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Abstract

Swi2/Snf2-type ATPases broadly regulate genome-associated processes such as transcription,
replication and repair by catalyzing disruption, assembly, or remodeling of nucleosomes or other
protein:DNA complexes!2. ATP-driven motor activity along DNA has been suggested to disrupt
target protein:DNA interactions in the remodeling reaction3-2. However, the complex and highly
specific remodeling reactions are poorly understood, mostly because we lack high-resolution
structural information on how remodelers bind their substrate proteins. Mot1 (modifier of
transcription 1, denoted BTAF1 in humans) is a Swi2/Snf2 enzyme that specifically displaces
TATA box binding protein (TBP) from promoter DNA and globally regulates transcription by
generating a highly dynamic TBP pool in the cell®’. As a Swi2/Snf2 enzyme that functions as a
single polypeptide and interacts with a relatively simple substrate, Mot1 offers an ideal system for
a better understanding of this important enzyme family. To reveal how Mot1 specifically disrupts
TBP:DNA, we combined crystal and electron microscopy structures of Mot1: TBP complexes with
biochemical studies. Here we show that Mot1 wraps around TBP and appears to act like a bottle
opener: a spring-like array of 16 HEAT (huntingtin, elongation factor 3, PP2A and lipid kinase
TOR) repeats grips the DNA distal side of TBP via loop insertions, while the Swi2/Snf2 domain
binds upstream DNA, positioned to weaken TBPs DNA interaction by DNA translocation. A
“latch” subsequently blocks TBP’s DNA binding groove, acting as a chaperone to prevent DNA
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re-association for efficient promoter clearance. This work shows how a remodeling enzyme can
combine both motor and chaperone activities to achieve functional specificity using a conserved
Swi2/Snf2 translocase.

Mot1 is highly conserved among eukaryotes and consists of an approx. 90-140 kDa N-
terminal TBP binding region with predicted HEAT repeats followed by an approx. 60-70
kDa C-terminal Swi2/Snf2 type ATPase domain®®. To provide a structural framework for a
remodeler-substrate complex, we determined the crystal structure of Encephalitozoon
cuniculi (Ec) Mot1 N-terminal domain (MotINTP: comprising the HEAT domain, residues
1-779, lacking the ATPase domain, residues 780-1256) in complex with full length EcCTBP
to 3.1 A resolution (Fig. 1, Suppl. Table 1). EcMot1 possesses the characteristic sequence
and biochemical features of Saccharomyces cerevisiae (Sc) Motl and human BTAF1,
including TBP and DNA-stimulated ATPase activity, TBP binding via its HEAT domain,
and — most importantly — ATP-stimulated TBP displacement from TATA DNA (Suppl.
Figs. 1, 2).

The EcMotINTP consists of a highly elongated stretch of 16 HEAT repeats (HRs), arranged
in a horseshoe shape with approx. 95 A x 85 A x 40 A dimensions and forms a specific 1:1
complex with ECTBP (Fig. 1). Remarkably, Mot1 wraps around one side of the
pseudosymmetric TBP and grips both the convex protein interacting surface and the concave
DNA binding surface of TBP via several loop insertions in the HR array. This wrapping
interaction enables Mot1 to split the very stable ECTBP dimer that forms in the absence of
DNA0 and that we observed biochemically and in a separate crystal structure of ECTBP
alone at 1.9 A resolution (Suppl. Fig. 3a, Suppl. Table 1). Despite this dual sided grip, Mot1
does not substantially alter the structure of TBP per se, since ECTBP bound to Mot1, EcCTBP
in the TBP dimer and, ScTBP bound to DNA are all very similar (Suppl. Fig. 3c—f). This
suggests that remodeling of TBP does not proceed via changes in TBP structure as a simple
consequence of Mot1 binding, but requires the ATP-dependent action of the Swi2/Snf2
domain.

Since promoter-bound TBP has its DNA binding surface occupied, Mot1 uses highly
complementary HR loops to recognize the convex protein interaction surface of TBP (Fig.
2a). a-helices H1TBP and H2TBP are bound by the loop of HR 4 (residues 209-221) and by
interactions with a13 in HR 5 and a15 in HR 6. The majority of these interactions are ion
pairs between R46BP R48TBP RG5TBP R96TBP K99TBP K103TBP and D212Motl
D215Motl p21Motl Qa5eMotl pogoMotl gang D292Motl (Suppl. Table 2). In addition,
F213Motl hinds to a hydrophobic cleft between H1, H2 and p-sheet S2 and provides a
hydrophobic anchor, while F210MOtl and W255Motl pack against the side chains of R48TBP
and K103TBP.

These interactions are evolutionary well conserved (Suppl. Fig. 4a; Suppl. Table 2) and
supported by functional data in vivo and in vitro. For instance, K1455€TBP (K103ECTBP) js an
essential residue for stabilization of the ScMot1:ScTBP interaction8. We mutated K103 in
EcTBP and observed that EcTBPX193E fajled to form a stable complex with EcMot1NTD in
vitro (Fig. 2b). Moreover, mutation in D365 (D212E¢Motl) jnactivated ScMot1 function in
vivo and abolished the Mot1:TBP interaction in vitro®. Mutations in SCTBP K138 also
impaired the interaction with ScMot1, consistent with the projection of the homologous side
chains into the EcMotINTP:EcTBP interface81. The distribution of residues along the
length of the EcMotINTD is also consistent with prior work showing that broad segments of
the ScMot1 and BTAF1 N-terminus are important for stable interaction with TBP8:9.12,
Thus, the specific interaction interface between the Motl HRs and the convex surface of
TBP is well suited to provide specific recognition of the TBP surface in the TBP:promoter
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complex, explaining why Mot1 specifically targets TBP:DNA and not other protein:DNA
complexes.

Unexpectedly, TBP’s concave DNA binding surface, obviously accessible only when TBP is
displaced from promoter DNA, is bound by Mot1 as well (Fig. 2c). A long “latch” located
between HRs 2 and 3, protrudes from the side of Mot1 distal to TBP, and wraps all the way
around the side of Mot1 and TBP. Remarkably, its tip (residues 101-130) substitutes for
interactions made by four base pairs at and immediately downstream from the TATA
sequence (Fig. 2d). A set of hydrophobic interactions matches the hydrophobic nature of
TBP’s DNA binding groove. For instance, the side chain of M109MO°t replaces a
deoxyribose moiety in binding to F57TBP, a prominent and highly conserved DNA binding
residue of TBP. The main chain of residues 118-129 folds along the position of the
backbone of the coding DNA strand, with side chains often placed at positions occupied by
base and sugar moieties. F123Motl replaces a deoxyribose moiety and stacks with the
conserved Q1167BP while F129MotL replaces a base moiety that interacts with the aromatic
pair F57TBP and F74TBP,

To test the function of the latch, we generated EcMot1 Al2tch and EcMot1NTD Alatch myants
that lack residues 96-132. Both proteins can still interact with ECTBP with approx. equal
Mot1:TBP molarity (Suppl. Fig. 4b). This observation suggests that ECTBP is mainly bound
by acidic loops of Mot1’s HR 4-6. However, the latch might prevent TBP rebinding to DNA
(after DNA dissociation) and homodimerization by saturating the exposed, hydrophobic
DNA binding cleft of TBP (see Suppl. Fig. 3b). Indeed, whereas EcMot1INTD forms a
heterodimer with ECTBP, we find that EcMot1NTP Alatch forms a 2:2 complex with ECTBP
(Suppl. Table 3). The most likely explanation is that two EcMot1NTP Alatch mojecules bind
the ECTBP dimer, but fail to dissociate the TBP dimer due to the absence of the latch. Since
EcMot1 Alatch jn complex with EcTBP doesn’t show a substantially increased hydrodynamic
radius compared to the WT complex in gel filtration (Suppl. Fig 4b), it is likely that the
Swi2/Snf2 domain sterically prevents dimerization of EcMot1 22N yia TBP dimers.

Thus, while one function of the latch might be to keep TBP in a monomeric state, a perhaps
more intriguing role of the latch is to interfere with DNA binding by TBP. To test this, we
analyzed the ability of the EcMot1 A13th protein to bind to the TBP:DNA complex. In
contrast to wild-type EcMot1, EcMot1 A1a°h formed readily detectable ternary complexes
with EcCTBP and DNA (Fig. 2e, f), indicating that the latch makes the association of EcMot1
with EcCTBP:DNA less stable. Although it binds TBP:DNA more efficiently, EcMot1 Alatch
was notably impaired in ATP-dependent TBP:DNA dissociation (Figure 2e—g, Suppl. Fig.
4d, e). This was not due to a defect in the ATPase activity (Suppl. Fig. 4g). Moreover, when
combined with ECTBP prior to DNA addition, EcMot1 inhibited DNA binding by ECTBP
(Fig. 2f, Suppl. Fig. 4e). EcMot1NTP also inhibited DNA binding by ECTBP in a reaction
that required the latch (Suppl. Fig. 4c, f). However, the latch was not essential for inhibiting
the ECTBP:DNA interaction in the context of the full-length EcMot1 protein (Fig. 2f, Suppl.
Fig. 4e), indicating that both the latch and ATPase domains can modulate ECTBP DNA
binding activity. Taken together, the data suggest that the latch has “chaperone” activity that
regulates macromolecular interactions with TBP’s hydrophobic groove. Since DNA and
latch binding to TBP are mutually exclusive (Fig. 2d), it is unlikely that the latch initially
disrupts the TBP:DNA complex. Consistent with this, EcMot1 21ah was able to displace
TBP from DNA using ATP, but the overall level of displacement was increased by the latch
(Fig. 29). Thus, our combined data can be explained by a physiologically plausible model
where the ATP-dependent action of the Swi2/Snf2 domain remodels TBP:TATA first, and
then the latch blocks the exposed hydrophobic groove to prevent rebinding.
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To reveal the architecture of the whole E. cuniculi Mot1:TBP complex including its Swi2/
Snf2 domain, we generated 3D reconstructions of negatively stained EcMot1:EcTBP
particles visualized in electron micrographs (Fig. 3a, Suppl. Fig. 5). The 3D reconstruction
is shaped like a slightly closed “C” with a globular protrusion and is similar to the 3D
reconstructions of the human TBP:BTAF1 complex!3. To unambiguously locate the Swi2/
Snf2 domain, an EcMot12CT:EcTBP complex was imaged, in which the C-terminal half of
the Swi2/Snf2 domain was truncated (Suppl. Figs. 5, 6¢). We find that the prominent
protrusion is missing from this complex, suggesting that this protrusion corresponds to the
C-terminal half of the ATPase (Fig. 3b). Finally, we imaged Mot1 without TBP (Suppl.
Figs. 5, 6b). Although Mot1 alone is evidently more flexible and adopts a slightly different
conformation than in the Mot1: TBP complex, not unexpected for a large HEAT array, a
particular lateral density patch was seen to be missing, thereby defining the location of TBP
in the complex. Altogether, these data allowed us to convincingly rigid body dock the
MotINTD:TBP crystal structure into the EM density (Suppl. Fig. 6a).

To corroborate this placement, we superimposed TBP in the crystal structure with the
ScTBP:DNA complex and extended the ends of the DNA with generic B-form DNA.
Indeed, the “upstream” DNA protrudes toward the electron density corresponding to the
Swi2/Snf2 domain in the EM 3D reconstruction (Fig. 3f). Our model predicts that the Swi2/
Snf2 domain contacts the DNA around 10-17 bases upstream from the TATA sequence,
well positioned to translocate along the minor groove of the DNAS3. This is in good
agreement with previous crosslinking results and satisfactorily explains why a duplex DNA
extension is required upstream of the TBP binding site for formation of a catalytically active
yeast Mot1: TBP:DNA complex!412, To further validate this model, we localized the region
of yeast Motl proximal to the upstream DNA using FeBABE-mediated hydroxyl radical
cleavagel® (Suppl. Fig. 7a and Fig. 3c). As predicted by the model, FeBABE molecules
positioned within a 9 bp DNA segment immediately upstream of the TATA sequence
generated multiple specific C-terminal Mot1 fragments (cleavage in the Swi2/Snf2 domain),
while no cleavage products were detected without FeBABE or when FeBABE molecules
were conjugated to DNA upstream of this region or downstream of the TATA sequence
(Fig. 3d,e and Suppl. Fig. 7b).

Our combined data suggest that Mot1 recognizes TATA-bound TBP by binding to the
positively charged TBP surface at H1 and H2, and by binding of the Swi2/Snf2 domain to
the minor groove of upstream DNA. We suggest that ATP-dependent groove tracking of the
Swi2/Snf2 domain initially disrupts TBP:TATA, followed by binding of the latch to the
exposed hydrophobic groove of TBP and full dissociation of Mot1:TBP from DNA (Fig.
4a). In this model, consistent with the translocation direction inferred for nucleosome
remodeling enzymes!’, the Swi2/Snf2 domain “pulls” on TBP. Alternatively, the Swi2/Snf2
domain might “push” TBP. The precise tracking directionality must await future studies,
although the proposed two-step displacement could occur by translocation in either
direction. In any case, the rotational force generate by even tracking a few base-pairs of
DNA by the Swi2/Snf2 domain could sufficiently lift TBP from DNA such that the latch can
bind. The energy of a few ATP-dependent translocation steps could be stored elastically in
the HEAT repeats. In this way Mot1 would act like a bottle opener to lift TBP from DNA,
with the acidic loops functioning as the head, the HRs as the handle, and the Swi2/Snf2
domain as the twisting hand.

Since TBP exists in many different complexes that could be substrates for Mot1’s
remodeling activity, we compared the Mot1: TBP complex with other structurally
characterized TBP complexes. The HEAT domain of Mot1 would be able to interact with
TBP:TFIIB:DNA complexes as well as with TBP:NC2:DNA complexes (Fig. 4b). The
compatibility of Mot1 and NC2 binding to TBP-DNA is consistent with numerous in vitro
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and in vivo results818-21 including recent genome wide chromatin co-localization of Mot1
and NC220, In contrast, Mot1 sterically overlaps with TFIIA, explaining how Mot1 and
TFIIA compete for binding to TBP (Fig. 4c)10.11.22 n addition, Mot1 evidently also clashes
with Brfl, a subunit of the Pol Il initiation factor TFIIIB (Fig. 4c), while we do not see any
clashes with a recent TBP-TFIIB-Pol I1 preinitiation complex (PIC) model (Suppl. Fig.
8)23:24 Thus, these comparisons suggest that Mot1 can act on specific subsets of PICs in
addition to TBP alone. These may include minimal PICs and incomplete PICs as well as
NC2-repressed TBP complexes, while perhaps PICs, which include TFIIA and TAFs, or Pol
I11 PICs (containing Brfl), may be excluded from regulation by Mot1.

The discovery of the latch and its role in reducing DNA binding and TBP dimerization
indicates that Mot1 evidently not only displaces TBP, but blocks its hydrophobic surface
patch to prevent interactions with DNA or other factors that bind to the concave surface.
This activity argues that Mot1 acts as a TBP “chaperone” to control its interaction with other
macromolecules. Mot1 might hold TBP in a diffusible state, explaining how it helps to
rapidly redistribute TBP between different promoters and binding sites in the genome.
Redistribution between promoters requires large diffusion steps between chromosomes and
chromosome loops in trans, as opposed to sliding along DNA in cis, which is likely part of
the repression mode of NC225. This model is supported by the important role of Mot1 on the
high cellular mobility of TBP8.7 and by early findings that substantial proportions of TBP
reside in a stable complex with Mot1 in HeLa and yeast cell extracts26:27,

The necessity of the peculiar Mot1:TBP interactions might come from the high affinity
hydrophobic DNA binding mode of TBP as well as the necessity to tightly regulate its
binding to specific sites in the genome, while preventing non-specific DNA interactions.
Thus, a combination of motor and chaperone functions could be a more general feature of
remodeling systems that deal with the assembly or disassembly of sticky proteins from
DNA. In other systems, remodeling and chaperone functions may be provided by separate
factors, as seen for example in the cooperation of the SWI/SNF nucleosome remodeling
complex and Asflp histone chaperone?8.

In summary, the results here provide a high-resolution view of how a Swi2/Snf2-type
remodeler interacts with its substrate, show how the conserved ATP-dependent DNA
translocase module can be used to generate the high functional specificities within the large
and diverse family of Swi2/Snf2 enzymes, and provide a testable mechanism for a
remodeling reaction.

Methods Summary

Recombinant proteins coding for full-length EcMot1 (residues 1-1275), ECTBP,

EcMot1 A CT (residues 1-1016), EcMotINTD (residues 1-779) and EcMot1 Alatch (A96-132)
were produced in E. coli or in insect cells. Protein purification was conducted using standard
methods and proteins were crystallized by hanging drop vapour diffusion. ECTBP crystals
diffracted to 1.9 A resolution and were measured at the Swiss Light Source (SLS, Villigen).
Native data of crystals from EcMot1NTP:EcTBP diffracted X-rays to 3.1 A, and were
collected at the European Synchrotron Radiation Facility (ESRF, Grenoble). Derivative
crystals of selenomethionine labelled EcMot1NTP:EcTBP were collected to 3.3 A at the
SLS. The structure of ECTBP was solved by molecular replacement using yeast TBP (1TBP)
as a search model. The structure of EcMot1NTP:EcTBP was determined using selenium
single-wavelength anomalous dispersion in combination with molecular replacement with
the ECTBP structure as a partial model. EcMot1:EcTBP in presence of 2mM ADP and
beryllium fluoride (ADP-BeF3™), EcMot1E912Q (Walker B mutant of EcMot1 instead of
wildtype was used due to enhanced stability) or EcMot1 ACT:EcTBP were used for negative
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stain (2 % uranyl acetate) electron microscopic studies and micrographs were recorded on a
Tecnai G2 Spirit TEM at 120 kV. Size exclusion experiments were performed on Ettan LC
system (GE Healthcare, Superose 12 PC 3.2/30). FeBABE (Dojindo) was conjugated to 68
bp DNA duplexes, based on the sequence of the adenovirus major late promoter.
Biotinylation of the top strand’s 5’ end allowed the duplexes to be bound by streptavidin
beads. Following FeBABE conjugation, TBP and Mot1 were loaded onto the modified
DNAs and cutting was initiated by addition of ascorbic acid and hydrogen peroxide.

Full Methods and any associated references are available in the online version of the paper
at www.nature.com/nature.
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Figure 1. Overview of the EcMotINTD EcTBP structure

Panels (a) and (b) show the structure of the EcMotINTP:EcTBP complex in ribbon
representation with highlighted and annotated secondary structure. The HEAT repeats (HR)
of EcMotINTD are colored in yellow and non-HEAT repeat insertions in orange. The latch
and the loops of HR 4 to HR 6 are highlighted in magenta. ECTBP is colored in blue. Two
loops not traced by electron density are indicated by dashed lines.
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Figure 2. Details of the interaction interfaces and latch function

a, Close-up view of the EcMot1:EcTBP interaction (color scheme of Fig. 1) b, Wildtype
EcTBP and EcMotINTP (green) can form a stable complex, whereas EcTBPK103E mytant
doesn’t coelute with EcMotINTP (pink) in size exclusion chromatography (Suppl. Fig. 1b).
EcMot1’s latch (pink, shown in panel c) overlaps with the DNA-binding region (shown in
panel d) of ECTBP (blue). Some bases of the superimposed DNA (wheat, from pdb 1YTB29)
were omitted. e, f, EMSAs (for corresponding quantitations see Suppl. Fig.4). EcMot1 Alatch
formed stable ternary complexes with ECTBP:DNA (lane 5). However, while wildtype
EcMot1 largely cleared the DNA probe of bound TBP in an ATP-dependent reaction (lane
4), EcMot1 Alatch was |ess efficient in TBP removal (lane 6). f, EcMot1 was incubated with
EcTBP after (A) or prior to the addition of DNA (B). Preincubation of the two proteins
inhibits TBP’s ability to bind DNA. g, EcMot1 Alach was capable of less efficient
EcTBP:DNA dissociation than wild-type EcMot1. ATP was added to preformed
EcMot1:EcTBP:DNA or EcMot1 Alatch:EcTBP:DNA ternary complexes, and the proportion
of free DNA was quantified by EMSA at various times thereafter. Data represent mean and
standard error from two independent experiments.
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Figure 3. 3D reconstruction of the EcMot1:EcTBP complex and model of the
EcMotl:EcTBP:DNA complex

a, Two views of the EcMot1BeF:EcTBP density. ADP-BeF3;~ was added due to assumed
stabilization of the ATPase domain b, Subtraction map (red) between EcMot1BeF:EcTBP
(grey mesh) and EcMot1 ACT:EcTBP density maps. ¢, DNA probes with phosphorothioates
(green/grey lollipops) used in FeBABE cleavage assays. d, FeBABE-mediated cleavage of
Mot1 analyzed by Western blot30 with approximate sizes of the cleavage products in kDa. e,
Summary of FeBABE results. Stars represent approximate sites of cleavage mediated by
FeBABE conjugated to the DNA upstream of the TATA Box. f, Model of the

Mot1: TBP:DNA complex. Electron density map of EcMot1BeF:EcTBP complexes with the
crystal structure of EcMotINTP:EcTBP including a superimposed elongated DNA from
ScTBP:DNA complex (LYTB). Bases that represent 5-1 dU substitutions used for
crosslinking ScMot1 to DNA® and bases that represent FeBABE probe 4Fe (Suppl. Fig. 7a)
are colored in magenta and green, respectively. Positions of FeBABE conjugation that did
not produce cleavage are colored in gray. The position of the Swi/Snf2 domain of Motl is
indicated as an orange mesh.
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Figure 4. Proposed remodeling mechanism

a, Proposed mechanism of Motl mediated displacement of TBP from the DNA. b,c, Models
of possible Mot1 substrates generated by superimposing the EcMot1:EcTBP crystal
structure on other TBP containing structures. b, Possible Mot1 (yellow) substrates are TBP
complexes with TFIIB (pdb code 1AIS) and NC2 (pdb code 1JFI). The Motl latch is
omitted from the structure but drawn as a cartoon. ¢, Sterically impossible Mot1 (indicated
in yellow) substrates are TBP complexes with TFIIA (pdb code 1INH2) or TFIIIB subunit

Brfl (pdb code INGM).

Nature. Author manuscript; available in PMC 2012 February 9.



