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TFIIF—a general transcription factor comprising two conserved subunits can associate with RNA polymer-
ase II (RNAPII) tightly to regulate the synthesis of messenger RNA in eukaryotes. Herein, a hybrid method
that combines electron microscopy (EM) and Förster resonance energy transfer (FRET) is described and
used to localize the C-terminus of the second TFIIF subunit (Tfg2) in the architecture of RNAPII–TFIIF.
In the first stage, a poly-histidine tag appended to the Tfg2 C-terminus was labeled with nickel-NTA
nanogold and a seven-step single particle EM protocol was devised to obtain the region accessible by
the nanogold in 3D, suggesting the Tfg2 C-terminus is proximal to the clamp of RNAPII. Next, the C-ter-
mini of the Rpb2 and the Rpb4 subunits of RNAPII, adjacent to the clamp, were selected for placing FRET
satellites to enable the nano-positioning (NP) analysis, by which the localization precision was improved
such that the Tfg2 C-terminus was found to dwell on the clamp ridge but could move to the clamp top
during transcription. Because the tag receptive to the EM or FRET probes can be readily introduced to
any protein subunit, this hybrid approach is generally applicable to complement cryo-EM study of many
protein complexes to nanometer precision.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

In eukaryotic cells, RNA polymerase II (RNAPII) is a nano-
machinery made of 12 subunits to catalyze the synthesis of mes-
senger RNA (mRNA), a vital process known as transcription for
expressing the protein-coding genes. RNAPII alone is not capable
of recognizing the promoter of any genes. Promoter-specific tran-
scription requires a set of general transcription initiation protein
factors (GTFs): TFIIB, TFIID, TFIIF, TFIIE, and TFIIH, which together
with RNAPII coalesce at a promoter to form a pre-initiation com-
plex (PIC) (Bushnell et al., 2004; Kim et al., 2000; Nikolov and Bur-
ley, 1997; Tang et al., 1996). The revelation of the detailed
mechanism of initiation of RNAPII transcription hinges on the
elucidation of architecture of the PIC complex. To date, the atomic-
resolution picture as to PIC is limited to the co-crystal X-ray
structure of RNAPII-TFIIB (Kostrewa et al., 2009; Liu et al., 2010).
Among these GTFs, TFIIF associates with RNAPII most tightly
(Bushnell et al., 1996) and plays critical roles in both initiation
and elongation (Tan et al., 1994). In transcription initiation, TFIIF
prevents RNAPII from transcribing non-promoter DNA sites (Wang
and Burton, 1995), possibly by stabilizing TFIIB within the PIC
complex (Čabart et al., 2011). At the level of activated transcription,
TFIIF facilitates PIC communicating with the Mediator complex to
relay transcriptional signals from the activators to the core
transcription machinery (Bernecky et al., 2011; Takagi et al., 2006).

In yeast, TFIIF comprises three subunits, Tfg1, Tfg2, and Tfg3
(Cairns et al., 1996; Kimura and Ishihama, 2004). Tfg1 and Tfg2
are conserved from yeast to human and their human homologue
proteins are RAP74 and RAP30. Yeast genetic studies suggested
that TFIIF could regulate RNAPII activity in the usage of transcrip-
tion start site (Freire-Picos et al., 2005; Ghazy et al., 2004). Precise
location of TFIIF on RNAPII would help account for such function
observations. A decade ago, the architecture of RNAPII–TFIIF com-
plex was first elucidated by Asturias and his colleagues by 3D
reconstruction from single particle cryo electron-microscopy
(cryo-EM) images (Chung et al., 2003) only to a resolution of
�20 Å, perhaps limited by the quality of the material and the
sum-average of a number of co-existing conformations. The densi-
ties attributed to TFIIF were found to scatter as several islands on
the top of RNAPII (Chung et al., 2003, and see Fig. 1). In the
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cryo-EM model of RNAPII–TFIIF, Tfg1 was provisionally assigned
next to the clamp domain of RNAPII based on volume segmenta-
tion and Tfg2 was assigned inside the RNAPII DNA binding cleft
with its C-terminus reaching the upstream DNA region (Chung
et al., 2003) according to the known crystal structure of Escherichia
coli RNA polymerase (RNAP) (Murakami et al., 2002; Vassylyev
et al., 2002) because Tfg2 was thought to be evolutionally related
to the sigma subunit of RNAP (for domain nomenclature of RNAPII,
please see Fig. 1a). By contrast, Hahn and his associates used site-
specific probing technique to find that the Tfg1 subunit mainly
reside on the lobe-protrusion of RNAPII (Chen et al., 2007). The
architecture of RNAPII–TFIIF limited by site-specific probes was later
circumvented by using cross-linking together with high-resolution
mass spectrometry by Rappsilber and his associates (Chen et al.,
2010). The crosslink data allowed for a complete model of RNA-
PII–TFIIF to be built with the assumption that the conformation
of RNAPII would remain largely unaltered upon the binding of
TFIIF. In that model, the Tfg1/Tfg2 dimerization domain and the
winged helix domain of Tfg2 were assigned on the lobe-protru-
sion-wall region on the Rpb2 subunit of RNAPII, also in sharp dis-
agreement with the cryo-EM map (Chung et al., 2003). Those
studies (Chen et al., 2007, 2010; Eichner et al. 2010) have deter-
mined most domains of TFIIF on RNAPII, arriving to a consensus
Fig.1. The Tfg2 C-terminus on the RNAPII based on crosslinking/MS (Chen et al., 2010) an
of the RNAPII (1 WCM). The dash-circle encompasses Tfg2 C-terminal region. (b) SDS-PAG
is the flow-through from the nickel-NTA column, and lane E is the elution. Right gel sh
through from the nickel-NTA column, and lane E is the elution.
that TFIIF interacts RNAPII extensively and suggesting TFIIF carries
an extended structure (Fuxreiter et al., 2008), comprising small
globular domains connected by flexible linkers, which nicely ex-
plains the missing of a large fraction of the volume expected of
TFIIF in the cryo-EM map (Chung et al., 2003).

The challenge of revealing TFIIF in RNAPII–TFIIF complex by
cryo-EM (Chung et al., 2003) has motivated us to re-visit this com-
plex by exploiting electron-dense probe. To this end, nano-gold
cluster with a variety of chemical moieties on nanogold for specific
bio-conjugation has been available (Hainfeld, 1988; Hainfeld et al.,
1991; Hainfeld and Furuya, 1992); the maleimide group on gold
enables covalent interactions with the cysteine residue through
thio chemistry (Traxler et al., 2001), whereas the nickel-NTA would
bind strongly to a poly-histidine tag fused to the target protein
through multivalent chelating interactions (Hainfeld et al., 1999)
with the dissociation constant (KD) of the order 10�13 M (Schmitt
et al., 1993).

Herein, we chose to localize the Tfg2 C-terminus as the cross-
link data indicated it occupied a spread region on RNAPII (Chen
et al., 2010, see Fig. 1a), for which we developed a two-stage hybrid
method combining single particle EM imaging and Förster reso-
nance energy transfer (FRET) to position the probe labeled on the
Tfg2 C-terminus. To enable the labeling by nickel-NTA nanogold,
d RNAPII–TFIIF purification (Tfg2 C-terminus TAP or 10His). (a)Top and front views
E gels. Left gel shows the purification of the RNAPII-TFIIF complex (Tfg2-CBP); lane F
ows the purification of RNAPII-TFIIF complex (Tfg2-CBP-10His); lane F is the flow-
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a 10-histidine (10His) tag was genetically engineered to the C-termi-
nus of Tfg2 using a modified TAP tagging method (TAP: Tandem
Affinity Purification) (Rigaut et al., 1999). In the application of
1.8 nm nanogold, a defocus-pair imaging strategy was used, for
which two exposures were taken on the same field. The first was a
near in-focus exposure to enhance the nano-gold signal (Levi-Kalis-
man et al., 2011; Cianfrocco et al., 2013) while the second was a
high-defocus one to obtain sufficient protein signal. By combining
information in the pairs, the region accessible by the nano-gold in
3D was mapped, suggesting that the Tfg2 C-terminus was situated
near the RNAPII clamp. Due to the long linker in the NTA-nanogold
(Fig. S2a), the precision of localization by nano-gold was limited to
�3 nm. Nevertheless, the information from nano-gold positioning
allowed us to select RNAPII sites near the clamp as satellites for plac-
ing fluorescence probes to further Förster resonance energy transfer
(FRET) measurements followed by the nano-positioning (NP) analy-
sis (Muschielok et al., 2008), namely a triangle analysis (Mekler et al.,
2002; Knight et al., 2005; Sun et al., 2006; Chen et al., 2009; Brunger
et al., 2011). To suffice FRET experiments, a bio-orthogonal labeling
scheme was used as follows. The poly-histidine tag fused to the Tfg2
C-terminus was labeled with the antenna probe of nickel-NTA
acceptor-dye (Lata et al., 2005) whereas the calmodulin binding
peptide (CBP) tag was introduced to an RNAPII subunit to receive
the satellite probe of donor-dye conjugated calmodulin (CaM) (Chen
et al., 2009). In summary, our data shows that the Tfg2 C-terminus is
indeed a mobile element: it dwells on the ridge of the clamp but can
move to the top of the clamp. The hybrid method presented here is
generally applicable to elucidate the architecture of many protein
complexes.

2. Materials and methods

2.1. Labeling the 10His complex with nanogold

The nickel–NTA-Nanogold was purchased from Nanoprobe (Ya-
phank, NY). The labeling to the C-terminus of Tfg2 was performed
while the TFIIF (10His-Tfg2) was still immobilized on the IgG beads
after the endogenous RNAPII was stripped using a high-salt buffer
(Chen et al., 2009) (The on-bead concentration of TFIIF was esti-
mated to be �0.6 mg/ml). A 5-fold molar excess of 1.8 nm nickel–
NTA-Nanogold was injected to the IgG beads and incubation was
performed by gentle mixing, followed by washing with the labeling
buffer to remove the unbound gold particles (the labeling buffer
contained 20 mM Tris–HCl, pH 7.6 at 25 �C, 100 mM KCl, 20 mM
Imidazole, 1 mM TCEP and 1% of protease inhibitor cocktail of PI).
The IgG beads were further washed by 3–5 column volume of the
labeling buffer. Next, 0.5–1.5-fold of purified 12-subunit RNAPII
(TAP-Rpb4) were added to the gold-labeled TFIIF on the beads to
reconstitute an gold-labeled RNAPII–TFIIF complex through gentle
mixing at room temperature for two hours. The complex was eluted
by adding a unit of home-made GST-tagged TEV protease per 10 ll
bead volume and the cleavage reaction was performed at room tem-
perature for two hours. To clean up the GST-tagged TEV protease,
�50 ll GSH Sepharose beads (GE HealthCare) were added and incu-
bated at room temperature for another two hours. After the sedi-
mentation of GSH beads, the supernatant was collected and stored
at 4 �C. For the application of 5 nm nanogold to the RNAPII–TFIIF
complex, the labeling was performed by incubating the eluted pro-
tein with the gold in an Eppendorf tube without additional purifica-
tion. The labeling of RNAPII (10His-Rpb4) was also performed by
incubation in a tube.

2.2. Electron microscopy

The gold-labeled complex was diluted with de-ionized water to
a final concentration of 50 lg/ml and 3 ll was applied to a grid
coated with a thin carbon film. After three times of rinsing with
de-ionized water, the sample grid was inverted and hanged on a
droplet (100 ll) of 0.5% (w/v) pH = 7 methylamine tungsten (Ted
Pella, Inc.) for 30 s (note that before the protein solution was ap-
plied to the grid, the grid was freshly discharged with amyl-
amine). The gold-labeled complex was imaged using a 120 kV
transmission microscope (JEOL 1400) equipped with 4 � 4 K CCD
camera (Gatan 895) with a dose of �20 e�/Å2 and a nominal mag-
nification of 100,000�, yielding a pixel resolution of 1.2 Å. Defocus-
pair technique was performed for the 1.8 nm nanogold labeled
sample: the first exposure at near in-focus and the second with a
high defocus in the range of 1.9–2.1 lm. A total of 100 pairs of
micrographs of single particles were collected for the labeled RNA-
PII–TFIIF (10His-Tfg2) and for the labeled RNAPII (10His-Rpb4),
respectively.

2.3. Image analysis of the 1.8 nm nanogold-labeled complex for finding
gold in 3D

The work-flow of positioning the gold relative to the RNAPII
architecture was divided into seven steps: (i) particle boxing and
registering the pixel coordinates for the focal pair; (ii) selecting
the gold-containing particles in the near in-focus images; (iii) sort-
ing the high-defocus images to obtain the Euler angles; (iv) sorting
the near in-focus images according to the high-defocus pairs to ob-
tain class averages; (v) extracting the gold centroids in the class
averages obtained in (iv); (vi) generating images containing only
one gold-like object with reverse-contrast at the centroid found
in (v); (vii) determine the position of the gold-like object in 3D
by back projection using Euler angles in (iii) (see the flow-chart
in Fig. S1). In step (i), approximately 70–100 single particle images
were picked from each high-defocus micrograph using ‘‘BOXER’’ on
EMAN (Ludtke et al., 1999) and the shift parameters between the
focal pair were determined using ‘‘alignhuge’’ on EMAN, which
were used to box the near in-focus pairs into the pixel coordinates
roughly the same as those of the high-defocus ones (Fig. S2b, row 1
and row 3). Slight image alignment of the near in-focus particle
with respect to the high-defocus one was performed on SPIDER
(Frank et al., 1996) to assure the precise image registry for each
boxed focal pair. As a result, a total of �10,000 single particle pairs
were accumulated for each complex. In step (ii), virtually an in sil-
ico purification step, a particles was selected by judging whether or
not it had a gold particle. To this end, a false color-map (Fig. S2b,
row 2) was generated for the near in-focus image (Fig. S2b, row
1) by a home-built Matlab script, which allowed the gold signal
to become conspicuous. In brief, the gray-level EM image was seg-
mented according to the pixel value: those pixels in the near in-fo-
cus particle image (Fig. S2b, row 1) with value below 2.5 standard
deviation (S.D.) were colored red, while the ones between 2.2 and
2.5 S.D. were colored yellow, and the ones greater than 2.2 S.D.
were blue (Fig. S2b, row 2). Only the particles with a clearly visible
red spot in the color map (Fig. S2b, row 2) were included for further
analysis. Approximately 500 gold-labeled particles were selected
for the complex of RNAPII or RNAPII–TFIIF. In step (iii), to sort a
particle into a view of which the Euler angles were known, the
method of supervised classification (Craighead et al., 2002; Gao
et al., 2004) was used and performed on SPIDER: each high-defocus
image (Fig. S2b, row 3) was assigned to a class based on the highest
score of cross-correlation with a gallery of 50 reference projections
(20 degree spacing) generated from an X-ray model (PDB: 1WCM)
filtered to 20 Å (note that our scripts allowed for the checking of
mirror image to assure correct handness). Meanwhile, the param-
eters for shift (S) and in-plane rotation (R) operation were recorded
(see Eq. (1)).

SðsÞRðhÞ½IHD� ¼ ½IR� or SðsÞRðhÞ½IHD� ¼ M½IR� ð1Þ
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where [IHD] stands for the high-defocus image, IR the corresponding
reference projection, and S, R, M stands for translation (shift), rota-
tion and mirror operation respectively. In this step, the pixels in the
high-defocus image that below 2.2 S.D. from the mean were masked
by replacing their values with random noise (Asturias et al., 2005)
to reduce the bias that might be caused by gold. The masking pro-
cedure was done as follows: two binary masks were generated with
the first one of a positive mask having the value of unity in the non-
gold pixels and the value of zero in the gold pixels; the second mask
was the negative of the positive mask. To generate an image having
a random noise spot at the gold-pixels, a random noise image was
multiplied by the negative mask. The gold-masked-by-noise image
was created by adding the raw image multiplied by the positive
mask and the random noise image multiplied by the negative mask.
In the next step of (iv), the near in-focus image was sorted accord-
ing to its high-defocus pair. At this stage, the class averages of the
near in-focus images were immediately obtained by using the im-
age alignment parameters of their high-defocus pairs and the Euler
angles of the near in-focus class averages were also known from
their corresponding high-defocus averages. In step (v), the class
averages of the near in-focus images were subjected to false-color
segmentation as performed for the raw near in-focus image in step
(ii) and the gold centroid in each class average was determined.
After this stage, all the parameters for positioning gold in 3D were
available. However, we avoided using the near in-focus class aver-
ages directly to perform 3D reconstruction because the recon-
structed gold would become a hole as opposed to protein density
represented by the stain-excluded volume rather than a very bright
spot reconstructed from the cryo-EM images (Asturias et al., 2005).
Therefore, we devised the step of (vi) for introducing a gold-like ob-
ject with reverse contrast at the gold centroids found in (v); and in
the next step of (vii), we used those images containing only the
gold-like object to perform 3D reconstruction utilizing the align-
ment and Euler parameters obtained in step (iv) but in the absence
of the protein density. The position of the gold-like object and the
architecture of RNAPII in 3D were simultaneously displayed using
the UCSF Chimera package (Goddard et al., 2007).

2.4. The assembly of fluorescence labeled complex and in-gel FRET
measurement

The nucleic acid scaffold (NAS) was designed as previously de-
scribed (Chen et al., 2009) except longer RNA was used in the
study. The sequences of the template DNA (T-DNA), non-template
DNA (NT-DNA) and RNA sequence are as follows, T-DNA (50-CCA
AGC TCA TGT ACT TAT GCT TGT TCT TTT CAT GTA CTG CC-30),
NT-DNA (50-CCG GCA GTA CAT GAA ATC TCG TGT TTA AAG TAC
ATG AGC TT-30) and RNA (50-AAC AUU ACA CGA AUA UAU AUG
CAU AAA GAA CAA GC-30). In the case where T-DNA was labeled,
the acceptor fluorophore (Cy5) was placed at position �6 or +1
(Fig. 3a and b) by IDT (Integrated DNA Technologies, Coralville,
IA, USA). All the DNA and RNA were synthesized and HPLC purified
by IDT. The scaffold was formed by mixing T-DNA, NT-DNA and
RNA together at a final concentration of 1.25, 1.25 and 1 lM
respectively (Chen et al., 2009), followed by annealing in a buffer
(20 mM Tris–HCl pH 7.6, 50 mM NaCl and 5 mM MgCl2 in DEPC
water). The annealing reaction was performed by heating at
90 �C for 5 min and slowly cooled to 20 �C. To assemble an RNA-
PII–TFIIF elongation complex, RNAPII was mixed with a scaffold
as described above using 0.5 lM RNAP II (Rpb4-10His), 1.5 lM
TFIIF (Tfg2-CBP), 1.25 lM NT-DNA, 1.25 lM T-DNA (with or with-
out Cy5) and 1 lM RNA. To label the CBP on RNAPII or RNAPII–
TFIIF, 1.1 lM Alexa555-CaM was used (CaM without Alexa555
was used as a control). To label the Tris-NTA Few646 on 10His
tagged RNAPII or RNAPII–TFIIF, a 1.2-fold molar excess of Tris-NTA
Few646 was used. The assembling buffer was as follows, 20 mM
Tris–HCl (pH 7.6 at 25 �C), 200 mM KOAc, 5 mM MgCl2, 5 mM CaCl2

and 10% (v/v) glycerol. In order to minimize the quantitative differ-
ence among the triplet (donor only, donor-and-acceptor, and
acceptor as described in (Chen et al., 2009)), the mixing and ali-
quoting procedure was modified from the previous study as fol-
lows. Four mixing reactions were carried out independently at
20 �C at 550 rpm on a mixer (Eppendorf Thermomixer) for two
hours; A: RNAP II + NAS with Cy5 labeled; B: RNAP II + NAS with-
out dye; C: TFIIF (Tfg2-CBP) + CaM-Alexa555/Ca2+; D: TFIIF (Tfg2-
CBP) + CaM/Ca2+. Then for the donor-only complex, equal volumes
(7.5 ll) of B and C were mixed; for the donor-and-acceptor com-
plex, equal volumes (7.5 ll) of A and C were mixed; for the accep-
tor-only complex equal volumes (7.5 ll) of A and D were mixed. To
perform an in-gel FRET experiment, 14 ll mixture was loaded onto
a lane in the native gel (NativePage Novex Bis-Tris 4–16%, Invitro-
gen) with native buffer plus 5 mM CaCl2. Electrophoresis was per-
formed at 150 V for two hours at 4 �C. The gels were immediately
scanned in a Typhoon 9400 scanner (GE Healthcare) equipped with
donor channel (532 nm excitation/580 nm emission); FRET chan-
nel (532 nm excitation/670 nm emission); acceptor channel
(633 nm excitation/670 nm emission). Typhoon PMT level was
set at 375 and the pixel size of 50 lm used. The scanned images
were processed by using ImageQuant TL software (GE Healthcare).

2.5. FRET quantization and NP analysis

In the native gel, the complex of RNAPII–TFIIF or RNAPII was
well separated from the unbound CaM and also from the un-
bound NAS (Fig. S3). RNAPII–TFIIF was resolved from RNAPII
(Fig. S3). However, RNAPII–TFIIF or RNAPII was not resolved
from RNAPII the respective NAS-containing elongation complex.
The efficiency of raw energy transfer, ER, was calculated
according to Eq. (2) (Radman-Livaja et al., 2005), in which
the difference of the Alexa555 was obtained between ID in the
donor-only lane and IDA in the corresponding band of the
donor-and-acceptor lane, where Cy3 was quenched by the presence
of Cy5 or Few646. It was noticed that the CaM used in this study
also carried a poly-histidine (6His) tag, which was used to
facilitate the separation of the Alexa555 labeled CaM from free
dye as the CaM was immobilized on the nickel–NTA column.
Tris-NTA Few646, besides labeling the 10His tag on the C-terminus
of Tfg2, would target the 6His tag of CaM and yield a CaM
self-FRET. Fortunately, we found the CaM labeled by Tris-NTA
Few646 only represented a minor population (Fig. S4 and S5)
and its effect was removed by correction.

ER ¼
ID � IDA

ID
ð2Þ

ER, the ‘‘raw’’ energy transfer efficiency, was converted to EA, the
bulk authentic energy transfer efficiency, according to Eq. (3).

EA ¼
ER

f
ð3Þ

where f is the effective acceptor labeling efficiency. In the case
of RNAPII elongation complex (EC) or RNAPII–TFIIF EC, fB is the
fraction of the complex that contained NAS, which was deter-
mined by dividing the Cy5 intensity in the complex band in
the upper region by the total Cy5 intensity in that lane [4].

fB ¼
IU
Cy5

IT
Cy5

ð4Þ

where the numerator was the Cy5 signal appearing in the upper
band, and the denominator was the total Cy5 signal in the same
lane. Thereby, the effective acceptor labeling efficiency f was ob-
tained according to Eq. (5).
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f ¼ fB � fOA ð5Þ

where fOA was the fraction of DNA that contained optically active
Cy5.

The authentic FRET value, EA, was converted to a FRET distance
D using Eq. (6),

D ¼ R0ð
1
EA
� 1Þ

1
6

ð6Þ

where R0 is the Förster distance parameter and can be calculated by
performing the donor emission and acceptor spectral overlap inte-
gral. When the dye dipole is assumed to be nearly isotropic, the ori-
entation factor j2 is approximately 2/3. The isotropic Förster
distance of 60 Å for the Alexa555–647 pair was thereby calculated
using PyMOL software (http://pymolwiki.org/index.php/For-
ster_distance_calculator). For the NP analysis, distances from two
satellites to an antenna and the surface of an X-ray model were
used together to position the location of antenna in 3D, presented
by the probability density volume generated by the NP software
(Muschielok et al., 2008). The PDB of the X-ray model of RNAPII
was 1WCM (Bushnell and Kornberg, 2003; Armache et al., 2005)
or 1Y1W (Kettenberger et al., 2004). The original NP probability vol-
ume was of donut shape when only two satellites were used but the
part far from the RNAPII surface was removed manually by using
the Chimera software. The coordinates of the satellites on RNAPII
lent by the X-ray model were as follows: RNAPII Rpb2 (125.313,
59.815, �35.172) and RNAPII Rpb4 (141.343, 15.928, �74.019)
(1WCM). The coordinates of T-DNA[-6] and T-DNA[+1] in the X-
ray model of RNAPII EC are as follows: (87.469, 35.558, �0.585)
and (103.663, 51.705, �2.405) respectively (1Y1W), which were
used to obtain their physical distances to the C-terminus of Rpb2
and to calibrate the R0 values for the FRET pair of T-DNA[-6]-
Rpb2, and T-DNA[+1]-Rpb2 respectively using Eq. (6). The anisot-
ropy value of 0.22 for Alexa555 was taken from a recent literature
(McCann et al., 2012) and the anisotropy of Few646 was assumed
to be the same as that of Alexa647 (0.23) (Andrecka et al., 2008).
The Förster parameters for Alex555 to the Cy5 on DNA[-6] and
[+1] were estimated to be 57 and 38 Å respectively by demanding
the FRET distance to equal to that in the X-ray model. To approxi-
mate the position found for the displaced Tfg2 C-terminus in the
EC, we utilized the coordinates (69.911, 47.537,�53.483) of an ami-
no acid at the tip of the coiled-coil motif in the Rpb1 clamp domain.

3. Results

3.1. Rationale for hybrid analysis

The TAP (Tandem Affinity Purification) tag was originally de-
signed for rapid and gentle purification of native complexes from
yeast cells (Rigaut et al., 1999). In the TAP tag, the genetic tag com-
prises a calmodulin (CaM) binding peptide (CBP) and protein A
(PA), and in-between there is a TEV cutting site. An immunoglob-
ulin G (IgG) antibody column captures the complex through the
PA tag and the site-specific proteolysis by TEV elutes the complex
in a mild buffer condition. Here, we modified the TAP tagging vec-
tor to include a sequence of poly-histidine (10His) between the
CBP and the TEV site. As a result, a genetic tag of a CBP-10His or
a 10His can be readily introduced in the expressed protein complex
and for labeling by a nickel-NTA-nanogold or a nickel-NTA dye. In
locating the position of the gold cluster in the 3D structure of RNA-
PII–TFIIF, the orientation of RNAPII in the raw image or in the class
average was found by comparing the image with a gallery of pro-
jections calculated from a previously determined 3D X-ray struc-
ture of RNAPII or cryo-EM structure of RNAPII–TFIIF (Wu et al.,
2012). Towards positioning the nanogold in 3D, it is crucial to per-
form the 2D projection analysis to study the number of unique gold
sites, which would disclose useful information with regards to the
specificity or stoichiometry. To locate gold on the surface of RNA-
PII–TFIIF, we labeled the Tfg2 subunit bearing a 10His tag with a
5 nm or 1.8 nm nanogold. 5 nm nanogold, though clearly visible
under high-defocus EM condition, often masks significant part of
RNAPII (12–14 nm) (data not shown). By contrast, 1.8 nm nanogold
is obscure under the high-defocus required for detecting single
RNAPII particle. The visibility of nanogold can be enhanced by tun-
ing microscope towards in-focus, which in turn greatly reduces the
protein signal (Jensen and Kornberg, 1998). As the 1.8 nm nano-
gold has a sizable linker to the nickel–NTA functional group, a dis-
tance of 2.7 nm spans between the centroid of the nanogold and
the protein tag. To further improve the precision of localization,
the protein subunit in the vicinity of the found nanogold site was
selected for the dye labeling to suit the Förster resonance energy
transfer (FRET) measurements and the subsequent nano-position-
ing analysis (NP). In-gel FRET, an ensemble method, was chosen for
the FRET experiment in this study. The single-molecule FRET
(smFRET), free from the acceptor labeling issue and thus giving
more accurate measurements, was not used herein as we had
found in the previous study (Chen et al., 2009) that a significant
fraction of the dye-CaM dissociated from the RNAPII complex after
the sample was diluted to pico-molar required for the single mol-
ecule experiment.

3.2. Purification and characterization of the 10His RNAPII–TFIIF

To create the bio-conjugation moiety for the nickel-NTA, we
introduced a 10His tag to the C-terminus of the Tfg2 subunit of
TFIIF. To do so, we modified the TAP tagging vector to include a
10His sequence and termed it TAP-10His. By incorporating the
TAP-10His tag through homologous recombination (Rigaut et al.,
1999), yeast strains carrying a 10His tag were created (Table S2),
where the 10His tag either replaced the CBP tag or was appended
adjacent to the CBP tag. The in-frame incorporation of the 10His se-
quence was verified by DNA sequencing. Subsequently, the func-
tionality of the 10His tag was examined by testing if the
expressed protein could be captured by a nickel-NTA column after
it was eluted from the IgG step (Fig. 1b). As a control (Fig. 1b, left),
the RNAP-TFIIF complex without the 10His failed to be captured by
the nickel-NTA column, indicating that the immobilization of the
10His-containing RNAP-TFIIF complex was achieved through spe-
cific interactions between the poly-histidine tag and the nickel-
NTA (Fig. S2).

3.3. Mapping of Tfg2 by 5 nm and by 1.8 nm gold cluster

In a number of views, a 5 nm NTA-nanogold is observed to be
situated on the RNAPII stalk in the RNAPII–TFIIF complex
(Fig. 2a). However, the positioning of the 5 nm nanogold in 3D
was hampered by its large size and the limited number of views.
To circumvent the nanogold size issue, we furthered the study by
using the 1.8 nm nickel-NTA nanogold. Unlike 5 nm, the contrast
of 1.8 nm nanogold decreases at large EM defocus but increases
as near in-focus imaging is employed (Levi-Kalisman et al., 2011;
Cianfrocco et al., 2013). However, sufficiently large defocus is re-
quired for detecting and accurately aligning single particle RNAPII
images. To solve this dilemma, we collected two exposures on the
same field. The first exposure at near in-focus was to emphasize
nanogold (Fig. S2b row 1) and the second exposure with high-defo-
cus (1.9–2.1 lm) was to enhance the protein signal (Fig. S2b row
3). A total of �10,000 focal pairs of particle images were obtained
for the RNAPII–TFIIF sample with nanogold targeting the Tfg2 C-
terminus and for the RNAPII with nanogold attached to the C-ter-
minus of Rpb4 as well, serving as a control experiment because
the position of the Rpb4 C-terminus is known in an X-ray model

http://pymolwiki.org/index.php/Forster_distance_calculator
http://pymolwiki.org/index.php/Forster_distance_calculator
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Fig.2. Positioning the NTA-Au particle in the architecture of RNAPII (10His-tag on Rpb4 C-terminus) and in the RNAPII–TFIIF (10His-tag on Tfg2 C-terminus). (a) Localization
of 5 nm NTA-Au: in the first row, the raw images of RNAPII–TFIIF (tag on Tfg2) labeled with Au are presented; in the second row, the raw images are filtered to 40 Å to allow
for recognizing the orientations, which are top views of RNAPII; in the third view, the corresponding filtered images generated from the X-ray structure (1WCM) are
presented. (b) The position of 1.8 nm NTA-Au attached to the Rpb4 C-terminus determined relative to the RNAPII structure is indicated by a light-blue volume; the red arrow
indicates the Rpb4 C-terminus in the X-ray structure (1WCM). (C) The 3D positioning of 1.8 nm NTA-Au attached to the Tfg2 C-terminus determined relative to the RNAPII is
denoted by a yellow volume.

J.-W. Chang et al. / Journal of Structural Biology 184 (2013) 52–62 57
of RNAPII (Bushnell and Kornberg, 2003). To determine the 1.8 nm
nanogold in 3D for inferring the location of the Tfg2 C-terminus
relative to RNAPII, we devised a seven-step image analysis protocol
where the position information of nanogold was obtained from the
first exposure while the RNAPII particle orientation information
from the second (for details, please see Section 2.3). In the first
step, in-focus images was inspected for screening the gold-contain-
ing particles and 500 particles (less than 10%) were selected using a
stringent threshold for discriminating gold from the negative-stain
background. Those 500 high-defocus images whose near in-focus
pairs containing a nanogold were sorted by using a supervised
classification method (Craighead et al., 2002; Gao et al., 2004),
for which 50 reference projections (views) were generated from
20� spacing. A total of 45 classes were non-empty and the number
of images in each class was similar, indicating preferred orienta-
tion was not a serious issue. The class averages of the near in-focus
images were generated according to the parameters found from
their high-defocus pairs; those classes in which a nanogold was
found in the averages by segmentation were selected for extracting
the coordinates of the nanogold centroid. For each gold-containing
class (view), a model image was created in which an pseudo gold
object of reversed contrast and a 1.8 nm influence radius was cen-
tered at the extracted centroid against black background as illus-
trated (Fig. S2b row 5). Subsequently, the positioning of the
nanogold in three dimensions was performed by back-projection
using those pseudo-gold images with the shift and rotation and Eu-
ler angle parameters obtained from the high-defocus images. The
result of the nanogold was displayed together with the 3D RNAPII
model registered in the same Euler angle system. Remarkably, in
the case where nanogold was attached to the Tfg2 C-terminus,
the nanogold density appears on top of the clamp of RNAPII
(Fig. 2c) and the distance from the nanogold to the clamp is
approximately 2 to 3 nm, in keeping with the long linker of nick-
el–NTA and the 10His tag (1.8 nm, Fig. S2a), where the asymmetric
distribution may reflect the flexibility of the Tfg2 C-terminus and/
or the 10His tag. However, it is noted that in the control
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experiment of localizing a known site (Fig. 2b), the nanogold used
for positioning the Rpb4 C-terminus is quite distant from the ex-
pected site (red arrow in Fig. 2b), �3–4 nm away. Nevertheless,
such distance spanning from the nanogold centroid to the expected
site is reasonable when the combination of nanogold radius
(0.9 nm), linker length (1.8 nm), and a fully extended 10His tag
(�1.5 nm) are all considered. Taken together, we would estimate
that the localization uncertainty based on the centroid of the
1.8 nm Ni–NTA is approximately 3 nm. Therefore, caution should
be taken in interpreting the nanogold localization data.

3.4. Protein–protein FRET and NP localization of Tfg2

The mapping of the C-terminus of Tfg2 on RNAPII by nanogold
in 3D is limited by the sizable linker (1.8 nm, see Fig. S2a) and per-
haps also by the single particle reconstruction method herein. As
mentioned above, the long linker yields an uncertainty of �3 nm
between the center of the nanogold and the target site. Neverthe-
less, the positioning using nanogold does provide important clues
as to where the satellite probe should be placed to enable the FRET
experiments, which would allow for further narrowing the locali-
zation of the Tfg2 C-terminus by nano-positioning (NP) analysis
(Muschielok et al., 2008; Chen et al., 2009). To this end, we would
select RNAPII subunits that are proximal to clamp for placing the
satellite probes to yield measurable FRET efficiency (note that for
the Alexa555–647 pair, the optimal FRET distance ranging from
0.5 to 1.5 R0 is converted to approximately 3–8 nm (see Brunger
Fig.3. FRET design and NP analysis (a) Schematic representation of network for protein–
sites of T-DNA [+1] and T-DNA [�6] are marked in light blue, and the C-terminus of Rp
software. 3D probability density volumes denote the average position of the C-terminus o
In the absence of NAS, the volumes are in green. In the presence of NAS, the volumes are
shifts from the ridge of the Rpb1 clamp to the top of the Rpb1 clamp in the RNAPII–TFI
et al., 2011)). Accordingly, Rpb2 and the Rpb4 subunits were cho-
sen as the distance of the C-terminus of either subunit to the clamp
is measured to be 5–6 nm in the X-ray model (PDB: 1WCM, Bush-
nell and Kornberg, 2003) (see Fig. 1a or Fig. 3b). The simultaneous
labeling of the C-terminus of Tfg2 (antenna) and that of the Rpb4
(satellite) in the RNAPII–TFIIF complex was achieved with a bio-
orthogonal scheme: the 10His tag fused to the C-terminus of
Rpb4 (Table S2) was labeled with Tris-NTA Few646 dye (Lata
et al., 2005) and the CBP tag fused to the C-terminus of Tfg2 (Chung
et al., 2003) was labeled with CaM-Alexa555 labeling. In the native
gel (Fig. S3), RNAPII and RNAPII–TFIIF were resolved in the upper
region, by which the RNAPII to TFIIF ratio was warranted to be
stoichiometric. Were such experiment to be performed in solution
but not in gel, the analysis would be complicated by the mixing of
RNAPII and RNAPII–TFIIF. The FRET efficiency for the ‘‘Tfg2–Rpb4’’
pair was obtained by subtracting the Alexa555 intensity in the
RNAPII–TFIIF band in the donor-only lane (Fig. S4, donor channel,
the left lane) from that in the donor-and-acceptor lane (Fig. S4,
donor channel, the middle lane) according to Eq. (2).

The isotropic Förster distance for Alexa555-Few646 was as-
sumed to be the same as that of Alexa555–647, �60 Å (see Mate-
rials and Methods). By using the FRET efficiency of 0.40 for the
‘‘Tfg2–Rpb4’’ pair (Table 1), the in-between distance was calcu-
lated to be 64 Å (6.4 nm). To obtain another distance, we per-
formed FRET measurement between Tfg2 and Rpb2. This time,
the Alexa555-CaM was labeled at the C-terminus of Rpb2 and
the Tris-NTA Few646 at the C-terminus of Tfg2 to constitute the
protein FRET and protein-DNA FRET. (b) Top views of the RNAPII–EC complex. The
b2 and Rpb4 were marked in yellow. (c) Localization of C-terminus of Tfg2 by NPS
f Tfg2 by FRET measurement from Rpb4 to Tfg2 and from Rpb2 to Tfg2, respectively.
in magenta; the Rpb1 subunit are colored in light yellow. Note that the Tfg2 volume
IF EC complex.



Table 1
In-gel FRET measurements for localizing Tfg2.

Fluoro-probe site NASa FRET Distance (Å)

Donor Acceptor

TFIIF–Tfg2–CBP RNAPII–Rpb4–
10His

� 0.40 ± 0.05 64 ± 2
+ 0.07 ± 0.03 94 ± 8

RNAPII–Rpb2-
CBP

TFIIF–Tfg2–10His � 0.58 ± 0.10 57 ± 4
+ 0.44 ± 0.07 63 ± 3

a NAS stands for nucleic acid scaffold.

Table 2
In-gel FRET measurements for localizing the template DNA.

Fluoro-probe site TFIIF FRET Distance (Å)

Acceptor Donor

DNA[�6] RNAPII Rpb2 � 0.51 ± 0.08 57a

RNAPII Rpb2 + 0.70 ± 0.01 49 ± 4
TFIIF Tfg2 + 0.45 ± 0.04 59 ± 2

DNA[+1] RNAPII Rpb2 � 0.77 ± 0.04 38a

RNAPII Rpb2 + 0.42 ± 0.07 49 ± 2
TFIIF Tfg2 + 0.20 ± 0.01 59 ± 1

a Distance measured in X-ray model (1Y1W).
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‘‘Rpb2–Tfg2’’ pair. The FRET efficiency for the ‘‘Rpb2–Tfg2’’ pair
was measured to be 0.58, yielding a distance of 57 Å (5.7 nm). By
using software for the NP analysis (Muschielok et al., 2008) with
two satellites, one on Rpb4 and the other on Rpb2, the probability
density volume of the antenna was found to be associated the ridge
of the clamp of RNAPII (Fig. 3c, green volume).

3.5. Motion of the Tfg2 in RNAPII–TFIIF EC complex

Having located the C-terminus of Tfg2 in the RNAPII–TFIIF com-
plex, we tested if the C-terminus of Tfg2 might move due to the nu-
cleic acid scaffold (NAS) (Fig. 3a). To do so, we assembled the
RNAPII–TFIIF elongation complex (EC) and repeated the FRET mea-
surements for the ‘‘Rpb4–Tfg2’’ pair and the ‘‘Rpb2–Tfg2’’ pair. As
shown in Table 1, the FRET efficiency for the ‘‘Rpb4–Tfg2’’ pair de-
creases significantly from 0.40 to 0.07, suggesting the in-between
distance increases from 6.4 nm to be more than 8.0 nm, which
can be best explained by a sizable movement of the C-terminus
of Tfg2, but unlikely by the moving away of the C-terminus of
Rpb4 as the Rpb4 has already assumed the most open conforma-
tion in the RNAPII EC (PDB: 1Y1W). Comparatively, the change of
the FRET for the ‘‘Rpb2–Tfg2’’ pair is moderate (0.58 to 0.44, see Ta-
ble 1). By using Rpb2 and Rpb4 as satellites and the derived FRET
distances (Table 1) for NP analysis, the density probability volume
of the C-terminus of Tfg2 was found to shift to the top of the clamp
with its base most likely to touch the coiled-coil motif of the clamp
domain (Fig. 3c, upper magenta volumes). The movement of the
Tfg2 C-terminus elicited by NAS is estimated to be at least 2 nm
(Fig. 3c).

3.6. DNA movement in EC induced by TFIIF detected by protein-DNA
FRET

As we had observed the structural re-arrangement for the TFIIF
protein induced by NAS, we asked if the reciprocal conformational
change would be induced by DNA. To do so, we studied two dis-
tinct sites on the template DNA strand (Fig. 3a and b), T-DNA[�6]
and T-DNA[+1], in the region where the dsDNA is melted. The
T-DNA[+1] is the transcription start site, situated at the downstream
region of the transcription bubble, while T-DNA[�6] is in the up-
stream region of the bubble, close to the RNAPII wall domain.
The study began with the RNAPII EC without TFIIF by using the
Alexa555-CaM on the C-terminus of Rpb2 as the satellite and the
Cy5 on T-DNA[�6] or T-DNA[+1] as the antenna. As we had
previously observed an anomaly in the Förster parameter for the
Cy3–Cy5 pair when Cy5 was attached to DNA (Chen et al., 2009),
we avoided the usage of 60 Å derived from the overlapping
integral as the Förster parameters for the ‘‘Rpb2(Alexa555) to
T-DNA[�6](Cy5)’’ and the ‘‘Rpb2(Alexa555) to T-DNA[+1](Cy5)’’;
instead, we determined the respective Förster parameters by
demanding their FRET distances to equal to those in the X-ray
model of the EC (PDB: 1Y1W) by using Eq. (6). The FRET efficiencies
for the ‘‘Rpb2 to T-DNA[�6]’’ and the ‘‘Rpb2 to T-DNA[+1]’’ in the
EC without TFIIF were obtained (Table 2) and the corresponding
Förster parameters were determined to be 57 and 38 Å, respec-
tively. When TFIIF was included in the EC, the change of the FRET
efficiency was moderate for the ‘‘Rpb2 to T-DNA[�6]’’, from 0.51 to
0.70 (Table 2). However, much greater change in FRET was ob-
served for ‘‘Rpb2 to T-DNA[+1]’’, from 0.77 to 0.42 (Table 2). There-
by, the distance between the C-terminus of Rpb2 and T-DNA[�6],
and that between the C-terminus of Rpb2 and T-DNA[+1] in the
RNAPII–TFIIF EC were obtained; both were �49 Å (4.9 nm) (Ta-
ble 2). As one satellite was not for sufficient for NP analysis, we uti-
lized the displaced position of the C-terminus of the Tfg2 on the
top of the clamp as the second satellite. To this end, the FRET effi-
ciencies for the ‘‘Tfg2 to T-DNA[�6]’’ and the ‘‘Tfg2 to T-DNA[+1]’’
were measured and the distances obtained (Table 2). By assuming
the coordinates of the Rpb2 C-terminus remained unchanged in
the EC upon the binding of TFIIF, we took its coordinates in the
EC (1Y1W) as ‘‘Satellite One’’. To approximate ‘‘Satellite Two’’,
the Tfg2 C-terminus displaced to the clamp top in the EC, the coor-
dinates of an amino acid at the tip of the coiled-coil motif in the
clamp domain were used. By having ‘‘Satellite One’’ and ‘‘Satellite
Two’’, the NP analysis was performed and the positions of the
two DNA sites in the template DNA were determined. The new po-
sition of T-DNA[�6] and that of T-DNA[+1] are shown in Fig. 4. The
movement of T-DNA[�6] appears to be insignificant (Fig. 4a). In
contrast, larger movement occurs at T-DNA[+1], which swings
from the center of the DNA-binding cleft towards the bank of the
lobe/protrusion domains (Fig. 4b). A recent single-molecule FRET
study has reported much drastic motion of the downstream DNA
in the open promoter complex (Treutlein et al., 2012).

4. Discussion

4.1. Physical methods

There are a few technical issues deserve attention. First, the effi-
ciency of NTA-nanogold labeling (less than 10%), obtained by
thresholding the single particle images, is apparently lower than
NTA-dye labeling in the FRET experiments (20–40%). The precise
cause of the discrepancy is not clear but two factors can be consid-
ered. One is that the affinity of Tris-NTA (on dye) to poly-histidine
is higher than mono-NTA (on nanogold) to the same tag; another is
that nanogold on the RNAPII or RNAPII–TFIIF could have escaped
detection due to the background induced by negative-stain. How-
ever, negative-stain preservation is needed for obtaining high-dose
and high-magnification focal pairs. Secondly, the localization
uncertainty by NTA-nanogold is estimated to be 3–4 nm based
on the control experiment of positioning the Rpb4 C-terminus in
RNAPII (Fig. 2). The uncertainty mainly arises from the long linker
together with the poly-histidine tag, which underlies the long dis-
tance of 4–5 nm between the N-terminus of fatty acid synthase
localized by cryo-EM using the NTA-nanogold (Asturias et al.,



Fig.4. Movements of DNA[�6] and DNA[+1] induced by TFIIF viewed from the top and through cross-sectioning the DNA binding cleft. (a) The new position of DNA[�6],
presented by a volume in green, indicates it hardly moves (10 Å scale bar scale); (b) The new position of DNA[+1], denoted by a volume in red, indicates it moves towards the
lobe/protrusion of Rpb2 (10 Å scale bar scale).
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2005) and that found in the X-ray structure (Maier et al., 2006). To
this end, nanogold without linker would be essential (Ackerson
et al., 2006, 2010). Currently, the bio-conjugation for the linker-
free nanogold is limited to reactive cysteine group on the targeted
protein, for which a carrier protein is required for specific labeling
(Gibbons et al., 2012; Ackerson et al., 2006). Herein, to improve the
localization precision by nanogold, we resorted to FRET-based NP
analysis. It is worthwhile to stress that the topological information
conferred by nanogold is instrumental in guiding the choice of
RNAPII subunits as satellite sites for the FRET experiments, or
otherwise twelve subunits of RNAPII should all be tried for label-
ing. Regarding the choice of the dye, a dye pair having greater spec-
tra overlap than the Alex555–647 pair is needed to stretch the
dynamical range to compensate for the increased distance between
the Rpb4 C-terminus and the Tfg2 C-terminus in the RNAPII–TFIIF
elongation complex. We believe that the similar linker issue that
may compromise the FRET-NP analysis has been largely averaged
out in the ensemble measurement. Finally, single molecule FRET
experiments are being undertaken to track the Tfg2 C-terminus
and other parts of TFIIF in RNAPII–TFIIF, from which the informa-
tion of dynamics would facilitate cryo-EM analysis (Frank and
Gonzalez, 2010).
4.2. The entire Tfg2 is a malleable protein

Our EM-FRET localization of the Tfg2 C-terminus on the clamp
domain of RNAPII is largely consistent with that obtained by
cross-linking/mass spectroscopy (MS) (Chen et al., 2010). Our find-
ing suggests the density found at the clamp-stalk juncture in the
cryo-EM study and ascribed to Tfg1 (Chung et al., 2003) should
be re-assigned to be a part of Tfg2. In terms of the distribution of
the entire Tfg2 on RNAPII, our data confirms that the tail of Tfg2
is situated near the RNAPII clamp as opposed to other Tfg2 do-
mains scattered on the lobe, protrusion and wall, all on the oppo-
site side of the DNA binding cleft (Chen et al., 2010). Such finding is
significant for several reasons. First, it allows the contour length of
Tfg2 to be estimated to be �14 nm, starting from the N-terminal
part in the Tfg1/Tfg2 dimerization domain (DD in Fig. 5) on the
RNAPII lobe to end with the C-terminus on the RNAPII clamp. Gi-
ven that the molecular weight of Tfg2 (54 kDa) is only �10% of that
of RNAPII (500 kDa), such contour length is remarkable as it is
equal to the dimension of RNAPII (14 nm). Secondly, it suggests
that the entirety of Tfg2 is a like a chain that can fold back and
wind around on the RNAPII surface (Fig. 5). Our study herein thus
further augments the idea that TFIIF has a very extensive structure



Fig.5. A model of Tfg2 on RNAPII to illustrate the movement of its C-terminus can occupy different region during different stage of transcription, which might be pertinent to
transcription regulation. Tfg2, colored in orange, is consisted of DD (dimerization domain), WH (winged helix domain) and C-terminus localized in this study. Between DD
and WH is linker region indicated by a spring. WH and C-terminus are connected by an unstructured region depicted by a dash line. The double strand DNA and single strand
RNA are blue and red, respectively. All are based on the RNAPII (in cyan).
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comprising globular domains distributed over the RNAPII surface
connected by flexible linkers, from which the malleable character
is derived. Unlike a globular protein whose folding and 3D shape
are completely determined by its primary sequence, the shape of
a malleable protein is, in part, decided by its binding partner. The
emergence of malleable protein represents a paradigm shift as to
protein folding. Recently, the role of protein malleability is being
recognized to play roles in the regulation of transcription (Brzovic
et al., 2011; Fuxreiter et al., 2008).

4.3. Implications to transcription initiation

Much more attention of TFIIF in the pre-initiation complex (PIC)
has been focused on its interactions with the promoter DNA, TFIIB,
and RNAPII. In the complete PIC formation, TFIIE and TFIIH are two
late comers to complete the assembly of the entire PIC. Previously,
pair-wise interactions between a general transcription factor and
RNAPII were measured (Bushnell et al., 1996), where the interac-
tions between TFIIE and RNAPII appeared to be fairly weak (KD is
10�6). Since then, it had been speculated that other general tran-
scription factor might be needed to stabilize TFIIE in the PIC. To
date, the most updated architecture of RNAPII–TFIIE was also elu-
cidated by Hahn and his colleagues using the biochemical probe
method, by which TFIIE was found to dwell on the clamp (Chen
et al., 2007; Grohmann et al., 2011; Grünberg et al., 2012). Along
this line, our finding that the Tfg2 C-terminus is situated at the
ridge of the clamp suggests that TFIIF may directly contact TFIIE
to stabilize TFIIE in PIC. However, our finding that the Tfg2 C-ter-
minus can undergo a sizable conformational change to occupy
the top of the clamp in the elongation complex (EC), in keeping
with the X-ray structure of the RNAPII-Tfg2 EC (Kornberg, 2007)
and also with the cryo-EM structure of the mammalian RNAPII-
TFIIF EC (Wu et al., 2012), suggests an opposite role of TFIIF,
namely TFIIF may sterically exclude TFIIE as it does to Gdown1
(Wu et al., 2012). Finally, to our best knowledge, we have made
the first observation that TFIIF can induce the template DNA to
move towards the lobe/protrusion domains, which we believe to
be relevant to the selection of transcription start site (Ghazy
et al., 2004) with the involvement of the Tfg1/Tfg2 dimer domain
of TFIIF (Freire-Picos et al., 2005).
5. Conclusion

In this study, we have developed a hybrid method for position-
ing the C-terminus of the second subunit of TFIIF on PNAPII. By
using the nano-gold probe and electron microscopy, the C-termi-
nus of the Tfg2 was mapped in a broad region including the clamp
of RNAPII. The nano-positioning analysis based on the Förster res-
onance energy transfer (FRET) measurement allows us to localize
the Tfg2 C-terminus to the ridge of the clamp, which is more local-
ized than that observed by the crosslink method (Chen et al., 2010)
(Fig. 1a). Conceptually, the two-stage EM-FRET approach herein
mimics the zoom-in function in google map. We believe such ap-
proach is generally useful for studying the architecture and
dynamics of many protein complexes, especially for those contain
unstructured parts or cannot be crystallized.
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