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Tim9 and Tim10 are essential components of the
“small Tim” family of proteins that facilitate insertion of
polytopic proteins at the inner mitochondrial mem-
brane. The small Tims are themselves imported from the
cytosol and are organized in specific translocation as-
semblies in the intermembrane space. Their conforma-
tional properties and how these influence the mecha-
nism of assembly remain poorly understood. Moreover,
the three-dimensional structure of the TIM10 complex is
unknown. We have characterized the structural proper-
ties of these proteins in their free and assembled states
using NMR, circular dichroism, and small angle x-ray
scattering. We show that the free proteins are largely
unfolded in their reduced assembly-incompetent state
and molten globules in their oxidized assembly-compe-
tent state. Tim10 appears less structured than Tim9 in
their respective free oxidized forms and undergoes a
larger structural change than Tim9 upon complexation.
The NMR data here demonstrates unequivocally that
only the oxidized states of the Tim9 and Tim10 proteins
are capable of forming a complex. Zinc binding stabi-
lizes the reduced state against proteolysis without sig-
nificantly affecting the secondary structure. Solution
x-ray scattering was used to obtain a molecular enve-
lope for the subunits individually and for their fully
functional TIM10 complex. Ab initio shape reconstruc-
tions based on the scattering data has allowed us to
obtain the first low resolution three-dimensional struc-
ture of the TIM10 complex. This is a novel structure that
displays extensive surface hydrophobicity. The struc-
ture also provides an explanation for the escorting func-
tion of this non-ATP-powered chaperone particle.

A universal event for the successful construction and func-
tion of all of the cells is that proteins are targeted to their
correct location both spatially and temporally. The extent of
these targeting events is reflected by the fact that more than
one-third of the proteome of the cell are translocated across or
inserted into a membrane. Mitochondria represent a major site
for extensive protein translocation. Virtually all of the mito-

chondrial proteins (approximately one thousand different
polypeptides) are imported from the cytosol and are sorted
within the organelle. This event is orchestrated by distinct
translocation machineries in the outer (translocase of the outer
membrane, TOM)1 and inner (translocase of the inner mem-
brane, TIM) membranes and within the intermembrane space.
An intriguing new class of translocase proteins is the small Tim
family, which specifically mediates the import of presequence-
devoid polytopic proteins.

There are two main pathways for proteins destined to mito-
chondria. The matrix pathway is used mainly by precursors
that contain a cleavable presequence (1), whereas precursors
devoid of a presequence divert through the distinct carrier
pathway (2–5). The small Tims are organized in two distinct
70-kDa complexes in the intermembrane space, the TIM10
complex that is made of Tim9 and Tim10, which are encoded by
essential genes in yeast (6–9), and the Tim8/13 complex made
of Tim8 and Tim13, which are encoded by genes dispensable in
yeast (10–12). The two complexes operate in the carrier path-
way with different substrate specificities but both in coordina-
tion with the essential insertion-specific TIM22 complex in the
inner membrane (13). TIM10 is in large excess over Tim8 and
Tim13 and over the TIM22 complex (3, 6), which also contains
the homologous Tim12 protein (7, 8).

The TIM10 complex prevents aggregation of the hydrophobic
substrate acting as a chaperone (2, 14). It binds to the trans-
membrane segments of the precursor as it emerges from the
TOM channel (15, 16), facilitating in this way passage of these
hydrophobic molecules across the aqueous environment of the
intermembrane space (2–5). In contrast to most other chaper-
ones, TIM10 does not require ATP hydrolysis and interacts
specifically with membrane proteins. Although it has been
shown that Tim9 and Tim10 are necessary and sufficient to
form the complex (17), how the functional chaperone assembles
is unclear. Similar to other small Tim proteins, Tim9 and
Tim10 themselves must, in the first instance, be imported into
the intermembrane space before they can fulfill their own spe-
cific roles in the transport of other mitochondrial proteins from
the intermembrane space to the inner membrane. This process
depends on the formation of the functional TIM10 complex. The
structural basis for and the mechanism of this TIM10 assembly
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plexation for the individual subunits, and their regulation by
redox state(s) remain unresolved.

A unique feature of the sequence of all small Tims is the
strictly conserved “twin CX3C” motif separated from each other
by 11–16 residues. Whether in vivo the cysteines are exclu-
sively involved in ligation to zinc (similar to the zinc fingers)
(18) or are disulfide-bridged (15, 19) is again unclear. Never-
theless, the significance of the cysteine residues, whatever are
their precise roles, is partly borne out in mutagenesis studies of
homologous proteins. Mutation of the fourth cysteine residue in
DDP1 (the human homologue of Tim8) affects the folding of the
Tim8 protein and Tim8-Tim13 assembly (20, 21). We have
recently shown that the TIM10 complex is only formed between
oxidized Tim 9 and Tim10 and that zinc can bind only to the
fully reduced state without promoting complex formation (44).
The combined data so far demonstrate the presence of an
intimate relationship between, on one hand, the structure in-
tegrity, oxidation, and metal chelation states involving cysteine
residues and, on the other, the formation of functional Tim9/
Tim10 complexes. In vivo, the most stable form of the proteins
is their complexed state. All of the other possible species (i.e.
reduced apoprotein, reduced and bound to zinc but not assem-
bled or oxidized but not yet assembled), are transient and
short-lived. As a consequence, a study of the structural prop-
erties of these different states and how they underpin assembly
is only possible in vitro using purified components.

Here we characterized the conformations of Tim9 and Tim10
under different redox and metal binding conditions. We present
direct experimental evidence explaining the dependence on the
redox state of these proteins for successful complex formation.
The individual proteins are unfolded in the reduced state and
adopt a partially folded molten-globule conformation upon ox-
idation. The “twin CX3C” motif is vital for the folding of the
individual subunits through the formation of intramolecular
disulfides, in agreement with previous mapping of the observed
disulfides in Tim10 (19). The structural properties of the dif-
ferent states support reinforce the notion that the complex is
made only from oxidized intramolecularly disulfide-bonded
subunits, whereas intermolecular disulfides result in abortive
misfolded species. Although zinc does not appear to play a
direct role in complex formation, it stabilizes the reduced pro-
teins against proteolysis. The complex remains flexible, al-
though the NMR data showed that it is more structured than
the oxidized individual subunits. We determined the low reso-
lution three-dimensional structure of the individual subunits
and of their complex by solution x-ray scattering (SAXS). The
information from this finding provides new insights into the
way TIM10 functions. The results here also suggest that
TIM10 assembly is regulated by distinct structural states that
correlate with the different redox state(s) of Tim9 and Tim10.
In summary, there appears to be a hierarchy of “structures,”
with the reduced proteins having the least defined and the
most flexible structures and the oxidized complex possessing
the most pronounced structural features. This transformation
of structures fits with the structural and energetic require-
ments for efficient protein transport and complex assembly.

EXPERIMENTAL PROCEDURES

DNA Constructs and Proteins—Tim9 and Tim10 WT or single Cys
mutants were purified from Escherichia coli in a recombinant form as
described previously (19). The recombinant TIM10 complex formation
was performed as described previously (14).

15N Labeling of Tim9 and Tim10—E. coli strain BL21-Codonplus
(Stratagene) containing a plasmid expressing glutathione S-transfer-
ase-Tim9 or glutathione S-transferase-Tim10 was grown in 50 ml of
LB-AMP at 37 °C for 12–16 h. Cells were harvested at 5600 � g for 5
min at 4 °C and then resuspended in 5 ml of LB. A 2.5-ml cell suspen-
sion was added to 1l minimal medium (7 mM Na2HPO4, 55 mM KH2PO4,

22 mM glucose, 18.4 mM 15NH4Cl, 1 mM MgSO4, 0.1 mM CaCl2, 100
mg/liter ampicillin, 30 �M thiamine-HCl), and growth continued at
37 °C until 0.7 � A600 nm � 0.9. Isopropyl-1-thio-�-D-galactopyranoside
(0.1 mM) was then added to induce the expression of the fusion protein,
and growth continued for �4 h until 2.2 � A600 nm � 2.8. Cells were
harvested by centrifugation (5600 � g, 4 °C, 15 min), washed with
buffer A (50 mM Tris-HCl (pH 7.4), 150 mM NaCl) and resuspended in
25 ml of buffer A plus 0.1 mg/ml lysozyme. Cells were broken by
sonication with a tapered microtip at 20% amplification for 3 min or by
French press at 1000 p.s.i. The soluble part was isolated by centrifuga-
tion (21,000 � g, 4 °C, 30 min) and incubated overnight with glutathi-
one-agarose beads (Sigma) equilibrated with buffer A. The non-bound
proteins were collected, and beads were washed with 50 ml of buffer A.
After washing, the beads were resuspended with 10 ml of buffer A
containing 5 units/ml of thrombin (Sigma) and incubated overnight at
4 °C. The Tim10 protein was eluted with an additional 10 ml of buffer
A. After disruption of induced cells by sonication or French press, the
majority of the fusion protein was found in inclusion bodies (in the
pellet). These were solubilized in denaturing buffer (150 mM NaCl, 50
mM Tris-HCl, 8 M urea (pH 8.0)) for 1 h at room temperature, separated
from insoluble matter by centrifugation (21,000 � g, 20 °C, 30 min), and
renatured overnight at 4 °C by a 10-fold dilution with buffer A. The
renatured glutathione S-transferase fusion protein was separated from
precipitated material by centrifugation at 21,000 � g for 15 min at 4 °C
and then incubated with glutathione-agarose beads and further puri-
fied as described above.

NMR Spectra—One-dimensional 1H NMR and two-dimensional 1H-
15N-heteronuclear single quantum correlation (HSQC) spectra were
acquired at 293 K on Bruker DRX600 spectrometer. 15N-filtered 1H
spectra were acquired at 318 K using one-dimensional version of 1H-
15N-HSQC pulse sequence. Free induction decay (acquisition time 0.128
s) was multiplied by square sine window function shifted by 72°, and
zero-filled to 8192 points before Fourier transformation. Protein sam-
ples (concentration 0.2–0.3 mM) were dissolved in 50 mM phosphate
buffer (pH 7.2) containing 150 mM NaCl and 90% H2O and 10% 2H2O.

Isothermal Titration Calorimetry—Isothermal titration calorimetry
for the binding of Zn2� to Tim9, Tim10, and mutants was performed in
10 mM of metal-free HEPES buffer (pH 7.6), 1 mM TCEP (Tris-[2-
carboxyethyl]phosphine) at 30 °C with a VP-isothermal titration calo-
rimetry (ITC) microcalorimeter. The metal-free buffer was prepared by
incubation of 10 mM HEPES with Chelex-100 (Sigma) at 37 °C for 1 h to
remove residual metals. Protein was dialyzed and reduced in the buffer
containing 1 mM TCEP overnight. Protein then was loaded in the 1.4-ml
cuvette at 10–20 �M, and at least 35 injections of 5 �l of the same buffer
containing 15� concentrated Zn2� (150–300 �M) were made. Protein
concentration was determined by both the Bradford assay and amino
acid analysis. The data were analyzed using the MicroCal Origin pro-
gram and best fitted to a one-site binding model.

Limited Proteolysis—The individual proteins were incubated with 1
mM DTT in 50 mM Tris, 150 mM NaCl (pH 7.4) at 4 °C overnight to
reduce the proteins in the presence of 1 mM EDTA or 50 �M Zn2�. The
reduced proteins with or without Zn2� as well as the oxidized proteins
(untreated) then were incubated with trypsin in a ratio of 15:1 for a time
as indicated and stopped by the addition of an excess of soybean trypsin
inhibitor for 10 min at 4 °C. Samples were boiled at 95 °C and analyzed
by Tris-Tricine SDS-PAGE followed by Coomassie Blue staining.

Circular Dichroism Spectroscopy—CD spectra were acquired using a
JASCO J810 spectropolarimeter in 5 mM Tris (pH 7.6) at 25 °C using a
1-mm cuvette. A protein sample of 10 �M for Tim9 and/or Tim10 was
used. Each spectrum represents an average of four scans from 260 to
190 nm at 0.2-nm intervals and the base line established by subtracting
spectrum of the buffer. The signals are normalized by the total number
of residues (87 for Tim9 and 93 for Tim10).

Solution X-ray Scattering and Particle Shape Reconstruction—Scat-
tering data have been collected at station 2.1 of the SRS Daresbury
Laboratory using a multi-wire gas detector and a sample-to-detector
distance of 1.25 m that covered the momentum transfer interval 0.04
Å�1 � q � 0.6 Å�1, where q � 4� sin �/�, 2� is the scattering angle, and
� � 1.54 Å is the wavelength. The q-range was calibrated with the
diffraction rings of silver behenate powder (based on a spacing of 58.38
Å). Samples were analyzed at 4 °C with protein concentrations in the
range 0.5–7 mg/ml (Tim9 and Tim10) and 0.3–1 mg/ml (TIM10 com-
plex). The total data collection time of 60 min (180 min) for the indi-
vidual protein components (complex) provided sufficient statistics after
averaging several independent measurements that were composed of
60-s time frames to check for radiation damage to the samples. Scat-
tering profiles for the three protein samples (Tim9, Tim10, and com-
plex) were analyzed using GNOM (22). The latter profile allows us to
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evaluate structural parameters such as the radius of gyration (Rg) and
the maximum molecular dimension (Dmax) from the particle distance
distribution function p(r) of a monodisperse protein solution, which
represents the distributions of intramolecular distances between scat-
tering centers within a protein molecule. Further details of data reduc-
tion and analysis are as published recently (23).

Particle shapes were restored from the experimental scattering pro-
files using the ab initio procedure based on the simulated annealing
algorithm applied to a set of dummy spheres representing the amino
acid chain of the molecules (24). Whereas the shape models for dimeric
Tim9 and Tim10 have been calculated by means of 2-fold symmetry
(with 2 � 87 and 2 � 93 amino acid residues, respectively), the molec-
ular model for the complex was obtained by limiting the shape recon-
struction to a 3-fold symmetry axis (using 3 � 180 residues).

Fluorescence Spectroscopy—Fluorescence spectra of 8-anilino-1-
naphthalenesulfonic acid (ANS, Sigma) were measured using a Varian
Cary Eclipse fluorescence spectrophotometer. The TIM10 complex was
used at a concentration of 50 �g/ml, and ANS was used at 20 and 50 �M

in 50 mM Tris, 150 mM NaCl (pH 7.5). Fluorescence spectra were
measured from 400 to 600 nm with an excitation wavelength set at 390

nm at 25 °C using a 2 � 10-mm cuvette. A slit width of 5 nm was used
for both excitation and emission.

RESULTS

Free Tim9 and Tim10 Are Partially Folded Molten Glob-
ules—The global fold of the reduced and oxidized state of free
(unassembled) Tim9 and Tim10 was studied by one-dimen-
sional 1H NMR spectroscopy (Fig. 1A). From the increased
linewidths and small chemical shift dispersion of the NMR
signals, it is apparent that the reduced proteins exist as an
ensemble of loosely folded interexchanging conformers. By con-
trast, oxidized Tim9 and Tim10 have greater chemical shift
dispersion and thus more defined structures. New signals ap-
pear in the amide region between 8.5 and 9.0 ppm and in
methyl region between 0.0 and 0.5 ppm (indicated by asterisk
in Fig. 1A). The linewidths (as gauged from the resolved sig-
nals) are broader than expected for a protein of this size,

FIG. 1. Oxidized and reduced states of Tim9 and Tim10. A, one-dimensional 1H NMR spectra of individual Tim9 and Tim10 at the oxidized
and reduced states without zinc. The inset shows a 2� blowout of the corresponding traces for better visualization. Asterisks indicate the new
signals characteristic for the oxidized state. B, two-dimensional 1H-15N-HSQC spectra of oxidized Tim10 and Tim9 in free form. T � 293 K.

The Structural Basis of the TIM10 Chaperone Assembly 18961



indicating that the native individual oxidized proteins most
probably exist in a partially folded molten-globule state in
which secondary structure elements (mainly �-helices) are
formed but which do not pack together in a unique way (Fig.
1A, compare reduced versus oxidized samples).

To gain further insight into the structure and dynamics of
the individual oxidized proteins, the two-dimensional HSQC
NMR spectra of 15N-labeled proteins were recorded (Fig. 1B).
For both Tim9 and Tim10, two types of resonances are visible
in the spectra, a set of sharp signals and a set of very broad
signals, all of which have poor chemical shift dispersion. The
sharp signals most probably originate from flexible unstruc-
tured regions of the molecules, which exhibit fast motions. The
spectrum of Tim10 contains �40 such signals, seven of which
have chemical shifts typical of glycines. In the spectrum of Tim
9, approximately 22 intense signals were observed with at least
two of these resonating at chemical shifts typical of glycine
residues. Tim10 contains seven glycines, four of which are
situated at the N terminus and three at the C terminus. Tim9
has four glycines at its C terminus. Broad signals in these
spectra normally originate from regions of molecules that exist
in molten-globule states. The presence of a mixture of sharp
and broad resonances with many of the glycine signals being
intense allow us to conclude that the most flexible and unstruc-
tured regions of Tim10 are probably located at both the N and
C termini, whereas for Tim9 only the C terminus can be iden-
tified as unstructured. The middle regions of both proteins
exist in molten-globule state, giving rise to broad signals. Many
more sharp resonances are observed in the Tim10 spectrum,

suggesting that Tim10 has longer unstructured regions than
Tim9. This is also borne out in the 15N-filtered one-dimensional
spectra shown in Fig. 3, C and D. These NMR data provide a
structural basis for the limited proteolysis on the individual
proteins showing that the stable fragment f1 of Tim9 (�8 kDa)
is larger than the fragment of Tim10 (�6.5 kDa) (Ref. 14 and
Fig. 2C). Furthermore, N-terminal protein sequencing con-
firmed that fragment f1 of Tim9 starts from its N terminus and
the fragment f of Tim10 starts from Ile18.

Zinc Binds Only to the Reduced Tim9 and Tim10 and Is
Coordinated by the Four Conserved Cys in the Repeated CX3C
Motifs—Zinc binding was studied using ITC at 30 °C. As shown
in Fig. 2, A and B, there was a clear heat release when 15�
concentrated Zn2� was injected into the reduced Tim9 or
Tim10 where all of the thiols were reduced by 1 mM TCEP,
showing that an exothermic binding reaction had occurred. In
contrast, no heat change (hence no binding) was observed when
zinc was injected into oxidized Tim9 or Tim10 (data not shown).
The stoichiometry of zinc binding to the reduced Tim9 and
reduced Tim10 was 0.7:1 and 1.1:1, respectively (Table I), sug-
gesting a stoichiometry of one zinc ion per protein molecule.
Zinc binding to only 70% of reduced Tim9 is presumably attrib-
uted to misfolding of some molecules. The binding constant was
�5 � 106 M�1 and 9 � 106 M�1 for the proteins, respectively
(Table I). The fact that the fully oxidized proteins did not bind
zinc at all suggested that in the reduced state that the metal is
coordinated by Cys residues of the “twin CX3C” motifs. We
further confirmed this point by testing for metal binding to
Tim10 mutants where each of the four conserved Cys was

FIG. 2. Zinc binds and stabilizes the
reduced Tim9 and reduced Tim10.
ITC measurements of the binding reac-
tion of Zn2� to the reduced Tim9 (panel A)
and reduced Tim10 (panel B) in 10 mM

metal-free HEPES buffer (pH 7.6) at
30 °C. Traces of the titration of 150 �M

ZnCl2 into 10 �M Tim9 or Tim10 in the
cell are shown (top part). The integrated
and normalized heats of injections for the
binding (f) were fitted to a model describ-
ing one binding site (bottom plot, solid
line). Analysis of the data yields a stoichi-
ometry n � 0.7 for Zn2�/Tim9 and 1 for
Zn2�/Tim10 and a binding constant of Ka �
5 � 106 M�1 and 9 � 106 M�1, respectively. C,
limited trypsinolysis of Tim9 and Tim10 at
different states. �DTT�EDTA, reduced ap-
oprotein; �DTT�Zn2�, reduced protein
with zinc; and �DTT, oxidized protein. The
reaction was carried out at 4 °C by incubat-
ing the protein and trypsin at a ratio of 15:1
and stopped by the addition of 10� mass
excess of soybean trypsin inhibitor at the
indicated times. Samples were analyzed by
16% Tris-Tricine SDS-PAGE followed by
Coomassie Blue staining.
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exchanged for a Ser. As shown in Table I, Cys mutation re-
sulted in clear defects in zinc binding, confirming that the
metal is indeed coordinated by the Cys residues. The relatively
low affinity is in agreement with the fact that both Tim9 and
Tim10 are unable to retain zinc throughout the purification as
measured by inductively coupled plasma-mass spectrometry
(Peter Savory and Kostas Tokatlidis) (data not shown) (15).

Zinc Binding Stabilizes the Reduced State—To test for the
stability of the three different structural states of free Tim9
and Tim10, i.e. the reduced state with and without zinc and the
oxidized state, we performed limited trypsinolysis as shown in
Fig. 2C. The oxidized states are mostly stable, especially the
fragments corresponding to the stable core delineated by the
two CX3C motifs. The reduced proteins that were unfolded by
DTT are readily cleaved, but in the presence of zinc, they
become more protease-resistant. We conclude that zinc binding
stabilizes the reduced Tim9 and Tim10 against proteolysis. In
contrast, Tim10 Cys mutants that cannot bind zinc as tightly
as the wild type protein remain largely protease-sensitive in
their reduced state (data not shown). Far-UV CD spectra of the
reduced proteins before and after zinc binding showed no de-
tectable secondary structure change upon zinc binding (data
not shown). This is in agreement with the fact that zinc ligation
often does not impose any extra constraints on secondary struc-
ture as can be deduced by an analysis of zinc binding sites in
several crystal structures of zinc-binding proteins.

Distinct Structural Changes of Tim9 and Tim10 upon TIM10
Complex Formation—CD and NMR spectroscopy were used to
elucidate the conformational changes associated with the as-
sembly process. When comparing the CD spectrum of the com-
plex (Fig. 3A, black line) to the one produced by adding up the
spectra of the individual proteins under identical conditions
(Fig. 3A, gray line), a clear difference could be seen in the
spectra above and below 208 nm and in particular at the
characteristic minimum of 222 nm for �-helix, indicating a
structural change upon complex formation.

Global three-dimensional structural changes were then ex-
amined by 1H NMR. As a control, the mixing of reduced Tim9
and Tim10 in a 1:1 ratio did not show any associated changes
in chemical shifts (Figs. 1A and 3B); however, mixing oxidized
proteins produced a spectrum that is quite different from the
simple sum of the individual oxidized Tim9 and Tim10 spectra.
New signals appear in the spectrum of the complex in the
methyl region (0.0–0.5 ppm) and amide region (8.5–9.5 ppm).
The linewidths are sharper than for individual oxidized pro-
teins, and they are consistent with the molecular mass of the
complex (70 kDa). These results show that global changes of
the three-dimensional structure rather than simple localized
changes are concomitant with complex formation. To monitor
the subunit-specific structural changes attributed to complex
formation, we observed the changes in 15N-filtered one-dimen-
sional NMR spectra when non-labeled counterpart has been

FIG. 3. Structural changes underpinning TIM10 complex for-
mation. A, far-UV CD spectra of the purified TIM10 complex in 5 mM

Tris buffer (pH 7.4) (black line) compared with the calculated spectra of
Tim9 plus Tim10 (gray line). B, one-dimensional 1H NMR spectra of
complex between oxidized Tim9 and Tim10 (trace 1) compared with the
sum of spectra of the individual oxidized subunits (trace 2) and 1:1
mixture of reduced Tim9 and Tim10 (trace 3). The inset represents a 2�
blowout of the respective graph for better visualization. C, one-dimen-
sional 15N-filtered 1H NMR spectra of oxidized 15N-labeled Tim 9 in the
free form (top) and when complexed to non-labeled Tim 10 (bottom). D,
one-dimensional 15N-filtered 1H NMR spectra of oxidized 15N-labeled
Tim10 in the free form (top) and when complexed to non-labeled Tim9
(bottom).

TABLE I
Zinc binding properties of WT Tim9 and Tim10 and mutant Tim10

analyzed by ITC at 30 °C
NA, the parameters were not available because either zinc binding

was too weak or the protein was not stable under the experimental
conditions.

Protein Ratio (Zn2�/protein) Binding constant Ka

M
�1

WT Tim9 0.7 5 � 106 	 3 � 106

WT Tim10 1.1 9 � 106 	 3 � 106

C40S Tim10 NA NA
C44S Tim10 1.4 6 � 105 	 3 � 105

C61S Tim10 NA NA
C65S Tim10 0.4 3 � 104 	 2 � 104
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added to either 15N-labeled Tim9 or Tim10. Fig. 3, C and D,
show the results of experiments where 15N-labeled Tim9 inter-
acted with unlabeled Tim10 and vice versa. Although both
Tim9 and Tim10 demonstrate significant changes in spectra
upon complex formation, the two proteins behave differently.
The spectrum of Tim9 in complex has significantly better chem-
ical shift dispersion than that of Tim10. The new signals ap-
pearing in the amide region between 8.5 and 9.5 ppm originat-
ing from complexed Tim9 show characteristics of a protein with
defined structure with large dispersion of chemical shifts and
linewidths consistent with the expected molecular mass of the
complex (70 kDa). Unlike Tim9, the spectrum of Tim10 in
complex has poor chemical shift dispersion with characteristics
of molten-globule state. The differences in changes in their

respective dynamics upon complex formation between Tim9
and Tim10 may reflect the fact that these two components of
TIM10 play different roles in chaperone assembly and function.

The Novel Three-dimensional Structure of the TIM10 Com-
plex and of the Individual Tim9 and Tim10 Determined by
SAXS—Because nothing is known regarding the three-dimen-
sional structures of any of the “small Tim” family or their
complex, it was of great interest to determine these structures
for Tim9 and Tim10. X-ray crystallography is the obvious
method to determine the structure to atomic resolution, but
this has not been successful so far for this complex, probably
because of the flexibility of the proteins. NMR, on the other
hand, would be an alternative, and work is underway to obtain
high resolution information. Electron microscopy has been

FIG. 4. Solution x-ray scattering
data and the deduced low resolution
structures of Tim9, Tim10, and their
complex TIM10. A, scattering data (dots
with error bars) and curves from the re-
stored models (full lines shown in B) of
individual oxidized Tim9, Tim10 (in di-
meric form), and the hetero-hexameric
TIM10 complex. For better visualization,
curves have been displaced. The inset
shows the p(r) functions (normalized to
unit area). B, three-dimensional models
restored from the solution x-ray scatter-
ing data presented in A. The flexible pro-
tuberances in the complex (see “Results”)
are circled in dotted line and indicated by
arrows. The right views are rotated clock-
wise by 90° around the horizontal axis as
indicated. For Tim9/Tim10, the following
structural parameters were deduced, re-
spectively: Rg � 22.3 	 0.2 Å/21.9 	 0.2 Å;
Dmax � 71 	 2 Å/68 	 2 Å; and V �
44,000 	 3000 Å3/3200 	 2600 Å3). For
the assembled TIM10 complex, Rg �
27.7 	 0.2 Å; Dmax � 85 	 3 Å; and V �
99,000 	 5000 Å3.
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used to obtain low resolution structures for the TIM22 and
TOM40 complexes (25–28), but the size of the TIM10 complex
(70 kDa) is rather small, hindering the application of this
method. Therefore, we obtained the low resolution three-di-
mensional structure of the individual proteins and their com-
plex from SAXS experiments (Fig. 4). Molecular structures
were restored from scattering data (24) that was collected up to
a Bragg resolution of 10 Å. The method considers the protein
structure as an assembly of dummy residues centered at the C�

positions. Subsequently, a molecular envelope is constructed by
finding a chain-compatible spatial arrangement that fits the
experimental scattering data. This method has been used suc-
cessfully for many proteins (23, 29) with the advantage of
analysis of native particles in nearly physiological conditions.
The SAXS structures of individual dimers Tim9 and Tim10 are
broadly similar with some subtle but detectable differences. (i)
Tim9 has a slightly less compact shape and is more elongated
than Tim10 (Tim9 appears to make use of a bigger molecular
volume), in agreement with previous analytical ultracentrifu-
gation data (14). (ii) When the particles were turned 90°, the
cleft in Tim10 is shown to be larger than Tim9. (iii) At the top
part of the particles, Tim9 has a distinct protuberance toward
the solvent whereas Tim10 has a minor cleft (Fig. 4, A and B).
The TIM10 complex particle was reconstructed based on a
3-fold symmetry, in agreement with its stoichiometry of three
Tim9 to three Tim10 experimentally determined by MS and
ITC (14, 15). Comparing the individual proteins to the holo-
complex, it is apparent that merely based on size consider-
ations a structural rearrangement has to occur during compl-
exation. There is a central core with higher density and two
classes of protuberances pointing outside. Three are quite
large, whereas the other three are significantly shorter and
near the core of the complex. Several shape reconstructions
indicate that the large protuberances (shown by arrows) can
move significantly and are therefore rather flexible. As we used
a 2–3-fold symmetry for the individual proteins and the com-
plex respectively, the number of possible solutions to the prob-
lem of uniqueness of shapes is drastically reduced. Further-
more, rerunning shape reconstructions in several independent
experiments comes up with very similar shapes and shows that
the envelope we present can be considered as a representative
shape model. Together with the NMR data, we suggest that the
large flexible protuberances may well represent Tim10 in the
complex. We would speculate that the protuberances and clefts
represent functionally important domains for the interaction
with the substrate ADP/ATP carrier that also has an internal
3-fold symmetry (30) and/or subunits of the TIM22 complex.
The overall size of the particle is rather large (Dmax � 85 	 3
Å), which would allow it to span most of the intermembrane
space (average distance 140 Å measured for mammalian mito-
chondria) (31), thus providing an extended chaperone scaffold
surface for the hydrophobic substrates. In contrast to most
other known chaperones, TIM10 does not have a doughnut-
shaped structure or any extensive internal cavities into which
the unfolded substrate could fit. This unique structure may
reflect the fact that this is not an ATP-powered chaperone with
substrate binding and release relying on conformational
changes induced by the substrate itself and/or other compo-
nents of the insertion pathway. Scanning the Protein Data
Bank for similar-sized symmetrical particles, calculating their
theoretical scattering profiles and comparing them to the ex-
perimental data of the TIM10 particle did not yield convincing
fits, indicating that this structure is novel.

The TIM10 Complex Has Increased Surface Hydrophobicity—
Given that TIM10 binds the hydrophobic carriers in transit and no
atomic resolution data are available to define specific substrate

binding clefts, we examined experimentally the surface hydropho-
bicity of the complex by monitoring changes in the intrinsic ANS
fluorescence (Fig. 5) on binding TIM10. A significant concentration-
dependent increase in ANS fluorescence was observed, indicating
the binding of hydrophobic segments of the TIM10 complex to ANS.
Such a behavior is often observed for the molten-globule state of
several proteins (32) and would be consistent with the molten-
globule characteristics of TIM10 as shown above by NMR. The
hydrophobic interaction between TIM10 and ANS could be emu-
lating similar interactions between the complex and hydrophobic
substrates.

DISCUSSION

The data presented here are the first direct evidence of the
structure of the Tim9 and Tim10 proteins and their complex
under a variety of conditions. Also, these experimental data
provide a structural basis to a model for the redox-regulated
multi-step mechanism of biogenesis and assembly of the TIM10
complex that we first postulated based on a combination of
site-directed mutagenesis and functional studies (19, 44). The
major stages in this pathway are as follows: stage 1, the indi-
vidual subunits Tim9 and Tim10 are maintained in an un-
folded structure in the cytosol; and stage 2, the subunits are
imported in a reduced state, which is assembly-incompetent.
Either stage 1 or 2 may be stabilized by zinc, which would have
to be added to the apoprotein by a specific zinc-dependent
chaperone, because the intrinsic affinity of the proteins for zinc
is very low. Potential metal binding at this stage would have a
clear stabilizing effect but does not significantly increase sec-
ondary structure content. In stage 3, the unassembled subunits
are folded to a molten-globule state that is maintained struc-
turally by oxidation of the four cysteines into two intrachain
disulfides. This is an assembly-competent state. Tim9 is more
folded than Tim10, which maintains extensive flexibility par-
ticularly of its N and C termini in this state. In stage 4, the two
oxidized subunits associate in a 3:3 stoichiometry to form the
stable, fully functional TIM10 particle with the three-dimen-
sional structure shown in Fig. 4. This model does not invoke the
direct requirement of zinc for the assembly process.

The fact that the proteins have to be in a reduced, hence,
unfolded state to get imported is not entirely surprising based
on the generally accepted idea that tightly folded domains
inhibit transport to mitochondria. However, one could still
argue that, for Tim10, the oxidized state could be imported
based on two considerations. (i) The small size (11 Å) of the
monomeric oxidized Tim10 would allow passage through the
Tom40 pores of �22 Å (26–28, 33, 34). (ii) The oxidized state is

FIG. 5. Fluorescence emission spectra of ANS in the presence
or absence of 50 �g/ml TIM10 complex indicates that this com-
plex has increased surface hydrophobicity.
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not tightly folded but rather adopts a molten-globule conforma-
tion that has been previously suggested to be a translocation-
competent conformation (35, 36). However, Tim10 must be
fully reduced for it to be imported. This indicates that the outer
membrane protein import channel clearly cannot accommodate
the molten-globule state for Tim10. These data extend the
studies of Matouschek and colleagues (37, 38), showing that
presequence-containing precursors targeted to the matrix must
be significantly unfolded during import. Although Tim10 dif-
fers from these precursors in that (i) it is an authentic mito-
chondrial protein, (ii) its structure is mainly �-helical, (iii) it
does not carry a presequence, and (iv) it is transported only
through the outer membrane channel independently of the
function of the mHsp70 translocation motor and the inner
membrane electrochemical potential, it appears to be obeying
the same strict requirement for complete absence of disulfides
in its structure as presequence-containing precursors.

The intrinsic flexibilities of Tim9 and Tim10 together with
their tendency to aggregate make the high resolution structure
determination by either x-ray crystallography or NMR chal-
lenging. Hence, we present the low resolution three-dimen-
sional structure of the complex obtained from SAXS, a method
that is capable of providing structural resolution equivalent to
electromagnetic studies but which is more suitable for particles
the size of the TIM10 complex. The SAXS structure of the
TIM10 complex shows some striking novel features. The re-
stored model supports its biological role as a chaperone, pro-
viding a potential to span a significant part of the space be-
tween the outer and inner membranes, hence “shielding” the
hydrophobic substrate and preventing aggregation. Based on
the different structural properties of the two subunits within
the complex, it is tempting to speculate that the more mobile
parts of the structure can be assigned to Tim10 and that these
reflect specific functional roles as well. The overall flexibility of
the TIM10 structure revealed from both NMR and SAXS data
has several important functional consequences. The intrinsi-
cally low degree of ordered structure for these proteins explains
why they can bind to a large array of substrates (10) with
relative low affinity (3), thus ensuring binding efficiency (2, 3).
This is of central importance to their function because they not
only have to bind an incoming precursor but also release it to
the insertion-specific TIM22 complex. In more general terms, it
has been suggested that an increasing number of proteins are
intrinsically disordered or retain very flexible conformations
for most of their lifetime in the cell (39–41). Many of those are
involved in cell signaling and regulation (42), and flexibility is
thought to allow them to cope better with changes and bind to
several different targets (42, 43). Tim9 and Tim10 set an ex-
ample of such proteins where flexibility rather than a tightly
folded structure facilitates their substrate recognition and
translocase function in mitochondria.
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