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Abstract

A dynamic conformational landscape underlies TFIID’s ability to interact with core
promoter DNA

by

Michael Cianfrocco

Doctor of Philosophy in Biophysics

University of California, Berkeley

Professor Eva Nogales, Chair

Proper gene regulation is a problem faced by all organisms, ranging from single-celled
bacteria to multi-cellular mammals. In order to respond to the changing environment, thou-
sands of genes across the genome must be controlled in a coordinated manner. The process of
evolution has placed these gene regulatory networks under constant selective pressure, which
has resulted in the intricate assembly of protein-protein, protein-RNA, and protein-DNA in-
teractions necessary for accurate gene expression. Considering that the mis-regulation of
genes results in human diseases ranging from autoimmune disorders to cancers, it has been
a major focus of modern molecular biology to understand the molecular mechanisms that
determine these complex patterns of gene expression. By advancing our understanding of
these processes, we will illuminate both the process of evolution in addition to providing
better tools to diagnose and treat human diseases.

In order to study the molecular underpinnings of transcription regulation in multi-cellular
organisms, we have focused our investigation on the key human transcription factor known
as TFIID. As a 13-14 protein complex, TFIID serves as an important regulatory hub during
the process of transcription initiation by simultaneously interacting with distal activators
and repressors, promoter DNA elements, and the basal transcription machinery. TFIID in-
tegrates these signaling cues to initiate RNAPII loading at specific genes across the genome,
thus ensuring the survival of the cell and organism as a whole. Considering that TFIID is
conserved throughout eukaryotic life, understanding its ability to license RNAPII transcrip-
tion stands to provide deep insight into gene regulation across many clades of life.

To address the structural basis for TFIID’s ability to communicate with upstream ac-
tivators and promoter DNA elements, we used single particle electron microscopy to vi-
sualize human TFIID’s interactions with TFIIA and promoter DNA. First, we discovered
that TFIID co-exists in two predominant and distinct structural states differing by a 100Å
translocation of TFIID’s major sub-domain, lobe A. This result was surprising because this
dramatic domain reorganization has been overlooked for the past 10 years. The functionality
of this rearrangement was probed by measuring the conformational partitioning of TFIID in
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the presence of TFIIA and promoter DNA. The activator TFIIA modulates the transition
between these structural states, as the presence of TFIIA and promoter DNA facilitates the
formation of a novel rearranged state of TFIID capable of promoter recognition and binding.
DNA-labeling and footprinting, together with cryo-EM studies, mapped the locations of the
TATA, Inr, MTE, and DPE promoter motifs within the TFIID-TFIIA-DNA structure.

These structural studies have significantly advanced the field of transcription initiation
by providing mechanistic and regulatory insight into eukaryotic transcription initiation.
The structure of TFIID-TFIIA-SCP represents a conceptual framework for interpreting the
past 30 years of biochemical experimentation with purified transcription factors, explaining
TFIID’s extended footprint ( 100 bps) on promoter DNA. Additionally, through localization
of the Inr, MTE, and DPE promoter motifs, this structure represents an important mile-
stone for understanding these highly utilized promoter DNA elements. Finally, by placing
this structure within the context of the extensive rearrangement observed for TFIID, the
existence of two structurally and functionally distinct forms of TFIID suggests that the dif-
ferent conformers may serve as specific targets for the action of regulatory factors.
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Chapter 1

Introduction

The process of evolution and adaptive selection has resulted in cells and organisms that are
capable of dynamic interactions with the environment, where information on the surround-
ings is encoded on short and long time scales. For instance, the physical association of cells
with surfaces and other objects requires fast-acting cytoskeletal responses (milliseconds) to
maintain cellular integrity. From this information gathered on short time scales, the cell
integrates these signals through complex regulatory pathways that amplify or dampening
information from the exterior of the cell. These regulatory pathways are mediated through
protein, lipid, and nucleic acid interacting factors, as the information is transduced towards
decision-making ’centers’ within the cell. These ’centers’ process the incoming signals to
introduce changes in protein and nucleic acid levels, allowing the cell to respond successfully
on long time scales (minutes to days) to the changing environment.

As one of the most important areas that controls cellular behavior, the nucleus houses
the hereditary genetic material whose expression is modulated in a highly regulated manner.
By altering the rate, amount, and synchrony of gene expression across the genome, evolution
has selected for gene expression changes that allow cells to respond to diverse environmental
stresses in addition to intricate developmental cues. Interestingly, while the number of pro-
tein coding genes has remained fairly constant throughout metazoan evolution, the number
of regulatory DNA elements has increased dramatically [63]. These and other data suggest
that complex cellular choices can be mediated through fine-tuned changes in protein and
RNA expression, facilitating species survival.

Given the profound effect that changes in gene expression can have on cellular decisions,
understanding the molecular basis for genome-wide regulatory decisions has served as a fo-
cal point of modern molecular biology since the discovery of the double helical nature of
DNA [115]. To date, most of the proteins involved in regulating the transcription of genes
into mRNA sequences have been identified through elegant experimental designs. However,
despite this information, a mechanistic understanding of these processes remains limited,
and a predicative understanding of that relates protein-nucleic acid interactions to organism
phenotype stands as a distant goal. In order to arrive at this deep understanding of cellular
decision making, we must have a structural understanding of the proteins involved in order
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to appreciate the molecular determinants of gene expression.

1.1 Metazoan gene regulation requires the

coordinated assembly of protein complexes on

genomic DNA

In order for a cell to respond to specific changes to its environment, DNA sequence-specific
proteins serve as the first factors responsible for altering genome-wide changes gene expres-
sion. Across the eukaryotic genome there are specific DNA sequences that are recognized by
distal-acting enhancers and repressors. These regulatory regions of the genome are bound
by proteins that transmit the genetically encoded DNA sequence information into changes
in gene expression by affecting RNAPII activity (Figure 1.1). A variety of experimental ev-
idence has demonstrated that these sequence-specific activators and repressors are capable
of looping the genomic DNA between the enhancing DNA sequence and the promoter [117].
Through associations between these enhancing regions of the genome and the promoter, the
sequence-specific activator can directly affect the loading of RNAPII at the promoter, thus
regulating gene expression.

The initiation of transcription by RNAPII requires basal transcription factors known
as TFIIA, -IIB, -IID, -IIE, -IIF, and -IIH [107]. These factors assemble onto the core pro-
moters of protein coding genes to form a transcription pre-initiation complex (Figure 1.1)
[11, 91]. A sequential recruitment model has been proposed whereby TFIID and Mediator
serve as coactivators that facilitate interactions between upstream and promoter proximal
factors [15]. The interaction of TFIID with promoter DNA can be further stabilized through
a TFIIA-mediated release of the inhibitory N-terminal domain of TAF1 from the concave
DNA-binding surface of TBP [2, 27, 66]. This facilitates the interaction of TBP with TATA
box DNA, anchoring TFIID onto promoter DNA. The formation of the TFIID-TFIIA-DNA
complex is then followed by the binding of TFIIB, RNAPII, TFIIF, TFIIE, and TFIIH to
yield the transcriptionally competent pre-initiation complex [107].

The structural transition between promoter recognition and RNAPII recruitment is me-
diated through a TFIIB-dependent linkage of RNAPII to the TFIID-TFIIA-DNA complex.
TFIIB interacts with a stirrup of TBP while also making sequence-specific DNA contacts
with TFIIB-responsive elements (BRE) that can be located immediately upstream and
downstream of TATA boxes (Figure 1.2) [54, 77]. The binding of TFIIB to the growing pre-
initiation complex stabilizes TBP-DNA interactions as RNAPII is recruited through TFIIB’s
extended N-terminal domain. Through interactions within RNAPII’s active site and RNA
exit channel [52], TFIIB engages RNAPII in an inhibited state to prepare RNAPII for sub-
sequent promoter melting steps that are mediated by TFIIE, TFIIF, and TFIIH.
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IIA

IIB

RNAPII

Enhancers

Mediator

IID

TBP
IIE

IIF

IIHIIH

IIE

Figure 1.1: Model of eukaryotic transcription initiation. Shown here is a schematic of tran-
scription initiation, where distal-acting enhancers (e.g. activators or repressors) bind to
specific DNA sequences to activate or repress transcription activity at a specific gene. These
enhancers interact with chromatin remodelling factors (not shown here), Mediator, and
TFIID to activate gene expression through long-range protein-protein contacts. Assembling
on the core promoter is the pre-initiation complex that comprises TFIID(TBP), -IIA, -IIB,
-IIF, -IIE, -IIH, and RNA polymerase II.
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Downstream to TSSUpstream

TBP

TFIIA
TFIIB

90    °
90    °

Figure 1.2: TBP-templated assembly of TFIIB and TFIIA on TATA box DNA. Co-crystal
structures of TBP-TFIIA-DNA (PDB 1NVP) [5] and TBP-TFIIB-DNA (PDB 1VOL) [77]
are shown. Side view (right) of TBP-TFIIB-DNA highlights the TBP-induced kink in TATA
box DNA.
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1.2 The multi-subunit TFIID complex is essential for

regulated transcription initiation

TFIID is a multi-subunit complex that comprises TBP and about 12 to 13 additional pro-
teins known as TAFs [15]. Initial studies with partially purified nuclear extract revealed that
the ’D’ nuclear extract fraction was necessary for recognition of the TATA box to support in
vitro transcription by RNAPII [71]. After the identification and cloning TBP [12], Tjian and
co-workers performed a series of elegant biochemical experiments that addressed the key
differences in activity between endogenously purified TFIID and recombinantly expressed
TBP (Figure 1.3) [23, 88]. Utilizing reconstituted in vitro RNAPII transcription assays, the
activity of TFIID and TBP were tested against a TATA box promoter DNA template with
upstream sp1 binding sites (Figure 1.3). The addition of TBP allowed for the specific stimu-
lation of low levels of basal transcription initiation that was further increased by TFIIA, but
remained unresponsive to the presence of sp1 (Figure 1.3, Rxns 1 - 4). Surprisingly, unlike
recombinant TBP, the endogenously purified TFIID complex was capable of responding to
the presence of sp1 by stimulating much high levels of transcription initiation. Furthermore,
the addition of TFIIA to TFIID-sp1 resulted in a synergistic coactivation of sp1-stimulated
transcription initiation (Figure 1.3, Rxns 5 - 8). These results led to the proposal of the
’coactivator hypothesis’ for TFIID [88], where the TAF subunits of TFIID interact with
upstream activators to increase the dynamic range of the transcription output.

In addition to mediating contacts with upstream activators, TFIID makes sequence-
specific contacts with core promoter DNA elements through the use of TBP and TAFs.
While the TATA box is the most evolutionarily conserved core promoter DNA element [46],
sequence analysis of metazoan core promoters revealed the presence of additional elements
known as Inr [100], MTE [65], and DPE [13] (Figure 1.4). The Inr encompasses the TSS and
interacts with TAF1 and TAF2 in a sequence-dependent fashion [17, 114]. Interestingly, a
reconstituted TBP-TAF1-TAF2 complex is sufficient to initiate transcription from TATA-Inr
containing promoters, suggesting that TFIID may contain a TATA-Inr interacting module
that minimally comprises TBP, TAF1, and TAF2.

Working in synergism with the Inr motif, the MTE and DPE motifs are positioned down-
stream of the TSS (Figure 1.4). Originally identified within Drosophila and subsequently
characterized within the human system, the MTE and DPE motifs are more commonly used
across the human genome than TATA boxes [49]. Through the use of photo cross-linking
studies of TFIID with promoter DNA, TAF6 and TAF9 have been identified as the sub-
units within TFIID that are responsible for interacting with the MTE and DPE motifs
[14, 65]. While a crystal structure of the TAF6-TAF9-DNA complex remains elusive, bio-
chemical and crystallographic data indicate that TAF6 and TAF9 heterodimerize through
histone-fold domains in a manner that is homologous to histone H3 and H4 [37, 119]. In-
terestingly, through the use of histone folds, TAF6 and TAF9 can form a higher-ordered
complex that comprises TAF6/9/4/12, which is sufficient to interact with DPE-containing
promoter DNA [99]. However, even though these subunits of TFIID can assemble into oc-
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Figure 1.3: TFIID, not TBP, responds to upstream activators in vitro. Experimental results
adapted from [23, 88]. Recombinantly purified TBP or immunopurified TFIID were used as
promoter recognition factors for in vitro transcription in the presence or absence of TFIIA
and sp1.
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+1

-36 +45

TATA Inr MTE DPE

TAF6/9/4*/12*TBP, TAF1/2

Figure 1.4: Core promoter architecture. Promoter motifs that make sequence-specific con-
tacts with subunits of TFIID are shown relative to the TSS (+1). Dotted lines indicate
regions of promoter DNA that interact with indicated sub-complexes of TFIID. Note that
for the downstream promoter motifs (MTE/DPE), TAF6 and TAF9 contribute to DNA
binding while TAF4 and TAF12 serve as structural support (denoted *).
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Figure 1.5: Regulation of enhancer-promoter interactions through core promoter elements.

tameric nucleosome-like complexes, it appears that the DNA-binding residues critical for
nucleosome-DNA interactions are absent within the histone fold domains TAF6 and TAF9.
This results in a TAF6/9/4/12 complex that interacts with promoter DNA in an alternative
manner than the well-described nucleosome-DNA system.

These interactions between TFIID and the core promoter elements have been exploited
to create a highly active core promoter, termed the ’super core promoter’ (SCP). The SCP
is capable of high affinity interactions with TFIID through the presence of optimal versions
of the TATA, Inr, MTE, and DPE motifs (Figure 1.4) [44]. Through the incorporation of
these four promoter motifs, the SCP exhibited the highest affinity of a core promoter for
human or Drosophila TFIID to date, as measured through in vitro transcription and DNase
I footprinting [44].

1.3 The core promoter as a regulatory element

The core promoter contributes to the regulatory diversity seen with metazoan genomes,
playing an active role in gene regulation [46]. Initial evidence for promoter-enhancer inter-
actions came from studies within the Drosophila Hox gene cluster [80]. Careful comparison
of enhancer and promoter architecture (e.g. presence or absence of TATA or DPE motifs)
allowed the authors to identify two regulatory strategies [80]. One strategy involved a single
enhancer that indiscriminately activates genes with TATA or DPE motifs, whereas an alter-
native strategy made use of a TATA-specific enhancer, where the presence of a TATA box
was sufficient to confer activation by the TATA-specific enhancer (Figure 1.5).

These findings have been extended through further studies in Drosophila that identified
a DPE-specific activator. Inspection of the Drosophila Hox gene cluster revealed that many
genes contained DPE-containing promoters [45]. After further study, Caudal was identified as
the transcription activator responsible for regulating Hox gene expression in a DPE-specific
manner. Additional experiments showed that Caudal specifically activated DPE- but not
TATA-containing promoters, confirming its specificity. Given Caudal’s role as a master reg-
ulator of body-plan development, these data suggest that core promoter DNA sequences
contribute to the regulatory diversity observed across the metazoan genome (Figure 1.5).

Core promoter-specific enhancers suggest that the architecture of promoter motifs may
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be communicated to the enhancers through changes in the structure or activity of the GTFs.
Specifically, since the TATA box Inr, MTE, and DPE motifs are recognized by subunits
within TFIID, it has been proposed that changes in the architecture of core promoters may
impart specific structures on TFIID [80]. Consistent with this model, RNAi knock-down
of specific subunits within TFIID and other basal transcription factors within Drosophila
revealed the presence of TATA and DPE activating factors [39]. These studies revealed that,
in addition to positively regulating TATA-containing promoters, TBP could inhibit DPE-
dependent transcription. Conversely, two activators for DPE-dependent transcription - NC2
and Mot1 - inhibited transcription from TATA-containing promoters. Therefore, changes in
core promoter architecture can impart specific requirements for the assembly of the tran-
scription machinery on promoter DNA.

1.4 Electron microscopy studies of TFIID

Despite the importance of TFIID as a coordinator of transcription initiation, high-resolution
structural information has been restricted to crystal structures of a small number of subunits
and domains within TFIID [4, 41, 48, 50, 66, 116, 119]. The size and scarcity of TFIID, typi-
cally purified from endogenous sources, has restricted structural studies to methods requiring
microgram quantities of sample. Single-particle EM has proven to be an indispensable tool
for the structural characterization of large multi-subunit complexes, even when sample is
available in minute amounts. This technique also has the potential to characterize the struc-
tural dynamics of large protein complexes [60].

EM structural studies of TFIID have yielded low-resolution structures (20 to 30 Å) of
yeast and human TFIID (Figure 1.6) [1, 8, 24, 31, 61, 62, 68, 84, 83]. A number of these
studies suggested the role of conformational flexibility in promoter binding by TFIID, where
large sub-domains of TFIID appear to adopt multiple conformational states. Given the low
resolution of these structures, the underlying conformational flexibility of TFIID likely limits
the resolution due to the computational sorting necessary to describe the intermediate struc-
tural states. Recently, several groups have reported single particle EM structures of purified
endogenous yeast TFIID bound to promoter DNA. These studies examined the binding of
TFIID from Schizosaccharomyces pombe and Saccharomyces cerevisiae to promoters that
contain both TATA and Inr sequence elements [24, 83]. Computational methods were used
to sort TFIID into distinct conformational states, and additional densities, which were at-
tributed to TATA box DNA, were localized to the surfaces of their structures.

In addition to limiting the resolution of the structures, the low SNR of the images likely
limits the accuracy of particle alignments. Cryo-EM analysis of human TFIID suggested
the presence of multiple conformational states based upon a 3D variance-based supervised
classification strategy (Figure 1.6) [31]. The resulting 2D averages and 3D models likely re-
flected these conformational differences, although since these data were collected at 200 kV
on film under low dose conditions, there may not be a sufficient SNR to assess the validity
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Human 
(apo)

S. pombe 
(apo)

S. cerevisiae

(DNA bound)

Human

S. pombe

S. cerevisiae

Projection Sub-classified averages

Figure 1.6: Comparison of previously obtained TFIID structures. Shown are 3D models for
human (EMDB 1194) [31], S. pombe (EMDB 5134) [24], and S. cerevisiae (EMDB 5176) [83].
Note that the S. cerevisiae structure was obtained from a sample of TFIID-TFIIA-Rap1-
DNA. For each 3D model, there are corresponding projections shown alongside sub-classified
averages.
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of these structures. Importantly, given these limitations, the authors do not over interpret
their structures.

On the other hand, the yeast TFIID structures [24, 83] appear to be affected by com-
putational errors that led the authors to over-interpret the resulting 3D models. Obtaining
two structural states of S. pombe TFIID at sub-nanometer resolution should constitute an
important discovery for the field [24]. However, given that there are not obvious alpha-helical
densities within this map, the resolution has likely been over-estimated. This incorrect as-
sessment of the resolution is likely due to an over-alignment of the low SNR particles, where
successive rounds of alignment with low SNR particles can impose model bias and an over-
estimation of map resolution [102]. This suggests that the conclusions drawn from the S.
pombe structure may not be based on real structural changes within TFIID.

While the S. cerevisiae structural analysis of TFIID-TFIIA-Rap1-DNA did not over-
estimate the resolution, the final 3D reconstructions exhibit non-physical characteristics
indicative of a computational error in the 3D alignment scheme. Throughout the structural
work presented by the authors [83, 84], the 3D models exhibit a hard-edge, reminiscent of an
’onion shell’ (Figure 1.6). This structural feature of the 3D models is probably due to a 3D
mask that has a smaller radius that the radius of the TFIID particles. Analysis of human
TFIID in this incorrect fashion has resulted in similar structural features (data not shown).
Imposing this incorrect mask during the 3D refinement may also have affected the particle
alignments, resulting in a rotationally averaged 3D model. This is seen clearly in the 2D
projections of the S. cerevisiae DNA bound structure (Figure 1.6) where outer regions of the
structure appear to be blurred. These considerations indicate that the structural conclusions
proposed by the authors regarding TFIID-promoter interactions may not be accurate, due
to incorrect particle alignment strategies.

1.5 Research rationale

In the beginning of my graduate career, the first goal of my project was to pursue a structure
of human TFIID bound to promoter DNA. Given that previous work in the lab had identified
structural transitions existing within the human TFIID sample [31], we hypothesized that
conformational selection may be important for promoter binding. However, after a number
of years of failed attempts to determine the 3D structure of TFIID-TFIIA-SCP, we were
surprised to discover that the DNA binding configuration for TFIID is within a reorganized
structural state. This structural reorganization was then characterized using extensive 2D
image analysis, in addition to obtaining an ab initio 3D reconstruction. These studies ver-
ified that TFIID can move its lobe A (approximately 300 kDa in size) by 100Å across its
central channel in a dynamic equilibrium, providing an explanation for years of unsuccessful
experiments.

After revealing the presence of two predominant conformational states of TFIID, we dis-
covered that the novel ’rearranged’ conformation of TFIID corresponds to a high affinity
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DNA binding state. By using gold labelling in combination with multi-model refinements,
we defined the organization of the rearranged conformation of TFIID bound to promoter
DNA. To provide biochemical evidence for the model of DNA binding, the protein-DNA
interactions were probed through DNA footprinting experiments with DNase I and MPE-
Fe. By mapping the digestion patterns of wild-type and mutant SCP sequences onto the
DNA-bound structure, we were able to show that the rearranged conformation is the DNA
binding conformation for promoters of varying architecture. Our data suggest a model in
which the distinct conformations of TFIID may serve as targets through which regulatory
factors recruit TFIID to specific types of core promoters, facilitating the net-stabilization of
TFIID bound to promoter DNA within the rearranged state.
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Chapter 2

Human TFIID binds promoter DNA
in a reorganized structural state

2.1 Detailed analysis of TFIID reveals dramatic

flexibility of lobe A

Lobe A is flexibly attached to a stable core of TFIID that
comprises lobes B and C

In previous cryo-EM analyses of human TFIID, the use of 3D variance suggested that con-
formational flexibility is an intrinsic property of TFIID [31]. Due to the potential effect that
this movement could have on TFIID function, we investigated this property more thoroughly
by extensive 2D image analysis of negatively stained TFIID samples (Figure 2.1A and Fig-
ure 2.2A). The resulting 2D averages showed a variety of different TFIID orientations, as
seen previously [31]. However, upon careful analysis, we noticed that a number of the class
averages that initially looked like different views of TFIID, actually corresponded to the
same orientation (Figure 2.2B). When comparing these averages side-by-side, it becomes
clear that there is a rigid sub-structure within TFIID that is shared between all of the class
averages. Surprisingly, a flexibly attached lobe is connected to the rigid sub-structure in a
variety of conformations (Figure 2.2B). Thus, these class averages indicate that TFIID may
exhibit a greater degree of flexibility than previously appreciated.

Comparison of these class averages with a 3D model indicated that the flexible domain
is lobe A. The class averages were compared to a model containing all domains of TFIID
(Figure 2.3A & C) and a model corresponding only to the BC core (Figure 2.3B & D). In
contrast to the apo-TFIID model (Figure 2.3A), the BC core model aligned all of the aver-
ages within the same orientation, confirming that these class averages correspond to distinct
structural states. Thus, lobe A is the flexible domain that differs in position relative to the
rigid sub-substructure that comprises lobes B and C, termed ’BC core.’

To confirm that the conformational flexibility seen for lobe A was not an artifact due to
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A B

Figure 2.1: Micrographs of negatively stained and vitrified TFIID samples. (A) Negatively
stained sample of TFIID in uranyl formate. (B) Cryo-EM micrograph of TFIID. Represen-
tative particles are shown in red boxes. Scale bars are 100 nm.
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Figure 2.2: 2D reference-free class averages of negatively stained TFIID. (A) Representative
class averages obtained during analysis of all particles within dataset. (B) Selected averages
from (A) that correspond to a similar particle orientation to each other. Scale bars are 200Å.
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negative staining procedures, cryo-EM data of TFIID were analyzed in an identical manner.
Indeed, after performing 2D reference-free alignment on the particles, similar conformational
states were observed within the cryo-EM class averages, where lobe A is flexibly attached to
a stable BC core (Figure 2.4). Thus, lobe A undergoes a 100Å structural reorganization as
it changes connectivity from lobe C to lobe B. Given that the structural state where lobe A
contacts lobe C corresponds to the previously determined 3D structure of TFIID [1, 31], we
will refer to this state as the ’canonical’ state. When lobe A contacts lobe B, TFIID forms a
rearranged horseshoe structure, hence we will refer to the newly discovered structure as the
’rearranged’ state (Figure 2.4).

2.2 Focused classification & positional measurements

of lobe A describes TFIID’s conformational

landscape

After initially characterizing the extent of lobe A’s conformational variability, we wanted
to quantify the relative occupancy of each structural state to arrive at a more complete
description of TFIID’s conformational landscape. To this end, we concentrated on a ’stan-
dard’ view, where the three main lobes of TFIID, lobes A, B and C, were clearly separated.
After performing 2D reference-free alignment, all particles corresponding to this standard
view were extracted and re-aligned to a reference of the BC core only (Figure 2.5A). The
average of these re-aligned particles showed that lobe A was ’blurred-out’ due to the wide
range of conformational states that it adopts (Figure 2.5A). Sub-classification within a 2D
mask that excluded the stable BC core revealed that lobe A adopts a wide range of positions
(Figures 2.5B). However, unlike the previously obtained averages (Figure 2.2B), this analysis
provides a direct measure of the occupancy for each structural state.

To quantify the structural plasticity exhibited by TFIID, the position of lobe A along
the BC core was measured within each sub-classified average. The measurements were nor-
malized so that values greater than 0.70 correspond to particles resembling the canonical
state, in which lobe A is at its closest position to lobe C (Figure 2.5D). Values less than
0.50, on the other hand, indicate that the particles are in a rearranged state, wherein lobe A
is proximal to lobe B (Figure 2.5D). This analysis revealed that the position of lobe A can
be described by a bi-modal distribution with peaks centered at 0.40 and 0.80 (Figure 2.5E
and Figure 2.6A). Surprisingly, this showed that approximately 50% of the TFIID particles
are found in the rearranged state. These distinct structural states of TFIID were observed
in datasets from both cryo-EM and negative stain data, demonstrating that the sample
preparation did not alter the results (Figure 2.5E). Hence, there are two predominant and
structurally distinct states of TFIID that differ by the reorganization of lobe A within the
complex.
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Figure 2.3: Lobe A exists in a range of positions relative to a stable BC core within TFIID.
(A & B) Negative stain reconstruction of TFIID from previous work [31]. Lobe positions are
indicated. (C) Class averages from Figure 2.2B aligned to re-projections of model in (A).
(D) Class averages from Figure 2.2B aligned to re-projections of TFIID’s BC core. The BC
core is indicated in (A) by the dotted line. Scale bars are 100Å .
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Figure 2.4: Cryo-EM class averages of TFIID confirm lobe A’s flexibility. Selected 2D
reference-free class averages of TFIID highlight large movement of A relative to a stable
BC core. ’Canonical’ and ’rearranged’ conformations states are indicated. The BC core is
colored in blue while lobe A is colored in yellow. Scale bar is 200Å .
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Figure 2.5: Focused classification and positional measurements of lobe A within TFIID.
(A) Strategy for alignment & classification. Particles were selected based upon member-
ship within the characteristic ’standard view’ of TFIID. These selected particles were then
aligned to the rigid BC core and classified within a mask centered on lobe A. (B) Resulting
sub-classified classums from negatively stained TFIID particles after hierarchical ascendant
classification. (C) Resulting sub-classified classums from cryo-EM particles of TFIID after
hierarchical ascendant classification. (D) Schematic for measuring lobe A position within
sub-classified classums. The position of lobe A was projected onto the B-C axis to provide a
measurement for lobe A’s localization within TFIID. (E) Histogram of lobe A positions for
negatively stained (left) and vitrified TFIID (right).
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Figure 2.6: The conformational landscape of TFIID changes in response to TFIIA and SCP
DNA. Distribution of lobe A positions relative to the stable BC core for TFIID (A), TFIID-
SCP (B), TFIID-TFIIA (C), and TFIID-TFIIA-SCP samples (D). Inset within (A): Class
averages corresponding to specific lobe A measurements from the TFIID sample.
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2.3 TFIIA and SCP DNA modulate the position of

lobe A within TFIID

The combined presence of TFIIA and SCP DNA stabilize the
rearranged state

To examine whether the binding of TFIIA and promoter DNA is linked to the conforma-
tional states of TFIID, we analyzed TFIID in the presence of excess SCP DNA and/or the
cofactor TFIIA. The SCP contains the TATA box, Inr, MTE, and DPE core promoter motifs
(Figure 1.4). When TFIID was incubated with SCP DNA and negatively stained samples
were visualized and analyzed as described above, lobe A showed a similar distribution of
positions relative to TFIID (Figure 2.6B) (p = 0.0353, Wilcoxon signed-rank test). This
result suggested either that TFIID does not interact with SCP under the conditions used,
or that DNA binding does not alter the conformational partitioning of lobe A within the
accuracy of our measurements.

We then tested whether the presence of TFIIA affects the properties of TFIID. When
TFIID was incubated with TFIIA in the absence of DNA, the distribution of lobe A posi-
tions was shifted to the peak centered at 0.80. It thus appears that TFIIA stabilizes TFIID
in the canonical state (Figure 2.6C). On the other hand, in the presence of SCP DNA,
TFIIA promotes the formation of the rearranged state of TFIID, with a strong increase
in the peak of lobe A positions centered at 0.40 (Figure 2.6D). The distribution of lobe A
positions within the context of TFIID-TFIIA (Figure 2.6C) was significantly different from
that seen with TFIID-TFIIA-SCP (Figure 2.6D) (p = 1.5 x 10−13, Wilcoxon signed-rank
test). Since TFIID is purified using established protocols [67, 68], any underlying biochemical
heterogeneity will be constant between these experiments, suggesting that these conforma-
tional changes are due to the presence of TFIIA and SCP DNA. These results indicate that
TFIIA serves the dual function of maintaining TFIID in the canonical state in the absence of
DNA and promoting the formation of the rearranged state in the presence of promoter DNA.

Cryo-EM analysis verified the presence of DNA within the
rearranged state of TFIID

To characterize the structure of this novel rearranged state of TFIID and its binding to DNA,
we carried out cryo-EM visualization of frozen-hydrated samples. Analysis of 2D reference-
free averages from cryo-EM data of the TFIID-TFIIA-SCP ternary complex showed the
presence of both the rearranged and canonical states (Figures 2.7A & B, leftmost panels).
Importantly, the class averages corresponding to the rearranged state revealed extra density
that appeared to be DNA extending across the central channel of TFIID (Figures 2.7A,
left panel). This additional density was confirmed to be DNA by examining cryo-EM
2D reference-free class averages collected for TFIID, TFIID-SCP, and TFIID-TFIIA. 2D
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Figure 2.7: Cryo-EM analysis confirms that the rearranged conformation of TFIID interacts
with SCP promoter DNA in the presence of TFIIA. 2D reference-free class averages obtained
for the rearranged conformation (A) and the canonical conformation (B) in the presence of
the indicated factors. Note the presence of linear density within the rearranged conformation
for TFIID-TFIIA-SCP. Scale bar is 200Å .

reference-free class averages of TFIID without the combined presence of TFIIA and SCP
showed no extra density within the rearranged state (Figure 2.7A). These observations sug-
gest that TFIIA is required for efficient binding of TFIID to SCP and that the predominant
form of TFIID that is bound to DNA is the novel rearranged state.

2.4 Discussion

Even though conformational flexibility was originally observed for lobe A within frozen-
hydrated samples of TFIID [31], the large magnitude of this newly observed flexibility for
lobe A within human TFIID went unappreciated for the past 10 years [1, 31, 67, 68]. Fur-
thermore, re-analysis of all datasets of TFIID available reveal the presence of the rearranged
conformation, in addition to the continuum of conformational states adopted by lobe A
(data not shown). This indicates that the rearranged conformation has been consistently
overlooked (e.g. [67]: Supplemental Figure S4). Given the subtle differences observed be-
tween projections of the canonical state when it was aligned to 2D class averages of the
rearranged state (Figure 2.3C), it is not surprising that this slight difference was ignored.

The pendulum nature of the lobe A’s movement relative to the stable BC core suggests
that lobe A maintains a connection to the BC core within all conformational states. The
nature of this linkage remains unknown and, given that there is not visible extra density
connecting lobe A to the BC core, we postulate that the linking domain is an unstruc-
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tured polypeptide chain. Furthermore, given the lack of information on subunit organization
within TFIID, it is difficult to speculate on the composition of lobe A or the BC core at
this time (see Chapters 3 & 4 for model of TFIID composition). Given the large distance
(>100 Å )that lobe A moves relative to the BC core, understanding the molecular basis for
modulating lobe A’s position may have important implications for regulating TFIID activity.



24

Chapter 3

Cryo-EM analysis of
TFIID-TFIIA-SCP defines the 3D
organization of DNA and TFIIA
bound to TFIID

3.1 Implementation of OTR to generate a model of

the rearranged state

Principles of ab initio 3D reconstruction strategies

The refinement and 3D reconstruction of individual particles in single particle EM requires
an initial model to be input by the user. Unfortunately, given that the single particles are
inherently noisy due to low-dose image collection strategies, 3D reconstructions from single
particle datasets can be sensitive to the initial model originally provided. Furthermore, given
the ’model bias’ problem observed for aligning individual noisy particles with a reference pro-
jection [102], generating an initial model for the refinement of protein structures represents
a non-trivial step in single particle EM.

There are three commonly used approaches for calculating ab initio 3D models for use as
initial models for 3D refinements of single particles: angular reconstitution [112], RCT [90],
and OTR [59]. Each method relies on calculating 2D reference-free class averages through
an iterative process of classification and alignment. From these averages, angular reconsti-
tution relies upon the shared ’common line’ in Fourier space between different 2D views of
the same object. The ’common line’ is the direct result from the central section theorem of
image formation within transmission EM [22]. By calculating the ’common lines’ between
2D reference-free class averages, an ab initio 3D reconstruction can be obtained for the par-
ticles analyzed. While this technique provides a powerful tool for calculating 3D models
of both symmetric and asymmetric structures, it is limited by the assumption that the 2D
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reference-free averages represent different views of the same object. Therefore, conforma-
tional or biochemical heterogeneity within the sample can result in 2D class averages that
are not from the same object and, when these averages are combined during angular recon-
stitution, the resulting 3D model will not be an accurate representation of the underlying
protein structure.

As an alternative methodology to angular reconstitution, RCT relies on collecting par-
ticle tilt pairs at a defined angle in order to calculate ab initio 3D reconstructions [90]
(Figure 3.1). Since each particle collected for RCT has a corresponding tilt mate at known
tilt angles (60 - 65°), generating 2D class averages for the untilted particles results in group-
ing tilt mates from different views together. And, since the angles between all of the particle
tilt mates are known, 3D reconstructions can be calculated for each class average. This
approach for calculating ab initio 3D reconstructions does not make any assumptions about
the sample homogeneity (unlike angular reconstitution, see above), instead relying on the
geometry of particle tilt pairs to provide structural information on 2D class averages. The
only limitation with this technique is that the maximum tilt angle achievable in the EM
is 60 - 65° due to the physical nature of the sample holder and support grid. This results
in the famous ’missing-cone problem,’ where there is a large cone-shaped area in reciprocal
space that does not contain any structural information and can lead to artifacts within 3D
reconstructions [25].

These limitations of RCT led to the recent development of OTR as an ab initio methodol-
ogy that does not suffer from the ’missing-cone problem’ (Figure 3.1) [58, 59]. The conceptual
framework of OTR is similar to RCT: particle tilt pairs are collected in the EM through di-
rect manipulation of the stage angle, but, instead of collecting images at 0°and 60°as in RCT,
OTR images are collected at +/- 45°. This technique has the ability to fill in completely
all of reciprocal space for a given 2D class average (Figure 3.1). The full description of
3D structural information for OTR class volumes abolishes the requirement for sub-volume
averaging techniques, a method normally used for merging RCT class volumes to remove
the ’missing-cone problem.’ While there are robust techniques for accurate merging of RCT
class volumes [97], combining class volumes of pseudo-symmetric volumes (like TFIID, see
below) may result in loss of 3D structural information of distinct structural states.

3D reconstruction and refinement of rearranged conformation

In order to calculate an ab initio 3D model for the rearranged conformation, the above
points were considered in deciding to implement OTR in determining the 3D structure of
TFIID-TFIIA-SCP (Figures 3.2 & 3.3). Since OTR preserves three-dimensional features
of individual class volumes without suffering from the ’missing-cone’ problem of RCT [18],
individual class volumes calculated from 2D reference-free class averages of TFIID-TFIIA-
SCP (Figure 3.3A) were refined against untilted negative stain data for TFIID-TFIIA-SCP.
These refined models were then quantitatively compared to the characteristic class averages
of TFIID in six distinct conformations (Figure 3.3C & D) and models were excluded based
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Figure 3.1: Principles of OTR and RCT. (A) First, the stage is tilted by +45° in the
microscope before taking the first exposure. After recording the exposure, the stage is then
tilted to -45° and a second exposure is taken. Superposition of a tilt pair reveals that the
images are separated by 90° . (B) Another particle tilt pair is collected and, when averaged
together with the first image through in-plane rotation of the +45° image, the particles
further fill-in the 3D structure of the class average. (C) After averaging many particles that
have been aligned through in-plane rotations, 3D information is built up for a given class
average until a 3D reconstruction can be performed. Note that RCT is identical to the
description of OTR here with the exception that images are collected at 0°and 60°.
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Figure 3.2: OTR tilt pair micrographs for TFIID-TFIIA-SCP. Scale bar is 200 nm.
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upon Fourier Ring Correlation (FRC) [96] values below 60Å (Figure 3.3D). A majority (8/10)
of the refined, validated models were found to be in the rearranged state (Figure 3.3E, c -
g), whereas a minority (2/10) were in the canonical conformation (Figure 3.3E, a).

Comparison of the resulting refined 3D models corresponding to the canonical and rear-
ranged conformations revealed the three-dimensional path of lobe A’s rearrangement (Fig-
ure 3.4). As expected from analysis of 2D reference-free averages of TFIID (Figure 2.2B),
lobe A’s movement from the canonical conformation, where it contacts lobe C, to the rear-
ranged conformation, contacting lobe B, mostly involves a translational component on the
BC core (Figure 3.4A & B). Additionally, the BC core appears to be nearly identical between
the two structures, indicating that a majority of the structural changes exhibited by TFIID
occur through the repositioning of lobe A (Figure 3.4A & B, blue). While it is difficult
to orient lobe A between the two conformations, lobe A likely rotates since the connecting
density from A to C in the canonical state may rotate to contact lobe B in the rearranged
conformation (Figure 3.4A & B, arrows). Unfortunately, despite the structural information
gathered from negative stain on TFIID-TFIIA-SCP, nucleic acids are not preserved within
the negative stain. This required cryo-EM sample preparation and analysis in order to vi-
sualize the path of DNA through TFIID-TFIIA-SCP.

3.2 Comparison of TFIID-TFIIA-SCP cryo-EM

structures in the canonical and rearranged

conformations

Previous 2D image analysis indicated that both TFIID and the ternary TFIID-TFIIA-SCP
samples existed in a distribution of conformational states (Figure 2.6A & D), requiring the
use of a multi-model 3D refinement strategy. A total of 35,000 cryo-EM particle images
from the purified TFIID-TFIIA-SCP complex were sorted using multi-reference projection
matching with two distinct reference structures obtained from negatively stained samples
that represent the canonical and rearranged conformations. After implementing a cross-
correlation cut-off that excluded 25% of the particles, the reconstruction of the rearranged
state (comprising 60% of the remaining particles) was refined to a resolution of 32Å (Fig-
ure 3.5C). A prominent feature of the rearranged structure is the presence of density (Fig-
ure 3.5C, green), which we attribute to DNA, extending over lobe C and across the central
channel of TFIID towards the region connecting lobes A and B.

A 3D model for the canonical state was refined simultaneously from the TFIID-TFIIA-
SCP samples to a similar resolution and included the remaining 40% of the selected particles
(Figure 3.5A). Importantly, the canonical state does not show the presence of any apparent
DNA density, but is otherwise similar in overall features to the previously reported cryo-EM
[31] and negative stain [68] structures of human TFIID. Comparison of the coexisting canon-
ical and rearranged structures confirms the presence of a common BC core (blue, Figure 3.5A
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Figure 3.3: OTR implementation and model validation for both canonical and rearranged
reconstructions of TFIID-TFIIA-SCP. (A) 2D reference-free class averages for -45° tilt data.
(B) Strategy for validating OTR models. (C) Untilted TFIID-TFIIA-SCP 2D reference-free
class averages that were used to assess model quality for refined OTR class volumes. (D)
Highest & lowest resolution models shown as the top two and bottom two rows, respectively.
(E) 3D model projections for refined & validated OTR models. Only 5 out of 8 rearranged
models (c - g) and 1 out of 2 (a) canonical models are shown for space considerations. For
comparison, the corresponding projection for a previously determined TFIID negative stain
structure of the canonical state is shown (b) [31].
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Figure 3.4: 3D reconstructions of TFIID-TFIIA-SCP in canonical and rearranged conforma-
tions from negatively stained particles. Canonical (A) and rearranged (B) reconstructions
at 30Å and 32Å, respectively. The stable BC core is colored in blue in both structures while
lobe A is colored orange within the canonical conformation and yellow in the rearranged con-
formation. 2D reference-free averages were aligned to the models in a multi-model manner,
where the best matching averages for the canonical (C) and rearranged (D) conformation
are shown. Scale bars are 200Å .
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Figure 3.5: TFIIA-mediated binding of SCP DNA to the rearranged state of TFIID. 3D
reconstructions of the canonical conformation for TFIID-TFIIA-SCP at 32Å (A) and TFIID
at 35Å (B). 3D reconstructions of the rearranged conformation for TFIID-TFIIA-SCP at
32Å (C) and TFIID at 35Å (D), where density in (C) attributed to DNA is shown in green.
The stable BC core is colored blue for each model. Lobe A is colored orange for (A) and (B)
and yellow for (C) and (D). 2D reference-free averages for TFIID-TFIIA-SCP (E & F) and
TFIID (G & H) are aligned to canonical and rearranged conformations, respectively. Scale
bars are 200Å .
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& C). However, the position of lobe A is dramatically shifted from one side of the core to the
other, where lobe A within the canonical state is within close proximity of the DNA binding
site of lobe C (orange, Figure 3.5A; yellow, Figure 3.5C). The movement of lobe A from the
canonical state to the rearranged state involves a translational component along the BC core
axis, as lobe A changes its apparent connectivity from lobe C (canonical) to lobe B (rear-
ranged). These two reconstructions from the TFIID-TFIIA-SCP sample suggest that TFIID
exhibits high affinity DNA interactions only when it adopts the rearranged conformation,
considering the lack of any apparent DNA density for the canonical conformation.

The assignment of DNA as the narrow, linear density present only in the rearranged state
of the TFIID-TFIIA-SCP sample was further supported by comparison of the rearranged
cryo-EM structure from TFIID alone. Using the same multi-model approach described above,
we obtained 3D cryo-EM reconstructions of the two alternative states of TFIID (Figure 3.5B
& D). Comparison of the rearranged conformation ( 50% of selected particles) of TFIID with
the rearranged structure of TFIID-TFIIA-SCP shows that there is strong density, which we
ascribe to DNA, that is uniquely in the ternary complex and extends across the TFIID chan-
nel from lobe C to lobe A (Figure 3.5C & D). The structures of the canonical conformation
of TFIID observed with TFIID alone and with the TFIID-TFIIA-SCP sample appear to be
similar (Figure 3.5A & B), which suggests that the particles in the canonical conformation
in the TFIID-TFIIA-SCP sample either do not bind DNA or lack stably positioned SCP
DNA.

Orientation of DNA within TFIID-TFIIA-SCP

To examine the orientation of the DNA bound to the rearranged TFIID-TFIIA-SCP com-
plex, we performed a DNA extension experiment. Cryo-EM data were collected from a
sample of TFIID, TFIIA, and SCP DNA with a 30 bp 5’ extension to position -66 (termed
’-66’) upstream of the TATA box (Figure 3.6). Comparison of cryo-EM 3D reconstructions
for the rearranged state of TFIID-TFIIA-SCP(-66) and TFIID-TFIIA-SCP revealed signifi-
cant extra density extending out of lobe A, which was the strongest difference between the
two cryo-EM reconstructions at σ = 4 (Figure 3.6, arrowheads). The dimensions of this
additional density are consistent with the length of the DNA extension. Beyond identifying
the upstream DNA sequence at position -66, this additional DNA density extending from
lobe A also provided a marker for the position of the TATA box, which is 36 bp from the
end of this extended DNA, and thus within lobe A of the rearranged state.
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A B C

Figure 3.6: Extending SCP DNA upstream by 30 bps reveals upstream DNA path exiting
lobe A. Cryo-EM reconstruction of TFIID-TFIIA-SCP(-66) at 35 Å (A) aligned with the
cryo-EM reconstruction of TFIID-TFIIA-SCP (B) and their difference map (C). DNA den-
sity is colored in green, whereas lobe A and the BC core are colored in yellow and blue,
respectively. Summary of Nanogold labeling from Figure 3.16 is shown in (A). Scale bar is
100Å .
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3.3 Validation of the rearranged conformation using

the free-hand test

As discussed in Chapter 1, the published literature of TFIID structures has provided a
number of different 3D models for TFIID alone [24, 61, 62, 83] and the structure that
TFIID adopts on promoter DNA [24, 84] (Figure 1.6). Therefore, in order to ensure the
validity of the 3D models presented here, the free-hand test was performed on cryo-EM data
of TFIID-TFIIA-SCP. Originally proposed by Rosenthal & Henderson [92], the free-hand
test simultaneously provides an un-biased assessment of 3D map handedness and quality of
particle alignments (Figure 3.7) [3, 35, 57, 92], and thus constitutes an external validation
of 3D maps not unlike the Rfree value in x-ray crystallography [9].

Test study on 26S proteasome

Using the strategy outlined (Figure 3.7) and computer software kindly provided by John
Rubinstein (University of Toronto), I implemented the free-hand test on a well-behaved
sample, the 26S proteasome from S. cerevisiae. Previous research in the lab found that the
26S proteasome achieved the highest resolution to date for a non-helically symmetric molecule
within the Nogales lab (6 - 10Å ) [56]. After Gabriel Lander kindly collected cryo-EM tilt
pairs, I manually extracted the particles (Figure 3.8A) and aligned them using established
laboratory 3D refinement parameters (see Materials & Methods). The free-hand test results
showed a narrow clustering of particle alignments at 20° (Figure 3.8C). Satisfyingly, this is
the same tilt angle applied to the sample holder in the EM, indicating that the model of
the 26S proteasome has the correct handedness. This is a trivial result considering that
the high resolution of the 26S proteasome model allowed unambiguous docking of crystal
structure components, confirming the handedness [56]. However, this sample still served as
an important positive control for this new test, where the 26S proteasome data provided
insight into the accuracy of particle alignments needed to achieve sub-nanometer resolution
of single particles in cryo-EM.

Free-hand test of the rearranged & canonical conformations

After validating the implementation of the free-hand test on the 26S proteasome, the free-
hand test was performed on the rearranged and canonical cryo-EM models of TFIID-TFIIA-
SCP. Particle tilt pairs (Figure 3.9A) were manually selected, extracted, and subjected to
identical alignment parameters that were originally used for the 3D refinement and recon-
struction of the TFIID-TFIIA-SCP data (see Materials & Methods). The free-hand test
results show that the 3D model for the rearranged conformation has the corrected hand-
edness (Figure 3.9B). Furthermore, these data show that, overall, the particle alignment
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Figure 3.7: Unbiased assessment of model handedness and particle alignments using the free-
hand test. (1) Tilt image pairs are collected in the microscope at a small tilt angle, typically
between 10 - 30°. (2) Necessary input files for the free hand test: 3D model (handedness to
be tested), untilted stack, and tilted particle stack. (3) Align model to an untilted particle.
In the example, the Euler angle assigned to this particle is (0, 20, 0). (4) According to
this starting angle (e.g. (0, 20, 0)), Euler angles are searched systematically within a given
angular range. (5) Graphical depiction of resulting cross-correlation plot from systematic
Euler angle search. The middle of the plot is the Euler angle for the untilted particle, (0, 20,
0). Each Euler angle combination is tested and the cross-correlation is scored and recorded.
Note the intense peak centered at (0, 50, 0). Accurate alignment of the untilted particle
results in a angular difference between the untilted and tilted particles to be the same as
that applied within the microscope (e.g. +30°). (6) This analysis is then extended for all
particle tilt pairs and the peak value is recorded. Accurate alignment of the particles results
in a cluster of peaks around +30, the angle applied in the microscope for this example. Note
that a model with opposite handedness would have a peak at -30°.
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0° +20° 3D modelA B

C

Figure 3.8: Free-hand test on 26S yeast proteasome. (A) Selected particle tilt-pairs. (B)
Refined 3D cryo-EM model for 26S proteasome used for free-hand test. (C) Free-hand plot
for 86 particle tilt pairs.



CHAPTER 3. CRYO-EM ANALYSIS OF TFIID-TFIIA-SCP DEFINES THE 3D

ORGANIZATION OF DNA AND TFIIA BOUND TO TFIID 37

-15° +15°A B

Rearranged

Canonical

C

Figure 3.9: Free-hand test on TFIID-TFIIA-TFIIB-SCP. (A) Particle tilt pairs were col-
lected at -15°and +15°on a sample of TFIID-TFIIA-TFIIB-SCP (see Chapter 4 for more
information). Tilt pair plot for particles belonging to the rearranged conformation (B) and
canonical conformation (C).
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accuracy is correct, but, when compared to the free-hand test for the 26S proteasome, the
more diffuse clustering of the rearranged particles provide insight into the limited resolution
of the rearranged 3D model ( 32Å ) when compared to the 26S proteasome (6 - 10Å ) (Fig-
ure 3.9B).

The free-hand test for the corresponding canonical conformation revealed that the par-
ticle alignments were almost ’random’ when compared with the rearranged model particle
alignments (Figure 3.9C). This result is in contrast to the previously observed agreement
between projections of the canonical conformation and 2D reference-free class averages (Fig-
ure 3.5E). Considering that there is an interdependence of model quality, particle quality,
and 3D alignment routine that is measured by the free-hand test [3, 35, 57], it is difficult
to understand the poor particle alignments for the canonical conformation. However, con-
sidering that the predominant conformation within the TFIID-TFIIA-SCP sample is the
newly identified rearranged conformation (Figure 2.6D), the free-hand test results for the re-
arranged conformation provide an objective validation of the model handedness and particle
alignment accuracy. This approach for validating 3D models can be extended to the other
TFIID structures [24, 61, 62, 83, 84] so that the field can arrive at a consensus on TFIID’s
structure.

3.4 Nanogold as a tool to localize ligands bound to

TFIID

The free-hand test verified the accuracy of the 3D rearranged model from TFIID-TFIIA-
SCP, allowing further experiments to be performed in order to define the stereochemistry
of this ternary complex. In order to visualize the DNA within the rearranged state for
labeling, all structural experiments were performed on plunge frozen samples of TFIID-
TFIIA-SCP. Due to the low SNR of cryo-EM images, traditional protein-based tags (e.g.
antibody, streptavidin, or MBP) may be difficult to localize accurately. Therefore, in order
to overcome this problem, a Nanogold-based tagging strategy was developed to label the
SCP DNA and TFIIA within TFIID-TFIIA-SCP.

Theoretical considerations for imaging Nanogold within vitreous
ice

Gold nanoclusters have been an important tool for EM image analysis for the past 20 years
[32]. From immunolocalization in cell sectioning experiments to labeled-ligands within single
particle cryo-EM, the high contrast of gold relative to protein and nucleic acids makes it an
ideal labeling reagent. Previous work that labeled specific sites within single particles using
Nanogold showed that in order to take advantage of the high contrast of gold low defocus
images needed to be collected [6, 10, 74]. While these low defocus images were appropriate to
localize the gold nanoclusters, the contrast of protein decreases dramatically at these defocal
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Figure 3.10: Determination of optimal defocus for 1.4-nm Nanogold. 2D Gaussians were
fit to the simulated images of a 70 atom gold nanocluster embedded in water (A). For the
peak finding shown here, noise was added to the simulated images to model accurately cryo-
EM image characteristics (B). (C) Intensity of a 70-atom gold nanocluster (blue) is plotted
against a range of defocal values. The standard deviation of the gold nanocluster intensity
is shown in grey. For comparison, the intensity of a protein similar in size (amylase, PDB
1PPI) is shown (red). (D) Distance between peaks found in simulated gold images and the
actual position of the gold nanocluster. Standard deviation of localization is shown in grey.
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values. Therefore, analysis of gold labeled single particles requires the use of ’focal pairs’
where a high defocus image is collected to visualize the protein density while the low defocus
image is used to localized the gold nanocluster.

While there appears to be a wide-spread acknowledgement that gold nanoclusters display
increased contrast at low defocus values compared to the high defocal values needed to image
proteins in vitreous ice, there has not been a rigorous theoretical and experimental validation
of ’best use’ practices with single particles labeled with Nanogold. Therefore, before utilizing
Nanogold as a labeling tool, we wanted to perform theoretical image simulation analysis of
gold contrast across a range of defocuses.

To provide a theoretical assessment of the intensity of Nanogold in the EM, we per-
formed multislice image simulations of gold nanoclusters embedded in water at 120 keV [28,
33, 51]. We used the multislice approximation of image formation in the EM [28], where
the transmission of the incident wave is modeled as Fresnel propagation through a series of
thin specimen ’slices.’ Multislice imaging of biological macromolecules has been used suc-
cessfully on previous projects within the lab [33], allowing existing computer programs to
be manipulated in order to study gold nanoclusters. A 70 atom gold nanocrystal, compara-
ble in size to 1.4-nm Nanogold, was constructed and embedded into a 373Å x 373Å box of
water molecules. Image simulations of this model at varying defocuses showed changes in
the apparent size and intensity of the gold nanocluster (Figure 3.10A). In order to simulate
cryo-EM images accurately, Poisson noise was added to the images to simulate a does of 25
e−/Å2 (Figure 3.10A) and peak intensities were recorded over defocuses ranging from 0.0 to
5.0 µm defocus (Figure 3.10B). Relative to the simulated intensity for amylase, a 55 kDa
particle, the gold nanocluster showed an intense peak at 0.45 µm defocus, reaching values
almost 5σ over the average pixel intensity (Figure 3.10C). Considering the signal of this peak,
the simulation clearly demonstrates that the optimal defocus for a 70 atom gold nanocluster
is 0.45 µm.

The significant changes in gold nanocluster intensity suggested that the accuracy of
gold nanocluster localization would be affected by the defocus. To test this, the distance
between the actual location of the gold nanocluster within the model and the measured peak
position in the image was recorded and the results plotted against defocus (Figure 3.10D).
The results show a minimum at 0.45 µm defocus, demonstrating that the intense gold nan-
ocluster peak at this defocus provides near-perfect localization, within 1 - 2Å of the actual
location. Furthermore, at very low and high defocus values, there is a substantial increase in
the mis-localization of the measured gold location. This indicates that images collected at
0.45 µm defocus of a 70 atom gold nanocluster (1.4-nm Nanogold) will provide the strongest
signal and highest accuracy in gold localization ability.

The image simulations were an important tool because they reproduce accurately the
diffracted beam of electrons through the simulated specimen. This approach is distinct from
the ’typical’ approach used by many EM users, where the optimal defocus is estimated by
maximizing the intensity of the first CTF-peak in the power spectrum. For instance, using
the latter approach, the predicted optimal defocus for a 70-atom gold cluster (1.4 nm) 0.15
µm, a defocus value that does not exhibit high gold signal signal in the simulations (Fig-
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Figure 3.11: Fresnel fringe-induced amplification of gold nanocluster intensity. (A) Cross-
sections through simulated gold images from Figure 3.10A at 0, 0.15, 0.45 and 1.5 µm
defocus. (B) Line traces from CTF-applied to a top hat function with a 9 pixel diameter.
(C) Line traces from CTF-applied to a step function (’edge’) centered on the edge of the
gold nanocluster. Plots are shown alongside 0.45 µm gold line trace from (A).
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ure 3.10C). This observed difference betewen the image simulations and ab initio predication
suggest that the observed gold contrast is likely modulated by fringe effects of the diffracted
wave traveling through the spherical gold nanocluster. Fresnel fringes are obvious features
introduced when spherical objects are visualized by defocus images from a transmission EM,
where the fringes modulate the image intensity at the object’s edge. To visualize the Fringe
effects introduced by the CTF, line traces were calculated through the noise-free image sim-
ulations of gold nanoclusters and plotted (Figure 3.11A). The traces show the characteristic
effect of increased intensity at the edge of the gold nanocluster that is accompanied by a
deep valley corresponding to the center of the gold particle.

Since the size of the Fresnel fringes change in a defocus-dependent manner, we hypoth-
esized that the optimal defocus observed for a 70 atom gold nanocluster was the result of
constructive Fresnel fringe interference. This interference would increase the contrast of the
gold nanocluster only if the Fresnel fringes were equivalent in size to the size of the gold nan-
ocluster (14Å). To test this hypothesis, we constructed a synthetic amplitude-based model
image containing a circle with a diameter of 14Å, where pixel values within the circle had a
normalized intensity of -1 and all other pixels in the image had a normalized intensity of 0.
Line traces through this synthetic amplitude image were equivalent to a top hat function in
one dimension (Figure 3.11B, black line). After imaging this synthetic model image across
a range of defocus values, the resulting line traces showed that 0.45 µm defocus exhibited
the highest intensity peak (Figure 3.11B, blue line). Interestingly, the peak intensity from
the 0.45 µm line trace showed an intensity of -1.37, indicating that the signal was amplified
37% by the CTF, from -1.00 to -1.37. These data provide further evidence that the optimal
defocus observed for a 70 atom gold nanocluster is the result of constructive interference
between the Fresnel fridges induced by the edge of the gold nanocluster.

While the interactions between the top hat function and CTF showed that the Fresnel
fringes were sufficient to enhance the signal of a 14Å circle, it was not clear that the fringe
size was the same as the gold nanocluster peak-width. To directly compare the Fresnel
fringe size and observed gold peak-width at 0.45 µm, a step function was utilized instead of
a top hat function as the synthetic amplitude-based model image (Figure 3.11C, black line).
This allowed the visualization of the fringe size and location relative to the observed gold
nanocluster peak width. Compared to 0.15 µm, the Fresnel fringe from 0.45 µm defocus
showed a peak width concomitant in size and location with the observed gold nanocluster
(Figure 3.11C). In contrast, the Fresnel fringe from 0.15 µm showed a smaller fringe size and
higher frequency of oscillation, preventing the CTF-mediate amplification of signal. There-
fore, these image simulation data provide an objective metric for collecting cryo-EM images
of Nanogold: images of Nanogold must be at 0.45 µm in order to take advantage of a CTF-
mediated amplification of the Nanogold signal at 120 keV.
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Figure 3.12: Covalent labeling of DNA using 1.4-nm maleiomide-Nanogold. (A) Strategy for
labeling promoter DNA with Nanogold. Terminal thiol moieties are incorporated into DNA
to provide specific gold labeling location. (B) Chromatogram of DNA-Nanogold monitored
at 260, 280, and 420 nm. (C) 2% agarose gel of DNA-Nanogold labeling reaction.
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Covalent and non-covalent labeling of SCP DNA

In order to label DNA with Nanogold, two strategies were developed that involved either co-
valent or non-covalent linkages of the Nanogold to the DNA sample. Covalent labeling of the
DNA involved the incorporation of a thiol moiety at the 5’ or 3’-termini of the promoter DNA
(Figure 3.12A). After incubation of 1.4-nm monomaleiomide-Nanogold with thiol-containing
SCP DNA, the sample was purified through size exclusion chromatography (Figure 3.12B &
C). Strong absorbance of the sample at 420 nm indicated that the DNA was labeled with
Nanogold, where the labeling efficiency was estimated to be 70%. The covalent conjugation
of Nanogold to the SCP DNA caused a shift in molecular weight when visualized using gel
electrophoresis (Figure 3.12C). This higher molecular weight complex was coincident with
the strong aborbance at 420 nm on the chromatogram and was used for cryo-EM sample
preparation.

Compared to the covalent labeling protocol for DNA, non-covalent approaches proved
much more challenging due to aggregation of the Nanogold reagent. Biotin-labeled DNA
was utilized for these experiments in an attempt to assemble a streptavidin(SA)-Nanogold-
DNA ternary complex(Figure 3.13A). Unlike maleiomide-Nanogold, which was shipped in
lyophilized form, SA-Nanogold was shipped resuspended in solution since the SA-Nanogold
complex could not be frozen. When freshly ordered SA-gold was incubated with biotinylated-
DNA, a clean band shift was observed indicating that the streptavidin bound in a stoichio-
metric manner (Figure 3.13B, lanes 1 & 2). This assembled complex proved to be very labile
because, after 72 hrs, the complex was degraded and both the labeled DNA and unlabeled
DNA species precipitated over time (Figure 3.13B, lanes 2 & 3). Furthermore, when this
reaction was performed 1 month after ordering SA-Nanogold, higher order DNA-SA-gold
complexes were visualized on the gel (Figure 3.13B, lane 4). This suggested that the SA-
Nanogold was precipitating over time because there was less ’freely available’ SA-Nanogold
for binding to the DNA. This resulted in the formation of higher order DNA-SA-Nanogold
complexes because there was no longer a 10-fold excess of SA-Nanogold to the DNA. These
data indicate that non-covalent strategies for labeling DNA were less robust than the cova-
lent methods and, accordingly, all Nanogold-DNA labeling experiments were performed with
covalent Nanogold-DNA complexes.

Non-covalent labeling of TFIIA

The presence of multiple cysteine residues within TFIIA, one of which that makes con-
tacts with TBP [5], excluded the possibility of pursuing a covalent labeling approach with
maleiomide-Nanogold. Therefore, in order to label TFIIA with Nanogold, a non-covalent
strategy was implemented that utilized the 5x-histidine tag on the gamma subunit of TFIIA
to bind 1.8nm-Ni2+-Nanogold (Figure 3.14A). After screening a variety of conditions, the
appropriate buffer and reaction time was determined to yield a labeled TFIIA-Nanogold
complex. When comparing the migration of TFIIA alone vs. TFIIA-Nanogold using size
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Figure 3.13: Attempted non-covalent labeling of DNA using streptavidin-Nanogold. (A)
Strategy for labeling promoter DNA with streptavidin-Nanogold. Terminal biotin moieties
are incorporated into DNA to provide specific gold labeling location. (B) 2% agarose gels of
DNA-SA-Nanogold complexes.
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Figure 3.14: Non-covalent labeling of TFIIA using Ni2+-Nanogold. (A) Strategy for label-
ing TFIIA with Ni2+-Nanogold. TFIIA contains an engineered His(5x) tag in addition to
a naturally occurring polyhistidine sequence. Chromatogram of TFIIA-Ni2+-Nanogold pu-
rification monitored at 280 & 260 nm (B) and 420 nm (C). (D) SDS-PAGE gel analysis of
fractions from gel filtration column. The presence of Ni2+-Nanogold shifts the TFIIA peak
dramatically into two separate peaks. The asterisk denotes the fraction used for cryo-EM
grid preparation with TFIID and DNA. For clarity, only one of the two subunits of TFIIA
is shown on the gel that corresponds to the fusion subunit α-β.
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exclusion chromatography, there is a distinct shift in the size exclusion profile to a larger
molecular weight (Figure 3.14B & D). This new peak is accompanied by the presence of
strong absorbance at 420 nm (Figure 3.14C), thus indicating that Nanogold is present within
this fraction. While non-covalent labeling TFIIA with 1.8nm-Ni2+-Nanogold proved to be
more successful than SA-Nanogold labeling of DNA, this approach still required much more
optimization than the covalent DNA labeling with Nanogold, providing additional evidence
that covalent labeling strategies should be pursued if possible.

Strategy for cryo-EM data collection & analysis

As indicated by the image simulations of gold nano-clusters (Figure 3.10), cryo-EM image
processing of single particles labeled with Nanogold requires collecting defocal image pairs
at high and low defocus (Figure 3.15A). This strategy will utilize the high defocus particles
to guide the 2D reference-free alignment and classification, where the resulting alignment
parameters will be transferred to the low defocus particles to investigate the localization of
Nanogold. In order to extract the maximum amount of information from the particle focal
pairs, the individual particle images were thresholded to highlight the location of Nanogold
within the low defocus particle images. Both theoretical and experimental measurements of
Nanogold in low defocus images revealed that the Nanogold intensity was routinely > 4σ
above the average image intensity. Therefore, to highlight the gold location within images,
high defocus and low defocus particles were thresholded at σ = 4, where pixels > 4σ are
set to an intensity of 1 while pixels < 4σ are set to an intensity of 0 (Figure 3.15B). These
resulting particle images will be averaged in an identical manner to the high defocus parti-
cles in order to reveal the location of Nanogold within labeled TFIID-TFIIA-SCP complexes.

3.5 Defining the stereochemistry of the rearranged

TFIID-TFIIA-SCP complex

To provide further evidence for the organization of DNA within TFIID-TFIIA-SCP, we ex-
amined the orientation of promoter DNA on TFIID by covalent labeling of the SCP DNA
with 1.4-nm maleimido-Nanogold at either +45 or -36 (TATA box) on the SCP promoter
sequence. This strategy takes advantage of the high contrast of Nanogold relative to that of
protein and DNA at low defocus, providing a strong signal for the localization of gold par-
ticles relative to protein and DNA density. Analysis of the 2D reference-free class averages
for high defocus particles of TFIID-TFIIA-SCP(+45 gold) and subsequently applying the
alignments to the low defocus particles revealed that the downstream region of the SCP is
bound by lobe C (Figure 3.16A). This is indicated by the narrow clustering signal from the
low defocus thresholded particles (Figure 3.16A, right). When this localization is mapped
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Figure 3.15: Data processing strategy for single particles labeled with Nanogold in vitreous
ice. (A) Micrographs of TFIID-TFIIA-SCP(gold) at high defocus (left) and low defocus
(right). Scale bar is 200 nm. (B) Individual particles from high defocus and low defocus
micrographs. 2D reference-free alignments were performed on high defocus images that
were filtered and processed to remove high intensity pixels, known as ’dusting’ (top row).
These alignments will be transferred to the low defocus particles. Consistent with image
simulations of gold nano-clusters, Nanogold intensity is greater in the low defocus particle
than the corresponding high defocus particle. This is indicated by red circles with peak
intensity value.
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onto the 3D structure of the rearranged conformation, the localization of +45 gold is consis-
tent with the DNA extension experiment because the TFIID-TFIIA-SCP(+45 gold) average
labels the DNA on a different face of the TFIID structure (Figure 3.6A). Moreover, the
length of DNA between the +45 gold label and lobe C (Figure 3.6A) is 15 bps, the same
distance between the DPE and +45 site on the SCP.

To provide an orthogonal labeling strategy for the TATA box, cryo-EM data were col-
lected on a sample of TFIID-TFIIA-SCP(TATA gold) where the TATA box was covalently
labeled with Nanogold (Figure 3.16B). When the high defocus alignments were applied to
the low defocus thresholded particles, there was a cluster of signal within lobe A at a location
consistent with DNA extension experiments. Thus, these SCP DNA labeling experiments,
which are summarized in Figure 3.6A, have defined the organization of TFIID bound to pro-
moter DNA, providing the first structural insight into promoter binding by human TFIID.

TFIIA localizes to lobe A in both the canonical and rearranged
conformations of TFIID

We next investigated the location of TFIIA within the rearranged TFIID-TFIIA-SCP com-
plex by analysis of TFIIA that was labeled with 1.8-nm Ni2+-NTA-Nanogold. Upon 2D
reference-free analysis of the high defocus cryo-EM particles, the determined alignment pa-
rameters were applied to the low defocus focal mate and class averages were calculated.
Nanogold densities identified the TFIIA binding site within lobe A of the rearranged state
(Figure 3.16C), adjacent to the TATA Nanogold location (Figure 3.16B). Importantly, analy-
sis of 2D reference-free class averages corresponding to the canonical state also demonstrated
that TFIIA localized to lobe A in its alternate configuration relative to the BC core (Fig-
ure 3.16D). These findings are in agreement with the well-characterized direct interaction of
TBP and TFIIA, and further demonstrate, in the context of TFIID, that TFIIA interacts
with the complex at a location close to the TATA box-binding site. These findings there-
fore suggest that both TBP and TFIIA are localized within lobe A during the structural
transition between canonical and rearranged states of TFIID.

Model of promoter DNA path through TFIID-TFIIA-SCP

The results presented within this chapter have structurally characterized and validated the
three-dimensional structure of TFIID bound to TFIIA and promoter DNA within the re-
arranged conformation. This process involved calculating an ab initio 3D reconstruction of
the rearranged conformation (Figure 3.3) that was simultaneously refined in a multi-model
fashion against cryo-EM data to provide both canonical and rearranged reconstructions of
TFIID-TFIIA-SCP (Figure 3.5). Given the dramatic nature of the structural rearrange-
ment, we wanted to provide an objective measure of the accuracy of the rearranged 3D
model bound to promoter DNA. Therefore, we implemented the free-hand test to assess the
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Figure 3.16: Organization of promoter DNA and TFIIA within the TFIID-TFIIA-SCP com-
plex. 2D reference-free class averages for the rearranged TFIID-TFIIA-SCP complex with
Nanogold labels on SCP DNA at +45 (A), SCP DNA at TATA (B), and TFIIA (C). (D) 2D
reference-free class average for the canonical state of TFIID-TFIIA-SCP containing Nanogold
labeled on TFIIA. 3D models are shown alongside high defocus averages (density threshold
at σ = 3.5) with a gold sphere marking the localization of Nanogold for each experiment.
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model handedness and quality of particle alignments. This test confirmed that the handed-
ness of the rearranged model was correct, in addition to revealing that the model was able
to align > 80% of the tilted particles into the overall correct orientation (Figure 3.9B).

After confirming the accuracy of the rearranged model of TFIID-TFIIA-SCP, labeling
experiments were used to define the orientation of DNA and TFIIA on TFIID. By inte-
grating these labeling data within the structure of the DNA-bound rearranged state, we
have developed a model to describe the DNA path through the modular sub-domains of
the TFIID-TFIIA-SCP complex (Figure 3.17). Gold labeling of the SCP DNA at the +45
position indicated that the density extending off of lobe C is the downstream promoter DNA
(Figure 3.16A). It thus appears that the MTE and DPE promoter elements are bound by
lobe C (Figure 3.17A), which suggests that lobe C contains subunits TAF6 and TAF9 [14,
106]. Further support for this conclusion came through antibody localization of α-TAF6 an-
tibody to lobe C (Appendix A, Figure A.2). Given the linear nature of the DNA contacts
with lobe C, we can conclude that the histone-fold containing subunits TAF6 and TAF9
do not interact with DNA in a nucleosome-like manner. This is consistent with recent bio-
chemical studies that reconstituted a TAF6/9/4/12 tetrameric complex that was capable of
interacting with DPE-containing promoter DNA. Interestingly, DNA-binding was only dis-
rupted when loops extending away from the histone fold domains of TAF6 and TAF9 were
truncated, but not when mutations were introduced within the core histone fold domains
[99]. Thus, the histone-fold containing subunits TAF6 and TAF9 are located within lobe C
and interact with promoter DNA in a linear manner that is inconsistent with nucleosome-like
distortions of DNA.

Across the central channel from lobe C, lobe A interacts with SCP DNA extending from
the Inr to the TATA box (Figure 3.17A). Previous work demonstrated that this region of
the core promoter interacts with a TAF1, TAF2, and TBP sub-complex that is also able to
direct transcription from TATA-Inr promoters [17]. Given the modularity of lobe A within
the context of TFIID, it is likely that lobe A contains TAF1, TAF2, and TBP and serves as
a modular domain of TFIID that is capable of interactions with promoter DNA upstream of
the TSS.

This proposed composition of lobe A is also consistent with studies addressing the in-
tegrity of the TFIID complex in vivo [118]. Through systematic RNAi-mediated knock-down
of TBP and TAFs within Drosophila S2 cells, the authors defined a stable sub-complex of
TFIID that was nucleated by TAF4. Moreover, RNAi knock-down of TAF1, TAF2, or TBP
did not affect the integrity of the TFIID complex, suggesting that these subunits were located
on the periphery of TFIID. We believe that these data provide independent support for the
conclusion that lobe A comprises TAF1, TAF2, and TBP, existing as a modular domain of
TFIID. Furthermore, this study identified the composition of the stable TFIID sub-complex
to be TAF4, -5, -6, -9 and -12. We propose that this stable sub-complex corresponds to the
BC core identified in this study, providing a framework for further studies addressing the
contributions of the BC core to TFIID function.

To model the DNA path through lobe A, two bends were incorporated to accommo-
date the 120° angle that TFIID imposes on the downstream and upstream DNA regions
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Figure 3.17: Structural description of the rearranged TFIID-TFIIA-SCP complex relative
to the TSS. (A) Promoter DNA for SCP(-66) docked into the TFIID-TFIIA-SCP(-66) map
(shown in mesh). DNA model corresponds to sequences from -66 to +45. (B) The proposed
location of the crystal structures of TBP-TFIIA-TFIIB on TATA box DNA is in close prox-
imity to Inr (PDB accession codes 1VOL and 1NVP). The unresolved DNA path between
Inr and TATA is indicated by a dotted line.
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(Figure 3.17A). Initial attempts to trace the DNA path through the TFIID-TFIIA-SCP
structure using a single bend at the TATA box failed to generate a model that was compati-
ble with the experimentally obtained positions of downstream and upstream DNA locations
(data not shown). Given the angle of upstream DNA and the location of the -66 position,
we modeled the location of TBP and TATA box DNA to be 36 bp (12.2 nm) downstream
from the -66 position observed in the TFIID-TFIIA-SCP(-66) structure. After incorporating
this bend at -31/30, a second gradual bend is proposed to form along the DNA between the
TATA box and Inr. We suggest that this DNA deformation between the TATA box and Inr
could play a role in positioning TBP and TFIIB in close proximity to the TSS for efficient
loading of RNAPII.

Given that the above structural analyses did not provide a direct probe for the location of
the TATA box within lobe A, we collected more cryo-EM data for TFIID-TFIIA-SCP(TATA
gold) to try to localize extra density corresponding to the Nanogold within the high defo-
cus particles. This study was motivated by the strong additional density that appeared
at the +45 location on the SCP within the high defocus class average for TFIID-TFIIA-
SCP(+45 gold) (Figure 3.16A). After collecting and analyzing a large dataset for TFIID-
TFIIA-SCP(TATA gold), a strong additional density appeared on lobe A within the high
defocus averages of rearranged state bound (Figure 3.18A & B, left). When 2D difference
maps were calculated between these reference-free class averages and TFIID-TFIIA-SCP
class averages that did not contain Nanogold, a strong difference peak (> 4σ) was observed.
The strength and size of this difference peak indicates that the additional density seen within
class averages of TFIID-TFIIA-SCP(TATA gold) corresponds to Nanogold. This finding is
in close agreement with the cluster of peaks seen in the thresholded low defocus particles
(Figure 3.16B).

Since two different orientations were found to contain this additional density, alignment of
projections from the rearranged 3D model from TFIID-TFIIA-SCP allowed back-projection
of the difference density (Figure 3.18C - E). Superimposing the back-projection of the two
related, but distinct, orientations of the difference densities provided a precise location of
the TATA box within the rearranged TFIID-TFIIA-SCP(-66) structure. It is important to
consider that the Nanogold was covalently linked to the SCP sequence at -36, placing the
Nanogold 15Å upstream of the TATA box location (-31/30). Furthermore, the Nanogold
was tethered to the DNA through a six carbon linker (9Å). Thus, there is approximately
25Å between the TATA box and the Nanogold label. Modeling the size and location of
Nanogold within the previously proposed model of TFIID-TFIIA-SCP(-66) shows that the
modeled location of the TATA box is within 20Å of the experimentally determined TATA
box location (Figure 3.18F). Given this new localization data, we should be able to provide a
more accurate model of the DNA path through lobe A. However, it is difficult to utilize this
new labeling information while also using the characteristic kink of DNA within TBP-TATA
[48, 50] and the extension of upstream DNA exiting lobe A seen within the structure of
TFIID-TFIIA-SCP(-66).

Precise modeling of the promoter DNA path and topology through TFIID will require
determining a structure of TFIID-TFIIA-SCP at a higher resolution (15Å) in order to visu-
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Figure 3.18: Localization of TATA-Nanogold within high defocus class averages. (A) &
(B) 2D reference-free class averages for high defocus, dusted particles from TFIID-TFIIA-
SCP(TATA gold) aligned with 2D difference map and model projection. The 2D difference
map was obtained upon comparison of these averages with TFIID-TFIIA-SCP averages,
where the difference density exhibits > 4σ intensity value, indicating significance. Consid-
ering that these two averages were obtained from different Euler angles, back-projection
of the difference density reveals location of TATA gold within lobe A (C - E). (F) A 70
atom gold nano-cluster [43] is docked as a reference for 1.4 nm-Nanogold size and location.
Note that the location of Nanogold is approximately 20 Å away from the intersection of the
back-projected difference densities.
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alize the major and minor grooves of the promoter DNA. The structures presented here were
unable to surpass 32Å resolution (Figure 3.5). Since these structures were calculated from
a dataset containing 34,167 particles, we hypothesized that collecting a much larger dataset
should increase the resolution of the structures. After collecting and analyzing a dataset
that contained a combined total of 150,000 particles, 3D model refinements did not result in
any detectable resolution improvement (data not shown). This suggests that high resolution
structural studies of TFIID-TFIIA-SCP will require improving particle contrast within the
cryo-EM images, since the presence of glycerol, sugars, and a carbon support likely limit
the SNR of the individual particles. Recent advances in direct electron detection technology
[16, 72] in combination with phase-plates [76] hold the promise of increasing the SNR for
cryo-EM images and will likely be necessary tools to reach higher resolution.
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Chapter 4

Biochemical and structural support
for a general model of promoter
binding by TFIID

The structural studies presented in Chapters 2 & 3 have provided the foundation for un-
derstanding the nature of TFIID’s interaction with promoter DNA. However, in order to
arrive at a complete description of TFIID bound to promoter DNA, biochemical and struc-
tural studies were pursued in an attempt to propose a model of TFIID-TFIIA-SCP complex
formation. To facilitate the biochemical studies, we engaged in a productive collaboration
with James T. Kadonaga’s laboratory at University of California - San Diego, where George
A. Kassavetis performed all footprinting experiments shown in this chapter. The synergy
between structural studies of TFIID-TFIIA-SCP and biochemical footprinting have helped
construct a detailed model describing potential mechanisms for regulating human TFIID’s
interaction with promoter DNA.

This chapter addresses potential mechanisms of promoter binding by TFIID through
a variety of experimental designs. First, detailed footprinting analysis using DNase I and
MPE-Fe were used to probe the extent of contacts that TFIID makes with promoter DNA in
a TFIIA-dependent and -independent fashion. These footprinting results were extended by
testing the structural effect that core promoter mutations have on TFIID’s structure. After
developing a detailed model of TFIID-TFIIA-DNA, the canonical conformation was studied
to investigate its DNA binding ability. Finally, cryo-EM structural analysis and footprinting
established that the rearranged conformation is the TFIIB-binding conformation of TFIID,
suggesting that the rearranged state is the conformation that loads RNAPII at the TSS.
These results were synthesized to propose a model that addresses the interplay between
TFIID’s conformational landscape and DNA binding.
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4.1 Detailed footprinting of TFIID-TFIIA-SCP

Cryo-EM structural analysis of the TFIID-TFIIA-SCP suggested that the rearranged state
interacted with the downstream DNA core promoter elements MTE and DPE using lobe C,
whereas the TATA box and possibly the Inr are bound by lobe A. To test and extend this
model, we performed footprinting analyses of the TFIID-SCP complex in the presence or
absence of TFIIA.

DNase I footprinting of TFIID-SCP showed an extended region of protection from -7 to
+41, which is in agreement with previous footprinting data on TFIID-SCP (Figure 4.1A)
[44]. The addition of TFIIA did not alter the downstream interactions of TFIID with the
Inr, MTE, and DPE core promoter elements, but did, however, result in a substantial in-
crease in the binding of TFIID to the TATA box and flanking DNA sequences from -38 to
-20 (Figures 4.1A, 4.2A & B). DNase I footprinting analysis of both DNA strands in the
absence or presence of TFIIA revealed distinct patterns of protection and cleavage through-
out the core promoter region. The results indicate that the DNA sequence between the Inr
and MTE/DPE sites exhibits a phasing in DNase I sensitivity in which one face of the SCP
DNA between Inr and MTE-DPE is susceptible to DNase I cleavage, whereas the opposite
face remains protected (Figure 4.1C). Furthermore, the accessible face of the DNA exhibits
DNase I hypersensitivity upon binding of TFIID (Figure 4.1A).

To obtain high resolution data on the interactions of TFIID with the core promoter, we
carried out footprinting analyses with MPE-Fe, an intercalating agent that delivers Fe(II) for
oxidation of the deoxyribose phosphate backbone of DNA and provides single bp resolution
of protein-DNA contacts [36, 85, 110]. The MPE-Fe footprinting data on TFIID-SCP and
TFIID-TFIIA-SCP revealed the extensive and continuous interaction of TFIID with DNA
from the DPE through the Inr as well as the TFIIA-dependent protection of 8 bp (-31 to
-24) of DNA encompassing the TATA box (Figures 4.1B, 4.2C & D). The strong stimulation
of TFIID binding to the TATA box is consistent with the results of previous studies on the
binding of TBP to DNA [27, 48, 50, 77]. The region of DNase I protection observed on only
one face of the helix between the MTE/DPE and Inr also shows continuous protection from
MPE-Fe(II) cleavage on both DNA strands, which is likely due to the inhibition of the DNA
unwinding, necessary for MPE intercalation, that would occur as a result of protein bound to
one side of the helix [109]. Thus, the DNase I and MPE-Fe footprinting results, summarized
in Figure 4.1C, provide insight into the TFIID-DNA contacts that complements the cryo-EM
data and contributes to the placement of the core promoter DNA on the TFIID structure.

The footprinting data provide new structural insight into the model of DNA through
TFIID-TFIIA-SCP. On each strand between the Inr and MTE, there is a distinct 10 bp
phasing of DNase I hypersensitive sites at -2, +18, and +28 (with probe DNA 5-labeled
upstream) and at +4 and +13 (with probe DNA 5-labeled downstream) (Figure 4.1A).
Docking the DNase I footprinting model of protection (Figure 4.1C) into the cryo-EM model
of TFIID-TFIIA-SCP allows for one side of the DNA sequence to face away from the central
cavity (DNase I sensitive sites) while the opposite side of the helix faces the inner cavity
of TFIID (DNase I protected sites) (Figure 4.3). Hence, these data suggest that TFIID
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Figure 4.1: TFIID exhibits TFIIA-independent and TFIIA-dependent interactions with SCP
DNA. DNase I (A) and MPE-Fe (B) footprinting of TFIID-SCP and TFIID-TFIIA-SCP.
(C) B-DNA model of the SCP with positions of core promoter elements (top), DNase I, and
MPE-Fe protection patterns (-66 to +55 shown) color-coded for TFIID-SCP and TFIID-
TFIIA-SCP (four bottom rows). White base pairs indicate protection (also marked by black
lines), blue surfaces indicate partial digestion and red surfaces indicate complete digestion
by DNase I, and pink indicates digestion by MPE-Fe.
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Figure 4.2: Line profiles for DNase I footprinting gels of TFIID-SCP and TFIID-TFIIA-
SCP. (A) Line profile traces from DNase I footprinting gels for 5-label upstream (A) and
downstream (B). Bold base pair numbers indicate hypersensitive sites. Line profile traces
from MPE-Fe footprinting gels for 5-label upstream (C) and 5-label downstream (D).
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Figure 4.3: Structural model of DNase I and MPE-Fe footprinting results within the ternary
TFIID-TFIIA-SCP(-66) complex. Promoter DNA for SCP(-66) docked into the TFIID-
TFIIA-SCP(-66) map (shown in mesh). DNA models were taken from Figure 4.1C for
sequences from -66 to +45. Asterisk in (B) indicates DNase I hypersensitive site at +3.
Black lines in (B) indicate regions of continuous protection along SCP helix.
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presents the DNase I-accessible face of this region of the core promoter to the bulk solution
for interactions with RNAPII and other factors involved in transcription initiation.

As the DNA extends across the central channel towards lobe A, the footprinting data
suggest that there are topological changes in the promoter DNA surrounding the TSS. For
instance, the DNase I footprinting experiment shows a hypersensitive site at +3, indicat-
ing that the DNA has changed conformation for optimal cleavage by Dnase I only when
bound to TFIID (Figures 4.1A). Given that the strength of this hypersensitive site appears
to correlate with the strength of transcription initiation from a given promoter [106], it is
interesting that this site is exposed within the central channel of TFIID, suggesting that
TFIID-induced topological changes of DNA within the central channel may be relevant for
later steps in transcription initiation.

The modeled path of promoter DNA through TFIID-TFIIA-SCP suggested that, in ad-
dition to the kinking of the TATA box by TBP, there is an additional bend in promoter
DNA (Figure 4.3). While it is difficult to model the proposed DNA bend accurately at this
resolution, the MPE-Fe footprinting indicate that the intervening DNA between TATA and
Inr showed sensitivity to MPE-Fe, suggesting that the DNA helix is not distorted and there
are not strong protein-DNA contacts. Therefore, while the DNA must bend through this
part of the structure, it likely follows a gradual bending path as it enters into lobe A.

4.2 TFIID interacts with diverse promoter

architectures through the rearranged

conformation

While the SCP DNA has served as an important tool for structurally dissecting the struc-
ture of TFIID-TFIIA-SCP, the presence of four consensus promoter motifs within the SCP
represents a non-physiological arrangement, since most human promoters contain only one
or two consensus motifs [46]. To explore the effect of core promoter architecture on TFIID-
promoter interactions, DNase I footprinting experiments were performed with mutant SCP
DNA constructs in the presence or absence of TFIIA. Mutation of the TATA box within the
SCP sequence (mTATA) resulted in a wild-type interaction with the promoter DNA from
the Inr to the DPE, as seen previously (Figure 4.4) [44]. In addition, the inclusion of TFIIA
resulted in a weak but detectable footprint over the mutant TATA box (Figure 4.5). The
strong resemblance between the the protection patterns of the downstream Inr-MTE/DPE
region from mTATA and the wild-type SCP suggested that TFIID is bound to the mTATA
sequence in the rearranged conformation. To test this hypothesis, we collected cryo-EM
data and visualized a sample of TFIID-TFIIA-SCP(mTATA) (Figure 4.6). This experiment
revealed that TFIID binds to the mTATA promoter in a nearly identical conformation as
that observed with the wild-type SCP sequence. Thus, the combined footprinting and EM
data indicate that the rearranged state of TFIID serves as the predominant DNA binding
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Figure 4.4: Core promoter architecture dictates TFIIA-dependent and TFIIA-independent
interactions of TFIID with core promoter DNA. DNase I footprinting on wild-type and
mutant SCP DNA sequences. 5’-labeled downstream probes were analyzed for DNase I
protection in the presence or absence of TFIIA for wild type, mutant TATA (mTATA), Inr
(mInr), and MTE/DPE (mMTE/DPE).
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Figure 4.5: Line profiles for DNase I footprinting on mTATA promoter. (A) Line profiles for
TFIID (blue) and TFIID-TFIIA (red) on wild-type SCP. (B) Line profiles for TFIID (blue)
and TFIID-TFIIA (red) on mTATA promoter.
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conformation for the SCP and mTATA promoter architecture.
The conformation of promoter-bound TFIID was further addressed by analysis of pro-

moters that contain mutations in the Inr (mInr) or MTE/DPE (mMTE/DPE) promoter
motifs (Figure 4.4). TFIID did not interact appreciably with either the mInr promoter
or the mMTE/DPE promoter in the absence of TFIIA, as seen previously [44]. However,
the addition of TFIIA resulted in strong binding of TFIID to the TATA box as well as to
sequences from the Inr through the DPE regions. In the presence of TFIIA, the overall
patterns of protection observed with the mInr and mMTE/DPE promoters are similar to
those seen with the wild-type SCP. It thus appears likely that TFIID-TFIIA binds to the
mInr and mMTE/DPE promoters in the rearranged conformation. Hence, the footprinting
and EM data both suggest that TFIID binds to the wild-type and mutant SCPs in the newly
discovered rearranged conformation.

With the ’wild-type’ SCP as well as with the three ’mutant’ (mTATA, mInr, mMTE/DPE)
versions of the SCP, we observed that TFIIA stimulates the binding of TFIID to the TATA
box region (Figure 4.4). This effect is consistent with the well-established TFIIA-mediated
enhancement of TBP binding to the TATA box [107]. With the mTATA promoter, the pri-
mary interaction of TFIID with the DNA is via the Inr, MTE, and DPE motifs, and a
weak stimulation by TFIIA of the binding of TFIID to the mutant TATA box region is also
observed. With the mInr and mMTE/DPE promoters, it seems likely that TFIIA stimu-
lates the binding of TBP to the TATA box and that the remainder of the TFIID complex
then interacts with the Inr through the DPE region of the core promoter, irrespective of
the presence of consensus Inr or MTE/DPE elements. These findings may be analogous to
the previously observed stimulation of the binding of partially-purified TFIID to the down-
stream promoter region of the adenovirus major late promoter (which lacks MTE/DPE
motifs) by the upstream stimulatory factor, USF [95, 111]. In this light, it is possible that
other sequence-specific activators, as well as coactivators, may function in a related manner
to stabilize TFIID on promoter DNA and thus promote the formation of the rearranged
conformation.

4.3 DNA binding within the canonical conformation

While the rearranged conformation is the predominant form of TFIID bound to promoter
DNA, we next wanted to investigate if the canonical state is capable of interacting with
promoter DNA. Specifically, we wanted to know if the canonical state was ’inhibited’ for
binding to the MTE/DPE, given the close proximity of lobe A and the MTE/DPE binding
sites within the canonical conformation. This investigation into DNA binding by the canon-
ical state is similar in analysis to the localization of TFIIA within lobe A (Figure 4.7A),
where 2D reference-free class averages of the canonical state from cryo-EM of TFIID-TFIIA-
SCP(gold) were generated and analyzed.

After collecting larger datasets for both +45 and TATA-Nanogold labeled samples, class
averages of the canonical conformation for TFIID-TFIIA-SCP showed that the promoter
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Figure 4.6: TFIID-TFIIA interacts with SCP(mTATA) within the rearranged conforma-
tion. (A) 2D reference-free class averages calculated from cryo-EM data of TFIID-TFIIA-
SCP(mTATA) are shown alongside 2D reference-free class averages from TFIID-TFIIA-SCP.
(B) 3D models of the rearranged conformation for TFIID-TFIIA-SCP and TFIID-TFIIA-
SCP(mTATA) at 34Å.
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DNA binds in a manner similar to the rearranged conformation. This conclusion comes
from comparison of the low defocus thresholded average from +45 Nanogold (Figure 4.7B,
right) with the high defocus class averages (Figure 4.7B, left). The presence of additional
density extending away from lobe C in the high defocus average and the terminal localiza-
tion of +45-Nanogold indicates that SCP DNA is bound. Furthermore, considering that
the +45 is 15 bps away from lobe C within the rearranged conformation, the presence of a
similar density extending away from lobe C in the canonical state suggests that the promoter
DNA bound is in a near identical manner (Figure 4.7B). Unfortunately, the high degree of
flexibility of lobe A did not allow careful comparison of lobe A’s position and DNA bind-
ing, preventing conclusions from being drawn regarding potential inhibition of MTE/DPE
binding by lobe A. However, despite this limitation, analysis of the canonical conformation
from TFIID-TFIIA-SCP(+45 gold) indicated that the canonical conformation is capable of
binding MTE/DPE DNA sequences within the same configuration as the rearranged state.

Since lobe C interacts with the MTE/DPE within the canonical state, we hypothesized
that if lobe A engages the TATA box, it should occur in a position located away from lobe
C. To test this, canonical class averages from TFIID-TFIIA-SCP(TATA gold) were analyzed
for Nanogold localization (Figure 4.7C). Unlike the stable binding of MTE/DPE to lobe C,
the Nanogold signal for TATA gold was diffusely localized along the trajectory of lobe A’s
rearrangement. Furthermore, considering the small cluster of peaks at a position opposite
the central channel from lobe C, DNA binding in the canonical state appears to position the
TATA box for binding by TBP within lobe A of the rearranged conformation (Figure 4.7C).

Analysis of the highly flexible canonical state using Nanogold labels for TFIIA and DNA
has revealed insight into the dynamic process of DNA binding by TFIID (Figure 4.7). While
it is difficult to know the position of lobe A within these Nanogold labeled class averages,
the Nanogold labeling approach has provided key localizations in an otherwise flexible con-
formation. Despite the flexibility of lobe A, these labeling data indicate that the canonical
conformation is competent for binding to promoter DNA. Lobe C binds to the MTE/DPE
sequence in a similar fashion as the rearranged conformation, suggesting that its intrinsic
DNA binding activity is preserved within the canonical state. Additionally, as suggested
earlier, lobe A appears to exist as a modular TATA binding component of TFIID, where the
TATA gold label localized to locations along the path of lobe A’s rearrangement.

4.4 TFIID-TFIIA-TFIIB-SCP adopts the rearranged

conformation on promoter DNA

The cryo-EM analysis presented thus far indicates that the predominant DNA binding form of
TFIID is the rearranged conformation, suggesting that the remaining GTFs may bind the re-
arranged state for RNAPII loading. To test this hypothesis, cryo-EM samples were prepared
with TFIID-TFIIA-TFIIB-SCP(-66) and analyzed (Figure 4.8A). 2D reference-free class av-
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Figure 4.7: Lobe C interacts with MTE/DPE motifs within the canonical conformation. 2D
reference-free class averages for the canonical conformation from cryo-EM data of TFIID-
TFIIA-SCP with Nanogold labeled TFIIA (A), +45 (B), and TATA (C). Left of the averages
is a model of the canonical state indicating location of Nanogold label. (D) Model of DNA
path and TFIIA within the canonical conformation based upon gold labeling.
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Figure 4.8: Cryo-EM of TFIID-TFIIA-TFIIB-SCP(-66). Representative micrograph (A) and
2D reference-free class averages (B). Scale bar is 200 nm in (A) and 200Å in (B).

erages showed that there was DNA bound to the rearranged conformation (Figure 4.8B),
suggesting that TFIIB does not disrupt the DNA binding to the rearranged conformation.

To verify the binding of TFIIB to the rearranged state of TFIID-TFIIA-SCP, DNase
I and MPE-Fe footprinting experiments were performed on TFIID-TFIIA-TFIIB-SCP. The
footprinting results show that TFIIB extends the footprint surrounding the TATA, while
the downstream contacts along the Inr, MTE, and DPE remain unchanged (Figure 4.9A &
B). The DNase I patterns of protection indicate that an additional 8 - 10 bps are protected
on either side of the TATA box, increasing the footprint around the TATA box from -45 to
-18 (Figure 4.9A). This shows that nearly 30 bps of promoter DNA upstream of the TSS
are sequestered within the TFIID-TFIIA-TFIIB-SCP complex. Furthermore, given that the
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remaining downstream contacts with promoter DNA are unaffected by TFIIB, these data
suggest that TFIIB preferentially interacts with the rearranged conformation. Considering
that the TATA box was localized to lobe A, this result indicates that TFIIB localizes to lobe
A within the cryo-EM structure of TFIID-TFIIA-TFIIB-SCP.

In addition to the DNase I footprinting experiments, MPE-Fe was used in order to pro-
vide high-resolution information on the protein-DNA contacts introduced by TFIIB within
the TFIID-TFIIA-TFIIB-SCP complex. This analysis revealed that TFIIB makes intimate
contacts with the flanking DNA sequences around the TATA box from -34 to -19 (Fig-
ure 4.9B). These results are consistent with the presence of a downstream BRE motif within
the SCP sequence [44], a region of the promoter that is capable of engaging in sequence-
specific contacts with TFIIB [21, 108]. Interestingly, however, there are upstream contacts
from TATA box, even though the SCP sequence does not contain a functional upstream BRE
motif [44]. Thus, TFIIB makes specific contacts with the upstream and downstream DNA
sequences surrounding the TATA box, potentially stabilizing the TFIID-TFIIA-TFIIB-SCP
complex due to an extended footprint on the DNA.

From the high affinity binding of TFIID-TFIIA-TFIIB-SCP to the TATA box and flank-
ing sequences, we hypothesized that the this ternary complex would make stronger contacts
with the SCP(mTATA) sequences. To test this, we performed DNase I footprinting of TFIID-
TFIIA-TFIIB on wild-type and mutant TATA box promoters (Figure 4.10). The footprinting
results revealed that mutation of the TATA box disrupts protein-DNA contacts along the
TATA box and downstream BRE motifs in addition to the contacts upstream of the TATA
box. Since TFIIB is unable to bind downstream BRE motifs in the absence TBP-TATA
contacts (Figure 4.9A), the footprinting on SCP(mTATA) suggests a cooperative activity
of TFIIB-TBP-TATA in order for high affinity binding to the TATA box and downstream
BRE motifs. This explanation is consistent with the crystal structure of TBP-TFIIB-TATA,
where the TFIIB simultaneously contacts TBP and the downstream BRE [108]. It should
be noted, however, that there is slight protection of the TATA sequence, comparable to that
previously observed (Figure 4.5), indicating that TBP may be within close proximity of the
mutated TATA sequence. These footprinting data suggest that, within the context of a mu-
tant TATA box, TFIIB does not stimulate stronger TATA box binding nor does it interact
with the downstream BRE element.

The data above indicate that TFIIB binds the rearranged conformation in the presence
of a functional TATA box and, given the extended footprinting surrounding the TATA box,
the binding of TFIIB to TFIID-TFIIA-SCP may stabilize the ternary complex to enable
high resolution structural studies using cryo-EM. Therefore, 3D refinements were performed
on a sample of TFIID-TFIIA-TFIIB-SCP(-66) using previously obtained models correspond-
ing to the canonical and rearranged conformations. After collecting and analyzing 56,000
cryo-EM particles of TFIID-TFIIA-TFIIB-SCP, the resulting 3D refined model for the re-
arranged state achieved a resolution of 36Å, comparable to that obtained previously for
TFIID-TFIIA-SCP. To investigate if the binding of TFIIB to the ternary complex altered
structural contacts between components within TFIID-TFIIA-SCP, the structure is shown
alongside the previously obtained TFIID-TFIIA-SCP(-66) (Figure 4.11). The overall struc-
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Figure 4.9: TFIIB interacts with TFIID-TFIIA-SCP within the rearranged conformation on
promoter DNA. DNase I (A) and MPE-Fe (B) footprinting of TFIID-TFIIA-TFIIB-SCP on
5’-labeled downstream DNA.
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Figure 4.10: TFIIB does not induce strong TATA box protection within TFIID-TFIIA-
TFIIB-SCP(mTATA). DNase I footprinting of TFIID-TFIIA-TFIIB on SCP(mTATA). W
and M indicate wild-type SCP and SCP(mTATA) promoters, respectively.
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tural features of these two models are nearly the same at this resolution, indicating that
TFIIB does not introduce global changes in the structure of TFIID-TFIIA-SCP upon bind-
ing.

Despite these overall similarities, there are subtle changes in the DNA density within the
TFIID-TFIIA-TFIIB-SCP(-66) structure. First, serving as a positive control, this sample
was prepared with SCP(-66) to test the presence and location of the upstream DNA density.
Since the initial 3D model used for refinement did not contain density corresponding to the
upstream DNA, the presence of additional density exiting lobe A in a near-identical location
suggests that position of upstream DNA does not change relative to the TATA box within
TFIID-TFIIA-TFIIB-SCP(-66) (Figure 4.11). Interestingly, however, the shape of the DNA
density appears to be narrower than the previously determined structure. This may be due
to the increased rigidity of upstream DNA due to the TFIIB-DNA contacts surrounding the
TATA box (Figure 4.9A). Unfortunately, even though there were changes in the upstream
DNA, we were unable to detect any differences within lobe A that was consistent in size
with TFIIB (30 kDa). For clarity, the previously proposed atomic model of promoter DNA,
TBP, TFIIA, and TFIIB were docked into the TFIID-TFIIA-TFIIB-SCP(-66) structure to
show the proposed TFIIB binding site within lobe A. While TFIIB likely interacts with the
rearranged conformation, the low resolution of the structure prevents further conclusions to
be drawn regarding structural consequences of TFIIB binding.

4.5 A general model of regulated DNA binding by

TFIID

The structural work presented within this chapter has served to test and extend a model of
promoter binding by TFIID. In order to describe TFIID’s interaction with promoter DNA,
the model must take into account the interplay between TFIID’s conformational dynamics
and promoter binding. Therefore, the following models have been proposed in an attempt
to summarize the structural data presented throughout Chapters 2, 3 & 4 (Figures 4.12
- 4.14). While the rearranged state serves as the predominant high affinity DNA binding
conformation for TFIID, the structural data presented here address alternative structural
states that TFIID can adopt during the process of DNA binding. The proposed models
show the interplay between core promoter architecture and TFIIA, where the arrangements
of core promoter motifs dictate the mode of DNA binding by TFIID: SCP (Figure 4.12),
SCP(mTATA) (Figure 4.13), and SCP(mMTE/DPE) (Figure 4.14). Broadly, we believe
these models serve as a framework for understanding TFIID’s pleiotropic interactions with
promoter DNA in an activator-dependent manner.



CHAPTER 4. BIOCHEMICAL AND STRUCTURAL SUPPORT FOR A GENERAL

MODEL OF PROMOTER BINDING BY TFIID 73

TFIID-IIA-IIB-SCP(-66)A TFIID-IIA-SCP(-66)B Model

TFIIB

TFIIA

TBP

C

D

Figure 4.11: 3D reconstruction of the rearranged conformation of TFIID-TFIIA-TFIIB-
SCP(-66) reveals similar topology as TFIID-TFIIA-SCP(-66). 3D models for rearranged
conformation of TFIID-TFIIA-TFIIB-SCP(-66) (A) and TFIID-TFIIA-SCP (B) at 36Å.
(C) Docked DNA model for -66 to +45 with TBP-TFIIB-TFIIA crystal structure model (D)
from Figure 3.17.
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Figure 4.12: Model for SCP DNA binding by TFIID-TFIIA. TFIID undergoes conforma-
tional changes between canonical (A) and rearranged (B) states. The addition of TFIIA
stabilizes the canonical conformation (C). Alternatively, the addition of SCP DNA leads to
binding of the Inr-MTE/DPE to the rearranged conformation (D). The combined presence
of TFIIA and SCP DNA leads to a stabilization of the rearranged conformation (G). While
most particles adopt the rearranged state for TFIID-TFIIA-SCP, there is a small subset that
is bound to SCP DNA and TFIIA within the canonical state (E). This state converts to the
rearranged state through a likely intermediate state (F). The rearranged TFIID-TFIIA-SCP
conformation can then be bound by TFIIB to load RNAPII.



CHAPTER 4. BIOCHEMICAL AND STRUCTURAL SUPPORT FOR A GENERAL

MODEL OF PROMOTER BINDING BY TFIID 75

TFIID-TFIIA-SCP

As previously suggested, TFIID’s conformational state appears to be intimately connected
to its promoter binding properties. Before binding DNA, however, TFIID already exhibits
an unprecedented degree of conformational dynamics, where lobe A reorganizes between two
distinct conformations: the canonical and rearranged states (Figures 4.12A & B). Measure-
ments of lobe A position from both negative stain and cryo-EM sample preparations revealed
that lobe A undergoes a structural transition between these two states. Surprisingly, these
results indicated that approximately 50% of the TFIID molecules adopted the rearranged
state before the addition of activators or promoter DNA (Figure 2.4). Therefore, within our
model, lobe A coexists between the canonical (Figure 4.12A) and rearranged states (Fig-
ure 4.12B). In order to explain the lobe A’s pendulum-like motion, we have modeled lobe
A to contain an unstructured linker domain that remains stably attached to the BC core
throughout the process of lobe A’s reorganization.

From this existing equilibrium between the canonical and rearranged states, we propose
that there are two alternative paths towards the high-affinity rearranged state bound to
DNA. One path involves the binding of SCP DNA to the rearranged state of TFIID in the
absence of TFIIA (Figure 4.12D). This was indicated by the identical footprinting patterns of
the Inr-MTE/DPE within TFIID-SCP and TFIID-TFIIA-SCP. While the rearranged state
is competent for DNA binding, the presence of SCP DNA alone is not sufficient to dramat-
ically alter the conformational distribution of TFIID (Figure 2.6B). Therefore, while the
conformational dynamics of lobe A remain unchanged, the presence of high affinity Inr and
MTE/DPE motifs within the SCP allows TFIID to interact with the DNA within the rear-
ranged conformation. Notably, TBP remains inhibited in the absence of TFIIA (Figure 4.1),
which is likely due to the inhibitory N-terminal domain of TAF1 [2, 27, 66].

Given the ability of TFIIA to stimulate high affinity TFIID-DNA complexes, we hypoth-
esized that TFIIA should stabilize TFIID within the rearranged state. Surprisingly, TFIIA
stabilizes TFIID within the canonical state (Figure 2.6C). While we do not understand the
functional role of this canonical state-stabilization, we propose that this conformation primes
TFIID for TBP-TATA interactions through the release of the inhibitory N-terminal domain
of TAF1 (Figure 4.12C).

These two parallel branches of TFIID’s conformational dynamics converge when TFIID
is in the presence of TFIIA and SCP DNA, where the rearranged conformation becomes pref-
erentially stabilized. Given that a majority (60%) of the particles for TFIID-TFIIA-SCP
adopted the rearranged state (Figure 2.6D) and were bound to promoter DNA (Figure 2.7A),
we modeled the conformational landscape of TFIID-TFIIA-SCP to facilitate the formation of
the rearranged state (Figure 4.12G). We believe that the transition from Figure 4.12D to Fig-
ure 4.12G involves the stabilization of TBP-TATA interactions through a TFIIA-mediated
release of TBP inhibition. This is supported by the strong TATA box protection observed
only within the ternary TFIID-TFIIA-SCP complex.

On the other hand, we believe that there are at least two structural transitions that
are necessary to facilitate the reorganization from the canonical to rearranged state. Since
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TFIIA localizes to lobe A (Figure 4.7A), we predicted that the TATA box would be bound by
lobe A within the canonical state. This hypothesis was tested through Nanogold localization
of SCP(+45 gold), where the SCP DNA was oriented in a manner that the MTE and DPE
motifs were bound by lobe C (Figure 4.7B). This binding geometry was incompatible with
TATA box binding by lobe A in the canonical state due to the rigidity of the DNA. This
was shown through SCP(TATA gold) localization in a distribution of states away from lobe
A in the canonical state (Figure 4.7C). Therefore, we have modeled the canonical state for
TFIID-TFIIA-SCP to contain lobe C interacting with the MTE/DPE in a similar manner
as in the rearranged state (Figure 4.12E). We believe that this conformation is primed for
rearrangement due to the TFIIA-mediate release of TBP inhibition, allowing lobe A to bind
the TATA box within the rearranged state. Given the flexible nature of lobe A’s attachment
to the BC core, the structural reorganization between the canonical and rearranged states
likely involves an intermediate state, where DNA is bound to lobe C and TFIIA is within
lobe A (Figure 4.12F). The culmination of these processes results in the net-stabilization of
TFIID-TFIIA-SCP within the rearranged state (Figure 4.12G).

TFIID-TFIIA-SCP(mTATA)

The model presented for the conformational landscape of TFIID-TFIIA-SCP describes at
least two structural pathways sampled by TFIID during the binding of SCP DNA. While
these studies of the SCP have provided the framework for understanding the relationship
between TFIID’s conformational dynamics and promoter binding, the majority of promoters
across the human genome likely contain Inr-MTE/DPE or TATA-Inr promoters [46]. To ad-
dress TFIID’s promoter selectively, we performed footprinting and cryo-EM visualization of
TFIID bound to SCP(mTATA), an SCP construct lacking a functional TATA box. DNase
I footprinting showed that TFIID retains its intrinsic affinity for Inr-MTE/DPE in the ab-
sence of TFIIA (Figure 4.4). Since the pattern of protection from the Inr to the MTE/DPE
for TFIID-SCP(mTATA) is nearly identical to TFIID-SCP and TFIID-TFIIA-SCP, we can
infer that TFIID binds the SCP(mTATA) sequence within the rearranged conformation (Fig-
ure 4.13C). As seen previously for wild-type SCP, the addition of TFIIA does not change
Inr-MTE/DPE contacts. However, when the TATA box is mutated, strong DNA contacts
along the TATA box are disrupted while retaining low levels of DNA protection within the
mutant TATA box sequence (Figures 4.4 & 4.5). These footprinting data indicate that
TFIID-TFIIA-SCP(mTATA) interacts with DNA through the rearranged conformation, but
that there are minimal interactions between TFIID-TFIIA and the mutant TATA box se-
quence (Figure 4.13D).

We propose that the absence of a functional TATA box severely reduces the role of
the canonical state for DNA binding (Figure 4.13). For wild-type SCP, we previously pro-
posed that TFIIA binding to lobe A within the canonical state activates TBP for TATA
box binding. Due to the lack of a functional TATA box and the minimal DNase I pro-
tection for TFIID-TFIIA-SCP(mTATA), we believe that TFIIA-mediated binding of the
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Figure 4.13: Model for SCP(mTATA) DNA binding by TFIID-TFIIA. TFIID undergoes
conformational changes between canonical (A) and rearranged (B) states. The addition
of SCP(mTATA) interacts with the rearranged conformation (C) that is further stabilized
by TFIIA (D). Note that the DNA likely makes weak contacts with the surface of TFIID
near TBP without TBP engagement of DNA. The rearranged TFIID-TFIIA-SCP(mTATA)
conformation should then be bound by TFIIB, although it is difficult to know the location
of the TFIIB binding site (E).
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SCP(mTATA) to lobe A does not facilitate high-affinity interactions in the same way that
it stimulates TATA box binding for the wild-type SCP.

The well-characterized interactions between TFIIB, TBP, and DNA suggested that the
addition of TFIIB may stimulate near wild-type binding of TFIID-TFIIA to the mutated
TATA box sequence. While there may be TFIIB-TBP interactions present within TFIID-
TFIIA-TFIIB-SCP(mTATA), there was only minimal protection of the mutant TATA box
sequence, similar to that observed previously for TFIID-TFIIA-SCP(mTATA) (Figure 4.10).
While the downstream interactions from the Inr to the MTE/DPE remain unchanged, the
lack of any TFIIB-induced DNA protection near the TATA box suggests that either TFIIB
is not bound to the TFIID-TFIIA-SCP(mTATA) complex or that TFIIB is anchored to the
complex through protein-protein interactions with TBP. The extensive literature of TFIIB-
TBP-TATA would suggest that these interactions would be maintained, even in the ab-
sence of consensus TATA box motifs [91]. Our results indicate TFIIB is not sufficient to
induce DNase I protected sites within TFIID-TFIIA-TFIIB-SCP(mTATA), warranting fur-
ther study of transcription initiation from non-TATA containing promoters.

TFIID-TFIIA-SCP(mMTE/DPE)

We further tested our model by studying the structural effects of a TATA-Inr promoter within
the context of TFIID in the presence or absence of TFIIA. Surprisingly, our results showed
that mutation of the MTE/DPE motifs abolished DNA binding of TFIID to promoter DNA
for TFIID-SCP(mMTE/DPE) (Figure 4.4). This indicates that TFIID’s interactions with
promoter DNA through the rearranged conformation in the absence of TFIIA was depen-
dent on functional MTE/DPE motifs. The addition of TFIIA to TFIID-SCP(mMTE/DPE)
resulted in a strong protection of the TATA box in conjunction with near wild-type binding
to the mutated MTE/DPE sequences (Figure 4.4). Considering that the protection patterns
of TFIID-TFIIA-SCP(mMTE/DPE) strongly resembled wild-type interactions, we propose
that TFIID-TFIIA-SCP(mMTE/DPE) adopts the rearranged conformation. However, un-
like previous models, the footprinting data suggest that TFIIA-induced binding of TBP to
the TATA box facilitates the reorganization of lobe A into the rearranged state. Therefore,
we propose that TFIIA, bound to lobe A within the canonical state (Figure 4.14C), stim-
ulates TATA box binding by TBP (Figure 4.14D) and thereby facilitates the movement of
lobe A into the rearranged state (Figure 4.14E & F).

In addition to the results obtained from footprinting on SCP(mMTE/DPE), similar re-
sults were obtained for a mutant Inr (Figure 4.4), suggesting that TFIIA-mediated stimu-
lation of TATA box binding is sufficient to drive rearrangement of lobe A in the absence
of functional Inr or MTE/DPE motifs. We believe that these results are generally applica-
ble for TFIID’s interaction with low affinity promoter DNA sequences, where the binding
of additional factors, anchoring TFIID to the promoter DNA, will stimulate DNA binding
through an increase in TFIID’s avidity for these low affinity sites. Given TFIID’s ability to
interact with a variety of upstream activators [29, 63], in addition to histone modifications
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(e.g. [42, 113]), we believe that the combined effect of TFIID’s low affinity interactions with
binding partners and DNA sequences is to stabilize TFIID bound to promoter DNA within
the rearranged conformation.

Implications for RNAPII loading at the core promoter

Our studies suggest that TFIID introduces specific changes in the structure and topology
of promoter DNA that may contribute to its role in transcription initiation. The cryo-EM
structure of TFIID-TFIIA-SCP provides insight into a previously observed DNase I hyper-
sensitive at +3, localizing this cleavage site to DNA spanning the central channel (Figure 4.3,
denoted with *). This hypersensitive site has been observed in a wide range of core pro-
moters upon binding of purified TFIID from Drosophila [13, 53, 65, 86, 89, 106] as well as
human sources [20, 44, 47, 64, 78]. The strength of this hypersensitive site at +3 is posi-
tively correlated with the strength of in vitro transcription initiation, suggesting that the
topological changes that TFIID induces at this site may be important for subsequent steps
in transcription initiation.
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Chapter 5

Conclusions and future outlook

A mechanistic description of metazoan transcription is essential for understanding the molec-
ular processes that govern cellular decisions. To provide structural insights into the DNA
recognition step of transcription initiation, we used single particle electron microscopy to
visualize human TFIID with promoter DNA. This analysis revealed that TFIID co-exists
in two predominant and distinct structural states that differ by a 100Å translocation of
TFIID’s lobe A. The transition between these structural states is modulated by TFIIA, as
the presence of TFIIA and promoter DNA facilitates the formation of a novel rearranged
state of TFIID capable of promoter recognition and binding. DNA-labeling and footprint-
ing, together with cryo-EM studies, mapped the locations of the TATA, Inr, MTE, and DPE
promoter motifs within the TFIID-TFIIA-DNA structure. The existence of two structurally
and functionally distinct forms of TFIID suggests that the different conformers may serve
as specific targets for the action of regulatory factors.

5.1 Discovery of the rearranged conformation

The flexibility of lobe A was previously overlooked because we assumed that TFIID would
maintain a specific 3D shape. Since previous work in the lab had determined the three-
dimensional structure of the canonical state [31, 67, 68], we attempted to characterize the
binding of TFIID to SCP DNA. After 3 - 4 years of unsuccessful attempts to determine the
structure of TFIID-TFIIA-SCP within the lab, we finally had the breakthrough discovery
that lobe A repositions itself within the DNA bound state.

Since all of our previous negative stain and cryo-EM models were unable to describe the
topology of the protein density seen within these DNA bound class averages, we attempted
angular reconstitution of the cryo-EM 2D class averages. Working with Richard Hall, we
calculated many different angular reconstitution models from the cryo-EM class averages of
TFIID-TFIIA-SCP. These attempts were unsuccessful because we mistakenly tried to merge
class averages from the canonical and rearranged state. Therefore, all of the resulting 3D
models were unable to refine the cryo-EM data.
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The key control experiment was the implementation of OTR for TFIID-TFIIA-SCP.
However, the first time we performed OTR, we merged class volumes before 3D model re-
finement. It is likely that the merged model was the result of incorrect combination of class
volumes, where either models from the rearranged were incorrectly aligned or models from
the canonical and rearranged states were merged together. Therefore, when this incorrectly
merged model was refined against the untilted particle data, the resulting 3D model was
no longer in agreement with the 2D reference-free averages, suggesting that something was
wrong in our analysis. When I returned to this OTR dataset 6 months later, individual
class volumes were not merged together before 3D refinement. Subsequent inspection of the
refined volumes revealed, much to our surprise, that lobe A adopted the rearranged state in
almost all of the refined 3D structures.

5.2 The rearranged state as the DNA binding

configuration of TFIID

In addition to mapping the conformational landscape of TFIID, this work shows that the
rearranged conformation likely serves as the general mode of promoter binding by TFIID.
Footprinting experiments of TFIID on promoters containing mutations in the TATA box,
Inr, and MTE/DPE showed that TFIID retains the same overall footprint on DNA regardless
of the underlying sequence. For instance, we observed that the mutation of the MTE/DPE
resulted in the loss of promoter binding by TFIID in the absence of TFIIA. However, this
loss was fully restored when TFIIA was added to the reaction. This suggested that TFIIA
anchors TFIID to the TATA box, allowing TFIID to bind the low affinity downstream DNA
sites in a near-identical manner. Overall, these data indicate that the rearranged state serves
as TFIID’s conformation capable of multi-valent interactions with promoter DNA.

EM structural studies have confirmed that TFIID binds promoters with varying architec-
ture through the rearranged state. While we have not performed cryo-EM on all mutant pro-
moters tested, cryo-EM of TFIID-TFIIA-SCP(mTATA) showed that it was bound through
the rearranged conformation, similar in topology to TFIID-TFIIA bound to the wild-type
SCP. Further support came from cryo-EM of an assembled TFIID-p53-TFIIA complex on
native promoter DNA from the hdm2 gene. Even though this promoter only has a TATA
box, preliminary cryo-EM visualization by Weili Liu (Albert Einstein College of Medicine)
showed 2D reference-free class averages of TFIID bound to promoter DNA through the re-
arranged state. Considering the low affinity of TFIID alone for this hdm2 promoter, we
propose that the role of activators (p53 and TFIIA) is to facilitate the formation of the
rearranged state by anchoring TFIID to the promoter DNA.

Beyond the studies presented here, we believe that the characteristic footprinting pat-
tern for human TFIID - observed for the past 30 years - corresponds to the rearranged state.
Comparison of TFIID’s footprinting patterns on the SCP(mMTE/DPE) and the previously
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published AdML promoter using partially purified (e.g. [95, 111]) or fully purified TFIID
(e.g. [13, 20, 78, 120] shows the overall similarity of the results. In all cases, there is a
TFIIA-mediated protection of the TATA that is accompanied by downstream contacts at
positions +1 and +30 relative to the TSS. Therefore, we propose that the previously observed
’isomerizations’ and ’structural changes’ correspond to the formation of the rearranged state
of TFIID bound to promoter DNA.

Considering that the rearranged state appears to be the dominant DNA binding config-
uration of TFIID, the recognition of TFIID-TFIIA-SCP by TFIIB suggests that this state
loads RNAPII at the TSS. While EM studies were able to unambiguously identify the bind-
ing site for TFIIB within the TFIID-TFIIA-TFIIB-SCP structure, biochemical footprinting
showed that TFIIB makes intimate contacts with the flanking DNA sequences around the
TATA box. Considering that the TATA box is located within lobe A, we believe that TFIIB is
binding to lobe A. Furthermore, since the downstream contacts along the Inr and MTE/DPE
were unchanged, TFIIB is binding to TFIID through the rearranged state. This indicates
that, in addition to providing TFIID with high affinity DNA interactions, the rearranged
state may serve as a structural signal to load RNAPII at the TSS.

5.3 Future directions

This thesis has laid the groundwork for mechanistic experiments to probe the contributions
that TFIID makes during the formation of the pre-initiation complex. Additionally, for the
first time, we have a detailed model of promoter binding and regulation of human TFIID
activity that can be tested through a variety of experimental designs. The two most impor-
tant research questions that remain will be obtaining a high resolution structure (10 - 15Å )
of promoter-bound TFIID and determining the mechanism for RNAPII loading at the TSS.

High resolution studies of TFIID should be pursued through two orthogonal lines of re-
search: 1) cryo-EM of a purified complex of TFIID-TFIIA-TFIIB-SCP and 2) biochemical
isolation and EM analysis of the BC core. Given the ability of TFIIB to stabilize DNA con-
tacts within TFIID-TFIIA-TFIIB-SCP, this complex should be co-immunoprecipitated with
TFIID and pursued for high resolution studies. By visualizing this protein complex using
high resolution optics (e.g. Titan EM microscopes by FEI), detectors (e.g. direct electron
detectors), and phase-plate technologies, much higher levels of contrast should be possible
for single particles of TFIID-TFIIA-TFIIB-SCP, allowing improved particle alignments. Es-
pecially considering the fact that we have these technologies installed on the shared Titan
Microscope, a dedicated effort should be undertaken to get all of these devices working in
concert to image single particles in vitreous ice.

Considering the difficulties associated with using delicate pieces of equipment, an orthog-
onal strategy should be taken in order to increase the resolution of the BC core. Since the
BC core appears to be the most well-ordered protein density within TFIID, biochemical ex-
periments should be performed to try and isolate this subcomplex away from the holo-TFIID
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complex. A purified BC core will be a strong candidate for high resolution studies given its
unique shape and apparent rigidity. To obtain such a sample, limited proteolysis should
be performed with a wide-range of proteases to identify the proper conditions for specific
cleavage of lobe A away from the BC core. It should be noted that previous work has shown
that TAF1 (a proposed component of lobe A) appears to be sensitive to limited proteolysis,
suggesting that it may be possible to separate lobe A from the BC core [81].

Alternatively, recent work from Imre Berger’s lab (EMBL, Grenoble) has purified and
begun structural characterization of a subcomplex of human TFIID that comprises TAF6,
-9, -4, -5, and -12. This work is currently unpublished, but after publication, the constructs
should be requested and we should begin purification of these sub-complexes of TFIID. While
the EM structure of this subcomplex does not appear (at first glance) to be related to the
BC core, additional biochemical work and structural to define the relationship between the
BC core and the reconstituted subcomplex should yield important information regarding the
organization of subunits within TFIID.

In addition to these high resolution structural studies of TFIID, mechanistic studies
should be pursued with TFIID-TFIIA-TFIIB-SCP and RNAPII-TFIIF. Based upon the
ability of Yuan He to purify and structurally characterize intermediates along the assembly
pathway for the formation of a minimal pre-initiation complex nucleated by TBP, simi-
lar strategies should be taken to purified a complex of TFIID-TFIIA-TFIIB-SCP-RNAPII-
TFIIF. While this is a non-trivial purification, it has the potential to offer unprecedented
insight into the loading of RNAPII at the promoter. This will require extensive biochemical
screening in addition to advanced image sorting methodologies, considering that there may
be sample heterogeneity due to the presence of RNAPII.



85

Appendix A

Antibody labeling of TFIID

Given the lack of information regarding the subunit organization within TFIID, there has
been a concerted effort by a number of laboratory members to generate and analyze TFIID-
antibody datasets. Most of these datasets were prepared and analyzed by Wei-Li Liu (As-
sistant Prof., Albert Einstein College of Medicine) and Patricia Grob (staff scientist). Anti-
bodies directed against TBP, TAF4, and TAF6 were bound to TFIID during the purification
procedure, allowing the elution of stoichiometric TFIID-antibody complexes. Unfortunatley,
all previous attempts to localize these antibodies were unsuccessful.

After describing the extent of lobe A’s flexibility within the context of TFIID alone, we
hypothesized that the flexibility of lobe A hampered previously analysis of antibody-bound
TFIID particles. Therefore, TFIID-antibody datasets for α-TBP (unpublished), α-TAF4
[67], α-TAF6 (unpublished) were reanalyzed after classification of lobe A into discrete con-
formational sub-states. While we were unable to recover any density within 2D class averages
or 3D models for α-TBP and α-TAF4 antibodies (data not show), we were able to localize
significant antibody density for α-TAF6 bound to the BC core. This localization supports
the model of DNA-bound TFIID in addition to proposing a pseudo-symmetry within the
BC core that necessitates further study.

A.1 Purification of a ternary TFIID-α-TAF6 complex

As previously stated, the purification and analysis of TFIID-α-TAF6 was performed pre-
viously by Wei-Li Liu and Patricia Grob, respectively. The general strategy for antibody
labeling of TFIID was to purify TFIID from Hela nuclear extract using established proto-
cols, but, before elution of TFIID from the agarose beads, labeling antibodies were incubated
with TFIID. After extensive washing, these TFIID-antibody complexes were eluted from the
beads and analyzed using SDS-PAGE to verify antibody binding.

Using this strategy, Wei-Li Liu purified a stoichiometric TFIID-α-TAF6 complex with a
monoclonal antibody directed against TAF6 (Figure A.1A). Analysis of this labeling through
SDS-PAGE revealed strong binding by the α-TAF6 antibody that could be co-immunpurified
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Figure A.1: Purification strategy for TFIID-α-TAF6. (A) Strategy for purification of a
ternary TFIID-α-TAF6 complex. (B) SDS-PAGE of TFIID-α-TAF6. Note that this was
photo-copied from Patrica Grob’s laboratory notebook.
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with TFIID (Figure A.1B).

A.2 α-TAF6 antibody localization

Cryo-EM analysis showed that lobe C interacts with the MTE and DPE, suggesting that
TAF6 is found within lobe C since TAF6 cross-links to both MTE and DPE sequences [14,
65]. Therefore, we expected to find the TAF6 antibody bound to lobe C. But, considering
the large degree of conformational flexiblity exhibited by TFIID alone (Figure 2.6A), focused
classification of lobe A was first performed before any attempt at antibody localization. To
this end, the purified TFIID-α-TAF6 complex was prepared for negative stain single particle
EM by Patricia Grob. Particles were picked, extracted, and phase-flipped prior to storage of
the dataset within the archives of the Nogales lab. These particles were subjected to careful
2D reference-free image analysis and processed as previously described (Figures 2.5). Briefly,
extracted particles corresponding to characteristic view were re-aligned to the rigid BC core,
where the overall average of the re-aligned particles showed the characteristic flexibility of
lobe A (Figure A.2A). After focused classification of lobe A and measurement of lobe A’s
position relative to the BC core, the histogram of lobe A positions indicated that the canon-
ical and rearranged conformations were equally populated (Figure A.2B), as seen previously
for TFIID alone (Figure 2.6A).

Since the position of lobe A within the canonical state is bound to lobe C in close prox-
imity to the DNA binding site, we hypothesized that the epitope recognized by α-TAF6 may
be occluded within the canonical conformation. Therefore, particles were separated into
groups corresponding to the canonical and rearranged conformations before further analysis.
After systemtically moving a circular mask around lobe C and the BC core, we found strong
antibody density only when the mask was positioned around lobe C (Figure A.2C). This
density was found in two different sub-classified averages, providing evidence that TAF6 is
localized to lobe C.

During sub-classification of the canonical state, we noticed additional density that ap-
peared bound to lobe B. Further analysis confirmed that, within the canonical state, lobe B
interacts with the TAF6 antibody (Figure A.2D). This result is surprising considering that
lobe C is the MTE/DPE interacting domain within TFIID. However, considering that a num-
ber of subunits within TFIID may exist as multiple copies, we believe that this localization
may provide insight into the apparanet pseudo-symmetry of the BC core.

A.3 Comparison of antibody labeling between yeast

and human TFIID

The data presented within this Appendix indicate that the α-TAF6 antibody localizes to
lobes B and C within the canonical and rearranged states, respectively. These α-TAF6 an-
tibody densities are the strongest example of antibody localization within human TFIID to
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date. The antibody localization was successful only after extensive 2D reference-free clas-
sification and subclassification of TFIID within distinct structural states. We believe that
this strategy will be generally applicable for localization of additional antibodies and other
TFIID-interacting factors.

Previous research on yeast TFIID has proposed the existance of TAFs existing in multiple
copies within TFIID [62, 61]. Indeed, mass spectrometry has supported this proposal, pro-
viding biochemical evidence for this model [94]. Combining the biochemical characterization
with antibody labeling of TFIID, a number of papers have proposed yeast TFIID to exist
as a nearly-symmetric molecule [62, 82]. However, considering that the antibody-labeling of
yeast TFIID employed the same strategies as previously employed on human BTAF1 and
TFIIH, we propose that this error-prone strategy, combined with conformational flexibility,
led to an over-symmetrized model of TFIID subunit organization.

The same research group that performed antibody labeling of yeast TFIID also utilized
a similar stategy on human BTAF1 [87] and human TFIIH [98], where subsequent studies of
these protein complexes revealed that these subunit locations were inaccurate. For instance,
the BTAF1 labeling proposed that TBP localizes to the extension protruding away from
the core of the molecule [87], however, x-ray crystallographic studies of yeast Mot1-TBP
revealed that TBP is bound within the core domain [87]. This suggests that, within the
defined molecular system of BTAF1 (two subunits), the authors inaccurately localized TBP,
the key component within BTAF1.

To tackle an even more challenging system, the authors performed antibody localization
for human TFIIH, a multi-subunit GTF responsible for promoter opening by RNAPII [98].
It should be stated that this was a challenging system and it provided the first ’glimpse’
into TFIIH architecture, however, all antibody labeling performed ([98]: Figure 5) was
proven incorrect through structural analysis of an assembled pre-initiation complex con-
taining RNAPII bound to promoter DNA and TFIIH (Yuan He, Nogales laboratory, un-
published). For TFIIH, the authors did not realize that the kinase domain was extremeley
flexibile, which made it nearly invisible for a number of different class averages shown ([98]:
Figure 5A - F). Furthermore, when the kinase domain was visible, it was assigned to antibody
density ([98], Figure 5G & H). As previously stated, this was a challenging sample, however,
it serves as another instance of incorrect antibody localization by this research group.

Given these considerations, we hesitate to extend the yeast TFIID antibody labeling
studies into our model of human TFIID. While the authors are not intentionally misrepre-
senting their data for antibody labeling of yeast TFIID, we believe that their stategy has
a false-positive rate of 40 - 50% based upon their past work [87, 98]. We believe that this
false-positive rate is the result of two error-prone methods employed by this research group:
1) failure to purify ternary antibody-protein complexes, and 2) ’single-particle’ counting
of antibodies. For human BTAF1 [87], human TFIIH [98], and yeast TFIID [62, 61], the
authors did not purify ternary complexes of antibody-protein complexes, instead mixing
the antibody in 5 - 10 molar excesses with the protein prior to grid preparation. We believe
that this method will provide false positives given the high molar excess of antibodies. While
non-specific antibody-protein complexes should be averaged out when 2D reference-free class
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averages are calculated, the authors do not calculate averages of their labeled complexes. In-
stead, the authors perform ’single-particle’ counting of antibody-protein complexes, where
individual particle images are inspected for potential antibody density and, after investi-
gating 600 - 1000 individual particles, locations are proposed. Therefore, by adding the
antibodies in excess and relying on localization within low SNR images of single particles,
the authors inherently bias their analysis towards a high false-positive rate.

Antibody labeling is a notoriously difficult technique for subunit localization. The above
papers represent hontest attempts to identify subunit locations within biologically important
protein complexes. However, for reasons listed above, it is difficult to assess the quality of
subunit location assignments. Indeed, antibody localization is extremeley difficult for human
TFIID as well. The localization presented here for TAF6 was the only success out of three
different datsets. While the localization of TAF6 may not be entirely accurate, it serves as
a starting point for future studies, where orthogonal approaches should be used to verify
antibody labeled locations. For example, considering that lobe C binds the MTE/DPE , a
region of DNA known to interact with TAF6 through biochemical studies, while also showing
density for the α-TAF6 antibody, we have a high degree of confidence that TAF6 is localized
within lobe C.

A.4 Implications of a pseudo-symmetric BC core

While we need to continue to verify the location of TAF6 within lobe B using alterna-
tive strategies, it is tempting to speculate on this pseduo-symmetry within the BC core.
As previously noted, studies of yeast TFIID proposed the existance of a nearly-symmetric
TFIID molecule, due to the presence of antibody density on both lobes. We believe that
this symmetric model of yeast TFIID is the result of mislocalization of antibodies within
yeast TFIID. Lobe A within yesat TFIID may exhibit the same large degree of flexibility
as observed for human TFIID, necessitating that all analysis of yeast TFIID labeled with
antibodies be obtained from class averages.

While the symmetric model of yeast TFIID may not be accurate, the labeling of TAF6 to
both lobes B an d C suggests that the BC core may exist as a pseudo-symmetric backbone of
TFIID. Initial structural inspection of the BC core revealed that it almost appeared as a C2
symmetrical structure, with the symmetry axis located along the ridge connecting lobes B
and C. This observation is not sufficient for concluding a pseudo-symmetric BC core, but the
dual labeling of the TAF6 antibody to both lobes B and C provides biochemical evidence for
such a model. This observation of a dual-antibody labeled TFIID molecules was only appar-
ent after calculating 2D averages of human TFIID and performed careful sub-classification,
a detail that would be overlooked when investigating single particles for yeast TFIID.

The presence of TAF6 within both lobes B and C may provide a binding site for lobe
A within the canonical and rearranged states. Since the discovery of lobe A’s dramatic
flexibilty, we posited that TFIID may contain similar binding sites for lobe A within both



APPENDIX A. ANTIBODY LABELING OF TFIID 91

canonical and rearranged conformations. Therefore, after localizing TAF6 to both lobes B
and C, we propose that TAF6 may serve as the common binding site for lobe A within the
canonical (lobe C) and rearranged (lobe B) conformations. While this hypothesis remains
untested, it serves as a reasonable molecular explanation for lobe A’s ability to form the
canonical and rearranged states.

The pseudo-symmetry of the BC has been incorporated into a model describing the orga-
nization of human TFIID (Figure A.2E). TAF6 occupies a position within both lobes B and
C, where it is likely bound to TAF9 in both cases through its highly conserved histone-fold
domain [99]. From biochemical evidence, we believe that TAF6 and TAF9 further interact
with TAF4 and TAF12 within lobe C to form a histone-like tetramer, an interaction shown
to stabilize DPE-interactions within a TAF6/9/4/12 complex [99]. We propose that lobe
C is connected to the BC core through an extension of TAF4 from the histone-tetramer.
This is consistent with TAF4 serving a scaffolding role within Drosophila TFIID, where
RNAi knockdown of TAF4 results in the loss of remaining subunits within holo-TFIID [118].
Serving to facilitate the connections between lobes C and B, we believe that TAF5’s dimer-
ization domain may be localized within the ridge connecting lobes C and B. While this
model remains to be tested, we believe that it serves as a valid initial description of TFIID’s
organization, providing a molecular basis for the pseudo-symmetry of the BC core and dual
docking site for lobe A in both states.
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Appendix B

Materials & Methods

B.1 Protein preparation

Purification of human TFIID and TFIID-TFIIA-SCP was performed as described previously
[31, 68]. Briefly, nuclear extract was fractionated with phosphocellulose P11 (P-Cell) resins
[1, 75]. P-Cell column fractions eluting at 1 M KCl/HEMG buffer (pH 7.9, [20 mM Hepes,
0.2 mM EDTA, 2 mM MgCl2, 10% glycerol] plus 1 mM DTT and 0.5 mM PMSF) were
pooled, dialyzed to 0.3 M KCl/HEMG buffer (containing 0.1% NP40 and 10 µM leupeptin)
and immunoprecipitated overnight at 4◦C with an anti-TAF4 mAb covalently conjugated to
protein G beads (GE Healthcare). TAF4-immunoprecipitates were extensively washed with
0.65 M KCl/HEMG buffer, 0.3 M KCl/HEMG buffer and 0.1M KCl/HEMG buffer (con-
taining 0.1% NP40 buffer and 10 µM leupeptin) prior to the addition of human recombinant
TFIIA and SCP DNA. Purified recombinant TFIIA (see below) and SCP DNA (IDT) were
incubated (2 hrs) with 2.5 µg of the washed TFIID complex bound to 250 µl of protein G
sepharose beads containing covalently conjugated TAF4 mAb. Assembled TFIID-TFIIA-
SCP complexes were washed 5 times with 0.1 M KCl/HEMG buffer (containing 0.1% NP40)
and were eluted with a peptide (1 mg/ml in 0.1 M KCl/HEMG buffer/0.1% NP40) recog-
nized by the TAF4 mAb. For purified TFIID used in Nanogold-labeling experiments, the
final elution step included 1 mM TCEP instead of 1 mM DTT. The eluates were concen-
trated with a microcon-10 concentrator, immediately applied to grids or flash frozen, and
negatively stained as described below. Assembly of the TFIID-TFIIA-SCP complex involved
adding a 10X-excess of recombinant TFIIA [104] and SCP DNA (IDT) prior to elution from
the resin.

Recombinant human TFIIA was purified as described previously [67, 75, 104]. TFIIA-α/β
and TFIIA-γ constructs were co-transformed into BL21 Star competent E. coli (Invitrogen)
and were grown until OD600 = 0.6 0.8. After induction with 0.4M IPTG, the following tem-
perature and times were used: TFIIA-α/β was induced at 25◦C for 5 hours and TFIIA-γ was
induced at 37◦C for 1 hour. Cells for each construct were pelleted and washed twice in 1X
PBS with 0.1 M PMSF prior to flash freezing in liquid nitrogen. Pellets were resuspended
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in lysis buffer (50 mM Tris-CL pH = 7.9, 10% glycerol, 20 mM beta-mercaptoethanol, 1
mM PMSF, 100 mM NaCl) and sonicated with 5 x 10 second prior to centrifugation to
reduce viscosity. The pellets were washed once in lysis buffer before they were extracted
with lysis buffer (6 M GuHCl) for 1 hour at room temperature. Ni2+-NTA resin that was
previously equilibrated in lysis buffer (6 M GuHCl) was added to the resuspended pellets
and incubated overnight at 4◦C. The resin was washed using a gravity flow column at 4◦C
using lysis buffer (6M GuHCl) prior to elution with elution buffer (lysis buffer + 6 M GuHCl
+ 300 mM imidazole). The purity of the purified and denatured TFIIA-α/β and TFIIA-γ
were analyzed by SDS-PAGE. TFIIA-α/β and TFIIA-γ were renatured together by dialysis.
First, they were dialyzed for 4 hrs against elution buffer (HEMG: 20 mM HEPES pH = 8,
10% glycerol, 2 mM MgCl2, 100 mM KCl, 0.1 mM PMSF, 20 mM beta-mercaptoethanol)
with the addition of 2 M GuHCl. Using a peristaltic pump, TFIIA was renatured through
the slow addition (1.3 mL/min) of elution buffer lacking GuHCl over the course of 8 hours.
Refolded TFIIA was then dialyzed against HEMG (5 mM beta-mercaptoethanol), purified
over a Poros20 HQ column (Applied Biosystems), and eluted using a linear gradient of 0.1
M to 1 M KCl over 10 column volumes.

For Nanogold labeling reactions, TFIIA was labeled with 1.8 nm Ni2+-NTA-Nanogold
(Nanoprobes Inc.) using prescribed protocols. Briefly, TFIIA was incubated with a 10-fold
molar excess of Ni2+-NTA-Nanogold in a final volume of 54 µl for 20 minutes at 4◦C. Prior
to sample loading, a S200 size exclusion column (GE Healthcare) on an Ettan Analytical
LC system was equilibrated with HEMG (1 mM TCEP). After comparison of A420/A280

signals, there was 50% labeling efficiency for TFIIA. Given the labile nature of a Nanogold,
Nanogold-TFIIA was used immediately for cryo-EM grid preparation.

B.2 Nucleic acid preparation

The DNA sequence used for the SCP was taken directly from the originally published se-
quence of SCP1 [44]: GTACTTATATAAGGGGGTGGGGGCGCGTTCGTCCTCAGTCGC-
GATCGAACACTCGAGCCGAGCAGACGTGCCTACGGACCG. For SCP(-66), the follow-
ing sequence was added immediately upstream of the SCP sequence: CTCGCGCCACCTCT-
GTTTTCCCAGTCACGA. Mutant promoter sequences were taken directly from previous
mutational analysis of SCP1 [44].

All DNA oligonucleotides were ordered through Integrated DNA Technologies (IDT)
and were annealed in 10 mM Tris-HCl pH = 8.0. For 1.4 nm-monomaleiomido-Nanogold
(Nanoprobes Inc.) labeling experiments, SCP oligonucleotides were ordered with a 5’- or 3’-
six carbon linked thiol functional group. Prior to incubating DNA with Nanogold, DNA was
incubated in buffer containing 1 mM TCEP for 15 minutes at room temperature to ensure
that the thiol functional groups were fully reduced. The DNA was added to a 50-fold molar
excess of Nanogold that was previously solubilized in 0.2 mL distilled water and incubated
for 2 hours at room temperature. Prior to purification, the sample was concentrated using
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a 10 MWCO spin-column concentrator (Sartorius) from 200 µl to approximately 30 µl. The
concentrated sample was added to a S200 size exclusion column (GE Healthcare) that was
previously equilibrated in running buffer (0.02 M sodium phosphate, 150 mM NaCl pH =
7.4). After purification of a labeled DNA-Nanogold complex, comparison of A420/A260 signal
indicated that the sample was labeled with a 70% labeling efficiency. Before the Nanogold-
DNA sample could be added to TFIID, the sample was concentrated 5-fold and then used
immediately for cryo-EM grid preparation.

B.3 EM sample preparation

For negative stain microscopy, four microliters of TFIID sample was directly applied to glow
discharged holey carbon film covered with a continuous thin-carbon support on a 400 mesh
copper grid (Electron Microscopy Sciences). For cryo-EM, samples were vitrified using a
Vitrobot (Gatan, Inc.) that was set to 100% humidity at 4◦C. Four microliters of sample
was incubated for 30 sec. - 1 min. on carbon-thickened C-flat grid (Protochips) with 4 µm
holes that were spaced 2 µm apart that had a thin-carbon support within the holes, blotted
for 6.5 s, and then plunge-frozen in liquid ethane.

Negative stain data for TFIID alone, TFIID-TFIIA, TFIID-SCP, TFIID-TFIIA-SCP,
TFIID-p53, TFIID-sp1, TFIID-c-Jun, and TFIID-α-TAF6 were collected using a Tecnai T12
bio-TWIN transmission EM operating at 120 keV under low dose (15 e−/Å2) conditions on
Kodak SO163 film at a nominal magnification of 30,000X from defocuses ranging from -0.70
µm to -1.20 µm. Micrographs were digitized in a Nikon Super Coolscan 8000 at a pixel size
of 12.7 µm (4.23 Å/pix). Cryo-EM data were collected on a Tecnai F20 TWIN transmission
EM operating at 120 keV using a dose of 25 e−/Å2 on a Gatan 4k x 4k CCD at a nominal
magnification of 80,000X (1.501 Å/pixel). Leginon software was used to automatically focus
and collect exposure images [103].

B.4 Single particle image analysis

Negative stain data were manually picked using Boxer (EMAN) [69], CTF-estimated using
CTFFIND3 [73], and phase-flipped using SPIDER [26]. Cryo-EM data were prepared using
the Appion image processing environment [55] where particles were automatically picked
using Signature [19], CTF-estimated using CTFFIND3 [73], phase flipped using SPIDER
[26], and normalized using XMIPP [101].

For negative stain and cryo-EM data, 2D reference-free image analysis was performed
using an iterative routine implementing a topology representing network [79] in combination
with mutli-reference-alignment within IMAGIC [34].

3D refinements were performed on phase-flipped particles using an iterative projection
matching and 3D reconstruction approach that was performed using libraries from EMAN2
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and SPARX software packages [38, 105]. 34,167 particles from cryo-EM grids prepared from
TFIID-TFIIA-SCP sample were refined against low-pass filtered models of the canonical and
rearranged state. For TFIID, 30,800 particles were collected and refined. For SCP(mTATA),
TFIID was incubated with 10X excess of SCP(mTATA) and TFIIA, under identical condi-
tions as the TFIID-TFIIA-SCP sample preparation, where 27,500 particles were collected
and analyzed. Following this global projection matching routine, all data were further refined
in FREALIGN [30] and low-pass filtered at the final resolution while applying a negative
B-factor using bfactor.exe.

Orthogonal tilt reconstruction of TFIID-IIA-SCP

The substantial structural differences between the canonical and rearranged states of TFIID
rendered the previously reported 3D reconstruction of the canonical state human TFIID
unable to be used as a reference for projection matching and 3D reconstruction. We thus
generated an ab initio model for the rearranged state by implementing the orthogonal tilt
reconstruction (OTR) technique [59] on negatively stained samples of TFIID-TFIIA-SCP.

Tilt pairs at +/- 45◦ were collected on a TFIID-IIA-SCP sample prepared on glow dis-
charged holey carbon film [7] on a 400 mesh copper grid (Electron Microscopy Sciences) with
a thin continuous carbon layer using a Tecnai F20 TWIN transmission electron microscope
operating at 120 keV using a dose of 25 e−/Å2 on a Gatan 4k x 4k CCD at a nominal
magnification of 80,000X (1.501 Å/pixel). Particles were manually picked from the tilt pairs
using xmipp mark within XMIPP [101]. The XMIPP coordinates (.pos) were converted to
BOXER coordinates (.box) prior to particle extraction using batchboxer within EMAN [69].
The tilt angles for each micrograph were calculated using CTFTILT [73]. Extracted parti-
cles from a given tilt were subjected to 2D reference-free classification and alignment using
multivariate-statistical-analysis and multi-reference-refinement within IMAGIC [34]. To cal-
culate individual class volumes, euler angles were calculated using the equations previously
described [58], 3D reconstructions were performed using ’bp 3f’ within SPIDER [26], and
the volumes were filtered based upon FSC = 0.5.

Since OTR preserves three-dimensional features of individual class volumes without suf-
fering from the ’missing-cone’ problem of random conical tilt [18], individual class volumes
were refined against untilted negative stain data for TFIID-IIA-SCP. These refined mod-
els were then quantitatively compared to the characteristic class averages of TFIID in six
characteristic conformations and models were excluded based upon Fourier Ring Correlation
(FRC) [96] values below 60 Å. A majority (8/10) of the refined, validated models were found
to be in the rearranged state, whereas a minority (2/10) were in the canonical conformation.
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Focused classification of lobe A

The overall data processing strategy for assessing lobe A’s conformational heterogeneity is
mapped out in Figure 2.5. Briefly, negatively stained particles for each dataset - TFIID
(16,000 particles), TFIID-SCP (9,859 particles), TFIID-IIA-SCP (19,678 particles), and
TFIID-IIA (20,152 particles) were aligned and classified in a reference-free fashion using
a topology representing network [79] and multi-reference-alignment within IMAGIC [34],
where class average reference images were aligned to each other and mirrors generated af-
ter each iteration using the prep-mra-refs command within IMAGIC. After 8-9 iterations,
all particles corresponding to the characteristic view of TFIID were extracted, mirrored if
necessary, and placed into a single stack of particles. These particles were then aligned
to a masked reference of the BC core using multi-reference-alignment within IMAGIC [34].
Multivariate-statistical-analysis was performed within a mask drawn around lobe A. The
resulting eigen-images reflected the conformational flexibility of lobe A and were used to
perform hierarchical ascendant classification. Subsequently generated classums (10-20 par-
ticles/class) showed a range of positions for lobe A relative to the rigid BC core.

To measure lobe A’s position, individual classums were measured using BOXER within
EMAN [69] and plotted within MATLAB. Boxes were placed, in order, on lobes B, C, and
A. The coordinates were used to calculate a projection of lobe A’s position on the B-C axis
that were normalized to the length of the BC core. A histogram of lobe A positions were
calculated within MATLAB and the distribution was fitted using a maximum-likelihood es-
timate of a mixed Gaussian distribution (’gmdistribution.fit’) and was plotted using ’pdf.’
Wilcoxon rank sum tests were performed within MATLAB (’ranksum’) to test for statistical
differences between distributions of lobe A positions from the different datasets.

Cryo-EM of Nanogold complexes & image analysis

For localization of Nanogold labels within cryo-EM images of TFIID-IIA(gold)-SCP (10,075
particles), TFIID-IIA-SCP(Nanogold at TATA) (851 particles), and TFIID-IIA-SCP(Nanogold
at +45) (6,502 particles), focal pair images were collected using Leginon [103] at defocuses
of -3 µm and -0.5µm on a Tecnai F20 TWIN transmission electron microscope operating
at 120 keV using a dose of 25 e−/Å2 on a Gatan 4k x 4k CCD at a nominal magnification
of 80,000X (1.501 Å/pixel). Particles were manually picked using BOXER, shifts between
focal pairs were calculated using alignhuge and applied to the particle coordinate files prior
to particle extraction with batchboxer within EMAN [69]. The high defocus particles were
then normalized and dusted using xmipp normalize within XMIPP [101] to remove gold
signal > 3.5σ. These dusted, high defocus particles were subjected to reference-free 2D
classification using iterative classification and alignment within IMAGIC with multivariate
statistical analysis and multi-reference-alignment [34]. The rotation and shifts applied to
the high-defocus particles were applied to the following stacks of particles using ’equivalent-
rotation’ within IMAGIC: 1) un-dusted high defocus particles termed ’high defocus particles’
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that were normalized using ’edgenorm’ within the proc2d command of EMAN; 2) thresh-
olded high defocus particles where pixels > 4σ were converted to 1 and all pixels below
4σ were converted to 0 for each un-dusted high defocus particle; 3) un-dusted low defocus
particles termed ’low defocus particles’ that were normalized using ’edgenorm’ within the
proc2d command of EMAN; and 4) thresholded low defocus particles where pixels > 4σ were
converted to 1 and all pixels below 4σ were converted to 0 for each un-dusted low defocus
particle. By averaging low defocus particles and low defocus thresholded particles according
to the 2D reference-free alignment of dusted high defocus particles, Nanogold density could
be localized with high confidence given the high contrast of Nanogold at low defocus values.

Image simulations of gold nanoclusters

Gold simulations utilized a crystalline gold model that was face-centered cubic with a lattice
parameter a = 4.08Å. Due to the high contrast of the gold crystal, the model was oriented
away from the zone axis. The gold nanocluster was imbedded into a GROMACS box of
water molecules and exported into .xyz format for simulations within multislice [51]. After
modeling Fresnel propagation through this sample, a variety of defocuses were simulated
ranging from 0.0 to 5.0 mum using a 0.15 mum step size. For the ’noise added’ simula-
tions, Poisson noise was added to simulate an electron dose of 25 e−/Å2. Peak intensity was
calculated using a Gaussian fitting routine written by Colin Ophus (LBL, NCEM) within
MATLAB [70]. The peak height was plotting as: Peak height = -(Gold intensity)/(Standard
deviation of the image), since the gold particles were black on a white background.

The image processing package SPIDER [26] was used to create synthetic images to simu-
late top hat and hard-edge functions (Figure 3.11). For the top hat function (Figure 3.11B),
a circle was created using the model image command (’MO’) with a diameter of 9 pixels
(14Å). The image contrast was inverted so that the pixels within the circle had a value of
-1 while all other values were 0. The model image was then multiplied in Fourier space by
simulated CTF functions (’TF CT’) over a range of defocuses. The image was then nor-
malized so that the average pixel intensity was 0. From this normalized image, line profiles
were calculated through the central pixel (’LI D’) and plotted within MATLAB. For the
hard-edge function (Figure 3.11C), the same approach was utilized except using a circle of
much larger radius (100 pixels using a box size of 256 pixels). Subsequent line profiles were
shifted to align the edges from the hard-edge and the simulated gold images.

B.5 DNase I and MPE-Fe footprinting

Extended-length M13 sequencing primers (28 nt) with 5’-ends corresponding to basepair
-109 and +110 (relative to the start site of SCP as +1) were purified by denaturing gel
electrophoresis, 5’-end-labeled with [γ-32P]-ATP and T4 polynucleotide kinase, desalted on
a 900 µl Sephadex G50 fine column, extracted with phenol/CHCl3/isoamyl alcohol (IAA),



APPENDIX B. MATERIALS & METHODS 98

precipitated with ethanol, and the pellet was suspended in 10 mM Tris-Cl pH 8.0, 0.1 mM
EDTA. DNA probes with either a 5’-upstream or a 5’-downstream labeled end were generated
by PCR using the appropriate combination of labeled and unlabeled primers with pUC119-
SCP1 [44] as template. The 220 basepair product was isolated by native gel electrophoresis,
passively eluted into 10 mM Tris-Cl pH 8.0, 0.1 mM EDTA, 0.2% SDS, 1M LiCl followed by
phenol/CHCl3/IAA extraction, ethanol precipitation, and resuspension in 10 mM Tris-Cl pH
8.0, 0.1 mM EDTA. A+G, T, and A chemical sequencing ladders used for mapping cleavage
sites followed published methods [40, 93].

Protein-DNA complexes were formed for 20 min. at 30◦C in 20 µl of binding buffer
containing 20 mM KHEPES pH 7.8, 4 mM MgCl2, 0.2 mM EDTA, 0.05% (v/v) NP-40, 8%
(v/v) glycerol, 100 µg/mL BSA, and 1 mM (DNase I footprinting) or 2 mM DTT (MPE-Fe
footprinting) upon final assembly containing 2 nM TFIID, 20 nM TFIIA, and 0.2 nM (DNase
I footprinting) or 0.75 nM (MPE-Fe footprinting) DNA probe. Proteins were diluted in a
diluent consisting of binding buffer with 20% glycerol and 200 µg/mL BSA. DNase I digestion
was initiated by the addition of 2.2 µl of 0.38 - 0.75 mU/µl DNase I (in diluent containing 5
mM CaCl2) and terminated 30 seconds later by the addition of 158 µl of a stop solution (10
mM Tris-Cl pH 8.0, 3 mM EDTA, 0.2% SDS). MPE-Fe(II) was generated by combining equal
volumes of 1 mM methidiumpropyl EDTA (Sigma, discontinued) and 1 mM NH4Fe(II)SO4

(Aldrich) for 5 min. followed by dilution in water. MPE-Fe(II) cleavage was initiated by
the sequential addition of 1.2 µl 23 mM NaAscorbate and 1.2 µl 46 µM MPE-Fe(II) and
terminated 2 min. later by the sequential addition of 2 µl 120 µM bathophenanthroline and
156 µl stop solution. Samples were processed by phenol/CHCl3/IAA extraction and ethanol
precipitation. Digestion products were resolved on 10% polyacrylamide (37.5:1) containing
8.3 M urea until xylene cyanol migrated 80% down the gel. The phosphor image (Typhoon
Trio; GE Healthcare) was analyzed using Image Gage (Fuji Film).
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