Abstract:
The focus of this project is to develop a greater understanding of the protein-protein
interaction between the measles Nucleocapsid Binding Domain (NBD) protein and its ligand Nprotein, which are part of the paramyxovirus replication complex. This interaction is an example
of a binding reaction where one partner (the N protein) is intrinsically unstructured, but
undergoes a coil-to helix transition upon binding. The NBD’s biological role is to bind the N
protein which coats the viral RNA genome. However, it must quickly release as the replication
complex moves along the RNA during replication. To facilitate this biological function, NBD
displays a weak and short-lived interaction with the N-protein that is heavily dependent on the
structural stability of both proteins. We are utilizing this pair of proteins as a model system for
the study of coupled folding and binding processes.
In this work, we have investigated the influence of helix formation in N protein on the
NBD-N interaction. Helix stabilizing and destabilizing mutations were introduced into the NBD
binding site on the measles N-protein in order to analyze the effects that the structural stability of
N-protein have in the binding equilibrium between NBD and N.
The measles N protein was mutated by site directed mutagenesis into an unstable mutant,
L496G, and a more favorably stable mutant, L496A. These were fused to a small protein,
SUMO, to facilitate purification. After, induction and expression of the desired proteins, the
proteins were extracted from their respective transformed E. coli BL21-D3 gold expression strain
and submitted to protein purification techniques such as Co 2+ affinity column chromatography,
dialysis, and centrifuge concentration. The purity and success of the purification was evaluated
by SDS-PAGE electrophoresis, and absorption spectroscopy. The binding reaction between

measles NBD wild type, N protein and the mutated variants was analyzed by isothermal titration
calorimetry (ITC).

Introduction:
The majority of proteins have a fixed three-dimensional structure, and this structure
confers the ability to carry out a particular function. For example, to selectively bind another
protein, a protein’s interaction surface often has a remarkable spatial complementarity to its
target, with both partners structure being required to achieve this high specificity. Such
complementarity also gives rise to a strong and stable complex. Many cellular functions are
carried out by large multiprotein complexes which stay associated due to the strong interactions
between binding partners. However, other functions require a short-lived, transient interaction,
and it is not well-understood how such proteins can simultaneously achieve high specificity.
An example is furnished in the paramyxovirus replication complex. Paramyxoviruses are
simple RNA viruses which infect humans and animals. These include the measles and mumps
viruses, which infect humans. The RNA genome of a paramyxovirus is coated with thousands of
copies of the N protein, and this nucleoprotein complex, the nucleocapsid, is the substrate for the
viral polymerase. The polymerase is tethered to the nucleocapsid by the phosphoprotein (P
protein), at the end of which is a small domain called the nucleocapsid-binding domain, or NBD.
In different paramyxoviruses, either the NBD, or its binding site on N, or both, can vary between
highly stable and intrinsically unstructured. It is proposed that the disorder in these binding
partners facilitates processive movement of the polymerase along the nucleocapsid to allow rapid
replication. We are using these proteins as a model system to study the origins of structural
specificity and binding specificity.

Our hypothesis is that such specific but low-affinity interactions are achieved by
diminishing the intrinsic stability of one or the other of the binding partners, so that the bindingcompetent folded state is only occupied a fraction of the time. In this case, an entropic cost
must be paid to organize the protein before it can bind to its partner, reducing the overall energy
of the interaction between the two. In this work, we test this hypothesis by modulating the
stability of the N protein, and investigate the effect on the binding affinity between it and the
NBD.
For this study we employ the NBD and N proteins from the measles virus. The measles
nucleocapsid binding domain (NBD) is a small 49-residue protein attached to the C-terminal end
of the phosphoprotein, a subunit of the paramyxovirus replication complex (Kingston, Baase &
Gay, 2004). Its biological role is to bind the measles N protein which coats the viral RNA
genome. This small fifty amino acid protein functions as a “foot” of the polymerase complex, by
binding to an alpha helix sequence (residues 487-503) in the N protein and quickly releases as
the replication complex moves along the RNA during replication (Yegambaram & Kingston,
2010). These two proteins form a binding complex with a weak (Kd= 19 uM) and short lived
interaction. The rate constant for complex formation is very fast (kon=0.5x108 M-1s-1), so the
complex lifetime may be estimated as being on the order of a millisecond.
Interestingly, another paramyxovirus, mumps virus displays an NBD-N complex of
considerable homology to measles, but with considerably different folding behavior.
Spectroscopic studies show that the NBD is predominantly α-helical in both viruses. However,
only in measles virus is the NBD stable and folded, while having a lesser degree of tertiary
organization in the mumps virus NBD (Kingston, Baase & Gay, 2004). Consequently, this
difference in conformation stability, introduces an interesting question in respect to the

relationship between NBD-N structural stability and its effect on binding affinity. Therefore,
these viral proteins are well-suited to investigate these fundamental questions.
The goal of this study is to develop a greater understanding of the energetic basis of the
protein-protein interaction between the measles Nucleocapsid Binding Domain (NBD) protein
and the smaller N-protein and the relationship between the interaction’s binding affinity and the
structural stability of each respective protein. The NBD-N binding complex is comprised of a
simple four alpha helix complex. Consequently, the presence of this minimal tertiary
conformation allows for the ability to genetically manipulate the structural stability of the Nprotein by introduction of stabilizing and destabilizing mutations. In solution, proteins exist in a
state of equilibrium between unfolded and folded states, where its preference towards which state
to favor is heavily dependent on the composing amino acid sequence and the environment
conditions to which the protein is exposed (Hausrath, 2006). Additionally, folded proteins are
capable of undergoing tertiary interactions with other proteins or molecules. In the case of the
formation of the measles NBD-N binding complex, in its independent state, N protein is found as
an unfolded protein. However, once bound to NBD, the N protein undergoes a coil to helix
structural transition as seen in diagram 1.

Diagram 1: Stability equilibrium of measles N-protein and interaction and formation of N-NBD
binding complex.
The analysis of the structural stability of measles N protein can allow us to understand
the complexity of this transient protein-protein interaction. Consequently, helix stabilizing and

destabilizing mutations can be introduced into the NBD binding site on the measles N-protein in
order to analyze the effects that the structural stability of N-protein have in the binding
equilibrium between NBD and N. Since the sequence-dependence of the formation of alphahelices in peptides is well-understood, this understanding may be applied to modulate the
stability of the N peptide. According to our current understanding of alpha helix formation, an
introduction of a glycine residue can restrict alpha helix formation due to its high conformational
flexibility which entropically limits the alpha helix structure (Nelson & Cox, 2008).
Consequently, an introduction of a glycine mutation into the N protein sequence would shift the
structural equilibrium towards the unfolded state, while simultaneously decreasing the affinity of
formation of the binding complex with NBD (see diagram 1). On the other hand, an introduction
of an alanine residue can support alpha helix formation due to its small residue size which allows
the formation of helical structures (Nelson & Cox, 2008). Therefore, the introduction of an
alanine mutation into the N protein sequence would shift the structural equilibrium towards the
folded state and simultaneously increase propensity for NBD-N binding complex. Additionally,
both mutations can be mutated into the 496 residue position of N, because this residue does not
form any contacts to NBD during binding (Yegambaram & Kingston, 2010). This direct
manipulation of the stability of formation of the NBD-N binding complex allows the application
of this model as a prime example for complete thermodynamic analysis by means of isothermal
titration calorimetry (ITC). However, application of both molecular biology and biochemistry
techniques are required before evaluation by ITC.
The first step of this project involves the creation of viable N plasmids containing the
mutations L496A and L496G, which can be obtained by application of ligation independent
cloning with the SUMO petHSUL vector. Ligation independent cloning (LIC) is a cloning

technique that does not require the introduction of a ligation factor and only needs
complementary RNA strands with the mutated N sequence that can be easily be incorporated into
the SUMO petHSUL vector. LIC can be successfully applied to formation of these mutants due
to N protein small primer size requirement. Cloning with the SUMO petHSUL vector is justified
by the presence of the SUMO tag, which can be utilized for purification assays and as a stable
protein anchor similar to the structured nucleocapsid portion, and ampicillin resistance, which
can be applied for bacterial transformations (Weeks, Drinker & Loll, 2007). After cloning and
incorporation of the mutated N-protein into the SUMO petHSUL vector, transformation of E.
coli DH5alpha strain with the mutated N-SUMO plasmid can allow amplification of the plasmid
for further bacterial transformations and DNA sequencing. After DNA amplification, the mutant
N-SUMO plasmids can be further transformed into E. coli BL21-D3 gold expression strains in
order to begin expression of the desired peptides.
After expression by transformed E. coli BL21-D3 expression strain, the desired peptides
can be extracted from bacteria by application of sonication. This procedure disrupts the
peptidoglycan meshwork of the E. coli cells by the utilization of high energy and frequency
sound waves. After extraction, biochemical purification and concentration techniques such as
Co2+ affinity column chromatography, FPLC directed ion exchange chromatography, dialysis,
AmSO4 concentration, SDS-PAGE electrophoresis, absorption spectroscopy, and centrifuge
concentration can be utilized to create a pure sample of desired measles peptide and to evaluate
the degree of purification of the sample. After appropriate concentration, the measles peptide
samples can be analyzed by isothermal titration calorimetry.
Isothermal titration calorimetry is a biophysical chemistry technique that can be applied
for total decomposition and measurement of the thermodynamic properties between protein

interactions. This technique can be applied for measurement of a binding complex’s binding
affinity, entropy and enthalpy of binding, and Gibbs free energy of binding (Jelesarov &
Bosshard, 1999). Consequently, the wide analysis obtained by application of isothermal titration
calorimetry can be applied to measure the binding of measles NBD-SUMO wt to the different
measles N-SUMO wt variants. Due to the destabilizing properties of glycine, the N-SUMO
L496G mutant is expected to bind with less affinity than the N-SUMO wild type, while the
stabilizing the properties of alanine, will cause the N-SUMO L496A mutant to display the
binding with the higher magnitude. This hypothesis will be supported with the results of the ITC
measurements.

Materials and Methods
Ligation Independent Cloning and E. coli DH5alpha strain transformation.
Variants of the N-peptide fused to SUMO were prepared by direct cloning of oligonucleotide
primers coding for the peptide. Respective stock primers of both upper and lower sequences
corresponding to both measles N-SUMO L496A and N-SUMO L496G were diluted to 100 uM
samples. The diluted primer samples were combined with their respective upper and lower
primers and concentrated into 1 uM and 10 uM. Different primer samples were produced with
the following conditions:
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L496G
L496A
L496A
L496A
L496A
L496A
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B
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1:1
Each sample was incubated at 75.0 C. for 2 min. and then allowed to cool to room temperature
for 5 min. 50 uL of thawed E. coli DH5alpha strain cells were added to each sample. After
introduction of cells, the samples were incubated for 20 min on ice. After incubation, each
sample underwent transformation by 30 sec. exposure to 42.0 C, and afterwards cooled in ice for
2 min. After cooling, 750 uL of LB broth were introduced to each sample and put in the shaker at
37.0 C and incubated over night. After incubation, 50 uL and 5 uL samples of each sample were
introduced to their respective LB/Amp plates and grown overnight at 37.0 C. The success of the
transformation was evaluated by the presence of colonies after incubation. Three colonies from
plates 2 and 10 were selected for sequencing.

DNA Extraction and sequencing of transformed plasmids.
To confirm incorporation of the desired sequences, 5 mL cultures of each selected colony in
LB/Amp were incubated overnight at 37.0 C. After incubation, each sample underwent miniprep
DNA extraction following the kit protocol. After plasmid extraction, DNA concentration was
determined by absorption spectroscopy at 260 nm. If the samples, had enough concentration, the
samples were sent to the sequencing center.

E. coli BL21-DE3 Gold strain transformation with N-SUMO mutant variant plasmids.
2 uL of each minipreped N-SUMO mutant plasmid were introduced into 50 uL of E. coli BL21DE3 Gold in 5 mL of LB/Amp broth. Each sample was incubated overnight at 37.0 C. After
incubation, 750 uL of each sample were plated into LB/Amp plates. The success of each
transformation was evaluated by the rate of survival of plated colonies.

Incubation and induction of transformed measles N-SUMO variants BL21-DE3 expression
strain.
A 5mL culture of each BL21-DE3 Gold measles N-SUMO variant was incubated overnight in
LB/Amp broth at 36.0 C. After incubation 4 L of LB/Amp broth were inoculated with 1 mL of
the overnight culture of BL21-DE3 Gold measles N-SUMO variant per liter.The samples were
allowed to incubate for 3 hours until reaching an OD600=0.5. After measurement of OD, each
sample was induced by introduction of IPTG and allowed to incubate for 3 hours.

Incubation and induction of transformed measles NBD-SUMO wt BL21-D3 Gold
expression variant.
A 50 mL culture of BL21-D3 Measles NBD-SUMO was incubated overnight in LB/Amp broth
at 36.0 C. After incubation, 16 L of sample were inoculated with 4 mL of BL21-D3 Measles
NBD-SUMO per liter. The samples were allowed to incubate for 6 hours until reaching an
OD600=0.5. After measurement of OD, each sample was induced by introduction of IPTG and
allowed to incubate for 6 hours.

Centrifugation and Lysis
After incubation, the 16 L of BL21-DE3 Gold Measles NBD-SUMO were centrifuged for 25
min. and the pellet was extracted and resuspended in 200 mL of lysis buffer (20 mM Na2PO4,
200 mM NaCl, pH:8.0) and lysed by sonication. After lysis, the sample was centrifuged for 25
min. and the supernatant was extracted with pipette. Samples of both lysis supernatant and pellet
were obtained.

Co2+ Affinity Column Chromatography
The cell supernatant was introduced into a Co2+ IEC column and allowed to run through the
column. Flowthrough samples were collected. Two washes of 25 mL each with washing buffer
(20 mM Na2PO4, 200 mM NaCl, pH:8.0) were run through the column. Washes with elution
buffer (20 mM Na2PO4, 200 mM NaCl, 200 mM Imidazole, pH:8.0) were collected into three
fractions of 25 mL each.

SDS-PAGE Gel Electrophoresis
A 10% SDS-PAGE gel was made and the samples (26 uL, stained with Coomassie blue) were
allowed to be processed against the ladder for approximately 1 hr. at 120 V. After processing,
the gels were stained and the location of the fractions containing the desired proteins were
identified and pooled.

FPLC mediated DEAE ion exchange column chromatography
For further purification, protein was dialysed into a buffer containing 50 mM Na Phosphate pH
8.0, and applied to a DEAE column equilibrated in the same buffer. A salt gradient from 0 to 1
M NaCl was used to elute the protein. Samples of 10 mL volume were collected and the
measurement of absorption at 280 nm. was used to identify the protein-containing fractions,
which were analysed by SDS-PAGE to assess purity.

Dialysis of purified protein samples

The dialysis tubing was prepared by cleaning with distilled water for 10-15 minutes. When
prepared, the bag was drained, and filled with purified protein sample. The ends of the bag were
tied with simple knots, and a significant space in the bag was left for expansion. The bag was
introduced into 500 mL of dialysis buffer (20 mM Na2PO4, 200 mM NaCl, pH:8.0); the dialysate
was replaced with this buffer twice before the next step.

Concentration of Protein samples by centrifuge concentration
The centricon machine was turned on and allowed to cool to 4.0 C. The protein samples were
placed into centricon filter vials with 10,000 Da pore sizes. The protein filter vial, was
equilibrated with a similar filter vial with water with same volume as protein vial. After
equilibration, both the protein filter vial and the water filter vial were placed into the centricon
machine and allowed to spin at 3,000 RPM for 30 min.

Absorption Spectroscopy concentration measurement of protein samples
The spectrometer was modulated to measure absorption at 280 nm and standardized by utilizing
20 mM Na2PO4, 200 mM NaCl, pH:8.0 buffer. 10 fold dilution samples were made of each
protein sample and their absorption was measured at 280 nm. The calculated concentration was
ontained by application of Beer-Lambert’s equation, with an extinction coefficient of 3000 M-1
cm-1 and distance of 1.00 cm.

Isothermal Titration Calorimetry
A VP-ITC titration calorimeter was used for all calorimetry measurements.

ITC settings: All ITC measurements were measured with a well temperature of 15.0 C, baseline
of 25.0 kcal/uL, and 32 injections. The control well contained 1.6 mL of distilled water as
standard.
ITC binding measurements: The ITC syringe was filled with 256.7 uL of measles NBDSUMO wt in its respective concentration, while the ligand well contained 1.6 mL of the NSUMO variant being examined. After, introducing the protein samples in the ITC, thermal
equilibration, and final baseline setup, the binding assay was started and allowed to proceed until
32 injections were finished. After completion of the binding assay, the ITC protein samples were
extracted and stored. The ITC was thoroughly cleaned with distilled water.

Results:
Ligation Independent Cloning and transformation of E. coli DH5alpha strain and E. coli
BL21-DE3 strain with measles N-SUMO L496A and N-SUMO L496G plasmids.
Ligation independent cloning and transformation of E. coli DH5alpha cells resulted in the
successful survival and subsequent transformation of the samples exposed to both the DNA
primers and the vector (see table 1). Control samples did not survive indicating successful
introduction of the inserts. Three colonies from plates 2 and 10 were chosen for plasmid
amplification and DNA sequencing. The plate 2 colonies showed DNA concentrations of 28.0,
67.8, and 47.8 (ug/uL), while plate 10 colonies displayed concentrations of 56.5, 63.0, and 47.5
(ug/uL)(see table 2). All but only sample C1 were picked for DNA sequencing. The results of the
DNA sequencing of the measles N-SUMO L496A, and N-SUMO L496G samples all showed the
inclusion of the mutation at the residue 496 position (see table 3). The results of the

transformation of E. coli BL21-D3 gold expression displayed survival of all successfully
transformed colonies, while the control sample showed no survival (see table 4).

Extraction and purification of measles NBD-SUMO wild type and SUMO cleaving protease
treatment.
The results of the extraction and purification process of measles NBD-SUMO wild type
from transformed E. coli BL21-DE3 gold expression strain were carried throughout the several
purification techniques and resulted in purified and concentrated measles NBD-SUMO wt. The
extraction and purification techniques utilized were sonication, centrifugation, Co 2+ affinity
column chromatography, dialysis and protease treatment. After sample was processed through
each technique, the cleaved measles NBD wt, was lost during the protease treatment because of
the absence of the NBD protein band at (8.0 kDa) in the Co2+ post protease column of the SDSPAGE electrophoresis gel (see fig. 2). Consequently, the desired measles NBD-SUMO wild type
was lost during the process and the protease section of the purification technique was omitted for
the purification of the other proteins.
Extraction and purification of measles N-SUMO L496G mutant treatment
The results of the extraction and purification process of measles N-SUMO L496G from
transformed E. coli BL21-D3 gold expression strain were distributed throughout the several
purification techniques utilized to purify and concentrate measles N-SUMO L496A. The
extraction and purification techniques utilized were sonication, centrifugation, Co 2+ affinity
column chromatography, and dialysis. After the sample was processed through each technique,
the purified measles N-SUMO L496G, a sample of the purified N-SUMO L496G was obtained
with considerable purity as seen by the lone presence of the 14 kDa protein band in the post

dialysis lane (see fig. 3). The concentration of the purified measles N-SUMO L496G determined
by absorbance spectroscopy with an absorbance measurement at 280 nm of 0.17302 and a
calculated concentration of 567.0 uM. (table 5)

Extraction and purification of measles N-SUMO L496A mutant treatment
The results of the extraction and purification process of measles N-SUMO L496A from
transformed E. coli BL21-DE3 Gold expression strain were distributed throughout the several
purification techniques utilized to purify and concentrate measles N-SUMO L496A. The
extraction and purification techniques utilized were sonication, centrifugation, Co 2+ affinity
column chromatography, and dialysis. After the sample was processed through each technique,
the purified measles N-SUMO L496A, a sample of the purified N-SUMO L496A was obtained
with considerable purity as seen by the lone presence of the 14 kDa protein band in the post
dialysis lane (see fig. 4). The concentration of the purified measles N-SUMO L496A determined
by absorbance spectroscopy with an absorbance measurement at 280 nm of 5.77x10 -2 and a
calculated concentration of 192.0 uM. (table 5)
Extraction and purification of measles N-SUMO wild type and AmSO4 concentration
treatment
The results of the extraction and purification process of measles N-SUMO wt from
transformed E. coli BL21-D3 gold expression strain were distributed throughout the several
purification techniques utilized to purify and concentrate measles N-SUMO wt. The extraction
and purification techniques utilized were sonication, centrifugation, Co 2+ affinity column
chromatography, AmSO4 concentration assay, FPLC directed ion exchange chromatography,
and dialysis. After the sample was processed through the Co 2+ affinity column, the 14 kDa

protein band of N-SUMO was present in the elute lanes, however, the second elution lane
displayed the presence of several protein contaminants (see fig. 5). Consequently, the eluted NSUMO wt was exposed to AmSO4 in order to both concentrate it and purify. Nevertheless,
AmSO4 treatment was unsuccessful due to the absence of any protein bands corresponding to the
AmSO4 post treatment lanes (see fig. 5). Therefore, the eluted N-SUMO wt sample was further
purified and concentrated by FPLC mediated ion exchange column chromatography. The results
of the application of this technique displayed an absorbance peak at fractions 28-33 (see fig. 6),
which corresponded to the eluted N-SUMO wt. This result, was validated by the presence of
protein band at 14 kDa of N-SUMO wt in the processed SDS-PAGE gel of the eluted fractions
28-33 (see fig. 8). The concentration of the purified measles N-SUMO wt determined by
absorbance spectroscopy with an absorbance measurement at 280 nm of 4.98x10 -3 and a
calculated concentration of 16.60 uM (table 5).
Extraction and purification of measles NBD-SUMO wild type.
The results of the extraction and purification process of measles NBD-SUMO wild type
from transformed E. coli BL21-DE3 Gold expression strain were distributed throughout the
several purification techniques utilized to purify and concentrate measles NBD-SUMO wt,
however in this case protease treatment was avoided. The extraction and purification techniques
utilized were sonication, centrifugation, Co 2+ affinity column chromatography, FPLC directed
ion exchange chromatography. After the sample was processed through the Co2+ affinity column,
the 18 kDa protein band of NBD-SUMO wt was present in the elute lanes, however, the second
elution lane displayed the presence of several protein contaminants (see fig. 9). Consequently,
the eluted NBD-SUMO wt was further purified and concentrated by FPLC mediated ion
exchange column chromatography. The results displayed an absorbance peak at fractions 51-59

(see fig. 10) which corresponded to eluted NBD-SUMO wt. This result, was validated by the
presence of protein band at 18 kDa of NBD-SUMO wt in the processed SDS-PAGE gel of the
eluted fractions 51-59 (see fig. 12). The concentration of the purified measles NBD-SUMO wt
determined by absorbance spectroscopy with an absorbance measurement at 280 nm of
9.401x10-2 and a calculated concentration of 313.0 uM (table 5).
Protein sample preparation for isothermal titration calorimetry measurements
After purification, the concentration of the initial purified protein samples was modified
to accommodate the specifications of the ITC. The ITC concentration of the N-SUMO variant
sample was calculated by the utilization of the formula R=Ka*[ligand], where Ka corresponds to
the affinity of binding between the two proteins, in this case 1.0x10 5 M-1, and [ligand] is the
original concentration of the N-SUMO variant. The initial ITC concentrations for N-SUMO wt,
N-SUMO L496G, and N-SUMO L496A where 1.66, 56.7, and 19.2 respectively. Using these
calculated concentrations, the concentration of NBD-measles wt for each titration was calculated
by the application of the formula [NBD]=7*n*R, where n is the number of binding sites, in this
case 1, and R is the ITC concentration of the N-SUMO variant that will be utilized for the
titration. After, concentration by centrifuge concentration or dilution, the concentrations of all
protein samples were modified as seen in table 6.
Isothermal titration calorimetry between measles NBD-SUMO wt and its respective
measles N-SUMO variant
All titrations were measured at 15.0 C, against a water control well, and underwent a run
of 32 injections of measles NBD-SUMO wt into 1.6 mL of N-SUMO variant sample. The results
of each titration displayed different binding curves. The results of the titration between NBDSUMO wt (169.4 uM) and N-SUMO L496A (242.0 uM), showed the formation of considerable

energy signals that decreased in magnitude as both the number of injections and time progressed
(see fig. 13). The results of the titration between NBD-SUMO wt (28.77 uM)and N-SUMO wt
(41.11 uM), displayed the formation of three energy signals following the first three injections,
however the energy signal became minimal and nonexistent after the third injection (see fig. 14).
The results of the titration between NBD-SUMO wt (313.0 uM) and N-SUMO L496G (447.0
uM), showed the formation of considerable energy signals that remained at the same magnitude
with the progression of the injections and time, unlike the previous two titrations (Fig. 15).
After completion of the titration, samples of each titration were collected and analyzed by
SDS-PAGE electrophoresis in order to validate the presence of both NBD-SUMO wt and its
respective N-SUMO variant. As seen in fig. 16, all ITC titration samples displayed the presence
of the NBD-SUMO wt (18 kDa) and its corresponding N-SUMO variant (~14 kDa). This result
eliminates any sources of error caused by the absence of one of the proteins.

Discussion:
Ligation Independent Cloning and transformation of E. coli DH5alpha strain and E. coli
BL21-D3 strain with measles N-SUMO L496A and N-SUMO L496G plasmids.
The results of the ligation independent cloning and transformation of both E. coli
DH5alpha and E. coli BL21-D3 gold strains proved to display successful results. As seen in table
1, all of the colonies of E. coli DH5alpha that were exposed to both the mutated measles NSUMO plasmid and the vector survived growth in LB/amp variant, therefore being evidence to
the success of both the LIC technique and the creation of measles N-SUMO L496A and NSUMO L496G expressing E. coli DH5alpha strains. Additionally, the lack of survival of the
control samples where the cells were only exposed to the primer and not the vector, indicates the

inability for the primers to enter the cell. While the sample that was not exposed to neither the
primer of the vector did not survive as expected. The selected colonies came from plates 2 and
10 (fig. 1), due to the low amount of primer and vector utilized for cloning, therefore decreasing
the possibility of any random cloning. The minipreped samples of DNA containing the measles
N-SUMO L496A, and measles N-SUMO L496G, contained DNA concentrations high enough to
be able to procure DNA sequencing and demonstrate that the transformed DH5alpha cells were
efficient at expressing the plasmids (see fig. 2). Again, as seen in Fig. 3, all the transformed
mutated plasmids displayed the presence of the mutation at the 496-residue location of the
plasmid. Therefore, the plasmid samples were utilized to transform the E. coli BL21-D3 gold
expression strain. The transformation of the E. coli BL21-D3 gold expression with the N-SUMO
L496A and N-SUMO L496G was successful due to the fact that all the transformed colonies
survived growth when exposed to Amp. While the control sample, which was not exposed to the
mutated plasmids did not survive exposure to the antibiotic, therefore suggesting that a
successful transformation is required for the cells to survive (table 4). The success of the
transformation allowed the production of measles N-SUMO L496A and measles N-SUMO
L496G E. coli BL21-D3 gold protein expression strains. This was an important step in the
project, as these transformed mutant strains can be extensively utilized for expression of the
mutated measles N-SUMO variants for several protein analysis assays. Since any desired
peptide variant can now be easily created by ordering the appropriate primers and cloning them
directly using the LIC process, in future it will be possible to make libraries of variants for
screening purposes, and to create isotopically labeled peptides for NMR studies.
Extraction and purification of measles NBD-SUMO wild type and SUMO cleaving protease
treatment.

The results of the processed SDS-PAGE of the samples after each purification technique
revealed the presence of the desired protein until reaching the post-protease treatment stage. The
sample corresponding to the periplasmic lysing displayed the presence of several proteins due to
the formation of several bands throughout the gel, some of the bands were lighter than the other
ones therefore indirectly displaying the concentration of each protein fragment in the cell lysate
sample. This sample also showed the considerable amount of different proteins found in an
unprocessed cell lysate sample. The sample corresponding to the Co 2+ column flowthrough
displays the proteins that did not display any affinity to the stationary resin of the column due to
the lack of the Histidine tag only present in the SUMO protein tag. Consequently, those proteins
flowed through the column, while the NBD-SUMO was retained by the column due to evidence
of the lack of the NBD-SUMO wt (18 kDa) in the Co 2+ column wash lane. When, the column
was exposed to the imidazole buffer, the imidazole outcompeted the histidine tag for affinity to
the Co2+ column causing the elution of the NBD-SUMO wt as seen in the presence of the 18 kDa
band in the elute lane (see fig. 2).
The results of the protease treatment of the purified NBD-SUMO wt displayed the
presence of the protein band corresponding to SUMO (10 kDa), while the band corresponding to
NBD (8 kDA) was absent in the post protease lane. Additionally, the lack of the NBD protein
band in the imidazole post protease treatment line further enforces the unsuccessful results of the
protease treatment. The disappearance of the purified NBD during protease treatment could have
been caused by protein aggregation during dialysis or by the elution of the purified NBD out the
dialysis bag due to its small size.
Extraction and purification of measles N-SUMO L496G mutant treatment

The results of the processed SDS-PAGE of the samples after each purification technique
revealed the presence of the desired protein throughout all of the techniques. The sample
corresponding to the periplasmic lysing displayed the presence of several proteins due to the
formation of several bands throughout the gel lysate band. The sample corresponding to the Co 2+
column flowthrough displays the proteins that did not display any affinity to the stationary resin
of the column due to the lack of the Histidine tag only present in the SUMO protein tag.
Consequently, those proteins flowed through the column, while the N-SUMO L496G was
retained by the column. However, the presence of the protein band corresponding to the NSUMO L496G (14 kDa) in the wash lane suggests the lost of protein during the wash. This could
have been caused by over production and oversaturation of the Co 2+ stationary phase by NSUMO L496G. When, the column was exposed to the imidazole buffer, the imidazole
outcompeted the histidine tag for affinity to the Co2+ column causing the elution of the N-SUMO
L496G as seen in the presence of the lone 14 kDa band in the elute lane (see fig. 3). The after
dialysis lane displayed significant purity due to the absence of other protein bands besides NSUMO L496G. Additionally, the absorbance measurement of 0.17302 and calculated
concentration of 567.0 uM displays the efficient production of measles N-SUMO L496G (see
table 5).
Extraction and purification of measles N-SUMO L496A mutant treatment
The results of the processed SDS-PAGE of the samples after each purification technique
revealed the presence of the desired protein throughout all of the techniques. The sample
corresponding to the periplasmic lysing displayed the presence of several proteins due to the
formation of several bands throughout the gel lysate band. The sample corresponding to the Co 2+
column flowthrough displays the proteins that did not display any affinity to the stationary resin

of the column due to the lack of the Histidine tag only present in the SUMO protein tag.
Consequently, those proteins flowed through the column, while the N-SUMO L496A was
retained by the column. When, the column was exposed to the imidazole buffer, the imidazole
outcompeted the histidine tag for affinity to the Co2+ column causing the elution of the N-SUMO
L496A as seen in the presence of the lone 14 kDa band in the elute lane (see fig. 4). The after
dialysis lane displayed significant purity due to the absence of other protein bands besides NSUMO L496A.
Extraction and purification of measles N-SUMO wild type and AmSO4 concentration
treatment
The results of the processed SDS-PAGE of the samples after each purification technique
revealed the presence of the desired protein throughout all of the techniques, until being lost after
AmSO4 treatment (see fig. 5). The sample corresponding to the periplasmic lysing displayed the
presence of several proteins due to the formation of several bands throughout the gel lysate band.
The sample corresponding to the Co 2+ column flowthrough displays the proteins that did not
display any affinity to the stationary resin of the column due to the lack of the Histidine tag only
present in the SUMO protein tag. Consequently, those proteins flowed through the column, while
the N-SUMO wt was retained by the column. When, the column was exposed to the imidazole
buffer, the imidazole outcompeted the histidine tag for affinity to the Co 2+ column causing the
elution of the N-SUMO wt as seen in the presence of the lone 14 kDa band in the elute lanes (see
fig. 5). However, the presence of contaminant proteins in the second elution lane promoted us to
continue purifying the protein sample by AmSO4 concentration assay. After exposure to AmSO4,
the results of the processed SDS-PAGE gel with the AmSO4 pellet and supernatant displayed an
absence of the desired protein band at 14 kDa. Therefore, it could be suggested that either the N-

SUMO wt protein aggregated before AmSO4 exposure or that the protein failed to resuspend
after treatment (see fig. 5). Consequently, this technique was substituted by further purification
by FPLC directed ion exchange column chromatography. As seen in fig.6, an absorbance peak of
approximately 300 mAU at fractions 28-30 was registered by the FPLC, this elution also
occurred at a salt saturation percentage of 25% to 30%, which is the expected percentage at
which N-SUMO has been observed to elute out of column (see fig. 7). In order to validate that
this absorbance peak was caused by the elution of N-SUMO wt an SDS-PAGE electrophoresis of
samples 28-33 was processed. The results of this processed gel, showed the presence of a
concentrated and lone band at 14 kDA in samples 30 to 32 which corresponds to N-SUMO
wt(Fig. 8). Therefore, FPLC directed ion exchange column chromatography was successful at
both further purifying and concentrating the protein sample, while AmSO4 concentration was
avoided for further protein purifications.
Extraction and purification of measles NBD-SUMO wild type
The results of the processed SDS-PAGE of the samples after each purification technique
revealed the presence of the desired protein throughout all of the techniques (see fig. 9). The
sample corresponding to the periplasmic lysing displayed the presence of several proteins due to
the formation of several bands throughout the gel lysate band. The sample corresponding to the
Co2+ column flowthrough displays the proteins that did not display any affinity to the stationary
resin of the column due to the lack of the Histidine tag only present in the SUMO protein tag.
Consequently, those proteins flowed through the column, while the NBD-SUMO wt was retained
by the column. When, the column was exposed to the imidazole buffer, the imidazole
outcompeted the histidine tag for affinity to the Co2+ column causing the elution of the NBDSUMO wt as seen in the presence of the 18 kDa band in the elute lanes (see fig. 9). However, the

presence of contaminant proteins in the second elution lane promoted us to further purify and
concentrate the protein sample by means of FPLC directed ion exchange column
chromatography. As seen in fig. 10, an absorbance peak of approximately 140 mAU at fractions
51-59 was registered by the FPLC, this elution also occurred at a salt saturation percentage of
48% to 50%, which is the expected percentage at which NBD-SUMO has been observed to elute
out of column (see fig. 11). In order to validate that this absorbance peak was caused by the
elution of NBD-SUMO wt an SDS-PAGE electrophoresis of samples 51-59 was processed. The
results of this processed gel, showed the presence of a concentrated and lone band at 18 kDA in
samples 53 to 57 which corresponds to NBD-SUMO wt (Fig. 12). Therefore, FPLC directed ion
exchange column chromatography was successful at both further purifying and concentrating the
protein sample.
Isothermal titration calorimetry between measles NBD-SUMO wt and its respective
measles N-SUMO variant
The results of the titration assays between measles NBD-SUMO wt and its respective
measles N-SUMO variant proved inconclusive due to the high deviation and abnormal behavior
of the binding curves measured by ITC. An expected successful ITC measured binding curve
displays a curve that displays energy signals after each injection, however as time progresses the
magnitude of each signal decreases until not deviating from the baseline value. This decreasing
energy signal behavior is caused by the saturation of the ligand sample by the syringe protein
sample, which decreases the amount of ligand available to bind after each injection.
Consequently, the decrease in available free ligand causes the subsequent decrease in the
magnitude of the energy signal due to the decreasingly smaller amount of interactions that are
available for interaction. Analysis between an expected successful ITC binding curve and the

measured binding curves of this project can reveal information about the behavior and origin of
deviation in each titration reaction.
The binding curve between NBD-SUMO wt and N-SUMO L496A displayed a
considerably similar behavior as expected from a successful ITC titration, with decreasing
energy signals as consequence of the progression of the NBD-SUMO injections. However, the
behavior of this binding curve deviated from the expected behavior because the titration did not
achieve saturation. This can be concluded by the observation that even after 32 injections of
NBD-SUMO, the energy signal did not decrease to be exactly the baseline value (see fig. 13).
However, a comparison between the first energy signal and the last energy signal does display a
significant decrease in magnitude and suggest the presence of binding between NBD-SUMO wt
and N-SUMO L496A. Nevertheless, the inability to further analyze this binding curve cannot
support the previous explanation.
The binding curve between NBD-SUMO wt and N-SUMO wt displayed a considerably
similar behavior as expected from a successful ITC titration, however the sample reached
saturation prematurely after the third injection as seen by the vanishing of a significant energy
signal afterwards (see fig. 14). This deviated behavior can be justified by the fact that the
concentration of N-SUMO wt was too low to create an accurate binding curve. According to ITC
methodology, the ITC ligand concentration, R, has to be in between the range of 10 to 50,
however in the case of N-SUMO wt, its concentration was considerably below at 4.11.
Therefore, this can suggest that there was insufficient N-SUMO wt necessary to create an
accurate binding curve as evident by the early saturation of the ITC binding curve.
Finally, the binding curve between NBD-SUMO wt and N-SUMO L496G did not display
a similar behavior to the previous titrations and drastically deviated from ideal behavior. This

titration displayed a lack of saturation after 32 samples by displaying energy signal peaks that
remained with considerably same size after each injection (see fig. 15). Consequently, this
behavior can be interpreted by suggesting that there was no binding between NBD-SUMO and
N-SUMO L496G and the energy signals correspond to the heat released by the dilution of NBDSUMO into the well. However, just as with the L496A mutant, the inability to further analyze
this binding curve cannot support this claim.
Overall, the three different titrations displayed unfortunate results that were too
inaccurate to proceed with further thermodynamic binding analysis such as determination of
binding affinity, enthalpy and entropy of binding. Nevertheless, the observation that all three
titrations displayed inaccurate behavior can suggest the inability for ITC analysis by application
of the same conditions utilized in this project. These shared conditions that are possible sources
of error can be attributed to the predominantly short lifetime and weak binding interaction
between measles NBD-SUMO wt and N-SUMO wt, which is a property that is required for their
physiological role in the measles RNA transcription mechanism. Additionally, the inability to
create an accurate binding curve can be attributed to the presence of the large size SUMO
protein tag attached to both N protein variant and NBD wt. The large size of the SUMO tag
could have caused steric interference between the two proteins, therefore inhibiting the formation
of the binding complex. Consequently, the current state of this project needs modification to
achieve its original objective.

Conclusion
In conclusion, the goals of this project were partially accomplished but the final objective
was not achieved. During this project, E. coli DH5alpha cells and BL21-D3 gold cells were

successfully transformed to express measles N-SUMO L496A and N-SUMO L496G strains. The
extraction and purification of the protein samples by means of sonication, Co 2+ affinity column
chromatography, FPLC directed ion exchange column chromatography, dialysis, and centrifuge
concentration were successful by creation of purified NBD-SUMO wt, N-SUMO wt, N-SUMO
L496A, and N-SUMO L496G samples. However, the results of the subsequent ITC titrations
proved inconclusive and unable to be further analyzed to understand the relationship between the
folding equilibrium and the binding affinity of this binding complex. Further modifications for
the project that might increase the accuracy of the ITC measurements can be the introduction of a
new proteolysis technique that can remove the SUMO tag without the lost of the desired protein.
Another suggestion, could be the molecular engineering of a N-SUMO and NBD-SUMO
plasmid that express a protein linker that is considerably longer between the desired protein and
the SUMO tag in order to provide for more space and flexibility in order to limit inhibition by
steric issues. Hopefully, these modifications might allow for a more in depth analysis of the
binding interaction between NBD and N protein by means of isothermal titration calorimetry.
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Figures:
Results of E. coli DH5alpha transformation with N-SUMO L496A and N-SUMO L496G primers
in LB/Amp plates
Plate
Sample Mutation Ratio of primer: vector [primer] (uM)
Survival
1
A
L496G
1:5
1.00
Yes
2
B
L496G
1:1
1.00
Yes
3
A
L496G
1:5
10.0
Yes
4
B
L496G
1:1
10.0
Yes
5
A
L496A
1:5
1.00
Yes
6
B
L496A
1:1
1.00
Yes
7
C
L496A
5:0
1.00
No
8
E
L496A
0:0
1.00
No
9
A
L496A
1:5
10.0
Yes
10
B
L496A
1:1
10.0
Yes
Table 1: Results of the transformation of E. coli DH5alpha strain with N-SUMO L496A and NSUMO L496G primers with different primer:vector ratios and primer concentrations. Three
colonies from plates 2 and 10 were cultivated and prepared for sequencing analysis.

Fig. 1: Image of the transformed E. coli DH5alpha strain expressing N-SUMO L496A (plate B
10 uL), and N-SUMO L496G (plate B 1 uL) mutants. Three colonies from each plate were
utilized to grow and produce enough mutated DNA to transform the expression E. coli BL21-D3
gold strain.

DNA Purification and Extraction of selected colonies from E. coli DH5alpha plates 2 and 10
Plate Mutation Sample Absorbance (260 nm) Concentration (ug/uL) Used for
sequencing?
-3
2
L496G
C1
5.60x10
28.0
No
-2
C2
1.36x10
67.8
Yes
C3
9.56x10-3
47.8
Yes
-2
10
L496A
C1
1.13x10
56.5
Yes
C2
1.26x10-2
63.0
Yes
-3
C3
9.25x10
47.5
Yes
Table 2: Results of DNA purification and extraction of selected colonies from plates 2 and 10
corresponding to N-SUMO L496G and N-SUMO L496A DH5alpha, respectively. The purified
DNA concentration was measured by absorption spectroscopy at 260 nm. Only samples above
40 ug/uL were allowed for sequencing.

Sample
C2 L496G

Results of mutated N-SUMO plasmid DNA sequencing
Translated Amino Acid Sequence
EGDIPWGHHHHHHGGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSS
EIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHR
EQIGGQDSRRSADALGRLQAMAGIYVTLLEKLLLTKPERKLSWLLPPLSNNHNPLGP

C3 L496G

EGDIPWGHHHHHHGGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSS
EIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHR
EQIGGQDSRRSADALGRLQAMAGIYVTLLEKLLLTKPERKLSWLLPPLSNNHNPLGP

C1 L496A

EGDIPWGHHHPHHGGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSS
EIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHR
EQIGGQDSRRSADALARLQAMAGIYVTLLEKLLLTKPERKLSWLLPPLSNNHNPLGP

C2 L496A

EGDIPWGHHHHHHGGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSS
EIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHR
EQIGGQDSRRSADALARLQAMAGIYVTLLEKLLLTKPERKLSWLLPPLSNNHNPLGP

C3 L496A

EGDIPWGHHHHHHGGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSE
IFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHRE
QIGGQDSRRSADALARLQAMAGIYVTLLEKLLLTKPERKLSWLLPPLSNNHNPLGP

Table 3: Results of sequencing of purified DNA N-SUMO L496A and N-SUMO L496G
samples. All samples displayed the presence of the desired mutation. Samples C2 L496G, C3
L496G, C2 L496A, and C3 L496A where utilized to transform the E. coli BL21-D3 gold
expression strain.

Transformation of mutated N-SUMO plasmids into E. coli BL21-D3 gold expression strain
Sample
Volume of plasmid used (uL)
Survival in LB/Amp plates
C2 L496G
2.0
Yes
C3 L496G
2.0
Yes
C2 L496A
2.0
Yes
C3 L496A
2.0
Yes
Control
0.0
No
Table 4: Results of transformation of mutant N-SUMO plasmids (L496A and L496G) into E.
coli BL21-D3 gold expression strain. All transformed samples survived, therefore the
transformation was successful. Lack of survival of control sample negates presence of
contaminants.
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Fig. 2: Picture of the processed SDS-PAGE electrophoresis of the purification stages of measles
NBD-SUMO wild type. After Co 2+ affinity column chromatography, the purified NBD-SUMO
was exposed to protease to cleave off the SUMO tag. The lack of the band corresponding to
NBD (7,000 Da) suggests the lost of NBD after protease treatment.
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Fig. 3: Picture of the processed SDS-PAGE electrophoresis of the purification stages of measles
N-SUMO L496G. The induced cell supernatant was purified by means of Co 2+ affinity column
chromatography. The purified N-SUMO L496G can be identified at the single band (14 KDa)
of the elute column.
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Fig. 4:Picture of the processed SDS-PAGE electrophoresis of the purification stages of measles
N-SUMO L496A. The induced cell supernatant was purified by means of Co 2+ affinity column
chromatography.
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Fig. 5: Results of the processed SDS-PAGE Electrophoresis of the purification of N-SUMO
wild type with Co2+ affinity column chromatography and results of AmSO4 concentration assay.
The purified N-SUMO wild type can be identified as the band at 14 KDa of the elute column,
however the presence of the other bands displays the impurity of the sample. Consequently, the
elute sample was further purified by FPLC mediated Ion exchange column chromatography. The

absence of protein bands at both the AmSO4 pellet and supernatant columns suggest the failure
to concentrate the protein by this method.

Fig. 6: Absorbance signal at 280 nm of the eluted fractions from the FPLC mediated ion
exchange column chromatography of N-SUMO wild type. The peak of 300 mAU indicates the
presence of the purified N-SUMO wild type in the 10 mL fractions 28-33.

Fig. 7: Absorbance signal at 280 nm of the eluted fractions from the FPLC mediated ion
exchange column chromatography of N-SUMO wild type. According to the salt gradient, the
purified N-SUMO wild type eluted out of the column at salt saturation ranging from
approximately 25% to 30%.
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Fig. 8: Results of the processed SDS-PAGE electrophoresis of the N-SUMO wild type FPLC
mediated ion exchange column chromatography elute fractions 28-33. Columns corresponding to
fractions 30-32 displayed a single band at 14.0 KDa, therefore displaying the presence of highly
pure N-SUMO wild type. Fractions 30-32 were combined and utilized for ITC.
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Fig. 9: Results of the processed SDS-PAGE Electrophoresis of the purification of NBD-SUMO
wild type with Co2+ affinity column chromatography. The purified NBD-SUMO wild type can
be identified as the band at 18 KDa of the elute #1 column, however the presence of the other
bands displays the impurity of the sample. Consequently, the elute sample was further purified
by FPLC mediated Ion exchange column chromatography.

Fig. 10: Absorbance signal at 280 nm of the eluted fractions from the FPLC mediated ion
exchange column chromatography of NBD-SUMO wild type. The absorbance peak of 140 mAU
indicates the presence of the purified NBD-SUMO wild type in the 10 mL fractions 51-59.

Fig. 11: Absorbance signal at 280 nm of the eluted fractions from the FPLC mediated ion
exchange column chromatography of NBD-SUMO wild type. According to the salt gradient, the

purified NBD-SUMO wild type eluted out of the column at salt saturation ranging from
approximately 48% to 50% saturation.
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Fig. 12: Results of the processed SDS-PAGE electrophoresis of the NBD-SUMO wild type
FPLC mediated ion exchange column chromatography elute fractions 51-59. The protein
samples did not completely moved throughout the gel, however, the small width suggest the high
purity of the isolated NBD-SUMO wild type samples. Fractions 53-57 were combined and
utilized for ITC.
Initial Absorption Spectroscopy of Protein Samples and ITC sample preparation
Protein Sample
Absorption (280 nm)
Calculated Concentration (uM)
-3
N-SUMO wt
4.98x10
16.60
N-SUMO L496G
0.17302
567.0
-2
N-SUMO L496A
5.77x10
192.0
NBD-SUMO wt
9.401x10-2
313.0
Table 5: Concentration measurements of initial protein samples by absorption spectroscopy of 10
fold diluted samples at 280 nm and application of Beer-Lambert’s Law. Both N-SUMO and
NBD-SUMO proteins utilized an extinction coefficient of 3000 M-1cm-1.
Preparation of ITC protein samples
ITC binding complex
ITC ligand Initial
ITC ligand final
ITC NBD-SUMO wt
concentration
concentration
final concentration (uM)
NBD-SUMO wt and
1.66
4.11
28.77
N-SUMO wt
NBD-SUMO wt and N- 56.7
44.7
313.0
SUMO L496G
NBD-SUMO wt and N- 19.2
24.2
169.4
SUMO L496A
Table 6: Calculated concentrations by application of the ITC concentration calculations for both
the N-SUMO ligand and the NBD-SUMO proteins samples. The initial concentrations of the

proteins were modified to meet the required calculated concentrations in order to achieve
conditions that will promote formation of a normalized binding curve.

Results of ITC of NBD-SUMO wt and N-SUMO L496A
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Fig. 13: Results of isothermic titration calorimetry between NBD-SUMO wt (169.4 uM)and NSUMO L496A (242 uM) at 15 C. The image displays a binding curve formed with the formation
of this binding complex. The peaks correspond to energy released after binding between the two
proteins.

Results of ITC of NBD-SUMO wt and N-SUMO wt
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Fig. 14: Results of isothermic titration calorimetry between NBD-SUMO wt (28.77 uM) and NSUMO wt (41.11 uM) at 15 C.The image displays a binding curve formed with the formation of

this binding complex. The peaks correspond to energy released after binding between the two
proteins.

Fig. 15: Results of isotermal titration calorimetry between NBD-SUMO wt (313.0 uM) and NSUMO L496G (447.0 uM) at 15 C. The image displays a binding curve formed with the
formation of this binding complex. The peaks correspond to energy released after binding
between the two proteins.
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Fig. 16: Results of the processed SDS-PAGE electrophoresis of the NBD-SUMO wt and NSUMO ligand samples used for ITC. The lanes corresponding to the processed ITC samples
display both the presence of the NBD-SUMO wt and its corresponding ligand, as seen when
compared to the lanes with only NBD-SUMO wt and N-SUMO wt.

