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Disulfide driven folding for a 
conditionally disordered protein
Hugo Fraga1,2,3, Jordi Pujols1,2, Marcos Gil-Garcia1,2, Alicia Roque2, Ganeko Bernardo-
Seisdedos4, Carlo Santambrogio5, Joan-Josep Bech-Serra6, Francesc Canals6, Pau Bernadó7, 
Rita Grandori5, Oscar Millet4 & Salvador Ventura  1,2

Conditionally disordered proteins are either ordered or disordered depending on the environmental 
context. The substrates of the mitochondrial intermembrane space (IMS) oxidoreductase Mia40 are 
synthesized on cytosolic ribosomes and diffuse as intrinsically disordered proteins to the IMS, where 
they fold into their functional conformations; behaving thus as conditionally disordered proteins. It is 
not clear how the sequences of these polypeptides encode at the same time for their ability to adopt 
a folded structure and to remain unfolded. Here we characterize the disorder-to-order transition of a 
Mia40 substrate, the human small copper chaperone Cox17. Using an integrated real-time approach, 
including chromatography, fluorescence, CD, FTIR, SAXS, NMR, and MS analysis, we demonstrate 
that in this mitochondrial protein, the conformational switch between disordered and folded states 
is controlled by the formation of a single disulfide bond, both in the presence and in the absence 
of Mia40. We provide molecular details on how the folding of a conditionally disordered protein is 
tightly regulated in time and space, in such a way that the same sequence is competent for protein 
translocation and activity.

Deciphering how an unstructured polypeptide folds into its biologically active three-dimensional structure has 
been one of the major challenges in biochemistry over the last 50 years1. A �rst problem in folding studies is that 
the biological unfolded state cannot be directly accessed, but only approximated, i.e. using strongly denaturing 
conditions2. A second limitation is that due the high speed at which proteins generally fold, most experiments 
measure the rate of appearance or disappearance of a speci�c signature for a particular species, typically on 
millisecond-second scales3,4. Spectroscopic probes like �uorescence5 and circular dichroism (CD)6 are usually 
used in these assays, since they display enough intrinsic time resolution to follow folding reactions. �ese data 
provide important information on the height of energetic barriers, but say little about how protein conformation 
evolves along the pathway. Accordingly, alternative techniques like Nuclear Magnetic Resonance (NMR)7, infra-
red spectroscopy (FTIR)8, small-angle X-ray scattering (SAXS)9 or native mass spectrometry (MS)10 have been 
implemented to track the folding of certain proteins, providing novel and wealthy structural information in these 
speci�c cases. Because no single method can provide a entire picture of the folding reaction, the integration of all 
those complementary approaches to characterize the complete folding trajectory of a given polypeptide is a long 
pursued objective.

A large number of cysteine-containing proteins encoded in the nucleus and synthesized on cytosolic ribo-
somes are targeted to the intermembrane space (IMS) of mitochondria as reduced species and they become 
oxidized into their functional forms only a�er entering this organelle compartment11. �e IMS oxidoreductase 
Mia40 introduces disul�de bonds into these target proteins to facilitate their folding11,12.

�e unique properties of Mia40 substrates o�er an opportunity to characterize folding reactions with unprec-
edented conformational detail. First, a biologically relevant unfolded state can be accessed, since in their reduced 
state these proteins remain essentially unstructured, both in vitro and inside cells13. Second, non-catalyzed folding of 
these proteins can take several hours to occur14 which permits tracking the process in real-time by a battery of low 
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temporal-resolution techniques reporting on di�erent structural properties. �ird, in these proteins the adoption 
of the native structure and the formation of the disul�de bonds are linked in a process known as oxidative folding, 
allowing an accurate characterization of the major transient intermediates that populate the folding reaction15.

Cox17 is one of the best-characterized substrates of Mia40. It acts in the IMS as the donor of Cu(I) to both 
Sco1 and Cox1116,17, being also involved in the regulation of mitochondrial contact sites and cristae organiza-
tion18. Mutations in Cox17 result in the dysfunction of cytochrome C oxidase, leading to respiratory defects19. 
Human Cox17 (hCox17) belongs to the CX9C family and is a 62-residue protein containing six conserved Cys. 
�e NMR solution structure of this protein shows that it consists of a coiled-coil-helix-coiled-coil-helix domain 
(CHCH) stabilized by two disul�de bonds involving Cys26–Cys55 and Cys36–Cys45, preceded by a �exible and 
completely unstructured N-terminal tail (Fig. 1A). �e Cu(I) ion is coordinated by two additional free cysteines 
at positions 23 and 24.

�e folding of hCox17 can be considered as a disorder-to-order transition mediated by a post-translational 
modi�cation: the formation of structural disul�de bonds20,21. In the present study, we integrate real-time chro-
matography, disul�de, �uorescence, CD, FTIR, SAXS, MS and NMR analyses in order to provide a complete 
conformational description of the mechanism governing this structural switch.

Results
hCox17 is predicted as an IDP in the reduced state. We have recently proposed that many small pro-
teins containing disul�de bonds would resemble bona �de IDPs, when in their reduced states22. Despite there 
is no perfect mimic for reduced Cys residues, mutation of disul�de-forming Cys to Ser is considered the less 
disruptive change to simulate disul�de bond reduction23. We virtually mutated Cys to Ser in hCox17 sequence 
to mimic the reduced state of the protein and analyzed the degree of predicted disorder using FoldIndex24, 
Espritz25, IUPRED26, PONDR-FIT27 and RONN28 algorithms. With the exception of a small stretch at the hCox17 
C-terminus, all these programs consistently predict this sequence as mostly disordered (Fig. 1B).

Reduced hCox17 is mostly disordered. Previous folding studies on yeast Cox17 (yCox17), which has only 
35% sequence identity with hCox17, have employed mutants where several Cys were changed to Ser29. In order to 
attain a comprehensive view of the complexity of hCox17 folding pathway we used here instead the human WT pro-
tein, where all 6 Cys are present. For example, reducing this number to 4 Cys would decrease the potential disul�de 
isomers in the folding pathway from 75 (15 1S-S + 45 2S-S + 15 3S-S) to only 9 (6 1S-S + 3 2S-S).

It has been suggested that hCox17 is signi�cantly unfolded when reduced and that this is probably pivotal for its 
di�usion across the mitochondrial outer membrane30. In order to con�rm this point, hCox17 puri�ed from E.coli 
Origami cells was reduced with 200 mM DTT for 2 hours. hCox17 reduction was clear from the shi� in RP-HPLC 
retention time (Fig. 2A). �e oxidation state of the protein was con�rmed using MALDI-TOF a�er reaction with 
vinylpiridine. An increase of 637 Da (105 of vynilpiridine per free SH + 1 proton per SH) was observed when native 
hCox17 was reduced and treated with vinylpiridine indicating that all 6 Cys were accessible in the reduced state.

Figure 1. hCox17 structure and disorder prediction. (A) Upper, 3D representation of hcox17 (pdb code: 2R9N) 
with red-colored cysteines and disul�des. Bottom, primary sequence and secondary structure of hCox17. (B) 
Disorder predictions for hCox17 (C26S, C36S, C45S, C55S) sequence using Foldindex, Espritz, IUpred, Pondr-Fit 
and Ronn. �ose amino acids above the methodology threshold and predicted as disordered are colored in white.
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�e NMR 1H-15N-HSQC spectrum of reduced hCox17 (Fig. 2B) is consistent with an IDP �ngerprint: �e 
amide groups of hCox17 protein are in a similar chemical environment which leads to a clustering of 41 15N - 
1H distinguishable signals in the central part of the spectrum, with strong peak intensities and a characteristic 
up-�eld position for the ε–TRP signal. For folded hCox17, the chemical environments are more heterogeneous 
due to the presence of the two alpha-helices, thus creating a more disperse spectrum (Fig. 2B). We further inves-
tigated the structural properties of reduced hCox17 by recording the 1H-15N-HSQC and HNCACB spectra of 
the 15N-13C-labelled protein. Chemical shi�s were assigned for Ala, Trp and Ser and their neighboring residues 
(Fig. S1), as they fall in isolated Cβ chemical shi� regions. Reference chemical shi� values for the same residues 
in the oxidized state were obtained from BMRB 11019 (Table S1). Protein �exibility and secondary structure was 
predicted by comparing the Random Coil index values from the backbone chemical shi�s (HN, N, Cα and Cβ)31 
(Fig. 3). Based on the analyzed residues it can be deduced that reduction of hCox17 results in the loss of most of 
its secondary structure content.

�ese results agree with the Fourier transform infrared spectroscopy (FTIR) spectrum of DTT treated hCox17 
in the amide I region, which evidences the lack of signi�cant regular secondary structure (Fig. 2C), whereas the 
FTIR of spectrum of native hCox17 contains a 44% α-helical content (Fig. 2C and Table S2). �is percentage of 
α-helix is in perfect agreement with the solution structure of hCox17 (30/67 residues in α-helix = 44%).

�e far-UV circular dichroism (CD) of native hCox17 is typical of an α-helix containing protein with charac-
teristic minima at ≈210 nm and ≈222 nm (Fig. 2D). �e far-UV CD spectra of reduced hCox17 displays much 
lower ellipticity and a minimum at 205 nm consistent with a mostly disordered structure (Fig. 2D). However, 
a shoulder at ≈222 nm was evident in the spectrum. To discard that this signal could be indicative of a certain 

Figure 2. Conformational properties of reduced and native hCox17. (A) Lower panel: HPLC chromatograms 
of native (black) and 2 hours DTT-treated hCox17 (grey). �e upper panel shows MALDI-TOF spectra of both 
samples quenched with vinylpiridine. (B) NMR 1H-15N-HSQC spectrum of reduced (blue) and native (red) 
hCox17 with the respective assignments. (C) FTIR absorbance spectra of hCox17 in the amide region at several 
time points of the refolding reaction. Experimental spectra and their �tting are shown in dashed and solid lines, 
respectively. (D) Far-UV CD spectra of reduced (blue triangles) and native (black circles) hCox17.
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residual α-helical content, we performed a thermal denaturation of reduced hCox17 and monitored the changes 
in α-helix content following the changes in the CD signal at 222 nm. We did not observe any change in elliptic-
ity along the melting (Fig. S2A) and the CD spectra of the reduced protein at 25 and 95 °C were highly similar 
(Fig. S2B), in contrast to what happens with the oxidized protein (Fig. S2C). �is lack of structural transition is 
in agreement with the NMR and FTIR data, supporting hCox17 being mostly disordered in the reduced state.

�e disordered N-terminus of native hCox17 accounts for roughly 50% of its sequence, this a�ects the hydro-
dynamic properties of the protein. Accordingly, native hCox17 elutes much earlier than expected for its molecular 
weight in a size exclusion chromatography (SEC) (apparent MW ≈14.000 Da/predicted MW = 7.400). Reduction 
of hCox17 further increases its hydrodynamic volume and the protein elutes earlier than the native form (appar-
ent MW ≈20.500 Da), which is consistent with a larger fraction of the protein populating disordered conforma-
tions (Fig. S3).

Cox17 folding proceeds by sequential disulfide formation. To monitor hCox17 folding, we �rst ana-
lyzed the progression of hCox17 secondary structure formation using CD. �e reduced protein was loaded in a 
PD10 desalting column (GE Healthcare) to remove DTT, allowing the protein to re-oxidize its free thiol groups 
into disul�des as previously described14. As the reaction progresses the ellipticity of the protein increases. By 
plotting the changes in ellipticity at 222 nm versus time it can be observed that hCox17 folding is extremely slow, 
taking ≈16 h for completion at pH 7.0 (Fig. S4).

To further characterize hCox17 folding, we used FTIR spectroscopy coupled to RP-HPLC analysis. 
Time-resolved FTIR has proven to be a powerful technique to follow conformational changes during protein 
folding8. On the other hand, RP-HPLC, a�er quenching the folding reaction with acid, allows the resolution of 
the di�erent isomers that populate the pathway14.

hCox17 oxidative folding chromatograms are rather simple, considering the high number of potential disul�de 
isomers, 75, for a protein containing 6 Cys residues. Apart from the starting fully reduced form (peak R) we could 
only detect two major species, peak I and peak N (Fig. 4A), displaying decreasing hydrophobic surface accessi-
ble to solvent under chromatographic conditions, according to RP-HPLC retention times. Peak N corresponds 
to native hCox17, whereas, Peak I contained only the inner C36-C45 native disul�de (Table S3). �erefore, no 
o�-pathway intermediates are populated signi�cantly along the folding reaction. �e pathway involves exactly the 
same species independently of whether the reaction is performed at pH 7.0 or at pH 8.4, where the thiols are more 
reactive (Cys side chain pKa = 8.37) and the reaction proceeds faster, taking only about 6 h to complete (Fig. 4A). 
�is provides us a mean to match the reaction kinetics with the time scale of the di�erent techniques used in 
this study, just by controlling the pH of the reaction. MALDI- TOF analysis of the oxidative folding mixtures  
excluded the formation of any sulfenic or sulfonic species.

Figure 3. Random Coil Index values for Cα and Cβ chemical shi�s. Values above 0.7 in Cα are indicative of 
α-helix whereas values below −0.7 are indicative of β-sheet and vice versa for those values of Cβ.
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�e quantitative analysis of disul�de species along the reaction (Fig. 4B) indicates that peak I reaches a steady 
level before the formation of the native protein (Peak N) is complete; suggesting that the transition between the 
disordered and native states of hCox17 proceeds via the sequential oxidation of single disul�de bonds, in which 
the formation of the inner disul�de precedes the formation of the outer one. In order to con�rm this point, 
we performed a stop/go experiment. �e inner disul�de acid-trapped intermediate was isolated from oxidative 

Figure 4. Inner disul�de bond species represents a folding intermediate and displays secondary structure 
features linked with the native conformation. (A) hCox17 was allowed to re-oxidize a�er DTT removal at 
pH 7 (le�) and pH 8.4 (right). At de�ned time points, the reaction was quenched and analyzed by HPLC. (B) 
RP-HPLC peak areas, from the refolding reaction at pH 8.4, are plotted as function of time. Reduced (solid 
triangles), intermediate (solid squares) and native (open circles) species. (C) Acid-trapped intermediate I was 
puri�ed by RP-HPLC, freeze-dried, and dissolved in Tris-HCl (pH 8.4) to reinitiate the folding reaction. Folding 
reaction was subsequently quenched with acid at di�erent time points and re-analyzed by RP-HPLC. (D) 
Reduced hCox17 was allowed to air oxidize at pH 8.4 inside a sealed FTIR spectrometer cuvette and the spectra 
recorded at speci�c refolding times. �e relative contributions of random coil (solid squares) and α-helix (open 
circles) conformations to the global amide I spectra are plotted as a function of time. (E) Duplicates from the 
FTIR assay at pH 8.4 were acid-quenched and the di�erent species present in the reaction analyzed by RP-HPLC 
as indicated above. �e area of the reduced specie peak is plotted versus the α-helix content as deduced by FTIR.
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folding mixtures, dried and dissolved in standard bu�er at pH 8.4 to resume folding. Peak I leads directly and 
e�ciently to the formation of peak N, without the accumulation of any other alternative species (Fig. 4C).

Consistent with CD data, the analysis of the folding reaction using FTIR indicates an increase in α-helical 
structure as hCox17 folds. �is technique allowed us to con�rm that this increase in structure comes at expenses 
of a decrease in disorder (Fig. 4D). Analyzing the FTIR samples using RP-HPLC we �nd a complete correlation 
between the gain in secondary structure and the disappearance of the reduced protein (r2 = 0.995) (Fig. 4E), 
which con�rms its disordered nature and indicates that the inner disul�de intermediate already contains a signif-
icant degree of α-helical structure.

Formation of the inner disulfide bond involves a transition between a disordered and a com-

pact native-like state in hCox17. We proceeded testing whether, as suggested by SEC, hCox17 folding 
resulted in signi�cant changes in protein shape. SAXS can be used for the characterization at low-resolution of 
protein structure and dynamics32. In the context of hCox17, SAXS is useful to assess the time-dependent com-
paction along the folding pathway. Kratky representations of the measured curves present a continuous increase 
of the I(s)s2 with the momentum transfer indicating that reduced hCox17 remains highly disordered (Fig. 5A). 
Interestingly, the increase in the intensity of the maximum suggests an enhanced compaction with time. �is 
compaction is better monitored by the P(r) function that presents more noticeable changes as folding proceeds. 
Both the systematic decrease of the Dmax value and the shi� of the maximum towards smaller distance val-
ues demonstrate the compaction process induced by the folding of hCox17 (Fig. 5B). Figure 5C displays the Rg 
derived from the SAXS curves measured along the oxidative folding of hCox17 at 3 mg/mL and 2 mg/mL at pH 
8.4, to check whether protein concentration can increase or disturb global compactation and shape. At initial 
state, hCox17 exhibits a Rg of 24.2+/−0.3 Å, which is in very good agreement with a fully disordered protein of 
67 residues, 22.8 Å33. A�er two hours of reaction hCox17 experiences a fast compaction process to form a particle 
with an Rg of 21 Å that remains unchanged during the following four hours. Finally, Rg displays a slight decrease 
of 1 Å a�er six hours, that remains stable until the end of the assay. A RP-HPLC analysis of the folding reaction 
under the same conditions than those used in the SAXS experiment (Fig. S5) evidences the presence of around 
10% of intermediate at 6 h, suggesting that this last decrease in Rg might re�ect its conversion into native hCox17.

Comparison of RP-HPLC and SAXS kinetics suggest that formation of the �rst disul�de and compaction of 
hCox17 state are connected. To con�rm this hypothesis, we used mass spectrometry (MS) under non-denaturing 
conditions (native MS), which allows monitoring compaction and oxidation distinctly and simultaneously. While 
accurate mass determination reports on the oxidation state, charge-state distributions (CSDs) allow detection of 
coexisting conformers34. Starting from a fully reduced state, hCox17 folding was initiated at pH 6.7 and samples 
analyzed by ESI-MS as the reaction proceeds. �e fully reduced protein (Fig. 6A) exhibits a broad CSD centered 
on the 7+ ion and an average mass of 7406.6 (±0.1) Da, (expected 7406.6 Da). An average charge state of 7.2 is 
in good agreement with the value expected for a completely unstructured protein of this size35, con�rming the 
identi�cation of reduced hCox17 as an IDP. Under the conditions employed here, the species containing one 
disul�de bond attains its maximal accumulation a�er 8 h (Fig. 6B), as indicated by a mass of 7404.8 (±0.3) Da 
for the 6+ ion. �e mass of the other peaks (7405.0–7406.3 Da) are consistent with mixtures of 1 S-S and fully 
reduced protein, which indeed still constitutes the major hCox17 specie at this time point in these conditions. 
Gaussian �tting of the CSD highlights the presence of two conformational components, a narrow one centered on 
the 6+ ion, corresponding to the 1 S-S intermediate, and a broad one centered on the 7+ ion, corresponding to 
the fully reduced protein. �is result indicates that the formation of the �rst disul�de bridge is linked to a signi�-
cant chain compaction, accompanied by a narrowing of the CSD and a shi� in average charge state from 7.2 to 5.9. 
A�er 17 h of incubation (Fig. 6C), the native 2 S-S form accumulates, as indicated by a further mass shi� to 7402.6 
(±0.1) Da. However, the prevalent charge state remains 6+ , suggesting that the overall protein compactness is 
not a�ected signi�cantly by the formation of the second disul�de bridge.

Figure 5. Small-angle X-ray scattering analysis of hCox17 compaction upon folding. (A) Kratky representation 
at selected folding time-points: 0 hours (blue), 30 minutes (orange), 1 hour (green), 2 hours (red), 4 hours 
(purple) and 8 hours (brown). (B) P(r) functions representing the time-points colored as in A. (C) Radius of 
Gyration plot versus time of folding. Both 2 mg/mL (spheres) and 3 mg/mL (squares) samples are represented 
with the error bars. �e folding reaction was performed at pH 8.4.



www.nature.com/scientificreports/

7SCIENTIFIC REPORTS | 7: 16994  | DOI:10.1038/s41598-017-17259-4

NMR relaxation data of the amide group can also be used to estimate the rotational di�usion tensor which, in 
turn, can be reinterpreted in terms of a single correlation time (τx) to describe the overall molecular tumbling36. 
Taking advantage of the slow timescale for the folding event, three NMR subsets of signals were independently 
analyzed to obtain the correlation times for the di�erent species detectable in the NMR spectrum (see below). 
�e extended conformation of the unfolded state results in a τx of 5.9 ± 0.9 ns, while the intermediate form (asso-
ciated to the formation of the Cys36-Cys45 disul�de bond) shows increased compaction (τx of 6.6 ± 1.3 ns) and, 
as expected, both species are still more �exible than the native form (τx of 7.1 ± 0.9 ns).

Overall SAXS, MS and NMR data converge to indicate that the formation of the inner disul�de bond is con-
comitant with compaction of hCox17. Glycerol is a small polyol know to promote protein compaction, leading 
to protein conformations with reduced solvent accessible surface area37. As it can be seen in Fig. 7A and B, we 
observed a concentration-dependent increase of folding rates in the presence of glycerol, which further supports 
compaction as an important event in hCox17 folding.

Adoption of native structure around the hCox17 inner disulfide precedes outer disulfide forma-
tion. In order to collect structural information of the hCox17 folding pathway at the residue level, the reaction 
was monitored using NMR spectroscopy. For this purpose, 15N labelled hCox17 was �rst reduced in the presence 
of 100 mM DTT and, following bu�er exchange, its oxidation tracked in real time at pH 6.5. �e folding reaction 
progression was monitored by the chemical shi� changes in a 1H-15N-HSQC over a total period of 36 h. In Fig. S6 
representative spectra at 0 h, 8 h and 30 h are shown. It can be observed how some signals from the unfolded/
reduced state decrease, how signals from the native state arise and how some intermediate signals appears and 
disappears in the �nal folded state; thus suggesting that R, I and N are in slow exchange.

Figure 8A shows the time evolution represented by a color scale with residue resolution. Under the refolding 
conditions most of the peaks adopted near �nal conformation before 22 h. �e transition from the disordered to 
the folded state is nucleated by the formation of the inner disul�de bond (Cys36-Cys45), in agreement with previ-
ous results. Quite striking is the relative rapid folding of the residues involved in the stabilization of the α–hairpin 
fold, including a small hydrophobic core around the covalent link and Arg33 and Glu42 involved in a electrostatic 
interaction that connects helix I and the 310 helix located between the two α–helical segments17. Residues around 
the second disul�de bond only display native like chemical shi�s later on the reaction, whereas the N-terminal tail 
and Cys23 and Cys24 remain disordered along all the experiment. Figure 8B and S7 show the exponential changes 
in intensity, re�ecting the di�erences in the progression of the folding reaction between residues.

Mia40 accelerates the transition of hCox17 to the folded state acting on the inner disulfide 
bond. We proceeded analyzing the e�ect of Mia40 on the evolution of the di�erent species identi�ed in the 
hCox17 folding process using the approach we previously reported for Cox1914. Indeed, although the Mia40 path-
way consists of at least two more components, Erv1 and cytochrome c, Mia40 has been shown to fully catalyze 
substrate oxidation when added in excess12,38. Mia40 is incorporated to the reaction as a fusion with GST which 
allows to dissect its impact on the hCox17 folding reaction by HPLC-RP since it does not elute within the used 
organic solvent gradient. When an excess of Mia40 was mixed with reduced hCox17 an overall acceleration of the 

Figure 6. Analysis of the conformation and oxidative state of hCox17 species by native MS. Nano-ESI-MS spectra 
of 10 µM hCox17 refolding reaction at pH 6.7. hCox17 species are labeled according to its charge state and number 
of disul�de bridges. Each peak is labeled by the isotopically-averaged mass of the protein. Insets show the Gaussian 
�tting of the CSD. (A) Fully reduced hCox17 in the presence of 50 mM DTT. (B) Partially oxidized hCox17, 8 h 
a�er the removal of DTT. (C) Completely oxidized hCox17, 17 h a�er the removal of DTT. RP-HPLC analysis is 
plotted below each time-point, where native (N), intermediate (I) and reduced (R) are labelled.
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folding reaction was observed (Fig. 9A). As it occurred for Cox1914, the folding pathway in the presence of Mia40 
involves the same species as in non-catalyzed folding, the inner disul�de intermediate being formed rapidly in 
the �rst minutes, followed by the formation of native hCox17. Our results also suggest that the reaction can be 
separated in two independent steps and, accordingly, that Mia40 does not release the fully oxidized substrate, but 
the same semi-oxidized and compact inner disul�de bonded species that was observed during non-catalyzed 
folding. We tested this hypothesis using a simple kinetic model that considers the transition from unfolded (U) 
to a single intermediate (I) with a rate constant K1 and the latter one to the native protein (N) with a rate constant 
K2 and �tting the areas from the RP-HPLC curves of the species in the absence and presence of Mia40 (Fig. 9B). 
�e r2 is >0.95 for all the species in both conditions. As we expected, K1 su�ers a large 23-fold increase, from 
0.3 to 6.9 h−1 in the presence of Mia40, whereas the change in K2 is much more moderate, a 2.5-fold increase, 
from 0.7 to 1.8 h−1. �ese data indicate that the formation of the inner disul�de is the rate-limiting step during 
non-catalyzed folding, whereas, in the presence of Mia40, it is the other way around. In addition, when there is 
no more reduced species available, the complete depletion of the intermediate requires the same time (∼2 hours) 
both in the absence and presence of Mia40 (Fig. 9C), which supports that, at least in our experimental setup, 
Mia40 promotes the transition of hCox17 towards the folded state mainly by accelerating the formation of the 
inner disul�de bond.

The redox environment impacts both hCox17 folding rate and pathway. To test the in�uence 
of the redox environment in hCox17 folding we used oxidized glutathione (GSSG) as a thiol catalyst. GSSG 
strongly accelerates the conversion of reduced hCox17 towards the native species, with a rate that approaches that 
of Mia40 catalysed reaction (Fig. 9D). Despite GSSG can promote the formation of both native and non-native 
disul�de bonds in an unspeci�c manner, peak I continues being the major 1-SS species, which re�ects a sequence 
encoded preference to form the inner disul�de bond. �e acceleration of the reaction comes, however, at the 
cost of the accumulation of highly compact o�-pathway isomers, according to their elution in RP-HPLC. �ese 
forms cannot evolve towards native hCox17, likely because the presence of GSSG impedes disul�de reshu�ing 
and proofreading.

Inducing secondary structure formation in the reduced state does not increase hCox17 folding 
rate. We tested whether induction of helical formation in the reduced state of hCox17 could accelerate the 
conformational transition towards the native state as we observed previously for Cox19 (14). �e �uorinated 
alcohol 2, 2, 2-tri�uoroethanol (TFE) promotes a concentration dependent coil-to-helix transition in peptides and 
disordered proteins39. Accordingly, addition of increasing concentrations of TFE, from 5 to 40%, while keeping 
the pH at 8.4, to reduced hCox17 resulted in an increase in its helical content, as deduced from the CD spectra 
(Fig. 10A). However, when we assessed the impact of TFE on hCox17 folding reaction we could not observe any 
increase in folding rates. Indeed, the folding rate is reduced as the helical content increases (Fig. 10B), a result that 
could respond to an inhibitory e�ect of pre-formed helical structure or alternatively TFE-induced formation of 
non-native helical conformations40.

�e helix/coil transition algorithm AGADIR predicts very low propensities for both hCox17 helices, 2.27% 
for helix I and 0.47% for helix II (Table S4). We redesigned individually helices I and II to test whether an increase 
in their local α-helix propensities had any impact on the kinetics of hCox17 folding. To this aim we introduced 

Figure 7. Impact of glycerol on hCox17 folding rates. (A) hCox17 was allowed to refold in presence of 
increasing glycerol concentrations at pH 8.4. A�er 1 hour of reaction, the mixtures were acid-quenched and 
analyzed by RP-HPLC. �e native peak area is plotted as a function of the glycerol percentage (v/v). (B) 
Representative chromatograms a�er 1 h of refolding in the absence (bottom) and in the presence (up) of 30% of 
glycerol. Peaks from le� to right: native, intermediate and reduced hCox17.
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residues with higher intrinsic helical propensity and novel i + 3, i + 4 contacts between side chains (Table S4), a 
strategy that has been used to drastically stabilize and increase the folding rates of helical proteins41. �e expected 
increase in helical content upon mutation was 6-fold for helix I and 10-fold for helix II (Table S4). �e two 
mutants were puri�ed to homogeneity and their folding rates compared with WT hCox17. As shown in Fig. 10C, 
helix I mutant folds at the same rate that WT. helix II mutant folds faster than WT, but the impact is small, only 
1.5-fold.

To further discard that residual helical propensity in the reduced state could play a relevant role in the folding 
of hCox17, we tested if the reaction could be completed in the presence of GdnHCl, a classic denaturant agent that 
will di�cult the formation of secondary structure at the early stages of folding. At low concentrations (<3 M) the 

Figure 8. hCox17 oxidative folding followed by real-time solution NMR. Reduced hCox17 was allowed to 
refold and HSQCs were collected along the reaction. Residues were assigned and their intensities measured. 
(A) Normalized chemical shi� intensities depicted according to the color bar, where in white is 0% formation 
and in red 100% formation. Residues 1 to 25 remained disordered and are not taken into account, His 47 was 
not assigned. (B) Normalized chemical shi� intensities a�er 22 h of reaction shown on top of hCox17 solution 
NMR structure (PDB �le: 2RN9), color code as in A. Folding kinetics from Cys 26, Cys 36, Cys 45 and Cys 55 
amino acids are represented as an example. In the x axis time is represented as hours, and in y axis normalized 
chemical shi� intensities.
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presence of GdnHCl does not preclude hCox17 folding, but instead accelerates the reaction in a concentration 
dependent manner, achieving maximum rates at 1.6 M concentration (Fig. 10D), which indeed suggests that 
transient interactions in the reduced state can play a certain inhibitory e�ect on hCox17 folding.

Discussion
From as early as An�nsen seminal work we know that the structure of globular proteins is imprinted in its genetic 
sequence42. It is also true that the lack of speci�c regular structure, characteristic of IDPs, is coded in the protein 
sequence43,44. �e question that arises is: How can a sequence encode at the same time for ordered and disordered 
conformations when both states are biologically relevant? �is is the case of hCox17, for which the initially dis-
ordered state is a requirement for its di�usion across the mitochondrial outer membrane, whereas the transition 
to a folded state in the IMS is necessary to transfer copper to cytochrome c oxidase. �is places hCox17 in the 
new of class of conditionally disordered proteins, de�ned as polypeptides that under physiological conditions can 
exist in at least two states, one that shows a high degree of �exibility and disorder and a second state that shows 
a higher degree of order21. �is mechanism allows to �ne tune the function of these proteins according to the 
environmental context with a low energy cost. �e slow folding reaction of the CHCH hCox17 domain and the 
possibility to trap and identify the major intermediates that populate the pathway has allowed us to integrate a set 

Figure 9. Impact of Mia40 and GSSG in the oxidative folding reaction of hCox17. (A) Reduced hCox17 was 
allowed to refold in the presence of Mia40 (molar ratio 1:2) and the reaction analyzed by RP-HPLC. (B) �e 
normalized peak area of reduced (red triangles), intermediate (blue squares) and native (green circles) species 
are represented as a function of time in the presence (le�) and absence (right) of Mia40. �e �tting to a U-I-N 
transition is displayed in solid lines. (C) hCox17 folding intermediate disappearance as a function of time in 
the presence of Mia40 (open circles) and in stop and go assays (solid squares). A dashed line at 50% is also 
represented to identify the half-life of the specie. (D) RP-HPLC chromatograms of hCox17 folding reaction in 
the presence of 1 mM GSSG. Red boxes highlight o�-pathway intermediates.
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of techniques reporting in real time on covalent linkage, compactness, secondary structure and protein shape as 
it folds towards its functional conformation.

Disul�de bond formation is error-prone, particularly at the early stages of packing, o�en resulting in the accu-
mulation of mispaired intermediates, which slows down folding reactions, since reshu�ing is required to attain 
the native disul�de connectivity45. Despite being potentially able to form a large number of covalently-linked 
intermediates, hCox17 folds using sequential native disul�de formation, starting with the inner disul�de fol-
lowed by the formation of the second outer disul�de, which results in a highly funneled pathway where a single 
native cross-linked on-pathway intermediate is accumulated, both in the absence and presence of Mia40. In the 
view of the simplicity of hCox17 folding pathway one would expect it to proceed fast. In contrast, spontaneous 
folding of hCox17 is exceedingly slow. �e same behaviour was observed for Cox19, yet another substrate of 
Mia40 belonging to the CX9C family14. �is parsimony allows enough residence in the reduced and disordered 
state for the proteins to be translocated from the cytosol to the IMS, since folding is a strong kinetic competitor 
of mitochondrial import11.

�e succession of events leading to hCox17 folding is neither governed by the local vicinity of Cys resi-
dues, nor by the reduction in entropy of the system upon disul�de crosslinking, since the closure of the outer 
disul�de bond, or a non-native Cys23-Cys55 connection would close a much longer loop that the inner bond. 
�is points at di�erential structural protection upon disul�de formation as the most probable factor responsi-
ble for the observed hCox17 folding hierarchy. It is clear from our data that the formation of the �rst disul�de 

Figure 10. In�uence of secondary structure in the oxidative folding of hCox17. (A) Far-UV CD spectra of 
reduced hCox17 in the absence (upper solid line) and in the presence of 10% (dashed line), 20% (dotted line) and 
40% (lower solid line) of TFE. �e characteristic α-helix 222 nm signal is indicated as a vertical dotted line. (B) 
Reduced hCox17 was allowed to refold in the presence of increasing concentrations of TFE. A�er 1 h of reaction, 
the samples were acid-quenched and analyzed by RP-HPLC. �e native peak area was integrated and plotted as 
a function of TFE concentration. (C) Reduced hCox17 mutant H1 (circles), H2 (squares) and wild type (solid 
triangles) proteins were allowed to refold and the normalized native RP-HPLC peak areas are plotted as a function 
of the refolding time. (D) hCox17 refolding in the presence of increasing concentrations of Guanidine-HCl was 
quenched with TFA a�er 2 hours of reaction. �e amount of native (solid triangles), intermediate (solid squares) 
and reduced (open circles) species are plotted as a function of denaturant concentration.
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bond is associated with the transition of hCox17 from an initially disordered state to a compact conformation. 
Structural collapse, disul�de formation and local secondary structure formation occur in a coordinated way, 
according to NMR, SAXS, FTIR and MS data. In excellent agreement with our results, Banci and coworkers, 
showed that a mimic of the inner disul�de bond intermediate, in which the outer Cys were mutated to Ser, exhib-
ited stable inter-helical interactions and displayed a structure similar to that of native hCox17 containing two 
disul�des46. NMR data indicate that the �rst hCox17 regions to attain native chemical shi�s are those around the 
inner disul�de where a small hydrophobic core and an electrostatic interaction between the carboxylate group of 
Glu42 and the guanidine group of Arg33 exist. �ese interhelical interactions surround the inner disul�de bond 
and would bring the two helices close to each other into the detected compact conformer. �is species is likely a 
stable disul�de secure intermediate in which the disul�de bond is signi�cantly protected from SH/SS reshu�ing 
and reduction, and thereby is able to form the native protein directly, i.e., by oxidation of their exposed and reac-
tive thiols. �ese properties suggest that this specie would not di�use freely backward to the cytosol. �e second 
disul�de can thus form more slowly in the IMS, without a�ecting much the equilibrium between unfolded and 
folded species.

It is generally assumed that protein folding drives subsequent disul�de formation, however our data sug-
gest that conditionally disordered proteins like hCox17 deviate from this general rule, all the data converging to 
indicate that the formation of the inner disul�de is itself the molecular event triggering the transition of hCox17 
between the initially disordered state and the folded functional conformation. �is would promote immedi-
ate native-like compactness by forcing and stabilizing the interactions that envelop this covalent link. Indeed, 
NMR data indicate that all the residues between and adjacent to Cys36 and Cys45 arrive to their native positions 
with a similar fast speed, independently if they are polar, charged or hydrophobic. �is occurs before the two 
α-helices have attained their de�nitive relative positions. In fact, NMR and SAXS data indicate that despite the 
inner disul�de intermediate has already attained a compactness equivalent to that of the native state, is still �exi-
ble. �is might explain the accelerating role of glycerol, known to reduce protein �exibility47, which by decreasing 
the motion of the yet metastable helices might favor the formation of the outer disul�de bond.

In a way, the transition between the disordered and ordered states of hCox17 can be considered as a con-
formational switch controlled by a single selective post-translational modi�cation: inner disul�de oxidation. 
Spontaneous formation of helical structure and hydrophobic collapse are usually fast events that cannot act as the 
drivers for the folding of a protein that should stay long in a disordered state waiting for translocation. Disul�de 
oxidation in the cytosol is a much slower reaction that might provide an e�ective time window for protein import. 
Another point to consider in hCox17 translocation to the IMS is aggregation. Indeed, the unfolded or partially 
unfolded states of globular proteins usually have an exacerbated propensity to aggregate and are recognized by 
chaperones to mediate their degradation48. How does hCox17 avoid these side reactions in the cytosol? An anal-
ysis of its sequence with the TANGO aggregation prediction algorithm indicates that it is absolutely devoid of 
aggregation-prone sequences (not shown), a property that shares with a number of bona �de IDPs49. �is explains 
why the protein can remain soluble for long time in the unfolded state and why it lacks a de�ned nucleus that can 
trigger its folding. �e disordered state of hCox17 should be viewed as an essential component of hCox17 func-
tion and therefore its sequence has evolved to optimize its properties as well as those of the folded state.

Many disordered proteins refold when they bind their partners and, indeed, this is the case of hCox17 in 
vivo, which folds in the IMS upon binding to Mia40. We show here that this binding event acts a catalyser of a 
disorder-to-order transition that is already delineated in the primary sequence of this conditionally disordered 
protein, since the detected folding intermediates in catalysed and non-catalysed reactions are identical. Indeed, 
unspeci�c oxidants like GSSG su�ce to attain folding speeds equivalents to those obtained in the presence of 
the chaperone. However, this acceleration comes at the cost of the formation of o�-pathway non-native linked 
intermediates, which indicates that Mia40 allows preserving the protein intrinsic propensities during accelerated 
folding, in good agreement with previous results obtained by Banci and co-workers, using Cys to Ser mutants of 
hCox17 and solution NMR50. �e formation of the inner disul�de is the rate-limiting step in the folding reaction 
of hCox17 and therefore it prevents that hCox17 would fold prematurely. As expected for a canonical foldase, 
Mia40 catalyses this rate-limiting molecular event, having limited impact on the formation of the second native 
disul�de, at least in our experimental conditions.

�ere are two main models51,52 explaining how a disordered protein regains structure by binding to its part-
ners: 1) �e conformational selection model, which assumes that a small proportion of the intrinsically disor-
dered polypeptide population is in appropriate metastable con�guration, capable to interact with its target. 2) 
�e folding upon binding model, which assumes that intrinsically disordered regions �rst bind to the partner 
to subsequently fold. �e recent observation that in the disordered ensemble of yCox17, helix II seems to be 
transiently populated has suggested that Mia40 substrates from the CX9C family would fold according to a con-
formational selection mechanism, which would result in the initial formation of the second helix, oxidation of 
the inner disul�de and subsequent formation of the �rst helix and the outer disul�de53. �e sequence of helix II in 
yCox17 has much higher intrinsic helical propensity (18.78%) than any of the two helices in hCox17 and our data 
does not support such conformational selection driving the folding of hCox17. Indeed, it has been just proposed 
that Mia40 acts as a holding trap, trapping incoming disordered substrates via hydrophobic binding, a reaction 
that is essential and su�cient for translocation, immediately followed by catalyzed oxidative folding54, a pathway 
that is consistent with a folding upon binding mechanism. �e oxidoreductase and holdase activities of Mia40 
seem to reside in di�erent regions of the protein and are both essential. However, despite an oxidase-de�cient 
Mia40 mutant is inviable, it can be partially rescued by the addition of exogenous chemical oxidants54, an obser-
vation that suggests that many Mia40 substrates encode for its spontaneous transition between a disordered 
translocation-competent state and its functional conformation, as we show here for hCox17.
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Materials and Methods
Analysis of protein disorder. Intrinsic disorder in hCox17 was predicted using the web-based algorithms 
FoldIndex24, IUPRED26, ESpritz25, PONDR-FIT27 and RONN28 with default settings. An 11-residue sliding win-
dow was used in all cases.

Protein purification. hCox17-GST cDNA, gently sent by L. Banci and coworkers, was transformed to E. coli 
BL21 DE3 and E. coli Origami2 cells in order to express wild type (WT) and mutant proteins. As the protein did 
not have any Trp or Tyr residue in its sequence, a point S7 W mutation was introduced in the disordered N-tail. 
�is mutation did not a�ect the kinetics or the species population during the oxidative folding and allowed us 
proper quanti�cation in the di�erent assays. �e protein was expressed and puri�ed as previously described17.

Infrared spectroscopy. FTIR spectra of human hCox17 were measured at 6 mg/mL in 50 mM Tris pH 8.4, 
100 mM NaCl in D2O. Measurements were performed on a FT600 Bio-Rad spectrometer equipped with a MCT 
detector, using a demountable liquid cell with calcium �uoride windows and 50 µm spacers. Typically, 500 scans 
for each background and sample were collected and the spectra were obtained with a nominal resolution of 
2 cm−1 at 22 °C. �e spectra were acquired in slow kinetics mode and the measurements were performed contin-
uously for 6 h. �e bu�er contribution to the spectra was subtracted. Data treatment and band decomposition of 
the original amide I’ band was performed as previously described with GRAMS 9.0 so�ware55. For each compo-
nent, four parameters were considered: band position, band height, band width, and band shape. In decomposing 
the amide I’ band, gaussian components were used. �e number and position of the component bands were 
obtained through Fourier self-deconvolution using Lorentzian lineshape and the parameters recommended for 
protein analysis, 13 cm−1 for full-width at half-height (FWHH) and 2.4 for the resolution enhancement factor55. 
Initial heights were set at 90% of those of the original spectrum for the bands in the wings and for the most 
intense component and at 70% of the original intensity for the other bands55. �e curve-�tting procedure was 
accomplished in two steps: i) �e band position was �xed, allowing width and heights to approach �nal values, 
and ii) band positions were le� to change. �e quality of the �tting was evaluated visually by overlapping the 
reconstituted overall curve on the original spectrum and by examining the residual obtained by subtracting the 
�tting from the original curve. Correlation coe�cients between the original and the �tted spectra were ≥0.999. 
�e mathematical solution of the decomposition may not be unique, but if restrictions are imposed, such as 
maintenance of the initial band positions in an interval of ±1 cm−1, preservation of the bandwidth within the 
expected limits, or agreement with theoretical boundaries or predictions, the result becomes, in practice, unique.

Size Exclusion Chromatography. Oxidized and reduced hCox17 were injected into a Superdex 75 
100/30G GL column (GE Healthcare) coupled to an AKTA - Fast Protein Liquid Chromatography device (GE 
Healtcare), previously equilibrated with 50 mM Tris pH 8.4, 100 mM NaCl bu�er. hCox17 elution was monitored 
by following absorbance at 280 and 214 nm. Initial protein concentration was 50 mM.

CD spectroscopy. Far UV CD spectra were acquired on a Jasco-710 spectropolarimeter continuously purged 
with nitrogen and thermostated at 25 °C and quartz cuvettes of 2 mm width. Spectra were recorded from 260 to 
200 nm setting the bandwidth at 1 nm, scan speed at 200 nm/min and data pitch at intervals of 0.5 nm. For folding 
experiments, fully reduced hCox17 with 200 mM DTT overnight was allowed to oxidize in 50 mM NaCl, 20 mM 
phosphate bu�er at pH 7.0 a�er removing the reducing agent with a PD-10 desalting column (GE Healthcare, 
REF. 17-0851-01). Scans with a data pitch of 0.5 nm from 200 to 260 nm were collected every 30 minutes for 
20 hours. For thermal denaturation studies, the molar ellipticity at 222 nm was recorded each 0.2 °C with an 
increasing heat rate of 1 °C/min in the 25 to 95 °C range. For TFE experiments, reduced hCox17 was mixed with 
TFE at 10, 20 and 40% �nal concentration in 20 mM phosphate bu�er 50 mM NaCl and the pH adjusted to 7.0.

High-Performance Liquid Chromatography. hCox17 at 1 mg/mL was reduced in 50 mM Tris pH 8.4, 
NaCl 100 mM and 200 mM DTT over night at room temperature. To initiate folding, samples were loaded in a 
PD-10 desalting column previously equilibrated with 50 mM Tris pH 8.4, NaCl 100 mM. Selected concentrations 
of GSH, Glycerol, TFE and Mia40 were added to the collected fraction to modulate or enhance the folding kinet-
ics. To follow the oxidative reaction, removed aliquots at selected times were quenched with 2% TFA and loaded 
in a Waters 2690 HPLC system with a C4 column (Phenomenex) 250 × 4.6 5 mm. A linear gradient of 20–35% of 
0.1% TFA in acetonitrile was applied for 60 minutes at a �ow-rate of 0.75 ml/min, Eluted species were monitored 
by a coupled Waters 2487 detector at 214 nm and 280 nm wavelength. In the same way, a preparative VYDAC 
protein C4 was used to purify the intermediate species of the reaction. An increased 3 mL/min �ow was applied 
to the same linear gradient of acetonitrile as above for 120 minutes. �e puri�ed species were identi�ed by mass 
spectrometry and the reaction intermediate were quanti�ed for the stop/go experiments in 50 mM Tris pH 8.4 
NaCl 100 mM at 0.5 mg/mL14,22.

MALDI-TOF and TOF/TOF analysis. �e assays were performed on an Auto�ex Speed mass spectrome-
ter (Bruker, Bremen). �e free Cys residues of Peak I folding intermediate species were alkylated by adding the 
samples, dissolved in 0.1% tri�uoroacetic acid (30 µL), to an excess of 75 mM iodoacetamide in 50 mM ammo-
nium bicarbonate bu�er, pH = 8, (70 µL), enough to rise the pH of the reaction mixture, to minimize the risk of 
disul�de reshu�ing. �e reaction was allowed to proceed for 30 min at room temperature.

Samples before and a�er alkylation were then analyzed by MALDI-TOF mass spectrometry using sinapinic 
acid as matrix. A mixture of protein standards was used for internal calibration.

For �ngerprint analysis, the alkylated proteins were �rst puri�ed using ZipTip (Millipore) C18 micro col-
umns, evaporated, redissolved in 1 M Urea, 25 mM ammonium bicarbonate, subjected or not to reduction by 
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treatment with 10 mM DTT for 1 hour at r.t., and digested with trypsin (3 h at 37 °C). �e digests were then puri-
�ed using ZipTip C18 and analyzed by MALDI TOF/TOF mass spectrometry using HCCA as matrix.

Electrospray-ionization mass spectrometry (ESI-MS). Lyophilized hCox17 (0.5 mg) was dissolved in 
3 mL of 10 mM ammonium acetate, pH 8.0, 50 mM DTT, and incubated statically overnight at room temperature, 
in order to reduce Cys residues. �e sample was bu�er-exchanged by reversed-phase chromatography (C-18 Zip 
Tip, Merck-Millipore, Darmstadt, Germany), eluting by 50% acetonitrile, 0.5% formic acid, and dried in a Speed 
Vac centrifugal system (Analitica De Mori, Milano, Italy). �e pellet was ressuspended in 3 mL of 10 mM ammo-
nium acetate, pH 6.7, to initiate oxidative refolding and incubated statically at room temperature for variable 
time. Aliquots were injected into a hybrid quadrupole-time of �ight (TOF) mass spectrometer (QSTAR Elite, AB 
Sciex, Forster City, CA, USA), employing metal-coated borosilicate capillaries with emitter tip of ~1 µm internal 
diameter (�ermoFisher Scienti�c, Waltham, MA, USA). �e main instrumental parameters were: ion-spray 
voltage, 1.1 kV; curtain gas, 20 PSI; declustering potential, 80 V. �e sample source and the instrument interface 
were kept at room temperature. Spectra were averaged over 1-minute acquisition.

Small-angle X-ray scattering. SAXS measurements were carried out on ESRF beamline BM29 at 
λ = 0.992 Å56. Scattering curves were recorded in the momentum transfer range 0.033 < s < 0.498 Å − 1 (s = 4π 
sin (θ)/λ, 2θ is the scattering angle) using a Pilatus 1 M detector (Dectris Ltd., Baden, Switzerland). Two samples 
of hCox17 at 6 mg/mL and 4 mg/mL were reduced with DTT, then the reducing agent was removed as described 
for oxidative folding assays in HPLC to give rise to �nal concentrations of 3 mg/mL and 2 mg/mL in a 50 mM Tris 
pH 8.4 NaCl 100 mM bu�er. Both solutions were allowed to air oxidize and small volumes (40 µL) were taken 
periodically during 10 (2 mg/ml) and 12 (3 mg/mL) hours and submitted to a SAXS measurement. Bu�er samples 
were measured before and a�er protein solutions. Data reduction, correction for radiation damage, and bu�er 
subtraction, were performed by the beam line automated procedure. Both concentrations provided equivalent 
curves with to indication of interparticle interactions and were treated independently. �e radius of gyration, 
Rg, for each of the curves was derived using Guinier’s approximation with the ATSAS so�ware57. �e maxi-
mum particle size (Dmax) was determined from the pair-wise distance distribution function, P(r), computed with 
PRIMUS58.

Nuclear Magnetic Resonance. 15N-labelled hCox17 was reduced in 50 mM Tris pH 8.0, 100 mM NaCl and 
100 mM DTT overnight at room temperature. To initiate the folding process, the sample bu�er was exchanged 
to 50 mM Tris pH 6.5, 100 mM NaCl and 1 mM DTT using disposable PD-10 desalting columns. Subsequently, 
the protein was concentrated up to 150 µM. Refolding process was monitored by collecting 1H-15N HSQC 
spectra every 52 minutes for 36 hours (starting at 2 h) in an 800 MHz Bruker Avance III spectrometer at 298 K. 
Resonances were assigned based on Banci’s previous work (BMRB: 11019 & 11020)17. Peak intensities were meas-
ured using NMRPipe59. Normalized folding transition percentage for each residue in hCox17 was calculated 
using in-house built MatLab® scripts.

15N-13C-labelled hCox17 was reduced in 50 mM Tris pH, 100 mM NaCl and 100 mM DTT. 1H-15N-HSQC and 
HNCACB spectra were collected in an 800 MHz Bruker Avance III spectrometer at 298 K. Backbone chemical 
shi�s were assigned for Ala, Trp and Ser and their neighbouring residues as they have a clear Cβ chemical shi�s. 
Protein �exibility and secondary structure was predicted by comparing the Random Coil index values from the 
backbone chemical shi�s (HN, N, Cα and Cβ)31.

Backbone amide 15N relaxation data (R1, R1ρ and heteronuclear 15N-1H-NOE were measured for hCox17 at 
600 MHz by published methods60. For R1ρ experiments, the employed spin-lock �eld was 3 kHz. Sampled relax-
ation time points ranged from 0.1 to 1.2 s for R1, and 50 to 250 ms for R1ρ. For the heteronuclear 15N-1H-NOE 
experiment, steady-state HN saturation was achieved with a 4 s train of square 120° pulses, and a 12 s interscan 
delay was used in the reference (non-saturated) spectrum. �e backbone 15N relaxation data was analyzed with 
the Lipari-Szabo formalism61 using in-house MatLab® scripts.

References
 1. Creighton, T. E. �e protein folding problem. Science 240, 267–344 (1988).
 2. Tanford, C. Protein denaturation. Adv. Protein Chem. 23, 121–282 (1968).
 3. Gelman, H. & Gruebele, M. Fast protein folding kinetics. Q. Rev. Biophys. 47, 95–142 (2014).
 4. Schonbrun, J. & Dill, K. A. Fast protein folding kinetics. Proc Natl Acad Sci USA 100, 12678–12682 (2003).
 5. Eaton, W. A. et al. Fast kinetics and mechanisms in protein folding. Annu Rev Biophys Biomol Struct 29, 327–359 (2000).
 6. Goldbeck, R. A., �omas, Y. G., Chen, E., Esquerra, R. M. & Kliger, D. S. Multiple pathways on a protein-folding energy landscape: 

kinetic evidence. Proc Natl Acad Sci USA 96, 2782–2787 (1999).
 7. Sekhar, A. et al. Probing the free energy landscapes of ALS disease mutants of SOD1 by NMR spectroscopy. Proc. Natl. Acad. Sci. 

USA 113, E6939–E6945 (2016).
 8. Callender, R. H., Dyer, R. B., Gilmanshin, R. & Woodru�, W. H. Fast events in protein folding: the time evolution of primary 

processes. Annu. Rev. Phys. Chem. 49, 173–202 (1998).
 9. Akiyama, S. et al. Conformational landscape of cytochrome c folding studied by microsecond-resolved small-angle x-ray scattering. 

Proc Natl Acad Sci USA 99, 1329–1334 (2002).
 10. Jaswal, S. S. Biological insights from hydrogen exchange mass spectrometry. Biochim Biophys Acta 1834, 1188–1201 (2013).
 11. Mesecke, N. et al. A disul�de relay system in the intermembrane space of mitochondria that mediates protein import. Cell 121, 

1059–1069 (2005).
 12. Banci, L. et al. MIA40 is an oxidoreductase that catalyzes oxidative protein folding in mitochondria. Nat. Struct. Mol. Biol. 16, 

198–206 (2009).
 13. Banci, L., Barbieri, L., Luchinat, E. & Secci, E. Visualization of Redox-Controlled Protein Fold in Living Cells. Chem Biol 20, 

747–752.
 14. Fraga, H. et al. The mitochondrial intermembrane space oxireductase Mia40 funnels the oxidative folding pathway of the 

cytochrome c oxidase assembly protein Cox19. J Biol Chem 289, 9852–9864 (2014).



www.nature.com/scientificreports/

1 5SCIENTIFIC REPORTS | 7: 16994  | DOI:10.1038/s41598-017-17259-4

 15. Fraga, H. & Ventura, S. Oxidative Folding in the Mitochondrial Intermembrane Space in Human Health and Disease. IJMS 14, 
2916–2927 (2013).

 16. Arnesano, F., Balatri, E., Banci, L., Bertini, I. & Winge, D. R. Folding Studies of Cox17 Reveal an Important Interplay of Cysteine 
Oxidation and Copper Binding. Structure 13, 713–722 (2005).

 17. Banci, L. et al. A Structural-Dynamical Characterization of Human Cox17. J Biol Chem 283, 7912–7920 (2008).
 18. Chojnacka, M., Gornicka, A., Oeljeklaus, S., Warscheid, B. & Chacinska, A. Cox17 Protein Is an Auxiliary Factor Involved in the 

Control of the Mitochondrial Contact Site and Cristae Organizing System. J Biol Chem 290, 15304–15312 (2015).
 19. Remacle, C. et al. Knock-down of the COX3 and COX17 gene expression of cytochrome c oxidase in the unicellular green alga 

Chlamydomonas reinhardtii. Plant Mol Biol 74, 223–233 (2010).
 20. Reichmann, D. & Jakob, U. �e roles of conditional disorder in redox proteins. Curr Opin Struct Biol 23, 436–442 (2013).
 21. Jakob, U., Kriwacki, R. & Uversky, V. N. Conditionally and transiently disordered proteins: awakening cryptic disorder to regulate 

protein function. Chem. Rev. 114, 6779–6805 (2014).
 22. Fraga, H., Graña-Montes, R., Illa, R., Covaleda, G. & Ventura, S. Association Between Foldability and Aggregation Propensity in 

Small Disul�de-Rich Proteins. Antioxid Redox Signal 21, 368–383 (2014).
 23. Darby, N. J. & Creighton, T. E. Dissecting the disulphide-coupled folding pathway of bovine pancreatic trypsin inhibitor. Forming 

the �rst disulphide bonds in analogues of the reduced protein. J Mol Biol 232, 873–896 (1993).
 24. Prilusky, J. et al. FoldIndex: a simple tool to predict whether a given protein sequence is intrinsically unfolded. Bioinformatics 21, 

3435–3438 (2005).
 25. Walsh, I., Martin, A. J. M., Di Domenico, T. & Tosatto, S. C. E. ESpritz: accurate and fast prediction of protein disorder. Bioinformatics 

28, 503–509 (2012).
 26. Dosztányi, Z., Csizmok, V., Tompa, P. & Simon, I. IUPred: web server for the prediction of intrinsically unstructured regions of 

proteins based on estimated energy content. Bioinformatics 21, 3433–3434 (2005).
 27. Xue, B., Dunbrack, R. L., Williams, R. W., Dunker, A. K. & Uversky, V. N. PONDR-FIT: A meta-predictor of intrinsically disordered 

amino acids. Biochim Biophysic Acta 1804, 996–1010 (2010).
 28. Yang, Z. R., �omson, R., McNeil, P. & Esnouf, R. M. RONN: the bio-basis function neural network technique applied to the 

detection of natively disordered regions in proteins. Bioinformatics 21, 3369–3376 (2005).
 29. Koch, J. R. & Schmid, F. X. Mia40 targets cysteines in a hydrophobic environment to direct oxidative protein folding in the 

mitochondria. Nat Commun 5, 3041 (2014).
 30. Deponte, M. & Hell, K. Disulphide bond formation in the intermembrane space of mitochondria. J Biochem 146, 599–608 (2009).
 31. Berjanskii, M. & Wishart, D. S. NMR: prediction of protein �exibility. Nat Protoc 1, 683–688 (2006).
 32. Graewert, M. A. & Svergun, D. I. Impact and progress in small and wide angle X-ray scattering (SAXS and WAXS). Curr Opin Struct 

Biol 23, 748–754 (2013).
 33. Bernadó, P. & Blackledge, M. A Self-Consistent Description of the Conformational Behavior of Chemically Denatured Proteins from 

NMR and Small Angle Scattering. Biophys. J. 97, 2839–2845 (2009).
 34. Kaltashov, I. A., Bobst, C. E. & Abzalimov, R. R. Mass spectrometry-based methods to study protein architecture and dynamics. 

Protein Sci 22, 530–544 (2013).
 35. Testa, L., Brocca, S. & Grandori, R. Charge-Surface Correlation in Electrospray Ionization of Folded and Unfolded Proteins. Anal. 

Chem. 83, 6459–6463 (2011).
 36. Ortega, G., Castaño, D., Diercks, T. & Millet, O. Carbohydrate A�nity for the Glucose–Galactose Binding Protein Is Regulated by 

Allosteric Domain Motions. J. Am. Chem. Soc. 134, 19869–19876 (2012).
 37. Vagenende, V., Yap, M. G. S. & Trout, B. L. Mechanisms of protein stabilization and prevention of protein aggregation by glycerol. 

Biochemistry 48, 11084–11096 (2009).
 38. Bien, M. et al. Mitochondrial Disul�de Bond Formation Is Driven by Intersubunit Electron Transfer in Erv1 and Proofread by 

Glutathione. Molecular Cell 37, 516–528 (2010).
 39. Chiti, F. et al. Acceleration of the folding of acylphosphatase by stabilization of local secondary structure. Nat Struct Biol 6, 380–387 

(1999).
 40. Sanders, C. R. & Sönnichsen, F. Solution NMR of membrane proteins: practice and challenges. Magnetic Resonance in Chemistry 44, 

S24–S40 (2006).
 41. Viguera, A. R., Villegas, V., Avilés, F. X. & Serrano, L. Favourable native-like helical local interactions can accelerate protein folding. 

Fold Des 2, 23–33 (1997).
 42. An�nsen, C. B. Principles that Govern the Folding of Protein Chains. Science 181, 223–230 (1973).
 43. Uversky, V. N., Gillespie, J. R. & Fink, A. L. Why are ‘natively unfolded’ proteins unstructured under physiologic conditions? Proteins 

41, 415–427 (2000).
 44. Romero, P. et al. Sequence complexity of disordered protein. Proteins 42, 38–48 (2001).
 45. Arolas, J. L., Aviles, F. X., Chang, J.-Y. & Ventura, S. Folding of small disul�de-rich proteins: clarifying the puzzle. Trends Biochem Sci 

31, 292–301 (2006).
 46. Banci, L., Bertini, I., Cefaro, C., Cio�-Ba�oni, S. & Gallo, A. Functional role of two interhelical disul�de bonds in human Cox17 

protein from a structural perspective. J Biol Chem 286, 34382–34390 (2011).
 47. Knubovets, T., Osterhout, J. J., Connolly, P. J. & Klibanov, A. M. Structure, thermostability, and conformational �exibility of hen 

egg-white lysozyme dissolved in glycerol. Proc Natl Acad Sci USA 96, 1262–1267 (1999).
 48. Dobson, C. M. Principles of protein folding, misfolding and aggregation. Semin. Cell Dev. Biol. 15, 3–16 (2004).
 49. Rousseau, F., Serrano, L. & Schymkowitz, J. W. H. How evolutionary pressure against protein aggregation shaped chaperone 

speci�city. J Mol Biol 355, 1037–1047 (2006).
 50. Banci, L. et al. Molecular chaperone function of Mia40 triggers consecutive induced folding steps of the substrate in mitochondrial 

protein import. Proc Natl Acad Sci USA 107, 20190–20195 (2010).
 51. Csermely, P., Palotai, R. & Nussinov, R. Induced �t, conformational selection and independent dynamic segments: an extended view 

of binding events. Trends Biochem Sci 35, 539–546 (2010).
 52. Hammes, G. G., Chang, Y.-C. & Oas, T. G. Conformational selection or induced �t: a �ux description of reaction mechanism. Proc. 

Natl. Acad. Sci. USA 106, 13737–13741 (2009).
 53. Bertini, I., Felli, I. C., Gonnelli, L., Vasantha Kumar, M. V. & Pierattelli, R. High-resolution characterization of intrinsic disorder in 

proteins: expanding the suite of (13)C-detected NMR spectroscopy experiments to determine key observables. ChemBioChem 12, 
2347–2352 (2011).

 54. Peleh, V, E, C. & Herrmann, J. M. Mia40 is a trans-site receptor that drives protein import into the mitochondrial intermembrane 
space by hydrophobic substrate binding. elife 1–19 https://doi.org/10.7554/eLife.16177.001 (2016).

 55. Arrondo, J. L. & Goñi, F. M. Structure and dynamics of membrane proteins as studied by infrared spectroscopy. Prog. Biophys. Mol. 
Biol. 72, 367–405 (1999).

 56. Pernot, P. et al. Upgraded ESRF BM29 beamline for SAXS on macromolecules in solution. J Synchrotron Radiat 20, 660–664 (2013).
 57. Petoukhov, M. V. et al. New developments in the ATSASprogram package for small-angle scattering data analysis. J Appl Crystallogr 

45, 342–350 (2012).
 58. Konarev, P. V., Volkov, V. V., Sokolova, A. V., Koch, M. H. J. & Svergun, D. I. PRIMUS: a Windows PC-based system for small-angle 

scattering data analysis. J Appl Crystallogr 36, 1277–1282 (2003).

http://dx.doi.org/10.7554/eLife.16177.001


www.nature.com/scientificreports/

1 6SCIENTIFIC REPORTS | 7: 16994  | DOI:10.1038/s41598-017-17259-4

 59. Delaglio, F. et al. NMRPipe: A multidimensional spectral processing system based on UNIX pipes. J Biomol NMR 6, 277–293 (1995).
 60. Farrow, N. A. et al. Backbone dynamics of a free and phosphopeptide-complexed Src homology 2 domain studied by 15N NMR 

relaxation. Biochemistry 33, 5984–6003 (1994).
 61. Lipari, G. & Szabo, A. Model-free approach to the interpretation of nuclear magnetic resonance relaxation in macromolecules. 2. 

Analysis of experimental results. J. Am. Chem. Soc. 104, 4559–4570 (1982).

Acknowledgements
�is work was funded by the Spanish Ministry of Economy and Competitiveness BIO2016-783-78310-R to S.V 
and by ICREA, ICREA-Academia 2015 to S.V.

Author Contributions
Conceived and supervised: S.V. Performed the experiments: H.F., J.P., M.G.G., A.R., G.B.S., C.S., J.J.B. Design, 
analysis and interpretation of experiments: H.F., J.P., F.C., P.B., R.G., O.M. and S.V. Wrote the paper: H.F., J.P. and 
S.V.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17259-4.

Competing Interests: �e authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-17259-4
http://creativecommons.org/licenses/by/4.0/

	Disulfide driven folding for a conditionally disordered protein
	Results
	hCox17 is predicted as an IDP in the reduced state. 
	Reduced hCox17 is mostly disordered. 
	Cox17 folding proceeds by sequential disulfide formation. 
	Formation of the inner disulfide bond involves a transition between a disordered and a compact native-like state in hCox17. ...
	Adoption of native structure around the hCox17 inner disulfide precedes outer disulfide formation. 
	Mia40 accelerates the transition of hCox17 to the folded state acting on the inner disulfide bond. 
	The redox environment impacts both hCox17 folding rate and pathway. 
	Inducing secondary structure formation in the reduced state does not increase hCox17 folding rate. 

	Discussion
	Materials and Methods
	Analysis of protein disorder. 
	Protein purification. 
	Infrared spectroscopy. 
	Size Exclusion Chromatography. 
	CD spectroscopy. 
	High-Performance Liquid Chromatography. 
	MALDI-TOF and TOF/TOF analysis. 
	Electrospray-ionization mass spectrometry (ESI-MS). 
	Small-angle X-ray scattering. 
	Nuclear Magnetic Resonance. 

	Acknowledgements
	Figure 1 hCox17 structure and disorder prediction.
	Figure 2 Conformational properties of reduced and native hCox17.
	Figure 3 Random Coil Index values for Cα and Cβ chemical shifts.
	Figure 4 Inner disulfide bond species represents a folding intermediate and displays secondary structure features linked with the native conformation.
	Figure 5 Small-angle X-ray scattering analysis of hCox17 compaction upon folding.
	Figure 6 Analysis of the conformation and oxidative state of hCox17 species by native MS.
	Figure 7 Impact of glycerol on hCox17 folding rates.
	Figure 8 hCox17 oxidative folding followed by real-time solution NMR.
	Figure 9 Impact of Mia40 and GSSG in the oxidative folding reaction of hCox17.
	Figure 10 Influence of secondary structure in the oxidative folding of hCox17.


