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ABSTRACT

Twin CXoC proteins constitute a large protein family among all eukaryotes; are putative substrates of the
mitochondrial Mia40-dependent import machinery; contain a coiled coil-helix-coiled coil-helix (CHCH)
fold stabilized by two disulfide bonds as exemplified by three structures available for this family. How-
ever, they considerably differ at the primary sequence level and this prevents an accurate prediction of
their structural models. With the aim of expanding structural information on CHCH proteins, here we
structurally characterized human CHCHD5 and CHCHD7. While CHCHD5 has two weakly interacting
CHCH domains which sample a range of limited conformations as a consequence of hydrophobic inter-
actions, CHCHD7 has a third helix hydrophobically interacting with an extension of helix o2, which is
part of the CHCH domain. Upon reduction of the disulfide bonds both proteins become unstructured
exposing hydrophobic patches, with the result of protein aggregation/precipitation. These results suggest
a model where the molecular interactions guiding the protein recognition between Mia40 and the disul-
fide-reduced CHCHD5 and CHCHD7 substrates occurs in vivo when the latter proteins are partially

embedded in the protein import pore of the outer membrane of mitochondria.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Almost all of the proteins of the mitochondrial intermembrane
space (IMS) are encoded by nuclear genes. These proteins are syn-
thesized in the cytosol and then imported into mitochondria. While
essentially all proteins directed to the matrix possess a targeting se-
quence which, by interacting with the translocases located in the
outer and inner mitochondrial membranes, directs them to the ma-
trix, different mechanisms can be operative for the import of nucle-
ar encoded proteins into the IMS (Neupert and Herrmann, 2007).
Many IMS proteins lack the mitochondrial targeting sequence and
are characterized by conserved twin CX,,C (typically n=3 and 9)
motifs, which were found to mediate their import into the IMS
through a disulfide relay system (Mesecke et al., 2005). Two pro-
teins, Mia40 and ALR (named Erv1 in yeast), are the central compo-
nents of this system (Hell, 2008). In particular, Mia40 is an
oxidoreductase which promotes an oxidative folding process of
the imported substrates through a thiol-disulfide exchange mecha-
nism, in this way trapping them in the IMS (Chacinska et al.,
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2004;Banci et al., 2009, 2010;Terziyska et al., 2009), while ALR/
Ervl restores the functional oxidized state of Mia40 (Terziyska
et al., 2007;Lionaki et al., 2010;Banci et al., 2012).

Twin CXgC proteins constitute a large protein family among all
eukaryotes (Cavallaro, 2010). Yeast Saccharomyces cerevisiae con-
tains 17 members, most of them required for the assembly or sta-
bility of respiratory chain complexes (Longen et al., 2009). In the
human genome 29 genes were identified, eleven of them being
part of respiratory chain complexes, twelve involved in cyto-
chrome c oxidase assembly function and in the maintenance of
fundamental structural and functional properties of mitochondria,
and six with unknown function (Cavallaro, 2010). All twin CXgC
proteins contain a coiled coil-helix-coiled coil-helix (CHCH)
domain as exemplified by the structures of Cox17 (PDB-ID:
2RN9) (Banci et al., 2008b;Abajian et al., 2004;Arnesano et al.,
2005), Mia40 (PDB-ID: 2K3J) (Banci et al., 2009;Kawano et al.,
2009) and p8-MTCP1 (PDB-ID: 1HP8) (Barthe et al., 1997). In all
of them, the twin CXoC motif forms two structural disulfides in a
o-hairpin conformation blocking the two helices in an antiparallel
orientation. Cox17 is the mitochondrial copper chaperone which is
involved in copper transfer to cytochrome c oxidase (Horng et al.,
2004;Banci et al., 2007b, 2008a). It binds a copper(I) ion through
an additional CC motif in the N-terminal region (Banci et al.,
2008b). Recently, the structure and functional role of Mia40 has
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been extensively characterized, showing that its CPC motif in the
N-terminal region is responsible for the introduction of disulfide
bonds in the protein substrates (Banci et al., 2009;Grumbt et al.,
2007). Mia40 functions as a molecular chaperone assisting the o-
helical folding of an internal targeting signal (ITS) of the substrate
(Banci et al., 2010;Sideris et al., 2009). p8-MTCP1 is a mitochon-
drial protein thought to be involved in T-cell proliferation and
has been reported to play a potential role in leukemogenesis but
its function is so far unknown (Madani et al., 1995;Soulier et al.,
1994).

Although all CXgC proteins presumably preserve a disulfide-
bonded o-hairpin conformation, they have a large range of se-
quence lengths and a very low degree of sequence similarity both
within a specific organism and in the orthologs of different species
(Cavallaro, 2010;Longen et al., 2009). Therefore, these features do
not allow to easily predict accurate structural models for this pro-
tein family. With the aim of expanding the structural information
on CHCH proteins, we have structurally characterized two mem-
bers of them, CHCHD5 and CHCHD?7, in their fully oxidized states.
The former protein has the peculiarity of containing two CHCH do-
mains and is homologous to yeast Mic14 whose depletion affects
mitochondrial oxygen consumption without influencing the mito-
chondrial cytochrome c oxidase and reductase activities (Longen
et al., 2009). The latter protein is the homologue of yeast Cox23
which is required for cytochrome c oxidase assembly (Longen
et al., 2009;Cavallaro, 2010;Barros et al., 2004). However, CHCHD7
has a very different sequence length compared to Cox23 (human
85 aa vs. yeast 151 aa).

2. Materials and methods
2.1. Bioinformatic analysis

Sequences homologous to those of the CHCHD5 and CHCHD7
proteins were searched via BLAST (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) in the database of non-redundant protein sequences
using Blastp (protein-protein BLAST). Sequence alignments were
performed using the ClustalW program with default parameters
(Larkin et al., 2007). Prediction of the mitochondrial N-terminal
targeting sequence has been performed through MitoProt II (Cla-
ros, 1995). The CHCHD7 and CHCHDS5 sequences were submitted
to the I-TASSER online modeling program. The I-TASSER server
generates 3D atomic models by conducting multiple folding simu-
lations on the basis of templates that it identifies as structural
homologs in the Protein Data Bank (Roy et al., 2010;Zhang,
2008). The C-score, which is a confidence score for estimating
the quality of predicted models by I-TASSER, is typically in the
range of [-5,2], where a C-score of higher value signifies a model
with a high confidence (Zhang and Skolnick, 2004). Our best mod-
els of CHCHD7 and CHCHD5 have a C-score of —1.58 and —1.75,
respectively. For both proteins the TM-score, which is another
parameter that measures the quality of the modeling prediction
(Zhang and Skolnick, 2004), is 0.50 £ 0.15. A TM-score >0.5 indi-
cates a model of correct topology. Both C- and TM-scores indicate
that no reliable structural models were obtained. Moreover, the
cysteines of the four CXgC motifs in the [-TASSER model of CHCHD5
are not involved in the disulfide bonds typical of this protein fam-
ily, thus indicating its unreliability.

2.2. Molecular cloning, expression and purification of CHCHD7 and
CHCHD5

The cDNA (GenScript) coding for the human CHCHD7 or
CHCHDS5 proteins were cloned into pET16b and pET15 (Novagen),

respectively, using the restriction enzymes 5 Ndel and 3’ BamHI
(Fermentas), generating N-terminal His-tagged proteins.

The expression vector encoding for the full-length proteins
(CHCHD7 and CHCHDS5) was transformed into competent Esche-
richia coli BL21-Origami(DE3) cells (Stratagene), which were grown
at 37 °C in Luria-Bertani, or in minimal medium ((*°NH,),SO,4 and/
or ['3C]glucose) for the production of labeled samples. Protein
expression was induced at OD 0.7-0.8 with 0.5 mM isopropyl B-
p-thiogalactopyranoside for 16 h at 25 °C. Cells were harvested
by centrifugation at 11000g for 20 min and resuspended in lysis
buffer (50 mM phosphate buffer pH 7.4, 0.5 M NaCl, 10 mM imid-
azole). Cell lysis was performed by sonicating with eight bursts
of 30 s each. The suspension was centrifuged for 40 min and the
supernatant was applied on a 5-ml Ni (or Zn)-charged Hi-Trap che-
lating HP column (Amersham Pharmacia Biotech). Unbound pro-
teins were washed with binding buffer (50 mM phosphate buffer
pH 7.4, 0.5M NaCl, 100 mM imidazole) and CHCHD7,s_s or
CHCHD54s_s was eluted with elution buffer (50 mM phosphate
buffer 7.5, 0.5 M NaCl, 500 mM imidazole). The CHCHDS5 protein
was then concentrated by ultrafiltration and loaded on a 16/60
Superdex 75 chromatographic column (Amersham Biosciences)
to separate the dimeric (30%) from the monomeric protein-con-
taining fractions (in 100 mM Tris, 100 mM NaCl, pH 8.0). This di-
meric form of CHCHD5 protein results from the formation of
unspecific intermolecular disulfide bond(s) as analyzed by SDS-
PAGE with and without dithiothreitol (DTT). CHCHD7,5_s and
monomeric CHCHD545_s were then concentrated by ultrafiltration
and the His-tag was cleaved by incubation with factor Xa
(50 mM Tris-HCl, 100 mM Nacl, 5 mM CacCl,, pH 8) or Thrombin
(100 mM Tris-HCI, 100 mM NaCl, pH 8.0) over night at room tem-
perature or 4 °C, respectively. A second HiTrap chelating HP col-
umn was used to isolate the untagged CHCHD7,5_s or CHCHD54s_
s, which were then loaded on a 16/60 Superdex 75 chromato-
graphic column (50 mM KPi, pH 7.0) and concentrated by ultrafil-
tration to produce the final NMR sample. Yields of pure proteins
were between 5-10 mg per liter of culture.

A N-ter CHCHD5 construct (a.a. 1-49) was obtained through the
insertion of a stop codon (TAA) after Pro49 in the full-length con-
struct. QuikChange XL Site-Directed Mutagenesis Kit from Strata-
gene was used for the mutagenesis reaction with the following
forward primer, GTACGAGCTCTCACCCGTAAATTATTCGCCAGATT
CGC. N-ter CHCHD5,s_s protein (a.a. 1-49) was expressed and puri-
fied following the same protocol of the full-length protein, with the
exception that the first gel filtration was omitted as the protein
eluted from the HiTrap chelating column in the monomeric form
only.

A C-ter CHCHD5 construct (a.a. 50-110) was obtained through
the insertion of Ndel restriction enzyme recognition site (CATATG)
after Pro49 by site-directed mutagenesis, using the following for-
ward primer, GTACGAGCTCTCACCCGTAACATATGATTATTCGCCA-
GATTCGCC. The C-ter CHCHD5 construct was sub-cloned using
Ndel and BamHI restriction enzymes in pET15 expression vector.
Protein expression and purification were performed following the
same protocol of the N-ter construct.

2.3. Mass Spectrometry

MALDI-MS experiments were performed on Bruker DaltonicsUI-
traflex Il MALDI TOF/TOF instrument in order to confirm the
molecular mass of the purified protein. 1 pl of protein solution
was mixed with 1 pl of matrix solution (SA 10 mg/ml in 70% aceto-
nitrile/30% water, 0.1% TFA) and analyzed. Flex Control 3.0 was
used as data acquisition software in positive linear mode. The
instrument was externally calibrated prior to analysis using the
Bruker Protein calibration standard kit.
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2.4. Analytical gel filtration chromatography

The aggregation state of CHCHD7,s_s and of the various con-
structs of CHCHD54s_s (full length, N-ter and C-ter constructs)
was analyzed using analytical gel filtration approach. Purified sam-
ples were run on AKTAFPLC™ using a Superdex 200 HR 10/300
analytical column or a Superdex 75 HR 10/300 analytical column
(GE Healthcare). Fifty millimolar sodium phosphate, 150 mM NaCl
buffer pH 7.0 was used as eluent with a flow rate of 0.6 ml/min.
Standard proteins used for the calibration curve were aprotinin,
ribonuclease A and ovalbumin.

2.5. Reduction of CHCHD7,5_s and CHCHD5s_s

For the reduction of protein disulfide bonds, degassed 50 mM
phosphate buffer pH 7.0 was used and up to 300 mM DTT or
25 mM tris(2-carboxyethyl)phosphine was added. The effect of
cysteine reduction on the folding properties was analyzed through
NMR 'H-"N HSQC experiments at 800 MHz. The reducing agent
was then removed from the reduced protein using a PD10 column
or by dialysis, and the cysteine redox state investigated through
protein alkylation followed by SDS-PAGE. The proteins were re-
acted with 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonate
(AMS) which specifically alkylates reduced cysteines increasing
the molecular weight by 500 Da per cysteine residue.
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2.6. Circular dichroism

Far-UV CD analyses of CHCHD5 (20 uM) and CHCHD7 (13 puM)
were performed in 50 mM phosphate buffer pH 7.0 with the addi-
tion of different amounts of DTT. Spectra were acquired at 298 K
using a 1-mm path-length cell and a Jasco J-810 spectropolarime-
ter (Jasco, Tokyo, Japan). All spectra were recorded with an average
of 5 accumulations at a scan speed of 20 nm/min and at a response
time of 2 s. The relative o-helical content was calculated from the
mean residue ellipticity value at 222 nm for the indicated DTT con-
centration taking the value at 0 mM DTT as 100%.

2.7. NMR relaxation experiments and analysis

5N Ry, R,, and steady-state heteronuclear NOE measurements
were performed at 500 or 600 MHz, 298 and/or 308 K, using the
pulse sequences previously reported (Farrow et al., 1994;Grzesiek
and Bax, 1993) on '°N-labeled samples. The overall rotational cor-
relation time values were estimated from the R,/R; ratio using the
program QUADRATIC_DIFFUSION (Lee et al., 1997). The relaxation
data for those NHs having an exchange contribution to the R, value
or exhibiting large-amplitude fast internal motions, as monitored
by low NOE values, were excluded from the analysis (Kay et al.,
1989;Tjandra et al., 1995).

Estimates of the molecular tumbling value under the chosen
experimental conditions of magnetic field and temperature were
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Fig.1. Sequence comparison between the human CHCHD7 or CHCHDS5 and their yeast homologues. Alignment between the CHCH domains of the human CHCHD7 (A) and
CHCHD?5 (C) and their yeast homologues (Cox23 and Mic14, respectively) starting with the first Cys and ending with the fourth Cys of each CHCH domain. Identical residues

are marked by an asterisk. Location of the CHCH domains (shaded in grey) in the amino acid sequences of CHCHD7 (B)/CHCHD5 (D) and Cox23

mitochondrial targeting peptide at the N-terminus of Cox23 (shaded in light grey).

(B)/Mic14 (D) and the putative
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obtained using the program HydroNMR following the standard
procedure (Garcia de la Torre et al., 2000). The input structures
do not contain the first 15 residues (CHCHD7,s_s), and the first
10 and the last 15 residues (CHCHD54s_s) as they are unstructured.

The experimental longitudinal and transverse relaxation rates
and the heteronuclear NOEs of CHCHD7,s_s recorded at 500 MHz
and 298 K have been analyzed with the TENSOR 2.0 program (Dos-
set et al., 2000), which allows the determination of rotational dif-
fusion from three-dimensional structure coordinates and
experimental >N relaxation data and to perform a model-free
analysis of local internal mobility affecting backbone amides in
the presence of an isotropic or anisotropic rotational diffusion ten-
sor (Tsan et al., 2000;Dosset et al., 2000).

2.8. NMR experiments and structure calculations

All NMR spectra to obtain the solution structures of CHCHD7s_s
and CHCHDS54s_s were recorded at 298 and 308 K, respectively,
using Bruker Avance 500, 700 and 900 MHz spectrometers, pro-
cessed using the standard Bruker Topspin software and analyzed
by CARA program (Keller, 2004). The NMR experiments used for
resonance assignment and structure calculations were performed
on '3C-/"N-labeled or on '°N-labeled samples (0.5-1 mM) in
50 mM phosphate buffer pH 7 containing 10% (v/v) D,0. The 'H,
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13C, and >N backbone resonance assignment of CHCHD7,s_s and
of the various constructs of CHCHD5 was performed using stan-
dard triple-resonance NMR experiments. The side chain assign-
ment of CHCHD7,s.s and CHCHD54s_.s was performed using
TOCSY- and NOESY-based NMR experiments. Secondary structure
analysis has been performed by PECAN (Eghbalnia et al., 2005),
CSI (Wishart et al., 1992) and TALOS+ (Shen et al., 2009).

TH-"N HSQC spectra of CHCHD5,s_s, recorded in the presence
and in the absence of TEMPOL (4-hydroxy-2,2,6,6-tetramethyl-
piperidine-1 oxyl, 97% purity, Sigma-Aldrich) from a Bruker
Avance700 spectrometer with 512 increments and 32 scans over
1024 data points, were compared to determine paramagnetic per-
turbations on signal intensities. Paramagnetic sample (0.7 mM)
contained an optimal 20 mM TEMPOL concentration, which was
achieved by adding directly to the NMR tube a few microliters of
a 2 M TEMPOL stock solution in 99.9% D,0. Only well resolved
NMR signals were selected and their volumes analyzed according
to the standard procedure (Molinari et al., 1997).

Structure calculations were performed with the software
package UNIO (ATNOS/CANDID/CYANA) (Herrmann et al,
2002a,b;Giintert, 2004), using as input the amino acid sequence,
the chemical shift lists, three ['H,'H]-NOE experiments (two-
dimensional NOESY, three-dimensional °N-resolved NOESY and
three-dimensional !3C-resolved NOESY), and backbone torsion
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Fig.2. Redox state-dependent structural properties of CHCHD7 and CHCHD5. The mean residue molar ellipticity (0;es) of CHCHD7,s_s (A) and CHCHD54s_s (B) in the absence
(black line) and in the presence of different DTT concentrations (5 (blue), 10 (red), 30 or 25 (green), 50 mM (orange)). The relative o-helical content as a function of DTT
concentration is reported for both proteins. "H-'>N HSQC maps of CHCHD7,s_s (C) and CHCHD5,s_s (D) at 298 K and 800 MHz and 500 MHz, respectively, in the absence of
DTT (blue) and in the presence of 200 mM DTT (red). An overlay of "H-">N HSQC maps at increasing DTT concentration is shown for a selected region for each protein. Starting
point (0 mM DTT) is in blue, addition 1 (50 mM DTT final concentration) is in green, addition 2 (100 mM DTT final concentration) is in red.
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angle constraints, derived from 'H, 13C and >N chemical shift anal-
ysis performed with TALOS+ program (Shen et al., 2009). The 20
conformers with the lowest residual target function values were
subjected to restrained energy minimization in explicit water with
the program AMBER 10 (Case et al., 2008). The quality of the struc-
tures was evaluated by the programs PSVS (Bhattacharya et al.,
2007) and iCing (http://nmr.cmbi.ru.nl/cing/iCing.html). The con-
formational and energetic analysis of the final restrained energy
minimized family of 20 conformers of CHCHD54.s and
CHCHD7,s_s are reported in Tables S1 and S2, respectively. The
atomic coordinates, structural restraints and resonance assign-
ments of CHCHD54s_s and CHCHD7,5_s have been deposited in
the Protein Data Bank and BioMagResBank (PDB-ID: 2lql, BMRB
accession number: 18318 for CHCHD5; PDB-ID: 21qt, BMRB acces-
sion number: 18328 for CHCHD7).

3. Results
3.1. Bioinformatic analysis of CHCHD5 and CHCHD7

Human CHCHD7 has been reported to be the homologous pro-
tein of yeast Cox23 (Longen et al., 2009;Cavallaro, 2010) which
has been detected in the IMS (Barros et al., 2004). In both proteins
the CHCH domain (starting with the first Cys and ending with the
fourth Cys) comprises 32 amino acids. The identity between the
two CHCH domains is 46% (Fig. 1A) but the sequence pattern of
the two proteins shows significant differences. While the yeast
protein is constituted by 151 amino acids and contains a putative

N-ter CHCH domain

N-terminal mitochondrial targeting sequence, the human protein
is formed by only 85 amino acids with no predicted mitochondrial
targeting sequence (Fig. 1B). Moreover, in the yeast protein the
CHCH domain is located in the C-terminal region with additional
103 amino acids at the N-terminus while in the human protein it
is found in the N-terminal region with a C-terminal extension of
38 residues (Fig. 1B). The yeast homologue of the human protein
CHCHDS5 is termed Mic14 (mitochondrial IMS cysteine motif pro-
tein of 14 kDa) (Longen et al., 2009;Cavallaro, 2010). In both organ-
isms the protein has two CHCH domains separated by 13/14 amino
acids, each of the domain containing four conserved cysteine resi-
dues, with a pairwise identity of 21% and no predictable N-termi-
nal mitochondrial targeting sequence (Fig. 1C and D).

The mitochondrial IMS-targeting signal (ITS) is a sequence
stretch found in essentially all CHCH, Mia40-dependent substrates.
The ITS primes one Cys for docking with Mia40’s CPC motif which
is responsible for the introduction of a disulfide bond in the sub-
strate (Sideris et al., 2009;Milenkovic et al., 2009). The ITS is de-
fined as a stretch of at least nine amino acids upstream or
downstream of any cysteine of the CXgCX,CXoC motif, and having
two hydrophobic amino acids four and seven amino acids distant
from the docking cysteine (Sideris et al., 2009;Milenkovic et al.,
2009). Such putative ITS sequence stretches were predicted for
both CHCHD7 and Cox23 downstream of the third or fourth cys-
teine residue and, for Cox23, additionally upstream of the fourth
cysteine, suggesting that they are potential Mia40 substrates.
Mic14 has been reported to be transported to the IMS by Mia40/
Erv1 disulfide relay system (Gabriel et al., 2007) and putative ITS
sequence stretches were predicted downstream of the first

Fig.3. Solution structure of CHCHD54s_s. The bundle of 20 conformers representing the final NMR structure of CHCHD54s_s is shown by superimposing the backbone atoms of
the N-ter (A) and the C-ter (B) CHCH domain. (C) Ribbon presentation of one conformer of CHCHD54s_s with residues involved in hydrophobic contacts colored in blue and
with van der Waals contact surfaces. The N-ter CHCH domain is in green, the C-ter CHCH domain is in red, and the linker between the two domains is in grey. Disulfide bonds
are in yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cysteine residue in both CHCH domains of Mic14. CHCHD5 has the
same ITS regions and, additionally, another one downstream of the
third cysteine in the second CHCH domain, suggesting to be a
Mia40 substrate, as Mic14. The ITSs present in these four proteins
matched with those most commonly identified in the CHCH family,
i.e. downstream of the first or of the third cysteine of the CHCH do-
main (Cavallaro, 2010).

Structural models of CHCHD7 and CHCHD5 generated through
the I-TASSER server were not enough accurate to be considered
representative of a correct structure (see Section 2.1 for details)
and therefore we proceeded to solve the structure of both proteins
experimentally through solution NMR.

3.2. Redox state-dependent properties of CHCHD5 and CHCHD7

MALDI-MS analysis revealed that recombinantly expressed and
purified CHCHD7 and CHCHDS5 have molecular weights of 10.2 and
12.7 kDa, respectively, in agreement with their theoretical values.
SDS-PAGE analysis of the purified protein samples mixed with
the thiol-reactive reagent 4-acetamido-4'-maleimidylstilbene-
2,2'-disulfonic acid (AMS) (see Section 2.5 for details) showed a
clear shift of the CHCHD7 and CHCHD5 bands only upon addition
of a large excess of dithiothreitol (DTT) (data not shown). This indi-
cates that the cysteine residues of purified CHCHD7 and CHCHD5
are involved in two (CHCHD7,s_s hereafter) and four (CHCHD54s_
s hereafter) disulfide bonds, respectively, while the cysteine resi-
dues are reduced after addition of the reducing agent and hence
they are able to react with AMS.

Analytical gel filtration shows that CHCHD7,s_s is in a
monomeric state (Fig. S1). The molecular tumbling value of
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Fig.4. Interaction properties of the CHCH domains in CHCHD5,4s_s. The weighted-
average chemical shift differences A,y HN (that is, ([(AH)? + (AN/5)?]/2)'2, where
AH and AN are chemical shift differences for 'H and '°N, respectively) between (A)
the full-length protein and the N-ter and C-ter constructs and between (B) the 1°N-
labeled N-ter construct before and after addition of the unlabeled C-ter construct
and vice versa. Secondary structure elements of full-length CHCHD5,4s_s are shown
at the top.

CHCHD735_s (T = 10.8 £ 1.1 ns at 298 K), estimated through NMR
measuring '°N backbone relaxation rates, is in agreement with
the HYDRONMR-derived (Garcia et al., 2000) value of the protein
in a monomeric state (8.9 ns). Also CHCHD54s_s elutes in the ana-
lytical gel filtration as a single species but with an apparent molec-
ular weight (MW,p,) of ~19 kDa which is slightly higher than the
value expected for a monomeric state (Fig. S1). However, the
molecular tumbling time value (11.0+1.2ns at 298K and
10.1 £ 1.5 ns at 308 K) is in the same range of that derived from
HYDRONMR for a monomeric protein state (9.3 + 0.8 ns at 298 K
and 8.9+ 0.8 ns at 308 K obtained averaging t,, values calculated
using the ensemble of 20 NMR conformers, see later). Therefore,
the divergence between the experimental MW value obtained from
the analytical gel filtration and the theoretical MW values can be
ascribed to a non-globular protein shape of CHCHD5.

Circular dicroism (CD) spectra of CHCHD7,s_s and CHCHD54s_s
indicate that both proteins have a-helical secondary structure with
typical negative minima around 208 and 222 nm (Fig. 2A and B).
After incubation with an excess of DTT, the a-helical content de-
creases by 60% and 70%, respectively (Fig. 2A and B). These data
indicate a high propensity of the proteins to adopt a a-helical con-
formation when the disulfide bonds are present, while upon their
reduction the proteins acquire a largely unstructured state. To
investigate the effect of disulfide bond reduction on the tertiary
structure of CHCHD7,s_s and CHCHD545s_s, NMR spectra were re-
corded at various DTT concentrations. With increasing concentra-
tion of DTT, a slow exchange process on the NMR time scale is
observed corresponding to the formation of the reduced state
whose NH signal dispersion is largely decreased (Fig. 2C and D).
The majority of backbone NHs in the final '"H-""N HSQC spectra
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Fig.5. Experimental and calculated '>N relaxation parameters of CHCHD54s_.
Experimental (filled squares) backbone >N R; (A) and R, (B) values for CHCHD5s_s
were compared with those values estimated from the atomic coordinates of the
most compact (open triangle) and the most extended (open circle) conformer
among the family of 20 conformers. (C) Experimental '>N{'H}-NOE values for the
full-length protein.
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of both proteins are clustered in the spectral region typical of un-
folded polypeptides (amide proton resonances clustered between
8 and 8.5 ppm). At variance with what has been observed for
Cox17, namely that its fully reduced state is highly soluble (Banci
et al., 2008b), protein aggregation and precipitation slowly occur
in a day for both CHCHD5 and CHCHD?7, thus preventing a detailed
NMR characterization of their reduced states.

3.3. Structural characterization of CHCHD54s_s

The "H-"N HSQC spectrum of CHCHD54s_g protein shows well-
spread resonances which indicate a folded protein. 88 out of 101
expected backbone amide resonances (excluding 8 proline residues
and the first Met) were assigned. Backbone amide resonances were
missing for residues at the N-terminus (2, 6-10), for some residues
of the linker connecting the two CHCH domains (48-52) and for
residues 17 and 82. Secondary structure analysis performed on
the basis of '3Cg, '3Cy, '2CO, Hy, chemical shifts showed the pres-
ence of the two expected twin a-helices forming the two CHCH do-
mains. Accordingly, NMR '3Cys chemical shifts (Sharma and
Rajarathnam, 2000) indicate that the eight cysteine residues of
the two CHCH domains are involved in four disulfide bonds. The
resonance assignment was also performed on two constructs
which comprise the N-terminal (a.a. 1-49) and C-terminal (a.a.
50-110) CHCH domain, respectively (named N-ter and C-ter
CHCHD5,s_s hereafter). The secondary structure analysis demon-
strates the presence of the same o-helical stretches present in
the CHCH domains of the full-length protein.

The solution structure of the full-length protein shows the pres-
ence of two a-helical hairpins which are well-ordered when indi-
vidually superimposed (Fig. 3A and B, backbone RMSDi; 46
0.86 A and backbone RMSDsg_g, 1.27 A), but sample several reci-
procal conformations when considering the entire ensemble (back-
bone RMSD;,_o; 6.45 A), consistently with the lack of interdomain
NOEs and the missing assignment of 5 residues in the linker region
(composed by 10 residues). The linker region is, however, not com-
pletely unstructured. Indeed, a o-helical segment, involving resi-
dues 52-57, is present in the ensemble of all 20 conformers
(Fig. 3) as resulting from chemical shift index and TALOS+ analysis
(Fig. S2). A short a-helix is also present in the loop connecting the
disulfide-bridged o-helices in the first CHCH domain (Fig. 3C).

To investigate the interaction between the two CHCH domains,
the 'H-">N HSQC map (Fig. S3) and the backbone chemical shifts of
the full-length protein (Fig. 4A) were compared with those of the
individual N-ter and C-ter CHCHD5;s_s constructs. Chemical shift
variations are scattered across the two helices of the N-ter CHCH
domain and involve few residues in the C-ter domain (Fig. 4A).
No large chemical shift differences were however observed be-
tween the isolated domains when they are mixed in a 1:1 ratio
(Fig. 4B). These data suggest that the two domains do not specifi-
cally recognize each other, consistent with the lack of interdomain
NOEs in the full-length protein. However, the chemical shift varia-
tions measured for the residues in the N-ter CHCH domain indicate
that the two CHCH domains are not fully independent.

To analyze the relative orientation of the CHCH domains, exper-
imental >N R, and R, data of the full-length protein were com-
pared with the values estimated from rigid-body hydrodynamic
modeling using the atomic coordinates of the most compact and
the most extended conformation of the two CHCH domains within
the family of 20 conformers. As shown in Fig. 5A, the experimental
R, values are, on average, matching the theoretical R, values of the
most compact conformer. On the contrary, the experimental R, val-
ues are, on average, higher than those expected from the more
compact conformation (Fig. 5B). This could be due to the presence
of conformational exchange contributions occurring along the
whole amino acid sequence. This behavior explains the low

number of NOE cross-peaks in the NH region of the 2D NOESY
spectrum (Fig. S4, 539 cross-peaks at 298 K and 460 cross-peaks
at 308 K), which is significantly less than would be expected for
a protein of CHCH5’s size and topology (550 cross-peaks at 298 K
for human Cox17 which has only one CHCH domain). A similar
behavior has been already reported in other systems (Bertini
et al., 2003; Banci et al., 2007a), for which multiple conformational
exchange processes occurring on a time-scale that is of the order of
the reciprocal frequency separation determine dramatic exchange
broadening which can easily render the NOE unobservable, espe-
cially when coalescence is approached. The experimental
I5N{'H}-NOE values for CHCH54s_s (Fig. 5C) demonstrate that the
single domains forming the full-length protein behave as rigid
bodies. Only sixteen residues at the C-terminus are very mobile
as shown by its negative heteronuclear {'H}!°N-NOEs, indicative
of fast (nanosecond to picosecond) internal mobility. All together,
15N NMR relaxation data indicate that the two CHCH domains in
the full-length protein do not reorient independently in solution
but they neither behave like a rigid body as they sample a range
of limited conformations.

Paramagnetic profile of TEMPOL accessibility to the CHCH545_s
surface was measured to provide further information on the rela-
tive orientation of the CHCH domains. TEMPOL is a soluble and sta-
ble free radical commonly employed for analyzing the distribution
of protein surface hot spots (Bernini et al., 2009). Changes of '"H-"N
signal intensities of backbone amides in HSQC protein spectra re-
corded in the presence and absence of 20 mM TEMPOL have been
measured and reported as paramagnetic attenuations, Ai, following
a well-known protocol (Molinari et al., 1997). A 20 mM TEMPOL
concentration induces a sizeable broadening of NH signals but it
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Fig.6. Structural properties of CHCHD7,s_s. (A) 'H-'>N HSQC spectrum of
CHCHD7,s_s at 800 MHz and 298 K; (B) The bundle of 20 conformers representing
the final NMR structure of CHCHD7,s_s is shown by superimposing the backbone
atoms. Disulfide bonds are shown in yellow. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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does not generate too much loss in the signal/noise ratio. Chemical
shifts are only marginally affected by the presence of 20 mM TEM-
POL (mean absolute difference <0.02 ppm), a circumstance that
makes assignments trivial. Ai values have been calculated for most
of the CHCH54s_s amide groups, i.e. 73 out of the total 88 assigned
NH signals which are present in both diamagnetic and paramag-
netic "H-"N HSQC spectra. The obtained Ai values range from a
maximum of 2.0 to a minimum of 0.6 for signals exhibiting strong
and weak paramagnetic attenuations, respectively. The mean value
of Ai is 1.12 and the residues whose NHs are attenuated by TEM-
POL are spread all over the sequence of CHCH54s_s (Fig. S5), indi-
cating that both domains are accessible to the solvent. The
TEMPOL induced Ai values were mapped to the surface of the most
extended conformation of CHCH545_s, and also plotted graphically
(Fig. S5). All atoms of residues with the highest attenuations
(2.0 < Ai < 1.4) are painted in red, those of residues with intermedi-
ate attenuations (1.4 < Ai< 1.2) are painted in orange. From this
analysis it results that the residues whose NH correlations are most
affected by TEMPOL are distributed all over the solvent exposed
surface of the two CHCH domains in their relative most extended
conformation. In agreement with the >N NMR relaxation data, this
behavior indicates that the two domains are not strongly interact-
ing with each other but they are largely solvent accessible in a not
compact structural organization.

In conclusion, structural, chemical shift mapping, '°N relaxation
and paramagnetic relaxation enhancement data show that the
CHCH54s_s does not exhibit a rigid body hydrodynamics experienc-
ing indeed a certain degree of motions between the two CHCH
domains, which behave as rigid entities. The analysis of the hydro-
phobic contacts in the 20 conformers shows the presence of three
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main regions located (i) in the first a-hairpin domain, (ii) in the
short a-helix of the linker region, (iii) in the second o-hairpin do-
main (Fig. 3C). The interactions of these hydrophobic regions could
have a role in restricting the degree of flexibility of the two CHCH
domains without locking them completely in one rigid conforma-
tion. These hydrophobic contacts can also be responsible for the
aggregation and precipitation observed for the reduced state of
the protein. Indeed, upon disulfide bond reduction, these hydro-
phobic residues can become completely solvent exposed, thereby
enabling non-specific protein-protein interactions.

3.4. Structural characterization of CHCHD7 55_s

The "H-"N HSQC spectrum of CHCHD7,s_s shows well-spread
resonances indicating a folded protein (Fig. 6A). 67 out of 78 ex-
pected backbone amide resonances (excluding 6 proline residues
and the first Met) were assigned. Backbone amide resonances were
missing for the N-terminal residues 3-10 as well as for residues 24,
39 and 45. Secondary structure analysis performed on the basis of
13¢g, 13C4, 13C0, H,, chemical shifts showed that, in addition to the
two a-helices of the CHCH-domain, a further a-helix is present in
the C-terminal region of the protein. NMR '3C,, chemical shifts
(Sharma and Rajarathnam, 2000) indicate that the four cysteine
residues of the CHCH domain are involved in two disulfide bonds.

The solution structure shows that the three a-helices form a
prolate, ellipsoidal-shaped molecule in which helix o3 is perpen-
dicular to the polar axis (Fig. 6B). The N-terminal a-helix is formed
by thirteen residues (17-29) as usually found in the CHCH fold,
while the second a-helix, comprising residues 38-59, is unusually
long compared to other CXgC members (22 vs. 12 residues of
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Fig.7. Hydrophobic interactions in the o-helices of CHCHD7,s_s and comparison between CHCHD7,s_s and p8-MTC1 structures. (A) Ribbon presentation of CHCHD7s_s
showing the hydrophobic residues involved in interhelical contacts displayed with van der Waals contact surfaces. Disulfide bonds are shown in yellow; (B) superimposition
of the solution structures of CHCHD7;s_s (cyano) and p8-MTC1 (blue). Disulfide bonds are colored in yellow and the not conserved disulfide bond of p8-MTC1 is indicated. The
N-terminus and C-terminus are indicated by N and C, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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Cox17). The extended part of helix o2 not included in the CHCH
domain interacts with the C-terminal helix o3 (Fig. 6B). In the
CHCH domain the hydrophobic interhelical interactions involving
residues Leul7, Ala22, Leu27 in helix o1, Tyr44, Tyr40, Phe41 in
helix o2, and Tyr32 in the loop does not define a compact patch
(Fig. 7A). This suggests that the disulfide bonds play the main role
to maintain the interhelical contacts. On the contrary, extensive
hydrophobic interactions involving several residues are present
between helix o3 and the part of helix o2 not included in the
CHCH domain (Fig. 7A). Two residues, Phe66 and Met67, of the
loop connecting helix o2 with helix o3 (loop 2) and Met83 and
Tyr85 at the C-terminus are also in contact with the interhelical
hydrophobic patch, thus determining a well-defined conformation
of the loop and of the C-terminal tail (Fig. 7A). Helix o2 is amphi-
patic having all the hydrophobic residues on the internal side of
the structure, being this a fundamental aspect to firmly stick helix
a3 to helix o2. In accordance with the numerous interhelical inter-
actions, >N backbone relaxation properties show that the protein
is essentially a rigid molecule with also the loops connecting the
helices not showing a high degree of motions (Fig. S6). The anisot-
ropy of rotational diffusion tensor has been characterized by the
program TENSOR 2.0 (Dosset et al., 2000) using the relaxation rate
R,/R; ratios at 500 MHz and the statistical significance of the
description was then investigated. Residues recognized from their
relaxation behavior to be rigid were selected for inclusion in the
calculation of the anisotropic diffusion tensor following exclusion
criteria described in (Tjandra et al., 1995;Cordier et al., 1998),
retaining 54 residues. The protein exhibits significant anisotropic
reorientation with a diffusion tensor with principal axes values
of 2.181 x 107, 1.361 x 107 and 1.485 x 107 s~ !. A statistically bet-
ter fit for the relaxation data was obtained by using the axially
symmetric model over the isotropic model. The prolate approxi-
mation reproduces the measured relaxation rate ratio better than
the oblate approximation (3, =31.1 compared to 7, = 48.5). The
anisotropic tensorial description is again statistically significant
(X&p =30.7, 1305 =61.7) but no statistically significant improve-
ment in the fully anisotropic model over axially symmetric diffu-
sion was observed (FTestg,=0.50 compared to FTesty, = 2.82).
The relaxation data were analyzed by using both the isotropic
and axially symmetric models for the rotational diffusion tensor
and, in going from the isotropic to the axially symmetric case, a
better fit of the relaxation data was obtained with the axially sym-
metric model.

In the only other structurally characterized CHCH domain con-
taining a third o-helix, the human p8-MTCP1 (PDB-ID: 2HPS, se-
quence identity with CHCHD7,s_s 15%) (Barthe et al., 1997), the
helices forming the CHCH domain are oriented similarly to those
in CHCHD7,s_s (Fig. 7B) preserving indeed the same hydrophobic,
interhelical interactions. On the contrary, helix o3 in p8-MTCP1
is oriented differently to that in CHCHD7,s_s (Fig. 7B). This differ-
ent orientation in p8-MTCP1 with respect to CHCHD7,s_s is deter-
mined by: (i) the presence of a further disulfide bond (in addition
to those of the CHCH motif) which links the first turn of helix a3 to
the last turn of helix o2, and which is absent in CHCHD7,s_s
(Fig. 7B); (ii) by the presence of few hydrophobic interactions be-
tween helix o3 and the CHCH domain, merely localized at the
beginning of helix o3 of p8-MTCP1, at variance with what de-
scribed before for CHCHD7,5_s. Both these features determine the
different structural and dynamical properties of helix o3 in p8-
MTCP1 with respect to what found for CHCHD7,s_s. Indeed, at var-
iance with CHCHD7,s_g, helix o3 of p8-MTCP1 shows a progressive
increase in both structural disorder and dynamic fluctuations (Bar-
the et al., 1999, 1997). This comparative analysis confirm that, in
CHCHD7,s_s, the hydrophobic interactions involving helix a3, helix
o2, loop 2 and the C-terminus are crucial to define the orientation
of helix o3, and that the reciprocal orientation of the two helical

segments in the CHCH domain is essentially determined by the
presence of two disulfide bonds.

4. Discussion

In the CXyC proteins, the structural organization is mainly
determined by two different kinds of interhelical interactions:
disulfide bonds and hydrophobic contacts. Two typical members
of the CXoC protein family whose structures are available are
Cox17 (Banci et al., 2008b;Abajian et al., 2004;Arnesano et al.,
2005) and Mia40 (Banci et al., 2009;Kawano et al., 2009). The first
has an unstructured N-terminal 20-residue-long region followed
by the CHCH domain. The second has a CHCH domain interacting
with a rigid, N-terminal 20-residue-long region which contains
the CPC redox active site, and is surrounded by long unstructured
N-terminal (residues 1-41) and C-terminal (residues 107-142)
tails. At variance with Cox17, Mia40 has a high degree of hydro-
phobicity, specifically on one side of the CHCH domain and this
hydrophobic region has been found to be essential in the recogni-
tion process between Mia40 and the substrates once imported in
the IMS through a general entry gate, the outer membrane TOM
complex (Chacinska et al., 2009). The degree of hydrophobicity in
two helices of each CHCH domain in CHCHD54s_s is similar to what
is found in Mia40, but, overall, more distributed on both sides of
the CHCH domains. On the contrary, CHCHD7,5_s is analogous to
Cox17, not showing a high level of hydrophobicity in the CHCH do-
main. However, CHCHD7,s_s has a high degree of hydrophobicity
in the extended part of helix o2 and in helix o3, which are both ab-
sent in Cox17.

ITS has been found to be responsible for the mitochondrial trap-
ping of this family of CXoC substrates as it is essential for Mia40
protein recognition (Milenkovic et al., 2009;Sideris et al., 2009).
Both CHCHD5 and CHCHD?7 have putative ITSs and can be thus pre-
dicted to be imported in the IMS following a mechanism similar to
what already shown for Cox17 (Banci et al., 2009, 2010). Moreover,
both proteins have additional hydrophobic regions which can be-
come completely solvent exposed upon disulfide bonds reduction.
These data suggest a model where the hydrophobic interactions
between Mia40 and the ITSs of CHCHD5/CHCHD7 occur while
the other hydrophobic regions of the two Mia40-substrates are
not accessible as they are still inside the TOM pore. In such a
way, a potential aggregation of CHCHD5 and CHCHD7 can be pre-
vented. This strategy is typically used by molecular chaperones
which interact with the nascent proteins preventing self aggrega-
tion (Hartl et al., 2011). Following this model, the same process
might not be required for Cox17 which indeed, showing a lower
degree of hydrophobicity, can interact with Mia40 even when it
is completely released from the TOM pore. In the cytosol the pos-
sible aggregation phenomena of CHCHD5 and CHCHD7 can be pre-
vented by cytosolic chaperones, particularly heat shock proteins of
the Hsp70 and the Hsp90 classes, which have been implicated in
the binding of the mitochondrially-imported hydrophobic precur-
sors to transfer them to the TOM complex (Young et al., 2003;Cha-
cinska et al., 2009). A function similar to the molecular chaperone
has been proposed for the zinc ion which can play a role in the
cytosol during biogenesis of the CHCH proteins, maintaining them
in a state appropriate for mitochondrial import through metal
binding (Morgan et al., 2009). A further possibility is that IMS-pro-
teins might start to be imported while they are still synthesized
(Herrmann and Riemer, 2011). This might be achieved by the
attraction of nascent polypeptide chains to the surface of mito-
chondria so that proteins that are produced by ribosomes are syn-
thesized in direct proximity of the TOM complexes. In agreement
with this model, it was shown that mRNAs encoding for mitochon-
drial proteins are enriched in mitochondrial fractions isolated from
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yeast cells (Marc et al., 2002;Eliyahu et al., 2010) and that the
mRNA-binding protein Puf3 at the mitochondrial surface (Quena-
ult et al., 2011;Saint-Georges et al., 2008;Garcia-Rodriguez et al.,
2007) binds several 5’-UTR regions of mRNA encoding for some
IMS proteins including Cox23, the yeast homologue of CHCHD7
(Herrmann and Riemer, 2011).
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