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SUMMARY

1. SUMMARY

Motl is an essential factor that in response tospggical signals regulates global
redistribution of TATA box-binding protein (TBPhereby ensuring rapid and tight control of
the transcription process in eukaryotes. Motl hgdoto Swi2/Snf2 family (Swehing
defective/Sicrose_opnfermenting_2 of helicase-like translocases, which form a lasgel
diverse class of proteins playing important roleNA replication, recombination, repair,
and transcription. Despite all the efforts, it & mlear how Swi2/Snf2 ATPase motors couple
nucleotide binding and hydrolysis to alteratiorpoftein—-DNA contacts in their substrates.

Crystal structure of the N-terminal HEAT repeat @gamof the Encephalitozoon
cuniculi Motl (Mot1V™®) in complex with TBP showed how Mot1 binds tostsbstrate after
the remodeling reaction has taken place (“produothplex). This work presents the 3.8 A
X-ray structure of théE. cuniculiMot1™™® in complex with TBP, DNA, and NC2, another
transcriptional regulator, thereby providing thestfiatomic view at a Swi2/Snf2 remodeler
bound to its protein and DNA substrate in a singdeplex. The analysis of the structural
data suggests that ATP-dependent dissociationobéiprsubstrates from DNA is preceded by
Motl-induced ATP-independent destabilization of tReBP-DNA and NC2-DNA
interactions. Second crystal structure describatii;thesis, th&. cuniculiMotlN"°-TBP—
NC2 complex at 3.3 A resolution, represents so faharaxcterized dimeric assembly in
which the histone fold domain of the NCZ2subunit adapts unexpectedly extended
conformation. Protein—protein crosslinking couptednass spectrometry experiments (CX-
MS) performed on the Motl-TBP-DNA-NC2 complex ire tipresence of different
nucleotides enabled to statistically determinertiationship between the conformation and
the nucleotide state of the ATPase domain of MMt{“™®). Combination of CX-MS and
modeling methods, which was further independerdhyficmed by the negative stain electron
microscopy (EM) studies, provided the means tongethe localization of MofI® within
the full complex. Finally, the structural analyaisd biochemical methods enabled to propose
the pseudoatomic model of the Motl-TBP—-DNA~-NC2 clexp

These results reveal structural and functional lanties between Motl and other

Swi2/Snf2 enzymes, which are in particular relewamucleosome-related activities applied
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by chromatin remodeling machineriésdditionally, the initial structural data providevel

insights into possible distinct roles for Mot1 aX@2 in transcriptional regulation.



INTRODUCTION

2. INTRODUCTION

Regulation of transcription in eukaryotes is a higldlynamic process requiring the
coordinated interaction of multiple regulatory @ios. Initiation of transcription by all RNA
polymerases (RNA pol) requires TATA box-binding f@ia (TBP), which is a limiting factor
for this process [1], [2]. Due to extremely londfHike time of the TBP—DNA complex—up
to 50 minutesin vitro [3]—living organisms require rapid and tight regida of TBP’s
redistribution in global response to physiologisiginals.

On class Il promoters, driving the expression obt@n-encoding genes, global
response to physiological signals can be direcitgmated by two conserved and essential
TBP regulators, Motl_(Mdifier of transcription 1, also denoted as BTAF1 in human) and
NC2 (Negative @factor 3, a heterodimer composed ond subunits.

2.1 Motl

2.1.1 Discovery

In addition to the multisubunit RNA pol Il enzymeself, in vitro transcription by RNA
polymerase Il requires a set of at least five ganeanscription factors (GTFs): TBP, TFIIB,
TFIIE, TFIF, and TFIIH [4]. GTFs were first purdd from human whole cell extracts
(WCE) and classified according to their affinity pbosphocellulose column [5]. In human
WCE, two of the distinct GTF fractions, called B4IF and D-TFIID, were shown to
contain TBP and support basal transcripiiowitro [6]. Subsequently, the B-TFIID fraction
was shown to exhibit ATPase activity and, apamnffbBP, to contain a 170 kDa polypeptide
that was not present in the D-TFIID fraction [7]le&rophoretic mobility shift assays
(EMSAs) and DNase | footprinting experiments perfed by the Hahn group on GTFs
purified from Saccharomyces cerevisiadd/CE demonstrated the presence of a factor
responsible for the ATP-dependent inhibition of HBRA interaction [8]. Finally, this
ATP-dependent inhibitor (ADI) was shown to be erembdyMOT1 gene and to function as
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an RNA pol ll-specific repressor essential for geast cell grow [9]-[12]. Subsequently,
other groups published analogous results, identfyieast TBP-associated factor Taf170 as
Motl and TAR170/TAF-172 as its human ortholog [13]-[15]. MotlDrosophila,Helicase
89B (Hel89B), was also partially characterized [16]

As much as 75% of the total TBP pool in human cels shown to be tightly
associated with BTAF1 in the B-TFIID form [6]. Casiently, Wadeet al. reported that even
more than 90% of TBP pool in yeast is Motl-bound][However, some studies in HelLa
cells showed that Mot1-TBP association is not amdhnt [14]. Correspondingly, Poet
al. showed that only up to 5% of the total TBP poolireonunoprecipitates with Motl in
yeast [13]. Most likely, these discrepancies are thu the differences in the purification

protocols. In any case, no free TBP was found ihaH&CE [6].

2.1.2 Motl functionin vivo

Global analysis of the changes in mMRNA expressopls inmotl-1mutant revealed that the
conditional depletion of Motl upon the shift to penmissive temperature affects
transcription of 11-15% of yeast genes [18], [18]the case of the temperature sensitive
motl-14mutant at permissive temperature, 3% of all ofydast genes tested were affected
[20]. Similarly, approximately 4% of all genes wederegulated in a mouse cell line
defective in the integrity of the BTAF1-TBP compl24].

Although Motl has been first shown to have a nggatnpact on transcription [8],
[9], [11], [22], large body of data demonstrates aotivating role for Motl on certain
promoters not onlyn vitro [23], [24], but alsdn vivoin yeast [18], [19], [25]-[27] as well as
in vivo in mouse [21]. Since both activation and represgiorctions of Motl require its
functional ATPase activity [20], Motl’s localizatioto both activated and repressed
promotersin vivo could suggest that these effects depend on thegteoraontext in which
Motl is found [19]. How could the activity to dissate TBP from promoter lead to

activation of some sets of genes?
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Motl dissociates nonproductive TBP—DNA complexes

Motl associates with multiple positions within tpeotein coding regions of the yeast
genome [19], [28]. This is, however, unusual fortranscriptional regulator. Moreover,
Motl’s conditional loss increases TBP occupancyamy on promoter, but also on coding
sequences [19]. The presence of Motl-TBP complaixesding regions can be explained by
the fact that TBP is known to bind to high-affintpnpromoter sites [3]. Recently published
experiments performed iINSET2and ASF1 strains (impaired for the maintenance of
repressive chromatin) showed synthetic growth ptyges caused by anchor-away depletion
of Motl, thereby confirming a role for Motl in suppsion of intragenic transcription [30].
Motl conditional depletion was also found to redualthigh levels of aberrant antisense
transcripts resulting from TBP being incorporatedfunctional PICs at cryptic sites [31],
[32]. Moreover, TBP and Mot1l-TBP complexes werevghdo bind to the TATA promoter
elements defined by the opposite strand, which atssapport functional transcription [29].
Thus, it appears that the ability to release TBipged in nonproductive transcriptional
complexes at the promoter and/or nonpromoter sitegdd at least partially account for

Motl's activation function.

Motl nucleates alternative PIC assemblies

Numerous chromatin immunoprecipitation (ChIP) stgdand mRNA expression profiling
arrays have shown that Motl's and TBP’s occuparscyarticularly high not only on
promoters that are characterized by lowered bot@thanced mRNA expression levels [18],
[19]. Therefore, it has been proposed that on spromoters Motl could directly contribute
to the transcription initiation process in a pa®timanner. This question was further
addressed in the analysis of GTFs association td ' Btarget promoters under normal and
stress conditions [33]. Sequential ChIP data shalvatlunder normal conditions Motl does
not occupy promoters with TFIIA, TFIIB or RNA pdl However, significant co-occupancy
of Motl, TFIIB and elongation-competent RNA polwvias observed upon heat shock or
under hyperosmotic conditions. Therefore, is hasnbgroposed that under environmental
stress conditions Mot1 could be involved in thenfation of distinct forms of PICs [33].
Further support for this hypothesis was shown ey Alable’s group, where Motl-
activatedBNA1 and URA1 promoters in WT andnot1-42 cells were investigated [34].
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Conditional depletion of Motl caused increased T&Rls at these promoters, whereas
TFIIB and RNA pol Il occupancy as well as mRNA |&/evere greatly decreased. These
findings indicated that, in order to activate thesemoters, Motl is not necessarily required
to load TBP, but rather directs the formation ohdtional PICs [34]. More detailed
functional and structural characterization of tH&®AL1 promoter also performed by the
Auble’s group showed that Motl’s positive functiahURA1is partially facilitated by the
displacement of improperly oriented TBP [29]. Howevthe activation of the analyzed
promoter was still Motl-dependent, even if a coeaenTATA box sequence in proper
orientation was introduced instead of the endogsmmme [29]. Thus, although fixing TBP’s
reverse orientation was critical for the activatmmJRA1, Motl-catalyzed redistribution of
TBP’s orientation does not entirely account for #utivator role further supporting the
hypothesis for a direct role of Motl in PIC assgmbl

Taken together, according to some results, Motl-€&Mmplex on some promoters
appears as a form of transcriptionally active TBRttforms preinitiation complexes
analogous to TFIID. At activated promoters Motl Idouse the energy from ATP hydrolysis
to reorganize PICs by inducing a conformationalngjgain the TBP-containing complexes
[20]. Alternatively, Motl at activated promotersubd use a novel enzymatic activity, which

has not been yet characterized.

Motl redistributes TBP between the TATA and TATAderomoter sites

The first hypothesis that Mot1-dependent effectsranscription are affected by the presence

or quality of the promoter sequence was after Mt shown to be required for efficiant
vitro transcription from yeadtllIS3 TATA-less but noHIS3 TATA-containing promoter [19],
[24], [35]. A similar trend was observed Drosophila where by RNAI depletion it was
shown that TATA-containing promoters are prefewmdhti repressed and, conversely,
DPE-dependent promoters are preferentially activdty Motl [36] This led to the
hypothesis thaMotl represses transcription from TATA promotersl activates TATA-less
transcription by redistribution of TBP.

Importantly, functional TATA elements are enrichedong heat shock promoters; on
the contrary, the TFIID-dominated promoters, whittive the expression of housekeeping

genes, do not generally possess canonical TATAD{#&), [37]. Indeed, most of the Motl-
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repressed genes (77%) are induced during the dialnit, as part of environmental stress
response or during mating and sporulation [20]. &@mple, a very elegant study involving
ChIP and time-dependent monitoring of mRNA levelSTATA box-regulatedHSP26gene
(coding for small heat shock protein) performed\i andmotl mutant strains showed that
Motl—although originally identified as the repreassb this geng20]—in fact antagonizes
the heat shock-activated stateHf8P26[34]. Analogous conclusions have been drawn after
the analysis of the same promoter during its hbatls activation in Motl-depleted cells
using anchor-away approach [26]. Recent TBP ORGANIiling experiments (sequencing
of occupied _egions of _gnomes from_féinity-purified naturally solated _bromatin)
performed inmotl-42strain at restrictive temperature additionally destcated that over
80% of the sites characterized by increased TBRpatwy possess robust TATA boxes [28].
The differential sensitivity of Motl-affected proteess seems to be related to their
regulation by different co-activator complexes. Baample, genome-wide studies reported
high co-occupancy of Motl and SAGA (Spt—Ada—Gcnbtytransferase) complex at the
target genes during acute heat shock [B&jreover, the TBP-interacting Spt3—Spt8 SAGA
module was shown to be essential for the Motl renant to some promoters [39].
Additionally, yeast SPT3mutation causes synthetic lethalityrmotl1-24[25] and synthetic
sickness irmot1-1background [39]. Analogously, anchoring Motl i8PT7 or SPT3/SPT8
mutant yeast cells causes synthetic lethality,hrrtsuggesting a functional interaction
between Motl and SAGA complex [26]. What factore aesponsible for the Motl's

recruitment to TATA-less promoters still awaitsther investigation.

Motl and requlation of RNA pol I- and pol lll-drimgranscription

Although RNA pol Il promoters often have consensUATA elements that affect
transcription via the specific DNA-binding activityf TBP [40], [41], initial studies of
selected RNA pol | and RNA pol llI-transcibed praers showed that they are not regulated
by Motl [9], [24]. However, more recent studiesluaing higher number of promoters point
out at a possible direct role for Motl in rRNA tsaription and processing [42]. Furthermore,
pull-down experiments performed with the N-termirafsDrosophila Hel89B showed that
this factor can not only bind to dTBP but also tBPFrelated factor-1 (dTRF-1) [43].
Analogously, next to yeast and human TBP, the Nitaus of human BTAF1, although with
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slightly reduced efficiency than hTBP, binds to dFR [44]. Therefore, although Motl's
regulatory role has been mostly linked to its attiat promoters of protein-encoding genes,
a possible functional link between Motl and traipgion by other RNA polymerases is not

entirely excluded and needs to be analyzed on ange+wide scale in more detail.

2.1.3 Structural organization of the Mot1-TBP compéx

Mot1-TBP interaction controls Motl’s nuclear localion [43], is required for the
stimulation of the Motl's central ATPase activity4], [45]-[47], and delineates Motl’s
essential functiomn vivo [22], [37], [43]. In yeast, overexpression of TB& suppress the
negative-dominant phenotype of the C-terminallyntated Motl mutants, which form
dead-end Mot1-TBP-DNA complexasvitro [45]. Correspondingly, the N-terminal part of
human BTAF1 was shown to be important for TBP'©gadtion in yeast two-hybrid assay
[44]. Interestingly, TBP mutations localized notlyoon the convex, but also on its concave,
DNA-binding surface abolish Mot1-TBP interactio8]4[49].

The first structural information that supported tn@med aboven vitro andin vivo
results was obtained from the electron microscapgliss (EM) of the native as well as
recombinant human BTAF1-TBP complexes publishedlioymers and co-workers [50].
The 28 A negative stain reconstructions supportedrbomunolabeling revealed that Motl
adopts an elongated shape with N-terminal TBP-bgdhumb followed by a large globular
domain corresponding to the ATPase portion at ther@inus (hereafter referred to as
Mot1“™). A more detailed picture of the Mot1-TBP compteganization was revealed after
the crystal structure of the N-terminal domainEsfcephalitozoon cunicuMotl’s ortholog
(Mot1V™®| residues 1-778) in the complex with full-lengtBFT solved at 3.1 A resolution
was published by the Hopfner group [47]. The citystiaucture confirmed previous structural
predictions [43] and showed that the N-terminal p&aiMotl consist of an elongated stretch
of -helices organized in an array of HEAT uiiingtin, déongation factor-3, protein
phosphatase 2A lipid kinase OR) repeatsKigure 1). Acidic loops of the HEAT repeats 4
to 6 were shown to bind to the convex surface oP,Twhile a “latch” loop,
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B HEAT repeats (Mot1N™P)
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778 ATPase (Mot1“'®)
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Figure 1. Crystal structure of the Encephalitozoon cuniculiMot1N"™°~TBP complex.

(A) The crystal structure of tHe. cuniculiMot1N"°—TBP “product” complex reported to 3.1 A resoluti@].

TBP is shown in blue. The HEAT repeats of M3fLare shown in yellow, annotated as HR and numbered
accordingly. Non-HEAT repeat parts, including thedrtion domain and last C-terminal helix of thgstallized
construct are shown in orange. The latch regicsh@wvn in magenta. N- and C-terminal ends of thelMGt
construct are annotated as N and C, respecti(®)yDomain organization of the full-lengt. cuniculiMot1
visualizing the boundaries of the crystallizatiomnstruct comprising the residues 1-778 (markedréerm).
RecAl and RecA2 subdomains of Mot are represented in pink and purple, respectiidlg color code of
the restis as in (A).

protruding from between the HEAT repeats 2 and & shown to shield the TBP’s concave
site. Additional biochemical characterization of " and MotI'™® " mutants (97—
131) showed that the latch does not only shield '§BBncave site preventing from TBP’s
re-association with DNA. The latch, apart from lgean important structural element, was
found to be required for the TBP-stimulated MotREPase activity [47]. In addition,
deletion of the latch region impaired Mot1’s alyilib dissociate TBP—DNA complexes in an
ATP-dependent reaction, thereby proving a suggesfmr its important role in the
dissociation mechanism [47]. Moreover, Mot1 bindsig to TBP clearly overlaps with the
TFIIA binding site [47]. Thus, the structural dabso explained the antagonistic effect of
Motl and TFIIA [8], [44], and supported the hypatisethat Motl could form distinct PICs
functionally replacing some GTFs [29], [34], [33].
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2.1.4 Underlying molecular mechanism of Mot1 action

Motl is a Swi2/Snf2 family member

Based on the conserved motifs that are involve@aupling of nucleoside triphosphate
(NTP) binding and hydrolysis to their DNA- and RNg#lated functions, helicase-like
proteins are classified into six superfamilies (S&#6), which can be further divided into
distinct families [51], [52]. As shown iRigure 2, Motl is a member of the Swi2/Snf2 family
(Switching defective/8crose onfermenting 2, forming a large and diverse class of proteins
within the SF2 supefamily. A more detailed phylogeaic classification of the Swi2/Snf2
members, based on the similarities within the comxk motifs and the presence of
family-specific insertions, additionally distingbiss 24 distinct subfamilies [52]. The
differences among some groupings are apparenirergquirements for the stimulation of
the ATPase activity [53].

Swi2/Snf2 enzymes play important roles in varioasib cellular processes like DNA
replication, recombination, repair and transcriptidlthough Swi2/Snf2 enzymes very often
act as multiprotein assemblies, some Swi2/Snf2lfamembers are fully active without any
additional subunits, e.g. Chd1 [54], Rad54 [55Mutl [8]. Many prokaryotic and archaeal
relatives are also found among Swi2/Snf2 enzymes, Escherichia coliRapA [56] or
Sulpholobus solfataricuRad54-like protein [57]. Common feature of all SRmbers is the
presence of a conserved catalytical core consistirtggo subdomains that each resembles
the fold of recombination protein RecA with chagadtic helicase-related functional motifs
mentioned above [58]. In addition, each member ggxes auxiliary domains that confer the
specificity of the RecA-like domains for particulamction or substrate. Motl functional
ATPase portion is required for efficient Motl-TBANBR complex formation and its
dissociationin vitro [9], [47], [59]. Moreover, Walker A or B mutants avell as deletion of
Mot1“™® show dominant-negative phenotype in yeast [9]erkgtingly, despite high
sequence conservation within the ATPase regionva2/Snf2 members, swapping of this
region between the family members has been showarty the properties of the remodeling
complex with it [60]. For example, Mot1l-Snf2 and t#elswi chimeric proteins do not
support Motl’s functionn vivo, although they bind to TBP botin vitro and in vivo [45].

This clearly shows that the Swi2/Snf2 motor domaiessential and contains
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Figure 2. Classification of helicase-like proteins.

Classification of putative helicases into superfasj families and subfamilies performed on theidbax
primary structure analyses [51], [52]. Dotted baghtights the subfamily which members of are nairfd
among eukaryotes. The figure is adopted from [52].

residues that are important for the specific actibeach family member.

Motl does not appear to remodel nucleosomes

Chromatin remodelers are the largest and the hesacterized group of Swi2/Snf2 ATPases
to date, including SWI/SNF chromatin remodeling ptew and its Swi2/Snf2 catalytic
subunit, the prototype family member. Chromatin edelers are multisubunit assemblies
with combined molecular weights in the megadaltange, which are able to alter the
chromatin structure, thereby enabling transcripfamtors and RNA polymerase to access the
transcription start sites [61]-[63]. Chromatin refalers act in response to DNA and histone
modifications catalyzing nucleosome slidingcis, transfer intrans, disassembly as well as
histone variant exchange [64].

Consistent with the observation that many Motlteglacnzymes are involved in
regulating chromatin structure in some way, Motldependently of its TBP recruitment—
was suggested to play a direct role in nucleosoemodeling atGAL1 promoter [69].

However, the chromatin structures at thBA1 promoter in WT and Motl-depleted cells
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tested by another group were indistinguishable .[34Yloreover, Motl- and
TBP-immunodepleted yeast chromatin samples werewrshdo be deprived of
nucleosome-size fragments [28]. Therefore, the thgss that Mot1, apart from TBP-related
functions, directly affects nucleosome positioniteg not been well supported so far. Next to
Motl, there are other examples of Swi2/Snf2 enzywidsh function is not directly related
to chromatin, e.g. Cockayne syndrome protein B, @®&nscription-coupled DNA repair
[65]), Rad54 (DNA recombination [66]), Rad 16 (remfide excision repair [67]) or RapA
(recycling of stalled RNA polymerase i coli [68]).

Swi2/Snf2 enzymes translocate along a DNA track

Considering the initial classification of Motl as @NA helicase-like protein [10],
ATP-driven helicase activity leading to the prommdBNA unwinding was among the first
proposed mechanism by which Motl could catalyzedthplacement of TBP from DNA. For
example, ATP-dependent disruption of TBP—DNA cometewas tested on DNA substrates
covalently crosslinked either in the TATA box or time upstream DNA region [46], [70].
However, neither full-length Mot1 nor Mdt1° manifested strand displacement activity, with
and without TBP [8], [46]. Importantly, although maenzymes among SF2 helicase-related
proteins are indeetona fidehelicases, none of the Swi2/Snf2 family members lheen
demonstrated to possess a helicase activity so far.

Despite all the efforts to unravel the moleculasibaf ATP-dependent remodeling, it
is not entirely clear what mechanisms are empldye&wi2/Snf2 ATPase motors to couple
NTP binding and hydrolysis to protein~-DNA conformatl changes. However, DNA
length-dependent ATPase activity measurements apléxt displacement activity assays
suggest that chromatin remodelers, similarly to esather SF2 enzymes, translocate along
dsDNA [71]-[73]. Moreover, translocase activity lobna fidehelicases can be physically
uncoupled from their strand separation activity][#drther supporting the possibility that
Swi2/Snf2 enzymes could exploit translocation a&sghncipal mechanisms. In this process,
the phosphate backbone is used as a track intavedyaunspecific manner. For the prototype
dsDNA tracking SF2 enzyme, EcoR124I, modificationgliscontinuities on the 3'-5' strand
result in more severe inhibition of translocatibar those on the 5'-3' strand [75]. Although

contacts to the 5'-3' strand are not essentiahfuiion, they do play a key role in stabilizing
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the motor on the DNA. Importantly, nucleosome reelod) assays using nicked and gapped
DNA substrates showed that the translocation catdlypy some Swi2/Snf2 members also
predominantly occurs along the 3'-5" DNA strand],[{Z2]. Moreover, both chromatin
remodeling complexes and their isolated catalyscddunits are active on ssDNA substrates
[71], [73]. These findings fully support a model which the SF2 motor contacts are
maintained mainly by one strand of the duplex.

A detailed idea about how Swi2/Snf2 enzymes mightfion is mainly based on the
high-resolution structural information available 8F1 and other SF2 helicases, which are
much better characterized than the Swi2/Snf2 fanullyfortunately, only few structures of
the Swi2/Snf2 ATPase domains are availabigyre 3A). These include: ap. solfataricus
Rad54-like Swi2/Snf2 ATPase portion in complex wadDNA [76]; b) chromodomains and
ATPase portion of ScerevisiaeChromodomain helicase DNA-binding protein 1 (Chd1l)
crystallized in the presence of AT® (AGS) [54]; c)Danio rerio Rad54 Swi2/Snf2 ATPase
domain [77]; and d) full-lengtE. coli RapA [78]. In the first two of the four mentionetie
Swi2/Snf2 motor domains were trapped in inactivefeonations, which—according to the
related SF2 enzymes—would not support proper faomaif the ATP binding cleft [79]. In
other two structures, the ATPase domains adoptiy ¢losed conformation, but neither
DNA nor ATP analog were co-crystallized. Thus, novel insights into e.g. molecular
mechanism of dsDNA tracking or the role of the figrspecific protrusions were revealed.

Still, the limited structural information providesluable information linking the
molecular mechanism applied by Swi2/Snf2 family hwihese applied by other SF2
enzymes. Remarkably, when superimposed via théaridinal RecA folds, the DNA duplex
bound to the SsoRad54-like protein overlays veryl wgh dsRNA bound to the innate
immunity sensors Rig-1 [80] and MDA5 [81]. TheseRd#$A-activated SF2 members,
similarly to Swi2/Snf2 enzymes, do not robustly umivnucleic acid substrates and have
been shown to translocate along dsRNA [82]. Furdnealysis shows that the ssDNA 3’
overhang generated by NS3 and VA®Ana fideSF2 helicases, as well as PcrA [83], a SF1
bona fidehelicase, overlays with the 3'-5' strand of thBNI& bound to SsoRad54-like
protein Figure 3C). Thus, the comparative analysis of the availatdgéa implies that
Swi2/Snf2 family members are likely to use similaechanism as other SF2 helicases and

translocases.
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Figure 3. Crystal structures of nonbacterial Swi2/&f2 ATPase domains.

(A) Crystal structures of Swi2/Snf2 domains. From:|&ft solfataricusRad54-like-DNA complex in an
“open” conformation [76]S. cerevisiaechdl in an autoinhibited “semi-closed” conformat[64] andD. rerio
Rad54 in a “closed” conformation [77]. PDB accessiodes are listed. The structures are orientdu negpect
to the RecAl subdomain. Relative orientations efdbre RecA 1 (pink) and 2 (purple) subdomainsegdiby a
short linker are represented by the black arrovasnify-specific insertion regions, i.e. protrusidtB and 2B,
linker region as well as C-terminal are indicatecblue. The location of AGS bound in the Chdl dtrieis
indicated by the red arrow. Auxiliary domains wemitted. (B) Schematic representation of the subdomain
organization of a Swi2/Snf2 domain. Nucleotide noale binds at the interface formed by core subdogmaiA
and 2A [79]. Color code is as in (A)C) In the S. solfataricusRad54-like protein structure, the N-terminal
RecA subdomain recognizes both DNA strands aloagrtmor groove and the DNA retains essentially Brfo
conformation. The 3'-5’ strand of the DNA duplexcapies a position that is virtually identical teetB-5’
overhangs in the crystal structures of related [s#lizases (see text). The black arrows show trectiim (3'—
5’) in which ATPase domain is thought to translecaliong DNA. Panel (C) was adapted from [84].

Motl and DNA tracking
Consistent with the data available for other SF2yares, DNA tracking was proposed as a

mechanism which could be also applied by Motl [88]this scenario, the presence of the
HEAT repeat region would for example enable Motlstore the elastic tension generated
during translocation process and to push or pdlIT&P from the promoter DNA [47].

Consistent with the fact that M&tP forms primary contacts to the TATA-box containing
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strand [59] and a typical 3'-5’ translocation of2ZS¢nzymes [71], [72], [75], it seems that the
“pulling off” would be a more imaginable possibflit36].

A very elegant study including EMSA and DNase Itfomting experiments clearly
showed that Motl-catalyzed disruption is not blatkey the presence of heterologous
DNA-binding proteins preventing the Mot1-TBP—-DNAngplexes from falling off the ends
of linear DNA substrates [85]. Therefore, the reteaf TBP from DNA by Motl does not
appear to involve highly processive ATP-dependeMADracking over long distances.
However, in the same study it was shown that Mo#k able to transfer from TBP—DNA
complex to another one localized in the upstrearacton [85]. Interestingly enough, this
occurred in the absence of ATP and was not obsewesh the second TATA box was
localized downstream from the preloaded Motl-TBPADdmMplexes. This process was
dependent on an unobstructed path between the TBR-eDmplexes, suggesting that Mot1
could indeed slide along DNA. However, observediltesmight be explained by DNA
looping. Therefore, although a direct clear promf DNA translocation for Motl has not
been shown experimentally, current data certainlydt exclude short-range, nonprocessive
tracking.

Motl utilizes a DNA “handle”

Full-length S. cerevisiaeand E. cuniculi Motl have no specific DNA binding affinity,
regardless of the presence or absence of ATP M@], [[47], [70], [87], [88] and,
consequently, their ATPase activity is not stimedbby DNA alone [9], [46], [47]. Similarly,
human BTAF1 binds DNA very weakly in the absencdBP [14]. In contrast, stimulation
of yeast anckE. cuniculi Motl’'s ATPase activity occurs in the presence BPT[45], [46].
Unlike its fungal orthologs, human BTAF1 is notnstilated by TBP at all, but by a
synergistic action of TBP and DNA [14]. These diéfieces between Motl orthologs are not
well understood, however. DNA alone can activatéBT to some extent, but this activity
comprises only 1% of the activity reported in thregence of both TBP and DNA [14.
cuniculi Mot1 exhibits somewhat mixed behavior, since dvgh higher stimulation by TBP—
DNA complexes than only by TBP [47].

Absence of the DNA-dependent stimulation of MotlP&Ee activity is at odds with

the data which has been accumulated for many Smfi2/8TPases showing robust DNA
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binding and DNA-dependent stimulation [53]. Howewsrast Mot ™ does bind dsDNA on
its own and this interaction is nucleotide-depend&8]. In the presence of TBP-DNA
complexes, Moti'™® was shown to protect the “upstream” (5’ end accaydo the TATA
box-containing strand) region of DNA in DNase | fiponting experiments [8], [59], [70]
and to directly interact with it in DNA—protein ploerosslinking experimens [9] as well as in
FeBABE-mediated hydroxyl radical cleavage assay egrgents [47]. Additionally,
biochemical experiments are fully supported by dtnal data suggesting thgt cuniculi
Mot1“™P localizes to the upstream DNA [47]. However, Mdies not have an upstream or
downstream DNA fragment requirement for complexrfation per se[70], [87]; however,
the presence of the upstream DNA increases thditstaid Mot1-TBP—DNA complexesn
vitro [70], [87]. Moreover, although one study has shawrb’ DNA requirement for Mot1—
TBP-DNA complex dissociation [87], other indepertdexperiments including EMSA [8],
[70], [88], DNase | footprinting [59] and fluorestee anisotropy [88] argue that the
upstream region in critical for the Motl-dependecatalysis. On the contrary,
promoter-flanking regions in the 3' direction frahre TATA box are dispensable for Motl
action [8], [70]. No sequence specificity has besported so far for the formation of stable
Mot1-TBP-DNA complexes or for their disruption. énéstingly, however, not all TBP—
promoter DNA substrates bind Motl with the saméieificy in direct comparison studies,
pointing towards the possibility that base spettifimay somehow contribute to the affinity
[81, [59].

In a very elegant FRET (Forster resonance eneggster)-based approach, it was
shown that the upstream DNA provides a grip meaiiptionformational changes introduced
by Mot1“™, probably propagating them towards TBP [88]. Fitse alterations of the
upstream DNA conformational changes being a direstilt of Mot£™ action could be
transferred towards TBP initiating the changeshm TBP—promoter DNA interaction. Next,
ATP binding could alter the interaction between MdP and the upstream DNA. Finally,
ATP hydrolysis could trigger another conformationethange, for example including
short-range DNA translocation, which would resultthe dissociation of the complex [88].
This model, however, cannot explain why Mot1 iseatol unbend DNA independently of the
upstream DNA [88], to dissociate TBP from DNA sulsts which lack upstream DNA [87]
or why Mot?'™® dissociates TBP—DNA complexes in the absence afif1B[47]. Finally,
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the introduction of single nucleotide gaps in aitbigands of the upstream DNA has no effect
on the ATP-dependent dissociation [70] and Mot1 efficiently dissociate TBP from highly
constrained minicircle DNA substrates [70]. Thirg tipstream DNA “handle” and the TBP—

DNA complex appear to be conformationally uncoupled

Mot1 might directly impact TBP or TATA-box DNA coafmation
EMSA experiments performed on I-C (inosine—cytosswbstituted DNA substrates and
unmodified TATA boxes revealed that although Motuibd all TBP—DNA substrates with

the same affinity, modified nucleic acids did ndficeently support the Motl-dependent

catalysis upon ATP addition [45]. Interestingly, tlddinding affects TBP’s DNA protection
pattern in DNase | footprinting experiments [8]0].7This raised the possibility that Mot1
requires a direct contact with the TATA box in artie dissociate TBP—DNA complexes [45].
In fact, site-specific photocrosslinking of Mot1 DiNA performed in the presence of TBP as
well as TBP’s mutagenetic studies suggested thdf Montacts not only upstream DNA but
also the TATA box itself [49], [59]. However, sinddotl is able to efficiently dissociate
TBP-DNA-NC2 complexes, Motl is unlikely to requiaedirect contact with the TATA
major groove [48].

Alternatively, Motl could act via affecting the TBfromoter interaction by a direct
influence of TBP’s conformation. The idea that Matight directly influence TBP structure
has been broadly discussed [45], [46], [48], [38F], [90], although there has not been yet
any direct evidence for it. Motl-induced alteraiaof TBP structure could force a state in
which TBP would be incompetent to bind to the TABAx anymore. Motl-TBP—-DNA
complex of altered TBP—promoter interaction could then more easily dissociated.
However, inducing a huge conformational changeénendonserved TBP core domain seems
to be rather unlikely. The analysis of availableustiural data presenting TBP in complex
with various factors, including the MJYP—TBP crystal structure, revealed that TBP
remains in a rather similar conformation [47]. Nelieless, Mot1 could possibly perturb e.g.
TBP stirrups or the-strands connecting the two subdomains [59].

Another intriguing way to regulate DNA binding bela of TBP and—at the same
time—promoter DNA conformation could be regulatgdabdirect interaction between Motl

and nonconserved N-terminal tail of TBP [92]. Helhgth yeast TBP was shown to form
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complexes with promoter DNA in a two step mannenring first unbent transient product
of TBP sensing a TATA box-containing DNA, which thslowly formed stable, bent DNA
complexes. The N-terminal tail of TBP was requifedthe formation of the unbent species.
Additionally, mutations localized on the convex|vemt-exposed surface of the full-length
TBP (inhibitory DNA binding surface, IDB) were showo indirectly affect the promoter
DNA conformation [92]. Interestingly enough, theBDsurface overlaps with the region
recognized by Motl [49]. Therefore, DNA conformati@ould be potentially regulated
through protein—protein contacts between Motl ahthRbound TBP by promoting unbent
DNA conformation via displacing TBP’s N-terminailtttom the IDB surface. BTAF1 does
not interact with hTBP’s N-terminus [14], but Mohinds TBF°~-DNA complexes more
strongly than DNA complexes formed on full-lengtlBH [8]. Moreover, the DNase |
protection pattern of the TATA box in Mot1-TBP-DNAmplexes was reported to differ for
the full-length TBP and for TBP® construct [59]. However, more recent single-molecul
studies did not report the presence of the unb&R—DNA complexes, thereby suggesting
simultaneous TBP binding and DNA bending [93].

2.2 NC2

2.2.1 Discovery and functionin vivo

NC2 (Negative cofactor 2) was initially describeg Meisterernst and Roeder as a factor
able to change the mobility of human TBP-DNA comple EMSA [94]. NC2 was able to
suppress the basal level of core promoter actimitgn RNA pol Il transcription assay by
blocking the association of TFIIA and TFIIB with PBDNA complexes [94]. Independently,
Reinberg and co-workers isolated and cloned a TB&tacting protein, which they called
Drl, manifesting influence on the transcription i&m to NC2 [95]. Despite many
similarities, recombinant Drl—in contrast to thedlegenous one—failed to form a stable
complex with TBP and promoter DNA and did not blalok formation of TBP—DNA-TFIIA
complexes in EMSA. The observed differences coudd dxplained byin vivo Drl

phosphorylation, which was shown to regulate thePFBrl interaction [95]. Further

18



INTRODUCTION

experiments performed by Meisterernts and collesgegealed that NC2 is composed of
two subunits, subsequently namednd , and identified Drl to be identical to the latbere
[96]. Therefore, previously reported differenceswsen the recombinant and endogenous
Drl observed by the Reinberg group [95] could belared by the lack of the associated
subunit, NC2 (also denoted as DRAP, standing for Drl-associgtedein). To date, a
general co-association of both subunits of the KM€2rodimer on chromatin has been well
documented, e.g. by ChIP data [97].

Yeast genetic screen selecting for the suppressbrSUC2 promoter upstream
activating sequenceS{UC2 UAS) identified the bur6-1 mutation (for Bypass UAS
Requirement) causing large defect in the gene engddle NC2 subunit [11], [12]. Further
investigations have shown that NC2 heterodimer tinggg regulates transcription from class
Il promoters on a global scaile vivo [98] and that both subunits are essential for yeakt cel
viability [98]-[100]. Subsequently, NC2 was shovenpiay also a stimulating role on certain
RNA pol Il promotersin vitro and in vivo [26], [36], [97], [99], [101]-[105]. On a
genome-wide scale, thermal inactivationbof6-1 conditional mutant affects approximately
17% of the yeast genes [101], [102].

2.2.2 Structure

N-termini of both NC2 subunits were predicted tatedn a histone fold motif [106], which
was shown to be absolutely essential for the yeslid viability [100]. The crystal structure
of the human NC2 heterodimer recognizing the compleTBP bound to a 19 bp dsDNA
containing a TATA element was published [10Figlre 4). The structure reported to 2.6 A
resolution confirmed the presence of the histonkl fdimerization domain and its
resemblance to the molecular organization of theA/H2B heterodimer within the

nucleosome [108] and, consequently, other histoftedontaining transcription factors, e.g.
NF-Y complex [109], [110]. NC2 was demonstratedltak” TBP on the promoter between
the histone fold domain (NED) bound to the underside of the DNA and the corsitx
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Figure 4. Cartoon representation of theHomo sapiensTBP—DNA-NC2 complex crystal structure solved
at 2.7 A resolution [107].

TBP is shown in dark blue. The TATA-containing DNragment is depicted in gray. The subunits of NC2
heterodimer: NC2DRAP and NC2/Drl are shown in light and dark green, respedtivEhe key secondary
structure elements as well as the upstream (Udamchstream (D) side of the promoter are annotdfietices
H1, H2 and H3 of NC2 as well a1, H2 andH3 of NC2 assemble into histone fold domain and bind to the
underside of the TATA box, opposite of the TBP’ading site. HelixH5, joined with the histone fold domain
via helix H4, binds to the top surface of TBP, thereby lockingn the promoter DNA and blocking its
association with GTFs.

bound C-terminal heliH5 of NC2 . Thus, the localization of the NC2 C-terminal helix
provided the first structural explanation for blagle of TFIIB entry to PIC. Although the
antagonistic effects of NC2 on TFIIA and TFIIB asisdion with TBP—DNA complexes were
shown in numerous biochemical experiments [94]-[96100], [102] and Vvia
complementation studies in yeast [100], [104], sterical hindrance of NC2 and TFIIA
binding was not obvious from the analyzed crystalctures [111], [112]. Eventually,
Ebright and colleagues using a site-specific pmefgiotein photocrosslinking approach
showed a sterical incompatibility between TFIIA @d@2 at TBP helix H2 in the regions
which were omitted from the constructs used indhstallization of TBP—DNA-NC2 and
TBP-DNA-TFIIA complexes [113].
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2.2.3 NC2 alters the TBP—promoter structure

DNase | footprinting experiments revealed that gdf NC2 to the TBP—DNA complexes
influences DNA conformation [114]. Moreover, singtmlecule FRET, restriction digest-
coupled electrophoretic mobility shift (RCE) andosslinking restriction digest-coupled
immunoprecipitation (CRIP) experiments demonstrdtet NC2 repositions TBP towards
the DNA ends [114]. Observed NC2-induced laterabitity of TBP on DNA was proposed
to explained how NC2, sliding TBP off the promotegionsin cis, could negatively affect
the very first stages of transcription initiatioropess [114]. The same mechanism was also
proposed to account for NC2's activation role; N@fliced sliding could theoretically

enable TBP’s repositioning towards the promoterssit14].

2.2.4 Motl and NC2 play similar rolesn vivo

Several lines of evidence indicate that Motl and®2Nh@ve related functions with respect to
transcriptionin vivo (see below). For example, ther6 mutation was identified in the same
genetic screen dsirdymotl mutation and displayed the same phenotype [12], @hIP and
MRNA level profiling of the temperature sensititeags as well as comparison of individual
microarray profiles have shown that Motl and NCRardy interact genetically, but largely
overlap in localization and function baih vitro andin vivo [18], [20]. For example, a study
in which 90% of all class Il genes in yeast weralgred by ChIP-chip revealed that more
than 97% of all Motl-bound promoters overlap wit€N or NC2 -bound promoters in
exponentially growing cells [97]. Analogously, highoverlapping sets of Motl- and
NC2 -dependent genes, be it up- or downregulated, gleyern in a direct study applying an
anchor-away technique [26]. Consequently, N@2pressed genes are preferentially TATA-
enriched and SAGA-dominated, in contrast to actidahousekeeping genes, which are
TATA-less and TFIID-dependent promoters [26], [3B] Drosophila,NC2 heterodimer next
to Motl serves as general activator of DPE-depenttanscription with a TATA-specific
repression function [36], [115]. Furthermore, thetzor-away depletion of NC2results in

synthetic lethality in SPT7background, thereby implicating a functional litakthe SAGA
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complex and Motl [26]. Some single studies, howesternot report significant correlation
between NC2 association and TATA box on human promoters [116$tead, negative

correlation between NC2 occupancy and the preseh€&l1IB responsive elements (BRES)
was found [103], [117].

Interestingly, the promoter association of NC2 mmndatically increased in the
absence of functional Motl, which would imply thhese two regulators compete for the
association with TBP or that the decreased levéaifl results in inefficient dissociation of
NC2 from promoter sites [19], [118]. The latterioptwas supported by the results presented
in Schluescheet al., where extremely low off-rate of the TBP—NC2 comgexrom the
promoter sites were showin vitro [114] and by Timmers grougvho observed slowed
dissociation of TBP and NC2 fromMXT2 promoter inmot1-1conditional mutant strain after
the glucose shift [97]. Consistent with these rssWluble’s group identified a TBP mutant
bypassing the requirement of Moitl vivo with greatly decreased affinity to NG@& vitro
[59]. Moreover, fluorescence recovery after phatabhing (FRAP) live cell imaging in
yeast [119] and in human cells [118] showed thatIMegulates the release of TBP from
chromatin. Importantly, the same method revealadl HC2 has a totally opposite effect of
Motl and that combined knock-down of NC2 and M&4dtored the dynamics of TBP to the
level of the untreated cells [118]. Thus, Mot1 aggedo function as a factor, which regulates
the accessibility of poised TBP—-NC2 complexes adall.

Finally, yeast recombinant Motl and NC2 were ablesimultaneously bind TBP—
DNA complexes in EMSA [48]. Stable Motl-TBP-DNA-NC2Zomplexes were
subsequently isolated from yeast chromatin extrf&f$. In both cases, these complexes
were shown to be disrupted upon ATP addition. A tgowmic analysis of yeast
Motl-associated factors also confirmed robust aggson of Motl, TBP and NC2 subunits
[120]. Although the formation of BTAF1-TBP—DNA-NG2mplexes was not observed in
the case of human proteins [121], simultaneousibgndf Motl and NC2 to the same TBP-
DNA complex is fully supported by the structuraltalg47], [107]. However, the exact
character of Mot1-NC2 interplay is still barely @nstood.
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Figure 5. Impact of Motl and NC2 action on gene expssion.

Transcription start site (TSS) is depicted by arowr The black cross (x) represents events, whie Ito

blocked transcription initiation(A) Motl ejects TBP from core promotdB) Motl displaces TBP from
inappropriate genomic locations (i.e. nonpromot&A) to increase free TBP pod|C) Motl removes TBP
bound in the “wrong” direction to free the promoéerd allow productive TBP bindin@D) NC2 diffuses TBP

away from the promote(E) NC2 diffuses TBP in the direction of the promo(€&). NC2 sterically prevents the
entry of GTFs like TFIIA and TFIIB(G) Motl and NC2 direct the formation of alternativend¢tional PIC

assemblies.

2.2.5 NC2 and NC2 may function as separate subunits
Formation of TBP-containing complexes is well doemted not only for the NC2

heterodimer, but also for the separatend subunits. Human NC2was shown to interact
with TBP in EMSA [94], [106], pull-down experimenf$06], [121] and in yeast two-hybrid
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assay [106]. Moreover, formation of TBP—-DNA-NCzand TBP-DNA-NC2-TFIIA
complexes in EMSA was reported [94]. In contrastht® human NC2 its yeast ortholog,
however, did not bind TBP-DNA [22]. The TBP—-NCiateraction as well as the presence of
TBP-DNA-NC2 —BTAF1 and TBP-NC2-BTAF1 complexes was observed in pull-down
and EMSA experiments [121]. Furthermore, human N®@&s reported to interact with
BTAF1 in yeast two-hybrid assay and this interativas dependent on the C-terminal acidic
domain of NC2 [121]. Additional pull-down assays have shown ttas$ interaction is not
mediated via DNA. Interestingly, human NC2n the absence of NC2 although less
efficiently that as the NC2 heterodimer, was alsle @0 repress RNA pol Il transcription
vitro [94], [106], [122]. Moreover, NC2and NC2 were not found to be stably associated in
exponentially growing yeast cells. Instead, thesaziation followed glucose depletion after
diauxic shift [123]. Western blot analysis of ye®¢CE revealed a high molecular weight
population of NC2 that was free of NC2[99]. Furthermore, ChIP at selected promoters
[123] as well as genome-wide study [97] showededdhtial distribution of NC2and NC2
subunits upon shift to low glucose. Thus, NERC2 association seems to be regulated in
response to environmental stress.

Both human NC2 subunits possess classical nuldealization signal sequence and
are imported to the nucleus as separate subunitpreferentially, as a pre-assembled
heterodimer [124]. Interestingly, only the NC2ubunit possesses a nuclear export signal
sequence, which is masked upon the dimerizatioh WIC2 , thereby ensuring that only
complexed NC2 remains in the nucleus. This strongly points talem independent role for
NC2 in the nucleus. Importantly, phosphate-mimickingtations of NC2 hamper its
nuclear localization [124]. Thus, posttranslationahodifications of NC2, with
phosphorylation as one of many possibilities, cobkl a way of direct regulation of
interaction between both subunits and their asBoniawith transcriptional machinery.
Indeed, both NC2and NC2 subunits arén vitro andin vivo substrates of casein kinase Il
[106], [121] and were found to be phosphorylatedtivo [95]. Interestingly, phosphorylation
was shown to affect the association of NG&th TBP [94] as well as either subunit with
DNA [96]. Furthermore, NC2 was shown to be involved in repression of sele&&tA
pol lll-transcribed genes not onig vitro [125] but alsoin vivo, both in yeast [99] and in
human cells [126]. To date, there has been no re&¢hat NC2 affects RNA pol I-driven
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transcription [99], [125], [126] or that NC2has an effect on RNA pol Il transcription [126].

Finally, partial disruption of the recombinant harmNC2 heterodimer in the presence
of purified TBP and BTAF1-enriched lysate [121]vasll as ATP-dependent dissociation of
the NC2 heterodimer in the Motl-TBP-DNA-NC2 compliewlated from chromatin
extracts [97] were observed. However, how Motl woabntribute to the regulation of
NC2 —NC2 association remains unknown.
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3. AIMS OF THE RESEARCH PROJECT

Swi2/Snf2 enzymes play many important roles inaasibasic cellular processes like DNA
replication, recombination, repair and transcripti®espite extensive studies, the detailed
mechanism of Swi2/Snf2 translocation remains lgrgelknown. Many studies have aimed
at understanding the mode of action of Swi2/Snéhglocases. Nevertheless, the existing
hypotheses are still primarily based on the resabitained for related SF1 and S@ha fide
helicases and other SF2 translocases, which arl beiter characterized on structural level.
In order to answer the piling up questions regaydive detailed mechanisms employed by
Swi2/Snf2 ATPases, an atomic view at a Swi2/Snf2ageler in the presence of its substrate,
DNA and nucleotide is required.

One of the major obstacles in studying Swi2/SnfPa3es is the fact that most of the
family members assemble into multisubunit compleard act on complex protein—-DNA
substrates, e.g. nucleosomes, which make the stal@nalysis very challenging. Thus, it
appears that the fundamental properties of all Smf2 ATPases that allow these enzymes
to accomplish their specific tasks via translocat&ong double-stranded DNA form at the
same time critical barrier across the way to urtdaedsthem better.

The ultimate goal of this study was to provide achamistic model of the ATP-
dependent remodeling reaction employed by Swi2/8n#Z/mes based on a hybrid structural
characterization of Motl, the first Swi2/Snf2 memib@ which biochemical activity has
been demonstrated vitro. Importantly for the structural analysis, the funatiof Motl—
ATP-dependent disruption of TATA box-binding pratgiTBP)-DNA complexes—does not
require the presence of any associated subuniterefidre, Motl in complex with its
relatively simple TBP—DNA substrate serves as &pemodel system fan vitro studies of
Swi2/Snf2 translocases.
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4. RESULTS

4.1 Analysis of Mot1l-NC2 complexes

4.1.1 Gelfiltration

NC2 stabilizes formation of the Motl—"substratethqgexes

Intact Motl-TBP—-DNA-NC2 complexes can be isolatesmf Saccharomyces cerevisiae
chromatin extracts [97]. Formation of the Motl-TBMNA-NC2 complex and its
ATP-dependent disruption was also shown in EMSAqgoered on the recombinant yeast,
but not the human proteins [48], [121]. Thus, thditgy of Motl and NC2 to form stable
complexes on DNA-bound TBP was tested onEheephalitozoon cunicuproteins.

TBP-NC2 complexes were shown to have limited spoitgif for TATA DNA
sequences [127]. Similarly, Motl-associated TBPsdoat discriminate between TATA and
non-TATA DNA [49], [87]. Therefore, in order to am® homogeneous binding, DNA
substrates used in this test always contained TAIGX consensus sequence (5—
TATAAAAG-3"). As shown inFigure 6 (black lines), stabl&. cuniculiMot1-TBP—DNA-
NC2 and MotY"™°—-TBP-DNA-NC2 complexes could be efficiently formiedthe presence
of TATA-containing dsDNA and could be separatearfrihe subcomplexes (e.g. TBP—DNA-
NC2 complexes) and single protein or DNA componéytsize exclusion chromatography.
In contrast, Mot1-TBP—DNA and MdfI°’~TBP—-DNA complexes were much less stable in
gel filtration Figure 6, gray lines). Of note is that the formation of thdl-length
Motl-containing complex was not affected by thespreee of nonhydrolyzable ATP analogs
or ADP. Formation of the NC2-containing complexessvalso not affected by the presence
of the latch region; Motand MotI'™® constructs supported complex formation as efficént
Motl *“"and Motd'™ ™" mutants (not shown). This was unexpected, sinedatich region
was shown to be responsible for ATP-independemtplison of TBP—-DNA complexes [47].
Additionally, the formation of Motl-TBP-DNA-NC2 an#ot1""°—TBP-DNA-NC2
complexes was found to be strictly DNA-dependetith@ugh Mot1'™® co-eluted with TBP
and NC2 in the absence of DNA, full-length Mot1 hdwnly TBP Figure 7).
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Figure 6. NC2 stabilizes the Mot1-TBP-DNA and Moti™>~TBP-DNA complexes in size exclusion
chromatography.

(A) Top: elution profiles of Mot1-TBP—DNA (gray) andatl-TBP—-DNA-NC2 complexes (black) obtained in
gel filtration experiments. Absorbance at 260 nrd ah 280 is shown as dashed and solid lines, rasphc
Bottom: analysis of the fractions by SDS-PAGE (Cassie staining) and agarose gel electrophoresisRé&k
staining .(B) Same as (A) is shown for the M8T® construct.

Taken together, the addition of the NC2 subunitsatly increased the stability of
DNA-containing complexes in the gel filtration. Tatore, NC2 was included in most of the
crystal setups, which greatly contributed to thecsssful finalization of the crystallization

experiments (see below).

NC2 interacts with Motl in a TBP-dependent mannehsmdbsence of DNA

The ability of separate and subunits of NC2 heterodimer to form various TBPtaming
complexes has been shown both for human and ydastiags [94], [106], [121]. Thus, the
ability of NC2 to form alternative complexes in gel filtration rcmatography was
investigated. Experiments testing the ability of NCto form adequate complexes

unfortunately could not be performed, since thisusut of theE. cuniculiheterodimer could
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Figure 7. Gel filtration analysis of Mot1-TBP-NC2 ad Mot1N"°—TBP—NC2 complexes in the absence of
DNA.

(A) Top: in gel filtration experiments, NC2 is not @lib interact with Motl or Motl-TBP complex in the
absence of DNA. Absorbance at 280 nm is shown.oBuotanalysis of the fractions by SDS-PAGE (Coonessi
staining).(B) Analogous analysis of the MOt construct shows weak interaction between MBt1TBP and
NC2 in the absence of DNA. The approximate molacwigights of the complexes were estimated emplyical
by calibration of the columns with gel filtratiorrgiein standard. The peaks corresponding to highaer
MotIN"°—TBP complexes (*) and NC2(**) are marked. Molecular weight of tHe. cuniculiMotl, Mot2™®,
TBP, and NC2 is 144, 89, 22 and 17 kDa, respectively.

not be express solubly. As already discussed, G2 Neterodimer was not able to form
complexes with Mot1 and TBP in the absence of DR§y\re 7). Interestingly however, the
NC2 subunit readily formed complexes with MBt? or Motl and TBP Rigure 8).
Moreover, the formation of the NCzieprived complexes in gel filtration was strictly
dependent on the presence of TBP, since no Motl-Ng®@& Mot1'"™°-NC2 complexes
could be detected. Interestingly, Mot1-TBP-NG2mplexes were present in two distinct
“monomeric” and “dimeric” forms Rigure 8B), whereas Motl'>~TBP-NC2 complexes
formed only “dimers”. The Mofi'® construct is known to form dimers in solution ([4hd
Figure 7B), but multimeric species of the full-length Mottave not been detected. The
transition between those states was not affectethéypresence of magnesium and other

divalent cations (zinc, calcium and manganese), , ABBS, different salt conditions,
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Figure 8. Gel filtration analysis of Mot1-TBP—NC2 and Mot1"""~TBP-NC2 complexes.

(A) In contrast to the results shown in Figure 7, Matl NC2 form ternary complex in the presence of TBP
(peak | and 11)(B) Further analysis of peaks | and Il, which wereuwe-on an analytical gel filtration column,
suggests the presence of equilibrium between “meamiain(peak II) and “dimeric” (peak I) Mot1-TBP-NC2
species(C) Analogously to the full-length Mot1, the MOYP construct forms Moff’°>~TBP-NC2 but not
MotINT°P_NC2 complexes. PanéD) shows thaMot1 does not efficiently associate with NCi2 gel filtration

in the absence of TBP. The approximate moleculdghte of the complexes were estimated empiricaily b
calibration of the columns with gel filtration pei standard. The peaks corresponding to highesrord
MotIN"°—TBP complexes (*) and NC2(**) are marked. The fractions were analyzed bySSPAGE
(Coomassie staining). Molecular weight of ecuniculiMot1, MotI"™®, TBP, and NC2 is 144, 89, 22 and
17 kDa, respectively.
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presence/absence of a reducing agent or the ofderixing the components before gel
filtration (not shown). Instead, these two formspeared to persist in dynamic
monomefdimer equilibrium likely depending on the samplacentration.

Taken together, the initial experiments performedtlee E. cuniculi proteins show
strong interaction between the NC&ubunit and Mot1l-TBP complex in the absence of the
associated NC2subunit. This is of potential interest, since saferole for NC2 and NC2
in transcription regulation has been proposed ¢getion2.2.5. However, adequate Mot1—
TBP-NC2 complexes were not detected for human proteing][&Rd not tested yet on

yeast orthologs.

4.1.2 Electrophoretic mobility shift assay (EMSA)

NC2 does not substitute for NC2 in DNA-containing coexes
Given the fact that NC2could efficiently incorporate into Motl-TBP—NCZ2omplexes, the

ability of NC2 to form DNA-containing complexes was tested. HunN@2 has been
reported to form TBP-DNA-NC2 complexes in EMSA and to repress RNA pol I
transcriptionin vitro [94], [106], [122]. In comparison to its human afibg, the yeast NC2
could not form TBP—DNA-NC2complexes [22].

Figure 9. The NC2 subunit does not bind TBP-DNA complex in the absee of NC2 .

(A) NC2 readily forms ternary complexes with TBP aridAin EMSA (**). (B) NC2 does not bind to TBP
and DNA under the same conditions and in the saomeentration range. Only TBP—-DNA complexes are
observed (*). To enable visualization of the DNAJbd complexes, 5'-FAM-labeled 42mer TATA dsDNA was
used in both experiments.
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As shown inFigure 9, E. cuniculiNC2 was unable to bind to TBP-DNA. In gel
filtration, the addition of Motl did not rescue thesability of NC2 to form the complex
(not shown). This demonstrates that the presen®C@& subunit is required to form TBP-
DNA-NC2 and Mot1-TBP-DNA-NC2 complexes in tBecuniculisystem, whereas NC2
associates with Motl in the absence of DNA. Thias & cuniculiorthologs again behaved
differently to the human and similarly to their geaelatives. This might point towards

functional differences between human and fungaiemms.

4.2 X-ray crystallographic analysis of the Motl™"-TBP—-DNA-NC2

complex

4.2.1 Crystallization and structure determination

The structural bases of the final product stateviotl-catalyzed reaction, i.e. Motl-TBP
interaction have been described previously [47priter to gain structural information about
how Motl engages TBP and DNA before the remodefieaction takes place, various
crystallization experiments were performed. Homagers samples oE. cuniculi Motl—
TBP-NC2 complexes in the presence of different TABX-containing DNA substrates of
various lengths and including all available Mothswucts (Mot1, Mot1®*" Mot1"™®, and
Mot1N™P 'atcr) were screened for the ability to form crystalscoystalline precipitate. The
Mot1"™® portion (residues 1-778) and TBP (full-length) dise this study had exactly the
same residue boundaries as the construct whictbéms used in previous studies [47] but
lacked the N-terminal Histag, which was cut off during the purification pess thanks to
the introduction of TEV protease recognition siall-length NC2 subunit also possessed a
cleavable N-terminal Higag, whereas NC2subunit was untagged.

All the attempts to obtain crystals of the ensamshdontaining Mofi'®, also in the
presence of different nucleotides, e.g. ADP, AGSJ ABF, were not successful. After
extensive screening, the MB{Y—TBP-DNA samples after long incubation times (up to

several weeks) in some cases led to MBIATBP crystals, confirming the inherent
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instability of the ternary complex observed in tied filtration experiments. In contrast, in
the presence of NC2 and only for a specific SUDEEINA substrates (seBable 13and14)
MotIN™°—TBP-NC2-DNA and Mof1™® P*“"_TBP_DNA-NC2 complexes crystallized
together Figure 10). Both complexes exhibited almost identical prefee for the crystal
growth conditions. However, shorter DNA samples (bg) did not support the
NC2-dependent complex stability and, again, thelM&-TBP crystals were obtained. The
presence of the DNA in the crystals could be effety assessed based on the strength of

light polarization propertied={gure 10B).

Figure 10. Results of the crystallization experimets.

(A) Initial crystals of E. cuniculi Mot1N™® ““_TBP_DNA-NC2 complex forming numerous small plate
clusters.(B) Crystal morphology in condition shown in (A) afteptimization. The picture was taken using a
polarization filter. (C) Crystals of the selenomethionine-derivatiz&d cuniculi Mot1N"°—~TBP—DNA-NC2
complex obtained in the course of streak seedipgrxents(D) View of the streak-seeded crystals grown in
the condition used for the actual data collecti@2 (M imidazole malate pH 5.1 and 11% PEG4000).

Several hundred of MotI® **"TBP-DNA-NC2 and Mofi’">~TBP-DNA-NC2
complex crystals originating from different crydidtion conditions were screened for X-
ray diffraction. Majority of the crystals diffraadteto a limited resolution of 5 to 8 A and were
often characterized by “streaky”, poorly-definetleetions. The length of the DNA used had
a great impact on the ability to obtain crystalsining out at possible involvement of DNA
in the formation of the crystal contacts. Therefaidferent lengths and variations of the
overhangs were incorporated into the screeningderao find a DNA substrate improving
crystal morphology and diffraction quality (listeddetail inTable 13and14). Additionally,
different pre- and post-crystallization treatmetitee crystal annealing, glutaraldehyde
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crosslinking, dehydration [128] or lysine methyteti[129] were applied. However, none of
these methods showed any improvement in diffractjoality and, therefore, they are not
described here in detail. Moreover, in order ta tekether the cryocooling conditions

negatively affect crystal diffraction, data coliect at room temperature was performed but
again, no difference in diffraction at room tempera and at 100 K was observed as well.

Finally, three crystals of the selenomethioninedgized Motl'">~TBP-DNA-NC2
complex diffracting below 4.5 A were found. Selerahionine incorporation is a standard
method for introducing heavy atoms to protein algs(for Se, Z=34) [130]. In principle,
selenomethionine has similar properties to methierfz=16), like volume and shape. This
method facilitates not only experimental phase rddteation in crystallography by single-
(SAD) or multiwavelength anomalous dispersion (MADhe presence of selenium atoms
often changes protein hydrophobicity it is possibla selenomethionine-derivatized protein
crystals can be obtained even if no native crysaaedspresent. It is, therefore, possible that
selenomethionine derivatization directly contrilsuteo the improved diffraction of the
crystals. However, most of selenomethionine-deidedt Motl''™°~TBP—DNA-NC2
complex crystals still diffracted poorly.

A data set extending to 3.8 A resolution was obild from a crystal formed using the
Mot1N"°P—TBP—DNA-NC2 complex sample containing a 24 bp da@Ngonucleotide (5'—
AGTAGGGCTATAAAAGGGGGTGGC-3, top strand). Unfortunately, the absomp
spectrum of selenium atoms was not recorded duedanical problems at the beamline.
Therefore, the data set was collected at the thieakevavelength of K absorption edge of
selenium (=0.9794 A). The complex crystallized in the spaceug C 1 2 1 (a=150.6 A,
b=140.3 A, ¢=90.8 A, =90.0°, =113.7°, =90.0°) with 60% solvent content and one
complex per asymmetric unit.

The structure was successfully solved by the nutdeaeplacement method usikg
cuniculi Mot1V™® and TBP molecules from the MOYP-TBP complex crystal structure as
well as human TBP-DNA-NC2 complex crystal structase initial models [47], [107].
Unambiguous density interpretation, particularlyphd in defining side chains positions,
was achieved using real space-based electron gemsitlification method like solvent
flattening usingPARROT[131], [132] as well as modified o — Fc maps using3-factor
sharpening and Feature Enhanced Map (both impledem PHENIX [133]). Solvent
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flattening method exploits the fact that averagectebn density of protein and solvent
regions are different [134]. After the solvent apibtein region masks are defined, the
electron density of solvent region is set to a tamtsvalue and new structure factors are
computed. Finally, the newly obtained phases amabooed with the original ones and
improved map is obtaine®-factor sharpening is also a very useful tool fad €nhancement
of low resolution maps [135]. It is a resolutionpdadent weighting function applied to a
particular electron density map. Adjusting tBdactor results in up-weighting of higher
resolution terms and, therefore, increases detaihfgher resolution features such as side
chain conformations. Feature enhanced map is afiedd~o — Fc map which i.a. exploits
the advantages of composite residual OMIT médpgactor sharpening and histogram
equalization [133]. FEM maps are characterizedduiced noise and bias and eliminate the
need to choose and arbitrary map contouring cutoff.

Applied density modification methods enabldd novochain tracing of the very
N-terminal region of Motl HEAT repeat domain (ifest 40 amino acids comprising helix
H1 and H2 of HR1 as well as helix H3 of HR2) whithd different sequence register than
reported for theE. cuniculiMot1™"°—TBP crystal structureF{gure 11). The difference in the
electron density quality between the two structuvas likely a result of the crystal packing.
In the Mot1'"™°~TBP-DNA-NC2 crystal structure reported here, tag/\N-terminus of

Figure 11. Shift in the sequence register between 1™ in Mot1""°—TBP crystal structure [47] and
Mot1N"°—_TBP—DNA-NC2 crystal structure.

Left: Assignment of the secondary structure for fingt 50 amino acids of Motf® in Mot1""°-TBP crystal
structure (top, yellow) and Mot1® in Mot1""°—TBP-DNA-NC2 crystal structure (bottom, orange)gHRi
superimposition of the first 50 amino acids shomat tn the Mot¥"™°~TBP-DNA-NC2 N-terminus of Mot®
adopts more-helical structure.

37



RESULTS

Motl is largely engaged in the crystal contact fation and the density of this region is well
defined despite relatively low resolution. In castr, the packing of the Motl N-terminus in
the MotT "°—TBP crystals was unfavorable. Additionally, theatton density of this region
is very poor, even despite moderate resolutionA3.1

Owing to poor diffraction, the anomalous signalsefenomethionine atoms did not
allow the experimental phasing. Nevertheless, cdamguthe anomalous difference map
(using FFT, part of CCP4 suite [131]), which shows the posti of anomalous scatterers,
was used for unambiguous assignment of the selgahamae side chains. This was
particularly important in the case of NCand NC2 polypeptide chains, since the side
chains of the histone fold part of NC2 were omitbexm the model owing to poor electron
density map quality of this region. However, anamnal difference density peaks (up t9 5
were present in some casédg(ire 12B). Final model of the Mofi'°~TBP-DNA-NC2
crystal structure is characterized byRRsee Of 23.5/25.8% (according to BUSTER) and
good stereochemistrygble 1).

Figure 12. X-ray electron density maps.

(A) 2Fo — Fc electron density map of DNA bases displayed atdntour level (gray mesh). TBP is additionally
shown in blue. For clarity, electron density of firetein chain is not shown. The widening at th&AAox is
nicely visible even at low resolution (marked witite arrow).(B) Weak anomalous signal of selenium atoms
contoured at 4 (gray mesh). Four out of seven (NC2top) and two out of five (NC2 bottom)
selenomethionine sites could be identified by #gproach confirming the sequence register.
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Table 1. Data collection and refinement statistics.

RESULTS

Equations defining R-values are standard and heotdefined.

Data collection

Refinement

Space group

Cell dimensions

ab,c(A)
B ()

Resolution (A)
No. reflection

All

Unique
R merge (%)
CCunp)
I/ 1
Completeness (%)
Redundancy
Wilson B factor (&)**

*Values in parentheses are for highest-resolusiueil.

Ci21

150.6, 140.3, 90.8
90.0, 113.7, 90.0
49.17-3.8 (4.0-3.8)*

108074
17163

10.4 (78.9)

99.8 (83.8)

7.5 (1.5)
98.2 (93.5)
3.4 (3.4)

139

** Determined by BUSTER
*** Determined by MolProbity.

The model includes 39 out of 48 DNA bases pregsettia crystallization setup: bases
5-23 of the top TATA box strand and 2-21 of thetdmot strand) as well as 89% of the

Resolution (A) 49.17-3.8

Ruwork/ Riree (%0)** 23.5/25.8(26.9/30.2)
No. atom
Protein 8422
DNA 799
Ligand/ion 0
Water 0
IsotropiB-factors
Protein 69
DNA 135

R.m.s. deviations
Bond lengths (A) 0.009

Bond angles (°) 0.75
Ramachandran (%)***
Favored 96
Allowed 4
Ouitliers

protein residues; TBP 19-196, Motl 1-97, 143-41%5;-484, 487-503, 510-778, NC25—
59 and 69-89, as well as NC22-23, 29-101 and 110-137. The quality of the rhoale be

additionally assessed by a fact, that a shgthdéix located on the C-terminus of NC®@%as

observed, although it was not present in the imtiedel used during molecular replacement.

This part of the NC2 polypeptide chain was omitted from the construsedi for the

crystallization of the human TBP-DNA-NC2 complekidI C-terminal helix is, however, an

integral part of the fold present in crystal stues of other histone fold domain-containing

proteins (e.g. NF-Y heterotrimeric transcriptiowtta [109]). In the case of thHe. cuniculi
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NC2 ortholog, the presence of this region was nesipte the NC2-NC2 complex

integrity, since NC2 "*°could not have been co-purified with NC@lata not shown).

4.2.2 Overview of the structure

In the crystal structure, show Figure 13 one copy of each Mot1®, TBP, NC2, NC2 ,
and 24 bp DNA are found in the asymmetric unit &mcin an assembly of approximate
dimensions of 100 A x 100 A x 95 A. TBP slightlywinds and sharply bends the TATA box
DNA to form a unique saddle-shaped structure. Maiil NC2 seem to complement each
other and form a “clamp” around promoter-bound TBRe character of this interaction
clearly explains NC2-dependent stabilization of twnplex observed in EMSA and gel
filtration and that Motl and NC2 do not interactlie absence of TBP and DNA. NC2 locks
TBP on the promoter between its N-terminal histfme domain (NC2F), which is bound to
the underside of the promoter DNA, and the conviée-tsound C-terminal helibH5 of
NC2 . The overall organization of the TBP-NC2-DNA comyplin the Motl™*-TBP-
NC2-DNA crystal structure is highly similar to theman TBP—NC2-DNA complex [107].
Similarly, MotI"™® engages TBP mostly from the TBP's convex and tepst” side, which

is highly comparable for both MJI°-TBP and MotY"™°~TBP-NC2-DNA crystal
structures.

Importantly, there is no interpretable electron signobserved for the Motl latch
region (residues 98-142), what indicates thatphis of the polypeptide is disordered when
Mot1 is bound to the TBP—-DNA-NC?2 substrate. Thigldmccur because the MOTP does
not possess a proper binding site for the latcheshaps the latch is intrinsically disordered
and undergoes a disorder-to-order transition orgpnuTBP binding. Alternatively, the

association of the latch could be negatively affddiy the crystal packing.

Mot1NTP and NC2 directly interact on the promoter-boundTB

Although the contacts of Mat1® and NC2 within the complex are mainly TBP- and/or
DNA-mediated, these two regulators interact disecth promoter-bound TBP molecule.

Direct interaction of Motl™® and NC2 leads to many small conformational alienat
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Figure 13. Crystal structure of theE. cuniculi Mot1""°~TBP—DNA-NC2 complex.

Front and side view of the structure and its seaondtructure features. TBP is shown in blue. TH&AH
repeats of Mot1'™® are annotated as HR and shown in yellow. N- anidr@inal ends of Mofi'® are labeled N
and C, respectively. The non-HEAT repeat regiores @art of the latch region of MAt1° are shown in orange
and magenta, respectively. The subunits of NC2rbétmer with their key secondary structure elemexrts
shown in light green (NCJ and dark green (NC2. DNA is depicted in gray. The upstream (U) and
downstream (D) side of the promoter are marked.

which will be discussed further in more detail.

First, the “anchor” helixH5 of NC2 is bound to the upper side of the TBP’s convex
side and forms direct contacts to the insertion aarof Mot?''°, the only non-HEAT repeat
stretch in the N-terminal part of Motl. As a consmace of this interaction, the interface
between MotY™® and TBP in the “substrate” state extends beyond4HR 6 (as described
for the “product” Motl™°—TBP complex [47]) towards the C-terminus of MJfl and
additionally engages HR7 to 10 and the insertiomaa Figure 14). Altogether, the
interaction interface between MO and TBP’s convex site increases from ~9Gad\over
1500 &, as calculated using PISA server [136]. This mtéon results in a substantial

compaction of the-helical HEAT repeat array.

Mot1"TP binding affects the conformation of TBP, NC2, &3dA

The analysis of the root mean square deviationgrdr) between different TBP crystal
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Figure 14. The interface between Mot1™ and TBP in the presence of NC2 and DNA.

Mot1"™® and TBP from the Moff®-TBP structure, heliXH5 of NC2 and TBP from the TBP-DNA-NC2
structure as well as all three components from M®1""°—TBP—NC2-DNA crystal structure are here
superimposed via TBP (represented by a blue syrfdde elements from the MO{P—TBP—NC2-DNA
crystal structure are color-coded as describeddnrg 13, while the same elements from other strest are
shown in light brown. This superimposition showattotl binding does not affect the positionHH on TBP.
However, the HEAT repeat array of Motl undergoesganization in the presence of its substrate lifirsip
towards helixH5. The residues localized on the surface of thedct®n sites are annotated.

structures shows that in the MBfE—-TBP-DNA-NC2 complex structure TBP is mostly
similar to its “product”’, Motl-bound, state (r.nils.of 0.69-0.87 A) rather than to
DNA-bound TBP (r.m.s.d. of 0.96) or free TBP (r.rd.of 1.23 A), superimposed Figure
15A. This suggests that Motl binding might potenyidiave a destabilizing effect on the
TBP-DNA interaction. Consequently, the ~90° kinktlne TATA box region appears to be
less distorted than reported for numerous TBP-Dbii@ex structures, including the TBP—
DNA-NC2 complex Figure 15B—C). This change results in the altered trajectirythe
upstream DNA, bringing it closer to the N- and @ius of Mot1'™® (Figure 15C). This is

of potential interest since this DNA region has rbeown to be directly occupied by
Mot1“™® [8], [9], [47], [59], [70]. Additionally, the firstwo HEAT repeats of Motl form a
highly conserved and positively charged patch thatase to the upstream DNA and, in the
context of full-length Motl, could potentially ceoiftute to a change in DNA trajectory
induced by Mot1 binding.

Despite the changes in the DNA conformation, theraction between the N€2and
upstream DNA closely resembles the interaction betwthe histones H2A/H2B and DNA
within the nucleosome [108] and, consequentlyhe TBP—-DNA-NC2 crystal structure. A
detailed analysis of the NE2-DNA interaction site mediated by helix H1 of NC2and
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Figure 15. Changes in the TBP, NC2 and DNA conforniin induced by Mot1™ binding.

(A) Comparison of the TBP conformation i cuniculi TBP dimer (coral [47])E. cuniculi Mot1N"™°—TBP
(cyan, [47]),H. sapiensSTBP—DNA-NC2 (brown, [107]) ang. cuniculiMot1"">~TBP-DNA-NC2 (dark blue)
crystal structures superposed via TBP’s helix {.and (D) Helix H4 of NC2 , which joins the NCZ with
helix H5, is partially unfolded and additionally loses itgdraction with downstream DNA and may directly
contact TBP’s N-terminal stirrup. Unfortunately, alectron density is visible for the side chainghis region.
(C) Mot1"™® binding induces NC¥ and the upstream DNA (U) to shift toward the N-tems of Mot1'™. On
panels(B), (C) and (D) the Mot?'"°~TBP-DNA-NC2 crystal structure is color-coded asFigure 13 and
superimposed with the TBP-DNA-NC2 structure (shawlight brown) via TBP.

helix H1 of NC2 is not possible, since the side chains of thisgamaegion are not visible in
the electron density. However, general inspectiopperts the conclusion that the same
interactions between positively charged side chafndl andH1 with DNA are preserved.
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The results of altered upstream DNA trajectory aallvas the fact that NCY-DNA
interactions are maintained results in the sitmatio which NC2" is rotated and shifted
towards Motl with respect to TBP in comparison he tonformation observed in the
“substrate” TBP—DNA—-NC2 complex. This additionatBsult in significant straightening of
H4 of NC2 , which joins NC2F bound to the underside of TBP-DNA and hé#i& bound to
the TBP. HelixH4 of NC2 is stretched and adopts a partially unfolded conédion
(Figure 15B,D). Moreover, the interaction betwedi#d and the major groove of the
downstream DNA region is losFigure 15D). InsteadH4 potentially has a direct contact to
TBP’s C-terminal stirrup, although this interactiennot well defined due to the poor side
chain electron density.

Very importantly for the discussion of the potehtiaological relevance of the
observed changes, the upstream end of DNA is partiesordered and involved in the
formation of crystal lattice contactBigure 25). The downstream DNA side clashes against
the HEAT repeats belonging to the other complekak to be noted that the upstream DNA
is directly involved in the formation of DNA-DNA otacts with other upstream DNA region
of the molecule in the same unit cell (twofold syetry). Therefore, the changes in the DNA

trajectory reported here could be less or more prem in the solution.

4.3 EM and CX-MS analyses of the Mot1-TBP—DNA-NC2armplex

The crystal structure of the. cuniculi Mot1""°~TBP-DNA-NC2 complex revealed that a
direct interaction between the HEAT repeat doméiklotl and NC2 occur. Remarkably, the
analysis also suggested that upon Motl bindingctirdormation of TBP and the upstream
DNA in the TBP—DNA-NC2 substrate is affected. There, additional analysis of the

complex in the context of the full-length Motl wascessary to further investigate the
protein and DNA rearrangements in the presence ofiM° and to probe potential

nucleotide-dependent differences. In order to alkbwg, electron microscopy (EM) and
protein—protein crosslinking coupled to mass specttry (CX-MS) techniques were

applied.
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The 5 end flanking the TATA box promoter sequemas shown to be directly
occupied by the Moff® and to have a positive impact on the Mot1-TBP—Dé¢#nplex
stability [8], [9], [47], [59], [70], [87]. Moreowve the upstream DNA region is required for
the ATP-mediated dissociation of the Motl-TBP-DNémplex in vitro [8], [70], [88].
Therefore, to stabilize Mot1® for the EM and CX-MS analyses, the Mot1-TBP—DNA-NC
complex samples were formed on long TATA box-coniteg DNA substrates with at least 26
bp upstream from the TATA box. Additionally, FRETxperiments showed that the
conformation of Swi2/Snf2 domain depends on itslentae state [138]. Although the
affinity of yeast Mott™ to DNA seems to be the highest in its nucleotige-fstate [88],
under these conditiordsdrad54-like Swi2/Snf2 protein was shown to freelytsivbetween
open and closed conformation in solution [138].tSc@nformational heterogeneity would be
highly undesirable for structural analysis. Howeweragreement with structural analysis of
other SF2 helicaseS, sulpholobufad54-like in the presence of ATP-mimicking anakegu
was shown to adopt closed conformation in solufi®8]. Importantly for this study, the
addition of nonhydrolyzable ATP analogs does nadldo Motl-TBP-DNA complex
disruption [8], [45], [87], [88] and in some casgas even reported to stabilize the ternary
complexes when compared to the ones formed inlibenee of any nucleotide [45]. Thus, in
order to ensure a uniform and rigid conformation Mét1°™, different nucleotides or
derivatives were added to the complex samples aésembling and purifying the complexes
in gel filtration: ABF, AGS, and ADP to lock Motl® in ATP- or ADP-bound states,
respectively [139].

4.3.1 Chemical site-specific protein—protein crossiking

The principle of CX-MS technique is based on thelitgbof so-called crosslinking
compounds to specifically link two targets via théwvo distal functional groups. The
maximal theoretical distance between the potemtdigets is restricted by the length of the
carbon linker joining the adjacent reactive endshefcrosslinker. The molecule used in this
study, di-sulfo-succinimidyl-glutarate (DSSG), isi@ncleavable crosslinker of a total length

of 11.4 A that contains an amine-reactive N-hydsmaginimide ester at both ends of an
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eight-carbon spacer arm. The ester groups reatiisexely with primary amines at a certain
pH (7-9), namely-amino groups of lysines and N-termini of polypédptichains. Light and
heavy forms of this reagent contain six deuteriumsi® hydrogen atoms, respectively. Such
isotopic coding enables the detection of the cnolsstl peptides in the mass spectra.

In the first step, different crosslinking agentaamts were added to the gel filtered
complex samples, according to the molar excessi®fréagent over lysine residues (here,
from 0.1 to 2.0). The calculations were based oresimation that 1 pg of protein contains
0.5 nmol of lysine residues, which reflects averageurrence of this amino acid in proteins.
The crosslinked species were subsequently analpye®&DS-PAGE and silver staining
(Figure 16A). Initial testing enabled identification of theost optimal crosslinking ratio
under tested conditions (30°C, 35 min). Excessresstinking may be too aggressive for the
protein surface and lead to unspecific crosslinkgwen aggregation. On the contrary, too
low amounts of the crosslinking agent result in lomsslinking efficiency and only few
crosslinks are detected.

In the scaled-up experiments (~55 pg each), 139,da 97 crosslinks within the
ABF-, AGS- and ADP-supplied Mot1-TBP-DNA-NE€@mplexes originating from 116, 109

Table 2. Localization of the crosslinks identifiedn Mot1-TBP—-DNA-NC2 complex.

The first numbers refer to the total number of sliogs, including crosslinked sites which were detd more
than once (i.e. from miss-cleaved peptides). Nusmbebrackets refer to nonredundant linkages only.

Crystal Within Mot1 €™ Latch- . Crystal
structure crystal e structure-  Tot. Decoy'
Intralobé  Interlobé  structure Mot1¢™
ABF 46 21 15 8 5 37(31) 133
(42) 7 (12) (8) (5) +1(17 (116
AGS o1 17 10 11 3 37 129 L
(44) (14) ) (11) ®) (28)  (109)
40 14 7 11 4 21 97
ADP ,
(36) (11) @) (10) @) (15) (82)

! Within RecA1 or RecA2 subdomain

2 Between RecAl and RecA2 lobe

¥Between Motf™and the linker joining N- and C-terminal domainsu(icl not be mapped)
“Detected from reverse database, estimating faepdéry rate
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Figure 16. Chemical protein-protein crosslinking.

(A) Titration of the crosslinker (DSSG) to the Mot1-H-HDNA-NC2 complex samples supplied with ADP,
AGS or ABF visualized by SDS-PAGE and silver staini Numbers correspond to the molar excess of the
crosslinker over lysines. The samples analyzedhim gtudy were crosslinked at 1:1 lysine:DSSG modéio
and prepared for the further mass spectrometryysisa{described in [89])B) Distribution of theoretical
linkages within the MofI"™>-TBP—-NC2 module (right, n=5568) compared with thesslinks detected in
crosslinking experiments performed on Mot1-TBP-DNIE2 complex in the presence of ABF, AGS and ADP
(n= 42, 44, 36, respectively). Only the nonredundaosslinks were analyzed. The colored rectaniglelside
distances within the first to the third quartilettvihe median value indicated as line. The whiskepsesent
one standard deviation above and below the meagn(sguare). Extreme values are represented byestoss
Raw data points were included for the experimepntdéitermined crosslinks and were omitted for thiceie
crosslinks due to the high n numbé€) General topology of the Motl-TBP-DNA-NC2 complex the
presence of AGS derived from the CX-MS data. TBRgph MotT'™® (yellow, pink and orange), Moti®
(purple), NC2 (light green), NC2 (dark green) are represented by blocks. Each pphige is divided into ten
amino acid segments. The black solid lines repteen identified nonredundant crosslinks. For sioity,
crosslinks of the latch region were omitted. Lihikness is proportional to the number of crosslidktected
between the segments (redundant events). The déiskeoetween Moti™® and Motf™ segment represents
the eight-amino acid linker joining these domains.
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and 82 nonredundant linkage sites were detedtole 2 summarizes the number and the
localization of all of the detected crosslinks. Thakse discovery rate (for all data sets below
2%) was calculated based on the total number ofi¢hected crosslinks and the number of
“decoy” crosslinks. Decoy crosslinks originate frahre peptides included in a so-called
“reverse” database, which consists of sequencgsadéin of interest but with amino acid
sequences reordered from C- to the N-terminal timecMost of the crosslinks from each
data set could be placed within the MB&:-TBP-DNA-NC?2 crystal structure or within the
Mot1°™® segment. The crosslinks that were detected betweeiatch residues Lys115 or
Lys138 and other components of the complex coukdbeomapped, since the latch in the
crystal structure is disordered. The rest of thesslinks linked Moti™ and other parts of
the complex. For example, in all data sets numeconsslinks between Mot1® and NC&*F
were found, mainly between the helix Hc and loopof2NC2 (joning Hc with H3) and the
RecA2 subdomain of MotIP. The crosslinks that could be mapped on the MGHTBP-
DNA-NC2 crystal structure were compared with dmttion of theoretical crosslinks
originating from the linkages between all lysinaghim the complexFigure 16B depicts the
differences between the distribution of experimeata theoretical crosslinks. This analysis
shows that the detected linkages have shortemdissa(with median and mean values below
30 A) that it would be expected for false positivesif the crosslinks were resulting from
random unspecific events (median and mean valu@si}¥5Schematic representation of the
crosslinks obtained in the experiment performedhenMot1-TBP-DNA-NC2 complex in
the presence of AGS is shownRigure 16C.

Conformation of MottPis dictated by its nucleotide state

The Swi2/Snf2 ATPase fold comprises two RecA-likdbbdomains which were shown to
adopt a variety of different relative orientatioinssolution, even in the presence of DNA
[138]. As has been shown for Mot1, the conversietwisen different states is necessary for
the ATPase activity [59]. ATP binding site is loedtat the interface of the two subdomains
and—according both to structural [79] and biochej¢38] characterization of other SF2
enzymes—has been shown to stabilize the catallytiaative, “closed” state. Importantly, as
indicated by FRET analysis, the Swi2/Snf2 ATPaseaila persists in the closed state not
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Figure 17. Statistical analysis of the crosslinksedween the RecA-like subdomains of Moff™.

(A) Cartoon representation of the changes in the velairientation of the RecA-like subdomains occigrin
during the ATP hydrolysis cycle. RecA1A and RecAfdids of the ATPase core are represented by pirk an
purple shapes, respectively. Swi2/Snf2 family-sfieansertions (1B and 2B) are depicted by bluepgisa The
ATP binding pocket formed on the interaction suefédetween subdomains 1A and 2A is shown in grajy On
the closed conformation supports the ATP hydroly28. The linker and brace regions were omittele T
dotted red lines, which represent a theoreticatgliok between two sites, show that the relativerntation of
RecA-like lobes will have a drastic effect on th@sslinking efficiency between particular sit€B)—(D)
Distance distribution of the nonredundant crosslimetected within Moff® domain in the presence of
different nucleotides. Numbers in the bracketsrreféhe number of crosslinks used in this analyBiee means
were significantly heterogeneous in one-way repgkaieasures ANOVA test for all three data sets @s0.
with the conformation as the factor. Box plot dgstéwn is same as described in Figure 16.

only when bound to ATP, but also in the presencATdéT-mimicking analogs [138]. On the
contrary, in the ADP-bound either a semi-open conédgion or dynamic equilibrium
between open and closed state occur [138].

In order to assess the MG&IY conformation in the presence of different nucleesid
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all crosslinks detected in the ATPase region (lotér- and intra-subdomain) were mapped
on the three Mofi'® homology models. Of note is that only nonredundansslinks were
used in this analysis. All redundant crosslinks—#aolgal 7, 4 and 3 for ABF, AGS and ADP
data sets, respectively (s&ble 2) —were omitted, since including redundant eventsila/
be relevant only if the probability to detect eashgle crosslink would be the same. The
models used in this analysis were generated us8yPEd3D Web Server [140] and based
on the crystal structures ©f. rerio Rad54 [77],S. cerevisiagChdl [54] andS. solfataricus
Rad54-like protein [76]. Importantly for the analjseach of the listed Swi2/Snf2 domains
was trapped in a different conformation: “closetSemi-closed” and “open”, respectively
(seeFigure 3). As expected, the analysis of the crosslinks detein different nucleotide
state suggested that MGTY in the presence of ABF and AGS (ATP-mimicking @mal)
adopts predominantly “closed” conformation, supipgriproperly formed nucleotide binding
cleft (Figure 17B—C). In contrast, the distance distribution of tnesslinks in the presence
of ADP suggests that Motl® has mixed conformations when bound to this nuideot
(Figure 17D).

Position of Motf™ within the complex can be determined via CX-MS gsial

The analysis of Mofi™® conformation in the presence of ADP or ATP-mimitkianalogs
fully supported previous hypotheses and observatitascribed for other Swi2/Snf2 ATPases
[138]. Given that crosslinking data appeared ast@mt source of valuable information,
another test was carried out in order to assesdottaization of Motf™ within the E.
cuniculi Motl-TBP—-DNA—-NC2 complex, based exclusively on 0% data. The schematic
cartoon presenting the workflow of this approachdepicted inFigure 18A). First step
required high-throughput generation of a large nemdf potential relative orientations of
Mot1°™ and the Mot¥"™°~TBP-NC2 submodule. For this purposEOM (ensemble
optimization method) package, which is used in oinne initial stages of small angle X-ray
scattering data processing (SAXS) was used [14bf. ffexible biological systems,
interpretation of the scattering data is oftenfeasible because of significant conformational
heterogeneitye OM package allows quantitative analysis, which alléersa co-existence of
multiple conformers in solution. First step of deadaalysis exploitedRANCH which

according to given restrictions like symmetry opersior linker length, generates a pool of
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Figure 18. Analysis of the Mot£™ position and orientation via analysis of the crosimking data.

Workflow of the high-throughput CX-MS-based apptioathe Motl"™°—TBP—DNA-NC?2 crystal structure and
the MotT*™® homology model served as templates for the gemeraind scoring of 20,000 of different
nonredundant MofI'® placements (see tex(B) Distribution of the violation scores among allthé models
for both of the analyzed data sets. Top 12 moddls west violation scores (19 and below for ABfdal7
and below for AGS, additionally shaded) are showhRigure 19.

random conformations of the given domains to cowstthe whole macromolecule. Models
yielding sterical clashes are rejected such thatpgbol contains only physically relevant
conformations.RANCH software allows generating the models in threéediht modes,
depending on the Gangle distribution used for modeling of the migsiagions: random (C
angle distribution consistent with chemically demat proteins, therefore producing more
extended models), native (consistent with disomdigm®teins) and compact (consistent with
disordered proteins but forcing the reconstruciiekkels to be rather compact). In accordance
with the initial analysis of CX-MS data, the homgyomodel of Motf™ domain used in this
test was based on the eukaryotic Rad54 structuotosed conformation. According to the
RANCH protocol, the position of MotI® was restrained consistent with the presence of
eight amino-acid linker between MOP and the Mot$™ model (Mot1 residues 779-786).
This short linker was not included in the construmed for the determination of the MBtR
crystal structures. The models presented here gamerated in compact mode, however no

significant impact of the used mode of the modelegation and further data interpretation
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was observed.

Next, all the nonredundant crosslinked pairs frowe ADP, ABF, and AGS data sets
detected between Mdt1l® and the Mot¥™°—TBP-NC2 submodule were mapped on the
computed models. Further, the distances of eadtcidet crosslink for all of the generated
theoretical models were written out and scored r@iag to a recently published protocol
([142] for the detailes, please see secton.4d. The scoring protocol was based on the
violation of an arbitrarily set cutoff distance caanting for the length of the used crosslinker
and linked side chains (here, lysines). For a palegr model, to each crosslink a value was
assigned: O if the distance between thefthe crosslinked residues was equal or below the
given cutoff, or 1 in case the distance was lontgethis analysis, different cutoff values
were tested: 30, 35 and 40 A. The analysis perfdrapplying a 40 A cutoff did not allow to
select a sharp solution, suggesting that the cwadtfe was too high. However, applying 30
or 35 A cutoff for the AGS and ABF data sets (wathand 31 crosslinks, respectively) sharp
top solutions were obtaine&igure 18B). There was no substantial difference between the
solutions obtained for 30 and 35 A cutoffs. Remhlkaexactly the same models appeared as
the global minimum (lowest number of violating sliisks) for both of the analyzed data

sets (shown ifrigure 19B).

Figure 19. Mot1°™® placement derived from the CX-MS data.

Superimposition of 12 randomly choséh) and 12 best-scoring modd[B), shown in different colors and
superimposed via the MA{'°’—TBP-NC2 module (gray surfacé) Comparison of the relative orientations of
best-scoring Moti'™® represented via rainbow-coloring from the N- (blue)the C-terminus (red) of the
Mot1°™® model. This interpretation of the crosslinking dskews not only that this method allowed to narrow
down the probed space suggesting an approximaiiéigposf Mot1°™® within the Mot1-TBP—DNA-NC2
complex, but also that it consequently points ééfined orientation.
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The number of the nonredundant crosslinks detedmtédeen Mott™ and the rest of
the complex in the ADP data set (15) was too sinadelect a subset of models representing
the global minimum of the scoring function, regasd of the cutoff value used. For example,
for the 30 A cutoff there was 74 best-scoring sohg for the ADP data set (not shown) and
only one best solutions for each ABF and AGS da&ts §igure 18B). Moreover, the
solutions for the ADP data set were not relatedth@ér suggesting that the number of the

crosslinks detected in this particular sample watshigh enough.

4.3.2 Electron microscopy negative stain

In parallel to the CX-MS experiments, the Mot1-TBRNA-NC2 complex in the presence
of different nucleotides was visualized by negastan electron microscopy technique. In
negative staining, the particles are fixed in aefagf heavy metal solution—in this case,

uranyl acetate—which fixes protein structure onrthiisecond timescale [143]. Using

Figure 20. EM data.

(A) Negative stain micrograph of the cuniculiMotl-TBP—-DNA-NC2-ABF compleXB) Electron density
map of reconstruction. The map was contoured aiiame of ~300,000 Awhich corresponds to the theoretical
volume of the atomic modeléC) 2D class averages (bottom) and the back-projestidrihe 3D model in the
Euler angle directions assigned to the class aesrégp).
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computational tools, images of negatively stainaecgnens at different views are combined
and used to produce three-dimensional reconstngtd the molecule. This, due to the size
of the microcrystals formed by the staining solnfican be achieved to about 20 A. The
attempts to calculate EM reconstructions of the M&BP-DNA-NC2 complex in the
presence of ADP or AGS were challenging and inéffecHowever, the 22 A negative stain
reconstruction of the complex in the presence oFAeas successfully calculated from 8,192
selected particlesF{gure 20). The reconstruction, of overall approximate disiens of
115 A x 115 A x 100 A, is in good agreement with #ize of the partial complex observed in
the crystals structureMoreover, the characteristic C-like shape of Mobtlis pronounced
(Figure 21).

Figure 21. Results of the rigid-body fitting into he EM density.

(A) The crystal structure of the MOYP—TBP—DNA—-NC2 complex (color-coded as in Figure fig)d-body
docked into the negative stain density map of thIMTBP—DNA-NC2-ABF complex (transparent, gray).
(B) The map divided with th8eggertool (included in Chimera package [146]) into teegments: Moti™™—
TBP-NC2 module (transparent, gray) and Mdt1part (opaque, purple).

Rigid-body fitting
To combine the structural information from the taystructure and the EM reconstruction,

an unbiased rigid body fitting approach was usedrioter to unambiguously localize the
Mot1"T°P—TBP-NC2submodule, with the DNA molecule omitted, in the ENnsity. The
fitting was performed usingolorestool [144], part of thé&itussoftware package [145]

(available at http://situs.biomachina.org). Thegsam performs an extensive 6-dimensional
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contour matching of a down-filtered probe structtgkative to the target EM density map.
The fitting protocol resulted in a very convincisglution in which a centered additional
density is visible. This additional density is sited upstream from the HEAT repeats of
Mot1, directly next to the N- and, most importantife C-terminal end of the MJt®°

construct Figure 21). Thus, this prominent segment likely harbors$we2/Snf2 domain.

4.3.3 Pseudo-atomic model of Motl-TBP—DNA~-NC2 congt

The in-depth CX-MS and EM analyses resulted in guivalent outcome and suggested the
same localization of MofI® relatively to the Motf">~TBP—NC2 module, placing it on the
upstream side of TBP, in a direct proximity to theéerminus of MotY™® and NC2*. Very
convincingly, in such configuration the DNA fragnidrom the Mot£™ component, which
can be modeled based on the SsoRad54-DNA crystatste superposed via RecAl lobe, is
a direct continuation of the upstream DNA from thet1" °~TBP-DNA-NC2 crystal
structure Figure 22A). The anticipated trajectory of the “handle” DNAgaged by Mof1™®
with respect to Mofi’>~TBP does not seem to be altered and primarily¥el the usual
path of upstream DNA flanking the TBP-bound TATAproter DNA. Thus, this localization
agrees with the placement established in previtustsral and biochemical studies [8], [9],
[47], [59], [70]. The discrepancies between thecexdacementKigure 22B) result from the
fact that the complex shape is likely more comphetn it is suggested by the models
generated for the CX-MS analysis. However, rigidipdit of the MotT™ model into its
segment shows that the MGIY segment could theoretically hold the ATPase domain
(Figure 22C) if small adjustments of the polypeptide chamspecially in the HEAT repeat
region were allowed.

Although slight rearrangements within Mot1-TBP—DNMG2 complex at the TATA
box cannot be excluded, the analysis also implias MotT™ would contact not more than
20 bp upstream from the TATA sequené&gg(re 22D), which would be in agreement with
the length requirement reported for the yeast Matlich ATPase domain was reported to
contact around 17 bp upstream from the TATA boX.[#arthermore, it seems plausible to

reason that the non-TATA box-containing strand widag the one which Moti® uses
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Figure 22. Comparison of the Mot1-TBP—-DNA-NC2 comlx model obtained from the CX-MS data with
the EM electron density map.

(A) The model of the full Motl-TBP-DNA—-NC2 complex bdson the CX-MS analysis. For clarity, one
representative model was choséB) Superimposition of the EM map segments, Mot$TBP—DNA-NC2
crystal structure and one of the best-scoring CXtaSed Mot¥™ model fits. The transparent purple segment
corresponds to the Mdt1® segment and the transparent gray one to the WIBIBP—NC2 module (same as
in Figure 21). RecAl-like and RecA2-like subdomainfs the Swi2/Snf2 domain are pink and purple,
respectively. B1 and B2 insertions are in blue. Plsition of the DNA fragment bound to MG was
modeled based on tt@&sdrad54-like—-DNA crystal structure by superimposihgm via RecAl subdomaiic)
Mot1°™® homology modefrom (A) and (B)rigid-body fitted into the Moti'™® segment using Chimera “Fit to
segments” tool [146](D) Relative positions of TATA box-bound TBP and thetltf™® bound to the upstream
DNA. The top TATA box strand from the MAtI°~TBP-DNA-NC2 crystal structure is in red. The TABAX
sequence was additionally highlighted in orangee TINA strand, which forms main contacts within the
SsoRadb54-like protein-DNA structure (the 3'-5’ &gy strand, see Figure 3C) is also marked in Glor
coding of the Mot¥"™°>~TBP-DNA—-NC?2 structure shown in (B) and (D) is saasealescribed in Figure 13.
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primary for tracking (3'-5’ strand, comparegure 22D andFigure 3).

Interestingly, the analysis of the negative staconstruction suggests that the DNA
substrate is partially visible, since clear dengtypresent at the predicted DNA binding site
(Figure 22B and C as well afigure 20B, front view). Although local protein—-DNA
environment might distort stain adsorption, casewhich DNA could be well visualized by

the negative stain method are reported, e.g. pS-&ihplex [147].

4.4 Preliminary X-ray crystallographic analysis of the Mot1""°—TBP-
NC2 complex

4.4.1 Crystallization and structure determination

Motl catalyzes the ATP-dependent displacement otepr substrates from DNA [8].
However, the experiments performed on Ehecuniculi proteins revealed that Motl can not
only bind to TBP-DNA and TBP—-DNA-NC2 complexes, bigo can simultaneously form
complexes with TBP and NC2in the absence of DNA. Thus, in order to gain some
structural insights into potential physiological nftion of such Motl-TBP-NC2
assemblies, Mot1-TBP-NC2and Motl'™>~TBP-NC2 complex samples purified by gel
filtration were subjected to crystallization exmpeents. In few of the tested conditions
crystals of various morphologies were obtainedtidhipoorly shaped crystals of the
Mot1""°P—_TBP-NC2 complex diffracted only maximally to 5 Afigure 23A,B) and were
subsequently used as a source of nucleation seexdsebk seeding experiments. After 3—-14
days of incubation this approach led to well-shapedtals diffracting maximally to 3.3 A
(Figure 23C). In some of the crystallization conditions themplex sample was not stable
enough and only MotfP—TBP crystals were obtaineBigure 23D).

The data set from a crystal of the MOt3-TBP—-NC2 complex, which was used for
the refinement, was collected a0.9797 A and 100 K. The complex crystallized ie th
space group P 1,24 (a=116.8 A, b=150.1 A, c¢=172.8 A=90.0°, =107.1°, =90.0°) with

55% solvent content and four of each MBE, TBP, and NC2 chains in the asymmetric
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Figure 23. Results of the crystallization of. cuniculi Mot1N™°~TBP-NC2 complex.

(A) Initial hits of theE. cuniculi MotIN™°>~TBP-NC2 complex crystals. Typical hedgehoge-like clustefrs
crystals were grown in 0.1 M sodium citrate pH 58&, M ammonium sulphate and PEG40®). First hits of

thin plate-like crystals grown in 0.1 M sodium ate pH 5-6, 0.2 M sodium malonate and PEG4000. The
crystals shown ifC) were obtained by streak seeding of the crystaisemted irf(B) and diffracted to 3.3 A.
(D) Crystal of Motl™—TBP complex covered in crystalline precipitatevgrg in 0.1 M magnesium acetate,
0.1 M sodium citrate 5.5 and 6% PEG4000. The cryftfaacted to 3.2 A.

unit (~4500 residues in total). The structure walsesl by molecular replacement using the
E. cuniculi Mot?"™® and TBP from the Mofi’®~TBP complex crystal structure [47] as
separate search models. Subsequently, parts biGRBe chains were modeled. Subsequently,
the model was refined at 3.3 A resolution to imitRyo/Rree Of 23.5%/26.9%. Data

collection, processing and refinement statisticslmafound irfable 3.

4.4.2 Overview of the structure

Motl has a tight grip on TBP
In the MotI'"™°>~TBP-DNA-NC2 crystal structure the interface betwétotl™'° and TBP

extended from HR4 to HR10 and included the inserdomain Figure 14). As shown in

Figure 24, in the Motl'™-TBP-NC2 crystal structure this interaction interface is
preserved and further increases to reach ~18@6akculated by PISA server [136]). Thus, in
the Mot?'"°~TBP-NC2 crystal structure the contact surface between MBtland the
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convex site of TBP is two times larger than in khet1V"°—TBP complex.

Table 3. Data collection and refinement statistics.

Equations defining R-values are standard and heotdefined.

Data collection Refinement

Space group PL2 Resolution (A) 44.47-3.29 (3.33-3.39)
Cell dimensions Ruork/ Reree (%0) 23.5/26.9(38.5/43.6)

ab,c(A) 116.8, 150.1, 172.8 No. atom

B, () 90.0, 107.1, 90.0 Protein 32525

Resolution (A) 44.5-3.3 (3.5-3.3)* B-factors (X)
No. reflection Protein 110

All 273046 (35071) R.m.s. deviations

Unique 83621 (12355) Bond lengths (A) @.00
R merge (%0) 9.0 (78.1) Bond angles (°) 1.020
CCun 99.8 (58.5) Ramachandran (%)**
I/ 1 11.15 (1.43) Favored 96.0
Completeness (%) 96.8 (89.2) Allowed 3.2
Redundancy 3.3(2.8) Outliers 0.8

Wilson B factor (R)** 102

*Values in parentheses are for highest-resolusiueil.
** Determined by MolProbity.

In both of the crystal structures described in thissis, MotY™ moleculevia its C-
terminal ends packs against another NI8t1molecule in the same asymmetric unit
(MotIVT'°P_TBP-NC2) or against a symmetry-related one (MBELTBP-DNA-NC2).
Remarkably, similar interaction is found also ire tbrystal structure of the MAtI°—TBP
complex (all presented iRigure 25). Thus, it appears that MOt has apreferencefor
particular crystal packing in which the C-terminal HEAT regeaelf assemble to form a
pseudocontinuous domairAlthough driven by an analogous interaction, in evrdo
accommodate the crystal lattice packing, the HE&Jeat domains adapt slightly different
conformations undergoing “accordion-like” adjustrigerfFigure 25, right panels). The
capability to rearrange was shown to be an imponpaoperty of long -helical solenoids
[137]. Therefore, it is possible that the shapeptataon and conformational changes play a

crucial role in the function of Mot1’s HEAT domaiRor example, the position of hel5 of
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NC2 —which remains bound in the same manner in alhefanalyzed structures (shown in
Figure 14, Figure 24, and Figure 26—would be well suited for the recognition of
NC2-bound TBP or TBP-DNA complexes via MOt2. Remarkably, the very C-terminal
unstructured regulatory region of NCZ2extending beyond the ordered parts of the
polypeptide chainvas shown to be responsible for the repressiveaioMC2in vitro andin
vivo [106], [122]. It is, however, important to stre$mitt loosening or strengthening of the
interface area between M&fY and TBP cannot be easily interpreted in the caneéx
associated subunits, but is highly dependent omffy@nization of the crystal lattice contacts

in particular crystal form.

Figure 24. The interface between Mot1™ and TBP in the presence of NC2

Mot1"™® (light brown) and TBP (not shown) from the MBtE—TBP structure as well as M&tP, TBP, andH5
of NC2 from the Motl™—~TBP-NC2 crystal structure (color-coded as in Figure 13jensuperimposed via
TBP (blue surface). The residues forming a hydréypheluster—Ilocalized at the interface of NG2HS5,
TBP’s convex side and Mdt1™ insertion domain—are displayed on the right side.

NC2 adopts an unusually extended conformation

Although the interaction site between M®t1 and TBP’s convex surface remains largely
unchanged, the latch region is 180° rotated abd&®'S twofold pseudosymmetric axis

(Figure 26A). This unexpected feature can be explained byfahethat the latch does not

form many specific contacts to TBP [47] and mimNAS phosphate moiety, which also

has internal pseudosymmetry. Of note is that ti@*-t8tated binding mode is only possible
because the latch binds TBP molecule from anotbieptex as a result of “domain
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Figure 25. Crystal contacts between two Mofi™® molecules within the unit cell.

Packing of two MotY™ molecules within the asymmetric unit of the MS-TBP crystal structuréA) and
within the asymmetric unit of the MA{I°—TBP—DNA-NC2 crystal structur@). Panel (B) additionally shows
that the upstream DNA ends probably form contactthe crystal lattice. The 5’ end of the TATA stilaft)
shown here in gray has four nucleotides missingtaed3’ end of the bottom strand (**) shown in {dtas
three nucleotides missindC) Packing within the unit cell of the MJtI°~TBP-NC2 crystal structure.
Dimerization of Mot}™ molecules is mediated by two helices of NG2serted between the C-terminal HEAT
repeats (darker pink and green). The black symbaohé middle of the left panel represents the tldbfxis
perpendicular to the plane of the screen. The@xithe right panel is represented by the dashed @m panels
(A) and (B) the twofold axis corresponds to the -eoystallographic axis, whereas on panel (C) iths
crystallographic axis. TBP and NC2hains were omitted in all panels. Part of the N€i2ain is shown only in

©.
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swapping” Figure 25C, right side). Thus, the latch is unlikely to bitedTBP chain from the
same complex in such manner, unless large confarnatchanges of the HEAT repeats
would occur. Indeed, dimerization of MO{P in the crystal lattice is supported by the
detection of dimeric Mofi'°~TBP-NC2 and Mot1-TBP-NC2 species in gel filtration.
This implies that similar “dimeric” complexes collé also found in solution. However, it is
not clear whether the dimerized form of the MBBLTBP-NC2 complex observed in the
crystals structurally represents the multimericcgge of Mot1-TBP—NC2 complex detected

in gel filtration (see discussion).

Figure 26. Unusual conformations of MotY™ latch and NC2 observed in the Motl™°~TBP-NC2
complex structure.

(A) The latch (magenta) bound to TBP (blue) in the MMB:2TBP-NC2 complex structure is 180° rotated
about TBP's twofold pseudosymmetric axis. The bigdinode of the latch region observed in the MBt:
TBP crystal structure (approaching from the N-lsk&te) is shown in light brown. Par{B]) shown unusually
extended conformation of the NC2hain (green) compared to the arrangement reptotetie Mot1'™°-TBP—
DNA-NC2 crystal structure (light brown). Only helk5 remains in the same position. Helidd is mostly
unstructured or disordered and contacts TBP andhthk via shor helical regions (here referreds¢i4” and
H45). Helix H3 belongs to the same or to the symmegtsted NC2 chain (symbolized by a question mark).
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Apart from the change in latch binding, the NCéhain, when compared to its
conformation observed in the MOfP-TBP-DNA-NC2 or TBP-DNA-NC2 crystal
structures, adapts unusually extended conformdfayure 26B). Helix H5 remains bound
to TBP’s convex site, whereas mostly disorderetkh#d binds both to the latch and TBP
via two short helical structures (here referrecasdH4” and H4). Moreover, helixH3—
typically participating in the formation of the tese fold—undergoes rotation and together
with H4" binds to TBP’s C-terminal lobé&igure 26B). Importantly, due to the relatively low
resolution of the structure (3.3 A) and the faeittNC2 residues 80-90 are unstructured, it
is not clear to which complex each of the helie@sbelongs toigure 27A). The tracing of
the N-terminal part of the NC2chain (residues 1-65) is even more challengings part of
the polypeptide chain is not visible apart fronwa short symmetry-relatedhelical regions
inserted between the N- and C-terminal ends of MGt(Figure 25C, left panel andFigure
27). Although these helices are up to 15 amino daoidg, it is not possible to unambiguously
determine the sequence register based on the aledénsity. However, these helices most
probably correspond td2 (and relatedH2”) of NC2 , core helices of the histone fold

Figure 27. Tracing of the N-terminal residues of N@ .

(A) The NC2 chain cannot be entirely traced and the sequesgister cannot be assigned for the residues 1—
65. (B) Only short ~15 amino acids longhelical region (green) inserted between the C-tesinends of
Mot1"'P is visible. HR16 and C-terminal helix of MOYP are shown in yellow and orange, respectively. The
symmetry-related region of Mdt1® was omitted, while both miscellaneous helicessa@vn. Pang(C) shows

the Zo — Fc (blue meshpndFo — Fc (green mesh) electron density maps contoured arids3, respectively.
Positive difference density is visible for somelué side chains.
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domain (see e.g-igure 4 or Figure 13). Like for its C-terminal part, the miscellaneous
helices interact with neighboring molecules viaywhydrophobic interaction, which likely
compensate elongated conformation in the absendbeofssociated NC2subunit of the
NC2 heterodimer. However, the interaction betwéthand H2" does not resemble the
interaction within the histone fold.

Of note is that in this configuration the cystemesidues of NC2 (C43 and C58)
would be in close proximity to each other. In parkar, the distance of symmetry-related
C43 residues, which are localized on heli¢t& and H2", would theoretically allow the
formation of disulfide bonds. The formation of disie bonds cannot be excluded, since
reactive thiol groups are exposed and subjectedndareducing conditions during

crystallization process.

4.5 Activity measurements
4.5.1. Electrophoretic mobility shift assays

Motl dissociates TBP—DNA—-NC2 complexes in preseridd P and the latch
Motl-catalyzed ATP-dependent disruption of TBP-DNKE2 complexes was already

demonstrated for the recombinantly expressed ywastins in EMSA experiments [48] as
well as for Mot1-TBP-DNA-NC2 complexes isolatednfrehromatin extracts [97]. Thus,
EMSA experiments in the presence of ATP were peréat for theE. cuniculi proteins in
order to test if Motl is able to disrupt both TBRNMA and more stable TBP—DNA-NC2
complexes in the presence or the absence of itle lat

As expected, Mot1 was able to efficiently dissaeiaBBP—-DNA complexes when ATP
was addedKRigure 28A, lanes 3 and 4). The same effect was observatemresence of
NC2 (lanes 8 and 9). Interestingly, the presenctheflatch was required to dissociate the
Mot1l-TBP-DNA-NC2 complexes, while Motl was able disrupt the TBP-DNA
complexes to some extent in the absence of thie édter ATP was addedrigure 28A, lanes
5 and 6 vs 10 and 11 and [47]). Additionally, tldeliion of NC2 prevented ATP-independent

premature dissociation of TBP-DNA complexes obskrire the presence of MdtI°
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(Figure 28B).

Figure 28. Electrophoretic mobility shift assays.

(A) Upon ATP addition, Motl dissociates TBP from DNAngs 3 and 4) as well as the TBP-DNA-NC2
complex (lanes 8, 9). Motf" is less efficient in TBP removal (lanes 5, 6) anaot able to dissociate the
TBP-DNA-NC2 complex (lanes 10, 1{R) Addition of NC2 prevents the Md1® from displacing TBP from
DNA (lane 3 vs 6)(C) EMSA performed using DNA substrates, which had ohéhe 5’ ends labeled with
fluorescein. Second 5’ end was labeled with digexyg and blocked by the addition of anti-digoxygeni
antibody. (D) Cartoon representing the label placement of tHestsates used in lanes 1-6 (top) and 7-12
(bottom). Fluorescein, digoxygenin, and anti-diggewin antibody are represented by star, filledeiand a Y-
like shape, respectively.

Interestingly, the quantification of EMSA experintershowed no clear differences
between the affinities of Motl to TBP-DNA-NC2, N@2 Mot1-TBP-DNA or NC2 to
TBP-DNA (not shown). Each of the affinities wasamww nM range and was thus similar to
the affinity of yeast Motl to TBP—DNA complex [436], which could not be reliably
measured for th&. cuniculi proteins. Moreover, the presence of NC2 did nghifcantly
affect the ATPase activity of Motl, which requiredly TBP or TBP—DNA for the full
stimulation [47].

Taken together, both TBP-DNA and TBP-DNA-NC2 comete arebona fide
substrates for Motl-catalyzed ATP-dependent agtivitvitro. NC2 blocks the premature

action of the latch but neither increases MotlBn@y for the substrate nor affects its
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ATPase activity. Moreover, the analysis of seledti€P mutants was not possible, since they

all showed WT behavior (data not shown).

Mot1 dissociates TBP—NC2 from DNA substrates witktaucted ends

Although Swi2/Snf2 ATPase motors couple ATP hyds@yto dsDNA translocation [71]—

[73], the release of TBP from DNA by Motl does appear to involve highly processive
ATP-dependent DNA tracking [85]. However, Motl wstsown to induce changes in the
upstream DNA conformation within the TBP—-DNA conmy#s, which suggested that Motl
straightens DNA [88]. Similarly to Motl, lateral miiiby of TBP-NC2 complexes on

different DNA substrates was observed in singletiggar FRET experiments [114]. In

addition, the same study showed that these moldleR-NC2 complexes were “trapped” on
the DNA substrates and were not able to disso@ateheir own, showing remarkable
stability over long incubation times. NevertheldsscuniculiMotl readily dissociated TBP
from promoter DNA in the presence of NC2. Remarkainl the Mot1'™°—~TBP-DNA-NC2
crystal structure, Motl and NC2 form a “clamp” dre tpromoter DNA-bound TBP. This
kind of configuration would be well suited for ATdependent translocation along DNA
track, since the structural analysis indeed inégathanges in the DNA trajectory that are
consistent with increased lateral mobility of thet#-TBP—-DNA-NC2 complex.

Thus, in the light of the data presented in thigdgt two possible models of the
ATP-dependent Motl’s action could be proposed, bbtihem are represented schematically
in Figure 29 First of the possibilities applies ATP-dependéminslocation along DNA
phosphate backbond). In an alternative scenariB), the TBP—DNA-NC2 complex would
be disrupted by locally occurring Motl-induced aonfiational changes that do not require
substantial translocation. To distinguish betwekasé two possibilities, electrophoretic
mobility shift assays, using digoxygenin labeled Dhhd anti-digoxygenin antibodies. As
shown in Figure 28C, although TBP-DNA complexes were not disruptedhwi0O0%
efficiency, the presence of the antibody in prifeigid not have any significant impact on
the action catalyzed by Motl, either in the presemcabsence of NC2. Thus, these activity
assays suggest that Motl does not motor the prctebstrate along DNA over long
distances, supporting similar results obtained wéhst proteins in an analogous set up [85].

Instead, Motl is more likely to locally disrupt tpeotein~-DNA interaction. It is, however,
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possible that the Motl-catalyzed reaction includesy short-range tracking of TBP—NC2
“clamps” (few base pairs), which cannot be distisad from a local disruption on DNA

substrates used in this study.

Figure 29. Possible models of Mot1’s action on TBBNA-NC2 substrates.

(A) Motl slides TBP—NC2 complexes along DNA away fritre promoter of(B) Motl locally disrupts TBP—
NC2 complexes in a reaction, which does not redDMé tracking.
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5. DISCUSSION

5.1 TBP-DNA-NC2 complex is &#ona fidesubstrate for Motl

Motl is an essential gene regulator that, as hes brown in numerous vitro as well as
genome-widen vivo studies, together with NC2 regulates TBP’s genadistribution [18],
[20], [26], [97]. The question whether Motl and Nfhction through different but partially
redundant mechanisms or whether they cooperaté&indil an unknown mechanistic
relationship was not entirely clear. NC2 acts viaventing the interaction of TFIIA and
TFIIB with TBP—DNA complexes, thereby blocking tfdC formation [94]—-[96], [100],
[102], [104], [113]. Interestinglyin vitro FRET experiments showed the extremely low off-
rate of TBP—NC2 complexes from promoters suggestinggequirement for a factor that
modulates promoter accessibility [114]. SubseqyeMIC2 was shown to be retained on
DNA in vivo in the absence of functional Motl [19], [97], [11&loreover, intact Mot1—
TBP-DNA-NC2 complexes were isolated from yeast wcifatin extracts and could be
formed in vitro using recombinantly purified components [97], [48Finally, both
endogenous and recombinant complexes were effigidigrupted in the presence of ATP
[97], [48]. In agreement with these results, thefdgation and EMSA analyses performed
on theE. cuniculiproteins showed that, next to TBP-DNA, also TBP-ABNC2 complex is

a bona fidesubstrate for Motl's ATP-dependent activity. Aduhilly, in the absence of
NC2 , TBP—-DNA-NC2 and Motl-TBP—-DNA-NC2 complexes could not be formed,
showing that both NC2 subunits are required for finenation of the DNA-containing
complexes. Thus, current body of data suggeststhigato-association of Motl and NC2
observed inn vivo experiments results from the fact that Motl catedythe dissociation not
only of TBP but also of TBP—NC2 complexes from pnemoter sites. The exact role of NC2
in this setting is not entirely clear, but this adadal factor appears to function as a marker of
nonproductive TBP complexes poising them for Matfiam, e.g. on intragenic regions [30],
[32].
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5.2 The latch plays crucial role in dissociation mghanism

The latch region has been initially characterizecdhanonconserved structural element with
the length largely varying between the specieschviirectly binds TBP’s concave surface
[47]. In this manner, the latch resembles the TANBdion of the biggest subunit of TFIID
complex, TAF1l [148]. Both elements prevent TBP—DNAsociation in a relatively
unspecific manner structurally mimicking DNA moie®eletion of the latch impairs the
dissociation process of the Motl-TBP—-DNA complexwsdver, in contrast to TBP—DNA
substrates, TBP—DNA-NC2 complexes are disruptedibil only in the presence of the
latch region and show resistance to premature Alependent latch-dependent dissociation
of the complex. Therefore, in the presence of Ntb2, latch seems to play an important
functional role in the dissociation mechanism gatadi by Mot1.

In the MotI'™>-TBP-DNA-NC2 crystal structure the latch region disordered.
Similarly, the CX-MS analysis implies that this i@y does not exclusively bind to a
particular region of the complex. If the latch wadered, due to its small size (~50 residues)
it would not have been possible to localize it lne ihegative stain EM map. Interestingly
however, many crosslinks between Mot1’s latch aratl¥f® were detected for all CX-MS
data sets, constituting surprisingly high subsetletbected linkages. The N-terminal part of
yeast Mot1 has been already proposed to inhibitl¥Btaction via electrostatic interactions
under physiological conditions [46]. Similar meclsans have been described for other
Swi2/Snf2 members; for example the chromodomain€hadl and “leucine latch motif” of
CSB localized upstream from the Swi2/Snf2 domaiesewshown to sterically modulate the
ATPase activity as an autoinhibitory element antliaaesponse to substrate recognition
[54], [149]. Intriguingly, the ATPase activity oh¢ Motl ®"mutant, in contrast to the WT
protein, is not stimulated by TBP, regardless @& presence of NC2 ([47] and data not
shown). Moreover, the latch contains Motl's nuclésralization signal, which becomes
functional only after Motl association with TBP [43herefore, the link between Motl
conformational changes occurring upon associatith WBP point toward a possibility that
the latch might directly function as an autoinhobjt element or that its interaction with TBP

is indirectly modulated by such a mechanism.
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5.3 Motl initially alters protein substrate—DNA interaction in an ATP-

independent way

Motl, apart from being an essential global trampdional regulator serves as an attractive
model system for structural and mechanistic studiesSwi2/Snf2 enzymes. Currently,
different models are considered to explain how Mwmfalyzes the disruption of TBP—DNA
complexes: a) by inducing a conformational chanfieTATA DNA via the interaction
between upstream DNA (i.e. DNA “handle”) and Motf b) by DNA translocation
mechanism, where, according to the general modgpgsed for all Swi2/Snf2 family
enzymes, Motl would act as a molecular “snowplowsipng or pulling off TBP from the
promoter; or c¢) by alteration of TBP—DNA affinityiteer by a direct influence on TBP
molecule or, alternatively, TATA box DNA itself. @eral changes reported for tBe cuniculi
Mot1""°—TBP-DNA-NC2 complex structure, in comparison ® tproduct” MotI'"™°~TBP
and “substrate” TBP—DNA-NC?2 states, provide impariasights into the early stage of the
Mot-catalyzed reaction. Additional structural infaation derived from the EM and CX-MS
analyses of the complex formed in the presencéefull-length Motl additionally extend
some of these observations.

First, in comparison to the “product” state, “suate”-bound MotY'® covers almost
the whole convex site of TBP. This significantlyhanced contact suggests that Motl, in
order to remove TBP from DNA, might require a tgyhgrip on TBP. Interestingly, the
expanded interface implies a direct interactionieen the Mot®™™’s insertion domain and
the TBP’s N-terminal tail which, although included the crystallization construct, was
unfortunately not visible in the electron densltyterestingly enough, although this part of
TBP’s polypeptide chain is evitable [150], it wasown to regulate TBP—DNA binding
behavior and promote the formation of so-calledb&mt” TBP-DNA species, which are
much less stable than normal “bent” complexes [[]. Apart from a possible influence of
TBP’s N-terminus on Motl-catalyzed reactions, als® region extending beyond the helix
H5 of NC2 also contributes to the new MB{P-NC2 interface. Interestingly, the QA-rich
NC2 C-terminal fragment of human NC2although not required for TBP binding, was
shown to be required for the repression, but novaon of transcriptionn vitro [99], [113].

Moreover, this part of the NC2polypeptide representing a repression domain wasd to
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be a target of phosphorylation vivo [151]. Similarly to TBP’s N-terminus, however, shi
part is not well characterized in the electron dgn3he observation that both TBP’s and
NC2 ’s repressive elements are in a direct proximitytite -helical insertion domain of
Motl raises intriguing possibility that this elem@woes not only play a structural role. This
region inserted between the HEAT repeats is chanatt to Motl and is conserved among
the orthologs. The functional role of this part tfe protein still awaits further
characterization.

Second, in the MotT°—~TBP-DNA-NC2 complex crystal structure the DNA ey
flanking the TATA box promoter in the 5’ directiomccording to the “top” strand (i.e.
upstream) appears to be altered, if this regionoimpared to the DNA trajectory in the
“substrate” TBP—DNA-NC2 complex as well as othePHBDNA complexes. Although, as
already stressed in the Results section, both entie DNA substrate in the crystal structure
are partially disordered and involved in the forimatof the crystal contacts. Therefore, the
arrangement of the DNA trajectory in the upstreart pan be partially affected by DNA-
DNA interactions within the crystal lattice andetifore, MotY'°-induced changes in DNA
conformation might be overrepresented. Howevesdhmesence of “straightened” DNA—
which is consistent with increased lateral mob#ig in a full agreement with the results of
single-molecule FRET experiments, which have shtvenS. cerevisiaéViotl-TBP—-DNA
complexes in the absence of any nucleotide orenptlesence of AGS and ALF are flexible
due to equilibrium between bent and unbent DNAestg88]. Thus, Motl™ -induced
changes in DNA conformation might be as well owas-underrepresented. Importantly for
this discussion, Motl-induced dynamic DNA behaviothese TBP—DNA complexes was
observed on DNA templates which were too shortitectly contact Mot§™, i.e. having
only 3 bp in the upstream region. Several earltadiss also reported that Motl might
change TBP-DNA interaction and that this processas linked to any ATP-related
conformational change of the ATPase domain; mechdyiforced transient alteration of the
TBP—promoter affinity would for example explain whMotl alters the DNase | digestion
protection pattern of TBP even in the absence dP A8], [59], [70] and is not able to
dissociate TBP from DNA with I-C-substituted TATAgion [45]. Intermediate state protein—
DNA complexes, in which duplex DNA is distorted gurito ATP hydrolysis have been
reported for SF1 helicases, e.g. in case of PcrAANmMplexes [83]. Strikingly, Motl-
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accociated TBP also loses the ability to discriténlaetween classical and mutated TATA
sequences [49], [87]. Similarly, BTAF1 is able maliice DNA binding for the majority of the
DNA-binding surface TBP mutants which are defecbe¢h for BTAF1 and DNA binding in
solution [49]. Remarkably, ATP analogs were showednvert Motl-TBP complexes into a
form capable of binding to DNA [48]. Thus, numeranwitro experiments suggest that after
Motl binding the TBP—DNA interface is altered. Aogbusly to Motl, NC2 also induces
dynamic behavior in the TBP-DNA interface, theredmabling TBP to laterally move on
core promoter DNA without its dissociation althougNA conformational changes have not
been seen in the TBP—DNA-NC2 crystal structure J[1T4erefore, “pre-straightened”
Motl-targeted TBP-DNA-NC2 complexes might faciBtatmore efficient substrate
recognition or dissociation.

Third, as judged from the Goot mean square deviation between the analyzé? TB
structures, TBP conformation when bound to the TAINA in the presence of Motl and
NC2 is somewhat distinct to that of TBP bound tafAANA alone, and rather similar to
TBP bound to Motl alone (“product” complex). Thesetved changes are, however, small
and are of borderline significance, but the treadconsistent. On the other hand, even
minimal Motl-dependent alterations might alreadyeha critical impact on TBP—DNA
interaction, especially that the severely bent TAIGX sequence itself might accelerate this
process acting as a “spring” for rapid release BIPT152]. In this context interesting is that
the association of Motl with TBP—-DNA-NC2 seems igrupt the NC2-DNA contact site
at H4. RemarkablyH4 is moved towards TBP and “bumps” into TBP’s C-tirah stirrup.
This is particularly interesting, since two pairk ghenylalanine side chains, which are
primarily responsible for introducing the dramatthange of the TATA element
conformation, ale localized at or near the TBPiggts [91]. Thus, Motl might indirectly
destabilize TBP-induced kink in DNA via altering R€onformation.

Forth, in line with the hypothesis that Motl codidectly contact the TATA box DNA
in the presence of TBP [49], [59], the structurahlgsis presented here points towards a
possibility for a MotY"°—DNA interaction. This is additionally strengthepthe observation
Mot1“™ is not the only part of the Swi2/Snf2 enzymes tluan direct contact to DNA
[153]. Since Mott™ does not contact TBP [45] and the latch-DNA intdéca can be also

rather excluded ([48] and data not shown) the Muatitribution to this interaction could be
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mediated via the conserved and negatively chargéelmNinus of the HEAT repeat domain
(HR 1-2). Although this region does not form direchtacts with DNA, it resides in a close
proximity to the DNA in theE. cuniculi Mot1N"°~TBP—-DNA-NC2 complex structure.
Interestingly, the deletions within the fist 10Gidaies result in inviablitiy or in a dominant-
negative phenotype in yeast [48], which would ssgtfeat this region likely forms important
contacts in the context of the full-length proteia, with TBP or the ATPase domain.

Fifth, the conclusions drawn from the interprematiof the crystal structure
determined in the presence of truncated Motl gupatied by the CX-MS and negative stain
electron microscopy studies of the complex in tlesence of Moti'>. The results presented
in this work show that MofT'®, when bound to an ATP analog, directly contactsN2"
domain. This interaction site, next to the MB:-TBP-NC2 contact site could serve as
anchor points, which together would be well suitedalter the TBP—NC2 and TBP-DNA
interactions, at the same not weakening the MGtTBP interaction [43].

Sixth, according to the EM reconstruction, MGt:-DNA association in the presence
of ABF does not seem to introduce large changegh¢éoupstream DNA conformation
relatively to the TATA box-bound TBP, which wouldhply that Motl does not exploit
upstream DNA “handle” in order to introduce e.g. ANwisting. Instead, as described
before, the observed modifications of protein—-DNeractions are explicitly a result of
Mot1"'™® binding. The limited resolution of the EM reconstian does not, however,
exclude that some additional rearrangements nsepten the crystal structure might occur,
especially that more extensive compaction of the\HEepeat array is observed. Therefore,
it cannot be ruled out that, due to the binding M6t1°™® to the upstream DNA,
rearrangements at the TATA box are even more pnocexl compared to the situation
observed in the Motf°-TBP-DNA-NC2 crystal structure. Moreover, many sligks
between Mot™ and TBP detected in all CX-MS experiments, whianrot be explained
by the proposed model, were detected. Unfortunagelyallel attempts to obtain negative
stain reconstructions of the Mot1l-TBP—DNA-NC2 coexpin ADP- or AGS-bound state
were ineffective. Therefore, the potential differes between to nucleotide and nucleotide-
bound states could not have been fully investigaléte complex might be not uniform
enough when bound to these nucleotides to alloactfie sorting of the negatively stained

particles. This might additionally imply that addital large rearrangements occur through
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Figure 30. General model for Mot1-catalyzed dissoation.

The binding of Mot1 (Mot1™ in yellow, RecAl in pink, RecA2 in purple, latchasvn in magenta as cylinder)
induces destabilizing conformational changes inTtBE—DNA-NC2 complex (TBP is shown in blue, and the
NC2 heterodimer is shown in dark and light gre€&ubsequently, the ATPase domain stably engagescapst
DNA and its ATP hydrolysis-mediated functions diegt in the upstream direction cause the final seleaf
TBP and NC2 from DNA.

ATP hydrolysis and phosphate release. Howeversidering the relative small size of the
proteins analyzed in this study as well as thelogé®m limits of the negative stain EM and
CX-MS methods, more detailed information is notikmde, e.g. from cryo-EM or higher-
resolution X-ray analysis.

Taken together, the data presented here suggestltheing model for Mot1 action, in
the first step, TBP’s and NC2’s interaction with B destabilized by Motl binding. Motl
first acts on the substrate complexes enforcintate,sin which TBP is incompetent to bind
to the TATA box anymore. This process is not disecbupled to ATP hydrolysis and does
not necessarily results in TBP removal from DNRiglire 30). Although E. cuniculi
Mot1"™® binding to TBP-DNA is in principle sufficient toigplace TBP from DNAS.
cerevisiag full-length Motl complexes are fairly stable angler DNA templatesn vitro
[59], [87]. In the presence of NC2, changes inTB&®—-DNA interaction also occur, but the
formation of the MotY"™°>-NC2 clamp in MotX"°~TBP-DNA-NC2 complexes does not

allow premature TBP—DNA dissociation observed footM'™°>~TBP-DNA complexes in
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EMSA experiments. Subsequent Swi2/Snf2 ATPase-diggrremodeling step triggered by
ATP hydrolysis enables dissociation of the “primedimplexes from upstream DNA in an

ATP-dependent process.

5.4 Motl and other Swi2/Snf2 enzymes

Mechanistic understanding of how ATP hydrolysis @upled to protein—-DNA
rearrangements catalyzed by Swi2/Snf2 enzymesrig limited. The interpretation of the
structural and biochemical data presented here dotsentirely addresses this issue,
especially that the Motl construct used for theseination of the Mot1™>~TBP-DNA-
NC2 crystal structure lacked M&tP and, therefore, the most valuable high-resolution
information is still largely absent. However, loesplution negative stain imaging,
crosslinking and activity experiments performedtbe full-length Mot1-containing Mot1—
TBP-DNA-NC2 complex presented in this work reveaederal interesting findings which
show similarities and dissimilarities between Matid other Swi2/Snf2 family members.

Analysis of the CX-MS data analyzed in this workealed that the nucleotide state
of Mot1°™ has a crucial impact on the conformation of theé2f8nf2 ATPase domain. This
is fully consistent with the conformational changksscribed forSulpholobus solfataricus
Rad54-like Swi2/Snf2 enzyme occurring during thePAlydrolysis. SsoRad54-like ATPase
undergoes drastic conformational alterations inwvglvthe changes in the relative
reorientation of the two RecA-like subdomains on/A8lbstrates even in the absence of
ATP [138]. Analogously, Mot1 can freely adopt thetize conformation in solution even in
the absence of ATP and, due to such conformatibetrogeneity, is able to dissociate a
fraction of TBP—DNA complexes; however, this effechot observed for the “hinge” mutant
of Mot1, which is believed to be impaired in thengersion of the active and inactive ATPase
state [59].

The most interesting uncovered parallel to chromagémodelers is the fact that
Mot1°™®, particularly the RecA2-like subdomain, is in @edt proximity to NCZ" and the
upstream DNA. A direct involvement of the ATPasem@in in nucleosomal substrate

recognition as well as in the coupling of ATP hygsts to chromatin remodeling function
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has been shown [154]-[156]. More detailed infororatabout the position to which ATPase
engages nucleosome is based on site-specific itrkisgl experiments and nucleosome
sliding experiments using gapped DNA substrateschwhave shown that the Swi2/Snf2
domain of chromatin remodelers directly binds taclaasome at superhelical location 2
(SHL2)—two turns away from the dyad axis [154], J15Notably, the position of MofI®
relative to NC2" in our CX-MS- and EM-derived models is analogauthe association of a
Swi2/Snf2 domain bound at SHL2, i.e. in a direcbxmity to the H3/H4 histone pair
slightly away from the dyadrF{gure 31). Therefore, is appears that Motl and Swi2/Snf2
chromatin remodelers likely act via related meckaniand they share the ability to

specifically recognize a histone fold protein—-DN#xmplex as a substrate.

Figure 31. Binding of Swi2/Snf2 ATPase to its histee fold-DNA substrate.

Left: the ATPase domain of a chromatin remodeler spatlif recognizes to the nucleosome particle at
superhelical location 2 (SHL2), two turns from thed (marked with the red dot). This enables ATREsRain

to specifically recognize e. g. histone H4 tail rficdtions. Histones H2A, H2B, H3 and H4 are shawtight
cyan, dark cyan, yellow and coral, respectivelye notein and DNA parts symmetric according to diyad
axis were omittedRight: Localization of Mott™ segment from the EM reconstruction (purple transpar
density) of Motl-TBP-DNA-NC2 complex relatively TP and NCZF. The DNA particle presented here
was superimposed based on the crystal structurgaotcription factor NF-Y with DNA, which exhibits
nucleosome-like curvature [109]. The position onMahalogous to SHL2 on the nucleosome is also ndarke
with the red dot.

Notably, the remodeling activity of Swi2/Snf2 chratim remodelers in some cases
requires the presence of histone tails or theirifitadions or can be modulated in response
to the modifications of remodeler subunits themselM53], [158]-[160]. Thus, the
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unexpected common feature shared between Swi2/fanfily remodeling enzymes and
Motl to remodel a histone fold-DNA complex pointtoat a possibility that some
modifications of NC2 subunits might affect Mot'diatty to its substrate. Indeed, both NC2
subunits, similarly to histones, have been shownumalergo various posttranslational
modifications like phosphorylation, acetylation, tmdation and ubiquitinatiom vivo [49],
[151], [161]-[172]. The Motl region, which could pemarily responsible for “reading the
NC2 code”, also remains to be defined. For examytal’s insertion domain would be well
positioned to response to modifications occurringhee C-terminus of NC2 In analogy to
nucleosomal substrates, M6IY itself could recognize modifications occurring i
terminal tail of NC2 and/or NC2. In the E. cuniculi system, NC2 does not seem to
stimulate Motl’'s ATPase activity, its TBP—DNA dissation rate, or affinity to the substrate
complexes ([89] and data not shown). Analogousig ATPase activity of SWI/SNF and
RSC remodeling complexes does not require intactensomes for maximal stimulation
[53]. In any case, the impact of NC2 modificatiams Motl activity needs to be further
investigated.

The ATPase activity of chromatin remodelers is gtated both by naked DNA and
nucleosomal substrates [53]. In contrast, the A€Rsctivity of Motl has been shown to be
activated exclusively by TBP or TBP and DNA synstigally but not by DNA alone [9],
[14], [45]-[47]. However, yeast Motl® can bind dsDNA on its own in a nucleotide-
dependent manner [88] and the activity of the lieigth Mot1 reaches the one of Mot2
under very high salt or nonphysiological pH coradis [46]. Thus, the N-terminal part of
Motl seems to have a regulatory effect on DNA biggiwhich is unmasked only upon the
association with TBP [46]. The influence of DNA tire ATPase activity of MofT® has not
been investigated.

The majority of SF2 members include accessory doesni@rmed as N- or C-flanking
regions or as inserts within the core ATPase donjaiB]. Interestingly, most of the
crosslinks between Moti® and NC2" map to the protrusion region of the RecA2-like
subdomain, the major family-specific insertion ©ifeSwi2/Snf2 ATPases [52]. Interestingly,
crosslinks between histones H2A/H2B and RecA2 lobéno80, the catalytic subunit of
INO80 remodeling complex were detected [174]. Aegahrole of the insertion regions of

Swi2/Snf2 ATPases in distorting local DNA structunas already been proposed [175].

78



DISCUSSION

Intriguingly, such an extended interaction couldygest a direct role for insertions in
inducing DNA distortion. Remarkably, SWI/SNF hagbeuggested to disturb histone—-DNA
contacts by wedging the RecA2 lobe between DNA amudein substrates [154]. This has
been, however, not observed in the case of ISWlodeter [154]. Therefore, further
structural studies on more Swi2/Snf2 members whadchecessary to address this issue in
more detail.

Although Motl shares some similarities with chromatemodelers and other
Swi2/Snf2 ATPases, the findings presented hereawtisfthe hypothesis of DNA tracking-
related mechanism of action and show that Motlerdttcally disrupts the DNA interaction.
Although the formation of the Mot1-NC2 “clamp” waube appropriate for sliding along
DNA track, unobstructed DNA ends were shown notb& required for efficient Motl-
catalyzed dissociation of TBP/TBP—NC2 from DNA dudies [85], [89]. Accounting for
slight rearrangements within the HEAT repeats, @&MS and EM analyses imply that
Mot1“™ would primary contact the non-TATA box-containisigand. According to the 3'-5'
tracking direction shown for some Swi2/Snf2 remedglthis would suggest that Mot1 could

track over very short distances, e.g. one or twae lpushing theubstrates from the promoter

Figure 32. Remodeling of substrate protein—~DNA conipxes by Motl and nucleosome remodelers.

Left side: The binding of Motl (MotI™® in yellow, Swi2/Snf2 ATPase domain in purple) icds
destabilization of TBP—DNA and NC2—-DNA interactiofi®8P is shown in blue, NC2 is represented by amgre
shape) Right side: a Swi2/Snf2 remodeler bound to nucleosome. ThébMding domain engages DNA at
the nucleosome entry site. In both cases, the AdBamains in a similar manner specifically recogrtizeir
histone fold-DNA substrates. ATP hydrolysis-mediateonformational changes lead to short-range
translocation of Motl into upstream direction frone TATA box causing the final release of TBP and2N
from DNA. Analogously, the ATPase domain of a nosleme remodeler actively pumps the DNA in 3'-5’
direction, according to the tracking strand. Thedion of DNA movement is represented by the blatkws.
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into the downstream direction. This is, therefapaite distinct to long-range tracking shown
for RSC remodeling complex reaching up to 70 bg pt340 bp for ISWI [71]. Moreover,

only fully duplexed upstream DNA supports efficistiotl-TBP—DNA complex formation

and its dissociation [70]. This is again in contrees other dsDNA translocases which are
active on ssDNA substrates and translocate predortijnalong one of the strands [71], [73],
[75]. Thus, it appears that all Swi2/Snf2 ATPasesdango similar ATP-dependent
conformational changes but they exploit them iniffer@nt way in response to various

stimuli.

5.5 Novel roles for Motl and NC2?

Although the function of NC2 and NC2 in the heterodimeric complex is supported by
large body of in vitro and in vivo data, severalependent studies postulated that N@&d
NC2 polypeptides might function as separate factodd, [®7], [99], [106], [121]-[123].
Many results are not entirely conclusive in thigtera since very often no direct comparison
of the effect of either subunit on transcriptioroggss was monitored and the effects
observed for NC2 or NC2 were assigned to the function of the whole compléws, in
the light of the accumulating data, such discriioraseems to be necessary for the precise
data interpretation in future experiments.

The initial analysis of th&. cuniculiMotlN™°~TBP-NC2 complex crystal structure
represents a distinct, uncharacterized form of Mitl2 assembly. NC2subunit is present
in an unusually elongated conformation, which hast bbeen reported for any histone fold
protein subunit. However, NC2and NC2 are the only subunits of a histone fold-containing
protein complex, which were suggested to functisseparate subunits. As described in the
results section, the observed novel interactioween TBP, MotY™™’s latch and NC2's H3
andH4 would be only possible if Motl was a functionainér. Although multimierization of
Motl""°—_TBP-NC2 complexes was observed in gel filtration experitaerdue to
Mot1V™®’s preference to crystallize in a particular confation it is difficult to judge if the
observed arrangement is relevant or whether it ieesalt of nonspecific hydrophobic

interactions of the crystal lattice. Clearly, stural analysis of the complex in the presence
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of full-length Motl would be necessary to unambiggly answer some of the questions
regarding functional relevance of the presentedlMG-TBP-NC2 crystal structure.

What could be the physiological function of MothdaNC2 bound to TBP? This
aspect is particularly intriguing, since NC2 is fprentially imported to the nucleus as a
preassembled complex [124]. Remarkably, Motl wasonted to be responsible for
ATP-dependent dissociation of the NC2 heterodirB&}.[ATP-independent disassembly of
NC2, which is otherwise very resistant to extrerhegmd salt conditions, was also observed
in the presence of Motl fdE. cuniculi proteins (not shown). Dissociation of NC2 into
separate subunits would unmask NES of N@&@lypeptide resulting in different distribution
of and subunits in the cell [124]. Remarkably, in the M8P-TBP-NC2 structure the
NES stretch of the NC2subunit is localized at the interface between HBB Motl's latch.
Therefore, Motl apart from catalyzing the dissacrabf TBP and NC2 from DNA might be
additionally responsible e.g. for blocking the estpof NC2 from the nucleus. It is,
however, not clear if Motff°>~TBP-NC2 represents transcriptionally active (“loading
complex") or inactive form ("dead-end"” complex) ©BP. Certainly, more experiments
including genome-wide ChIP and in vitro activitysags are required to understand the
function of Mot1-NC2 assemblies. Additionally, analogous analysis ef RC2 subunit

and the impact of posttranslational modificatiorand be necessary.
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EXPERIMENTAL PROCEDURES

6. EXPERIMENTAL PROCEDURES

6.1 Materials

All common chemicals were obtained from Merck, Sagildrich or Carl-Roth, unless

stated otherwise.

6.1.1 Media and antibiotics

2xYT, Lysogeny Broth (LB-Lennox) and Terrific Bro{iB) media used for culturing of the
E.coli strains were prepared as describediahle 4. For the generation of solid media, 1.5%
agar (w/v) was added. Sf21 insect cells were grow&f-900 Il serum-free medium (Life
Technologies). High Five insect cells were growrExpress Five serum-free medium (Life

Technologies) prepared according to the manufacsurestructions.

Table 4. Media used for culturing E.coli strains.

Compound 2xYT LB B
Tryptone 16 g 10g 12 g
Yeast extract 10 g 59 249
NaCl 59 109

Glycerol - - 4 mL
NaOH pH~70 pH~7.0

0.17M KHPQO,

0.72M  KHPO, - - 100 mL

(sterile solution)
Distilled water Up to 1000 mL

Antibiotics used for the selection of plasmid-cargyE. coli clones are listed ifable 5 The
stocks were used as 1:1000 (v/v) dilutions. Ingett media were supplemented witld

pg/mL gentamicin (Roth) and 10 mM L-glutamine (Invitroge
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Table 5. List of antibiotics used for the maintenane ofE. coli cultures.

Compound Stock concentration [mg/mL]  solvent
ampicillin 100 water
chloramphenicol 34 ethanol
kanamycin 50 water
tetracycline 10 ethanol
gentamicin 7 water

6.1.2 Strains

Table 6.E. coli strains.

Strain Supplier Genotype

recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac
XL1 blue Stratagene i

[F'proAB laclqZz M15 Tn10 (Tetr)]
Rosetta (DE3) Novagen FempT hsdB (rB— mB-)gal dcm(DE3) pRARE2 (CamR)
B834 (DE3) Novagen F— ompT hsdSB(rB— mB-) met gah{DE3)

F—mcrA (mrr-hsdRMS-mcBC) 80lacZ
DH10MultiBac  Redbiotech M15 lacX74 recAl endAl araD139 fara, leu)7697galU galk

—rpsL nupG/pMON14272/pMON7124

Table 7. Insect cells.

Strain Species Supplier
IPLB-Sf21-AE (Sf21) Spodoptera frugiperda  Life Technologies
BTI-TN-5B1-4 (High Five) Trichoplusia ni Life Technologies

6.2 Molecular biology methods

All vectors were obtained from Petra Wollmann (Huogf Group, Gene Center, LMU,
Munich). For this study, TEV protease cleave sie newly introduced between the
protein sequences and the expression tags folashpds used, with single exception for
pET28a-TBPfl vector, for which TEV cleavage sitebstituted thrombin cleavage site.

Oligonucleotides used for cloninggble 8) were purchased from Metabion in a desalted
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purity grade and in a lyophilized form and befose were diluted in distilled water.

Table 8. Expression plasmids.

Name Plasmid Encoded Restriction  Tag
sequence site
pPET28TEV-TBPfl pET28a E. cuniculi TBP Ncol/none N-H (TEV)
1-198
PETDuetTEV-NC2-NC2 pET- E. cuniculiNC2 None/none  N-Hg (TEV)
Duetl 1-147 (MCS1) (MCS1) (MCS1)

E. cuniculiNC2  None/Xhol None (MCS2)
1-95 (MCS1) (MCS2)
pETDuetTEV-NC2-NC2 © pET- E. cuniculiNC2 None/none  N-Hg (TEV)
Duetl 1-147 (MCS1) (MCS1) (MCS1)
E. cuniculiNC2  None/Xhol None (MCS2)
1-79 (MCS1) (MCS2)

pFBDM-Mot1(TEV) pFBDM E. cuniculiMotl  None/Notl N-Hg (TEV)
1-1256 (MCS1)

pFBDM-Mot1"'°(TEV) pFBDM E. cuniculiMotl  None/Notl N-Hg (TEV)
1-778 (MCS1)

pFBDM- MotI"™® " (TEV) pFBDM  E. cuniculiMotl  None/Notl N-Hg (TEV)
1-778 97-137 (MCS1)

pFBDM-Mot1 " (TEV) pFBDM E. cuniculiMotl  None/Notl N-He (TEV)

1-1256 97-137 (MCS1)

Table 9. Oligonucleotides used for cloning.

Name Sequence (5’ - 3’)

TBP_28TEV_F AAACCTGTATTTTCAGGGACATATGGACGCACCAGATATTTCTTATGAGCA
TC

TEV_R TGAAAATACAGGTTTTCGCCGCTGCTGTGATGATGATGATGATG

Motl TEV_F AAACCTGTATTTTCAGGGACATATGAATAGATTAGAGAAGTTCTTCACCA
CACTGAAC

Duet NC2b_TEV_F _AAACCTGTATTTTCAGGACATATGAATATGGAGAAAAACGATGACGAAA
ACACATTACC

NC2a_P80*_F TCGTGCTACCGAATCTGATTAAAAATTTGCGTTCCTCAA

85



EXPERIMENTAL PROCEDURES

6.2.1 Polymerase chain reaction (PCR)

Standard PCR reactions were performed using Phidash High-Fidelity PCR Polymerase
Mix (Thermo Scientific). Reaction mixtures were paeed accordingly to the manufacturer’s
protocol. The temperature of the annealing step seaso a value which was usually 3-5°C
lower than the predicted melting temperature ofubed primiers. The melting temperature
of the primers was estimated with Oligo Calc onlineol (available at http-
Ilwww.basic.northwestern.edu/biotools/oligocalc.hirDigestion of the methylated template
DNA was performed with Dpnl (Thermo Scientific) bgiding 1 L of the enzyme directly to
the PCR reaction followed by overnight incubatidn3#°C. Finally, PCR products were
purified using Nucleo Spin Extract Il Kit (Macherdlagel) and eluted in distilled water
preheated to 50°C.

6.2.2 Site-directed mutagenesis

The procedure was performed according to QuikChdhgste-Directed Mutagenesis Kit
Protocol (Stratagene) using Pfu Ultra DNA PolymeraStratagene). The primers
introducing single-amino acid changes in the prossquences were designed using Primer
X online tool (http://www.bioinformatics.org/primeicgi-bin/protein_1.cg). After whole-
plasmid PCR reaction, digestion of the methylatsdiate DNA was performed with Dpnl
(Thermo Scientific) by adding 1L of the enzyme directly to the PCR reaction foléaby
overnight incubation at 37°C. The reaction mixtwees then directly used for transformation

into E. coli.

6.2.3 In-Fusion cloning reaction

Molecular cloning was performed using In-Fusion Adiage PCR Cloning Kit (Clonetech).
This method allows joining multiple pieces of DNAat have 15 bases of complementarity at
their ends without the use of any restriction enggmrlhe target insertion sequence was

placed on the 5’ ends of both cloning primers dmalfirst 15 bp were complementary (see
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Table 9, underlined). The In-Fusion cloning mixture was m@mga according to the
producer’s manual using ~50 ng of isolated vectdADThis protocol was used to introduce

TEV cleavage recognition sites between the expedsigs and proteins.

6.2.4 Transformation into E. coli

Competent cells (50-100L in a 1.5 mL microcentrifuge tube) were first thevon ice.
Subsequently, 5L of target DNA were added to the competent cetid gently mixed by
tapping. The mixture was incubated for 15 minutesce. Heat shock was performed for 45
s at 42°C, after which cells were chilled on ice Tanin. Next, 400 L of room temperature
LB medium was added and the cells were recover&¥ & for 1 hour (600 rpm). Finally,
the cells were spread onto solid LB medium contgnappropriate antibiotics enabling
positive selection of successfully transformed eknPlates were incubated overnight at
37°C.

6.2.5 Plasmid DNA isolation and sequencing

Plasmid DNA isolation of single-colony transformantas performed using NucleoSpin
Plasmid EasyPur&it (Macherey-Nagel) eluted in preheated distiNeater. Plasmid DNA of

the selected clones was sequenced by Eurofins.

6.2.6 Transposition into bacmid and bacmid DNA is@ltion

For the transposition of the donor plasmid intolthemid, DNA was transformed inkd coli
DH10MultiBac competent cells. For that, 100 uL bétcompetent cells were thaw on ice
and transferred into a 15 mL polypropylene tubepragimately 1 pg of the pFBDM
plasmid with a gene of interest was added to tlie aad incubated on ice for 30 min. After
the incubation the cells were heat-shocked by teanisg to a water bath heated up to 42°C

for 60 s and cooled down on ice for 1 min. Subsaetiye600 pL of 2xYT medium without
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antibiotics was added and the cells were placea shaking incubator for 6-16 h at 37°C
(200 rpm). After the recovery, the cells were sdreato agar plates containing kanamycin,
gentamicin and tetracycline at 1:1000 dilutionghef stocks listed iffable 5, as well as X-
Gal (100 g/mL) and IPTG (0.5 mM). The plates were incubafed 2—3 days at 37°C.
Afterwards, white colonies containing recombinaacinid were streaked to confirm the
phenotype. Positive colonies were inoculated intonb of 2xYT medium containing
kanamycin, gentamicin and tetracyclin@alfle 5 and grown overnight in a shaking
incubator at 37°C (200 rpm). Bacmid DNA was isalatesing isopropanol precipitation
protocol according to the instructions included Bac-to-Bac Baculovirus Expression

Systems user manual from Invitrogen.

6.3 Protein expression and purification
6.3.1 Insect cell expression system

Insect cell expression system was used to expretgsnNnally His-tagged full-lengthE.
cuniculi Motl (1-1256) and Moti'® (1-778),E. cuniculiMotl " (1-1256, 97-137) and
Mot1NTP kteh(1_778, 97-137).

Propagation of the virus in the Sf21 insect cells
200 pl of Sf-900 1l SFM medium (Life Technologies)as mixed with 3 pl of FuGene
transfection reagent (Promega) and with 1-3 pgahted bacmid DNA. Prepared mixtures

were incubated for 45 min at room temperaturehtnrheantime, 2 mL of Sf21 cells per one
transfection reaction at 4-¥ML suspended in Sf-900 Il SFM medium were prepaaad

left at 27.5°C for 30 min. After the incubation &m finished, transfection mixtures were
added to the cells and incubated at 27.5°C. Aftey 8 days the media containing PO virus
were collected and centrifuged at 3000 rpm for 15. fhe supernatants (2 mL) were added
to 10 mL of Sf21 cells at 1-2nL suspended in Sf-900 11l SFM medium per eachstroict

and incubated in a shaker at 27.5°C for 3 daysi,Nle& cells were counted and the cultures

were centrifuged. Only the best-transfecting visugere selected for further amplification.
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The selection was based on the viability of thedfacted cells after the incubation time as
well as on the number of the cells and average dialineter in comparison to the not
transfected control culture. Therefore usually twdependent transfection reactions were
prepared for each construct and more potent viras ghosen on this stage for the final
experiments. Chosen P1-containing media (0.02—-2 wedre added to 20 mL of Sf21 cells
diluted at 4-180mL in Sf-900 Il SFM medium per each constructeTvplume of the P1

virus supernatant depended on the strength of itlus.vThe cultures were incubated in a
shaker at 27.5°C for another 3 days. Afterwardsciies were counted and centrifuged at

3000 rpm for 15 min. The supernatants containingngt P2 viruses were stored at 4°C.

Protein expression
0.5—1L of High Five cells at 1-nL cultured in Express Five medium (Life Technoés)
was infected with P2 virus in 1:1000 ratio and leasted 60—72 h afterwards. Pellets were

frozen in liquid nitrogen and stored at -80°C a& thurification was performed directly after

harvesting.

Protein purification

Harvested cells were disrupted by brief sonicaf@® s, 50% power, 30% duration) in the
lysis buffer A1 or A2 for full-length Mot1 and Mot1®, respectively. All the buffers used for
the purification of the recombinantly expressedtgrs are listed infable 10 Soluble
fraction was separated from the cell debris by rifeigiation at 4° for 40 min at 15000 rpm.
Supernatant was filtrated through a 45 um filteef{bk Millipore) and loaded onto a gravity
flow column with pre-equilibrated Ni-NTA beads (QBEN) at 4°. The flow-through
fraction was reloaded onto the beads at least tene times. Unspecifically bound proteins
were washed out extensively with buffer A and remmg fraction was eluted with elution
buffer B. Elution fractions together with TEV prate (30:1 w/w) were dialyzed overnight
against low salt ion exchange buffer C1 or C2 fali-length Motl and Mot1™®,
respectively. After the dialysis the sample wastrifiged for 15 min at 4 at 1x000g and
applied onto a 5 mL HiTrapQ column (GE HealthcaB®und proteins were eluted from the
column using linear gradient of high salt buffer 81D2 for full-length Mot1 and Mof{®,

respectively. Fractions containing protein of iet#rwere concentrated to final volume of 3
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mL (Merck Millipore) and loaded onto S200 16/60 fjitation column pre-equilibrated in
gel filtration buffer D. Protein fractions were aamtrated to 10-20 mg/mL, pipetted as 15—

50 ul aliquots, frozen in liquid nitrogen and sthiag -80°C.

Selenomethionine labeling

Selenomethionine labeling in insect cells was peré for N-terminally Histagged
Mot1"T° construct. First, 100 mL of High 5 insect cell cuét was adapted to Sf-900 Il SFM
medium (Life Technologies) by growing the cellsrfra starting concentration of 41®\L

in a shaker for 4 dayast 27.3C. Subsequently, the cells were diluted to ¥/rh@ in 0.5 L of
Sf-900 1l SFM medium and infected 1-750 v/v with\g&is. The culture was grown for 12 h
and centrifuged at 800rpm for 10 min. The cell gtelas resuspended in 0.5 L of Sf-900 I
SFM medium supplied with 75 mg of L-cysteine (Sign#dter 4 h of methionine depletion
the cells were centrifuged again and resuspended.5nL of Sf-900 Il SFM medium
supplied with 75 mg of L-cysteine and 35 mg of lesemethionine (Acros Organics). The
expression was carried out for another 48 h inakeshat27.5°C. The media wersupplied

with 1.4 pg/mL gentamicin.

6.3.2 Escherichia coliexpression system

E. coli expression system was used to produce recombihacwli expression system was
used to produce N-terminally Hisagged full-lengthe. cuniculiTBP (residues 1-198), His
tagged full-length NC2 (residues 1-147) and to co-expressgithgged full-length NC2
with an untagged version of full-length NCR21-95). Hig-tagged full-length NC2 was co-

expressed from a plasmid carrying truncated N€&hstruct (NC2 1-79), which did not co-

purify.

Protein expression

The constructs were expressedHrcoli Rosetta (DE3) strain by inducing the expression
from the lactose promoter by adding 0.5 mM IPT@4Ficoncentration) to the medium. The

induction was performed after the optical cell dgnsieasured at 600 nm reached 0.6-1.0.
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The expression was carried out at 18°C for arouhd @vernight).

Protein purification

Initial protein purification step for TBP was penfieed using buffer A3 and A2 for NC2
heterodimer. The resuspended cells were sonicatedites for 5 min (50% power, 30%
duration) using a sonicator and centrifuged atot°40 min at 15000 rpm. The supernatant
was mixed with pre-equilibrated Ni-NTA beads (QIAREand incubated for 2h at 4° in a
batch mode. After the incubation the resin was ddadnto a gravity flow column and
washed extensively with buffer A. Remaining proseimere eluted with elution buffer B.
TEV protease was added to the elution fractions1(3@w) to cut off the Higtag. The
sample was dialyzed overnight against low saltegohange buffer C2 and centrifuged for
15 min at 4 at 1000g. Further purification was perfed by ion exchange chromatography
applying the sample on a 5 mL HiTrapS. Bound prstevere eluted from the column using
a linear gradient of high salt buffer D2. Elutioadtions were concentrated to a final volume
of 3 mL by ultrafiltration (Millipore) and loadednto S75 16/60 gel filtration column (GE
Healthcare) pre-equilibrated in gel filtration berffD. Protein fractions were concentrated to

4-20 mg/mL, pipetted as 50 pl aliquots, frozeniguild nitrogen and stored at -80°C.

Table 10. Buffers used for the purification of therecombinantly expresses proteins.
Name Content
Lysis Al 50 mM Hepes, 300 mM NaCl, 5 mM Imidazdp glycerol (v/v), 10 mM B-
ME, pH 7.5, Protease Inhibitor Cocktail Tablets, T2&BFree (Sigma)
A2 50 mM Hepes, 400 mM NacCl, 10 mM Imidazole, 10 BME, pH 7.5
A3 50 mM Hepes, 1.5M NaCl, 10 mM Imidazole, 10 mMVEE, pH 7.5

Elution B 50 mM Hepes, 200 mM NacCl, 300 mM Imidagd 0 mM B-ME, pH 7.5
IEXlowsalt C1 20 mM Hepes, 100 mM NaCl, 2 mM DTOI5 mM EDTA, 5% glycerol (w/w),
pH 8.0

C2 20 mM Hepes, 100 mM NaCl, 2 mM DTT, pH 8.0
IEX highsalt D1 20 mM Hepes, 1 M NaCl, 2 mM DTT50nM EDTA, 5% glycerol (w/w), pH
8.0
D2 20 mM Hepes, 1 M NaCl, 2 mM DTT, pH 8.0
Gel filtration E 20 mM Hepes 7.5, 200mM NaCl and@mDTT
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Selenomethionine labeling

The plasmids were transformed according to thedstahprotocol intde. coli Rosetta B834
cells and plated on LB—agar plates. The 200 mLyte@s were inoculated into LB media
and grown overnight at 37° with continuous agitatidhe main cultures were grown in
Selenomethionine Medium Base supplemented withidhitMix (Molecular Dimensions).
Additionally, selenomethionine solution was added &nal concentration of 42 mg/L to the
sterile medium prior to inoculation. The media aetenomethionine solution were prepared
according to the manual supplied by the produdérs.cultures were grown in a shaker (160
rpm) at 37° until Olgy reached 0.4. Next, the temperature was set tcat8°the cultures
were further grown until OFo 0.7. The expression was initiated by adding IPT@nal
concentration of 0.5 mM and carried out furtheld8tC overnight. All of the media were
supplemented with chloramphenicol and additiondibéotics dependent on the resistance-
coding expression plasmids. The applied proteiifipation protocols did not differ from the

ones used for the purification of unlabeled pratein

6.4 Protein biochemistry
6.4.1 Protein quantification

Protein concentration was calculated based on Wérlance at 280 nm using NanoDrop
1000 spectrophotometer (Thermo Scientific). Duéhitgh absorption of DNA at 280 nm,
protein concentration of the protein—-DNA complexnpées was performed using Bio-Rad
Protein Assay Dye Reagent Concentrate (BioRad) rdoap to the manufacturer’s
instruction, which is based on the Bradford metfdtb]. Bovine serum albumin (Roth) was

used to generate the calibration curve.

6.4.2 SDS-PAGE

Protein sample analysis was performed using NuPAB&ETris Precast Gel system (Life

Technologies) according to the manufacturer’s utdions. Prior to loading, the samples
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were boiled for 5 min at 95°C in the presence ottdrcentrated Sample Buffer (S&gble

11).

Table 11. Solutions used performing SDS-PAGE analigs

4x Sample buffer Coomassie staining solution

110 mM Tris pH 6.8 7% (w/v) acetic acid

16% glycerol 50% (w/v) EtOH

4% (w/v) SDS 0.2% (w/v) Coomassie Brilliant Blue2B0
5% 2-ME

0.6% bromphenol blue

Coomassie staining
The gels were placed in a plastic container anefligrrinsed with water. Next, Coomassie

staining solution (se&able 11) was added to fully cover the gel and was incubdte at

least 30 min on an agitating shaker. The gels westained in water.

Silver staining
Silver staining protocol was based on the Bloomhoet([177] andlable 12)

Table 12. Silver staining solutions.

Solution  Ingredients

A 10% acetic acid, 45% methanol

B 0.8 mM NaS,C0O;

C 2 mg/mL AgNQ, 0.026% formaldehyde

D 6% NaCO0;s, 0.0185% formaldehyde, 16 uM MRCO;

The gel was rinsed with distilled water and fixadsolution A for 2 min and again for
20 min using fresh buffer (50 rpm). Subsequentidhg gel was washed two times for 10
min with 50% ethanol and once for 10 min with 30&ta@ol. Next, the gel was sensitized in
buffer B by 60 s incubation (50 rpm) and washe@ehimes for 20 s in distilled water. The
staining was performed using solution C for 20 @@ rpm) followed by the washing step

(3%, 20 s in distilled water). Reduction was pemied using solution D until the band
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intensity reached satisfying intensity. The reactias stopped by the addition of 10% acetic
acid. Finally, the solution was exchanged to 1%ia@zid and incubated for further 20 min.

The gels were then stored in distilled water.

6.4.3 Electrophoretic mobility shift assays (EMSA)

The assays performed &n cuniculiproteins shown ifrigure 28 were by Prof. David Auble
(Department of Biochemistry and Molecular Genetigsiversity of Virginia Health System,
Charlottesville, USA) as described [47], [89] usid@ bp oligonucleotide labeled with
fluorescein at the 5 end of one strand (5-
GGGTACGGCCGGGCGCCCCGGATGGGGGGCTATAAAAGGGGGTGGGC ).

The assays shown iRigure 9 were performed as follows. DNA oligos (ds 5-
CAGTACGGCCGGGCGCCCGGCATGGCGGCCTATAAAAGGTC-3', top strand) were
mixed with TBP at 20 and 200 nM final concentraticgspectively, in a final volume of 15
pL. The DNA-TBP complexes were incubated for 5 mind°C. Subsequently, 15 pL of
serial dilutions of NC2 or NC2were added (covering the range from 1 to 10 mekaess
over TBP). The samples were further incubated fonirbat 4°C. Next, 20 uL of each sample
were loaded onto 0.5% agarose gel prepared in IXBAENM Tris pH 8.0, 20 mM acetic
acid, 1 mM EDTA) and run at 4°C at 60V for approately 1h in 1x TAE buffer. All DNA
and protein dilutions were prepared in 20 mM Tri§, 200 mM NaCl, 5 mM MgGland
10% (v/v) glycerol. To enable visualization of tB&lA-bound complexes, the 5’ end of the
bottom strand was labeled with 5-FAM. The visudl@a was performed using Typhoon

9400 fluorescence scanner (GE Healthcare).

6.4.4 Sample preparation for crystallization and aalytical purposes

For the preparation of the complex thawed aliquftsingle components were mixed in a
stepwise manner and purified by gel filtration. Bog DNA-containing complexes first DNA
and TBP were mixed in 1.2:1 to 1.5:1 molar ratid arcubated at 4° for 5 minutes. At higher

concentrations of the stocks protein precipitatidas common at this step. After addition of
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5 M NaCl stock so that the final concentration @ased from ~200 to 300 or 400 mM of
NaCl the precipitate resolubilized. In the secotegh NC2/NC2 was added so that the molar
ratio is equal and the sample was incubated foth@n® min followed by the final addition
of Mot1N™®/Mot1N™ "Mot1/Motl ™" 5 min incubation and centrifugation. The amount
of Motl was always substoichometric to DNA, TBP &d2 in order to avoid any presence
of free Motl constructs. Any remaining DNA sing®eins or lower-order complexes were
easy to separate from the main complex fractioooimtrast to free Motl and homodimeric
Mot1"™® and Mot1'™ 2" |n the case of complexes formed without DNA, Mufds always
substoichometrically mixed with NC2/NCzand TBP (usually 1:1.5). In this case the order
of adding the components did not affect the compdesnation. To separate the complex of
interest from the excess of single components #mepke was applied onto Superdex 200
10/300GL or Superdex 200 Increase 10/300GL colurRos.analytical purposes, Superdex
200 5/150 GL or Superdex 200 Increase 5/150 coluners used (all from GE Healthcare).
Gel filtration experiments shown in sectiéri.1were performed in 20 mM MES (KOH) pH
6, 60 mM KCI, 5 mM MgCJ and 2 mM DTT buffer.

6.5 X-ray crystallography
6.5.1 Crystallization

For the crystallization experiments fractions cantgy homogeneous complex were
concentrated to ~2-5 mg/mL and centrifuged befdre $etups. The complexes were
screened for crystallization in a 96 well sittingy format (MRC Crystallization Plate,

Molecular Dimensions) using commercial screensgigthoenix Crystallization robot (Art

Robbins). After obtaining initial hits the crystal®re optimized by growing in hanging drop
vapor diffusion format at 22°C by mixing 1 pL ofetkample with 1 pL of the reservoir (500
pL). Seeding experiments were performed using &gethol from Hampton Research after

one hour to one day of equilibration.

95



EXPERIMENTAL PROCEDURES

Mot 2Mot1NTP_TBP-DNA-NC2 complex crystals

Sample preparation in gel filtration was performad20 mM MES, 60 mM KCI, 5 mM

MgCl, and 2 mM DTT as described in sectioB.4.4 The crystals of the
Mot1N™® BtMotINTP_TBP-DNA-NC2 complesgrew for 1-14 days only in conditions

containing PEG polymers as precipitants with noiaby preferences for salts, additives or

pH. In all of the refined conditions crystals wetgaracterized by very similar morphology
and growing behavior.Table 13 and Table 14 list all DNA nucleotides tested.
Oligonucleotides used for crystallization experitsewere HPLC- or PAGE-purified and
obtained from Biomers in a lyophilized form. Thedijomers were resuspended in 40 mM
TRIS pH 8.0, 100 mM NaCl, 10 mM Mgg€ht 1mM final concentration, mixed with the
complementary strand in 1:1 molar ratio and anmedlae annealing process was performed
by heating up the sample to 95°C, followed by 5 micubation at this temperature and
gradual cooling down to reach the final room terapge ( 0.1°C/s).

Despite extensive crystal optimization, MdtE *“"TBP—DNA-NC2 complex
crystals did not show diffraction better than ~7 Bifferent post-crystallization crystal
handling methods like crystal annealing, dehydratiw crosslinking with glutaraldehyde
were applied in order to improve the diffractionatity. None of them showed any positive
effect. Crystals of Mofi'>~TBP-DNA-NC2complex showed very similar morphology and
the preference for crystallization conditions althb the length of the DNA was slightly
different. Best crystals of MotI°—~TBP—DNA-NC2complex were grown containing 0.2 M
imidazole malate pH 5.0-6.0 and 9-16% PEG4000.rdziffon quality crystals were
obtained from the streak-seeded selenomethionireatieed Motl''°~TBP-DNA-NC2
complex grown in 0.2 M imidazole malate pH 5.1 4180 PEG4000. Native crystals of the

complex from the same condition were used for dezlmg.

Table 13. DNA oligos used in the crystallization geriments including Mot1N™ "' construct.

The sequence of only one strand in presented

Name Construct Sequence

12/8/6 26ds GTGAAGTAGGGCTATAAAAGGGGTG
12/8/6-2(5)tb  24ds + 5’overhangs GTGAAGTAGGGCTATAAGSGGGG top
8/8/8 24ds AGTAGGGCTATAAAAGGGGAGTA
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10/8/6 24ds GAAGGGGGGCTATAAAAGGGGTG
8/8/8-2(3)t 22ds + 3’ overhang top AGTAGGGCTATAAAAEEGGAGTA top
8/8/8-2(3)b 22ds + 3’ overhang TACTCCCCCTTTTABRCCTACT bot

10/8/6-2(5)t  22ds + 5 overhangtop  GAAGTAGGGCTATAAGGGGGAG top
10/8/6-2(3)b 22ds + 3’ overhang bot CTCCCCCTTTTABCCTACTTC bot
9/8/6 23ds AAGTAGGGCTATAAAAGSGGGTG
8/8/6 22ds AGTAGGGCTATAAAAGGGGTG
8/8/6-2(5)t 20ds + 5’ overhang top AGTAGGGCTATAAAEEGGAG
8/8/6-2(3)t 20ds + 3’ overhang top AGTAGGGCTATAAAEEGGAG top
8/8/6-2(3)b 20ds + 3’ overhang bot CTCCCCCTTTTAIBCCTACT bot
8/8/6-2(3)b 20ds + 3’ overhang bot CTCCCCCTTTTAIBCCTACT bot

7/8/6 21ds ATAGGGCTATAAAAGSGGGTG
8/8/4 20ds AGTAGGGCTATAAAAGGGGG
5/8/6 19ds GGGGCTATAAAAGGGGTG
8/8/3 19ds AGTAGGGCTATAAAAGGG
8/8/1 17ds AGTAGGGCTATAAAA®

3/8/3 14ds GGCTATAAAAGGGG

Table 14. DNA oligos used in the crystallization @eriments including Mot1"™ construct.

The sequence of only one strand in presented

Name Construct Sequence

10/8/6 24ds GAAGGGGGGCTATAAAAGGGGTG
10/8/8 26ds GAAGTAGGGCTATAAAAGGGGAGTA
9/8/9 26ds AAGTAGGGCTATAAAAGEGGGTGGCA
8/8/9 25ds AGTAGGGCTATAAAAGGGGTGGAA
9/8/8 25ds AAGTAGGGCTATAAAAGEGGGGTGGC
8/8/9 25ds AGTAGGGCTATAAAAGGGGTGGCA
8/8/8 24ds AGTAGGGCTATAAAAGGGGTGGC

8/8/8-2(3)t  22ds + 3 overhangtop  AGTAGGGCTATAAABIGGAGTA top
8/8/8-2(3)b  22ds + 3 overhang bot  TACTCCCCCTTTTASECCTACT bottom

8/8/7 23ds AGTAGGGCTATAAAAGGGGTGG
7/8/8 23ds GTAGGGCTATAAAAGGGGAGTA
8/8/4 20ds AGTAGGGCTATAAAAGGGGG
8/8/1 17ds AGTAGGGCTATAAAAG

3/8/3 14ds GGCTATAAAAGGGG
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Mot1""°_TBP—-NC2 complex crystals

Sample preparation in gel filtration was performme@0 mM HEPES (HCI), 100 mM Nacl,
1 mM MgClL and 2 mM DTT as described in secti®d.4 The initial crystals appeared in
few PEG-containing conditions and were growingomif of needle bundles or clusters of
thin plates, which were useless for diffraction exments or diffracted very poorly
(maximally 5 A). Improved crystal morphology andfiction quality was obtained by
streak seeding of the self-nucleated crystals growoonditions containing 0.1 M sodium
citrate pH 5-6 and PEG4000, supplemented with 0doMum malonate, 0.2 M ammonium
sulphate, or 0.1 M magnesium acetate. Best difrajuality crystals (3.3 A) were obtained
from the condition containing sodium malonate apgeared 3-14 days after seeding. The
seeded crystals were not extensively optimizeddgtlesn the synchrotron only once) and it is
thus likely that further refinement would lead teee better diffracting crystals. Crystals
grown in magnesium acetate conditions were qultetant to seeding and turned out to be
Mot1""P—TBP crystals of the same space group, unit celedsions and organization of the

asymmetric unit as in already published structdi@.[

6.5.2 Data collection and processing

Before the data collection crystals were flash-&rom liquid nitrogen using 25% glycerol or

25% ethylene glycol (final v/v) as a croprotectant.

Mot1""°—TBP—DNA-NC2 structure

Diffraction data was collected at theuropean Synchrotron Radiation Faciliyp-29) at
100K and =0.9796 A. The reflections were indexed, integraad scaled wittKDS [178]

in the space group € 2 1 (a= 150.6 A, b= 140.3 A, c= 90.8 A= 90.0°, = 113.7°, =
90.0°). The calculation of Matthew’s coefficieMATTHEWS_COEFCCP4 package [131],
[179], [180]) suggested one complex per asymmeitnit and 60% of the solvent content.

The calculation is based on the analysis of theeswl content distribution among PDB
entries giving the most probable number of molecuttethe asymmetric unit of a known

molecular mass.
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Unfortunately, the verification of the presence dodation of the selenium K
absorption edge was not performed due to techprodllems at the beamline and the data set
was collected at the theoretical wavelength of gakenium Kabsorption edge. Owing to
poor crystal diffraction and lack of experimentalietermined optimal wavelength, the
anomalous signal was insufficient to allow expentaé phasing. Nevertheless the structure
was successfully solved by molecular replacemerthodewith Phaser part of theCCP4
software suite [131], [181] using fir& cuniculiMotlV™® and TBP (PDB-ID 30C3 [47]) as
search models. The initial model of DNA was basedh® human TBP-DNA-NC2 structure
(PDB-ID 1JFI [107]) Homology model of the NC2 hetdimer was prepared using
CHAINSAW(CCP4[131], [182]) based on the human TBP—-NC2-DNA comp&ucture
and the C subunit of NF-Y complex (PDB-ID 4AWL [1D9The NC2 subunits were
manually fitted into the density. The structure wafned inBUSTER(v. 2.10.1) at 3.8 A
using TLS refinement strategy [183] and manuallyuik in Coot [184]. Applying density
modification methods, i.e. solvent flattening WIRARROT(CCP4) [131], [132] as well a8-
factor sharpening and calculation of feature-enbdn#-, — F. map with PHENIX [133]
enabled unambiguous density interpretation. Theohés fold region was characterized by
relatively highB-factors and poor density and therefore the sidenshof the residues NC2
15-89 and NC2 12-101 were omitted in the final model. The segeeregister was
confirmed by computing anomalous difference densigp, which showed signal of the

selenium atomsHjgure 12).

Mot1""°—TBP-NC2 structure

Diffraction data was collected at the XO6SA beamlof the Swiss Light Source (Villigen,

Switzerland). A 180 ° dataset was collected at0.9797 A and 100 K. The data set was

indexed, integrated and scaled in space group £11(8=116.8 A, b=150.1 A, c=172.8 A,
=90.0°, =107.1°, =90.0°) to 3.3 A usingXDS [178]. The calculation of Matthew’s

coefficient [131], [179], [180] suggested four cdeyes per asymmetric unit with 55%

solvent content. The structure was solved by midegeplacement witfPhaser part of the
CCP4software suite [131], [181] using tiie cuniculiMotlV™® and TBP from the Mofi™°—
TBP complex crystal structure [47] as separatecbeanodels. The NC2 subunit was

modeled into th& F, — ;. andF, — F: density maps usinGoot[184] and iteratively rebuilt
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and refined withPHENIX [133] at 3.3 A using non-crystallographic symmetegtraints
(NCS) and grougB-factor refinement strategy. The sequence regadtéour short -helices
most probably belonging to NCZhains could not be unambiguously defined duehéo t
discontinuities in the polypeptide chains and reddy low resolution. Thus, these helices
were included in the models as poly-alanine stesciHigher resolution data would be

required to confirm the identity of these helicas assure the sequence register.

6.6 Electron microscopy
6.6.1 Sample preparation

The complex formation protocol was same as degtriipe section 6.4.4 with some
modifications; the complex was formed on a 38 bp ADNsubstrate (5-
CAGGCCGGGCGCCCGGCATGGCGGCCTATAAAAGGTC-3, top strand and
20 mM HEPES pH 8.2, 60 mM KCI, 5 mM MgCand 2 mM DTT was used in the gel
filtration step. After the separation, the main lpéactions were supplied with 1 mM ABF
(formed by mixing ADP:BeGINaF in 1:1:4 molar ratio), 1 mM AGS or 1 mM ADPcadi
right after the gel filtration. The ADP stock at 6M was prepared in 0.5 M HEPES pH 8.0
and AGS at 50 mM in 0.1 M HEPES 8.0. According e Bradford assay, the final
concentration of the sample used for the experimast 25 pg/mL. Negatively stained grids
were prepared immediately after the complex sanvpke available.

Further handling of the sample, data collectiomcpssing and validation was done
by Jan Schuller (Férster Group, Max Planck Ingitwf Biochemistry, Martinsried,
Germany) and is described in detail elsewhere [89].

6.6.2 Modeling into EM density

The rigid-body docking of Mofi’°>~TBP-DNA-NC?2 crystal structure was performed using
coloresapplying a 10° sampling step size to the dowesitl (22 A) search probe [144]. The
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DNA was omitted from the model. Additionally, Laplan filter maximizing the fitting
contrast was applied. The fitting was preformedtfa correct and mirrored reconstruction
and resulted in several possible fits for the NIStATBP-NC2 module. After manual
inspection, one of the solutions (for the righthaind) was qualified as the correct solution.
The other fits were nonsense fits resulted fromplate drifting, which often occurs at low

resolution when the structure represents only tgidhe density it is docked into [144].

6.7 Chemical protein—protein crosslinking and mass spectrometry
analysis

6.7.1 Sample preparation

The complex formation protocol used is describedeantion6.5.1 The complex was first
formed in the presence of 42 bp promoter DNA im#@ HEPES pH 8.2, 60 mM KCI, 5
mM MgCl; (ds 5-CAGTACGGCCGGGCGCCCGGCATGGCGGCCTATAAABGTC-3'
top strand). After the separation, the main peaktion samples were supplied with the
nucleotides as described in secttd.4 The final concentration of the sample used fer th

experiment was 0.66 mg/mL, as calculated by thelférd assay.

6.7.2 Titration of the crosslinker

Di-sulfo-succinimidyl-glutarate (DSSG, Creative Molles) was initially dissolved in
dimethylformamide (DMF) to a final concentration 26 mM (heavy/light). The stock was
diluted with water and added to the protein samfi®0 pg) placed in a 1.5 mL
polypropylene tube to yield final desirable molancentration (0.05-2 lysines:DSSG). The
crosslinking reaction was carried out at 30°C wibimtinuous shaking and quenched after 35
min by the addition of 0.1 (v/v) 1 M TRIS pH 8.9ltawed by 15 min incubation at 30°C.
Titration of DSSG was analyzed by running 1 pgadtethe crosslinked sample on an SDS-
PAGE gel followed by silver staining. The titratiof the crosslinker was done in order to

find optimal concentrations of the compound undeery conditions leading to maximal
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crosslinking efficiency which does not cause foliorabf aggregates between the complexes
in the solution. Molar ratio of 1:1 lysines:DSSG swvselected for the main experiments.
Trypsine digestion, extraction of the peptides, andss spectrometric analysis of the
crosslinked peptides was performed by Gabrielelt@dopfner Group, Gene Center, LMU,
Munich). Experimental procedures explaining thistpzf the experiments can be found
elsewhere [89].

6.7.3 Analysis of the theoretical crosslinks withithe Mot1N"°~TBP—NC2 module

In order to analyze the distribution of distancesaeen all lysines within the complex, script
K_sites_xlinks.sh was created (K_sites.xlinks.Sleript 1). The script reads input files
provided as continuous one-letter amino acid secpgerof unlimited number of protein
sequences (but one file per each protein) and esgeah output list (in CSV format)
containing all possible pairs of lysines withinshtomplex. Additionally, the number of
lysines found in each sequence, total number ahdgsnad the number of “nonredundant”
crosslinks are written to a .txt file. The finaltput CSV file additionally includes redundant
“crosslinks” with reversed order of sites, e.g. BIRroteinA—K33 ProteinB as well as K33
ProteinB—K125 ProteinA and, similarly, lists “croe&s” to the same residue, i.e. K125
ProteinA—K125 ProteinA. These are, however, igndsgdChimera Xlink analyzer plug-in
which reads the CSV output file, maps the crossliok the structural models and writes out
the distances [185].

6.7.4 Analysis of the crosslinks between the MAtI°~TBP-NC2 module and Mott™

The set of Mot$' orientations (n=20,000) was generated us@dNCH part of the EOM
package [141]. The eight amino acid linker betwdat1"™® and Motf™ (not present in
any of the atomic models) was assumed to flexiblg fhese two domains. Models were
generated in the “compact” mode, i.e. usinga@gles distribution consistent with disordered
proteins but forcing the reconstructed linkers éorather compact [141]. Next, all models

were displayed and the distances were measured aset of scripts enabling easy handling
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Script 1. K_sites.xlinks.sh

#!/bin/bash

# K_sites_xlinks.sh

# Generate a file with a list of all lysines presiarthe *.seq input files

for f in *.seq;do cat $f | sed 's\(.\{1\)\)/\1 /g'$f.seq2;done

for f in *.seq.seq2;do cat $f | tr ' ' \n' | cat|sed 's/ //g' | sed 's/\t/ /g"> $f.seq3;done
for fin *.seq.seq2.seq3;do sed /K/\d' $f > $f4glpne

for f in *.seq.seq2.seq3.seq4;do awk {print $OJENAME}' $f > $f.seq5;done

for fin *.seq.seq2.seq3.seq4.seq5;do awk -F.if@Bil} $f > $f.seq6;done

for fin *.seq.seq2.seq3.seq4.seq5.seq6;do cat $bt:txt;done

# Generate a file with a list of all possible ligks between lysines
while IFS=read -ri
do while IFS=read -r k
do printf "%s %s\n" "$i" "$k"
done < list.txt
done < list.txt > total_xlinks.txt

awk {print $0,"40"} total_xlinks.txt > total_xliks_40.txt ~ #Adds column with Id-Score value (40)

cut -d" " -f-1,3-4,6- total_xlinks_40.txt > totadlinks_40_cut.txt # Deletes columns with residue name
awk {if($2==%4) print $0,"intra-protein xI";elseript $0,"inter-protein xI"}'total_xlinks_40_cut.txt

> total_xlinks_40_cut_anal.txt # Adds inter/intra link tag to each crosslink

sed -i 1li"AbsPos1 Proteinl AbsPos2 Protein2 |d-&ediType"/ total_xlinks_40_cut_anal.t¥t Adds headers

# Write as .CSV file and define inter- and intrapin crosslinks

sed 's/ /,/g' total_xlinks_40_cut_anal.txt > K_sitelinks1.csv

sed 's/intra-protein,xl/intra-protein xl/g' K_sitedinks1.csv > K_sites_xlinks2.csv
sed 's/inter-protein,xl/inter-protein xl/g' K_sitedinks2.csv > K_sites_xlinks.csv

# Write out additional file with number of foundess and generated crosslinks
for fin *.seq.seq2.seq3.seq4;do wc -l $f >> 1dahe

awk '{s+=%$0} END {print s " total_lysines_found"}.txt >> 1.txt

echo $(wc -l < total_xlinks.txt) "total_created n#s" >> 1.txt

awk -F. {print $1}' < 1.txt > 2.txt

tac 2.txt > sites.txt

a=$(awk 'FNR==1 {print $1}' sites.txt)

b=$(awk 'FNR==2 {print $1}' sites.txt)

c=$(((a-b)/2))

echo "$c total_non-redundant_xlinks" >> sites.txt

# Removes all files except for the script, inpud anitput files
shopt -s extglob
rm !(*.seq|K_sites_xlinks.csv|sites.txt|K_sitesnkh.sh)
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of the generated data. First of them (pymol_tenepbgt Script 2) was a modified version of
PyMOL script “Measure Distance” (source code avddaat http://www.pymolwiki.org/).
Running it would open a file defined as name, @dd¢ name.txt and write out distances
between C atom of residue 1 belonging to chain A and residuleelonging to chain B.
Separate template scripts were created for eactneofcrosslinking data sets, where all
nonredundant linkages detected in particular expant were listed. Since the total number
of the models would not allow to manually run teipt for each of the computer models,
another script was used to save a separate *@ydil each of the models by changing the
name field in pymol_template.py (distances_batchSbript 3). Third script created a text
file (batch.txt), which would be then finally laumed in PyMOL. As a result, *.pdb.py.txt
files were created, each containing number of thdces between the atoms defined in the

template pymol_template.py file.

Script 2. Modified “Measure Distance” script execued in PyMOL (pymol_template.py).

from pymol import cmd

cmd.load(/patimame)

f=open('/pathiameitxt’,'w")

dst=cmd.distance('i. 1 and chain A and n. CA',an? chain B and n. CA")
f.write("%8.3\n"%dst)

f.close()

cmd.reinitialize()

Script 3. distances_batch.sh.

#!/bin/bash
# distances_batch.sh

# Substitutes the name field in the template séoipthe name of the model
for f in *.pdb;do sed -e "s/name/$f/" path/pymomigate.py > path/$f.py;done

# Generates a batch file to run the modified teteparipts for each of the models
for fin *.pdb.py;do echo "run path/$f' >> batch;done

# Removes all files except for the script, inpud aatput files
shopt -s extglob
rm !(*.pdb|distances_batch.txt|distances_batch.sh)
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Finally, the models were scored according to theamer of crosslinks violating the 30 A

cutoff distance [142]. To perform this, script ssash $cript 4) was used to count the

number of distances, which are greater or equa tven value (here: 30) and write the
number of counts to *.pdb.py.txt.violations fildsnally, same script enabled to count the
number of the crosslinks which were not fulfilledcarding to the used threshold value
defined in violations.sh and write out the finabseto a *.pdb.py.txt.violations.score file for

each of the models. To enable easy data handling;aaes were combined into a single text
file score_list.txt, where name of the model aralfthal score was listed.

Script 4. scores.sh.

#!/bin/bash
# scores.sh

for fin *.txt;do awk '$1>=30' $f > path/$f. violans;done # Lists only crosslinks >= 30 A
for f in *.violations;do wc -l $f > path/$f.scoregde # Counts the violated crosslinks

for f in *.score;do cat *.score > score_list.txtrgo # Lists violation score for each model
# Removes all files except for the script, inputl aatput files

shopt -s extglob
rm !(*.txt|score_list.txt|scores.sh)

For the residues NC2K61, K62, K92 and NC2K27, which were not visible in the crystal
structure (i. e. comprising short loop regions) bmportant for the analysis, the distances
refer to the position which could be unambiguoustydeled based on the crystal structure of
NF-Y complex (PDB-ID 4AWL [109]).

6.8 Figure preparation

Molecular graphics and analyses were performed WighUCSF Chimera package [146],
PyMOL Molecular Graphics System (v. 1.5.0.4 Schmgeér, LLC), OriginPro 8G
(OriginLab) and Adobre lllustrator CS4 v14.0.0 (A#oSystems).
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ABBREVIATIONS

8. ABBREVIATIONS

ABF ADP-beryllium fluride
ADP adenosine diphosphate
AGS adenosine 5'-O-(3-thio)triphosphate, AB°
ATP adenosine triphosphate
-ME -mercaptoethanol
bp base pairs
ChiP chromatin immunoprecipitation
CRIP crosslinking restriction digest-coupled immunopp&eition
CSB Cockayne syndrome protein B
CX-MS protein—protein crosslinking coupled to mass spacétry
dsDNA double-stranded DNA
DSSG di-sulfo-succinimidyl-glutarate
DTT dithiothreitol
EM electron microscopy
EMSA electrophoretic mobility shift assay
FEM feature-enhanced map
FRAP fluorescence recovery after photobleaching
FRET FoOrster resonance energy transfer
GTF general transcription factor
HEAT Huntingtin, dongation factor 3, protein phosphatase Bpid kinase OR
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IDB inhibitory DNA binding surface
Motl Modifier of transcription 1
NC2 Negative Cofactor 2
NES nuclear export signal
NLS nuclear localization sequence
NTP nucleoside triphosphate
ORGANIC f:oc?;teer:jc_;rr%r?]j;’i:#pied_egions of gnomes from féinity-purified naturally
PEG polyethylene glycol
PIC preinitiation compelx
RCE restriction digest-coupled electrophoretic mobityift
r.m.s.d. root mean square deviation
RNA pol RNA polymerase
SDS-PAGE | sodium dodecyl sulfate polyacrylamide gel electarpkis
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ABBREVIATIONS

ssDNA single-stranded DNA

Swi2/Snf2 Switching defective/8crose pnfermenting 2
TRIS tris-hydroxymethyl-aminomethane

WCE whole cell extract

WT wild type
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