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Abstract

The Far UpStream Element (FUSE) regulatory system promotes a peak in the concentration of c-
Myc during cell cycle. First, the FBP transcriptional activator binds to the FUSE DNA element
upstream of the c-myc promoter. Then, FBP recruits its specific repressor (FIR) which acts as an on/
off transcriptional switch. Here we describe the molecular basis of FIR recruitment showing that the
tandem RNA recognitions motifs of FIR provide a platform for independent FUSE DNA and FBP
protein binding and explaining the structural basis of the reversibility of the FBP-FIR interaction.
We also show that the physical coupling between FBP and FIR is modulated by a flexible linker
positioned sequentially to the recruiting element. Our data explain how the FUSE system regulates
precisely c-myc transcription and suggest that a small change in FBP-FIR affinity leads to a
substantial effect on c-Myc concentration.
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The c-myc proto-oncogene regulates the proliferation, growth and differentiation of somatic
cells, integrating a number of intracellular and extracellular programs of gene control. c-Myc
targets the Polll-dependent promoter of 10-15% of genes, including transcription factors,
mRNA metabolism proteins, DNA repair factors, telomerases and cytokines 1:2. Further, it
modulates the transcription of a number of non-coding RNAs 3. c-myc mis-regulation has been
correlated with a broad range of cancer pathologies 4.

The Far Upstream Sequence Element (FUSE) upstream of the c-myc promoter mediates a fast
transcription-responsive mechanism responsible for an upsurge of c-Myc levels during the cell
cycle. FUSE-based c-Myc upregulation is mediated by the unwinding and opening of an AT-
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rich stretch (the FUSE sequence) located about 1.7 kb upstream of the c-myc promoter as a
consequence of the negative supercoiling that accumulates during pre-existing lower-level
transcriptional activity 56 (Fig. 1a). The FUSE DNA non-coding strand (henceforth referred
to as sSFUSE or ssFUSE DNA\) recruits the FUSE-Binding Protein (FBP) that, in turn, interacts
with Transcriptional Factor I1H (TFIIH) — a complex multi-component machine involved in
transcriptional initiation and promoter escape — and increases the rate of productive c-myc
transcription 78, This increase in transcription leads to further negative supercoiling and to
further opening of the FUSE. The FBP—FUSE complex recruits the FBP-Interacting Repressor
(FIR) protein that interacts with both FBP and ssFUSE DNA. Upon binding to FBP and
ssFUSE, FIR interacts with TFIIH 7 reducing FBP-mediated transcription and therefore
negative supercoiling. FIR-mediated transcriptional repression leads to re-winding of the
FUSE, ejection of FBP and, eventually, ejection of FIR itself, bringing the system back to a
basal transcription state (Fig. 1a).

The FUSE regulatory system can be represented by a simple three-component mechanism to
control c-myc transcription and is a promising tool in colorectal cancer therapy %19, Central to
FUSE regulation is the FIR-FBP interaction that mediates FIR recruitment and transcriptional
shut-off. It has been shown that ssFUSE DNA binds to the tandem RNA Recognition Motifs
(RRMs) of FIR (RRM1-RRM2) and to the four K-Homology (KH) domains of FBP (Fig. 1b)
11-13 pyt also that a direct FBP—FIR interaction takes place via a 26-aa element in the amino-
terminus of FBP (called the Nbox, Fig. 1b) and the FIR RRM1-RRM2 tandem domains 1.

The importance of this interaction has been established by Chung and co-workers 11 who
analyzed the activity of FIR in the FBP—-DNA and FBP3-DNA transcriptional activation
systems. FBP3 (Fig. 1b), a protein of the FBP family, has been shown to be expressed at
different times than FBP during the cell cycle, and not to be affected by FIR-mediated
repression 1114, Chung and co-workers have shown that FBP Nbox mediates an interaction
between FBP and FIR while FBP3 Nbox lacks this capability. They have also shown that when
the low efficiency of FIR recruitment to the DNA-FBP3 system is by-passed by fusing FIR to
a high affinity DNA binding domain, FIR can repress FBP3. This indicates that Nbox-mediated
recruitment of FIR to the DNA is a crucial step of control of FIR repressional activity 1.

Despite the availability of a broad range of functional information, our molecular
understanding of FUSE mediated regulation — and therefore our capability to interfere with it
—isseverely limited by the lack of structural data on the FBP-FIR interaction and by the paucity
of quantitative data on the protein—protein and protein—-DNA interactions that build FUSE
regulation. Here we focus on the molecular mechanism of FIR recruitment and on the FIR-
FBP interaction that defines the length and intensity of c-myc upregulation during cell cycle.
We use human (Homo sapiens) FIR and FBP proteins and FUSE DNA to explain why FBP is
recruited before FIR in the FUSE functional cycle and how the necessary combination of
specificity and reversibility is achieved by the Nbox—FIR interaction. Further, we quantify
directly the effect of the Nbox in a model FBP-FIR-FUSE system and the decoupling effect
of an unfolded linker located between the Nbox and the DNA-binding region of FBP. We
conclude that the switch of the FUSE system from an activating to a repressing state is based
on a relatively modest increase in the affinity of FIR for the FBP-FUSE DNA complex.

Structure, dynamics and DNA binding properties of FIR RRM1-RRM2

To understand the molecular basis of FIR recruitment we need to characterize the structure of
the FIR RRM1-RRM2 tandem domains and their interactions with FBP and with FUSE DNA.
We have solved the solution structure of FIR RRM1-RRMZ2 alone and in complex with the

FBP Nbox and showed that in FIR RRM1-RRM2 the helical face of RRM1 packs onto the B-
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sheet face of RRM2, creating a stable interface (1,100 A2 of buried surface) (Figure 2a,
Supplementary Fig. 1 and Table 1). This orientation is similar to what is observed in the
structure of the DNA-bound FIR RRM1-RRM2 1° (Supplementary Fig. 1b). NMR relaxation
data confirm that binding of FIR to the FBP and FUSE binding partners does not lead to
conformational rearrangements in the protein (Supplementary Fig. 2).

The arrangement of RRM1 and RRM2 described above indicates that only the B-sheet nucleic
acid binding surface of RRML1 is available for DNA binding. Our NMR Chemical Shift
Perturbation (CSP) data confirm that DNA binding involves canonical nucleic acid binding
RiboNucleoProtein (RNP2 and RNP1) motifs plus residues in the a2/B4, p1/al and p2/3 loops
of RRM1, including the residues making contact with the single nucleotide visible in the
published structure of the DNA-bound FIR RRM1-RRM2 12 (Fig. 2b). Based on the known
RRM-nucleic acid structures, this surface is likely to accommodate a 4-5 nucleotides long
DNA sequence 16 and therefore we have explored the nucleobase preference of FIR for four
successive nucleotides positions using Scaffold Independent Analysis (SIA) 17. We show that
FIR RRM1-RRM2 has a moderate sequence preference for T or T/G in all of the four positions
analyzed by SIA (Fig. 2c, Supplementary Table 1). We use follow-up NMR binding assays
with DNA 5-mers of different base compositions to confirm this sequence preference and to
define a range of affinities for FIR interaction with optimal and non-optimal DNA sequences
(Fig. 2c). Knowing FIR's sequence preference and the range of affinities for different DNA
sequences allows a more accurate understanding of FIR-FUSE interactions.

FIR-FUSE and FBP-FUSE interactions

In order to define accurate models for FBP and FIR recruitment and ejection it is necessary to
quantify the strength of the FIR-FUSE interaction and to compare it with the FBP-FUSE
interaction. A preliminary model for FBP recruitment put forward by Liu and co-workers
predicts that ssFUSE has a higher affinity for FIR than for FBP and proposes that the initial
recruitment of FBP — rather than FIR - to the ssFUSE is due to the higher concentration of
FBP in the cell 8 while a recent paper published during revision of our work indicates that the
affinity of FIR for the FUSE is the same or lower by a factor of 5 than the one of FBP, depending
on the FUSE DNA used 18, Considering that FIR and FBP can bind to overlapping sequences
in the FUSE 12 asimilar affinity of the two proteins for the DNA would indicates that the choice
of recruiting FBP rather than FIR is dependent on the variations of their concentration in the
cell. To clarify if the earlier binding of FBP to the FUSE is dependent on the concentration of
FBP and FIR, we have recorded BioLayer Interferometry (BLI) experiments using an
immobilized 40-mer ssFUSE (ssFUSE40, Fig. 1a) and increasing concentrations of FIR (Fig.
2d). This DNA has been designed to recapitulate the areas of interactions of FIR and FBP as
defined by Benjamin et al. 12 . We show that FIR binds to the FUSE with a K4 value of ~7
uM, as determined from the ratio of the dissociation and association rate constants, and
independently from analysis of the dependence of the amplitude of the BLI signal on FIR
concentration. Instead, BLI experiments report that the complexes between ssFUSE40 DNA
and two FBP KH domains constructs with and without the Nbox (Fig. 1b) have dissociation
constants in the ~1.5-2 nM range (Fig. 2d' Supplementary Fig. 3, Supplementary Table 2). So,
FBP-ssFUSE binding is three orders of magnitude stronger than FIR-ssFUSE binding and
therefore the initial recruitment of FBP in the cell is driven by its higher affinity for the ssFUSE.
The association of FBP with the DNA is long lasting (ko ~4 x 10~ s~1 Supplementary Fig.
3), consistent with the prolonged TFIIH-mediated enhancement of productive c-myc
transcription observed upon eliminating FIR downregulation of TFIIH 8.

FIR dimerization on the FUSE has been proposed to lead to FBP ejection 1° or to guide
rearrangement of the FUSE-FBP-FIR complex 8. FIR was proposed to form a dimer while
bound to ssDNA based on the X-ray structure of that complex (where the protein crystallizes
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as a dimer in the asymmetric unit, Fig. 3a) and on the 2:1 stoichiometry obtained from Size
Exclusion Chromatography coupled with Light Scattering, Refractive Index and UltraViolet
absorbance (SEC-LS/RI/UV) data. We used NMR to investigate this possibility. Our assays
show that two molecules of FIR bind to a single ssFUSE-derived 29-mer used in functional
studies 11 (ssFUSE29, Fig. 1a) and that the affinity for the two equivalent or quasi-equivalent
protein binding sites is in the low micromolar range (Fig. 3b), consistent with the BLI data and
with the fast exchange regime of the shifting resonances. This is consistent with the 2:1
stoichiometry that has been reported for a similar FIR-FUSE DNA complex 2. However, our
data also show that FIR does not dimerize upon binding the FUSE (ssFUSE29). We analyzed
the chemical shifts of all of the amide protons within 10 A of the protein—protein inter-
molecular interface, as derived from the X-ray structure (Fig. 3a). In RRM2, which is important
to dimerization and is far away from the actual DNA-binding surface, none of the well dispersed
protons frequencies of the monomeric free RRM1-RRM2 is affected upon ssFUSE29 binding,
suggesting that the dimer is not formed. In RRM1 the proposed dimer interface is in close
proximity to the DNA binding surface and some chemical shift changes from DNA binding
are likely to affect residues in the putative dimer interface. To decouple dimerization from
DNA binding, we compared the CSP recorded upon RRM1-ssFUSE?29 binding to the ones
recorded upon RRM1 interaction with the DNA pentamers described in the previous paragraph
—thatbind witha 1:1 FIR:DNA stoichiometry. Very similar chemical shift changes are obtained
for the two DNA molecules indicating that RRM1 is not involved in dimerization either (Fig.
3c, Supplementary Results). Further, NMR relaxation data show that the rotational correlation
time of the DNA-bound protein is lower than the one expected if the two proteins would make
contact forming a compact 50 kDa complex (Supplementary Fig. 2a, Supplementary Results).
The binding of more than one FIR molecule on the FUSE is consistent with the relaxed T/TG
sequence preference of FIR, as described above but the chemical shift changes we observe
upon FIR-DNA interactions show unambiguously that dimerization does not take place. It is
unclear whether the binding of more than one FIR on the free FUSE DNA that we observe has
any physiological relevance, as in the cell FBP binds before FIR reducing the ssDNA available
for FIR binding and one copy only of FIR can be recruited by the FBP Nbox.

FIR-FBP interaction

We then examined the interaction between FIR RRM1-RRM2 and the FBP Nbox that is
essential for FIR recruitment to FUSE DNA 11, Our NMR data reveal that the FBP Nbox
assumes a helical conformation and docks on a hydrophobic surface defined by al, a2 and the
B1/al and o2/p4 loops (Fig. 4 and Supplementary Fig. 4 and 5) of the RRM2 domain of FIR
(Kq ~15 pM, Fig. 4a and Supplementary Table 2). The binding of a helical element in an
orientation quasi-parallel to RRM1 al has never been observed before in protein-RRM
interactions and the FBP—FIR structure presented here defines a novel protein interaction
surface on the multi-functional RRM platform (Fig. 5) 16. The peptide—protein contacts are
mostly hydrophobic (Fig. 4d and Supplementary Fig. 4b) and an overview of the interface
shows that two alanine residues from the Nbox (Ala34 and Ala38) occupy the central part of
the peptide recognition surface and are flanked by bulkier hydrophobic residues (e.g. Phe31,
Leu35, lle41) (Fig. 4c and Supplementary Fig. 4b). This arrangement results in a very limited
inter-digitation between side chains of FBP and FIR residues and in low frequency motions at
the FBP-FIR interface (Supplementary Fig. 2 and Supplementary Results). The position of
these two alanine residues explains the results of a recent mutational study 11 in which a very
strong binding impairment was observed for A34V and A38V mutants. The mutations place
a large hydrophobic chain in the center of the inter-molecular interface, resulting in steric
hindrance (Supplementary Fig. 4b). In the same study, Chung and co-workers showed that
mutation of Leu35 or Phe31 to alanine has a substantial but smaller effect, which can be
explained by the loss of the specific interactions mediated by their two partially packed side
chains (Fig. 4c and Supplementary Fig. 4b). By contrast, mutation of Ala42 (A42V) — that we
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show to be very loosely packed against the RRM2 surface (Supplementary Fig. 4b) — does not
lead to substantial loss of binding. Our structure reveals that the side chains arrangement on
the FBP-FIR interaction surface is designed to provide a low affinity but specific recognition.
The dramatic loss of binding obtained by inserting a bulky hydrophobic side chain in the
solvent-excluded part of the interface indicates that the helix, although in a dynamic interaction,
cannot re-orient freely on the RRM2 surface. It seems likely that the global specificity is
provided by the sum of the hydrophobic contacts made by the different side chains of the
hydrophobic face of the Nbox helix. Indeed when Chung and co-workers mutate
simultaneously both Leu35 and Phe31 to alanine the loss of binding is stronger that the one
observed for the single mutants. Relaxation data on the bound RRM1-RRM2 and the
broadening of several peptide resonances at the protein—peptide interface (Supplementary
Methods, Supplementary Fig. 2) are consistent with the structural information on the complex
and with the transient nature of the FIR-FBP contacts in the FUSE-mediated c-myc regulation
—in which the ejection of FBP precedes FIR ejection and is dependent on the disruption of the
FBP-FIR interaction (Fig. 1a).

The FBP-FIR-FUSE system

What is the relationship between protein binding and DNA binding on the FIR RRM1-RRM2?
DNA and protein interaction surfaces are on different domains and on opposite sides of the
RRM1-RRM2 protein (Fig. 6a). The chemical shift changes induced by the two binding
partners are additive (Fig. 6b), indicating that the two binding events are independent. Indeed,
the affinity of RRM1-RRM2 for the short TGTGT DNA oligo does not change when the FBP
Nbox peptide is also bound and vice versa (Supplementary Fig. 6, Supplementary Table 2).
This confirms that no allosteric cooperativity is present between Nbox and ssFUSE DNA
binding. Therefore the reported effect of the Nbox on FIR recruitment is due to the physical
tethering that exists between FBP and FIR in the larger three-component FBP-FIR-ssFUSE
system. The lack of an allosteric effect in RRM1-RRM?2 is consistent with the lack of
conformational changes upon binding the FBP Nbox peptide and the ssFUSE DNA
(Supplementary Fig. 1b).

The effect of physical tethering by FBP on FIR DNA binding activity was directly measured
using BLI and a larger FBP—-FIR-DNA three-component system (Fig. 7a). 150 nM FIR RRM1-
RRM2 does not show detectable binding to the free DNA or to the DNA bound by the four
KH domain FBP construct, while the addition of the Nbox recruiting element to the FBP
construct stimulates the interaction (Fig. 7a). The K4 of FIR in the three-molecule complex, as
estimated from the association and dissociation rate constants, is lower by a factor of 10-50
than the K of FIR for the free DNA (7 uM). This increase in affinity is modest, much lower
than the one expected if the Nbox was structurally coupled to the first of the DNA binding
modules (KH1) of FBP. The partial decoupling between DNA binding by FBP and FIR is
explained by the presence of a ~50-amino acid unstructured linker that separates the Nbox
from KHL1 (Fig. 1b). The decoupling effect estimated for the FUSE system (by a factor of
~5,000) is consistent with the one calculated based on a model commonly used for two
interacting regions separated by a flexible linker 1920, Such a decoupling effect has been often
reported for RNA recognition by multi-domain proteins 21,

In order to validate the model above we provide direct experimental evidence that FIR RRM1-
RRM2 and FBP Nbox do not interact with the KH region of FBP and that the Nbox-FIR RRM1-
RRM2 unit is structurally decoupled from the DNA binding region of FBP. We have titrated
an unlabeled sample of the FBP construct comprising both the Nbox and the KH domains into
a 15N labeled sample of FIR RRM1-RRM2 and recorded fingerprint NMR 1°N-1H correlation
NMR spectra. We have compared these spectra with the ones recorded during an equivalent

titration performed using an unlabeled sample of the Nbox-only construct. The same pattern
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of chemical shift changes is observed in both titrations (Supplementary Fig. 7a). This indicates
that the Nbox—FIR interaction does not change whether the KH domains are present or not in
the FBP construct and that neither the KH domains nor the linker interact with RRM1-RRM2.
Further, the moderate increase in the line-width of the RRM1-RRM2 resonances
(Supplementary Fig. 7b) provides independent evidence that the flexible linker between the
Nbox and the KH domains structurally decouples FIR RRM1-RRM2 from the FBP KH domain
region — if that was not the case a very severe broadening would be observed upon binding to
the ~45 kDa FBP construct. Next, we have added FUSE DNA to the FIR RRM1-RRM2-FBP
Nbox KH1-KH4 complex described above and recorded again a fingerprint NMR 15N-1H
correlation NMR spectrum. A dramatic broadening is observed for FIR RRM1-RRM2
resonances upon addition of DNA. The broadening is more severe for resonances in the more
rigid parts of the molecules (e.g. in the B-sheet) and is absent for resonances of the flexible C-
terminus (Supplementary Fig. 7¢). This indicates that both FBP and FIR bind at the same time
to the FUSE DNA. Simultaneous binding establishes a second DNA-mediated physical link
between FBP and FIR — strongly impairing the capability of the two molecules to tumble
independently.

FBP3 interactions with FUSE and FIR

In order to investigate whether a 10-50 fold difference in affinity can justify recruitment of
FIR in a cellular environment, we compared protein—protein and protein~-DNA interactions in
the FBP and FBP3 systems. Using BLI we show that a FBP3 Nbox-KH1-KH4 construct binds
to the FUSE element (ssSFUSE40) with an affinity comparable to the one of FBP (Kg = 1.1 nM)
(data not shown, Supplementary Table 2). However, when we added FIR to the FBP3 Nbox-
KH1-KH4-FUSE system no Nbox-dependent binding of FIR to the DNA was observed (Fig.
7b). This is consistent with the published data that indicate that FBP3 Nbox does not recruit
FIR in the cell, and confirms that the Nbox-dependent recruitment of FIR we observe by BLI
mirrors the functionally relevant recruitment of FIR. Next, we established the difference in
affinity of FBP and FBP3 Nboxes for FIR RRM1-RRM2 that leads to the loss of functional
recruitment. We measured the affinity of the FBP3 Nbox-FIR RRM1-RRM2 interaction: the
Kq of the complex is 280 + 36 uM and is higher than the one of the FBP Nbox-FIR RRM1-
RRM2 complex by a factor of ~20 (Fig. 7c). That is, a drop by a factor of ~20 in affinity
corresponds to a loss of function in the FBP(s) Nbox—FIR interaction.

Discussion

The work presented here explains the molecular basis of FIR-mediated c-myc regulation. We
show that the initial recruitment of FBP by the partially open FUSE is justified by its high
affinity for a specific site on the DNA. FIR is then recruited by concurrent FBP and DNA
binding, and separate FIR-FBP and FIR-DNA interactions are established on FIR RRM1-
RRMZ2. It has been shown that a single RRM domain (RRM2 of Raverl) can bind
simultaneously to protein and RNA targets 2223, The use of two RRM domains in FIR is
therefore not an absolute requirement imposed by the small size of the RRM domain but a
characteristic of this specific system. In FIR, the physical separation of the DNA and FBP
binding surfaces (Fig. 6a) minimizes interference between binding events in the three-subunit
complex. This separation is functionally important, because the FBP-FIR interaction must be
disrupted upon FBP ejection while FIR remains bound to the DNA. The use of a central patch
of alanines surrounded by larger hydrophobic residues to create a transient and yet specific
interaction is, as far as we are aware of, described here for the first time. It will be of interest
to explore whether such a pattern defines other transient protein—protein interactions.

Assembly of the FIR-containing complex (and therefore transcriptional repression) is controled
by the relatively low affinity, high specificity FBP—FIR interaction 11, which is based on a

Nat Struct Mol Biol. Author manuscript; available in PMC 2011 March 1.
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novel, non-canonical mode of RRM—protein recognition. The sequence of FBP and FIR
dissociation in the cell must be, at least partially, controled by other protein—protein
interactions. The binding affinity we measure for the FIR-FUSE interaction (Kq ~7 uM) is

altogether not sufficient to maintain the observed FIR-DNA binding after FBP has dissociated
8

The FUSE mechanism is based on a single activator (FBP) recruiting its own (single) repressor
(FIR). This allows the establishment of a functional relationship between the length of the
activation step and the weak coupling between FBP and FIR binding to ssFUSE. A strong
cooperativity of FBP-FIR binding on the DNA would speed FIR recruitment beyond what is
desirable and would reduce the peak of c-myc expression (Fig. 7d). Instead, the long flexible
linker and the weak Nbox-FIR interaction create a weak coupling between the two proteins
that can be regulated more subtly. Interestingly, the analysis of the interaction between FBP3
Nbox and FIR shows that a drop by a factor of 20 in the strength of the interaction impairs
functional FIR recruitment in the cell, confirming a regulatory model where a change in affinity
of one-two orders of magnitude regulates an important transcriptional switch. Recent work
has asserted the potential of targeting c-myc as an anticancer strategy 24 suggesting that c-
myc repression could be explored as a therapeutic strategy. Our work reveals how the
modulation of FBP-FIR coupling allows an initial period of unhindered FBP-promoted
transcription. This opens the exciting possibility that compounds that stabilize the Nbox—
RRM2 interaction could speed FIR recruitment and reduce productive transcription of c-myc
(Fig. 7d).

Protein preparation

FIR RRM1-RRM2 (amino-acids 103-297, NP_055096) were cloned into pETM-30 vector
(EMBL-Heidelberg, Protein Expression Facility), introducing TEV protease-cleavable
HisTag-GST fusion N-terminal to the insert. The HisTag-GST fusion protein was purified from
the soluble fraction by nickel-affinity chromatography (Qiagen) followed by gel filtration. The
final protein was concentrated to 0.4-0.6 mM and stored in 10 mM Tris-HCI pH 8.0 (or 7.4),
50 mM NaCl, 2 mM Tris(2-carboxyethyl)phosphine (TCEP), 0.05% (w/v) NaN3 in the
presence of protease inhibitors (Roche) at —80 °C.

Unlabeled FBP Nbox peptide (amino-acids 27-52, NP_003893) with and without an N-
terminal Y residue and unlabeled FBP3 Nbox (amino-acids 15-40, NP_003925) were
chemically synthesized (Peptide Synthesis Facility, University of Bristol and in-house,
respectively). The addition of Y residue does not affect FBP Nbox—FIR RRM1-RRM2
interaction as assessed by NMR titrations (data not shown). Labeled (1°N or 1°N13C) FBP
Nbox peptide (with N-terminal Y') was cloned and expressed as described for FIR RRM1-
RRM2 and then purified from the soluble fraction by nickel-affinity chromatography (Qiagen)
followed by HPLC purification. The peptide was stored in 10 mM Tris-HCI pH 5.0 (or 8.0),
0.05% (w/v) NaN3 in the presence of protease inhibitors (Roche) at —80 °C.

FBP Nbox-KH1-KH4 (amino-acids 27-455, NP_003893), FBP KH1-KH4 (amino-acids 85—
455, NP_003893) and FBP3 Nbox-KH1-KH4 (amino-acids 13-431, NP_003925) were cloned,
expressed and purified by nickel-affinity chromatography as described for FIR RRM1-RRM2.
The protein was further purified on anion exchange and heparin affinity columns. The proteins
were stored in 10 mM Tris-HCI pH 7.4, 50 mM NaCl, 2 mM TCEP, 0.05% (w/v) NaN3 in the
presence of protease inhibitors (Roche) at —80 °C.

For details of the protein preparations see the online Supplementary Methods section.

Nat Struct Mol Biol. Author manuscript; available in PMC 2011 March 1.
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ssDNA oligonucleotides

All ssDNA oligonucleotides and SIA oligonucleotides pools were chemically synthesized
(Sigma and Integrated DNA Technologies). ssFUSE40 corresponds to nucleotides 769-808 in
the complementary strand to X00364 entry.

NMR spectroscopy

All NMR experiments were recorded at 37 °C or 45 °C on Varian Inova and Bruker Avance
spectrometers equipped with cryoprobes and operating at 600, 700 and 800 MHz 1H
frequencies. The spectra were processed with the NMRPipe package 27 and analyzed with
Sparky 28. Further details can be found in Supplementary Methods.

Structure calculations

Distance and angle restraints were used to perform structure calculations with ARIA 1.2 29,
Experimental distance restraints were achieved by integrating Sparky assigned NOE peaks
with XEASY 30, Dihedral restraints (¢ and ) were obtained from the chemical-shift-based
TALOS database 31. For the free and bound proteins, H-bond restraints were added in
subsequent calculations if an exchange-protected THN was H-bonded in at least 50% of the
preliminary structures generated in a given run. For the peptide, the H-bond restraints of a
standard a-helix were added in the helical region (Ala30-Lys44).

In iterations 0-7 of ARIA calculations fifty randomized conformers were subject to simulated
annealing with a standard CNS protocol 32, The ten lowest-global-energy structures were used
for assignment at the next iteration. In iteration 8 the number of generated structures was
increased to 200. Finally, the 20 lowest-energy obtained structures were water refined 33, The
quality of each generated family was evaluated with PROCHECK_NMR 34, Ramachandran
plot statistics for FIR RRM1-RRM2: Most favored regions 83.9%, Additional allowed regions
14.3%, Generously allowed regions 0.9%, Disallowed regions 0.9%. Ramachandran plot
statistics for FIR RRM1-RRM2-FBP Nbox complex: Most favored regions 82.2%, Additional
allowed regions 15.3%, Generously allowed regions 1.0%, Disallowed regions 1.5%. The
structures were displayed and analyzed with MOLMOL 26, PYMOL (www.pymol.org) and
Insightll (Accelrys).

c
2
0
<
O
T
=
>
o
D
-
(2]
®©
=
o
=
©
>
=
—
=
o
=
<
Q
>
=
(7]
=
=
—

Circular Dichroism (CD)

Far-UV CD spectrum of 50 pM FBP Nbox in 10 mM Tris-HCI pH 7.4, 20 mM NaCl was
recorded at 5 °C on a Jasco J-715 spectropolarimeter (Jasco) equipped with a PTC-348 Peltier
temperature-control system. The CD signal is reported as the mean residue CD extinction
coefficient (Aepmrw)-

Binding assays: NMR

NMR titrations were performed by titrating unlabeled interacting partner into solution of 1°N-
labeled sample (for details see Supplementary Methods). 15N sofast HMQC spectra 3° were
recorded at each titration point at 37 °C or 45 °C on Varian Inova and Bruker Avance
spectrometers equipped with cryoprobes and operating at 600, 700 and 800 MHz 1H
frequencies. To obtain Ky values the average chemical shift perturbations (Adayg = ((Adn/
10)2 + Ad2)12) of 7-10 peaks were plotted as a function of ligand:protein ratio, followed by
two-parameter nonlinear least-squares fit of the data for each peak in the program Origin
(OriginLab), using a one-site binding model which corrects for dilution effect 36, K4 values
are reported as average * 2 standard deviations.
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Binding assays: SIA

SIA analysis was performed as described in Beuth et al. 17 with 16 pools of 5-mer DNA
oligonucleotides (NANNN, nGNNN, nCNNN etc.). In brief, solutions of 25 uM 1°N-labeled
FIR RRM1-RRM2 in 10 mM Tris-HCI pH 7.4, 50 mM NaCl, 2 mM TCEP were titrated with
individual DNA pools (ratios 1:0, 1:1 and 1:4). 15N sofast HMQC spectra 3% were recorded at
each titration point at 37 °C on a Varian Inova spectrometer equipped with cryoprobe and
operating at 800 MHz 1H frequency. Average chemical shift perturbations (Adavg = ((AdN/
10)2 + Ad2)1/2) of 15 peaks were analyzed to obtain SIA scores. The results were visualized
with WebL ogo (http://weblogo.berkeley.edu/logo.cgi).

Binding assays: BLI

All BLI experiments were performed in 10 mM Tris-HCI pH 7.4, 150 mM NaCl, 2 mM TCEP,
0.5 mg mI~1 BSA on an Octet Red instrument (ForteBio, Inc., Menlo Park, CA) operating at
25 °C. Streptavidin coated biosensors with immobilized biotinylated ssFUSE40 (Sigma) were
exposed to different concentrations of FIR RRM1-RRM2, FBP Nbox-KH1-KH4, FBP KH1-
KH4 or FBP3 Nbox-KH1-KH4 or combination of them as described in the Supplementary
Results section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

FIR and FBP are nucleic acid binding proteins involved in c-myc transcription regulation.
(a) Top — Model of FUSE-dependent regulation of c-myc proto-oncogene. Bottom — FUSE
DNA sequences (non-coding strand) used in this study. (b) Domain organization of FIR, FBP
and FBP3 with the protein constructs used in this study (indicated by arrows). Amino acid
sequence of FBP and FBP3 Nbox are given.
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Figure 2.

FIR and FBP bind to ssFUSE DNA with different affinities. (a) Ribbon representation of FIR
RRM1-RRM2. RRML1 is in light blue, RRM2 in dark blue and the amino terminal and linker
alpha helices (o and ay ) are colored in white-to-light blue and a light blue-to-dark blue color
gradients, respectively. (b) DNA binding surface of FIR RRM1. Residues showing substantial
chemical shift perturbation (CSP) upon titration with the ssFUSE29 are in blue, residues whose
amide resonance is not assigned are in dark grey. The position of the single nucleotide visible
in the X-ray structure (orange) has been reported on the FIR RRM1-RRM2. The side chains
of the aromatic residues located in the conserved RNP2 and RNP1 nucleic acids binding motifs
(Tyrl115, Phel55, Phel57) are displayed. The DNA molecule binds the canonical nucleic acid
binding surface of the RRM1 domain. The structural representations in Figures 2a and 2b were
generated using the program PYMOL (www.pymol.org). (c) Top — Graphic representation of
FIR RRM1-RRM2 DNA sequence preference. The picture was generated by plotting our SIA
data with the Weblogo server (http://weblogo.berkeley.edu/logo.cgi). Bottom — NMR binding
isotherms of four ssDNA pentamers interacting with FIR RRM1-RRM2. The experiments were
performed in 50 MM NaCl at 37 °C. RRM1-RRM2 has a moderate sequence specificity for Ts
or Gs in all nucleobase positions. K4 are reported + 2 x s.d. (d) Binding of increasing
concentrations of FBP Nbox-KH1-KH4 (0.5 nM, 1 nM, 2 nM, 4 nM, 8 nM) (left), FBP KH1-
KH4 (0.5 nM, 1 nM, 2 nM, 4 nM, 8 nM) (middle) and FIR RRM1-RRM2 (0.31 uM, 0.63 pM,
1.25uM, 2.5 uM, 5 uM and 10 pM) (right) to ssFUSE40, as recorded by BLI. The experiments
were performed in 150 mM NaCl at 25 °C. ssFUSE binding to FBP is three orders of magnitude
tighter than FUSE binding to FIR. K are reported + s.d.
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Figure 3.

DNA binding and protein dimerization by FIR RRM1-RRM2. (a) X-ray structure of FIR
RRM1-RRM2 bound to ssFUSE DNA (2qgfj). The FIR RRM1-RRM2 dimer is represented
with a grey ribbon and residues whose HN protons are less than 10 A from the dimer interface
are displayed in blue. The nucleotide visible in the X-ray structure is displayed in orange. This
structural representation was generated using the program PYMOL (www.pymol.org). (b)
Isotherms for binding of the ssFUSE29 DNA to FIR RRM1-RRM2 (NMR). Ser268 and Ser269
are two residues of RRM2 ~5 A away from the proposed dimer interface which do not change
their chemical shift in response to DNA binding. (c) CSP of FIR RRM1-RRM2 resonances
upon addition of sSSFUSE29 or TGTGT pentamer. CSP by the ssSFUSE29 (blue) largely overlap
with CSP by the TGTGT pentamer (yellow) defining a common binding surface (green). Small
differences are observed in the protein N-terminal helix, that is opposite to the dimerization
area which can be attributed to transient contact with additional nucleotides in the longer DNA.
FIR RRM1-RRM2 does not dimerize on ssFUSE29 DNA.. These structural representations
were generated using the program PYMOL (www.pymol.org).
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Figure 4.

FBP Nbox interacts with FIR RRM2 using a sparsely packed hydrophobic surface. (a) Left —
Isotherm for FBP Nbox binding to FIR RRM1-RRM2 (NMR). Ky is reported + 2 x s.d. Right
— Superimposed 15N-1H correlation spectra recorded during a titration of FIR RRM1-RRM2
with FBP Nbox. The spectra are color-coded according to the peptide:protein ratio: from red
(0:1) to purple (6:1). (b) Left — Weighted chemical shift changes of FIR RRM1-RRM2 upon
addition of FBP Nbox versus protein sequence. Right — Weighted chemical shift changes of
FBP Nbox upon addition of FIR RRM1-RRM2 versus peptide sequence. NH peaks that
disappear during the titration are assigned a Ad,yg value of 0.28. (c) Solution structure of FIR
RRM1-RRM2 (surface representation) in complex with FBP Nbox (ribbon representation —
blue). FIR RRM1-RRM2 residues showing substantial chemical shift perturbation upon
binding to FBP Nbox are colored in red. The hydrophobic residues of FBP Nbox involved in
the interaction (left) and the four alanine residues of FBP Nbox in the central part of the
interface (right) are labeled. The FIR RRM2 secondary structure elements involved in peptide
binding are indicated. This structural representation was generated using the program PYMOL
(www.pymol.org). (d) Surface representations of FIR RRM2 (left), of the solvent exposed
surface of FBP Nbox (middle), and of the FIR-interacting surface of FBP Nbox (right).
Hydrophobic residues are shown in yellow, residues with positive and negative charges are
shown in blue and red respectively. This structural representation was generated using the
program PYMOL (www.pymol.org).
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Figure 5.
FIR-FBP interaction represents a novel recognition mode in the RRM family. Ribbon

representations of the structures of protein—protein complexes between RRM domains (grey)
and their binding partners (blue and green): Y14-Mago-PYM (1rk8), UPF3b—-UPF2 (1uw4),
p14-SF3b155 (2fad), Raverl-Vinculin (3h2u), U2AF35-U2AF65 (1jmt), U2AF65-SF1
(100p), SPF45-SF3b155 (2peh), U2B"-U2A'’ (1a9n) and FIR-FBP (this study). In the PTB—
Raverl complex the Raverl peptide position is reported (blue) on the structure of PTB RRM2
in the complex with RNA (2adb), according to the published model 22. U2AF35, U2AF65 and
SPF45 RRM domains belong to the UHM subfamily, that bind a conserved Trp residue in the
ligand peptides and includes the third RRM of PUF60, an isoform of FIR protein 2°. The cartoon
representation of the different structures were generated using the program MOLMOL 26,
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Figure 6.

FIR RRM1-RRM2 independently binds FBP Nbox and ssFUSE on two physically separated
sites located on opposite sides of the molecule. (a) Surface representation of FIR RRM1-
RRM2. Residues showing substantial CSP upon addition of ssFUSE29 or FBP Nbox peptide
are colored in blue and red respectively. This structural representation was generated using the
program PYMOL (www.pymol.org). (b) Superimposed 1°N-1H correlation spectra show that
FIR RRM1-RRM2 interacts independently with a ssFUSE29 and the FBP Nbox peptide. The
spectra of RRM1-RRM2+ssFUSE DNA, RRM1-RRM2+FBP Nbox and RRM1-RRM2
+ssFUSE DNA+FBP Nbox are in blue, red and green respectively. A representative region
containing one RRM1 resonance perturbed by DNA binding (Val114) and one RRM2
resonance perturbed by peptide binding (Asp222) is displayed. The chemical shift changes of
RRM1-RRM2 peaks in the protein—-DNA and protein—peptide complexes are additive in the
three molecule complex, indicating independent binding.
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Figure 7.

FBP Nbox recruits FIR to ssFUSE DNA. (a) BLI binding assays show that the presence of the
Nbox in FBP construct increases the affinity of FIR for the DNA. The BLI biosensors were
derivatized with ssFUSE40 and exposed to different combinations of protein constructs
(indicated on the right), as reported in the figure. RU changes in three parallel experiments are
displayed. (b) FBP3 Nbox does not mediate recruitment of FIR to the DNA. BLI biosensors
were derivatized with ssFUSE40 and exposed to different combinations of protein constructs
(indicated on the right), as reported in the figure. The RU changes observed in three parallel
experiments are displayed. (c) Isotherms for FBP and FBP3 Nbox binding to FIR RRM1-
RRM2 (NMR). Kq are reported * 2 x s.d. (d) Three different modes of FBP-FIR coupling and
their effect on FIR binding and c-myc transcription. Left — In the absence of a coupling between
FBP and FIR the affinity of FIR for the ssFUSE (Kq ~7 uM) would be too low for FIR to bind
the ssFUSE. FBP activation of c-myc transcription (bottom) would therefore continue
unperturbed. Middle — Boxed, the physiological scenario. The weak binding of the Nbox to
FIR RRM2 and the 50-amino acid linker between the Nbox and KH1 are responsible for the
physiological weak coupling between FBP and FIR. This coupling is necessary to create the
required peak in c-myc expression (bottom) and regulate the cell cycle. Right — A stronger
coupling between FBP and FIR created by, for example, a small molecular weight compound
binding at the interface between the two molecules that would increase two orders of magnitude
the apparent affinity of FIR for the FBP—ssFUSE complex, would speed FIR recruitment and
lead to a shorter peak in c-myc expression (bottom).
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Table 1
NMR and refinement statistics for protein structures
C
% FIR RRM1-RRM2  FIR RRM1-RRM2
2 LS
@ complex
'CI'I NMR distance and dihedral constraints
8_ Distance constraints 4,431 4,647
g Total NOE 4,368 4,611
o Intra-residue 1,588 1,632
é Inter-residue 2,780 2,979
© Sequential (Ji - j| = 1) 906 878
g Medium-range (Ji — j| < 4) 487 546
§ Long-range (Ji - j| > 5) 1,387 1,483
_ Intermolecular - 72
Qz.) Hydrogen bonds 63 36
g Total dihedral angle restraints 236 280
o ¢ 118 140
'§.' v 118 140
Structure statistics
Violations (mean and s.d.)
Distance constraints (> 0.3 A) (A) 0.32 +0.02 0.34 £0.03
Dihedral angle constraints (> 5°) _* 6.37 £ 0.98
Max. dihedral angle violation (°) _* 8.65
Max. distance constraint violation (A) 0.35 0.42
Deviations from idealized geometry
Bond lengths (A) 0.0036 + 0.0001 0.0036 + 0.0001
Bond angles (°) 0.480 + 0.011 0.507 + 0.008
Impropers (°) 1.46+0.08 1.41+0.06
Average pairwise r.m.s. deviation™ A)
Heavy 1.91+0.23 2.03+0.24
Backbone 1.28+£0.20 1.40+0.21

*
No violations > 5°

Fk

Pairwise r.m.s. deviation was calculated among 20 refined structures (residues 105-288 for FIR RRM1-RRM2 and residues 105-288 and 27-45 for

FIR RRM1-RRM2-FBP Nbox complex)
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