTA columns. Affinity chromatography matrix for purifying recombinant 

proteins tagged with a His Tag (SUMO).   

HiTrap SP FF columns. Strong cation exchanger with SP Sepharose matrix for the 

separation of proteins and other molecules using exchange chromatography. 

SUPERDEX 75/200 columns. Packed with a highly cross-linked porous agarose beads 

for high performance gel filtration proteins.  

 Procedure 

The soluble fractions from the expression step were added to the columns. Once the 

protein was bound to the column a wash step with buffer A was required to get rid of 

contaminants. At least two column volumes of buffer A were added in this step. After, 

buffer B (200 mM Imidazol; 100 mM NaCl; 1 mM DTT) was used for the elution of the 

protein in different fractions. The presence and identity of Ubc9 was confirmed through 

12% SDS-PAGE gel analysis.  

Crystallizing  

Ubc9 wild-type (WT) and Ubc9C93S protein crystals were obtained using sitting drop 

vapor diffusion. We initially screened over one thousand distinct reservoir conditions 
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using 96-well crystallization studies. 

For each of the 96 wells, there was a 

0.7:0.7 µl protein to precipitant ratio, 

and 50 µl of the precipitating agent in 

the reservoir.  

After identifying crystallization 

conditions, we used 24-well studies to 

produce optimal crystals for use in X-

ray diffraction analyses. In these, the 

reservoir had 400 µl of the 

crystallizing agent and the well had a 1:1µl protein to precipitant ratio. 

 

Rational-based Drug Discovery 

The structure of Ubc9 has already been characterized[8], enabling us to use computer 

aided drug-discovery (C.A.D.D.) for the identification of potential binders. We utilized 

the online database DOCK blaster (http://blaster.docking.org/) to conduct docking against 

pockets in Ubc9, allowing us to compile a list of over 200 potential small molecule 

inhibitors. We ordered the top 40 compounds with the highest predicted binding energies.  

Before applying these molecules to our research, we tested our soaking methods by using 

a known Ubc9 binder, 2-D08[7]. We first made the molecule soluble. For this, we used 

Dimethyl Sulfoxide (DMSO) as the solvent. DMSO was chosen as the solvent over water 

because although some compounds may be dissolved in water, many more will dissolve 

in DMSO. 

Figure 4. Sitting Drop Vapor Diffusion Scheme 
This microenvironment allows for the water vapor 
to evaporate out of the droplet and into the 
reservoir. This supersaturates the droplet and 
facilitates protein crystallization.  
 

http://blaster.docking.org/)
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However, prior to soaking the protein crystals, we identified up to what percentage of 

DMSO our crystals tolerated before degrading. After, we dissolved our compound in the 

appropriate concentration of DMSO and soaked our protein crystals with a 5X molar 

excess of the potential binder.  

Ultimately, 2-D08-soaked Ubc9 crystals were frozen in liquid N2 and sent to Berkeley 

National Laboratory where X-ray diffraction studies were conducted at the Advanced 

light source synchrotron (ALS). 

Results 

Protein expression   

Expression of our protein is regulated by the promoter T7 system phage RNA polymerase, 

under the control of the lactose-

inducible promoter, so expression 

was induced by IPTG. Following this, 

large amounts of Ubc9 were obtained 

in a relatively short period. 

Before we could obtain pure Ubc9 

through this method, optimal 

expression conditions had to be 

characterized. When expressing 

proteins, there are many variables to 

consider in order to produce the highest 

Figure 5. Ubc9 small-scale expression 
12% SDS-PAGE analysis reveals that the small- 
scale expression of Ubc9 was successful. The gel 
shows the expected size of 18kDa. It also shows 
that the quantity of protein increased with time. 4 
hours was the period that provided optimal 
expression. 
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yield of protein, including the concentration of IPTG used, the temperature of the shaking 

incubator, and the length of time allowed after adding IPTG. To identify optimal 

expression conditions, Ubc9 underwent a small-scale expression experiment.  

 Small-scale expression of Ubc9 

Recombinant colonies were inoculated in 5mL of LB medium and incubated in the 37˚C 

shaking incubator until the optical density (O.D) reached 0.5-0.7. IPTG was added to a 

final concentration of 0.4 mM to induce protein expression. Four hours after expression, 

the cells were collected and lysed by sonication; the soluble fraction containing the 

protein was collected. To determine if Ubc9 was expressed effectively, 12% SDS-PAGE 

gel analysis was performed on the soluble fraction. These conditions (37˚C, 0.4 mM 

IPTG, 4 hours) proved to be ideal for optimal expression, as supported by figure 5. 

 Large-scale expression 

We conducted this procedure in large scale. Conditions and methodology were repeated, 

but instead of in 1L of LB medium, it was completed in 6L of LB medium.  

Purification 

Producing suitable crystals for X-ray diffraction studies requires pure protein samples. To 

obtain a high quantity of pure Ubc9 protein, BioRad Next Generation Chromatography 

(NGC) ScoutTM was used to perform liquid chromatography purification. Following 

purification, 12% SDS-PAGE gel analysis was used to confirm the purity of the protein 

samples. The results are show in figure 6.  
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(A) The protein solution was applied to a nickel 
Sepharose HisTrap column (10 ml) equilibrated in Buffer 
A (  (50 mM Tris-HCL (ph 8); 100 mM NaCl; 20 mM 
imidazole; 1 mM DTT). The Ubc9 protein was eluted 
with a linear application of Buffer B (200 mM Imidazol; 
100 mM NaCl; 1 mM DTT). Fractions from 4 to 11 were 
run in a SDS-PAGE gel 12% and collected for a post 
purification. Ubc9 shows the expected size of 18 kDa.  
 

(B) Purification of Ubc9 applied to a SP FF column. 
Ubc9 was bound to the strong cation exchanger and 
eluted using a linear gradient of increasing NaCl 
concentrations. Samples 8, 15, 16, 17, 25 and 28 were 
analyzed in a SDS-PAGE 12%. Fractions from 9-19 
were collected for a post purification. Ubc9 shows the 
expected size of 18 kDa. 
 

Figure 6. NGC: Ubc9 
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Crystallization of Ubc9 WT and Ubc9C93S 

After screening hundreds, optimal reservoir conditions for crystalizing Ubc9 WT and  

 

Ubc9C93S were found. They are depicted in Table 1.  Ubc9C93S produced the best crystals, 

so we proceeded with the mutant for our drug discovery studies.  

Rational-based Drug Discovery 
 
DOCK blaster identified two major pockets in Ubc9, and we docked against them. 

Hundreds of compounds were predicted to bind at those two pockets. We ordered the top 

40 compounds with the highest predicted binding energies.  

Protein Protein concentration Reservoir Condition 
Ubc9 WT 10 mg/ml 22% PEG 8K, 0.1M 

HEPES (pH 7.5) 
Ubc9C93S 10 mg/ml 16% PEG 8K, 0.1M 

HEPES (pH 7.5) 

(C) Fractions from 55 to 67 eluted from a Superdex 75 column 
were loaded on a 12% Gel. A clean single band at the 
appropriate molecular weight (compare to figure 6 (A and B) 
can be seen. The Ultra-pure 18 kDa protein was visualized by 
staining with Coomassie blue. 
 

6 L of E. coli cells produced 30mg of high purity Ubc9, which 
was concentrated to 10mg/ml for crystallization studies. 
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We observed that Ubc9C93S crystals remain 

intact when 6% DMSO is added after 

crystallization, and thus we soaked 

Ubc9C93S crystals with a molar excess of 2-

DO8 to give a final DMSO concentration 

of 6%. A soaked crystal is depicted in 

figure 7. These protein-small molecule 

crystals were scooped and frozen in 

liquid N2. We used synchrotron-based X-ray 

diffraction studies to collect data to determine if 

the protein was bound. The X-ray diffraction 

pattern of 2-D08-soaked Ubc9C93S crystals is 

shown in figure 8. 

After data collection, we used molecular 

replacement to phase the data. This process 

illustrated the Ubc9C93S structure (figure 9). 

Through this analysis, we also determined 

that 2-D08 did not bind our Ubc9C93S 

crystals.   

 

 

Figure 7. Scooping of Ubc9C93S 
 After soaking with 2-D08, a brownish-
yellowish colored compound, Ubc9C93S crystals 
changed color. 

Figure 8. X-ray diffraction pattern 
of Ubc9C93A crystal.   
 

Figure 9. Structure of Ubc9C93S  
Structure obtained through X-ray diffraction 
studies and subsequent molecular replacement. 
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Conclusion & Future Aims 

Although 2-D08 did not show up as binding to Ubc9C93S in our X-ray diffraction data, we 

are currently repeating this experiment because often a small molecule such as 2-D08 

will bind to one crystal in a drop, but not another. So, a higher quantity of soaked crystals 

will be sent back to Berkeley in July 2017 for more studies.  

Also, 2-D08 may potentially be an active site binder. Ubc9C93S has a point mutation 

within the active site, so this may offer an explanation as to why 2-D08 did not bind the 

mutant crystals. Either way, further study and analysis is needed. 

Moreover, Ubc9C93S crystals are currently being soaked with another known Ubc9 binder 

(PDB ID: 5F6X)[3]. Recent research in the Perry and Prudden laboratory found that there 

is a second pocket on Ubc9 that binds SUMO-like domains, and that this pocket is 

important for essential cellular functions, including DNA repair[11]. The new fragment 

that we our currently soaking Ubc9C93S crystals with is known to bind this secondary 

pocket[3]. This fragment may therefore act as a better positive control for the binding of 

Ubc9C93S.  

 In the future, we will soak more crystals with the 40 small molecules (which have just 

arrived in the laboratory) chosen from earlier DOCK Blaster studies, as well as the 365 

fragments from the Zenobria fragment library of the Perry lab. We will use thermal shift 

Ubc9 Mutant Crystallographic Statistics 
Space Group C2221 

Cell Dimensions (Å) a = 35.25 b = 96.72 c = 111.9 
Resolution Range (Å) 24.76-2.00 
Rwork (%) 20.3 

Rfree (%) 23.7 
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studies to identify any potential binders, something we did not have to do with 2-D08 nor 

the second ligand, as they are already known to bind. Following thermal shift analyses, 

we will conduct more soaking studies. Protein-fragment crystals will be sent to the ALS 

at Berkeley to determine what kind of interaction is taking place between the protein and 

the compound(s), if any. After identification of fragment hits, we may turn these hits into 

higher-affinity leads through the chemical coupling of 2 to 3 fragments or the extension 

of one small molecule or fragment.  
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