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ABSTRACT Human mitochondrial transcription factor A (TFAM) distorts DNA into a U-turn, as shown by crystallographic
studies. The relevance of this U-turn is associated with transcription initiation at the mitochondrial light strand promoter
(LSP). However, it has not been yet discerned whether a tight U-turn or an alternative conformation, such as a V-shape, is
formed in solution. Here, single-molecule FRET experiments on freely diffusing TFAM/LSP complexes containing different
DNA lengths show that a DNA U-turn is induced by progressive and cooperative binding of the two TFAM HMG-box domains
and the linker between them. SAXS studies further show compaction of the protein upon complex formation. Finally, molecular
dynamics simulations reveal that TFAM/LSP complexes are dynamic entities, and the HMG boxes induce the U-turn against the
tendency of the DNA to adopt a straighter conformation. This tension is resolved by reversible unfolding of the linker, which is a
singular mechanism that allows a flexible protein to stabilize a tight bending of DNA.
INTRODUCTION
Mitochondrial transcription factor A (TFAM) regulates the
transcription and transcription-dependent replication of hu-
man mitochondrial DNA (mtDNA) (1). In this genome, both
the light and the heavy DNA strands code for proteins. In
addition, there is a noncoding region where most of the
cis-regulatory elements of mtDNA are found, including
the heavy and light strand promoters (HSP1 and light strand
promoter (LSP), respectively). By binding to specific se-
quences at LSP and HSP1, TFAM recruits the RNA poly-
merase (2). Another equally important function of this
abundant protein is the compaction of mtDNA into nucleo-
protein structures named nucleoids (1). TFAM activities are
essential for mtDNA maintenance, mitochondrial biogen-
esis, and organism viability (1). TFAM belongs to the
High Mobility Group B protein family. It contains two
HMG box domains (HMG1 and HMG2) separated by a
linker and followed by a C-terminal tail. In general terms,
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the HMG box domains consist of three a-helices arranged
in an L-shape. The concave surface of this L-shape binds
to the DNA minor groove, inducing pronounced bending
of the DNA double helix (3).

The structure of TFAM in complex with its cognate bind-
ing site at LSP was determined by crystallographic studies,
using either 22-bp (4) or 28-bp (5) DNA fragments (PDB:
3TQ6 and 3TMM, respectively). Additional structures
include TFAM in complex with 22-bp fragments that
contain either mitochondrial heavy strand promoter HSP1
(PDB: 4NNU) or nonspecific DNA (nsDNA; PDB:
4NOD) (6). In all these structures, each HMG-box domain
of TFAM induces 90� bending to the DNA minor groove
and the insertion of Leu58 (from HMG1) and Leu182
(from HMG2) into two 10 bp-separated sites, thus inducing
an overall U-turn to the double helix (Fig. 1, A and B;
Fig. S1 A). Additional residues from each HMG box domain
contact the DNA and further stabilize the interaction
(Fig. S1 B). Both HMG domains are joined by a positively
charged 30-residue linker. In the complex, the protein and
the DNA are intertwined. The HMG-boxes contact the
minor groove on the same face of the DNA, whereas the
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FIGURE 1 Experimental design for TFAM-LSP

FRET experiments. (A) Sequences of DNA30 and

DNA50 used for FRET assays were designed based

on the TFAM/LSP22 crystal structure (4). DNA ba-

ses in light gray correspond to the crystallized frag-

ment LSP22 (bent by 180�; see B), the additional

bases in black correspond to the mtDNA sequence.

Alexa 488 and Alexa 594 fluorophores are shown

as light and dark gray dots, respectively. Black as-

terisks indicate the insertion sites of Leu58 and

Leu182. (B) 180�-rotated views are given of the

TFAM/LSP22 crystal structure (4). The DNA

(LSP22, 22 bp) is bent in a U-turn by the protein do-

mains HMG1 and HMG2 (labeled in light and dark

gray, respectively), stabilized by the linker domain.

(C) Shown here is a scheme of the FRET strategy

based on DNA30 and DNA50. A U-turn (a V-shape)

results in similar (different) FRET efficiencies for

DNA30 and DNA50. In a V-shape, the distance

between dyes increases dramatically with DNA

length (thus energy transfer decreases), whereas

in the U-turn the distance is similar (and so is the

FRET efficiency).
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linker, in an a-helix conformation, nonspecifically interacts
with the minor groove at the opposite side of the double
helix. The C-terminal tail of TFAM contacts the mitochon-
drial RNA polymerase at the promoters (2). Both linker and
C-terminal tail are unstructured in unbound TFAM,
whereas, in a complex with DNA, the linker folds into the
a-helix structure (4). These crystallographic studies have
provided enormous insight into the atomic details of com-
plex formation, but they present a static structure with po-
tential lattice artifacts. This raises two questions: whether
the x-ray structure represents the conformational ensemble
of the TFAM/LSP complex in solution, and what underlying
mechanism is used by the protein to bend the DNA.

Previous FRET studies on TFAM/LSP complexes showed
consistency between the distance of the DNA ends in solu-
tion (�60 Å) (5–7) and the distance found in the 28-bp DNA
crystal structure (�55 Å) (5). However, these and other
studies (8,9) showed weak or no binding of isolated
HMG2 constructs to the DNA, and suggested that HMG1
and the linker direct DNA binding and bending. Further-
more, these FRET studies failed to confirm the double
kink shown by the crystal structure, and did not provide
any information on the mechanism of TFAM-induced
bending. Single-molecule FRET (smFRET) reports on the
mutual distance between dyes and can resolve subpopula-
tions within a heterogeneous sample to distinguish mole-
cules in different dynamic states. Pioneered in the late
1990s on immobilized DNA (10) and freely diffusing mol-
ecules in solution (11), the power of this technique has
been shown by many subsequent studies. smFRET has
proven particularly suitable for the analysis of DNA distor-
tion on protein binding in, for example, the yeast Nhp6 pro-
tein (12) or the eukaryotic transcription factor TATA-box
binding protein (13).

In this study, we combined data from smFRET on freely
diffusing molecules with results from SAXS and atomistic
MD simulations to obtain structural information on the
TFAM/LSP complex in solution, and to understand the
mechanism of DNA binding and bending by TFAM. Our
first aim was to discern whether TFAM bends DNA into
a U-shape, which would have two kinks, or in a V-form
with a single kink. We then studied the role of each protein
domain in DNA binding and bending and derived a step-
wise model for the TFAM/LSP interaction. SAXS studies
provided a further biophysical characterization of the
complex, revealing intrinsic structural dynamics of the
complex. Finally, the structural properties underlying these
dynamics were investigated by MD simulations. These
properties were compared for a wild-type TFAM/LSP
complex and an in silico nine-residue mutant, to analyze
the contribution of protein and DNA components to com-
plex dynamics and flexibility. Our study reveals the
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molecular mechanism underlying LSP bending in which
TFAM bends the DNA into a U-turn by synergic coopera-
tion between its HMG box domains that kink the DNA,
and the flexible linker that maintains the U-turn in a
dynamic complex.
MATERIALS AND METHODS

The Supporting Material provides further details, adding to the succinct

methods below.
Design of DNA constructs for smFRET
experiments

Two DNA constructs of 30-bp (DNA30) and 50-bp (DNA50) length con-

taining the cognate binding sequence at LSP were labeled with donor

(Alexa 488) and acceptor (Alexa 594) dyes attached to the 50 ends of

complementary strands. After purification, single-stranded DNAs were

annealed and the duplex was separated from nonannealed DNA by

HPLC. Control samples were prepared with the same DNA sequences

carrying only the donor (donor-only) or acceptor (acceptor-only)

fluorophore.
Protein preparation

TFAM (residues 43–246; UniProt Q00059) and TFAM domains HMG1

(aa 43–125) and HMG2-Cter (aa 149–246) were cloned into pET28b(þ)

(Novagen (EMD) Biosciences, Madison, WI). The HMG1-L domain

(aa 43–152) was cloned in pOPINF vector. All proteins and domain

constructs were prepared as previously reported (4). Their folding was

assessed by circular dichroism at the Centre for Genomic Regulation

(Barcelona, Spain).
Protein and DNA complex formation

DNA and protein (or protein domains) were mixed at different molar ratios

(1:1, 2:1) and dialyzed stepwise to a final buffer containing low salt

(100 mM NaCl). smFRET measurements were made at a 10-fold excess

of unlabeled DNA (from 500 pM total DNA, 50 pM were labeled). Com-

plex formation was assessed by electrophoretic mobility shift assay

(EMSA).
Single-molecule FRET experiments

smFRET experiments were performed on a home-built confocal micro-

scope as described in (14,15). smFRET was measured on DNA and com-

plexes in solution, in buffers containing 1 mM ascorbic acid and 0.01%

surfactant Nonidet P40 to avoid photodamage and adhesion, by using multi-

plates (Greiner Bio-One, Kremsm€unster, Austria) passivated with Sigma-

cote (Sigma-Aldrich, St. Louis, MO). For each fluorescence burst, the

proximity ratio was analyzed by the sensitized emission of the acceptor

upon selective donor excitation (14).
SAXS measurements

SAXS data of TFAM/LSP22 from 1.7 to 10.5 mg mL�1 were measured at

the BioSAXS beamline from European Synchrotron Radiation Facility

(Grenoble, France). Parameters were calculated from merged curves using

appropriate programs. Models for comparison were generated with specific

methods as detailed in the Supporting Material.
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Molecular dynamics simulations

MD simulations of free DNA30 and DNA30 in complex with wild-type or

mutant TFAM were performed using the AMBER 12 package. The starting

coordinates of the TFAM/LSP complex were taken from the LSP22 crystal

structure (PDB: 3TQ6). We created the mutant variant by mutating all res-

idues of the HMG-boxes that directly interact with the DNA bases to

alanine (L58A, Y57A, T77A, T78A, and I81A from HMG1, and Y162A,

N163A, V166A, and L182A from HMG2-Cter). Details of preparation,

equilibration, production, and analysis of the simulations can be found in

the Supporting Material.
RESULTS

Design of the DNA constructs for smFRET
experiments

Until now, not much is known about the structure and the
stability of the TFAM/LSP complex in solution. Thus,
we first determined whether TFAM bends LSP into a
U-shape—similar to the crystal structure (Fig. 1 B)
(4,5)—or into a V-shape, as previously suggested (7).
The rationale behind our approach is shown in Fig. 1.
We designed two DNA constructs of 30 bp (DNA30) and
50 bp (DNA50) length, whose central part includes
the cognate binding site of TFAM at LSP (LSP22)
(Fig. 1 A). The DNA ends were labeled with a FRET donor
(Alexa 488) and acceptor (Alexa 594). Assuming a canon-
ical B-DNA double helix in the absence of TFAM, the
distance between dyes would exceed 10 nm for both con-
structs (102 Å for DNA30, 170 Å for DNA50), hence we ex-
pected very little or no FRET in unbound DNA. Upon
binding to the central cognate sequence (hereafter denoted
as TFAM/DNA30 and TFAM/DNA50 complexes), TFAM is
expected to bend the DNA, reducing the distance between
both dyes and generating a FRET signal. If TFAM bends
the DNA at a single site, the DNA would assume a
V-form and the FRET signal for TFAM/DNA50 would be
much smaller than for TFAM/DNA30, because the distance
between both fluorophores would increase with DNA
length (Fig. 1 C, right column). However, if TFAM kinks
LSP at two sites, a U-turn would be induced, and the dis-
tance between both fluorophores would be similar in
TFAM/DNA30 and TFAM/DNA50 (Fig. 1 C, left column).
Therefore, to probe the mechanism of TFAM-induced
DNA bending, we performed smFRET experiments for
DNA30 and DNA50 incubated with either full-length
TFAM or individual TFAM domains.
TFAM binds LSP in a U-turn

smFRET histograms of TFAM/DNA30 and TFAM/DNA50

complexes are shown in Fig. 2. The concentration of
labeled DNA was set to 50 pM (corresponding to
500 pM DNA in total; see the Supporting Material).
Data were acquired for 600 s, which is sufficient to
achieve a good separation of subpopulations in the



TABLE 1 Characteristic Proximity Ratio Values of the High

FRET Peak for TFAM and TFAM Domains in Complex with

DNA30 and DNA50

Sample Proximity Ratio DNA30 Proximity Ratio DNA50

Free DNA 0.160 5 0.005 0.150 5 0.003

TFAM/DNA 0.481 5 0.011 0.437 5 0.007

HMG1-L/DNA 0.277 5 0.006 0.152 5 0.004

HMG1/DNA 0.217 5 0.007 0.156 5 0.001

HMG2-Cter/DNA 0.175 5 0.003 0.156 5 N/A

For each peak, the proximity ratio (i.e., mean value over replicates) and the

associated SE (s/On) are shown. Note that the free DNA sample is

described by the peak of the donor-acceptor duplex DNA, as the donor-

only peak at P ¼ 0 does not convey any structural information.

FIGURE 2 Representative smFRET histograms for TFAM/DNA30

(A) and TFAM/DNA50 (B) complexes. The distributions of free DNA30

and DNA50 are shown in light gray, whereas complexes with TFAM

(TFAM/DNA) are shown in dark gray. The donor-only peak at P ¼ 0 repre-

sents molecules that lack an active acceptor. The p values of high FRET

peaks are indicated in Table 1. (C) Shown here is nondenaturing polyacryl-

amide gel (5%) with TFAM/DNA30 and TFAM/DNA50 samples. The gel

bands were visualized using the fluorescence signal from Alexa 594 (exci-

tation at 532 nm, detection at 595–625 nm). The symbol (<) shows migra-

tion of DNA30 (free and in complex) and (<<) shows DNA50 (free and in

complex). Note that the lower band below free DNA30 is due to a minor im-

purity of single-stranded DNA in the sample.
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histogram. After fitting with multiple Gaussian distribu-
tions, the characteristic proximity ratio value (P) of each
peak was determined, as well as their width (FWHM).
Free DNA showed two peaks; a donor-only species, which
represents molecules that lack an active acceptor dye and
which is centered around P ¼ 0, and a second population
that corresponds to the donor-acceptor duplex DNA
(Fig. 2 A, light gray line, Table 1). The nonzero proximity
ratio of the second peak is a result of residual acceptor
excitation and does not arise from energy transfer. In
contrast, TFAM/DNA30 formed an additional species
with higher proximity ratio at P � 0.5 (Fig. 2 A, in dark
gray). This population was broader (FWHM ¼ 0.22 5
0.08) than free DNA (FWHM ¼ 0.13 5 0.01). The excess
width suggests either static heterogeneity, due to the pres-
ence of differently bent subconformations, or fast dy-
namics of the complex.

Importantly, the smFRET distribution of TFAM/DNA50

was similar to that of TFAM/DNA30, with a slightly lower
P for the TFAM/DNA50 complex (P � 0.43), as shown in
Fig. 2, A and B. This small difference could arise from elec-
trostatic repulsion of the longer DNA arms of DNA50. For
both DNA30 and DNA50, the complex formation was previ-
ously assessed by EMSA (Fig. 2 C). The fact that DNA30

and DNA50 yielded comparable P values upon TFAM bind-
ing strongly supports the U-turn model for TFAM-induced
DNA bending.
The individual protein domains orchestrate a
stepwise DNA bending

Next, we studied the role of the individual TFAM domains
in LSP bending. To do so, we generated a construct con-
taining HMG1 domain alone (residues 43–125, called
HMG1), HMG1 with the linker region (residues 43–152,
HMG1-L), and HMG2 with the C-terminal tail (residues
149–246, HMG2-Cter) (Fig. S1 A). We first tested the abil-
ity of these protein fragments to bind fluorescently labeled
DNA30 and DNA50 at nanomolar concentrations by EMSA.
Increasing concentrations of full-length TFAM (>200 nM)
resulted in a two-band shift (Fig. S2), which might be
related to oligomerization of TFAM in the presence of
DNA, as previously reported (8). Note that in subsequent
smFRET studies, sample concentrations were in the subna-
nomolar range, so protein oligomerization should be negli-
gible. Regarding the EMSAs, full-length TFAM showed
higher DNA binding ability than the individual domains.
Biophysical Journal 114, 2386–2396, May 22, 2018 2389
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HMG1 showed blurred band shifts, which suggests that it is
a less stable complex. In contrast, the presence of the linker
in HMG1-L resulted in better DNA binding, whereas
HMG2-Cter showed very weak (but still detectable) bind-
ing, in agreement with previous reports (8,9). The fact
that bands shifted by full-length TFAM were better defined
than those of HMG1-L indicates that HMG2 helps to stabi-
lize the position of TFAM on DNA30, even though it has a
low affinity for DNA on its own.

Whereas EMSA data provide information on protein
binding, FRET serves as a local probe for DNA bending.
smFRET histograms of the domain constructs in complex
with DNAwere asymmetric at proximity ratios higher than
those of free DNA30 (Fig. 3 A; Table 1). Binding of HMG1
led to a broader distribution with a slightly higher prox-
imity ratio (P � 0.22) compared to the free DNA peak
(P � 0.16). For HMG1-L, the proximity ratio further
increased (P � 0.28) and showed a somewhat sharper dis-
tribution, which suggests that the linker stabilizes binding
of HMG1 to DNA and enhances DNA bending. Still, the
proximity ratio was lower than that observed for full-
length TFAM, which indicates that the second HMG
box is required to induce the final U-turn. Binding
of HMG2-Cter to DNA30 showed a different picture.
Although the center of the proximity ratio for the complex
was similar to that of HMG1/DNA30, its relative area was
much lower, which suggests weaker binding. Such a
weaker binding is consistent with the marginal DNA shift
in EMSA (Fig. S2 A). A hypothetical representation of
DNA bending within each complex is shown beside the
corresponding FRET histogram in Fig. 3 B. Notably, the
complex of any of these TFAM fragments with longer
DNA50 resulted in histograms similar to that of unbound
DNA50 (see EMSA and FRET data in Fig. S2 and FRET
values in Table 1), which further indicates that each
2390 Biophysical Journal 114, 2386–2396, May 22, 2018
subdomain induces only a single kink and bends DNA
into a V-shape.
TFAM forms a compact and heterogeneous
complex with DNA

To further characterize the TFAM/LSP complex in solution,
we performed SAXS measurements. From the TFAM/LSP
scattering curve we could estimate a molecular mass
of �30 kDa (16), which agrees with one protein bound to
one DNA molecule (25.6 KDa TFAM þ 13.5 kDa
DNA ¼ 39.1 kDa). The estimated radius of gyration (Rg)
of the complex (Rg ¼ 26.0 5 0.1 Å) is smaller than that
of the free protein (Rg ¼ 32.0 5 0.3 Å) (4). This is consis-
tent with previous single-molecule (17) and multiangle light
scattering (5) studies, which indicated that the protein/DNA
particle is more compact than the free protein. The Kratky
plot derived from the scattering curve has a bell-shaped pro-
file consistent with an overall globular shape in solution
(Fig. 4 A). This is in contrast to the Kratky plot for the
free protein, which does not show a maximum and indicates
a high degree of conformational flexibility that we attributed
to the structural variability, due to both the linker and C-ter-
minal tail (Fig. 4 A; (4)). The pairwise distance distribution
p(r), which provides the overall shape of the particle in
solution, displays a slightly asymmetric profile with a
maximum intramolecular distance (Dmax) of 82 Å. Notably,
this value is smaller than Dmax of unbound TFAM (Dmax ¼
135 5 5 Å) (Fig. 4 B), which further demonstrates the
compaction of the protein upon DNA binding.

We used the crystallographic structure of the complex as a
model to describe the SAXS curve. Despite the overall sim-
ilarity of both curves, the fit is relatively poor (c2 ¼ 2.93)
and shows systematic deviations throughout the complete
momentum transfer range (Fig. S3 A). This suggests that
FIGURE 3 The individual protein domains

orchestrate stepwise DNA bending. (A) Represen-

tative smFRET histograms for TFAM and TFAM

domains in complex with DNA30 are shown. The

complex with full-length TFAM is shown at the

top, followed by HMG1-L, HMG1, HMG2-Cter,

and free DNA (bottom). (B) A model of bending

is represented aligned with each histogram and

ordered from top (sharpest) to bottom (lowest) ac-

cording to the extent of DNA bending. The TFAM/

DNA model is based on the U-turn structure,

whereas the complexes with domains are hypothet-

ical representations based on the proximity ratio

distributions. The DNA is represented as prebent,

in accordance with our MD results. From bottom

to top, the free DNA and HMG2 complex show

similar bending due to the marginal effect of

HMG2. Above, HMG1 introduces the first kink,

which is enhanced by the linker. At the top, full-

length TFAM induces a U-turn, suggesting cooper-

ativity, because HMG2 kinks the DNA only in the

presence of the N-terminal protein fragment.



FIGURE 4 SAXS analysis of TFAM/LSP complexes. (A) Kratky repre-

sentation of experimental SAXS curves. Values have been normalized

by I0. The TFAM/LSP complex shows the profile of a globular particle

(dark gray), whereas free TFAM (in light gray) clearly shows the profile

of a flexible protein. (B) Shown here is the pairwise distance distribution

function p(r). Maximal particle dimensions are arrowed for both free and

DNA-bound TFAM.
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TFAM/LSP is not a static complex. The aforementioned
broadening of the TFAM/DNA peak in the smFRET distri-
bution also hints at the conformational flexibility of the
TFAM/LSP complex. A possible source of flexibility could
be the intrinsic disorder of the C-terminal tail, as suggested
by the weak electron density between Lys237 and Cys246
in both TFAM/LSP crystal structures. To check this, we
applied the ensemble optimization method (18) using a large
pool of TFAM/LSP structures with different C-terminal
conformations added to the crystallographic structure
(Fig. S3 B). However, the ensemble optimization method
did not yield a better description of the experimental curve,
which suggests that additional sources of flexibility apart
from the C-terminal tail are present in TFAM/LSP.
Computational analysis shows the intrinsic
curvature of the TFAM binding site at LSP

To better understand the flexibility of TFAM/LSP com-
plexes at the molecular level, we characterized the structural
and dynamic properties of free LSP-DNA and the protein/
DNA complex by MD simulations. First, we assessed the
sequence-dependent intrinsic curvature and flexibility of
each base pair step of free DNA30 in water. During the simu-
lation, the initially straight DNA30 spontaneously assumed a
more curved conformation, with an average total bend of
725 18� (Figs. 5 A and S4 A). In particular, the region spe-
cifically contacted by TFAM in the bound structure (repre-
sented by LSP22 in the crystal structure; see Fig. 1 A),
showed an average curvature of 46 5 12�, with an occa-
sional high curvature conformation (113�) closer to that of
the protein-bound DNA (169�) (Fig. S4 B). An analysis of
the average minor groove width along the TFAM binding
site showed sequence-dependent variability. In particular,
the minor groove around the Leu58 insertion site is narrower
than that around Leu182 in the free DNA (Fig. S4 C).

An analysis of the basepair parameters shows that step
A3C4/G19T20, into which HMG1 Leu58 inserts, is moder-
ately flexible (left vertical line in stiffness plot in Fig. 5 B)
and has roll values close to those of an ideal B-DNA
(�0.84� on average; green line in Fig. 5 C). In contrast,
the neighboring step C4A5/T18G19 and, importantly, the
insertion site of HMG2 Leu182, step C15A16/T7G8, have a
higher, positive roll (10.4 and 10.5�, respectively) and are
more flexible (Fig. 5, B and C). In summary, DNA30 deviates
moderately from the canonical B-DNA at the Leu58 inser-
tion site, whereas at the following step and Leu182 site
the deviations are much more pronounced.
LSP forms a nonstatic complex with TFAM

The influence of TFAM on DNA bending was analyzed by
MD simulations of LSP in complex with wild-type protein.
We monitored structural changes during the MD by second-
ary structure analysis (Fig. 6 A) and time-dependent root
mean square deviation (RMSD) relative to the equilibrated
initial structure (Fig. 6 B). During the MD simulation, the
complex maintained the DNA-protein contacts, and
converged to a structure similar to the initial one at the
end of the simulation.

The most significant motion as captured by principal
component analysis of the MD trajectory was a reversible
dynamic separation between the two HMG domains, which
moved apart back and forth in a butterfly or ‘‘breathing’’
movement (Fig. S5 A). At the center of this movement,
the linker is predicted to locate the hinge point of the entire
complex (arrow in Fig. S5 A). The breathing of the protein
was coupled to a bending-relaxation movement of DNA, but
no changes in protein/DNA contacts were detected. The
largest fluctuations of atomic positions took place at
HMG1 and, remarkably, in the linker region (the average
atomic mobility during MD is represented by the root
mean square fluctuations in Fig. S5 B, black curve). Interest-
ingly, during the simulation, an event with the highest
RMSD occurred (indicated with a gray frame in Fig. 6 B).
Biophysical Journal 114, 2386–2396, May 22, 2018 2391



FIGURE 5 Structural features of the TFAM

binding site at LSP. (A) Given here is a DNA30

LSP sequence in the ideal B-DNA form (in gray)

and a frame from the MD simulation (in green)

that shows considerable distortions. (B) Values of

the stiffness parameter Ktotal are for the naked

LSP sequence, calculated from the MD simulation

for each base pair step. (C) Given here is the base

pair parameter roll (in degrees) for the DNA30 LSP

sequence in the x-ray crystal structure (in blue) and

averaged during the MD simulations for the naked

DNA (in green), for the DNA in complex with the

wild-type protein (in black), and in complex with

the MD-mutant protein (in red).
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This corresponded to DNA straightening toward its ideal
naked conformation (DNA bending ranges from 169
to 61�; Fig. 6 C), together with partial unfolding of the linker
region (black square in Fig. 6, A and D, left column). Thus,
the linker is the protein region that adapts most to DNA
movements, and it unfolded precisely at the region that con-
tacts the DNA. This conformational change suggests that the
protein accommodates the DNA motions by virtue of its
linker flexibility, without disrupting the contacts of the
HMG boxes with the DNA. To relate these conformational
changes to the smFRET broadening, we calculated interdye
distances for those MD models that diverged most from the
x-ray structure after relaxation (Fig. S3 C). This led to theo-
retical, MD-based FRETefficiency values, from 0.31 to 0.65
(Table 2). This broad range is in agreement with the
increased peak width in the smFRET distributions, which
indicates that the flexibility of the TFAM-LSP complex is
reflected in the peak broadening.

We next took a closer look at the base pair parameters of
the DNA. In the crystal structure, the protein-bound DNA
displays the highest roll angle at the base pair steps con-
tacted by Leu58 (at HMG1) or Leu182 (at HMG2) (4)
(Fig. 5 C, blue line). During the MD simulation of the
wild-type (WT) complex, the high roll at the Leu182 step
was maintained, whereas the roll angle at the Leu58-con-
2392 Biophysical Journal 114, 2386–2396, May 22, 2018
tacted step A3C4/G19T20 diminished (Fig. 5 C, black line).
The angle at the neighboring steps C4A5/T18G19 and
A5G6/C17T18 was maintained or increased. Thus, in the
HMG1 region, the stress at one point with high roll angle re-
distributes to the neighboring steps, keeping the bending of
the DNA. These changes in roll at the HMG1 binding site
may correspond to release of crystal packing constraints,
which results in a less kinked and less stressed DNA than
that found in the x-ray structure. Interestingly, the compar-
ison of DNA in bound and unbound states shows that the
major structural distortions found in the complex (such as
the roll angle) are already present in the unbound form,
yet less pronounced. In addition, the roll redistribution in
the complex during the MD leads to a pattern that is more
similar to that of naked DNA than the x-ray one. These sim-
ilarities suggest that the free 22 bps in LSP that contact
TFAM have a structural propensity toward the protein-
bound conformation.
The dynamic tension between TFAM and LSP
causes reversible unfolding of the linker

To further understand the influence of the DNA-contacting
residues in HMG1 and HMG2 on DNA bending, we
ran an MD simulation of an in silico TFAM mutant



FIGURE 6 Structural variability of the TFAM/

LSP complex. (A) Shown here is a secondary struc-

ture plot of WT protein in complex with LSP during

the simulation (every 100th snapshot). The second-

ary structure of the WT protein, i.e., the HMG1,

HMG2, and linker domains (marked as H1, H2

and L, respectively), are maintained during the

simulation, except for an unfolding event at the

linker region at �160 ns (red box). Helical confor-

mation is labeled in cyan (helix 310 in dark blue),

turns in violet, and coils in white. (B) Shown here

is the time-dependent RMSD of Ca atoms in the

WT protein in complex with DNA. The reference

structure is the x-ray crystal structure after MD

relaxation. The box highlights the highest values,

which coincide with unfolding of the linker

(compare with (A)). (C) Given here is the total

bend (in degrees) of the DNA in complex with the

WT protein during the MD simulation. The arrow

points at the event during which the DNA signifi-

cantly reduces its bending, as shown in the overlay

between the starting DNA structure (light gray)

and the DNA at this time step (dark gray).

(D) Shown here are plots showing the unfolding of

the linker compared to the initial structure (in light

gray) for the WT protein (in black, left panel) and

the MD-mutant protein (in dark gray, right panel)

throughout the simulation. In the images (front and

side views of the complexes), the black arrows point

to the linker region that unfolds during the MD. To

see this figure in color, go online.
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(MD-mutant) in complex with DNA. In the mutant, nine
residues were substituted by alanines: L58A, Y57A,
T77A, T78A, and I81A from HMG1; and Y162A, N163A,
V166A, and L182A from HMG2 (Fig. S1 B). Comparison
of the mutant and the WT trajectory should reveal the con-
straints imposed by the WT side chains to the bent DNA.

The MD trajectory of the MD-mutant/DNA complex
showed higher deviation from the initial conformation
(see the overall higher values of mutant RMSD,
Fig. S5 C). Principal component analysis revealed a faster
TABLE 2 Donor-Acceptor Distance Calculation for the Initially

Relaxed Crystal Structure and Four Representative

Conformations from the MD Simulations

Sample RDA sDA EFRET

0_pdb 48.1 10.3 0.31

121_pdb 52.3 11.8 0.43

31_pdb 56.6 7.2 0.54

26_pdb 53.3 10.5 0.45

00_pdb 61.2 8.9 0.65

The DNA from the MD structures was extended with the DNA30 sequence.

All parameters were computed using the FPS toolkit. 0_pdb indicates the

initially relaxed structure, RDA indicates the dye-to-dye distance in Å,

sDA indicates the standard deviation, and EFRET values are FRET effi-

ciencies calculated from the weighted RDA�s assuming a Förster radius

of R0 ¼ 55.6 Å.
breathing motion of the HMG boxes around the linker hinge
point than in the WT complex (Fig. S5 A). Compared to the
WT complex, the root mean square fluctuation of DNA
atoms increased significantly in regions that are contacted
by the HMG boxes and, notably, by the linker (Fig. S5 B).
During the simulation, the strain on the DNA diminished
because the overall roll angles decreased, as did the global
curvature (exemplified by lower roll values, Fig. 5 C).
Most importantly, the linker irreversibly lost its helical
structure due to unfolding and stretching at the region
between residues 123–153 (Fig. 6 D right column, and
Fig. S6), which on average increased its distance from the
DNA (Fig. S5 D). Although these deformations were
considerable, the contacts between the HMG boxes and
DNAwere preserved. Only a slight increase in the distance
between HMG2 and the DNA was observed along the MD
simulation, which did not result in disassembly of the com-
plex at this timescale (Fig. S5 D).

The HMG2 DNA region has a kink characterized by the
highest roll (red graph in Fig. 5 C), which only slightly
diminished during the simulation, even though Leu182
was substituted by the much shorter alanine. On the other
hand, the kink at the HMG1 region shifted from A3C4/
G19T20 in the x-ray structure to the immediate neighbor
C4A5/T18G19. Strikingly, the latter is also the step with the
Biophysical Journal 114, 2386–2396, May 22, 2018 2393
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highest flexibility and roll in the naked DNA structure
(compare green and red lines in Fig. 5 C). Thus, upon
removal of the side chains that constrain the DNA in a
kinked conformation, the DNA relocates the distortions to
the steps that are intrinsically easier to distort, without
affecting the binding or the bending. Therefore, in complex
with the MD-mutant, the DNA tries to recover, even more
closely, the intrinsic sequence-dependent structure of the
naked double helix. This results in stronger distortions at
the protein region that is most sensitive to structural varia-
tions in DNA, which is the linker.
DISCUSSION

TFAM is a transcription factor that induces strong bending
to LSP and HSP1 promoters (19), enabling mtRNAP recruit-
ment (2,5,7). In addition, it is an architectural protein that
compacts human mtDNA by introducing strong bends to
the double helix (5,6,20–22). In this study, we investigated
the mechanism by which the protein binds and bends
DNA in solution and whether it does so at a single point,
leading to a V-kink deformation, or at two points,
leading to the U-turn conformation found in the crystal.
By combining single-molecule FRET and SAXS data, we
unambiguously showed that TFAM compacts LSP by
inducing a U-turn, and that each individual HMG box
imposes a single kink to the DNA. Our data revealed that
the linker between the HMG boxes enhances the bending
exerted by HMG1 and, as unveiled by MD, confers consid-
erable flexibility to the complex. In the TFAM/LSP crystal
structure, an electropositive surface of the linker C-terminal
region binds the concave surface of the U-turn, thus stabiliz-
ing the bending by electrostatic interactions (4,5). Similar
contact might occur in the HMG1-L/DNA complex.

Interestingly, in the free protein the linker is disordered
but gains a-helix character in complex with DNA, as seen
in the crystal structure, by SAXS (4) and by CD spectros-
copy (7,9). This transition is pivotal to the TFAM/LSP
interaction. We found that the isolated HMG2-Cter domain
has only low binding affinity to LSP. Previous studies
showed that binding ability increases when HMG2 is fused
to the linker C-terminal region (9), probably due to forma-
tion of a local hydrophobic core with the linker a-helix
(4). This suggests that, for efficient DNA binding,
HMG2 depends on the presence of the helical linker,
whose fold in turn depends on HMG1 bound to the
DNA. These findings support a unique stepwise binding
mechanism, in which DNA binding is driven by HMG1,
which initially bends the DNA into a V-shape. This re-
duces the accessible conformational space for the linker,
which folds into a 29-residue a-helix that wraps around
the DNA and reduces the distance between HMG boxes.
This eventually facilitates HMG2 binding. The latter, in
turn, introduces a second V-kink to the DNA, completing
the U-shape conformation. The U-turn is thus a conse-
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quence of a double kink rather than a smooth DNA
bending. To sum up, the system shows a sequential coop-
erative bending, in which the synergy between the individ-
ual domains and the folding of the linker mediate the
correct alignment of protein and DNA.

An important question regarding the above model is
whether binding follows a pure induced fit paradigm, in
which the protein deforms a passive DNA, or if it has a
certain degree of conformational selection. In the latter,
the intrinsic deformability and conformation of the DNA
help to achieve the distortion pattern required for binding.
MD analysis shows that naked LSP has intrinsic overall cur-
vature and conformation at the basepair level that may facil-
itate its bending into a U-turn. However, detailed analysis of
trajectories shows the complexity of the contribution of the
DNA to the protein binding. HMG1 inserts Leu58 into the
DNA, but the strong distortion found in the crystal structure
at the insertion site diminishes during the time course of the
MD simulation and the neighboring steps, which have an
intrinsic ability to curve, partially absorbed the distortion.
Binding of HMG1 favors the formation of the linker a-helix
that facilitates the insertion of HMG2 at a DNA step charac-
terized by an extremely deformable and open base pair.
Interestingly, the complex is not static due to the intrinsic
flexibility of both LSP and the protein, as suggested by
MD and distribution broadening in smFRET. This is backed
up by the discrepancy between the experimental SAXS data
and a model based on the static crystal structure. Addition-
ally, an in silico mutant allowed us to gain information on
such a flexible bending mechanism of TFAM. Mutations
of key interacting residues in the two HMG domains lead
to an increase in the tendency of DNA to recover a straighter
conformation, which produces major corruption in the
linker conformation and some departure of the HMG2
from the bound arrangement.

Taken together, all these observations strongly suggest
that the TFAM/LSP complex is in a dynamic equilibrium
governed by 1) protein-DNA contacts, especially those
formed by the inserted leucines; 2) the equilibrium between
disordered and a-helix conformation of the linker; and 3)
the intrinsic tendency of DNA to fold back to a straighter
structure. The global structure of the complex is subjected
to opposing forces, leading to a flexible complex whose
overall conformation varies considerably. The bending an-
gles vary from 169� to 61�, a range that comprises the angles
detected by previous studies using LSP (78� or 72�) or
nsDNA (100� 5 20�) (7,21). Because U-turn bending is
required to recruit the mitochondrial RNA polymerase to
the LSP transcription initiation site (2), it can be speculated
that the degree of bending may condition transcription acti-
vation efficiency. The isoform TFAMDexon5 lacks the
C-terminal part of the linker and the first helix of HMG2
(residues 148–179) and is unable to activate transcription
in vitro (23). After the linker, such a polypeptide chain
may fold only into two consecutive a-helices and a
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disordered C-terminal tail. According to our data, this iso-
form might be unable to induce a U-turn on LSP, because
only intact HMG2 might actively bend the DNA into the
second V-shape. The C-terminal tail may contact the tran-
scription machinery, but the partial bending may not be suf-
ficient to bring it to the transcription initiation site. Such
impaired transcription and transcription-dependent replica-
tion is expected to have a direct impact on mtDNA and mito-
chondria biogenesis.

TFAM is the main protein involved in mtDNA packaging,
in which most of interactions are nonspecific. In this regard,
it is highly plausible that variability in bending may depend
on the properties of the sequence at the DNA binding sites.
It was shown that HMG-box proteins increase DNA flexi-
bility and decrease DNA persistence length (a parameter
related to the stiffness of the DNA) by kinking the DNA.
These HMG-box proteins include TFAM (17) and the
Saccharomyces cerevisiae HMO1 (24) and Nhp6A (12) pro-
teins. Two models have been proposed to explain the in-
crease in flexibility of the kinked complexes ((12,25,26)
and references therein): a static kink model, in which the
protein binds to DNA creating fixed angle bends; and a flex-
ible hinge model in which a highly dynamic complex has
significant oscillations around a slightly preferred bending
angle. Previous optical force experiments using long DNA
molecules detected an increase in DNA flexibility upon
TFAM binding (17). Based on the static crystal structure,
the authors proposed that TFAM/DNA complexes were
rigid entities and flexibility could arise from local denatur-
ation of the DNA between protein/DNA kinks. However,
our data clearly demonstrate that the TFAM/DNA complex
is flexible and governed by dynamic tensions, as shown by
our MD calculations, and suggests a rather flexible hinge
model exhibiting variable bending. Thus, TFAM would
introduce local flexible points at nsDNA during compaction,
and such flexible assemblies should be compatible with for-
mation of higher-order protein-DNA complexes.

In conclusion, our study provides important insights into
the molecular mechanism underlying bending of LSP by
TFAM. We show by FRET and SAXS that TFAM domains
bind and bend LSP by a stepwise mechanism that induces a
compact U-turn in solution. MD shows that the complex is
dynamic and the DNA tends to recover its free state confor-
mation, but this is counteracted by unfolding and refolding
of the protein helical linker, which restores the U-turn. This
tension results in variation of the bending angle. Our results
point to a tight DNA bending mechanism based on the flex-
ibility of TFAM. A similar mechanism may underlie DNA
compaction in mitochondria, a process that is essential for
cell life.
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