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Carly E. Winton
ABSTRACT
The research presented in this thesis aims to uncover the intricate manner in which
BRCA1 interacts with RNAP II during mRNA production utilizing a unique microchip system
developed in our lab. We were first able to prove the effectiveness of our tunable system using a
breast cancer model of patient derived triple negative breast cancer (TNBC) cells. Here we
switched out different mammalian antibodies and collected images of the same structure from
different angles. This served many purposes: (1) it proved the system could be tuned for specific
uses; (2) it demonstrated that all subunits were present in the complex; (3) it eliminated the need
for the tilt function allowing for a less intensive computational procedure. In the BRCA1 wild
type cell line we were able to incorporate into our 3D reconstruction, atomic models of the
BRCA1-BARD1 heterodimer and the RNAP II core in regions of major unoccupied density.
Other areas of minor missing density were overlaid with a short strand of DNA and ubiquitin
moieties, which proved agreement with Co-IPs. Next we sought to compare the wild type
structure with a BRCA1 mutant variety. Using these techniques, we determined the 3D structure
of the mutated complex. After further analysis slight differences were detected between the two
complexes, especially in the placement of the atomic models.
Overall we were able to determine structural abnormalities that occur when a mutation is
present in BRCA1 that may have future applications for targetable therapy in TNBC patients.
Moreover, by using TNBC as the disease model, we have created a platform that can be used to
evaluate other human diseases due to the tunable nature of our microchip system.

Acknowledgements
This research is supported by funds from Virginia Tech, the Institute for Critical
Technology and Applied Science (ICTAS) at Virginia Tech, the Commonwealth Health
Research Board [2080914], the Concern Foundation [303872], and NCI/NIH [R01CA193578] to
Dr. Kelly. I am funded through the ICTAS Doctoral Scholar’s program at Virginia Tech and the
Medical Research Scholar’s program at the Virginia Tech Carilion Research Institute. I would
like to thank my funding sources that enabled me to perform the research and supported me
during my graduate studies.
I would especially like to thank my advisor Dr. Kelly for mentoring me throughout my
entire graduate studies. My lab members in the Kelly lab acted as my teachers, co-workers, but
especially friends during my graduate studies and I am thankful for everything they have shared
with me. Also I would like to thank my committee members for their advice and helpful
feedback.
Lastly I would like to thank my family and friends. Without their continuous love and
support I would not be where I am today.

iii

Attribution
Several colleagues contributed to the experimental design, data collection, and data analysis
presented in this thesis. The contribution of each author is included here.
Chapter 2:
Brian L. Gilmore, MS (Virginia Tech Carilion Research Institute) is currently a research
associate in the Kelly Lab. Mr. Gilmore is a co-author of this chapter and helped to conceive,
design, and perform the experiments.
Andrew C. Demmert, MD (Department of Medicine, Virginia Tech Carilion School of
Medicine) worked as a medical research assistant in the Kelly Lab. Dr. Demmert is a co-author
of this chapter and helped perform the experiments and image processing procedures.
Justin R. Tanner, PhD (Virginia Tech Carilion Research Institute) worked as a postdoctoral
researcher in the Kelly Lab. Dr. Tanner helped perform the image processing procedures.
Sam Bowman (Virginia Tech Carilion Research Institute) worked as a research assistant in the
Kelly Lab. Mr. Bowman helped perform the image processing procedures.
Vasilea Karageorge (Virginia Tech Carilion Research Institute) is currently a research assistant
in the Kelly Lab. Ms. Karageorge helped perform the experiments.
Kaya Patel (Virginia Tech Carilion Research Institute) worked as a research assistant in the
Kelly Lab. Ms. Patel helped perform the experiments.
Zhi Sheng, PhD (Virginia Tech Carilion Research Institute) is currently a Research Assistant
Professor at the Virginia Tech Carilion Research Institute. Dr. Sheng helped conceive and
design the experiments and contributed to editorial comments.
Deborah F. Kelly, PhD (Virginia Tech Carilion Research Institute and School of Biomedical
Engineering, Virginia Tech) is currently a Research Assistant Professor at the Virginia Tech
Carilion Research Institute. Dr. Kelly helped conceive and design the experiments and
contributed to editorial comments.
Chapter 3:
Brian L. Gilmore, MS (Virginia Tech Carilion Research Institute) is currently a research
associate in the Kelly Lab. Mr. Gilmore helped to perform the experiments.
Andrew C. Demmert, MD. (Department of Medicine, Virginia Tech Carilion School of
Medicine) worked as a medical research assistant in the Kelly Lab. Dr. Demmert helped perform
the image processing procedures.

iv

Zhi Sheng, PhD (Virginia Tech Carilion Research Institute) is currently a Research Assistant
Professor at the Virginia Tech Carilion Research Institute. Dr. Sheng helped conceive and
design the experiments and contributed to editorial comments.
Deborah F. Kelly, PhD (Virginia Tech Carilion Research Institute and School of Biomedical
Engineering, Virginia Tech) is currently a Research Assistant Professor at the Virginia Tech
Carilion Research Institute. Dr. Kelly helped conceive and design the experiments and
contributed to editorial comments.

v

Table of Contents
Abstract .............................................................................................................................. ii
Acknowledgments............................................................................................................. iii
Attribution ........................................................................................................................ iv
List of Figures .................................................................................................................. vii
List of Tables................................................................................................................... viii
Chapter 1: Introduction.................................................................................................... 1
Opening Remarks .......................................................................................................... 1
Research Aims............................................................................................................... 7
Chapter 2: A Molecular Toolkit to Visualize Native Protein Assemblies in the Context of
Human Disease .................................................................................................................. 8
Justification ................................................................................................................... 8
Abstract ......................................................................................................................... 9
Introduction ................................................................................................................... 9
Methods ....................................................................................................................... 10
Results and discussion ................................................................................................. 13
Chapter 3: A microchip platform for structural oncology applications .................... 23
Justification ................................................................................................................. 23
Abstract ....................................................................................................................... 24
Introduction ................................................................................................................. 25
Methods ....................................................................................................................... 27
Results ......................................................................................................................... 32
Discussion ................................................................................................................... 43
Chapter 4: Concluding Remarks ................................................................................... 45
Research Summary ...................................................................................................... 45
Future direction ........................................................................................................... 46
Publication Outline ...................................................................................................... 47
References ........................................................................................................................ 49
Appendix .......................................................................................................................... 55
A1. Copyright Permission Document ...................................................................... 55
A2. Supplementary Figures ...................................................................................... 57

vi

List of Figures
Figure 1. The tunable microchip approach to capture native protein assemblies formed in human
cancer cells ........................................................................................................................ 16
Figure 2. BRCA1-associated transcriptional complexes sorted by 3D classification ...... 17
Figure 3. The composite EM reconstruction with the BRCT domain positioned in the density
map .................................................................................................................................... 18
Figure 4. The BRCA15382insC mutation likely alters interactions with RNAP II and BARD1
........................................................................................................................................... 20
Figure 5. The tunable microchip system captures native proteins produced in breast cancer cells
........................................................................................................................................... 26
Figure 6. EM structure reveals BRCA1 domains directly engage the RNAP II core proximal to
DNA in human breast cancer cells .................................................................................... 34
Figure 7. BRCA1 engages DNA in a variable manner while it is bound to the RNAP II core
........................................................................................................................................... 37
Figure 8. The BRCA1 C-terminal domain is located proximal to the RNAP II core ...... 38
Figure 9. EM structure of the mutated BRCA15382insC complex....................................... 40

vii

List of Tables
Table 1. Research presented in thesis. ................................................................................ 7
Table 2. Publication outline. ............................................................................................. 48

viii

Chapter 1: Introduction
Opening Remarks
Molecular assemblies act as nanomachines working to build, repair, and destroy cellular
entities throughout the human body everyday. These processes are a necessity for human life
and therefore the intricate manner in which they operate is of high interest to scientists,
physicians, and engineers. The question arises as to how these machines can be studied. In
terms of structure, which helps to define function, the molecular machines can be viewed by
transmission electron microscopy (TEM). Originally, TEM required all weak phase objects to
undergo negative staining, a process that imparts enough contrast for viewing the object under
the microscope. This technique, although very useful, sometimes deforms the specimen due to
the heavy metals applied during the staining process resulting in spatial limitations in 3D
reconstructions. The development of cryo-EM relieved this problem as the biological
assemblies, which are loaded onto a microchip or carbon grid and plunge-frozen at high velocity
into liquid ethane, could be preserved in a thin film of vitreous ice without disrupting crucial
protein-protein interactions or imparting any deformations.
Copper grids having thin films of amorphous carbon are commonly used in EM specimen
preparation[1]. The thin carbon films may also contain micron-sized holes that allow for an
acceptably transparent background to visualize cryogenically frozen biological specimens. Still,
there are many limiting factors that bring about the need for more optimal material. Factors that
constrain spatial resolution include specimen charging, beam-induced movements, and other
noise-producing artifacts. New advances in technology to record pristine images of weak phase
objects include EM phase-plates, direct electron detectors, and in-column energy filters[2]. To
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best implement these new tools, it is also critical to develop the next generation of specimen
support materials.
Many different materials have been developed worldwide and are available to test as
alternative materials for EM support films. Some of these alternative materials include
conductive titanium-silicon metal glass (Ti88Si12)[3], silicon carbide (cryomesh)[1],
graphene[4], and silicon nitride (cryo-SiN)[5]. Previously our lab has published results using
cryo-SiN to attach active viral assemblies to functionalized microchip surfaces while also
preserving them for cryo-EM imaging[6]. A major benefit we have found in the Silicon Nitride
(SiN) material is its unique surface property, which creates a versatile platform that can be
decorated with different adaptor molecules. The adaptability of the chip is instrumental in
creating a tunable setting. The tunable devices that we have manufactured in the Kelly Lab
enabled the visualization of native protein assemblies from patient-derived cancer cells[7]. The
novelty of the tunable system lies in the ability to be customized and can be used to examine a
broad spectrum of human diseases.
Another issue that is critical to consider with image reconstruction studies is the
orientation of each specimen in space.

Following conventional specimen preparation

procedures[8], many images are required as every orientation must be accounted for and
included in the 3D reconstruction calculations. Typically when the specimens are loaded onto
the grid, they become locked or fixed in a particular orientation requiring the tilting function of
the microscope to be employed. This is a necessary step in order to collect all of the essential
information included within the entirety of the sample, which is both computationally and time
intensive. Therefore to better understand the molecular underpinnings of the assemblies and
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reduce processing time, we developed a tunable microchip system that can be uniquely
manipulated to accommodate the properties of a wide variety of biological samples.
Our design is a new approach that can aid in the visualization of proteins and protein
assemblies across a multitude of human diseases. We employ SiN microchips to serve as the
base of our tunable assembly. The SiN microchips are placed over a lipid monolayer that
contains Nickel-nitrilotriacetic acid (Ni-NTA) functional groups formed over a small water
droplet. Upon removal from the water droplet, the lipid-coated chip is incubated with His-tagged
protein A, a protein with a high binding affinity for both Ni-NTA residues and mammalian IgG
antibodies. This step is critical in our process, as the addition of protein A/IgG antibodies
enables our system to be easily tuned for specific uses due to the commercial availability of
antibodies. After the antibody of choice is added to the assembly the sample is applied to the
decorated microchip. The addition of the sample completes the tunable system, which can then
be incubated with uranyl formate for negative staining or plunge frozen into liquid ethane for
cryo-EM analysis. Previously, we have shown that the use of SiN microchips resulted in more
highly resolved images, as the contrast was more optimal[6].
To expand the use of this system to probe disease conditions, we employed a breast
cancer model system. This model was chosen because little to no structural information exists
for proteins formed in invasive breast cancer cells, and we were interested in investigating the
molecular underpinnings of a specific subtype of triple negative breast cancer. Invasive breast
cancer is a leading killer of women with ~250,000 new cases expected to occur this year in the
U.S. alone[9]. Germline mutations in the gene encoding for the breast cancer susceptibility
protein (BRCA1) are heavily linked to the development of familial forms of invasive breast and
ovarian cancers[10-12], accounting for ~25% of all diagnosed cases[13-15]. Also, the rapid
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proliferation of breast cells during puberty and pregnancy provide the unfortunate timing for
developing spontaneous mutations in the BRCA1 gene[16]. These events coincide with
progressive DNA damage as reactive oxygen species are produced within mammary cells due to
the normal processing of estrogen[17]. If left unattended, DNA insults can block transcription to
perpetuate errors in the genome. Reduced levels of BRCA1 or BRCA1 mutations, compounded
with insufficient lesion repair pathways, provide a tipping point toward cancer induction[18, 19].
The details of these mechanisms are poorly understood at the molecular level.
BRCA1 is involved in many important aspects of cell survival. For example BRCA1
operates in the nucleus of the cell to help coordinate global genomic repair processes and
transcription[20]. BRCA1 performs these duties in association with its binding partner BARD1
(BRCA1-Associated Ring Domain protein)[21].

In this capacity, BRCA1 acts as a tumor

suppressor to safeguard genetic material[22, 23]. A prime opportunity to monitor and correct
errors in DNA occurs during transcription. The BRCA1-BARD1 heterodimer participates in
these events as related repair proteins are found in proximity to exposed regions of DNA as it is
being transcribed[24, 25], although the manner in which BRCA1 interacts with RNA polymerase
II (RNAP II) remains unclear.
When molecular machines are faulty, the processes in which they are involved can
become unstable and develop into a disease, such as cancer. As BRCA1 mutations are linked to
cancer induction in triple negative breast cancer, it is likely that such a mutation could disrupt the
delicate equilibrium that BRCA1 helps to maintain within the cell.

BRCA1’s role in

transcription-coupled repair is an important function to understand because it serves as the last
line of defense to ensure that faulty mRNAs are not produced. Therefore, acquiring a better
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understanding of the role of BRCA1 and how BRCA1 mutations disrupt its functions within the
cell could shed light on a faulty mechanism that promotes cancer induction.
Here, we present new information that utilizes our newly developed microchip
technology to visualize RNAP II as it associates with the BRCA1-BARD1 heterodimer during
mRNA production. This process permits us to examine protein complexes formed in the nucleus
of patient-derived triple negative breast cancer cells, with and without a BRCA1 mutation. To
accomplish this goal, we first needed to separate the cell’s nuclear material away from the other
cellular components. We employed a commercially available nuclear extraction kit to isolate
nuclear proteins. The extraction step was followed by a chromatography step that enriches for
RNAP II core complexes. The RNAP II core complexes that were associated with BRCA1
served as the input material that is added to the tunable microchip system. We have also
biochemically analyzed the SiN microchips with and without antibodies to ensure that our
nuclear fractions contained the desired complex[26]. The microchips without antibodies failed
to recruit complexes, whereas the addition of antibodies against BRCA1 resulted in the
recruitment of the proper transcriptional complexes. In agreement with our structural studies, coimmunoprecipitation (co-IP) experiments revealed that RNAP II, BRCA1, and BARD1 were all
interacting in the microchip-isolated complexes.
Another advantage of using our microchip system is that the complexes attached to the
microchip surface, while still maintaining some rotational freedom in solution. This distance is
due to the antibody tethering system that creates space between the microchip surface and the
attached assemblies in frozen-hydrated specimens. This process streamlines the reconstruction
calculations, as the tilt function of the microscope is not required. We utilized both methods of
negative staining and cryo-EM to reconstruct the BRCA1-associated transcriptional complex in
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3D. The negative stain data encompassed images collected using the microchip system decorated
with different antibodies against 1) the N-terminal RING domain of BRCA1, and 2) the Cterminal BRCT domain of BRCA1. The relative positioning of the bound antibodies to the
complexes was also used to ensure proper placement of atomic models into our density map.
The cryo-EM data was analyzed with algorithms implemented by computer processing
programs. The SPIDER[8] and PARTICLE[27] software packages were used to select individual
particles from each image. The selected particles were then imported into the RELION software
package[28] as an image stack. RELION was used to calculate 3D density maps employing
Bayesian statistics and an initial reference map of RNAP II[29]. Utilizing our EM image data,
we were able to uniquely fit the atomic models of the BRCA1-BARD1 RING terminal
domain[30], BRCA1 C-terminal domain (BRCT)[31], and the RNAP II core structure[29].
Upon further analysis we were able to detect differences between the wild type and mutant
BRCA1-transcriptional complexes, including the positions of atomic models within the different
maps. In the wild type (WT) complexes, there was unoccupied density to place a short strand of
DNA as well as two ubiquitin moieties[32]. The mutant complexes did not have additional space
to accommodate DNA, but ubiquitin moieties[32] could be added, albeit at sites different from
the WT placements.
Overall, our novel microchip technique has enabled us to efficiently compare the 3D
structures containing WT and mutant BRCA1-associated transcriptional complexes. The ability
to detect, even subtle, differences between WT and mutant structures is pivotal in the stride
towards improving the treatment plan for patients succumbed to such a devastating disease as
TNBC. Therefore it is imperative to continue advancing our current studies to unveil the inner
workings of BRCA1 that create genomic instability in their faulty state. The tunable platform
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that we have created has made it possible to study BRCA1 assemblies formed in patient derived
invasive breast cancer cells, and the design of our system opens the doorway for future studies
encompassing a multitude of human diseases.

Research Aims
To better understand the function of BRCA1 and how BRCA1 mutations cause genomic
instability and promote cancer induction, the molecular underpinnings of BRCA1 must be
evaluated. As structure can help to define function, we employed EM techniques to reproduce
the structure of the BRCA1-associated transcriptional complex. The first study presented in this
thesis was designed to test the implementation of the new tunable microchip system developed in
the Kelly lab using a breast cancer cell model as well as to determine the 3D structure of the WT
BRCA1 complex. (Table 1) Atomic models were then fitted within the density map using the
EM image data. A WT breast cancer cell model was utilized in this first study. The next study
included a BRCA1 mutation. In the second study, the same techniques as the first study were
employed in order to determine the 3D reconstruction of the mutated BRCA1 complex. (Table
1) Atomic models were also positioned within the mutated density map and the positioning of
the models within the map was compared to the WT results.
Chapter
Introduction
Chapter 2

Research Aim
Improving our Vision of Molecular Disease States
A Molecular Toolkit to Visualize Native Protein Assemblies in the Context of
Human Disease
A
microchip
platform
for structural oncology applications
Chapter 3
Table 1. Research presented in this thesis.
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Chapter 2: A Molecular Toolkit to Visualize Native Protein Assemblies in the
Context of Human Disease
This section was reproduced from [7] with permission from Scientific Reports.
Gilmore BL, Winton CE, Demmert AC, Tanner JR, Bowman S, Karageorge V, Patel K,
Sheng Z, Kelly DF. A Molecular Toolkit to Visualize Native Protein Assemblies in the Context of
Human Disease. Sci Rep. 2015;5:14440.
Justification
Structural studies often result in striking reproductions of molecular assemblies, but more
importantly they can provide scientists with information about how each component of the
assembly interacts within the unit. The electron microscope is a powerful tool that enables the
collection of images of these assemblies, which can then be implemented into computer software
programs to calculate the structure in 3D. We developed a unique tool in the Kelly lab that
enables the recruitment of targeted protein assemblies directly onto antibody-decorated SiN
microchips. The SiN microchip acts as a platform that is laced with a lipid monolayer containing
Ni-NTA and can be tuned with the addition of different adaptor molecules and antibodies. This
tunable feature allows the microchip system to be adapted to different studies across various
disease models.
We were interested in studying the role of BRCA1 in transcription-coupled repair, as
germline mutations in the BRCA1 gene have been linked to the inheritance of invasive breast
and ovarian cancer that is known to result in poor clinical outcomes. To accomplish this task, we
utilized the electron microscope in the first study to analyze nuclear components of triple
negative breast cancer cells enriched with phosphorylated RNAP II. Utilizing the breast cancer
cell model, we exploited the capabilities of our tunable system. Following standard structural
reconstruction procedures, we were able to produce the wild type (WT) BRCA1-associated
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transcriptional complex in 3D. In areas of unoccupied density, we fitted the 3D density map
with atomic models of BRCA1, its binding partner BARD1, and the RNAP II core utilizing EM
imaging data. Other areas of missing density were overlaid with a short strand of DNA and
ubiquitin moieties employing molecular modeling techniques.

The structural data was

complimented with supporting biochemical analyses. These results provide structural evidence
of how BRCA1 interacts with RNAP II during transcription. Also these results serve as a model
of how the SiN microchip can be used in the context of human disease.

Abstract
We present a new molecular toolkit to investigate protein assemblies natively formed in
the context of human disease. The system employs tunable microchips that can be decorated with
switchable adaptor molecules to select for target proteins of interest and analyze them using
molecular microscopy. Implementing our new streamlined microchip approach, we could
directly visualize BRCA1 gene regulatory complexes from patient-derived cancer cells for the
first time.

Introduction
A current limitation in decoding the exquisite interactions that occur in human cells is the
lack of molecular techniques to investigate protein assemblies formed in their native
environment. In the context of human disease, this is particularly challenging. Standard
separation procedures to acquire protein assemblies are limited, in part, to the lengthy
chromatographic steps[33] that employ harsh chemicals to obtain the fragile biological output.
While functionalized surfaces have been successfully used to isolate proteins from model
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expression systems[34, 35], a novel strategy is to utilize Silicon Nitride (SiN) microchips in a
versatile manner to recover clinically relevant proteins from human cells in a pathological state.
To accomplish this task, we developed a new molecular toolkit using patient-derived cancer cells
that produce the breast cancer susceptibility protein, BRCA1. We elected to use this system
because (1) mutations in the gene encoding for BRCA1 are heavily linked to the development of
familial breast and ovarian cancers[10, 11], accounting for ~25% of all diagnosed cases[13-15];
(2) the manner in which BRCA1 works in concert with other protein machinery is ill-defined; (3)
molecular structures of complexes containing BRCA1 are heavily under-investigated despite
their clinical significance. During normal cellular activities, the BRCA1 protein associates with
its binding partner, BARD1 (BRCA1-Associated Ring Domain protein), to assist with genomic
repair events and RNA synthesis[36]. Although BRCA1 plays a critical role in these processes,
the precise manner in which BRCA1 interacts with other proteins remains unclear.

Methods
The preparation of BRCA1-associated complexes from human tumor cells. HCC70
and HCC1937 cells (ATCC) were grown to near confluence in RPMI-1640 medium (Mediatech)
supplemented with 10% fetal bovine serum (Fisher Scientific) in a 5% CO2 atmosphere at 37 °C.
Cells were detached with trypsin-EDTA (Life Technologies) followed by a brief centrifugation
(500 xg, 5 min.), washed with PBS and pelleted. The NE-PER extraction kit (Thermo Scientific)
was used to separate cytoplasmic and nuclear fractions. Nuclear extract (NE) was diluted in
HEPES buffer (20 mM HEPES, 2 mM MgCl2, 2 mM CaCl2, pH 7.2) to approximately 1 mg/ml
supplemented with 5 mM imidazole and protease inhibitor cocktail (EDTA-free, Roche). Diluted
NE (~1 mg/ml) was added to pre-equilibrated Nickel-nitroltriacetic acid (Ni-NTA) agarose beads
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(Qiagen) and incubated on a rotator for 60 minutes at 4 °C. The mixture was pooled into a
column and the flow-through was collected for analysis. The column was washed three times
with HEPES buffer supplemented with 140 mM NaCl and 5 mM imidazole. Proteins were eluted
with HEPES buffer with NaCl supplemented with 150 mM imidazole. Protein concentration was
estimated using the Bradford assay (Thermo Scientific).
Co-IP experiments. Ni-NTA eluates were pooled to obtain 200 μg of total protein per
immunoprecipitation and supplemented with protease inhibitor and phosphatase inhibitor
cocktail (Thermo Scientific). Five micrograms of antibody diluted in PBS-T (0.02% Tween-20,
Fisher) was added to 0.75 mg Dynabeads Protein G (Life Technologies). For co-IP analysis, we
used antibodies raised against either the RPB3 subunit of RNAP II (AbCam, ab83098), or the
BRCA1 C-terminal (BRCT) region (Santa Cruz Biotechnology, C-20), and normal mouse IgG
(SCBT sc-2025) as immunoprecipitations. The mixture was incubated with rotation for 30
minutes at 4 °C. The antibody-coated beads were subsequently washed in HEPES buffer prior to
adding pooled eluates. Protein was immunoprecipitated overnight at 4 °C with gentle rotation.
The beads were then washed three times with HEPES buffer followed by elution with NuPAGE
LDS sample buffer. Proteins were separated on 4–12% NuPAGE Bis-Tris mini gels with MOPS
running buffer before transferring onto an Immobilon-P membrane (Millipore) in a MiniPROTEAN Tetra system (Bio-Rad). Blots were blocked with a 1% non-fat dry milk (NFDM) or
4% bovine serum albumin (BSA, SCBT) solution for 1 hour with gentle rocking. Primary
antibody was diluted in 1% NFDM or BSA solution and incubated overnight at 4oC. Additional
antibodies employed were RNAP II (SCBT sc-9001, H-224), RNA Polymerase II H5 (pSer2specific) and H14 (pSer5-specific) (Covance MMS-129 and MMS-134), BRCA1 N-terminal
(RING) domain (Millipore, AB1, MS110), Polyubiquitin (K63-linkage-specific, Enzo BML-
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PW0600) and ubiquitin (K48-linkage-specific, AbCam ab140601). Blots were washed three
times with TBS-T (0.05%). Goat anti-rabbit or goat anti-mouse secondary antibodies conjugated
to horseradish peroxidase (Jackson ImmunoResearch) were incubated for 1 hour followed by
additional washing with TBS-T. ECL Prime western blotting reagent (GE Healthcare) was used
for detection and a ChemiDoc MP (Bio-Rad) for imaging.
Electron microscopy. We collected images of the BRCA1-associated complexes using a
FEI Spirit BioTwin Transmission Electron Microscope (FEI Company) equipped with a LaB6
filament operating at 120 kV under low-dose conditions (~5 electrons/Å2) for negatively stained
and frozen-hydrated samples. We recorded images on a FEI Eagle 2k HS CCD camera (FEI
Company) with a pixel size of 30-μm at a nominal magnification of 50,000×, for a final
sampling of ~6-Å per pixel. Images of negatively stained and ice-imbedded BRCA1-RNAP II
specimens were acquired using the same TEM and under the same conditions, but varying the
defocus. For 3D reconstruction calculations using the RELION software package[28], the initial
model was low-pass filtered to 80-Å resolution and was used only in the first phase of the
reconstruction routine to assign initial orientation parameters to each particle in the image stack.
The following iterations relied heavily on the experimental data with a regularization parameter
of T = 4 in order to refine the assigned angles. We employed a pixel size of 6-Å and a box size of
60 pixels while following standard reconstruction procedures[28]. For negatively stained
antibody-labeled specimens, we used the SPIDER software package to perform standard multireference alignment routines followed by principle component analysis and K-means
classification[8]. To interpret the results, we used the cross-correlation function implemented in
the SPIDER software package to match representative averages with filtered 2D projections of
the yeast RNAP II crystal structure[29] (pdbcode, 4A93). We calculated comparisons between
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the averages and 2D projections of the crystal structure with normalized cross-correlation values
greater than 0.8 (scale of 0–1.0; 0 meaning no similarities, 1.0 meaning identical) being
considered in similar orientations[37]. The composite EM structure is being made available for
download from the EMdatabank (accession code, EMD-6340).
Homology modeling. The primary sequence of the BRCA15382insC protein was submitted
for homology modeling to the SWISS-MODEL website (http://swissmodel.expasy.org), which
output the 3D coordinates of the structure in pdb format.

Results and Discussion
BRCA1 associates with the RNAP II core in hereditary breast cancer cells.

To

better define BRCA1 interactions in a hereditary breast cancer system, we interrogated the
nuclear contents of primary ductal carcinoma cells that express wild type BRCA1 (HCC70 line)
(Fig. 1a, Step 1). Protein complexes that contain active transcriptional assemblies can be
naturally enriched upon binding to immobilized-metal affinity matrices[38]. Consistent with this
observation, RNA Polymerase II (RNAP II) – the machinery responsible for mRNA production
in all human cells – BRCA1, and BARD1 contained in nuclear extracts co-eluted from Nickelnitrilotriacetic acid (Ni-NTA) agarose beads (Fig. 1a, Step 2). We tested for protein-protein
interactions in the eluted fractions by performing co-immunoprecipitation (co-IP) experiments
and western blot analysis. These results showed RNAP II complexes contained in the enriched
nuclear fractions can interact with BRCA1 (Supplementary Fig. 1a) and that the large subunit
of RNAP II (RPB1) was phosphorylated at serine 5 (pSer5) and serine 2 (pSer2) positions,
suggesting the complexes were in an active state[39]. We further detected that K63-linked
ubiquitin moieties were present at ~260 kDa and coincident with RPB1 migration on denaturing
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gels. This result indicated that the phosphorylated RPB1 subunit may also contain K63ubiquitins moieties, a known signal for DNA repair[40] (Supplementary Fig. 1b). K48-linked
ubiquitin moieties that signal for protein degradation were not detected. We then used the
enriched fractions as input for our microchip experiments (Fig. 1a, Step 3). To produce tunable
surfaces, we coated naturally hydrophobic SiN microchips having 10-nm thin windows
(TEMwindows) with lipid films comprised of Ni-NTA-functionalized phosphatidyl head groups
(Avanti Polar Lipids). For negatively stained samples, we used 5% Ni-NTA films and for cryoEM specimens we used 25% Ni-NTA films while employing 1,2-dilauroyl-sn-glycero-3phosphocholine (DLPC) filler material (Avanti Polar Lipids). Each lipid component was
constituted to 1 mg/ml in chloroform. The coated microchips were incubated for 1 minute with
aliquots (3-μl each) of protein adaptors including His-tagged protein A (AbCam) and switchable
IgG antibodies raised against either the N-terminal RING or BRCT domains of BRCA1 (Fig.
1b). His-tagged Protein A (AbCam) and the antibody adaptors were each diluted to a working
concentration of 0.01 mg/ml into buffer solution containing 50 mM HEPES (pH 7.5), 150 mM
NaCl, 10 mM MgCl2, and 10 mM CaCl2. The antibody solutions were added to the Protein-A
coated microchips and incubated for 1 minute, after which time the excess solution was gently
removed with a Hamilton syringe.
To test the specificity of our tunable microchips, we added aliquots (3-μl) of the enriched
nuclear material (fractions E1–E3, ~0.3 mg/ml) to microchips decorated with or without the
antibodies against BRCA1. Following a 2-minute incubation step with the microchips, the excess
solution was removed and either negatively stained with 0.2% uranyl formate for antibodylabeling analysis or plunge-frozen into liquid ethane using a Cryoplunge 3 device equipped with
GentleBlot technology (Gatan, Inc.). We refer to SiN used for cryo-EM as “Cryo-SiN”. Images
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and class averages of antibody-decorated microchips incubated with the enriched nuclear
fractions revealed specific protein complexes were present in sufficient quantities (Fig. 1c, left
and bottom panels). Protein A-decorated microchips lacking antibodies generally lacked
complexes (Fig. 1c, right panel). Overall, these results indicated that antibody-decorated
microchips could be used to recruit BRCA1-associated complexes from the fractionated nuclear
material. A key advantage of using the microchip capture system is that it required only a 30minute nuclear extraction, a ~60-minute fractionation of the nuclear material, and a ~5-minute
tethering step. This totals ~95 minutes from lysing the cells to preparing the specimens. Thus,
our streamlined approach presents a major departure from classical procedures that require days
to complete. Another advantage of the system is that transcriptional complexes could be attached
to the microchips via the BRCA1-specific antibodies, thus facilitating adequate BRCA1
occupancy in associated structures.
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Figure 1. The tunable microchip approach to capture native protein assemblies formed in human cancer cells. (a) Breast cancer cells were
lysed and the nuclear material was separated from the other cellular contents (Step 1, 30 min) and enriched (Step 2, 60 min) in RNAP II (RPB1
subunit, ~260 kDa), BRCA1 (~220 kDa) and BARD1 (~87 kDa) as identified by western blot analysis. The enriched material was applied to
tunable microchips (Step 3, 5 min) coated with a Ni-NTA lipid layer and protein A, along with switchable IgG antibodies. (b) The primary
sequence of BRCA1 is composed of the N-terminal RING domain (magenta) that forms a functional dimer with BARD1 (green; pdb code, 1JM7)
while the central region contains nuclear localization sequences (NLS) and sites for phosphorylation (P) and ubiquitination (Ub). The C-terminus
of BRCA1 is composed of two tandem BRCT domains (gray; pdb code, 1JNX). (c) EM images and representative class averages (bottom panel)
of specimens prepared on tunable microchips in the presence (top, left panel) and absence (top, right panel) of IgG antibodies against BRCA1
demonstrate the specificity of the method. Scale bar is 20 nm. The width of each panel of averages is 36 nm.

The first structural information of BRCA1 protein assemblies formed in human
cancer cells. In order to directly visualize the BRCA1-associated complexes tethered to the
Cryo-SiN microchips via the BRCT antibodies, we collected low-dose images (~5 electrons/Å2)
using a FEI Spirit BioTwin Transmission Electron Microscope (TEM) (FEI Company) equipped
with a LaB6

filament operating at 120 kV. Using automated routines in the PARTICLE

software package[27], we selected from the images ~22,000 individual BRCA1-transcriptional
complexes that were bound to DNA (Fig. 2a,b). The selection criteria implemented in
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PARTICLE did not readily identify proteins consistent with the size of BRCA1 alone or
BRCA1-BARD1, as these entities were small in comparison to the full BRCA1-associated
RNAP II core complexes. The selected BRCA1-transcriptional assemblies were exported as an
image stack into the RELION software package[28] that was used to refine and reconstruct the
selected complexes while employing an initial model for RNAP II[29] (pdbcode, 4A93).

Figure 2. BRCA1-associated transcriptional complexes sorted by 3D classification. (a) Schematic illustration of the rapid capture technique
used to tether BRCA1-associated complexes to Cryo-SiN microchips. (b) Representative cryo-EM image of BRCA1-containing RNAP II
complexes bound to DNA. Scale bar is 50 nm. (c) 3D classification of EM structures independently identified by the RELION software
package[28]. Each structure shows subtle variations in electron density, some of which are indicated by black arrows. The percentage of particle
images contained within each structure is indicated.

We performed 3D classification routines to assess the degree of intermediates present in
our image stack. We used the RELION software package to independently identify variable 3D
structures. Based on statistical likelihood comparisons computed between the particle images and
that of the initial model, five distinct structures were output, independent of the user-defined
starting parameters. The five 3D structures varied slightly in a few regions of density, some of
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which are indicated in Fig. 2c by black arrows. Overall, the cryo-EM specimens did not show
strongly preferred orientations as verified in the angular distribution plots of particle projections
that comprised each reconstruction. These plots were generated in RELION (.BILD format)
during the final cycle of refinement (Supplementary Fig. 2). Color designations in the plots
from blue to red indicate an increase in the number of particles at a particular coordinate. This
information enabled us to calculate a composite 3D structure by combining all of the particles.
The resolution of the final structure was ~2.2 nm using the gold standard FSC criteria (0.5) in
RELION (Supplementary Fig. 3a) and was masked at ~250 Å (Fig. 3a, Supplementary Fig.
3b).

Figure 3. The composite EM reconstruction with the BRCT domain positioned in the density map. (a) The EM density map is shown in
different orientations with the RNAP II core (yellow; pdbcode, 4A93[29]) and BRCT domain (gray; pdbcode, 1JNX[31]) positioned in the map.
The RNAP II stalk domain that consists of subunits RBP4 and RPB7 is also shown within the density map. Scale bar is ~10 nm. (b) A close-up
view of the BRCT domain (gray; pdbcode, 1JNX[31]) composed of BRCT1 and BRCT2 motifs displayed in two opposing views (b,c) with
respect to the RNAP II subunits (yellow; pdbcode, 4A93[29]) that define the stalk domain (RPB4/RPB7). The RNAP II large subunit (RPB1) and
its terminal residue defined in the crystal structure (P1455; black arrows) are also indicated. (d) Sections (1–6) through the BRCT domain
positioned within the EM density map.

To determine the relative locations of the BRCA1 N- and C-terminal domains within the
density map, we employed additional computational procedures[37]. For this analysis, we used
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the SPIDER software package[8] to select and calculate averages of negatively stained protein
complexes labeled with antibodies against either the BRCA1 RING or the BRCT domains. The
antibody-labeled complexes revealed additional densities in comparison to computed 2D
projections of the RNAP II model that lacked BRCA1-BARD1. The additional densities were
attributed to the BRCA1-BARD1 RING domains or the BRCT domain (Supplementary Fig.
3c,d), depending upon the antibodies used to prepare the specimens. We confirmed two
unoccupied densities were also uniquely present in the EM density map and were not present in
the RNAP II structure that lacked BRCA1. We attributed each of the additional densities in the
3D map (Supplementary Fig. 3b) to the presence of the ordered RING or BRCT domains. We
assigned the unoccupied density proximal to the C-terminus of the RPB1 subunit to the BRCT
domain[31] (Fig. 3a-d, Supplementary Figure 4, gray; pdbcode, 1JNX). This interpretation
was based on the antibody-labeling results (Supplementary Fig. 3) and the fact that the BRCT
domain is known to associate with this region of RPB1[41]. This new information for the precise
position of the BRCT domain with respect to the RPB1 subunit is significant as many cancerrelated mutations in the BRCA1 gene occur within the BRCT domain. Improving our
understanding of these mutations at the molecular level may provide an essential framework for
future therapeutic development.
How does the BRCA15382insC clinical mutation affect interactions with protein
machinery? To better define how the prevalent BRCA15382insC clinical mutation affected
interactions with other proteins, we compared the structure of the wild type BRCT[31] (Fig.
4a,b) to a homology-based model of the mutated BRCT (Fig. 4c). In the homology model,
S1755 was mutated to L1755 (Fig. 4c, red star; Supplementary Fig. 5a) due to the frame-shift
in the DNA sequence. We could generate a polypeptide structure up to residue G1763, although
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we found no secondary structure beyond G1763. Upon examining the phosphopeptide binding
site in the mutated BRCT model, we noted the essential hydrophobic pocket was significantly
disrupted in comparison to the wild type peptide-binding site (Fig. 4b). Based on these insights,
the BRCA15382insC mutation likely alters interactions with proteins that bind to this region
including RNAP II (Fig. 4c).

Figure 4. The BRCA15382insC mutation likely alters interactions with RNAP II and BARD1. (a) Close-up view of the BRCT density with
respect to the RPB1 subunit of RNAP II that is disordered beyond P1455 (black arrow), where the C-terminus emanates. Theoretical molecular
models of the BRCT domain for wild type BRCA1 (gray; pdbcode, 1KOH) (b) compared to the mutated BRCA15382insC (red) (c) revealed the
hydrophobic binding pocket (gray rectangle) is disrupted in the mutated BRCT domain. This significant disruption in the peptide-binding site
suggests that native substrates may not interact with BRCA15382insC in the same manner as with wild type BRCA1. (d) Western blot analysis
indicates that RNAP II (RPB1 subunit) interacts with BRCA15382insC in co-IP experiments, and the RNAP II core is similarly ubiquitinated by
K63- specific moieties in cell lines expressing both mutated (Mut) and wild type (WT) BRCA1. The large subunit of the RNAP II core (RPB1)
migrates at ~260 kDa. BRCA1 migrates at ~220 kDa. (e) The BRCA15382insC protein contained in nuclear extracts showed some interaction with
BARD1 in comparison to negative control IPs performed using species-specific mouse normal (nMo) IgG antibodies (top panel). Wild type (WT)
BRCA1 shows a strong interaction with BARD1 in Ni-NTA eluted fractions used as input material for microchip-capture experiments (bottom
panel). BARD1 migrates at ~87 kDa. IN (input material); DEP (unbound); IP (immunoprecipated protein); IB (immunoblot).

To test this theoretical model experimentally, we utilized primary ductal carcinoma cells
(HCC1937 line) that express a homozygous form of the mutated protein, BRCA15382insC, and that
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have limited transcriptional repair activity[36]. We assessed biochemical interactions among
protein assemblies containing mutated BRCA1 in comparison to wild type BRCA1, using the
same amount of nuclear material in each analysis. For the complexes derived from HCC1937
cells, we found that RNAP II and BRCA15382insC were each present in the enriched nuclear
fractions in similar quantities to wild type proteins (HCC70 cells). However, we noted a decline
in BARD1 levels in the enriched nuclear fractions of cells that express BRCA15382insC, compared
to cells that express wild type BRCA1 (Supplementary Fig. 5b). Co-IP experiments on the
corresponding fractions revealed that despite the frame shift mutation in the BRCT domain,
BRCA15382insC still associated to some extent with phosphorylated RNAP II complexes containing
K63-ubiquitn moieties (Fig. 4d). These results support the idea that the N-terminal RING
domain of BRCA1 must play an important role in maintaining interactions with the RNAP II
core[42].
Next, we noted that decreased levels of BARD1 in the Ni-NTA eluted fractions made it
difficult to assess its interactions with other proteins, suggesting that BARD1 associated less
efficiently with BRCA15382insC. BARD1 did associate with BRCA15382insC in the complete nucleus
extract, albeit at reduced levels compared with wild type BRCA1 affiliated with transcriptional
complexes in the enriched nuclear fractions (Fig. 4e). Therefore, this data is in good agreement
with previous reports specifying that BARD1-BRCA1 dimerization requires a functional BRCT
domain, and that mutations in the BRCT may disrupt these critical associations[43]. Collectively,
these results can serve as the basis for further developing tunable microchips to assess protein
complexes formed in patient-derived tumor samples harboring a variety of BRCA1 mutations.
Overall, here we demonstrate that the use of tunable microchips provides a powerful new
means to directly assess native protein assemblies relevant to human cancer. The robust nature of
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this approach has also been recently demonstrated at the cellular level[44]. By decorating SiN
microchips with antibodies against the NOTCH1 protein receptor that is overexpressed on the
surface of glioblastoma stem cells (GSCs), we could isolate GSCs from a heterogeneous
population of primary brain tumor cells. This cellular isolation/tethering step enabled us to
record the first real-time movies of GSCs interacting with gold nanoparticles at the molecular
level using in situ TEM[44].
Based on the fact that our new tools can be used to analyze cellular and molecular aspects
of patient-derived tumor samples from different diseased conditions, we anticipate these tools
can be easily adapted to study other pathologies. Such conditions may include but are not limited
to neurodegeneration, cardiac myopathies, immune response deficiencies, and host-pathogen
interactions. Future efforts to unravel disease-related protein interactions may also lead to new
opportunities for therapeutic targeting in a manner that has not been fully realized. Ultimately,
when used in combination with other bioinformatics tools, the tunable microchip approach may
shed light on disease processes in a unique manner that is currently lacking in traditional
methods of scientific and clinical inquiry.
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Chapter 3: A microchip platform for structural oncology applications
This section was reproduced from a paper under review in npj Breast Cancer.
Justification
BRCA1 is a key component in the surveillance of the genome and functions to maintain
the balance required for normal cellular processes.

Therefore when BRCA1 mutations are

present, the vital processes BRCA1 is involved with can become flawed and work instead to
promote cancer induction. This is likely the defective mechanism that promotes cancer induction
in many patients burdened with triple negative breast cancer, as a mutation in the BRCA1 gene is
highly correlated to the disease. To shed light on this faulty mechanism, we utilized EM
techniques to reconstruct the BRCA1-associated transcriptional complex in 3D in both the WT
and mutated BRCA1 cell line.
The previous paper detailed the procedures and major findings for the WT complex.
With a better understanding of the manner in which BRCA1 worked in concert with RNAP II
during transcription-coupled repair, we could then assess what occurs when a mutation disrupts
normal cellular activity. Following the same procedures as the WT complex, we produced the
3D density map of the mutated BRCA15382insC complex. Comparing the two structures, we
observed notable differences. The positioning of the two termini of the BRCA1-BARD1 RING
domain and BRCT domain, were shifted about 90 degrees in the mutated complex. Also there
was no extra density in the mutated complex to account for a short strand of DNA like there was
in the WT complex. Finally, ubiquitin moieties were present in the mutated map at different
locations as compared to the WT map. These findings lead us to propose that a K48-linked
ubiquitin that is known to signal for degradation was present on the mutated BRCT region of
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BRCA1. To test our theory, we performed an enzymatic phosphatase assay to determine the
availability of the BRCT domain in the mutated BRCA1 to bind with proteins in that region.

Abstract
Background: Recent advances in the development of functional materials offer new
tools to dissect human health and disease mechanisms. The use of tunable surfaces is especially
appealing as substrates can be tailored to fit applications involving specific cell types or tissues.
Here, we use tunable materials to facilitate the three-dimensional (3D) analysis of BRCA1 gene
regulatory complexes derived from human breast cancer cells.
Aims: We aimed to use a new microchip platform to isolate BRCA1 protein assemblies
natively formed in human breast cancer cells of the triple negative subtype. The captured
assemblies proved amenable to cryo-Electron Microscopy (EM) imaging and downstream
computational analysis.
Methods: Using a combination of new technologies, including high-resolution imaging,
we examined the molecular architecture of wild type protein complexes containing the BRCA1
protein. We also employed biochemical and structural tools to examine how complex formation
was affected by a prevalent clinical mutation, BRCA15382insC.
Results: Our 3D structures reveal how wild type BRCA1 engages the RNA Polymerase
II (RNAP II) core complex that contained K63-linked ubiquitin moieties – a putative signal for
DNA repair. Importantly, molecular assemblies harboring the BRCA15382insC mutation exhibited
altered protein interactions and ubiquitination patterns compared to wild type complexes.
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Conclusions: Overall, our on-chip analysis proved optimal for newly developed 3D
structural oncology applications involving patient-derived cancer cells, while expanding our
knowledge of BRCA1’s role in gene regulatory events.
Keywords: triple negative breast cancer; tunable microchips; electron microscopy;
BRCA1; BARD1; gene expression; transcription; RNA polymerase II

Introduction
Mutations in the breast cancer susceptibility protein (BRCA1) are known to contribute to
cancer induction[18, 19]. At the molecular level, the intricate details of these events are poorly
understood. During normal cellular activities, BRCA1 interacts with its binding partner, BARD1
(BRCA1-Associated Ring Domain protein), to ensure genomic stability and cell survival[20]. In
this context, BRCA1 functions as a tumor suppressor by safeguarding genetic material[22, 23,
30]. A critical opportunity to monitor for errors in DNA, and to correct them, occurs during RNA
synthesis. The BRCA1-BARD1 heterodimer plays an important role in this process as BRCA1related repair proteins are found in proximity to exposed DNA during transcription[24, 25].
However, the precise manner in which BRCA1 works in concert with RNA polymerase II
(RNAP II) is ill-defined.
Currently, there is little structural information available for BRCA1 protein assemblies,
despite their well-known contribution to human disease. This lack of information is due to many
factors including: 1) the size of the BRCA1 protein (~208 kDa) makes it difficult to express
recombinantly; 2) the inherent flexibility of full-length BRCA1 renders it problematic to
crystallize; and 3) few strategies are available to isolate BRCA1 protein assemblies from human
tumor cells for structural analysis. The size and flexibility of BRCA1 are intrinsic properties of
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the protein that shape its biological activity, and are thus not easy to modify in patient-derived
cell lines. Alternatively, we chose to produce new tools to isolate and access naturally formed,
disease-related protein complexes for structural studies.
Conventional purifications procedures require large quantities of starting material,
lengthy chromatographic steps, and harsh chemicals to isolate the fragile protein output[45]. As
such, multi-subunit protein assemblies that contain transient components can readily dissociate
within the timeframe needed to complete these procedures. In an effort to minimize these factors
and to streamline the isolation of protein complexes formed in human cancer cells, we developed
a new microchip-based approach (Figure 5).

Figure 5. The tunable microchip system captures native proteins produced in breast cancer cells. Native BRCA1 protein assemblies formed
in the nucleus of hereditary breast cancer cells were tethered to tunable SiN-based microchips for 3D structural analysis. Representative 3D
reconstructions (pink, brown, and light blue) showed subtle variations in structural features (black arrows).

This approach employs silicon nitride microchips (Cryo-SiN), which are compatible with
cryo-Electron Microscopy (EM) imaging conditions[5]. The microchips are coated with
functional films to create a highly adaptable or “tunable” surface. The tunable surface can then
be decorated with specific adaptors, including antibodies against target proteins of interest[5].
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Hence, these devices serve as a robust platform to obtain active macromolecules while avoiding
stringent chemicals. Another advantage of the system is that it only requires small amounts of
starting material. This property allows for isolating complexes from patient-derived primary cells
grown in culture, which are often acquired in limited quantities. In terms of timing, microchipbased isolation steps take only ~90 minutes from initially lysing the cells to freezing the tethered
proteins for cryo-EM imaging.
Here, we employed the tunable microchip system to develop a new area of investigation
we refer to as “structural oncology.” We utilized this technology to investigate the molecular
architecture of wild type and mutant BRCA1 assemblies from different tumor sources. By
investigating BRCA1 complexes formed in a diseased environment, we can gain new insights of
cancer-related processes from a biophysical perspective. Importantly, our results show that EM
structures of wild type and mutated BRCA1 transcriptional assemblies varied significantly, and
that wild type complexes contained chemical modifications that are known signals for DNA
repair mechanisms.

Methods
Nuclear extraction and fractionation procedures. HCC70 and HCC1937 lines of triple
negative breast cancer cells (ATCC) were grown until near confluence in a 5% CO2 environment
at 37°C in RPMI-1640 medium (Mediatech) supplemented with 10% fetal bovine serum (Fisher
Scientific). The cells were collected into pellets by detaching them using trypsin-EDTA (Life
Technologies), quickly centrifuging (500xg, 5 minutes) them and then washing them with PBS.
The cells were lysed using the NE-PER extraction kit (Thermo Scientific) and the nuclear
contents were collected. After dilution to approximately 1 mg/ml in HEPES buffer (20 mM
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HEPES, 2 mM MgCl2, pH 7.2) supplemented with 5 mM imidazole and protease inhibitor
cocktail (EDTA-free, Roche), the extracts were incubated with pre-equilibrated Nickelnitrolotriacetic acid (Ni-NTA) agarose beads (Qiagen) to enrich for phosphorylated RNAP II.
After 1 hour incubation at 4°C on the clinical rotator, the solution was added to a column and the
flow-through (FT) was collected and reserved for later analysis. The column was washed three
times with HEPES buffer supplemented with 140 mM NaCl and 5 mM imidazole. The addition
of HEPES buffer with NaCl supplemented with 150 mM imidiazole resulted in the elution of
proteins. The Bradford Assay (Thermo Scientific) was used to estimate all protein
concentrations.
Phosphatase assays. For phosphatase digestion, two tubes were prepared for each cell
line (HCC70 & HCC1937) with one tube serving as the experimental tube and the other serving
as the control sample. Approximately 10 μg of protein was loaded into each tube. The following
buffers were added to the tubes (experimental & control): 10 μl of 10x MnCl2 (New England
Biolabs), 10 μl of 10x PMP (New England Biolabs), 1 μl of100x protease inhibitor cocktail
(EDTA-free, Roche). Lambda phosphatase (40 μl; 16,000 units) was added to the experimental
tube only while additional buffer solution was added to the control tube. Each tube was
incubated in a water bath at 37°C for 90 minutes. After the incubation, aliquots of the samples
(3.25 μg of total protein) were prepared for western blot analysis. We used 3-8% NuPAGE BisTris mini gels with Tris-Acetate running buffer to perform SDS-PAGE analysis. The separated
proteins were transferred onto an Immobolin-P membrane (Millipore) in a Mini-PROTEAN
Tetra system (Bio-Rad). Blocking solution (1% non-fat dry milk (NFDM)) was added to the blot
for 1 hour with gentle rocking. The blots were incubated overnight at 4°C with primary antibody
solution against the BRCA1 RING domain (Millipore, AB1, MS110) diluted to 0.001 mg/ml in
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1% NFDM. After 3 washes with TBS-T solution (standard TBS containing 0.05% Tween-20
(Fisher)), the blots were incubated for 1 hour with HPRO-conjugated anti-mouse secondary
antibody (Jackson ImmunoResearch). Following the incubation step, the membranes were again
washed 3 times with TBS-T. ECL Prime Western blotting reagent (GE Healthcare) was applied
to the blot for detection using a ChemiDoc MP (Bio-Rad) for imaging purposes.
Co-IP experiments. The eluates from the Ni-NTA agarose beads were supplemented
with protease inhibitor and phosphatase inhibitor cocktail (Thermo Scientific). Antibody (5 μg)
diluted in PBS-T (0.02% Tween-20, Fisher) was combined with 0.75 mg Dynabeads Protein G
(Life Technologies) and incubated with rotation for 30 minutes at 4°C. Antibodies used in the
immunoprecipitation were POLR2C (Abcam ab138436), BRCA1 (Santa Cruz Biotechnology
(SCBT) sc-642, C-20), BARD1 (SCBT sc-11438, H-300), RPL3 (Abcam ab83098) and normal
mouse IgG (SCBT sc-2025). After the antibody-coated beads were washed with HEPES buffer,
the eluates were added and immunoprecipitated overnight with gentle rotation at 4°C. HEPES
buffer was used to wash the beads (3 times) and the proteins were eluted with NuPAGE LDS
sample buffer. A 4-12% NuPAGE Bis-Tris mini gel with MOPS running buffer was used to
separate the proteins. Following separation, the proteins were transferred onto an Immobilon-P
membrane (Millipore) in a Mini-PROTEAN Tetra system (Bio-Rad). Blocking solution (1%
non-fat dry milk (NFDM) or 4% bovine serum albumin (BSA, SCBT)) was added to blots with
gentle rocking for 1 hour. TBS-T was applied 3 consecutive times after incubation with blocking
buffer to wash the blots. The blots were incubated with primary antibody, diluted in 1% NFDM
or BSA solution, overnight at 4°C. Other antibodies used were RNAP II (SCBT sc-9001, H224), RNA Polymerase II H5 and H14 (Covance MMS-129 and MMS-134), Polyubiquitin (K63linkage-specific, Enzo BML-PW0600) and ubiquitin (K48-linkage-specific, Abcam ab140601).
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After three washes with TBS-T (0.05% Tween-20), either goat anti-rabbit or goat anti-mouse
secondary antibodies conjugated to horseradish peroxide (Jackson ImmunoResearch) were added
to the blots and incubated for 1 hour. A ChemiDoc MP (Bio-Rad) was used for imaging and ECL
Prime western blotting reagent (GE Healthcare) for detection.
Preparation of tunable microchip samples. Functionalized Ni-NTA (Avanti Polar
Lipids) lipid monolayers were formed over 15-μl aliquots of Milli-Q water on parafilm and
incubated for 1 hour in a sealed petri dish. Negatively stained specimens required 5% Ni-NTA
and cryo-EM specimens required 25% Ni-NTA. C-flat grids with 2-μm holes and 1-μm of spacer
(2/1) between holes (Protochips) or Cryo-SiN microchips (TEMwindows) were placed on the
surface of each monolayer. Each grid or microchip was removed from the monolayer surface
and incubated for 1 minute with aliquots (3-μl) of His-tagged Protein A (0.01 mg/ml) (Abcam) in
buffer solution containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM MgCl2, and 10 mM
CaCl2. The protein-A coated chips were blotted to remove excess solution and 3-μl aliquots of
IgG antibodies (0.01 mg/ml), in the same buffer as protein A, were added. Antibodies against the
BRCA1 C-terminus (SCBT, sc-642, C-20) and the RING domain (Millipore, MS110, AB1) were
employed for the BRCA1 labeling experiments. A Hamilton syringe was utilized to remove the
antibody solution from the grid surface after a 1-minute incubation. The protein fractions
collected during the Ni-NTA chromatography step described above were incubated with the
enhanced chips for 2 minutes. Following a wash with Milli-Q water, the grids were stained with
0.2% uranyl formate or plunge frozen into liquid ethane using a Cryoplunge 3 device equipped
with GentleBlot technology (Gatan, Inc.).
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Electron microcopy and image analysis. The BRCA1-associated transcriptional
complexes were viewed with a FEI BioTwin Transmission Electron Microscope (TEM) (FEI
Company) equipped with a LaB6 filament at 120kV under low dose conditions (~5
electrons / Å2) for both negatively stained and cryo-EM samples. A FEI Eagle 2k HS
CCD camera (FEI Company) recorded the images with a pixel size of 30-μm at a nominal
magnification of 50,000× (for wild type complexes) and 68,000× (for mutant complexes), for a
final sampling of 6 Å per pixel and 4.4 Å per pixel, respectively. The same TEM conditions
were used to collect images of negatively stained and ice-embedded specimens except for
varying the defocus range. Roughly 22,000 particles of wild type complexes bound to DNA
were selected from EM images by the automated program, PARTICLE[27] and the
selected particle images were exported to the RELION software package[28]. The RELION
software package was used to refine and reconstruct the individual complexes employing an
initial model for the RNAP II core complex (pdbcode, 4A93)[29] low-pass filtered to a
resolution of 80 Å. The initial model was only used in the first round of the refinement to
assign initial orientation parameters to each particle. Later iterations were heavily dependent
on the experimental data to refine the assigned angles by setting the regularization parameter
to T=4. We followed standard reconstruction routines and employed a pixel size of 6 Å to
produce a final composite 3D structure masked at ~250 Å with a resolution filtered to 2.2 nm.
The RELION software package identified variable structures present in our image stack. Five
distinct structures were output by the RELION software package independent of the userdefined starting parameters based on Bayesian statistical comparisons computed between the
initial model and the experimental particle images. The degrees of DNA occupancy varied
among the five structures, each of which contained ~4400 particles and we highlighted density
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maps having the lowest and the highest DNA occupancy. For comparison, we selected ~3000
particles of mutant BRCA15382insC complexes, and performed the same reconstruction routines,
but using a pixel size of 4.4 Å, as images were acquired at a nominal magnification of
68,000×. RELION identified one major class during refinement.
Molecular modeling. The pSer5 motif found within the C-terminus of RNAP II was
previously reported (pdbcode, 4H3K)[46]. Using the Chimera software package, we found that
the peptide fit within the binding cleft of the BRCT. The Chimera program established the most
optimum fit by employing an energy minimization strategy. The energy minimization technique
implemented algorithms to calculate the amount of force generated by different atom
arrangements while assessing the atomic positions requiring the least amount of force. Chimera
calculated the energy minimization method to find a local minimum without crossing energy
barriers or searching for global minimums. This step is achieved by following an iterative
optimization procedure where the force is calculated on each atom. Atoms are then moved by a
computed step predicted to decrease the force. This process was iterated until the measured force
falls below a set threshold. This strategy is useful in biochemical studies as the arrangement that
generates the least amount of force correlates to the most likely arrangement present in nature.

Results
Tunable microchips capture native BRCA1 complexes formed in triple negative
breast cancer cells. In our recent work to develop the tunable microchip approach (Figure 5),
we demonstrated that wild type BRCA1 transcriptional assemblies can be isolated from the
nuclear contents of primary ductal carcinoma cells (HCC70 line)[7]. Briefly, RNAP II, BRCA1,
and BARD1 contained in the nuclear material of breast cancer cells were naturally enriched and
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co-eluted from Nickel-Nitrilotriacetic acid (Ni-NTA) agarose beads. Also, in the eluted fractions
wild type BRCA1 associated with BARD1 and
determined

by

the RNAP

II

large subunit

(RPB1) as

co-immunoprecipitation (co-IP) experiments. In addition, the RNAP II

complexes were post- translationally phosphorylated at pSer5 / pSer2 peptide repeats, and
ubiquitinated with K63-type linkages (Supplementary Figure 6). After verifying these
biochemical associations, we used the microchip system to examine the molecular arrangements
of the proteins that constituted the BRCA1 assemblies.
3D structures of BRCA1 assemblies reveal molecular interfaces. To gain structural
insights for the manner in which BRCA1 interacted with RNAP II in our enriched fractions, we
applied aliquots of the eluted fractions to Cryo-SiN microchips decorated with separate
antibodies against either the structured BRCA1 N- or C-terminal domains. This step selected for
BRCA1-associated RNAP II complexes and excluded those complexes not bound to BRCA1, as
previously described[7]. Tethered protein assemblies were then plunge-frozen into liquid ethane
for cryo-EM analysis. We collected images of BRCA1-transcriptional complexes using a FEI
Spirit BioTwin TEM operating at 120kV under low-dose conditions. Images were recorded at -1
to -3 microns defocus at magnifications ranging from 50,000 – 68,000x. We used standard
procedures in the PARTICLE software package[27] to select individual BRCA1-transcriptional
assemblies from the EM images. Selected particles were imported into the RELION software
package[28] for reconstruction and refinement procedures (see Methods section). We employed
computational procedures[37, 47, 48] to separately determine the relative positions of where the
BRCA1 structural domains interacted with the RNAP II assemblies, based on the relative
positions of the antibodies bound to the complexes. The extra densities found in the
experimentally determined EM density map were attributed to either the BRCA1-BARD1 N-
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terminal RING domains or the C-terminal BRCT domain[7]. This information guided the proper
placement of the BRCA1 structural domains into the composite density map (Figure 6).

Figure 6. EM structure reveals BRCA1 domains directly engage the RNAP II core proximal to DNA in human breast cancer cells. The
EM density map (white) is shown in different orientations. Placement of the BRCA1-BARD1 RING domains[30] and the BRCT domain[31] was
based on previous antibody labeling results[7]. DNA (blue) was positioned over the DNA channel accordingly[49]. K63-linked ubiquitins[32]
occupied the remaining density. The RNAP II core was localized in the EM map based on a model of the RNAP II x-ray crystal structure.13
Scale bar is 5 nm. Additional cross-sections through the density map (1-4) indicate the overall fit of the atomic models within the envelope.
Please also see Supplementary Figure S8.

According to antibody-labeling results[7], the unoccupied density in the EM map located
near the DNA channel was attributed to the BRCA1-BARD1 N-terminal RING domains
(pdbcode, 1JM7)[30] (Figure 6, magenta and green). Another unoccupied density was
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attributed to the BRCT domain (pdbcode, 1JNX)[31] (Figure 6, gray), also in accordance with
antibody-labeling[7]. This places the BRCT proximal to the C-terminal region of the large
subunit (RPB1) in the RNAP II core, consistent with other biochemical findings[24, 41]. As the
central region of BRCA1 is highly flexible, it is reasonable that we cannot fully visualize this
region of the protein in the reconstruction.
We further attributed a minor density over the DNA channel to a short strand of DNA
(Figure 6, blue). This position of the DNA strand is in the same location described in other
models of RNAP II engaging DNA in a “closed state” during the initial stages of
transcription[49, 50]. Additional modeling experiments guided the placement of the K63-linked
ubiquitin moieties (pdbcode, 1UBQ)[32] (Figure 6; orange and red). The current position of
the ubiquitin moieties did not introduce atomic clashes. Other minor differences between the fit
crystal structures and the experimentally determined 22-Å density map (0.5 FSC criteria;
Supplementary Figure 7, 8) may be attributed to missing loops in the yeast RNAP II crystal
structure (pdbcode, 4A93)[29], and the fact that the complexes in our investigation were derived
from human tumor cells, rather than from yeast. Similar differences were also noted in a
previously determined EM structure derived from other immortalized human cell lines[37].
Collectively, these results indicated that phosphorylated RNAP II core complexes 1) interacted
with BRCA1 N- and C-terminal domains, 2) contained K63 linked ubiquitins, and 3) are likely
primed for DNA repair. These findings were in good agreement with our biochemical
assessments.
BRCA1 directly engages DNA and the RNAP II core. To test whether transient
intermediate states were present in our samples, we utilized the RELION software package[28].
Statistical output generated by RELION identified multiple structures were represented in the
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original image stack. The number of 3D classes determined by RELION was independent of
user-defined starting parameters, and resulting 3D classes showed subtle variations in density
(Figure 7a – c, black arrows). Comparing the composite EM map to the structures having the
lowest and the highest DNA density, we noted potential differences in DNA engagement (Figure
7b, c; Supplementary Figure 9, 10). As these structures were determined from native
assemblies, gently removed from the nuclear material, we posit that the observed heterogeneity
may be due to differences in functional states. As such, we interpreted the low occupancy
structure to represent a weakly bound DNA state, and the high occupancy structure to represent a
strongly bound DNA state. Other important differences noted in the high occupancy structure
included greater density for the K63-linked ubiquitins and for the BRCT domain (Figure 7; red,
orange, and gray). These findings are consistent with BRCA1 complexes engaging DNA
through a series of concerted steps that may be linked to DNA repair. Similar observations have
been described in functional studies[25, 40, 41, 51].

36

Figure 7. BRCA1 engages DNA in a variable manner while bound to the RNAP II core. (a) The EM composite structure was compared to
transient intermediate structures having low and high DNA occupancies. (b) An intermediate structure having low DNA occupancy (yellow
density map) accommodates a short fragment of DNA (blue) located proximal (black arrows) to the BRCA1-BARD1 RING domains[30].
Limited density is present to accommodate K63-linked ubiquitins[32]. (c) An intermediate structure having high DNA occupancy (cyan density
map) accommodates a longer strand of DNA (blue) located proximal (black arrows) to the BRCA1-BARD1 RING domains. Scale bar is 5 nm.

The BRCT domain prefers specific phospho-peptide sequences. In addition to the
variability noted near the DNA binding site, we also found differences in the region containing
the BRCT domain. Upon closely examining the composite EM structure we noted the BRCT was
adjacent to the C-terminus of the RNAP II core. This region of RNAP II emanates from residue
P1455 but is disordered in the crystal structure[29]. This disordered region that is highly mobile
can conceivably interact with the BRCT domain. To provide a conceptual framework for this
interaction, we examined the substrate peptide pSPTF that was co-crystalized with the BRCT
domain (pdbcode, 3KOH)[52]. Phosphorylated peptides are highly repetitive in the RNAP II Cterminus, and include the pSer5 (pSPSY) and pSer2 (pSPTS) consensus sequences. Atomic
models for the pSer5 and pSer2 peptides have also been previously determined (pdbcode,
4H3K)[46].
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We overlaid the model for the pSer5 peptide onto the substrate peptide that was cocrystalized with the BRCT domain. The peptide model fit within the BRCT binding cleft that is
defined by residues S1655, L1701, L1705, and M1775 (Figure 8). However, the pSer5 peptide
contained a unique tyrosine residue in comparison to the analogously positioned phenylalanine
residue in the consensus sequence. Although studies have reported that phenylalanine is the
preferred residue that fits within the BRCT domain[53, 54], our modeling results suggest that the
heptad repeats in the RNAP II C-terminal domain may also have binding potential for this
region. In particular, the pSer5 peptide more closely matches the stereochemistry requirements of
the BRCT binding cleft than the pSer2 peptide, which is not likely to fit. Moreover, these
interactions are important to investigate as mutations in the BRCT are implicated in cancer
induction. Therefore, we examined the structure of BRCA1 assemblies in breast cancer cell lines
having a mutated BRCT domain related to known deficiencies in transcriptional activities.

Figure 8. The BRCA1 C-terminal domain is located proximal to the RNAP II core. (a) The composite 3D structure highlighting the
placement of the BRCT domain (gray)[31] based on previous antibody labeling results[7]. (b) Close-up view of the BRCT density with respect to
the RPB1 subunit of RNAP II that is disordered beyond P1455 (black arrow). (c) The BRCT hydrophobic binding pocket (gray rectangle)
accommodates a known peptide substrate, pSPTF (pdbcode, 3KOH)[40]. (d) The pSer5 peptide contains a tyrosine residue (blue dashed circle)
that fits within the hydrophobic binding cleft.

Differences exist between the wild type and mutant BRCA1 protein complexes. To
examine the molecular architecture of mutated BRCA1-transcriptinal assemblies, we used the
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same biochemical and structural approaches described for the wild type complexes. However, we
probed the nuclear material of triple negative breast cancer cells (HCC1937 line) that harbored a
prevalent homozygous BRCA1 mutation (BRCA15382insC). This mutation in the BRCA1 gene is
associated with deficiencies in transcription-coupled repair events and high incidences of breast
cancer[18, 19]. As such we hypothesized that the functional differences observed in cells
containing mutated BRCA15382insC may be related to its ability to form proper transcriptional
assemblies. To test this idea, we used the tunable microchip platform to investigate
transcriptional assemblies containing BRCA15382insC. We collected TEM images of the mutated
protein assemblies using the same procedures under low-dose conditions. Individual complexes
were selected from the images using the PARTICLE program[27], and exported to the
RELION software package[28]. Implementing the same standard reconstruction procedures in
RELION, we calculated a composite structure of the mutant BRCA15382insC complex.
We interpreted the EM map of the mutated BRCA1 complex by drawing from
information available in our wild type structure. First, we positioned the RNAP II core
(pdbcode, 4A93)[29] and BRCA1-BARD1 RING domain (pdbcode, 1JM7)[30] into the density
map (Figure 9a; Supplementary Figure 11, 12). Upon comparing the wild type and mutant
structures, there was a notable difference in orientation of the BRCA1-BARD1 RING (Figure
9a, green and magenta) domain relative to the RNAP II core (Figure 9a, yellow) in the
mutant structure, in comparison to the wild type structure. Another major difference we noted
was that the full-length BRCT domain did not fit well in the map of the mutated complex. We
reasoned that the limited density seen in the region of the mutated BRCT was due to the
frame-shift mutation that imparts a stop codon, resulting in a protein truncation.
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Figure 9. EM structure of the mutated BRCA15382insC complex. (a) The EM density map (cyan) shown in different orientations was calculated
using the RELION software package. Placement of the BRCA1-BARD1 (magenta, green) RING domains[30] and the BRCT (aqua)[31] varied
compared to the wild type structure. Models for ubiquitin modifications (red, orange)[32] occupied the remaining minor density. RNAP II
(yellow) was localized in the EM map based on a model of the RNAP II x-ray crystal structure[29]. Scale bar is 5 nm. Additional cross-sections
through the density map (1-4) indicate the overall fit of the atomic models within the envelope. Please also see Supplementary Figure S7 and
Movie S5. (b) Western blot analysis of co-IP experiments showed the RNAP II core was phosphorylated at pSer5 and pSer2 peptide repeats
while interacting with mutated BRCA15382insC. (c) The RNAP II core contained K63-linked ubiquitin moieties while K48-type linkages are likely
present on BRCA15382insC. Wild type BRCA1 shows a bandshift upon digestion with lambda phosphatase (+Ppase) in comparison to control
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samples lacking the enzyme (-Ppase). Mutated BRCA15382insC does not show a change in migration upon incubation with lambda phosphastase.
*Denotes protein interactions. IN (input material); DEP (unbound material); IP (immunoprecipitated interaction); IB (immunoblot)

Other studies have shown that truncations in the BRCT domain render it susceptible to
proteolysis, whereas the full-length protein is highly resistant to cleavage[55]. The fact that the
mutated complexes were tethered to the tunable microchips by polyclonal antibodies against the
BRCT, indicate that some portion of this domain is intact and properly folded. Therefore, we
placed a homology model of the truncated BRCA15382insC domain (Figure 9a, aqua) into the
density available in this region of the EM map. The homology model of the mutated BRCT
domain fit well within the given density. Proximal to the BRCA15382insC homology model, there
was a small region of unoccupied density that accommodated a single ubiquitin (pdbcode,
1UBQ)[32] (Figure 9a, red).

A similarly sized unoccupied density was protruding from the

RNAP II core complex, near the mutated BRCA1-BARD1 RING domain. This density also
accommodated a single ubiquitin (pdbcode, 1UBQ)[32] (Figure 9a, orange).
To compliment our structural studies, and shed light on the nature of the ubiquitin
moieties present in the mutated complexes, we performed co-IP experiments. Similar to the wild
type assemblies, BRCA15382insC interacted with phosphorylated RNAP II (Figure 9b). Also, the
RNAP II large subunit contained K63-linked ubiquitins, which is consistent with our structural
findings. In contrast to wild type BRCA1, we found that BRCA15382insC was the likely target of
multiple K48-ubiqutin linkages as indicated by the smeared band present in western blots of the
BRCA1 co-IPs (Figure 9c). This information suggested the extra density adjacent to the mutated
BRCT domain was a potential linkage site for K48-specific ubiquitin moieties. Additional
ubiquitin chains attached to BRCA1 may be flexible and hence not visible in our density map.
Collectively, these modifications suggested that the signal for DNA repair on the RNAP II core
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complex was conserved in the mutated assemblies, but that BRCA15382insC had acquired
modifications to direct its degradation by the proteasome.
The BRCA15382insC mutation alters protein interactions with BARD1. Biochemical
experiments have shown that the BRCA15382insC mutation weakens native protein interactions in
the nucleus[43]. One important nuclear interaction affected by this mutation is the heterodimer
formed by the BRCA1 and BARD1 RING domains. The results presented here suggest that
BRCA1 may contain K48-linked ubiquitins proximal to the BRCA15382insC mutation. This
modified region is located in the BRCA1 protein distal to the BARD1 binding site. How then,
does a mutation in the BRCT domain affect protein-protein interactions that are primarily at the
N-terminus of BRCA1?
Similar to BRCA1, BARD1 contains BRCT motifs at its C-terminus. These motifs in
BARD1 are also known to bind to phosphorylated peptide substrates having a pS-X-X-pF
consensus sequence[43]. Based on our biochemical data, we predicted that the BRCT of BARD1
may interact with the central domain of BRCA1, known as the serine-containing domain
(SCD)[43]. This SCD region of BRCA1 contains multiple sites for ubiqutination and
phosphorylation[56]. Therefore, reduced interactions between mutated BRCA1 and BARD1 may
be influenced by ubiquitination in the SCD region of BRCA1.
To test these ideas biochemically, we probed the enzymatic accessibility of the SCD
region of wild type and mutated BRCA1 contained in the nuclear fractions of breast cancer cell
lines. We used phosphatase assays to assess the extent by which wild type and mutant BRCA1
can be dephosphorylated. The same total protein concentration of nuclear material (10 μg) was
incubated with either lamba phosphatase (40 μl, 16,000 units; New England Biolabs) or buffer
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solution lacking the enzyme as a negative control. The mixtures were then analyzed by SDSPAGE and western blot analysis.
Western blots of the phosphatase digests and control samples were probed with
antibodies against BRCA1 (AB1; Millipore). We observed a bandshift in the nuclear extracts that
contained wild type BRCA1 and lamba phosphastase (Figure 9c, top right). Control mixtures
lacking the enzyme did not show this bandshift. By comparison, we observed no bandshifts in
the treated and untreated nuclear material containing BRCA15382insC (Figure 9c, bottom right).
These results suggested that some of the phosphorylation sites in the BRCA15382insC protein were
inaccessible to phosphatase cleavage. This information also supports the idea that protein
misfolding in the mutated BRCA15382insC can lead to ubiquitination in the SCD, and possibly
hinder the proper binding interactions with BARD1.

Discussion
Employing the tunable microchip system, we present the first comparison of wild type
and mutant BRCA1 protein assemblies derived from human breast cancer cells. Our system
provided a means to enrich and select for BRCA1 nuclear assemblies while still maintaining
native protein-protein interactions. We also found that wild type and mutant BRCA1 interacted
directly with the RNAP II core, which was modified with K63-type ubiquitin moieties. As this
modification to the RNAP II core is a known signal for DNA repair[50], the structures of the
BRCA1 complexes presented here are likely primed for this function.
In this context, our work complements previous studies that demonstrate how other forms
of ubiqutination may cause the degradation of transcriptional assemblies[57]. Based on our new
3D insights, we found ubiquitination to have an important role in complex formation during the
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early stages of transcription. Ongoing investigations aimed at determining the structural
complexity of BRCA1 assemblies during various stages of RNA synthesis will help to delineate
the functional relevance of these interactions.
In a broader sense, our microchip approach can provide a powerful opportunity to study
protein interactions related to normal and disease processes. Utilizing commercially available
protein adaptors can further create a variety of tunable surfaces to target many different proteins
of interest. Therefore, our system may be used to shed light on the inner-workings of native
proteins in a unique way that has not been fully explored in human cancer research.
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Chapter 4: Concluding Remarks
Research Summary
The research presented in this thesis aims to increase the knowledge about the intricate
manner in which BRCA1 interacts with RNAP II during transcription. These interactions are
important to ensure the proper synthesis of mRNA, which can become disrupted in the case of
BRCA1 clinical mutations. The BRCA1-associated transcriptional complex was used to verify
the effectiveness of a new tunable microchip system developed to evaluate protein structures.
The tunable system encompasses antibody-decorated SiN microchips that can be easily modified
with different adaptor molecules. Using this unique system, images of wild type (WT) and
mutated BRCA1 complexes were captured from breast cancer cells for 3D structural analysis.
Reconstruction algorithms were implemented using computer software programs to determine
the structures of BRCA1 assemblies in 3D. Co-IP analysis complimented the structural studies,
verifying that BRCA1, BARD1, and RNAP II were all present within the complex. Utilizing the
EM image data, atomic models of the RNAP II core, the BRCA1-BARD1 RING domain, and the
BRCT domain were positioned within regions of unoccupied density in the map.

Atomic

modeling programs aided in the fitting of a short strand of DNA and ubiquitin moieties within
additional regions of missing density in the WT complex. The information gained by the
reconstruction of the WT structure shed light on the function of BRCA1 within the
transcriptional complex.
As mutations in the BRCA1 gene are highly correlated with hereditary breast and ovarian
cancer, we also assessed 3D structures of mutated BRCA1 transcriptional complexes. We
employed the same biochemical and structural procedures to determine the BRCA1 mutant
structure. Co-IP analysis verified that BRCA15382insC and RNAP II were present in the mutant
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structure, and that BARD1 was also present in the complex, albeit at reduced levels. We also
found that interactions between BRCA15382insC and BARD1 were reduced in the nucleus of cells
expressing BRCA15382insC. The mutant reconstruction resembled the WT structure, although there
were notable differences detected. The BRCA1-BARD1 RING domain and the BRCT domain
were shifted in the mutant structure. Also, there was no density in the mutant structure to
accommodate DNA. Lastly, ubiquitin moieties were relocated. Especially intriguing was the
extra density near the mutated BRCT domain that could accommodate an ubiquitin moiety that
we determined was a K48-linked moiety, a known signal for degradation. We reasoned that the
decreased interaction between BRCA15382insC and BARD1 could be attributed to the addition of
K48-linked ubiquitin moieties in the BRCT domain. We proposed that the addition of the
ubiquitin within the BRCT domain could limit accessibility to this region of the protein. This
decreased access may account for reduced interactions between BRCA15382insC and BARD1. To
test these ideas we performed biochemical analysis that suggested, in fact, this region of the
BRCT is likely to be inaccessible for binding to other proteins. The results from these assays
agreed with our structural studies. Therefore we ultimately proposed that the BRCA15382insC
mutation, albeit in the opposite end of BRCA1, interfered with a crucial region of the protein that
ultimately limited the interaction between BRCA15382insC and BARD1. This limited interaction
could prevent BRCA1 from performing its essential roles leading to genomic instability and
cancer induction.

Future Direction
Here we demonstrate the use of our tunable microchip system and 3D reconstruction
algorithms to compare WT and mutant BRCA1-associated transcriptional complexes. Structural
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differences were detected in these complexes, which we believe to be related to differences in
BRCA1’s functional potential in the cell’s nucleus. Although our findings suggest that ubiquitin
signals for degradation were present in the mutated BRCA1 assemblies, higher resolution is
needed to verify the specific ubiquitin attachment sites. In the future, more images need to be
collected to resolve protein interactions at higher resolution. Also with the promising results
from our biochemical assays, additional studies can be performed to delineate the functional
impact of ubiquitination in breast cancer systems. Based on our present analysis, we predict that
normal phosphorylation activity could restore the interaction between BRCA15382insC and BARD1
and ultimately renew the function of BRCA1 in the context of transcription-coupled repair.
Therefore future work in this direction could provide new therapeutic insights to improve the
clinical outcomes of triple negative breast cancer patients. Lastly, the true nature of the tunable
device can be unveiled in future studies. These studies can aid in the investigation of proteins or
protein complexes of interest across various human diseases.

Publication Outline
The research presented in this thesis has been or will be published in various scientific
journals and presented at different conferences. The publication and presentation plan for this
research is summarized in Table 2.
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Chapter
Introduction

Title
Improving our Vision of
Molecular Disease States
2
A Molecular Toolkit to
Visualize Native Protein
Assemblies in the Context of
Human Disease
3
A microchip platform for
structural oncology
applications
NA
BRCA1 Repair Complexes in
Hereditary Breast Cancer
NA
A glimpse into BRCA1’s Role
during Transcription
§published *under review presented
Table 2. Publication outline.
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Journal/(Conference)
Microscopy Today*
Scientific Reports§
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(BMES conference San
Antonio 2014)^
(SBES symposium 2015)^
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Supplementary Figure 1. BRCA1 associates with RNAP II in triple negative breast cancer cells. (a) Western blot analysis of coimmunoprecipitation (Co-IP) experiments performed on the enriched nuclear fractions indicated RNAP II complexes interacted with BRCA1,
probing with antibodies against the RING and BRCT domains of BRCA1. (b) RNAP II complexes in the eluted fractions are post-translationally
phosphorylated at pSer5 and pSer2 positions and contained K63-linked ubiquitin moieties. K48-linked ubiquitin was not detected in RNAP II coIPs. IN (input material); DEP (unbound); IP (immunoprecipitated protein); IB (immunoblot). (*) denotes co-IP results.

Supplementary Figure 2. Angular distribution plots of particle projections. RELION output files (.BILD format) specify particle
orientations that comprised each reconstruction shown in Figure 2c. Color designations from blue to red indicate an increase in the number of
particles represented at a particular 3D coordinate. Plots were displayed using the Chimera software package.[58]
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Supplementary Figure 3. The composite EM structure contains densities that can be delineated using antibody-labeling strategies. (a)
FSC curve for the composite EM structure indicates a nominal resolution of ~22 Å using the 0.5 criteria. (b) The RNAP II core structure[29]
(yellow) was placed uniquely within the EM envelope that contained additional densities that were identified to be the BRCA1-BARD1 RING
domains and the BRCT domain. Representative averages of complexes labeled with antibodies against the RING (c) or BRCT (d) domains of
BRCA1 in comparison to a model of the RNAP II crystal structure[29] lacking BRCA1 and associated antibodies. White arrows denote
additional density seen in the antibody-labeled averages. Red labeling is used to assist in visually identifying antibody density in contoured
representations of the averages. The width of each panel in (c) and (d) is 36 nm.

58

Supplementary Figure 4. Cross-sections through the composite EM reconstruction. Representative slices through the composite
EM density map shown in different orientations (front and back views) with the RNAP II core (yellow; pdbcode, 4A93[29]) and BRCT
domain (gray; pdbcode, 1JNX[31]) positioned in the map. Scale bar is 5 nm.

Supplementary Figure 5. Enriched nuclear fractions containing the BRCA15382insC mutation show differences in BARD1 levels. (a) The
primary sequence of the BRCA1 protein indicates the relative location of the BRCA15382insC frame-shift mutation (red star) that occurs in the
BRCT domain. (b) Western blot analysis indicates that RNAP II (RPB1 subunit) and BRCA1 were present in nuclear extracts (NE) and in NiNTA elutions from HCC1937 cells that express the BRCA15382insC mutation (Mut). RNAP II and BRCA15382insC were present in similar quantities
to wild type (WT) proteins produced in HCC70 cells. BARD1 was not as abundant in the enriched fractions containing mutated BRCA1
(HCC1937 cells) compared to wild type BRCA1 (HCC70 cells). (*) denotes differing amounts of BARD1 in the eluted fractions.
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Supplementary Figure 6. BRCA1, RNAP II, and BARD1 interact in the enriched nuclear fractions of hereditary breast cancer cells. (a)
The primary sequence and structural elements of BRCA1 include the N-terminal RING domain (magenta) that associates with BARD1 (green)
(pdbcode, 1JM7).[30] The central region of BRCA1 contains a nuclear localization sequence (NLS) and sites for phosphorylation (P, cyan) and
ubiquitination (Ub, orange). The C-terminus of BRCA1 is composed of tandem BRCT domains (gray, pdbcode, 1JNX).[31] (b) Schematic to
describe how the BRCA1-BARD1 heterodimer interacts with the RNAP II core during DNA surveillance and the transcriptional repair of DNA.
(c) Our strategy to enrich for native BRCA1-assoicated transcriptional complexes from hereditary breast cancer cells. (d) RNAP II, wild type
BRCA1, and BARD1 co-elute (E1 – E3) from Ni-NTA agarose beads. (e) Co-IP experiments on the eluates revealed protein interactions along
with positive (+) and negative (-) controls. (f) Western blot analysis of co-IP experiments showed the RNAP II core was phosphorylated at pSer5
and pSer2 peptide repeats (left) and contained K63-linked ubiquitin moieties (right). *Denotes IP results that indicate post-translational
modifications. RPL3 (ribosomal large subunit 3); IN (input material); DEP (ubound material); IP (immunoprecipitated interaction); IB
(immunoblot)

60

Supplementary Figure 7. EM analysis of the wild type BRCA1 transcription complex – composite map. (a) Representative image and class
averages of wild type BRCA1 complexes tethered to the microchip surface using antibodies against BRCA1 (+IgGs, top). Microchips lacking
antibodies (–IgGs, bottom) failed to capture appreciable quantities of protein complexes. Scale bar is 25 nm. Width of each panel of averages is
36 nm. (b) Different orientations of the wild type composite structure (please also see Figure 2). (c) Angular distribution plot of particle
projections with color designations (blue to red) showing an increase in the number of particles at a given coordinate. (d) Fourier Shell
Correlation (FSC) curve to indicate a nominal resolution of ~22 Å for the composite structure comprised.

Supplementary Figure 8. Segments through the wild type composite reconstruction overlaid with atomic models. Representative slices (1 –
4) through the wild type 3D structure (orthogonal views) illustrate the placement of the BRCA1-BARD1 RING domains (pink and green;
pdbcode, 1JM7),[30] the BRCT domain (gray; pdbcode, 1JNX),[31] a short strand of DNA (blue), the RNAP II core (yellow; pdbcode,
4A93),[29] and ubiquitin moieties (red, orange; pdbcode 1UBQ).[32]
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Supplementary Figure 9. EM analysis of the wild type BRCA1 transcription complex having low DNA occupancy. (a) Different
orientations of the 3D structure having low DNA occupancy (please also see Figure 3). (b) Angular distribution plot of particle projections. (c)
FSC curve to indicate a nominal resolution of ~22 Å for the reconstruction containing low DNA occupancy.
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Supplementary Figure 10. EM analysis of the wild type BRCA1 transcription complex having high DNA occupancy. (a) Different
orientations of the 3D structure having high DNA occupancy (please also see Figure 3). (b) Angular distribution plot of particle projections. (c)
FSC curve to indicate a nominal resolution of ~22 Å for the reconstruction containing high DNA occupancy.

Supplementary Figure 11. EM analysis of the mutated BRCA15382insC transcription complex. (a) Representative image and class averages of
mutated BRCA15382insC complexes tethered to the microchip surface using antibodies against BRCA1 (+IgGs, top). Microchips lacking antibodies
(–IgGs, bottom) failed to capture appreciable quantities of protein complexes. Scale bar is 25 nm. Width of each panel of averages is 36 nm. (b)
Different orientations of the mutated BRCA15382insC complex structure (please also see Figure 5). (c) Angular distribution plot of particle
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projections. (d) Fourier Shell Correlation (FSC) curve to indicate a nominal resolution of ~26 Å for the mutated BRCA15382insC complex.

Supplementary Figure 12. Segments through the mutated BRCA15382insC reconstruction overlaid with atomic models. Representative slices
(1 – 4) through the mutated BRCA15382insC complex structure (orthogonal views) illustrate the placement of the BRCA1-BARD1 RING domains
(pink and green; pdbcode, 1JM7),[30] the BRCT domain (aqua, pdbcode, 1JNX),[31] the RNAP II core (yellow, pdbcode, 4A93),[29] and
ubiquitin moieties (red, orange, pdbcode 1UBQ).[32]
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