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Abstract
The three-dimensional structure of a protein is critical information for a biologist because the
structure of a protein can provide new insight into the mechanism of its function. One of the
primary methods for determining the structure of proteins at an atomic resolution is X-ray
crystallography. In practice, X-ray crystallography is limited by our ability to grow large,
ordered protein crystals. Arguably, the most important determinant for protein crystallization is
the protein itself. Protein engineering approaches have been employed in the past to overcome
the recalcitrance of particular proteins to crystallization. For example, Suzuki and colleagues
solved the structure of small polypeptides by fusing green fluorescence protein (GFP) to their Nterminal ends. I explore here the utility of GFP and small ubiquitin-related modifier (SUMO) as
crystallization fusion tags for proteins. Modular DNA expression vectors that allow fusion of
GFP or SUMO to a gene of interest were constructed, and fusion proteins were overexpressed in
E. coli. SUMO fusion proteins demonstrated higher levels of expression and solubility as
compared to their wild type or GFP-fusion counterparts. A catalytically inactive SUMO protease
mutant was engineered as a cocrystallization partner to stabilize the flexible linker of the SUMO
fusion proteins. Complexes of inactive SUMO protease and SUMO fusion proteins were
reconstituted and isolated using size exclusion chromatography. However, preliminary
crystallization trials of the SUMO-hRCC1/SUMO protease complex were unsuccessful. Future
work with this crystallization system will include characterizing the binding affinity of the
inactive SUMO protease, crystallizing different SUMO fusion proteins, and testing the effect of
the flexible linker length on crystallization.
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Introduction
X-ray Crystallography
Detailed understanding of the function of a macromolecule, such as a protein or nucleic
acid, requires precise knowledge of its three-dimensional atomic structure. The field of
structural biology is devoted to both the discovery of molecular structure as well as the
application of structural information. In particular, structural biologists are often concerned with
the structure of proteins, biological molecules whose functions include but are not limited to
catalyzing chemical reactions, reacting to environmental stimuli, and regulating the genetic code.
Because of their functional diversity, one might expect that different proteins adopt different
shapes and conformations to accomplish their diverse tasks.
Indeed, the shape of a protein is intimately related to its function. For example, proteins
that transport nutrients across cellular membranes might contain a transmembrane channel, such
as the potassium channel (Figure 1A). Enzymatic proteins that cleave complex polymers into
smaller monomers typically possess a “binding pocket” that allows for tighter binding of
substrate, such as soybean beta-amylase (Figure 1B). Further, proteins that bind to regions of
DNA will typically possess positively charged regions that are electrostatically attracted to the
negatively charged DNA backbone, such as the endonuclease EcoRI (Figure 1C). Elucidating
the structure of a protein often reveals the relationship between the atomic structure of a protein
and its function. Understanding this relationship can illuminate the mechanistic details of a
metabolic pathway or even suggest potential structure-based therapies for a particular disease.
However, determining the structure of a protein is no easy task. Unlike optical
magnification, which uses visible light to distinguish particles as small as bacteria (0.5 to 5 µm
in length), the atoms in protein molecules are several orders of magnitude smaller, and cannot be
!
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Figure 1: Protein structure is closely related to its function. [A] A cartoon representation of the
transmembrane potassium channel protein reveals a narrow pore region suited for the translocation of
potassium ions (Doyle et al, 1998). [B] Surface modeling of the soybean beta-amylase protein shows how
its active site conformation suits disaccharide substrates particularly well (Mikami et al, 1994). [C]
Electrostatic modeling of an EcoRI endonuclease dimer demonstrates the interaction between the positively
charged enzyme surface and the negatively charged DNA backbone (Kim et al, 1990). Images were
generated from PDB files (1BL8, 1BYB, and 1ERI, respectively) using PyMOL.

resolved with light microscopy alone. In stricter terms, the wavelength of electromagnetic
radiation needed to resolve a particle of some size must be no larger than that particle. Because
the average distance between two atoms in a protein is about 0.15 nm (1.5 Å), the required
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wavelength of electromagnetic radiation is much shorter than visible light; instead, X-rays,
whose wavelengths range between 0.01 to 10 nm, are used (Rhodes, 2006).
The use of X-rays to resolve individual atoms in a protein introduces additional
complications that are not experienced with light microscopy. First, because X-rays cannot be
focused by a system of lenses, bombarding a protein with X-rays produces a scattering of X-ray
signals or a “diffraction pattern” instead of a clear image of a molecule. Second, because an
individual protein molecule only weakly scatters X-rays, many proteins in a protein crystal are
bombarded with X-rays instead (Figure 2). This produces a composite diffraction pattern that is
representative of many proteins in identical orientations. From these diffraction measurements,
crystallographers can calculate the expected position of atoms within a protein. This process of
determining structural information about a protein from diffraction data obtained from protein
crystals is known as X-ray crystallography.

Figure 2: An example of protein crystals generated in this lab. Crystals were observed under a light
microscope from a lysozyme protein crystallization trial using the microbatch under oil technique.
Conditions: 50 mM Bis-Tris pH 7.0, 100 mM NaNO3, 10 mM CaCl2, 5% PEG6000.

Protein Crystallization: Theory
Currently, X-ray crystallography is the most practical method for solving protein
structures at an atomic level. However, before any X-ray diffraction data can be modeled,
suitable protein crystals must first be produced. Production of protein crystals is a non-trivial
!

3!

process. First, large amounts of a protein of interest must be overexpressed. Next, the protein
needs to be purified to an extent at which it is virtually free of other macromolecular
contaminants. The protein must then be concentrated in an unaggregated state to approximately
10 mg/ml or 200 µM for a 50 kDa protein. Once high purity is achieved, a concentrated sample
of the protein is mixed with a wide variety of solutions with different buffers, salts, pH levels,
and additives. This effectively “screens” for the appropriate conditions that allow the protein to
precipitate slowly out of solution in a controlled fashion, or in other words, to crystallize
(McPherson, 1999).
The manner in which protein molecules precipitate determines the outcome of crystal
formation. If, during their precipitation, individual molecules aggregate in a repetitive pattern,
then the protein subunits may form a stable lattice that comprises the molecular structure of a
protein crystal. Conceptually, protein crystal lattices are analogous to the molecular lattices
formed by sodium and chloride ions in salt crystals. Random aggregation of proteins, with no
repeating intermolecular interactions, does not lead to successful crystal formation.
A stable and periodic molecular lattice is essential for both collecting X-ray diffraction
data and analyzing that data successfully. Fundamentally, crystals of any type of molecule are
defined as regular arrays of atoms. One can approximate these atomic arrays as series of points
that make up reflective planes in space (Rhodes, 2006). Incident X-rays that encounter these
planes reflect in particular directions and are visualized by striking two-dimensional detectors.
Two-dimensional diffraction patterns result from the summation of many X-ray reflections.
Crystallographers use data from these two-dimensional patterns to interpret three-dimensional
protein structures. Assuming that the relative locations of equivalent atoms between proteins are
consistent, incident X-rays encounter identical reflective planes, reflect in the same direction,
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and produce precise diffraction patterns. Spatial irregularities among equivalent atoms not only
disrupt the geometry of atomic planes in a molecular crystal but also contribute to “noise” in a
diffraction pattern. Too many spatial inconsistencies within a crystal lattice can result in poorly
resolved or even uninterpretable diffraction data (Rhodes, 2006).

Protein Crystallization: Limitations
While stability and periodicity within atoms in a crystal lattice are necessary for both
crystal formation and data interpretation, these criteria are experimentally difficult to obtain for
proteins. Unlike ions that form salt crystals, the subunits that form protein crystals are
comparatively much larger and structurally more complicated. Realistically, proteins are
flexible, dynamic structures that can adopt a variety of conformations, both globally (i.e. overall
protein structure) and locally (i.e. individual residue orientation). Inherent protein flexibility or
conformational heterogeneity can contribute to disorder within a crystal. Indeed, a group from
the University of Virginia has shown that proteins with conformationally flexible surface
residues are less amenable to crystallization than mutants whose surface lysine residues have
been replaced with alanine residues (Longenecker et al, 2001). Allan D’Arcy and colleagues
have argued that the intrinsic structural behavior of a protein is the most significant variable
determining the outcome of crystallization (Dale et al, 2003).
Empirically, certain proteins seem to crystallize easily while other proteins remain
obdurate to crystallization. Lysozyme, a model crystallization enzyme, crystallizes in a variety
of buffer and pH conditions and is considered the most widely studied protein crystallization
system (McPherson, 1999). Other proteins, such as porcine pancreatic elastase, crystallize
readily, while their homologs, such as human neutrophil elastase, do not (Dale et al, 2003).
Attempts to assess the “crystallizability” of proteins have experienced mixed results. One study
!
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estimates that only one in four “good” protein candidates for crystallization (i.e. stable, highly
soluble, singly-domained, prokaryotic proteins) will yield positive crystallization results (Price et
al, 2009). The remaining proteins are too recalcitrant to conventional screening procedures and
either form problematic crystals or do not readily crystallize at all.

Approaches to Improving Protein Crystallization
Efforts to increase the crystallizability of intractable proteins, or proteins that resist
conventional crystallization, were enhanced by the developments of recombinant DNA
technology (Jackson et al, 1972) and gene amplification via polymerase chain reaction (Mullis
and Faloona 1987), which permitted production of recombinant proteins. In addition to
crystallizing a protein in its native state, crystallographers began to engineer modified proteins
on a massive scale appropriate for crystallization. Modifications were engineered to increase
certain crystallization criteria outlined by McPherson, such as: (1) the chemical stability of a
protein over time, (2) the structural homogeneity of a protein, (3) the oligomeric homogeneity of
a protein, (4) the conformational stability of a protein, and (5) the reduction of a protein’s
microheterogeneity (due to allelic deviation, post-translational modifications, or limited
proteolysis) (McPherson, 1999).
Scientists use several protein engineering approaches to impart the above characteristics
on intractable proteins in an effort to enhance the probability of crystallization. First, improving
the solubility of a protein can increase a protein’s chemical stability and oligomeric
homogeneity. In some cases, such as the W100E leptin mutant, a single amino acid mutation can
affect improvements in protein solubility that result in formation of protein crystals (Zhang et al,
1997). Second, removing disordered regions of a protein can enhance the structural
homogeneity and conformational stability of a protein. N- and C- terminal regions of a
!
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polypeptide, which are typically disordered, are often truncated so that flexible linker regions are
excluded and rigid domains are not (McPherson, 1999).
Third, fusing a protein tag to an intractable protein can both improve the solubility and
mediate additional crystal contacts. Kuge and colleagues solved the first structure of a fusion
protein (Kuge et al, 1997), by successfully crystallizing glutathione-S-transferase (GST) fused to
the DNA-binding domain of DNA replication-related element-binding factor (DREF). The use
of maltose-binding protein (MBP) as a protein tag has demonstrated a laundry list of
crystallization successes deposited in the Protein Data Bank, including the yeast mitochondrial
Tim40 protein (PDB: 2XZT), the major peanut allergen Arah2 protein (PDB: 3OB4), and the
pancreatic hormone IAPP peptide (PDB: 3G7V). Lysozyme, a protein that crystallizes well on
its own, has helped to solve the structure of smaller peptides, such as a carboxyl-terminal
segment of human fibrinogen gamma-chain (Donohue et al, 1994), as well as larger membraneproteins, such as a lysozyme-β2-adrenergic receptor (Cherezov et al, 2007). In a majority of
fusion protein structures, the fusion tag often mediates crystal formation by acting as a
crystalline “lattice.”
Finally, non-covalent co-crystallization proteins are used as alternatives to fusion proteins
to help with enhancing solubility and crystallizability. Most commonly, the antigen-binding
fragment (Fab) of an antibody is used to specifically bind to a target protein as a “chaperone”
(Derewenda, 2010). This strategy was used for the crystallization of several membrane proteins,
such as cytochrome c oxidase (Ostermeier et al, 1995). Because of their transmembrane
hydrophobic surface, membrane proteins are notoriously difficult to crystallize; co-crystallization
agents such as Fab molecules help to increase surface polarity and likewise crystallizability
(Derewenda, 2010). However, preparation of Fab fragments is non-trivial, and is accomplished
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using involved procedures such as animal immunization and hybridoma technology or in vitro
techniques such as phage display or ribosome display. Further, association of a non-covalent
chaperone with a protein of interest requires the chaperone protein to possess a specific binding
interaction with the protein of interest. In most cases, unique Fab fragments (or other specific
chaperones) must be produced and optimized for every target protein.

GFP as a Crystallization Tag
Of the protein engineering approaches for improving the crystallizability of a protein,
fusion proteins appear to be the most attractive option. Fusing a particular “crystallization tag”
to a protein of interest should be a straightforward procedure, whereas mutating surface residues,
truncating protein domains, and designing molecular chaperones are methods that all require
much more empirical optimization. Indeed, the discovery of a protein that can generally be used
as a crystallization tag is an attractive pursuit. While MBP, as described above, serves as the
best example of a successful crystallization tag, few other fusion proteins have demonstrated

Figure 3: The crystal structure of a recombinant GFP-ubiquitin protein is mediated by an extensive
molecular lattice comprised of GFP molecules. [A] The spherical representation of a single GFPubiquitin protein shows the relative orientation of the two domains. The GFP domain is labeled green
and the ubiquitin domain is labeled blue. [B] Visualization of neighboring GFP-ubiquitin proteins in the
crystal lattice (pale green and pale blue), demonstrate the significant intermolecular interactions occurring
between GFP domains, or between GFP and ubiquitin domains. Ubiquitin does not appear to make
crystal contacts with other ubiquitin domains. Images generated from PDB file 3AI5 using PyMOL.
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nearly the same level of crystallization success (Derewenda, 2010). Another fusion tag that can
enhance crystallizability would be a powerful tool in the crystallographer’s toolkit.
Towards the aim of identifying particular crystallization tags, recent work by Masato
Kawasaki’s group demonstrates that green fluorescence protein (GFP) could act as a cocrystallization scaffold for small proteins and peptides (Suzuki et al, 2010). GFP is typically
used in molecular biology as a fluorescent tag to aid in detecting the localization of proteins in
vivo, and it has been fused to a variety of proteins that localize to nearly any cellular location
(Tsien, 1998). Suzuki and colleagues demonstrated that fusing GFP to both ubiquitin (8.5 kDa)
and ubiquitin-binding motifi (UBM, 6 kDa) resulted in crystal formation of the fusion proteins,
where previously neither target protein readily crystallized on their own. GFP-ubiquitin and
GFP-UBM crystal structures were solved to resolutions of 1.4 Å and 1.6 Å, respectively.
Interestingly, the GFP-ubiquitin model suggested that the crystals were formed primarily from
intermolecular GFP-GFP interactions, which seems to validate the notion that GFP could be used
to provide a co-crystallization lattice for peptides and small proteins (Figure 3).

A Combinatorial Protein Engineering Approach
GFP’s utility as a potential co-crystallization fusion tag for peptides and small proteins
raised two questions. First, can GFP adequately mediate the crystallization of proteins larger
than 10 kDa or will the intermolecular GFP-GFP interactions observed in the GFP-ubiquitin
crystal be disrupted by larger proteins? Second, can other fusion tags be identified that increase
the crystallizability of recalcitrant proteins? While the first question will be addressed in this
work, a literature review provided a preliminary answer to the second question. Marbleston and
colleagues compared the relative expression levels and solubility of GFP, matrix
metalloprotease-13 (MMP13), and myostatin fused to several commonly used fusion tags:
!
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maltose-binding protein (MBP), glutathione S-transferase (GST), thioredoxin (TRX), Nus A,
ubiquitin (Ub) and small ubiquitin-related modifier (SUMO). Their discovery was that the
SUMO tag not only dramatically increased expression and solubility of GFP, MMP13, and
myostatin in E. coli relative to the other fusion tags, but also that a natural SUMO protease made
downstream removal of the fusion tag straightfoward. These characteristics of the SUMO fusion
tag made it an attractive candidate as a cocrystallization tag.
The detailed interactions between the SUMO tag and SUMO protease suggested an
interesting opportunity to address a significant drawback associated with using fusion proteins
for crystallization. Typically, the fusion of two proteins introduces a flexible polypeptide linker
between the domains of the fusion and target proteins that can be multiple amino acids long.
Including inherent disorder in a protein is obviously counterproductive to the crystallization of
that protein, so crystallographers have attempted to avoid this by empirically optimizing the
length of this protein linker region to make the entire fusion protein more rigid (Smyth et al,
2003). However, one can envision an alternative approach to stabilize the linker region using a
partner protein.
Analysis of the structural mechanism behind SUMO protease-mediated SUMO tag
cleavage suggests a possible approach to structurally stabilize such linker regions. Like
ubiquitin, SUMO acts as a protein modifier that imparts varied effects on proteins, such as
intracellular transport and protein stability (Hay, 2007). In vivo, SUMO is first expressed as a
SUMO precursor. SUMO protease processes the SUMO precursor by cleaving the peptide bond
immediately after a diglycine motif in the carboxyl-terminal tail, priming SUMO for conjugation
to the ε-amino group of target lysine residues (Hay, 2007). Reverter and Lima, who crystallized
the human form of SUMO protease (Senp2) and one of the human variants of SUMO (SUMO1),
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Figure 4: Cartoon representations of recombinant SUMO fusion proteins in complex with SUMO
protease. [A] The crystal structure of the yeast form of SUMO (ySmt3) associated with the catalytic
domain of yeast SUMO protease (yUlp1, residues 403-621) solved to 1.6 Å resolution. [B] A model for
association of SUMO protease (ySenp2) with a recombinant SUMO-hRCC1 fusion protein. Images
generated from PDB files 1EUV, 2IO0, and 1A12 using PyMOL.

observed that SUMO protease recognition of the SUMO tag depends on a large (1800 Å2)
surface interaction with an extensive hydrogen bond network, rather than recognition of a short
amino acid sequence. Additionally, examination of their model shows that the SUMO protease
active site effectively “cradles” the carboxyl-terminal tail of the SUMO precursor on three sides,
which suggests that stabilization of the carboxyl-terminus of the SUMO precursor must occur in
11!
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order for it to appear in their crystal structure. Conceivably, a catalytically inactive SUMO
protease could also stabilize the flexible linker of a SUMO fusion protein. The combination of
the SUMO tag as a solubility enhancer and the SUMO protease as a co-crystallization chaperone
make SUMO fusion proteins coupled with inactive SUMO protease an appealing crystallization
system to investigate.

Outline of This Work
To assess whether the GFP and SUMO fusion tags aid in improving the crystallizability
of proteins that are normally resistant to crystallization, genes for each protein were obtained and
then inserted into an expression plasmid. The GFP tag was based on the 230 amino acid protein
containing S65G and S72A mutations described by Suzuki and colleagues. The SUMO tag was
expressed from the full-length yeast Smt3 gene amplified from genomic DNA, while the SUMO
protease was based on the catalytic domain of yeast Ulp1 (residues 403-621). Catalytically
inactive mutants of the SUMO protease protein (C580S and C580A) were generated using a sitedirected mutagenesis protocol. Proteins of interest for crystallization include dihydrofolate
reductase (DHFR), human regulator of chromosomal condensation 1 (hRCC1), human Set8
histone methyltransferase, and the yeast Ada2-Gcn5 subcomplex of the SAGA histone
acetyltransferase complex. Each of these proteins had been crystallized before, but the Ada2Gcn5 complex crystals did not diffract to high enough resolution for structure determination.
Bacterial expression plasmids for GFP and SUMO fused to such proteins of interest were created
using standard recombinant DNA technology.
Once expression plasmids for the GFP and SUMO fusion proteins as well as the SUMO
protease variants are created, each of the proteins was overexpressed in E. coli. Expression and
solubility levels were compared for each fusion protein over a range of expression temperatures,
!
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and highly expressed, highly-soluble fusion proteins were selected as potential crystallization
candidates. For each crystallization candidate, milligram quantities of fusion protein were
expressed and purified from E. coli. Additionally, large quantities of inactive SUMO protease
were also prepared and purified.
For GFP fusion proteins, setting up crystallization trials is straightforward once enough
protein is produced. For the SUMO fusion proteins, conditions where inactive SUMO protease
binds to the SUMO tag had to be identified. Stable SUMO protease/SUMO fusion complexs
were purified using size exclusion chromatography, and crystallization trials of such complexes
were then set up. My aim was to refine and optimize any “hits” obtained using various
crystallization screens to grow diffraction-quality crystals, to collect diffraction data, and to
determine crystal structures using crystallography molecular replacement.
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Materials and Methods
Bacteriological Methods
Bacterial Strains Used
E. coli cells were used for all laboratory work. TG1 cells were used for DNA procedures,
including recombinant plasmid DNA work and site-directed mutagenesis. BL21(DE3)pLysS
cells were used for the overexpression of proteins. In situations where an overexpressed protein
was produced at low levels, CodonPlus cells were used to address rare codon usage in E. coli.

Preparation of Transformation-Competent Cells
Prior to transforming E. coli cells with plasmid DNA, cell strains were made artificially
competent. For the TG1 strain, cells from a -70°C glycerol-storage stock were restreaked onto a
TYE agar plate and incubated overnight at 37°C. 10 to 12 colonies from the agar plate were
inoculated into a 2-liter flask containing 250 ml of 2xTY broth and 5.6 ml of competent salts
solution (see Appendix). The inoculated broth was grown at 18°C overnight until the optical
density (OD; absorbance at 600 nm) of the culture reached 0.6. Then, the culture was chilled on
ice and centrifuged at 2000 rpm and 4°C for ten minutes. The supernatant was discarded and the
cell pellet was resuspended with 80 ml of pre-chilled transformation buffer (see Appendix). The
resuspended cells were centrifuged as described above and this time resuspended into 20 ml of
pre-chilled transformation buffer. 1.5 ml of 100% dimethyl sulfoxide (DMSO) was added to the
20 ml of cell suspension, the mixture was incubated on ice for ten minutes, and the final
suspension was pipetted into 200 µl aliquots in Eppendorf tubes for future use. These tubes were
flash-frozen with liquid nitrogen and stored at -80°C.
For BL21(DE3)pLysS and CodonPlus strains, the competent cell preparation follows a
similar procedure with several notable changes. First, the TYE agar plate also contains
appropriate antibiotic to maintain the endogenous plasmids in each strain. Next, 3 colonies from
those plates after incubation are inoculated into 200 ml of 2xTY broth with 2.2 ml of competent
salts solutions. This inoculated broth is incubated at 37°C for two to four hours until the
appropriate OD is reached. Then, the cell suspensions are centrifuged at 2000 rpm and 4°C for 7
minutes. Cell pellets are resuspended into 30 ml and 8 ml volumes of pre-chilled transformation
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buffer following each spin. Finally, after adding 0.6 ml of 100% DMSO, the cells are pipetted
into 100 µl aliquots and flash-frozen.

Bacterial Media Used
For all bacterial cultures, the 2xTY liquid media used is prepared as follows. For every
liter of media, 16 g of bacto-tryptone, 10 g of yeast extract, and 5 g of sodium chloride are
dissolved into deionized water. Next, 100 ml of the mixture is dispensed into 500 ml flasks (500
ml is dispensed into 2 liter flasks for large scale protein expression work), the flasks are plugged
with foam and sealed with aluminum foil, and the sealed flasks are autoclaved at 121°C for 30
minutes. After cooling, the liquid media flasks are ready for use; addition of appropriate
antibiotic occurs immediately prior to inoculation of the media.
For all bacterial cultures, the TYE plate media used is prepared as follows. For every
liter of media, 10 g of bacto-tryptone, 5 g of yeast-extract, 8 g of sodium chloride, and 15 g of
agar are dissolved into deionized water. This mixture is autoclaved at 121°C for 30 minutes.
The autoclaved media is cooled to around 60°C, and appropriate antibiotic is added. For TYE
plates with ampicillin, this antibiotic is added to a final concentration of 100 µg/ml. For TYE
with chloramphenicol, this antibiotic is added to a final concentration of 25 µg/ml. After
addition of antibiotic, the cooled liquid agar is poured into sterile disposable petri dishes. After
the agar has solidified, the TYE agar plates are stored at 4°C until needed.

DNA Methods
Cloning of Genes
Polymerase chain reaction (PCR) is used to amplify large amounts of a gene of interest
for assembly into a plasmid vector for cloning or protein expression work. For each gene,
oligonucleotide primers were designed so that forward and reverse primers amplify the DNA
region of interest (see Appendix). Additionally, the primers were designed so that restriction
enzyme sites necessary for DNA subcloning are incorporated into the amplified DNA product.
Once primers were designed, a PCR reaction mixture was created in a thin-walled PCR tube
using 72.5 µl of water, 10 µl of 10x Thermo Pol buffer, 10 µl of 2.5 mM deoxyribonucleotide
triphosphate (dNTP), 1 µl of template DNA, 5 µl of 10 µM primer A, 5 µl of 10 µM primer B,
and 0.5 µl of 2 units/µl Pfu Polymerase. In the above PCR reaction mixture, template DNA
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represents the DNA source of the gene of interest (genomic DNA or a source plasmid), and
primers A and B are the specific forward and reverse primers designed for each gene.
For the GFP gene, source DNA was provided to our laboratory in the form of a plasmid
containing the EGFP gene (pEGFP230 from Dr. Masato Kawasaki). For the yeast genes Smt3
(SUMO tag) and Ulp1 (SUMO protease), yeast genomic DNA was used as the DNA source.
Primers for linear amplification of these genes are described in the Appendix. The PCR mixture
was cycled through a thermal cycling program as follows: 2 minutes at 95°C ! 5 cycles of [30
seconds at 95°C, 30 seconds at (Tm – 5°), extension interval at 75°C] ! 25 cycles of [30 seconds
at 95°C, 30 seconds at 60°C, extension interval at 75°C] ! 3 minutes at 75°C. In the above
thermal cycling program, “Tm” represents the melting temperature of the forward and reverse
primers; the “extension interval” is a length of time dependent on the base pair length of the
amplified gene (typically 1 minute for every 1000 bp). The length of the PCR product was
assessed by running 5 µl of the PCR reaction and 1 µl of 6xGLB on a 10% acrylamide gel (see
Gel Electrophoresis and UV visualization). The remainder of the PCR reaction mixture was
extracted against an equal volume of a 1:1 mixture of phenol and chloroform followed by an
extraction against an equal volume of chloroform. The extracted aqueous layer was ethanol
precipitated and resuspended in 30 µl of TE(10, 0.1). The purified PCR product was digested
with restriction enzymes specific for the sites incorporated by the forward and reverse primers as
follows. 20 µl of PCR reaction product is mixed with 3 µl of 10x NEBuffer, 3 µl of 1 mg/ml
BSA, 1 µl of 100 mM dithiothreitol (DTT), and 3 µl containing 30 units of each restriction
enzyme. The digestion reaction was incubated for 2 hours at 37°C, and afterwards, 6 µl of
6xGLB was added to terminate the reaction. Next, the digested PCR product was gel purified
(see Gel Purified DNA Preparation and Purification), ligated into a restriction-site compatible
pWM529 vector (see Vector and Insert Ligation Reaction), transformed into TG1 cells (see
Plasmid Transformation Into Competent Cells), and screened using PCR (see Cell Colony
Screening by PCR). Transformants containing pWM529 and the gene of interest are inoculated
into 100 ml of 2xTY media for plasmid preparations (see 100 ml Alkaline Lysis Plasmid
Preparation). The identity of the plasmids is confirmed either through restriction mapping (see
Plasmid Characterization by Restriction Enzyme Digestion) and/or sequencing (see DNA
Sequencing of Plasmids).
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Recombinant Plasmid DNA
Recombinant DNA technology is used both in the engineering of genes that encode
fusion proteins as well as splicing genes into plasmid vectors suitable for overexpression in E.
coli. Recombinantly fusing a gene from one plasmid into a different plasmid is referred to as
“subcloning” throughout this manuscript. Engineering the gene for a desired fusion protein
construct requires several rounds of subcloning, each which consists of a sequence of several
procedures.
Gel Purified DNA Preparation and Purification
In order to ligate a desired gene into a suitable plasmid, both the gene, or “insert” DNA
fragment, and the plasmid, or “vector” DNA fragment, must contain compatible restriction
enzyme sites. Once those sites are identified (refer to Subcloning Schemes for more
information), the insert and vector DNA fragments are prepared as follows. For vector DNA, the
starting plasmid DNA is digested with the appropriate restriction enzymes. 15 µl of water, 5 µl
of 0.2 µg/µl plasmid DNA, 3 µl of appropriate 10x NEB Buffer, 3 µl 1 mg/ml bovine serum
albumin (BSA), 1 µl of 100 mM dithiothreitol (DTT), 1.5 µl of 10-20 units/µl restriction enzyme
A, and 1.5 µl of 10-20 units/µl restriction enzyme B are mixed in a 1.5 ml Eppendorf tube. This
reaction mixture is incubated at 37°C for 2 hours, although particular enzymes might require
different incubation temperatures. If the vector DNA is being digested by only one restriction
enzyme, or if the ends of the vector DNA have compatible ends, then these ends are
phosphatased with calf intestinal phosphatase (CIP) to ensure that there are no phosphate groups
available for self-ligation. In this case, 0.1 units of CIP are added to the tube following the
digestion and the tube is incubated for 30 minutes at 50°C. To purify the vector DNA fragment
from the reaction mixture, 6 µl of 6x Gel Loading Buffer (6xGLB) is added to the mixture and
this sample is electrophoresed on a high gelling temperature (HGT) agarose gel at 125 V for
about 40 minutes (refer to Gel Electrophoresis and UV Visualization). After confirming the
presence of the desired size band using a UV transilluminator, the correct DNA band is excised
from the gel using a clean razor blade and a long wavelength UV lightbox for visualization. The
gel slice containing the vector DNA band is transferred to a gel filter assembly, which is
assembled as follows. The bottom of a 0.5 ml Eppendorf tube is pierced with a flame-heated 25gauge needle, siliconized glass wool is stuffed into the bottom of the tube, and the tube is
inserted into a larger 1.5 ml Eppendorf tube. The gel filter assembly and the gel slice are
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centrifuged in a microcentrifuge at 7000 rpm for 5 minutes. The purified vector gel fragment
elutes into the larger 1.5 ml Eppendorf tube.
A similar strategy is used to gel purify the “insert” DNA restriction fragment, however
this fragment can be digested from either a plasmid or a PCR product. If the source of the insert
DNA fragment is a plasmid, then a similar restriction enzyme digestion mixture is used as was
described above for the vector DNA. If the source of the insert DNA fragment is a PCR product,
then the restriction enzyme digestion mixture is made as follows. 5 µl of water, 15 µl of PCR
product, 3 µl of appropriate 10x NEB Buffer, 3 µl 1 mg/ml BSA, 1 µl of 100 mM DTT, and 1.5
µl each of restriction enzymes A and B are mixed in a 1.5 ml Eppendorf tube. As described
above, the reaction mixture is incubated for 2 hours at 37°C. After digestion, 6 µl of 6xGLB is
added to the mixture, and the DNA sample is electrophoresed on a HGT agarose gel at 125 V for
about 40 minutes. After confirmation of the desired band size, it is excised over a UV lightbox
with a clean razor blade and transferred to a gel filter assembly. Centrifuging the assembly at
7000 rpm for 5 minutes is sufficient for elution of the insert DNA fragment.
Vector and Insert Ligation Reaction
Once vector and insert DNA fragments are purified, and assuming they have compatible
“sticky-ended” restriction sites, the two fragments are ligated together using T4 DNA ligase. For
this “vector-plus-insert” ligation reaction, 4 µl of water, 1 µl of 10 x T4 DNA ligase buffer
(NEB), 0.5 µl of 100 mM DTT, 2 µl of gel purified vector DNA, 1.5 µl of gel purified insert
DNA, and 1 µl of 40 units/µl T4 DNA ligase are mixed in an Eppendorf tube. In addition to this
reaction, a “vector-only” reaction is also mixed which contains 1.5 µl of additional water instead
of the 1.5 µl of gel purified insert DNA. Both reaction mixtures are incubated at room
temperature for at least 15 minutes.
Plasmid Transformation into Competent Cells
Artificially competent E. coli cells take up plasmids that are successfully ligated in the
ligation reaction, and their gene products are expressed in a selective medium. First, frozen
competent TG1 cells (prepared above in Preparation of Transformation-Competent Cells) are
thawed to room temperature and 2 µl of both the vector-plus-insert and vector-only ligation
mixtures are added to separate 50 to 100 µl aliquots of cells. These cell aliquots are incubated on
ice for about 15 to 30 minutes. Next, the cells are heat shocked in a 42°C water bath for 30
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seconds and then returned to ice for another 10 to 20 seconds. After heat shocking, 0.5 ml of
sterile 2xTY liquid media is added to each aliquot, and the tubes are incubated in a 37°C shaking
incubator for 15 to 30 minutes. Finally, 0.3 ml of each cell suspension is plated onto TYE agar
plates containing appropriate antibiotic (typically 100 µg/ml ampicillin). The antibiotic provides
a selective pressure for the maintenance of the plasmid in the E. coli cells. These plates are
incubated at 37°C overnight (typically between 10 and 18 hours).
Cell Colony Screening by PCR
A successful ligation and transformation usually results in tens to hundreds of isolated
colonies on the transformation plate. To ensure that a bacterial colony contains the desired
plasmid, and not an undigested source plasmid from the vector or insert purification, colonies
must be screened. Polymerase chain reaction (PCR) is used to verify that the insert region is
present in the desired plasmid. Primers for PCR are selected so that the forward primer binds to
the vector DNA fragment and the reverse primer binds to the insert DNA fragment. Next, 8
isolated colonies from the transformation plate are transferred with a sterile loop to individual
aliquots of 100 µl of water. A PCR reaction “master mix” for 8 samples is made as follows.
116.1 µl of water, 18 µl of 10x Thermo Pol buffer, 18 µl of 2.5 mM deoxyribonucleotide
triphosphate (dNTP), 9 µl each of 10 µM forward and 10 µM reverse primer, and 0.9 µl of 2
units/µl Pfu polymerase are combined in an Eppendorf tube and kept on ice. Then, 19 µl of the
master mix and 1 µl of cell suspension are transferred to thin-walled 100 µl PCR tubes for each
cell suspension. The PCR samples were cycled through a thermal cycling program as follows: 2
minutes at 95°C ! 25 cycles of [30 seconds at 95°C, 30 seconds at 50°C, extension interval at
75°C] ! hold at 4°C. In the above thermal cycling program, the “extension interval” is a length
of time dependent on the base pair length of the amplified gene (typically 1 minute for every
1000 bp). 3 µl of 6xGLB is added to each PCR sample, and, depending on the size of the
sample, they are electrophoresed on either a native polyacrylamide (native-PAGE) or an HGT
agarose gel (refer to Gel Electrophoresis and UV Visualization). Positive clones are identified
by the presence of an appropriately sized DNA band on the gel.
100 ml Alkaline Lysis Plasmid Prep
Positive clones containing the desired plasmid (identified by the PCR screening
technique) are selected for preparative purification and characterization. For each positive clone,
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a flask of 100 ml of 2xTY liquid media (described above) with 100 µg/ml ampicillin is
inoculated with the corresponding colony. The flask is incubated at 37°C in a shaking incubator
overnight (10 to 18 hours). The next morning, cell suspensions are centrifuged at 4000 rpm for 5
minutes at room temperature to pellet the cellular material. The supernatant is removed and the
cell pellet is resuspended in 5 ml of chilled LYSIS solution (50 mM glucose, 25 mM Trischloride buffer pH 8.0, 10 mM sodium-ethylenediaminetetraacetate (EDTA)). 10 ml of 0.2 M
sodium hydroxide/1% sodium dodecyl sulfate solution is added to lyse the cells, solubilize
cellular proteins, and denature nucleic acids. The suspension is vigorously mixed and incubated
on ice for 5 minutes. Next, 10 ml of chilled 5 M potassium acetate/2.5 M acetic acid is added
both to precipitate chromosomal DNA, RNA, and proteins and to renature the plasmid DNA.
The mixture is shaken, incubated on ice for 5 minutes, and then centrifuged at 4000 rpm for 3
minutes at room temperature. The supernatant is carefully poured off into a 50 ml polypropylene
centrifuge tube, leaving behind precipitated cellular debris. 12.5 ml of isopropanol is added to
solubilize residual RNA and chromosomal DNA, and the tube is centrifuged at 13,000 rpm for 5
minutes at 20°C in an ultracentrifuge. After removal of the supernatant, the resultant pellet is
mixed with 70% ethanol and transferred to an Eppendorf tube. After a one minute 13,000 rpm
microcentrifuge spin, the ethanol is aspirated from the tube and the pellet is resuspended in 150
µl of 10 mM Tris-chloride/50 mM EDTA. 1.5 µl of 10 mg/ml RNase A is added to the
resuspended pellet mixture, and the mixture is incubated at 37°C for 15 minutes. Residual
proteins (including RNase A) are removed by liquid-liquid extraction, as follows. First, 150 µl
of a 1:1 mixture of phenol/chloroform is mixed into the pellet mixture, the tube is centrifuged for
1 minute at 13,000 rpm, and the separated aqueous phase is extracted to a new tube. This 1:1
phenol/chloroform extraction is repeated and the aqueous phase is extracted to another new tube.
A final extraction with 250 µl chloroform is performed, and the extracted aqueous phase is
transferred to a Sephacryl S400 HR “spun column”. The spun column is prepared as follows:
siliconized glass wool is stuffed into a Gilson 1.0 ml blue pipette tip, the pipette tip is filled with
Sephacryl S400 HR resin equilibrated in 10 mM Tris-chloride/0.1 mM EDTA, the pipette tip is
inserted into a 5 ml polypropylene centrifuge tube, and the tube is centrifuged at 2000 rpm for 5
minutes at 20°C. To purify the plasmid DNA from any remaining contaminants (such as RNA
fragments and proteins), the spun column containing the extracted aqueous phase is centrifuged
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at 2000 rpm for 5 minutes and 20°C. The plasmid DNA elutes in a volume of about 100 µl of 10
mM Tris-chloride/0.1 mM EDTA.
Plasmid Characterization by Restriction Enzyme Digestion
In order to verify that the correct plasmid has been prepared and purified by the above
procedure, the plasmid is restriction mapped to ensure that the correction DNA fragmentation
pattern is observed. Ideally, restriction enzymes for the digestion are chosen so that one enzyme
only cuts in the “vector” region of the plasmid and the other enzyme only cuts in the “insert”
region. This digestion produces a two-band pattern for the desired plasmid, and a one-band
pattern for plasmids that lack the insert region. Other fragmentation patterns can also be chosen
to identify the desired plasmid, and two separate restriction digestions are typically performed in
parallel. The restriction enzyme digestion reaction is mixed together as follows. 5.5 µl of water,
1 µl of appropriate 10x NEB Buffer, 1 µl of 1 mg/ml BSA, 0.5 µl of DTT, 0.5 µl of 10-20
units/µl restriction enzyme A, 0.5 µl of 10-20 units/µl restriction enzyme B, and 1 µl of plasmid
DNA. The 10 µl restriction enzyme reaction mixture is incubated at 37°C for 1 to 2 hours. 2 µl
of 6x GLB is added to the reaction mixture, and the DNA sample is electrophoresed on an HGT
agarose gel at 125 V for about 40 minutes. The DNA fragments are visualized on a UV
transilluminator to verify that the correct fragmentation pattern is observed.
DNA Sequencing of Plasmids
For a more accurate characterization of a prepared plasmid, regions of 800 to 1000 base
pairs can be sequenced at the Penn State Nucleic Acid Facility. 1 µg of plasmid DNA diluted in
water is submitted to the facility per sequencing reaction. Standard sequencing primers are
provided by the facilities, and gene-specific primers should be provided when appropriate. The
turnaround for sequencing results is generally within 1-2 days.

Site-Directed Mutagenesis
The modification of a single amino acid on a target protein is accomplished by sitedirected mutagenesis using PCR amplification and selection by DpnI digestion. Two
complementary PCR primers are designed so that they incorporate DNA base-pair mutations
through linear amplification of a particular plasmid. DpnI restriction enzyme is used to digest
the methylated and hemi-methylated wild-type plasmid, leaving the desired mutant plasmid
intact.
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A 25 µl PCR mutagenesis reaction is prepared in a thin-walled PCR tube by mixing 14.5
µl of water, 5.0 µl of 5x Phusion HF buffer, 2.5 µl of 2.5 mM dNTP, 0.5 µl of 10 ng/µl “wildtype” plasmid, 1.25 µl of 10 µM forward primer, 1.25 µl of 10 µM reverse primer, and 0.5 µl of 2
units/µl Phusion DNA polymerase. The PCR samples were cycled through a thermal cycling
program as follows: 30 seconds at 98°C ! N cycles of [5 seconds at 98°C, 20 seconds at 53°C,
extension interval at 75°C] ! hold at 4°C. In the above thermal cycling program, N varies
depending on the nature of the mutation (12 cycles for point mutation, 16 for single amino acid
changes, and 18 for multiple amino acid deletions or insertions); the “extension interval” is a
length of time dependent on the base pair length of the amplified gene. 2 µl of the PCR reaction
is transferred to an Eppendorf tube to serve as a control, and 0.5 µl of 20 units/µl DpnI is added
to the remaining PCR reaction. This reaction is incubated at 37°C for 1 hour to digest
completely the wild-type plasmid DNA.
2 µl of the “control” PCR reaction and the “DpnI-digested” PCR reaction are transformed
into aliquots of competent TG1 cells (see Preparation of Transformation-Competent Cells and
Plasmid Transformation Into Competent Cells). Colonies are selected from the “DpnI-digested”
transformation plate and screened by PCR amplification (see Cell Colony Screening by PCR). If
a restriction site was added or removed by the site-directed mutagenesis, 5 to 10 units of that
restriction enzyme can also be incubated with the PCR product for 1 hour at 37°C prior to
electrophoresing the samples on an agarose gel. Positive clones are selected for plasmid
preparations (see 100 ml Alkaline Lysis Plasmid Preparation). Prepared plasmids are
characterized by restriction enzyme digestion (see Plasmid Characterization by Restriction
Enzyme Digestion) and the presence of the desired mutation is confirmed by DNA sequencing
(see DNA Sequencing of Plasmids).

Gel Electrophoresis and UV Visualization
DNA samples are separated by size using agarose gel electrophoresis or polyacrylamide
gel electrophoresis. Typically, a 1.0% agarose gel is used for optimal separation of DNA bands
greater than 1.0 kB and is created as follows. 0.30 g of HGT agarose and 30 ml of 0.5x TBE
buffer are mixed in an Erlenmeyer flask, the flask is weighed on a balance, and then the agarose
is dissolved by microwaving for 60 to 80 seconds. The flask is allowed to cool off for a few
minutes, water is added to bring the flask back to its original weight, and 1.5 µl of 10 mg/ml
ethidium bromide is added. The agarose solution is cooled for 5 more minutes and then poured
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into a gel casting setup. A 15-well analytical comb or an 8-well preparative comb is inserted
immediately and the agarose solution is allowed to solidify for an hour. When ready for
electrophoresis, the agarose gel is transferred to a gel electrophoresis box and is submerged with
about 300 ml of 0.5x TBE buffer. DNA samples (including 6x GLB) are loaded into the wells,
and the gel is electrophoresed at a potential of 125 V for about 40 minutes. The gel is
photographed on a UV transilluminator.
For better separation and visualization of DNA fragments smaller than 1.0 kB,
polyacrylamide gels are used. 75 ml of the acrylamide gel mixture is prepared by combining 25
ml of 30% 40:1 acrylamide, 3.75 ml of 10x TBE, and 42.5 ml of water. This mixture is
deaerated and 300 µl of 25% ammonium persulfate (AMPS) and 75 µl of
tetramethylethylenediamine (TEMED) are added to catalyze the polymerization reaction. Before
polymerization occurs, the liquid gel mixture is injected into a gel-pouring block, which consists
of up to 15 alternating layers of glass plates and plastic spacers. 10- or 15-well combs are added
to the spaces between the glass plates, and the gel is allowed to solidify for at least 30 minutes.
Gels are stored at 4°C until ready for use. When ready for electrophoresis, a single gel is
removed from the casting block and transferred to a gel electrophoresis apparatus. About 400 ml
of 0.5x TBE buffer is added to the inner and outer chambers until both the top and bottom of the
gel is submerged. DNA samples (including 6x GLB) are loaded into the wells, and the gel is
electrophoresed at a constant power of 20 W for 10 minutes. After removing the gel from the
apparatus, 20 ml of 0.5 µg/ml ethidium bromide is added to stain the gel on a rocker for 5 to 10
minutes. The gel is photographed on a UV transilluminator.

Protein Methods
Small Scale Expression
Before preparative-scale protein expression experiments are performed, it is worthwhile
to assess whether a desired protein can be overexpressed in E. coli in soluble amounts at various
temperatures. 0.1 to 0.3 µg of plasmid containing a gene of interest are transformed into
BL21(DE3)pLysS cells (or an equivalent E. coli strain compatible with the T7 expression
system), the cells are plated onto TYE transformation plates (with 50 µg/ml ampicillin and 25
µg/ml chloramphenicol), and the plates are incubated overnight at 37°C. The following morning,
flasks containing 100 ml of 2xTY liquid and 50 µg/ml ampicillin and 25 µg/ml chloramphenicol
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are inoculated with colonies from the transformation plates and incubated at 37°C. Cell growth
during incubation is monitored by periodically measuring the optical density at a wavelength of
600 nm (OD600). If temperatures other than 37°C are being tested (typically 28°, 23°, and 18°C),
then those flasks are transferred to the appropriate incubator when the OD600 reaches a value of
about 0.1. Once the OD600 of a flask is between 0.4 and 0.7, 100 µl of 0.2 M isopropyl β-D-1thiogalactopyranoside (IPTG) is added to induce activation of the lac operon and overexpression
of the desired protein. Cell culture time points are sampled at hourly increments to monitor
protein expression by SDS-PAGE (described below) as follows. 250 µl of cells are removed and
briefly centrifuged in the microcentrifuge, the supernatant is discarded, and the pellets are
resuspended in protein gel loading buffer (125 mM Bis-Tris pH 6.8, 20% glycerol, 4% SDS,
15% (v/v) β-mercaptoethanol, 0.04% (w/v) bromophenol blue). Cells are harvested three hours
after induction for 37° and 28°C experiments and eight hours after induction for 23° and 18°C
experiments. Harvesting involves centrifuging 50 ml of the cell culture in a 50 ml Falcon tube at
4000 rpm for 10 minutes at room temperature. The cell pellet is resuspended in 10 ml P300EDTA buffer (50 mM phosphate buffer pH 7.0, 300 mM sodium chloride, 1 mM benzamidine, 5
mM β-mercaptoethanol), flash-frozen with liquid nitrogen, and stored at -20°C.

Small Scale Batch Purification
Harvested cells from the small-scale expression experiment are used to check the
solubility of the overexpressed protein. The frozen cells are thawed; cells containing the pLysS
plasmid will begin to lyse after one freeze-thaw cycle. For complete cell lysis, 10 ml of
harvested cells are sonicated twice at 40% power, 50% cycle for ten seconds. Between rounds of
sonication, cells are chilled on ice. After sonication, 5 ml of the whole cell extract is divided into
four Eppendorf tubes and centrifuged in a microcentrifuge at 13,000 rpm for 3 minutes. The
supernatant, which contains soluble protein, is collected. Insoluble protein, found in the cell
pellet, is resuspended with an equal volume of buffer or water. To determine the solubility of the
recombinant protein, 25 µl protein samples from the whole cell extract, resuspended pellet, and
supernatant are combined with 25 µl of PGLB and samples are electrophoresed using SDSPAGE.
Assuming the protein of interest contains a hexahistidine tag, Talon Superflow cobalt
metal affinity resin is prepared as follows. 1.0 ml of resuspended Talon resin is washed with 10
ml of MilliQ water, the tube is centrifuged at 1800 rpm for 2 minutes at room temperature, and
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the supernatant is discarded. The Talon resin is similarly washed with 10 ml of P300-EDTA and
centrifuged again. After this second wash, the 5 ml of supernatant is added to the resin and
incubated at room temperature on a rotating platform for 20 minutes. After incubation, a 25 µl
sample is extracted as a “flow-through” sample, and the rest of the sample is twice centrifuged at
1800 rpm for 5 minutes and washed with P300-EDTA. After the final wash, the sample is
centrifuged to sediment the resin and then resuspended in about 3 ml of P300-EDTA.
Resuspended resin is transferred to a 1.5 ml BioSpin column and allowed to settle. Elution of
the hexahistidine-tagged protein is performed by addition of around 2 to 3 ml of P300EDTA+100mM imidazole. 0.5 ml fractions are collected in Eppendorf tubes, and samples from
the first three fractions are collected for SDS-PAGE. Seven samples are typically
electrophoresed: the whole cell extract, the pellet, the supernatant, the flow-through, and the first
three 0.5 ml fractions from the 100 mM imidazole elution.

Large Scale Expression
For preparation of milligram quantities of a given recombinant protein, the protocol used
is a scaled-up procedure similar to the small-scale expression in E. coli protocol. First,
competent BL21(DE3)pLysS cells are transformed with the plasmid of interest. The following
day, colonies from the transformation plate are used to inoculate 100 ml of 2xTY + 50 µg/ml
ampicillin + 25 µg/ml chloramphenicol as a “starter culture”. This flask is incubated at 37°C for
several hours until the media becomes cloudy (optical density measurement between 0.1 and
1.0). Next, 3 ml of starter culture is transferred to six, twelve, or twenty-four flasks containing
500 ml of 2xTY + 50 µg/ml ampicillin + 25 µg/ml chloramphenicol (for a 3, 6, or 12 liter prep,
respectively). These flasks are grown at whatever expression temperature is being tested for
several hours. Once the OD of several flasks is between 0.4 and 0.7, expression of the
recombinant protein is induced by addition of 0.5 ml 0.2 M IPTG. After induction, the flasks are
incubated for the length of time that yields the most material, which is usually determined from
small-scale experiments. Once the appropriate time is reached, cells are harvested from the
flasks by centrifuging the cell suspensions in 500 ml bottles at 7000 rpm for 5 minutes at 21°C.
Cell pellets are resuspended in a particular volume of resuspension buffer (75 ml buffer for 3
liters of media; 150 ml for 6 liters; 300 ml for 12 liters), which is typically P300-EDTA for
hexahistidine-tagged cells. For storage, resuspended cells are flash-frozen with liquid nitrogen
and stored at -20°C.
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Large Scale Purification
Rapid purification of milligram quantities of recombinant protein requires a several step
purification strategy using both low-pressure chromatography and high performance liquid
chromatography (HPLC). Typical purification of an overexpressed hexahistidine-tagged
polypeptide includes preparation of crude cell extract, Talon cobalt metal affinity
chromatography, TEV NIa removal of the hexahistidine tag, one or more additional
chromatographic separations (ion-exchange or hydrophobic interaction), and sample
concentration. To prepare the crude cell extract from harvested cells, the frozen
BL21(DE3)pLysS cells are thawed in lukewarm water. Next, batches of 40 ml thawed cells are
sonicated for 3 to 4 rounds at 70% power for 10 seconds (0.5 seconds on, 0.5 seconds off).
Between sonication cycles, cells are held on ice. The sonicated extract is next centrifuged at
18,000 rpm for 20 to 30 minutes at 4°C. The collected supernatant is ready for loading onto a
column.
Before any chromatographic experiment, fresh chromatography buffers are prepared,
filtered through 0.45 µm filters, and degassed before use. For affinity purification of a
hexahistidine-tagged protein, a 20 ml low-pressure column is packed with Talon Superflow
resin. The Talon column is next equilibrated into P300-EDTA buffer (50 mM phosphate buffer
pH 7.0, 300 mM sodium chloride, 1 mM benzamidine, 5 mM β-mercaptoethanol) by washing
one column volume of P300-EDTA+100 mM imidazole followed by two column volumes of
P300-EDTA at a flowrate of 3.0 ml/min. The crude extract sample is loaded onto the column at
3.0 ml/min and flow-through is collected in a flask. Next, the column is washed with three
column volumes of P300-EDTA, two column volumes of P300-EDTA+10 mM imidazole, and
three column volumes of P300-EDTA+15mM imidazole (unless a different stepwise gradient is
indicated). Elution of the protein is achieved by washing with three column volumes of P300EDTA+100 mM imidazole, and the eluted material is collected into 8 ml fractions. The column
is cleaned by washing with 70 ml of water and 10 ml 6 M guanidinium-hydrochloride, and it is
stored into ethanol. SDS-PAGE samples of the Talon fractions are prepared to determine which
fractions are collected and pooled. The concentration of protein in the Talon fraction pool is
measured by UV absorbance.
If the hexahistidine tag will be removed, then TEV NIa protease is added to the pooled
Talon fractions at a molar ratio of 1:100 enzyme to protein. The pool is then dialyzed against a
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large volume (1.0 to 2.0 liters) of low salt buffer for the next chromatographic step. Dialysis is
performed by filling clamped dialysis tubing with the sample and transferring to a measuring
cylinder filled with low salt buffer. The dialysis sample is mixed overnight in the cold room and
removed from the dialysis tubing in the morning.
Further purification is achieved using high performance liquid chromatography (HPLC)
with an ion-exchange resin. The HPLC instrument of choice in this study is the ÅKTA avant
(GE Healthcare) running Unicorn software. The selection of anionic (typically Source Q) or
cationic (typically Source S) exchange resin is dependent upon the isoelectric point of the protein
and its optimal pH conditions. Low and high salt buffers are prepared, filtered and degassed just
prior to use. The dialyzed sample is prepared for chromatography by centrifuging at 15,000 rpm
for 10 minutes at room temperature. To prepare a 10 ml ion-exchange column, an equilibration
program is executed that washes the column with specific volumes of low and high salt buffer.
Prepared sample is loaded onto the column using an automatic air-sensing loop. The column is
washed with one or more column volumes of low salt buffer. Elution is achieved by a designed
linear salt gradient (low salt to high salt), and 6 ml fractions are automatically collected. A UV
absorbance detector monitors the elution of protein from the column and prints results to a
chromatogram. After elution, the column is cleaned with sodium hydroxide and stored into
ethanol.
SDS-PAGE samples are prepared for fractions that elute within UV absorbance peaks.
Typically, the desired protein elutes during the linear salt gradient in several fractions. These
fractions are pooled together and dialyzed (as above) into fresh buffer. The concentration of
protein in the dialyzed sample is measured by UV absorbance. Typically, most proteins are then
concentrated by centrifugation in Vivaspin devices. Before use, Vivaspin tubes are washed
twice with 5.0 ml of buffer by centrifuging at 3500 rpm for 5 minutes at room temperature. The
dialyzed sample is transferred to the device, and the sample is centrifuged at 3500 rpm at room
temperature for whatever amount of time is necessary to achieve a desired sample volume. The
concentration of protein in the concentrated sample is again measured by UV absorbance.
Dynamic light scattering measurements are also collected to determine the aggregation state of
the protein species in the sample. Measurements below 20% polydispersity are typically
observed for monodisperse protein. Long term storage of concentrated protein includes adding
20% glycerol, flash-freezing with liquid nitrogen, and transferring the samples to -80°C.
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Proteolysis Assays
Purified SUMO protease variants (catalytically active or inactive) are diluted to a
“working” concentration typically between 1 µg/ml and 100 µg/ml. To titrate the amount of
protease, the enzyme stock is serially diluted (1, 3, 10, 30, 100 µg/ml or similar). The substrate,
a SUMO fusion protein, is acquired from small-scale or large-scale expression material, provided
it has been sufficiently purified (at least 90% pure). Typically, the SUMO fusion substrate is
diluted to around 100 µg/ml, although higher concentrations are used to observe minimal
catalytic activity in some cases. A “reaction buffer” of T150 (20 mM Tris pH 8.0, 150 mM
sodium chloride, 10 mM β-mercaptoethanol) is most often used to perform the dilutions,
although, due to the robust nature of the enzyme, other buffers were successfully used where
indicated. To prepare one reaction, 10 µl of the diluted substrate is mixed with 10 µl of the
diluted protease in an Eppendorf tube, to which 2 µl of 20 mM DTT is added. The reaction is
incubated at 30°C for 30 minutes, unless otherwise indicated. Parameters such as incubation
temperature and duration of incubation can be varied. To “stop” the reaction, 20 µl of PGLB is
added to the reaction tube, and a sample is electrophoresed using SDS-PAGE.

Complex Formation
The goal of complex reconstitution is to combine molar ratio amounts of protein complex
subunits in a suitable buffer while avoiding precipitation. Soluble complexes are separated from
smaller species in a reconstituted mixture by HPLC size exclusion chromatography (using a gel
filtration column). Typically, analytical-scale reconstitution experiments are performed first to
avoid massive loss of protein material should the complex precipitate out of solution. Analytical
reconstitutions combine protein subunits in the range of hundreds of micrograms. Proteins are
diluted with a particular reconstitution buffer before mixing. To mix protein samples, each
additional protein is added incrementally in small volumes. The preparation of preparative-scale
reconstituted complex (in the range of milligrams of material) is performed similar to the
analytical-scale reconstitution.
Once protein mixtures are prepared, the sample is spun in the microcentrifuge for five
minutes. Equilibration of a 24 ml gel filtration column (default is Superdex 200 HR) is
accomplished by washing one column volume of reconstitution buffer at 0.4 ml/min. 0.3 to 1.5
ml of sample is loaded into the injection loop of the AKTA avant, and one column volume of
buffer is washed over the column to separate the proteins and elute the complex. A UV
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absorbance chromatogram is recorded to monitor the elution of proteins, and samples from the
main peak fractions are run on a SDS-PAGE gel to identify the peaks that contain desired
complex. The fractions are then pooled and concentrated similar to the concentration procedure
for the large-scale purification of proteins.

SDS-PAGE Electrophoresis
Sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) uses an electric
field in combination with a polyacrylamide gel matrix to separate proteins denatured in a buffer
containing SDS. SDS-PAGE gels consist of a stacking gel mix (for better resolution of the
bands) and a separating gel mix (for separation of the proteins based on size). 18% acrylamide
(default concentration) separating gel mixture is prepared by mixing 8 ml of water, 36 ml of
30%/0.5% acrylamide, and 15 ml of 3 M Tris-Cl pH 8.8 buffer. This mixture is deaerated and
600 µl of 10% SDS, 240 µl of 25% AMPS and 60 µl of TEMED are quickly added to catalyze
the polymerization reaction. Before polymerization occurs, the liquid gel mixture is injected into
a gel-pouring block, which consists of up to 15 alternating layers of glass plates and plastic
spacers. Water-saturated butanol is overlaid on the tops of gels to form a flat upper boundary.
During polymerization of the separating layer, the stacking gel mixture is prepared by mixing 5
ml of water, 10 ml of 10%/0.5% acylamide, and 4.8 ml of 0.5 M Bis-Tris. This mixture is
deaerated, and 0.2 ml of 10% SDS, 15 µl of TEMED, and 80 µl of 25% AMPS is added to
initialize polymerization. This mixture is added to the top of the polymerized separating gels
(with the butanol removed), 10- or 15-well combs are added to the spaces between the glass
plates, and the gel is allowed to solidify for at least 30 minutes. Gels are stored at 4°C until
ready for use. When ready for electrophoresis, a single gel is removed from the casting block
and transferred to a gel electrophoresis apparatus.
For electrophoresis of protein samples, an equal volume of the protein mixture and an
equal volume of protein gel loading buffer [PGLB; 125 mM Bis-Tris pH 6.8, 20% glycerol, 4%
SDS, 15% 2-mercaptoethanol (v/v) 0.04% bromophenol blue (w/v)] are combined. Each protein
+ PGLB sample is heated at 95°C for several minutes to denature the proteins. 1x gel running
buffer (50 mM Tris base, 0.38 M glycine, 0.1% SDS) is added to the inner and outer chambers in
the electrophoresis unit, and samples are loaded into the wells. The gel is run at 10 W (constant
power) until the bromophenol blue dye reaches the bottom of the gel. Gels are removed and
placed in a “fix” solution (45% ethanol, 9% acetic acid) for five minutes at room temperature.
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The fix solution is removed and staining solution (0.5% Coomassie Blue R, 45% ethanol, 9%
acetic acid) is added for five minutes at room temperature. Finally, the stain is removed and
destaining solution (7% ethanol, 5% glacial acetic acid) is added for 10 to 30 minutes at 60°C.
Once the gel is appropriately destained and washed with water, SDS-PAGE gels are dried
between cellophane sheets for at least 24 hours.

Crystallization Methods
Efficient screening for optimal crystallization conditions for a particular protein
(concentrated to at least 10 mg/ml) involves the simultaneous testing of hundreds of conditions.
To minimize the amount of protein used to test each crystallization condition, the microbatch
method is used, where small volumes of protein and crystallization solution (1-2 µl) are
dispensed and mixed under a layer of low-density oil to prevent rapid evaporation of the 2 µl
drop, as first described by Chayen et al, 1997. First, 50 µl of Al’s oil (1:1 mixture of paraffin to
silicon oil) is dispensed in each well of a 96-well microplate. The use of Al’s oil allows for the
slow diffusion of water from the crystallization drop, which concentrates the protein over a
period of days or weeks (D’Arcy et al, 2004). Next, 1 µl of protein is dropped into each well so
that the denser protein solution settles on the bottom. 1 µl of crystallization solution is added to
each well (see Table 3 and Table 4 for solution recipes) so that the protein and crystallization
solutions mix. The 96-well plate is briefly centrifuged (about 5 to 10 seconds) to ensure the
contents of each well have settled and is then transferred to the appropriate temperature for
incubation over several days or weeks.
When trays are ready for observation, a compound light microscope with a polarizing
filter is used to visualize the growth of protein crystals. Crystals are scored on an arbitrary,
increasing scale of 0-10, with 0 indicating a clear drop and 10 indicating large crystals.
Refinement of observed crystal growth involves optimizing the conditions of the well in which
crystals were observed. Typically, several rounds of screening and refinement are necessary to
produce large, stable crystals.
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Results
Creating Recombinant Expression Plasmids
Recombinant GFP and SUMO Fusion Constructs
The full-length green fluorescence protein (GFP) and small ubiquitin-related modifier
(SUMO) genes were PCR amplified from a stock plasmid and yeast genomic DNA, respectively.
Using a series of subcloning steps (Figure 5), these PCR amplification products were
incorporated into the pST44 generation of protein expression plasmids (Tan et al, 2005). As a
result, a modular T7-based bacterial expression system was designed to facilitate the
recombination of a “gene of interest” with the green fluorescence protein (GFP) gene or the
small ubiquitin-related modifier (SUMO) gene. BamHI and BsrGI digested vector DNA
containing either the GFP fusion gene or the SUMO fusion gene in addition to a dual Strept IIhexahistidine affinity tag were gel purified after agarose gel electrophoresis. The BamHI
restriction site appears immediately after both fusion genes at the 3’-terminal end of the digested
plasmid, and the BsrGI restriction site appears on the opposite 5’-terminus, as follows,
5’-(BsrGI)-pST50Tr-STR-HIS-N-GFP-(BamHI)-3’
5’-(BsrGI)-pST50Tr-STR-HIS-N-SMO-(BamHI)-3’
where STR = Strept II peptide, HIS = hexahistidine, N = TEV protease site. This modular
design allows for a BamHI and BsrGI digested DNA fragment containing a “gene of interest” to
be ligated with either of the GFP or SUMO containing vector DNA. Plasmids containing GFP or
SUMO fusions were successfully constructed for each “gene of interest”.

Recombinant SUMO Protease and its Mutants
The catalytic domain (403-621) of yeast SUMO protease (yUlp1∆1) from yeast genomic
DNA was amplified. This PCR product was digested with BamHI and BsrGI restriction
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Figure 5: Schematic for the subcloning experiments performed to generate the expression plasmids
for each recombinant SUMO fusion protein. Rectangles represent DNA used in ligation reactions,
ellipses represent recombinant plasmids, and italics represent the type of experiment performed at
each step. A similar strategy was used to incorporate the GFP protein into an expression plasmid.
Expression plasmids for each recombinant SUMO protein were successfully created.

enzymes to create a gene fragment with asymmetric “sticky ends”. In order to tag the protease
with a hexahistidine affinity tag (HISN), the digested PCR product was ligated into a BamHIBsrGI digested expression plasmid containing the gene for hexahistidine (pST50Tr-HISN). The
resulting plasmid, pST50Tr-HISNyUlp1∆1 was used for the expression of active SUMO
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protease in E. coli. Mutations to the protease gene were made by linear amplification of the
above plasmid with site-specific primers (described in Appendix). Both mutants targeted the
catalytic cysteine (C580) residue in the active site. Mutations were confirmed by nucleic acid
sequencing of the genes in both plasmids.

Overexpression of Fusion Proteins
The GFP-DHFR fusion protein (47.6 kDa) and wild-type DHFR (21.8 kDa) were
overexpressed in E. coli (BL21(DE3)pLysS) in parallel. At 37° and 28°C, the GFP-DHFR

Figure 6: SDS-PAGE of parallel small-scale overexpression and batch purification
experiments with STRHISN-tagged wildtype DHFR and STRHISN-tagged GFP-fusion
DHFR. Expression levels and solubility were significantly better for the wildtype DHFR
compared to the GFP fusion DHFR. In particular, the solubility of GFP-DHFR dramatically
decreased in the 37°C experiment.
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constructs demonstrated significantly reduced levels of expression three hours after induction
(Figure 6). Additionally, a majority of the GFP-DHFR fusion protein appeared in the insoluble
cell pellet at 37°C, whereas almost all of the untagged DHFR wild-type protein was found in the
soluble supernatant. Since DHFR is a well-behaved protein that remains largely soluble with
many different affinity tags (Lichty et al, 2001), these results suggested that solubility of GFP
fusion proteins might be problematic and GFP fusions might not be appropriate for
crystallization studies. We therefore decide to examine a different protein, SUMO, as a fusion
partner.
Expression of a SUMO-DHFR fusion protein (32.9 kDa) in E. coli (BL21(DE3)pLysS) at
37°C demonstrated visibly higher levels of overexpression in comparison to both the GFPDHFR fusion and wild-type DHFR (Figure 7A). Unlike the GFP tag, the addition of the SUMO
tag to DHFR does not appear to reduce the solubility of DHFR compared to wild-type DHFR,
with almost all of the protein appearing in the soluble supernatant fraction. SUMO fusion
proteins with hRCC1∆1 and hSet8∆2 were also overexpressed in E. coli (BL21(DE3)pLysS) at
37 and 28°C for 3 hours (Figure 7, B and C). Significant levels of overexpression were observed
for the SUMO-hRCC1∆1 fusion protein at 37 and 28°C, but about 40 to 50% of the protein was
found in the insoluble pellet fractions for both temperatures. The SUMO-hSet8∆2 fusion protein
also expressed at high levels for both temperatures; however, most of the protein was insoluble at
37°C while more than half was soluble at 28°C. Better levels of expression for the SUMO-yeast
Ada2/Gcn5 complex expressed in E. Coli (BL21(DE3)pLysS) were observed at 23°C than at
18°C for 8 hours after induction (Figure 7D). At both temperatures, the protein was partially
soluble. Binding of the Strep II-hexahistidine dual affinity tag to Talon affinity resin followed
by elution with a 100 mM imidazole wash was observed for each of the four SUMO fusion
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proteins tested, suggesting that Talon-resin affinity chromatography can be used to purify the
recombinant SUMO fusion proteins.

Figure 7: SDS-PAGE of SUMO-fusion proteins purified using Talon affinity resin on a small-scale.
Solubility is determined from the relative intensity of the band in the supernatant lane compared to the
band in the pellet lane. [A] The SUMO-DHFR fusion protein expressed very well and was highly
soluble at 37°C. [B] The SUMO-hRCC1∆1 fusion protein expressed well at 37 and 28°C with
moderate solubility at both temperatures. [C] The SUMO-hSet8∆2 fusion protein expressed better and
was more soluble at 28°C than 37°C. [D] The SUMO-yAda2∆5/yGcn5∆16x2 complex expressed
better at 23°C but was more soluble at 18°C.

Overexpression of Protease Variants
The catalytically active SUMO protease (HISNyUlp1(403-621) = HISNyUlp1Δ1) was
overexpressed in E. coli (BL21(DE3)pLysS) at 37 and 28°C. At 37°C, HISNyUlp1∆1 (28.1
kDa) was moderately expressed and mostly found in the soluble fraction, but at 28°C, its levels
of expression dropped significantly (Figure 8). The first catalytically inactive SUMO protease
containing a C580S mutation in the catalytic Cys residue (HISNyUlp1∆1(C580S) =
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HISNyUlp1Δ1x1) was overexpressed in two E. coli cell lines (BL21(DE3)pLysS and
CodonPlus) at 37°C. For both cell lines, HISNyUlp1∆1x1 (28.1 kDa) demonstrated equivalent
expression levels and solubility as compared to the wildtype (data not shown). The second
catalytically inactive SUMO protease (yUlp1Δ1(C580A) = HISNyUlp1Δ1x2) was overexpressed
in E. coli (BL21(DE3)pLysS) at 37°C based off of the results of HISNyUlp1∆1x1. Expression
and solubility of HISNyUlp1∆1x2 (28.1 kDa) was similar to HISNyUlp1∆1x1. Each of the
hexahistidine-tagged SUMO protease variants bound to Talon cobalt metal affinity resin and
eluted with a 100 mM imidazole wash.

Figure 8: Active SUMO protease expressed in E. coli showed better expression and
solubility in cells grown at 37°C (left) than cells grown at 28°C (right). Similar expression
results were observed for both catalytic mutants. SDS-PAGE results were only included for
the active SUMO protease.

Purification of Active SUMO Protease
Catalytically active SUMO protease, HISNyUlp1∆1 (28.1 kDa), was overexpressed in six
liters of cell culture (BL21(DE3)pLysS) at 37°C for four hours after induction with 0.2 mM
IPTG. After freeze-thawing and lysing of the harvested cells, the soluble cell extract was bound
to a Talon Superflow cobalt metal affinity column and eluted with a stepwise (5, 15, and 100%)
36!
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Figure 9: Steps for the purification
of HISNyUlp1∆1, counterclockwise from top left: SDS-PAGE
gel of samples from the eluted
Talon fractions; chromatogram of
the Source S cation-exchange
chromatography purification; SDSPAGE gel of fractions sampled from
the main peak of the Source S
column.

gradient of 100 mM imidazole. Eight 6 ml fractions containing HISNyUlp1∆1 (Figure 9, top
left) were pooled and dialyzed against H150 (10 mM HEPES pH 7.5, 150 mM sodium chloride,
10 mM β-mercaptoethanol). The dialyzed material was purified on a Source S10 cationexchange column and a strong chromatographic peak with a leading shoulder (Figure 9, bottom
left) was eluted with a linear salt gradient (100 to 500 mM sodium chloride). Four 6 ml fractions
were pooled from two individual preparative chromatography runs, and SDS-PAGE was used to
identify HISNyUlp1∆1 in the pooled fractions (Figure 9, top right). A small (5 ml) sample was
concentrated to about 0.5 ml using a Vivaspin 20 concentration device with a 10 kDa MWCO in
H150 buffer. The measured concentration of this concentrated sample was 7.62 mg/ml, but
dynamic light scattering (DLS) measurements indicated the protein was aggregated. The
remaining HISNyUlp1∆1 pool was not concentrated, and the measured concentration of the pool
was 0.53 mg/ml (18.8 µM), for a total of 9.8 mg of HISNyUlp1∆1. Glycerol was added to the
pool to 20%, and aliquots of the protein were stored at -80°C. The HIS tag on this catalytically
active SUMO protease was not removed because we anticipated future needs to remove the
protease from digestion reactions using metal affinity chromatography resins.

Purification of Inactive SUMO Protease
The first catalytically inactive mutant of SUMO protease, HISNyUlp1∆1x1 (28.1 kDa)
containing the C580S catalytic residue mutation, was overexpressed in 6.0 liters of
BL21(DE3)pLysS cells at 37°C for three hours after induction with 0.2 M IPTG. After
harvesting, the resuspended cells were freeze-thawed and lysed. Soluble cell extract was loaded
onto a Talon Superflow cobalt metal affinity column, the protein was eluted with a stepwise (1,
10, 100%) gradient of 100 mM imidazole into 6 ml fractions, and ten fractions from the main
peak were pooled (Figure 10, top left). The concentration of the fusion protein was estimated by
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Figure 10: Steps for the purification of
yUlp1∆1x1, counter-clockwise from top
left: SDS-PAGE gel of samples from the
eluted Talon fractions; chromatogram of the
Source S cation-exchange chromatography
purification; SDS-PAGE gel of fractions
sampled from the main peak of the Source S
column.

UV measurements to be 46.5 µM. TEV protease (HIS tagged TEV NIa protein = HISNIa) was
added in a 1:50 ratio of protease to substrate, and the pool was dialyzed against 2.0 L of H120
buffer (10 mM HEPES pH 7.5, 120 mM sodium chloride, 10 mM β-mercaptoethanol). The
dialyzed sample was incubated with Talon resin to remove excess HIS tag and HISNIa protease,
diluted with one equal volume of water, and then loaded onto a 10 ml Source S cation-exchange
column. A strong, symmetrical peak with a small trailing shoulder (Figure 10, bottom left) was
eluted using a linear salt gradient (50 to 500 mM sodium chloride). The identity of yUlp1∆1x1
(25.6 kDa) in fractions from this peak was confirmed using SDS-PAGE (Figure 10, top right),
and four 6 ml fractions were pooled from two individual chromatographic runs. The pool was
dialyzed against 850 ml of H200 buffer (10 mM HEPES pH 7.5, 200 mM sodium chloride, 10
mM β-mercaptoethanol), and 28 ml of dialyzed sample was concentrated to 1.2 ml in a Vivaspin
20 concentration device with a MWCO of 10 kDa. The final concentration of this sample was
measured to be 21.5 mg/ml (839 µM), for a total of 25.8 mg of yUlp1∆1x1. Glycerol was added
to the sample to 20%, and an aliquot of the protein was stored at -80°C.
Preparation of an additional catalytically inactive mutant of SUMO protease was initiated
when I discovered that yUlp1∆1x1 retained a minimal amount of catalytic activity (described
below). Therefore, HISNyUlp1∆1x2 (28.1 kDa) containing the C580A catalytic residue
mutation was overexpressed in E. coli and purified using a similar scheme as described above for
HISNyUlp1∆x1. HISNyUlp1∆1x2 was expressed using 6 liters of BL21(DE3)pLysS cells.
After preparation of the soluble cell extract, the protein eluted from the Talon Superflow cobalt
metal affinity column in ten fractions. The HIS tag was cleaved by addition of TEV protease at a
1:25 ratio of enzyme to substrate and the pool was dialyzed against 2.0 L of H50 buffer (10 mM
HEPES pH 7.5, 50 mM sodium chloride, 10 mM β-mercaptoethanol). Talon resin was used to
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Figure 11: UV chromatogram for the cation-exchange chromatography purification step shows a
single, symmetrical peak for yUlp1∆1x2. Fractions from this peak were pooled.

remove the TEV protease (HISNIa) and excess HIS tag, and the pool was loaded onto a 10 ml
Source S cation-exchange column. A sharp peak eluted halfway through the linear salt gradient
(Figure 11) for two individual runs (50 to 500 mM sodium chloride). Two 6 ml fractions from
the main peak from each run were electrophoresed using SDS-PAGE to identify the yUlp1∆1x2
protein (25.6 kDa). The four fractions were pooled and dialyzed against 1.0 L of H200, as
described for yUlp1∆1x1. The dialyzed sample was similarly concentrated to 3.0 ml using a
Vivaspin 20 concentration device with a 10 kDa MWCO. The final concentration of this sample
was measured to be 9.53 mg/ml (357 µM), for a total amount of 28.6 mg of yUlp1∆1x2.
Glycerol was added to the sample to 20%, and an aliquot of the protein was stored at -80°C.
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Assessment of SUMO Protease Variant Activities
Once milligram quantities of purified SUMO protease were prepared, the proteolytic
activity of the enzyme was measured qualitatively. Proteolysis assays were designed to monitor
for the fragmentation of the SUMO fusion proteins upon cleavage of the SUMO tag from the
protein of interest. Disappearance of SUMO fusion protein and appearance of two smaller

Figure 12: Proteolysis assays of SUMO protease variants. [A] A lack of STRHISNSMODHFR
fragmentation products exhibited an unsuccessful digestion where increasing concentrations (µg/ml) of
active protease, HISNyUlp1∆1, were used. The type of protein fused to SUMO is a key parameter
contributing to the success of these assays. [B] Using the SUMO-yAda2∆5 fusion as an alternative
substrate demonstrated activity for HISNyUlp1∆1. [C] The first catalytic mutant of SUMO protease,
yUlp1∆1(C580S), retained some activity when the 30°C incubation was extended overnight. [D] The
second catalytic mutant, yUlp1∆1(C580A) demonstrated full loss of activity when incubated overnight.
In [C] and [D], the HISNIa TEV protease serves as a negative control for cleavage of the SUMO tag.
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fragmentation products indicated protease activity under those particular conditions. Assay
results were visualized using SDS-PAGE electrophoresis. First, to determine whether the
SUMO protease demonstrated measurable activity, a proteolysis assay was set up with increasing
concentrations (0, 0.1, 1.0, 10, 100 µg/ml) of active protease (HISNyUlp1∆1; 28.2 kDa) and a
constant amount (about 100 µg/ml) of SUMO-DHFR substrate (STRHISNSMODHFR = Strept
peptide (STR) + hexahistidine (HIS) + TEV protease site (N) + SUMO tagged DHFR, the Strept
peptide was present but not used for affinity purification; 32.9 kDa) as described in the methods.
The SUMO-DHFR fusion was purified from the small scale Talon affinity experiment described
above. This first reaction was incubated for 20 minutes at room temperature. Cleavage of the
SUMO-DHFR fusion protein was not observed on SDS-PAGE (data not shown). Another assay
was set up with identical conditions and the reactions were incubated at 30°C for 30 minutes.
Even at the optimal temperature for SUMO protease, cleavage of the SUMO-DHFR protein was
not observed on SDS-PAGE (Figure 12A). In order to test whether an inherent structural or
chemical feature of the SUMO-DHFR substrate was preventing cleavage, the SUMOyAda2/yGcn5 fusion complex substrate (STRHISNSMOyAda2∆5/yGcn∆16x2; 28.6/28.7 kDa)
was used instead. A proteolysis assay was designed using increasing concentrations of SUMO
protease (0, 0.1, 1.0, 10, 100 µg/ml) with a constant amount (about 40 µg/ml) of SUMOyAda2/yGcn5 substrate. This substrate was purified from the small scale Talon affinity
experiment described above. After incubating the reaction mixtures at 30°C for 30 minutes,
disappearance of the SUMO-yAda2 protein (STRHISNSMOyAda2∆5) was observed (Figure
12B) with increasing protease concentration on SDS-PAGE, which indicated cleavage of the
STRHISNSMOyAda2∆5 polypeptide into STRHISNSMO and yAda2∆5 fragments.
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Following a positive result for SUMO protease activity, the first catalytically inactive
SUMO protease (yUlp1∆1x1; 25.6 kDa), which contains a C580S mutation in the active site,
was prepared and purified. To assess whether this mutant protease possessed virtually no
catalytic activity, several proteolysis assays were designed to compare the inactive protease to
the active protease. In each assay, both active (HISNyUlp1∆1) and inactive (yUlp1∆1x1)
proteases were mixed with volumes of SUMO-hRCC1∆1 fusion protein at a 1:100 ratio of
enzyme to substrate. TEV protease (HISNIa) was included as a negative control. The first assay
was performed for a short incubation time (less than an hour) and, as expected, no fragmentation
products were observed in the lanes containing inactive yUlp1∆1x1 (data not shown). However,
a second similar assay with an extended incubation interval (overnight) revealed detectable
enzymatic degradation of SMOhRCC1∆1 by yUlp1∆1x1 on an SDS-PAGE gel. Indeed,
fragments* migrating at the same rate as hRCC1∆1 and SMO are visible in the lane containing
both yUlp1∆1x1 and SMOhRCC1∆1 (Figure 12C, lane 2), whereas fragments of these sizes do
not appear in the SMOhRCC1∆1 only lane (Figure 12C, lane 1). The relative excess of
yUlp1∆1x1 in lanes 2 and 3 was due to an incorrect calculation of the concentration of the
enzyme stock. The detectable catalysis of SUMO-hRCC1∆1 exhibited by yUlp1∆1x1 over an
incubation period of around 20 hours raises obvious objections to its suitability as a
crystallization partner since crystallization trials are often conducted over multiple days/weeks.
I had selected the C580S catalytic residue mutation because of a report that had described
this mutation eliminated catalytic activity (Reverter and Lima, 2006). However my results
indicated that this point mutation retained some proteolytic activity. I reasoned that the hydroxyl
group on the serine residue might permit low enzymatic activity, and I therefore chose to prepare
a second SUMO protease mutant, yUlp1∆1x2 (x2 = C580A), that should eliminate enzymatic
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activity. To assess whether this mutant retained any catalytic activity, a proteolysis assay was
performed to compare the relative activities of the active SUMO protease (HISNyUlp1∆1; 28.2
kDa), the first inactive SUMO protease mutant (yUlp1∆1x1; 25.6 kDa), and the second inactive
SUMO protease mutant (yUlp1∆1x2; 25.6 kDa). A 1:500 enzyme to substrate (SMOhRCC1∆1)
ratio was selected to ensure that SMOhRCC1∆1 cleavage fragments would be visible on a SDSPAGE gel. After an overnight incubation at 30°C, there was no detectable cleavage of
SMOhRCC1∆1 observed in the lane containing yUlp1∆1x2 (Figure 12D, lane 6). In contrast,
the lane containing yUlp1∆1x1 exhibited a faint fragment* migrating at the same rate as
hRCC1∆1 (Figure 12D, lane 4). From this result, the yUlp1∆1x2 mutant, with a C580A
mutation, was chosen as a co-crystallization chaperone for stabilization of the SUMO-fusion
linker region.

Purification of SUMO-hRCC1 Fusion Protein
SUMO-hRCC1 fusion protein (SMOhRCC1∆1; 54.0 kDa) was the first SUMO fusion
prepared and purified on a large scale. STRHISNSMOhRCC1∆1 [Strept peptide-hexahistidineTEV protease site-SUMO tagged hRCC1(21-421), this truncation of human RCC1 was
previously crystallized (Renault et al, 1998)] was overexpressed in 3 liters of BL21(DE3)pLysS
cells at 37°C for four hours after induction with IPTG. Cells were harvested and resuspended in
P300-EDTA (50 mM phosphate pH 7.0, 300 mM sodium chloride, 1 mM benzamidine, 5 mM βmercaptoethanol). Freeze-thawed cells were lysed and the soluble cell extract was loaded onto a
Talon Superflow column. The STRHISNSMOhRCC1∆1 protein eluted in eight 6 ml fractions
using a stepwise (1, 10, 100%) 100 mM imidazole gradient. The eight fractions were pooled,
TEV protease was added, and the protein sample was dialyzed against 1.0 L of T50 buffer (20
mM Tris-Cl pH 8.0, 50 mM sodium chloride, 10 mM β-mercaptoethanol) overnight. Cleavage
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Figure 13: Steps for the
purification of SMOhRCC1∆1,
reading from top-left to bottomright: SDS-PAGE gel of
samples from the eluted Talon
fractions; SDS-PAGE gel of
samples before and after
digestion with TEV NIa
preotease; chromatogram of the
Source S cation-exchange
chromatography purification;
SDS-PAGE gel of fractions
sampled from the main peak of
the Source S column.

of the STRHIS affinity tag by TEV protease was checked on SDS-PAGE. The dialyzed
SMOhRCC1∆1 was loaded onto a Source Q10 anion-exchange column and was eluted with a
linear salt gradient (50 to 500 mM sodium chloride). A strong, symmetrical peak eluted halfway
through the linear gradient, and SMOhRCC1∆1 was identified in the fractions from this main
peak by SDS-PAGE. Fractions from the main peak taken from two different anion-exchange
runs were pooled and dialyzed against 1.0 L of H100 buffer (5 mM HEPES pH 7.5, 100 mM
sodium chloride, 10 mM β-mercaptoethanol). The dialyzed sample was concentrated from 42 ml
to a volume of 3.3 ml using a Vivaspin 20 concentration device with a 30 kDa MWCO. The
concentration of SMOhRCC1∆1 was measured to be 18.3 mg/ml, for a total of 59.4 mg of
protein. Glycerol was added to the pool to 20%, and aliquots of the protein were stored at -80°C.

Isolation of a SUMO Fusion/SUMO Protease Complex
Analytical reconstitutions of inactive SUMO protease (yUlp1∆1x2) and SUMO-hRCC1
fusion (SMOhRCC1∆1) were performed to determine whether a stable complex could be
formed. For this analytical experiment, molar ratios of 1:1, 2:1, 1:0, and 0:1 protease to SUMOhRCC1 were chosen. To produce mixtures with these molar ratios, the stock proteins were
diluted with T50Ac buffer (20 mM Tris-Cl pH 7.6, 50 mM sodium acetate, 10 mM βmercaptoethanol) as described in Table 1. For the 1:1 and 2:1 mixtures, the SMOhRCC1∆1 was
added in 2 µl increments every several minutes. The two components mixed completely without
any visible precipitation.
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Table 1: Recipes for reconstitution mixtures of yUlp1∆1x2 and SMOhRCC1∆1.
Protease to
Substrate Ratio

Volume of 285 µM
yUlp1∆1x2 (µl)

Volume of 272 µM
SMOhRCC1∆1 (µl)

Volume of
T50Ac buffer
(µl)

Total
Volume (µl)

Analytical
1:1

17.3

18.1

364.6

400.0

2:1

34.6

18.1

347.3

400.0

Protease only

17.3

0

382.7

400.0

Substrate only

0

18.1

381.9

400.0

Preparative
1.1:1

289.0

279.0

32.0

600.0

Protease only

289.0

0

321.0

600.0

Substrate only

0

279.0

311.0

600.0

300 µl of each reconstituted mixture was loaded onto a 23.6 ml Superdex 200 sizeexclusion column equilibrated in T50Ac buffer. One column volume of T50Ac buffer was
applied to the column at a flow rate of 0.4 ml/min and samples were collected in 0.4 ml fractions.
The UV absorbance peaks for each sample were overlaid in one chromatogram to characterize
the relative separations between each set of peaks (Figure 14A). The main peaks from the 1:1
and 2:1 samples clearly eluted before the main peak from the SMOhRCC1∆1 sample, which
suggests that species larger than monomeric SMOhRCC1∆1 formed in the 1:1 and 2:1 samples.
SDS-PAGE of the fractions in the peak from the 1:1 sample identified this species as a complex
of yUlp1∆1x2/SMOhRCC1∆1 (Figure 14B). The overlay also demonstrated that the smaller,
second peak in the 2:1 chromatogram corresponds to the yUlp1∆1x2 peak, which is consistent
with the expectation that an excess of yUlp1∆1x2 in the 2:1 mixture favors formation of the
yUlp1∆1x2/SMOhRCC1∆1 complex. Three fractions (fractions 2, 3, and 4 in Figure 14B) from
the main peak of the 2:1 sample were concentrated to 50 µl using a Vivaspin 500 concentration
device with a 50 kDa MWCO. Dynamic light scattering measurements yielded a single species
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Figure 14: Analytical scale mixtures of yUlp1∆1x2/SMOhRCC1∆1 were loaded onto a
Superdex 200 size-exclusion column and eluted over one column volume of buffer. [A] To
compare the relative separation of the UV absorbance peaks, the chromatographic traces for each
experiment were overlaid. The main peaks are labeled with their contents. [B] SDS-PAGE
identified the yUlp1∆1x2/SMOhRCC1∆1 complex in the main peak of the 1:1 sample.

with a polydispersity of 12.0%, suggesting that the complex did not aggregate upon
concentration (polydispersity measurements of less than 20% indicate a monodisperse sample).
Preparative reconstitutions of inactive SUMO protease (yUlp1∆1x2) and SUMO-hRCC1
fusion (SMOhRCC1∆1) were performed for use in crystallization trials. For preparations of the
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complex, a 1.1:1 ratio of yUlp1∆1x2 to SMOhRCC1∆1 was chosen to favor formation of the
complex. Mixtures of each individual component, yUlp1∆1x2 and SMOhRCC1∆1, were also
prepared, as described in Table 1. For the 1.1:1 mixture, the SMOhRCC1∆1 was added in 50 µl
increments every several minutes. Minimal precipitation was initially observed upon each
addition, but this precipitation cleared upon mixing.
Approximately 0.55 ml of each mixture was loaded onto the Superdex 200 size-exclusion
column. A column volume of T50Ac buffer was applied to the column initially at 0.4 ml/min.
However, this flow rate caused the column pressure to exceed the chromatography resin
limitations of 1.5 MPa. A suitable flow rate of about 0.3 ml/min was empirically selected which
allowed for acceptable column pressures for the durations of each run. For the 1.1:1 complex
and the SMOhRCC1∆1 sample, a large single peak was observed; however, for the yUlp1∆1x2
sample, several peaks were observed (Figure 15). An overlay of each of the chromatograms

Figure 15: Preparative scale mixtures of yUlp1∆1x2/SMOhRCC1∆1 were loaded onto a Superdex 200
size-exclusion column and eluted over one column volume of buffer. To compare the relative separation
of the UV absorbance peaks, the chromatographic traces for each experiment were overlaid. The main
peaks are labeled with their contents
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showed considerable resolution of the main peak for the 1.1:1 complex from the main peak for
the SMOhRCC1∆1 sample. The relative separation between these two major peaks was
significantly larger than the separation observed on an analytical scale, which suggested the
potential for aggregation of the complex. Five 0.4 ml fractions from the main peak of the 1.1:1
sample were pooled and concentrated to about 450 µl in a Vivaspin 500 concentration device
with a 50 MWCO. Four 0.4 ml fractions from the main peak of the SMOhRCC1∆1 sample as
well as five 0.4 ml fractions from the largest peak of the yUlp1∆1x2 sample were combined into
two separate pools and similarly concentrated. Concentrations of the components in the 1.1:1
complex sample (10 mg/ml), the SMOhRCC1∆1 sample (6.5 mg/ml), and the yUlp1∆1x2
sample (3.5 mg/ml) were equivalent in terms of molarity. Dynamic light scattering
measurements of the preparative-scale 1.1:1 complex compared to the analytical-scale 1:1
complex showed a moderate increase in the polydispersity (from about 9.0% to 13.0%), however
this is well within the acceptable range for soluble, monodisperse protein and may be
experimentally insignificant.

Preliminary Crystallization Trials
About 450 to 500 µl of concentrated yUlp1∆1x2/SMOhRCC1∆1 complex at 10 mg/ml
from the preparative size-exclusion chromatography experiment were available for use in initial
crystallization screens. Using the microbatch under oil technique described in the Materials and
Methods section, the complex was screened against the commercially available Hampton Index
and our laboratory’s factorial #5 crystallization screens. Each screen covers 96 different
combinations of pH, salts, and precipitating agents (Appendix). Both 96-well trays were
incubated at 21°C for a week before light microscope observations were made. Observations of
the crystal trays did not reveal any positive crystal hits in the 192 conditions. Crystallization
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trials for the concentrated yUlp1∆1x2 (3.5 mg/ml) and SMOhRCC1∆1 (6.5 mg/ml) samples
prepared from the preparative size-exclusion experiment were also prepared in parallel as
controls for the crystallization of either component on its own. Both samples were screened
using Hampton Index and Factorial #5 for the same temperature and time used with the 1.1:1
complex. Neither sample produced any positive observations. A negative control crystallization
tray, which used buffer without any protein added, was also set up for both crystallization
screens.
To assess the crystallizability of a native protein of interest lacking a recombinant fusion
tag, crystallization trials of purified, concentrated hRCC1∆1 were set up. Hampton Index and
Factorial #5 were selected as the screening conditions, and trays were incubated at 21°C for two
weeks prior to observation. However, no crystal growth was observed in either tray at the time
of this publication.
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Discussion
This study attempted to characterize green fluorescence protein (GFP) and small
ubiquitin-related modifier (SUMO) as potential fusion tags that could enhance the crystallization
of obstinate proteins. Investigating GFP as a potential crystallization tag was not pursued further
because it appeared to reduce expression levels and solubility. Instead the SUMO protein was
used as a fusion tag in combination with inactive SUMO protease in a novel approach to stabilize
the fusion protein linker region. Although my initial crystallization trials did not yield positive
crystallization results; there remain many parameters within this system yet to examine and the
approach may yet prove to be useful.

Rationale for Selecting Proteins of Interest
One of the most important parameters in this study was the selection of appropriate
“proteins of interest” that are fused to the GFP and SUMO tags. To satisfy the aim of
characterizing the SUMO tag and SUMO protease as a cocrystallization approach, proteins
known to crystallize to some degree were selected so that promotion or inhibition of crystal
growth could be studied. The first protein chosen, dihydrofolate reductase (DHFR), is
commonly used in our laboratory as a control protein for monitoring overexpression and
solubility levels in E. coli (Lichty et al, 2005). Additionally, the availability of structural data for
DHFR makes it a “positive control” for crystallization, because crystals of DHFR have been
previously produced (Bystroff et al, 1990). These previous crystallization results can serve as a
standard with which to compare the efficacy of the co-crystallization proteins under
investigation. The second protein chosen, human regulator of chromosomal condensation
(hRCC1), is an enzyme extensively investigated by this laboratory for its recognition of and
interaction with nucleosomes (Makde et al, 2010). Familiarity with hRCC1 facilitated designing
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a preparation and purification strategy for this protein as well. Structural data also exists for
hRCC1 (Renault et al, 1998), making it a second option for a “crystallization control” in this
study. The final proteins of interest chosen were the catalytic SET domain of human Set8
histone methyltransferase (hSet8), which had been previously crystallized (Couture et al, 2005),
and the yeast Ada2-Gcn5 subcomplex of the SAGA histone acetyltransferase complex (yAda2yGcn5), which previously formed crystals that did not diffract to high enough resolution for
structure determination (unpublished data).

Procedural Troubleshooting
Designing, producing, and assessing the quality of a modular system for the production
of recombinant GFP and SUMO proteins required overcoming various obstacles. Some of the
major complications encountered throughout this work are described below, including what
types of troubleshooting experiments were performed and ultimately how each experimental
setback was overcome.

Sub-cloning GFP and SUMO Genes into Pre-existing Vectors
One of the first major challenges encountered with creating GFP and SUMO expression
vectors was the incorporation of the GFP or SUMO gene into a pre-existing expression vector.
For the first attempt to generate these plasmids, BglII and BamHI were used in the digestion of
the PCR-amplified GFP and SUMO fragments, which generates symmetric sticky-ended
fragments with a 5’ overhang sequence of 5’-GATC-3’. This BglII-BamHI fragment was then
inserted into a singly-cut BamHI vector (in this case, insertion would occur between the
STRHISN tag and the ySrm1x4 gene in the pST50Tr-STRHISNySrm1x4 plasmid).
Compatibility between BamHI and BglII allows for recombination between these restriction
sites. However, the desired plasmid was never produced following the ligation of these gel
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Figure 16: Schematic showing the theoretical ligation for incorporating the GFP (or SUMO) gene
into a pre-existing bacterial expression vector. A PCR amplified fragment for the GFP gene is
digested with BglII and BamHI to create sticky ends. The plasmid vector is created by digesting
pST50Tr-STRHISNySrm1x4 with BamHI. Because BamHI and BglII create compatible sticky
ends, the GFP insert should ligate with the vector DNA. This was not observed, however.

purified inserts and vectors (Figure 16). Incomplete digestion of the PCR product by the two
restriction enzymes was suspected. An alternative subcloning strategy was designed to
circumvent this possible problem. In this case, the PCR-amplified GFP and SUMO fragments
were ligated directly into a singly-cut plasmid using blunt-ended ligation (i.e. no sticky ends).
Digestion of this plasmid with BglII and BamHI and purification of the GFP and SUMO inserts
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was successful. Recombination of these inserts with pST50Tr-STRHISNySrm1x4 resulted in the
production of desired plasmid.

Identifying a Suitable SUMO Protease Substrate
Once milligram quantities of active SUMO protease (HISNyUlp1Δ1) were prepared,
characterization of enzyme activity was necessary to determine that this preparation of protease
could recognize SUMO-fusion proteins. While previous literature suggests that the engineered
HISNyUlp1∆1 demonstrates robust cleavage of the recombinant SUMO tag at a variety of
temperatures, the substrate selected for this assay played a key role in the success of proteolysis.
SUMO-DHFR was not a suitable substrate for the SUMO protease assay, a result corroborated
by a laboratory colleague who also attempted and failed to use DHFR as a substrate in TVMV
protease assays (Nair 2011). The failure of two different proteases to remove separate amino-

Figure 17: Cartoon representation of a theoretical model for the structure of SUMO-DHFR fusion
protein associated with SUMO protease. The carboxyl-terminal residues from the SUMO tag (blue),
when aligned with the amino-terminal residues of DHFR (dark orange) near the cleavage site suggest that
the secondary structure of DHFR is limiting the accessibility of the cleavage site. Image generated from
PDB files 2IO0 and 7DFR.
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terminal tags from recombinant DHFR substrates suggests that the cleavage site of DHFR is
inaccessible to most proteases. A theoretical three-dimensional model superimposing the
carboxyl-terminal ySmt3 tail with amino-terminal DHFR residues suggests that the DHFR
secondary structure likely begins immediately after the cleavage site. Consequently, the
engineered cleavage site would not be accessible to the SUMO protease nor the TEV protease.
Exchanging SUMO-DHFR for a different recombinant SUMO substrate (in this case SUMOyAda2-yGcn5 or SUMO-hRCC1) was sufficient to develop a reproducible SUMO protease
assay.

Identifying an Inactive SUMO Protease Mutant
Once a reliable SUMO protease assay was developed, the inactive SUMO protease
mutants were tested. Ensuring total loss of proteolytic activity is important for preventing the
degradation of SUMO protease/SUMO-fusion complex during lengthy crystallization trials.
Even a minimal amount of proteolytic activity can introduce high levels of microheterogeneity in
a protein solution, especially over the days or weeks necessary for crystal formation. Initial
SUMO protease assays with the first inactive yUlp1∆1 (C580S) did not show any removal of the
SUMO tag from SUMO-hRCC1∆1. However, the limited sensitivity of Coomassie blue dye
may not be sufficient enough to visualize the minimal catalysis that might occur over a half hour
or hour incubation interval. While Western blotting for the SUMO tag was one option for
increasing the detection of catalysis, extending the incubation interval overnight was a
straightforward means of increasing the sensitivity of the assay. This extended incubation
revealed that a limited but observable level of catalysis occurred in the yUlp1∆1(C580S) sample,
which could be detrimental to crystallizing the SUMO protease/SUMO tagged protein complex.
To tackle this problem, I performed site-directed mutagenesis to mutate the catalytic cysteine
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residue to an inert alanine residue. Once this second mutant (yUlp1∆1(C580A)) was prepared
and purified, its apparent complete lack of catalytic activity was demonstrated in a similar
overnight reaction.

Addressing the Source of Unwanted SUMO Tag Removal During Purification
The first large-scale expression and purification of the recombinant SUMO protein,
SUMO-hRCC1∆1, was only partially successful due to significant removal of the SUMO tag
from the overexpressed protein. As described in the results, STRHISNSMOhRCC1∆1 was
overexpressed with 3.0 liters of E. coli cells, and the resulting cell extract was purified using

Talon

cobalt

metal affinity

resin. SDS-PAGE

of samples of the

Talon fractions

revealed that a

substantial amount

of one protein

species,

Figure 18: Purification steps of recombinant SUMO-hRCC1∆1 fusion protein. The first time this
purification was performed, significant removal of the SUMO tag was observed via SDS-PAGE. [A] One
protein species, corresponding to STRHISNSMOhRCC1∆1, was purified from the Talon cobalt metal
affinity column. [B] Several protein species, corresponding to SMOhRCC1∆1, hRCC1∆1, and SMO,
were observed following digestion with TEV NIa protease. [C] Ion-exchange chromatography was not
sufficient to remove entirely the contaminating hRCC1∆1 bands from the SMOhRCC1∆1 sample.
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presumably STRHISNSMOhRCC1∆1, eluted during the imidazole wash (Figure 18A). A
suitable amount of TEV NIa protease (1:100 molar ratio of enzyme to substrate) was added to
the pooled fractions and incubated overnight. SDS-PAGE of samples of the TEV digestion
(before and after), revealed a mixture of digested species in the protein sample (Figure 18B).
One possible interpretation of the migration of these protein fragments is that both the complete
removal of the strept-hexahistidine tag (STRHISN) and the incomplete removal of the SUMO
tag occurred. Ion-exchange chromatography was performed in an attempt to remove the SUMOhRCC1∆1 species from the hRCC1∆1 species; however, resolution of these species was only
partially achieved (chromatographic data not shown), and the resulting SUMO-hRCC1∆1 sample
retained some hRCC1∆1 contaminating protein (Figure 18C, lanes 10 and 11).
To resolve the issue of premature removal of the SUMO tag during the SUMO-hRCC1∆1
purification scheme, I had to operate under the assumption that active SUMO protease was being
introduced into my sample. Because the Talon resin used for the purification of SUMOhRCC1∆1 was the same resin used for the purification of active SUMO protease
(HISNyUlp1∆1), conceivably, a small amount of HISNyUlp1∆1 may have remained on the
column and eluted with the SUMO-hRCC1∆1 protein. Incubation overnight would be sufficient
for the amount of digestion observed in the SUMO-hRCC1∆1 samples the following morning.
In order to improve the purity of future SUMO-hRCC1∆1 preparations and reduce the
probability of premature degradation, a column was prepared using fresh Talon Superflow resin.
The successful outcome of this new preparation of SUMO-hRCC1∆1 is described in the Results
section.
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SUMO Tag and SUMO Protease as Laboratory Tools
As a consequence of investigating the crystallizability of recombinant proteins fused to
SUMO, the utility of SUMO as a general protein tag for recombinant protein work was also
explored. Results demonstrated much higher expression levels of proteins fused to SUMO
compared to non-fusion proteins. The addition of the SUMO tag also maintained or enhanced
the solubility of most fusion proteins. As Marblestone and colleagues have described, the
emergence of SUMO as a robust solubility enhancer has reduced some difficulties with protein
expression in E. coli (Marblestone et al, 2006). In part due to my studies, our laboratory has
since adopted SUMO as a standard fusion tag to increase solubility of recombinant fusion
proteins. A straightforward procedure for the purification of hexahistidine-tagged SUMOfusions involves loading of the HIS-SUMO-fusion onto Talon resin followed by on-resin
cleavage by hexahistidine-tagged SUMO protease (Lee et al, 2008). The elegance of this
purification strategy highlights the utility of the SUMO system and its value to a structural
biology laboratory. The high specificity of SUMO protease for the SUMO protein tag leads to
additional laboratory applications. The robust activity of SUMO protease makes it an excellent
molecular biology reagent for the cleavage of amino-terminal protein tags. The combination of
SUMO protease with other typical proteases, such as TEV protease or thrombin, can lead to
more sophisticated purification strategies involving multiple fusion tags and separate protease
cleavage steps. Additionally, inactive SUMO protease could be optimized and immobilized to a
solid matrix as an alternative method for affinity chromatography. These varied applications of
the SUMO tag and SUMO protease make the SUMO system a valuable addition to molecular
biology laboratories.
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SUMO Fusion Complex Formation Considerations
While a stable SUMO protease/SUMO-hRCC1Δ1 complex appeared to bind and remain
associated after size-exclusion chromatography at an analytical scale (about 0.3 mg of complex),
scaling up to preparative amounts of the complex (about 6 mg) for crystallization introduced
several concerns. First, attempting to run the size-exclusion column at the same flow rate used
on an analytical scale (0.4 ml/min) caused the pressure over the column to exceed the
recommended limits of the chromatographic resin. I suspect that deposition of aggregated
material from the preparative reconstitution of the protein complex on the size-exclusion column
filter increased resistance to the flow of buffer, causing an increased pressure measured over the
column. Reducing the flow rate to 0.3 ml/min allowed the size-exclusion column to run under
normal pressure limitations, but increased the length of each chromatography experiment.
Second, the UV chromatogram for the preparative SUMO protease/SUMO-hRCC1Δ1 complex
showed a visibly larger separation between the main peak of the complex and the main peak of
the SUMO-hRCC1Δ1 than the separation observed between these same two peaks in the
analytical experiments. I have no clear explanation for this observation. Considering these
observations, the aggregation of the SUMO protease/SUMO-hRCC1Δ1 complex at higher
concentrations is a concern. In order to ensure that aggregation is minimized, optimizing the salt
and pH conditions of the buffer used for reconstitution of this complex would be worthwhile.
Another observation from the analytical-scale size-exclusion chromatography experiment
for the SUMO protease/SUMOhRCC1Δ1 complex is potential heterogeneity in the eluted
sample. SDS-PAGE of the fractions from the main peak of the 1:1 complex reveals a protein
band that migrates slightly faster than the yUlp1Δ1x2 band (Figure 14B, lanes 2 and 3). While
this might be a gel artifact, degradation of the inactive SUMO protease is a possibility. The
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current strategy of reconstituting separate preparations of inactive protease with SUMO-fusion
protein necessitates repeated freeze-thaw cycles of the inactive protease aliquots, which could
contribute to the degradation of this protease. One possible solution would be to prepare fresh
SUMO protease alongside each preparation of SUMO-fusion protein. This could be
accomplished using a polycistronic expression system, which has been refined by Dr. Song Tan
(Selleck and Tan, 2008).

Crystallization of SUMO Complexes
The initial crystallization screens performed with the SUMO protease/SUMO-hRCC1∆1
complex did not produce crystals. However, the screening conditions used—Hampton Index and
Factorial #5, might not be sufficient to conclude that this complex cannot be crystallized.
Additionally, the crystallization trials of native hRCC1∆1, a protein known to crystallize
(Renault et al, 1998), also did not produce any crystals. Because crystals for the “positive
control” protein, hRCC1∆1, failed to form, a more exhaustive array of mono- and divalent salt,
pH, and precipitant conditions deserve consideration. Changing other parameters such as storage
temperature, length of incubation, method of crystallization, or quality of the protein preparation
could also produce successful results for crystallization of SUMO-hRCC1∆1. At best, the
current preliminary results are inconclusive.
If conditions to crystallize the complex of inactive SUMO protease (yUlp1∆1x2) and the
SUMO-hRCC1∆1 protein cannot be found, options exist to optimize the crystallization of the
SUMO-hRCC1∆1 protein as well as the SUMO-fusion proteins in general. First, the assumption
that inactive SUMO protease is completely immobilizing the linker region must be examined. If
the amino-terminal tail of the protein of interest were unstructured, the flexibility of the linker
could disrupt crystal formation. Engineering a shorter linker length could reduce any
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unstructured region. This might reduce any residual linker flexibility that was not being
constrained, leading to the formation of a more rigid fusion protein. Conversely, a linker length
that is too short might “pull” the proximal surface of the protein of interest to an area where it
occludes the SUMO protease from binding the linker region, as I believe occurred with the
SUMO-DHFR fusion (Figure 17). In this case, flexibility occurs via the absence of chaperonemediated linker-stability. Engineering a longer linker length could reduce the steric hindrance
caused by the protein of interest and allow the SUMO protease to stabilize the linker.
Modifications to the linker length of fusion proteins have been made previously in order
to overcome the disorder introduced by the flexible linker. Crystals of human T cell leukemia
virus type 1 (HTLV-1) transmembrane protein gp21 were obtained once the flexible linker
between gp21 and an MBP tag was removed and replaced with three alanine amino acids (Center
et al, 1998). In a more dramatic example, the removal of 21 residues from the linker region in a
MBP-SarR fusion protein allowed for the formation of diffraction-quality crystals (Liu et al,
2001). Indeed, the linker length between SUMO and the target protein may be an important
parameter in optimizing the crystallization of the SUMO protease/SUMO-fusion complex.

Future Work
The recombinant SUMO-hRCC1 fusion protein was most extensively studied in this
work due to the ease of its preparation and purification. Consequently, SUMOhRCC1∆1 was the
only fusion protein reconstituted with inactive SUMO protease over a size-exclusion column,
and it was the only sample tested for enhanced crystallization. While the initial results for
obtaining crystal results of SUMOhRCC1∆1 were negative, the fact that a stable complex can be
produced is certainly encouraging. Besides obvious efforts to optimize the structure of
SUMOhRCC1∆1 for crystallization by altering the linker length, characterizing the
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crystallizability of the other three SUMO fusion protein complexes also remains a major goal.
Collecting results from a variety of proteins will help to construct a more complete assessment of
whether the SUMO tag and inactive SUMO protease can truly enhance the crystallization of
recalcitrant proteins.
In addition to exploring the other SUMO fusion proteins I have expressed, optimizing the
SUMO tag and SUMO protease is another option for favoring crystal growth. Efforts towards
improving the crystallizability of the SUMO tag and protease could improve the solubility of the
complex in a variety of reconstitution conditions and/or could increase the propensity for crystal
contacts to form between the SUMO domains. Optimizing proteins for crystal growth can
include selective mutagenesis of surface residues: removing amino acids with high
conformational diversity (such as lysine or glutamate) or changing the charge and polarity of a
single surface residue can result in dramatic increases in crystal formation (Gale et al, 2003).
Since structural data already exists for yUlp1∆1 and ySmt3, systematically mutating surface
residues would be a straightforward, if time-consuming, experimental approach.
Finally, if positive crystallization results are obtained with the SUMO co-crystallization
complex, refinement of the crystallization conditions is an obvious goal. Acquisition of
diffraction data from recombinant SUMO complex crystals would be instrumental in validating
or invalidating the proposed approach for SUMO-mediated crystal formation. If supported by
structural data, the SUMO-mediated crystallization model could provide crystallographers with
an additional approach to obtaining large, diffraction quality crystals of proteins that are difficult
to crystallize. Improvements to protein crystallization technology, like the potential
development of a novel crystallization system, will allow structural biologists to continually
expand the scope of protein structures that can be solved.
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Addendum
In addition to my work with GFP and SUMO protein tags, I made significant
contributions to two other major projects in Dr. Tan’s lab: the creation of bacterial expression
vectors for the binary human MOF/MSL1v1 enzymatic complex and the characterization of
ordered domains in the quaternary human MLL1 enzymatic complex. The background,
experimental methods, and results of each of these experiments are briefly outlined below.

Creating Human MOF/MSL1v1 Bacterial Expression Vectors
Background
In higher-order eukaryotic organisms, DNA is packaged with histone proteins into a
condensed structure called chromatin. The chromatin structure of DNA is directly related to the
accessibility of particular genes to cellular transcriptional machinery and, subsequently, the
amount of gene expression. Regulation of chromatin is mediated by enzymes that recognize and
modify the individual structural units of chromatin, called nucleosomes. One family of
chromatin enzymes, the histone acetyltransferases, modifies the amino-terminal tail of histones, a
protein subunit of the nucleosome, by adding an acetate group to amino acid residues (Sterner
and Berger, 2000). A specific enzymatic complex, the human MOF/MSL1v1 complex, is
notable for its enhanced acetyltransferase activity on nucleosome substrates (Li and Dou, 2010).
Because this complex interacts with nucleosomes, solving its structure in complex with the
nucleosome is particularly interesting to Dr. Tan’s lab.

Experimental Methods
Genes for full-length human MOF and residues 800-1105 of human MSL1v1 were
linearly amplified from HeLa cDNA using polymerase chain reaction (PCR). The MSL1v1
truncant (MSL1v1∆1) contains a PEHE domain that interacts with human MOF. Dual affinity
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tags were added to the hMOF gene to create strept-hexahistidine (STRHISN) and hexahistidinethioredoxin (HISTRXN) tagged hMOF. Each of these genes was subcloned into the pST69
polycistronic bacterial expression vector (Selleck and Tan, 2008) using the subcloning methods
described in Materials and Methods.

Results
The subcloning steps used to create the pST69-STRHISNhMOF-hMSL1v1∆1 and
pST69-HISTRXNhMOF-hMSL1v1∆1 bacterial expression constructs are described in detail by
another undergraduate colleague (Aurori, 2011). I was able to successfully create the pST69STRHISNhMOF-hMSL1v1∆1 construct and the two pST50Tr transfer plasmids (pST50TrSTRHISNhMOF and pST50Trc2-hMSL1v1∆1) that immediately precede the creation of pST69HISTRXNhMOF-hMSL1v1∆1. Kieran Aurori used these bacterial expression vectors to finish
the creation of pST69-HISTRXNhMOF-hMSL1v1∆1 and to test the expression and solubility of
the binary hMOF/hMSL1v1∆1 complex in E. coli.

Characterizing Crystallizable Domains in the MLL Complex
Background
Another complex of interest to our lab is the MLL complex, a histone methyltransferase
which methylates a lysine residue on histone H3 of the nucleosome (Patel et al, 2009). Four
subunits from the MLL enzymatic complex comprise the minimal complex necessary for
catalytic activity—MLL1, WDR5, RpBP5, and Ash2L (MWRA complex). A polycistronic
bacterial expression vector (Selleck and Tan, 2008) was constructed by previous undergraduates
in the laboratory, and expression of the complex in E. coli was achieved (Santivasi, 2011; Nair,
2011). To initiate structural studies of the MWRA complex, we wanted to identify the regions of
each protein that possess the least amount of disorder. Upon identification of these regions,
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truncations for each protein can be engineered so that flexible tails and internal loops are
removed, which reduces the overall entropic disorder of the complex and increases its
crystallizability.

Experimental Methods
To characterize which protein regions for the MWRA complex are most stable, I used
limited proteolysis, a technique where an increasing amount of protease is titrated against a
constant amount of MWRA complex for a limited incubation period. Conceptually, each
incremental increase of the protease concentration will result in significantly more fragmentation
of the complex; protein bands visualized by SDS-PAGE that “survive” in the presence of
increased concentrations of protease are likely much more stable than bands that rapidly
disappear. Stable bands can then be excised from the gel and spectroscopic techniques are used
to determine the identity of the stable, fragmented bands.
To perform the limited proteolysis, 18 µl of 1 mg/ml MWRA complex was mixed with 2
µl of diluted protease for each reaction. Titrations were performed with trypsin, chymotrypsin,
and subtilisin at concentrations of 0, 0.1, 1.0, 10, and 100 ng/µl. The dilutions for the MWRA
complex and for the proteases were performed with MWRA storage buffer (10 mM HEPES, 200
mM sodium chloride, 20% glycerol). Each reaction was incubated for 15 minutes and then
terminated with addition of 20 µl PGLB + 2 mM benzamidine. Samples were immediately
boiled for five minutes and loaded onto an SDS-PAGE gel.

Results
Digesting the MWRA complex with increasing concentrations of trypsin was the most
effective means of producing clear and stable proteolysis fragments (Figure 19). General
interpretations can be made about the identity of the bands as the trypsin concentration increases.
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Figure 19: Limited proteolysis of the MWRA complex with increasing concentrations of trypsin. The
labeled bands in land 4 were excised and submitted to a proteomics and mass spectrometry facility for
identification. Identification of the bands, in order: T1—RbBP5, T2—RbBP5, T3—WDR5, T5—
Ash2L, T6—WDR5 or RbBP5, T7—Ash2L, T8—Ash2L.

For example, the bands labeled T1 and T2 must come from either RbPB5 or Ash2L because
WDR5 and MLL1 migrate much faster than either fragment T1 or fragment T2. We can also
speculate that the fragment labeled T3 is likely from WDR5, assuming only a small peptide was
digested from this relatively stable protein. However, bands T4 through T8 could be
fragmentation products from any of the MWRA subunits, so speculating on their identity is
difficult. Confirmation of the identity of each band is accomplished through submission of each
excised band to the Penn State Proteomics and Mass Spectometry facility. Identities of each
band are provided in Table 2 below.
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Table 2: Identity of limited proteolysis bands by mass spectrometry

Band Label Protein Identity
T1

RbBP5

T2

RbBP5

T3

WDR5

T4

Unknown

T5

Ash2L

T6

WDR5

T7

Ash2L

T8

Ash2L

The specific amino acid region corresponding to each protein fragment is more difficult to obtain
directly from the mass spectrometry data and must be inferred by overlaying the peptide
sequences produced from the mass spectrometry facility. Identification of these particular
regions, in addition to other attempts to crystallize this complex, is a current pursuit of our lab.
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Appendix
Oligonucleotide primers used throughout this study
Primers to amplify the GFP gene from EGFP plasmid stock:
Forward: CGGGAGATCTAAAGGTGAAGAATTATTCACTG
Reverse: CTTTCGGGCTTTGTTAGCAG
Primers to amplify the catalytic domain of Ulp1 (403-621) from yeast genomic DNA:
Forward: CGGAATTCGGATCCCTTGTTCCTGAATTAAATGAAAA
Reverse: CGCTGCAGTGTACATTATTTTAAAGCGTCGGTTAAAAT
Primers to amplify the full-length Smt3 gene from yeast genomic DNA:
Forward: GCCTCTAGAAGATCTGACTCAGAAGTCAATCAAGAAGC
Reverse: CGGGGAAGCTTGGATCCATACGTAGCACCACCAATCCTG
Primers to amplify truncated Smt3 gene (2-98) from plasmid stock:
Forward: GCCTCTAGAAGATCTGACTCAGAAGTCAATCAAGAAGC
Reverse: CGGGGAAGCTTGGATCCACCAATCTGTTCTCTGTGAGC
Primers to create the first catalytic mutant of yUlp1∆1 (C580S):
Forward: CCAAATGGCTACGACTCGGGAATATATGTTTGT
Reverse: ACAAACATATATTCCCGAGTCGTAGCCATTTGG
Primers to create the second catalytic mutant of yUlp1∆1 (C580A):
Forward: CCAAATGGCTACGACGCCGGAATATATGTTTGT
Reverse: ACAAACATATATTCCGGCGTCGTAGCCATTTGG
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T7 Protein Overexpression System
In order to overexpress proteins in E. coli, the T7 Expression System (Novagen), is used
for straightforward induction of protein translation. Variants of pET plasmids are used as the
expression vectors for recombinant target proteins. These plasmids contain DNA elements that
regulate bacteriophage T7 transcription and translation. Once the gene for the target protein is
cloned into a pET plasmid, the plasmid is transformed into a suitable strain of E. coli, such as
BL21(DE3)pLysS. Strains used in this expression system contain a chromosomal T7 RNA
polymerase under control of the lacUV5 operon. Addition of IPTG to the bacteria promotes
translation of the T7 RNA polymerase, which subsequently overexpresses the target gene.

Strain Genotypes
TG1 (Tony Gibson): ∆(lac-pro), supE, thi, hsdD5/F’, traD36, proA+B+, lacIq, lacZ∆, M15
BL21(DE3)pLysS (Stratagene): B F-, dcm, ompT, hsdS (rB- mB-), galλ, (DE3) [pLysS Camr]

Crystallization Screens
Commercially available Hampton Index screen and our laboratory’s factorial #5 screen were
used to test various salt, pH, and precipitating agent conditions. Each crystallization screen
consists of 96 solutions, which are described in Table 3 and Table 4 respectively.
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Table 3: Hampton Index Screen solution conditions
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Table 4: Factorial #5 Screen solution conditions
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