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

CHARACTERIZATION OF HELD, A NOVEL RNA POLYMERASE BINDING PROTEIN IN
BACILLUS SUBTILLIS

UYEN NGUYEN
SPRING 2018

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

Reviewed and approved* by the following:
Katsuhiko Murakami
Professor of Biochemistry and Molecular Biology
Thesis Supervisor
Ming Tien
Professor of Biochemistry and Molecular Biology
Honors Advisor
Wendy Hanna-Rose
Interim Department Head for Biochemistry and Molecular Biology
*Signatures are on file in the Schreyer Honors College

i

ABSTRACT
RNA polymerase (RNAP) is an essential enzyme that is responsible for transcription of
genes in all organisms. A protein called HelD (YvgS) has been recently identified as a transcription
factor of RNAP in Gram-positive Bacillus subtilis, which enhances transcription by increasing
RNAP recycling. Based on sequence homology, HelD belongs to the Superfamily 1 (SF1) DNA
helicase. However, the mechanism of HelD-dependent transcription activation is limited due to
lack of the structures of HelD and also the RNAP and HelD complex. The goal of this project is
to obtain a high-resolution three-dimensional structure of HelD in complex with B. subtilis RNAP
to elucidate the structural basis of RNAP recycling by the DNA helicase HelD. Two techniques
have been used toward the structure determinations in this project: one is X-ray crystallography to
determine the structure of HelD, and single-particle cryo-electron microscopy (cryo-EM) to
determine the structure of HelD-RNAP complex. Truncations of HelD were constructed for protein
expression to enhance protein crystallibility. DNA binding and unwinding function were assayed
with HelD using electrophoretic mobility shift assay to ensure functional HelD was purified for
downstream structural determination experiments. Overall, this project provides a framework for
purification protocol of HelD. In future experiments, structure determination of HelD and HelDRNAP complex would enhance our knowledge of bacterial transcription.
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INTRODUCTION
Overview of Bacterial Transcription Regulation
RNA in all cellular organisms is synthesized by a complex molecular machinery called
DNA-dependent RNA polymerase (RNAP). RNAP is the principal enzyme of the transcription
process and is one of main targets in regulatory pathways that control gene expression in all living
organisms. In bacteria, a single type of RNAP is responsible for the synthesis of all RNAs
including messenger RNA, ribosomal RNA, transfer RNA and regulatory RNA.

Subunits of Prokaryotic RNA Polymerase
The bacterial RNAP exists in two forms: core enzyme and holoenzyme. The core enzyme
has an approximate mass of 400 kDa and is made up of five subunits including two copies of ,
, ’, and

subunits. These subunits are evolutionarily conserved in sequence, structure, and

function across all three kingdoms of life (1, 2). Although catalytically active, the core enzyme is
incapable of initiating transcription from promoter sequence. In order for the RNAP to recognize
specific DNA sequences (promoters) and initiate transcription, an initiation factor, , binds to the
core enzyme to form the holoenzyme (2).
The

factor has two main functions including the DNA sequence recognition and the

double-stranded DNA unwinding near the transcription start site (3). With a few exceptions, most
factors share common features in that they are multi-domain proteins that have up to four
different domains joined by linkers (3). Most bacteria contain multiple

factors to promote

transcription from different sets of promoters (4). In Escherichia coli, the predominant

factor,

2
also known as the house-keeping

factor, is

70

. In addition, six additional

factors, or alternative

factors, are found in E. coli (6).
The transcription process consists of three stages: initiation, elongation and termination
(7). During initiation, the holoenzyme locates the promoter within the double-stranded DNA at
two conserved nucleotide positions -35 and -10 relative to the transcription start site (+1) to form
the closed promoter complex. The duplex DNA surrounding the transcription start site begins to
unwind, or become “melted”, to form the open promoter complex and transcription is initiated in
the presence of nucleoside triphosphates (NTP) (2, 3, 7). After an RNA chain of 10 nucleotides in
length or so have been synthesized, the RNAP moves from the initiation into the elongation phases
(8). This transition is marked by a significant conformational change to the RNAP-DNA complex
including the release of

factor from the core enzyme, which continues RNA chain elongation

(2). RNAP finally releases itself and the completed transcript from the transcription complex after
encountering a specific termination signal (2).

Bacillus subtilis RNA polymerase
The core RNAP is evolutionarily conserved in primary sequence and overall structure
across all organisms, with the main function is to synthesize RNA transcripts. However, in
bacteria, there are important differences in the enzyme composition and regulation of transcription
between Gram-positive and Gram-negative organisms. It is crucial for bacterial cells to be able to
precisely adjust and adapt to their environment for survival. Thus, organisms have developed over
time different mechanisms to organize and control expression of genes and their products,
facilitating adaptation to changing environment. The Gram-positive bacterium Bacillus subtilis
has been intensively studied for many years and serves as one of the model organisms to study the
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mechanistic and structural details on transcription in bacteria (5). A major reason for research into
this organism stems from its ability to sporulate, resulting in a process of cellular differentiation
that leads to production of dormant spore. Additional to this, B. subtilis represents the paradigm
for Gram-positive organisms because it is more closely related to important pathogenic species
such as Bacillus anthracis, Bacillus cereus and Staphylococcus species compare to Escherichia
coli, the best characterized model organism in bacteria (11).
Although the task of the RNAP of transcribing DNA to RNA is the same in E. coli and B.
subtilis, there are significant differences in enzyme composition and regulation of the transcription
process. In addition to the minimal catalytic core enzyme consisting of ⍺2ββ’⍵, the Gram-positive
bacterial RNAP also comprises additional subunits including the and subunits. Along with the
specificity

factor, the core enzyme of certain Gram-positive bacteria, including B. subtilis and

Staphylococcus aureus, interacts with a 21-kDa auxiliary specificity factor known as (4,9), which
has been shown to play a role in RNAP recycling and transcription initiation (10). Moreover,
instead of

70

is the house-keeping

factor in B. subtilis, and 16 alternative

the bacterium have been identified (6). B. subtilis primary
during logarithmic growth and the only essential

factor,

A

factors encoded by

A

, is the most abundant

factor in the bacterium (12). The alternative

factors are present at much lower amounts during growth relative to

A

, but some become quite

abundant during sporulation; they are usually activated in response to physical and chemical
stresses, lack of nutrients, and specific states of development (4, 6).

Overview of DNA Helicase
Helicases are ubiquitous and diverse enzymes playing a wide variety of different roles in
nucleic acid metabolism. In generally, helicases can be viewed as motor proteins that translocate
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along double-stranded or single-stranded nucleic acids functioning to unwind DNA or RNA
duplex substrates into their component single-strand intermediates. Helicases are required for
almost every process in cells that involve nucleic acids, including DNA replication, repair,
recombination, and DNA transfer during conjugation. More recently, DNA helicases are found to
be implicated in ATP-dependent chromatin remodeling (14). In each of these processes, DNA
helicases catalyze the unwinding of duplex DNA through destabilization of the hydrogen bonds
between the complementary base pairs in duplex DNA in reactions that are coupled to the binding
and hydrolysis of nucleoside 5’-triphosphate (NTP).
Helicases use the energy derived from NTP hydrolysis to unwind double helices in
essentially every metabolic pathway involving nucleic acids. Most organisms – including
prokaryotes, eukaryotes, bacteriophages, and viruses – encode multiple helicases because of a
variety of different needs for the duplex DNA to unwind in different DNA metabolism pathways.
For example, at least 14 different DNA helicases have been isolated from E. coli, 15 from
Saccharomyces cerevisiae, and as many as 25 from human cells (15). The number of helicases
isolated from all systems is continuously growing. Significant progress has been made in recent
years toward better understanding structure-function relations of helicases. In addition to
investigating the connections between structure and mechanistic aspects of the helicase functions,
it is critical to elucidate how helicases behave in physiological context, notably through structural
and functional analysis of helicases bound to other proteins to form authentic functional
complexes. Examining helicase function in complexes is likely to illuminate many insights to how
these protein interplay in the metabolism of nucleic acids.
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Monomeric and Oligomeric DNA Helicases
On the basis of active assembly of DNA helicases, they can be grouped as monomeric or
multimeric helicases. The assembly states, unwinding polarity, and family category of helicases
that have been extensively investigated are shown in Table 1. There is a necessity for helicases to
possess multiple DNA-binding sites because it enables binding both ss- and duplex DNA or two
strands of ssDNA simultaneously at an unwinding fork (15). Many helicases function as hexamers
resulting in multiple DNA-binding site – this observation in many helicases such as E. coli Rho
protein (18) and phage T4 gene 41 helicase (17) suggests that oligomerization may be necessary
for helicase function. On the other hand, monomeric helicases such as bacterial helicases II, IV
and PriA may contain two different domains – one for ssDNA and the other for dsDNA binding
(15). Most proposed mechanisms for helicase-catalyzed DNA unwinding, such as rolling or
inchworm mechanisms, are consistent with the above observations which require the functional
helicase to possess at least two DNA binding sites (13).

Helicase

Assembly State

Unwinding Polarity

Family

E. coli Helicase II (UvrD) (16)

Monomer

3’-5’

SF1

E. coli Rho protein (18)

Hexamer

5’-3’

SF5

E. coli Helicase IV (HelD)

Monomer

3’-5’

SF1

Phage T4 gene 41 helicase (17, 15)

Hexamer

5’-3’

SF1

Table 1: Description of helicases found in different organisms
Family Classification of DNA helicases
All helicases share some common properties, including nucleic acid binding, NTP binding
and hydrolysis, and unwinding of duplex DNA in the 3’ to 5’ or 5’ to 3’ direction (15). Several
different sequence patterns in the primary structures of some helicases are conserved, with each
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sequence patterns defining a family or superfamily. As aforementioned, two distinct types of
helicases exist: those forming toroidal, predominantly hexameric structures, and those that remain
as monomers (19). Helicases and translocases can be classified into six superfamilies, each with a
characteristic series of conserved sequence motifs; SF1 and SF2, which are non-hexameric
helicases, are by far the largest groups (19). SF1 and SF2 are defined by seven motifs in the core
domain that resemble the fold of the recombination protein RecA (19).

Overview of Bacillus subtilis HelD
Delumeau et al. (2011) has established HelD as a binding partner of B. subtilis RNAP (6).
Encoded by the yvgS gene, the 90kDa-HelD protein is a putative ATP-dependent DNA helicase;
based on sequence homology, HelD belongs to the Superfamily I (SF1) of DNA and RNA
helicases (10). Subsequently, HelD belongs to HelDEco subfamily of SF1, together with the E. coli
Helicase IV, also known as HelDEco; however, the overall level of similarity between HelD and
HelDEco is low (22%) (20). Based on comparison of HelD amino acid sequence to the domain
arrangements of HelLp and UvrD – two helicases from Lactobacillus plantarum and E. coli,
respectively, with the closest sequence identity to HelD whose structures have been determined –
, it is postulated that HelD constitutes three domains (10). The first N-terminal domain (amino acid
residues 1-204, Figure 1) may be involved in DNA binding. The second domain (aa residues 205606) contains an ATP-binding box and is related to the ATPase domain of UvrD helicase. The Cterminal domain (aa residues 607-774, Figure 1) is related to domain of the UvrD helicase involved
in DNA winding (10).
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Figure 1: Mapping of domains in HelD based on amino acid residues

HelD is found to be expressed in constant quantity throughout growth of the bacterium (6).
Wiedermannova et al. (2014) has confirmed that HelD binds to the core form of the RNAP,
hydrolyzes ATP independently of RNAP, and stimulates transcription in an ATP-dependent
manner (10). The effect of HelD on stimulating transcription is thought to be partially due to
release of stalled (nonproductive) RNAP complexes from DNA and promote elongation, resulting
in effective transcriptional cycling (10). B. subtilis strain in the absence of HelD is demonstrated
to prolong the lag phase of growth, which can adversely affect the fitness of the cell in nature (11).
Not much biochemical characterization of HelD has been investigated, and its role in
transcription remains ambiguous. Studies can be conducted to address mechanistic details of
RNAP and HelD and the physiological role of the putative helicase in vivo. Detailed understanding
of the function of a macromolecule requires knowledge of its three-dimensional structure.
Therefore, the goal of this project is to determine the structure of HelD in complex with B. subtilis
RNAP by utilizing two techniques: cryo-electron microscopy (cryo-EM) and X-ray
crystallography.

Overview of Techniques Used to Determine Protein Structures
Overview of X-ray Crystallography and Limitations
X-ray crystallography is a technique which enables visualization of biological
macromolecule at the atomic level. It has been the predominant method to determine the molecular
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structure of proteins and nucleic acids, contributing to the majority of number of molecular
structures deposited in the Protein Data Bank (PDB). Because the intrinsic resolution of a
microscope is dependent on the wavelength of the electromagnetic radiation source, optical
microscopy which uses visible light to distinguish particles as small as size of bacteria cannot be
used to distinguish the atoms in the protein molecules, which are magnitude smaller than
wavelength of visible light. X-rays are high energy photons whose wavelengths range between
100 to 0.1 Å, therefore is able to resolve the distance between individual atoms in a biological
structure of typically 1.5 Å (21).

Expression and
purfication of
target protein

Crystallization
and
optimization

X-ray
diffraction
data collection

Experimental
phasing

Model
refinement
and validation

Figure 2: Workflow for protein structure determination by X-ray crystallography

Figure 2 provides a schematic for protein structure determination using X-ray
crystallography. X-ray crystallography relies on the ability to generate a three-dimensional crystal
of a highly-purified protein or nucleic acid for diffraction by X-ray. The interaction of X-ray with
electron in the biological macromolecule arranged in crystal is used to obtain an electron densitymap of the molecule, which can be interpreted as an atomic model. The first requirement for
protein structure determination is to obtain protein crystals, where the protein unit cell is repeated
in a periodic array that eventually yields the macroscopic crystalline object – it is the precise and
predictable arrangement of the molecules, combined with a very large number of repeating units,
which gives crystals diffracting power. In order to grow a crystal of a biological macromolecule,
a concentrated protein sample that is 90-95% pure is needed (22). Growth of protein crystals is
governed by both thermodynamics and kinetics, which can be subtle and difficult to control or
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reproduce (21). Commercially available matrix screens containing cocktails that consists of a
broad range of precipitants, pH, organic solvents and salts are often used as the starting point in
the crystal screening process. Protein crystallization is mostly a “trial-and-error” procedure, for
precise rules of choosing the conditions optimal for crystallization of a new protein has not yet
been defined. In principle, the precipitant solution containing the macromolecule is slowly
concentrated until a metastable, supersaturated solution is generated, which allows for nucleation
and crystal growth (21). Molecules precipitating from solution often tend to reach the lowest free
energy state, which is often accompanied by packing in a regular fashion (22).
Empirically, certain proteins appear to crystallize more readily than others. For example,
the model crystallization enzyme lysozyme crystallizes in a variety of buffer and pH conditions
and is considered the most widely studied protein crystallization system (23). However, unlike
ions such as sodium and chloride ions that form salt crystals, the subunits that form protein crystals
are relatively much larger and more complicated. Biological macromolecules like proteins have
hierarchal structures in which certain topological elements in polypeptide chains, such as loops
connecting -helices and -sheets, are flexible and permit significant conformational freedom.
Such inherent protein flexibility and contribute to disorder within a crystal. For this reason, crystal
formation of proteins is often a major-limiting step in structure determination using X-ray
crystallography.
Overview of Cryo-Electron Microscopy
For decades, X-ray crystallography reigned as the dominant technique for obtaining highresolution information about macromolecular structure. In recent years, single-particle cryoelectron microscopy (cryo-EM) is gaining popularity in the field of structural biology – in 2016,
more than 1,000 atomic structures derived from electron microscopy images have been entered
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into the Protein Data Bank (24). As the name of the technique suggests, cryo-EM utilizes electrons
as the source of radiation to generate 3-dimensional protein structure. Because biological matter
interacts weakly with X-rays – the source of radiation of X-ray crystallography –, the technique
depends on the periodic arrangement of crystal protein subunit to amplify signal for. However,
proteins scatter electrons – the source of radiation of electron microscopy – about ten-thousand
times more strongly than they do X-rays (24). Moreover, the electric charge of electrons make it
relatively easy to focus with electromagnetic lenses, where X-rays are difficult to focus. Most
importantly, cryo-EM has the ability to provide 3D structural information of biological molecules
and assemblies by imaging single particles, eliminating the need for a protein crystal. Recent
technological advances in sample preparation, computation and instrumentation are now allowing
researchers to use cryo-EM to solve near-atomic resolution macromolecular structures.

Biochemical
preparation of
protein sample

Cryo-EM
sample
preparation

Image data
collection

Particle
alignment and
processing

3D map
reconstruction

3D model of
protein

Figure 3: Workflow of single-particle electron microscopy
Figure 3 provides a schematic of the pipeline in biological single-particle cryo-EM. The
first step begins with a purified protein sample. The protein solution is applied to a sample grid
consisting of tiny holes in a carbon film supported by a metal frame. Ideally the protein particles
distribute evenly within the grid holes in a variety of distribution. After blotting excess liquid with
filter paper, the grid is then plunge-frozen into liquid ethane, trapping the particles in a thin film
of non-crystalline or vitreous ice. By keeping the sample at cryogenic temperatures (around 180
Kelvin), cryo-EM enables its preservation within the electron microscope under high vacuum as
well as provides the sample with some protection against the effects of radiation damage while
being imaged. Copies of the proteins are deposited on the grid in a range of orientations, and when
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imaged, generate 2-dimensional projections of individual protein complexes which provides
complementary information about the underlying 3-dimensional particle.
To minimize damage to the radiation-sensitive sample, very low electron doses must be
used when imaging the particles with the electron microscope. Therefore, 2D projections obtained
from image data collection are too noisy to allow structures to be resolved in atomic detail. The
signals can be improved, however, by averaging of a large number of individual particles on the
grid. Computer image-processing methods are used to align and assign orientation to the particles
into homogenous subsets. Next, an initial 3D map is constructed to be iteratively refined and
validated using dedicated software tools. Finally, the protein sequence is fitted into the 3D map to
build a 3D model of the protein.
The highlighting feature of single-particle cryo-EM is utilization of computation averaging
of thousands of images of identical particles in non-crystalline state. However, particles exhibiting
variable conformation or composition generates heterogeneity, which complicates structure
determination. Whenever possible, structural heterogeneity should be minimized through
biochemical means to simplify structural determination (28). The most informative way to judge
the quality of a protein sample prior to cryo-EM data collection is to visualize it by negative-stain
EM (28). In addition to providing high contrast, the negative staining procedure also tends to
induce proteins to adsorb the carbon film in only few preferred orientations, making it easier to
assess sample homogeneity (29).
With cryo-EM, the biological structure of the specimen is frozen and preserved in their
nearly native conformation, and the biochemical features that tell us how the molecules function
in physiological condition of the cell can be observed at atomic resolution. An advantage of cryoEM is that flexible regions of proteins do not impede structure determination, whereas in X-ray
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crystallography these regions are typically removed to facilitate crystallization. It is observed that
larger protein complexes give rise to images with higher signal-to-noise ratios. Consequently, the
structures of various large protein complexes that had resisted crystallographic studies have been
determined, including ATP synthetase (25, 26) and photosystem II-light harvesting
supercomplexes (PSII-LHCII) (27) at 6.2 Å and 3.2 Å, respectively. While radiation damage
remains a major limitation, the resolution of the substructures that are repeated in the cell can be
increased by applying averaging methods, and the rapid progress in single-particle cryo-EM
promises to transform understanding of how macromolecules perform tasks in the cell that were
impossible to characterize with existing techniques in structural biology (24).

Outline of this Work
This project sets to characterize ATP-dependent helicase activity and to elucidate the
molecular structure of HelD. Determination of three-dimensional structure of HelD utilizes two
techniques: X-ray crystallography to image HelD and single-particle cryo-EM to image HelDRNAP complex. The initial requirement for structural analysis is to prepare pure concentrated
sample of the protein of interest. Along with the native gene of HelD, different truncations of HelD
are constructed to enhance protein crystallization behavior. Essential interactions of putative ATPdependent DNA helicases such as DNA binding and energy derivation from adenosine
triphosphate are biochemically assessed.
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MATERIALS AND METHODS
Materials
Bacterial Strains Used
E. coli cells were used for all laboratory work. MACH1-T1 cells were used for recombinant
plasmid DNA replication and purification. BL21(DE3) RIPL cells, an E. coli strain compatible
with the T7 expression system, are used for the overexpression of proteins.
Bacterial Media Used
LB liquid media is used for alkaline lysis plasmid prep and for the “starter culture”
inoculation to express proteins. For every liter of media, 10 g of tryptone, 5 g of yeast extract, and
5 g of sodium chloride are dissolved in deionized water. The media is transferred to glass flask
and sealed with aluminum foil, then autoclaved at 121OC for 30 minutes. After cooling, the liquid
media is ready to use; addition of appropriate antibiotic occurs immediately prior to inoculation.
2xYT liquid media is used to prepare bacterial cultures for protein expression and is
prepared as follows. For every liter of media, 16 g of tryptone, 10 g of yeast extract, and 7 g of
sodium chloride are dissolved into deionized water. The media is transferred to glass flask and
sealed with aluminum foil, then autoclaved at 121OC for 30 minutes. After cooling, the liquid
media is ready to use; addition of appropriate antibiotic occurs immediately prior to inoculation.
LB plate media is used for bacterial colony growth and formation procedures. For every
liter of media, 10 g of tryptone, 5 g of yeast extract, 5 g of sodium chloride, and 10 g of agar are
dissolved into deionized water. This mixture is autoclaved at 121OC for 30 minutes. The
autoclaved media is cooled to around 60OC, and appropriate antibiotic is added. For LB plates with
ampicillin, this antibiotic is added to a final concentration of 100

g/mL. After addition of
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antibiotic, the cooled liquid agar is poured into sterile disposable petri dishes. After the agar has
solidified, the LB agar plates are stored at 4OC until needed.
Gel Matrix Used for DNA and Protein Visualization
The size and topology of DNA samples throughout the experiment – including PCR
products, restriction digestion reactions of DNA fragments, and ligation reactions to form
recombinant plasmid – can be determined with agarose gel electrophoresis. 0.8% agarose gel is
sufficient to separate DNA samples greater than 1 kilobase in length. To prepare a 0.8% agarose
gel, 0.32 g of agarose is mixed with 40 mL of 0.5X TAE buffer in an Erlenmeyer flask, and the
agarose is dissolved by microwaving for 60 seconds. The flask is allowed to cool for 4 minutes,
and 2 L of ethidium bromide (EtBr) is added. The agarose solution is then poured into a gel
casting set up and allowed to solidify for 20 minutes. When ready for gel electrophoresis, the
agarose gel is transferred to a gel electrophoresis box and is submerged with about 300 mL of 0.5X
TAE buffer. DNA samples (including DNA loading dye) and HyLadder 10 kB molecular weight
marker are electrophoresed at a potential of 100 V until the dye front is two-thirds the way across
the gel from the gel well. The gel is visualized on a UV lightbox.
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,
as well as a separating mix for separation of the proteins based on size. 8% acrylamide separating
gel mixture is prepared by mixing 5.3 mL of water, 1.6 mL of 40% acrylamide solution, 1 mL of
3 M Tris-Cl pH 8.8 buffer, and 100
acrylamide gel solution, 100

L of 10% SDS. To catalyze the polymerization of the

L of 10% ammonium persulfate (APS) and 4

L of

tetramethylethylenediamine (TEMED) are quickly added and mixed with the acrylamide solution.
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Before polymerization occurs, the liquid gel mixture is poured into the gaps of the glass plates
from the gel casting system. Isopropanol is overlaid on the top of the gel to form a flat upper
boundary. The separating gel is allowed to solidify for 15 minutes. During polymerization of the
separating layer, the 5% acrylamide stacking gel mixture is prepared by mixing 3.65 mL of water,
0.625 mL of 40% acrylamide solution, 0.625 mL of 3 M Tris-Cl pH 6.8 buffer, and 50 L of 10%
SDS. To catalyze the polymerization of the acrylamide gel solution, 50 L of 10% ammonium
persulfate (APS) and 4 L of tetramethylethylenediamine (TEMED) are quickly added and mixed
with the acrylamide solution. This mixture is added to the top of the polymerized separating gel,
and a 10-well comb is added to space between the glass plates, and the gel is allowed to solidify
for at least 30 minutes. After the gel is solidified, the plate is then transferred to a gel
electrophoresis apparatus, and filled with 1X SDS-PAGE running buffer.
For electrophoresis of protein samples, 10-20 L of protein mixture and 2-4 L of 5X SDS
loading buffer was combined. Each protein sample (with SDS loading buffer) is heated at 100 OC
for 5 minutes to denature the proteins. The samples are loaded into the gel wells. The gel is run at
250 V, 80 mA until the bromophenol blue dye reaches the bottom of the gel. The gel is removed
from the glass plates and washed with water for 2 minutes at room temperature. After washing,
the gel is stained with Coomassie Brilliant Blue stain for 10 minutes at room temperature. Finally,
the stain is removed and water is added for 1 hour to destain the gel.
Lastly, electrophoretic mobility shift assay (EMSA), also referred to as gel mobility shift
assay, is an affinity electrophoretic technique used to study protein-nucleic acids interaction. 6%
native PAGE gels are used in this study to study the interaction between HelD and oligonucleotides
and is prepared as follows. 7.5 mL of water, 1 mL of 5X TBE buffer, and 1.5 mL of 40%
acrylamide are mixed together. To ca talyze polymerization, 100 L of APS and 4 L of TEMED
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are quickly added into the acrylamide solution and poured into the gaps of the glass plates of the
gel electrophoretic system. A 10-well comb is inserted immediately after the gel solution is poured
into the glass plates. The gel is allowed to solidify for at least 30 minutes, then transferred to a gel
electrophoretic tank, where the apparatus system is filled with 0.5X TBE buffer. Prepared samples
to be analyzed are mixed with corresponding volume of 2 L of EMSA DNA dye. The samples
(with the EMSA DNA dye) are loaded into the gel well and electrophoresed at 250 V, 80 mA for
13 minutes. The gel is then removed from the glass plates and washed with water twice. To
visualize migration of the DNA and to detect possible protein-DNA interaction, the gel is
incubated wit 5 mL of water and 5 L of EtBr for 10 minutes, then visualized on a UV lightbox.

Gene Expression Methods
Gene Amplification Using Polymerase Chain Reaction
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 the restriction
enzyme sites necessary for subcloning are incorporated into the amplified DNA product. The
components in a PCR reaction mixture are as follow: 105 L of water, 15 L of 10X Thermo Pol
Reaction Buffer, 6 L of 10 mM deoxyribonucleotide triphosphate (dNTP), 7.5 L of 10 M
forward primer, 7.5 L of 10 M reverse primer, 1 L of template DNA, and 3 L of 2 units/ L
Pfu Polymerase. In the above PCR reaction mixture, forward and reverse primers are the specific
primers designed for each gene to be amplified, and the template DNA represents the DNA source
of the gene of interest. For the HelD gene, source DNA was provided to our laboratory in the form
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of the BL21 strain with a plasmid containing the wild-type helD gene fused with an in-frame fusion
of a 6X-His tag at the N-terminus of HelD (LK800 containing the plasmid pHelD-His6 from Dr.
Libor Krásný).
The PCR mixture was mixed in a thin-walled PCR tube and cycled through a thermal
cycling program as follows: 3 minutes at 95 OC
at 55 OC, 4 minutes at 72 OC]

30 cycles of [30 seconds at 95 OC, 30 seconds

5 minutes at 72 OC. The length of the PCR product was assessed

by running 5 L of the PCR reaction and 1 L of 6X DNA loading dye on a 0.8% agarose gel (see
Gel Matrix Used for DNA and Protein Visualization). The size of the gene sequence is visually
confirmed by comparing its migration to the standard molecular ladder. The PCR product is
purified from the remainder of the PCR reaction mixture using solution purification technique
following the protocol of QIAquick PCR Purification Kit (Qiagen).
Gel Purified DNA Preparation and Purification
To subclone selected region of helD for expression study, each gene sequence is ligated
into a suitable plasmid. This is known as recombinant DNA technology where the “insert” DNA
fragment (the gene) and the “vector” DNA fragment both containing compatible restriction
enzyme sites ligate together to form a plasmid. For this experiment, the primary use of the plasmid
is overexpression in E. coli. Once the restriction enzyme sites are identified, the insert and vector
DNA fragments are prepared as follows.
The vector DNA plasmid used to subclone truncated N-terminal domain, truncated Cterminal domain and truncated full-length of the HelD gene (refer to Appendix, Oligonucleotide
Primers Used Throughout This Study) is pHisP1. 5 L NEB CutSmart Buffer, 1.5

L of 10

units/ L NcoI-HF, 1.5 L of 20 units/ L KpnI-HF, and 42 L of DNA sample (truncated Nterminal domain, truncated C-terminal domain, truncated full-length of the HelD gene, or vector
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DNA plasmid) are mixed in a 1.5 mL Eppendorf tube. The reaction mixture is incubated for 1.5
hours at 37OC. To purify the digested DNA fragments, 6 L of 6X DNA dye is added to the sample.
The sample is electrophoresed on a 0.8% agarose gel (see Gel Matrix Used for DNA and Protein
Visualization). After confirming the presence of the desired DNA band using a UV lightbox, the
correct DNA band is excised from the gel using a clean razor blade. The digested DNA sample is
purified from the gel matrix using gel extraction technique following protocols from E.Z.N.A.®
Gel Extraction Kits (Omega Bio-tek).
Vector and Insert Ligation Reaction
Once vector and insert DNA fragments are purified, and assuming they have compatible
“sticky-ends” restriction sites, the two fragments are ligated together as followed. For “vector +
insert” ligation reaction, 1.5 L of 10X DNA ligase buffer (NEB), 1.5 L of 10 mM ATP, 3 L
of 10% PEG6000, 4 L of gel purified vector DNA, 4 L of gel purified insert DNA, and 1 L of
400 units/ L T4 DNA ligase are mixed in an Eppendorf tube. In addition, a “vector only” ligation
reaction is also prepared in which contains 4 L of water in place of the 4 L of gel purified insert
DNA. Both reaction mixtures are incubated at room temperature for 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 MACH1-T1 cells are thawed to room temperature. 5 L of both “vector + insert” and
“vector only” ligation reaction mixture is added into separate 50 L aliquots of cells in a 1.5 mL
Eppendorf tube. These cell aliquots are incubated on ice for about 15-30 minutes. Next, the cells
are heat-shocked in a 42OC water bath for 1 minute and returned to ice for 5 minutes. 250 L of
sterile LB media is added to each aliquot, and the tubes are incubated in a 37OC, 180 rpm shaking
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incubator for 1 hour. Finally, all the cell suspension is plated onto LB agar plates containing 100
g/mL ampicillin to provide a selective pressure for the maintenance of the plasmid in E. coli cells.
These plates are incubated at 37OC overnight.
Cell Colony Screening by Alkaline Lysis Plasmid Prep and Restriction Enzyme Digestion
To ensure cell colony on transformation plates contains the desired plasmid, and not the
undigested vector plasmid, colonies must be screened. Ideally, by amplifying and purifying the
plasmids transformed into the transformed MACH-T1 colonies then restriction digest the DNA
with the same enzymes used for cloning, the desired plasmid will produce a two-band pattern
corresponding to the vector backbone and the insert gene. Four cell colonies formed on each
transformation plate were selected and inoculated into 5 mL of LB liquid media containing 100
g/mL of ampicillin in a culture tube and grown overnight in a 37OC, 180 rpm shaking incubator.
To harvest the plasmids expressed in the transformed MACH1-T1 cells, alkaline lysis plasmid
prep is performed following the protocol from GenCatch TM Plasmid DNA Mini-Prep Kit with 1
mL of inoculated bacterial culture. After purifying the plasmids from the cells, restriction enzyme
digestion reaction is performed on the plasmid DNA sample to screen for colonies with the desired
plasmid as follows. 6.5 L of water, 1.5 L of 10X CutSmart buffer, 1 L of 10 units/ L NcoIHF, 1 L of 20 units/ L KpnI-HF, and 5 L of plasmid DNA are combined in an Eppendorf tube
and incubated at 37OC for 1.5 hours. Then 15 L of restriction digested plasmid DNA sample and
3 L of DNA dye are electrophoresed on a 0.8% agarose gel (see Gel Matrix Used for DNA and
Protein Visualization). The DNA fragments are visualized on a UV lightbox to verify the correct
fragmentation is observed.
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DNA Sequencing of Plasmids
For a more accurate characterization of a prepared plasmids, regions of 800 to 1,000 base
pairs can be sequenced at the Penn State Nucleic Acid Facility. 1 g 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 are provided to the facility as well.

Protein Expression and Purification Methods
Protein Expression
0.1 g of purified plasmid containing the gene of interest is transformed into BL21(DE3)
RIPL cells, and the cells are plated on LB agar plates containing 100 g/mL ampicillin. The plate
is incubated overnight at 37OC. After incubation, colonies from the incubation plate are inoculated
into 10 mL of LB liquid media with 100 g/mL ampicillin and incubated at 37OC, 180 rpm shaking
incubator for 12 hours as a “starter culture”. 10 mL of the “starter culture” is transferred to a flask
containing 1 L of 2x YT media with 100 g/mL ampicillin and is allowed to grow for 3.5 hours at
37OC, 180 rpm shaking incubator. Cell growth during incubation is monitored by measuring the
optical density at a wavelength of 600 nm (OD600); once the OD600 of the culture in the flask
reaches a value above 0.7, protein expression is chemically induced. Before induction of protein
expression, the culture is moved to the 180 rpm shaking incubator at 16OC for 30 minutes. 1 mL
of 1 M isopropyl -D-1-thiogalactopyranoside (IPTG) is added into the flask to induce activation
of the lac operon and overexpression of the desired protein at 16OC for 8 hours. Cells are harvested
from the flask by centrifuging the cell suspensions in 500-mL centrifuge bottles at 8,000 g for 10
minutes at 4OC. Cell pellets are collected and stored at -80OC until usage.
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HelD Protein Purification
Typical purification of an overexpressed hexahistidine-tagged polypeptide throughout this
study includes preparation of crude cell extract, nickel-NTA chromatography, ion-exchange
chromatography and sample concentration. To prepare the crude extract from cell pellets harvested
from liquid culture, the frozen BL21(DE3) RIPL cells are thawed in lukewarm water. Next, the
cell pellet harvested from 1 L of bacterial culture is resuspended in 100 mL of lysis buffer [10 mM
Tris-Cl pH 8, 200 mM NaCl, 5% (w/v) glycerol, 10 M Protease Inhibitor Cocktail (PIC), 10 M
dithiothreitol (DTT)]. Resuspended cells are sonicated while on ice for 4 cycles at frequency of 6
kHz for 90 seconds (3 seconds on, 1 second 1), with 5 minutes of rest time in between sonication
cycles. The sonicated extract is next centrifuged at 15,000 g for 20 minutes at 4OC. 10 mM of
imidazole is added into the collected supernatant and is ready for loading onto the column for
purification.
Before any chromatographic experiment, fresh chromatography buffers are prepared and
filtered through 0.45 m filters. For affinity purification of hexahistidine-tagged proteins, a 5-mL
column packed with Ni-NTA resin is set up together with the Mini Pump Variable Flow (VWR)
to adjust the flowrate. The column is washed with 50 mL of water and equilibrated into TBS200
buffer (10 mM Tris-Cl pH 8, 200 mM NaCl) by washing two column volumes of TBS200+10 mM
imidazole at a flowrate of 1.5 mL/min. The crude extract sample is loaded onto the column at 1.5
mL/min, and flow-through is collected in a flask. Next, the column is washed in an isocratic
fashion with eight column volumes of TBS200+10 mM imidazole, ten column volumes of
TBS200+20 mM imidazole and ten column volumes of TBS200+40 mM imidazole. Isocratic
elution of the protein is achieved by washing with three column volumes of TBS20 buffer (10 mM
Tris-Cl pH 8, 20 mM NaCl)+80 mM imidazole and three column volumes of TBS20+250 mM
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imidazole. SDS-PAGE samples of the NI-NTA fractions are prepared to assess the quality of
purification procedure. Samples typically electrophoresed are: the whole cell lysate, the pellet, the
supernatant, the flow-through, the 80 mM imidazole elution fraction and the 250 mM imidazole
elution fraction.
Some protein samples are further purified using ion-exchange chromatography with the
using the anionic Q-sepharose resin (5 mL HiTrap Q HP, GE Healthcare). The instrument system
to operate chromatographic separation using this column is AKTA Pure (GE Healthcare) running
Unicorn software at 2.5 mL/min flowrate. The components of the low and high salt buffers
prepared and filtered prior to purification are as follow: TBS-20 buffer (10 mM Tris-Cl pH 8, 20
mM NaCl) and TBS-1000 (10 mM Tris-Cl pH 8, 1 M NaCl). To prepare a 5 mL ion-exchange
column, an equilibration program is executed that washes the column with specific volumes of
low and high salt buffer. Ni-NTA elution fraction is loaded onto the column using an automatic
air-sensing superloop. The column is washed with four column volumes of TBS-20. Elution is
achieved by a designed linear salt gradient (low salt to high salt), and 3 mL fractions are
automatically collected. A UV absorbance detector monitors the elution of protein from the
column and data are recorded in the form of a chromatogram. SDS-PAGE samples are prepared
for fractions that elute within UV absorbance peaks observed in the chromatogram. These fractions
are pooled together, and the sample concentration is measured by UV absorbance at the
wavelength of 280 nm.
As appropriate, proteins are then concentrated by centrifugation in Vivaspin MWCO
30000. Before use, the Vivaspin tube is washed twice with buffer solution. The protein sample
from the pooled fractions of Q-sepharose anion exchange column chromatography is centrifuged
at 8000 g, 10OC at 10-minute increment until the protein sample is concentrated to 1 mL. The
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sample is mixed using a pipet in between the 10-minute increment to prevent aggregate of proteins
collected in the bottom of the filter membrane. The concentration of protein in the concentrated
sample is again measured by UV absorbance.
HelD-RNAP Complex Purification for Single-Particle Cryo-EM and Negative Staining Analysis
The wild-type HelD-B. subtilis core RNA polymerase complex was prepared by other
members in the laboratory (URee Chon and Katsuhiko Murakami). HelD is overexpressed in E.
coli strain compatible with T7 expression system and purified with Ni-NTA column
chromatography, Q-sepharose anion exchange chromatography and size-exclusion column
chromatography. B. subtilis core RNA polymerase is then added to purified HelD collected from
size-exclusion column fractionations to form a complex. The protein complex is purified using
size-exclusion column chromatography. The fractions from size-exclusion column which contain
HelD-RNAP complex is confirmed by SDS-PAGE analysis and pooled together and concentrated.

Biochemical Methods
Protease Digestion Assay
To aid crystallization of HelD, stable regions of the protein are determined using limited
proteolysis assay. The idea behind the assay is to enable modification of the protein target to
improve its crystallization behavior. Limited proteolysis of the protein allows identification of the
regions that possess the least amount of disorder. Upon identification of these regions, truncation
for HelD can be engineered so that flexible regions are removed, which reduce the overall entropic
disorder of the macromolecule and increases its crystallization behavior.
Jena Bioscience Floppy-Choppy Kit is used to perform limited proteolysis of wild-type
HelD using the protease trypsin according to the protocol provided. Resulting trypsin-resistant
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fragments identified by SDS-PAGE (Figure 6) suggest that they are stable domains of the protein.
The discrete bands resulting in trypsinolysis of HelD are excised and sent for mass spectrometry
analysis at the Proteomics and Mass Spectrometry Core Facility in Penn State to localize where
these regions are in the HelD amino acid sequence. Ultimately, these regions of HelD are cloned
and expressed using E. coli strain compatible with T7 expression system (see Gene Expression
Methods) for biochemical assays and crystallographic studies.
Electrophoretic Mobility Shift Assay
One technique to detect interaction of proteins with DNA – an intuitively crucial function
for proteins with helicase activities such as HelD – is electrophoretic mobility shift assay (EMSA).
The EMSA technique is based on the observation that protein-DNA complexes migrate slowly
compared to free linear DNA fragments when subjected to non-denaturing polyacrylamide gel
electrophoresis. For this assay, 5 M of the reducing agent tris(2-carboxyethyl) phosphine (TCEP)
is added into HelD sample to ensure that the protein remains in its monomeric state. Reagents to
prepare protein-DNA complexes for gel electrophoresis are 2 L of 5X EMSA buffer, 1 L of 10
M U18 DNA (sequence shown in Appendix), varying volume of 1.5 mg/mL HelD with 5 M
TCEP, then the total volume of the assay is made up to 10 L with water. 100 M ATP is used to
assess the ATP-dependent helicase activity of HelD. After appropriate concentrations of HelD are
added into the reaction samples, the solution mixture is incubated at 37OC for 15 minutes. The
reaction is quenched by adding 2 L of 2X DNA dye, and the solutions are loaded to be analyzed
on a 6% native PAGE gel (see Gel Matrix Used for DNA and Protein Visualization).
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Protein Crystallization Methods
The hanging drop vapor diffusion method is employed to attempt to crystallize HelD in 48well plates. The precipitant solution to aid crystallization is pipetted into a reservoir well.
Microliter amount of pure, concentrated protein and precipitant solution are mixed on a glass cover
slip, then inverted over the well reservoir and sealed with grease in a way that the drop is suspended
over the reservoir. The arrangement of the hanging drop vapor diffusion method enables the
solution to reach a supersaturated state: the concentration of the precipitant solution in the reservoir
is higher than in the drop, therefore according to the concentration gradient, the water from the
drop will evaporate towards the reservoir, thus lowering the volume of the drop and increasing the
protein concentration to a point of supersaturation where protein crystals may begin to form.
Because the condition that is optimal for crystallizing a new protein cannot be predetermined, large
number of screen in wide combination of parameters, such as pH, salt, types of buffers, additives
and temperature, to obtain or refine crystal growth. Commercial crystallization screens are used to
set up crystal trays, including Nucleix Suite (Qiagen), SaltRx 1 (Hampton Research), and SaltRx
2 (Hampton Research). The plate is incubated at the appropriate temperature with little
disturbance. A compound light microscope is used to visualize the growth of protein crystals over
several days or weeks. Concentrated protein HelD sample is also sent to the High-Throughput
Crystallization Screening Center at Hauptman-Woodward Medical Research Institute for crystalgrowth screening in 1536-well microassay plate.

Negative Staining Electron Microscopy and Cryo-Electron Microscopy Imaging Methods
Protein sample to be used for electron microscopy (both negative stain and cryo-EM) was
purified by size exclusion chromatography in a Superdex 200 10/300 column (GE Healthcare)
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equilibrated with the buffer containing 10 mM Hepes pH 7.8, 0.1 M NaCl, 1 mM DTT. Peak
fractions representing the protein complex were pooled and was concentrated to 1 mg/mL. For
negative staining, 3 ul of protein was applied to a glow discharged carbon coated 01814-F, Carbon
Type-B, 400 mesh grids (Tedpella) and stained with uranyl formate. Images were acquired using
Teknai Biotwin Microscope at the Penn State Cryo-EM facility.
For cryo-EM, 3 ul of protein was applied to glow discharged Lacey Carbon No. 01824
grids (Tedpella) blotted for 3 seconds and plunged froze in liquid ethane using FEI Vitroblot. Data
was collected using FEI Titan Krios Microscope at the Penn State Cryo-EM facility. Sample grids
were imaged at 300 kV, with an intended defocus range of -2.5 to -1μm, a magnification of 60,000
X. Movies with 80 frames were collected on a Falon 3EC direct electron detector with an Ang/pix
of 1.14, and 1 electron per Å2. Relion 2.0 was used to process the collected data which showed the
selected particles are not of quality to obtain a high-resolution structure.
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RESULTS
For this study, wild-type HelD and HelD truncations were expressed for biochemical and
crystallographic studies. The general plasmid construct designed for cloning are shown in Figure
4. Wild-type HelD gene sequence was expressed from a stock plasmid provided at the start of the
experiment. Expression of native HelD is driven by the T7 expression system with a tandem 6XHistidine tag at the N-terminus of the gene sequence to facilitate affinity purification. An
ampicillin resistance marker is also encoded to maintain selection pressure after plasmid
transformation of the E. coli strain. Similarly, the gene encoding HelD truncations identified to be
stable by limited proteolysis assay with trypsin are inserted into a pHisP1 vector, which also
utilizes the T7 expression system to overexpress the gene encoded in the plasmid. General plasmid
constructs for native HelD cloning and HelD truncation cloning are shown in Figure 4.

Figure 4: General mapping of plasmids used for cloning of HelD and HelD truncations.
(A) Map of source pHelD-His6 with T7 promoter, tandem 6X-histidine tag at N-terminal of
inserted helD gene, and ampicillin resistance marker. (B) Map of plasmid generated by
recombination of pHisP1 vector and helD truncated insert determined by limited proteolysis
assay with trypsin. T7 promoter region is upstream of the truncated helD gene insert with a
tandem 6X-histidine tag at N-terminal of gene insert. An ampicillin resistance marker is present
for selection.
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Expression and Purification of Wild-Type HelD
Native HelD was expressed from pHelD-His6 through overexpression by BL21(DE3)
RIPL. Although a lot of protein was lost in the pellet after centrifugation of the cell pellet (“Pellet”
lane, Figure 5A) and in the flowthrough of the Ni-NTA column (“FT” lane in Figure 5A), elution
with high concentration of imidazole yields satisfactory amount of protein for downstream
processes (“80 mM” and “250 mM” lanes in Figure 5A). Imidazole elution fractions were pooled
and passed through the second chromatographic purification step, the Q-sepharose anion exchange
column. Protein purification was monitored by UV absorbance measurement at wavelength of 280
nm. Fractions eluted under the protein peak on a chromatogram was subjected to SDS-PAGE
analysis (Figure 5A, lanes labeled under “Q-sepharose column elution”). Ion exchange fractions
identified to contain HelD were pooled and concentrated for further studies.

A

B

Figure 5: Purification of wild-type HelD.
(A) SDS-PAGE analysis of fractions collected from Ni-NTA column and Q-sepharose anion
exchange column chromatography. (B) Chromatogram of purification of wild-type HelD in
pooled elution from Ni-NTA column chromatography. Protein purification is monitored by UV
absorbance at 280 nm.
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Identification of Stable HelD Truncations by Limited Proteolysis
As an attempt to improve the crystallization behavior of HelD, limited proteolysis with
trypsin was performed where the increasing amount of protease incubated is tested with constant
amount of HelD for a limited incubation period. Each incremental increase of protease
concentration, conceivably, would result in significantly more fragmentation of HelD polypeptide
chain. Protein bands visualized on SDS-PAGE (Figure 6) that are resistant to digestion are likely
more stable than bands that rapidly disappear in the presence of increasing concentration of trypsin
protease. Figure 6 shows two stable protein bands across the SDS-PAGE gel in the presence of
increasing concentration of trypsin and are dubbed as T_B1 and T_B2 with the approximate
respective molecular weight of 43 kDa and 33 kDa. The protein bands were excised and sent for
mass spectrometry, which identified the fragments of the polypeptide chains of amino acid
residues 42-425 (T_B1) and 449-773 (T_B2) that HelD encodes (Figure 7).

Figure 6: Limited proteolysis of HelD with increasing concentrations of trypsin.
Ratio in each gel lane corresponds to that of trypsin:HelD concentration. Band in “Ud” lane is
undigested HelD protein. With increasing concentration of trypsin, bands corresponding to
T_B1 and T_B2 appear to resist trypsin digestion. Mass spectrometry analysis identifies T_B1
and T_B2 fragments to contain amino acid residues 38-425 and 441-735 that HelD encodes,
respectively.
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Figure 7: Localization of truncated HelD regions based on limited proteolysis assay

Expression and Purification of HelD Truncations
Three different versions of truncated HelD were designed for cloning experiments: (1)
truncated N-terminal domain, aa 42-425, (2) truncated C-terminal domain, aa 449-773, and (3)
truncated full-length, aa 42-425. Conceptually, the internal flexible regions of the protein are
removed via limited proteolysis assay. Thereby, crystallization attempts of these polypeptide
sequences would theoretically result in more stable subunit complexes to promote the likelihood
of obtaining protein crystals. The gene corresponding to the above truncated versions of HelD
were cloned, as described in Gene Expression Methods.
Truncated N-terminal domain (NTD), truncated C-terminal domain (CTD) and truncated
full-length (FL) were overexpressed in E. coli BL(21)DE3 RIPL strain. For all three expression
setups, the expressed proteins were not successfully purified using Ni-NTA affinity column
chromatography. The majority of the protein samples remained in in the pellet of the cell lysate
(“Pellet” lanes in Figures 8A, 8B, and 8C). Proteins suspended in the supernatant after
centrifugation did not bind onto the Ni-NTA resin when loading onto the chromatographic column
(“FT” lanes in Figures 8A, 8B, and 8C). No protein samples are found in lanes with imidazole
elution fractions.
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Figure 8: Overexpression and purification of HelD truncations.
(A) SDS-PAGE analysis of Ni-NTA column purification of truncated N-terminal domain (NTD).
(B) SDS-PAGE analysis of Ni-NTA column purification of truncated C-terminal domain (CTD).
(C) SDS-PAGE analysis of Ni-NTA column purification of truncated full-length (FL).
Attempt to Recover HelD N-terminal Truncation Inclusion Bodies
Unsuccessful purification of truncated HelD polypeptide chains suggests that the expressed
proteins formed inclusion bodies in solution. As an attempt to recover NTD truncated version of
HelD that were expressed in BL(21)DE3 RIPL, inclusion bodies were recovered from cell lysate
by centrifugation at 8000 g for 15 minutes. After centrifugation, the pellet was dissolved in 8 M
urea. The sample was centrifuged to collect the supernatant containing NTD. The supernatant was
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subjected to overnight dialysis at 4OC against a buffer containing 10 mM Tris-Cl pH 8, 50 mM
NaCl, 1 mM DTT and 1 mM EDTA. Next the dialyzed sample was centrifuged for 15 minute,
8000 g, at 10OC to remove precipitates. The supernatant was subjected to purification using NiNTA
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exchange

column

chromatography.
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Figure 9: Purification of truncated N-terminal domain of HelD from inclusion bodies protein
sample.
(A) SDS-PAGE analysis of purification of NTD inclusion bodies cell extract using Ni-NTA
column chromatography. (B) SDS-PAGE analysis of purification of NTD inclusion bodies cell
extract using Q-sepharose anion exchange column chromatography. (C) Chromatogram of
purification of NTD inclusion bodies cell extract using Q-sepharose anion exchange column
chromatography. Protein purification is monitored by UV absorbance at 280 nm.
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First, the dialyzed protein samples were purified using Ni-NTA affinity chromatography.
Truncated NTD of HelD was purified from the elution fractions of the column (Figure 9A). Next,
the pooled fractions were loaded onto the Q-sepharose anion exchange column for purification
using AKTA system. The protein levels in eluted fractions were measured by UV absorbance at
wavelength 280 nm, and the data are shown in the chromatogram in Figure 9C. SDS-PAGE
samples were prepared for fractions within the protein peaks and are shown to contain the truncated
NTD (Figure 9B). These fractions identified to contain the NTD truncations were pooled together
and concentrated for crystallization tray set-up.

Crystallization of Wild-Type HelD and Truncated N-Terminal Domain of HelD
Attempts were made to crystallize the native HelD and the engineered truncated N-terminal
domain of HelD using commercial crystallization screens and simple mixtures of precipitant. Selfprepared precipitant mixtures test HelD crystallization behavior based on a number of parameters
that can affect protein crystallization: ionic strength with various concentrations of salts [NaCl,
KCl, (NH4)2SO4], pH, additives (ethylene glycol, PEG 550), detergents (CHAPSO), substrates
(AMPPNP, U18 oligonucleotide) and reducing agents (2-betamercaptoethanol, TCEP, DTT).
Purified concentrated sample of wild-type HelD was sent to High-Throughput Crystallization
Screening Center at Hauptman-Woodward Medical Research Institute for crystal-growth
screening with 1536 different conditions. Unfortunately, no protein crystal was observed for the
screens performed.
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HelD Displays ATP-Dependent Helicase Activity
Interaction between HelD and nucleic acids is a crucial function for helicase activities in
proteins like HelD. The EMSA experiment in this study aims to confirm functionality as well as
to characterize the activity of the protein. Conceptually, free linear DNA migrate the fastest when
electrophoresed through a gel matrix, whereas DNA interacting with protein are retained by the
gel matrix due to the increase in size of the complex and not migrate as quickly as the free DNA.
In Lane 1 of Figure 10, only U18 oligonucleotide sequence is incubated, resulting in a single band
which migrated the farthest distance from the gel well. Increasing concentration of HelD at
constant amount of U18 DNA demonstrates increased protein-DNA complexes (lanes 2-5, Figure
10). With the addition of 10 M of ATP, two bands of DNA of differing migration distance were
observed (lanes 6-9, Figure 10). With the exception of lane 8, additive protein-DNA interaction is
observed with increasing concentration of HelD added into the incubation.
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Figure 10: Electrophoretic mobility shift assay of HelD and U18 oligonucleotide.
To characterize the ability of HelD to interact with nucleic acids and to unwind DNA in an ATPdependent manner, varied concentration of HelD sample was incubated with 1 M U18
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Negative Stain EM and Cryo-EM of HelD-RNAP Complex
Negative-stain electron microscopy (EM) is an analytical imaging procedure to determine
protein sample quality. This is performed before the sample is imaged and processed by singleparticle cryo-EM. The purified HelD-RNAP complex was stained with uranyl formate then imaged
using a transmission electron microscope. An image field of the data collected is shown in Figure
11. The close packing of the particles made particle picking difficult to generate a low-resolution
model from the data collection. Therefore, the sample may be too concentrated, and is suggested
to be diluted for the next round of EM imaging.

Figure 11: An image field of negative stain EM with HelD-RNAP complex.
The protein complex was stained with uranyl formate and imaged using Teknai Biotwin
Microscope.
The purified sample of HelD-RNAP complex was also imaged using cryo-EM technique.
The sample was applied on applied to glow discharged carbon grid, blotted to remove excess
solution, plunge-froze in liquid ethane to create vitreous layer of protein samples. An image field
taken by the electron microscope is shown in Figure 12. An example of a HelD-RNAP particle is
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circled. Some air-water interspace, observed as grey bubbles in the image field, have formed.
Although the particles are dispersed throughout the carbon grid upon plunge freezing, aggregates
are observed on the periphery of the image field, which prevents particle picking because discrete
particles cannot be defined within this region. As a result, the particular interaction of the particles
with the grid impede the particle selection process for classification of particles and also reduces
the number of particles available are data processing.

Figure 12: An image field of cryo-EM with HelD-RNAP complex.
Protein sample was applied to glow discharged Lacey Carbon No. 01824 grids (Tedpella),
blotted for 3 seconds, plunged frozen in liquid ethane using FEI Vitroblot, then imaged using
FEI Titan Krios Microscope.
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DISCUSSION
In this study, I attempted to determine the structure of HelD and HelD-RNAP complex by
various techniques. In general, proteins are dynamic machineries and do not adopt a single
conformation state to carry out their cellular functions. However, to employ high-resolution X-ray
crystallographic techniques for structure determination of macromolecules, a homogenous crystal
comprised of static particles in periodic arrangement is needed. Initial attempt of wild-type HelD
purification and crystallization did not produce protein crystals.
By nature, some proteins are difficult to crystallize, and there are yet no standard guideline
to identify optimal conditions to crystallize a novel protein. To enhance crystallization of HelD, I
sought to remove regions of the protein that are flexible and generate local disorder, hindering
compaction of the particles in a lattice structure. Consequently, limited proteolysis assay was
performed in this experiment to help design stable truncated domains of HelD to improve
crystallization of the protein. Upon identification of the stable domains of HelD, the gene of the
fragments were separately cloned and overexpressed. However, purification of the truncated
portions in were unsuccessful due to insolubility of the polypeptides, where inclusion bodies of
overexpressed proteins formed upon cell lysis.
I then tried to recover the truncated N-terminal domain inclusion bodies by refolding the
protein. This is achieved by exposing the inclusion bodies of the polypeptide to a chaotropic agent,
namely urea, to unfolding the protein in solution, then allow the molecules to slowly refold by
overnight dialysis. Nevertheless, protein refolding is a relatively inefficient process to recover
protein samples. Moreover, there is not guarantee that the refolded protein is in its native state. Gel
filtration column chromatography of NTD purification (Figure 9C) show more overlapping peak
fractions; however, SDS-PAGE analysis (Figure 9B) of the fractions collection within those
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protein peaks display similar protein bands in each of those fractions. It is likely that more than
one conformation of HelD are present in the dialyzed, refolded protein sample. Ultimately,
successfully purified sample of truncated NTD was concentrated for crystallization screening
along with concentrated purified wild-type HelD sample. Although initial crystallization trials did
not yield positive results, there remain many parameters within this system to examine and the
approach is yet to be refined.
The crucial ability to interact with nucleic acids in helicases was examined using
electrophoretic mobility shift assay. To ensure that the HelD sample contains functional helicases,
EMSA enables detection of HelD interaction with DNA as well as ATP-dependent helicase
activity/. Incubation of wild-type HelD with U18 oligonucleotides (30), which serves as a singlestranded and double-stranded DNA scaffold, result in protein-DNA complex formation (Figure
10). Addition of ATP to HelD and oligonucleotides result in changes in DNA conformation as
detected with two different migrations of DNA samples, providing biochemical basis for the
function of HelD in unwinding DNA in an ATP-dependent manner.
Preparation of HelD-RNAP complex sample was prepared for structural determination
using single-particle cryo-EM. Using this technique, the protein particles are imaged under
hydrated, non-crystalline state. Negative-stain EM was performed to assess the quality of the
protein sample. Visualizing the sample under the electron microscope, the concentration of the
sample may need to be diluted to allow effective particle picking and data processing for cryo-EM
data collection. At the point of this publication, no structure of HelD has been published. Singleparticle cryo-EM is a promising technique to elucidate the structure of the protein, for
crystallization trials with wild-type HelD and constructed HelD truncations yield no positive
protein crystallization results. The HelD-RNAP complex sample was plunge-frozen and was
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imaged using cryo-EM; however, the data collected shows that particles are not evenly dispersed
across the carbon grid. Therefore, data processing using the collected images may not yield
sufficient resolution if a protein structure model were generated.
The wild-type HeLD was most extensively studied in this work due to feasibility of its
preparation and purification. Truncations at the C-terminal domain and of the full-length sequence
were unsuccessful in initial purification approaches. Similar to recovery of the truncated Nterminal domain purification, recovery of the truncated polypeptide inclusion bodies can be
explored using similar biochemical approaches. While the crystallization results for obtaining
protein crystal are negative, more parameters can be probed to determine the optimal
crystallization condition. Moreover, single-particle cryo-EM data collection of the HelD-RNAP
complex is encouraged to elucidate the structure of this novel protein. To improve the conditions
of the protein sample to enhance data collection, the dispersity of the particles can be refined by a
variety of parameters, such as the buffer the sample is in, grid types for sample imaging, addition
of cross-linking agent, and freezing and blotting methods of protein sample for cryo-EM imaging.
This study attempts to characterize HelD by using biochemical assays to detect helicase
activities and to determine the 3D structure of the protein using X-ray crystallography and singleparticle cryo-EM. Limited publications on biochemical studies of HelD have been published; the
most recent is by Wiedermanova et al, 2014 which establishes HelD as a valid interacting partner
with B. subtilis RNA polymerase. This finding confirms HelD as a player involved in bacterial
transcription. Future works to elucidate the structure and biological role of this protein can provide
researchers better understanding on bacterial transcription regulation.

40
APPENDIX
FASTA sequence of Bacillus subtilis helD
CTATGCTTCATGTAAATAGAAAAAAGAGAAGGACTCCCTTCTCTTCATTCAGCAATCTGA
TATAAGTGAGGCGGCACAGCGGTTACAAACGGACTGGCTTCACCTGTATAAAATACCGCC
AGCATGTGCATCGCACGGGTGCACGCAGTATATAAAAGCCTGCGGTCGTGCTCTGTATGA
TAGTGTTCTTCAGATGCATCATAGACAAGCACTGCGTCAAATTCAATTCCCTTCGCTAAA
TACACCGGAATCACGCAAACACCCTTTTGAAATGGTTGATTTTCTTTATGAATCAGGCGA
ACATCTGTATATTCACTCATGTGGGCGTGCGCCTGTATGCATTGATGCGCAGTCTTGCAG
ATGACGGCTATTGTTTCGTGCCCTTTTTTCTTGAGCCGGCCAATTTCTTGCGCGAGCTTT
TGGCAAAGGCTCTCATGTCCTTCAGTTTTGACAACGAGCGGCATTTCCCCGCTTCTATTA
AACGGCTCAATATCCGCTCCATCTTGAAGCATCGCTTTGGTAAACTCGACAATCTGCCTT
GTTGATCTGTATGTTCTCTTTAAACGAACATACTCAGCAGGCTCATCCTCAAAGCACGCA
TCCATACGCTGATCCCCGTTTATGGTATGCGCGTAGATGGACTGATTGATATCACCGAGC
ACTGTCATGCTGGCAGCCGGAAAAATGCTTCTCATGTAAGCCATCTGAAACGGTGAATAG
TCCTGGGCTTCGTCAATAAATAGATGTTTGATTTTCGTATTTTTCTTTCTGCCCTCAATC
AGATCCTGCATATAAAGAAACGGTGCCGCGTCCTCATAGAGCAATTTATTATCCGTAAAT
GCCGAACGGGTCAGCTCACCTATCGCATCCATCTTCTCATGTTGAAATTTTCCTCCCCAG
CCAGAAAACAATTGCAAATAAAGTTGTGTAACATCAAGAAATGCAAGGAGCCTGACTGCC
TGTTTGAGCGGTTTGAAAGCTTTTTTCACAATGATGGCGGCAAGCAGCTGCTGCTCTCTT
TGATAATCGTTAAACGTACTCTCGCTGAACCGTTTCCTTTCCTGCAGTTTTTTGTACACG
TCCAAGTAGTCCTCTTTGTCAAGCAGCTCAGCTTCATGAACAACCCAATCCTTTCGCCGT
TCCTTTTTCTCAAGCTTGTTAAGCTCACTCAGCAGCCACTTCGCGGTTTGCTCCATCCGA
TTCGGAATGGAGTGATTTTGATCCAATGAGTAAAAATAGGATTGAATTTGCTCCTTTGTG
ATCAGCTTTTGTCCGCGGAATATAATATTTTTAAAAATCATCCCTTCAGAGGAAAGCCGT
GTGACGTATTCATTAATGAATTGCTGAAAGGATAAACCCGCCTTCCATGTGATTCCTGCA
AGCCTTGTTGGAAAATCGCCTCCCTTTGTTTCGGTCAGGCAATATTCGAGCTGATCAAAG
GGGCTTTCACATTTGAACTTGCGGCCAAGACGATGCTCGATATATTCCTGAAACGTCGCC
TGCTCCATATTCTCTTCTCCTAACTCCGGCAAAACAGAGGAGACATAGCTGTTAAATAAG
AAGTTGGGTGAAAACAAAACGATTTGTCCGGCATCAATGACACCGCGGTGCCTGTATAAC
AAATAAGCGACACGCTGAAGCGCAGCCGATGTTTTCCCGCTGCCAGCCGCTCCCTGCACG
ATCAGGATCTTGCTTTTTTCATTACGGATAATCTGATTTTGTTCTTTCTGAATCGTAGAC
ACGATGTTTTTCATTTGGGTATCAGAGTGATGGCTTAATACCTCTTGCAGCATTTCATCG
CCAATCGTCATATCGGTATTAAACATCGCCTTGAGAGTGCCGTTTTTGATCATAAACTGG
CGTTTCAGCACCATTTCCCCTTCTATCGTTTCACCGGGCACCTCGTACTCCGCTTTTCCT
GGGGAATAATTGTAGTACAAACTTGATATCGGCGCCCTCCAGTCATAGATCAGAAAGTGT
TCCTCCTTCTCATCCAAACAGGAAGCTAAACCGATATAAATTCGCTCTGCCTGCTCCTCG
CCGTTTTCAATAAAATCAATCCGGCCGAAATAAGGCGATTTTTTCAATTGATGAATTCGT
TTGAGCTGCTGATCCATGCGCCGATGATTGTGTTCCCGATCAGACAGCAGCTCTGCCTGC
TGCTTAATGCTAGCCATCGTTTCAATCGCTTCATGGGCATCATCAAAATTAACCTTAACA
TCCTCCCAAAAGCTTTTTCTTAATCCGATGATATCATGCTTCAACCCGCCCGCAGACGTT
TCCAGAAACCGCTCTTTTTTTTCGAGCTCCTTCAGCACCTCATCTATTCTCGACTGCTCT
TCCTTCCATTCCTTATCCTGCTGATTCATGAACGGCACCTCCAGAAAATAGTTGACAAAC

Amino Acid Sequence of B. subtilis HelD
MNQQDKEWKEEQSRIDEVLKELEKKERFLETSAGGLKHDIIGLRKSFWEDVKVNFDDAHEAIETMASIKQ
QAELLSDREHNHRRMDQQLKRIHQLKKSPYFGRIDFIENGEEQAERIYIGLASCLDEKEEHFLIYDWRAP
ISSLYYNYSPGKAEYEVPGETIEGEMVLKRQFMIKNGTLKAMFNTDMTIGDEMLQEVLSHHSDTQMKNIV
STIQKEQNQIIRNEKSKILIVQGAAGSGKTSAALQRVAYLLYRHRGVIDAGQIVLFSPNFLFNSYVSSVL
PELGEENMEQATFQEYIEHRLGRKFKCESPFDQLEYCLTETKGGDFPTRLAGITWKAGLSFQQFINEYVT
RLSSEGMIFKNIIFRGQKLITKEQIQSYFYSLDQNHSIPNRMEQTAKWLLSELNKLEKKERRKDWVVHEA
ELLDKEDYLDVYKKLQERKRFSESTFNDYQREQQLLAAIIVKKAFKPLKQAVRLLAFLDVTQLYLQLFSG
WGGKFQHEKMDAIGELTRSAFTDNKLLYEDAAPFLYMQDLIEGRKKNTKIKHLFIDEAQDYSPFQMAYMR

41
SIFPAASMTVLGDINQSIYAHTINGDQRMDACFEDEPAEYVRLKRTYRSTRQIVEFTKAMLQDGADIEPF
NRSGEMPLVVKTEGHESLCQKLAQEIGRLKKKGHETIAVICKTAHQCIQAHAHMSEYTDVRLIHKENQPF
QKGVCVIPVYLAKGIEFDAVLVYDASEEHYHTEHDRRLLYTACTRAMHMLAVFYTGEASPFVTAVPPHLY
QIAE

Oligonucleotide Sequences Used Throughout This Study
Primers to amplify the truncated N-terminal domain of the HelD gene (42-425) from pHelDHis6 plasmid stock:
Forward: TTATCCATGGGATTAAGAAAAAGCTTTTGG
Reverse: AAATAGGTACCTTAGTCAAGCAGCTCAGCT
Primers to amplify the truncated C-terminal domain of the HelD gene (449-773) from pHelDHis6 plasmid stock:
Forward: ATTATCCATGGATAAACAGGCAGTCAGGCT
Reverse: ATTAAGGTACCTCATTCAGCAATCTGATAT
Primers to amplify the truncated full-length of the HelD gene (42-425) from pHelD-His6
plasmid stock:
Forward: TTATCCATGGGATTAAGAAAAAGCTTTTGG
Reverse: ATTAAGGTACCTCATTCAGCAATCTGATAT
U18 DNA sequence used for EMSA analysis (“/” indicates turns in sequence to form ds-DNA
complex with ssDNA overhang):
CGAGCACTGCACTC/GAGTGCAGTTGCTCG/TTTTAT
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