
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Placing the preinitiation complex at the promoter

Permalink
https://escholarship.org/uc/item/4w9949hh

Author
Patel, Avinash Bharat

Publication Date
2019
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4w9949hh
https://escholarship.org
http://www.cdlib.org/


 
 

 
 
 

Placing the preinitiation complex at the promoter 
 

By 
 

Avinash Bharat Patel 
 

A dissertation submitted in partial satisfaction of the  
requirements of the degree of  

Doctor in Philosophy 
 

in  
 

Biophysics 
 

in the  
 

Graduate Division  
 

of the 
 

University of California, Berkeley 
 
 
 
 
 
 

Committee in charge: 
 

Professor Eva Nogales, Chair 
Professor James Hurley 

Professor Andreas Martin 
Professor Donald Rio 

 
Summer 2019 

 
 
 



 
 

 
 
 
 

Placing the preinitiation complex at the promoter 
 
 

Copyright 2019 
by 

Avinash B. Patel 



1 
 

Abstract 
 

Placing the preinitiation complex at the promoter 
by 

Avinash Bharat Patel 
 

Doctor of Philosophy in Biophysics 
University of California, Berkeley 

Professor Eva Nogales, Chair 
 

Transcription is the process of copying the genetic code and producing functional 
intermediates or readable instructions. The transcription of protein coding genes produces 
messenger RNA which the cell uses to synthesize proteins that carry out various functions. In 
this way the process of transcription initiation is a major determinant of cell fate as it controls 
which genes will be transcribed.  

The main subject of this thesis will look at how human TFIID binds the core promoter and 
subsequently aids in the assembly of the transcription preinitiation complex. Early work on 
TFIID had shown that the complex binds the promoter at two distinct sites, a large region 
downstream of the transcription start site and a smaller region upstream. Subsequent studies 
found several conserved sequences within the core promoter such as the TATA-box, 
downstream promoter element, initiator and motif ten element. Structural studies of TFIID 
have revealed that the complex adopts a trilobed structure that undergoes a dramatic 
rearrangement upon promoter binding. Through these works and others, a great deal about 
the function of TFIID has been revealed, however the underlying mechanism by which TFIID 
binds the promoter and subsequently recruits RNA polymerase II remained missing. This thesis 
attempts to address these last two questions.  

Using a combination of biochemical reconstitution, chemical crosslinking mass 
spectrometry, and electron microscopy I have been able to determine the complete 
architecture of TFIID and how it loads TBP onto the promoter. The structure of TFIID contains 
an asymmetric dimer at its core that forms a scaffold which the rest of the complex assembles 
upon. It was also found that TFIID initially binds the downstream promoter, and then 
subsequently rearranges to load TBP onto the TATA-box with the help of TFIIA. From this model 
we can begin to rationalize how TFIID integrates information from histone marks on the 
downstream +1 nucleosome and upstream activators.  

While working with TFIID and other samples a common issue has been preferred sample 
orientation on the grid. This issue has led to artefacts in the reconstruction due to missing 
information. To overcome this issue, I have developed a reliable method to coat gold foil EM 
grids with graphene oxide. These grids can be used to collect tilted images which can produce 
high resolution isotropic reconstructions as they do not suffer large amounts of drift. 
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Chapter 1  

Introduction 

1.1 Eukaryotic transcription initiation 

The human genome contains ~20,000 genes, with only a fraction being expressed in any given 
cell1. Differential gene expression allows for developmental patterning, response to 
environmental stimuli, control cell growth, cell type differentiation and maintaining 
homeostasis2. While gene expression can be controlled at many stages, the main point of control 
is at the first step, transcription initiation. The process of transcription initiation determines 
which genes are to be transcribed and at what level. This is accomplished by the assembly of the 
transcription preinitiation complex (PIC) which bring RNA polymerase II (Pol II) to the promoter 
of genes to begin the synthesis of messenger RNA (mRNA)3,4. 

From biochemical studies over the past few decades the process of eukaryotic PIC assembly 
has been found to proceed in a sequential manner. The first general transcription factor (GTF) to 
recognize the promoter is transcription factor IID (TFIID) which binds to promoter DNA with the 
aid of TFIIA5. This leads to the recruitment of a TFIIB – Pol II complex followed by TFIIF which 
stabilizes the interaction between Pol II and the promoter6. The subsequent addition of TFIIE 
further stabilizes the PIC and allows for the recruitment of TFIIH, which mediates the opening of 
the promoter DNA duplex7.   

In recent years many parts of the PIC assembly process have been visualized using cryo 
electron microscopy (cryo-EM). These studies have revealed the mechanism of PIC assembly 
from the initial binding of TATA-box binding protein (TBP) a component on TFIID (Figure 1.1.1)8. 
However, how TFIID contributes to this process remains unanswered. The primary focus of this 
thesis will be to elucidate how TFIID manages to bind the promoter and place TBP onto the TATA-
box using cryo-EM. 

 

 
Figure 1.1.1 | Minimal PIC assembly pathway. Assembly of the human PIC onto the core promoter 
starting with TBP, TFIIA, TFIIB and Pol II. This is followed by the addition of TFIIF, TFIIE and TFIIH.    

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/general-transcription-factor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/general-transcription-factor
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1.2 TFIID as an initiation factor for preinitiation complex assembly 

In 1980, the lab of Robert Roeder began fractionating nuclear protein to identify what 
components were necessary to initiate Pol II transcription9. During that decade the Roeder lab 
continued to study these purified fractions and found that: TFIID and TFIIA were the first factors 
to bind to the promoter, TFIID bound the promoter both upstream and downstream of the 
transcriptional start site (TSS), and activators enhance transcription through TFIID3,10,11. Having 
determined that TFIID initiates transcription, his lab set out to clone yeast TFIID and produce it 
recombinantly. Analysis of the recombinantly purified TFIID by footprinting showed that it only 
protected the region downstream of the TSS where the TATA box is located4. The reason for this 
difference was solved by the labs of Robert Tjian and Arnold Berk not long after. Tjian's group 
showed that the protein thought to be TFIID (which he would rename TBP) pulled down with 
several other proteins or what he called TBP associated factors (TAFs)12. Soon thereafter Berk's 
group show that TFIID (now defined as TBP and TAFs) provided the same level of DNA protection 
in footprinting experiments as seen by the Roeder lab13. 

The discovery that TFIID is a multisubunit protein complex led to numerous studies of its 
function and structure. Studies on activator-TAF complexes showed that both TAF4 and TAF9 
could bind activators14–16. Work on TAF-promoter binding showed that the complex of TAF1/2 
and TBP could bind the initiator (Inr) and that a complex of TAF6/9 crosslinks to the downstream 
promoter element (DPE)17,18. Numerous studies have also mapped the interactions between the 
TAFs that make up TFIID and other GTFs19–23. Structural studies have also determined a few pieces 
of the complex by X-ray crystallography and nuclear magnetic resonance, but it was not until 
electron microscopy groups turned their attention to TFIID was any complete structure of the 
complex observed24.  

1.3 Electron microscopy studies on TFIID  

Beginning in the late 1990s, the Schultz and Nogales labs' began to study the full complex by 
electron microscopy. Their labs discovered that TFIID forms a horseshoe like structure that is 
made up of three large lobes24,25. Follow up studies and revealed that TFIID is a flexible complex 
that predominantly exists in two major conformations26.   

In 2013 with the aided of new image processing tools and the creation of a super core 
promoter (SCP) sequence it became possible to computationally sort out flexible of TFIID27. It was 
shown that TFIID oscillates between the canonical and rearranged states with DNA binding only 
possible in the rearranged states (Figure 1.3.1)28.    
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Figure 1.3.1 | Structural transition of human TFIID upon promoter binding.  On the left the structure of 
TFIID in the canonical state and on the right the rearranged state which is promoter binding capable state. 
Each of the lobes are marked and the promoter DNA is colored in green.  

 

In a subsequent 2016 study aided by new camera technology, processing softwares and 
sample preparation methods the structure of the DNA bound TFIID complex was determined. 
This was the first sub nanometer reconstruction of TFIID, which allowed for the docking of 
previously determined crystal structures and homology models unambiguously into the map. 
The structure showed that the Inr, DPE and MTE were recognized by TAF1 and TAF2 and that 
TBP with the help of TFIIA binds the TATA-box at the upstream promoter29. The structure 
revealed for the first time the positions of six different components of the TFIID complex (TAF1, 
TAF2, TAF6, TAF7, TAF8 and TBP) and revealed that the complex contains two copied of TAF6 
which dimerizes through its HEAT repeat (Figure 1.3.2). Despite these advancements, a 
complete molecular structure of TFIID has still not been determined and neither has the 
mechanism of how TFIID binds the promoter been revealed. 

 

 

Figure 1.3.2 | Architecture of the 
promoter bound TFIID complex.  The 
structure of the BC core of TFIID bound to 
the super core promoter. TAF1 and TAF2 of 
lobe C bind the Initiator (Inr), motif ten 
element (MTE) and downstream promoter 
element (DPE). The TATA box is bound by 
TBP which is connected to lobe B though 
TFIIA.     
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1.4 Thesis summary 

To answer the question of how TFIID binds the promoter and help recruits Pol II, I aimed to 
determine the structure of TFIID. To accomplish this, I began by looking at the endogenously 
purified TFIID complex by cryo-EM. This was initially problematic and require some sample 
optimization, but by crosslinking the sample to limit flexibility and coating the TEM grid with a 
cationic polymer was I was I able to determine the complete evolutionarily conserved core of 
TFIID (Chapter 2, 3 and 6)30.  

Together with the previously determined promoter bound structure of TFIID I was able to 
propose a mechanism of how TFIID binds the promoter (Chapter 4)30. To better understand how 
TFIID recruits Pol II to the promoter I began attempts to capture the transition state intermediate 
between promoter bound TFIID and the early PIC containing Pol II, TFIIA, TFIIB and TBP. My 
preliminary results show that TFIID disengages from the promoter upon Pol II binding (Chapter 
5)30.  

During my time preparing cryo-EM samples I encounter several reoccurring issues. One was 
that most samples experience some degree of preferential orientation bias. Another was that 
carbon support layers typically introduce a high amount of background to cryo-EM images. 
Methods to overcome both issues have been developed, however I found that implementing 
them are often difficult or impractical. At the end of this thesis I will describe a method to coat 
TEM grids with graphene oxide which produces very little background. Additionally, if this coating 
method is used with gold foil grids the sample can be tilted for data collection to mitigate the 
issue to preferential orientation bias (Chapter 7).  
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Chapter 2 

Challenges in sample preparation of TFIID 

     2.1     Crosslinking to limit flexibility 

     The structure of TFIID has been described to have three lobes, termed lobe A, B and C24. 
Lobes B and C form what is called the BC core due to the rigid connection between these two 
lobes. Relative to the BC core Lobe A is highly flexible and exists in a continuum of states that 
has been shown to oscillate from one side of the complex to the other. However negative stain 
analysis of the motion of lobe A has shown that the range of motion is potentially even greater 
than previously realized (Figure 2.1.1). The main reason that lobe A appears more flexible is 
that the new analysis has been done with negative stain data rather than cryo-EM data. 
Negative stain data has much higher signal-to-noise ratio then cryo-EM data for low frequency 
information which with new image processing tools can better classify and align lobe A. 
Another potential reason is that the staining process can flatten the sample and potentially 
distort the shape of the complex.  

     The sample was crosslinked to limit the flexibility of lobe A and prevent any distortions to the 
complex due to its binding to the grid support layer. Crosslinking cryo-EM samples prior to grid 
application has been shown to preserve complex integrity31. To identify the best condition, I 
tested different crosslinkers (BS3, DSS and glutaraldehyde) at different concentrations (1mM 
and 5mM) all at the same temperature (4oC) and for the same amount of time (5min). Due to 
the limited amount of sample I chose to screen these conditions by negative stain EM. I 
assessed the effectiveness of the crosslinking by performing 2D classification. The conditions 
that limited the flexibility of lobe A while still retaining the TFIID-like features were deemed 
suitable for structural studies. I found that both succinimide crosslinkers (BS3 and DSS) where 
not effective at crosslinking the complex. This could be due to the short incubation time and 
low temperature of the reaction, but also because these crosslinking agents more easily react 
with the peptide carried over from the immunopurifcation step. For the glutaraldehyde 
conditions I found the both concentrations effectively crosslinked the complex. Though 1mM 
(.01%) produced a greater number of 2D class averages with TFIID-like features. The final 
conditions that were used for preparing cryo-EM grids were prepared by crosslinking TFIID with 
1mM glutaraldehyde for 5 minutes on ice before applying to the grid. The effect of this can be 
seen in Figure 2.1.1. 

 

 
Figure 2.1.1 | Glutaraldehyde crosslinking reduces TFIID flexibility. On the left 2D class averages of 
uncrosslinked TFIID and on the right after crosslinking. Lobe A is colored in yellow, B purple and C blue.  
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     2.2     Grid coating to mitigate preferential orientation bias 

     Initial attempts at preparing cryo-EM samples using the 1mM glutaraldehyde crosslinking 
condition were successful. Cryo-EM micrographs showed monodispersed particles with high 
contrast and produced 2D class averages that appeared to have alpha helical features. The 
resulting reconstructions showed a great deal of anisotropy, meaning that helices could only be 
distinguished from one orientation (Figure 2.2.1). To overcome this issue, I initially tried to 
collect more data to compensate for the rare views, but this was not effective. Instead I 
attempted to change the orientation on the grid by different grid treatments.  

 

 

Figure 2.2.1 | Anisotropic reconstructions of TFIID. On left a helix is marked with a green arrow. On the 
right a region where a vertical helix should be is marked with a red arrow.  

 

     Existing methods to change particle orientations on the grid mostly relied on making the 
surface positively charged. This is the opposite charge the grids have when they are plasma 
cleaned in an atmosphere of air. The two main methods that exist to make grids positively 
charged are: to plasma clean grids in an atmosphere that contains amylamine or coat grids with 
poly-lysine after plasma cleaning32,33. The amylamine method in theory creates less background 
but the compound is highly toxic and requires special containment, and a dedicated plasma 
cleaner. Additionally, the grids tend to be hydrophobic which makes automated data collection 
difficult. Poly-lysine treatment by comparison is nontoxic and renders the grid hydrophilic, but 
it has not been used for preparing cryo-EM samples to my knowledge. This is likely due to the 
perception that it causes a greater amount of background. However due to the lack of a 
dedicated amylamine plasma cleaner I decided to try polymer coating.  

     I first decided to test three different polymers (poly-lysine, poly-arginine and 
polyethylenimine (PEI)) by negative stain to see if one would produce better results. I found 
that poly-arginine made most of the particles aggregate. Poly-lysine and PEI however both 
produced monodispersed samples, with poly-lysine producing better stain. However, I found 
that poly-lysine coated grids tended to be more variable when it came to particle 
concentration, with some areas/grids having far more particles then others. Also, poly-lysine 
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did not produce as many new views as PEI. In the end I decided to prepare and collect on PEI 
coated cryo grids (Figure 2.2.2). PEI coating the grids for cryo ended up producing far more 
views which helped overcome the issue to anisotropic reconstructions (Figure 2.2.3).   

 

 
Figure 2.2.2 | PEI coating grids produces more views in negative stain. On the left 2D class averages of 
crosslinked TFIID on a plasma cleaned carbon support and on the right on a PEI coated grid. Lobe A is 
colored in yellow, B purple and C blue.     
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Figure 2.2.3 | Euler angle distribution of plot for plasma cleaned grids and PEI coat grids. (A) 
Representative cryo-EM micrographs, with an inset showing an enlarged view, of TFIID on either a glow 
discharged (left), and PEI coated grids (right). Values given in brackets are efficiencies derived from 
cryoEF. (B) Overlaid angular distribution plot from Relion for the both canonical and extended state of 
TFIID from glow discharged (left) and PEI coated grids (right). The major orientation peaks are marked 
with the corresponding 2D class averages. 
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Chapter 3 

Structure of human TFIID 

     3.1     The structure of the TFIID core 

     The flexible nature of TFIID has long hampered a high-resolution structural description of the 
intact complex28. Previous studies showed how the distribution of positions of the flexibly 
attached lobe A shifts upon binding of promoter DNA and TFIIA28. Lobe A in apo-TFIID exists in a 
bimodal but continuous distribution of states, with roughly equal occupancy of two distinct, 
major states referred to as the canonical and extended states. Whereas in the canonical state 
lobe A is near lobe C, in the extended state lobe A is between lobes B and C (Figure 3.1.1). The 
displacement of lobe A between these two states is ~100 Å. By sorting a large cryo-EM dataset 
of free TFIID into two predominant states, refining them independently, and then combining 
the refined regions, we were able to extend the resolution of the BC core to 4.5 Å (range of 4.2 
to 6.5 Å) and to generate a three-dimensional (3D) reconstruction of lobe A at 9.5 Å (range of 
8.5 to 15 Å) (Figure 3.1.1). We then used a combination of cryo-EM, CX-MS, and structure 
prediction to generate a complete model of the complex (Figure 3.1.2).  

 

 

 

 

      

 

 

 

 

 

 

Figure 3.1.1 | Cryo-EM reconstructions of TFIID. On the left the cryo-EM reconstructions of TFIID, with 
the BC core in blue and lobe A in yellow (canonical state) and green (extended state). On the right a 
transparent cryo-EM map of TFIID in the canonical state with fitted cryo-EM maps from focused 
refinements of the BC core and lobe A in solid blue and yellow, respectively. 
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Figure 3.1.2 | Structure of TFIID.  
The structure of human TFIID in 
the canonical state.  

 

 

 

 

 

 

 

 

 

     Compared with that of the promoter-bound complex (IIDA-SCP) structure, the density 
corresponding to the TAF1-TAF7 subcomplex within lobe C in apo-TFIID is poorly defined, 
indicating that this module is flexible in the unbound TFIID, but stabilized upon binding to 
promoter DNA (Figure 3.1.3)29. For the rest of lobe C, it was possible to dock into the density 
the model of the TAF6 HEAT repeat dimer, a segment from the C-terminal region of TAF8, and 
the TAF2 aminopeptidase-like domain (APD) from the previous IIDA-SCP structure, with 
adjustments and extensions made to fit the observed density (Figure 3.1.4)29. 

 

Figure 3.1.3 | Flexibility of the TAF1-TAF7 module. Docking of the TAF1/7 module into the canonical, 
extended and engaged state maps of TFIID. On the right the overlay of the TAF1/7 module for the 
canonical and engaged state, based on the alignment of TAF2. 

      Within lobe B, we were able to fit a homology model of the WD40 domain of TAF5, the 
crystal structures of the TAF5 NTD2 domain and the histone-fold domain (HFD) heterodimers of 
TAF6-TAF9, TAF4-TAF12, and TAF8-TAF10, as well as to extend the models where additional 
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densities were present in the cryo-EM map. The resulting atomic model for lobe B is consistent 
with our CX-MS data and in agreement with previous biochemical studies (Figure 3.1.4). 

Figure 3.1.4 | Modeling of the BC core of TFIID. TFIID model colored according to the method used to 
interpret the corresponding density (rigid body docking of previous cryo-EM structure, green; docking of 
human crystal structures, purple; docking of homology models, blue; manually built extensions of 
docked protein cores, orange; unassigned poly-alanine fragments, grey; unassigned density, pink).   

      All the TAFs in lobe B, except for TAF8, have been proposed to exist in two copies within 
TFIID, suggesting that a similar architecture could exist within the flexible lobe A (Figure 
3.1.5)34,35. We used a computational strategy based on automated docking of different 
combinations of TFIID subunits into the lobe A cryo-EM density to generate a complete model 
of lobe A. The core of the structure is equivalent to lobe B, except for the replacement of TAF8 
with TAF3 as the histone-fold partner of TAF10. Additionally, lobe A includes the TAF11-TAF13 
HFD pair and TBP. Our placement of TAF11-TAF13 adjacent to the TBP subunit is supported by 
the presence of chemical cross-links between TAF11 and TBP, as well as in vivo and in vitro 
studies showing that the HFDs of TAF11-TAF13 constitute the bridge between TBP and the rest 
of TFIID. Altogether, our structure defines the full architecture of human TFIID, revealing the 
complete evolutionarily conserved regions of all TAFs and TBP. 
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Figure 3.1.5 | Modeling of lobe A of TFIID. Top docking results from UCSF Chimera (using the FITMAP 
command starting from 128 random orientations and positions). The highest scoring result was used for 
docking of the 3TAF, histone core, and lobe B models. Overlay - three docked structures shown together 
reveal extensive overlap components shared between the three models. Lobe A - complete model of 
lobe A model fitted in the lobe A map. 

     3.2     TAFs that scaffold TFIID 

     Our structure of human TFIID shows that the complex assembles around a dimeric yet 
asymmetric arrangement of TAFs. Two copies of interacting TAF6 HEAT repeat domains are 
found at the center of the BC core, where they form a dimer with a 31 screw axis symmetry that 
bridges lobes B and C. The N-terminal HFDs of each copy of TAF6 are then separated between 
lobes A and B, and thus, TAF6, through the flexible connection between its HFD and HEAT 
repeat domain, tethers the entire complex together (Figure 3.2.1). This TAF6 connection is 
maintained throughout the various conformational states of TFIID. The HFD of TAF6 forms a 
heterodimer with the HFD of TAF9, which interacts with the WD40 and NTD2 regions of TAF5. 
The TAF6-TAF9 HFD pair then forms a tetramer with the TAF4-TAF12 HFD pair, and together 
these five subunits (TAF5, -6, -9, -4, -12) define the TAF subcomplex that is present in two 
copies within TFIID, one each in lobes A and B (Figure 3.2.2). The existence of a dimeric TAF-
containing subcomplex has been previously proposed based on in vivo knockdown and in vitro 
biochemical studies34,36. However, the structure within the native TFIID complex does not 
exhibit the symmetry previously proposed for a reconstituted subcomplex containing the same 
subunits, likely due to the presence of additional symmetry-breaking TAFs in the fully formed, 
native complex34. 
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Figure 3.2.1 | Structural 
organization of human TFIID. 
Domain organization of TAF6, with 
sequence conservation colored 
according to ConSurf scores (top). 
Model of TFIID with the TAF6 
dimer highlighted (bottom). The 
dimer of TAF6 HEAT repeats is 
centrally located within the 
complex. Dashed lines are shown 
connecting the TAF6 HEAT 
domains with their corresponding 
HFDs in lobes A and B.  
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Figure 3.2.2 | Comparison of lobe A and lobe B. Model of TFIID (center) and close-up views of lobe B 
(left) and lobe A (right).  
 
     The two sets of TAFs (-4, -5, -6, -9, -12) shared between lobes A and B act as a base for the 
assembly of the rest of each lobe. In lobe B, a hexamer of HFDs is formed by the TAF8-TAF10, 
TAF6-TAF9, and TAF4-TAF12 HFD pairs. In lobe A, the TAF3-TAF10 and TAF11-TAF13 HFD pairs 
form an octamer-like structure with the TAF6-TAF9 and TAF4-TAF12 HFD. Though the presence 
of higher-order histone-fold assemblies had been predicted to exist within TFIID, such a structure 
had not been visualized until now. It has been proposed that these nucleosome core like 
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structures may be involved in interaction with DNA and promoter binding36–40. However, the 
surfaces of lobes A and B lack the large positively charged patches observed in the nucleosomal 
histone octamer (Figure 3.2.3). The TAF6-TAF9 HFD pair that was proposed to interact with the 
downstream DNA is located far from the DNA in the IIDA-SCP complex18,40. We instead propose 
that HFDs serve as a structural scaffold within TFIID. 

Figure 3.2.3 | Comparison of lobe A 
and lobe B with the nucleosome core 
particle. Top: Rendering of the TFIID 
lobe A and B HFDs aligned to the 
structure of the histone octamer-
containing nucleosome core particle 
(PDB ID 1AOI). Bottom: Electrostatic 
surface potentials (generated using 
ABPS in PYMOL; blue: positive 
electrostatic potential; white: 
neutral; red, negative electrostatic 
potential). The surface of the 
nucleosome core particle also shows 
the DNA wrapping around the histone 
octamer.  

 

 

 

 

 

     The difference in the flexibility of lobes A and B is likely due to the presence of TAF8 in lobe B, 
which stabilizes its connection with lobe C (Figure 3.2.4). In our model, the highly conserved 
middle region of TAF8 (residues 130 to 235) snakes through the BC core, interacting extensively 
with TAF2 and TAF6. Extending from its N-terminal HFD, the TAF6 interacting domain (6iD) of 
TAF8 forms a bridge between the WD40 of TAF5 in lobe B and the first of the HEAT repeats of 
TAF6. The long helix of the TAF2-interacting domain (2iD) of TAF8 then bridges the second TAF6 
HEAT repeat and TAF2, and then TAF8 folds onto the surface of the TAF2 APD, effectively 
anchoring TAF2 to the rest of the complex. This network of interactions among TAF8, TAF6, and 
TAF2 is consistent with previous biochemical studies34,41. 
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Figure 3.2.4 | TAF8 stabilizes the BC core 
of TFIID. Domain organization of TAF8, 
with sequence conservation colored 
according to ConSurf scores (top). NLS, 
nuclear localization sequence. Model of 
the BC core of TFIID with TAF8 highlighted 
(bottom). 
 

 

 

 

 

 

     3.3     Lobe B stabilizes upstream promoter binding 

     Our structural studies indicate that the function of lobe B is to stabilize the upstream DNA and 
bind TFIIA. Both functions involve the highly conserved C terminus of TAF4 (Figure 3.3.1). The 
HFD of TAF4, comprising helices α1 and α2, is followed by a large loop and a helix (α3) that 
interacts with the WD40 of TAF5. Docking of the lobe B structure into the IIDA-SCP map reveals 
that the highly conserved loop between α3 and a fourth helix in TAF4 (α4) contacts the promoter 
DNA just downstream of the TATA box. This loop has previously been shown to bind DNA in vitro, 
and in TAF4−/− human fibroblast cells, stable expression of a TAF4 mutant lacking this loop results 
in the down-regulation of a subset of genes42. From there, α4 continues toward the TBP-TFIIA 
density and is likely involved in TFIIA recruitment and the stabilization of the TFIIA-TBP-DNA 
module, in agreement with previous data43. The docking of lobe B into the IIDA-SCP map also 
revealed that the four-helix bundle of TFIIA likely contacts the first helix-turn-helix motif of the 
TAF12 HFD. Thus, we propose that TAF4 and TAF12 within lobe B act to promote the binding of 
TBP to the upstream DNA by directly contacting both the DNA and the TFIIA-TBP module (Figure 
3.3.2). Therefore, the BC core of TFIID appears to act as a molecular ruler, placing TBP at a defined 
distance from the downstream promoter elements. This role suggests that maintaining a rigid 
connection between lobes B and C is important for correctly positioning TBP with respect to the 
TSS, which in human core promoters are separated by ~30 base pairs (bp)44,45. 
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Figure 3.3.1 | Domain map of TAF4. Domain organization and sequence conservation of TAF4 according 
to ConSurf scores. The first level shows the domain organization of TAF4.The second level zooms in on the 
C terminus and shows the secondary structure [solid outline corresponds to observed secondary structure 
and dashed outline to the predicted secondary structure based on PSIPRED results (a4 is not visible in the 
apo-TFIID structure but becomes ordered upon interaction with the DNA)].The third level shows the 
amino acid sequence of the loop between helices 3 and 4, which contain several conserved, positively 
charged residues that could be contacting the DNA. 

 

Figure 3.3.2 | Upstream promoter binding stabilized by 
lobe B. Lobe B of the promoter bound TFIID highlighting 
the loop between helices 3 and 4 as it contacts the DNA 
(circled in red), helix 4 continuing toward the TFIIA and 
TBP (circled in green), and the interaction between the 
TFIIA and TAF12 (circled in blue). 
 

 

 

 

 

 

 

 

     3.4     Relieving the inhibition of TBP  

    By combining the mapping of TBP positions through the various states of promoter binding 
with previous biochemical and structural studies, we propose a model of how TBP within TFIID 
would transition from being inhibited to being DNA engaged (Figure 3.4.1). We propose that in 
the canonical and extended states, TBP is bound by the TAND of TAF1 and by TAF11-TAF13 
within lobe A, both of which have been found to inhibit TBP from binding DNA46,47. The N 
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terminus of the TAF1 TAND (TAND1) interacts with the DNA-binding cleft of TBP, whereas 
TAND2 binds the outer surface of TBP where several different TBP-interacting factors are 
known to interact, including TFIIA48. In the scanning state, we propose that DNA displaces 
TAND1 and interacts with the cleft of TBP, but that the DNA remains in a linear, unbent form, 
owing to a lack of defined DNA-TBP interaction, in contrast with what is seen for the bent DNA-
TBP interaction. In the rearranged state, TFIIA would displace TAND2, releasing the connection 
between TAF1 and TBP and stabilizing the connection between lobes A and B48–51. Finally, in the 
engaged state, TBP forms a stable complex with bent DNA, which causes the connection 
between TBP and TAF11 to break and TBP to release from lobe A. This last step of lobe A 
release is essential for recruitment of TFIIB and for the assembly of the PIC, as it opens the 
surface on TBP for TFIIB binding52. 

 

 
Figure 3.4.1 | Transition of TBP from its inhibited state to promoter bound. From left to right: Models 
of TBP bound by the inhibitory domains of TAF1 TAND and TAF11, first TAND1 is released for promoter 
DNA, then TAND2 for TFIIA, TAF11 and TAF13 upon DNA binding and bending and finally TFIIB 
recruitment.  
 

     Though TBP binds the TATA box sequence with the highest affinity of any DNA sequence, it 
has been observed to be a relatively indiscriminate DNA binder53,54. The mechanisms of TBP 
inhibition within lobe A effectively represent an important role of TFIID as a TBP chaperone, 
stopping TBP from nonspecifically engaging with DNA outside of gene promoters, and therefore 
preventing aberrant PIC assembly and erroneous transcription initiation54. We propose that, at 
the same time, the architecture and dynamics of TFIID facilitate the proper loading of TBP at 
core promoters by progressively releasing those inhibitory interactions with TAFs, and, as 
explained in Chapter 5, strategically positioning TBP onto the upstream DNA. 
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Chapter 4 

Mechanism of TBP loading by TFIID 

     4.1     Mechanism of TBP loading 

     Superposition of the five conformational states of TFIID—canonical, extended, scanning, 
rearranged, and engaged—illustrates the range of motion TBP experiences with respect to the 
BC core during the steps leading to full promoter engagement28,29. The distance that TBP travels 
between these states is approximately 130, 40, 30, and 50 Å, respectively, and follows a curved 
path that directs TBP toward the upstream DNA. Taken together, these structures suggest a 
stepwise mechanism of TBP loading onto the promoter and the consequent recruitment of the 
rest of the PIC (Figure 4.1.1). In the first step, TAF1-TAF7 and TAF2 in lobe C bind to downstream 
DNA. This initial DNA binding facilitates the positioning of the TATA box where it can be reached 
by TBP as it travels with the mobile lobe A, thus helping the upstream DNA outcompete the 
inhibitory TAND1 from the cleft of TBP. In the second step, TFIIA displaces TAND2 from TBP and 
likely stabilizes the upstream DNA through its interaction with lobe B. In this way, the 
rearranged state constrains the position of lobe A and facilitates TBP binding to the upstream 
DNA. In the third step, TBP fully engages the promoter DNA, bending it and simultaneously 
causing a steric clash between the DNA and TAF11 that results in the release of TBP from the 
rest of lobe A. In the fourth step, TFIIB recognizes the fully engaged TBP-DNA complex and 
recruits Pol II-TFIIF.  

 

 

Figure 4.1.1 | Mechanism of promoter 
binding. Cartoon schematic for the process 
of TBP loading onto promoter DNA by TFIID, 
with subsequent PIC recruitment, assembly, 
and progression to the elongation complex. 
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     4.2     Regulatory roles of chromatin and activators 

     In vivo TFIID recruitment to the core promoter is aided by gene-specific activators and 
chromatin marks. Promoters are enriched in certain posttranslational modifications of histones 
and in histone variants that distinguish them from the rest of the genome55. Trimethylation of 
lysine 4 on histone H3 (H3K4me3) and acetylation of H3 and H4 are especially enriched on the 
+1 nucleosome (the first nucleosome downstream of the TSS), located ~50 bp downstream of 
the TSS. TFIID recognizes H3K4me3 through the plant homeodomain (PHD) of TAF3 and the 
diacetylated H4 via the TAF1 double bromodomain (DBD)56–62. A model of the downstream 
promoter extended with a +1 nucleosome shows how these domains, which our studies 
indicate are flexibly tethered to the core of TFIID, would be oriented toward the +1 nucleosome 
in the canonical state of TFIID, suggesting a mechanism of TFIID recruitment by the modified +1 
nucleosomes of activated genes (Figure 4.2.1). 

 
Figure 4.2.1 | Model of TFIID recruitment. Model of TFIID bound to the promoter including a +1 
nucleosome. The model is compatible with the binding of flexible histone tails of H3 and H4 to the PHD 
[PDB ID 2K17] of TAF3 and the bromodomain of BRD2 [PDB ID 2DVR], a homolog of the DBD of TAF1, 
respectively. Dashed lines indicate the connections between domains contained in the models of TFIID 
or the nucleosome, with the flexible domains that bridge the two. Domain architecture maps of TAF1 
and TAF3 showing the distance between the structured domains modeled within TFIID and the domains 
that contact chromatin. A cartoon model of TFIID binding to the +1 nucleosome is shown to the right. 
 

     Transcriptional activators determine cellular fate by directing the transcription of genes 
controlling development, differentiation, stimulus response, growth, and maintenance of 
homeostatic balance2. Though many activators have been shown to interact with different 
TAFs, the strongest evidence has been shown for binding of activators through the conserved 
glutamine-rich and TAFH domains of TAF4 within its long and flexible N terminus63–65. A model 
generated by extending the upstream DNA in the TFIID rearranged state shows how both 
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copies of TAF4 are positioned toward the upstream proximal promoter [which is known to 
remain cleared of nucleosomes and act as a binding site for transcriptional activators58] so that 
they can interact with an activator via their flexible N-terminal domains. This model suggests 
that transcriptional activators may play a dual role in TFIID recruitment to the promoter, as well 
as in promoting TBP engagement by stabilizing the rearranged state of TFIID (Figure 4.2.2). 

 
Figure 4.2.2 | Model of TFIID activation. Model of TFIID bound to the core promoter with bound 
activators at the upstream proximal promoter region. Activators are contacting the N terminus of TAF4 
that contains activator interacting regions, like the glutamine-rich and TAFH domains. Domain maps of 
the highlighted TAFs illustrate the distance between the domains that were part of the TFIID model 
(solid) and those domains that were not observed (transparent). Distances between the conserved C 
terminus and the domains that contact activators (TAFH and glutamine-rich) are shown below the 
domain map. A cartoon model of TFIID binding to activators is shown on the right.  
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Chapter 5 

Implication on the assembly of the PIC 

      5.1     Interaction of TFIID with the PIC 

     The structure of the promoter bound TFIID suggests a potential overlap between the 
contacts that TAF4 makes with the upstream promoter DNA in the IIDA-SCP complex and those 
established by the TFIIF winged-helix domain within the PIC8,49. Additionally, the downstream 
promoter binding regions of TAF1 and TAF2 were also found to clash with Pol II in the closed 
PIC complex, and the path of the downstream promoter in the closed PIC is bent compared 
with the more linear path observed in the IIDA-SCP complex (Figure 5.1.1)29. Thus, significant 
structural rearrangements in TFIID must occur during PIC assembly and transcription initiation, 
opening the question of whether TFIID can remain promoter bound throughout the 
transcription initiation cycle.      

 
Figure 5.1.1 | Superposition of the PIC and promoter bound TFIID. On the right the models of the 
human Pol II-PIC (He et al; PDB ID 5IYA (12)) and the engaged state of TFIID were superimposed using 
the shared TBP and TFIIA components as a reference. The DNA (shown with a dark outline) assumes 
different conformations in the two models, suggesting conformational changes during Pol II loading. On 
the top right the clashes between TAF1 (IBD and WHD) and Pol II are shown. TFIID is outlined and Pol II 
is transparent. On the bottom left the clashes between TAF4 (CTD) and TFIIF (WHD) are shown. TFIID is 
outlined and Pol II is transparent. 



22 
 

     5.2     Potential roles of TFIID in PIC assembly  

     The binding of the TFIIF winged-helix domain in Rap40 and Pol II would displace the TAF4 
contact with upstream DNA and the interactions of lobe C with downstream core promoter 
sequences, respectively. This process could potentially result in the TAFs falling the promoter, 
unless the interaction between TFIIA and TAF4 was enough to keep TFIID bound or new 
contacts were to form between TFIID and the PIC at this stage of the assembly (Figure 5.2.1). 
Although several interactions have been reported between TFIID and other general 
transcription factors in vitro, it has been shown that upon the addition of Pol II-TFIIB-TFIIF, TFIID 
remains associated with the promoter only in the presence of activators21,66–70. In this potential 
scenario, TFIID may not remain as part of the growing PIC but could instead bind another TBP to 
enable formation of a new active complex once the previous complex clears the promoter. 
Additional experiments will be required to test this model and determine the precise role of 
TFIID in PIC assembly after TBP loading. 

 
Figure 5.2.1 | Potential models for PIC recruitment. Cartoon model for Pol II loading on to the promoter 
starting with the engaged state of TFIID. The pathway diverges based on whether TFIID maintains 
contact with the PIC or not. 
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Chapter 6 

Evolutionary differences in TFIID function 

     6.1     Role of TFIID in other eukaryotes 

     It remains unclear whether the mechanism of TBP loading onto the TATA box is fully 
conserved throughout eukaryotes. While it has been shown that the dramatic flexibility of 
Lobe A plays an important role in TBP loading for the human complex, and some poorly 
characterized flexibility is also apparent for yeast complexes, its role in DNA binding has not 
been considered in the yeast case28,34,71. On one hand, the downstream DNA binding residues 
identified in the human TAF1 and TAF2 are conserved in the yeast subunits but on the other 
the downstream promoter elements proposed to be recognized by these TAFs have not been 
identified in yeast. Comparison of the DNA-bound structures of human and yeast TFIID is 
complicated by the fact that the yeast cryo-EM structure lacks clear density for DNA or for 
TAF1, TAF2, TBP, or TFIIA, which are all visible in the human promoter-bound TFIID complex 
and are important elements for DNA binding (Figure 6.2.1)29,71.  

         Although the regions responsible for contacting the downstream promoter motifs in human 
TAF1 and TAF2 appear to be conserved in yeast, downstream promoter elements have not been 
identified in yeast despite a wealth of genomic data. Thus, it is likely that sequence-specific 
recognition plays a lesser role in downstream promoter binding in yeast TFIID and that other 
factors, such as activators and chromatin marks, may play a more substantial role in positioning 
TFIID. 

      
Figure 6.2.1 | Comparison of the yeast and human promoter bound TFIID complex. On the left the 
cryo-EM reconstruction of human TFIID bound to promoter DNA. On the right the cryo-EM 
reconstruction of yeast (Komagataella phaffii) TFIID bound to promoter DNA. Outlined is the 20Å low 
pass filtered map to better visualize potential DNA density. Highlighted are the some of the major 
differences between the human TFIID complex. Maps are colored according to the table shown at the 
bottom of figure. 
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     6.2     Conservation of the core structure of TFIID 

     Recent cryo-EM studies of Komagataella phaffii TFIID have provided insight into the 
structure of a yeast TFIID71. While the human and yeast structures seem to share a similar 
architecture for the BC core, there are some clear differences. The BC core of the yeast TFIID 
appears more compact than its human counterpart, maybe due to possible differences in the 
spacing or organization of sequence motifs in human and yeast promoters29,71. Also, the yeast 
complex contains an additional structured module that includes part of TAF8 and the yeast 
specific TAF14. Other structural differences between the two models concern the content of 
Lobe B. The yeast study suggested that the histone fold pair of TAF11-TAF13 occupies the 
position that corresponds to TAF8-TAF10 in the human structure71. A second difference within 
Lobe B is the lack of density for the TAF4 helix α3 within the yeast map. While these disparities 
in Lobe B architecture could reflect true differences between human and yeast TFIID, the 
apparent anisotropy of the cryo-EM study of yeast TFIID makes it difficult to unambiguously 
interpret the map. 

     6.3     Divergency in the regulatory domains of TFIID 

     Interestingly, the main differences between the yeast and human TFIID complexes do not 
involve the ordered regions observed in the EM structures, but small domains at the end of 
unstructured linkers that are too flexible to be visualized, and that include the activator and 
chromatin binding domains within TFIID (Figure 6.3.1). In humans, the best characterized 
activator binding motifs are in the N-terminal region of TAF4, while in yeast these appear to 
be in the N-terminal region of TAF12. Interestingly, TAF4 and TAF12 dimerize, placing their 
N-terminal domains in roughly the same place with respect to the remainder of the complex. 
The chromatin binding domains of TFIID, on the other hand, are significantly different 
between yeast and humans. In human TFIID there are two well characterized histone 
interacting domains: the TAF3 PHD, which binds H3K4me3 marks, and the TAF1 double-
bromo domain, which binds H4 acetyl-lysines60,61. Yeast TFIID lacks both domains and 
instead contains a YEATS domain in the yeast-specific TAF14, which binds H3 acetyl-lysine72. 
This difference likely hints at major differences in how epigenetic marks are being used in 
humans and yeast, and more generally across eukaryotes. When we extended our analysis of 
chromatin-binding domains within TAFs to plants, we found that they much more closely 
resemble yeast, suggesting they represent a more general case for many eukaryotic systems, 
while metazoans may have evolved a more specialized form of TFIID, maybe to extend the 
possibilities for gene expression regulation. A more in-depth phylogenetic analysis will be 
required to better understand how TFIID has changed throughout eukaryotic evolution. 
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Figure 6.3.1 | Evolutionary comparison of TFIID. Top left, atomic model of human TFIID bound to 
promoter DNA with subunits colored according to the table at the bottom of Fig 1. Highlighted are some 
the points of interaction between TFIID and the promoter DNA. Bottom, sequence alignment for the 
parts of human TFIID that interact with promoter DNA compared to yeast (Saccharomyces cerevisiae) 
and plant (Arabidopsis thaliana). Residues are colored based on the distance to the DNA in the model of 
human TFIID bound to promoter DNA. The TAF4 region that is proximal to the promoter DNA was 
colored as the sequence register was not able to be determined for that region. Alignment scores for the 
TAF1 Inr binding domain (IBD) was measured for human and A. thalana and leaving out S. cerevisiae as is 
lacks this domain entirely. Top middle, potential points of interaction between human TFIID and 
chromatin marks on the +1 nucleosome and upstream activators. Top right, potential points of 
interaction between yeast TFIID and chromatin marks on the +1 nucleosome and upstream activators. 
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Chapter 7 

Graphene oxide coating TEM grids for tilted data acquisition  

     7.1     Challenges in the sample preparation 

     Developments in direct electron detector technology and computational image processing 
tools has made single particle cryo-electron microscopy (cryo-EM) a leading method for the 
determination of macromolecular structures alongside of X-ray crystallography and NMR73. As a 
single particle technique, cryo-EM has the advantage of being able to determine the structures 
of large, flexible, and heterogeneous molecules, as each particle can be classified, and individual 
domains refined separately, all with the need for only small amounts of sample74,75. 

     Though cryo-EM opens our ability to look at many new samples, it does come with its own 
difficulties. A major barrier in obtaining a high-quality reconstruction is preparing a high-quality 
sample, in which the particles are densely packed, yet homogeneously separated, randomly 
oriented, and undamaged by the air water interface. To overcome each of these three barriers 
many methods have been devised and used to varying levels of success.  

     The easiest way of obtaining a greater number of particles in cryo-EM images, without 
compromising data quality by lowering the image magnification, is to concentrate the sample. 
However, if this is not feasible during biochemical sample preparation, the main method of 
obtaining more particles is to use a support layer over the EM grid that is attractive to the 
particles and concentrates them by adsorption. The simplest and most popular choice is to use a 
thin layer of amorphous carbon, but graphene, graphene oxide or a lipid monolayer have also 
been shown to work76–78. Adsorption to a support layer generally allows to increase the number 
of particles with increasing incubation times. In addition to a simple support layer, affinity grids 
have been developed with specific interacting groups to capture the molecules in solution79–83. 
Because in the absence of a support layer the molecules may preferentially localized to the 
surface of the grid, another approach to increase particle numbers in open hole has been to 
passivate the grid to make it easier for the applied sample to enter the hole84,85.  

     The damaging effect of the hydrophobic air-water interface results in the breakdown of many 
fragile complexes by causing subunits to dissociate and/or proteins to denature86. There are 
several approaches that aim to protect the sample from damage by exposure to the air-water 
interface, including the use of surfactants such as detergents, stabilizing the protein complexes 
in buffers containing sugars and/or glycerol or by crosslinking, sequestering the particles away 
from the air-water interface by binding them to a support layer, or reducing the exposure time 
to the air water interface by rapid freezing of the sample following blotting87,88. 

     Reconstruction of a three-dimensional object from two-dimensional projection images 
requires multiple views of the complex. While in solution particles are tumbling and in totally 
random orientations, cryo-EM sample preparation may not preserve this randomicity due to 
interaction with the air-water interface or a substrate layer. As a result, it is not uncommon that 
complexes orient in a preferred manner, limiting the number of views present in cryo-EM images. 
Efforts to overcome this issue include addition of detergents, glow discharging the grid in the 
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presence of different residual chemical groups, coating the grids with different polymers, or, 
when all fails, tilting the grid during data collection30,87–90. Except for tilting the grid, none of these 
methods is generally applicable, leading to lengthy screening procedures that may not always 
prove effective. Unfortunately, tilting has only been shown to be effective for samples prepared 
using open holes, which may suffer from the previous two problems, and require the use of gold 
foil grids to reduce the exacerbated beam-induced motion observed for tilted specimens.  

     7.2     Preparing graphene oxide coated TEM grids 

      Graphene oxide is a close to ideal support layer for cryo-EM. It produces minimal background 
in cryo-EM images, is sufficiently hydrophilic to bind biological macromolecules, can be 
effectively wetted and blots uniformly during sample preparation. However, preparing graphene 
oxide grids that have single layer that covers every hole has proven challenging with existing 
methods.  

     Two main protocols have so far been described to adhere graphene oxide onto the surface of 
holey carbon grids: the drop cast method and surface assembly method91,92. In the drop cast 
method, a suspension of graphene oxide is directly applied to a glow discharged grid, allowing it 
to absorb to the surface before being washed with water and dried. In our hands this method 
leads to minimal coating, making it impractical for automated data collection. The surface 
assembly method involves forming a monolayer film of graphene oxide on the surface of water, 
then floating the monolayer onto submerged grids. While this method is effective in coating the 
grids, the process is time consuming, requires careful testing of the amount of graphene oxide 
needed to form a monolayer, and tends produce graphene oxide films with high background.  

     We have developed a modified drop cast method that increases the efficiency of graphene 
oxide absorption onto the grid’s surface by coating the grid with polyethyleneimine (PEI) prior 
to graphene oxide application (Figure 7.2.1). The surface of commercially available grids is 
typically hydrophobic, and they have to be glow discharged under a low atmospheric pressure 
of air or a gas that contain in some part of oxygen in order to render them hydrophilic. During 
the glow discharge process the residual air becomes ionized, forming ozone that reacts the grid 
surface and oxidizes it. The oxidized surface is hydrophilic with a slight negative charge. We 
speculate that the reason why graphene oxide does not effectively bind the grid surface is that 
both are negatively charged. By coating the glow discharged grid with an additional layer of a 
positively charged polymer, like PEI, we were able to significantly increase graphene oxide 
coating. In our protocol, 1.2/1.3 regularly patterned grids with either carbon or gold film are 
first washed with chloroform to remove any hydrophobic contaminants left on the grid from 
the manufacturing process. We then glow discharge the grids under low air pressure. These 
grids are then coated first with PEI and then with graphene oxide. The coating process for both 
PEI and graphene oxide involves incubating a drop on top of the grid, then blotting away the 
solution and washing with water before drying the grid. We find that grids prepared in this way 
have near complete coating, with a limited number of overlapping graphene oxide layers.   
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Figure 7.2.1 | Modified graphene oxide coating method. On the top the holey patterned grid preparation 
and coating work flow. The grids are first washed with organic solvent (i.e. chloroform) and then glow 
discharged in an atmosphere of air. The grids are then coated with a polycationic polymer (e.i. PEI). Finally, 
the grids are coated with GO sheets to cover holes. On the bottom an example of a GO coated grid at 
several magnifications. The yellow squares indicate the region magnified on in the image to the left.  

 

     7.3     Tilted data collection with gold foil grids coated with graphene oxide 

      For many samples preferential orientation is a major barrier in obtaining a three-dimensional 
reconstruction by cryo-EM. Even when a reconstruction can be generated, the quality of the 
reconstruction may greatly suffer from anisotropy due to a limited number of views. Of the 
various approaches used to increase angular distribution for a cryo-EM sample, tilting is the only 
guaranteed way to produce additional views. However, data collection of tilted specimens has 
been shown to be effective only when the sample is prepared in open holes using gold foil grids 
that minimize beam-induced motion. To test the effect of having a support layer over the gold 
foiled grid, we collected images at 0o and 40o tilts from the differently prepared grids (Figure 
7.3.1). 

     To determine the amount of in-plane (XY) drift, images were collected with a total dose of 
40e-/Å2, fractionated into 40 or 50 frames that were aligned using motioncor2. Twenty images 
were collected for each grid condition, at both 0˚ and 40˚. The drift between every consecutive 
pair of frames was then averaged and the standard deviation plotted. From the images collected 
at 0˚ the XY drift was measured to be approximately 15 Å (12.8 for GO, 15.3 for amorphous 
carbon [AmC], and 17.0 for open hole [OH]). For the 40˚ tilt images the drift was about double 
for the GO (35.3 Å) and OH (38.3 Å) grids but was an order of magnitude higher for the AmC 
(120.7 Å) grid.  
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      To determine the potential cause for the increased drift for the AmC grids, we measured the 
change in defocus over the exposure for the 0˚ tilt images. Initially we measured the defocus 
using an individual frame but found the measured fit was low and the change between 
subsequent frames was large. To increase the signal, we performed rolling averages and found 
that for images with amorphous carbon 5 frames totaling 4e-/A2 was enough to see a smooth 
track. For GO images we needed 7 frames totaling 7e-/A2 and for OH images we needed 9 
frames totaling 7.2e-/A2. Tracks from twenty images were averaged and plotted and it was 
found that for GO and OH images there was little to no change in the defocus while the    
amorphous carbon images increased in defocus by ~100A over a total dose of 40e-/A2 
exposure. The large increase in drift for the amorphous carbon coated grids can in part 
explained by the increase in the defocus seen for these grids. However, given the change in 
defocus is ~100A and the collected images were tilted 40o the contribution to the XY drift 
would be only ~60A. The change in defocus also does not explain the increased drift observed 
in the tilted images for OH and GO images as there is little to not defocus change for these 
images. 

 

Figure 7.3.1 | Sample drift during titled data collection. On the left graphed are the average drift for 
image collected on open hole, graphene oxide and amorphous carbon grids at both 0o and 40o. Tracks 
are averages from 20 images with the vertical lines representing the standard error. On the right the 
measured change in defocus with exposure. For the collected movies a rolling average of aligned and 
averaged frames was used to increase CTF signal. The change in defocus from the first sum was then 
plotted with vertical lines representing the standard error.   
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Chapter 8 

Materials & Methods 

     8.1     TFIID in-gel sequencing and stoichiometry analysis  

     TFIID was immuno-purified from HeLa cells as described previously28. For gel band analysis, 
purified TFIID was run on a 4-20% SDS-PAGE gel (Bio-Rad), stained with InstantBlue (Expedeon), 
imaged using a Gel Doc EZ (Bio-Rad), and analyzed using an Image Lab 3.0 (BioRad). Gel bands 
were excised, and in-gel digestion was performed using Trypsin Gold (Promega) as is described 
in ref. 93 to identify protein components. The sample for mass spectrometry was collected using 
a using a Thermo-Dionex UltiMate3000 RSLCnano liquid chromatography system that was 
equipped with a C18 column (length: 150 mm, inner diameter: 0.075 mm, particle size: 3 µm, 
pore size: 100 Å) and a 1-µL sample loop. The LC was connected in-line with an LTQ-Orbitrap-XL 
mass spectrometer that was equipped with a nano-electrospray ionization source and operated 
in the positive ion mode (Thermo Fisher Scientific, Waltham, MA). Data acquisition and analysis 
were performed using Xcalibur (version 2.0.7) and Proteome Discoverer (version 1.3, Thermo) 
software packages. 

     8.2     Cryo-EM sample preparation  

     For cryo-EM sample preparation, TFIID was crosslinked on ice using 0.01% glutaraldhyde for 
5 minutes in a buffer containing 20mM HEPES pH 7.9, 0.1 mM EDTA, 5mM MgCl2, 2% glycerol, 
1% trehalose, 100mM KCl and 0.01% NP-40. 4μL of sample were then applied to a Cflat CF 2/2 
holey carbon gird (Protochips) to which a thin continuous carbon film coated with 
polyethylenimine (PEI) had been applied to improve preferential orientation bias observed with 
conventional glow discharged carbon coated grids. The PEI treatment was performed by 4 first 
glow discharging carbon coated grids using a Cressington 108 Sputter Coater (Cressington 
Scientific Instruments) for 10 s at 10 mA under 0.5 mbar pressure. 4μL of 1mg/mL PEI 
(Polyethylenimine HCl MAX Linear MW 40k from Polyscience) buffered with 25mM HEPES pH 7 
were applied to the grid for 2 min. The drop was then blotted away, and the grid was washed 
twice with 4μl of water. The grids were then air dried for at least 15 minutes and used for 
sample preparation on the same day. For grid preparation, the TFIID sample (see above) was 
incubated on the grid for 5 minutes at 4oC under 100% humidity in Mark IV Vitrobot (FEI) before 
blotting with a Whatman #1 for 4 sec at 15N force and then immediately plunge freezing in 
liquid ethane cooled by liquid nitrogen. 

     8.3     Cryo-EM data collection  

     For apo-TFIID, frozen grids were transferred to a 626 Cryo-Transfer Holder (Gatan) and 
loaded into a Titan Low-base electron microscope (FEI) operating at 300 keV acceleration 
voltage. Images were recorded on a K2 direct electron detector (Gatan) operating in super-
resolution mode at a calibrated magnification of 23,810 x (2.1 Å pixel-1 ) for the first dataset 
and in counting mode at a calibrated magnification of 37,879 x (1.32 Å pixel-1 ) for the second 
dataset, and using a defocus range of -2 μm to -4 μm in both cases, automated by the Leginon 
data collection software and monitored using Appion94,95. For the first dataset, 30-frame 
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exposures were taken at 0.6 s per frame, using a dose rate of 9.8 epixel-1 s -1 (1.33 e- Å 2 per 
frame), corresponding to a total dose of 40 e- Å -2 per micrograph. For the second dataset, 25-
frame exposures were taken at 0.372 s per frame, using a dose rate of 7.5 epixel-1 s -1 (1.60 e- 
Å 2 per frame), corresponding to a total dose of 40 e- Å 2 per micrograph. 

     8.4     Cryo-EM data processing  

     For apo TFIID exposure frames were aligned with MotionCor2 software using 8 x 8 patches 
with 20% overlap for the first dataset and 5 x 5 patches with 20% overlap for the second 
dataset to correct for local specimen motion96. The CTF parameters were estimated using the 
whole micrograph during the initial data processing stages using Gctf97. Particles were picked 
with Gautomatch (version 0.53, from K. Zhang, MRC-LMB, Cambridge) using gaussian blob 
templates. All two- and three-dimensional classification and refinement steps were performed 
within RELION (versions 1.4 and 2.1)98,99. The two apo-TFIID datasets were initially processed 
separately before being combined to for 3D refinement. The initial sets of 996,740 and 
1,308,602 particles form datasets 1 and 2, respectively, were subjected to reference-free two-
dimensional (2D) classification, and classes that corresponded to ice and junk were removed. 
This left 681,174 and 820,360 particles for datasets 1 and 2 respectively. This set of particles 
was subjected to a second round of reference based 2D classification, and only particles that 
belonged to classes with easily recognizable features were taken forward. The resulting 569,649 
and 578,317 particles for datasets 1 and 2, respectively, were then subjected to multi-model 3D 
classification (using a canonical and an extended state initial reference model) to obtain re-
centering parameters. The particles were then subjected to per-particle CTF estimation using 
Gctf before combining the data from the two datasets. To obtain a high-resolution 
reconstruction of the BC core of TFIID, a consensus map of all the data was generated focused 
on the BC core. This was done by using the angular priors form the previous multi-model 
classification to fix the angular searches for the initial refinement. In this way, the BC cores for 
the canonical and extended states overlapped and drove the alignment. The refinement was 
continued using a soft mask around the BC core to focus the refinement, resulting in a 
reconstruction at 6.1 Å resolution. Masked alignment-free 3D classification was then performed 
within the BC core region using 5 classes. This resulted in a single good class that had 
significantly higher resolution estimates than the rest and contained 23.2 % of the particles. The 
particles form this class were then globally refined and continued with a mask around the BC 
core, resulting in a reconstruction at 4.5 Å resolution. This focused refinement was then 
continued using individual masks around lobe B and lobe C, which improved the map for lobe B 
though the resolution remained at 4.5 Å, and improved the resolution for lobe C to 4.3 Å. 
Postprocessing and local resolution estimation and filtering were performed using RELION. To 
classify the various states of lobe A, the combined set of particles was initial split between the 
canonical and extended state using a multi model 3D classification. Both classes were there 
further classified using 6 classes for the canonical state and 5 classes for the extended state. 
One good class for the canonical and extended state had better density for lobe A than the rest. 
This class was then globally refined and focused refined around lobe A alone. For the canonical 
state, lobe A refined to 9.75A and the extended state was refined to 10.27A. 

     8.5     Model building and refinement  
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     We first built a model of the TFIID BC core, which was subsequently used to interpret the 
density of lobe A, and to generate a complete molecular model of TFIID. Building of the BC core 
model began with the docking of the available cryo-EM structure of lobe C (5FUR29), followed 
by docking of the crystal structures of the TAF5 NTD2 domain (PDB ID 2NXP100) and the HFDs of 
human TAF8-TAF10 and TAF4-TAF12 (PDB IDs 4WV441 and 1H3O101). Subsequently, homology 
models of TAF6-TAF9 HFD (based on PDB ID 1TAF102) and the TAF5 WD40 β-propeller domain 
(based on PDB IDs 2H13103, 2H9L104)105 were generated using MODELLER106 and placed in the 
cryo-EM density. The docked models where then manually adjusted to the density in O107 and 
COOT108, and extensions were built to complete the model where continuous density was 
clearly defined. Continuous density that could be interpreted by placement of a protein chain 
but could not be unambiguously assigned to a protein subunit of TFIID was interpreted by 
polyalanine chains (deposition as UNK). The fit of the resulting coordinate model to the cryo-
EM map was iteratively manually adjusted and then optimized using the real-space refinement 
algorithm implemented in PHENIX109, using Ramachandran, rotamer, Cβ, and secondary 
structure restraints automatically generated within PHENIX110. At an intermediate stage, 
refinement was performed using 6 macro cycles of global minimization and simulated 
annealing, the addition of the latter of which resulted in slight improvements of geometry and 
map fit. This was followed up by correction of small errors and 5 macro cycles of real space 
refinement without simulated annealing enabled. To avoid overfitting, the amplitude corrected 
and masked cryo-EM map of the TFIID BC core was filtered according to local resolution, and 
the spatial frequencies used in the refinement were further globally limited to the nominal 4.5 
Å resolution of the cryo-EM map. The b-factors of the resulting coordinate model mirror the 
local resolution of the cryo-EM, as expected. The refinement statistics of the coordinate model 
show values typical for the resolution range of our cryo-EM map. The model vs. map FSC curve 
between the refined coordinates and the cryo-EM map extends to 5.8 Å (according to the FSC = 
0.5 criterion ref. 111), but significant correlation extends to 4.7 Å resolution. This behavior is 
likely caused by the presence of areas of lower local resolution in the cryo-EM map, which 
reduces the model vs. map correlation at resolutions beyond 6 Å. Due to the large variation in 
local resolution and map quality, not all areas of the density could be interpreted at the same 
level of accuracy. Before coordinate refinement, we therefore removed the side chains from 
our model in those areas where the register assignment was not supported by the availability of 
high-resolution crystal structures or evidenced by the features of the density. Register shifts 
cannot be excluded in these peripheral or lower-resolution regions of the cryo-EM map as well 
as in the β-sheet regions of TAF2.The coordinate model of lobe B from the BC core refinement 
was then used to interpret the density of lobe A. First, lobe B and a coordinate model of a 
nucleosome core histone octamer (PDB ID 1AOI112) were fitted into the lobe A density. This fit 
revealed that three of the four histone fold dimers of the nucleosome core octamer coincided 
with the coordinates of the histone folds making up lobe B. The fourth histone pair in the 
nucleosome core octamer was then used for placement of the TAF11-TAF13 histone fold dimer 
(PDB ID 1BH8113). TAF8 from the lobe B model was substituted with the TAF3 histone fold, as 
both TAFs can be partners of TAF10, and TAF8 had been assigned to be localized to the BC 
core114. Finally, a model of TBP-TAND was generated using (PDB ID 5IYA8, 4B0A48, 1TBA115) was 
docked into the tip of Lobe A which done as this region of density would be occupied by TBP in 
the rearranged state where Lobe A is connected to Lobe B. The TAND region of TAF1 was 
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included as biochemical evidence indicated that the TAND inhibits TBP form binding DNA48,50. 
These placements were validated by and agree with chemical crosslinking-mass spectrometry 
data. To generate a complete model of TFIID in the canonical state, the atomic coordinates of 
the TFIID BC core were combined with the X-ray crystal structure of the human TAF1-TAF7 
dimer (PDB IDs 4OY2116, 4RGW117) and the lobe A coordinate model, all of which were docked 
into the overall TFIID cryo-EM reconstruction. 

     8.6     Figure creation  

     Depiction of molecular models were generated using PyMOL (The PyMOL Molecular 
Graphics System, version 1.8, Schrödinger) and the UCSF Chimera118 package from the 
Computer Graphics Laboratory, University of California, San Francisco (supported by National 
Institutes of Health P41 RR-01081). Movies were generated in Chimera. 
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