THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE
DEPARTMENT OF BIOCHEMISTRY AND MOLECULAR BIOLOGY

RECOMBINANT PRODUCTION OF A SITE-SPECIFIC PROTEASE FOR
REMOVAL OF AFFINITY TAGS

ABHINAV C NAIR

Spring 2011

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Biochemistry and Molecular Biology
with honors in Biochemistry and Molecular Biology

Reviewed and approved* by the following:
Song Tan, Ph.D.
Associate Professor of Biochemistry and
Molecular Biology
Thesis Supervisor
Joseph Reese, Ph.D.
Professor of Biochemistry and Molecular Biology
Honors Advisor
Wendy Hanna-Rose
Associate Department Head for Undergraduate Studies
Department of Biochemistry and Molecular Biology
*Signatures are on file in the Schreyer Honors College.

Abstract:
Protease enzymes are common in the natural world for their ability to cleave proteins, for
example to digest food in the gut. The sequence specificity of certain proteases also
makes them useful reagents to cleave affinity tags engineered into recombinant proteins.
Tobacco Etch Virus (TEV) protease is widely used in modern biology work due to its high
specificity and strong activity. Recent work shows that another protease, Tobacco Vein
Mottling Virus (TVMV) protease, shares many of these desirable properties but with a
different sequence specificity from TEV protease. The availability of two complementary
proteases permits more affinity tags to be added to proteins and more sophisticated
experiments to be designed. My goal in this project was to produce recombinant TVMV
protease, to demonstrate robust protease activity, and to determine optimal protease
reaction conditions. First a soluble version of the TVMV enzyme was created that utilized
Maltose Binding Protein (MBP) as an N-terminal fusion tag. Protease activity was then
assayed by protein digestion followed by SDS polyacrylamide gel electrophoresis.
TVMV protease was found to be site-specific, and not cross-reactive with TEV protease,
while demonstrating similar efficiency. Buffer type was not seen to significantly affect
digestion and the TVMV enzyme was most active between room temperature and 30°C.
Activity decreased with increasing salt concentration, becoming more pronounced at
concentrations greater than 300 mM NaCl. Finally, the enzyme was expressed and
purified on a larger scale to generate milligram quantities for future laboratory work.
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Introduction:
1.1 Proteases in the Natural World:
Proteases are common in the natural world for their ability to cleave proteins at specific
sites. In essence they function as molecular scissors and are essential in a variety of
cellular processes. (See Figure 1.) For example, the metabolic breakdown of proteins
during digestion is facilitated by the enzymes pepsin and trypsin (among others), which
cleave proteins contained in food as it is processed through the stomach and the small
intestine. (Voet and Voet, 2004)

Figure 1.1 Conceptual model of a protease. A protease is essentially a molecular
pair of scissors with the ability to cleave a protein. Not all proteases are sitespecific, but those that are have the potential to be useful laboratory tools.

Proteases can also play a role in protein maturation, specifically in post-translational
modifications. Insulin, for example, is initially secreted from the cell in an inactive form.
Proinsulin, as the inactive protein is called, requires many cleavage reactions before it
becomes functional. Specific breakdown through Proprotein Convertase I, Proprotein
Convertase II, and Carboxypeptidase E releases the mature form of the
hormone.(Davidson 2004) The role of caspases in apoptosis provides another example of
the utility of proteases in various cellular mechanisms. Caspases, or cysteine-aspartic
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proteases, are named because of the active cysteine group and the characteristic cleavage
of aspartic acid residues in its substrates. The inactive form of the enzyme, procaspase, is
normally present in the cytoplasm, but apoptotic signals trigger proteolytic processing into
active caspase. These enzymes function in a cascade to further break down cellular
substrates, eventually leading to the destruction of the cell. (Hampton 1997)

1.2 Uses in Biotechnology:
Proteases have utility not only biologically, but also as laboratory tools. Specifically, they
are valuable in the cleavage of affinity tags from recombinant proteins. Column
chromatography is widely used for protein purification. Whether a researcher is
exploiting a difference in size, charge, or chemistry, column chromatography can often
provide the means of isolating a protein of interest from contaminating material. Epitope
tag affinity chromatography in particular is an efficient and robust method of purification.
By first genetically engineering an epitope tag to a protein of interest, the recombinant
protein can be isolated once it is run through an affinity column. The specific binding of
the engineered tag to the column receptor retains the protein while most contaminants are
run off the column with the mobile phase. Elution is achieved through the introduction of
a chemical species in the mobile phase that binds specifically and competitively to the
column receptor, displacing and releasing the bound protein of interest. Even if some
contaminating material is retained through non-specific binding, the strength of binding of
the specific interaction still allows for protein purification if a step-wise gradient is
employed in the elution scheme and fraction sizes are kept small. (van Holde et al. 1975)
In many cases, it is preferable to cleave the affinity tag from a protein of interest after
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purification. Further experimentation may require this removal as the tag could influence
the protein’s activity or native folding.(Nallamsetty et al. 2004) This is especially true in
crystallography, in which an epitope tag could compromise the formation of appropriate
crystal contacts and impede structural determination. For these reasons, proteases are
valuable to researchers; by engineering a protease recognition site between an affinity tag
and the protein of interest, a researcher could easily remove a given tag after purification.
Alternatively, proteases could be used during the purification itself to elute the protein
from the column. (See Figure 1.2) By introducing it into the mobile phase, the protease
cleaves the region connecting the tag and releases the protein from the column.

Figure 1.2. Epitope tag affinity purification. The figure illustrates the basic mechanism
behind the technique. A protein of interest attaches to a column (here demonstrated
with IgG beads) via a tag while other proteins (contaminants) wash away. A protease
can be used to free the protein. (Figure modified from Nature website.)
[http://www.nature.com/nrm/journal/v4/n1/full/nrm1007.html]

1.3 Criteria for a Robust Protease
The requirements for a robust protease are efficiency and specificity. An efficient enzyme
will be highly active and participate in multiple rounds of catalysis. However, specificity
is an equally important criterion. In order to be a reliable laboratory tool, the protease
should not exhibit any non-specific cleavage, which could destroy the protein or hinder its
use. Although there are many naturally occurring proteases, few possess the stringent
specificity required for site-specific cleavage of proteins.
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Tobacco Etch Virus (TEV) protease is widely used in laboratories around the world
because it demonstrates these two essential characteristics. It has been shown to be highly
active and does not exhibit non-specific cleavage. (Tözsér et al. 2005) Recent work has
shown that a related protease, isolated from Tobacco Vein Mottling Virus (TVMV), has
comparable activity and specificity, although to a different recognition sequence. (See
Figure 1.3)

↓
……E-T-V-R-F-Q-S……
TVMV Recognition Site
↓
……E-N-L-Y-F-Q-S……
TEV Recognition Site
Figure 1.3 TVMV and TEV cleavage sites. The illustration shows the difference in
specificity between the two enzymes. A one-letter amino acid designation has been
used. The arrows represent the specific cleavage sites.

TEV and TVMV both come from the viral family Potyviridae and are part of the larger
picoronavirus super-group. The viral genomes of this group of positive-strand RNA
viruses are initially translated into a single polypeptide, which is cleaved at specific
locations for maturation. The nuclear inclusion protease (NIa protease), so widely used in
laboratories, is responsible for the majority of the cleavage reactions.(Tözsér et al. 2005)

1.4 Dr. David Waugh’s Work on TVMV:
Dr. David Waugh, of the National Cancer Institute, has investigated the TVMV protease
over the last eight years. His lab has compared TVMV protease to TEV protease and has
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demonstrated the utility of TVMV protease as a complement or alternative to TEV
protease for cleaving recombinant proteins.(Nallamsetty et al. 2004) My thesis project was
to produce an independent, recombinant source of TVMV protease and to optimize the
protease reaction conditions.

Until very recently the crystal structure of TVMV was not solved and researchers could
only generate homology models with TEV to understand how it behaved. However, within
the last year, the Waugh lab has solved the crystal structure of a catalytically inactive
mutant TVMV.(Sun et al. 2010) Figure 1.4 below, in which the structural similarity
between TEV and TVMV can be clearly observed, is taken from his recently published
manuscript.

One of hurdles that the Waugh lab overcame in optimizing recombinant expression of
TVMV protease was to increase its solubility. The enzyme demonstrated very low
solubility, which made it difficult to purify significant quantities. The researchers saw
considerable improvements when a solubility tag was attached to the enzyme. Maltose
binding protein (MBP) was engineered onto the N-terminus of TVMV protease along with
a TVMV cleavage recognition site. The MBP recombinant enzyme not only demonstrated
increased solubility, but catalyzed its own tag removal after expression, as the protease
was able to recognize and access its recognition site and release MBP. As a result, this
mechanism was also useful in qualitatively demonstrating the activity of the protease
immediately after expression.
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Figure 1.4: Structural comparison of TVMV protease to TEV protease. Figure taken from Dr.
David Waugh’s publication. (Sun et al. 2010) As homologs of one another, it is understandable that
they share very similar properties, despite having distinct substrate specificities.7

1.5 Aims of Research Project:
The primary aim of this thesis is to produce recombinant TVMV protease, demonstrate
robust activity of TVMV protease in vitro, and determine the conditions under which the
enzyme works optimally. To achieve this I first created DNA constructs of the MBPTVMV recombinant protein with the engineered TVMV recognition site to facilitate the
self-cleaving mechanism. Previous undergraduates in the Tan lab had expressed the
protein without the MBP tag, but the low solubility prevented further work with the
protease. After producing the recombinant protease, I continued to determine the optimal
expression temperature in E. coli cells and subsequently over-expressed and purified the
protein. I performed comparative proteolytic digests with TEV protease to determine the
relative activity of TVMV protease and assayed for any cross-reactivity between the two.
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The parameters I looked to optimize in reaction conditions were temperature, salt
concentration, and buffer type. The results of the protein digests were visualized by SDSPAGE.
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Methods and Materials:
2.1 Bacteriological Methods:
2.1.1. Bacteriological Strains:
Transformations during DNA cloning work used TG1 cells, while BL21 (DE3)pLysS cells
were used for protein expression work. The two cell lines are characterized in the Table
below.

Strain
TG1

Source
Toby Gibson

BL21 (DE3)pLysS

Stratagene

Genotype
Δ(lac-pro), supE, thi,
hsdD5/F’,
traD36, proA+B+,
lacIq, lacZΔ, M15
B F-, dcm, ompT,
hsdS (rB- mB-) galλ
(DE3) [pLysS Camr]

Antibiotic resistance
None

Chloramphenicol

Table 2.1. Bacteriological strains.

2.1.2. Bacteriological Media:
2xTY liquid media was used for transformations, plasmid preparations, and protein
expression work. This media consisted of 1.6% bacto tryptone (w/v), 1.0% yeast extract
(w/v) and 0.5% NaCl in deionized water, and was autoclaved before use. Ampicillin (50
µg/ml) and/or chloramphenicol (25 µg/ml) were added as necessary and appropriate.
Liquid media was stored at room temperature until use.

TYE, the solid media used in all experiments, consisted of 1.5% agar (w/v), 1.0% bacto
tryptone (w/v), 0.5% yeast extract (w/v), and 0.8% NaCl (w/v) in deionized water. This
media was autoclaved and cooled prior to adding antibiotics. Ampicillin was added to a
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concentration of 100 µg/ml in solid media, while chloramphenicol was added to 25 µg/ml.
The media was then poured into Petri dishes, allowed to solidify overnight, and stored at
4°C until use.

2.2. DNA Methods:
2.2.1. Gel Fragment Production and Purification:
Digestion with restriction enzymes was used in cloning work to produce vector and insert
fragments with compatible sticky ends. The digest recipe for the production of gel
purified fragments is as follows: 1 ug of plasmid DNA, 3 µl of 10x New England Biolabs
(NEB) Buffer (as compatible with enzymes being used), 3 µl of 1 mg/ml of Bovine Serum
Albumin (BSA), 1 µl of 100 mM DTT, 1.5 µl of each of the two restriction enzymes (at
concentrations of 10-20 U/µl) and deionized water to bring the reaction volume to 30 µl.
After an appropriate amount of time, reactions were quenched through the addition of 6 µl
of 6x Gel Loading Buffer (6xGLB). This solution consisted of 0.25% bromophenol blue
(w/v), 0.25% xylene cyanol (w/v), 30% glycerol (v/v), and 60 mM EDTA. Note that for
singly-cut vector digests, plasmids were also incubated with calf-intestinal phosphatase
(CIP) after digestion to prevent plasmid closing. 0.1 U of CIP was used for vectors with
protruding 5’ ends, while 1 U was used for vectors with blunt or recessive 5’ ends. The
phosphatase reaction mixture was incubated at 50°C for 30 mins.

Samples were added to 5 mm wide preparative wells in a 1.0% agarose gel. Gels were
made by the addition of 0.30 g agarose with 30 ml of 0.5xTBE (45 mM Tris base, 45 mM
boric acid, 1.5 mM EDTA). The mixture was left at RT to allow time for agarose gel
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swelling and subsequently heated in a microwave oven to dissolve the gel. After cooling,
1.5 µl of 10 mg/ml ethidium bromide was added and the solution poured into a gel casting
block (with combs) for approximately 1 hour. For gel fragment purification, samples were
run at 125 V for 40 minutes. Occasionally samples were electrophoresed for longer times
to allow for better resolution of gel fragments. The gel was subsequently visualized under
a UV illuminator to identify the band of interest.

The band of interest was cut out of the gel using a clean razor blade and the agarose slice
was put into a filter assembly. The filter assembly was prepared by first creating a small
hole in the bottom of a 0.5 ml Eppendorf tube with a heated 25-gauge needle. The bottom
one-fourth of the tube with stuffed with siliconized glass wool and 0.5 ml tube was put
into a larger 1.5 ml Eppendorf tube. The assembly (containing the gel band) was then
centrifuged in at 7000 rpm for 5 minutes in a Heraeus Megafuge 1.0R (7570G rotor). The
DNA was collected in solution in the 1.5 ml tube and the filter assembly was discarded.
The solution of purified DNA was stored at -20°C until use.

2.2.2. Plasmid Ligation:
The plasmid ligation mixture consisted of 1 µl of 10x T4 DNA Ligase buffer, 0.5 µl of
100 mM DTT, 2 µl of gel purified vector, 1.5 µl of gel purified insert, 1 µl of T4 DNA
Ligase (40 U/µl), and 4 µl of deionized water. A no insert control was also made up using
the same recipe but adding an additional 1.5 µl of water into the reaction mixture in place
of gel purified insert DNA. The ligation mixtures were left to incubate at RT for at least
30 minutes before transformation into TG1 cells.
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2.2.3. Plasmid Transformation:
Frozen competent cells were allowed to thaw out on ice. 2 µl of DNA was subsequently
added to 100 µl aliquots of thawed TG1 cells. The cells were incubated on ice for 15-40
minutes following plasmid addition and then heat shocked by incubating in a 42°C water
bath for 30 seconds. Approximately 10-20 seconds after heat shock, 500 µl of 2xTY was
added to the cell mixture and tubes were transferred to 37°C shaking incubator for 30-45
minutes. This was to allow time to express the antibiotic resistance gene. 0.3 ml of the
cell solution was spread over TYE + 100 µg/ml ampicillin plates. Plates were incubated at
37°C for 10-18 hours.

The number of colonies on the “vector only” and the “vector+insert” plates were
compared. If the number of colonies on the latter plate was not significantly higher than
that of the former, a researcher could expect a decreased likelihood of isolating a
recombinant plasmid. This complication is analyzed further in the Results and Discussion
chapters.

2.2.4. Polymerase Chain Reaction Screening:
Bacterial colonies are screened after plasmid transformation to identify recombinant
plasmids. Primers were either taken from the laboratory stock or designed and ordered
from Integrated DNA Technologies. Normally 6 bacterial CFUs were collected using an
inoculating loop, diluted into 100 µl of deionized water, and vortexed. The inoculating
loop was also restreaked onto a TYE + 100 µg/ml ampicillin plate, which was incubated at
37°C for 10-18 hours. This was to grow up additional bacterial material from the isolated
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CFUs for future plasmid purification (after PCR screening). A PCR reaction mix was
made up containing 14 µl of 10xThermo Pol buffer, 14 µl of 2.5 mM dNTP, 7 µl of 10 uM
forward primer, 7 µl of 10 uM reverse primer, 0.7 µl of 2 U/µl Pfu polymarase and 90.3 µl
of deionized water. 19 µl of this reaction mix was put into each of 6 PCR reaction tubes
and 1 µl of the diluted cell suspension was added to each tube.

PCR tubes were next put into a thermocycler and the conditions were set as appropriate to
the specific PCR reaction. The conditions were set as follows: 95°C, 2 min 25 x [95°C,
30 sec (Tm – 10°C; Tm = lower primer melting temperature), 30 sec 75°C, (extension
time of 1 min per kilobase of expected PCR product)]  4°C. After the reaction was
complete 4 µl of 6xGLB was added to the mixture. The samples were then
electrophoresed on a 1.0% agarose gel at 125 V for 40 minutes and visualized under a UV
illuminator for the presence of PCR product.

2.2.5 Plasmid Purification:
Plasmids were purified using a 100 ml alkaline lysis plasmid prep procedure. Positive
clones were taken from the restreak plate and inoculated into 100 mL of 2xTY media with
100 µg/µl ampicillin. After these cells had been grown overnight at 37°C in a shaking
incubator, cells were spun down at RT at 4000 rpm in a Heraeus Megafuge 1.0R (7570G
rotor). The supernatant was poured off and aspirated, and the cell pellet was resuspended
in 5 ml of Lysis solution (50 mM glucose, 25 mM Tris-HCl pH 8.0, 10 mM EDTA, Na).
The solution was transferred into a 50 ml polypropylene Falcon tube and 10 ml of 0.2 M
NaOH/1%SDS solution was added. The tube was shaken until the mixture was without
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clumps and incubated on ice for 5 minutes. 10 ml of cold 5 M KAc/2.5 M HAc was added
to the Falcon tubes, mixed, and incubated on ice for 5 minutes. The tubes were spun at
4000 rpm for 3 minutes at RT in the Heraeus Megafuge 1.0R centrifuge. The supernatant
was transferred into a 50 ml round-bottomed polypropylene centrifuge tube and 12.5 ml of
isopropanol was added and mixed. The solution was incubated at RT for 5 minutes and
subsequently centrifuged at 13,000 rpm for 5 minutes at 20°C in a Sorvall RC 5C Plus
centrifuge (SS34 rotor). The supernatant was poured off and 0.5 ml of 70% ethanol was
added to the pellet. The pellet was resuspended, transferred to an Eppendorf tube and spun
in Sorvall Biofuge microcentrifuge for 1 minute at 13,300 rpm. The supernatant was
aspirated off and 0.15 mL of TE(10,50) buffer (10 mM Tris, 50 mM EDTA) was added to
the pellet. The nucleic acid pellet was resuspended in the solution, 1.5 µl of 10 mg/ml
RNase A (DNase free) was added, and the tube was incubated in a 37°C water bath for 15
minutes with occasional vortexing.

The digested mixture was phenol/CIA extracted with 0.3 ml 1:1 phenol/CIA, vortexed for
15 seconds and centrifuged at 13,000 rpm for 1 minute at RT in a Sorvall Biofuge
microcentrifuge. The aqueous phase was removed, placed into a new 1.5 ml Eppendorf
tube, and was CIA/phenol extracted once again. It was centrifuged again in
microcentrifuge. The aqueous phase was transferred into another Eppendorf tube, the
sample extracted with 0.5 mL of CIA, and the mixture centrifuged once again.
To remove unwanted pieces of nucleic acid and exchange the plasmid-containing buffer, a
Sephacryl S400 spun column was made per plasmid. A Gilson pipette tip was put into a 5
ml polypropylene tube using the top half of a 1.5 ml Eppendorf tube as an adaptor. The
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Gilson tip was stuffed with siliconized glass wool and filled with Sephacryl S400 HR
resin equilibrated in TE(10, 0.1) buffer (10 mM Tris, 0.1 mM EDTA). The assembly was
centrifuged at 2000 rpm for 5 minutes at 20°C in a Heraeus Megafuge 1.0R (7570G rotor).
The liquid that collected at the bottom of the polypropylene tube was discarded. The
extracted plasmid sample was then put into the spun columns and centrifuged at 2000 rpm
for 5 minutes and 20°C in the Heraeus Megafuge. The plasmid was eluted in TE(10, 0.1)
buffer (10 mM Tris, 0.1 mM EDTA) and transferred into a new Eppendorf tube.

2.2.6. Restriction Mapping:
Restriction mapping was employed to confirm the identities of purified recombinant
plasmids. Restriction enzymes were chosen for their ability to distinguish recombinant
and parent plasmids, as well as to distinguish insert orientation for inserts with
complementary sticky-ends (discussed further in Results and Discussion chapters). Each
plasmid was confirmed through two restriction digests. These digests were made up as
described in Section 2.2.1. but were scaled down to a reaction volume of 10 µl (with 1 µl
of plasmid). After 1 hour incubation at 37°C, 2 µl of 6xGLB was added to the mixture to
stop the reaction and the samples were run on a 1.0% agarose gel for 40 minutes at 125 V.
The bands were visualized under a UV Illuminator.

2.2.7. Site-directed Mutagenesis:
A site-directed mutagenesis method utilizing linear amplification and DpnI selection was
used to introduce a site-specific mutation into a plasmid. This system was based largely on
the QuikChange method from Stratagene. Using two complementary oligonucleotides and
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extending these oligonucleotides with linear in vitro amplification, specific mutations can
be introduced into the original plasmid. The resulting mixture contained wild-type
plasmid and desired nicked plasmid DNA from the amplification. Selection for this
plasmid was achieved through DpnI digestion, which only cuts methylated and hemimethylated DNA. Wild-type plasmid will be digested while the mutant plasmid will not.

Primers were taken from laboratory stock or designed and ordered from Integrated DNA
Technologies. The plasmid DNA of interest was diluted to 10 ng/µl. Typically, a 25 µl
PCR reaction was prepared, containing 0.5 µl of the 10 ng/µl plasmid DNA, 2.5 µl of 10x
Pfu Polymerase buffer, 2.5 µl of 2.5 mM dNTP, 0.7 µl each of 10 µM forward and reverse
primers, 0.4 µl of 2.5 Units/µl Pfu Turbo Polymerase (Stratagene), and 17.7 µl of
deionized water. The PCR conditions were as follows: 2 min, 95°C18x (30 sec,
95°C1 min, 55°C4 min, 68°C)4°C.

2 µl of the amplification mix was transferred to an Eppendorf tube and later used to
transform TG1 cells in a control reaction. 0.5 µl of 20 U/µl DpnI was added to the
remaining mixture, mixed, and incubated for 1 hour at 37°C. 2 µl of undigested and
digested amplification mix was used to transform 100 µl of TG1 competent cells each.
Transformation was carried out as described in Section 2.2.3. PCR Screening was carried
out as described in Section 2.2.4. Mutagenesis at the desired position was confirmed by
sequencing.
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2.3. Protein Methods:
2.3.1. Small Scale Expression:
The T7 expression system used by our laboratory is based off of the system published in
Methods in Enzymology. (Studier et al. 1990) (Also see Appendix.) Plasmids of interest
were transformed into BL21 (DE3)pLysS competent cells and on plates containing TYE +
100 ug/ml ampicillin + 25 ug/ml chloramphenicol. After growing overnight, cells were
inoculated into 100 ml of 2xTY media and grown at 37°C in a shaking incubator. If the
protein expression was meant to be carried out at a lower temperature (either 28°C, 23°C,
or 18°C), the flask was transferred to an incubator at this temperature once the OD600 of
the cells was between 0.05 and 0.15. As the cells grew at the desired expression
temperature, the cell density was periodically monitored. Once the OD600 fells between 0.4
to 0.7, protein expression was induced through the addition of 100 µl of 0.2 M IPTG.
(Prior to this, a 500 µl uninduced sample was taken.) 250 µl samples were taken at hourly
intervals. Samples were centrifuged, the supernatant discarded, and the pellet resuspended
in 100 µl of PGLB (125 mM Bis-Tris pH 6.8, 20% glycerol, 4% SDS, 15% 2mercaptoethanol (v/v), 0.04% bromophenol blue (w/v)). These were later run on an 18%
polyacrylamide gel to visualize protein expression.

Expression trials at 37°C and 28°C were continued for 3 hours, while trials at 23°C and
18°C were run for 6 hours. After appropriate induction times, the cell suspension was
transferred to 50 ml Falcon tubes and centrifuged at 4000 rpm at RT for 10 minutes in the
Heraeus Megafuge 1.0R (7570G rotor). The supernatant was poured off and the pellet
was resuspended in 10 ml of P300 – EDTA buffer (50 mM sodium phosphate pH 7.0, 300
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mM NaCl, 1 mM benzamidine, 5 mM β-mercaptoethanol) Cells were subsequently flashfrozen using liquid nitrogen and stored at -20°C until next use.

2.3.2. Small Scale Purification:
The cell harvest material obtained through small-scale expression was thawed in
lukewarm water. Prior to purification, samples were checked for solubility. The harvest
material was sonicated twice for 10 seconds at 40% maximum power, 50% cycle with
incubation on ice between sonication steps. 25 µl of the sonicated sample was collected
and mixed with an equal volume of PGLB. 500 µl of the sonicated sample was collected
and centrifuged in a Sorvall Biofuge microcentrifuge at 13,300 rpm for 5 minutes and RT.
25 µl of the supernatant was collected and mixed with PGLB. The remaining supernatant
was aspirated off and the cell pellet was resuspended in 500 µl of P300-EDTA. 25 µl of
this resuspended solution was collected and mixed with PGLB. The whole cell extract
(WCE), supernatant, and pellet samples were later run on an 18% polyacrylamide gel with
fractions from small-scale Talon chromatography (discussed below).

Talon resin is a cobalt-based metal affinity resin. (Clontech, Mountain View, CA) The
resin was prepared for small scale purification by first transferring 1 ml of the resuspended
resin into a 15 ml Falcon tube and adding 10 ml of deionized water. This was mixed by
inversion and centrifuged in a Heraeus Megafuge 1.0R (7570G rotor) at 1800 rpm for 2
minutes at RT. The supernatant was poured off and 10 ml of P300 – EDTA was added.
This was mixed by inversion and the solution was centrifuged once again on the Heraeus
Megafuge for 2 minutes at 1800 rpm at RT. The supernatant was subsequently poured off.
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The sonicated cell harvest solution was centrifuged at 13,300 rpm in a Sorvall Biofuge
microcentrifuge for 3 minutes at RT. It was then added to the prepared Talon resin and
the Falcon tube was incubated for 20 minutes at RT with periodic mixing. The mixture
was spun in the Heraeus centrifuge (described previously) at 1800 rpm for 5 minutes at
RT. The supernatant was collected as a “column flow-through” sample. 10 ml of P300 –
EDTA was mixed with the resin and spun in the Heraeus centrifuge at 1800 rpm for 5
minutes at RT. The supernatant was collected as “Wash A.” This process was repeated
once more with 10 ml of addition P300-EDTA. The collected supernatant was labeled
“Wash B.” The resin was subsequently resuspended in 3 ml of P300-EDTA and
transferred to a disposable BioRad BioSpin column, which was clamped to a retort stand.
The flow-through was collected as “Wash C.” Finally, P300-EDTA+100 mM Imidazole
(elution buffer) was added slowly into the column until six 500 µl fractions were collected
in Eppendorf tubes. 25 µl of each of the fractions was mixed with an equal volume of
PGLB. These samples (along with those collected previously from washes and solubility
tests) were boiled and run on an 18% polyacrylamide gel. Gels were run at 12 W for 30
minutes.

2.3.3. Large Scale Expression:
The desired plasmid was transformed into BL21 (DE3)pLysS competent cells and grown
overnight. A 500 ml flask containing 100 ml of 2xTY + 100 µg/ul ampicillin + 25 µg/ul
chloramphenicol was inoculated with colonies and placed in a shaking incubator at 37°C.
Once the OD600 of this flask fell between 0.1 and 1.0, 3 ml of the culture was used added
to individually to flasks containing 500 ml of bacterial media (as well as ampicillin and
chloramphenicol). The number of flasks was dependent on the desired volume of
18

expression media, which was generally between 4 to 12 liters. These flasks were grown at
the desired expression temperature.

Once the OD600 of the flasks fell between 0.6 and 0.8, protein expression was induced with
the addition of 500 µl of 0.2 M IPTG. As with small-scale expression, 500 µl of
uninduced sample was taken as well as 250 µl of periodic time points. These were
centrifuged in a Sorvall Biofuge microcentrifuged at 13,300 rpm for 1 minute at RT. The
supernatant was discarded and the pellet was mixed with 100 µl of PGLB. These samples
were later boiled and run on an 18% polyacrylamide gel at 12 W for 30 minutes.

After the desired length of expression time, cells were harvested by centrifugation in 500
ml bottles at 7,000 rpm for 5 minutes at 20°C in a Sorvall RC 5C Plus centrifuge (SL3000 rotor). The supernatant was discarded and the pellet was resuspended in P300EDTA buffer in a volume proportional to the total volume of the expression media. For
every 4 L of cell culture, 100 ml of buffer was used. Resuspended cells were frozen with
liquid nitrogen and stored at -20°C until later use.

2.3.4. Large-scale Purification:
Large-scale harvests were first purified over a low-pressure 20 ml Talon column at 4°C.
The column was connected to and maintained by a BioLogic LP system. Material from
the cell harvest was sonicated and a solubility test conducted. Before loading the sample
onto the column, buffers that would be used in the purification were made. These included
P300-EDTA, P300-EDTA + 1 mM imidazole, P300-EDTA + 15 mM imidazole, and
P300-EDTA + 100 mM imidazole. The step-wise increase in imidazole concentration was
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employed to increase purification, since contaminating material non-specifically bound to
the column would be eluted before the desired protein (which was specifically bound by a
hexahistidine tag). The sample was loaded onto the column at a rate of 3 ml/min and a
purification protocol (created by former lab member Ravi Makde) was run. Samples from
each of the fractions were taken and run on an 18% polyacrylamide gel (along with
samples from the flow-through and solubility test) at 12 W for 30 minutes. Fractions
containing the protein of interest were pooled together and dialyzed (10,000 Dalton cutoff)
into an appropriate buffer. This buffer was the low-salt containing buffer used in HPLC
(the subsequent step). [In the case of AVTGSTHISM2LANAGS3, H50 buffer was used.
In the case of HISTVMVNIaΔ1, H20 was used.]

The HPLC setup utilized a Source S cation exchange column (Amersham-Pharmacia) at
RT and was connected to and maintained by a BioCAD Sprint Perfusion Chromatography
System. The column had an internal diameter of approximately 16 mm and a length of 50
mm (~10.1 ml column volume). The column was equilibrated in the low-salt containing
buffer of the protein. The protein sample from the Talon pool was loaded onto the column
at 3 ml/min. The protein was then eluted with a step gradient of increasing salt (20/50 mM
NaCl to 500 mM NaCl) using H20/H50 and H500 buffers. The flow rate was 5 ml/min
throughout the procedure and 6 ml fractions were collected. The conductivity and UV
absorbance at 280 nm were also recorded and the readout was analyzed upon completion
to determine the nature of protein elution (single peak, multiple peaks, etc.) For further
analysis, samples from some fractions were also run on an 18% polyacrylamide gel at 12
W for 30 minutes.
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2.3.5. Small Scale Dialysis:
Substrate material for proteolytic digests needed to be dialyzed into the appropriate
reaction buffers. A custom-made small scale dialysis unit was used to this end. 4 ml of the
desired reaction buffer was put into one of 16 wells on the unit. The lid to the unit
contained 16 holding cells that fit into the reaction wells. Dialysis tubing at the appropriate
cutoff (10,000 Da) was cut and secured using a rubber o-ring to the base of the lid’s
holding cells. The solution to be dialyzed was carefully loaded into the holding cells, and
the lid was placed onto the unit itself. The reaction buffer solution now made contact with
the base of the holding cell (and the dialyzing membrane). Magnetic stirbars were used to
mix the buffer solution and the unit was put in 4°C for dialysis. After 2 hours, the reaction
buffer was exchanged for fresh buffer and dialysis continued for 1 more hour.

2.3.6. SDS-PAGE:
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to
visualize proteins during expression, purification, solubility testing, and proteolytic
digestion. Gels were prepared using a BioRad Mini-Protean II gel-pouring block.
(Richmond, CA) The 18% (w/v) separating gel mix was prepared by mixing 8 ml
deionized water, 36 ml 30%/0.5% acrylamide/bis-acrylamide, and 15 ml 3 M Tris-Cl pH
8.8. This mixture was deaerated and 600 µl of 10% SDS, 60 µl
tetramethylethylenediamine (TEMED), and 240 µl 25% AMPS was added. The mixture
was injected into the casting block and allowed to polymerize under water-saturated
butanol. After polymerization, the butanol was washed off and the 5% stacking gel mix
was added onto the top of the casting block. The 5% (w/v) stacking gel mix was made
with 5 ml deionized water, 10 ml 10%/0.5% acrylamide/bis-acrylamide, and 4.8 ml 0.5 M
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Bis-Tris pH 6.8. After deaeration, 200 µl 10% SDS, 15 µl tetramethylethylenediamine
(TEMED), and 80 µl 25% AMPS was added. Combs were placed in the stacking gel layer
and the gels were left to polymerize. After polymerization, the gels were removed from
the casting block and stored at 4°C in a damp environment until use.

Protein samples were mixed with PGLB (125 mM Bis-Tris pH 6.8, 20% glycerol, 4%
SDS, 15% 2-mercaptoethanol (v/v), 0.04% bromophenol blue (w/v), boiled, and loaded
onto polyacrylamide gels. Gels were run at 12W for 30 minutes with running buffer (10
mM Tris base, 76 mM glycine, 0.02% SDS (w/v). After electrophoresis, gels were soaked
in FIX solution for 5 minutes at RT. (FIX: 45% ethanol, 9% acetic acid) Gels were
subsequently stained by Coomassie Brilliant Blue Dye with incubation in STAIN solution
for 5 minutes at RT. (STAIN: 0.5% Coomassie Blue R (w/v) in 45% ethanol and 9%
acetic acid) Finally, gels were destained with incubation in DESTAIN solution at 60°C for
20-30 minutes. (DESTAIN: 7% ethanol (v/v), 5% glacial acetic acid (v/v)) A piece of
tissue paper was included in destaining to absorb the dye.
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Results:
3.1 Determination of Appropriate Substrate:
Before I could analyze TVMV protease enzymatic activity, I needed to create an
appropriate cleavage substrate as a parallel control substrate to be used with TEV protease.
The cleavage substrate was chosen so that the cleavage products could be easily
distinguished by SDS-PAGE.

3.1.1. STRHISNDHFR is not a suitable TEV protease substrate
I first examined a fusion construct of DHFR (dihydrofolate reductase), STRHISNDHFR,
as a TEV protease substrate. This fusion construct contains N-terminal Strept peptide
(STR), hexahistidine (HIS) and the TEV protease cleavage site (N). However, initial
digests with TEV protease yielded no digestion even after varying the enzyme to substrate
ratio. To determine whether the lack of digestion reflected a problem of the protease or
the substrate, subsequent digests were performed using HISNIa v2, a high solubility
version of TEV protease created by Matt Jennings, a graduate student in the Tab lab. A
high enzyme to substrate ratio was used to demonstrate that the STRHISNDHFR substrate
could be digested into STRHIS and DHFR fragments. A positive control was also
performed in parallel with STRHISNyBas1Δ1, a similarly tagged transcription factor
available in the lab, because TEV protease had previously been shown to cleave this
substrate. Figure 3.1 shows that the positive control STRHISNyBas1Δ1 was cleaved into
STRHIS and yBas1Δ1 fragments by TEV protease, but STRHISNDHFR was not digested.
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A

B

Figure 3.1. (A) STRHISNDHFR and (B) yBas1Δ1 digest. After 3 hours no cleavage fragments
could be observed for STRHISNDHFR. The parallel digest of STRHISNyBas1t1 was successful,
though the smaller cleavage fragment cannot be visualized. This result suggested that the substrate
STRHISNDHFR was not cleavable by TEV protease. Note: In (A) the unlabeled band in the MW
Ladder is material from the “3hr” lane that spilled over into the rightmost well.

As a control for the preparation of the STRHISNDHFR substrate, I freshly prepared
STRHISNDHFR through over-expression in E. coli and purification using the
hexahistidine tag by Talon metal affinity chromatography. I confirmed the sequence of
the coding region of the STRHISNDHFR expression plasmid by DNA sequencing. TEV
protease did not digest this freshly prepared protein, confirming that STRHISNDHFR was
not an appropriate substrate for TEV protease.

3.1.2. AVTGSTHISNLANAGS3ENQ is an appropriate TEV protease substrate
I next investigated if other proteins available in the Tan lab could be used as a TEV
protease substrate, and selected a tagged fusion construct of an Engrailed protein variant:
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AVTGSTHISNLANAGS3ENQ. The fusion construct contains an Avitag (AVT),
Glutathione S-Transferase (GST), hexhistidine tag (HIS), the TEV protease cleavage site
(N) and the Engrailed protein variant (LANAGS3ENQ). Digestion of
AVTGSTHISNLANAGS3ENQ was successful, as visualized by SDS-PAGE. (See Figure
3.2) The enzyme:substrate ratio was 1:100 and the reaction buffer contained 10 mM TrisCl pH 8.0, 500 mM NaCl, 10 mM β-mercaptoethanol, and 20% glycerol. It was also
significant that the cleavage fragments were easily discernable on the gel. I therefore
selected AVTGSTHISNLANAGS3ENQ was as the substrate for TEV protease. Note: In
the upcoming figures, the AVTGSTHIS cleavage fragment is named Cleavage Fragment
1 and the LANAGS3ENQ cleavage fragment is named Cleavage Fragment 2.

Figure 3.2. Digestion of AVTGSTHISNLANAGS3ENQ by TEV protease.
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3.2 Production of TVMV Protease Substrate:
Site-directed mutagenesis was employed to incorporate a TVMV protease recognition site
into AVTGSTHISNLANAGS3ENQ. The TVMV protease substrate was named
AVTGSTHISM2LANAGS3ENQ, where “M2” symbolizes the new recognition site. The
expression plasmid for this new fusion protein was confirmed by restriction mapping and
the sequence of the coding region validated by DNA sequencing. The fusion protein was
over-expressed in E. coli at 37°C. Talon metal affinity chromatography was used to
purify the fusion protein. Material from this small-scale expression was used for initial
proteolytic digests, but the protein was also expressed and purified on a larger scale. The
sample of AVTGSTHISM2LANAGS3ENQ was purified through Talon metal affinity
chromatography at 4°C, and additionally through HPLC with a cation exchange Source S
column.

3.3 Production of TVMV Protease:
3.3.1. Recombinant DNA Production:
To create the recombinant plasmid for TVMV protease, genes coding for the solubility tag
and for the TVMV recognition sequence were cloned into the original plasmid containing
the TVMV protease gene. The resultant plasmid was named pST50TrMBPM2HISTVMVNIaΔ1. A cloning scheme was developed using the restriction
enzymes BamHI and BglII. (See Figure 3.3)
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Figure 3.3. Schematic representation of the cloning work required to produce
TVMV NIa (protease) recombinant plasmid.

Though the enzyme recognition sites for the two are distinct, they share complementary
sticky ends. Therefore, fragments created by their digestion can be ligated together,
though the restriction site for both enzymes is destroyed in this process. Due to the
compatibility of sticky ends, the orientation of the gene upon incorporation into the vector
becomes relevant. A PCR screen was developed to check for properly oriented
recombinant plasmids. One of the two oligonucleotide primers annealed to the vector,
while the other annealed to the insert. Due to the directionality of the two primers, PCR
amplification would only take place given the correct orientation of the insert gene. The
incorrect orientation would result in extension in the same direction and no product would
be possible. The plasmids were screened and further validated by restriction mapping.
The mapping procedures were designed to differentiate between properly and incorrectly
incorporated inserts based on the size of the restriction fragments.
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The gene encoding MBP was cleaved with BglII-BamHI, ligated into vector DNA
digested with BamHI, and phosphatased with Calf Intestinal Phosphatase (CIP), resulting
in the pST505Tr-MBPhRCC1Δ1x7 expression plasmid. Purification of the vector was
problematic. Because the vector was only cut once, digested and undigested plasmid did
not resolve very well on an agarose gel, even after extended electrophoresis times. Both A
and B transformation plates (“vector only” and “vector + insert” respectively) had a high
number of transformants. Many of these colonies were screened by PCR, but the vast
majority showed no product formation, demonstrating that the insert was not incorporated
or incorporated incorrectly. A positive control for the PCR screen was also included to
confirm that the absence of product formation was not a failure of the PCR itself. It is
likely that most transformants were recovered parent vector. Undigested plasmids are
preferentially transformed into E. coli, and their presence in a ligation mix could decrease
the likelihood of finding a successful recombinant. The high number of vector
transformants could also point to problems in the phosphatase reaction. (See Discussion
chapter). When the recombinant plasmid was finally isolated, it was confirmed by
restriction mapping and nucleotide sequencing.

The next step introduced the TVMV cleavage site into the plasmid, creating pST505TrMBPM2hRCC1Δ1x7. A pair of kinase/annealed oligos coding for the recognition site was
used as the insert. (See Appendix) This material had been prepared by Daniel MichelsonHorowitz, a former member of the Tan lab. The recombinant plasmid was checked with
restriction mapping and sequencing.
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The final plasmid, pST505Tr-MBPM2HISTVMVNIaΔ1, was created by replacing the
BamHI-BsrGI hRCC1∆1x7 insert with a BamHI-BsrGI HISTVMVNIa∆1 insert. This
plasmid was validated by restriction mapping and DNA sequencing of the coding region.
Sequencing showed a non-conservative point mutation, a LysArg transition, but was not
believed to be deleterious due to the similarity of the two amino acids.

3.3.1. Expression Temperature Experimentation:
TVMV protease was expressed at 18°C, 23°C, 28°C, and 37°C to determine which
temperature was optimal in protein expression. (See Figure 3.4) The solubility of the
TVMV protease in whole cell extracts was analyzed, and the hexahistidine tagged
protease was purified by small scale Talon metal affinity chromatography (See Fig 3.5).

A

B

Figures 3.4. Expression of TVMV protease. The results show that TVMV protease is best expressed at
23°C. The protease is approximately 28 kDa in size and migrates below the 31 kDa MW marker band. The
higher migrating band is the cleaved MBP solubility tag, approximately 42 kDa in size. The cleavage of
MBP also qualitatively demonstrates TVMV protease activity. Note: TVMV Protease labeled as TVMV NIa
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Figure 3.5. TVMV protease solubility test and Talon results. Enzyme is only partially soluble and
some material is lost in the Talon flow-through fraction (FT). However, a sufficient amount of material
can still be isolated, mostly in fraction 2. Note: WCE = whole cell extract, Pel = pellet, Sup =
supernatant. TVMV NIa= TVMV protease.

23°C was determined to be the optimal expression temperature as it produces the most
amount of material. Solubility tests show that the enzyme is only partially soluble, as was
expected from previous reported results.(Nallamsetty et al. 2004) However a sufficient
amount of material can still be isolated. It is also worth noting that a significant amount of
TVMV protease is lost in the column flow-through showing that some of the protease
does not bind to the Talon column.

3.3.3. Large Scale TVMV Protease Production:
The majority of the proteolytic digests presented in this thesis employed enzyme obtained
through small-scale expression and purification. However, I also expressed and purified
the enzyme on a larger scale to generate sufficient quantities for the Tan laboratory. Allen
Minns, a research technician in the lab, helped with the purification. 4 L (8 flasks of 500
mL of cell culture) were grown at 23°C, induced, and incubated overnight. The cells were
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induced at a density of approximately 0.75, although there was some variability in OD600
of each of the flasks. For the future, I would recommend that cells be induced before the
OD600 reaches this level. While I was still able to generate significant quantities of
TVMV protease, some flasks showed little to no expression, suggesting that the cell
density was too high.

The enzyme was first purified through Talon metal affinity chromatography at 4°C. The
results from this purification step shows that almost all of the contaminating material is
removed from the protein of interest. (See Figure 3.6) I further purified the protein using
high performance liquid chromatography (HPLC) over a cation-exchange Source S
column before concentrating the protein to 1.8 mg/ml. (See Figure 3.7)

Figure 3.6. Large scale 4°C Talon chromatography results. Gel shows excellent
purification. Sample only partially soluble but sufficient quantities were still purified.
Fractions 17 and 18 were pooled. Note: MW ladder used for this gel found to be degraded
and not visualized. Approximate marker values are shown above. TVMV protease labeled
TVMV NIa.
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Figure 3.7. HPLC purification of TVMV protease. Though hard to visualize, the peak
fraction elutes into Fractions 17 and 18. Smaller peaks seen in Fractions 12 and 15.

The protein eluted from the Source S column in a narrow peak of two fractions. In
addition, two smaller peaks eluted before the primary peak. These smaller peaks are
analyzed in the Discussion chapter.

I experienced complications with the solubility of the enzyme after HPLC purification.
After initially dialyzing the pool into a low salt concentration buffer (10 mM HEPES pH
7.5, 20 mM NaCl, 10 mM β-mercaptoethanol), some precipitation was observed. The salt
concentration was then increased to 100 mM NaCl in an effort to increase the protein’s
solubility. However, this resulted in further precipitation of material. Solubility tests
(inspected visually with SDS-PAGE) were conducted to determine what salt
concentrations yielded most soluble enzyme but the solubility was not seen to differ
significantly between concentrations of 50 mM and 300 mM NaCl. These experiments
showed that despite the presence of some pelleted material (as had been observed in
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previous solubility tests), the majority of the enzyme was found in the supernatant. The
sample was dialyzed into P300 buffer (50 mM sodium phosphate pH 7.0, 300 mM NaCl, 1
mM benzamidine, 5 mM β-mercaptoethanol) and subsequently concentrated. Dynamic
light scattering was employed to assay for aggregation of the soluble portion of the
sample. While some aggregation was observed, the majority of the TVMV protease
appeared to be unaggregated.

3.4 Proteolytic Digest Experimentation:
3.4.1. Buffer Type:
TVMV protease material obtained through small-scale purification was used to analyze
the enzyme’s activity. The first parameter tested was buffer type to determine whether
there was any variation in activity with commonly used buffers in the laboratory. Since
the enzyme was being developed for future laboratory work, it was important to determine
if buffer type would be problematic when designing experiments. The buffers examined
were Tris-Cl, HEPES, and sodium phosphate. Reactions were carried out at RT at an
enzyme:substrate ratio of 1:50. The reaction buffers contained 50 mM [buffer type being
tested], 0.5 mM EDTA, and 1 mM β-mercaptoethanol. The pH remained constant at 7.5.
(Note: The nomenclature used in the upcoming sections is as follows: The letter
designates the buffer type while the number designates the salt concentration. For
example, T100 is Tris-Cl buffer with 100 mM NaCl.) As the Waugh lab observed best
activity between salt concentrations of 0 mM to 200 mM, this range was used in initial
digests. The results of these proteolytic digests are shown in Figures 3.8- 3.10.
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Figure 3.8. Buffer sensitivity to Tris-Cl buffer. Activity remained constant with
increasing salt concentration.

Figure 3.9. Buffer sensitivity to HEPES. Activity remained constant with increasing
salt concentration. Activity is similar to activity in Tris-Cl buffer.

Figure 3.10. Buffer sensitivity to phosphate buffer. Activity was poorest at 0 mM
NaCl and mostly constant at 100 mM and 200 mM NaCl. Activity at the higher
concentrations was similar to activity in Tris-Cl and HEPES buffer.
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These digest results show that buffer type does not significantly affect the activity of
TVMV protease. Almost all digests demonstrate approximately 95% substrate digestion
after 3 hours. The notable exception is the digest performed in P0 Buffer, which
demonstrated approximately 50% digestion. However, this is believed to be an anomalous
result, as other digests in the same buffer conditions showed approximately 95% substrate
digestion. (See Section 3.4.2.)

3.4.2. Salt Concentration:
Though the effect of salt concentration was already tested when testing buffer type
sensitivity, the range of salt concentration tested was narrow. To evaluate the enzyme’s
sensitivity to a wider concentration range, digests were performed in phosphate buffer
spanning 0 mM NaCl to 500 mM NaCl. Digests took place at RT and an
enzyme:substrate ratio of 1:50. The pH was constant at 7.5 and the buffer was made up of
50 mM sodium phosphate, 1 mM benzamidine, and 5 mM β-mercaptoethanol. This group
of digests allowed for re-examination of the enzyme’s activity at P0 buffer.

A
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B

Figure 3.11. Salt concentration sensitivity digests. Activity decreased with increasing salt
concentration, with more significant reduction at concentrations of 300 mM and higher.
The protease’s activity at 0 mM NaCl is more consistent with data from previous digests.
Note: samples at the “1 hr” interval were boiled for too long, leading to slight protein
degradation.

These digests confirmed that protease activity decreases with increasing salt
concentration. Additionally, it showed that at higher salt concentrations (300mM or
greater) enzyme activity was significantly lower, as only approximately 50% of the
substrate was digested after 3 hours. The results shown in Figure 3.11 confirm that
TVMV protease is active in P0 buffer, suggesting that the poor activity observed in this
buffer in Figure 3.10 is not reproducible.

3.4.3. Temperature:
Additional digests were performed at 4°C, 30°C, and 37°C to determine what
temperatures demonstrated highest protease activity. Data from previous digests at RT
(approximately 21°C) were also used in comparing temperatures. Digests took place in 50
mM Tris-Cl pH 7.5, 0.5 mM EDTA, and 1 mM β-mercaptoethanol. An enzyme:substrate
ratio of 1:50 was used and salt concentrations of 0 mM NaCl and 200 mM NaCl were
tested. The results are shown in Figure 3.12.
36

A

B

C
.

Figure 3.12. Protease activity at 4°C, 30°C, and 37°C. Activity was similar between 4°C
and 30°C but highest at the latter temperature. Activity was lowest at 37°C.
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While reactions at 4°C and 30°C demonstrated approximately 95% substrate digestion
after 3 hours, enzyme activity could better be compared at the 1 hr time point. Though
these results only serve as indicators of reaction progress, and not kinetics (for which we
have no measurement), it can still be assumed that the reaction rate will be higher initially,
when the substrate concentration is highest. In T200 buffer and at 1 hr time points,
digestion at 30°C demonstrates the most initial activity, in comparison to 4°C and 37°C.
Therefore, TVMV protease appears to be more active at 30°C. Its activity at this
temperature is similar to that at RT in the same buffer conditions, in which approximately
50% of substrate had been digested after 1 hour. (See Figure 3.6) Once again, it should
be noted that the reaction progress in T0 buffer, 30°C is unexpectedly low. We would
expect the reaction to proceed similarly to T200 buffer, 30°C or T0 buffer, RT (as had
been tested previously). It is likely that this inconsistency reflects an error made in setting
up the reaction mixture rather than an indication of reduced protease activity at this
temperature. Still, one can conclude that the protease is most active between RT and 30°C
and demonstrates slightly reduced activity at 4°C. It is also shows significantly reduced
activity at 37°C, as the reaction achieved only 50-60% digestion at this temperature.

3.4.4 Cross-reactivity with TEV Protease:
It was important to test TVMV protease’s cross-reactivity with TEV protease. I needed to
establish that the two enzymes are specific to their own sites and yet do not cleave the site
of the other because the enzyme’s utility in the lab requires unique specificity to TVMV
recognition sites. Cross-reactivity was tested using TVMV material obtained through both
small scale and large scale purification. Small-scale TVMV protease reactions were
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carried out at RT at 1:50 enzyme to substrate ratio with 50 mM Tris-Cl pH 7.5, 0.5 mM
EDTA, and 1 mM β-mercaptoethanol.

A

B

Figure 3.13. Cross-reactivity of TEV and TVMV Protease (small scale). Enzymes not
significantly cross-reactive. Relative activities of both enzymes at 1 hr time point suggests that
TVMV protease is approximately 50% as efficient as TEV protease. Note: 1 hr time points
demonstrate some additional protein degradation from prolonged SDS-PAGE sample boiling
time and is not a reflection of protease digestion.

These results suggest that the two enzymes do not digest the other’s substrate. Since the
conditions of the digest are equivalent and the digests are performed in parallel, one can
also estimate the relative efficiencies of the proteases to one another. This is best
accomplished by looking at the amount of substrate digested after 1 hour. TVMV
protease demonstrates approximately 45% digestion while TEV protease demonstrates
approximately 95% digestion. These results suggest that this prep of TVMV protease is
approximately 50% as efficient as TEV protease.
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The cross-reactivity experiment was repeated using material isolated from large-scale
expression and purification. (See Figure 3.14) This was done to demonstrate activity of
the new material and observe any variation of activity between the preps.

Figure 3.14. Cross-reactivity of TEV and TVMV Protease (large scale). Enzymes not significantly
cross-reactive. Relative activities of both enzymes at 1 hr time point suggests that TVMV protease is
as efficient as TEV protease. Note: Slight digestion seen of both substrates in mixture with alternate
protease.

TVMV protease from large-scale purification did not show significant cross-reactivity
with TEV protease, however, slight non-specific digestion can be observed by both
proteases. After 1 hr of digestion, TVMV protease cleaved about 70% of its initial
substrate while TEV protease cleaved about 60%. This result suggests that this prep of
TVMV protease is as efficient as TEV protease and is more active than material isolated
from small-scale purification.

40

Discussion:
4.1 Troubleshooting:
4.1.1. Finding Appropriate Substrate:
Much time was spent in finding an appropriate substrate to use. STRHISNDHFR was
originally chosen because of its simple structure and assumed cleavability by TEV
protease. The accessibility of its N-terminal tail, containing the TEV protease recognition
site and the affinity tag, was not questioned because of the small, globular structure of
DHFR. However, this was an assumption made without any empirical evidence, as our lab
had never previously attempted to cleave this protein with TEV protease.

After the failed attempts at digestion by TEV protease, many experiments were required
before I could confidently conclude that DHFR was not cleavable by the protease. This
process highlights the difficulty in interpreting and analyzing a negative experimental
result over a positive one. Lack of digestion could have been a problem with the reaction
conditions, the enzyme:substrate ratio, defects in the specific aliquots of substrate or
protease, or the nature of interaction between the protease and the substrate. However,
before a conclusion could be definitively made, all other variables needed to be accounted
for and categorically dismissed through experimental evidence.

4.1.2 Purification of Singly-Cut Vector:
Major complications came in the creation of the recombinant expression plasmid,
pST50Tr-MBPhRCC1Δ1x7. Purification of the vector was difficult because the cloning
scheme required a single cut of the plasmid at a BamHI site. To prevent re-annealing of
the vector, the plasmid was phosphatased post-digestion using CIP. Initial data suggested
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that the dephosphorylation step was problematic and that the vector was re-closing after
digestion. Even without ligation, a non-phosphatased, singly-cut plasmid can exist in a
closed (albeit nicked) conformation. In this conformation, it can transform E. coli
cells.(Cohen, Chang, and Hsu 1972) To check the integrity of CIP enzyme, the vector was
transformed into E. coli after BamHI digestion and CIP incubation. Even in the absence of
DNA ligase, there were many transformants on the plate. This result suggested that the
CIP enzyme was defective or that undigested vector was present. The problem was
overcome by using a fresh aliquot of CIP, increasing BamHI digestion time (as a
precaution), and running the agarose gel for a longer time during vector purification.
Undigested vector was also run alongside digested vector to serve as a comparison for
distinguishing the migration of digested and undigested plasmid.

4.2 Ideal Expression Temperature for TVMV Protease:
In optimizing TVMV protease for laboratory work, it was important to determine the best
expression temperature in E. coli. Though the Waugh lab expressed TVMV protease at
30°C, (Nallamsetty et al. 2004) I tested various expression temperatures to optimize
protein production. I observed that TVMV protease was best expressed at 23°C
(compared to 18°C, 28°C, or 37°C). Based on data from the Waugh lab, I expected 28°C
to be show highest expression, as it is closest to 30°C. However, they used BL21
CodonPlus-RIL cells (Nallamsetty et al. 2004) in their expression while I used
BL21(DE3)pLysS cells. Since different cells lines can have different expression
temperature sensitivity, I cannot assume that the optimal expression temperature would be
the same between our labs.
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4.3 Temperature, Salt, and Buffer Sensitivity:
Our results are consistent with those of the Waugh lab concerning salt concentration
sensitivity, as enzymatic activity decreased with increasing salt concentration. Though
they did not test protease activity at concentrations over 200 mM, my results show that the
decrease in activity is more significant at concentrations of 300 mM and higher. There
were two anomalous results at 0 mM NaCl concentration, specifically in P0 and T0 buffer.
These results may have simply been errors made in mixing the reaction buffers, but could
also suggest decreased protease stability at low salt concentrations. Though a solubility
test showed that TVMV protease was equally soluble over a wide range of ionic strengths,
it is possible that at low values there is increased likelihood of improper folding and
decreased enzymatic activity due to solvent interactions. The digests could be repeated in
the future to determine whether these results are reproducible.

Concerning temperature sensitivity, the Waugh lab saw an increase in protease activity
with increasing temperature until approximately 34°C, after which point they saw activity
decrease. They noted, though, that activity was still relatively high at low temperatures
and the protease could cleave 100 molar excess of substrate at 4°C.(Nallamsetty et al.
2004) My results were consistent with these findings, as I saw highest activity at RT and
30°C. However, I could not distinguish a difference in activity between these two
temperatures.

Finally, I could not see any variation in activity between Tris-Cl, HEPES, and phosphate
buffers. This result suggests that buffer identity does not play a large role in influencing
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protease activity. While this was the anticipated result, it was an important parameter to
test, since it was possible that one of the buffer types could have interacted with the
enzyme in an unexpected way.

4.4 Activity Comparison of TVMV and TEV Protease:
The two preparations of TVMV protease demonstrated different activities relative to TEV
protease. While material from small-scale purification was about 50% as active as TEV
protease, material from large-scale purification was of equal or better activity. This
second prep is an improvement on the relative efficiency of TVMV protease to TEV
protease reported by the Waugh lab, which reported approximately 50% activity.
(Nallamsetty et al. 2004)

An explanation of this improvement in efficiency may come in analyzing the two smaller
peaks that eluted before the primary peak. (See Figure 3.7) Though no contaminating
bands were seen on the gel from the Talon metal affinity chromatography step (See Figure
3.6), the presence of two additional, minor peaks on the HPLC readout suggests that the
material can still be further purified. It is possible that these minor peaks are inhibitors
with equivalent migration patterns to the protease on a polyacrylamide gel. Alternatively,
these peaks could represent conformationally different versions of TVMV protease that
are either inactive themselves or inhibit protease activity.
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4.5 Cross-reactivity of TVMV and TEV protease:
Neither of the two preparations of TVMV protease was cross-reactive with TEV protease,
though some mild non-specific substrate digestion was observed by both proteases.
However, the extent of this digestion was marginal and in the event that either protease
digests a substrate with both recognition sites, the integrity of the protein sample would be
maintained. Because of the enzyme’s specificity and efficiency, TVMV protease should
be considered a useful tool for laboratory work.

4.6 Applications and Future Work:
The potential application of TVMV protease stems from its utility as an additional proteincleaving tool. It can be used as an alternative to TEV protease or used in conjunction with
this enzyme. For example, in an event when a protein contains an internal (and unengineered) TEV protease recognition site within its primary sequence, TVMV protease
could be utilized in the addition and cleavage of affinity or solubility tags. The presence
of two proteases also allows a researcher to account for multiple experimental steps using
a single expression vector. A solubility tag and an epitope tag could be attached in series
to a protein, each separated by one of the two protease recognition sites. After expression,
the solubility tag can be cleaved off and the researcher can immediately proceed to affinity
tag chromatography in the purification of the protein.

Though TVMV protease has demonstrated high activity and specificity, there is still more
experimentation that can be done. The enzyme is still only partially soluble and work
could be done to improve this. The protease’s expression may also be still improved by
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examining the effect of different cell lines. While I used the standard cell line in my
research, the Waugh lab used BL21 CodonPlus cells, which contain tRNAs for three rare
codons and may subsequently increase protein expression.

Finally, a researcher could compare the enzyme’s activity after 4°C Talon metal affinity
chromatography to its activity after HPLC. This could determine whether HPLC is needed
as a purification step for future preparations of the protease. Also, analysis of the minor
peaks from HPLC (discussed above) may provide more information on their identity and
their effect on enzymatic activity. Checking to see if these peaks demonstrate any
protease activity could determine whether they are contaminants or conformationally
divergent forms of TVMV protease. They could also be spiked into a sample of TVMV
protease from the primary peak to observe any variation in activity.
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Appendix:
1. Kinase/Annealed primers used in incorporation of TVMV recognition site:
STO1883: GATCTGGTGGTGGTGGTGGTGAAACCGTGCGCTTCCAGTCTG
STO1884: GATCCAGACTGGAAGAGCACGGTTTCACCACCACCACCACCA

2. pET T7 Protein Expression System
The pET T7 Expression System, developed by Novagen, facilitates the cloning and
expression of recombinant proteins in E. coli. The target gene is cloned into a pET
plasmid under the control of bacteriophage T7 transcription and translation signals. This
plasmid is then transferred into an expression host containing a chromosomal copy of the
T7 RNA polymerase gene under lacUV5 control (BL21(DE3)pLysS and BL21 CodonPlus
as referenced in this paper). Expression is induced by the addition of IPTG to the bacterial
culture. Upon induction, the cell shifts the majority of its resources to target gene
expression and the protein of interest is subsequently expressed in high levels. A
schematic representation of this system is shown below. (See Supplemental Figure 1.)

Supplemental Figure 1. pET T7 Protein Expression System (pET Expression
Manual, Novagen)
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Addendum:
In addition to my work with TVMV protease, I also spent approximately 5 months helping
to co-express the four primary subunits of the MLL complex: hMLL1Δ1, hWDR5,
hRbBP5, and hAsh2L (MWRA). My contribution came in the production of a
recombinant plasmid that contained MWRA in a single polycistronic vector, with each
protein contained in individual cassettes. The pST69 expression vector, into which the
subunits were incorporated, is based off of the pST44 suite of plasmids developed by Dr.
Song Tan and differs only in the introduction of additional restriction sites for insert
incorporation. The pST44 generation of plasmids is itself is derived from a pET3a, T7
RNA polymerase-based expression system. Each of these plasmids contains a T7
promoter and termination site and each individual cassette has its own translational
enhancer and Shine-Dalgarno sequence, as well as initiation and termination codons.
(Tan, Kern, and Selleck 2005) Finally, all plasmids contain a pMB1 ColE1 origin of
replication and the β-lactamase gene, which confers resistance to ampicillin. A schematic
representation of the pST44 expression vector can be seen in Appendix Figure 1 below.
Note that the pST69 generation differs with the presence of additional restriction sites
within individual translational cassettes.

Addendum Figure 1. Schematic of the pST44 polycistronic expression vector. (Tan,
Kern, and Selleck 2005)
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The following flow chart depicts the cloning scheme that was utilized when creating the
polycistronic construct. The figure was developed by Wil Santivasi and taken from his
senior honors thesis.

Addendum Figure 2. Schematic representation of cloning scheme in development of
MWRA complex. (Santivasi 2011)

My contribution came in the mutagenesis and amplification of hWDR5 and the creation of
pST69-hMLL1Δ1-STRHISNhWDR5x1, pST69-hMLL1Δ1-STRHISNhWDR5x1hRbBP5, and pST69-hAsh2L-hMLL1Δ1-STRHISNhWDR5x1-hRbBP5. The additional
cloning work was performed by Wil Santivasi.

After MWRA was contained in a single polycistronic plasmid, the expression temperature
of the subcomplex was optimized. Both Wil Santivasi and I collaborated on the
optimization of the subcomplex expression, though he took performed the majority of the
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experiments. MWRA was expressed at 18°C, 23°C, 28°C, and 37°C in both BL21
(DE3)pLysS and BL21 CodonPlus cells. Additionally, MWRA was coexpressed in E. coli
through two plasmids: pST69-hMLL1Δ1-STRHISNhWDR5x1-hRbBP5 and pST73hAsh2Lx1. However, co-expression with this scheme always demonstrated poorer
expression than through the true polycistronic expression vector. Ultimately, the MWRA
subcomplex was best expressed at 18°C through BL21 CodonPlus cells.
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