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Anna Rubio-Cosials1, Rafel Prohens4, Miquel Pons3, Carlos Alfonso5, Katalin Tóth6,
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ABSTRACT

Human mitochondrial DNA (h-mtDNA) codes for 13
subunits of the oxidative phosphorylation pathway,
the essential route that produces ATP. H-mtDNA tran-
scription and replication depends on the transcrip-
tion factor TFAM, which also maintains and com-
pacts this genome. It is well-established that TFAM
activates the mtDNA promoters LSP and HSP1 at
the mtDNA control region where DNA regulatory el-
ements cluster. Previous studies identified still un-
characterized, additional binding sites at the control
region downstream from and slightly similar to LSP,
namely sequences X and Y (Site-X and Site-Y) (Fisher
et al., Cell 50, pp 247–258, 1987). Here, we explore
TFAM binding at these two sites and compare them
to LSP by multiple experimental and in silico meth-
ods. Our results show that TFAM binding is strongly
modulated by the sequence-dependent properties of
Site-X, Site-Y and LSP. The high binding versatility
of Site-Y or the considerable stiffness of Site-X tune
TFAM interactions. In addition, we show that increase
in TFAM/DNA complex concentration induces multi-

merization, which at a very high concentration trig-
gers disruption of preformed complexes. Therefore,
our results suggest that mtDNA sequences induce
non-uniform TFAM binding and, consequently, direct
an uneven distribution of TFAM aggregation sites
during the essential process of mtDNA compaction.

INTRODUCTION

Human mitochondria contain hundreds of copies of a 16.5
kb circular genome (h-mtDNA) that encodes 13 out of
the ∼80 subunits of the oxidative phosphorylation pathway
(OXPHOS), the main source of ATP. Mutations, deletions,
or misregulation of mtDNA impair the OXHPOS, which
leads to considerable alterations of cell functions that are
at the basis of rare diseases and syndromes (1), have been
associated with aging (2) and can aggravate major diseases
such as diabetes (2), cancer (2), obesity (3) and neurologi-
cal disorders such as Alzheimer’s and Parkinson’s diseases
(4). Therefore, mtDNA integrity must be well-preserved for
correct cell function. Apart from OXPHOS proteins, tR-
NAs and rRNAs are encoded by both h-mtDNA strands,
termed the heavy (HS) and light (LS) strands. Addition-
ally, h-mtDNA contains a non-coding control region (CR)
of 1.1 kb that harbors mtDNA control elements, including

*To whom correspondence should be addressed. Tel: +34 934034950; Email: maria.sola@ibmb.csic.es
†These authors contributed equally to the paper as first authors.
Present addresses:
Anna Cuppari, ALBA Synchrotron Light Source, 08290 Cerdanyola del Vallès, Spain.
Pablo Fernández-Millán, Department of Biochemistry and Molecular Biology, Autonomous University of Barcelona (UAB), 08193 Cerdanyola del Vallès, Spain.
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the heavy and light strand promoters (HSP and LSP, re-
spectively) and the heavy strand origin of replication (OH),
which is downstream from LSP (5,6). In addition, down-
stream from LSP there are three conserved sequence blocks
named CSB- I (mtDNA coordinates nt 213–235), II (nt 299–
315) and III (closest to LSP, nt 346–363) that are preserved
in mammals (7) (Figure 1A). In addition to transcription,
LSP together with CSB-II is further involved in mtDNA
replication. Former studies showed that RNA fragments
originated at LSP occasionally terminate downstream of
CSB-II, creating a ∼120 nt RNA (R-loop) whose free 3′
ends prime the DNA polymerase so that RNA to DNA
transitions are generated (6,8,9). This premature RNA ter-
mination depends on a poly-guanine sequence at CSB-II
that forms a hybrid G-quadruplex DNA structure between
the displaced HS and the transcribed RNA, which presum-
ably destabilizes the RNA polymerase (mtRNAP) (10–13).
Directly downstream of CSB-II is a six-adenine tract (A-
tract, Figure 1A) whose mutations decrease the termina-
tion effect at CSB-II (11,13). This A-tract is at the centre
of Site-X, a motif that overlaps 13 nucleotides from CSB-
II and 15 nucleotides downstream (Figure 1A). Site-X to-
gether with Site-Y, which is right upstream of CSB-I and
partially overlaps it (thus, both Site-X and Site-Y sequences
lay between CSB-II and CSB-I Figure 1A), were both iden-
tified as sequences similar to the sites that are bound by the
mitochondrial transcription factor A (TFAM or mtTFA)
within promoters LSP and HSP1. From these latter, the
protein recruits the transcription machinery (14), but both
Site-X and Site-Y are not close to any transcription initi-
ation site. TFAM is also involved in mtDNA compaction,
and studies by in organello mtDNA methylation protection
and hypersensitivity showed an organized phased binding
of TFAM along the control region that was related to the
compaction mechanism at this area (15). In particular, these
studies specifically showed binding of TFAM to 28 bp pre-
cisely at Site-X (nt 276–303) and Site-Y (nt 233–260). In
addition, recent ChIP-seq analysis in HeLa cells showed
that the Site-Y sequence is a TFAM enriched site, whereas
Site-X sequence is partially enriched (16). Interestingly, the
slight similarity of Site-X and Site-Y to LSP (14,15) (Figure
1A and B) suggests a similar binding mechanism.

The crystal structure of TFAM in complex with LSP
shows that binding at this promoter occurs at a 22 bp se-
quence upstream of the transcription initiation site (14,17–
19) (Figure 1A). The protein contains two HMG-box do-
mains (HMG-box1 and HMG-box2, roughly 60 aa each)
separated by a linker (30 aa) and followed by a flexible C-
terminal tail. By means of a concerted mechanism between
the HMG-boxes and linker (20), the HMG-boxes perform
contacts with the phosphate backbone and base atoms and
insert residues between base pairs (bp), strongly bending
LSP in a U-turn (17,18), and bringing HMGbox2 close to
the transcription initiation site to which it recruits mtR-
NAP and transcription factor TFB2 and form the initia-
tion complex (19). In addition, HMG-box proteins recog-
nize highly distorted DNA. TFAM, as such, shows in vitro
high affinity for damaged or cisplatinated DNA (21), cru-
ciforms (22), tRNAs and four-way junctions (23), or G-
quadruplexes (24). The two TFAM activities, transcription
initiation and mtDNA compaction, are balanced by mito-

chondrial TFAM levels, i.e. lower TFAM concentrations
stimulate transcription, whereas high amounts lead to com-
paction (25–28).

TFAM binds to sequences that, albeit similar to LSP,
are not involved in transcription activation but subjected
to TFAM phased binding. This poses the question of
whether the distortions induced by TFAM to LSP would
also occur in Site-X and Site-Y during compaction at
the mtDNA control region. To this end and gain insight
into the DNA properties underlying dsDNA recognition
by TFAM, we characterized Site-X and Site-Y free or in
complex with the protein, by X-ray crystallography, molec-
ular dynamics (MD) simulations, FRET and other bio-
physical methods. We compared these sites with binding
to LSP, which is the best characterized binding site as
shown by several X-ray structures, FRET, SAXS and muta-
tional analyses (17,18,29). Our results show that sequence-
dependent DNA conformation modulates TFAM binding,
which does not always occur as predicted by sequence align-
ment. In addition, we show that a simple concentration ef-
fect of TFAM/DNA complexes induces their multimeriza-
tion. Mutations at TFAM interfaces identified in the crystal
structures disrupt this effect. These results suggest a mech-
anism of mtDNA compaction based on DNA-sequence de-
pendent binding modes, and that multimerization of the
complexes is mediated by protein-protein interactions in-
volving distant surfaces.

MATERIALS AND METHODS

TFAM–DNA complex preparation

Mature full-length TFAM (residues 43–246;
UniProtQ00059) in complex with double-stranded
DNA (dsDNA) fragments was prepared as reported
previously (18). Based on the alignment of the crystal-
lized DNA sequence from the TFAM/LSP complex,
oligonucleotides harboring 22 bp from both Site-X
(5′-TAACAAAAAATTTCCACCAAAC-3′; 5′-TTTGG
TGGAAATTTTTTGTTAG-3′, with overhanging ends)
and SITE-Y (5′-TAACAATTGAATGTCTGCACAG-3′,
and the complementary sequence that generated blunt ends)
were purchased (Biomers) and annealed. TFAM:DNA
complexes were assembled by mixing the protein and DNA
in the gel filtration buffer (50 mM HEPES pH 7.5, 750
mM NaCl, 5 mM DTT) and the mixture was dialyzed
stepwise at 4◦C in buffer A (50 mM HEPES pH7.5, 500
mM NaCl, 5 mM DTT), buffer B (50 mM HEPES pH 7.5,
250 mM NaCl, 5 mM DTT) and buffer C (50 mM HEPES
pH 7.5, 20 mM NaCl, 5 mM DTT). The resulting sample
was concentrated and polydispersity was assessed to be low
(<20%) by dynamic light scattering. The C246A mutant
was generated by ‘round the horn PCR’ (30) with Herculase
polymerase (Agilent). The HMGbox1 dimerization mutant
gene (TFAM-Box1Mut) was a kind gift from David Chan’s
laboratory (31). The C-terminal tail deletion mutant gene
(TFAM-CT�26) was purchased (Genscript) cloned in
plasmid pET-28a(+). Proteins were expressed in pLysS
Escherichia coli strain. Cultures were grown at 37◦C to an
OD of 0.75–0.8 and expression was induced with IPTG (1
mM) for 4 h. Lysis and purification procedures were the
same as for WT TFAM (18), and included a proteolytic
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Figure 1. Site-X and Site-Y sites and their complexes with TFAM. (A) The sequences of Site-Y, Site-X and LSP described by Fisher and collaborators (14)
are indicated in turquoise. Conserved Sequence Block (CSB) I, II and III are framed and indicated. TFAM Hmg-box1 (HMG1) and HMG-box2 (HMG2)
domains are represented on Site-Y (HMG1 in dark magenta, HMG2 in red), Site-X (HMG1 in blue, HMG2 in violet), and on LSP (HMG1 in orange,
HMG2 in green). Note the inverted orientation of TFAM on Site-Y with respect to the other two sequences. Black arrowheads indicate the insertion
sites. mtDNA sequence numbering is shown on the left, numbering of the DNA sequence, on the top. (B) Aligned sequences used for crystallization
(corresponding to dsDNA) are shown from 5′ to 3′ (black arrow). mtDNA sequence numbering is indicated. Sites inserted by HMG-box1 and HMG-
box2 are indicated by red and green arrowheads, respectively. In the right column, the orientation of the HMG boxes on the DNAs is represented. (C)
TFAM/Site-X complex. Coloring as in panel (A); the domains Hmg-box1 (HMG1), HMG-box2 (HMG2), and linker are indicated, together with the N-
and C-terminal ends. Leu58 and Leu182 side chains are depicted in green. The DNA sequence is indicated in one-letter code. (D) TFAM/Site-Y complex,
representation as in (C). Note the DNA sequence assignment is tentative. (E) Superposition of crystal structures of TFAM/LSP (in gray), TFAM/Site-X
(blue) and TFAM/Site-Y (red) by respective HMG-box1 domains. (F) Superimposition by HMG-box2.

cleavage step with thrombin (1 U/100 �g protein) to get
rid of the N-terminal his tag and a linker sequence. See
Supplementary Figure S9 for quality of the samples.

TFAM/DNA complex crystallization and structure analysis

Sitting-drop vapor diffusion crystallization assays (using
Cryschem plates from Hampton Research) yielded crystals
of TFAM/Site-X complex by mixing 1 �l of complex so-
lution (TFAM at 13 mg ml−1, and DNA at half molarity

since previous titrations showed full shift of the DNA at
this ratio (18), in 50 mM HEPES, 20 mM sodium chlo-
ride, 5 mM DTT, pH 7.5), and 1 �l of reservoir (18–24%
PEG 3350, sodium potassium tartrate 0.1–0.25 M), at 20◦C.
TFAM/SITE-Y and TFAM/SITE-YBr crystals were ob-
tained by mixing 1 �l of complex solution (TFAM at 12 mg
ml−1 in 50 mM HEPES, 20 mM NaCl, 5 mM DTT, pH 7.5),
and 1�l of reservoir (23–28% PEG 3350, 0.08–0.2 M ammo-
nium acetate, and 0.1 M Bis–Tris pH 6.5 or HEPES pH 7.5),
at 20◦C. Crystals were cryoprotected by mixing the reser-
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voir solution with 10–20% PEG400. Diffraction data were
collected from single liquid-N2 flash-cryo-cooled crystals at
100 K (Oxford Cryosystems 700 series) at beamlines ID23-
2 (native datasets) from the European Synchrotron Radi-
ation Facility (ESRF) and at XALOC (bromine dataset,
collected at � = 0.919183 after an absorption near-edge
scan XANES that confirmed the presence of Br) from the
Spanish synchrotron ALBA. Crystals of TFAM/Site-X and
TFAM/SITE-Y belonged to monoclinic C121 space group
with four complexes in the asymmetric unit (a.u.), with re-
spective Matthews’ coefficients of 3.31 and 2.59 Å3/Da.
TFAM/SITE-YBr crystallized in the orthorhombic primi-
tive P21212 space group and contained two complexes in the
a.u. Diffraction data were integrated, scaled, merged, and
reduced with XDS (32) and SCALA (33), the latter within
the CCP4 suite (33). The phase problem of native data sets
was solved by molecular replacement (MR) with Phaser
(34) employing the TFAM/LSP structure (18) as a search-
ing model. Crystallographic refinement with Phenix (35)
and Buster (36) followed, which included TLS refinement,
non-crystallographic symmetry, and Watson and Crick base
pairing of the DNA. These were alternated with manual
model building with COOT (37) until the models were com-
pleted. TFAM/Site-X includes residues Ser43 to Gln234
and TFAM/Site-Y Ser43 to Lys237 and respective DNA se-
quences. Structural superimpositions were performed with
COOT by selecting specific regions (HMGbox1, box2, the
linker or the DNA). The structures of TFAM in complex
with Site-Y brominated at different thymine positions were
solved by MR and refined as above. Anomalous difference
maps were calculated (33) but no anomalous peak was de-
tected even though XANES had confirmed the presence of
Br in the crystal (see above).

Data access

Structures are deposited at the Protein Data bank with
PDB codes 6HC3 (TFAM/Site-X complex) and 6HB4
(TFAM/Site-Y complex).

Computational analysis

Molecular dynamics (MD) simulations for the free se-
quences LSP, Site-X and Site-Y were performed starting
from the B-DNA conformation (38) by using Amber14
package (39). All simulations were carried out using state-
of-the-art simulation conditions (40,41), the newly devel-
oped parmbsc1 force field for DNA (42), an explicit TIP3P
water model and sodium and chlorine ions to neutralize the
systems and provide a realistic ionic environment (150 mM
NaCl). All simulations were performed using a truncated
octahedron periodic box, periodic boundary conditions and
Particle-Mesh-Ewald method for long range electrostatics.
In all three cases, we performed 500 ns long MD simula-
tions. Collected trajectories were processed with the cpptraj
(43) module of AMBERTOOLS 15 package (39). All the
data can be found in the NAFlex server (44) that was also
used for standard analysis.

The structural changes of DNA along MD simula-
tions and the DNA structure in the crystals (TFAM/LSP,
PDB code 3TQ6; TFAM/SITE-X and TFAM/SITE-Y;

and TFAM/nsDNA, PDB code 4NNU, respectively) were
studied using the DNA helical base-pair step parame-
ters calculated by CURVES+ and CANAL programs (45).
DNA base-pair step parameters consist of three transla-
tional (shift, slide and rise) and rotational (tilt, roll and
twist) movements between each base-pair step. DNA de-
formability along these six directions can be described by
pure stiffness constants (kshift, kslide, krise, ktilt, kroll and
ktwist) that are extracted from the diagonal of the associ-
ated stiffness constant matrix (46). Total stiffness (Ktot) is
obtained as a product of these six constants and provides a
rough estimate of the flexibility of each base pair step.

The deformation energy was calculated using a meso-
scopic energy model (47), which is based on a harmonic
approximation to describe deformability along DNA he-
lical parameters. The deformation energy is the energy re-
quired to reproduce the DNA conformation as found in the
protein-bound DNA complex, starting from its free con-
formation. For each of the three cases, we took as refer-
ence structure the DNA conformation as found in the X-ray
crystal complex, and the equilibrium geometry and stiffness
force constants were extracted from a dataset built from
long all-atoms MD simulations of short oligonucleotides in
water using the parmbsc1 force field.

DNA intrinsic curvature calculation

The overall intrinsic curvature of the free DNAs and the
bending of the DNA in the protein-bound structures were
calculated using rotational base pairs parameters at each
step by the equation:

bend =
√

roll2 + tilt2

Isothermal titration calorimetry (ITC)

ITC experiments were performed at the Centres Cientı́fics
i Tecnològics of the University of Barcelona using a VP-
ITC microcalorimeter (MicroCal) with VPViewer2000 soft-
ware for instrument control and data acquisition. Exper-
iments were performed at 20◦C and the heat of dilution,
measured by the injection of titrant into the buffer solution,
was subtracted for each titration to obtain the net reaction
heat value. TFAM, Site Y, Site X and LSP (all DNAs from
SIGMA, desalting purity) were dialyzed with a dialysis tub-
ing pore of 3500 Da. To ensure identical buffer conditions,
all dialyses were performed in the same vessel containing
150 mM NaCl, 50 mM HEPES pH 7.5, which was refreshed
four times in 36 h at 4◦C. In a typical experiment, TFAM
(6–9 �M) was loaded in the sample cell at 20◦C. Once the
system reached equilibrium, 30 injections of 10 �l of a so-
lution containing Site-Y or LSP were added to the cell so-
lution, with intervals ranging from 180 to 300 s between in-
jections to achieve complete equilibration and with an in-
jection time of 20 s. Titration with Site-X involved 15 in-
jections of 20 �l, 30 s/injection. The DNA concentrations
were between 40 and 50 �M. Three independent measure-
ments were performed for each TFAM/DNA complex and
the best-fit values were averaged and reported. The com-
plete binding isotherms were fit using a model consisting of
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one set of binding sites, by a nonlinear least squares algo-
rithm implemented in the MicroCal Origin® (version 7.0)
add-on ITC analysis software.

Electrophoretic mobility shift assays

Binding of TFAM to LSP, Site-X and SITE-Y was analyzed
by non-denaturing PAGE, using 32P-labeled DNA or fluo-
rescence. Affinity measurements of TFAM using 32PDNA
were realized in triplicate with 1 nM DNA according to the
protocol and calculation described in (24) in 10 �l reactions
containing 25 mM Tris–HCl pH 7.0, 90 mM NaCl, 1 mM
DTT, 3% glycerol and 0.01% Tween20 for 30 min at room
temperature. TFAM serial protein dilutions were performed
on ice in 5% glycerol, 700 mM NaCl, 20 mM Tris–HCl
pH 7.0, 1 mM DTT and 0.01% Tween20. For the isotopic
dilution of protein/DNA complexes (including WT, CT-
�26 and Box1Mut TFAM proteins), 5′-fluorescein-labeled
DNA was kept constant at 10 nM and complemented with
non-labeled DNA to reach the indicated concentrations.
Each protein was then added to the corresponding mixture
and incubated for 45 min at room temperature before load-
ing on the gel. The competition experiments used fluores-
cence detection of 5′-fluorescein-labeled DNAs. The protein
and DNA were mixed in the gel filtration buffer and sub-
sequently dialyzed in buffer A, buffer B (50 mM HEPES
pH 7.5, 250 mM NaCl, 5 mM DTT) and a buffer D (50 mM
HEPES pH 7.5, 100 mM NaCl, 5 mM DTT). The dialyzed
complexes were supplemented with a loading dye and the
reactions mixtures were loaded onto 11% polyacrylamide
native gel buffered with 0.5× TBE (0.5×). 8 × 10 cm gels
were run on a Miniprotean II (Biorad) at 10 V/cm. The gels
were next stained scanned for fluorescence with a Typhoon
8600 imager (GeHealthcare).

SEC-MALLS

Size exclusion chromatography in combination with mul-
tiangle laser light scattering (SEC-MALLS) was performed
using a chromatographic system (1200 pump, Agilent Tech-
nologies) connected to a MALLS instrument (DAWN EOS,
Wyatt Technology) and, in parallel, to a refracting index
detector (Optilab rEX, Wyatt Technology). Protein, DNAs
and protein/DNA complexes were analyzed by this tech-
nique. Protein concentration was previously estimated by
the Bradford method. For TFAM/Site-Y complex, TFAM
concentration was 351.5 �M (9 mg/ml); for TFAM/Site-X
was 321.5 �M (8 mg/ml); and the two concentrations for
TFAM/LSP were 218.7 �M (5.6 mg/ml) and 390.6 �M (10
mg/ml). In all cases, the protein:DNA ratio was 2:1. Sam-
ples with TFAM alone (97.6 �M, i.e. 2.5 mg/ml) and indi-
vidual Site-Y, Site-X and LPS DNAs (200 �M each) were
also analyzed. Samples were loaded onto a Superdex 75
10/300 (GE) size exclusion column equilibrated with 100
mM NaCl, 50 mM HEPES pH 7.5, 5 mM DTT, and the
molecular weight (Mw) of the eluted species was estimated
by employing ASTRA software (Wyatt Technology). AS-
TRA uses scattering data acquired across the entire sam-
ple peak and the 46 is determined with the Debye fitting
method. A dn/dc value of 0.178 ml/g, 0.185 ml/g and 0.166
ml/g was used for the TFAM/DNA complexes (1:1), and

protein and DNA alone, respectively. A calibration constant
of 9.2 was obtained using ovalbumin. The experiments were
performed at 0.5 and 0.3 ml/min fluxes, at RT.

Analytical ultracentrifugation analysis

TFAM/Site Y, Site X and LSP complexes were analyzed by
sedimentation velocity (SV) using 4:1 and 2:1 protein:DNA
concentration ratios. TFAM concentrations were 508 �M
(13 mg/ml) and 429 �M (11 mg/ml) for the 2:1 and 4:1
ratios, respectively. TFAM alone was at 78 �M (2 mg/ml)
whereas Site-Y, Site-X and LSP DNAs were at 200 �M. All
samples were equilibrated in 100 mM NaCl, 50 mM HEPES
pH 7.5, 2 mM TCEP. For an accurate analysis, the mixtures
were incubated for long enough to reach equilibrium be-
fore starting the SV experiment. SV experiments were per-
formed at 48 krpm and 20◦C in a Beckman Optima XL-
I analytical ultracentrifuge (Beckman–Coulter) equipped
with absorbance and interference optics, using an An50Ti
rotor. Absorbance scans (0.003 cm step size) were taken at
295 nm. Differential sedimentation coefficient distributions,
c(s), were calculated by least squares boundary modeling
of sedimentation velocity data using the program SEDFIT
(48,49). The experimental values obtained from this analy-
sis were corrected for solvent composition and temperature
to obtain the corresponding standard S values (s20,w) using
SEDNTERP software (50).

FRET measurements

Mutant C49A and HMGbox1-mut5 were subjected to
buffer exchange (750 mM NaCl; 50 mM Tris pH 7.5; 2
mM TCEP) using a HiPrep 26/10 Desalting column (GE
Healthcare) and labeled with Alexa 488 maleimide (A488,
Molecular Probes) at a protein/dye ratio of ∼1:20 incu-
bated o.n. at 4◦C. The conjugate was separated from unre-
acted dye by HiPrep 26/10 Desalting column (GE Health-
care). Final concentration of total protein was determined
by Bradford reaction (Bio-Rad), whereas labeled protein at
A488 (ε0,495 = 73 000 M−1 cm−1) absorbance. Labeling effi-
ciency (moles of dye/moles of protein) was over 95% in all
cases.

FRET measurements were performed in a customized
Photon Technology International (PTI) spectroflu-
orimeter at RT. A488-protein/DNA complexes were
prepared using Site-X and Site-Y enlarged up to 28
bp (following the mtDNA sequence). Each DNA was
labeled with Alexa 594 (A594) at one (5*) or at the
other (3*) end annealed from single strand oligonu-
cleotides purchased from IBA Life Sciences, namely
Site-X5* (5′-A〈0:sub 〉594〈/0:sub〉-TATCATAACAA
AAAATTTCCACCAAACA-3′ and complementary
5′-TGTTTGGTGGAAATTTTTTGTTATGATA-3′),
Site-X3* (5′-TATCATAACAAAAAATTTCCACC
AAACA-3′ and complementary 5′-A〈0:sub 〉594〈/0:
sub〉-TGTTTGGTGGAAATTTTTTGTTATGATA-3′),
Site-Y5* (5′-A〈0:sub 〉594〈/0:sub〉-TAGAGGCTGTG
CAGACATTCAATTGTTA-3′ and complementary
5′-TAACAATTGAATGTCTGCACAGCCTCTA-3′)
and Site-Y3* (5′-TAGAGGCTGTGCAGACATTCA
ATTGTTA-3′ and complementary 5′-A〈0:sub 〉594〈/0:
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sub〉-TAACAATTGAATGTCTGCACAGCCTCTA-3′).
Initial absorbance measurements were done by preparing
complexes at a protein/DNA ratio of 2:1 (see TFAM/DNA
complex crystallization section) at respective concentra-
tions 1.2 and 0.6 �M. This entailed mixing 20 �l of protein
(12 �M in 750 mM NaCl; 50 mM Tris pH 7.5; 2 mM
TCEP) with 20 �l of annealed oligos (6 �M in H2O).
This was incubated for 2 h at RT with 20 �l of buffer
R10X (100 mM Tris–HCl, 10 mM TCEP), 20 �l buffer D
(50 mM Tris–HCl, 750 mM NaCl, 2 mM TCEP), 20 �l
NP40 0.15%, 10 �l glycerol 10% and 90 �l H2O (total Vf
= 200 �l). After absorbance measurements, each sample
was diluted 6 times with the same buffer, and fluorescence
data were collected from complexes with labeled (*) or
non-labeled moieties, such as Protein*/DNA* (P*/D*),
P*/D and P/D*.

Donor-derived spectra were collected by exciting P*/D*
or P*/D at a wavelength of 495 nm and scans were recorded
from 509 to 700 nm. In addition, P*/D* spectra excited
at 590 were also scanned from 604 to 700 nm. Acceptor-
derived spectra were collected by exciting P/D* at 590 nm
and scans were recorded from 604 to 700 nm. The donor
(or acceptor) peak values are characterized by the average
from 511–525 (or 610–624) nm emission values. The energy
transfer (ET) was calculated with the formula ET = [(S2
– S1·(D2/D1) – S4·(A3/A4))·b]/[S4 – A3/A4)]·a (51), see
Supplementary Materials and Methods. Anisotropy of the
donor was measured on the donor-only labeled complexes,
while anisotropy of the acceptor was controlled on the dou-
ble labeled complexes. For each complex, anisotropy values
were below 0.2, so the �2 = 2/3 value could be applied, al-
lowing the calculation of distances from FRET efficiencies.
To calculate the distances, the Förster R0 distance between
A488 and A594 was set to 5.56 nm (52) and the equation E =
1/(1 + (r/R0)1/6) was used to calculate the distance r.

RESULTS

At the h-mtDNA control region, the sequences Site-X and
Site-Y show a certain degree of conservation with LSP, and
all three have been shown to be binding sites of TFAM
(14,15). However, it is not known if there is a shared DNA
recognition mechanism. To compare the DNA properties
of these three sequences and the ability of TFAM to bind
them, we followed the previous alignment (14) and re-
stricted the length of the tested DNA molecules to the short-
est DNA used for crystallisation, which is 22 bp for LSP
(18,53) (Figure 1B). By doing this, we avoided any effect
due to additional variability of sequences flanking the 22
bp binding site (54). Thus, we generated TFAM/Site-X and
TFAM/Site-Y complexes and analysed them together with
TFAM/LSP (18).

Structural flexibility of TFAM bound to Site-X and Site-Y

The crystal structures of TFAM/Site-X and TFAM/Site-
Y show that respective asymmetric units (a.u.) contain four
protein molecules (TFAM-A, -D, -G and -J) bound to re-
spective DNA duplexes (strands BC, EF, HI and KL) (see
Supplementary Table S1 for statistics; Figure 1C and D).
In both cases, the electron density map is better defined in

TFAM-A/BC. Thus, this complex will be taken as the ref-
erence, unless otherwise stated. TFAM contains two HMG
boxes (HMG-box1 and HMG-box2) separated by a 30 aa
linker. In general terms, HMG-box domains display an L-
shape constituted of three �-helices, helices 1 and 2 form the
short L-arm whereas helix 3, together with an elongated re-
gion from the N-terminus, shapes the long L-arm (e.g. see
Figure 1C and D HMG-box2). The TFAM/DNA struc-
tures show that each HMG box contacts the DNA minor
groove, separates the strands, and bends it by 90◦ toward
the major groove (Figure 1C and D). Such a kink is facil-
itated by insertion of Leu58 from HMG-box1, or Leu182
from HMG-box2, within 10 bp separated DNA steps that
consequently lose their stacking interactions (17,18). The
two 90◦-bent DNA regions are separated by one DNA turn,
so that the DNA molecule adopts the overall shape of a U-
turn (Figure 1C and D). The two HMG boxes are placed
on different DNA sides and connected by the linker, which
crosses the concavity of the U-turn and stabilises the folded
DNA backbone (Figure 1C and D). After HMG-box2, a
C-terminal tail loosely contacts the DNA major groove.
The overall arrangement is similar to previous structures of
TFAM bound to LSP sequences of 22 or 28 bp or longer
(LSP22, PDB code 3TQ6; LSP28, 2TMM; longer DNA,
6ERP), to promoter HSP1 (6ERQ), or to a non-specific
DNA molecule (nsDNA, 4NNU) (17–19,31). Please note
that 6ERP and 6ERQ are at low resolution so they are not
used here for detailed comparisons.

The overall superimposition of the four complexes in
the a.u. (A/BC, D/EF, G/HI and J/KL) from crystal
TFAM/Site-X, or TFAM/Site-Y, show structural rear-
rangements inside each crystal. Such divergences do not
reside at the HMG-box domains, because the superim-
position of the four HMG-box1 fragments from protein
chains A, D, G, and J show negligible differences (maxi-
mum r.m.s.d. 0.87 Å, Supplementary Table S2). However,
upon HMG-box1 superimposition, the relative orientation
of HMG-box2 varies considerably from complex to com-
plex, with concomitant deviations of DNA (Supplementary
Table S2). The converse is also true: superimposition by
HMG-box2 shows small intra-domain differences whereas
the positions of HMG-box1 domains vary appreciably. The
TFAM/LSP crystal shows the same variability between A
and B molecules in the a.u. (Supplementary Table S2). Such
divergences are also observed between crystals. The super-
imposition of molecule A HMG-box1 from Site-X, Site-
Y, and LSP crystals shows reorientations between HMG
domains (Figure 1E and F, Supplementary Table S2). To
discern whether the different relative positions of HMG
boxes is due to progressive distortion of the polypeptide
or to a one-point hinge, superimpositions were performed
locally. Unexpectedly, loops connecting the HMG-box do-
mains with the linker show identical conformations at both
main and side chains (Supplementary Figure S1), thus they
do not function as hinges. Instead, the linker itself shows a
slight progressive distortion that adds to a hinge midway be-
tween the linker helix, around Lys136-His137 (Supplemen-
tary Figure S2). At this point, the linker region that interacts
with the DNA begins. This not only happens between these
similar DNA sequences but also with nsDNA (31), which
shows highly similar HMGbox1 (or HMGbox2) domains
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Figure 2. DNA parameters from complexes (from crystals) or naked (MD-derived) LSP (top), Site-X (middle) and Site-Y (bottom). Left column: the roll
values (in degrees) for protein-bound (black) and naked DNA (gray) are shown. The high roll peaks in the crystal structures correspond to the insertion
sites, indicated by the arrows (left arrow, Leu58 insertion site; right arrow Leu182 site). For Site-Y, the tentative orientation assigned in the crystal (in
gray) and the previously predicted orientation (14) (in light blue) are shown. Right column, the stiffness (Ktot) of LSP, Site-X and Site-Y are shown along
the sequences, which are aligned. The sites inserted by Leu58 and Leu182 in the X-ray structures are indicated by black vertical arrows. For Site-Y, the
previously proposed insertion sites (14) are indicated by gray arrows.

between molecules in the crystal or between crystals. How-
ever, their superimposition results in considerable HMG-
box2 (or HMGbox1) reorientations concomitant with dis-
tortions at the linker (see Supplementary Table S2). Thus,
structural U-turn variability is associated with the linker
and depends on crystal packing but also, as we show below,
depends on DNA properties.

Since Site-X and Site-Y sequences are similar to LSP
(14,15) and the three are the same length, we expected that
the insertions of amino acids would happen at equivalent
DNA positions. In TFAM/LSP, Leu58 (from HMG-box1)
inserts (↓) at T1A2A3↓C4A5, and Leu182 (HMG-box2) at
C15↓A16 (31,53) (in bold, conserved bases between LSP,
Site-X and Site-Y). However, whereas the insertions hap-
pened as predicted for Site-X, which presents a long A-tract,
surprisingly for Site-Y the binding follows a completely dif-
ferent pattern.

TFAM bypasses a poly-adenine tract in Site-X

The TFAM/Site-X structure shows that HMG-box1 binds
to the minor groove and inserts Leu58 (in helix 1) into the
T1A2A3↓C4A5 region (base numbers from Chain C as in
TFAM/Site-X structure; see Figure 1A and B for mtDNA
coordinates). The insertion opens up step A3C4/G19T20,
breaks the stacking interactions and induces a kink to this
DNA region, which shows the highest roll angle (Figure 2).
The following two neighbouring steps also show high roll
angles, C4A5/T18G19 is partially inserted by Leu82 (in helix
2), and A5A6/T17T18 is slightly inserted by the loop between
helices �1 and �2 at the tip of the short L arm. At the lat-
ter A5A6 pair the long A-tract A5A6A7A8A9A10T11T12T13
starts, which is located precisely between the two DNA

kinks (Figure 1B and C). This sequence resumes two
types of A-tracts, namely non-symmetric An (n ≥ 4, for
the A5A6A7A8A9A10 part) and symmetric AnTn (n ≥ 2,
A8A9A10T11T12T13). A-tracts have important, singular fea-
tures: they are straight, relatively rigid and display a nar-
rower minor groove (55). Comparison of minor groove
width between U-turn structures shows that a minimum is
always present at the B-DNA region between DNA kinks,
yet in Site-X the narrowest part is longer, extends from A7
to T11, and reaches values <3.0 Å (minimum of 2.66 Å at
step A8A9/T12T13; dark blue curve in Figure 3 and Sup-
plementary Figure S3). The possibility that this reflects the
properties of the free A-tract was corroborated by com-
paring the minor groove width of free Site-X, Site-Y and
LSP DNA structures obtained by MD simulations (see be-
low). Indeed, in both free and protein-bound conforma-
tions, Site-X shows the most extended narrow minor groove
region (dark and light blue curves in Figure 3). Stiffness
and narrowness of the minor groove in A-tracts precludes
binding of HMG-box domains (56), but the TFAM/Site-
X structure shows that TFAM overcomes the limitation by
virtue of the long linker, which allows intertwining around
the A-tract and binding of the HMG boxes at both flanking
sequences.

The linker contacts the minor groove between DNA
kinks, at the side opposite the HMG-boxes. However,
whereas the TFAM/LSP crystal structure shows that amino
acids from the linker Lys139, Met143 and Lys147 pene-
trate the DNA minor groove, contact the phosphate back-
bone, and establish water bridges with base atoms (18), in
TFAM/Site-X the extended narrowing of the minor groove
prevents access of the aforementioned side chains and only
Lys147 contacts the DNA phosphates (Supplementary Fig-
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Figure 3. The minor groove width (Y axis) is shown for each DNA step (X axis, each DNA step is numbered). Below, the sequences are represented. Site-X
is shown in light (naked) and dark (crystal) blue, Site-Y in orange and red, LSP in light and dark gray.

ure S5). Likewise, displacement of the linker is observed
in the TFAM/nsDNA complex due to a narrower minor
groove between the two inserted steps, which also show
high roll. However, the narrowing is less extended compared
to Site-X (Supplementary Figures S3–S5). Therefore, the
linker is displaced outward from the minor groove and loses
interactions with it, but it still stabilizes the U-turn indepen-
dently of minor groove features.

Regarding HMG-box2, Leu182 (from helix 2) is inserted
between DNA chainB C15↓A16, a dinucleotide that is also
inserted in LSP. However, here Leu182 side chain has very
weak electron density in all four complexes in the a.u.
(A/BC to J/KL), which indicates structural variability. In
addition, the loop between helix1 and helix2 (tip of the
short L arm) in HMG-box2 shows weak density, and in
chains D and G the loop between helices �2 and �3 (the L-
elbow) displays a double conformation induced by crystal-
lographic interactions. The DNA at this region (A16 to A20),
which faces helices �2 and �3 and the L-elbow, also shows
a second conformation that was only tentatively traced for
DNA strand H (in complex G/HI). This second conforma-
tion of the DNA is also induced by a symmetrically related
molecule. All these observations suggest high flexibility of
HMG-box2 at Site-X.

The TFAM/Site-Y structure suggests an unpredicted protein
orientation

In TFAM/Site-Y, the DNA sequence was initially assigned
based on the alignment between Site-Y and LSP (14) and
following the TFAM/LSP22 crystal structure (53). How-
ever, the traced bases did not fit well into the electron density
map, which indicated an inaccurate sequence assignment.
To find the actual DNA pattern, we substituted one by one
thymines with brominated uracyl. This modified base gen-
erates a signal in the X-ray diffraction that unambiguously
indicates the position of the uracyl and hence the DNA
orientation. However, trials to substitute different thymine
positions resulted in no crystals or did not yield any inter-
pretable result, which suggested structural disorder. As an
alternative, we refined the atom positions with all bases sub-

stituted by the smallest base, cytosine. This resulted in a
difference mFo - DFc map that indicated deficient electron
content at some positions, and thus suggested a purine for
these sites instead of a pyrimidine. With this, we obtained
a purine/pyrimidine pattern that was compared to that of
the Site-Y sequence (Supplementary Figures S6 and S7),
allowing a tentative DNA sequence assignment which, fi-
nally, rendered an acceptable model that was better refined.
In this new orientation, Site-Y is inverted and shifted one
bp compared to LSP (Figure 1A and B). However, the se-
quence assignment is not fully conclusive because the elec-
tron density at the DNA ends is not well-defined, which sug-
gests that in the crystal some complexes may have contin-
uous DNA at this position, i.e. the DNA is disordered in
the crystal. Therefore, we indicate the tentative Site-Y se-
quence assignment in brackets. In this probable reverse ori-
entation, Leu58 inserts between (T2↓G3, from the comple-
mentary chain) whereas Leu182 inserts at (C14↓A15), and
not at A3C4 and C15T16, if following the initial alignment.
Comparison of TFAM/SiteY and TFAM/LSP structures
shows that the same amino acids from HMG1 and HMG2
are involved in DNA contacts. Loops between helices are
tentatively traced in weak density, which indicates flexibility.
Regarding the linker, it is not as close to the minor groove
as in LSP but is displaced due to a repositioning of DNA
strand C (Supplementary Figure S5), which narrows the mi-
nor groove and pushes the linker outward. However, neither
the groove narrowing nor the displacement of the linker is
as great as in Site-X. Consequently, from the triad Lys139,
Met143 and Lys147, only the first penetrates the groove.

Free LSP, Site-X and Site-Y show specific structural features
and flexibilities

The unexpected orientation of Site-Y in the crystal sug-
gested that distinctive characteristics of the three sequences
guided TFAM binding. This prompted us to characterize
the physical properties of free LSP, Site-X, and Site-Y by
MD and compare their states in the free and bound forms.
The equilibrium conformation and the stiffness of each
DNA sequence were calculated to analyze the sequence-
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dependent features of each binding site. Thus, we calculated
the average of these base-pair parameters along the corre-
sponding MD trajectories. We specifically focused our at-
tention on the roll, because it is the feature that deviates
most from an ideal B-DNA in the crystal structures, espe-
cially at the inserted sites, resulting in a bent DNA confor-
mation. The results show that the naked sequences sponta-
neously deviate from ideal B-DNA conformation, thus they
are intrinsically deformed (Figure 2). In addition, all three
free sequences show that, at the region contacted by HMG-
box2 in the crystal, the step inserted by Leu182 intrinsically
has a high roll, thus it is already opened in the free DNA.
Regarding Leu58, a high roll is only found at the insertion
site in Site-Y. In the LSP-like orientation, this would cor-
respond to a more closed step (light blue in the roll graph).
Notably, in both LSP and Site-X, Leu58 insertion sites show
low roll, and therefore the corresponding steps are closed.

The stiffness (Ktot) along the sequence of the three naked
DNAs is shown in Figure 2. In LSP, flexible steps alternate
with mildly stiff steps. Site-X is also rather flexible except
at the A-tract, with highest stiffness at the ApT step. The
crystal structures show that, in both LSP and Site-X, Leu58
inserts at the ApC/GpT step. In the free DNA, this step is
slightly stiffer than the highly flexible CpA/TpG step in-
serted by Leu182 residue from either LSP or Site-X. Re-
garding Site-Y, the steps inserted by TFAM are both flexi-
ble. In addition, Site-Y presents two ApT rigid points, A6T7
and A11T12. HMG-box2 widens the minor groove of the
former by introducing Arg157 deep into the groove, where
its N�1 and N�2 (at the tip of the side chain) interact with
O2 from T18 (complementary to A5). In LSP and Site-X,
the arginine also interacts with base atoms deep into the
minor groove. Therefore, this rigid spot in Site-Y does not
prevent HMG-box2 from separating the strands and intro-
ducing the arginine as it does in Site-X and LSP. The sec-
ond rigid region in Site-Y A11T12 is found at the B-DNA
between DNA kinks.

In the comparison between the free DNAs sequence-
dependent curvature and the protein-bound bending (Fig-
ure 2, Supplementary Figure S8) we found out that in all
the three cases the central part of the DNA is straight and
keeps almost the same conformation after protein binding.
Between the base pairs 3–5 and 13–15, where the leucines
insert, the DNA is heavily distorted in the bound configura-
tion and roll contribution is the main factor in this bending.
The protein-induced bending appears not to be the same at
the two insertion points: at HMG-box2 the bending is lo-
calized at one base pair, precisely the most open and flex-
ible one. At HMG-box1, the DNA bending is delocalized
between adjacent base pairs, probably so as not to stress
the DNA structure excessively. Interestingly, for all the se-
quences, there is a partial intrinsic curvature at the kink sites
before protein binding, which probably facilitates the adap-
tation to the final bound conformation. This is particularly
evident for Site-Y, where the main peaks of curvature corre-
spond to the point where there is maximum bending in the
protein complex (Supplementary Figure S8). We also ob-
served that the protein has different effects on DNAs. At
Site-X, the bending is almost equally imposed by the two

HMG boxes, whereas at LSP and Site-Y, the HMG-box2
bends the DNA more than the HMG-box1. For a com-
parison, the TFAM/nsDNA structure show a very simi-
lar profile to the above (roll values are shown in Supple-
mentary Figure S4). We only detected different behavior
at the DNA region contacted by HMGbox1, in which ns-
DNA is distorted at the insertion site and neighboring step.
The behavior of bending at the DNA region contacted by
the HMGbox2 is highly similar in values and profile to
TFAM/LSP and TFAM/Site-Y. These results suggest that,
irrespective of the DNA sequence, TFAM imposes a U-turn
and the local features of the U-turn arise from sequence-
dependent properties, as described in our recent analysis of
TFAM/LSP by FRET (20).

A final analysis consisted in the calculation of the de-
formation energy (�Edef) required to deform the DNA
from the MD-derived equilibrium state conformation to
the conformation in the corresponding crystal structures.
To this end, we used the mesoscopic method previously de-
veloped and tested for the nucleosome core complex (57).
Interestingly, LSP showed the highest energy cost (�Edef
8.4 kcal/mol·bp) to change its conformation when passing
from its free form to the one in the crystal. Site-X requires
less energy (6.3 kcal/ mol·bp) whereas, surprisingly, Site-Y
requires the least (5.5 kcal/ mol·bp). In contrast, deforma-
tion of Site-Y into the conformation found in LSP (as ini-
tially traced in the electron density, see above) has the high-
est cost (8.7 kcal/ mol·bp).

Altogether, the above results indicate that free LSP, Site-
Y and Site-X display divergent, sequence-dependent con-
formation and flexibility. Divergence includes the sites in-
serted by Leu58 and Leu182. In Site-Y, TFAM inserts both
leucines into flexible and opened steps, while in both Site-X
and LSP only Leu182 encounters such favorable conditions.
In addition, Site-Y is the sequence that is easier to bend into
the U-turn conformation. The question was then to exper-
imentally assess this sequence-dependent variability, which
was achieved in the following analyses.

TFAM shows differential binding dynamics to LSP, Site-X
and Site-Y

A first experimental analysis to compare the TFAM
binding to the different DNA sequences was by non-
denaturing electrophoresis (electrophoretic mobility shift
assay, EMSA). 32P-labeled DNA probes (1 nM) were
titrated with increasing TFAM concentrations (Figure 4A).
The intensity of the shifted bands was quantified and fitted
to a modified Hill equation (see Materials and Methods).
The apparent Kd for LSP was estimated as 9.2 nM (±0.98,
n = 3) (Figure 4B), and thus was in agreement with the 1–10
nM range measured by other groups, including non-specific
DNA (23,28,58,59). For Site-X, the apparent Kd was 13.6
nM (±2.89, n = 3) and for Site-Y it was 4.4 nM (±2.32, n =
3). The differences in Kd’s are more evident if the values are
expressed in logarithmic scale: 0.64 for Site-Y, 1.13 for Site-
X and 0.97 for LSP. While the two latter are similar, the Site-
Y Kd is lower by almost half a unit. At the tested concentra-
tion range, the binding of TFAM to any of the three ligands
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Figure 4. Binding of TFAM to Site-Y, Site-X and LSP. In (A), gel-shift assays (EMSA) show TFAM-inducing equivalent DNA migration to all sequences.
Lane ‘0’ contains free DNA (1 nM). In subsequent lanes from left to right, 32P-labeled DNA at 1 nM was titrated with TFAM at increasing amounts (as
indicated above the corresponding lanes). The DNA shift corresponding to the complexes is indicated as ‘DNA+TFAM’. In (B), the measurements of
TFAM binding to DNA are fitted to a modified Hill equation (see Materials and Methods). TFAM in complex with Site-X is shown with black circles; in
complex with Site-Y with squares; and in complex with LSP with diamonds.

was detected as not cooperative (the Hill coefficient was
close to 1). To further analyze the binding of TFAM to these
sequences, competition assays were carried out by EMSA.
TFAM bound to 5′ fluorescently labeled probes *Site-X or
*Site-Y (0.8 �M) were put into competition with increasing
amounts of unlabeled LSP (from 0.2 �M to 3.2 �M, Figure
5, upper panels). Strikingly, the competition revealed con-
siderable differences between Site-Y compared to the other
two sequences. The band of TFAM/*Site-X complex faded
rapidly at low concentrations of LSP but not completely at
the conditions tested. In contrast, the TFAM/*Site-Y com-
plex was stable even at 4×-fold excess of competitor. Since
LSP competed differently with Site-X and Site-Y, we ana-
lyzed the competition between each site for TFAM binding.
The lower panel of Figure 5 shows that the non-labeled Site-
Y strongly competed with *Site-X, whereas the non-labeled
Site-X poorly displaced *Site-Y. Therefore, in these experi-
ments TFAM shows a clear preference for Site-Y over both
Site-X and LSP, which is explained by the higher affinity of
Site-Y relative to Site-X and LSP. Nonetheless, the different
properties of each sequence (see last and forthcoming sec-
tions) probably also influence the kinetics of complex for-

mation, e.g. the time of residence of the protein on Site-Y,
Site-X and LSP.

Thermodynamics points to complex formation variability de-
pending on DNA sequence

Thermodynamic analysis of TFAM binding to LSP, Site-X
and Site-Y was assessed by isothermal titration calorime-
try (ITC) performed at the micromolar range (6–9 �M, see
Materials and Methods). Protein titration with each DNA
sequence (40–50 �M) showed that in all three cases, binding
occurs with positive, unfavorable enthalpy (�H > 0) com-
pensated by an important favorable entropy change (�S
> 0) (Figure 6 and Table 1). Thus, a spontaneous entrop-
ically driven endothermic event occurs at the T at which we
performed the experiments (20◦C). This is consistent with
previous analyses of TFAM binding to LSP, HSP1 and to
non-specific DNA (59), which were also performed at 20◦C,
and it has been described for other HMG box proteins (60)
and found for proteins that strongly distort the DNA (54).
Interestingly, Site-Y showed a change in enthalpy 2-fold
compared to Site-X and LSP, compensated by a higher en-
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Figure 5. Differential binding of TFAM to Site-X, Site-Y, and LSP. The upper left panel shows competition of TFAM-bound *Site-X (0.4 �M of DNA,
0.8 �M of TFAM) labeled with fluorescein) with increasing concentrations of unlabeled LSP (from 0.2 to 3.2�M), by EMSA. Right upper panel: similar
competition of LSP, here against *Site-Y (also labeled). The lower panels show competition of TFAM-bound *Site-X (left) or *Site-Y (right) by increasing
amounts (from 0.2 to 3.2 �M) of unlabeled Site-Y or Site-X, respectively. Lane 0 contains complexes with labeled DNA (0.4 �M *DNA + 0.8 �M TFAM).
The input labeled *DNA control is shown at the far-left lane of the gels.

tropy, pointing to an enthalpy-entropy compensatory effect
(see Discussion). All experiments were perfectly fitted with
a ‘one set of sites’ model, which indicates that the protein
has a single type of DNA-binding site in all three sequences.
A stoichiometry of 0.4 suggests the formation of a complex
involving two TFAM molecules per DNA, as previously de-
termined also at the micromolar range by others (59).

Increasing concentration of TFAM/DNA complexes induces
multimerization

The ITC-derived stoichiometry showed 2 proteins for 1
DNA, which contrasted with the single band shift of the
aforementioned titrations in the nanomolar range and the
crystal structures (in which one protein is bound to one
DNA). In these EMSA, no second shift was apparent at in-
creasing protein:DNA ratios, up to 160:1 (see Figure 5). In
principle, a single EMSA shift is consistent with one sin-
gle type of complex. Note that the ITC and EMSA ex-
periments to measure the affinity were performed at dif-

ferent concentrations, which suggested that the multimer-
ization of TFAM on the DNA detected by ITC could
have been stimulated by a concentration effect, indepen-
dent of the protein:DNA ratio. To test this possibility, we
prepared TFAM/LSP complexes at increasing DNA and
protein concentrations and keeping a constant ratio of
TFAM:DNA 4:1, and analyzed the so-formed complexes
by EMSA (Figure 7). At low concentration one single band
appeared. Interestingly, when the concentration of the 4:1
components was increased, a second shift appeared at ≥0.8
�M (TFAM concentration). This indicated that higher-
order species appeared depending on concentration. Ac-
cording to the crystal structures, the length of the DNA
used (22 bp) is too short to allocate more than one protein.
Therefore, the first shift should contain a TFAM molecule
bound to the DNA, whereas the upper shift should contain
a TFAM molecule that recognizes this initial complex. This
second protein contact is stimulated by the concentration of
the sample.
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Figure 6. Isothermal titration calorimetry of TFAM binding to LSP, Site-X and Site-Y. Top: representative isothermal titration calorimetry thermograms
from the measurements done with LSP (left), Site-X (centre) and Site-Y (right). Below: fitting of the binding isotherms to a model with one binding site
(red curve).

Table 1. Values for the three TFAM/Site-X, TFAM/Site-Y and TFAM/LSP complexes derived from the ITC experiments are shown. The average from
three measurements per sequence is shown

Ka (M-1) N �H (kcal.mol-1) �S (kcal.mol-1.K-1) � G (kcal.mol-1)

LSP 12 × 106 ± 1.2 × 106 0.40 ± 0.19 8369 ± 1829 61.0 ± 6.4 − 9505 ± 58
Site-X 23 × 106 ± 16.0 × 106 0.36 ± 0.05 7713 ± 857 59.3 ± 3.7 − 9662 ± 667
Site-Y 5.9 × 106 ± 4.4 × 106 0.37 ± 0.13 15460 ± 3376 83.0 ± 9.2 − 8869 ± 679

Note that the experiment was performed at concentrations at the micromolar range, above the dissociation constant (see main text).

To investigate whether the second shift was due to dimer-
ization, we performed the same EMSA using two previously
reported dimerization mutants. In the crystals, one protein
with one DNA (ratio 1:1) performs two types of contacts
with two other complexes (Supplementary Figure S9A).
Therefore, it shows two distant interfaces. One interface in-
cludes the loop contained within the last 26 residues (known
as the C-terminal tail), which performs protein-protein con-
tacts with the same loop from a second protein in the crys-
tal (Supplementary Figure S9). These two proteins perform
additional interactions through the N-terminal region of
respective linkers. These two simultaneous contacts occur
only in crystals of TFAM in complex with 22 bp DNA,
whereas for longer DNAs, such as 28 bp, these contacts are
not feasible (17). Contacts through the C-terminal tail are
cancelled in the TFAM-�26 mutant (27,61), which lacks the
last 26 aa (Supplementary Figure S9). A second mutant,
TFAM-Box1Mut (31), harbors six mutations that cancel
the large interaction seen in all crystal structures available,
between two HMGbox1 domains (Supplementary Figure
S9). Both mutants, TFAM-�26 and TFAM-Box1Mut, are
stable in solution (31,61) (Supplementary Figure S9B to D).
A qualitative analysis of our EMSAs shows that both mu-
tants generate the first shift at the lowest 4:1 ratio concen-
tration tested (0.28 �M TFAM:0.07 �M DNA, Figure 7).
At increasing concentrations, TFAM �26 delays the sec-
ond shift one point later in relation to WT (compare lanes

�26 1.2 �M and WT 1.0�M). At the highest concentrations
(TFAM 4 and 8 �M), the first shift disappears while the sec-
ond band smears to higher bands or probable aggregates in
both TFAM-�26 and WT. In contrast, TFAM-Box1Mut
delays the second shift two points (2 �M), in a badly defined
band that rapidly smears at higher concentrations, while the
first shift does not disappear. The well-defined flat band of
the second shift in the WT/LSP and TFAM-�26/LSP gels
is consistent with non-aggregation of complexes. In addi-
tion, the gels suggest that whereas both mutants destabilise
dimerization, TFAM-Box1Mut is more effective.

TFAM at high concentration multimerize on short DNAs

To further understand the protein:DNA stoichiometry of
complexes formed at high concentration (mg/ml), we exper-
imentally determined their Mw (Mwobs) by SEC-MALLS.
Injection of 97.6 �M (2.5mg/ml) TFAM alone yielded two
peaks corresponding to Mwobs of 57 ± 3 and 30 ± 3 kDa,
which are consistent with a dimer and a monomer, respec-
tively (Mw of TFAM construct, 25.6 kDa)(Supplementary
Figure S10). This corroborated the previously reported
monomer-dimer equilibrium for the protein alone (61). In
complex with LSP, TFAM (390.6 �M, 10 mg/ml) yielded
two separated species of 62±3 and 41±2 kDa, consis-
tent with protein:DNA 2:1 (Mwcalc = 64.7 kDa) and 1:1
(Mwcalc = 39.1 kDa) stoichiometries, respectively (Figure
8). At lower TFAM/LSP concentration (218.7 �M; 5.6
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Figure 7. Multimerization of TFAM on the DNA depends on complex
concentration. Non-denaturing polyacrylamide gels (10%) that contain,
from left to right, increasing concentrations of a mixture of TFAM WT
(top gel), TFAM-CT�26 (middle gel) and TFAM-Box1Mut (bottom gel)
proteins mixed with LSP (22 bp used for crystallization) in a protein/DNA
ratio of 4:1. DNATOT refers to total DNA, from which 10 nM was labeled.
At low concentrations, the complex runs as a single band (LSP+TFAM)
corresponding to a 1:1 protein:DNA ratio. At 0.8 �M of protein (0.2 �M
DNA), an upper shift appears in TFAM-WT concomitant with progressive
fading of both the first shift and the free DNA (LSP).

mg/ml) a single peak of 41.5±2 kDa corresponding to
the 1:1 ratio was observed (Figure 8). The existence of
a concentration-dependent equilibrium of monomers and
dimers of TFAM bound to short DNAs was thus con-

firmed. TFAM/Site-Y complex (351.5 �M TFAM concen-
tration; 9 mg/ml) yielded two peaks of 62 ± 2 and 47 ± 1
kDa. Similar to LSP, the first peak corresponds to a 2:1 sto-
ichiometry. However, the second peak could be a mixture
of the 2:1 and 1:1 complexes, because of less efficient sepa-
ration of these species. For Site-X at 321.5 �M (8 mg/ml)
only the 47±3 kDa species appeared, which again suggests
a mixture of 2.1 and 1:1 complexes.

Since the MALLS experiments could not discern whether
the 47 kDa species from Site-Y and Site-X could be a mix-
ture of complex 1:1 and 2:1 or corresponded to a different
species, we analyzed these complexes by sedimentation ve-
locity (SV). This technique showed a higher resolution than
SEC, with improved separation of species. Furthermore,
this technique allowed the analysis of higher protein:DNA
concentrations, as samples were not diluted during the ex-
periment as in SEC. Site-X and Site-Y alone yielded main
peaks in the range of 2.3–2.7 S, which were compatible
with a dsDNA monomer (Mwcalc = 13.5 kDa) (Supple-
mentary Figure S10). For LSP alone, an additional peak
was observed that could correspond to a G-quadruplex
(Supplementary Figure S10) (24)). TFAM alone showed a
main peak at 1.8 ± 0.1 S (Supplementary Figure S10) cor-
responding to the monomer (Mwcalc = 25.6 kDa) and a
small proportion of dimer (3.5 ± 0.1 S) and higher order
oligomers (4.3 ± 0.1 S). Regarding the protein–DNA com-
plexes, in all cases the different species could be separated
and the stoichiometry elucidated by the combination of SV
and SEC-MALLS techniques. In the analysis of 2:1 pro-
tein:DNA concentration ratio, peak at 3.3 ± 0.1 S is con-
sistent with a 1:1 complex (Mwexp = 39.1 kDa,) and peak
at 4.5 ± 0.2 S with a 2:1 complex (Mwexp = 64.8 kDa).
Peak at 5.6 ± 0.1 S could correspond to a 4:1 complex
(Mwexp of 116.1 kDa), (Figure 8) but this species was not
detected by SEC-MALLS and could not be properly as-
signed. Strikingly, in the experiments at 4:1 protein:DNA
concentration ratio, a peak compatible with free DNA ap-
peared that was not present at the 2:1 ratio (or marginally
present in TFAM/Site-Y 2:1 ratio). This suggests that the
formation of higher order protein–DNA complexes is con-
comitant with some protein–DNA unbinding.

TFAM dimers bind Site-X and Site-Y in opposite orientations
in solution

To confirm the orientation of the protein on Site-X and Site-
Y, we performed bulk Förster resonance energy transfer
(FRET) experiments in solution using four DNAs, namely
Site-X with Alexa594 (A594) at one (Site-X5*) or the other
end (Site-X3*), and Site-Y labeled similarly (Site-Y5* and
Site-Y3*, respectively) (see Methods and Figure 9). As a
donor, we used a C49A TFAM mutant (TFAM-C49A) that
harbors only one cysteine at the end of the C-terminal tail,
which was labeled with A488 (Supplementary Figure S11).
Fluorescence measurements were performed at low con-
centration to avoid TFAM multimerization on the DNA.
With this setup, we expected a higher FRET signal for both
TFAM-C49A/Site-X3* and TFAM-C49A/Site-Y3* com-
plexes than for the corresponding 5* counterparts. How-
ever, the FRET difference between labeled DNA ends was
ambiguous for Site-X (Table 2 and Supplementary Figure

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article-abstract/doi/10.1093/nar/gkz406/5494731 by U

niversitat de Barcelona user on 23 M
ay 2019



14 Nucleic Acids Research, 2019

Figure 8. SEC-MALLS and AUC analyses of TFAM in complex with Site-X, Site-Y and LSP. Left graphs column: SEC-MALLS experiments are shown.
The light scattering curve (LS) is shown in red, the differential refracting index curve (dRI-curve) in blue and the molecular weight peaks in green. The Y
axis on the left reports the light scattering signal while the Y axis on the right shows the molecular weight. Central and right graphs columns correspond
to analytical ultracentrifugation measurements (AUC) at Protein:DNA ratios of 2:1 and 4:1 respectively. In each graph, the continuous size distribution
coefficient (S) is represented for the sedimentation coefficient (c(s)) values. First row corresponds to analyses of TFAM/Site-X complexes, second row to
TFAM/Site-Y, and bottom row to TFAM/LSP. Peaks encircled as 1 and 2 in MALLS correspond to the same peaks in SV (AUC).

S11), since Site-X5* FRET was unexpectedly slightly higher
than for Site-X3* (0.85 ± 0.01 versus 0.79 ± 0.01). Instead,
the Site-Y signal was as expected from our sequence as-
signment (stronger for Site-Y3*). Considering these results,
we reasoned that the low differences in Site-X could reflect
some sort of TFAM multimerization events. Therefore, we
decided to perform FRET measurements with the dimer
mutant that cancelled more efficiently the second shift in
our EMSAs (see above): non-dimerizing TFAM-Box1Mut.
This mutant was labeled at Cys49 (at HMGbox1), thus the
dye (A488) was close to the N-terminus (Figure 9 and Sup-
plementary Figure S11). We expected a higher FRET signal
for Site-X5* and Site-Y5* than for the 3* DNAs. Indeed,
for both 5* labels, the FRET was unambiguously higher

than for 3*. The corresponding estimated distances (Table
2) were a bit higher than expected for Site-3*s, but still in
a reasonable range according to the structure (3.1 nm). For
Site-5*s, the estimated distances were in better agreement
(5.1 nm). The higher values in solution are consistent with
breathing of TFAM complexes (20). Therefore, our FRET
experiments confirm the orientation of the protein on both
Site-Y and Site-X.

DISCUSSION

Decades ago, a sequence alignment of three TFAM bind-
ing sites at the mtDNA control region was reported that
included LSP, Site-X, and Y (14). We determined the crys-
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Figure 9. Confirmation of TFAM orientation on Site-X and Site-Y by FRET. (A) Design of the DNAs used for FRET assays. The 22 bp sequences from
Site-X (blue sequence) and Site-Y (in red) are aligned based on the protein structure superposition. Note that the sequences follow opposite directions
(compare with Figure 1B). Black squares Box 1 and 2 correspond to HMGbox1 and 2, respectively. The gray squares indicate the formerly predicted
position of TFAM domains on Site-Y (note the inversion of the HMGboxes). Full-length TFAM is labeled with A488 at the C-terminal Cys246 (green C
dot). The TFAM-Box1Mut non-dimerizing mutant is labeled at Cys49 (green N dot). Gray ‘N’ and ‘C’ dots correspond to the positions of labeled cysteines
in case the orientation of TFAM on Site-Y followed the initial prediction (14). The red circle symbolizes the DNA 5′ end labeled with A594. Regarding
the DNA sequences, the dots between bp indicate the insertion sites. In gray, the added bp of the mtDNA sequence to enlarge Site-X and Site-Y to 28 bp
(upon superposition with the 28 bp TFAM/LSP structure (17)) is shown. Due to this enlargement, a new potential insertion site, TG-10bp-CA (in green),
appeared in Site-Y, which was mutated to AG-10bp-CA. In addition, bases at the 5′ ends were mutated to Thy (underlined) to avoid stacking interactions
with the dye. (B) Fluorescence emission spectra of single (TFAM-Box1Mut*/Site-X, dark blue curve) and double-labeled TFAM-Box1Mut*/Site-X5* (in
green), and TFAM-Box1Mut*/Site-X3* (in sky blue) complexes excited at 495 nm (a.u., arbitrary units). (C) Same as in (B) but for complexes TFAM-
Box1Mut*/Site-Y (dark red curve), TFAM-Box1Mut*/Site-Y5* (red curve) and TFAM-Box1Mut*/Site-Y3* (in violet).

tal structures of all the corresponding complexes (this study
and (18)) and, based on the TFAM/LSP crystal struc-
ture, we assigned the DNA sequences in TFAM/Site-X and
TFAM/Site-Y crystals. While this was valid for Site-X, un-
expectedly Site-Y did not follow the predicted pattern. We
attempted several Site-Y sequence assignments but none
was fully conclusive. This suggests that, in addition to our
best choice, other DNA orientations could be present in the
crystal. However, our FRET studies clearly showed a pre-
ferred orientation of the protein on Site-Y that is consistent
with that proposed for the structure. Our computational

analysis indicated higher flexibility for Site-Y, a feature that
explains the weak electron density map of this DNA.

Sequence-dependent DNA conformation and deforma-
bility modulates DNA binding and bending by TFAM.
The analysis of the three naked DNA sequences shows
a common pattern only at the site inserted by Leu182,
a CpA/TpG base-pair step characterized by high flexibil-
ity and positive roll angle, thus it is a spontaneously flex-
ible open step. This suggests that HMG-box2 introduces
Leu182 into a step with an intrinsic conformation that ap-
pears more suitable for insertion, with a distortion that sim-
ply increases upon protein binding. In contrast, the HMG-
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Table 2. FRET values for the C49A (label at the C-terminal tail, Cter) and Box1Mut (label at N-terminal HMGbox1 domain, Nt) mutants

Acceptor position (*) on DNA sequences TFAM-C49A Label Cter Box1Mut Label Nter (distance)

Site-X5* 0.85 ± 0.01 0.61 ± 0.01 (5.2 nm ± 0.4)
Site-X3* 0.79 ± 0.01 0.38 ± 0.01 (6.1 nm ± 0.4)
Site-Y5* 0.65 ± 0.01 0.74 ± 0.01 (4.7 nm –0.4, +0.5)
Site-Y3* 0.84 ± 0.01 0.41 ± 0.01 (5.9 nm ± 0.4)

In brackets, the calculated distances and errors (see Materials and Methods).

box1 insertion site in both LSP and Site-X (but not in Site-
Y) is a mildly flexible and closed ApC/GpT step. Interest-
ingly, HMG-box1 has much higher affinity for and actually
leads binding to DNA, whereas HMG-box2 barely contacts
it (20,61). If the orientation of Site-Y was as predicted by
Fisher in 1987 (14), two low roll angle steps (thus, closed)
would be placed at the insertion sites. Instead, the Site-Y
orientation positions two flexible steps at the right distance
of 10 aa from each other, with a high roll angle (thus, open),
which may explain the observed Site-Y orientation. These
differences contribute to the lower energy required for DNA
bending into a U-turn.

The particularities of each sequence were reflected ex-
perimentally during complex formation with TFAM. The
ITC analysis showed spontaneous, endothermic and en-
tropically driven complex formation at 20◦C. During com-
plex formation, the change in the Gibbs free energy is cal-
culated from the enthalpy and entropy change, �G = �H
– T�S. A negative (exothermic) �H is interpreted as the
result of formation of stronger intermolecular interactions
in the complex, while positive �H may result from break-
age of interactions with solvating water molecules, which
are released to the bulk solvent. The entropy term (�S) usu-
ally decreases in complex formation because of the reduced
mobility of interacting molecules. However, release of wa-
ter molecules present in the sphere of solvation favorably
increases the system entropy. In the case of high �H, the wa-
ter release factor plays a major role in the enthalpy-entropy
compensation that results in a favorable negative �G, but
the interpretation of such an important phenomenon is
difficult in every case (62). Entropy-driven binding reac-
tions, in which unfavorable enthalpy is compensated by pos-
itive entropy change, have been described for protein/DNA
complexes in which unfavorable enthalpy caused by desta-
bilization of base stacking is compensated by favorable en-
tropy caused by release of water molecules initially bound
to the DNA (54,63). Endothermic and entropy-driven pro-
cesses are typically found for proteins that bind to the minor
groove and dramatically bend the DNA (63,64), which are
the cases presented here. In addition, binding of the same
protein to different DNA molecules may entail different en-
thalpy and entropy profiles with values that are mutually
compensated, and result in similar Gibbs free energy (�G)
change. This phenomenon is termed ‘isothermal enthalpy–
entropy compensation’, as experiments with complexes dif-
ferent DNAs are carried out at a constant T (54). This was
indeed the case for TFAM: binding to Site-Y resulted in
a more positive enthalpy that was compensated by higher
entropy than TFAM/LSP and TFAM/Site-X, while Gibbs
free energy was similar for all sequences. For protein/DNA
complexes, an increase in entropy difference has also been

related to higher vibrational and conformational states that
depend on the DNA sequence which, at the same time,
lower the number of contacts and thus result in a more un-
favorable enthalpy (54). The TFAM/Site-Y crystal shows a
less ordered DNA molecule with associated higher overall
B-factor, which is consistent with either a higher vibrational
state or static disorder in the crystal, or both. Note that our
experiments were performed at 20◦. Interestingly, a recent
publication showed that when the activity of the electron
transport chain is fully functional, the T in the mitochon-
dria is maintained near to 50◦C (65). At this T, �H could
reverse its sign, as shown for the HMG-box protein Sox-5
(66). Thermodynamic experiments at varying T showed that
Sox-5 and other DNA-binding proteins (BamH1 endonu-
clease, GCN4 transcription activator or TATA box binding
protein TBP) displayed a linear change in �S simultaneous
to �H, which had a compensatory effect so that �G did
not change substantially, i.e. �G is independent of both the
T and the protein/DNA system (53,66). Recently, however,
the compensatory effect has been questioned as an artefact
derived from a high correlation between �H and �S, be-
cause it reflects the same phenomena. In any case, whether
both a �H sign inversion and a compensatory effect oc-
curs across T for TFAM/DNA complexes, in particular at T
close to 50◦C, is an aspect that needs to be further character-
ized. DNA competition assays showed that TFAM clearly
prefers Site-Y over the other two sequences, which is con-
sistent with previous results employing chromatin immuno-
precipitation (16). These studies showed that Site-Y belongs
to a sequence enriched with TFAM, whereas Site-X is only
partially enriched (no data are available regarding LSP).
The preference can be explained by the higher affinity at
the nano-molar range. However, in almost all our analy-
ses, Site-Y showed a different behavior compared to LSP
and Site-X, and it is expected that the kinetics during com-
plex formation also vary, e.g. contributing to a longer time
of residence. This indicates that there is a non-systematic,
uneven scenario at the mtDNA control region, in which
the DNA sequence modulates TFAM binding, which pre-
dictably has implications for DNA regulation. Since most
of the mtDNA molecule is covered by TFAM proteins, such
variability in binding might extend to the rest of the genome.

At the control region, the three conserved sequences
CSB-III, CSB-II and CSB-I are located downstream of LSP,
CSB-III being the closest to LSP. Between CSB-II and CSB-
I, Site-X overlaps with the former and Site-Y with the lat-
ter. On the other hand, according to our tentative DNA
sequence assignment in TFAM/Site-Y, the TFAM HMG-
boxes1 bound at Site-X and Site-Y are 20 bp apart and face
each other. All available crystal structures show that, due
to crystal packing, two HMG-box1 domains from different
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complexes contact each other precisely by this face, which
is also shown to mediate mtDNA compaction (31). Such a
contact between HMG1 domains could also happen if the
DNA between Site-X and Site-Y melted upon protein bind-
ing, an event that was formerly considered to occur between
complexes on the DNA (67). Overall mtDNA compaction
is determined by TFAM concentration and achieved by co-
operative interactions (25–27,31,68). Crystal structures of
TFAM/DNA complexes present a protein:DNA ratio of
1:1. In addition, the crystal packing suggests that HMG-
box1 and the C-terminal tail are distant regions that may
form complementary protein interactions during mtDNA
packaging (27,31). Our ITC, EMSA and MALLS exper-
iments show ratios of 2 proteins bound to 1 very short
DNA. It is likely that the second protein recognizes the
complex since the DNA is too short to allocate two pro-
tein molecules. The crystal packing and our EMSAs with
TFAM mutants suggest that the two distant regions, HMG-
box1 surface and the C-terminal tail, may form complemen-
tary protein interactions during mtDNA packaging (27,31).
In addition, the EMSA with increasing concentration of
TFAM/DNA complexes show that, concomitant with the
appearance of the second shift, the free DNA is reduced.
This suggests that the second protein within the dimer can
additionally bind DNA, and the complex dimer is, at high-
est concentrations, recruited to aggregates that consume
all the DNA present in the solution. Of particular inter-
est are the SV experiments, in which highly concentrated
sample (hundreds of �M) is not diluted, but confined into
a constant volume. These showed the existence of higher
order complexes than the protein:DNA form 2:1, which
is consistent with an aggregate of multiple proteins bound
to the initial 1:1 or 2:1 complexes. In addition, SV shows
that at high ratios and high concentration, free DNA is re-
leased. This implies that bigger aggregates have the poten-
tial to attract TFAM previously bound to DNA, disrupt-
ing protein/DNA complexes. Note that these experiments
were performed with LSP. The affinity of TFAM for LSP,
Site-X, Site-Y and nsDNA are at the nM range in vitro
(59), and probably TFAM binding kinetics are modulated
by the DNA sequence properties. In living cells, TFAM
shows preferential binding to some sequences more than
others (16). In the context of complete mtDNA compaction
by TFAM, the DNA properties of potential binding sites
are expected to modulate protein binding efficiency. An in-
crease in protein ratios may promote strong nucleation at
these particular sites, which would seed bigger aggregates
and ultimately lead to nucleoid compaction.
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in preparing TFAM. We thank the personnel at ESRF
(Grenoble, France), ALBA (Cerdanyola del Vallès, Spain),
SOLEIL (Gyves-sur-Yvette, France) synchrotrons and at
the Automated Crystallography Platform (IBMB-CSIC) for
their highly valuable support during X-ray data coollection.
Authors contributions: A.C., A.T.-S., E.R.-L. and A.R.-C. to
cloning, protein production, and crystallization; S.L., A.C.,
Y.E., P.F.M. to electrophoretic analyses; R.P. and P.F.-M. to
ITC; P.F.M., A.C. and M.S. to X-ray structure determina-
tion and refinement; F.B. and M.O. to molecular dynamics
studies; A.C., A.T.-S., C.A. and G.R. to MALLS and ultra-
centrifugation. A.T.-S., G.I., M.P., K.T. and M.S. to FRET;
M.S. designed and supervised the project. All authors par-
ticipated in experimental designs, in manuscript writing and
discussion, A.C., P.F., F.B. and M.S. to figure preparation.
M.S., M.O., R.P., M.P. provided materials and infrastruc-
ture.

FUNDING

Spanish Ministry of Science, Innovation and Universi-
ties, MINECO [BFU2012-33516, BFU2015-70645-R,
RTI2018-101015-B-100 to M.S; BIO2015-64802-R,
BFU2014-61670-EXP and BFU2014-52864-R to M.O.,
BIO2016-78006R to M.P.) Generalitat de Catalunya (2014-
SGR-997 and 2017-SGR-1192 to M.S.; 2014-SGR-134 to
M.O.), the Instituto de Salud Carlos III-Instituto Nacional
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