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The preprotein translocase of the inner membrane of mitochondria (TIM23 complex) is the main entry
gate for proteins of the matrix and the inner membrane. Tim23p, the core component of TIM23 complex,
forms the import pore across the inner membrane. However, the interaction between presequence
peptides and Tim23p remains unclear. Herein, we investigated the interaction of presequence peptides
with the intermembrane space domain of Tim23p (Tim23IMS) by fluorescence and micro-Raman spectros-
copy. The fluorescence quenching revealed that the interaction between Tim23IMS and presequence pep-
tides is mainly electrostatic interaction. Micro-Raman spectroscopy and ANS binding experiments
showed that presequence peptides induce a more compact conformation of Tim23IMS. GST pull-down
experiments and tryptophan fluorescence indicated that there is no interaction between Tim23IMS and
Tim50IMS.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The vast majority of mitochondrial proteins are synthesized as
precursor proteins on cytosolic ribosomes, subsequently imported
into mitochondria [1–3]. The TOM40 complex located in the outer
mitochondrial membrane functions as a common entry gate for
most mitochondrial proteins [4]. After passing through the
TOM40 complex, the precursors with an N-terminal cleavable pre-
sequence are transported by the TIM23 complex across the inner
membrane.

Tim23p is the central component of TIM23 complex. Before
translocation through the hydrophilic channel proceeds, the prese-
quences interact with the soluble, N-terminal domain of Tim23p in
the intermembrane space [5]. In our previous work, the structural
properties of the intermembrane space domain of human Tim23p
(Tim23IMS) were characterized and the results showed that the
protein has a limited secondary structure and a not-well defined
tertiary packing [6]. The intermembrane space domain of Tim50
(Tim50IMS) induces the Tim23 channel to close, while presequenc-
es overcome this effect and activate the channel for translocation
[7]. Many studies showed that the interaction between prese-
quence peptides and Tim50 is hydrophobic interaction [8–10]. In
previous work, by using fluorescence and micro-Raman spectros-
copy, we found that the interaction between human Tim50IMS

and presequence peptides is mainly the electrostatic interaction
under physiologically relevant conditions [11]. The interaction of
Tim50 with presequence peptides has been intensively studied.
However, the details of the interaction between Tim23p and prese-
quence peptides are still unclear.

The Human Tim23p is composed of 208 amino acids, in which
the N-terminus (1–74 residues) in the IMS is hydrophilic domain,
and the C-terminus (75–208 residues) forms hydrophobic domain
in the membrane. The IMS domains of Human Tim23p and yeast
Tim23p have an amino acid sequence similarity of 29.5%. To fully
understand the biological functions of TIM23 complex at molecular
basis, detailed information about the interaction between Tim23p
and presequence is necessary. In present study, the interaction of
human Tim23IMS with presequence peptides was investigated by
fluorescence and micro-Raman spectroscopy, and the presequence
peptides were found to interact with Tim23IMS mainly through
electrostatic interaction, which induce a more compact conforma-
tion of Tim23IMS.

2. Materials and methods

2.1. Protein expression and purification

The expression and purification of the Tim23IMS protein were
carried out as described in our previous work [6].

2.2. Presequence peptide

pCoxIV (MLATRVFSLVGKRAISTSVCVR) represents the prese-
quence of human cytochrome c oxidase subunit IV [12]. pHsp60
(MLRLPTVFRQMRPVSRVLAPHLTRA) represents the presequence of
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human heat shock protein 60 [8]. pALDH (MLRAAARFGPRLGRRLL)
represents the presequence of human aldehyde dehydrogenase
[9]. pSyn (KTRSRTRMVISVGASFVALSLV) represents the peptide
with the same amino-acid composition to the pCox IV but with a
scrambled sequence. pCoxIV, pHsp60, pALDH and pSyn were syn-
thetized by Ketai Co. (Shanghai, China).

2.3. Fluorescence quenching

Fluorescent quenching experiments were carried out on an
Edinburgh fluorescence spectrometer (NIR 301/2). One titration
was performed by adding 320 lM pCoxIV to a cuvette containing
2 ml solution of 6.4 lM Tim23IMS at 25 �C and 35 �C. The volume
of added pCoxIV never exceeded 5% of the total volume and the
mixture was incubated for 5 min after each adding of pCoxIV.
The same measurements were repeated with different prese-
quence peptides, such as pALDH, pHsp60 and pSyn. The excitation
wavelength was set at 275 nm with a slit width of 3 nm, and the
fluorescence emission spectra were scanned from 290 to 450 nm
with a slit width of 1 nm. Another titration was performed by add-
ing 1 mM Tim23IMS solution to a cuvette containing 2 ml solution
of 10 lM Tim50IMS at 25 �C. The volume of added Tim23IMS never
exceeded 5% of the total volume and the mixture was incubated
for 5 min after each adding of Tim23IMS. A difference between
the fluorescence units of the complex in comparison to the theoret-
ical value, calculated from the individual fluorescence units of
Tim50IMS and Tim23IMS, was used to calculate the binding affinity.
The excitation wavelength was set at 295 nm with a slit width of
1 nm, and the fluorescence emission spectra were scanned from
300 to 500 nm with a slit width of 1 nm. All the titrations were per-
formed in buffer containing 10 mM HEPES buffer, pH 7.4, and
0.15 M NaCl. The spectra of samples were corrected by subtracting
the corresponding spectra of buffers in the absence of protein.

Fluorescence quenching data were fitted to the static quenching
equation. The static quenching equation [13] is:

1=ðF0 � FÞ ¼ 1=F0 þ 1=ðKAF0½Q �Þ ¼ 1=F0 þ KD=ðF0½Q �Þ ð1Þ

where F0 and F are the fluorescence intensities in the absence and
presence of the quencher, respectively. [Q] is the free concentration
of the presequence peptide; KA is the formation constant and KD is
the dissociation constant.

In order to determinate the interaction characteristics between
Tim23IMS and the presequence peptide, such as hydrogen bond,
Van der Waals force, electrostatic and hydrophobic interactions,
we used the Van’t Hoff equation and Gibbs free energy equation
as follows:

ln KA ¼ �DH=RT þ DS=R ð2Þ

lnðK2=K1Þ ¼ ð1=T1 � 1=T2ÞDH=R ð3Þ

DG ¼ DH � TDS ¼ �RT ln K ð4Þ

where DH, DG and DS are enthalpy, free energy and entropy
change, respectively.

2.4. Fluorescence resonance energy transfer

Fluorescence resonance energy transfer experiment was per-
formed at 25 �C. The excitation wavelength was set at 275 nm with
a slit width of 3 nm, and the fluorescence emission spectra were
scanned from 290 to 450 nm with a slit width of 1 nm. The concen-
tration of Tim23IMS was 6.4 lM in 10 mM phosphate buffer (pH
7.4) containing 0.15 M NaCl. According to Föster’s non-radiative
energy transfer theory [14], the energy transfer effect is related
not only to the distance between the acceptor and donor (r), but
also to the critical energy transfer distance (R0), the equations used
were:

E ¼ 1� F=F0 ¼ ðR0Þ6=ððR0Þ6 þ r6Þ ð5Þ

ðR0Þ6 ¼ 8:8� 10�25K2uN�4J ð6Þ

ux=ust ¼ ðFx=FstÞðAst=AxÞ ð7Þ

J ¼
X

FðkÞeðkÞk4Dk
� � X

FðkÞDk
� �.

ð8Þ

where R0 is the critical distance when the transfer efficiency (E) is
50%, K2 is the spatial orientation factor of the dipole, N is the refrac-
tive index of the medium, u is the fluorescence quantum yield of
the donor, Ax is the absorptance of Tim23IMS at 275 nm. The prese-
quence peptides bound with 8-anilino-1-naphthalene-sulfonate
(ANS) through covalent linking were prepared as follows. In briefly,
ANS-Cl was prepared firstly, as described in previous paper [15].
And then ANS-Cl and presequence peptides were covalently linked
with a molar ratio of 1:1 [16]. The presequence peptides bound with
ANS were finally loaded onto a PD MiniTrap G-10 column (GE
Healthcare). J is the overlap integral of the fluorescence emission
spectrum of the donor and the absorption spectrum of the acceptor,
F(k) is the fluorescence intensity of Tim23IMS at wavelength k, and
e(k) is the molar absorptivity of the acceptor at wavelength k.

2.5. Micro-Raman spectroscopy

Micro-Raman spectra were recorded in the range of 400–
1800 cm�1 on a Renishaw Invia Micro-Raman spectrometer (Brit-
ain). An exciting wavelength of 785 nm was provided by a laser
source of 5.6 mW. The concentration of Tim23IMS was 10 mg ml�1,
and the molar ratio of Tim23IMS to presequence peptide was 1:1.
The spectra were integrated for 30 times to effectively eliminate
the noise.

2.6. ANS binding measurements

ANS can bind nonpolar surfaces of proteins through its anilino-
naphthalene group, which results in a significant increase of its
fluorescence [17]. ANS binding experiments were performed at
an excitation wavelength of 365 nm with 3 nm slit width and
scanned from 400 to 600 nm at 20 �C. Tim23IMS was dialyzed in
various pH solutions overnight. 20 mM phosphate buffer was used
for pH 9.0, 8.0, 7.4, 7.0 and 6.0; and 20 mM citrate buffer was used
for pH 5.0 and 4.0. The protein was incubated with presequence
peptide at a molar ratio of Tim23IMS to presequence peptide of
1:1. And then the mixture of presequence peptide and Tim23IMS

were incubated with ANS solutions for at least 30 min in the dark.
The concentrations of Tim23IMS and ANS were 1.6 and 80 lM, giv-
ing a molar ratio of ANS to protein of 50. The spectra of samples
were corrected by subtracting the corresponding spectra of buffers
in the absence of protein.

2.7. GST pull-down experiments

GST pull-down experiments were performed as described in the
paper [18]. Briefly, GST-fusion protein (GST-Tim50IMS) was purified
as described in our previous work [19] and incubated on glutathi-
one Sepharose beads (Amersham Pharmacia) at room temperature
for 10 min. Beads were then washed three times with wash buffer
(20 mM phosphate buffer, pH 7.4, 0.15 M NaCl). After that,
Tim23IMS was added with a molar ratio of Tim23IMS to Tim50IMS

of 4:1, and incubation was continued for 30 min at room tempera-
ture. The beads were then washed three times in wash buffer, pel-
leted at 500 g for 30 s and finally analyzed on SDS–PAGE gels.
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3. Results

3.1. Interaction of Tim23IMS with presequence peptides is mainly
electrostatic interaction

Domain structures of human Tim23p, human Tim23IMS, yeast
Tim23p, and yeast Tim23IMS were shown in Fig. 1A. As shown in
Fig 1B, the similarity of the amino acid sequence of human
Tim23IMS with yeast Tim23IMS is 29.5% and there are three tyrosine
residues in human Tim23IMS.

To estimate the interaction between the presequence peptide
and Tim23IMS, we performed the fluorescent quenching experi-
ment and used the Eq. (1). As shown in Fig. 2A–D, the dissociation
constants (KD) estimated from the slopes (Table 1) suggested that
the binding of presequence peptides with Tim23IMS is strong com-
pared with the binding of pSyn with Tim23IMS and the binding of
presequence peptides with Tim23IMS is specific.

We used the Eqs. (2)–(4) to determine the interaction charac-
teristics between Tim23IMS and the presequence peptides. DH,
DS, DG obtained from the equations (Table 2) showed that the
interaction between Tim23IMS and presequence peptides is mainly
electrostatic interaction in 0.15 M NaCl [20]. To further estimate
whether there is hydrophobic interaction between Tim23IMS and
presequence peptides, we performed the same fluorescent quench-
ing experiments in 1 M NaCl. The results from KD, DH, DS, DG
showed that there is hydrophobic interaction in 1 M NaCl. There-
fore, presequence peptides interact with Tim23IMS through both
electrostatic interaction and hydrophobic interaction under physi-
ologically relevant conditions, but mainly electrostatic interaction.

3.2. Distance between Tim23IMS and presequence peptide

Electronic excitation energy can be transferred non-radiatively
between a fluorescent energy donor and a suitable energy acceptor
over distances ranging from 1 to 10 nm. To calculate the distance
between Tim23IMS and presequence peptide, we used the Eqs.
(5)–(8). The overlap of the absorption spectrum of presequence
Fig. 1. (A) Domain structures of human Tim23p, human Tim23IMS, yeast Tim23p, and yea
of these domains. (B) Amino acid sequence similarity alignments of the human Tim23IMS

29.5%.
peptide bound with ANS and the fluorescence emission spectrum
of Tim23IMS were shown in Fig. 2E–G, and J values were evaluated
by integrating the spectra in Fig. 2E–G for the range of k from 290
to 450 nm. Under these experimental conditions, we got J, ux, R0,
the energy transfer effect (E) and the distance (r) between
Tim23IMS and presequence peptides (Table 3) using K2 = 2/3,
N = 1.336 [21], ust = 0.14 [22].
3.3. Tim23IMS forms a more compact conformation with presequence
peptide

To obtain more details about the interaction of Tim23p with
presequence peptides, we used micro-Raman spectroscopy and
ANS binding experiments. The Raman spectra of Tim23IMS and
the complex of Tim23IMS with presequence peptide were shown
in Fig. 3A, which indicated many conformational details (Table 4).
The bands located at 1240–1260 cm�1 are useful to detect random
coils [23,24]. The band at 1248 cm�1 disappeared in line c-e indi-
cated that the random coils of Tim23IMS decreased due to the
interaction of Tim23IMS with presequence peptide. As shown in
Fig. 3B, the ANS fluorescence spectra of Tim23IMS bound with pre-
sequence peptide at a molar ratio of Tim23IMS to presequence pep-
tide of 2:1 and 1:1 (lines 2 and 3), respectively, nearly coincided
and a pronounced decrease in ANS fluorescence intensity took
place compared with the ANS fluorescence spectrum of Tim23IMS

without presequence peptide (line 1). The results indicated that
Tim23IMS formed a more compact interior conformation with pre-
sequence peptide. These results were consistent with the results
measured by micro-Raman spectroscopy. The complex of Tim23IMS

and presequence peptide in the presence of 1 M NaCl (Fig. 3C),
showed the similar spectral changes as Fig. 3B. However, a com-
plete dissociation were not observed even at the high concentra-
tion of salt in Fig. 3C, indicating that hydrophobic force also
played an important role in complex formation. These results were
consistent with the results measured by fluorescent quenching
experiments.
st Tim23IMS are represented by bar diagrams. The numbers indicate the boundaries
and yeast Tim23IMS in (A). Human Tim23IMS and yeast Tim23IMS have a similarity of



Fig. 2. (A–D) The static quenching plots for the fluorescence quenching of Tim23IMS by pCoxIV, pALDH, pHsp60 and pSyn, respectively. (E–G) Overlap of the fluorescence
emission spectrum of Tim23IMS with the absorption spectrum of pCoxIV-ANS, pALDH-ANS and pHsp60-ANS, respectively. The concentration of Tim23IMS was 6.4 lM. The
fluorescence emission spectrum of Tim23IMS was performed at an excitation wavelength of 275 nm. j, 25 �C, 0.15 M NaCl; d, 35 �C, 0.15 M NaCl; N, 25 �C, 1 M NaCl; ., 35 �C,
1 M NaCl. (1) The fluorescence emission spectrum of Tim23IMS. (2) The absorption spectrum of presequence-ANS.
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To further test the pH-dependent conformational changes of
Tim23IMS induced by presequence peptide, we analyzed the
conformational changes of the complex of Tim23IMS with prese-
quence peptide at a molar ratio of Tim23IMS to presequence pep-
tide of 1:1 (Fig. 3D) by ANS binding experiments at various pH.
With pH decreasing from 9.0 to 4.0 (lines a–f), a decrease in ANS



Table 1
Dissociation constants of presequence peptides with Tim23IMS measured by fluorescence quenching.

KD (lM)

0.15 M NaCl 1.0 M NaCl

25 �C 35 �C 25 �C 35 �C

Tim23IMS-pALDH 10.09 ± 0.12 11.78 ± 0.14 58.79 ± 0.59 34.71 ± 0.33
Tim23IMS-pHsp60 28.16 ± 0.34 29.64 ± 0.36 70.50 ± 0.87 56.71 ± 0.69
Tim23IMS-pCox IV 12.98 ± 0.17 14.71 ± 0.21 59.91 ± 0.73 48.75 ± 0.61
Tim23IMS-pSyn 154.19 ± 1.75 181.53 ± 2.31 324.15 ± 4.29 241.27 ± 3.08

Table 2
Thermodynamics of protein-presequence peptide association.

DH (kJ mol�1) DS (J K�1 mol�1) DG (kJ mol�1)

10 mM HEPES buffer (pH 7.4), 0.15 M NaCl
Tim23IMS-pALDH �11.83 55.92 �28.49
Tim23IMS-pHsp60 �3.90 73.99 �25.95
Tim23IMS-pCox IV �9.52 61.55 �27.86
10 mM HEPES buffer (pH 7.4), 1.0 M NaCl
Tim23IMS-pALDH 40.19 215.82 �24.12
Tim23IMS-pHsp60 16.60 135.15 �23.67
Tim23IMS-pCox IV 15.72 133.56 �24.08

Table 3
Distances measured by fluorescence resonance energy transfer.

Tim23IMS-
pALDH

Tim23IMS-
pHsp60

Tim23IMS-
pCox IV

Efficiency of energy transfer, E 0.0795 0.0527 0.0584
Quantum yield, ux 0.3803 0.3803 0.3803
Overlap integral, J � 10�15 (cm3 M�1) 0.456 0.470 1.480
Critical distance, R0 (nm) 1.7811 1.7901 2.1672
Distance, r (nm) 2.7 2.9 3.4
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fluorescence intensity took place, indicating that the complex
formed a more compact conformation under acidic conditions
(pH 4.0 and pH 5.0).

3.4. No interaction between Tim23IMS and Tim50IMS

To examine whether Tim23IMS interacts with Tim50IMS or not,
we performed GST pull-down and fluorescence titration experi-
ments. As shown in Fig. 4A, the band of Tim23IMS was not observed
in lane 3, which showed that there is no interaction between
Tim23IMS and Tim50IMS. The fluorescence titration experiments
(Fig. 4B) showed the relative D fluorescence intensity (Fig. 4C),
indicating no changes of the fluorescence of Tim50IMS with and
without Tim23IMS. It also showed that there is no interaction be-
tween Tim23IMS and Tim50IMS.
4. Discussion

Tim23p is the central component of the TIM23 complex, in
which it performs a number of functions. Before translocation pro-
ceeds, precursor proteins are recognized by Tim23IMS [5]. Though
the interaction of Tim23p with presequence peptides has been
intensively studied, the details are still unknown. The fluorescence
spectroscopy has been widely used to study protein conforma-
tional transitions, subunit association, substrate binding, or dena-
turation [25,26], but it is rarely reported to be used in the
investigation on the interaction of proteins with peptides. In pres-
ent study, we used fluorescence quenching and fluorescence reso-
nance energy transfer to study the interaction between Tim23IMS
and presequence peptides. The results showed that presequence
peptides interact with Tim23IMS through both electrostatic interac-
tion and hydrophobic interaction under physiologically relevant
conditions, but mainly electrostatic interaction. Though the Mi-
cro-Raman spectroscopy has been used to study conformational
changes of proteins, the interaction of proteins with peptides stud-
ied by this method has been rarely reported. In our manuscript, we
have investigated the interaction of Tim23IMS with presequence
peptides by this method, and showed that Tim23IMS forms a more
compact conformation with the presequence peptide.

It was reported that Tim23IMS might function as hub in the
mitochondrial import machinery protein network, and a distinct
binding region of yeast Tim23IMS formed by residues 71–84 was
found to be important by using NMR spectroscopy [27]. In our pre-
vious work, we characterized the structural properties of human
Tim23IMS and showed that the protein has a limited secondary
structure and a not-well defined tertiary packing [6]. In this case,
we found that Tim23IMS forms a more compact conformation with
the presequence peptide.

It is known that Tim50IMS induces the Tim23 channel to close,
while presequences overcome this effect and activate the channel
for translocation [7]. Many studies showed that the interaction be-
tween presequence peptides and Tim50 is hydrophobic interaction
[8–10]. In our previous work, we purified human Tim50IMS [19]
and studied the interaction between Tim50IMS and presequence
peptides by using micro-Raman and fluorescence spectroscopy
[11]. The results showed that there are both electrostatic interac-
tion and hydrophobic interaction between human Tim50IMS and
presequence peptides, and the interaction is mainly electrostatic
interaction under physiologically relevant conditions. Qian et al.
[28] reported that Tim50 contains a large groove as putative bind-
ing site for presequences and the groove contains several exposed
negatively charged residues, which may be ideally suited as a bind-
ing site for positively charged presequences/preproteins. Many
previous studies showed that the electrostatic interaction may be
important for the import of the precursor proteins. In present
work, we found that there are both electrostatic interaction and
hydrophobic interaction between human Tim23IMS and prese-
quence peptides, and the interaction is mainly through electro-
static interaction under physiologically relevant conditions. These
results of human Tim23IMS agree with the ones of human Tim50IMS,
and it showed that the electrostatic interaction should be impor-
tant for the import of the precursor proteins.

Fluorescence resonance energy transfer has been widely used to
study protein interaction. In our case, the excitation wavelength
was set at 275 nm which excites the fluorescence of tyrosine.
Therefore, the distances between a fluorescent energy donor tyro-
sine and an energy acceptor ANS estimated from fluorescence res-
onance energy transfer indicated the distances between
presequence peptides and Tim23IMS, which indirectly revealed
the interaction between presequence peptides and Tim23IMS. As
shown in Fig. 1B, the similarity of the amino acid sequence of hu-
man Tim23IMS with yeast Tim23IMS is 29.5% and there are three
tyrosine residues in human Tim23IMS. It was reported that a



Fig. 3. (A) Micro-Raman spectrum of Tim23IMS and the complex of Tim23IMS with presequence peptides. The micro-Raman spectroscopy was performed at 20 �C with an
excitation wavelength of 785 nm in the range of 400–1800 cm�1. The molar ratio of Tim23IMS to presequence peptide was 1:1 and the concentration of Tim23IMS was 10 mg/
ml. a, Tim23IMS; b, Tim23IMS + pSyn; c, Tim23IMS + pALDH; d, Tim23IMS + pCoxIV; e, Tim23IMS + pHsp60. (B) Effect of varying molar ratio of Tim23IMS to presequence peptide
on ANS fluorescence in 20 mM phosphate buffer (pH 7.4) containing 0.15 M NaCl at 20 �C. (C) Effect of varying molar ratio of Tim23IMS to presequence peptide on ANS
fluorescence in 20 mM phosphate buffer (pH 7.4) containing 1 M NaCl at 20 �C. 1, Tim23IMS: presequence = 1:0; 2, Tim23IMS: presequence = 1:0.5; 3, Tim23IMS:
presequence = 1:1. The concentration of Tim23IMS was 1.6 lM. (D) Effect of varying pH of the complex of Tim23IMS with presequence peptide on ANS fluorescence. Tim23IMS

was dialyzed in various pH solutions overnight. 20 mM phosphate buffer was used for pH 9, 8, 7 and 6; and 20 mM citrate buffer was used for pH 5 and 4. The concentration of
Tim23IMS was 1.6 lM. The molar ratio of Tim23IMS to presequence peptide was 1:1. a, pH 9; b, pH 8; c, pH 7; d, pH 6; e, pH 5; f, pH 4.
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distinct binding region of yeast Tim23IMS formed by residues 71–
84 is important, and the residue Leu-71 was found to be the largest
chemical shift change by using NMR spectroscopy [27]. Compared
with the amino acid sequence of yeast Tim23IMS, the residue Tyr-
45 in human Tim23IMS was similar to the residue Tyr-70 in yeast
Tim23IMS which can be easily influenced by the residue Leu-71.
So we speculated that the interaction between human Tim23IMS

and presequence peptides may influence the residue Tyr-45.



Table 4
Assignment of the main bands in the Raman spectra of Tim23IMS.

Assignments Raman wavenumbers
of Tim23IMS (cm�1)

Raman wavenumbers of
Tim23IMS with pSyn (cm�1)

Raman wavenumbers of
Tim23IMS with pALDH (cm�1)

Raman wavenumbers of
Tim23IMS with pCox IV (cm�1)

Raman wavenumbers of
Tim23IMS with pHsp60
(cm�1)

a-Helix 932 932 930 930 930
b-Sheet 1305 1305 1305 1305 1305
Random coil 1248, 1664 1248, 1664 1664 1664 1667
C–N 1112, 1125 1110, 1123 1110, 1121 1109, 1123 1106, 1123
Tyrosine 830 830 830 830 830
Amide Ia 1664 1664 1664 1664 1667
Amide IIb 1555 1556 1557 1557 1557
Amide IIIc 1248, 1305 1248, 1305 1305 1305 1305
Amide IVd 629, 642, 766 631, 641, 767 631, 767 631, 767 629, 639, 767
Amide Ve 642,766 641,767 767 767 767
Amide VIf 592 590 589 589 588

a Amide I: C@O stretching, N–H deformation vibration, C–N stretching.
b Amide II: C–N stretching, N–H deformation vibration.
c Amide III: C–N stretching, N–H deformation vibration.
d Amide IV: O@C–N deformation vibration.
e Amide V: N–H deformation vibration.
f Amide VI: C@O deformation vibration.

Fig. 4. (A) SDS–PAGE for the interaction between Tim23IMS and Tim50IMS in a GST pull-down assay. M, molecular weight markers; lane 1, GST-Tim50IMS; lane 2, Tim23IMS;
lane 3, Tim23IMS incubated with GST-Tim50IMS on glutathione Sepharose beads at room temperature. The beads were then washed three times in wash buffer, pelleted at
500 g for 30 s and finally analyzed on SDS–PAGE gels. Numbers to the left of the panel indicate the migrations of molecular weight markers (in kDa). (B) Fluorescence spectra
of Tim50IMS titrated by Tim23IMS. (C) Binding of Tim23IMS to Tim50IMS measured by fluorescence spectroscopy. Data points represent a difference between the fluorescence
units of the complex in comparison to the theoretical value, calculated from the individual fluorescence units of Tim50IMS and Tim23IMS, and the bars represent standard
errors.
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For the translocation of the N-terminal presequence across the
inner membrane, mitochondrial membrane potential (Du) is re-
quired [29]. Proton pumps in mitochondrial inner membrane
pump protons into intermembrane space and keep the inner mem-
brane potential (Du) and the pH gradient between matrix and
intermembrane space. Therefore, the pH in intermembrane space
would affect the function and conformation of Tim23p. Our work
revealed that Tim23IMS formed a more compact conformation with
presequence peptide under acidic conditions (pH 4.0 and pH 5.0).

Tim23IMS is in a molten globular state in solution, which might
be interpreted in two ways. One possibility is that the protein
interacts with preproteins, which may be responsible for the pro-
tein structural stability [30]. Another possibility is that the lack
of Tim50IMS that interacts with the Tim23p [31]. Marom et al. [8]
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used the cross-linking to detect the complex formation, and there
is no cross-linking products of the Tim23IMS–Tim50IMS complex in
lane 3 (from left to right) of Fig. 4. In our work, we found that the
random coil of human Tim23IMS decreased when it interacted with
the presequence peptide and there is no interaction between hu-
man Tim23IMS and Tim50IMS, suggesting that Tim23p interacts
with preproteins, which may be responsible for the protein struc-
tural stability.
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