N

N

Structural analysis of the Candida albicans
mitochondrial DNA maintenance factor (Geflp reveals a
dynamic DNA-bridging mechanism
Aleix Tarrés-Solé, Federica Battistini, Joachim Gerhold, Olivier Piétrement,
Belén Martinez-Garcia, Elena Ruiz-Lopez, Sébastien Lyonnais, Pau Bernado,

Joaquim Roca, Modesto Orozco, et al.

» To cite this version:

Aleix Tarrés-Solé, Federica Battistini, Joachim Gerhold, Olivier Piétrement, Belén Martinez-Garcia,
et al.. Structural analysis of the Candida albicans mitochondrial DNA maintenance factor Geflp
reveals a dynamic DNA-bridging mechanism. Nucleic Acids Research, 2023, 10.1093/nar/gkad397 .
hal-04120278

HAL Id: hal-04120278
https://hal.science/hal-04120278
Submitted on 28 Nov 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04120278
https://hal.archives-ouvertes.fr

5864-5882 Nucleic Acids Research, 2023, Vol. 51, No. 11
https:Ildoi.orgl10.1093/narlgkad397

Published online 19 May 2023

Structural analysis of the Candida albicans
mitochondrial DNA maintenance factor Gcflp reveals
a dynamic DNA-bridging mechanism

Aleix Tarrés-Solé', Federica Battistini 23, Joachim M. Gerhold*, Olivier Piétrement “°,
Belén Martinez-Garcia %, Elena Ruiz-Lopez', Sébastien Lyonnais', Pau Bernadé “7,
Joaquim Roca "¢, Modesto Orozco?3, Eric Le Cam®, Juhan Sedman* and Maria Sola “'~*

1Structural MitoLab, Molecular Biology Institute Barcelona (IBMB-CSIC), Barcelona Science Park, Barcelona 08028,
Spain, 2Institute for Research in Biomedicine (IRB Barcelona), The Barcelona Institute of Science and Technology,
Barcelona 08028, Spain, *Department of Biochemistry, University of Barcelona, Barcelona 08028, Spain, *Institute of
Molecular and Cell Biology, University of Tartu, Tartu 51010, Estonia, >Genome Integrity and Cancer UMR 9019
CNRS, Université Paris Saclay, Gustave Roussy Campus, 114 rue Edouard Vaillant 94805 Villejuif Cedex, France,
8Molecular Biology Institute Barcelona (IBMB-CSIC), Barcelona 08028, Spain and ”Centre de Biologie Structurale
(CBS), Inserm, CNRS and Université de Montpellier, France, Sébastien Lyonnais, UAR 3725 CNRS, Université de

Montpellier, 34000 Montpellier, France

Received July 19, 2022; Revised April 01, 2023; Editorial Decision April 27, 2023; Accepted May 03, 2023

ABSTRACT

The compaction of mitochondrial DNA (mtDNA) is
regulated by architectural HMG-box proteins whose
limited cross-species similarity suggests diverse un-
derlying mechanisms. Viability of Candida albicans,
a human antibiotic-resistant mucosal pathogen, is
compromised by altering mtDNA regulators. Among
them, there is the mtDNA maintenance factor Gcf1p,
which differs in sequence and structure from its hu-
man and Saccharomyces cerevisiae counterparts,
TFAM and Abf2p. Our crystallographic, biophysical,
biochemical and computational analysis showed that
Gcflp forms dynamic protein/DNA multimers by a
combined action of an N-terminal unstructured tail
and a long helix. Furthermore, an HMG-box domain
canonically binds the minor groove and dramati-
cally bends the DNA while, unprecedentedly, a sec-
ond HMG-box binds the major groove without impos-
ing distortions. This architectural protein thus uses
its multiple domains to bridge co-aligned DNA seg-
ments without altering the DNA topology, revealing a
new mechanism of mtDNA condensation.
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INTRODUCTION

Candida species are major components of the healthy mam-
malian mucosa mycobiome, and are present in the oral
cavity (1), gastrointestinal (GI) (2) and reproductive (3)
tracts, and on the external epithelium (4). C. albicans con-
fers several benefits in mammals, including the stimulation
of mucosal immunity in the GI-tract mucosa (5), the direct
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inhibition of pathogens (6), and the triggering of trained im-
munity (7). However, Candida spp. can transition from ben-
eficial unicellular forms to filamentous hypha that cause in-
fections ranging from superficial to invasive and potentially
life-threatening (8-12). In hospitals in the developed world,
invasive candidiasis is the most widespread fungal disease
and, unfortunately, candida species are becoming increas-
ingly resistant to treatments (10).

The search for hypha-specific regulators in C. albicans
identified the Glom-like DNA condensation factor (Geflp),
which displays dynamic oligomerization behavior, forming
monomers and dimers in hyphal extracts but higher-order
species in yeast cells (13). Genomic and functional com-
parisons indicated a role for Geflp in mitochondrial nu-
cleoids (14), which contain mtDNA and associated reg-
ulatory proteins. C. albicans mtDNA is a linear 40.4 kb
molecule that encodes 14 subunits of the oxidative phos-
phorylation (OXPHOS) pathway, the main source of ATP
in aerobic conditions (15). Impairment of Candida mtDNA
or OXPHOS starves the cell of ATP and reduces viabil-
ity (16-19). Geflp overexpression was shown to increase
mtDNA levels by >50%, whereas gene repression decreased
mtDNA levels by 80%, reduced cell growth, and delayed
cell-cycle (20). Deletion of the GCF1 gene reduced the num-
ber of recombination structures and Holliday junctions sig-
nificantly, suggesting that Gcflp maintains mtDNA by par-
ticipating in recombination—dependent mtDNA replication
(21,22). Geflp sequence analysis and structural prediction
indicated the presence of two high-mobility group (HMG)-
box domains ((23), https://alphafold.ebi.ac.uk/search/text/
gcflp). This resembles the well-characterized mtDNA com-
pactors from S. cerevisiae (Abf2p) and mammals (TFAM),
which bind non-specifically to mtDNA and thereby induce
bending and compaction (24-28). Geflp may therefore ful-
fil a similar architectural function (23). However, functional
studies revealed some divergencies. In addition to its archi-
tectural function, TFAM also binds to mtDNA promoters
(29), a function not described for Geflp. Functional com-
plementation experiments showed that TFAM can partially
complement the loss of Abf2p in S. cerevisiae (30), whereas
Gcflp cannot (20). Moreover, Geflp is predicted to have
an additional N-terminal helical extension that is probably
involved in coiled-coil interactions (20,23). Furthermore,
Abf2p and TFAM bind efficiently to 25 bp fragments of
DNA whereas Geflp requires at least 50 bp (23). This data
suggest that Abf2p and TFAM use different DNA com-
paction mechanisms compared to Geflp.

To shed light on the regulation of mtDNA by Gcflp,
we prepared Geflp/DNA complexes and analyzed them
by an integrative approach including complementary tech-
niques such as X-ray diffraction, size exclusion chromatog-
raphy combined with multi-angle laser light scattering anal-
ysis (SEC-MALLS), small-angle X-ray scattering (SAXS),
electrophoretic mobility shift assays of mutants (EMSAs),
transmission electron microscopy (TEM) topology anal-
ysis and molecular dynamics (MD) simulations. The re-
sults show a highly dynamic DNA bridging mechanism
by Gcflp, which implies non-canonical structural features
for an HMG-box protein and which does not alter DNA
topology.
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MATERIALS AND METHODS

Cloning, mutagenesis, protein production and complex prepa-
ration

Mature Geflp (Geflp) comprises residues 25-245, lacking
the Mitochondrial Targeting Sequence (MTS) (13). The
N-terminal deletion (mutant Geflp53-245) was generated
by round-the-horn PCR (31) by using oligonucleotides 5'-
TCTACCAAACCTCCTAAAGTCGATACCAAG-3" and
5-TCCTTGGAAATACAGGTTTTCCAGATCCGATT
TTGGAGGATGGTCGCC-3 with Phusion polymerase
(Thermo Fisher Scientific). The mutant GcflpCCmut
(VS8A, L65A, 169A, A75K, L79K) was prepared by
Genscript Biotech. All proteins constructs were fused to
glutathione-S-transferase (GST) in vector pGEX-4T1
re-engineered to contain a tobacco etch virus (TEV)
cleavage site. The recombinant protein was expressed in
non-auxotrophic Escherichia coli expression strain Rosetta
2 cultured in LB medium. Seleno-methionine (Se-Met;
Molecular Dimensions) derivatives were produced in mini-
mal medium and the endogenous synthesis of L-methionine
was inhibited by adding an aminoacid mix (Sigma-Aldrich)
when the culture reached an OD at 600 nm of 0.5. All
cultures were grown at 37°C to an ODgy of 0.6, and
protein expression was induced by adding IPTG (final
concentration 1 mM) followed by incubation at 24°C for
4 h. Cell pellets were resuspended in lysis buffer A (750 mM
NaCl, 100 mM HEPES-Na pH 7.25) supplemented with
5 mM MgCl,, 5 mM B-mercaptoethanol, | mM EDTA,
1 x protease inhibitor cocktail (PIC, Roche), 25 pg/ml of
either RNAse A and DNAse I, and lysed using a CF-1 cell
disruptor (Constant Systems). Lysates were supplemented
with 1 mM PMSF and 0.01% Triton X-100, centrifuged at
74 000x g for 30’ using a JA25-50 rotor in a JX20 Avanti
centrifuge (BD Biosciences) and loaded onto a GSTrap FF
1 ml column (Cytiva) coupled to an Akta FPLC device
(GE Healthcare) at a flow rate of 0.5 ml/min. The column
was washed with 10 column volumes (CV) of washing
buffer (1 M NaCl, 100 mM HEPES-Na pH 7.25, 5 mM
MgClp, 1 mM B-mercaptoethanol, | mM EDTA, 1x PIC,
10 pg/ml of either RNAse A and DNAse I, 0.01% Triton
X-100) followed by 2 CV of digestion buffer (buffer A
supplemented with PIC 1 x and 1mM PMSF). The column
was injected with 50 wg TEV protease, incubated O/N at
RT in the presence of 1 mM PMSEF, and the protein was
eluted in 10 CV of fresh digestion buffer. Protein samples
were diluted with 50 mM HEPES-Na pH 7.5 to a final
NaCl concentration of 200 mM (protein concentration,
0.2 mg/ml), and loaded onto a 1 ml MonoS 5/50 column
(Cytiva) at a constant flow of 0.5 ml/min. Geflp was eluted
by applying a linear gradient with buffer B containing
HEPES-Na (pH 7.5) and 1 M NaCl, in 30 CVs. Eluted
samples were flash frozen in liquid nitrogen before storage
at —80°C.

Double-stranded DNA substrates were prepared from
an equimolar mix of complementary oligonucleotides
(Biomers) annealed O/N from 98°C (5 min) to RT, in
the presence of 20 mM NaCl, 20 mM Tris—HCI pH 8.0
and 5 mM MgCl,, and stored at —20°C. DNA20 (5'-
ATAATAAATTATATAATATA-3 and complementary
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sequence) and DNAS50 (5-GGAGCAGGTATTGGTATT
GCTATCGTATTCGCAGCTTTAATTAATGGTGT-3
and complementary sequence) were derived from the
sequences previously crystallized with Abf2p (26), based
on the original 64 bp sequence (32). The complexes were
prepared by, first, mixing Geflp and DNA at protein:DNA
ratios of 1:1.2 and 2:1.2 at a final protein concentration
of 0.2mg/ml. Second, protein/DNA complexes were
stabilized by a step-wise dialysis for 2h against buffer 1 (350
mM NaCl, 50 mM Tris—HCI pH 8.0) and buffer 2 (180 mM
NacCl, 35 mM Tris—HCI pH 8.0), then O/N against buffer
3 (20 mM NaCl, 20 mM Tris—HCI pH 8.0). Complexes
were used directly for crystallization and SAXS, or were
flash frozen in liquid nitrogen and stored at -80°C for
SEC-MALLS.

EMSA

We labelled 25 pmol of a synthetic oligonucleotide with 3.34
pmol of y-(32P)-ATP (7000 Ci/mmol, Hartmann) using
five units of T4 polynucleotide kinase (Thermo Fisher Sci-
entific) in 10 pl of standard kinase buffer A for 30 min at
37°C. The reaction was stopped by heating to 75°C for 10
min. The reaction product was annealed directly with an
equimolar amount of the complementary strand oligonu-
cleotide at 95°C for 10 min followed by slow cooling to
RT for 3-5 h. The probe DNA was purified by 10% non-
denaturing polyacrylamide gel electrophoresis (1:30 ratio of
bisacrylamide:acrylamide in 0.5 x TBE buffer at 15 V/cm
for 60 min at 4°C. The DNA fragments were excised from
the gel and eluted with 10-20 volumes of TEN (10 mM
Tris-HCI pH 7.5, | mM EDTA, 100 mM NacCl) for 16—
20hr at RT. DNA was precipitated with 2.5 volumes of
ethanol and redissolved in TEN. Prior to the EMSA, we
mixed 1 nM 3?P-end-labeled DNA and the indicated con-
centrations of Geflp in 10 wl buffer containing 65 mM
Tris—-HCI1 pH 7.5, 150 mM NacCl, 2.5 mM MgCl,, | mM
dithiothreitol (DTT), 0.13 mg/ml BSA, 3% glycerol. Be-
fore mixing, Gceflp was diluted in 50 mM Tris—-HCI pH
7.5, 50 mM NaCl, 0.1 mg/ml BSA, 10% glycerol. The
gels were run 15 V/cm for 1 h at 4°C, dried and exposed
overnight to a phosphoimager screen, scanned using a Ty-
phoon Trio device (Amersham Biosciences), and quanti-
fied using ImageQuant TL toolset (Amersham Biosciences).
Sequences of used DNAs are shown in Supplementary
Table S1.

Gcefl1p-DNA20 crystallization and structure solution

Both native and SeMet-derivatized Geflp/DNA20 crystals
were obtained at a protein:DNA ratio of 2:1.2, with a pro-
tein concentration of 8 mg/ml in 20% PEGLMW (Hamp-
ton Research), 0.1 M Na/K-phosphate buffer (pH 6.2), 0.2
M NacCl, 3% glycerol and 3% L-trehalose. Crystals were
cryo-protected with 28% PEG-LMW, 6% glycerol, 0.12 M
Na/K-phosphate (pH 6.2) and 0.24 M NaCl. X-ray diffrac-
tion datasets were collected at the XALOC beamline of the
ALBA Synchrotron (Cerdanyola del Vallgs, Spain). SeMet
crystals were subjected to a fluorescence scan for data col-
lection at the Se-edge (12.66 keV, or 0.979312 A, Supple-
mentary Table S2), with Friedel pairs collected within the

same frame for anomalous signal maximization. Datasets
were processed with XDS (33) and aimless (34). Native and
SeMet-derivatized crystals belonged to space group P2,2,2
and were 99% isomorphic. A partial molecular replace-
ment (MR) solution was found with Phaser-MR (35) using
two ideal poly-ala a-helices of 20 and 25 residues, together
with two double-stranded DNA fragments corresponding
to positions 11-19 from the Abf2p crystal structure (PDB
S5JHO). This was fixed as a partial solution in MR-SAD
with Phaser-EP (35). Four Se atom positions were found,
related by a two-fold non-crystallographic symmetry (NCS)
axis, thus indicating the presence of two copies of Geflp in
the asymmetric unit (a.u.). The map was improved by den-
sity modification with Phenix-Resolve (36) which included
solvent flattening and NCS averaging. Automated model
building was carried out with Phenix-Autobuild (36) keep-
ing the DNA as a ligand, followed by map inspection us-
ing COOT (37). Cycles of manual model building alter-
nated with automatic refinement with Phenix. As ligands,
two glycerols related by a two-fold NCS are found at a cavity
formed by the N-terminal helix, HMG-box1 and the long
HMG-box2 helix3.The interfaces and crystal contacts were
analyzed with the PISA server (38).

SEC-MALLS

We injected 100 pl samples of Geflp, Geflp/DNA20,
Gceflp/DNASO or Geflp_CC/DNASO (Supplementary Ta-
ble S3) at a protein concentration of 2 mg/ml onto a Su-
perdex 200 10/300 column (Cytiva). Complexes were pre-
pared at protein:DNA ratios of 1:1.2 (Geflp/DNA20) and
2:1.2 (Geflp/DNASO and Geflp_-CC/DNAS0). Column
equilibration and running buffer for isolated Gceflp was
750 mM NaCl, 50 mM Tris—HCI pH 8.0, and 20 mM
NaCl, 50 mM Tris—=HCI pH 8.0 for the complexes. For
both cases the flow rate was 0.5 ml/min at RT. The col-
umn was coupled to a MALLS system including a DAWN-
HELEOS-II detector (Wyatt Technology) with a laser emis-
sion wavelength of 664.3 nm. Peak concentrations were
measured with an Optilab T-rEX differential refractive in-
dex detector (Wyatt Technology) assuming a dn/dC of
0.185 ml/g. Molecular weights (MWs) and complex ra-
tios were determined using conjugate calculations in AS-
TRA 6.0.5.3 (Wyatt Technology). We also measured ab-
sorbance at 280nm. Experiments were carried out at the Au-
tomated Crystallography Platform at the Barcelona Science
Park.

SAXS

Serial dilutions of Geflp at 10, 5, 2.5 and 1.25 mg/ml in
750 mM NaCl, 50 mM Tris—-HCI pH 8.0, were analyzed
at BM29 beamline of the ESRF synchrotron (Grenoble,
France). Geflp and Gefl1p53-245 complexed with DNA20
or DNASO were prepared at a 1:1.2 protein:DNA ratio
followed by three-step dialysis as described above, due to
the partial aggregation of the 2:1 ratio used for crystal-
lization. Concentration series were prepared at 2.0, 1.0,
0.5 and 0.25 mg/ml. Free Geflp53-245 was prepared at
2.0 mg/ml and measured together with the complexes at
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the P12 beamline (DESY, Hamburg, Germany). Data re-
duction, Guinier analysis, MW estimations and the cal-
culation of pair-wise distance distribution functions (P(r))
were carried out with PRIMUS (39). We extrapolated
to zero concentration for the free Geflp and Geflp53-
245/DNA20 samples, which did not show concentration-
dependent differences. For these samples, data were merged
from low and high q values measured at low and high
concentration, respectively. The MW was obtained by the
consensus Bayesian estimation of the molecular mass (40)
(see Supplementary Table S4). The Geflp/DNA20 samples
showed a concentration-dependent variation of the scat-
tering curves, and further analysis of the Guinier region
and overall curve suggested oligomerization. The Ensem-
ble Optimization Method EOM (41) was used to model
the flexible regions of free Geflp with data in the range
0.2 < ¢ < 5nm~! and by assigning random coil structure to
the N-terminal tail (residues 25-53), the inter-domain link-
ers and the extended regions of both HMG-boxes (residues
109-117 and 157-175), and the C-terminal tail of HMG-
box2 (residues 238-245). Geflp53-245/DNA20 was mod-
eled using CRYSOL (42) with the crystal structure as the
starting conformation. For Gcflp/DNA20, we generated
different protein/DNA subunits combinations from the
supra-assembly, and fitted the models with OLIGOMER
(39). The volume fraction of each model was optimized to
describe the experimental data. In this case, the theoretical
curves used by OLIGOMER were computed with WAXSiS
(43), which uses explicit-solvent all-atom MD simulations
for the calculations. The radius of gyration R, was estimated
using the Flory equation, where N is the number of residues:
Ry = 0.3-N%3 nm.

TEM

Negatively supercoiled pUC191 (sc-pUC191, 2686bp) was
extracted from E. coli cultures using the QIAprep Spin
MiniPrep kit (Qiagen). The plasmid was relaxed (r-
pUCI191) using topoisomerase I, which yielded a Gaussian
distribution of topoisomers. The plasmid was linearized (I-
pUCI191) using the single-cutter Smal. The three substrates
were purified using the GFX PCR and gel band purification
kit (Cytiva). In addition, a 1131 bp fragment of pBR322 be-
tween positions 2576 and 3707 (DNA1000) was amplified
using Phusion DNA polymerase, and with forward and re-
verse primers 5'-CGACGCTCAAGTCAGAGG-3" and 5'-
GATAACACTGCGGCCACC-3". The amplicon was pu-
rified on a MiniQ column (Cytiva) using a SMART chro-
matography system (Amersham Biosciences). DNA was
then precipitated by adding 100% ethanol and 0.3 M
sodium acetate (pH 4.5). The DNA pellet was washed three
times in 70% ethanol and stored at -20°C in 10 mM Tris (pH
7.5), 1 mM EDTA.

Serial dilutions of 20 mM Gecflp were prepared in 750
mM NaCl, 50 mM Tris—HCI (pH 8.0) to find an ideal ini-
tial protein concentration for preparation of nucleoprotein
complexes. The complexes were first incubated in 50 mM
Tris—HCI (pH 8.0), 400 mM NaCl and 3% glycerol, followed
by progressive exchange to the final incubation buffer 20
mM Tris—HCI (pH 8.0), 100 mM NaCl, 3% glycerol. Af-
ter 30" at RT, the nucleoprotein complexes were purified
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from free unbound protein by SEC, loading each sample
onto a Superose 6 column (Cytiva) in incubation buffer at
a flow rate of 0.1 ml/min. Eluted fractions were diluted
3-fold in incubation buffer and 5 pl were immediately de-
posited on a 600-mesh copper grid coated with a thin car-
bon film, preactivated by glow-discharge in the presence of
amylamine (Sigma-Aldrich) in a homemade device (ELC
team). The grids were washed with 0.2% aqueous uranyl
acetate (Merck) and dried with ashless filter paper (VWR)
(44). TEM images were captured in annular or crystallo-
graphic dark-field mode (Zeiss 902 and 912 microscopes,
respectively) using Veletta or Tengra high-resolution CCD
cameras respectively and iTEM software (Olympus, Soft
Imaging Solutions). We measured the length of the DNA
fragments in the absence or presence of Geflp (50 nM),
with iTEM software. These measurements were performed
with 1131 bp linear fragments from pBR 322 (from positions
2576-3707 ‘DNA 1000’), and with relaxed topol-closed
and supercoiled pUC19 plasmids. In the presence of Geflp
different events coexisted: DNA kinks, bridging and com-
paction. However, the contour length of the latter could not
be measured because of the impossibility to follow the DNA
chain within the compacted DNA molecule. For the linear
fragments of 1131 bp, we made series of 100 measurements
in duplicate. For the experiments with pUC19, we measured
series of 50 samples.

Topology analysis

Negatively supercoiled plasmid DNA (4.5 kb, 0.35nM) was
relaxed with topoisomerase I in 40 pl of buffer R (50 mM
Tris—HCl pH 7.9, 100 mM NaCl, 10 mM MgCI2, 100 p.g/ml
BSA ) in the presence of TFAM, Gceflp or Geflp53-245 at
the indicated concentrations (0, 20 or 100 nM). The result-
ing Lk distributions were resolved by 2D electrophoresis in
0.8% agarose gels at 25°C. The first dimension (top to bot-
tom) separation was carried out using TBE buffer contain-
ing 0.6 pg/ml chloroquine at 50 V for 14 h, and the second
dimension (left to right) separation was carried out using
TBE buffer containing 3 wg/ml chloroquine at 60 V for 8 h
in. The gel was blotted and probed for the plasmid DNA,
and changes in Lk were calculated by counting the distance
from the center of the Lk distribution in the presence and
absence of bound protein. For the EMSA, 1 pg of nega-
tively supercoiled 4.5kb DNA plasmid relaxed with topoi-
somerase | was mixed with increasing amounts (0-2 pg) of
Gceflp in a final volume of 20 pl. Following incubation at
30°C for 10 min, the sample was supplemented with 20%
glycerol and analyzed by 0.8% gel electrophoresis at 25°C
in TBE buffer containing 0.6 pwg/ml of chloroquine at 50 V
for 14 h. The gel was stained with ethidium bromide and
the shifted bands quantified using ImageJ. For DNA knot-
ting analyses, a supercoiled 4.5 kb plasmid (YRp4) was en-
zymatically nicked with endonuclease BstNBI (NEB). 1.g
of purified, nicked plasmid was incubated with increasing
amounts (0-2 ug) of Geflp in 20 pl of buffer R for 10 min at
30°C. The mixtures were supplemented with topoisomerase
IT and ATP before further incubation for 10 min at 30°C.
The samples were analyzed by agarose gel electrophoresis as
described above, and the bands stained with ethidium bro-
mide to detect knotted DNA circles.
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MD simulations

Five systems were simulated: (i) 1:1 protein:DNA; (ii) 2:2
proteins:DNA with the DNAs parallel to each other in the
pseudo-U-turn arrangement; (iii) 2 proteins:1 long DNA
with the two proteins interacting via the coiled-coil; (iv) the
supra-assembly by joining two asymmetric units of the X-
ray crystal structure and (v) the supra-assembly with con-
tinuous DNA at the U-turn, by imposing a link between the
3" end of chain Y (Thyyg) and the 5" end of chain X (Ade)),
and the same between chain W and chain Z. The number-
ing of the sequence was modified accordingly. Starting ge-
ometries were derived from X-ray structures, but the DNAs
were enlarged to avoid effects with DNA terminal bases.
For complexes from the first three systems, the DNA se-
quence was extended using the construct S’ATA TAT ATA
TAT ATA AAATAATAAATTATATAATATAAT ATA
TAT ATA TAT AAT AAT AAA TTA T 3’, where the un-
derlined sequence is the one crystallized with Geflp, fol-
lowing the sequence from S. cerevisiae mtDNA (45). The
starting structures with elongated DNA were built with PY-
MOL (https://www.schrodinger.com/products/pymol) with
optimized parameters (46). The complexes were placed at
the center of a truncated octahedral box of TIP3P (47) wa-
ter molecules, neutralized by K+ ions, resulting from KCI
addition (48) to reach a salt concentration of 150 mM. Each
system was minimized using a multi-step procedure (49),
thermalized to 298 K (in the NVT ensemble), and then equi-
librated and simulated without restraints collecting 500 ns
for each simulation as previously described (49) (Supple-
mentary methods for full procedures). We used the newly
revised force field parmBSC1 for the DNA (50) and the am-
ber14sb force field for the protein. Each simulation was ex-
tended for at least 500 ns of production time using AMBER
18, followed by analysis with the CPPTRAIJ (51) (B-factor
of the heavy atoms, which is the fluctuation of atomic posi-
tions, squared and weighted (r.m.s.f.); and hydrogen bonds
by using the ‘hbond’ function, in which only the interactions
formed at least more than 30% of the time were considered
as stable), Curves (52) and BIGNASIM (53) suite of pro-
grams for the base-pair parameters. The systems were visu-
alized with VMD v1.9.4 (54) and Chimera (55).

Miscellaneous

The alignment of Geflp HMG-box1 and HMG-box2 was
based on the structures. The Candida sequences were
aligned using BLAST and presented with ESPRIPT (56)
after modification. The structures were represented with
Chimera (55).

RESULTS

Analysis of Geflp binding to different DNAs and crystalliza-
tion of the complex

The ability of Geflp (UniProt ID Q59QB8-1, residues 25—
245) to bind DNA was initially analyzed by EMSA. We in-
cubated Gcflp with labeled DNAs of 30-110 bp (DNA30—
110) or with a Holliday junction (HJ) (Figure 1, Supple-
mentary Table 1). Increasing the amount of Geflp shifted

DNAI100 to progressively slower but well-defined bands,
suggesting the presence of Gceflp/DNA multimers of in-
creasing size that eventually did not enter the gel proba-
bly due to aggregation (Figure 1A). In contrast, no shifts
were observed for DNA30 (Figure 1B), which ressembles
earlier results with DNAs of 15 and 25 bp (23), whereas
DNAI110 under the same conditions formed progressively
larger complexes, as also shown for DNAs of 50 bp (23).
The HIJ resulted in an initial shift that progressed to a
second band and a smear (Figure 1C), as also previously
shown (23). Next, we analyzed the ability of the differ-
ent Geflp domains to bind the DNA by comparing con-
structs Gefp25-155 (comprising the N-terminal flexible re-
gion, the N-terminal a-helix and HMG-box1, thus N-
HMG-boxl1), and Geflpl51-245 (HMG-box2) with WT
Gcflp, by EMSA. Increasing amounts of Geflp progres-
sively shifted DNA110 to two bands and, at higher con-
centrations, to a third upper band of aggregated protein
that accumulated at the base of the loading well (Figure
1D). In contrast, the N-HMG-box1 fragment did not yield
well-defined bands, but the free DNA became progressively
fainter at higher protein concentrations. The aggregation
of complexes probably impaired migration, as supported
by the increasing signal at the base of the loading wells.
Fragment HMG-box2 did not bind DNA efficiently, as in-
dicated by the negligible change in intensity of free DNA at
even very high protein concentrations. Similar results have
been described for TFAM and Abf2p HMG-box2 domains,
which show a much lower affinity for DNA than HMG-
box1 (26,57,58)

Crystallization trials with HJ and DNAS5O produced frag-
ile, poorly diffracting crystals that we were unable to opti-
mize. Other trials were based on a 22 bp sequence previously
crystallized with Abf2p (Abf2p/Af22) (26). This DNA con-
tained an adenosine tract whose rigid and narrow minor
groove prevented binding of Abf2p, thus the protein bound
the remaining sequence leading to a more homogeneous
complex (26). Length variants of this sequence from (18—
28 bp) formed profuse crystals but only those of DNA20
were suitable for X-ray diffraction and data collection.

The crystal structure of the Geflp/DNA complex reveals
non-canonical HMG-boxes

The crystal structure of Geflp/DNA20 features two pro-
teins bound to two DNAs. The two Geflp molecules are
related by a 2-fold axis (molecules molA and molB, RMSD
0.821 A) and sandwich two DNA20 molecules (strand pairs
XW and ZY). The DNA20 molecules make contacts at their
ends, which are kinked (Figure 2A). Geflp comprises four
domains, namely a non-traced disordered region (residues
25-56, which probably contribute to the high B-factor, Sup-
plementary Table S2), a long N-terminal helix (57-104),
HMG-boxl (106-156) and HMG-box2 (159-239) (Figure
2B). The structure resembles a hammer, in which the N-
terminal helix is the handle and the HMG-boxes, at one
end of the vertical axis, form the head (Figure 2B). The
HMG-boxes show the classical three-helix L-shape. He-
lices 1 and 2 form a small helical bundle, and helix3 packs
against an N-terminal elongated segment (Supplementary
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Figure 1. Electrophoretic mobility shift assays (EMSAs) showing the binding of different 32P-labeled DNAs to Geflp variants. (A) EMSA of 32P-labelled
100 bp DNA incubated with increasing concentrations (from left to right) of Geflp (indicated in nM). (B) EMSA of 32P-labelled 30 bp or 110 bp DNA
asin (A). (C) EMSA of 110 bp or a 197 bp Holliday junction as in (A). (D) EMSA of a 110bp DNA binding to Geflp fragment 151-245 (HMG-box2),
fragment 25-155 (N-terminal disordered region, N-terminal helix and HMG-box1: N-HMG1), and the mature 25-245 protein (Geflp). Lane ‘0’ contains

free 32P-DNA. DNA concentration is 1 nM in all cases.

Figure S1A, B). The Gcflp HMG-boxes possess non-
canonical features. HMG-box1 (48 residues) is much
smaller than any other known, which usually contain 75
residues (59). The superposition of the HMG-boxes shows
that HMG-box1 helices 1 and 2 are much shorter than those
of HMG-box2 (Figure 2C), but the residues of the small hy-
drophobic core between helices are conserved in both do-
mains, and also in TFAM and Abf2p (Supplementary Fig-
ure S1A, B, D). This hydrophobic core between helix 1 and 2
progresses towards the interface between helix3 and the N-
terminal elongated segment, in which also participate con-
served residues (shown as stars in Supplementary Figure
S1D), except in Geflp HMG-box1 in which the hydropho-
bic core is shifted to a region that contacts HMG-box2 he-
lix3 (Figure 2B and Supplementary Figure S1C, D). As for
HMG-box2, helix3 is interrupted at the highly-conserved
Tyr204 residue by a Geflp-specific short B-strand (residues
204-206) that interacts with the N-terminal elongated re-
gion of this domain (Supplementary Figure S1B), creating
an ‘ankle’ that interrupts both helix3 and HMG-box2 hy-
drophobic core (Figure 2C, Supplementary Figure S1B).
Thereafter, HMG-box2 helix3 reaches the junction between
the ‘hammer head’ and ‘handle’, and runs antiparallel along
HMG-box1 helix3, with whom makes the aforementioned
hydrophobic contacts that seal both domains (Figure 2B,
Supplementary Figure S1C).

HMG-box1 and HMG-box2 contact the major and minor
grooves of independent DNAs

Surprisingly, the two HMG-box domains contact the DNA
by using different mechanisms. None of them make polar
interactions with base atoms, only with the backbone, which
indicates no direct recognition of the DNA sequence (Fig-
ures 2A and 3; Supplementary Figure S2A). HMG-box2
from molA canonically binds and bends the 5’ end of DNA
ZY (HMG-box2 from molB imposes the same effect on
DNA XW). The concave surface of the HMG-box L-shape
contacts the minor groove, separates the strands and in-
duces a sharp DNA bend by inserting Met186 (HMG-box2
helix 2) at base-pair step ToA3/Ti1gA 9 (strands ZY), which
disrupts the stacking and increases the roll angle to +60°
(Figure 3A, B, Supplementary Figure S2A). Met186 thus
behaves as the DNA insertion wedge typically found in
HMG-boxes (59) but surprisingly belongs to helix 2 (also
unexpectedly found in TFAM HMG-box2 (24)) rather than
helix 1 as typically observed in HM G-box domains (includ-
ing TFAM HMG-box1 and Abf2p, Supplementary Figure
S1D, green boxes). Phel68 and Ala169 (HMG-box2 helix 1)
induce shearing to following base pair step (A3A4/T17T1g),
the whole protein domain imposing a bend of 90° over
the entire DNA region (Figure 3A; Supplementary Fig-
ure S2A). In contrast, HMG-box1 from molA contacts
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Figure 2. Overall structure of the Geflp/DNA20 complex. (A) The crystal structure of the Geflp/DNA complex shows two proteins (molecules molA,
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the major groove of DNA molecule XW and barely dis-
torts the B-DNA conformation (the same occurs between
molB and strands ZY, Figure 3C; Supplementary Figure
S2A). The contacted DNA region includes the symmetric
A-tract (Ag)A7A3ToT)g, which is rather rigid, as we previ-
ously showed (see Discussion and (26)). Binding to the ma-
jor groove is an unprecedented interaction for an HMG-
box. Specifically, two regions of HMG-box1 establish elec-
trostatic contacts with three DNA sites, as a clamp (Fig-
ure 3C, D; Supplementary Figure S2A): The N-terminal
elongated region fits into the major groove, in which Ser105
OY and Lysl06 C = O contact Thy;4 phosphate oxygens
from strand W (site 1), whereas Lys109 extends towards the
other edge of the major groove, and its N¢ contacts the Ade,
phosphate from strand X at next DNA turn (site 2). There-
after, the polypeptide chain snugs along strand W and the
Alal24 and Gly125 amides, at the tip of the HMG-boxl,
contact strand W Ade;; phosphate group (site 3). This con-
tact is further stabilized by the end of Geflp N-terminal he-
lix, Lys98 N¢ contacts strand X Thy, phosphate, whereas
Lys102 brings its positive N¢ into the minor groove between
X Thy;, and W Thy;; phosphates (Figure 3B). In molB,

the overall arrangement is the same but some contacts vary
due to occasional reorientation of side chains, indicating
the slight flexibility of the interaction. No residues from the
concave surface of HMG-box1 contact the DNA bases. In-
deed, at the equivalent position of the inserted residue in
HMG-box2 (Met186), HMG-box1 carries residue Alal24,
whose small side chain cannot insert between base pairs
(Figure 2C, Supplementary Figure S2A).

Given the twofold axis, HMG-box domains 1 and 2 from
Gceflp molecule B likewise contact DNA chains ZY and
XW, respectively (Figure 2A). Thus, four HMG-boxes com-
pletely cover base pairs 1-11 of either DNA molecule (22
bp in total), like a cap (Figure 2A, Supplementary Fig-
ure S2B). The strong electronegative charge of the DNA
phosphate backbone is compensated by positively charged
side chains (Supplementary Figure S2C). At the top of the
cap, the loops at the tip of the A and B HMG-box2 do-
mains show different conformations and interact weakly
with each other (Figure 2A, Supplementary Figure S2B).
Underneath, the DNA ends are stacked in a distorted man-
ner, in which Thy, (strand Y) interacts with the pair A;/T»g
(strands X and W, respective). The two DNAs are quite
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Figure 3. Protein-DNA contacts in the Geflp/DNA20 complex. (A) Contact of HMG-box2 with DNA molecule ZY. The angle between base pairs of
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compressed, with Met186 insertion sites only 4 bp apart,
in contrast to the 11 bp (one DNA-turn) in Abf2p com-
plexes, and the 12 bp in TFAM complex. Therefore, the two
Gcflp molecules induce a strongly distorted DNA U-turn,
in which the DNA ends are brought into contact by imper-
fect stacking.

The N-terminal helix creates a gcflp/DNA20 supra-
assembly in the crystal and in solution

Outside the cap-covered region, the two DNA helices (XW
and ZY) extend parallel to the N-terminal a-helix towards
a symmetry mate (Figure 2A), with which the a-helix forms

an antiparallel coiled-coil by burying valines, isoleucines,
leucines, and the methylene groups of lysine residues (Fig-
ure 4A, Supplementary Figure S2). In this way, the two
proteins involved in the distorted U-turn contact a symme-
try pair, giving rise to a protein/DNA super-assembly. The
coiled-coil is the most stable interface in the crystal (AG =
—18.5 kcal/mol, probability of complex formation = 1, ac-
cording to PISA (38)), and the high conservation of the N-
terminal a-helix in Candida species suggests similar coiled-
coil interactions (Supplementary Figure S3). The XW and
ZY DNA ends also interact with symmetry partners, but
the grooves are not continuous between crystallographic
unit cells (arrows in Figure 4A). Therefore, symmetry
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Figure 4. Assembly of symmetry mates in the crystal through the N-terminal a-helix coiled-coil. (A) Arrangement of the two symmetrically related com-
plexes mediated by the coiled-coil between the N-terminal a-helices. The upper complex corresponds to that in Figure 2A (same color code). The lower
complex (sym) corresponds to the symmetry partner. The buried area is 29 180 A? from a total surface of 67 630 A2, and the free-energy gain during
complex formation is DG™ = —140.1 kcal/mol according to PISA, see Materials and Methods). Arrows indicate the contact between DNA symmetry
partners, where the minor groove interacts with the symmetrical major groove. (B) Estimation of the absolute molecular weight (MW) of Free Geflp
(10 mg/ml, blue curve) eluted as peak 1, as shown by the corresponding MW (deep orange, peak Pkl WT in Supplementary Table 3). Geflp/DNA20
complex prepared at a 1:1 ratio (protein = 4 mg/ml, green curve) eluted as a major peak 2 and a smaller peak 1 (shoulder), corresponding to the 1:1
complex and free Geflp, respectively (corresponding MWs in light orange, Pkl and Pk2 WT + 20 in Supplementary Table 3). The third smaller peak
represents an impurity. (C) Estimation of the MW of Geflp/DNASO0 complex prepared at a 2:1 ratio (black curve) eluted as peak 3 corresponding to a 1:1
complex, and peak 4 corresponding to a 4:2 complex (MWs shown in magenta, Pk3 and Pk4 WT + 50 in Supplementary Table 3). Mutation of residues
at the N-terminal coiled coil resulted in a smaller peak 4 (green curve, MWs in orange, CC + 50 in Supplementary Table 3). Note that both the wild-type

and coiled-coil mutant eluted identically as peak 3 in a 1:1 complex.

partners form stable interactions through the N-terminal
coiled-coil, but via an irrelevant contact between DNA
ends.

To confirm the oligomerization of Geflp/DNA com-
plex in solution, we measured the absolute MW by SEC-
MALLS. Free Gceflp eluted as a monomer (27.50 + 0.05
kDa, theoretical MW = 25.9 kDa, peak 1 in Figure 4B; Sup-
plementary Table 3). Geflp/DNA20 complexes were pre-
pared at protein:DNA ratio of 1:1, which resulted in single
Gceflp/DNA complexes (41.6 kDa, theoretical MW = 38
kDa for peak 2 in Figure 4B; Supplementary Table 3), but
not the dimers or tetramers suggested by the crystal. The
discontinuous DNA between crystalline symmetry mates
may had destabilized the multimerization of complexes in
solution, so we also tested DNASO (the shortest reported
DNA shifted by Geflp in EMSA experiments (23)) which
could represent a continuous DNA in a coiled-coil dimer.
At a 1:1 ratio, SEC-MALLS showed a major peak corre-
sponding to a 1:1 complex (56.8 kDa for peak 3 in Sup-
plementary Figure S4 versus theoretical 50.9 kDa; Supple-
mentary Table 3) preceded by a minor peak consistent with

a complex of four proteins and two DNAs (162.4 kDa for
peak 4 versus theoretical 153.6 kDa), consistent with the
supra-assembly induced by the coiled-coil. We then gen-
erated a disruptive mutant (GceflpCC) with substitutions
that weakened van der Waals interactions or induced repul-
sions between the N-terminal helices (A75R, L79A, I83R
and L93K). Geflp/DNASO and GeflpCC/DNASO pre-
pared at a 2:1 ratio (as used for crystallization), and under
identical measurement conditions, showed the 1:1 complex
(peak 3 in Figure 4C; Supplementary Table 3) preceded by
the 4:2 peak (peak 4). Remarkably, however, the height of
GceflpCC peak 4 was only 40% of that of WT Geflp, and
it was much flatter, suggesting a mixture of stoichiometries
and highlighting the importance of the coiled-coil in Geflp
multimerization.

Gceflp/DNA complexes form dynamic heterogeneous multi-
mers in solution

We then analyzed the structure of Geflp alone or in a com-
plex with DNA in solution by SAXS. Free Geflp measured
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at different concentrations (1.25-10 mg/ml) was present as
a monomer, consistent with the SEC-MALLS data (Figure
SA, Guinier plot in Supplementary Figure S4, Supplemen-
tary Table 4). The conformation was extended (R, = 3.76
nm versus theoretical 1.8 nm), and highly flexible (flat
Kratky profile in Supplementary Figure S4). The coexis-
tence of different conformations was confirmed by a wide
distribution of atom pairs distances, P(r) (Supplementary
Figure S4). Flexibility was not restricted to the N-terminal
tail, given that the deletion mutant Geflp53-245 showed
a similar behavior (Supplementary Figure S4). To model
Gcflp in solution, we used the EOM (41) to generate an
initial pool of 10 000 models with different conformations
based on the crystal structure. The EOM selected a sub-
ensemble of four molecules with important variations in the
relative orientation of domains, whose averaged theoretical
curve fitted with the experimental data (x> = 1.033), con-
firming the wide conformational space sampled by Geflp
(Figure 5A).

The Geflp/DNA20 complex (0.25-2.0 mg/ml, Figure
5B) was slightly less flexible and more globular and com-
pact than the free protein (R, decreased from 3.75 to 3.58
nm, Supplementary Table 4; bell-shaped Kratky profile
and slightly narrower P(r) plots in Supplementary Figure
S5) and, surprisingly, showed a concentration-dependent
increase in the MW, suggesting complex multimeriza-
tion (Supplementary Figure S5; Supplementary Table 4).
To model the Geflp/DNA20 data, we used all possible
protein/DNA subunits combinations that appeared in the
crystal, from 1:1 complex to the supra-assembly. The best
fit to the 1.0 mg/ml data (x> = 1.340; Figure 5B; Supple-
mentary Table 4) combined the coiled-coil dimer (63% vol-
ume fraction) and the dimer from the sandwiched pseudo-
U-turn (36% volume fraction) (Figure 5B), together with a
third minor species (1%) of the coiled-coil dimer bound to
two additional DNA20 molecules. At 2.0 mg/ml, all mod-
els featured only the coiled-coil dimer bound to two or
more DNA molecules (x> = 1.510; Figure 5C; Supplemen-
tary Table 4). Surprisingly, mutant Geflp53-245/DNA20
showed a stable MW at all concentrations in a 1:1 ratio
(Supplementary Figure S5; Supplementary Table 4). The
latter was fitted using a model directly derived from the X-
ray structure, which showed the best fit was just a 1:1 com-
plex of DNA20 bound to HMG-box1 (x?> = 1.106, at 2
mg/ml; Figure 5D).

These data show that free Gcflp is characterized
by intrinsic flexibility and an extended conforma-
tion but this is limited by DNA binding. Full-length
Gceflp/DNA20 complexes formed multimers in solution
via the coiled-coil, in agreement with our SEC-MALLS
and substantiating the crystal structure, which generated
suitable protein/DNA models. The complexes tended
to form a heterogeneous sample featuring multiple
protein/DNA stoichiometries, involving more HMG-box
domains at higher concentrations, indicating a highly
dynamic interaction. In contrast, multimerization was
prevented by the deletion of the disordered N-terminal
tail (33% lysine content pI = 10.1), suggesting it recruited
Gceflp/DNA complexes by electrostatic interactions with
the DNA.

Nucleic Acids Research, 2023, Vol. 51, No. 11 5873

Gceflp polymerizes, bridges and compacts the DNA without
modifying DNA topology

To determine how Gcflp binds to long DNA molecules, we
analyzed its formation of complexes with linear, relaxed and
supercoiled DNA substrates > 1000 bp. TEM showed that
Gecflp distorts the DNA locally (compare Figure 6A with
B-G, and Supplementary Figure S6), and formed exten-
sive oligomers while other DNA molecules remained naked,
indicating cooperative binding (Figure 6; Supplementary
Figure S6). Various configurations were observed, includ-
ing Geflp polymerization along the DNA molecule, or in-
tramolecular and intermolecular DNA bridging, which are
events that lead to DNA folding and local DNA conden-
sation. DNA kinking, protein polymerization and DNA
bridging were induced by the protein rather than sponta-
neous DNA supercoiling, given that they occurred on linear
and relaxed closed circular DNAs (Figure 6; Supplemen-
tary Figure S6). Local sharp kinks and tight DNA hairpins
were found among these bridging configurations (white ar-
rows in Figure 6E-G; Supplementary Figure S6), like those
previously observed for the E. coli histone-like nucleoid
structuring protein (H-NS) (60) but differing from the DNA
loops observed in TFAM and Abf2p (61,62). DNA bridg-
ing thus led to various levels of DNA folding and conden-
sation (Figure 6B-D Supplementary Figure S6). Interest-
ingly, more regular bridging was observed on negatively su-
percoiled DNA, in which the DNA topography itself fa-
vors oriented assembly and hence alignment (Supplemen-
tary Figure S6), as previously reported for H-NS (63) and
transcription factor LrpC (64). The N-terminal deletion
mutant Geflp53-245 likewise showed cooperative binding,
DNA bridging and tight hairpins (Supplementary Figures
S6 and S7), indicating that this region did not stabilize the
DNA distortions. The TEM micrographs did not show rel-
evant changes in DNA length nor DNA wrapping com-
pared to the free molecules (for quantitative measurements,
see Supplementary Figures S8, S9), in contrast with LrpC
(64) and TFAM (65), suggesting that Geflp has a different
effect on DNA topology. However, regarding highly com-
pacted molecules, these results should be taken with caution
given that the contour length cannot be measured in these
specimens.

The changes in DNA topology were studied in more
detail by 2D electrophoresis to determine whether Geflp
changed Lk. The effect of TFAM on DNA topology has
been studied widely (66,67), so we compared TFAM and
Geflp. We relaxed a 4.5 kb plasmid with topoisomerase
I in the presence of each protein, and visualized the re-
sulting distributions of Lk topoisomers (Figure 6). TFAM
strongly reduced the Lk, because each TFAM:DNA com-
plex constricted approximately —0.2 units of Lk. In con-
trast, Geflp had a negligible effect on the Lk (—0.05 units).
EMSA confirmed that Geflp bound to the DNA cooper-
atively, as denoted by the sigmoidal curve of shifted DNA
at increasing protein concentrations (Supplementary Fig-
ure S7). Therefore, in sharp contrast to TFAM, Geflp did
not significantly deform the DNA. This was in accordance
with the EM images, in which there was no evidence of
DNA shortening or extension. Yet, a negligible change in
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by the N-terminal helix. The domain colors match those in Figure 2A. (B) SAXS curve of Geflp25-245/DNA20 at 1 mg/ml with the fitted theoretical
averaged curve corresponding to the three models (right panel) selected by Oligomer (see Methods section). (C) SAXS curve of Gefl1p23-245/DNA20 at
2.0 mg/ml, otherwise as in (B). (D) SAXS curve of Geflp53-245/DNA20 with the fitted theoretical curve (in red) of the crystallographic model (on the
right). In all cases SAXS data are represented as black dots, and the quality of fitting (x ) is indicated.
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Figure 6. Characterization of Geflp/DNA interactions by TEM and DNA topology analysis. (A) The incubation of linear DNA (1000 bp) with Geflp
showed molecules covered with the protein and coexisting bare DNA molecules (white arrows), which is consistent with cooperative binding. (B-D)
Examples of intermolecular bridging of a linearized pUCI19 plasmid, induced by Geflp. (E-G) Examples of intramolecular DNA bridging induced by
Gecflp (white arrows). (H) Linking number (Lk) distributions resulting from topoisomerase I relaxation of a 4.5 kb DNA plasmid incubated with increasing
concentrations (nM) of TFAM, Gceflp, and Geflp53-245 and resolved by 2D agarose gel electrophoresis. The position of nicked circles (N), linear molecules

(L) and the arch of Lk topoisomers are indicated.

Lk could be due to changes in wrapping (Wr) compen-
sated by changes in unwinding (or twist, Tw). Interestingly,
in the crystal structure, the two pairs of HMG-boxes at
each end of the supra-assembly are rotated by ~70° with
respect to each other. Thus, the DNAs axes along the N-
terminal helix coiled coil are not totally parallel on a plane,
but deviated by ~25° (Supplementary Figure S7), creat-
ing a slightly positive Wr. This is compensated by a neg-
ative Tw induced by the four HMG-box2 domains, which
unwind and bend the DNA so that the DNA ends join
and create the pseudo-continuous, biologically irrelevant,
crystallographic DNA circle (Supplementary Figure S7).
Therefore, our data shows that Wr-Tw compensating events
could occur during DNA compaction, not necessarily fol-
lowing the pattern in the crystal but yielding a constant
Lk (see Discussion). These results were further confirmed
by MD (see below). In any case, the observed DNA com-
paction appears as DNA folding without major topolog-
ical changes. Likewise, Gcflp53-245 did not change the
Lk distribution (Figure 6), further confirming that the N-
terminal disordered region has a negligible effect on DNA
topology.

To further confirm that Geflp bridges intramolecular
segments of duplex DNA, we mixed it with a relaxed,
nicked plasmid and added topoisomerase Il and ATP. Un-
der these conditions, low ratios of Geflp:DNA increased
the DNA knotting activity of topoisomerase I1, which indi-
cated DNA looping by Geflp (Supplementary Figure S7).

Remarkably, there was no further increase in DNA knot-
ting at higher Geflp:DNA ratios, consistent with the coop-
erative polymerization of the protein along the pre-formed
loops.

Molecular dynamics of Geflp/DNA complexes

To determine the mechanism of the Geflp/DNA interac-
tion we first ran MD simulations of three models based on
the crystal structure, at different Gef1p:DNA ratios, namely
1:1, 2:1 and 2:2 (Figure 7A—C). The first model was a 1:1
complex with a 56 bps B-DNA (Figure 7A, left panel). All-
atom MD simulation showed that the initially straight B-
DNA segment was bent to increase the number of interac-
tions with the protein via stable hydrogen bonds (present
in > 30% of the simulation time; residues shown in Sup-
plementary Figure S10; H-bonds listed in Supplementary
Table S5). Meanwhile, the protein underwent a remarkable
change in the conformation of its main and side chains, es-
pecially HMG-box2 (reflected in the B-factors, Figure 7D,
left panel). The N-terminal helix kinked and inserted its
N-terminus into the major groove close to one end of the
DNA (Figure 7A, right panel). In the central DNA region,
HMG-box1 remained stably bound to the major groove
as a belt. Close to the other DNA end, HMG-box2 was
initially not contacting the DNA. During the MD sim-
ulation, this domain showed high mobility (Supplemen-
tary Figure S11) and occasionally reached the DNA minor
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Figure 7. Dynamic behavior of Geflp on DNA at different protein:DNA ratios. (A) Geflp in a 1:1 complex with a 45 bp DNA at the beginning (left) and
end (right) of the simulation, separated by a dashed line. The coloring of the domains is as in Figure 2. (B) Geflp in a 2:2 complex with 35 bp DNAs,
resulting in a pseudo-U-turn arrangement (left and right figures as in panel A). Note the formation of a parallel coiled coil between the two DNAs. (C)
Complex of the coiled-coil dimer with a 69 bp DNA at a ratio 2:1 (left and right figures as in panel A). (D) The left graph shows the B-factors of the protein
backbone of panel (A), reflecting the displacement of the atoms along the simulation. Above, schematic representation of the protein domains colored as
in Figure 2. The structures on the top of the peaks encircle the HMGbox1(left) or HMGbox2 (right), which correspond to the residues numbered along the
X-axis. Note the longer displacements in HMG-box2. The right graph shows the average bend (black line), in degrees, of the DNA along the simulation,
with standard deviation shown in gray. (E) B-factors and average bend of the pseudo-U-turn in (B) along the simulation, represented as in (D). (F) B-factors

and average bend of the coiled-coil dimer in (C), represented as in (D).

groove (Figure 7A, left panel). Remarkably, at the end of the
simulation, both HMG-boxl and HMG-box2 showed
binding to the DNA major and minor grooves, respectively,
as in the crystal structure (Supplementary Figure S12). The
complex was highly dynamic, the DNA bends reaching
~20° at the HMG-box1 binding site (major peak in Fig-
ure 7D, right panel). In this swing, not all segments be-
haved equally: the loops between the domains showed lower
mobility than the domains that waved to reach the DNA
(compare B-factor values of the different regions in Figure
7D, left panel). The protein/DNA complex remained stable,
and major variations were detected at the backbone of the
HMG boxes, specifically HMG-box1 helices 2 and 3, and
HMG-box2 helix 2, which increased the number of inter-
actions with the DNA grooves (Supplementary Figure S10
and Supplementary Table S5).

The second model was a 2:2 distorted U-turn complex,
as in the crystal, with the DNAs enlarged to 35 bps (Figure
7B). During the MD simulation, the two proteins remained
attached to the corresponding side of the DNA U-turn, in
a highly stable complex. Only small local rearrangements
occurred between the DNA ends within the U-turn, which
resulted in -7 stacking interactions between bases but this
did not create a continuous B-DNA-like stacking (Supple-
mentary Figure S12). The greatest variation in DNA bend-
ing occurred at the inserted DNA step (Figure 7E). These
local changes increased the number of interactions with the
protein (Supplementary Figures S10, S12, and Supplemen-
tary Table S5), especially HMG-box1, which showed more
rearrangements without detaching from the major groove
(Figure 7B, Supplementary Figure S12). In contrast, the
N-terminal helices of either monomer approached to each
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other and formed a stable parallel coiled-coil that became
dominant (Supplementary Figure S13), and improved the
interaction energy by forming 33 new interactions between
the two helices. Along the whole simulation, the most sta-
ble contacts with the DNA included the N-terminal helix
with the DNA parallel to the ‘new’ coiled-coil, HMG-box1
helix] and HMG-box2 helix1.

The third system was a 2:1 complex in which a long
B-DNA (69-bp, straight conformation) was aligned along
the main axis of a crystallographic coiled-coil dimer (Fig-
ure 7C). In this arrangement, the DNA is located between
HMG-box1 and 2 of either protein. This starting model
did not implicitly contain the interactions from the crys-
tal, given that the DNA was not in contact with the HMG-
boxes. During the MD simulation, the DNA and proteins
approached each other, and after 500 ns HMG-box1 and
HMG-box2 interacted with the major and minor grooves,
respectively, similar to the X-ray structure, which involved
important displacements as reflected by the high B-factors
(Figure 7F, left panel; Supplementary Figure S12). As for
the 1:1 complex above, the secondary structure of neither
proteins showed major deformation, with only HMG-box2
helix2 needing to adapt to make better contact with the
DNA minor groove. This induced the major deformation
of the DNA along the MD (see bending at DNA steps close
to 20, and 40-50, due to contacts with HMG-box2 from
A and B molecules, respectively, in Figure 7F, right panel).
Once the protein/DNA contact occurred, the DNA main-
tained contact with the HMG-boxes but mainly with the
coiled-coil.

Finally, we run a simulation of the 4:4 supra-assembly
and, even at extended simulations (800 ns), this model
showed only very minor local rearrangements, mainly im-
proving the interactions between the terminal bases of the
DNA ends from the interrupted U-turn (Supplementary
Figure S13). However, given that, at the U-turn the DNA,
1s discontinuous, we wondered if the tensions due to the
tight U-bend had been dissipated by the free DNA ends.
Therefore, we tested whether the U-turn was stable with a
continuous DNA or, on the contrary, strong tensions would
break stacking and Watson-Crick interactions, and/or gen-
erate other distortions. Thus, we imposed a 3’-5" link be-
tween chains Y (Thyo) and X (Ade;), renumbered the se-
quence (the same for chains W and Z), and run another sim-
ulation of 500 ns. The 4:4 supra-assembly remained stable
and the DNA did not reveal major changes nor topologi-
cal variations (Supplementary Figure S13), suggesting that
(1) a tight U-turn induced by simultaneous binding of two
HMG-box-2 domains is plausible and (ii) the DNA wrap-
ping was rather an intrinsic feature of this complex than just
due to crystal packing (Supplementary Figure S13). We also
wondered if a continuous straight DNA extended from the
DNA ends at the U-turn could be simulated. However, this
entailed manual manipulations based on highly arbitrary
decisions. As an alternative, we searched a timepoint dur-
ing the simulation showing reorientation of the DNA ends
to be able to extend them, but such a remodeling did not oc-
cur, further substantiating the stability of the U-turn during
the calculations.

In conclusion, the MD simulations of the complexes con-
firmed that the HMG-boxes 1 and 2 have different site
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preferences for DNA interactions, specifically binding at
the major and minor grooves, respectively, confirming the
recognition mode found in the X-ray structure. The N-
terminal helix formed stable coils and, together with HM G-
box residues, made stable contacts with the DNA. By virtue
of the protein flexibility and the different modes of recog-
nition by the different domains, the protein showed great
ability to bend the DNA. Yet, the direction of DNA bend-
ing differed due to the different features of starting models,
such as different DNA conformations (U-turn or linear),
and the number of proteins (one or two) bound in different
relative orientations.

DISCUSSION

The crystal structure of Geflp/DNA shows that one Geflp
molecule binds two independent DNAs via its HM G-boxes.
HMG-box2 canonically binds to the minor groove, sepa-
rates both strands and inserts a residue between base pairs
and thus induces a sharp bend. It should be noted that
we used the same DNA sequence as for the Abf2p crystal
structure and, remarkably in both cases the inserted step
is ToA3/T13A 19 (26). This step is followed by a symmetric
adenine tract (Ag)A7AgTy Ty, a rather rigid and difficult to
distort sequence with a narrow minor groove (26). Crystal
structures of Abf2p in complex with this and with a sec-
ond sequence containing an asymmetric A-tract (AAAA)
showed that the Abf2p HMG-boxes avoided binding A-
tracts (26). In Geflp, the small HMG-box| fits into the ma-
jor groove of the linear and rigid A-tract, whereas canon-
ical HMG-box2 distorts the bendable region of the DNA
molecule. In both cases, no contacts with base-specific
atoms are observed, supporting the notion that Geflp does
not recognize the DNA sequence. Instead, during crystal-
lization, Geflp recognized the structural DNA features.
Such a non-sequence specific recognition is consistent with
the architectural role of proteins with HMG-boxes in tan-
dem (59). On the other hand, despite both Abf2p and
Gcflp structures sharing the DNA sequence and mech-
anism of bending (insertion at the same step), the bind-
ing is protein-dependent. Whereas Geflp induces a U-turn
with the HM G-boxes2 from two proteins that sandwich the
DNA, a single molecule of Abf2p binds the DNA from
one side, as a staple, and induces the U-turn by means of
its HMG-boxesl and 2 (26). The finding that HMG-box1
fits into the major groove is unprecedented. Such a behav-
ior was confirmed by SAXS models in solution, and by
MD simulations that showed the protein spontaneously di-
recting HMG-box1 to the major groove, while HM G-box2
bound to the minor groove. Another surprising feature was
that the coiled-coil predicted for the N-terminal helix was
apparent only in the presence of DNA, creating dimers of
the complexes but also higher-order multimers, which were
impaired by mutations that disrupted the coiled-coil stable
interaction. Higher concentration of the Geflp/DNA com-
plexes favored coiled-coil dimers and increased the num-
ber of HMG-boxes bound to DNA, suggesting a highly dy-
namic mechanism that may underlie the local concentration
effects of mtDNA packaging. Previous results showed that
the formation of Gceflp multimers on C. albicans DNA is
linked to metabolism. Hyphal extracts contain monomers
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Figure 8. DNA bridging by DNA condensing proteins. (A) Schematic representation of DNA bridging by the histone-like nucleoid structuring protein
H-NS from E. coli, based on (74). In the figure, two different N-terminal domains, in green and orange respectively, interlock by their C-terminal end
(C). The N-terminus (N) of each domain also interlocks with neighboring N-terminal domains (N’). The C-terminal end is followed by the DNA binding
domain (DBD). Due to the C-terminal end interlock, the two DBDs of a dimer coincide in space but are proposed to bridge different, parallel DNA
molecules. The same contact occurs at the preceding and following dimers, which faint towards the depth due to the helicoidal overall arrangement of the
protein/DNA complex. (B) Working model of DNA binding by Geflp. Left, successive Geflp coiled coil dimers, with respective monomers colored in
green and orange, are framed. The tetramer is represented by the extra two molecules in grey. The N-terminus of the helix (N) and the coiled coil (CC) are
indicated. The HMG-box 1 and 2 (labelled 1 and 2, respectively) are indicated for each monomer in the central frame. Blue bent arrows indicate possible
domain reorientation, and the question mark the uncertainty about this. Black arrows indicate potential distorted DNA points by HMG-box 2, which
attract neighboring molecules. The compensation between wrapping (Wr) and unwinding (Tw) (see results) is symbolized by a linear DNA that apparently
does not change the length. Right, schematic representation of a U-turn induced by one end of the Geflp dimer. (C) Left, schematic representation of
the assembly of consecutive a8 heterodimers of the HU protein that bridge two parallel, linear DNA molecules. A similar but less tight arrangement is
observed for HU aa homodimers. Right, representation of the HU aa homodimers binding to to the minor groove of distorted DNA. Based on (80).

and dimers, whereas higher-order complexes are found in
yeast cells (13). Given our results, Geflp levels in mitochon-
dria could induce the different oligomers, suggesting that
Gecflp mitochondrial translocation could act as a switch for
C. albicans metabolism. TFAM phosphorylation inhibits
DNA binding (68), thus regulatory mechanisms could also
tune Geflp availability.

Our EM data indicate that Geflp condenses DNA via a
bridging mechanism, imposing either parallel or antipar-
allel arrangements of DNA strands, but the resolution of
the technique does not reveal the molecular details. S. cere-
visiae Abf2p (26,61) and human TFAM (24,25,27,58,65,69—
72) compact DNA by their two HMG-boxes, without ad-
ditional domains. For TFAM, DNA bridging may in-
volve protein-protein interactions, or cross-strand binding,
or both mechanisms simultaneously (27,69-71,73). DNA
bridging by Geflp may also involve the coiled-coil contact,
which places a pair of HMG-boxes 1 and 2 at each end
of the dimer. A comparable case is the S. typhymurium H-
NS protein, which forms tight hairpins like Geflp on the
DNA (60). The crystal structure of an H-NS fragment lack-
ing the C-terminal DNA-binding domain (DBD) features
a superhelix in which the N-terminal dimerization region
of consecutive fragments contact each other face to face,
whereas C-terminal dimerization regions contact tail-to-tail
(74). The N- and C-terminal contacts alternate along the su-

perhelix, and the DBDs at the C-terminus are expected to
be oriented towards the solvent to bind DNA (Figure 8A).
Similarly, ParB, from Bacillus subtilis, involved in DNA seg-
regation and sporulation, induces DNA condensation by
also alternating homodimers of the N- and C-terminal do-
mains on the nucleic acid, which bind non-specifically (75).

The extensively bridged DNA fragments observed in our
EM micrographs should combine both coiled-coil dimer-
ization at one end of Geflp, and DNA bridging by HMG-
boxes at the other end (Figure 8B). HMG-boxes between
consecutive dimers are not expected to interact but create
local DNA distortions recognized and stabilized by addi-
tional Geflp proteins, thereby promoting cooperative bind-
ing and protein nucleation on the DNA, similar to TFAM
(23,26,59,76-78) (black arrows in Figure 8B). Unlike H-NS,
Gcflp does not form a DNA superhelix, as confirmed by
our topology assays indicating almost no change in Lk (Fig-
ure 8B). However, no change in Lk could also be due to
DNA wrapping compensated by local changes in twist (un-
winding). As shown by the crystal structure, overall wrap-
ping of the DNA is compensated by DNA unwinding at
regions contacted by HMG-box2. In the crystal, yet, the
DNA fragments form a biologically-irrelevant minicircle,
and our MD calculations suggest that, on a linear contin-
uous DNA, the HMG-boxes can rearrange their orienta-
tion (bent arrows in Figure 8B). On the other hand, MD
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showed that the U-turn found in the crystal is highly sta-
ble, thus it possibly reflects a special binding mode of Geflp
that not necessarily occur during bridging but conceivably
in more compacted states of the nucleoid. Drastic differ-
ent binding modes were also suggested for TFAM, which
forms a DNA U-turn in the transcription initiation com-
plex that is difficult to conceal with fast TFAM sliding on
the DNA (77) but plausible during compaction (71). In
this line, remarkably different DNA binding modes have
been described for either the E. coli Integration Host Factor
(IHF) or the nucleoid-packaging protein HU. IHF shows
three binding modes, (i) the protein dimerizes and positions
two B-hairpins within the DNA minor groove which, to-
gether with neighboring protein regions, bend the DNA by
65°; (i1) an additional region of IHF participates in more
extensive contacts with the DNA, which then bends by
115° and (iii) a second additional surface further partic-
ipates in binding, inducing a DNA bending of 160°. Fi-
nally, IHF bound to DNA by the B-hairpins can, in addi-
tion, bridge a second DNA molecule by a far fourth sur-
face and, notably, both bridged DNAs are not bent but
parallel in an extended linear conformation due to repul-
sions between them (79). Regarding HU, dimers of the two
variants o and B induce DNA condensation by bridging
linear DNA molecules in parallel (80) (Figure 8C). The
HUap heterodimers bridge parallel DNA fragments con-
siderably more tightly than HUaa homodimers, but in both
cases contacts between neighboring dimers involve a long B-
hairpin arm. Strikingly, a HU dimer can also bind distorted
DNA (bent by 100-140°) by snugging the two very same [3-
hairpins into the DNA minor groove (80), showing once
again high variability in binding modes. According to our
results, we can also consider different binding mechanisms
for Geflp. Our current working model is as it follows. Dur-
ing Geflp assembly on the DNA, Gceflp dimerizes by the
N-terminal coiled coil and the HMG-boxes are reoriented
and bridge the DNA (likely in a much lesser extent than
in our micrographs), in a process in which DNA unwind-
ing compensates DNA wrapping (Figure 8B). The highly
basic N-terminal disordered region participates in the dy-
namic attraction of complexes, but it is not involved in the
bridging mechanism itself. According to our micrographs, a
succession of bridging events could eventually lead to DNA
condensation. However, for highly compacted DNA, we re-
main cautious regarding its topological features (wrapping
and unwinding), since we could not measure the contour
length in these specimens and thus cannot conclude if DNA
shortening occurred or not. Given the results from SAXS
and MD, we cannot discard that DNA U-turns appear in
such a tightly compacted DNA, as also proposed for TFAM
and Abf2p (24,26,58,71).

Deleting the Gefl gene in C. albicans was previously
shown to reduce mtDNA copy number and recombination
intermediates (20), suggesting that Geflp stabilizes such
structures in the recombination-driven replication mecha-
nism of Candida mtDNA (21). This could also reflect the
stabilization of DNA pairs by Gceflp during recombination,
although such functions should be exquisitely regulated as
over-compaction of mtDNA inhibits transcription and reg-
ulation (65). Further molecular analysis is required to pro-
vide insight into this potential function of Geflp.
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In the Gcflp crystal structure, 2-fold rotation places a
second coiled-coil-dimer at the other side of the paral-
lel DNAs, generating the supra-assembly. This places two
HMG-box2 domains face to face, while bending the DNA
such that the two DNA ends engage in a highly distorted
stacking that, during MD simulations, does not rearrange
into a regular 5'-3' DNA stacking, suggesting a crystal-
lographic contact. Each HMG-box2 bends the DNA by
inserting Met186 at DNA steps spaced by 4 bp, creat-
ing a dramatically twisted U-turn. Both Abf2p/DNA and
TFAM/DNA crystal structures also show partitioned U-
turns, created by HMG-box]l and HMG-box2 of a sin-
gle protein that contact different DNA molecules (26,73).
However, in these two cases the DNA ends join with per-
fect stacking, resulting in a smooth, pseudo-continuous
U-turn in which the two insertion sites are separated by
11 and 12 bp (a DNA helical turn). In principle, a simi-
lar pseudo-continuous U-turn could be generated from the
Gcflp/DNA crystal complex by adding extra bases be-
tween the two DNA ends. This would imply the major re-
orientations of all Geflp domains, which is conceivable in
principle considering the high flexibility of Gcflp.

In conclusion, our data show that Geflp is a flexible pro-
tein, with both HMG-boxes binding independent DNAs.
The N-terminal tail of different complexes forms a coiled-
coil, whereas the N-terminal disordered region dynamically
recruits additional complexes. These interactions lead the
formation of dimers and/or larger multimers, and eventu-
ally to supra-assemblies. Geflp cooperatively accumulates
on the DNA, leading to bridging, formation of hairpins
and DNA aggregations, aligning dsSDNA segments in par-
allel without distortions in twist or writhe. The observed dy-
namic binding should modulate the compaction and regu-
lation of mtDNA, which in turn underpins mitochondrial
activity and cell survival.

DATA AVAILABILITY

PDB code of the X-ray crystal structure coordinates
is 7ZIE. SAXS data from Gcflp alone or in complex
with DNA and models are accessible at the Small Angle
Scattering Biological Data Bank with codes: SASDPY5—
Gcflp protein (corresponding to Figure 6A): SASDPZS5
- Gecflp protein bound to DNA at 1.0 mg/ml (Fig-
ure 6B). SASDP26-Gcflp protein bound to DNA at
2.0 mg/ml (Figure 6C). SASDP36-N-terminal truncated
Gceflp (amino acids 59-245) bound to DNA (Figure 6D).
Molecular dynamics simulations of Geflp in complex
with DNA are at the server https://mmb.irbbarcelona.org/
BIGNASim/.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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