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Abstract: Proteins targeted to the mitochondrial matrix are translocated through the outer and the
inner mitochondrial membranes by two protein complexes, the translocase of the outer membrane

(TOM) and one of the translocases of the inner membrane (TIM23). The protein Tim23, the core

component of TIM23, consists of an N-terminal, soluble domain in the intermembrane space (IMS)
and a C-terminal domain that forms the import pore across the inner membrane. Before

translocation proceeds, precursor proteins are recognized by the N-terminal domain of Tim23,

Tim23N (residues 1–96). By using NMR spectroscopy, we show that Tim23N is a monomeric protein
belonging to the family of intrinsically disordered proteins. Titrations of Tim23N with two

presequences revealed a distinct binding region of Tim23N formed by residues 71–84. In a charge-

hydropathy plot containing all soluble domains of TOM and TIM23, Tim23N was found to be the
only domain with more than 40 residues in the IMS that is predicted to be intrinsically disordered,

suggesting that Tim23N might function as hub in the mitochondrial import machinery protein

network.
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Introduction

More than 99% of all mitochondrial proteins are

encoded by nuclear DNA, and it is only after trans-

lation that they traverse the mitochondrial mem-

branes to reach their final destination (for a review,

see Ref. 1). Protein import is mediated by the trans-

locases of the mitochondrial membranes. The trans-

locases are heterooligomeric protein complexes that

act as highly dynamic molecular machines. Their

constituent proteins can be divided into receptor pro-

teins, pore proteins, and proteins necessary for com-

plex assembly and complex stability. Mitochondrial

protein precursors are either recognized by their in-

ternal targeting sequence or their positively

charged, N-terminal presequence forming an amphi-

pathic helix.2 After recognition, they are translo-

cated through the outer and the inner mitochondrial

membranes by two protein complexes, the translo-

case of the outer membrane (TOM) and one of the

translocases of the inner membrane (TIM23). The

TIM23 complex of yeast Saccharomyces cerevisiae

contains the proteins Tim50, Tim17, Tim23, and

Tim21.3 Tim23, Tim21, and Tim50 have hydrophilic

domains exposed in the intermembrane space (IMS)

that promote precursor transfer from TOM to

TIM23.

Tim23 is the central component of TIM23. It

consists of 222 amino acids and can be divided into

an N-(1–96) and a C-terminal (97–222) domain.4 The

topology of Tim23 is schematically shown in Figure

1(A). The C-terminal part contains four predicted

transmembrane (TM) helices spanning the inner
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membrane. They form a hydrophilic translocation

pore with a diameter in the range of 13–14 Å.2,5,6

The channel is just large enough to accommodate a

single a-helix. Therefore, proteins need to be

unfolded before translocation across the inner mem-

brane can occur. Before translocation through the

hydrophilic channel proceeds, the presequences

interact with the soluble, N-terminal domain of

Tim23. Its first half, residues 1–50, mediates precur-

sor import, whereas its second half (50–97) serves as

a presequence receptor domain.3

Bauer et al.7 reported that the second part of

the N-terminal domain (residues 50–100) dimerizes

in the absence of a presequence. Upon presequence

binding, the dimer is believed to dissociate and trig-

ger channel opening and protein import. As the

membrane potential is one of the driving forces for

translocation, it is essential that there is no leakage

through an open import pore. In the absence of any

presequence, the C-terminal IMS domain of Tim50

interacts with Tim23, thus preventing the loss of the

proton gradient across the IM. In this way, the chan-

nel is only activated by presequence binding.8

Here, we have characterized the structural

properties of the N-terminal domain of Tim23 (resi-

dues 1–96) and its binding to presequences with sin-

gle-residue resolution using NMR spectroscopy.

Results

Association state of Tim23N

Gel filtration and blue native polyacrylamide gel

electrophoresis were used to compare the size of

Tim23N to other intrinsically disordered proteins

(Supporting Information Fig. 1). Monomeric Tim23N

(Mw ¼ 10.4 kDa) is expected to have a larger reten-

tion time on the gel filtration column than K32, a

monomeric 198-residue fragment of the protein Tau

with Mw ¼ 21.0 kDa.9 Dimeric Tim23N (Mw ¼ 20.8

kDa) should behave in a similar way to K32 but

have a shorter retention time than a-synuclein (Mw

¼ 14.4 kDa), another monomeric intrinsically disor-

dered protein.10,11 The observed retention times are

in agreement with a purely monomeric Tim23N:

K32 is the biggest protein with the shortest reten-

tion time on the gel filtration column, followed by

a-synuclein and Tim23N. Also, there is only one

peak in the elution profile of Tim23N in disagree-

ment with a monomer–dimer equilibrium. Blue

native polyacrylamide gel electrophoresis showed a

single band for Tim23N at different concentrations

supporting the results from gel filtration (Support-

ing Information Fig. 1).

As the hydrodynamic radius, Rh, of a protein is

directly related to its size, it can be used to charac-

terize its aggregation state. Here, we used dynamic

light scattering (DLS) and diffusion-ordered spectros-

copy (DOSY) to estimate Rh of Tim23N at different

concentrations (Fig. 2). DLS measurements detected

only a single species in solution with Rh ¼ 2.6 6 0.2

nm [Fig. 2(A)]. The peak width remained constant at

all concentrations, indicating that no significant con-

centration-dependent changes in polydispersity

occurred. Similarly, in DOSY NMR measurements,12

no concentration dependence was observed with an

average Rh value of 2.7 6 0.1 nm [Fig. 2(B)]. Hence,

the hydrodynamic radii obtained from DOSY experi-

ments and DLS measurements are identical within

Figure 1. Schematic representation of Tim23. Tim23 consists of a C-terminal domain spanning the inner membrane four

times and an N-terminal domain which is exposed to the intermembrane space. The numbers correspond to the residues in

the protein sequence. The primary sequence of the N-terminal domain (residues 1–96) of Tim23N is also shown.
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error limits. For comparison, the hydrodynamic ra-

dius of the 140-residue monomeric, intrinsically dis-

ordered protein a-synuclein is 3.2 nm.13

For a quantitative interpretation of the hydrody-

namic radius Rh, Flory’s equation, Rh ¼ R0N
m, is

commonly used, where R0 and m are constants that

are determined empirically (note that for unfolded

proteins the radius of gyration is about 1.2–1.5 times

larger than the hydrodynamic radius14). Three dif-

ferent parameter sets for intrinsically disordered

proteins (Wilkins et al., Bernadó et al., and Marsh

et al.) were used to calculate the expected hydrody-

namic radius of Tim23N. All three parameter sets

predict Rh values for monomeric Tim23N that are in

agreement with the experimental data (Table I).

Structural and dynamic properties of Tim23N

To gain insight into the secondary structure content

of Tim23N, circular dichroism spectra were recorded

at 5, 10, and 25 lM protein concentration. The spec-

tra showed the typical random coil profile [Fig. 3(A)].

In agreement with the circular dichroism spectra, a

two-dimensional 1H-15N heteronuclear single-quan-

tum coherence spectrum (HSQC) showed only little

chemical shift dispersion in the proton dimension

[Fig. 3(B)] indicative of the absence of rigid secondary

structure. Moreover, upon addition of 8M urea, the

hydrodynamic radius of Tim23N increased only

slightly to 2.9 6 0.1 nm as estimated by DOSY NMR

measurements (Supporting Information Fig. 2). Thus,

Tim23N is an intrinsically disordered protein that

rapidly exchanges between a large number of differ-

ent conformations.

For the characterization of the structure and dy-

namics of Tim23N with single-residue resolution, the

sequence-specific assignment of the NMR resonances

was required. Nearly complete backbone assignment

was achieved using three-dimensional (HA)CANNH17

and HNN experiments.18 NMR chemical shifts, in

particular of Ca and C0 atoms, are very sensitive

probes of secondary structure both in globular and

intrinsically disordered proteins.19,20 Ca secondary

chemical shifts of about three and minus two are

expected for rigid a-helices and b-sheets, respec-

tively.19 In Tim23N, the magnitude of averaged Ca
and C0 secondary chemical shifts is mostly below 0.5

ppm [Fig. 4(A)], indicating that no rigid structure is

present. In the residue fragment 72–85 secondary

chemical shifts are predominantly positive, pointing

toward a slight propensity for helical structure.

To probe the backbone dynamics of Tim23N, we

measured 15N spin relaxation times.22 Folded pro-

teins show steady-state heteronuclear 1H,15N NOEs

in the range of 0.8–1.0, whereas disordered proteins

have NOEs below 0.5. In Tim23N, heteronuclear
1H,15N NOEs do not exceed 0.4 [Fig. 4(B)]. Besides

the two termini, residues 17–22 are characterized by

negative steady-state NOE values and comprise the

part of the Tim23N backbone with the highest flexi-

bility on the pico- to nanosecond time scale. In addi-

tion, 15N R1q spin relaxation rates, which are sensi-

tive to motions of the backbone occurring on the

micro- to millisecond time scale,22 closely follow

the variation in the bulkiness of amino acids along

the chain [Fig. 4(C)]. Deviations at the N-terminus

might be caused by the two additional residues in

Tim23N as a result of cloning that are not shown.

The average 15N R1q relaxation rate was 3.4 s�1.

Figure 2. Hydrodynamic radius of Tim23N at different concentrations. (A) Scattering intensity versus hydrodynamic radius

observed by dynamic light scattering. The concentration of Tim23N was changed from 0.05 to 1.0 mM. (B) Hydrodynamic

radii at different Tim23N concentrations as determined by NMR diffusion measurements. Error bars represent the standard

deviations obtained from repeat measurements. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Hydrodynamic Radius, Rh, Predicted for
Tim23N Using Flory’s Equation for Different
Parameters R0 and m

Wilkins
et al.12

Bernado
et al.15

Marsh
et al.16

R0 2.21 3.53 2.49
m 0.57 0.449 0.509
Rh for

Tim23N
2.98 nm 2.74 nm 2.54 nm
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Interaction of Tim23N with presequences

The binding of presequences to Tim23N was probed

using NMR spectroscopy.23 In NMR titration experi-

ments, residues that are part of the binding inter-

face or experience changes in the chemical environ-

ment as a result of ligand binding undergo changes

in signal position and potentially signal intensity,

whereas unaffected residues experience little or no

changes in chemical shifts. The presequences of reti-

nal aldehyde dehydrogenase (rALDH) and cyto-

chrome c oxidase subunit IV (CoxIV)24 were titrated

to 15N-labeled Tim23N. During the titrations, nei-

ther signal broadening nor additional peaks were

observed, indicating that the binding process is fast

on the NMR time scale, that is, rapid association

and dissociation of the Tim23N-presequence-complex

resulting in averaged, gradually shifting peaks of

residues at the binding interface. Figure 5(A) shows

a superposition of a section of 1H-15N HSQC spectra

of Tim23N in the absence and presence of the

rALDH presequence. The addition of the rALDH

presequence caused a shift of the peak positions for

several residues, e.g., L71, L78, or E76, whereas

other peaks, e.g., A14 and E38, were not affected.

Plotting the chemical shift perturbations along

the chain shows that the rALDH presequence

induced the strongest chemical shift changes in the

region L71-S84 of Tim23N [Fig. 5(B)]. Furthermore,

the C-terminus, G90-D96, undergoes significant

changes in chemical shift values. A third region that

experiences weaker chemical shift perturbation

includes I41-V68. A similar perturbation profile was

found for the titration of CoxIV to Tim23N, with

changes within L71-S84 and at the C-terminus (Sup-

porting Information Fig. 3). However, already at a

molar ratio of 1:4, precipitation was observed in the

Figure 3. Tim23N is intrinsically disordered. (A) Circular dichroism spectra of Tim23N at 5 lM, 10 lM and 25 lM (from top to

bottom) in phosphate buffer. (B) Two-dimensional 1H-15N HSQC spectrum of Tim23N. The spectrum shows only a limited

dispersion of chemical shifts typical of intrinsically disordered proteins. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 4. Structural properties of Tim23N. (A) Averaged Ca/
CO secondary chemical shifts observed in Tim23N as a

function of residue number. Negative (positive) secondary

chemical shifts spanning several residues indicate propensity

for b-structure (a-helix). (B) Steady-state heteronuclear 15N-

[1H]-NOEs in Tim23N at 15�C. (C) 15N R1q spin relaxation rates

of backbone resonances of Tim23N (black). The experimental

relaxation rates follow the bulkiness profile expected from the

primary sequence (gray).21
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NMR tube, pointing to solubility problems of the

protein–peptide mixture.

A synthetic peptide (SynB2) with a similar

amino acid composition as CoxIV but no function as

specific targeting signal24 was titrated as a control

to Tim23N. At an eightfold excess only very small

chemical shift perturbations were observed, much

smaller than those induced by rALDH (Supporting

Information Fig. 4). The weak chemical shift

changes localized mainly to the region L71-S84 simi-

lar to the titrations with the two presequences.

Detailed comparison, however, reveals that the pat-

terns within the binding region are quite different.

SynB2 interacts most strongly with E76, whereas

the presequences undergo the largest chemical shift

changes at L71. Moreover, the effects experienced by

Figure 5. Binding of the presequence of rALDH to Tim23N. (A) Superposition of 2D 1H-15N HSQC spectra of Tim23N without

rALDH (red) and at 32-fold excess of rALDH (blue). (B) Averaged 1H,15N chemical shift deviation observed for backbone

resonances of Tim23N in 2D 1H-15N HSQC NMR spectra upon addition of rALDH at molar ratios (Tim23N:rALDH) of 1:1 (red),

1:2 (orange), 1:4 (purple), 1:8 (pink), 1:16 (cyan), 1:32 (blue), 1:64 (green), and 1:100 (yellow). (C) Chemical shift perturbation as

a function of rALDH concentration for residues 71 (orange), 72 (pink), 74 (purple), 76 (blue), and 78 (brown). Solid lines show

the binding curves obtained by fitting the chemical shift changes to a single binding-site model. A weighted average of the

dissociation constant of 0.47 6 0.02 mM was obtained.
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SynB2 at positions D72 and E74 are distinct from

the changes observed in CoxIV and rALDH. SynB2

has a similar amino acid composition to CoxIV and

is therefore able to interact very weakly and unspe-

cifically, that is, purely electrostatically with the

negative charges of three glutamates (residues E74–

E76) in Tim23N.

The rALDH-induced chemical shift perturba-

tions for different residues of Tim23N were plotted

as a function of ligand concentration and fitted to a

Hill equation [Fig. 5(C)]. The residues experiencing

the largest chemical shift changes during the titra-

tion could be fitted well to binding curves, thus con-

firming the postulated binding region. Residues with

minor chemical shift perturbations gave only poor

fits to the Hill equation. Assuming a 1:1 binding

stoichiometry, the dissociation constant KD of the

rALDH-Tim23N complex was estimated for different

residues (Table II), resulting in a weighted average

value of KD ¼ 0.47 6 0.02 mM. The low affinity of

the presequence–Tim23N interaction agrees with

the necessary transient nature of the interactions re-

sponsible for protein translocation through the inner

membrane. Presequences have to interact with

Tim23N but subsequently dissociate in order to be

transferred to the central pore of TIM23.

Isothermal calorimetry was used as an alterna-

tive method to determine the binding constant of

presequence binding to Tim23N (data not shown).

The reaction showed only small endothermic peaks

for the addition of rALDH to Tim23N that could not

be fitted. Most likely, the binding is too weak and

Table II. KD Values with Standard Deviations for the
Main rALDH Binding Region in Tim23N

Residue KD (mM) sKD
(mM)

L71 0.49 0.04
L73 0.42 0.04
E74 0.45 0.04
E76 0.44 0.03
Q77 0.60 0.05
L78 0.48 0.05
S79 0.48 0.05
S80 0.51 0.1

Figure 6. Transient nature of the Tim23N-rALDH complex. (A) Helical wheel projection of the rALDH presequence. Hydrophilic

residues, hydrophobic residues, negatively charged, and positively charged residues are represented by circles, diamonds,

triangles, and pentagons, respectively. (B) Helical wheel projection of Tim23N (71–84). (C) Steady-state heteronuclear 15N-

[1H]-NOEs observed in Tim23N without (black) and with a 64-fold excess of the rALDH presequence (gray).
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causes too little changes in heat to be detectable by

isothermal calorimetry.

Dynamics in the complex of Tim23N with the

rALDH presequence

Upon addition of the rALDH presequence, the signal

intensities observed for the residues in the binding

region in 2D 15N-1H HSQC spectra decreased (data

not shown), indicating that this region of Tim23N

becomes either less flexible or is affected by chemical

exchange during complex formation. To directly

probe the backbone dynamics of Tim23N in the com-

plex, we determined steady-state heteronuclear
1H,15N NOEs in Tim23N in the presence of a 64-fold

excess of rALDH (Fig. 6). In the presence of the

rALDH presequence, NOE values reached up to 0.6–

0.7 for residues L71-S84, indicating that pico-to-

nanosecond dynamics are significantly reduced. In

addition, residues S90-D96, which were highly flexi-

ble in the unbound state, were retained and showed

NOE values of 0.3–0.4 in the presence of rALDH.

Thus, L71-S84, possibly extended to S96, form the

binding site for presequences.

Discussion

When previously expressed as glutathione S-trans-

ferase (GST) fusion protein, truncation experiments

and analysis by gel filtration showed dimerization of

Tim23N-GST via the second half of the N-terminal

domain (residues 50–100).7 Here, we used a variety

of methods to probe the aggregation of Tim23N in

aqueous buffer in the absence of a GST-tag. No

dimer could be detected by comparison to other

unfolded proteins. DLS and DOSY confirmed that

free Tim23N is monomeric up to 1 mM concentra-

tion. In addition, 15N-HSQC spectra observed for

100 lM Tim23N showed no changes in chemical

shift when compared with spectra of 1 mM Tim23N

(data not shown). Higher concentrations of Tim23N

should lead to an increase in dimer population

resulting in chemical shift changes at the dimer

interface. GST is known to form dimers in its native

state25 and might therefore promote dimerization

when part of a fusion protein.

NMR spectroscopy demonstrated that mono-

meric Tim23N is intrinsically disordered in agree-

ment with previous CD measurements (Gevorkyan-

Airapetov et al., JBC 2009). The backbone is highly

dynamic on different time scales with a pronounced

flexibility at its termini and in the region A17-T23.

A very low helical propensity was present through-

out the remaining sequence. The close match

between the 15N R1q relaxation rates and the bulki-

ness profile [Fig. 4(C)] is in agreement with our pre-

vious finding that although various types of intramo-

lecular interactions, such as electrostatic and

solvent interactions, play important roles, simple

considerations of the side-chain volume of amino

acids predict a major component of diverse parame-

ters dependent on the local conformation and dy-

namics of intrinsically disordered proteins.21

To obtain insight into the importance of protein

disorder in the context of the protein import machin-

ery, the mean hydropathy and net charge of all solu-

ble domains in the cytosol, the IMS or the matrix

from subunits of TOM and TIM23 were analyzed

(Fig. 7). All protein regions larger than 10 residues

were chosen that had neither predicted TM helices

nor predicted TM b-barrels. TM helices were pre-

dicted using HMMTOP,26 whereas b-barrels were

predicted by TRAMPLE.27 The mean hydropathies

of the domains were calculated from the normalized

hydropathies described by Kyte and Doolittle.28 The

boundary between intrinsically disordered and

native proteins was used as empirically determined

by Uversky et al.29 In agreement with our NMR

data, the hydropathy plot classifies Tim23N as an

intrinsically disordered protein. Noteworthy,

Tim23N is the largest disordered domain of TOM

and TIM23 found in the IMS. Its intrinsic disorder

is expected to be beneficial to act as a hub in the mi-

tochondrial import machinery protein network.

To gain insight into the interactions between the

presequences and Tim23N, helical wheel projections

of the presequences, the synthetic peptide and the

binding region of Tim23N were determined (Fig. 6

and Supporting Information Figs. 3 and 4). Prese-

quences are believed to form amphipathic helices

with an accumulation of positively charged residues

on one side and hydrophobic residues on the opposite

Figure 7. Charge-hydropathy plot of soluble domains of

TOM and TIM23. Soluble domains are represented

according to their location in the cytosol (blue squares), the

intermembrane space (red circles), or the matrix (green

diamonds). The order–disorder boundary is shown as red

line. The size of the domains correlates with the size of the

symbol: <40 residues (small), 40–100 residues (medium),

and >100 residues (large). Domains of known structure are

labeled italics.
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site of the helix, favoring helix–helix-type interac-

tions. Within the binding region of Tim23N, a high

density of negatively charged residues and leucines is

seen on one side of the helical projection. L71, E74,

E75, L78, and L81 are residues located next to each

other in the helical projection. They also show the

largest chemical shift changes in the presequence

titrations. Although presequences and Tim23N are

believed to interact electrostatically, Figures 5 and 6

suggest that also hydrophobic interaction in the bind-

ing region of Tim23N could be important for prese-

quence binding. Abe et al.30 showed binding of

rALDH to a hydrophobic pocket of Tom20. They sug-

gested that the combination of positive charges and

hydrophobicity in an amphipathic helix provides dif-

ferent, independent recognition elements. In case of

SynB2, the helical wheel projection does not show a

hydrophobic face and no clear amphipathic character.

It does, however, show two arginines (R9 and R12)

and two leucines (L2 and L23) in close proximity.

This region might account for the observed weak

unspecific interactions of SynB2 with Tim23N.

In conclusion, our study demonstrates that

Tim23N is a monomeric protein belonging to the

family of intrinsically disordered proteins. Titrations

of Tim23N with two presequences revealed a distinct

binding region of Tim23N formed by residues 71–84.

In a charge-hydropathy plot containing all soluble

domains of TOM and TIM23, Tim23N was found to

be the only domain with more than 40 residues in

the IMS that is predicted to be intrinsically disor-

dered, suggesting that Tim23N might function as

hub in the mitochondrial import machinery protein

network

Materials and Methods

Primers used for cloning were obtained from Invitro-

gen (Karlsruhe, Germany). Sequences of newly

cloned, purified plasmid DNA were determined by

SeqLab (Göttingen, Germany). The cDNA-encoding

Tim23N was cloned into a modified pGEX expression

vector (GE Healthcare, Uppsala, Sweden) with ampi-

cillin resistance for the production of N-terminal

GST-tagged fusion protein with a TEV cleavage site.

The expression plasmid was transformed into E. coli

BL21 (DE3)RIL cells. Protein expression was carried

out at 25�C. TEV-cleavage was performed overnight

at room temperature. Cleaved Tim23N protein was

dialyzed, concentrated, and purified by gel filtration

chromatography. Gel filtration was carried out on an

Äkta Purifier system using a Superdex 75 HiLoad

column. Tim23N was further purified by RP-HPLC

to remove residual GST. Blue native polyacrylamide

gel electrophoresis was performed with BioRad Pre-

cast Gels (4–15% resolving gel). Protein concentra-

tions for spectroscopic measurements were between

0.05 and 1.0 mM of Tim23N in 20 mM Hepes buffer,

50 mM NaCl, pH 7.2 (NMR buffer).

The rALDH presequence (MLRAALSTARRGP

RLSRLLSAA) was synthesized by G. Wolf. CoxIV

(MLSLRQSIRFFKPATRTLSSSRY) and SynB2 (MLS

RQQSQRQSRQQSQRQSQYLL) were obtained from

EMC Microcollections, Tübingen, Germany.

CD measurements were performed using a Jasco

J-720 instrument at 15�C. Spectra were measured in

Hellma quartz cuvettes with a path length of 0.1 cm.

Spectra were obtained by averaging over 5–50 scans

using a scan rate of 50 nm min�1. DLS measure-

ments were performed with a Wyatt DynaPro Titan

(Wyatt Technology, CA). Samples were filtered with a

0.2-lm syringe filter before the measurement.

NMR spectra were recorded at 15�C on Bruker

Avance 600 and 700 MHz spectrometers equipped

with shielded gradient triple resonance probes. For

determining the hydrodynamic radius, NMR sam-

ples contained dioxane as an internal radius stand-

ard and viscosity probe.12 In DOSY experiments, the

gradient strength was linearly increased from 2 to

95% of the maximum gradient strength. For each 1H

spectrum, 128 scans and 16 K complex were

acquired. The diffusion data (signal intensity vs.

gradient strength) were fitted to exponential func-

tions using Igor Pro 5.01 (WaveMetrics). From the

apparent diffusion coefficients of Tim23N and diox-

ane and the known Stokes radius of dioxane (2.12

Å), Stokes radii of Tim23N were calculated.31

For backbone resonance assignment, 3D HNCO,

3D (HA)CANNH,17 and HNN18 experiments were col-

lected. NMR data were processed and analyzed using

NMRPipe32 and Sparky 3 (T.D. Goddard and D.G.

Kneller, http://www.cgl.ucsf.edu/home/sparky). Second-

ary shift values were calculated as the differences

between measured Ca chemical shifts and the empiri-

cal random coil value for the appropriate amino acid

type.33 Random coil values for charged residues were

taken from Wishart and Sykes,34 as the chemical shifts

of these residues are particularly sensitive to pH.

Steady-state heteronuclear 1H,15N NOEs and 15N R1q

relaxation rates (for a review, see Ref. 22) were meas-

ured at a 1H frequency of 700 MHz. For R1q measure-

ments, a spinlock frequency of 2 kHz and relaxation

periods of 20, 60, 120, 180, 240, and 350 ms were used.

Relaxation times were calculated by fitting an expo-

nential function to the decaying signal integrals.

Samples used for NMR titrations typically con-

tained 0.1 mM 15N-labeled Tim23N in NMR buffer.

Chemical shift perturbations were measured using

2D 1H-15N-HSQC experiments. To prevent artifacts

caused by changes in buffer upon addition of the

ligand, protein and ligand were dialyzed for at least

12 h against the same buffer before titratioñ. Nor-

malized weighted average chemical shift differences

for amide 1H and 15N chemical shifts upon prese-

quence binding were calculated using Dav(NH) ¼
[(DH2 þ (DN/5)2)/2]1/2, where DH and DN are the dif-

ferences between the free and bound chemical shifts.

2052 PROTEINSCIENCE.ORG Structure and Presequence Binding of Tim23N



Titration experiments were evaluated using a single

binding-site model35:

Ddppm ¼

Bmax

½Pt� þ ½Lt� þKD�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½Pt� þ ½Lt� þKDÞ2� 4½Pt�½Lt�

q

2½Pt� ;

where [Pt], [Lt], KD, and Bmax are the total protein

concentration, ligand concentration, dissociation con-

stant, and chemical shift deviation at saturation,

respectively. [Pt] was treated as a constant, KD and

Bmax were the parameters to be fitted. Fits were per-

formed using Igor Pro 5.01 (WaveMetrics).
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