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Abstract Transport of polypeptides across membranes is a
general and essential cellular process utilised by molecular
machines. At least one component of these complexes
contains a domain composed of three tetratricopeptide
repeat (3-TPR) motifs. We have focussed on the receptor
Toc64 to elucidate the evolved functional specifications of
its 3-TPR domain. Toc64 is a component of the Toc core
complex and functionally replaces Tom70 at the outer
membrane of mitochondria in plants. Its 3-TPR domain
recognises the conserved C-terminus of precursor-bound
chaperones. We built homology models of the 3-TPR
domain of chloroplastic Toc64 from different species and
of the mitochondrial isoform from Arabidopsis. Guided by
modelling, we identified residues essential for functional
discrimination of the differently located isoforms to be
located almost exclusively on the convex surface of the 3-
TPR domain. The only exception is at568Ser/ps557Met,
which is positioned in the ligand-binding groove. The
functional implications of the homology models are
discussed.
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Introduction

Mitochondria [1] and plastids [2] were derived by an
endosymbiotic process, necessitating the development of
protein transport and translocation systems to ensure the
exchange of proteins between cell compartments [3]. The
evolution of translocation systems involved the invention of
novel systems such as translocon of matrix-targetted proteins
at the inner mitochondrial membrane [4] and “recycling” of
prokaryotic systems [5]. The functional capacity of pro-
karyotic translocation machineries was subsequently fine-
tuned by inserting additional components [6]. During this
process of functional “optimisation” of protein transloca-
tion, several well known events of protein evolution took
place, for instance domain stealing [7], enzyme recycling
by modulation of enzymatic activities, and gene duplication
[8]. A prominent example of the latter is Toc64.

Toc64 has an amidase domain silenced by a single point
mutation in the catalytic centre [9], which still recognises a
putative substrate, but does not process it [10]. Fused to the
amidase, Toc64 contains a cytosolically exposed tetratrico-
peptide repeat (TPR) domain. TPR motifs were first
identified in the nuclear protein ssn6 [11]; the chromatin-
associated replication protein CDC23 [12]; and nuc2 +, a
protein required for mitotic chromosome disjunction [13].
In recent years, the list of proteins carrying TPR motifs has
grown steadily [14-18]. Receptors containing a 3-TPR
domain that are involved in protein translocation include
the mitochondrial receptors Tom20 [19], Tom70 [19, 20]
and Tom34 [21-24], the peroxisomal receptor Pex5 [25, 26],

@ Springer


dx.doi.org/10.1007/s00894-008-0449-y

972

J Mol Model (2009) 15:971-982

and the endoplasmic reticulum translocon component Sec72
[27, 28].

The 34 amino acids of the TPR motif form two helices—‘a’
and ‘b’ (Fig. 1a)j—connected by a short intrarepeat loop [14—
16]. Three tandemly arranged TPR motifs, which form a
right-handed superhelix [29] capped by a so-called solvation
helix at the C-terminal end, are defined as a 3-TPR domain
[30]. Within this 3-TPR domain, the motifs are again
connected by short interrepeat loops, and the individual
motifs are termed motifs I, IT and III, respectively. The short
interrepeat loops show a slightly higher mobility than the
helices as revealed by NMR measurements [31]. Addition-
ally, the amino terminal end and the solvation helix are found
to be more flexible in terms of positioning and folding [31].
Finally, 3-TPR domains involved in Hsp70/Hsp90 (heat
shock protein) recognition form a conserved dicarboxylate
clamp, which specifically binds the two carboxylate groups
of the, also conserved, C-terminal aspartate of Hsp70/Hsp90
[29]. Recently, the 3-TPR domain of Toc64 was described as
being of the dicarboxylate clamp type [32].

Interestingly, in Arabidopsis thaliana, three isoforms of
Toc64 (I, 111, V, reflecting their chromosomal localisation)
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Fig. 1a—c Architecture of the three-tetratricopeptide repeat (3-TPR)
domain of psToc64TPR. a Schematic representation of the 3-TPR
domain showing the nomenclature used in this paper. b Expression
and purification of recombinant 3-TPR domain of Toc64; purity was
confirmed by SDS-PAGE analysis and Coomassie Blue staining
(inset). The CD-spectrum (/ine) was recorded as described in
Materials and methods. ¢ Secondary structure content determined
from the CD-spectrum (black bars) and according to the generated
homology model (white bars, see Fig. 2); o «-helical content, 3 f3-
content, o other structural elements
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were initially described [33, 34]. Whereas the first isoform
(afToc64-1) behaves as a typical amidase [35, 36], the
second functions as an import receptor of chloroplasts
(afToc64-111 [8, 32]), and the third is located in the outer
membrane of mitochondria, functionally replacing the
mitochondrial Tom70 found in yeast and mammals
(afToc64-V [8, 37-38]). The chloroplast-localised receptor
recognises Hsp90 loaded with precursor protein destined
for chloroplast import via its cytosolically exposed 3-TPR
domain [10, 32]. Nevertheless, Toc64 represents a non-
essential receptor family [39, 40], which parallels findings
for TPR motif-containing Tom components [19, 20, 34].

The presence of a similar receptor in two different
membranes/organelles, and their interaction with chaper-
ones rather than with incoming precursor proteins raises the
question of how the receptor—in particular its Hsp-
recognising 3-TPR domain—provides the specificity re-
quired to discriminate between Hsps loaded with preprotein
destined for their respective organelles? Using homology
modelling, we investigated the structural properties of the
3-TPR domain of Toc64 from Pisum sativum (psToc64TPR),
localised in the outer envelope of plastids [9], and of Toc64
from Arabidopsis thaliana, which is encoded on chromo-
some V (afToc64-V TPR) and localised in the outer
membrane of mitochondria. [8] At present, the most
ancestral Toc64 investigated is that of the moss Physcomi-
trella patens [39]; we therefore included this Toc64-1 3-TPR
domain (ppToc64-1 TPR) in this study. Our analysis allowed
us to derive the structural positioning of conserved amino
acids, putative discriminative positions of mitochondrial and
chloroplasts receptors, and the internal motions of the 3-TPR
domain. The results can be applied to guide future
biochemical experiments.

Materials and methods
Circular dichroism analysis

Circular dichroism (CD) analysis was performed as
previously described [54, 55] using the heterologously
expressed 3-TPR domain of psToc64 purified as published
[32]. Briefly, the CD-spectrum was recorded in 10 mM
Hepes/KOH, pH 7.6, and 100 mM NacCl on a Jobin Yvon
CD6 spectrometer (Jobin YVON-SPEX, Edison, NJ) in a
cuvette with 1 mm path length for far-UV at 22°C with
1 nm steps, 1 s integration time, and a slit width of 2 nm.

Homology modelling
The Phyre server [56] (http://www.sbg.bio.ic.ac.uk/~phyre/)

was used to find suitable templates for modelling. The
crystal structures of the TPR1 domain (1ELW) and the
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TPR2a domain (1ELR) of Hop [29], and of protein
phosphatase 5 [57] (1A17) were used as templates to
model the 3-TPR domain of the different Toc64 proteins [32]
(Table 1). Alignments of target and template sequences are
available as supplementary material (Fig. S1). The homol-
ogy model of the 3-TPR domain of psToc64 based on
1ELW was generated with WHAT IF [43]. We constructed
a model of the 3-TPR domain from psToc64 based on
1ELR with Modeller v8.2 [42, 58]. Swissmodel [59] was
applied to the 3-TPR domain of afToc64-V and ppToc64-1.
All homology models were refined with Yasara’s Yamber2
forcefield [45] (http://www.yasara.org). Ramachandran
plots (RAMPAGE, http://mordred.bioc.cam.ac.uk/~rapper/
rampage.php) [60] of the homology models as well as the
results of the structure validation server Verify3D (http:/
nihserver.mbi.ucla.edu/Verify 3D/) [61, 62] are available as
supplementary material (Figs. S11, S12).

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed with
GROMACS [63-65] v3.2.1 or v3.3.1 and the GROMOS96
force field [66] (43al) on AMD Opteron and Intel Wood-
crest clusters. In total, we simulated 370 ns. The proton-
ation states of histidine, lysine, aspartate, glutamate and
cysteine were chosen to correspond to pH 7. As we are
modelling C-terminally located protein domains, artificial
N-termini were neutralised. Each protein was placed
together with simple point charge (SPC) water [67] in a
rhombic dodecahedron. The proteins were at least 1.4 nm
away from the periodic boundaries of the box defined for a
simulation. The systems were neutralised by addition of
sodium or chloride ions, and subjected to a steepest
descents energy minimisation. Next, a position restrained
MD run of 100 ps with the heavy atoms of the protein
immobilised was performed to relax the protein’s hydrogen
atoms and the water molecules.

Initial velocities of atoms in the system were taken
randomly from a Maxwell-Boltzmann distribution at 300 K.
We employed the Berendsen weak coupling scheme [68] to

maintain the temperature at 300 K with a coupling time of
0.1 ps, the pressure at 1 atm with a coupling time of 0.5 ps,
and an isothermal compressibility of 4.5x10 bar '. Long-
range electrostatic interactions were calculated by the
Particle Mesh Ewald (PME) method [69] with a cut off of
1.0 nm for the direct space sum and a spacing of 0.1 nm for
the FFT (fast Fourier transform) grid. The short-range
neighbour list was cut off at 1.0 nm and updated every fifth
step. Van der Waals forces were cut off at 1.4 nm. Bond
distances and bond angles were constrained by the SETTLE
[70] and LINCS [71] algorithm. The integration time step
was 2 fs. Snapshots of the simulated systems were recorded
every 5 ps and protein coordinates were saved every 1 ps.

Each of these sets of structural coordinates represents
one frame. As every protein was simulated for at least
50 ns, we accumulated at least 50,001 frames in each
trajectory. The global rotational and translational degrees of
freedom of a protein were removed by least squares fitting
the frames on the starting structure of the respective
trajectory by keeping the relative positions of the atoms
within each structure. Each trajectory was split in up to
2,048 subintervals with steps of a factor of two.

Principal components analysis

Roughly the first nanosecond was excluded from the
principal components analysis (PCA) to remove equilibra-
tion effects. N- and C-terminal residues of the proteins were
excluded from the PCA, and only the C, atoms of the
remaining residues were chosen for further processing. We
applied the PCA as described by Hess [44, 72]. We
calculated the covariance matrix of the coordinates of the
C, atoms for all subintervals (prepared as described in the
previous paragraph) and the full trajectory. The covariance
matrix is a symmetrical matrix with a dimension
corresponding to three times the number of C, atoms
analysed. The covariance matrix was diagonalised by an
orthonormal transformation matrix. This diagonal matrix
contains the eigenvalues; the columns of the transformation
matrix are the corresponding eigenvectors. The columns of

Table 1 Homology modelling targets and templates. The name of the protein family, the name of the protein, the accession number, the amino
acids of the sequence modelled, the PDB ID (http://www.pdb.org) of the template, the amino acids of the template used for modelling and the

percentage of sequence identity between query and template are given

Protein Target Template Identity
Name Accession no. Amino acids PDB ID Amino acids

Toc64 psToc64 (I) AAF62870 474-593 1ELR 222-347 31%
psToc64 (IT) AAF62870 477-593 1ELW 2-118 31%
atToc64-V NP_196504 485-603 1A17 25-143 34%
ppToc64 AAS47584 466-592 1A17 19-145 34%
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the eigenvector matrix were sorted by size of the
corresponding eigenvalues, so that the eigenvector with
the highest eigenvalue constitutes the first and the eigen-
vector with the lowest eigenvalue, the last eigenvector.

The average overlap of the sampling of each subinterval
with the sampling of the full-length trajectory was
calculated for the smallest set of number of eigenvectors
describing at least 80% of the internal motions of the
simulated protein. The average cosine content of the Ist
principal component and the average root mean squared
fluctuations (RMSF) of the subintervals were calculated. To
normalise the results, the autocorrelation (a) of the smallest
set of number of principal components describing at least
80% was determined.

@ Springer

«Fig. 2a—¢ Homology models of the 3-TPR domains. a Homology

models of the 3-TPR domains were built as described in Materials and
methods. The structures shown are average structures derived from
molecular dynamics (MD) simulations. Cyan atToc64-V TPR from
Arabidopsis thaliana, blue psToc64TPR (Model II) from Pisum
sativum, red ppToc64-1 TPR from Physcomitrella patens. Molecular
graphics created with YASARA (www.yasara.org) and PovRay (www.
povray.org). b The root mean square deviation (RMSD) for the
individual MD simulations are shown (black psToc64 model II, dark
grey atToc64-V, grey ppToc64-1, colour code the same in a and b).
The trajectory of the MD simulation of ppToc64-1 TPR was
constructed by concatenating trajectories of three MD simulations.
The 2nd and 3rd MD simulation (20-35 ns and 35-50 ns) were started
from picoseconds 2,757 and 3,856, respectively. These two frames
correspond to the sharp peaks during the first 5 ns. ¢ The root mean
squared fluctuations (RMSF) of the models were calculated from the
trajectories of the performed MD simulations. Above the x-axis, the
secondary structure elements of the average structures of the simulated
models are given as boxes (x-helices) and lines (loop regions)
connecting the boxes. Residues ar502Lys, ps492Lys and pp489Lys
are aligned to position 0 on the abscissa

In the following, we performed a pair-wise comparison
of the MD simulations. By calculating pair-wise inner-
products of the first few eigenvectors of MD simulation
pairs, we constructed matrices that reflect the similarity of
the internal motions of the simulated proteins. Coordinates
of the initial models and average structures of the MD
simulations are available upon request.

MD analysis and visualisation

A visual inspection of the MD trajectories was performed
with VMD [73]. The root mean square deviation (RMSD)
traces and the RMSF with respect to the starting structure of
each simulation were calculated for the full length of the
trajectories.

We visualised the principal modes of motion of the first
few eigenvectors as porcupine plots [74]. These porcupine
plots can also be automatically generated by the DynaTraj
server developed by Barret and co-workers [75]. Each
element of an eigenvector holds the direction and strength
of motion of the corresponding C,, atom. These features are
visualised as cones originating from each C, atom of the
average structure obtained from the MD simulation. The
cone length represents the strength of the motion. In order
to obtain visible cones, the eigenvectors were scaled by the
inverse cubed square root of the number of residues (see
DynaTraj server online documentation). Such a porcupine
plot is identical to a plot in which the direction of all cones
has been exactly reversed. The porcupine plots were
visualised with VMD and rendered with PovRay (http:/
WWW.povray.org).

H-bonds and water-inserted H-bonds were detected with
the g hbond tool of Gromacs 3.1.4. The donor-hydrogen-
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acceptor cutoff angle was 60° and the hydrogen-acceptor
distance cutoff 0.25 nm. A donor atom donates a polar
hydrogen and an acceptor atom binds this hydrogen via a
free electron pair. A Python script was developed to merge
H-bond data for donor/acceptor atoms of the same residue.

The interaction energies of receptor residues with the
ligand were calculated by rerunning the MD simulations
with the recorded trajectories. For the reruns, we employed
a simple twin-range cutoff for the coulomb (2.25 nm) and
van der Waals (1.4 nm) forces to avoid time-consuming
multiple reruns of each simulation to extract the long-range
interaction energies from the PME energy of reciprocal
space. We are aware that this approach reduces the
precision of the results, but for our purposes these errors
are acceptable. The electrostatic energies were not multi-
plied by the common scaling factor of 0.5, which would
take into account a distribution of the energy over both
interacting partners.

A Yasara Python plugin was developed to label and
colour those residues for which interaction energies with
the ligand have been calculated according to the strength of
this interaction. Yasara’s colour circle goes from 0 to 360
and is composed of the following colours: blue (0/360),
cyan (300), green (240), yellow (180), red (120), and
magenta (60). Green was defined as zero energy, blue and
red as maximal absolute energy. The interaction energies
for the receptor residues were scaled by the following
scheme: colourID=240+x, for x>0 and colourID=240—x
for x<0 with x=120*log,(abs([energy]) + 1)/log,(abs

([energymax])+1).

Results

Homology modelling and MD simulations of the 3-TPR
domain of Toc64

We applied a homology modeling approach to explore
structural features of the Toc64 3-TPR domain as no crystal
or NMR structure is available yet. This task was supported
by secondary structure analysis of the Toc64 3-TPR domain
from Pisum sativum (psToc64TPR). Circular dichroism
measurements of this domain (Fig. 1b) revealed an o-
helical content of about 70% and no indications of f3-
strands (Fig. Ic). This finding parallels the structural
composition of typical 3-TPR domains [29]. The specificity
of our homology modeling approach was determined by
building two models of the 3-TPR domain of psToc64
utilising either PDB:1ELR (model I) or PDB:1ELW (model
II) as a template, which were ranked 1st and 2nd by the
PHYRE server, respectively (Table 1; Fig. 2a). For both,
the amino acid identity between psToc64TPR and the
template lies within the homology modelling zone [41].

The homology model of psToc64TPR based on the template
1ELR was built using Modeller [42], because two loops
had to be reconstructed. In contrast, the alignment of
psToc64TPR and 1ELW has no gaps (Fig. S1), and the
model was built utilising WHAT IF [43]. With both
homology models, MD simulations of 60 and 50 ns,
respectively, were performed (Table S1). The structural
changes are measured as the RMSD of the C, atoms with
respect to the starting structure [Fig. 2b, blue (model II), see
Fig. S2a for model I]. A comparison of the average
structures (derived from MD simulations) with the tem-
plates 1ELR and 1ELW revealed similar RMSDs (1.7 A or
1.6 A for model I, 1.6 A or 1.6 A for model II; 1.9 A for
1ELR vs 1ELW). The RMSD between the two average
structures equals 0.5 A, which suggests that very similar
structures were adopted independent of the templates and
the homology modelling strategy.

Next, we built homology models of the 3-TPR domain
of the A. thaliana protein with putative mitochondrial
localisation (atToc64-V), and of the Physcomitrella patens
protein (ppToc64-1) with plastid localisation (Table 1,
Fig. 2a). Like the models of psToc64TPR, the homology
models of the 3-TPR domain of afToc64-V and ppToc64-1
were stable during the MD simulations as reflected by their
respective RMSD traces (Fig. 2b, cyan and red, respective-
ly) with an average RMSD of ~1.5 A for both afToc64-V
and ppToc64-1. For all models, the highest fluctuations of
the C,-atoms were observed in loop regions, the solvation
helix and in the amino terminal helix (Fig. 2c, Fig. S2b),
which parallels findings by NMR-spectroscopy [31].
Furthermore, from the PCA (see Supplementary material)
[44] of the models we conclude that we have sufficiently
sampled conformations associated with the free energy
minima that have been visited during the MD simulations
(Table S2). Summarising, the homology models passed all
of our tests, enabling further analyses.

Analysis of 3-TPR domain models complexed
with the C-terminus of Hsp90

To explore the functional implications of our model, we
analysed the flexibility of the 3-TPR domain in the
presence of a bound octapeptide. For this purpose, the last
eight amino acids of the Hsp90 C-terminus were modelled
based on homology to the crystal structure of the Hop
TPR1/Hsp70 C-terminal 8-mer complex (PDB: 1ELW).
The homology models of afToc64-V TPR and psToc64
(model II) were superimposed onto this crystal structure.
The sequence of the octapeptide was mutated with the
program Yasara to correspond to Hsp90 [32]. Afterwards,
we performed energy minimisations of the protein—peptide
complexes with the Yamber2 force field [45] followed by
MD simulations of 80 ns each. The average RMSD of the
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Fig. 3a,b Modelled peptide binding by the 3-TPR domain of
atToc64-V and psToc64. a Time-dependent RMSF of C, atoms as a
function of the length of the subintervals calculated for afToc64-V
(black) and psToc64 (grey) complexed with the peptide. b Map of
residues of the 3-TPR domains forming either H-bonds or putative van
der Waals contacts. The graph shows all residues of the liganded 3-
TPR domain of afToc64-V (top) or psToc64 (bottom) involved in H-
bond formation (dots in graph) or van der Waals contacts (residues in
grey boxes) with the ligands. For H-bonds, the relative number of
frames where a direct (black circle) or water-mediated H-bond (grey

liganded 3-TPR domain of afToc64-V (Fig. S3a) or
psToc64 (not shown) was lower than observed during the
MD simulation of the 3-TPR domain alone (Table S2).
Further, the RMSD of the bound octapeptide was quite low
(Fig. S3b, black). The analyses of the RMSD distribution of
both the Arabidopsis and the pea system show that the
internal motions of the 3-TPR domain are—as expected
[46]—more restricted when the peptide is bound in the
binding pocket (Fig. S3c), although to a slightly different
extent in the two systems (see Supplementary material).
Performing a PCA of the complexed 3-TPR systems, we
obtained a quality of sampling similar to that of the free 3-
TPR domain (Fig. S4, Table S1).
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circle) exists during the MD simulation (excluding the initial
equilibration phase) is shown (please note that one amino acid can
form direct or mediated H-bonds at the same time). A detailed H-bond
plot is available as Supplementary material. The relative positions of
the helices are indicated in the central part of the figure. Grey regions
in the helices indicate electrostatic interactions and hatched regions
hydrophobic interactions with the corresponding positions in the
crystal structure of Hop [29]. Circled positions (bottom) indicate
residues previously mutated within the 3-TPR domain of psToc64 [32]

Detailed analysis (see Supplementary material) revealed
that the majority of peptide conformations of both 3-TPR
domains’ ligands was assigned to a single cluster, but a
portion of conformations of the ligand of psToc64TPR was
also found to be significantly different from the Arabidopsis
system (Fig. S5a,b). This might be a first hint that the mode
of association of these two 3-TPR domains with their
chaperone might differ. In line with this notion, we
observed that the fluctuation restriction of residues of the
3-TPR domain by peptide binding differs between arToc64-
V and psToc64 (Fig. 3a). In psToc64TPR, loop 4 appears to
be restricted in its motion by the bound peptide, whereas
loop 2 shows a higher mobility; in afToc64-V TPR, the
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Fig. 4a—d Electrostatic interaction energies. Non-bonded Coulomb
and Lennard-Jones (LJ) interaction energies were calculated for
several residues of the receptor domain with its ligand as described
in Materials and methods. The homology models of the receptor—
ligand complexes were taken from late time points of their respective
trajectory from MD simulations. The 3-TPR domain is shown in
surface representation and the ligand as a ribbon model. Residues are
named by their position in the amino acid sequence of the respective
protein. a, b atToc64-V TPR; ¢, d psToc64TPR. In a, N and C termini
of the 3-TPR domain and the ligand are indicated in grey and cyan
letters, respectively. In a and ¢, the receptor residues interacting with
the ligand are coloured by the sum of their non-bonded Coulomb and

converse is true. For both, the strongest restriction of
movement is found for the solvation helix and helix Ia,
which is as expected as both are terminal helices also
involved in ligand binding.

Looking at intramolecular H-bonds, and selecting those
that are present in at least 20% of the recorded frames in the
corresponding trajectory (excluding the first 5 ns as
equilibration time), we observed changes in the H-bond
network when comparing the free 3-TPR domain with its
ligand-bound state (Tables S3—S6). On the convex side of
the 3-TPR domain we found that the conserved residues
at528/ps517Arg and at562/ps551Arg act as a sort of
middleman, bridging the distance between helices Ib-1Ib
and IIb-IIIb, respectively, by forming H-bonds with ar512/
ps501Thr (Ib), at544/ps533Asp (IIb) and ar546/ps535Thr
(IIb), at578/ps567Asp (IlIb), respectively. In atToc64-V,
at566Arg also bridges helices IIb-11Ib, contacting at542Glu
and at578Asp. However, the side-chains of at566Arg as
well as the corresponding amino acid in psToc64TPR,
ps555Arg, show stronger motion than at562Arg and
ps551Arg (data not shown). At566Arg and ps555Arg form

LJ interaction energies: bluish colour disfavoured interaction,
yellowish or reddish colours favoured interaction. The darker the blue/
red colour, the more disfavoured/favoured the interaction. In b and d,
differences in the interaction energies of receptor residues with the
ligand and water are mapped onto the surface of the 3-TPR domain. A
bluish colour shows that the strength of interaction of a receptor residue
with water is stronger than with the ligand; the opposite situation is
indicated by yellowish and reddish colours. The darker the blue/red
colour, the stronger/weaker the interaction of the residue with water.
Molecular graphics created with YASARA (www.yasara.org) and
PovRay (www.povray.org)

H-bonds with several residues, but the frequencies of these
interactions stay below our threshold for ps555Arg (data
not shown). On the concave side—the binding groove—the
H-bond network switches certain H-bonds upon ligand
binding. In the free 3-TPR domain of psToc64, this network
reaches from residue ps485Asn over psS00Tyr, psS16Asn,
ps519GlIn, ps488Tyr to ps523Glu. Also, ps515Ser forms an
H-bond with ps550Arg. In the ligand-bound state, H-bonds
ps500Tyr—ps516Asn and ps488Tyr—ps523Glu are dimin-
ished, but ps485Asn—ps516Asn and ps519GIn—-ps550Arg
increase their frequency of interaction. In contrast to
psToc64, the 3-TPR domain of atToc64-V does not possess
such a distinctive H-bond network. In afToc64-V TPR, the
position equivalent to psS15Ser is a cysteine (at526Cys),
and that of ps519GlIn an alanine (at530Ala), both of which
interrupt the network. In atToc64-V we also observe a
network connecting helices Ia, Ib and Ila via several
residues in the order af518Gln, ar488Ser, at524Tyr,
at489Glu, ar492Lys.

We next analysed MD simulations with respect to the
dynamics of the H-bond network between the 3-TPR
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Fig. 5a,b Conserved amino acids and amino acids involved in
peptide interactions. The positioning of conserved amino acids within
the 3-TPR domain of mitochondrial and plastidic Toc64 proteins was
analysed (Fig. S10). a The model I of psToc64TPR shown represents
the view into the chaperone binding pocket. b 180° rotation around
the y-axis. Blue positions are conserved in the 3-TPR domain of both
mitochondrial and plastid-localised Toc64 proteins and are involved in
substrate recognition. Cyan positions are conserved in the 3-TPR

domain and the octapeptide (Fig. S6a). For clarity, we have
linked the H-bond data for every receptor residue (Fig. 3b).
We identified 27 residues in the 3-TPR domain of afToc64-
V that form H-bonds with the octapeptide, either directly or
mediated by water molecules. However, only 10 residues
were found to have H-bonds that are present in more than
20% of the stored frames of the MD simulation (Fig. 3b). In
addition, we analysed the distances between residues of the
3-TPR domain and residues of the octapeptide. We found
six residues of the 3-TPR domain positioned such that they
can form van der Waals interactions with residues of the
octapeptide (Fig. Séb,c; Fig. 3b, amino acids in grey
boxes). This analysis shows that most H-bonds formed
between the 3-TPR domain and the ligand are due to residues
in helices Ia, Illa and the solvation helix. Three residues of
helix IIa (residues 523, 530 and 533) are putatively involved
in van der Waals interactions with the ligand. In the pea 3-
TPR domain peptide complex, we identified 24 residues
forming H-bonds with the ligand (Fig. 3b, bottom), of which
14 are present in more than 20% of the frames. The van der
Waals interactions are quite similar for psToc64TPR,
although a few differences should be noted. The side-chain
of psGIn519 forms H-bonds with the ligand and provides a
larger hydrophobic surface than arAla530 at the
corresponding position in afToc64-V TPR. Also, psMet557
is capable of stronger van der Waals interactions than
atSer568. Even in the solvation helix, the capabilities for
hydrophobic interactions are increased. Although arVal594
is replaced by the small psSer583, the presence of
psArg580 instead of afThr591 more than compensates this
change. To conclude, the overall distribution of interacting
amino acids is quite similar for the 3-TPR domain of
atToc64 and psToc64. However, the pea 3-TPR binds its
ligand with more stable H-bonds formed by residues of the
N-terminal part of the solvation helix (Fig. 3b).
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domain of both mitochondrial and plastid-localised Toc64 proteins,
but these residues are not involved in substrate recognition. Positions
of differing amino acid compositions between the 3-TPR domains of
plastidic and mitochondrial localised Toc64 proteins are coloured in
red. The yellow arrow points to a position that differs between the two
sub-trees [51] but is involved in chaperone recognition. Molecular
graphics created with YASARA (www.yasara.org) and PovRay (www.
povray.org)

We calculated matrices of the mean smallest pairwise
residue distances of the 3-TPR domain of afToc64-V and
psToc64 in the free and ligand-bound state from the
trajectories of the MD simulations (Fig. S8a,b). The results
are as expected for contact maps of the 3-TPR domains [47].
The only peculiarity is the short distance (slightly below the
cutoff of 0.5 nm) between the residue pair ar499Tyr and
at561Arg in the ligand-bound state of afToc64-V. Both
residues are involved in binding the Hsp90 C-terminal
peptide (Fig. 3b). When Hsp90 is bound in the binding
groove, the frequency of the presence of the H-bond
at499Tyr—at534Glu decreases (data not shown), as also
observed for psToc64TPR, and the interaction with the
ligand brings the sidechains of at499Tyr and ar561Arg
closer together. But why are the corresponding residues in
psToc64TPR further apart? The answer is again the highly
conserved alanine in afToc64-V TPR at position 530, which
in psToc64 is occupied by a glutamine (ps519GlIn). So, in
atToc64-V, the sidechains of ar499Tyr and ar561Arg can
come closer together, because there is no bulky glutamine
sidechain in the way. We calculated a matrix containing the
difference of the amino acid distance in the free and ligand-
bound state for both atToc64-V TPR and psToc64TPR
(Fig. S8c). This matrix reflects the observed differences in
the helical cross-angles of the 3-TPR domains in the free
and the ligand-bound state (Fig. S7), and confirms that the
distances of the amino acids are predominantly enlarged.

We also took a look at the electrostatic interactions of
receptor residues in contact with the ligand (Fig. 4,
Tables S7, S8). As expected, the residues that form the
dicarboxylate clamp show high interaction energies. Also,
psArg580, which was shown to be crucial for Hsp-binding
[32], exhibits interaction energies similar to Arg and Lys
residues (psLys481, psLys489, psLys546, psArg550) of the
conserved clamp-type motif. Quite surprisingly, the two
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glutamates (atGlu534/psGlus523, atGlu567/psGlu556) show
stronger binding to H,O than to the peptide.

Discussion
Flexibility of the 3-TPR domain of Toc64

CIiff et al. [48] proposed a coupled folding and binding
mechanism for ligand binding by 3-TPR domains. They
observed a partially unfolded protein phosphatase 5 (PP5)
3-TPR domain in solution, which is fully folded upon
ligand binding. This result was challenged by Cortajarena
and Regan [49], who showed that the 3-TPR domain of
PPS5 is fully folded in solution and does not undergo major
structural changes upon ligand binding; instead, only minor
changes were observed. The latter parallels our findings,
because the 3-TPR domain of psToc64 is folded in solution
(Fig. 1). Our MD simulations of the afToc64-V TPR
domain with and without ligand further support the
previously proposed model [49] as we also observed only
small changes of the helix cross-angles within the 3-TPR
domain upon ligand binding (Fig. S7). In addition, a
designed 3-TPR domain, which specifically binds to the
C-terminal peptide of Hsp90, was shown to unfold at
temperatures >70°C [50]. This further supports the notion
that 3-TPR domains might be folded at room temperature in
general. In agreement with the NMR analysis of Cheng
et al. [31], for all homology models we obtained the highest
flexibility enforced by the peptide in the amino terminal
helix and by the solvation helix (Fig. S9).

Analysis of the MD simulations of the liganded 3-TPR
domains revealed the differential behaviour of the mito-
chondrial afToc64-V and the plastidic psToc64 systems
(Fig. 3a). Introducing the chaperone C-terminus into the
binding groove of the 3-TPR domain of afToc64-V shifts
the emphasis within the first few dominating eigenvectors
from motions along helix IIb, or orthogonal to the
superhelical axis of the 3-TPR domain, towards motions
perpendicular to the longitudinal axis of the ligand. Thus,
the dominating motions of an unliganded 3-TPR domain
open up the binding site to ease recognition of the
chaperone C-terminus. In contrast, the motions of the pea
system are not as strongly altered, as visualised by the
inner-product of the first few eigenvectors (Fig. S9a). As
expected, a reduction in the flexibility of the liganded 3-
TPR domain was obtained for both systems (Fig. S3).

3-TPR domains of Toc64 proteins with different
localisation

The distinct localisations of the mitochondrial and
plastidic isoforms of Toc64, and therefore the interac-

tion with different partners, leads to selective pressure
on these sequences, which has resulted in the diver-
gence of the mitochondrial and plastidic Toc64 TPR
cluster [51]. Examination of the amino acid composition
revealed that the mitochondrial-localised Toc64 isoforms
contain overall less negative (aspartate: —19%; glutamate:
—13%) and more positive charges (arginine: +21%) in
their 3-TPR domains, and they also prefer leucine (+36%)
over isoleucine (—31%). Mapping conserved residues
(Fig. S10) onto the modelled structure, we found that
they are involved mostly in stabilising intramolecular
interactions within the 3-TPR domain or in the recognition
of the Hsp C-terminus (Fig. 5a,b; blue). This agrees with
the assumption that Toc64 isoforms at both the chloro-
plastic and the mitochondrial outer membrane facilitate
the recognition of Hsp90 delivering precursor proteins [8,
20, 32]. The positions at which significant difference in
amino acid frequency occurs between the mitochondrial
and plastidic isoforms are located almost exclusively at
the back side with respect to the binding groove of the 3-
TPR domain (Fig. 5b). Hence, these residues might be
involved in the association of the 3-TPR domain with the
Toc [32] or Tom complex as found for Tom70 [52]. Thus,
the evolutionary development leading to localisation-
specific features was driven by alteration of positions
putatively interacting with other complex members, rather
than by alteration of amino acids in the chaperone binding
pocket.

Intramolecular H-bonds in the 3-TPR domain of Toc64
proteins

Our MD simulations identified a distinct network of H-
bonds in the peptide-binding groove as well as on the
convex side of the 3-TPR domain (Tables S3-S6). Upon
ligand binding, certain H-bonds in this network are
diminished or amplified. This “switching” of H-bonds is
more pronounced on the convex than on the concave side
of the 3-TPR domain. Interesting to note is the dramatic
effect of two residues, which differ between atToc64-V and
psToc64, on the H-bond network within the binding
groove: the presence of ps519GIn instead of the usual
at530Ala (Fig. S10) and ps515Ser instead of az526Cys lead
to the gain of five and three H-bonds in the free and ligand-
bound state of psToc64TPR, respectively. However, the
consequence of this enhanced H-bonding in psToc64TPR
remains to be investigated.

Chaperone binding site of the 3-TPR domain of Toc64
proteins

Statistical analysis of a databank of 3-TPR domains
identified positions in TPR motifs that are conserved in
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Hsp90-binding 3-TPR domains [50]. In our model of the 3-
TPR domain of psToc64, these positions include residues
516 and 550, which show a pronounced interaction with the
octapeptide via H-bonds (Fig. 3). Mutations of these
particular amino acids were previously found to inhibit
the interaction with Hsp90 [32]. Comparing the profile of
the interacting amino acids obtained for the Hsp90-
recognising motif of Hop [29] with our interaction map,
we find a significant consensus, but also distinct differ-
ences. For instance, position afCys526/psSer515 (aligned to
position 263 of Hop) forms a water-inserted H-bond in the
crystal structure of Hop. In our MD simulations, however,
other than sporadic H-bonds of psSer515 distributed over
the whole trajectory (Fig. S6a), we do not observe
formation of H-bonds with the octapeptide at this position
of the 3-TPR domain. In addition, in the “chloroplastic”
sequence, a glutamine at position ps519 forms H-bonds that
are not present in arToc64-V or Hop [29], but this is rather
an exception, because this position in Toc64 is occupied
mostly by an alanine (position 46 in Fig. S10). Further-
more, in the crystal structure, no contacts to residues in
helices Ib and IIb were reported [29], although the
methionine of the Hsp90 peptide clearly contacts residue
Phe240 in the TPR2a domain of Hop (PDB: 1ELR). In
Toc64, this position is occupied mostly by a bulky
tryptophan. In our simulations, we observed that the
peptide’s methionine is bound in a largely hydrophobic
pocket formed by at533Leu/ps522Leu, at534Glu/
ps523Glu, at538Phe/ps527Tyr, at564Thr/ps553Thr, and
at568Ser/ps557Met.

In this context it is interesting to note that at position
at568/ps557 (position 84 in Fig. S10), the putatively
plastid-localised proteins contain a methionine in the
majority of cases (13/18). In the mitochondrial localised
proteins this position is quite variable, and in 8 out of 14
cases the above mentioned binding pocket is opened up by
the presence of a rather small amino acid (serine, alanine).
In Hop, this residue is involved in chaperone binding [29],
whereas in PP5 residues on the side of its 3-TPR domain
exposing the intrarepeat loops are responsible for intramo-
lecular binding to and autoinhibition of PP5 [53]. Our MD
simulations show that the interaction energies of at568Ser/
ps557Met with the chaperone C-terminus are smaller than
with water (Fig. 4b,d). Hence, this position might not be so
important for chaperone recognition after all. Therefore, it
is tempting to assume a role for this position in intramo-
lecular interaction analogous to that of PP5. Indeed, at least
most of the first ~150 residues of psToc64 are exposed to
the cytosol [10], presenting a possible intramolecular
interaction partner for the 3-TPR domain. Another alterna-
tive explanation might be that this residue serves as a
specificity factor for interaction with other members of the
Toc or Tom complex. Hence, our analysis pinpoints a
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functionally relevant position, which should be approached
experimentally in future.
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