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Abstract: 

 

The nucleocapsid-binding domains (NBDs) form part of the paramyxovirus replication 

complex and mediate attachment to the nucleocapsid, a nucleoprotein complex containing the 

viral RNA genome. NBDs form a very simple helical bundle, and vary between intrinsically 

unstructured and highly stable in the case of mumps and measles respectively. Despite the 

differences in properties, these domains show similar sequence and structure. The differences 

between mumps and measles NBDs provide a point of comparison to investigate differences in 

structural stability. Using the measles protein as a starting point, we created variants of different 

stabilities and devised a convenient assay based on pulse proteolysis to rank the variants.  

 A library of NBD variants fused to the SUMO protein were generated by random 

mutagenesis, and used as a test case for assay development. Three variants of different stabilities 

were sequenced and their apparent stability differences rationalized based on the mutations 

present. Pulse proteolysis was then used to screen for the stability and it was concluded to be an 

effective tool in screening the library for appropriate mutations to be analyzed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction: 

Paramyxoviruses Replication Mechanism 

The measles and mumps viruses are paramyxoviruses, these viruses contain a single 

stranded negative sense RNA genome which is replicated by the virally encoded polymerase. 

The first major component of the virus, the RNA genome is coated by multiple N proteins. The 

N protein is composed of a structured segment roughly 400 amino acids in length and contains 

an unstructured tail about 100 to 200 amino acids in length, at the carboxyl end of the N protein
1
. 

The coating of the RNA genome by the N protein causes the RNA genome to be organized into a 

helical complex, called the nucleocapsid. This nucleocapsid is essential for viral replication 

because the N protein allows the viral polymerase to bind and consequently promote replication.  

The second major component of the virus, the RNA polymerase is composed of two 

subunits, termed the L protein and the P protein
2
. The L protein is also known as the large 

protein and is the catalytic subunit of the RNA dependent RNA polymerase. The second portion 

of the whole polymerase complex is the phosphoprotein, also termed the P protein of which there 

are four copies in the replication complex. This P protein is an adapter protein which tethers the 

polymerase to the nucleocapsid. At the end of the P protein is a small (49 residue) domain, the 

nucleocapsid-binding domain (NBD) and this domain functions as the feet of the RNA 

polymerase as it travels along the nucleocapsid. 

Role of Disorder in Translocation of viral polymerase 

 All the major components of the virus serve the function of replication and propagation 

of the virus. Currently, many details of the replication mechanisms of the measles and mumps 

viruses are poorly characterized. However, it is believed that the RNA dependent RNA 

polymerase mechanism of translocation is the RNA polymerase uses the P protein to traverse the 



nucleocapsid
3
. A model of the translocation of the viral polymerase can be seen in Figure 1. The 

helical bundle structure of the P protein binds to the unstructured tail segment of the N protein, in 

the case of measles
4
. This protein-protein interaction induces the unstructured tail of the measles 

N protein to undergo a conformational change and form an alpha helix. It is believed that both 

short range interactions of the amino acid sequence and long range interactions from tertiary 

structure contact induces the folding of this unstructured tails
5
. In contrast, in the case of the 

mumps virus, the mumps NBD appears to be largely disordered, and to bind to the ordered 

portion of the N protein, simultaneously acquiring its folded conformation. Therefore in both 

viruses, one of the binding partners appears to be disordered, this is illustrated in Figure 2. This 

structural disorder may play a role in allowing for the polymerase P subunit to rapidly bind and 

release from the RNA genome, which allows for the walking function of the polymerase and 

consequent transcription of the genome
6
.  

 The measles and mumps NBDs have similar sequences, and their folded structures are 

very similar. However, they have very different properties, as the mumps protein is unstructured 

whereas the measles protein is highly stable. Therefore this pair of proteins is a good system to 

investigate the origins of stability in helical bundle protein folds. 



 

Figure 1: Schematic model of the paramyxovirus replication complex. This image shows the 

equilibrium structural order and disorder that the NBD protein undergoes. It also shows the 

binding of the binding of NBD to the N protein and the steps that the polymerase complex takes 

along the RNA template. 

 

 In studying the mechanism for measles virus transcription, interest was taken in the 

stability of the measles nucleocapsid binding domain of the P protein. This originated from the 

similarities and differences that the measles and mumps NBD protein share. Despite the 

similarities in terms of sequence, there is a large difference in the stability of the proteins. While 

the measles version of the NBD protein is considered very stable the mumps version of the 

protein is not. The measles version of the NBD protein has a trihelical conformation, while the 

mumps has structural disorder.  Despite this structural difference the two versions of the proteins 

function in fundamentally similar fashion. This phenomenon has sparked interest in why such 

similar proteins have such different secondary structure and consequently stability from each 

other.  



 

Figure 2: Helix-coil transitions seen in N and P proteins of Measles and Mumps, during 

translocation of Polymerase. The NBD structure is colored dark blue, while the tail of the N 

protein is colored light blue.  

 

 To answer this question, research on the effects of mutations on these proteins stability 

must be performed. One method to go about researching the effects of mutations is to generate a 

library of mutations and to screen the library, for interesting variants. Since a standard, effective 

method of screening mutants is required, the goal of this research project is to test Pulse 

Proteolysis as a viable method for screening mutations.  

Pulse proteolysis is a simple method used to determine a protein’s stability
7
. It is centered 

around the concept of digesting unfolded proteins in an equilibrium mixture. Pulse proteolysis 

operates by equilibrating the sample in varying amounts of denaturant, in this case urea. 

Equilibrating the protein in varying amounts of urea will denature the protein to different degrees 

depending on the urea concentration and the inherent protein stability. After denaturation; 

thermolysin, a nonspecific protease which cleaves after hydrophobic groups, is mixed with the 

urea samples. Due to the nature of the protease, the unstable proteins in the mixture will be more 

rapidly degrade.  Thermolysin was also chosen due to its stability in the presence of urea. After 



proteolysis the samples are run on an SDS-PAGE gel and the intensity of the bands help to 

indicate the extent of denaturation and cleaving which is consequently tied with stability. These 

bands can be compared to each other through the use of ratios which indicate proteolytic 

susceptibility.  

In this model system, the measles NBD protein was also attached to a Small Uniquitin-

like Modifier (SUMO) protein
8
. The attachment of the measles NBD gene to the SUMO protein 

gene helps to provide additional benefits to the system. One of the main benefits of the 

attachment of SUMO is that purification is made easier by the SUMO protein. This is due to 

reduced proteolysis of the NBD protein when the NBD protein is attached to the SUMO 

complex. This effect of attaching the SUMO protein makes it possible to isolate the whole 

SUMO and NBD complex from a cell lysate. After initial isolation of the SUMO complex from 

the cell lysate, the SUMO protein can be cleaved from the NBD protein making separation of the 

desired protein possible. Since SUMO has a specific protease that cleaves at the GG amino acid 

linker sequence, it can be specifically cleaved from the NBD protein, making it simple to 

separate attached proteins from the SUMO protein. Additional benefits of SUMO to the system 

involve cloning and expression of NBD.  

With respects to Pulse proteolysis the attached SUMO protein also adds an additional 

benefit in detecting the NBD protein cleavage. Cleavage of the protein in pulse proteolysis is 

generally monitored through the disappearance of the protein on the gel. However, since SUMO 

is attached, cleavage can also be monitored through the appearance of a SUMO protein band. 

There can be multiple reasons for protein band disappearance on a gel, such as precipitation out 

of the gel, but the appearance of a protein band helps to confirm the cleavage of the NBD. The 



addition of SUMO protein to the NBD protein therefore helps in developing the method of pulse 

proteolysis as an effective screening tool. 

Materials and Methods: 

Error Prone- PCR 

30µL 10X Error Prone PCR Buffer, 30µL DMSO, 9µL 10mM MnCL2, 15µL NBD u1 

primer (10µM), 15µL NBD l1 primer (10 µM), 3µL 100mM dCTP, 3µL 100 mM dTTP, 3µL 

100mM dATP, 3µL 100 mM dGTP, 3µL 10mg/ µL Measles NBD template, 183µL ddH20 (MB 

Grade) were mixed in a 1.5mL microcentrifuge tube. Once ready 3µL TAQ Polymerase 

(5000units/ml) was mixed into the 1.5mL microcentrifuge tube and the mixture was divided into 

15 aliquots in PCR tubes with 20 µL of PCR mixture in each. The aliquots were placed in the 

PCR machine and ran, using NBD02 program (lid 95ᵒC, heat mixture to 94ᵒC for 1 minute, Start 

cycle at 94ᵒC for 30 seconds, cool down to 60ᵒC for 30 seconds, then heat to 72ᵒC for 20 

seconds, repeat procedure for 20 cycles, finish with maintaining 72ᵒC for 10 minutes and hold at 

4ᵒC; Ramp=.3C/sec, Gradient 10ᵒC). After the program has run the aliquots were recombined 

into single tube and mixed. Once mixed the PCR mixture was separated into 15 aliquots once 

more and run using the same program. This mixing procedure was repeated a third time to ensure 

the generation of more mutants. 

Low melt DNA gel 

0.75g of low melt/small fragment agar gel was measured and mixed with 10mL 5X TAE 

buffer and 40 mL ddH20. To cast the gel, the gel bed was setup by placing the bed between 

clamps. The mixture was heated in the microwave for 50 seconds, until the mixture was clear. 

Once the gel mixture cooled for 3 minutes the mixture was poured into the gel bed and a 4 well 

comb was inserted into the gel. The gel was allowed to cool at room temperature for 30 min and 



then cooled for 5 minutes. Once the gel hardened the comb was removed with the addition of 

some TAE buffer onto the gel. The gel was then placed into the electrophoresis apparatus and 

250mL of 1X TAE buffer was added to the gel. The gel was run at 70-100V until the DNA bands 

were evenly spaced.  

DNA Extraction (Low melt gels) 

In order to extract the DNA from the low melt gels the QIAgen protocol for DNA 

extraction was used. Sections of low melt gel with appropriate DNA bands were sliced out and 

cut, such that gel bands fit into 1.5mL microcentrifuge tubes with mass of the slices no greater 

than 350mg. The gel band slices were massed and recorded. Buffer QG was then added to the 

centrifuge tubes, in a ratio of 300µL per 100mg of gel slice. Tubes were heated on a heat tray for 

10 minutes and checked to ensure that solution was the same yellow color as the original QG 

buffer. Isopronpanol was then added to the tubes and mixed, the amount of isopropanol added 

was in a ratio of 100µL per 100mg of the gel. The gel mixture was then filtered by adding 800µL 

of gel mixture to QIAquick columns with collection tubes and centrifuged for 1 min. The flow 

through was discarded after the spin, and the procedure was repeated until the entire volume of 

the gel mixture had been centrifuged. 0.5mL Buffer QG was then added to the spin column and 

the column was centrifuged for 1 min. The flow through was then discarded and 0.75mL buffer 

PE was then added to the column and centrifuged for 1 min. After centrifuging, the flow through 

was discarded and the column is centrifuged for an additional minute. The column is then placed 

in a 1.5mL microcentrifuge tube and 30µL of MB Grade H20 is added to the center of the 

column’s membrane and centrifuged for 1 min to elute the DNA. 

 

 



DNA Isolation 

Plasmid DNA was purified with QIAgen miniprep kits, using the manufacturer’s 

protocol. 

Ligation independent cloning into petHSUL 

Ligation-independent cloning (LIC) was carried out using the method described by 

Weeks et al
8
. To setup for LIC the heat block was turned on to 75C. 29.5µL of gel purified PCR 

product, in water, was mixed with 5µL of 10X NEB buffer, 0.5µL 100mM dGTP, 0.5µL 100x 

BSA, 13.5µL DNAse free H20, and 1µL T4 DNA polymerase in a 1.5mL microcentrifuge tube. 

The mixture was incubated at room temperature for 30 min and then incubated at 75C for 20 

min. Five 1.5mL microcentrifuge tubes were then labeled A through E. In each tubes varying 

amounts of DNA insert and vector (petHSUL) were mixed; A (1µL pet-HSUL vector and 5µL 

insert), B (1µL vector and 1µL insert), C (1µL vector), D (5µL insert), and E (no vector or 

insert). All tubes were then incubated at 75C for 2 minutes. After incubation the tubes were then 

cooled to room temperature for 5 minutes. 10mM EDTA was then added to each tube 

corresponding to volume of insert of vector.  

Transformation 

To setup an ice bath and a 42C heat block were prepared. 50µL of thawed cells (DH5α or 

BL-21 gold) were added to a 1.5mL microcentrifuge tube. 1µL of vector with insert DNA, 

solution was added to the cells and stirred gently. DNA was given 20 minutes to adhere to the 

cells. The cells were heat shocked by placing the tube with vector and cells into the 42C heat 

block for 30 seconds. The tube was then immediately placed on ice for 2 minutes. 700µL of LB 

broth was then added to the tube and the tube was placed in a 37C shaker for 1 hour at 250rpm. 



Once incubated the 375µL of transformed cells solution was then spread on an LB plate 

containing AMP. The cells were placed in a 37C incubator overnight.  

Glycerol stocks 

To make glycerol stocks for long-term storage of cultures, one bacteria colony was grown 

overnight in 5mL SOB broth and 5µL AMP. After the overnight incubation, 600µL of sample 

were mixed with 400µL of 50% glycerol solution. This mixture was stored in the -80C fridge. 

Overnight cultures for pulse proteolysis 

Samples were prepared by inoculating 5mL SOB broth and 5µL AMP solution with a 

mutant strain of the NBD protein. This sample was allowed to incubate in a 37C, 250rpm shaker, 

overnight.  

Inducing cells to produce protein 

Using the overnight samples, 1mL was used to inoculate 15mL of SOB with 15µL AMP. 

The cells were allowed to grow for approximately 45 minutes before the first OD was checked. 

OD was checked using a spectrometer, which measured absorbance at a wavelength of 500nm. 

The absorbance was measured to be between 0.5 and 1. If the OD was not at 0.5 the sample was 

placed back into the shaker incubator for 15 to 30 minutes before the OD was checked once 

more. When the solution was in the appropriate OD range, the solution was mixed with 15µL of 

IPTG. The solution was then placed back into the 250rpm 37C incubator for 4 hours. Once the 

solution has induced for 4 hours, 0.5mL of the sample was removed and placed in a 1.5mL 

microcentrifuge tube labeled post induction. The post induction sample was spun down and the 

supernatant discarded. The remaining solution was spun down into a 1.5 mL microcentrifuge 

tube also, the supernatant was thrown out and the pellet was kept. Both pellets were then stored 

in the -80C freezer overnight.  



Pulse proteolysis Assay 

Both tubes containing the sample pellets were thawed. The post induction sample of cells 

was resuspended in 33µL of Buffer A (5mm Tris pH 7.0, 2.5M NaCl, 1mM CaCl2). The other 

pellet from the remaining solution was then resuspended in 300µL of buffer A and 5M urea, this 

tube was then labeled as lysed cells. Both the tube with the post induction sample and the lysed 

cells were then allowed to equilibriate for 20 minutes. After the equilibriation period, the lysed 

cell solution was then equilibrated at 3 different urea concentrations, 0.5M (50µL lysed cells and 

450µL Buffer A), 2.5M (50µL lysed cells and 250µL Buffer A and 200µL Buffer A and 5M 

Urea), and 5M (50µL lysed cells and 450µL Buffer A and 5M urea). The lysed cells in the 

different concentrations of urea were allowed to equilibriate for one hour. After one hour each 

sample in varying urea concentration was split into two equal aliquots of 250µL each. One 

aliquot was labeled A and the other B. 5µL of thermolysin/ TLN was placed into the aliquots 

labeled A and 5µL Buffer A were placed into aliquots labeled B. The TLN and buffer A were 

allowed to equilibriate with their respective aliquots for 1 hour. The reaction was quenched with 

45µL of 0.5M EDTA. All pulse proteolysis samples were then kept in the -80C fridge. 

SDS-Page Gel 

Gel Preparation: 

10% fresh APS was made by mixing 50mg Ammonium persulfate and 500µL ddH2O. 

400 mL of running buffer was prepared by mixing 80mL of 5X low MW MES running buffer 

with 2mL of 1M sodium bisulfate and diluted to 400mL. The gel apparatus was prepared by 

attaching glass plates with spaces between the plates onto the gel apparatus. The cutout glass 

plate was placed in the apparatus facing inwards in order to create a well in the center of the gel 

apparatus. Water was then added to the inner reservoir to check for leaks. The bottom of the gel 



plates were sealed using a mixture of 20mL of running buffer and 0.4g of agarose, microwaved 

for 25 seconds until the mixture was dissolved. The agarose seal was allowed to solidify for 15 

minutes while the 10% separating gel and 4.25% stacking gels were made. The 10% separating 

gel was made by mixing 3.4mL 3.5X gel buffer, 4mL 30% acrylamide, and 4.6mL ddH2O. The 

stacking gel was prepared by mixing 1.7mL 3.5X gel buffer, 0.85 mL 30% acrylamide, 3.4mL 

ddH2O, and 50µL SDS loading dye. Gel lines for the separating gel were then marked on the 

glass plates before casting the gel. 

To cast the gel 50µL 10% APS and 25µL TEMED were added to the separating gel 

mixture and mixed. Using a pipet the separating gel was poured in between the plates until the 

designated gel line. 100µL of butanol was then layered on top of the gel and the gel was allowed 

to polymerize for 20 minutes. Once the separating gel has polymerized the butanol was poured 

off the gel and 10 well combs were inserted into the glass plates. 50µL 10% APS and 

25µLTEMED were then added to the stacking gel mixture and mixed. The stacking gel was 

poured into the glass plate with the comb until the plate was full. The stacking gel was allowed 

to polymerize for 20 minutes. Once polymerized running buffer was added to the inner reservoir 

until it was full and then to the bottom well of the gel apparatus. The combs were then removed 

in order to load the gel. 

Sample Preparation: 

Samples were prepared by mixing 30µL of the measles pulse proteolysis samples and 

post induction sample, for a specific mutation, with 10µL of 4X SDS loading dye. A standard 

sample loaded on both the pulse proteolysis gel and the calibration curve gel was prepared by 

mixing 12µL of lysed cells with 48µL of buffer A and 20µL of SDS loading dye. The calibration 

curve was prepared by producing eight different concentrations of lysed cells through mixing 



varying amounts of lysed cells and diluting the cell samples with Buffer A until the total volume 

is 30 µL. The volumes of lysed cells used were 30µL, 15µL, 6µL, 5µL, 4µL, 3µL, 2µL, and 1 

µL. These volumes of lysed cells and their resulting concentrations corresponded to calibration 

samples 1, 2, 3, 4, 5, 6, 7, and 8 respectively. The 30 µL calibration curve samples were mixed 

with 10µL of 4X SDS loading dye.  

Loading and Running SDS-PAGE Gels: 

 After both the Pulse proteolysis and the calibration samples were prepared the gel was 

loaded. For the pulse proteolysis gel the gel was loaded with 20 µL of prepared sample for each 

well. The order of load from left to right as in the given order: standard load, post induction 

sample, 100kDa MW ladder, 0.5M Urea sample with TLN, 0.5M Urea sample, 2.5M Urea 

sample with TLN, 2.5M Urea sample, 5M Urea sample with TLN, and 5M Urea sample. The 

calibration curve was then loaded with an equal 20 µL of the prepared samples. The order from 

left to right was: standard load, 100kDa MW ladder, calibration sample 1, 2, 3, 4, 5, 6, 7, and 8. 

The calibration samples were decreasing in concentration of lysed cells the further to the right 

the samples were on the calibration gel. Once the gels were loaded the sample was run at 60 

milliamps for roughly 3 hours or until the visible blue band was close to the bottom of the 

separating gel. After the gels were done running the gels were removed and allowed to stain in a 

container for 24 hours using the coomassie blue dye. Once the gels were done staining the 

coomassie dye was emptied, the gels were soaked in overnight destaining solution. Pictures of 

the gels were taken once the destaining was complete. 

Proteolytic Susceptibility Calculation 

 To analyze the SDS-PAGE gels from the pulse proteolysis the pulse proteolysis gel 

picture along with the calibration picture were first saved into the same file as the pulse 



proteolysis matlab program. The proteolysis analysis program was then run and the sample was 

titled. The calibration curve gel was then loaded onto the program and the background of the gel 

was selected for the program to reference. Information on the total amount of sample in each 

well along with the number of calibration bands were then entered into the program. The 

calibration bands were then selected and the amounts of sample and buffer in each band were 

then entered. The pulse proteolysis gel was then loaded into the program. A background was 

selected for the gel along with the bands with the specified by the program. Once all the gels 

were loaded and the bands selected the program generated results. A sample of the program with 

completed analysis is shown in figure 18. 

Results: 

Generation of Mutants 

 Mutations to the Measles nucleocapsid binding domain were introduced through the use 

of error prone PCR techniques. Figure 3 demonstrates the success of the PCR reactions. The 

presence of the large bands, slightly over 200bp, in the sample wells of the DNA gel indicates 

that amplification of the Measles NBD gene was accomplished. 

After transformation of the Measles NBD gene into the DH5α expression line the 

generation of random mutations was verified through the use of DNA sequencing. Figure 4 

shows the aligned DNA sequence of several mutants from the first round of transformations. The 

end of the SUMO protein and the linker sequence is marked by the presence of the sequence 

QIGG before the main body of the NBD protein. From the sequencing of the six random variants 

it can be seen that only two of the variants, 2B3.1 and 2B2.1 have mutations in the NBD protein 

sequence compared to the wild type. Variant 2B3.1 had a D487G mutation and variant 2B2.1 had 



an I488F mutation. These mutations are located in the second alpha helix of the NBD trihelical 

bundle. 

 Another round of transformations was performed in order to generate more random 

mutant variants. Figure 5 aligns and compares the sequences of six other variants with the wild 

type sequence of the Measles NBD protein. From the sequencing results three of the variants had 

different sequences compared to the wild type protein sequence. Variant 1A4.2 and 1A5.2 had 

mutations L473Q and T483S. These mutations were in the loop portion of bundle and in the 

second alpha helix of the trihelical bundle respectively. 2B2.2 had mutations of T483A and 

I488F. These mutations were located in the second alpha helix of the trihelical bundle. 

 From the sequences, variants with unique mutations compared to the wild type were then 

selected for testing using pulse proteolysis. Figure 6 shows the aligned selected sequences that 

were chosen for further testing using pulse proteolysis. Variants 2B3.1, 2B2.2, and 1A4.2 were 

selected based on their difference from each other and the wild type protein sequence. The 

variants along with the mutations and locations of mutations for each variant selected for pulse 

proteolysis testing are shown in Table 1.  

These mutations were illustrated and located using molecular graphics. Figure 7 shows 

variant 2B3.1, D487G mutation to be in the lower segment of an alpha helix in the nucleocapsid 

binding domain protein. Figure 8 shows variant 1A4.2 mutations in both the alpha helix of the 

nucleocapsid binding domain and the linker portion of the triple helix bundle. And figure 9 

shows variant 2B2.2’s mutations in the same alpha helix of the triple helix bundle.  

Pulse Proteolysis of mutants 

 To analyze the variants and their respective stabilities pulse proteolysis was performed on 

the wild type Measles NBD protein and the selected variants. Figure 10 shows the wild type 



Measles NBD protein’s SDS gel after pulse proteolysis. Figure 11 shows the calibration curve 

SDS gel of the wild type. Measles NBD-SUMO fusion protein has protein mass of 

approximately 24kDa, the dark bands on both gels between 17kDA and the 26kDa ladder 

markers, indicate the presence of the NBD-SUMO protein complex. In the Pulse proteolysis gel 

of the wild type protein, little difference in band intensity is observed in the 0.5M urea sample 

with or without thermolysin. As the urea concentration increases to 2.5M and 5M urea, the 

samples mixed with thermolysin show progressively fainter bands on the gel.  

 Figure 12 shows the SDS gel of the pulse proteolysis samples of the variant 2B3.1. 

Figure 13 shows the accompanying calibration curve for 2B31. The bands between the 17kDa 

and the 26kDA markers for the protein ladder indicate the presence of the NBD-SUMO fusion 

protein, which has approximate mass of 24kDA. The pulse proteolysis gel shows similar trend to 

the wild type protein, where there is little difference in band intensity with or without 

thermolysin when the sample is mixed with 0.5M urea. As the Urea concentration is increased to 

2.5M Urea and 5M Urea, a difference in band intensity is observable when comparing the 

samples with thermolysin to those without.  

 Figure 14 shows the gel of variant 1A4.2 pulse proteolysis samples. While Figure 15 

shows the calibration curve of the 1A4.2 mutant. The presence of the fusion protein is confirmed 

with the bands between the 17kDa and the 26kDa marker of the protein MW ladder. In the pulse 

proteolysis gel of the 1A4.2 mutant it is seen that in 0.5M urea the sample with thermolysin is 

much fainter when compared to the0.5M urea sample without thermolysin. When comparing the 

sample at 2.5M urea, there is no band for the NBD protein in the presence of thermolysin. 

However, there is a NBD protein band present with thermolysin when looking at the 5M urea 



concentration. Compared to the 5M urea sample without thermolysin the sample with 

thermolysin is much fainter.  

 Figure 16 and Figure 17 show the pulse proteolysis SDS gel and the calibration gel of the 

variant 2B2.2 respectively. The bands being between the 17kDA and the 26kDa markers indicate 

the presence of the fusion protein. Figure 14 shows that at 0.5M urea concentration there is a 

difference in band intensity of the sample with thermolysin compared to the sample without 

thermolysin. The samples in 2.5M urea show a dramatically fainter band for the sample mixed 

with thermolysin compared to the sample without thermolysin. The 5M urea sample shows a 

fainter band of the sample mixed with thermolysin compared to the 5M urea sample without 

thermolysin. However, compared to the 2.5M urea sample the 5M urea sample does not have as 

drastic a change in band intensity when comparing the samples with thermolysin to those 

without.  

 These band intensities were analyzed using a matlab program which integrated the pixels 

of the bands to give a ratio of intensity for the sample with thermolysin compared to the sample 

without thermolysin. This analysis was performed at different urea concentrations for each 

variant. The ratio obtained from the analysis was termed proteolytic susceptibility. Table 2 

shows the results for the Wild type NBD protein along with the results of the three other mutant 

variants tested. From table 2, it can be observed that 2B3.1 had the closest proteolytic 

susceptibility to the wild type NBD protein, though the proteolytic susceptibility ratios are still 

lower than those calculated for the wild type. Variants 1A4.2 and 2B2.2 had dramatically lower 

proteolytic susceptibility ratios, when comparing samples with thermolysin to samples without 

thermolysin at the 0.5M urea concentration. In addition variants 1A4.2 and 2B2.2 also showed 

dramatically lower proteolytic susceptibility ratios at 2.5M urea concentration. These ratios were 



calculated to be negative by the proteolysis analysis program. The 5M urea concentrations 

showed that variants 2B3.1, 1A4.2, and 2B2.2 had lower proteolytic susceptibility than the 

wildtype.  

Discussion: 

 To analyze the measles NBD protein stability and the ability of measles P protein to 

function similarly to mumps while having different structural conformations, the mutants of 

measles NBD created were tested using pulse proteolysis.  In testing the use of pulse proteolysis 

as a tool in screening mutants made to the nucleocapsid binding domain many steps were taken 

before the actual screening could be accomplished. 

Mutant variants and stability rationalization 

In both the first and the second rounds of Error prone PCR there were relatively few 

mutant variants generated, when analyzing the protein sequence of the NBD protein. The first 

round only generated two unique mutants when compared to the wild type strain and the second 

round generated also only generated only two unique mutations when compared to the wild type. 

This low output of mutants was expected due to the technique used where mutations were 

random and not guaranteed. This was also affected by the fact that the nucleocapsid binding 

domain is a short peptide. The technique of EP PCR was meant to generate a mutation of about 

one amino acid sequence in 1000 base pairs. As a result some plasmids were not mutated, 

however this was expected.  

 From the unique mutations compared to the wild type NBD structure, three variants were 

selected in order to test the effectiveness of pulse proteolysis. For variant 2B3.1 based on the 

D487G mutation and the position of the mutation in the NBD domain it was assumed that sample 

2B3.1 would have a destabilized alpha helix. This mutation was rationalized to make NBD more 



susceptible to urea denaturation, since this mutation was that of an aspartic acid to a glycine. 

However, since the mutation was located at the end of the second alpha helix, it was predicted 

that this mutation would not make a very large impact on stability of the alpha helix when 

compared to the wild type. The second variant selected, 1A4.2, showed L473Q and T483S 

mutations in the protein. These mutations are located in the loop sequence between the first and 

the second alpha helix and the middle of the second alpha helix of the trihelical bundle, 

respectively. Based on the location of the leucine to glutamine mutation, in the loop amino acid 

sequence, it was predicted that the stability of the NBD protein would be affected more greatly 

compared to variant 2B3.1. The threonine to serine mutation would most likely not be a major 

factor in stability since the mutation is from one polar uncharged amino acids to another; 

however, there could be a difference in the sterics which could potentially affect stability. For 

variant 2B2.2 the T483A and I488F mutations were located in the middle and at the end second 

alpha helix of the NBD trihelical bundle. The mutation of 2B2.2 was predicted to also have a 

greater affect on stability compared to sample 2B3.1 due to the T483A mutation in the middle of 

the second alpha helix being a mutation from a polar uncharged amino acid to a nonpolar amino 

acid. The I488F mutation like the mutation seen in variant 1A4.2 is also mutation that affects 

sterics and might contribute to the destabilization of the protein. The presence of more mutations 

in the 2B2.2 variant is rationalized to have a greater effect on stability when compared to variant 

2B3.1 

Pulse Proteolysis of variants 

 When comparing the gel band intensities of the pulse proteolysis gels, variant 2B3.1 is 

relatively equal in intensity to wild type despite the mutation to the second helix of the trihelical 

bundle. This was further confirmed when the proteolytic susceptibility ratio was calculated for 



the different urea samples. Variant 2B3.1 had relatively equal proteolytic susceptibility ratios 

compared to the wild type. These close proteolytic susceptibility ratios indicate relatively equal 

stabilities of the variant and the wild type. The variant and the wild type are not perfectly similar 

in stability though, it can be seen in table 2 that the ratios of variant 2B3.1 are actually a little 

lower than the ratios obtained from the wild type. This indicates that there was more protein 

cleavage and consequently there was more denaturation of 2B3.1. The increased cleavage and 

denaturation can be attributed to the decreased stability of the mutant sample compared to the 

wild type. This decrease in stability can be regarded as small in comparison to the other variants. 

Despite the relative little effect the mutation in 2B3.1 had, variants 1A4.2 and 2B.2 had 

mutations that indicate significant effects on stability. When looking at the proteolytic 

susceptibility ratios obtained from variants 1A4.2 and 2B2.2 it can be seen that there is 

significantly more denaturation and cleavage when the sample is only equilibrated with 0.5M 

urea. The ratios obtained are about half what is seen in the wild type. This indicates substantial 

loss in stability. 

The 5.0M urea concentration ratios also indicate that there is loss of stability since the 

ratios are lower than the wild types. It was also observed that the proteolytic susceptibility seen 

at 5M urea concentration for all variants were relatively similar. This indicates that the variants 

may have fully denatured or denatured to the same extent at 5M urea. Since the wild type had a 

proteolytic susceptibility ratio considerably higher than the variants at 5M urea the wild type 

may not be denatured to the same degree. The comparison of all variants and the wild type 

therefore indicates that the variants are all destabilized to some degree.  

 One issue in analyzing the stability of the mutant samples were the 1A4.2 and 2B2.2 

samples equilibrated in 2.5M urea. The bands of the samples that were equilibrated in 2.5M urea 



and had thermolysin added, were almost not present. This would indicate full cleavage of the 

protein at 2.5M urea. However, this conclusion is challenged with the results from the sample 

equilibrated with 5M urea and mixed with thermolysin. The bands for 1A4.2 and 2B2.2 variants 

at 5M urea mixed with thermolysin reappeared on the gels. These results present complications 

in analyzing the variants. if the protein is fully denatured at 2.5M urea, as seen by the absence of 

the gel bands, there should not be reappearance of the bands in the higher concentration urea 

sample. This issue renders the 2.5M urea equilibrated samples unreliable since the reasons for 

the disappearance of the gel bands mixed with thermolysin is unknown. 

 Overall based on the results of the samples mixed at 0.5M and 5M urea it can be 

concluded that pulse proteolysis is a viable technique in screening for the stability of variants of 

the measles NBD protein. The results for the 0.5M urea samples matched very well with the 

mutations observed and their predicted effects on stability. 1A4. And 2B2.2 were predicted to be 

much less stable than the wild type or mutant sample 2B3.1 and the pulse proteolysis showed 

this in ratios of band intensities when comparing samples with thermolysin to those without. 

With this screening method tested it will be possible to scan through the library of created 

mutants and determine which samples have sufficient mutations to be tested. Analysis of the 

mutations will hopefully reveal the origin of measles stability and structure when compared to 

the mumps version of the protein.  
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Figures: 

 
Figure 3: Low melt DNA conformation gel after EP-PCR. The large band on the left of the gel, 

represent the amplified measles NBD DNA acquired from EP-PCR. A 1000bp ladder is seen to 

the right of the PCR samples. The band between the 200bp and 300 bp ladder indicates the 

presence of Measles NBD DNA.  

 

 

 

 



 
Figure 4: Sequence alignment results after the first round of transformations. Six random mutants 

are compared with the Wild type measles NBD sequence. The end of the SUMO protein is 

marked by QI and the linker portion of SUMO is the sequence GG. Deviation from asterisk 

below the sequences indicate differences in the sequences aligned. 

 

 
Figure 5: Sequence alignment results after the second round of transformations. Six random 

mutants are compared with the Wild type measles NBD sequence. The end of the SUMO protein 

is marked by QI and the linker portion of SUMO is the sequence GG. Differences in the aligned 

sequences is shown by the change from asterisk below the sequences. 

 



 
Figure 6: DNA sequencing aligned results of mutants selected for pulse proteolysis compared to 

the wild type. The sequence QIGG marks the end of the SUMO protein as well as the linker 

amino acid sequence. Arrows over the sequences indicate sites of amino acid mutations when 

compared to the original wild type. 

 

 Mutation Location 

Variant 2B3.1 D487G Located in the Second alpha 

helix of the trihelical bundle 

Variant 1A4.2 L473Q and T483S Loop region between first and 

second alpha helix, and 

Second alpha helix 

respectively. 

Variant 2B2.2 T483A and I488F Both located in the Second 

Alpha helix of the trihelical 

bundle 

Table 1: Table of selected variants sequenced and analyzed. The table contains mutations found 

in the Variants along with the location of the mutation in the NBD trihelical bunudle. 



 
Figure 7: 2B3.1 variant shown using molecular graphics. The location of the D487G mutation is 

highlighted in green on an alpha helix structure of the triple helix bundle of the NBD protein. 



 
Figure 8: 1A4.2 variant is shown using molecular graphics. The L472Q mutation and T483S 

mutation is highlighted in green on the triple helix bundle of the measles NBD protein. L473Q 

mutation is shown in the connecting loop of the protein, between the first and second alpha helix. 

The T483S mutation is shown in an alpha helix portion of the protein. 



 
Figure 9: The 2B2.2 variant shown using molecular graphics. The T483A mutation along with 

the I488F mutation is highlighted in green on the measles NBD protein. Both mutations in the 

protein sequence is shown on the same alpha helix of the triple helix protein bundle. 



 
Figure 10: SDS- Page gel of wild type measles NBD protein after pulse proteolysis.  The wells 

from left to right represent; the standard load, post induction sample, 100kDa molecular ladder, 

wild type with 0.5M Urea and TLN, wild type with 0.5M Urea, wild type with  2.5M Urea and 

TLN, wild type with 2.5M Urea, wild type with 5M Urea and TLN, and wild type with 5M Urea. 

Wells with TLN contain a band around 40kDa range signifying the presence of TLN. Bands 

around 24kDa are the measles NBD protein band. Increasing urea concentration shows fainter 

ME NBD bands when mixed with TLN. 

 

 
Figure 11: Calibration curve of wild type measles NBD protein. Wells from the left to the right 

represent; the standard load, 100kDa molecular ladder, Samples of 30µL, 15µL, 6µL, 5µL, 4µL, 

3µL, 2µL, and 1 µL of lysed cells diluted to a total of 30µL.  



 
Figure 12: SDS- Page gel of 2B3.1 measles variant NBD protein after pulse proteolysis.  The 

wells from left to right represent; the standard load, post induction sample, 100kDa molecular 

ladder, 2B3.1 with 0.5M Urea and TLN, 2B3.1 with 0.5M Urea, 2B3.1 with  2.5M Urea and 

TLN, 2B3.1 with 2.5M Urea, 2B3.1 with 5M Urea and TLN, and 2B3.1 with 5M Urea. Wells 

with TLN contain a band around 40kDa range signifying the presence of TLN. Bands around 

24kDa are the measles NBD protein band. Increasing urea concentration shows fainter ME NBD 

bands when mixed with TLN. 

 

 
Figure 13: SDS gel of the Calibration curve of 2B3.1 measles variant NBD protein. Wells from 

the left to the right represent; the standard load, 100kDa molecular ladder, Samples of 30µL, 

15µL, 6µL, 5µL, 4µL, 3µL, 2µL, and 1 µL of lysed cells diluted to a total of 30µL. 



 

 
Figure 14: SDS- Page gel of 1A4.2 measles variant NBD protein after pulse proteolysis.  The 

wells from left to right represent; the standard load, post induction sample, 100kDa molecular 

ladder, 1A4.2 with 0.5M Urea and TLN, 1A4.2 with 0.5M Urea, 1A4.2 with  2.5M Urea and 

TLN, 1A4.2 with 2.5M Urea, 1A4.2 with 5M Urea and TLN, and 1A4.2 with 5M Urea. Wells 

with TLN contain a band around 40kDa range signifying the presence of TLN. Bands around 

24kDa are the measles NBD protein band. Increasing urea concentration shows fainter ME NBD 

bands when mixed with TLN. The NBD band for 2.5M urea with TLN does not appear on the 

gel. 

 

 
Figure 15: Calibration curve of 1A4.2 measles variant NBD protein. Wells from the left to the 

right represent; the standard load, 100kDa molecular ladder, Samples of 30µL, 15µL, 6µL, 5µL, 

4µL, 3µL, 2µL, and 1 µL of lysed cells diluted to a total of 30µL. 



 
Figure 16: Pulse proteolysis SDS- Page gel of 2B2.2 measles variant NBD protein.  The wells 

from left to right represent; the standard load, post induction sample, 100kDa molecular ladder, 

2B2.2 with 0.5M Urea and TLN, 2B2.2 with 0.5M Urea, 2B2.2 with  2.5M Urea and TLN, 

2B2.2 with 2.5M Urea, 2B2.2 with 5M Urea and TLN, and 2B2.2 with 5M Urea. Wells with 

TLN contain a band around 40kDa range signifying the presence of TLN. Bands around 24kDa 

are the measles NBD protein band. Increasing urea concentration shows fainter ME NBD bands 

when mixed with TLN. 

 

 
Figure 17: Calibration curve of 2B2.2 measles variant NBD protein. Wells from the left to the 

right represent; the standard load, 100kDa molecular ladder, Samples of 30µL, 15µL, 6µL, 5µL, 

4µL, 3µL, 2µL, and 1 µL of lysed cells diluted to a total of 30µL. 



 

 Wild Type 2B3.1 1A4.2 2B2.2 

0.5M Urea 0.966 0.909 0.415 0.507 

2.5M Urea 0.739 0.558 -0.115 -0.102 

5.0M Urea 0.426 0.312 0.253 0.301 

Table 2: Table of proteolytic susceptibility. Proteolytic susceptibility is obtained from the ratio of 

band intensities for the sample with TLN compared to the samples without TLN for the wild type 

and all three other mutants, at varying urea concentrations. Larger difference in band intensity 

ratios are observed in the 0.5M and 2.5M urea concentrations. Band intensity ratios at 5.0M are 

more constant. 

 

 
Figure 18: Image of pulse proteolysis matlab analysis program. Image shows the calibration gel 

loaded along with the pulse proteolysis gel loaded into the program. Bands highlighted were 

used by the program in order to calibrate and perform calculations to determine proteolytic 

susceptibility. Graphs indicating the proteolytic susceptibility at varying urea concentrations are 

produced by the program. 

 


