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Abstract

N-myc is a transcription factor, a powerful driver of cellular growth and an important oncoprotein. N-myc interacts with many factors, including
the RNA Polymerase Il assembly factor, TFIIIC, a six-subunit complex that is essential for the transcription of small, structured RNA. TFIIIC
and N-myc mutually restrict each other's chromatin association, and their complex contributes to quality control in mRNA transcription. We
previously demonstrated that the intrinsically disordered transactivation domain of N-myc interacts directly with a sub-complex of TFIIC, TA.
Structural studies by others show that DNA binding of TA is largely mediated by TFIIIC3, leaving open the role of the DNA-binding domain of
TFIIC5. Here, we demonstrate that this domain is a binding site for two regions in the transactivation domain of N-myc, through an integrated
approach combining NMR spectroscopy, hydrogen—deuterium exchange mass spectrometry, and interaction assays (pull-downs, ITC, fluores-
cence polarization, and co-immunoprecipitation). AlphaFold modelling predicts with high-confidence a binding mode for the higher affinity N-myc
motif that overlaps with the predicted intramolecular binding site of the C-terminal acidic plug of TFIIIC5, removal of which enhances the binding
of N-myc. This model elucidates how the N-myc:TFIIIC5 interaction competes with DNA and other interactions, providing a basis for their mutual
regulation.
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Introduction Myc family members have physiological roles in develop-

The myc family of transcription factors (c-myc, N-myc, and
L-myc) is a homologous group of basic Helix-Loop-Helix
transcription factors. They are largely intrinsically disor-
dered; however, their C-terminus is known to form a basic
Helix-Loop-Helix leucine zipper domain with its constitu-
tive binding partner, MAX [1]. This complex binds prefer-
entially to six base-pair DNA sequences known as E-boxes
(2, 3].

ment and tissue homeostasis, and they are very important
drivers of oncogenesis [4]. Of 11 000 samples covering 33 can-
cer types, that were tested from the Pan Cancer Genome Atlas,
28% were found to be copy number amplified for a myc fam-
ily member [5]. Myc is thought to be a non-linear amplifier of
transcription, acting to amplify existing transcriptional pro-
grams [6-8]. Myc is an activator of all three metazoan DNA-
dependent RNA polymerases, Pol I (rRNA, ribosomal RNA),
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Pol IT (mRNA, messenger RNA), and Pol IIT (tRNA, transfer
RNA, and other small structured RNA species) [9-12].

The mechanisms by which myc activates transcription are
still incompletely defined. However, myc has many binding
partners in cells including proteins involved in chromatin
structure and transcriptional regulation [13, 14]. Both c-myc
and N-myc increase the phosphorylation of serine 2 in the C-
terminal heptad repeat of Pol II, which facilitates the release
of the polymerase from a pause in a promoter proximal re-
gion into the gene body [14, 15]. More recently, c-myc has
been shown to increase the duration of transcriptional bursts
and increase the dwell time of known transcriptional activator
proteins at promoters [16]. Additionally, at high concentra-
tions, N-myc forms phase separated foci with other molecules
suggestive of active transcription such as the mediator com-
plex and nascent RNA [17]. While regulation of transcription
by myc proteins is complex and multi-faceted, it is likely to be
driven by protein—protein interactions between myc proteins
and regulators of transcription such as general transcription
factors.

N-myc is an important driver of neuroendocrine cancers
such as neuroblastoma, a malignancy of early-stage sympa-
thetic neurons which occurs in children [18]. N-myc was dis-
covered in a neuroblastoma cell line, and its genomic ampli-
fication is a prognostic indicator of neuroblastoma disease
progression [19-21]. N-myc can functionally replace c-myc
in murine development, suggesting that these proteins are re-
dundant, to a large extent [22]. These conserved functions
are likely to be mediated primarily through conserved se-
quences known as myc boxes. The first three myc boxes (MBO,
MBI, and MBII) are contained within the transactivation do-
main of the protein which comprises the N-terminal ~150
residues of myc family members. This region is essential for
both transcriptional transactivation and oncogenic functions
of the protein [13, 23].

The TFIIC complex is a general transcription factor which
has been repeatedly demonstrated to interact with both N-
myc and c-myc in cells using both affinity capture mass spec-
trometry and biotin labelling mass spectrometry approaches
[13, 14, 24-27]. TFIIC is a six-subunit complex which has a
well-defined role in the recruitment of Pol III to the promot-
ers of small, structured RNA encoding genes such as tDNA
genes. TFIIIC binds to conserved sequences, known as A and
B boxes, and recruits another transcription factor complex,
TFIIIB. TFIIIB in turn recruits Pol III. TFIIIC is composed of
two sub-complexes, TA and B, which bind to A-box and B-
box DNA sequences, respectively. The two domains are linked
flexibly to account for the variable distance between A and B-
box sequences in promoter regions [28].

Until recently, human tA was thought to consist of 3 sub-
units: TFIIIC3, TFIICS, and TFIIC6. tB was thought to be
composed of TFIIC1, TFIIIC2, and TFIIIC4, with TFIIC1
acting as the flexible linker between the sub-complexes. How-
ever, recent cryo-EM structures of human TFIIIC bound to
promoter DNA, and the yeast TFIIIA-TFIIIC-TFIIIB com-
plex bound to promoter DNA, both showed that TFIIIC1 con-
tributes domains to both subcomplexes and as such should be
considered a constitutive member of both TA and B [29, 30].
Other constitutive members of the TA sub-complex include
TFIIC3, a ~100 kDa protein with two large and nearly con-
tiguous tetratricopeptide repeat (TPR) domains. These TPR
domains act as a hub for protein-protein interactions, for ex-
ample in recruitment of the TFIIIB complex [31, 32]. TFIIIC3

has additionally been shown to extensively bind promoter
DNA [30, 33].

TFIICS contains two domains. There is an N-terminal
dimerization domain which forms a heterodimerization (-
barrel domain with TFIIIC6 [29, 34, 35]. TFIIIC6 consists
only of this domain, unlike the equivalent protein in yeast
which additionally contains a histidine phosphatase domain.
The C-terminal domain of TFIIICS is a DNA-binding domain
(DBD), which connects via an acidic low complexity sequence
to a C-terminal helix, termed the acidic plug, which packs
back into the DNA-binding surface [34, 35].

N-myc acts in concert with TFIIIC, primarily on Pol II
(mRNA) transcription rather than Pol III transcription [14,
36]. The complex plays a role in transcript quality control fa-
cilitating the recruitment of BRCA1 and the nuclear exosome
complex to stalled transcripts [36]. How N-myc interacts with
the TFIIIC complex is a work in progress. We have previously
shown that the transactivation domain of N-myc (1-137) in-
teracts directly with the TA sub-complex of TFIIIC [36]. We
have additionally shown that TFIIIC competes with Aurora-
A kinase for N-myc binding. This was demonstrated in vitro
using pull-downs with recombinant bait proteins and HeLa
lysate, as well as through proximity ligation assays in cells
[14, 36]. Here, we demonstrate that the DBD of TFIIICS is a
major interaction site for N-myc, determine the crystal struc-
ture of the human DBD, and elucidate the molecular basis of
the interaction using an integrated biochemical, biophysical,
and computational approach. Finally, we have validated our
findings using immunoprecipitation experiments in a neurob-
lastoma cell line expressing WT or a variant N-myc protein.
The model defines the TFIIIC5 DBD as a regulatory hub for
N-myc association and supports a generalized mechanism in
which the Myc MBO region competes with DNA for transcrip-
tion factor binding.

Materials and methods

Plasmids

Protein sequences including vectors and tags used in the
study are described in Supplementary Table S1. pCDFDuet-
1, pETM6T1, pGEX-6P-1, and pET30TEV were the vec-
tors used for Escherichia coli expression. pGEX-6P-1 and
pCDFDuet-1 are both commercially available vectors from
Cytiva and Merck, respectively. pPETM6T1 is a modified ver-
sion of pET44b producing a TEV Nia cleavable 6xHis-NusA
fusion protein [37]. pET30TEV is a modified pET30a plas-
mid with a TEV Nia site added after the NspV replacing a
large part of the S-tag and all of the enterokinase cleavage site.
pCDFDuet-1 monomeric ultra-stable GFP (muGFP) fusion
clones were made in a two-step process. First, an E. coli codon
optimized DNA sequence was synthesized by GeneArt, this
coded for an N-terminal 6xHis tag followed by a short linker
and an muGFP sequence. This was followed by another short
linker and then a TEV Nia site. The TEV site was followed
immediately by an in-frame BamHI restriction site which was
followed by a 51 base pair sequence and an EcoRI site. The
N-terminal start codon was within an Ncol restriction site.
Ncol and EcoRI sites were used to ligate the sequence into
pCDFDuet-1 (Novagen). E. coli codon optimized sequences
were ordered from Twist Biosciences and GeneArt which code
for TFIIC3 TPR1 (residues 143-578; Uniprot: Q9Y5Q9),
TFIIC3 TPR2 (residues 578-886; Uniprot: Q9Y5Q9), and
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TFIIICS DBD (residues 212-519; Uniprot: Q9Y5Q8). These
were designed to have a 5’ BamHI site and a 3’ EcoRI site
for cloning into the pCDFDuet-1-muGFP vector described
above. In the case of the TFIIIC5|6 dimerization domain a
DNA cassette was ordered from Twist biosciences which en-
abled co-expression of these two proteins in the pCDFDuet-
1-muGFP vector. The sequence contained a 5 BamHI site fol-
lowed by an E. coli optimized TFIIICS dimerization domain
sequence (residues 1-130; Uniprot: Q9Y5Q8) this was fol-
lowed by an EcoRI site, and then the sequence of pCDFDuet-
1 until the Ndel site in the second Multiple cloning site. The
ATG sequence of the Ndel site was the start codon in an E.
coli codon optimized TFIIIC6 DNA sequence (encoding for
residues 1-213; Uniprot: Q969F1). This coding sequence was
followed by a 3’ Xhol site. The BamHI and Xhol sites were
used to clone this entire cassette into the pPCDFDuet-1-muGFP
vector.

A TFIICS DBD protein sequence was designed to opti-
mize expression of the domain. This design, referred to as
TFIIICS DBD AA, begins at 208 and truncates a large loop
within the domain, removing residues 345-366 inclusive. The
C-terminus of the protein was also truncated to 470 (from
519), removing an intrinsically disordered region (IDR), in-
cluding a low complexity acidic region, and a C-terminal he-
lical region known as the acidic plug. A DNA sequence en-
coding this protein was codon optimized for E. coli and syn-
thesized by GeneArt. Flanking 5’ BamHI site and 3’ EcoRI
and Xhol sites were used for cloning. BamHI and EcoRI were
used for cloning into pCDFDuet-1-muGFP and pGEX-6P-1.
BamHI and Xhol sites were used for cloning into pET30TEV.
Similarly, a DNA sequence was produced which encoded a
TFIIICS DBD AA variant that built back the acidic plug re-
gion of the protein. This is referred to as AA+AP. This protein
sequence is the same up to residue 470. Instead of truncating
at this point it continues to the authentic C-terminus at 519,
with deletion of the low complexity acidic sequence from 487
to 500 inclusive. This construct was synthesized by GeneArt
to have the same DNA sequence as TFIIIC5 AA for the re-
gions with identical protein sequence. It also contained the
same flanking sequences for cloning into pET30TEV. DNA se-
quences encoding N-myc were previously cloned from cDNA.
N-myc (UniProt: P04198) sequences were expressed from the
following plasmids: pET30TEV N-myc 1-137, pETM6T1 N-
myc 1-137, pETM6T1 GB1-N-myc 18-72 C27S, pETM6T1
GB1-N-myc 18-59 C27S, and pETM6T1 N-myc 64-137. The
GBI fusion tag construct has been described elsewhere [38].

Full-length WT and F28A-Y29A N-myc proteins were
used in immunoprecipitation assays. GeneArt Strings (Thermo
Fisher scientific) encoding FL N-myc with an N-terminal Ha
tag (MYPYDVPDYAGG) were used to clone N-myc DNA into
pRRL. Agel and Spel restriction enzyme sites were the 5 and 3
sites respectively. The DNA sequences were codon optimized
for expression in human cells, and are identical except for the
F28A-Y29A mutations.

Protein expression

Proteins were expressed in E. coli BL21(DE3)-RIL cells. 35
pg/ml chloramphenicol was used to select for the RIL plasmid.
50 pg/ml of kanamycin and spectinomycin was used to select
for pET and pCDF vectors, respectively. 100 pg/ml ampicillin
was used to select for pGEX-6P-1. 10 ml of an overnight cul-
ture was added to each litre of LB media. The cells were grown
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at ~200 RPM and 37°C until mid-log phase (ODgpp ~0.6)
and then shifted to room temperature for approximately 30
min. Expression was induced by addition of 0.6 mM IPTG.
The cells were grown overnight (16-19 h) at ~200 RPM and
20°C prior to harvesting at 6000 x g for 15 min. Pellets were
stored at —80°C prior to processing. Expression of NMR la-
belled protein was performed exactly as described elsewhere

[38].

Protein purification

All steps were performed on ice or at 4°C. A detailed list
of buffers at each stage of purification, and for each pro-
tein purified, are outlined in Supplementary Table S2. E. coli
pellets were resuspended in initial purification buffer (IPB)
(Supplementary Table S2) that had been spiked with ~10
mg of lysozyme (Sigma—Aldrich), 750 U Benzonase nuclease
(Merek), and 1 tablet of Roche cOmplete EDTA-free protease
inhibitor cocktail, for each 30 ml of lysis buffer. Typically, 15
ml of lysis buffer was used per litre of LB media used in ex-
pression. Initially pellets were disrupted by pipetting and then
by sonication. Lysate was clarified by centrifugation at 40 000
x g for 20 min and applied to buffer equilibrated His-select
Cobalt affinity gel (Sigma-Aldrich). Eluted protein was col-
lected and dialysed overnight against 4 | of dialysis buffer
(Supplementary Table S2) using either 3.5 kDa or 10 kDa
molecular weight cut off SnakeSkin dialysis tubing (Pierce)
as appropriate. For all His-tagged proteins except the 6xHis-
muGFP tagged proteins, TEV Nia was used to remove the His-
tag during dialysis. 0.45 or 0.9 mg of His-tagged TEV Nia was
added to the protein, depending on the yield, and incubated
overnight during dialysis. Lysate containing GST-tagged TFI-
IIC5 DBD AA protein was loaded onto gluthatione-4B resin,
washed with IPB buffer, and eluted by addition and overnight
incubation with 1 mg of PreScission protease. Post-dialysis
His-tagged TEV Nia-processed proteins were further purified
by cobalt resin subtraction, using supplemented with low con-
centrations of imidazole to elute the untagged proteins. Un-
tagged N-myc protein was typically in the 0, 5, and 10 mM
imidazole fractions whereas the untagged TFIIIC5 DBD AA
proteins required up to 30 mM imidazole. Two proteins used
in the study were purified by ion-exchange chromatography
prior to size exclusion chromatography (SEC). The first was
6xHis-muGFP tagged TFIIICS DBD, because the initial affin-
ity purified protein contained a contaminant of similar molec-
ular weight. The post-dialysis protein was loaded into a 5§ ml
Q fast-flown column. The flow was collected and a linear gra-
dient of low NaCl (25 mM Tris pH 8, 150 mM NaCl, and
2 mM B-mercaptoethanol) to high NaCl buffer (25 mM Tris
pH 8, 500 mM NaCl, and 2 mM B-mercaptoethanol) applied
over 60 ml. The contaminant and 6xHis-muGFP tagged TFI-
IICS DBD eluted at different conductivity values, which were
approximately 18-26 and 27-35 mS/cm, respectively. The sec-
ond protein for which ion-exchange was performed was N-
myc 1-137 expressed with a 6xHis-NusA tag. This was per-
formed very similarly to that previously outlined except us-
ing the following buffers: Low salt: 25 mM Tris pH 7.4, 137
mM NaCl, 2.7 mM KCl, 2 mM B-mercaptoethanol; High salt:
25 mM Tris pH 7.4, 537 mM NaCl, 2.7 mM KCI, 2 mM
B-mercaptoethanol. In this case, N-myc eluted over a wide
range of fractions. These were pooled prior to cobalt resin
subtraction. SEC was performed as a final polishing step on all
purified proteins using a HiLoad Superdex 75 16/60 column
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connected to an AKTA Prime FPLC. Pure fractions were
pooled and concentrated in centrifugal concentrators of ap-
propriate molecular weight cut off. Protein concentrations
were determined using absorbance at 280 nm and extinc-
tion coefficients calculated using Protparam. Proteins were
aliquoted into 30-50 pl volumes and snap frozen in liquid
nitrogen and stored at —80°C. TFIIICS which had been pu-
rified with a GST-tag exhibited DNA contamination, and so
was treated with 2500 U of Benzonase nuclease with 2 mM
MgCl; and 1 mM MnCl; for 36 h at 4°C prior to SEC. N-myc
1-137 with a 6xHis-tag was purified from inclusion bodies, a
process that has been described previously [36].

His-tagged based pull-down assays

37.5 ul of His-select cobalt affinity resin (Sigma—Aldrich)
equilibrated with mix buffer (25 mM Tris pH 8, 100 mM
NaCl, 2 mM B-mercaptoethanol, and 0.064% Tween-20)
was used for each pull-down. 6xHis-muGFP tagged TFIIIC
domains (TFIIC3 TPR1; TFIIICS DBD; TFIIICS DBD AA,
TFIIICS|6 dimer) were used as bait. Untagged N-myc 1-137
was used as prey. Bait and prey proteins were combined with
mix buffer to a final volume, excluding resin, of 425 ul. Fi-
nal bait and prey concentrations were 10 and 15 uM, respec-
tively. Bait protein, bait protein buffer, prey protein and mix
buffer were mixed so that the final concentration of each com-
ponent was identical across all pull-downs. The mixture was
rotated slowly at 4°C for 60 min. 10 pl of mix was taken
for analysis. The slurry was centrifuged at 5000 x g for 30 s
at 4°C. The supernatant was removed, and the resin washed
with 425 ul of mix buffer this was centrifuged at 5000 x g
for 30 s at 4°C. The supernatant was removed, and the resin
washed twice more. Protein was eluted by addition of 60 pl of
mix buffer supplemented with 250 mM imidazole. The resin
was centrifuged at 16 100 x g for 60 s and the supernatant
taken as the elution fraction. 7 ul (including 3.5 ul of 2x
SDS loading buffer) of both mix and elution fractions were
run on SDS-PAGE gels for Coomassie stained gels. 2 pl were
run for western blot analysis. For western blots transfer was
performed to 0.2 um nitrocellulose. Blocking was performed
with PBST (PBS spiked with 0.1% Tween-20) spiked with 5%
w/v dried low-fat milk. The blot was blocked by slow rota-
tion at room temperature over a period of 30 min with three
changes in blocking buffer. Anti-N-myc antibody (Santa Cruz
- $¢-53993) was diluted for 1/1000 in blocking buffer. This
primary antibody was incubated with the blot for 60 min
by slow rotation at room temperature. The blot was washed
with PBST by slow rotation at room temperature with three
changes of PBST over 30 min. The secondary antibody was a
HRP conjugated anti-mouse antibody (Cytiva - NA931). This
was diluted 1/2000 in blocking buffer and applied to the blot
by slow rotation at room temperature for 60 min. The blot
was then washed twice for 10 min with PBST. ECL substrate
was applied for detection and blots were imaged using an iB-
right 1500 imager (Invitrogen).

NMR titrations

TH-"'N HSQC experiments were used to monitor N-myc
chemical shifts upon titration with TFIIICS DBD. These were
performed using an Oxford Instruments 750 MHz magnet
equipped with a Bruker TCI cryoprobe and AVANCE III HD
console. The temperature was 283 K. The pulse sequence was
hsqcetfpf3gpsi performed with standard parameters. 2048

(complex) points were recorded in the direct 'H dimension,
488 (complex) points were recorded in the indirect "N di-
mension. Spectral widths were 8971.292 Hz for 'H (~12
ppm) and 1968.504 Hz for 1SN (~26 ppm). Acquisition times
were 0.114 s (F2, 'H) and 0.124 s (F1, ’N) with a relax-
ation delay of 1.0 s. Initially, two different >N labelled N-
myc proteins were used: an N-terminal fusion of GB1 with
N-myc 18-72 and tagless N-myc 64-137. N-myc 18-72 has
a conservative substitution; C27S. Unlabelled TFIIIC5 DBD
AA was used as the titrant. Proteins were all in a buffer
containing 25 mM HEPES pH 6.9, 150 mM NacCl, and 2
mM B-mercaptoethanol. 5% D, O was added for signal lock-
ing. The initial concentrations of proteins were as follows:
GB1-N-myc 18-72 — 224 uM, N-myc 64-137 — 72 uM, and
TFIICS DBD AA - 567 uM. The following titration series
of AA into labelled N-myc proteins were performed. For
GB1-N-myc 18-72: reference (4 transients), 0.1 mole equiva-
lents (4 transients), 0.3 mole equivalents (10 transients), 0.45
mole equivalents (12 transients), and 0.9 mole equivalents (64
transients). For N-myc 64-137: reference (8 transients), 0.1
mole equivalents (8 transients), 0.2 mole equivalents (8 tran-
sients), 0.35 mole equivalents (8 transients), 0.45 mole equiv-
alents (16 transients), 0.8 mole equivalents (24 transients),
and 1.5 mole equivalents (48 transients). Data were processed
using NMRPipe and analysed used CcpNmr Analysis ver-
sion 2.5 [39, 40]. Peak lists were imported from previous N-
myc 1-137 assignments (BMRB entries: 52047, 52 066, and
52067). Overlapping peaks were excluded from the analy-
sis. For each spectra peak maxima were automatically deter-
mined, and peak heights recorded. For intensity analysis the
peak heights of the 0.1 mole equivalent peaks were divided
by their reference equivalents. Error estimates (AR) for inten-
sity ratios (R) were determined using the ‘showApod’ com-
mand of NMRpipe. This was used to determine the noise
in each spectrum (Ax, Ay). Errors were propagated using
(AR/R)?> = (Ax/x)> + (Ayly)?, where x and y are peak intensi-
ties in each spectrum. The '"H-"N TROSY experiments, used
to follow the titration of TFIIICS DBD AA into '*N labelled
GB1-N-myc 18-59 C27S, were performed similarly to the ex-
periments outlined previously with the following changes. The
experiment was performed at 285 K. The pulse sequence used
was a 'H-""N-Best TROSY with the following acquisition pa-
rameters. 2048 (complex) points were recorded in the direct
'H dimension, 488 (complex) points were recorded in the in-
direct YN dimension. The spectral widths were 12 and 26
ppm in '"H and "N, respectively. The D1 relaxation delay
was 0.35 s. The initial protein concentrations were GB1-N-
myc 18-59 at 50 uM and TFIIICS DBD AA at 927 uM. The
titration series included: reference spectrum (16 transients),
0.1 mole equivalents (16 transients), 0.2 mole equivalents (32
transients), and 1.0 mole equivalents (144 transients).

NeutrAvidin based pull-down assays

N-terminally biotinylated N-myc peptides were used as bait
in pull-downs with untagged TFIIIC5 DBD AA as prey. The
peptides were synthesized by GenScript at > 95% purity. They
were dissolved to high concentrations (>1 mM) using DMSO.
The N-myc peptides included the following 1-25, 26-50,
51-75, 62-89, 76-100, 101-125, and 117-141. Assay buffer
(25 mM Tris pH 7.4, 137 mM NacCl, 2.7 mM KCI, 1 mM
B-mercaptoethanol, and 0.03% Tween-20), was used to di-
lute the biotinylated N-myc peptides to 20 uM. Seven aliquots
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containing 40 ul of bed-volume of NeutrAvidin agarose resin
(Thermo Fisher Scientific), was equilibrated by a single wash
with pull-down buffer, prior to the addition of 450 uL of each
respective peptide at 20 uM concentration. One peptide was
used for each resin aliquot. After incubation of this slurry for
1 h, the resin was pelleted and the supernatant removed. The
beads were then washed three times by the addition of 500 pl
of pull-down buffer, centrifugation to pellet the resin, followed
by removal of the supernatant. 460 ul of 12.5 uM TFIICS
DBD AA prey protein was then added to the resin and left to
incubate by slow rotation for 2 h. Following this incubation
period, 10 pl of mix was taken for analysis. The slurry mixture
was washed three times and the proteins eluted from the beads
by addition of 50 pl of 2x SDS loading buffer. SDS-PAGE
was used to analyse both mix and bound fractions. Gels were
stained with Coomassie stain. Image] was used to quantify the
TFIIICS DBD AA bands in the bound fractions.

Isothermal titration calorimetry

Untagged TFIIIC5S DBD AA (pET30TEV expressed) and
untagged N-myc 1-137 (pETM6T1 expressed), were both
dialysed, overnight at 4°C, against 1 1 of buffer (25 mM
Tris pH 7.4, 137 mM NaCl, 2.7 mM KCl, and 2 mM -
mercaptoethanol) using Pur-A-Lyzer Midi 3.5 kDa molecular
weight cut off dialysers (Sigma—Aldrich). ITC was performed
using a MicroCal ITC200 (Malvern). A final concentration of
180.4 uM TFIIICS DBD AA was used in the syringe. A final
concentration of 15.2 uM N-myc 1-137 was used in the cell.
A total of 20 injections were performed into the cell, the first
of 0.5 ul, the remaining 19 of 2 pl. 150 s was used as equilibra-
tion time between injections. The experiment was performed
at 10°C. The stirring speed was 750 RPM. Data were analysed
using the Origin software supplied with the instrument. A 1:1
binding model was used to fit the data.

Fluorescence polarization assays

N-myc peptides were used as tracers in fluorescence polariza-
tion (FP) assays with untagged TFIIIC5S DBD proteins (AA
and AA+AP) (all pET30TEV expressed). N-terminally 5-
carboxyfluorescein (FAM)-labelled N-myc peptides were syn-
thesized by Peptide Synthetics to a purity of >95%. These
were dissolved to a stock concentration of 10 mM using
DMSO (dimethyl sulfoxide). Protein was diluted into assay
buffer (25 mM Tris pH 7.4, 137 mM NaCl, 2.7 ml KCI, 1
mM B-mercaptoethanol, and 0.03% Tween-20) to a work-
ing stock (typically 62.5 uM). A two-fold dilution series was
performed on this working stock, using assay buffer, to cre-
ate the protein concentration gradient for the assay. Ten to
fourteen two-fold dilutions were performed using the working
stock, depending on the assay. 40 ul of the protein series was
pipetted into black flat-bottomed 96-well assay plates. 10 pl
working stock of peptide was then pipetted into the wells. FP
was measured using a Victor X5 plate reader (Perkin Elmer).
Excitation and emission wavelengths were 480 and 535 nm,
respectively. Titrations were performed with three technical
replicates, which were repeated in independent experiments
using the same stocks of reagents between two and four times,
three times in most cases. Data were fitted for each individual
technical replicate using a one site total binding model (Y =
Bmax#X/(Kp + X) + NS%X + Background) in GraphPad Prism
(Version 9). Results are reported as mean Kp 4 one standard
deviation.

N-myc interaction with TFIIIC5 5

X-ray crystallography

N-terminally acetylated N-myc 73-89 peptide was bought
from Peptide Synthetics (Southampton, UK). Peptide was dis-
solved in a buffer (25 mM HEPES pH 7.5, 100 mM NaCl,
and 1 mM TCEP). Titration of the pH up to approximately
pH 7.0 was required for full solubilization. 1.07 mM pep-
tide was incubated with 10 mg/ml (358 uM) untagged TFI-
IIC5 DBD AA (pET30TEV expressed) for 45 min on ice.
Precipitation was removed from the sample by centrifuga-
tion at 13100 x g for 1 min. Sitting drop vapor diffusion
crystallization trials were set up using a Mosquito nanolitre
pipetting system (TTP Labtech). 100 nl reservoir and 100 nl
protein solution were mixed in two-well MRC crystallization
plates. The drops were allowed to equilibrate against 85 pl
of reservoir solution. As the crystals grew in a low molecu-
lar weight PEG condition (0.1 M phosphate/citrate pH 4.2
and 40% PEG 300), they were flash frozen in liquid N, di-
rectly from the small-scale setup. Data were collected at Dia-
mond Light Source 104 (wavelength 0.9537 A) beamline us-
ing a Eiger2 XE 16M detector. 3600 images were collected
at 0.1° oscillation. Initial data processing was performed us-
ing the DIALS XIA2 automatic processing pipeline. The struc-
ture was phased by molecular replacement using the Phaser-
MR GUI within PHENIX. An AlphaFold2 model of the TFI-
IIC5 DBD AA was used as the molecular replacement solu-
tion following modification of the model in the process pre-
dicted model GUI in PHENIX. A combination of PHENIX
AutoBuild, followed by iterative rounds of manual adjust-
ments in Coot and PHENIX refine was used to finalize the
structure.

Hydrogen—-deuterium exchange

Hydrogen—deuterium exchange (HDX) experiments were
conducted using an automated robot (LEAP Technologies)
that was coupled to an Acquity M-Class LC with HDX man-
ager (Waters). 447 uM TFIIICS DBD AA (pET30TEV ex-
pressed) and 361 uM N-myc 1-137 (pETM6T1 expressed)
were diluted to 10 and 50 uM, respectively, in buffer made
up with H,O (8.09 mM Na;HPOjy, 1.47 mM KH,PO4, 137
mM NaCl, and 2.7 mM KCI, pH 7.4). Experiments were
performed with both components alone, or with both pro-
teins mixed. Buffers were exactly matched in the mixed ex-
periment. To initiate the HDX reaction, 95 ul of buffer made
up with D,O (8.09 mM Na,HPOy4, 1.47 mM KH,PO4, 137
mM NaCl, and 2.7 mM KCI, pD 7.4) was transferred to 5 pl
of protein-containing solution, and the mixture was subse-
quently incubated at 4°C for 0.5, 5, or 30 min. Three replicate
measurements were performed for each time point and condi-
tion studied. 50 pul of quench buffer (8.9 mM Na,HPOy4, 1.5
mM KH;POy4, 137 mM NaCl, and 2.7 mM KCI, pH 1.8) was
added to 50 ul of the labelling reaction to quench the reac-
tion. 50 ul of the quenched sample was injected onto an im-
mobilized pepsin columns (Enzymate BEH, Waters) (20°C).
A VanGuard Pre-column [Acquity UPLC BEH C18 (1.7 um,
2.1mm x 5mm, Waters)] was used to trap the resultant pep-
tides for 3min. A C18 column (75 um x 150 mm, Waters,
UK) was used to separate the peptides, employing a gradi-
ent elution of 0%—-40% (v/v) acetonitrile [0.1% (v/v) formic
acid] in H,O (0.3% v/v formic acid) over 7 min at 40 pl min—"
The eluate from the column was infused into a Synapt G2Si
mass spectrometer (Waters) that was operated in HDMSE
mode. The peptides were separated by ion mobility prior
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to CID fragmentation in the transfer cell, to enable peptide
identification. Deuterium uptake was quantified at the pep-
tide level. Data analysis was performed using PLGS (v3.0.2)
and DynamX (v3.0.0) (Waters). Search parameters in PLGS
were: peptide and fragment tolerances = automatic, min frag-
ment ion matches = 1, digest reagent = non-specific, false dis-
covery rate =4. Restrictions for peptides in DynamX were:
minimum intensity = 1000, minimum products per amino
acid = 0.3, max. sequence length =25, max. ppm error=3,
file threshold=3. Peptides with statistically significant in-
creases/decreases in deuterium uptake were identified using
the software Deuteros 2.0. Deuteros was also used to prepare
Woods plots. The raw HDX-MS data have been deposited
to the ProteomeXchange Consortium via the PRIDE/partner
repository with the dataset identifier PXD054754. A sum-
mary of the HDX-MS data, as per recommended guidelines,
is shown in Supplementary Table S3.

Electrophoretic mobility shift assays

Sense and antisense DNA oligonucleotides were synthesized
(by Integrated DNA Technologies, Inc.) which contain the A-
box and flanking regions (6 nt at 5" and 5 nt at 3’) of a human
methionine tRNA encoding gene (Human Genome Nomen-
clature Committee ID: HGNC:34 764). The oligos were mod-
ified to have a 6-FAM group covalently attached to the 5" end
of the nucleotide. The final sequences were as follows: (+) 6-
FAM-GCCTCGTTAGCGCAGTAGGTAGCGCGTCAG; (—)
6-FAM-CTGACGCGCTACCTACTGCGCTAACGAGGC.
These were dissolved to a concentration of 100 uM in Molec-
ular Biology grade water (Invitrogen) and diluted to 4 uM
with annealing buffer (10 mM Tris pH 7.5, 50 mM NaCl,
and 1 mM EDTA). 25 ul of each oligo were mixed. This
mixture was heated to 95°C using a heat block. The block
was then allowed to cool slowly back to room temperature
then 4°C. The annealed oligos were diluted to a working
(4x final) concentration of 40 nM using annealing buffer
and were stored at —20°C prior to use. Untagged TFIIIIC5
DBD AA (pGEX-6P-1 expressed) was diluted approximately
1/20 in 2x binding buffer (40 mM Tris pH 7.5, 100 mM
KCIL, 2 mM DTT, 10% glycerol, and 20 pg/ml BSA, bovine
serum albumin) to a concentration of 8 uM. This was used
as the top end of a 2-fold dilution series into 2x binding
buffer from 8 uM down to 500 nM. This series was 4x
the final concentrations of TFIIIIC5S DBD AA in the assay.
For the 0 nM TFIIIICS DBD AA sample 2x binding buffer
was used instead of protein. 5 ul of TFIIIC5 DBD AA and
10 ul of 2x binding buffer were mixed and allowed to
stand on ice for 30 min prior to the addition of 5 pl of the
annealed oligos. This was incubated on ice for 60 min prior
to loading 10 ul of the mix on a 6% native PAGE DNA
retardation gel (Thermo Fisher Scientific). The gel was run
for 100 min at 100 V in 0.5x Tris-borate-EDTA buffer. The
gel was visualized an iBright imaging system (Thermo Fisher
Scientific). Band intensity was quantified using the iBright
analysis software. Disappearance of the free probe band was
used to determine the percentage bound to TFIIIC5 DBD
AA. Data were fitted using a one site total binding model [Y
= Bnax*X/(Kp + X) + NS*X + Background] in GraphPad
Prism (Version 9). Results are reported as Kp + 10% confi-
dence intervals. By, was constrained to not exceed 100% of
binding.

Thermal response index calibration assays

A DNA hairpin sequence (CyS-
CTTCTGGCATCGAAGCTGCAAGCTTCGATGCCAGAAG)
labelled with Cy35 at the 5" end was purchased from Integrated
DNA Technologies, Inc. Oligo annealing and storage was
performed as previously described for electrophoretic mobil-
ity shift assays (EMSAs). The assay buffer was 25 mM Tris
pH 7.4, 137 mM NaCl, 2.7 mM KCl, 0.5 mM TCEP.HCI,
and 0.03% Tween-20. A ~ 1/10 dilution of TFIIIC5S DBD
AA (in 25 mM Tris pH 7.4, 137 mM NaCl, 2.7 mM KCl,
and 2 mM B-mercaptoethanol) was performed into assay
buffer. Following this, an eleven-step two-fold dilution series
was performed, with 15 ul in each well post dilution. N-myc
1-137 was diluted ~1/2 using N-myc buffer (25 mM HEPES
pH 7.2, 150 mM NaCl, 2 mM B-mercaptoethanol) to 200
puM. 7.5 ul of N-myc (or N-myc buffer) was added to each
well of the TFIIICS DBD AA dilution. The labelled DNA
was diluted using assay buffer down to 100 nM. 5 ul of DNA
was pipetted directly into NanoTemper Dianthus 384-well
assay plates. 15 pl of the protein mix was then pipetted into
each well. The plate was centrifuged at 500 x g for 30 s
and sealed. The measurements were performed using auto-
excitation on a Dianthus NT.23 instrument at 25°C using
DI.Control software (v2.1.1) (Nanotemper Technologies).
Laser power was typically 2%-3%. TRIC at an interval of
1.5 s was used to determine the Fyorm. The experiment was
performed at 25°C. Experiments were performed three times.
Data were fitted using a one site total binding model [Y =
Bmax*X/(Kp + X) + NSxX + Background| in GraphPad
Prism (Version 9). Results are reported as Kp + one standard
deviation.

AlphaFold

AlphaFold2 Multimer calculations were performed with Co-
labFoldv1.5.5:AlphaFold2 using MMseqs2 [41-43]. For the
N-myc: TFIIICS DBD calculations N-myc 19-38 (LEFD-
SLQPCFYPDEDDFYFG) and N-myc 75-89 (PSWVTEML-
LENELWG) were the peptide sequences used. The TFIICS
DBD sequences were AA and AA+AP as documented in
Supplementary Table S1. Four seed structures were used to
calculate 20 final structures. Three re-cycles were used per
structure. The highest ranked structure was relaxed using Am-
ber (version Amber20) [44]. Max iterations 200, energy tol-
erance 2.39 kcal/mol, stiffness 10.0 kcal/(mol-A%), and max-
imum outer iterations 3. For the modelling of TA with N-
myc 1-137, as well as for DNA and DNA-protein complexes
AlphaFold3 (https://alphafoldserver.com) was used [45]. The
number of recycles was set to three. The seed number was
chosen automatically. Five structures were generated per job.

Cell culture, cloning, and transfection

The neuroblastoma cell line SH-EP was grown in RPMI 1640
medium (Thermo Fisher Scientific). HEK293TN cells were
grown in DMEM (Thermo Fisher Scientific). Medium was
supplemented with 10% fetal calf serum (Biochrom) and
penicillin—streptomycin (Sigma—Aldrich). All cells were rou-
tinely tested for mycoplasma contamination. For overexpres-
sion studies double-stranded DNA fragments based on cDNA
sequences of N-myc (wt and mutated) were cloned into a
pRRL vector containing an SFFV promoter. For transforma-
tion of plasmids, XL-1 blue E. coli cells were used. The in-
tegrity of the DNA was confirmed by Sanger sequencing (LGC
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genomics) of the expression plasmids containing the inserts
of interest. For lentivirus production, HEK293TN cells were
transfected using PEIL Lentivirus expressing plasmids were
transfected together with the packaging plasmid psPAX.2 and
the envelope plasmid pMD2.G. Virus-containing supernatant
was collected 48 and 72 h after transfection. SH-EP cells
were infected with lentiviral supernatant in the presence of 4
ng/ml polybrene for 24 h. Cells were selected for 2 days with
puromycin (SH-EP: 2 ug/ml).

Immunoprecipitation assays

For co-immunoprecipitations 20 pl per IP of a 1:1 A/G Dyn-
abeads mix (Thermo Fisher Scientific) was washed with §
mg/ml BSA-PBS and incubated overnight at 4°C with 2.5 g
antibody against N-myc (Santa Cruz, sc-53993) or IgG as
control (Sigma—Aldrich, V9131). Harvested SH-EP cells were
lysed with HEPES lysis buffer (20 mM HEPES pH 7.9, 150
mM NacCl, 0.2% v/v NP-40, 0.5 mM EDTA, 10% v/v glyc-
erol, and 2 mM MgCl,), briefly sonicated, incubated for 1 h
at 4°C, then 2—4 mg of lysate was added to the bead/antibody
mix and incubated for 6-8 h at 4°C. 1%-2% of the lysate was
kept as input reference. Lysates were eluted in 2 x Laemmli, af-
ter washing with HEPES lysis buffer, boiled for § min at 95°C.
Samples were separated by Bis—Tris—=PAGE and transferred to
PVDF membranes (Millipore). Membranes were blocked for
1 h with BSA in TBS-T and incubated using the indicated an-
tibodies (TFIIICS, Bethyl Laboratories, A310-242A; N-myc
Santa Cruz, sc-53993) overnight at 4°C. Membranes were
washed and probed for 1 h at room temperature with HRP-
conjugated secondary antibodies. Images were acquired using
the Fusion FX7 EDGE imaging system (Vilber).

Results

N-myc TAD binds to the DNA-binding domain of
TFIICS

Recently, we have shown a direct protein—protein interaction
between N-myc 1-137 and the TA sub-complex of TFIIIC.
This was achieved firstly by co-purification of the complex
to homogeneity, and secondly by reconstituting the complex
by purifying TA and N-myc 1-137 separately, mixing them
and following complex formation using SEC [36]. This cur-
rent work aims to extend this by mapping the interaction fur-
ther using a combination of molecular biology, biophysics and
structural biology approaches.

To map the interaction to a domain of TA we decided to
take a divide and conquer approach, purifying each of the
domains that make up TA individually. To define the domain
boundaries within the TA sub-complex we used the EBI Al-
phaFold protein structure database (https://alphafold.ebi.ac.
uk/) and the yeast TA cryo-EM structure [35]. TA is made up
of between three or four domains, depending on the struc-
tural arrangement of the largest subunit, TFIIIC3 (Fig. 1A
and B). The yeast homologue of TFIIC3 (t131, Saccha-
romyces cerevisiae) has two TPR domains which pack against
each other in the TA cryo-EM structure. The AlphaFold pre-
dictions for human TFIIIC3 suggest that TPR1 (143-571)
and TPR2 (620-886) pack tightly together creating a single
long TPR domain. TFIICS comprises two domains. Its N-
terminus (1-130) forms a 3-barrel heterodimerization domain
with TFIIIC6 (1-213). The C-terminus of TFIIICS (212-519)
forms a DBD. These domains were produced through recom-
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binant expression in E. coli, but we could not purify any pro-
tein for TFIIIC3 TPR2. The three successfully purified do-
mains were used as bait in a pull-down with purified N-myc
(1-137), and only the TFIIIC5 DBD was observed to interact
(Fig. 1C).

Protein engineering for yield optimization

To generate soluble protein, we engineered the human TFIIICS
DBD AA to resemble the equivalent domain in Schizosaccha-
romyces pombe, which yielded a crystal structure, by deleting
a long internal loop (A345-366) and 49 C-terminal residues
(A471-519) (Fig. 1D). These C-terminal residues contain a
long low complexity acidic region followed by an acidic he-
lix, known as the acidic plug, which packs back into the DNA-
binding interface of TFIIIC5 DBD [34, 35]. AlphaFold mod-
elling predicted that engineered and WT proteins have identi-
cal folds (Fig. 1D). Pull-downs confirmed the engineered pro-
tein interacts with N-myc 1-137, apparently with greater ef-
ficiency (Fig. 1E).

N-myc uses two linear peptide sequences to bind
TFIIIC5 DBD AA

To map the N-myc sequence (or sequences) involved in bind-
ing, we used NMR 'H-">N HSQC experiments to monitor
spectral changes upon titration of unlabelled TFIIICS DBD
AA into N labelled N-myc proteins. Using the approach
we have previously used to map the interaction of the N-
myc transactivation domain with Aurora-A kinase, we divided
the transactivation domain into two constructs [38]. This in-
creases the signal to noise ratio and reduces the peak overlap
within the spectra.

These constructs were firstly, an N-myc 18-72 sequence
with an N-terminal GB1 tag, and secondly, a tagless C-
terminal N-myc 64-137 sequence. Titration of TFIIIC5 DBD
AA into both proteins was characterized by residue specific
peak intensity changes rather than peak shifts. This is likely
due to a combination of two factors. Firstly, the slow tumbling
of the bound species which results in peak broadening due
to an increase in transverse relaxation. Secondly exchange of
the bound and unbound species on an intermediate timescale,
which also results in peak broadening. Many of these intensity
changes were observed early in the titration, with specific peak
disappearances observable after addition of 0.1 to 0.3 mole
equivalents of TFIIICS DBD, consistent with an interaction
in intermediate exchange or formation of a ‘fuzzy’ complex
(Fig. 2A and B). To quantify these changes, we calculated peak
intensity ratios for spectra with 0.1 mole equivalents of TFI-
IIC5 DBD AA with respect to the reference spectra. The in-
tensity ratios of GB1 peaks in the 0.1 mole equivalent 'H-"N
HSQC were constant and typically 0.45-0.6, suggesting a uni-
form decrease in NMR signal intensity upon addition of TFI-
IICS DBD AA (Fig. 2C). However, some N-myc resonances
had ratios which were much lower than this uniform decrease.
Residues 27-39, 78-82, and 88-89 had values under 0.2 and
residues 22-23,49-52, 85-86, 90, and 92 had values between
0.2 and 0.3. Residues 65-72, present in both N-myc proteins,
and 128-137 were the least affected by addition of TFIIICS
DBD with intensity ratios higher than for GB1. A similar pat-
tern has been observed previously for Aurora-A kinase, and
it could be that binding of a domain to the N-myc sequence
alters the dynamics of neighbouring IDR sequences through
prevention of any transient self-association [38]. Similar
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Figure 1. N-myc 1-137 interacts with the DBD of TFIIIC5. (A) Domain structures of the proteins that make up the TA sub-complex of TFIIIC. Domain
structure is based on the yeast TA structure, and the predicted structures deposited in the EBI AlphaFold repository (https://alphafold.ebi.ac.uk/) for the
following UniProt entries TFIIIC3 (Q9Y5Q9); TFIIC5 (Q9Y5Q8); TFIIIC6 (Q969F1). DD, dimerization domain. (B) AlphaFold2 models of TFIIIC3, TFIIIC5
DBD, and TFIIIC5-6 DD, from the EBI AlphaFold repository. (C) Coomassie stained SDS-PAGE gel and western blot following PDAs using His-select
Cobalt gel. 6xHis-monomeric ultra-stable GFP (muGFP) tagged TFIIIC domains were used as bait. Untagged N-myc 1-137 was prey. (D) Top: Schematic
of the TFIIIC5 DBD. Alterations made for the DBD AA expression construct are shown in blue. Bottom: AlphaFold predicted structures of TFIIIC5 DBD
proteins. Left, predicted structure of the TFIIIC5 DBD deposited in the EBI AlphaFold repository (https://alphafold.ebi.ac.uk/). Right, AlphaFold3 predicted
structure of DBD AA. Backbone RMSD of the common residues in both models is 0.21 A. (E) Coomassie stained SDS-PAGE gel and western blot
following PDAs using His-select Cobalt gel. 6xHis-monomeric ultra-stable GFP (muGFP) tagged TFIIIC domains were bait; untagged N-myc 1-137 prey.
Both sets of pull-downs are representative of three independent experiments.

effects were observed when BIN1 was titrated into c-myc 1-88
[46]. A possible contributing factor to the peak disappear-
ances is the slow tumbling of the bound state. This can lead
to signal loss through increased transverse relaxation rates. To
try to overcome this we used transverse relaxation optimized
spectroscopy (TROSY) "H-" N HSQC experiments. TFIIICS
DBD AA was titrated into GB1-N-myc 18-59 as per previ-

ous. The pattern of peak disappearance was nearly identical
to that observed for 18-72 (Supplementary Fig. S1). While
some small corroborating chemical shift perturbations were
observed at low mole equivalents, the TROSY did not facili-
tate characterization of the bound state.

As an orthogonal approach to map the interaction, biotiny-
lated 25-mer residue peptides covering N-myc 1-141 (1-235,
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Figure 2. N-myc interacts with the DBD of TFIIIC5 using two peptide sequences. (A) "H-""N HSQC spectra following the titration of TFIIIC5 DBD AA

(208-470; A345-366, UniProt: Q9Y5Q8) into "®N-labelled GB1-N-myc 18-72 C27S (UniProt: P04198). Regions of the spectra show the bulk of the

backbone resonances (bottom) and the glycine backbone resonances (top). Peaks identified as decreasing in intensity by visual inspection are labelled.
Assignments were determined from biological magnetic resonance bank (BMRB) entries 52 047 and 52066. (B) As per A, but with "®N-labelled N-myc

9

64-137. Assignment was taken from BMRB entry 52067. (C) Plot of relative peak intensities against residue number. "H-'"N peak intensities for N-myc
proteins with 0.1 mole equivalents of AA divided by the peak intensities of the same peaks in the reference spectra. The GB1 N-terminal tag sequence
was plotted with dummy residue numbers -59 for the N-terminus to 0 for C-terminus. (D) Coomassie stained SDS-PAGE gel following PDAs using
NeutrAvidin resin. Biotinylated N-myc peptides were used as bait. The N-myc peptide numbers are shown above each lane. Untagged TFIIIC5 DBD AA

was used as prey. (E) TFIIIC5 DBD AA eluate bands were quantified using ImagedJ for all three repeats of this experiment. Intensity data are plotted

along with a bar chart of average intensities + one standard deviation.
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26-50,51-75,76-100, 101-125, 117-141) were used as bait
and untagged TFIIICS DBD AA as prey in PDAs. An addi-
tional N-myc peptide (62-89) was included because it has
been observed bound to Aurora-A kinase by X-ray crystal-
lography [47]. The results were broadly in line with the NMR
titration. Whereas peptides 51-75 and 117-141 showed min-
imal binding to TFIIICS DBD AA, and 1-25 showed modest
binding, N-myc 26-50, 62-89, and 76-100 showed the clear-
est binding (Fig. 2D and E).

Hydrogen—deuterium exchange mass spectrometry
suggests two binding hotspots on TFIIIC5

To map the binding interface from both the N-myc and TFI-
IICS5 DBD perspective we used HDX mass spectrometry. 26 N-
myc peptides were observed in both experimental conditions
(with and without binding partner) covering a total of 94.3%
of the sequence. 53 TFIIICS DBD AA shared peptides were
observed with 86.6% sequence coverage. Five N-myc peptides
covering five different sequences were significantly protected
from deuterium exchange upon addition of TFIIIC5 DBD AA,
corresponding to the N-terminal ~50 residues and a peptide
from residue 70-80 (Fig. 3A). This is in reasonable agreement
with the mapping experiments using peptides and NMR. In-
terestingly, three peptides covering ~20 C-terminal residues
of N-myc 1-137 were significantly deprotected in two out of
the three time points sampled, which may reflect increased dy-
namics in a region of the protein that has high helical propen-
sity [38]. This interpretation is consistent with the enhanced
NMR peak intensity ratios for this region that were observed
upon AA addition (Fig. 2C).

A total of twelve peptides, covering seven sequences of
TFIICS DBD AA were protected from deuterium exchange
upon the addition of N-myc 1-137. These cluster in two re-
gions of the sequence. Five peptides at the N-terminus span
four sequences between residues 208 and 267 (Fig. 3A) which
sit within the N-terminal winged-helix part of the domain
(Fig. 3C). A region closer to the C-terminus of the domain
contains a further seven peptides protected upon N-myc bind-
ing. This C-terminal region contains two regions (394-407
and 454-466) that have high levels of protection at all time
points sampled. Together, the HDX data support a bipar-
tite interaction of N-myc with two patches on the TFIIICS
DBD surface: one highly protected and likely forming a sta-
ble anchor point, and a second that may be more flexible or
transient.

N-myc TAD binds to TFIIIC5 DBD AA with high
affinity

Taken together, the NMR titrations, peptide pull-downs, and
HDX data suggest that there are two N-myc sequences in-
volved in TFIIICS binding; an N-terminal sequence focused
around the conserved myc box 0 (N-myc 16-38), and a
C-terminal sequence focused around the region of helical
propensity involved in Aurora-A interaction (N-myc 74-89),
as summarized in Fig. 4A. Next, we measured the binding
affinity of the interaction, firstly through FP assays using N-
myc peptides 16-38 (MBO) and 61-89 that were chemically
synthesized with an N-terminal FAM label. Both peptides
bound to TFIIIC5 DBD AA and the data fitted well to a one-
site total binding model using GraphPad Prism. MB0O bound
with a dissociation constant of 0.060 uM while 61-89 bound
with a dissociation constant of 1.1 uM (Fig. 4B). While this

result is consistent with pull-downs shown previously in that
both peptides bind TFIIICS DBD AA, it is very clear that MBO
binds much more tightly than 61-89.

With the exception of its constitutive partner MAX, myc
binds to other proteins with affinities in the low micromolar
range (e.g. GTFIIF 4.9 uM; Binl 4.2 uM; PNUTS 3.5 uM;
TBP-TAF1 5.2 uM; Aurora-A 1 uM) [13, 47-50]. Therefore,
the affinity of MBO for TFIIICS DBD AA was tighter than
typical for myc interactions and so we used a second method,
isothermal titration calorimetry (ITC), to verify this result.
At 37°C, the signature was exothermic, but the protein com-
plex was unstable and precipitated during the titration (data
not shown). However, at 10°C the titration resulted in an en-
dothermic heat signature and an equilibrium dissociation con-
stant (Kp) of ~150 nM, while the stoichiometry was very
close to a 1:1 interaction (Supplementary Fig. S2). The ob-
served Kp was ~2.5-fold lower than the highest Kp observed
using FP. However, given the technical differences including
the temperatures (10°C for ITC, ~21°C for FP) these assays
are in reasonable agreement. The endothermic heat signature
is unusual for protein—protein interactions. This may be due
to conformational change in the domain upon binding, con-
sistent with the HDX data; alternatively, it may be due to sig-
nificant rearrangement of the solvation shell or bound ions
forced by protein binding. A recent example of an endother-
mic heat signature of a protein—protein interaction that was
driven by alterations in solvation shell of the protein is the
binding of Kap114p to the DNA-binding interface of Yeast
TATA-binding protein [51].

To identify residues within N-myc involved in the interac-
tion, we used FP assays with peptides which were modified
by truncation or sequence variation. A F28A-Y29A N-myc
16-38 peptide variant bound approximately three-fold less
well than observed for the WT peptide (Fig. SA). A W77A-
W88A N-myc 61-89 peptide variant had profoundly negative
consequences for binding: we could not determine a Kp, but
there was at least a 25-fold reduction in affinity with respect to
WT (Fig. 5A). Thus, both binding regions of N-myc have aro-
matic residues that contribute to the interaction with TFIIICS.
Truncations of the MBO peptide at its N-terminus had modest
effects on affinity compared to the WT peptide. N-myc 20-38
and 24-38 bound with Kp values of approximately 1.5-
fold and 3-fold weaker than observed for 16-38, respectively
(Fig. 5D). However, N-myc 28-38 had an affinity approxi-
mately 14-fold weaker than observed for the 16-38 peptide.
Small truncations at the C-terminus also had modest effects
on binding. N-myc 16-34 bound 2-fold weaker than 16-38
(Fig. 5C). However, N-myc 16-30 bound approximately 18-
fold weaker than the full-length peptide. Taken together
these data suggest that the MBO binding site has an essen-
tial core comprising approximately residues 24-34 inclusive
(LQPCFYPDEDD). For the N-myc 61-89 peptide, removal
of the residues prior (LSPSRGFAEHSSEP) to the Aurora-A
interacting helix (AIH, 75-89) observed in the Aurora-A:N-
myc crystal structure [47], changed the affinity from ~1.1
uM to ~1.6 uM, a minimal effect on binding. Therefore,
the interaction of this region is focussed within the AIH
(Fig. 5B).

The acidic plug inhibits N-myc binding
Previous structural biology work has shown that the C-
terminal helix of TFIIIC5 DBD, known as the acidic plug,
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Figure 3. HDX suggests N-myc binds over an extended surface of TFIIIC5 DBD AA. (A) Top: Deuterium uptake difference plots for N-myc 1-137
(UniProt: P04198) in the presence or absence of TFIIIC5 DBD AA (208-470; A345-366, UniProt: Q9Y5Q8). Peptides which had significantly different
deuterium incorporation upon addition of TFIIIC5 DBD AA are labelled in red (increased deuterium incorporation) or blue (reduced deuterium
incorporation). Bottom: Deuterium uptake difference plots as above, but for TFIIIC5 DBD AA in the presence or absence of N-myc 1-137. Numbers in
parentheses relate to the native TFIIIC5 protein sequence. (B) Left: Cartoon and surface representation of an AlphaFold2 generated model of the N-myc
1-137 construct used in the experiment, including the non-native GAM sequence at the N-terminus. To match the tick marks in the deuterium uptake
difference plots for N-myc, every 20 residues of the construct are marked by alternative green and orange colouring and labelled by residue. Numbers in
parenthesis are relative to the native N-myc sequence. Right: Surface representation of model shown in the left panel, peptides coloured by the
deuterium uptake scale shown. (C) Left top: Cartoon representation of an AlphaFold2 generated model of the TFIIIC5 DBD AA construct used in the
experiment, including a non-native G at the N-terminus. To match the tick marks in the deuterium uptake difference plots for TFIIIC5 DBD AA, every 50
residues of the construct are marked by different colouring. Right top: Surface representation of model shown in the left panel, peptides coloured by the
deuterium uptake scale shown in panel (B). Bottom: Cartoon representation of significantly altered TFIIIC5 DBD AA peptides. The model and views are
as shown in panel C above. The level of deuterium uptake is indicated by the colour of the boxes beside the leftmost model; the scale is as per panel (B).
The colour key on the left indicates the residue numbering of the altered peptides. Peptides are numbered: as in the HDX data relative to the first amino
acid in TFIIIC5 DBD AA (full-length WT TFIIC5 protein sequence). x note that the 1-12 peptide includes a residue from the vector, and so the first
residue from TFIIIC5 is 208, at position 2 in the peptide.
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Figure 4. N-myc interacts with the DBD of TFIIIC5 with sub-micromolar
affinity. (A) Summary of the N-myc peptide mapping experiments
described in Figs 2 and 3—PDAs, NMR titrations and HDX mass
spectrometry. Tight binding regions are shown in dark blue, intermediate
binding regions are shown in light blue. Regions not in the experiment
are shown in grey. Underlined protein sequences are known to be
important in binding to Aurora-A kinase. The locations of these are also
shown by black bars under the HDX schematic. (B) 5-FAM labelled N-myc
peptides were used as a tracer in FP assays with TFIIIC5 DBD AA. Error
bars are plus and minus one standard deviation of the mean. Kp values
were determined using the one site total model in GraphPad Prism. Kp
values are given as an average of nine independent experiments plus and
minus one standard deviation.

packs back into its DNA-binding surface [34, 35]. However,
most of our binding assays have been performed with a con-
struct that lacks this acidic plug, leaving the DNA-binding
surface exposed. While we could not produce enough WT
full-length DBD for biophysical experiments, we found we
could produce enough (~2 mg/l of LB) of a AA construct,
building the acidic plug back into the construct (Fig. 6A).
This construct (“AA+AP”) has a low complexity sequence
removed (¥ DEEDEEEEEEEEED?*?) prior to the acidic plug
and contains the loop truncation (A345-366) that is in the
DBD AA (Fig. 6A). AlphaFold3 predictions of structure were
performed for AA; AA+AP, and the WT full-length DBD. In
both AA+AP and WT predictions the C-terminal acidic plug
(*DGSENEMETEILDYV?") packs back into the DNA-
binding interface in an almost identical conformation. This is
a high confidence prediction because the predicted local dis-
tance difference test (pLDDT) values are relatively high for
the acidic plug (WT full-length pLDDT MAX 82.7, pLDDT
mean 63.8; AA+AP pLDDT MAX 84.0, pLDDT mean 65.8).
In addition, the AlphaFold predicted packing of the acidic
plug is very similar to the experimentally observed packing
in the yeast TA cryo-EM structure (Fig. 6B) [35]. The ef-

fect of the addition of the acidic plug to the AA was to re-
duce affinity of TFIIIC5 DBD for both MB0O and 61-89 pep-
tides. For MBO the affinity was reduced approximately 8-fold
from 60 to 490 nM, while for the 61-89 peptide the effect
was closer to 20-fold from 1.1 to 18.2 uM (Fig. 6C and
D). This suggests both binding sites at least partially over-
lap with the positively charged, acidic plug interacting site of
TFIICS.

N-myc competes with DNA for TFIIIC5 binding

The positively charged surface of TFIIICS that binds the acidic
plug is also likely to be the binding site for DNA, with which
N-myc would also be expected to compete. To confirm that
the human DBD binds DNA, we performed EMSAs using a
titration of TFIIIC5S DBD AA into 5'-FAM labelled double-
stranded DNA from the first 30 nucleotides of the tRNA-Met-
CAT-1-1 gene, which contains an A-box sequence. The inten-
sity of the free DNA band was reduced, but no discrete new
bands were formed. Instead, a smear at the top of the gel sug-
gested non-specific, multiple sites for TFIIICS5 binding on the
duplex DNA (Fig. 7A). Indeed, AlphaFold3 modelling of the
TFIIICS DBD AA dsDNA interaction suggested that up to
four proteins could bind to the duplex DNA used in the ex-
periment (Fig. 7C). The EMSA data are quite variable: quan-
tification of the free DNA and fitting to a one-site binding
model gave estimates of the Kp ranging from 127 nM to 446
nM for six independent repeats of the experiment. However,
the average value of 293 nM is almost identical to the value
of 300 nM Kp reported for the binding of A-box DNA to
the crystallization construct of the same domain in S. pombe,
which also had its acidic plug removed [34]. In addition, the S.
pombe domain was also found to bind DNA without sequence
specificity.

Due to the variability in the EMSA data, we carried out a
different assay, thermal response index calibration (TRIC), to
determine the effect of N-myc upon TFIIIC5 DBD A A binding
to DNA. A 5’ Cy$ labelled DNA hairpin with a 17 bp double
stranded sequence was used as a tracer, based on AlphaFold3
modelling of TFIIIC5 DBD AA binding to dsDNA (Fig. 7D).
This assay generated consistent data between independent re-
peats, yielding a Kp of 204 + 7 nM for TFIIICS DBD AA
binding to the DNA (Fig. 7E). The addition of 50 uM N-myc
1-137 to all the wells in the titration, representing a 2.5-fold
molar excess of N-myc over TFIIICS at the top of the titration,
had a profound effect on DNA binding (Fig. 7E). The Kp with
N-myc was not determined as the curve did not saturate; how-
ever, the effect was estimated to be a 10-100-fold decrease in
affinity (Fig. 7E). The competition observed is consistent with
the predicted binding of N-myc to the DNA-binding surface
of TFIIICS.

Modelling the N-myc:TFIIIC5 interaction

We tried several approaches to obtain a crystal structure of
an N-myc peptide with TFIIICS DBD AA but could only pro-
duce crystals of the TFIIICS DBD AA alone. The structure
was determined to 2.6 A resolution and is very similar (av-
erage backbone RMSD 1.1 A) to the crystal structure of the
equivalent domain in S. pombe (Supplementary Fig. S3 and
Supplementary Table S4). We modelled N-myc 19-38 and
75-89 peptides with TFIIIC5S DBD AA and TFIIIC5 DBD FL
using AlphaFold2-Multimer (Fig. 8A-F). Twenty models were
calculated per complex. The complexes were judged on two
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Figure 5. Sequence variation and truncation both reduce the affinity of N-myc peptides for TFIIIC5. 5-FAM labelled N-myc peptides were used as a tracer
in FP assays with TFIIIC5 DBD AA. Mean FP values are plotted + one standard deviation. Data were fitted using a one-site total binding model in
GraphPad Prism. Kp values are the mean + one standard deviation; ND, not determined. (A) WT versus N-myc peptides with sequence substitutions. (B)
N-myc 61-89 versus N-myc 75-89. (C) N-myc 16-38 versus C-terminal truncations. (D) N-myc 16-38 versus N-terminal truncations.

criteria: maximum and median interface predicted template
modelling (ipTM) scores, and the consistency of the predic-
tions across the models. For N-myc 19-38, analysis of the
20 structural models with the full-length DBD and the AA
variant revealed that the maximum ipTM score was 0.717
and 0.651, respectively (Fig. 8B). N-myc 19-38 was consis-
tently bound to the positively charged surface of TFIIICS,
from which the acidic plug was displaced in the full-length
DBD models (Fig. 8C and D). For N-myc 75-89, the maxi-
mum ipTM scores from the 20 structural models were 0.737
and 0.516 for the full-length and AA domains respectively
(Fig. 8B). N-myc 75-89 peptide was also predicted to bind
to the DNA-binding surface of TFIIICS. However, there sev-
eral predicted binding modes at each of the two sites (Fig. 8E
and F). As the maximum ipTM score for both 19-38 and
75-89 peptide complexes was >0.7, they both provide plau-
sible models for the interaction. However, the 19-38 pep-
tide is more likely to be correct due to the consistency of
the prediction. For the highest ipTM models of the N-myc
19-38:TFIIICS interaction, the peptide extends over a large
proportion of the DNA-binding surface of TFIIICS traversing
diagonally across and down the interface. The C-terminus of
the motif (3> DDFYF?’) forms a single helical turn. The hy-

drophobic 37YF3® are packed into a hydrophobic pocket in
the winged helix fold at the N-terminus of the domain. This
pocket is lined by the side chains of F218, Y290, and W300.
The acidic patch of N-myc (3'DEDD?*) makes several elec-
trostatic contributions to the binding interface, the close in-
teraction of E32 with R266 and K270 likely being the most
important. Other notable residues in the interaction include
F28 which packs against Y404 of the DBD and F21 which
packs into a hydrophobic pocket at the C-terminal helix of
the domain. This pocket is lined by the sidechains of R404,
L1400, 1459, and 1323.

AlphaFold3 modelling of the tA sub-complex with N-
myc 1-137 consistently placed it between the DNA-binding
surface of the DBD and the TPR2 domain of TFIIC3
(Supplementary Fig. S4). However, the binding modes of
N-myc were variable, only resembling the mode pre-
dicted by AlphaFold2 in one model, with N-myc residues
34-37 occupying near identical positions (Supplementary
Fig. S4). The ipTM scores for the N-myc:TFIIIC5 com-
plexes were 0.13-0.14 indicating that these models are
unreliable.

Mapping the HDX data on to the models generated by Al-
phaFold2 suggests a good level of agreement with the N-myc
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Figure 6. The TFIIIC5 acidic plug reduces the affinity of N-myc peptides for TFIIIC5. (A) Schematic of the DBD of TFIIIC5. Alterations made for the DBD
AA (TFIIC5 208-470; A345-366, UniProt: Q9Y5Q8) and DBD A A +acidic plug (AP) (TFIIIC5 208-519; A345-366 A487-500) expression constructs are
shown in blue. (B) AlphaFold3 predicted structures for TFIIIC5 DBD AA, DBD AA +AR and full-length WT TFIIIC5 DBD are shown alongside the
cryo-EM structure of the yeast protein 195, the structure of which was determined in the context of the TA sub-complex [35]. In each case the core
domain (211-470 for TFIIIC5 DBD) is shown as a surface representation coloured by electrostatic potential as calculated by APBS. The C-terminal
regions of the TFIIIC5 DBD AlphaFold predictions (470-519) are shown as cartoon and coloured by pLDDT score as indicated. The C-terminal region of
the yeast 195, determined by cryo-EM, is also shown as a cartoon but coloured light pink. (C) 5-FAM labelled N-myc 16-38 was used as a tracer in FP
assays with TFIIIC5 DBD AA or TFIIIC5 DBD AA+AP Error bars are plus and minus one standard deviation of the mean. Data were fitted using a
one-site total model in GraphPad Prism. Kp values are given as an average =+ one standard deviation. (D) Same as (C), except for N-myc 61-89.

19-38 TFIICS model (Supplementary Fig. S5). Four TFIIIC5
peptides which are protected by addition of N-myc (208-218,
223-233, 255-267, and 394-407) are predicted to directly
contact N-myc 19-38. The latter two peptides are the ones
with the highest levels of protection observed in the HDX
experiment. A further two peptides (223-233 and 238-254)
are close in space to the predicted N-myc 19-38 binding site.
These peptides additionally interact directly with peptides pre-
dicted to bind to N-myc 19-38. The only outlier in the HDX
data is TFIIICS peptide 430446, which is far from any pre-
dicted binding site in the N-myc 19-38 TFIIICS model. In con-
trast, the models of N-myc 75-89 interact with fewer HDX
identified peptides. In the model with the highest ipTM score
for AA, N-myc 75-89 contacts three peptides at the winged
helix part of the domain, but do not contact the C-terminal
223-233 peptide, which had very high levels of protection in
the HDX experiments. By contrast N-myc 75-89 in the WT
DBD model with the highest ipTM scores interacts with only
the C-terminal peptides and not the winged helix peptides. We
therefore conclude that the modelled binding site for N-myc
19-38 to the acidic-plug binding site of TFIIICS is more likely
to be correct, consistent with it being the higher affinity site
that competes with the acidic plug for the pocket on the TFI-
IICS5 DBD surface.

Mutation in MBO reduces the TFIIIC5 interaction
with N-myc in cells

To validate the molecular basis of the interaction between N-
myc and TFIIICS in cells, we transfected a neuroblastoma cell
line (SH-EP) with either wild type (WT) or variant (F28A-
Y29A) HA-tagged full length N-myc. F28A-Y29A N-myc
showed a small but statistically robust decrease (P = 0.0054)
in TFIICS co-immunoprecipitation relative to the WT pro-
tein in paired experiments (Fig. 9). This reduction of ~50%
is consistent with our in vitro experiments in which the same
variant decreased the observed affinity of MBO for TFIIICS
AA ~3-fold from 60 to 189 nM (Fig. 5A).

Discussion

The myc family of transcription factors are important on-
coproteins that regulate genes involved in metabolism, cell
proliferation, and other critical processes in cancer cells.
The function and regulation of myc proteins involves many
protein—protein interactions, but the interplay of these fac-
tors and molecular mechanisms that underpin them are poorly
understood. Here, we characterize the interaction between
N-myc and the DNA-binding surface of TFIIIC5 DBD, an
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Figure 7. N-myc 1-137 inhibits the binding of TFIIIC5 DNA DBD AA to double stranded DNA. (A) Representative 6% polyacrylamide DNA retardation gel
following an EMSA. 5’-6-FAM labelled and annealed dsDNA was used as tracer. Nucleotides 1-30 of the human tRNA-Met-CAT-1-1 gene (GenBank
accession number: HG983950.1), including the A-box sequence, was used as the dsDNA. The concentration of TFIIIC5 DBD AA (TFIIIC5 209-470; A
345-466, UniProt: Q9Y5Q8) is indicated above each lane. (B) Quantification of the free probe using iBright™ Analysis Software was used to determine
the fraction bound. Average values from six independent experiments are shown. Error bars are & one standard deviation. Data were fitted using a
one-site total binding model in GraphPad Prism. The Kp value along with upper and lower bound values at & 10% confidence intervals. (C) AlphaFold3
modelling of the dsDNA (cartoon) used in the EMSA with four TFIIIC DBD A A bound (surface). The ipTM score is given above the structures. (D) Left:
AlphaFold3 modelling of A-box DNA bound to AA. Right: AlphaFold3 modelling of the hairpin DNA sequence used in TRIC assays with AA. (E) TRIC
assays using 5’ Cy5 labelled dsDNA hairpin shown modelled in (D). Experiments were performed with (red) or without (black) a constant 50 uM of
N-myc 1-137 in each well. Error bars are plus and minus one standard deviation of the mean. Kp values were determined for the titration without N-myc
using the one site total model in GraphPad Prism. Kp values are given as an average of three independent experiments + one standard deviation.

interaction that is thought to contribute to N-myc driven reg-
ulation of Pol II transcription and mRNA quality control [14,
36].

The finding that N-myc binds to the DNA-binding surface
of the TFIIICS DBD was surprising because the TPR domains
of TFIIIC3 are established as hubs for other protein—protein
interactions. In the cryo-EM structure of yeast TFIIIC (in the
context of TFIIIA, TBP, and 5S promoter DNA), the yeast ho-
mologue of TFIIIC3, 1131, acts as a central scaffold mediat-
ing many of the critical interactions holding the complex to-
gether [30]. In addition, t131 interacts with B double prime
1 (BDP1), a core component of the TFIIIB complex which re-
cruits Pol I1I [52]. However, the TFIIIC5 DBD:N-myc interac-
tion was observed using a variety of orthogonal approaches
and the assignment of this function is therefore robust.

Our findings are consistent with previous data on the com-
petition between TFIIIC and Aurora-A for binding to N-myc
[14]. The primary regions of N-myc involved in the Aurora-A
interaction are 19-47 and 61-89, which is very similar to the

peptides we have shown bind to TFIIIC5 DBD [38, 47]. Al-
phaFold models predicted that both intrinsically disordered
regions of N-myc interact with the same surface of the DBD
and the complex might be considered ‘fuzzy’, consistent with
its NMR behaviour. However, while these two regions of N-
myc bind Aurora-A with similar affinity (~10 uM), N-myc
MBO has a much higher affinity than N-myc 75-89 for TFI-
1IC, and so MBO would dominate the interaction. While MB0O
is highly conserved between N-myc and ¢-myc, both of which
interact with TFIIIC, the 75-89 region is poorly conserved.
We therefore consider the MBO interaction to be the most bi-
ologically relevant.

The fact that the F28A-Y29A variant has an apparent 3-
fold reduction in affinity of N-myc MBO for TFIIIC5 DBD in
vitro but also decreases co-immunoprecipitation of full-length
N-myc with TFIIICS by ~2-fold suggests that our observed
MBO TFIICS interaction is important for the interaction in
cells. This is consistent with previously reported BiolD prox-
imity labelling experiments using BirA tagged WT c-myc that
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Figure 8. AlphaFold models of the TFIIIC5:N-myc interaction. (A) Top: Schematic of the TFIIIC5 DBD (UniProt entry: Q9Y5Q8). Long IDRs are indicated,
as is the C-terminal acidic plug which packs back into the DNA-binding interface. Modifications are indicated, in blue, which were introduced into the
truncated version of the domain (“AA"). Bottom left: AlphaFold3 model of TFIIIC5 DBD AA shown in cartoon representation coloured by secondary
structure. Regions modified from WT are indicted in blue beside the model. Bottom middle: AlphaFold3 model of TFIIIC5 DBD full-length wild-type (FL
WT). The representation is as per left. Bottom right: Superposed models of FL WT (shown in cartoon representation) with AA (shown in grey as a
surface representation). (B) Scatter plot of ipTM scores for all AlphaFold2 multimer models. Twenty models were calculated for each of the four
complexes indicated (N-myc 19-38 with AA, N-myc 75-89 with AA, N-myc 19-38 with FL WT, and N-myc 75-89 with FL WT). Data are shown as
empty circles. The means + one standard deviation are shown as black bars. The highest value ipTM score for each model is indicated (C) AlphaFold2
multimer models of AA bound to N-myc 19-38. Two views of a surface representation of the highest-ranking complex by ipTM score is shown on the
left. AA is in grey. N-myc 19-38 is in light blue. On the right the N-myc part of the complex is shown without the DBD. Firstly, a cartoon representation
of N-myc 19-38 from the complex shown on the left. This is coloured by the pLDDT score (https://github.com/cbalbin-bio/pymol-coloralphafold). On the
right is a line representation of the backbone atoms of all the N-myc models. The complexes were aligned in PyMOL using the DBDs. (D) As per panel
(C), but with FL WT DBD instead of AA. Regions which are not in the AA construct are shown in cartoon rather than surface representation. (E) As per
panel (C), but with N-myc 75-89 (coloured light red) replacing N-myc 19-38. (F) As per panel (E), but with FL WT DBD instead of AA. Regions which are
not in the AA construct are shown in cartoon rather than surface representation.
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Figure 9. Amino acid substitutions in myc box zero decrease TFIIC5 binding to N-myc in SH-EP cells. (A) Western blots from a representative
co-immunoprecipitation assay of anti N-myc. The input corresponds to 1% of the amount used for precipitation. Non-specific IgG and VCL were used as
controls. (B) Co-IPs from five independent experiments were quantified and plotted, showing the mean and standard deviation. The P-value was

calculated using an unpaired t-test with Welch's correction.

resulted in the biotinylation of TFIIIC1, TFIIIC3, TFIIIC4,
and TFIIICS, while deletion of MBO resulted in the loss of bi-
otinylation of TFIIIC4 and TFIIICS [13]. As we took a divide
and conquer approach, we cannot rule out the possibility that
the interaction is more extensive and may involve other re-
gions of N-myc outside of the transactivation domain or TFI-
IIC domains which were not part of this study (such as the
C-terminal TPR domain of TFIIIC3).

In addition to mapping the interaction on both N-myc and
TFIICS DBD, we present AlphaFold models of the interac-
tion. Despite the relatively high ipTM scores (>0.7 for the
best models) we would urge caution in their interpretation.
We believe that a high-resolution experimental structure of the
complexes will be required to accurately describe the molecu-
lar basis of these interactions. We are acutely aware of this,
because X-ray crystal structures are being published which
contradict previously published AlphaFold models [53, 54].
However, we are confident of the location of the MBO binding
site on TFIIICS because all the models were similar and dis-
placed the acidic plug, consistent with our experimental data.

It has been postulated that TFIIICS DBD is the primary
DNA-binding node of TA because it has a large DNA-binding
surface, which in part is made up of a well characterized DNA-
binding fold, a canonical winged helix [34]. Indeed, the equiv-
alent domain in yeast has been shown to crosslink with DNA
in a region close to the A-box sequence [33]. Although struc-
tural biology of the holocomplex of TFIIIC in the context of
promoter DNA and other transcription factors has begun to
emerge, the precise role of the TFIIICS DBD is still unknown.
In the human TFIIIC-tDNA promoter structure, the density
for the domain is absent. This may not be surprising as DNA is
not bound to the TA sub-complex in this structure [29]. How-
ever, in recent structures of yeast TFIIIC, bound to tDNA and
5S rDNA promoter sequences, density for the T95 (TFIIICS
homologue) DBD is also absent even though in both structures
DNA is bound to A, predominantly via the C-terminal TPR
domain of the TFIIIC3 homologue, t131 [30, 55]. In the case
of the tDNA promoter there is evidence that the DBD may be
dynamically binding DNA close to the A-box sequence, but
the role of this interaction in TFIIIC function remains to be
fully determined [55]. From the evidence thus far, the contacts
driving the TA DNA interaction are almost exclusively out-
side of the DBD of TFIIICS. However, it should be noted that
the observed DNA binding modes of yeast TA was very differ-
ent for tDNA and rDNA promoters. There may be significant

plasticity in how DNA is engaged by TA when different bind-
ing partners are present. The other binding partners critical to
the function of the N-myc:TFIIIC complex have yet to be fully
determined and may play important roles in how TA engages
DNA. In this context, ideas on how the N-myc: TFIIIC5 DBD
interaction fit into the broader context of Pol II gene expres-
sion, or mRNA transcript quality control, must be viewed as
speculative. If the DBD is mostly in the DNA bound state,
it may be that N-myc acts as a recycling factor, or avidity
trap, keeping TFIIIC close to E-box DNA when it is displaced
from A- and B-box DNA through the action of polymerases
or other kinetic activities involved in transcription. Alterna-
tively if the DBD is mostly available, even in the DNA bound
state of TFIIIC, it may be that N-myc is interacting with the
already bound complex and influencing the recruitment of
other proteins to the locus, such as the cohesin complex or
the nuclear exosome complex, complexes which have been
shown to be associated factors in the N-myc: TFIIIC complex
[14, 36].

MBO (LEFDSLQPCFYPDEDDFYFG) has an amino acid
composition very similar to that defined by Sanborn and col-
leagues as an acidic ‘core activator domain’, in that it contains
a high proportion of acidic residues interspersed with bulky
hydrophobic residues [56]. While this approximate configura-
tion of acidic activator sequences has been known for a long
time, only recently have systematic mutagenesis screens shown
that both the acidic and hydrophobic components are impor-
tant for transactivation [57-60]. MBO has now been shown
to interact with two DBDs, its own DBD that is formed with
MAX and now TFIIICS. It has been postulated that the acidic
sequences in transactivation domains are primarily for solubi-
lizing the hydrophobic sequences which are the primary bind-
ing sequences facilitating transactivation [58, 60]. However,
at least in these cases the acidic patches do seem to be im-
portant binding determinants. Given that c-myc has already
been shown to bind to the DNA-binding interface of TBP,
it could be that association with DNA-binding interfaces is
a general feature of myc interactions [50]. This may have
functions such as facilitation of pre-initiation complex for-
mation as has been proposed for TBP binding [50]. It also
could help to capture DNA-binding complexes which are dy-
namically removed from the DNA through the action of poly-
merases or complex disassembly. In effect, myc proteins could
help prevent diffusion of these complexes away from E-box
sequences.
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