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Summary

TFIIH is essential for both RNA polymerase II transcription and DNA repair, and mutations in 

TFIIH can result in human disease. Here, we determine the molecular architecture of human and 

yeast TFIIH by an integrative approach using chemical crosslinking/mass spectrometry (CXMS) 

data, biochemical analyses, and previously published electron microscopy maps. We identified 

four new conserved “topological regions” that function as hubs for TFIIH assembly and more than 

35 conserved topological features within TFIIH, illuminating a network of interactions involved in 

TFIIH assembly and regulation of its activities. We show that one of these conserved regions, the 

p62/Tfb1 Anchor region, directly interacts with the DNA helicase subunit XPD/Rad3 in native 

TFIIH and is required for the integrity and function of TFIIH. We also reveal the structural basis 

for defects in patients with Xeroderma pigmentosum and Trichothiodystrophy, with mutations 

found at the interface between the p62 Anchor region and the XPD subunit.
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Introduction

The conserved, 10-subunit TFIIH complex plays central roles in both RNA polymerase II 

(Pol II) transcription (Grunberg and Hahn, 2013; Thomas and Chiang, 2006) and DNA 

repair (Compe and Egly, 2012). TFIIH, the only general transcription factor with enzymatic 

function, is a component of the Pol II preinitiation complex (PIC). After PIC assembly, the 

DNA strands around the transcription start site are separated, allowing Pol II access to the 

template strand followed by transcription initiation, promoter clearance, and elongation. 

TFIIH plays key roles throughout this process. The TFIIH subunit XPB/Ssl2 (human/yeast 

subunits) is an ATP-dependent translocase that promotes DNA strand separation and 

promoter escape (Grunberg et al., 2012; Moreland et al., 1999; Tirode et al., 1999). During 

the transition from initiation to promoter clearance, the kinase subunit CDK7/Kin28 

phosphorylates Ser5 and Ser7 within the Pol II carboxyl terminal domain (CTD). This 

phosphorylation initiates a cascade of phosphorylation/dephosphorylation events on the 

CTD that correlates with dissociation of Pol II from the initiation machinery and its 

association with elongation and mRNA processing factors (Larochelle et al., 2012).

During nucleotide excision repair (NER), TFIIH is required for opening DNA around 

lesions that disrupt base pairing to permit excision of the damaged DNA and its replacement 

by a new DNA fragment (Compe and Egly, 2012). The XPB ATPase is required for the 

stable association of TFIIH with damaged DNA (Oksenych et al., 2009). Opening of the 

DNA around the lesion is driven by both XPB ATPase function as well as the helicase 

activity of the TFIIH XPD subunit, resulting in an asymmetric bubble surrounding the DNA 

lesion (Coin et al., 2007).

TFIIH can be resolved biochemically into a seven subunit core complex containing XPD/

Rad3, XPB/Ssl2, p62/Tfb1, p52/Tfb2, p44/Ssl1, p34/Tfb4, and p8/Tfb5 and a three subunit 

Cdk Activating Kinase (CAK) complex containing CDK7/Kin28, cyclin H/Ccl1, and 

MAT1/Tfb3. Many studies have demonstrated protein-protein interactions between TFIIH 

subunits and found that the activities of XPB/Ssl2, XPD/Rad3, and CDK7/Kin28 can be 

regulated by some of these interactions. For example, p52 interacts directly with XPB and 

this interaction appears important for stimulation of XPB ATPase activity (Fregoso et al., 

2007; Jawhari et al., 2002). XPD interacts directly with p44, which stimulates XPD helicase 

activity (Coin et al., 1998; Dubaele et al., 2003). XPD/Rad3 also interacts directly with the 

CAK via its MAT1/Tfb3 subunit inhibiting the helicase activity of XPD (Busso et al., 2000; 

Sandrock and Egly, 2001). In addition, CDK7 activity is regulated by its association with 

CAK subunits cyclin H and MAT1 (Helenius et al., 2011) as well as by its association with 

core TFIIH (Rossignol et al., 1997).

Importantly, mutations in TFIIH subunits are associated with many forms of cancer 

(Manuguerra et al., 2006; Wang et al., 2008), and autosomal recessive disorders, such as 

Xeroderma Pigmentosum (XP), Tricothiodystrophy (TTD), and the combined symptoms of 

XP and Cockayne syndrome (XP/CS) (Compe and Egly, 2012). Disease-associated 

mutations have been found only in XPB, XPD, and p8. Interestingly, most of the XPB and 

XPD mutations found in patients do not directly affect enzymatic activity, but rather the 

interactions of these subunits with their regulatory partners (Compe and Egly, 2012).
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Structural information on TFIIH has been provided by EM studies of yeast and human 

TFIIH (Chang and Kornberg, 2000; Gibbons et al., 2012; He et al., 2013; Schultz et al., 

2000), X-ray crystallographic studies of human CDK7 and cyclin H and the archaeal 

homologs of XPB/Ssl2 and XPD/Rad3, as well as X-ray and NMR structures of small 

domains of subunits p62, Tfb1, p44, and a Tfb2/Tfb5 complex (summarized in (Gibbons et 

al., 2012)). Recently, a model of a seven subunit core TFIIH was presented based on a 

combined EM and chemical crosslinking/mass spectrometry (CXMS) study of a yeast PIC 

in which each TFIIH subunit was represented as 1 or 2 spheres (Murakami et al., 2013), 

providing the highest resolution structural model of core TFIIH to date. However, the 

relatively low resolution of this model is insufficient for mapping TFIIH domain 

interactions, and for a mechanistic understanding of TFIIH function.

To understand how the diverse functions of TFIIH in transcription and DNA repair are 

regulated, we determined the molecular architecture of both human and yeast TFIIH, by 

using an integrative approach based on data from our CXMS, genetic and biochemical 

analyses, as well as data from other sources. Investigation of TFIIH from evolutionarily 

distant species was critical because it yielded complementary information that allowed 

identification of conserved topological features, and increased the number of informative 

crosslinks. We identified four new conserved topological regions and more than 35 

conserved topological features within TFIIH. One of these conserved regions, the Anchor 

region in p62/Tfb1, directly interacts with XPD/Rad3 and is required for the integrity and 

function of TFIIH. Furthermore, XPD mutations found in patients with XP and TTD localize 

to the XPD-p62 Anchor region interface, suggesting that an altered XPD-p62 interaction 

contributes to the pathogenesis of these diseases. Our results provide a structural framework 

for understanding how TFIIH functions during transcription and DNA repair, as well as 

insights into the molecular basis for several disease-causing mutations in TFIIH.

Results

Chemical crosslinking and mass spectrometry analysis of human and yeast TFIIH

Human and yeast TFIIH were purified as described in Experimental Procedures (Figs. 1 and 

S1). We next used a CXMS approach to identify pairs of lysine and/or N-terminal residues 

that are in spatial proximity to each other in both complexes. CXMS analysis of both human 

and yeast TFIIH yields important complementary information. Although the orthologs share 

21–51% sequence identity, most of the lysine residues are not conserved between the human 

and yeast subunits; moreover, the orthologs produce predominately unrelated peptides upon 

trypsin digestion. Human and yeast TFIIH were each crosslinked using the homo-

bifunctional, amine-reactive crosslinking reagent bis(sulfosuccinimidyl)suberate (BS3). The 

samples were then analyzed by MS, and database searching was used to identify crosslinked 

peptides. Confidently identified crosslinks were used to assemble site-specific linkage maps 

of all the crosslinked residues between and within the TFIIH subunits (Table S1). 

Altogether, we identified 89 unique intra-protein crosslinks (a.k.a. intralinks) and 67 unique 

inter-protein crosslinks (a.k.a. interlinks) from human TFIIH in one experiment (Fig. 1B), 

and 193 intralinks and 101 interlinks from yeast TFIIH in two independent experiments 

(Fig. 1D).
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To map the positions of these crosslinks, we built comparative models for parts of all 

subunits, using Modeller 9.9 (Sali and Blundell, 1993), based on template structures 

identified by HHpred (Soding et al., 2005) and RaptorX (Kallberg et al., 2012). Combined 

with atomic models from Xray crystallography and NMR spectroscopy, the structural 

models cover ~47% and ~52% of yeast and human TFIIH sequences, respectively. To 

evaluate the crosslinks, we mapped them onto the structural models and measured their Cα-

Cα distances (Fig. S2A). The BS3 crosslinker has a linker arm of 11.4 Å when fully 

extended and can crosslink two lysine residues whose Cα atoms are up to 30 Å apart 

(Merkley et al., 2014). To account for protein dynamics and potential inaccuracies in the 

comparative models, we used a Cα-Cα distance of 34 Å as the theoretical crosslinking limit. 

For yeast TFIIH intralinks, 115 out of 193 crosslinks can be mapped onto the structural 

models (the remainder include at least one residue not present in the models). 108 (~94%) of 

these crosslinks have Cα-Cα distances less than 34 Å. Seven crosslinks (~6%) had Cα-Cα 

distances between 36–45 Å, all of which map to putative flexible regions. For human TFIIH 

intralinks, 71 out of 89 crosslinks can be mapped onto models, and all crosslinks (100%) 

have Cα-Cα distances less than 34 Å.

To evaluate the interlinks, we mapped crosslinks onto the X-ray structure of Tfb5-Tfb2c 

(Kainov et al., 2010a), and a model of CDK7/Kin28-cyclin H/Ccl1 based on the CDK12-

Cyclin K structure (Bosken et al., 2014). All seven interlinks that could be mapped onto 

these structures have Cα-Cα distances between 8.5–17.7 Å (Fig. S2B).

Together, these results indicate that our crosslinking data provide useful and reliable 

distance restraints for modeling the subunit architecture of human and yeast TFIIH. Further 

support for the quality of our CXMS data comes from the fact that many previously 

described protein-protein interactions (PPIs) between TFIIH subunits are reflected in our 

data (Table S2).

Molecular architecture of TFIIH revealed by integrative modeling

We applied an integrative modeling approach (Experimental Procedures and Fig. S3) 

(Russel et al., 2012) to compute the architecture of the human and yeast TFIIH complexes 

(Fig. 2). As integrative models are computed from all available data simultaneously, they are 

often more accurate, precise and complete than those produced by traditional methods. The 

input data included 421 unique BS3 crosslinks (Table S1), electron microscopy (EM) 

density maps (Gibbons et al., 2012; He et al., 2013), including the locations of the CAK 

subcomplex, XPD /Rad3, and XPB/Ssl2 within these EM maps (Gibbons et al., 2012; 

Murakami et al., 2013), as well as crystallographic structures and comparative models 

covering 47% and 52% of the yeast and human sequences, respectively (Fig. S4A; Table 

S5). Atomic level structural information for two interfaces, namely Tfb2 (C-term)-Tfb5 and 

Ccl1-Kin28, were included in the representation of these subunits.

The molecular architectures of the yeast and human TFIIH complexes were each computed 

from an ensemble of solutions that satisfied the input data as well as possible (http://

salilab.org/tfiih). An ensemble is shown as a localization density map that represents the 

probability of any volume element being occupied by a given protein (Figs. 2A, C). The 

sampling procedure was thorough, as indicated by the similarity of solutions obtained from 
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two independent sets of runs (Figs. S4B and S4C). We validated the two ensembles against 

the information used to compute them. First, the ensemble of yeast and human solutions 

satisfied 87% (365 of 421 used for the modeling) and 90% (322 of 356) of the crosslinks, 

respectively (Fig. S5A). Second, 83% and 100% of the 207 and 106 yeast and human 

solutions, respectively, satisfied the excluded volume and sequence connectivity restraints 

and all yeast and human solutions satisfied the EM restraints.

Next, we quantified the precision of the ensemble of solutions. The clustering analysis 

identified 3 dominant clusters in both ensembles of solutions (Figs. S4B and S4C). The 

precision of the ensemble is sufficient to pinpoint the locations and orientations of the 

constituent proteins and even domains (Table S6). XPD and Rad3 were the subunits 

determined at the highest precision of 9.2 Å and 17.7 Å, respectively (Fig. S5B).

While the overall subunit organizations of the human and yeast cores are similar, their 

shapes are different. This variation arises from the difference between the EM density maps 

used for modeling (Fig. 2). The yeast core has a globular shape, while the human core has a 

rod-like shape, mainly because XPB localizes more centrally in the human than in the yeast 

model. Due to the different shapes of the two complexes, several differences in the contact 

maps for human and yeast TFIIH were also observed. First, due to the elongated rod-like 

structure of human TFIIH, no contacts between XPD and p34, p52, or p8 were observed in 

the human TFIIH model. In contrast, in the yeast model, Rad3 contacts nearly all of the core 

subunits (Fig. S5C, blue rectangle). Second, XPB makes extensive contacts with p62 in the 

human model, whereas only few contacts were observed between Ssl2 and Tfb1 in the yeast 

model (Fig. S5C, red circle). Interestingly, the human rod-like core structure better fits the 

data as indicated by (i) significantly less variation among the ensemble of solutions for all 

the domains of the core subunits of human TFIIH compared to their yeast counterparts (Fig. 

S5B), (ii) fewer inconsistent crosslinks for the human core TFIIH model than for the yeast 

core model (Fig. S5A), and (iii) the higher population of the dominant cluster indicating a 

unique structural solution (Figs. S4B and S4C).

Conserved topological regions in TFIIH

To consolidate the human and yeast CXMS data and better interpret the structural models, 

we aligned the human and yeast TFIIH subunits based on phylogenetic sequence alignments 

of the core subunits (Bedez et al., 2013) and direct sequence alignments of the CAK 

subunits (Table S3). The crosslinks were mapped onto the alignments (Fig. 3A), allowing us 

to directly compare the crosslinks from human and yeast TFIIH complexes. Identification of 

crosslinks between positions close in the alignment of the human and yeast TFIIH sequences 

not only provides additional confidence in the data, but also suggests evolutionarily 

conserved spatial organization of the crosslinked residues within TFIIH.

Because the spatial distributions of the lysine residues in the human and yeast orthologs are 

different and BS3 can crosslink lysine residues whose Cα atoms are 5–30 Å apart, we 

reasoned that for the purpose of identifying conserved structural features, the exact positions 

of the crosslinked lysine residues would be less important than the domains in which the 

crosslinked residues reside. That is, the conserved crosslinks reflect the conserved proximity 

of the associated domains. We mapped the positions of crosslinked residues onto the aligned 
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sequences of human and yeast TFIIH subunits (Figs. 3A and S6A) and then identified the 

conserved crosslinks between domains (Fig. 3B and Table S2). Not surprisingly, many 

conserved crosslinks map to structured domains suggesting direct domain-domain 

interactions; previous PPI studies among TFIIH subunits provide support for many of these 

interactions (Table S2 and below).

Approximate sequence positions are conserved for 75 (74%) and 46 (69%) of the 101 yeast 

and 67 human interlinks, respectively. Thus, these interlinks reveal evolutionarily conserved 

sequence segments (i.e., “topological regions”) and proximities between them. Interestingly, 

some of the conserved crosslinks map to sequence segments that lack Pfam domain 

annotation, suggesting such segments could have important roles in the organization of 

TFIIH subunits even though they are not conserved in sequence. In addition, we have also 

identified segments that contain multiple Pfam domains but with conserved crosslink 

patterns, suggesting similar roles for some of the known domains in the spatial organization 

of the TFIIH subunits. Thus, to expand our knowledge of structurally and functionally 

important regions in TFIIH, we introduce four new topological regions, termed the Anchor 

(p62/Tfb1), the Hub (p52/Tfb2), the Lock (XPB/Ssl2), and the Latch (MAT1/Tfb3) (Fig. 

3A, Tables S2 and S4). The interlinks that map to these four topological regions account for 

48% of the conserved crosslinks for yeast TFIIH and 70% of the conserved crosslinks for 

human TFIIH. As expected, these topological regions are also indicated by their relative 

contact frequencies in our model ensembles, which define how often any pair of residues 

contact each other (within a 5 Å cutoff) in a cluster of solutions (Alber et al., 2007)(Fig. S5C 

and below). We next discuss several new structural features of TFIIH revealed by the 

crosslinking data and the models.

p44/Ssl1-p34/Tfb4 dimer forms the base of the TFIIH core

Both p34/Tfb4 and p44/Ssl1 have an N-terminal VWA domain and a C-terminal Zn RING 

motif (Kellenberger et al., 2005; Schmitt et al., 2014; Whittaker and Hynes, 2002). The C-

terminal RING motif of p44 interacts with the VWA domain of p34 (Fribourg et al., 2001; 

Kellenberger et al., 2005; Schmitt et al., 2014), and the VWA domain of p44 interacts with 

p34 (Iyer et al., 1996). In agreement with these studies, the proximity of p44/Ssl1 and p34/

Tfb4, as well as their respective VWA domains is predicted by our models (Figs. 2 and 

S5C). We found an extensive network of crosslinks between these two subunits including 

three crosslinks from yeast TFIIH and five crosslinks from human TFIIH between the two 

VWA domains of these subunits (Figs. 3 and S6B, Table S2). VWA domains are known to 

be involved in protein-protein interactions and dimerization (Becker et al., 2014; Springer, 

2006). Conserved crosslinks between the VWA domains of p34/Tfb4 and p44/Ssl1 strongly 

suggest that these domains interact directly to form a heterodimer in TFIIH. Further, we 

identified three crosslinks between the VWA domain of Tfb4 and the Ssl1 RING motif in 

agreement with previous findings (Fribourg et al., 2001). The structurally homologous p34/

Tfb4 and p44/Ssl1 proteins are the only proteins known that contain both a VWA domain 

and Zn RING motif (Whittaker and Hynes, 2002), and their homologs exist in all analyzed 

eukaryotes (Bedez et al., 2013). In light of these observations, we hypothesize that p34/Tfb4 

and p44/Ssl1 evolved via gene duplication soon after the emergence of eukaryotes and the 

ancestral homologs homo-dimerized through VWA-VWA interactions.
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Our models also predict that p44/Ssl1 and p34/Tfb4 are frequently in contact with the other 

core subunits (Fig. S5C, green squares). We identified many conserved crosslinks between 

p44/Ssl1 and p34/Tfb4 and the other core TFIIH subunits (Fig. 3 and below). Thus, through 

VWA domain dimerization, we propose that a p34/Tfb4-p44/Ssl1 dimer forms the base of 

core TFIIH that interacts with all core subunits.

The p62/Tfb1 Anchor region

p62/Tfb1 has an N-terminal pleckstrin homology (PH) domain, followed by two BSD 

domains (BSD1 and BSD2) and a putative 3-helix bundle motif at its C-terminus (Fig. 3). 

The PH domain interacts with the XPG endonuclease, the C-terminus of the large subunit of 

TFIIE, and the second transactivation domain of the p53 tumor suppressor protein (Di Lello 

et al., 2008; Gervais et al., 2004; Okuda et al., 2008). The PH domain also interacts with 

XPD and XPB (Iyer et al., 1996). The BSD domains are predicted to form three-helical 

bundles (Doerks et al., 2002). We identified crosslinks between the PH domain and (i) the 

VWA domain of p44/Ssl1, (ii) the p34 VWA domain and the Tfb4 RING finger and (iii) the 

HD1a/FeS region of Rad3 (Table S2, Fig. 4). We also identified conserved intralinks 

between the PH domain and the BSD domains. The C-terminal helical bundle crosslinks to 

BSD1 in both human (Fig. S6A) and yeast TFIIH (Murakami et al., 2013), suggesting that 

BSD1, BSD2 and the C-terminal domain could interact to form a large helical bundle.

A large region between BSD2 and the C-terminal helical bundle (residues 254–457 for p62 

and 332–546 for Tfb1) crosslinks extensively to the VWA domains of p34/Tfb4 and p44/

Ssl1 and the HD1a-4FeS and HD2 domains of XPD/Rad3 (Table S2, Fig. 4). This region, 

which we call the Anchor region, possesses no obvious structural motifs and little sequence 

conservation. Our models also predict that the Anchor region contacts the 4FeS domain and 

the HD2/C-terminus of XPD/Rad3, as well as the p44/Ssl1 and p34/Tfb4 subunits (Fig. S5C, 

red squares). There is previous support for Anchor region interaction with XPD and Rad3 

(Jawhari et al., 2004; Murakami et al., 2013) as well as Ssl1 (Murakami et al., 2013), but not 

for Anchor region interaction with p44, p34 or Tfb4. The lack of identified crosslinks 

between the Anchor region and the other domains within p62/Tfb1 suggest that the Anchor 

region protrudes from the rest of p62/Tfb1 to allow it to interact with other subunits.

The Hub region of p52/Tfb2 connects p52/Tfb2 and XPB/Ssl2 to the base

The structure of the N-terminus of p52/Tfb2 is predicted to be similar to the HEAT repeats 

of human transportin 3 (Maertens et al., 2014). The C-terminus of p52/Tfb2 contains a 

domain that can dimerize with itself or with p8/Tfb5 (Kainov et al., 2008). A region before 

the dimerization domain, referred to as the hA-D domain (Fig. 3A), is predicted by RaptorX 

to be an independent domain containing four alpha helices but with no strong similarity to 

known structures. Since similar linkages were observed for both the C-terminus and the hA-

D domains, we propose that these two domains function as one structural unit, which we call 

the Hub region (residues 301–462 for p52 and 333–513 for Tfb2). The Hub region contains 

3 of the 5 highly conserved stretches of amino acids in p52 (Jawhari et al., 2002). The 

interaction between the p52/Tfb2 dimerization domain and p8/Tfb5 is supported by our 

models and the identification of conserved crosslinks between these two subunits/domains 

(Fig. S6D) whose Cα-Cα distances are well within the theoretical distance for BS3 (Fig. 
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S2B). Besides p8/Tfb5 interactions, many other conserved crosslinks were identified 

between the Hub region and other TFIIH subunits (Table S1 and S2, Fig. S6B). The Hub 

region crosslinks extensively to the VWA domains of p44/Ssl1 and p34/Tfb4. These 

conserved crosslinks indicate that p52/Tfb2 is anchored to core TFIIH via interactions 

between the Hub region and the VWA domains of p44/Ssl1 and p34/Tfb4 subunits.

Conserved crosslinks were also identified between the p52/Tfb2 Hub region and the C-

terminus of XPB/Ssl2 as well as four additional crosslinks to other regions of XPB in human 

TFIIH (Fig. S6D, Table S2). Amino acids 1–135 and 304–381 of p52 are important for 

interaction with XPB (Fregoso et al., 2007; Jawhari et al., 2002), and amino acids 44–208 of 

XPB are important for interaction with p52 (Jawhari et al., 2002). Our observation that the 

p52 Hub region crosslinks to the N-terminus of XPB is in agreement with these findings. 

However, no crosslinks were identified between the N-terminal HEAT repeats of p52/Tfb2 

and XPB/Ssl2. Furthermore, no interaction between the C-terminus of XPB and p52 has 

been reported. We also find that p8/Tfb5 crosslinks to both the N-terminus and the C-

terminus of XPB/Ssl2 and some of the sites of crosslinking on XPB/Ssl2 overlap with those 

between XPB/Ssl2 and the Hub region (Fig. S6D), indicating that p8/Tfb5 also directly 

interacts with XPB/Ssl2. Further support for a p8/Tfb5-XPB/Ssl2 interaction comes from 

TFIIH co-immunoprecipitation (Co-IP) studies in which Ssl2 levels are preferentially 

affected in the absence of Tfb5 compared to the other subunits (Fig. S7B). In agreement 

with previous findings that p52 is needed to anchor XPB to the TFIIH complex (Jawhari et 

al., 2002), our crosslinking data show that the Hub region of p52/Tfb2, together with its 

interaction partner p8/Tfb5, interacts with both the N and C-terminal parts of XPB/Ssl2 in 

TFIIH. The proposal that the Hub subdomains, Hub-A (hA-D) and Hub-B (dimerization), 

function as a single unit is supported by their similar contact frequency profiles in our 

models (Fig. S5C, cyan squares). Together, the data indicate that the Hub region, along with 

p8/TFB5, anchors XPB/Ssl2 to the base of TFIIH through its interaction with the VWA 

domains of p44/Ssl1 and p34/Tfb4.

The Lock region of XPB/Ssl2

The Archaeoglobus fulgidus XPB/Ssl2 homolog (AfXPB) contains DRD, HD1 and HD2 

domains (Fan et al., 2006), while the eukaryotic proteins also contain N- and C-terminal 

extensions. The N-terminal extension contains a conserved region identified as a putative 

DNA binding domain (DBD) (Jawhari et al., 2002), which we predict has a fold that is 

similar to the fold found in the p52/Tfb2 dimerization domain. The C-terminal extension is 

rich in acidic residues (DE-rich region). Several lines of evidence suggest that the N- and C-

terminal extensions form a structural unit that regulates the function(s) of XPB/Ssl2, which 

we called the Lock region. Lock-N (residues 31–226 for XPB and 88–285 for Ssl2) and 

Lock-C (residues 669–782 for XPB and 715–843 for Ssl2) refer to the N- and C-terminal 

extensions respectively. First, we identified conserved intralinks between the Lock-N and 

Lock-C segments. Second, the C-terminus of p8 crosslinks to both Lock-N and Lock-C 

(Figs. S6B and S6D). Third, the p52 Hub region crosslinks to Lock-C and to the DRD 

domain which in turn crosslinks to Lock-N. These data indicate that the Lock-C segment is 

in close proximity to the Lock-N segment.
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Besides the interactions with p52/Tfb2 and p8/Tfb5 discussed above, the Lock-N segment 

crosslinks to the HD2 domain of XPD, and to the N-terminus of p44/Ssl1 and the MAT1/

Tfb3 Latch region (discussed below; Table S2, Fig. S6C). These results are supported by 

previous studies showing that the N-terminal region of XPB interacts with XPD and MAT1 

(Busso et al., 2000; Iyer et al., 1996), and the N-terminal region of Ssl2 interacts with the N-

terminus of Ssl1 and the Tfb3 Latch region (Murakami et al., 2013). The Lock-N segment 

also interacts with the XPG endonuclease (Iyer et al., 1996). Furthermore, we found that 

Tfb6, a yeast TFIIH-specific subunit, which facilities dissociation of Ssl2 after transcription 

initiation (Murakami et al., 2012), crosslinks to the Lock-N segment (data not shown). 

Together, the data indicate that the N- and C-terminal regions of XPB are in close proximity 

in TFIIH and form a region that interacts with a number of TFIIH subunits including p8/

Tfb5, p52/Tfb2, p44/Ssl1 and MAT1/Tfb3, as well as NER factor XPG. Our models also 

predict that the Lock-N and Lock-C of XPB/Ssl2 are frequently in contact with each other 

and they have similar interaction profiles (Fig. S5C, black squares). These interactions with 

the Lock N-C region may anchor XPB to TFIIH and/or regulate its enzymatic activities.

The original proposal for open and closed conformational states of XPB/Ssl2 is based on 

structural studies of AfXPB where an open conformation was observed (Fan et al., 2006). 

The authors proposed that upon DNA binding HD2 rotates at the glycine-containing hinge 

by ~170°, bringing the seven helicase motifs together at the cleft formed between HD1 and 

HD2 to form the closed conformation, as seen in some DNA bound helicases. The open-to-

closed conformational change was proposed as the mechanism for activation of XPB DNA 

strand separation activity. To determine if the CXMS data could distinguish between the two 

conformations, we mapped the crosslinks onto models of the open and closed conformations 

of human XPB (Fig. S6E). All three interlinks (between the C-terminus of p8/Tfb5 and 

XPB/Ssl2: p8:K71-XPB:K476, p8:K71-XPB:K526 and Tfb5:K60-Ssl2:K721) and both 

intralinks (between Ssl2:K523-K791 and Ssl2:K523-K794) are in close proximity only in 

the closed form (Fig. S6E). This observation indicates that at least some proportion of XPB/

Ssl2 ATPase domains assume the closed orientation in free TFIIH, although a possibility of 

a mixture of the two states is not excluded.

The MAT1/Tfb3 Latch region links the CDK module to the core

MAT1/Tfb3 has an N-terminal C3HC4 RING finger domain, a central coiled-coil domain 

with a long helical fibrinogen-like structure, and a hydrophobic region at the C-terminus 

(Inamoto et al., 1997; Yee et al., 1995). The coiled-coil domain interacts with XPD and XPB 

and the hydrophobic domain interacts with CDK7/Cyclin H and stimulates CDK7 kinase 

activity (Busso et al., 2000). We identified many interlinks involving the central coiled-coil 

domain and the Cterminal hydrophobic domain of MAT1/Tfb3 (Fig. S6C, Table S2) which 

leads us to propose a new structural motif, termed the Latch region, containing these two 

domains (residues 109–305 for MAT and 120–314 for Tfb3). Conserved crosslinks were 

identified between the Latch region and the Lock-N region of XPB/Ssl2, as well as between 

the Latch region and the HD2 domain of XPD/Rad3. These results are supported by 

previous results showing that the Latch region interacts with both XPD/Rad3 and XPB/Ssl2 

(Busso et al., 2000). Abdulrahman et al. reported that the Arch domain of XPD is important 

for recruitment of the CAK complex because mutations in the Arch reduce the ability of 
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MAT1 and the CAK to associate with XPD (Abdulrahman et al., 2013). In agreement with 

this interaction, we identified crosslinks between the Latch and the Arch domain in Rad3 

(Fig. S6C). The Latch region also crosslinks to the N-terminus of Ssl1, as well as to Kin28 

and Ccl1. In our modeled TFIIH structure, The Latch region of MAT1/Tfb3 contacts 

multiple domains in XPB/Ssl2 and XPD/Rad3 (Fig. S5C, yellow squares). Taken together, 

the data indicate that the MAT1/Tfb3 Latch region anchors the CAK module to TFIIH via 

interactions with XPD/Rad3, XPB/Ssl2 and p44/Ssl1.

The Anchor region of p62/Tfb1 is essential for TFIIH structural integrity

To further understand the function of the domains in Tfb1, we tested growth phenotypes and 

UV sensitivity of cells containing a series of TFB1 derivatives as the sole source of Tfb1 

(Fig. 5A). Although the PH domain interacts with TFIIE, XPG and other TFIIH subunits, 

deletion of this domain had no effect on growth or UV sensitivity. Deletion of the BSD1 

domain caused mild temperature and UV sensitivity, and deletion of the BSD2 domain had 

no phenotype. Deletion of the C-terminal helical bundle caused pronounced temperature and 

UV sensitivity consistent with results of a previous study (Matsui et al., 1995). Most of the 

conserved crosslinks in p62/Tfb1 were observed in the Anchor region. Strikingly, deletion 

of the unstructured region in the middle of the Anchor region (Δ401–491) resulted in a lethal 

phenotype, showing that this region is essential for the function of TFIIH.

We next immunoprecipitated Tfb1 derivatives to determine which deletions affect the 

integrity of TFIIH (Figs. 5B and S7A). Although deletions that remove the BSD1 or BSD2 

domains (Δ5–7) did not affect yeast growth rate, they all showed significant reductions in 

association with Rad3, Tfb3, Ssl2 and Kin28. Deletions removing portions of the Anchor 

region (Δ9–11) showed progressively more severe defects in subunit interactions as 

deletions progressed from the N to C-terminus. Δ9–10 show similar defects as Δ5–7 with an 

additional defect in association with Tfb2. Deletion Δ11, removing the C-terminus of the 

Anchor region, is defective in all subunit interactions tested. Finally, deletion of the Tfb1 3-

helix bundle C-terminus is defective in interactions with Tfb2, Ssl1, and Tfb4. In addition to 

causing reduced association with the above TFIIH subunits, several of the deletions resulted 

in increased association with other TFIIH subunits (Fig. 5B). Although the magnitude of this 

increased association varied in independent experiments, the association of these subunits 

was consistently higher compared to cells containing wild type Tfb1.

Based on our crosslinking, Tfb1 IP results, and modeling of TFIIH subunit association, there 

are two groups of Tfb1 deletions: (i) deletions that directly eliminate protein-protein 

contacts and (ii) deletions that indirectly affect TFIIH subunit association. Mutations within 

the Anchor likely directly eliminate interactions with Rad3 and/or Ssl1/Tfb4. Mutations that 

weaken Rad3 interaction are expected to also weaken co-IP of Tfb1 with the CAK subunits 

and with the interacting subunit Ssl2 as all these subunits bind TFIIH in part via Rad3. 

Although the Anchor is not predicted to directly contact Tfb2, deletions Δ9–10 likely alter 

interactions with the Tfb4-Ssl1 heterodimer leading to instability of its associated subunit 

Tfb2. Removal of the Anchor region C-terminus (Δ11) disrupts interactions of Tfb1 with 

Tfb4-Ssl1 and Rad3 leading to the failure of Tfb1 to associate with all tested TFIIH 

subunits. The essential role of the Anchor region in maintaining structural integrity of TFIIH 
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was confirmed in human cells (Fig. 5C). Deletion of the Anchor region in p62 (residues 328 

– 432) prevented co-purification of XPD and XPB, in agreement with findings in the yeast 

system. MS analysis of FLAG-purified p62 Anchor domain deletion mutant confirmed these 

results (Table S7).

Deletions Δ5–7 within the BSD1/2 domains are selectively defective in interactions with 

Rad3 and associated subunits. We speculate that this is due to an indirect effect on the Tfb1 

Anchor region since no crosslinks were identified between the BSD domains and Rad3 or its 

associated subunits. Similarly, a deletion in the C-terminus of the Tfb1 3-helix bundle (Δ13) 

is defective for association with Ssl1/Tfb4 and its associated subunit Tfb2, yet no crosslinks 

were identified between the 3-helix bundle and these subunits. We speculate that this 

deletion alters the conformation of the Anchor region leading to defective association with 

these three TFIIH subunits. Indirect effects are also likely responsible for the increased 

association of some subunits with Tfb1 derivatives during IP. For example, deletions within 

BSD1/2 weaken interaction of Tfb1 with Rad3 while simultaneously strengthening the 

interactions with Ssl1/Tfb4. Likewise, deletion at the N-terminus of the 3-helix bundle (Δ12) 

increases binding to Rad3 and associated subunits, likely via an indirect effect mediated 

though the Anchor region.

Discussion

Architecture of TFIIH

We have summarized the domain-domain proximities in a schematic model of TFIIH, 

highlighting the identified conserved topological features (Fig. 6). Our model positions p34/

Tfb4 and p44/Ssl1 at the base of TFIIH with their VWA domains forming a dimerization 

interface. The essential Anchor region of p62/Tfb1 interacts with both the VWA domains of 

p34/Tfb4 and p44/Ssl1, and with XPD/Rad3 to anchor XPD/Rad3 to the base of TFIIH. The 

Hub region of p52/Tfb2, together with p8/Tfb5, interacts with the Lock N-C region of XPB/

Ssl2, thus tethering XPB/Ssl2 to the core domain. The Lock region is proposed to be the 

main regulatory region of XPB/Ssl2 activity via its interactions with other TFIIH subunits as 

well as other factors. The Latch region of MAT1/Tfb3 anchors the CAK module to the 

TFIIH core through an extensive network of interactions involving the Arch and HD2/CTE 

domains of XPD/Rad3, the Lock-N region of XPB/Ssl2, and the N-terminal extension of 

p44/Ssl1. Our model of TFIIH architecture not only unifies many previous findings, but also 

reveals new insights into the structure and function of the 10-subunit TFIIH complex. For 

example, the organization of some of the core TFIIH subunits is different from a previously 

published model of core TFIIH in which p62/Tfb1 is not positioned adjacent to XPD/Rad3, 

and p44/Ssl1 is not positioned adjacent to p34/Tfb4 (Fuss and Tainer, 2011). Compared to 

the model presented by Murakami et. al., the resolution of our model is higher but the 

subunit organization is quite similar, except for the orientation of Ssl2, whose C-terminus is 

positioned closer to p52/Tfb2-p8/Tfb5 in our model (Fig. S4D).

While the overall subunit organization and domain-domain contacts for the human and yeast 

cores are similar, their shapes as revealed by the respective electron microscopy studies are 

quite different. The human core TFIIH has a more elongated shape compared to the yeast 

core TFIIH, mainly due to more central localization of XPB. Both EM maps were obtained 
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from a preparation of holo-TFIIH (Gibbons et al., 2012; He et al., 2013) however, the 

differences could arise as a result of different isolation and purification protocols, from 

collection and processing of micrographs, and single-particle reconstructions. Alternatively, 

the different shapes might reflect species-specific differences in the architecture of the 

complexes.

An essential p62/Tfb1 Anchor region links XPD/Rad3 to TFIIH

The identification of the essential and conserved Anchor region in p62/Tfb1 provides new 

insight into how XPD/Rad3 is linked to the core at relatively high resolution (precision of 

10.1 Å RMSD)(Figs. 7 and S5B). Previous studies implicated p44/Ssl1 as a subunit that 

links XPD to the core (Abdulrahman et al., 2013). Our results show that the Anchor region 

interacts with XPD/Rad3 and is required for association of XPD/Rad3 with p62/Tfb1. Our 

data also suggest that p62/Tfb1 regulates the enzymatic activities of XPD/Rad3 (below). The 

Anchor region is poorly conserved at the sequence level, yet it is a conserved topological 

feature in TFIIH. Furthermore, the Anchor region is predicted to be intrinsically disordered. 

Intrinsically disordered regions (IDRs) are often found in large protein complexes where 

they can function as versatile protein-protein interaction surfaces, in part because by being 

disordered, they can sample larger surface areas (Tompa, 2012).

Insights into the molecular basis for TFIIH-related diseases

The high precision of the TFIIH model allowed us to place the atomic model of XPD into 

the density map and to characterize the interface between XPD, p62, and p44 in more detail 

(Fig. 7). Specifically, we mapped the positions of XPD mutations found in patients with 

XP/TTD or XP/CS. Three mutations, R616P, D673G, and G675R, found in patients with 

XP/TTD, TTD, and XP/CS respectively, are located at the interface between XPD and the 

p62 Anchor region. The R616P and G675R mutations prevent XPD from interacting with 

p44 in immunoprecipitation assays (Dubaele et al, 2003), and the D673G mutation is also 

thought to be associated with TFIIH destabilization (Fan et al., 2008). Interestingly, our 

model suggests that p44 is in close contact with the C-terminus of XPD, while these three 

mutations are at the interface between XPD and the Anchor region of p62, consistent with 

the importance of the Anchor region in securing XPD to the core. Our results suggest that a 

compromised XPD-p62 Anchor region interaction contributes to impaired TFIIH function in 

patients carrying these mutations. In support of this conclusion, XPD variants containing the 

R616P and G675R mutations failed to co-purify with TFIIH under stringent purification 

conditions (Dubaele et al., 2003). The defective interaction was previously attributed to an 

impaired p44-XPD interaction; however, our results suggest that this defect is an indirect 

effect and that an impaired p62 Anchor region-XPD interaction contributes to the disease 

phenotypes in these patients.

Our findings also provide insight into the molecular basis for TTD in patients carrying 

mutations in p8. The p8 subunit has been proposed to stabilize TFIIH, as reduced levels of 

XPB are observed in cells upon knockdown (Coin et al., 2006) or mutation of p8 (Giglia-

Mari et al., 2004), whereas overexpression of p8 restores normal levels of XPB (Aguilar-

Fuentes et al., 2008; Coin et al., 2006). The p8 subunit also stimulates the XPB ATPase, yet 

no direct interaction between these proteins was known (Coin et al., 2006). In addition, Tfb5 
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(yeast p8 ortholog) variants with TTD-associated mutations have reduced affinity for Tfb2 

(yeast p52 ortholog)(Kainov et al., 2010b). Our models, based on extensive crosslinks 

between p8/Tfb5, p52/Tfb2, and XPB/Ssl2, indicate that these proteins form an intricate 

interaction network.

Previous findings showed that p52 is needed to anchor XPB to the TFIIH complex (Jawhari 

et al, 2002). Our model indicates that the Hub region of p52/Tfb2, together with its 

interaction partner p8/Tfb5, interacts with multiple domains within XPB/Ssl2, including its 

N- and C-termini. Thus, it is likely that both p8 and p52 stabilize XPB and regulate its 

ATPase activity via direct interactions within TFIIH. In TTD-A, an impaired p8-p52 

interaction is predicted to disrupt the p8-p52-XPB interaction network. This disruption 

impacts TFIIH function by destabilizing XPB and/or by reducing its ATPase activity. In 

either scenario, disease-causing mutations in p8 would be expected to result in defects in 

transcription and DNA repair (Aguilar-Fuentes et al., 2008; Coin et al., 2006; Giglia-Mari et 

al., 2004; Ranish et al., 2004).

Experimental Procedures

See Supplementary Experimental Procedures for details on strains and plasmids, methods of 

protein purification, IP and yeast growth assays.

Determination of TFIIH architecture by integrative modeling

Our integrative approach to determining the architecture of TFIIH proceeds through four 

stages (Alber et al., 2007; Russel et al., 2012) (Fig. S3): (1) gathering of data, which 

includes crosslinking data and electron microscopy maps, as well as previously published 

data from the literature and public databases, (2) representation of subunits, defined based 

on input information (eg, atomic and coarse-grain sphere representation for parts with 

known and unknown structures, respectively), and simultaneous translation of all of the data 

into spatial restraints and a single scoring function that ranks alternative models, (3) 

configurational sampling to produce an ensemble of models that satisfies the restraints, and 

(4) analysis of the ensemble. The modeling protocol (ie, stages 2, 3, and 4) was scripted 

using the IMP Python Modeling Interface (IMP-PMI; https://github.com/salilab/pmi), 

version c522e0abc, a library to model macromolecular complexes based on our open source 

Integrative Modeling Platform package (http://salilab.org/imp/), version c93138f (Russel et 

al., 2012). All the input, output, and protocol files are available at http://salilab.org/tfiih. See 

Supplemental Experimental Procedures for details.

Crosslinking and mass spectrometry analysis

~100 pmoles of purified yeast TFIIH or human TFIIH were crosslinked by addition of BS3 

(Thermo Scientific; 100 mM in 20 mM triethanolamine, pH 8) to 5 mM for 30 minutes at 

25º C. Samples were digested with trypsin, and the resulting peptides were fractionated by 

SCX chromatography and analyzed by MS. The crosslinked peptides were identified by 

searching the MS data against appropriate databases using two different algorithms: pLink 

and in-house designed Nexus (in preparation; J.L. and J.R.; short description in Knutson et 

al., 2014). A 5% of FDR was used for both pLink and Nexus searches. Details are provided 

in Supplemental Experimental Procedures.
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Figure 1. Purification and crosslinking maps of human and yeast TFIIH
A) Silver stained gel of purified human TFIIH. B) Map of the identified inter-protein (red 

lines) and intra-protein (blue lines) crosslinks for human TFIIH. C) Silver stained gel of 

purified yeast TFIIH. D) Inter- and intra-protein crosslink map for yeast TFIIH as in (B). 

Red and green dots indicate the positions of lysine residues. Red dots indicate that the lysine 

residue was identified in a crosslink.
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Figure 2. Molecular architecture of human and yeast TFIIH
A) Localization density map of the human core TFIIH subunits (top) and the best scoring 

model (bottom). The EM density map of human TFIIH used in this study is shown in grey 

mesh. B) Domain decomposition of human core TFIIH. C) Localization density map of the 

yeast TFIIH subunits (top) and the best scoring model (bottom). The EM density map of 

yeast TFIIH used in this study is shown in grey mesh. D) Domain decomposition of yeast 

TFIIH. The human and yeast models are superposed on the XPD/Rad3 subunit. The 

different shapes between the two models are due to differences in the cryo-EM density maps 

and may not represent actual structural differences between the two species, but are possibly 

due to artifacts due to different sample preparations and data collection as well as 

processing.
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Figure 3. Summary of CXMS results for human and yeast TFIIH
A) Map of the identified inter-protein crosslinks for human (red lines) and yeast TFIIH (blue 

lines). Aligned sequences of human (bottom) and yeast (top) subunits are shown. Known 

and predicted structural domains are indicated as well as the positions of conserved 

topological regions identified in this study (orange bars). B) Summary of identified domain-

domain crosslinks for human and yeast TFIIH. The thickness of the line is proportional to 

the number of crosslinks identified for each domain-domain linkage. The number of 

crosslinks supporting each domain-domain linkage is provided.
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Figure 4. Crosslinks involving p62/Tfb1, XPD/Rad3, p44/Ssl1, and p34/Tfb4
Identified inter- and intra-protein crosslinks for human (red lines) and yeast (blue lines) 

homologs are mapped onto their aligned sequences. Known and predicted structural 

domains are indicated as well as the position of the p62/Tfb1Anchor region (red bar).
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Figure 5. The p62/Tfb1 Anchor region is essential for the structural integrity of TFIIH
A) Schematic of the Tfb1 serial deletions analyzed in this study along with results of growth 

and UV sensitivity assays. Red bar indicates lethal phenotype. B) Results of IP-western 

analyses of Tfb1 domain deletions. The results are normalized to IP levels in the wild type 

Tfb1 strain. Error bars represent SEM for n = 3. C) Co-immunoprecipitation analysis with 

flag-tagged WT p62 (lane 2) or Anchor region deletions 292–328 (lane 3) or 328–432 (lane 

4) in HeLa cells. CTRL: untransfected cells (lane 1). Note human p62 residues 292–328 and 

328–432 align to yeast Tfb1 residues 359–397 and 397–505, respectively.
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Figure 6. Schematic model of TFIIH subunit organization highlighting conserved topological 
features
The conserved topological features identified in this study are underlined. Subunit coloring 

scheme is the same as in Figure 2.
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Figure 7. Mapping disease-associated mutations in XPD onto the human TFIIH models
Average placement of XPD without its C-terminal domain (precision of 8.5 Å) in the human 

TFIIH models is shown on the left. Disease-associated mutations in XPD are shown as red 

spheres. The location of the subunits in the context of core TFIIH is indicated by the grey 

rectangle on the right.
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