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ABSTRACT: The N-terminal sequences of rhodanese and 3-oxoacyl-CoA thiolase, two mitochondrial matrix 
proteins that are not proteolytically processed upon import, have been studied by N M R  and C D  spectroscopy. 
In aqueous trifluoroethanol, in the presence of micelles, and in the presence of small unilamellar vesicles 
(SUVs), these peptides form a-helical structures beginning near the N-terminus and extending, continuously, 
for a t  least three helical turns. This result is consistent with a previous finding that a mutant rat liver 
mitochondrial aldehyde dehydrogenase signal sequence we designed, which formed a continuous a-helix, 
could successfully direct protein import but was not proteolytically processed (Thornton, K., Wang, Y ., 
Weiner, H., & Gorenstein, D. G. (1993) J .  Biol. Chem. 268, 19906-19914). From these three examples, 
a model is developed which suggests that a mitochondrial signal sequence that has an  N-terminal a-helix 
longer than 11 residues can take on the necessary conformation to be imported but cannot adopt the 
necessary conformation to be processed. 

The import of nuclear encoded proteins into mitochondria 
is a complex process that appears to involve several steps. 
These include recognition of the precursor protein at the 
mitochondrial surface, subsequent recognition by import 
machinery located in the membrane, transport across the 
membrane, and ultimate sorting into the correct mitochondrial 
compartment (which may involve transport back through the 
inner mitochondrial membrane). For most proteins, the signal 
sequence is removed after import by a proteolytic enzyme 
(Gtli 1993; Arretz et al., 1994). All the information necessary 
for successful mitochondrial import and subsequent proteolytic 
processing is located in the signal sequence, which occurs at 
the N-terminus of the precursor protein (Hannavy et al., 1993; 
Hartl et al., 1989; Horwich et al., 1991). 

Following import, the signal sequences of a few proteins 
are not removed by the protease. Two mammalian mito- 
chondrial matrix proteins which are not processed are 
rhodanese and 3-oxoacyl-CoA thiolase. Bovine rhodanese is 
a protein of known primary and tertiary structure (Ploegman 
et al., 1978). In the crystal structure, residues 11-22 form 
an a-helix. Studies involving synthetic peptides corresponding 
to the N-terminus of the mature protein have demonstrated 
a-helix-forming propensity when in contact with liposomes 
made of cardiolipin, but not phosphatidylcholine (Zardeneta 
etal., 1992). The tertiary structureof 3-oxoacyl-CoA thiolase 
is not known. However, the primary structure of the rat 
enzyme is known from cDNA analysis (Arakawa et al.,  1987). 
The first 14-16 residues of 3-oxoacyl-CoA thiolase have been 
shown to be sufficient to direct the import of a "passenger 
protein" into mitochondria (Arakawa et al., 1990). 

The reasons why certain proteins are not proteolytically 
processed after import are not clear. There is no specific 
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amino acid identity or sequence identity that can be associated 
with proteolysis. It has been suggested on the basis of statistical 
analyses (Hartl et al., 1989; Gavel & von Heijne, 1990) that 
a basic residue, particularly R, is located two residues to the 
N-terminal side of the cleavage site in about half of the 
sequences, along with some less populous motifs. Proteolytic 
processing of the ornithine transcarbamylase signal sequence 
is achieved in two steps, first after N24, then after 432. 
Replacement of R23 in the ornithine transcarbamylase signal 
sequence by K, N, and A led to a partial decrease in processing, 
but replacement by glycine caused processing to be abolished 
(Horwich et al., 1987). This correlation with helix-forming 
propensity has been used to suggest that the signal protease 
recognizes a secondary structure, perhaps in conjunction with 
a basic amino acid (Horwich et al., 1991). Since the signal 
sequences are already thought to form amphiphilic secondary 
structures (von Heijne 1986; Roise et al., 1987), this would 
be a convenient structure for recognition by the protease. An 
alternative explanation has been proposed (Jeng & Weiner, 
1991; Zardeneta et al., 1992) that suggests that the signal 
sequence interacts strongly with the inner mitochondrial 
membrane. This membrane contains an unusually large 
amount of the negatively charged phospholipid cardiolipin. It 
has been shown that mitochondrial signal peptides bind tightly 
to the mitochondrial inner membrane (Pak & Weiner, 1990; 
Glaser & Cumsky, 1990). It is possible that the positively 
charged, amphiphilic N-terminus binds tightly to the mem- 
brane and is then protected from proteolysis. 

To better understand how the signal sequences determine 
whether processing occurs, knowledge of the signal sequence 
structure in a structure-promoting environment is essential. 
A comparison of the structural preferences of signal peptides 
from nonprocessed proteins with those from processed proteins 
could provide insight into how the signal sequence structure 
is involved in proteolytic processing. 

The structure of several synthetic mitochondrial signal 
sequences in lipid-like media has been determined using NMR1 
spectroscopy. The presequence of cytochrome oxidase subunit 
IV was shown to form an a-helix between residues 3 and 11 
in the presence of dodecylphosphatidylcholine micelles (Endo 
et al., 1989). In the same medium, the synthetic presequence 
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methanol; Sigma) in a clean test tube. Solvent was evaporated 
with vortexing under a stream of nitrogen gas. The residue 
was lyophilized for at least 12 h. The headspace air was purged 
with N2 and the lipids were resuspended in 50 mM phosphate 
buffer, pH 5.2, with vortexing. Liposomes were formed by 
using high-energy ultrasonic irradiation of the lipid suspension 
for 10-20 min at room temperature (Huang, 1969). Liposome 
formation was complete when the opaque suspension became 
clear. 

Fluorescence Anisotropy. A SLM 8000 fluorescence 
spectrophotometer was used for the fluorescence anisotropy 
measurements. Excitation and emission polarizers were 
rotated manually to measure the intensity of four fluorescence 
components, ZVV, ZVH, ZHV, and ZHH. Subscripts refer to the 
orientation of the excitation polarizer (former) and the 
polarizer used to sample emission (latter) with respect to their 
vertical or horizontal orientation. The anisotropy was obtained 
from eq 1, in which the fluorescence intensities that depend 

Table 1 : Synthetic Peptides Corresponding to N-Terminal 
Sequences of Two Mitochondrial Matrix Proteins That Are Not 
Processed upon Import 

RHODANESE [ I 4 3 1  

M-V-H-Q-V-L-Y-R-A-L-V-S-T-K- W-L-A-E-S-FR-S-G 

THIOLASE [l-211 

M-A-L-L-R-G-V-F-+V-A-A-K-R-T-P-F-G-A-Y-G 

of rat liver aldehyde dehydrogenase was shown to form an 
a-helixfromresidues 2-l0and 14-19 (Karslakeet al., 1990). 
The synthetic presequence of human mitochondrial F1-ATPase 
p was shown to form an a-helix from residues 4-10 in 50% 
TFE solution at 25 OC and from residues 4-10 and 13-20 at 
5 OC (Bruch & Hoyt, 1992). Assuming that the structure of 
the synthetic peptide corresponds to the structure at the 
N-terminus of the precursor protein, the a-helix nearest to 
the N-terminus in these proteins consists of less than three 
turns. These examples form a small, but important, data 
base of signal sequence structure in proteins that are processed. 

In the presequence of rat liver ALDH, residues 11-13, 
between the two helical regions, have the sequence R-G-P. 
When this flexible three residue “linker” was removed, the 
protein was imported into mitochondria, but was not pro- 
teolytically processed (Thornton et al., 1993). The synthetic 
peptide corresponding to this sequence was shown to form an 
a-helix from R5 to its C-terminus. The helix continued for 
several residues beyond the normal proteolytic cleavage site 
into residues that correspond to those in the mature protein. 
The length of the a-helix nearest to the N-terminus, in this 
case, was more than three turns. 

In the present study, the structures of the N-terminal 
sequence of rat rhodanese and rat 3-oxoacyl-CoA thiolase 
have been investigated. The amino acid sequence of each 
peptide is shown in Table 1. The principle aim was to 
determine if a correlation exists between the lack of proteolytic 
processing upon mitochondrial import and the length of the 
a-helix that the polypeptide sequence tends to form. In 
addition, the structures obtained add to the limited data base 
of detailed structural information on mitochondrial signal 
sequences. 

EXPERIMENTAL PROCEDURE 

Peptide Synthesis and Purification. Peptides were syn- 
thesized in the Macromolecular Structure Laboratory of the 
Purdue University Biochemistry Department using a 430A 
AB1 solid-state peptide synthesizer. They were purified using 
a semipreperative Vydac CIS reverse-phase (20 cm X 1 cm 
diameter) HPLC column. Peptide elution was achieved by 
the application of an acetonitrilegradient. Peptideauthenticity 
was identified by mass spectrometry (rhodanese[ 1-23] M, = 
2646; thiolase[l-211 Mr = 2239) and verified by amino acid 
analysis. Peptide concentrations in aqueous buffer were 
determined from quantitative amino acid analysis. 

Liposomes. Liposomes were prepared by mixing the 
appropriate quantities of egg L-a-lecithin (20 mg/mL in 
CHC13; Avanti Polar Lipids) and cardiolipin (4.8 mg/mL in 

Abbreviations: NMR, nuclear magnetic resonance; NOESY, two- 
dimensional nuclear Overhauser effect spectroscopy; TOCSY, two- 
dimensional total coherence spectroscopy; DQF-COSY, two-dimensional 
double quantum-filtered coherence spectroscopy; SUV, small unilamellar 
vesicles: CD, circular dichroism; PC, phosphatidylcholine, SDS, sodium 
dodecyl sulfate; TFE, trifluoroethanol; ALDH, aldehyde dehydrogenase; 
COX-IV, cytochrome c oxidase subunit IV. 

on the excitation polarizer orientation are used to correct for 
instrumental dependence on polarization of the emitted beam 
(Lakowicz, 1983). 

Peptide was added to a solution that was 150 pM in lipid 
in a volume of 2 mL. Several measurements were made for 
each peptide. For rhodanese[ 1-23] the final peptide con- 
centration was 0.3 pM. For thiolase[ 1-21] the final peptide 
concentration was 8 pM. Fluorescence intensities, obtained 
after the addition of an equivalent volume of buffer alone, 
were subtracted from the peptide measurements. Where 
necessary, fluorescence intensities were corrected for dilution 
effects. Light scattering from solution turbidity did not 
interfere with measurements at the concentrations used. All 
measurements were made at 25.5 OC. Anisotropy values are 
the averages of the measured values. 

Circular Dichroism. Circular dichroism spectra between 
250 and 190 nm were obtained on a Jasco 5-600 spectro- 
polarimeter at 25 “C. The path length for the samples was 
0.1 cm. Baseline spectra for each solvent was obtained prior 
to the peptide spectra. Peptide concentrations in these 
measurements ranged from 10-50 pM, without causing 
significant differences in ellipticities. The secondary structure 
analyses were carried out using a curve-fitting deconvolution 
based on standard spectra (Yang et al., 1986). 

Nuclear Magnetic Resonance. All nuclear magnetic 
resonance spectra were obtained on a Varian VXR-500 
spectrometer with a basic frequency of 500 MHz. Peptides 
were dissolved in mixtures of trifluoroethanol and 50 mM 
phosphate buffer, pH 5.2, to a final concentration of ca. 2 
mM. In the case of PC micelles, a solution of perdeuterio- 
dodecylphosphatidylcholine (MSD Isotopes) in 50 mM 
phosphate, pH 5.2, was added to a solution of thiolase[l-211 
in 50 mM phosphate, pH 5.2, to bring the final concentrations 
to 1 mM peptide and 200 mM phosopholipid. All chemical 
shifts were referenced to an internal standard of sodium 
perdeutero-3-(trimethylsilyl)- 1 -propanesulfonate (DSS). The 
temperature for all NMR spectra was 20 OC. 

Two-dimensional spectra were obtained with spectral width 
of 6000 Hz in bothfi andf2 in 2K complex data sets. A total 
of 300 tl increments were obtained using the hypercomplex 
method to achieve quadrature detection in the second 
dimension (States et al., 1982). The exception was the 
NOESY spectrum of rhodanese[ 1-23], which utilized time- 
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FIGURE 1: Circular dichroism spectra of rhodanese[ 1-23] in 
phosphate buffer, in 50% TFE, with SDS micelles, and with SUVs 
containing 30% cardiolipin/70% egg L-a-lecithin. All solutions were 
at pH 5.2 and 25 OC. 

proportioned phase incrementation (TPPI) (Marion & 
Wiithrich, 1983) to achieve quadrature detection in the second 
dimension. Fourier transformation was weighted with a 60' 
shifted sine-bell function. For NOESY experiments, mixing 
times of 150 ms (rhodanese[l-231) and 200 ms (thiolase- 
[ 1-21]) were used for TFE solutions and 100 ms was used in 
the presence of micelles. 

The TOCSY experiments (Bax & Davis, 1985; Braunsch- 
weiler & Ernst, 1983) were performed using a 70 ms MLEV- 
16 sequence to achieve coherence transfer. DQF-COSY 
experiments (Piantini et al., 1982; Rance et al., 1983) were 
performed to help with specific resonance assignments. Data 
sets were processed on SUN 4 workstations using VNMR 
software provided by Varian. 

RESULTS 

Circular Dichroism Spectraof Rhodanese[l-231. The CD 
spectrum of rhodanese[ 1-23] in aqueous buffer, pH 5.2, is 
that of a polypeptide without defined secondary structure. As 
increasing amounts of TFE or SDS micelles were added, the 
CD spectrum changed, indicating the formation of a significant 
extent of a-helical conformation. In Figure 1, the CD spectra 
of rhodanese[ 1-23] in phosphate buffer, in 50% TFE solution, 
with an approximately 1000-fold excess of SDS micelles, and 
with excess SUVs containing 30% cardiolipin/70% egg ~ - a -  
lecithin are shown. With the exception of the spectrum in 
buffer, they are essentially identical. When the contributions 
of secondary structure elements were estimated using spectral 
deconvolution, the result in each case was 95-99% a-helix. 
This value is probably an overestimate due to the very intense 
absorbance between 208 and 225 nm. The present result is 
consistent with that reported previously for the peptide from 
the bovine protein (Zardeneta et al., 1992). At the concen- 
trations used for CD and fluorescence measurements (1-100 
pM), no apparent aggregation of peptides occurred (data not 
shown). 

Circular Dichroism Spectra of Thiolase[l-211. The CD 
spectrum of thiolase[ 1-21] in aqueous phosphate buffer, pH 
5.2, showed no evidence of defined secondary structure. As 
increasing amounts of TFE or SDS micelles were added, the 
character of the spectra changed in a way that indicated that 
the conformation contained some ordered secondary structure. 
Figure 2, shows the CD spectra of thiolase[ 1-2 11 in phosphate 
buffer, in 70% TFE, with an approximately 1000-fold excess 
of SDS micelles, and with excess SUVs containing 30% 
cardiolipin/70% egg L-a-lecithin. When the helical content 

).Et4 L I 

- 3 . O E 1 4 1 '  ' ' I '  " ' ' ' I  " ' ' ' ' I  
190 200 210 220 m 240 

nm 
FIGURE 2: Circular dichroismspectraof thiolase[ 1-21] in 70%TFE, 
with SDS micelles, and with SUVs containing 30% cardiolipin/70% 
egg L-a-lecithin. All solutions were at pH 5.2 and 25 OC. 

of the peptide was estimated from the spectra in Figure 2, 
using spectral deconvolution, some variation was found. In 
70% TFE solution, the percentage was 36% a-helix, while in 
the presence of SDS micelles, the estimated percentage was 
44%. a-Helical content was estimated from the molar 
ellipticity at 222 nm, using the [0]222 value of -26 500 deg 
cm2/dm determined for a 13-residue ribonuclease C peptide 
(Shoemaker et al., 1987) to represent 100% helix. The 
calculation for both 70% TFE and micellar solution gives ca. 
52% a-helix. The CD spectrum with SUVs containing 
cardiolipin could not be used to reliably calculate secondary 
structure by curve-fitting because of the noise between 190 
and 200 nm. The noise was probably caused by the formation 
of colloidal lipid particulates in the sample. However, the 
position of the ellipticity sign change at 203 nm and the 
intensity at 222 nm suggest that the amount of helix is less 
in the presence of SUVs than in 70% TFE or with micelles. 
Estimation of a-helical content in the presence of SUVs, based 
on the molar ellipticity at 222 nm, gives ca. 38% helix. 

Solution Structure of Rhodanese[ 1-23] Characterized by 
NMR.  Since CD spectra were nearly identical for 50% TFE 
solution, SDS micelles, and liposomes, the 50% TFE solution 
was selected for use in N M R  studies. Chemical shift 
assignments for each amino acid spin system were obtained 
from analyses of DQF-COSY and TOCSY spectra. All 
protons with the exception of the 4 4  eNH protons and the 
side-chain of L6 were made without the use of NOESY spectra. 
Sequential residue assignments were made using the NOESY 
spectrum and the known amino acid sequence (Figure 3). The 
chemical shift assignments appear in Table 2. 

Secondary structure features were assessed by plotting the 
chemical shift of a-protons relative to the random coil values 
found in the literature (Wishart et al., 1991). The strong 
preference toward an upfield shift in residues 4-21 is indicative 
of an a-helical structure spanning these residues (Figure 4A). 

Analyses of inter-residue interactions in the NOESY spectra 
also indicate that rhodanese[ 1-23] forms an a-helical structure 
between residues 4 and 21 in 50% TFE solution (Figure 5). 
Resolved Hai-HNi+3 interactions were observed for Q4-Y7, 
V5-R8, L6-A9, Y7-Ll0, V11-Kl4, S12-Wl5, A17-120, and 
E l  8-R21. Resolved Hai-H&+3 interactions were observed 
for Q4-Y7, L10-Tl3, and W15-El8. A resolved Ha,-HBi+4 
interaction was observed between V11 and W15. Medium- 
range interactions that could not definitively assigned, due to 
spectral overlap, are noted in Figure 5 .  The observed 
interactions are characteristic of an a-helical conformation 
extending from 4 4  to R2 1. 
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FIGURE 3: Portions of the NOESY spectrum of rhdanese[ 1-23] in 
50% TFE: (A) NH-Ha region, with cross-peaks representing 
intraresiduecorrelations for H3-V11 labeled and (B) NH-NH region, 
with interresidue correlations for Q4-S 12 labeled. 

Solution Structure of Thiolase[ 1-21] Characterized by 
NMR. NMR spectra of thiolase[l-211 using G O %  TFE 
contained very broad resonance lines, suggesting exchange 
broadening or aggregation. At 70% TFE, the resonances were 
much sharper. This solvent was suitable for two-dimensional 
NMR methods. Comparisons of CD spectra showed that the 
conformation of this peptide appeared to be similar in 70% 
TFE and SDS micelles, but was somewhat different in the 
presence of SUVs containing cardiolipin. On the basis of the 
intensity of the spectrum at 222 nm, the peptide was judged 
to retain significant a-helical content in the latter medium. 
To obtain a greater certainty in the conformational preferences 
ofthiolase[l-211, both70%TFEandPCmicelleswerechosen 
for the NMR studies. 

Table 2: Chemical Shift Assignments for Rhodanese[ 1-23] in 50% 
TFE 
residue NH Ha HB H Y  others 
Met1 NCP 4.26 2.23,2.23 2.65,2,60 
Val2 8.38 4.16 2.18 1.04, 1.00 

8.59; 7.30 Hi53 8.79 4.51 3.36, 3.30 
Gln4 8.67 4.15 2.19.2.19 2.57,2.45 7.41,6.78 
Val5 7.74 3.80 2.20 1.08, 1.01 
Leu6 7.68 4.20 1.73 NAb NA 
Tyr7 8.13 4.21 3.10, 3.10 7.08; 6.80 
Are8 7.90 3.96 2.02,2.02 1.91, 1.71 7.29;3.23 
Ala9 8.32 4.15 1.58 
Leu10 8.54 4.09 1.94, 1.59 1.81 0.90; 0.90 
Val11 8.39 3.64 1.94 0.80,0.80 
Serl2 8.14 4.31 4.13, 3.99 
Thrl3 8.00 4.08 4.38 1.33 
Lysl4 8.02 4.09 2.01,2.01 1.54, 1.43 2.97.2.97; 1.70, 1.70 
Trpl5 8.34 4.38 3.50, 3.40 9.67; 7.61; 7.45; 1.21 

7.20; 7.10 
Leu16 8.38 3.92 1.85.1.85 1.76 0.96; 0.96 
Ala17 8.43 4.03 1.53 
Glu18 8.32 4.09 2.18,2.18 2.61,2.49 
Serl9 8.21 4.09 3.87;3.65 
Ile2O 8.23 3.85 1.94 1.71, 1.16,0.92 0.84 
Arg2l 8.06 4.19 1.96, 1.96 1.83, 1.72 7.24; 3.20 
Ser22 7.98 4.43 4.06,4.04 
Glv23 7.91 4.01. 3.49 7.46; 6.94 

a Not observed. b Not assigned. 
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FIGURE 4: The relationship of a-proton chemical shift to random 
coil values for (A) rhodanese[l-231 in 50% TFE and (B) thiolase- 
[l-211 in 70% TFE and in solution with dodecylphosphatidylcholine 
micelles. 

In 70% TFE, chemical shift assignments for each amino 
acid spin system were obtained from analyses of DQF-COSY 
and TOCSY spectra. All protons were identified without the 
use of NOESY spectra. Only the protons of the aromatic 
side chain of F8 were not identified. Discrimination between 
L3 and L4 was very difficult because of the chemical shift 
coincidence of the a-protons and many of the side-chain protons 
in 70% TFE. The resonances assigned to T16 were of very 
low intensity and were not observed in all spectra. Sequential 
residue assignments were made using the NOESY spectrum 
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FIGURE 5: Inter-residue NOE tabulation for rhodanese[ 1-23] in 
50%TFE. Open bars in the top part of the figure represent unresolved 
interactions. The height of these bars indicates the relative cross- 
peak intensity. Dashed lines in the lower part of the figure represent 
unresolved interactions. 

and the known amino acid sequence (Figure 6). The chemical 
shift assignments are presented in Table 3. 

As withrhodanese[ 1-23], secondarystructurefeatures were 
assessed by plotting the chemical shifts of a-protons relative 
to random coilvalues. The strong preference toward an upfield 
shift in residues 4-13 is indicative of an a-helix spanning 
these residues (Figure 4B). The dramatic change after K13 
suggests that the helix comes to an end after their residue. 

Analyses of inter-residue interactions in NOESY spectra 
indicate that thiolase[ 1-21] forms an a-helical structure 
between residues 4 and 14 in 70% TFE solution (Figure 7).  
Resolved HarHNi+3 interactions were observed for 19-A1 2 
and V 10-K13. Resolved HaZ-H&+3 interactions wereobserved 
for L4-V7, V7-Vl0, F8-Al1, 19-Al2, V10-Kl3, and A l l -  
R14. Medium-range interactions that could not bedefinitively 
assigned, due to spectral overlap, are noted in Figure 7. The 
observed interactions are characteristic of an a-helical 
conformation extending from L4 to R14. 

In solution with PC micelles, thiolase[ 1-21] chemical shift 
assignments were made for main-chain and many side-chain 
protons using the TOCSY and DQF-COSY spectra. Several 
side-chain assignments as well as sequential assignments were 
made by comparing TOCSY and NOESY spectra. The entire 
M1 residue, the amide proton of A2, the &methyl group of 
I9 and one resonance in the F8 aryl group could not be assigned. 
The assignments are presented in Table 4. 

Secondary structure was assessed by plotting a-proton 
chemical shifts relative to random-coil values. The results 
are similar to those obtained in 70% TFE solution, although 
the a-helix appears to begin at  L3 rather than at  L4. The 
results appear in Figure 4B. 

Resolved Hai-HNi+3 interactions were observed for G6-19, 
19-A12, and V10-Kl3. ResolvedHal-Hj3i+3 interactionswere 
observed for L4-V7, R5-F8, G6-19, V7-Vl0, F8-Al1, 19- 
AlZ,andVlO-K13. Theinteractions that have beenobserved 
are presented in Figure 8, and medium-range interactions 
that could not be definitively assigned, due to spectral overlap, 
are noted. The observed interactions are characteristic of an 
a-helical conformation extending from L4 to R14. 

Interaction of Peptides with SUVs. A property that has 
been attributed to signal sequences is their ability to interact 
with lipid bilayers. Both rhodanese[ 1-23] and thiolase- 
[ 1-21] were shown to interact with phospholipid vesicles 
containing 30% cardiolipin/70% egg L-a-lecithin by measure- 
ments of steady-state fluorescence anisotropy. By this 
measure, neither peptide interacted with vesicles made from 
only L-a-lecithin. The anisotropy values for both peptides in 
buffer, 0% cardiolipin/ 100% lecithin, and 30% cardiolipin/ 
70% lecithin are presented in Table 5 .  These results indicate 
the negatively charged head group is an important feature of 
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FIGURE 6: Portions of the NOESY spectrum of thiolase[ 1-21] in 
70% TFE: (A) NH-Ha region, with cross-peaks representing intra- 
residue correlations for L4-RI4 labeled and (B) NH-NH region, 
with interresidue correlations for L3-KI3 labeled. 

the interaction. The importance of the negatively charged 
head group in the interaction between signal peptides and 
liposomes has been demonstrated previously (Hoyt e? al., 199 1 ; 
Zardeneta et al., 1992; Wang & Weiner, 1994). 

DISCUSSION 

In these studies, three membrane model systems have been 
used to probe synthetic signal sequence structures in membrane 
mimetic surroundings. Trifluoroethanol has been used as a 
structure-promoting solvent in many NMR studies. Examples 
have been reported that demonstrate how peptides adopt their 
"native" structure when in TFE solution (Dyson et al.,  1988). 
However, the interaction of TFE with peptides can be expected 
to be rather symmetric, spatially, while there should be a 
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Table 3: Chemical Shift Assignments for Thiolase[l-211 in 70% 
TFE 
residue NH H a  HB HY others 

Metl N@ NAb NA NA 
Ala2 7.78 4.74 1.28 
Leu3 7.78 4.27 1.66, 1.48 1.66 0.96; 0.92 
Leu4 7.49 4.26 1.72, 1.67 1.67 0.98; 0.90 
Arg5 7.69 4.16 1.94, 1.94 1.78, 1.76 7.18;3.23 
Gly6 8.02 3.89,3.89 
Val7 7.63 3.76 2.14 1.00,0.87 
Phe8 7.77 4.34 3.25, 3.21 7.25; NA; NA 
Ile9 7.85 3.82 2.05 1.81, 1.25 0.99;0.96 
VallO 7.74 3.70 2.19 1.07,0.97 
Alall 8.23 4.10 1.47 
Ala12 8.05 4.14 1.43 
Lysl3 7.96 4.25 1.98, 1.98 1.59, 1.55 3.00; 1.71 
Argl4 7.89 4.46 2.02, 1.88 1.80, 1.69 7.11; 3.18 
Thrl5 7.70 4.48 4.11 1.20 
Pro16 4.37 2.21, 1.68 1.93, 1.87 3.80,3.58 
Phel7 7.48 4.54 3.23, 3.03 7.38; 7.31; 7.24 
Gly18 7.88 4.00,3.87 
Ala19 7.79 4.31 1.31 
Tyr2O 7.84 4.54 3.15,3.00 7.13; 6.84 
Gly21 7.92 3.82,3.82 6.91,6.69 

a Not observed. b Not assigned. 
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FIGURE 7: Inter-residue NOE tabulation for thiolase[ 1-21] in 70% 
TFE. Open bars in the top part of the figure represent unresolved 
interactions. The height of these bars indicates the relative cross- 
peak intensity. Dashed lines in the lower part of the figure represent 
unresolved interactions. 

Table 4 Chemical Shift Assignments for Thiolase[ 1-21] with PC 
Micelles 

residue NH H a  HB H-f others 
Metl N W  NAb NA NA 
Ala2 NA 4.49 1.52 
Leu3 8.80 4.21 1.85, 1.67 1.68 1.07; 0.88 
Leu4 8.42 4.12 1.83, 1.68 1.19 1.03; 0.93 
Arg5 8.08 4.09 1.95, 1.95 1.76, 1.76 7.61; 3.32 
Gly6 8.29 3.96, 3.96 
Val7 8.08 3.76 2.24 1.07,0.88 
Phe8 8.10 4.31 3.32, 3.24 7.27; 7.19; NA 
Ile9 8.10 3.85 2.08 1.76, 1.76, 1.02 NA 
VallO 7.76 3.81 2.22 1.15; 1.030 
Alall 8.41 4.11 1.45 
Ala12 8.23 4.10 1.42 
Lysl3 7.82 4.28 2.02, 1.58 1.76, 1.68 3.00; 1.68 
Argl4 7.95 4.50 2.09, 1.89 1.75, 1.75 7.64; 3.24 
Thrl5 7.88 4.26 4.26 1.34 
Pro16 4.11 1.95, 1.46 1.73, 1.73 3.86,3.53 
Phel7 8.00 4.62 3.33, 3.04 7.28; 7.21; 7.14 
Gly18 8.37 4.00,3.94 
Ala19 8.16 4.31 1.35 
Tyr2O 8.12 4.51 3.17, 3.03 7.03; 6.74 
Glv21 8.28 3.88.3.88 6.81.6.59 

a Not observed. b Not assigned. 

sidedness to the peptide-membrane interaction. Micelles are 
another form of membrane-mimetic medium which have been 
shown to be adequate models for membranes in NMR studies 
(Brown, 1979; Gierasch et al., 1982). Micelles discriminate 
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FIGURE 8: Inter-residueNOE tabulation for thiolase[l-211 insolution 
with dodecylphosphatidylcholine micelles. Open bars in the top part 
of the figure represent unresolved interactions. The height of these 
bars indicates the relative cross-peak intensity. Dashed lines in the 
lower part of the figure represent unresolved interactions. 

Table 5: Fluorescence Anisotropy Values for Rhodanese[ 1-23] and 
Thiolase[l-211 at 25.5 OC 

P nb 0 

Rhodanese[ 1-23] 
phosphate buffer 0.040 2 0.007' 
0% CL SUVs 0.045 5 0.007d 
30% cardiolipin SUVs 0.104 5 0.0005d 

Thiolase[ 1-21] 

0% cardiolipin SUVs 0.031 2 0.007' 
30% cardiolipin SUVs 0.138 4 0.006d 

phosphate buffer 0.026 2 0.001' 

a Anisotropy (mean value). Number of measurements. Average 
deviation. Standard deviation. 

polar from apolar components. However, they lack the bilayer 
of a membrane and, with a small surface area, their 
correspondence to the biological condition is not complete. 
Liposomes (SUVs) are composed of lipid bilayers and have 
the size necessary to mimic the biologically relevant interaction. 
Because they are smaller than organelles, one must consider 
that lipid packing may be different, especially because of the 
curvature of the SUVs (Gennis, 1989). Each of these model 
systems represents the biological condition to some extent, 
although not completely. Therefore, it may be premature to 
draw conclusions on the most likely polypeptide conformation 
on the basis of data obtained in only one medium. It is 
important to look for conformational conformity across several 
model systems for assurance that the results really correspond 
to the conditions represented by the models. 

Information obtained from CD spectra in all three mem- 
brane mimetic environments shows that rhodanese[ 1-23] 
forms an a-helical structure for virtually the entire length of 
the polypeptide. For this reason, the structure obtained from 
NMR spectra in 50% TFE cannot differ significantly from 
that involved in interactions with liposomes. The present 
results suggest that this peptide has a strong preference for 
the a-helical conformation in lipid-like environments. In the 
crystal structure of the mature bovine protein (minus Ml) ,  
the a-helix begins at residue 11. In this case, the N-terminus 
is not in a lipid environment, so the structure must be viewed 
in the context of the protein crystal and not that of the 
membrane. 

In contrast, the CD spectra of thiolase[l-211 appear to 
arise from conformations that differ depending upon the lipid- 
like medium. The value of ca. 52% a-helix estimated from 
the molar ellipticity at 222 nm is in good agreement with the 
NMR data, in which the helix spans residues 4-14. The 
amount of a-helix estimated by spectral deconvolution varies 
between 25% and 45%. The shape of the spectra are consistent 
with an increase in the amount of @-structure in the progression 
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FIGURE 9: Signal sequences whose structures have been determined 
using 2D-NMR techniques. The medium is indicated for each 
peptide. ALDH-micellar (Karslake, et al., 1990); COX IV-micellar 
(Endo, et al., 1989); rhodanese-50% TFE (this study); thiolase-70% 
TFE and micellar (this study); F1-ATPase p-50% TFE (Bruch & 
Hoyt, 1992). For the latter, the C-terminal helix was observed more 
readily at 5 OC than under ambient conditions. For ALDH, the 
three C-terminal residues come after the processing site. The tyrosine 
at position 20 in the peptide replaces alanine, which is found at this 
position on the protein. 

from solvent, TFE, to micelles to SUVs. The sequential NH- 
NHinteractionsobservedamongF17,G18,andA19 (Figures 
7 and 8) are incompatible with the presence of &structure in 
this region of the peptide. Otherwise, no evidence for 
0-structure could be found in the NOESY spectra obtained 
in 70% TFE or with micelles. 

Steady-state fluorescence anisotropies were measured in 
the absence and presence of liposomes to investigate whether 
the peptides associate with liposomes. The data in Table 5 
demonstrate that an interaction occurs between the synthetic 
signal sequences and liposomes and that this interaction 
requires the presence of cardiolipin. Anisotropy values are 
consistent with those previously reported for tryptophan in 
oligopeptide-liposome interactions (Jain et al., 1985). The 
valueof 0.1 for rhodanese[ 1-23] suggests that the tryptophan 
side chain may be immobilized when the peptide binds to the 
liposome. The a-helical structure of rhodanese[ 1-23] places 
the tryptophan on the hydrophilic side of the amphiphilic 
a-helix, so that if the peptide is bound to the liposome with 
the hydrophobic face buried in the bilayer (Thornton et al., 
1993), the tryptophan side chain may retain some mobility. 
This orientation for tryptophan is reasonable, since neutron 
diffraction studies (Jacobs & White, 1989) have shown that 
tryptophan side chains can be found predominantly near the 
lipid head groups when interacting with liposomes. The 
anisotropy near 0.15 for thiolase[ 1-21] is consistent with the 
interpretation that the tyrosine side chain is immobilized in 
the liposome. Since we do not know with certainty the 
structure of the C-terminal end of the signal sequence when 
it is bound to the liposome, we cannot speculate how the 
tyrosine interacts. 

It was the intent of this research to learn whether the 
N-terminal sequences for proteins that are not processed have 
some structural characteristic that distingushes them from 
cases where the signal sequence is cleaved. Thus far, the 
structures of five mitochondrial signal sequences have been 
determined. They are shown in Figure 9. The greater length 
of the N-terminal a-helix is evident for the peptides that 
correspond to nonprocessed signal sequences. Thus, a pattern 
appears to be emerging. Signal sequences which tend to form 
continuous helices of more than 1 1 residues are not processed, 
while those that tend to form shorter, or noncontinuous, helices 
are processed. 

In addition to the work from our laboratories, in which the 
RGP deletion altered ALDH so that it was imported without 
signal sequence processing, there is other evidence which shows 
that amino acid deletions can lead to the elimination of 
processing. Deletion of residues 2-5 in the COX-IV signal 

Hammen et al. 

IMPORT PROCESSING 

FIGURE 10: Structural model depicting possible conformational 
requirements of mitochondrial signal sequences. The top drawing 
represents a sequence, with conformational flexibility, that can adopt 
the conformations necessary for both import and processing. The 
bottom drawing reperesents a long helical conformation which can 
adopt only the conformation required for the import function. 

sequence produced a precursor protein that was imported but 
not processed (Hurt et al., 1986). If it is assumed that the 
conformational preferences of the deletion mutant are the 
same as for the native sequence, this result would be contrary 
to the model presented here, involving the long, continuous 
helix. The structural consequences of amino acid deletions 
are known only for the ALDH case, in which the structure 
containing two helices becomes one longer helix after deletion. 
It will be necessary to study the structure of the COX IV 
deletion mutant to more completely understand how this 
mutation effects processing. 

It has been demonstrated that a native sequence that can 
form a stable amphiphilic a-helixat thepre-proteinN-terminus 
is an essential requirement for successful import (Roise et al., 
1988; Wang & Weiner, 1993). While amphiphilicity may be 
a crucial structural component for interaction with the import 
machinery, other structural features may be important for 
the proteolytic step (Figure 10). The flexible region of signal 
sequences may be the source of their multifunctional character. 
One structure could allow for the attachment of the precursor 
protein to the mitochondrial membrane or import receptors, 
while a different conformation could be necessary for 
recognition by the protease. In the case of signal sequences 
that have a-helices extending beyond 11 residues, or three 
turns, the necessary flexibility may not be present to adopt 
the conformation recognized by the protease. Alternatvely, 
the longer helices may have greater affinity for the inner 
mitochondrial membrane. The imported protein would 
become attached to the membrane, making it impossible for 
the protease to cleave the signal sequence. In either case, it 
would be the length and stability of the a-helix which interferes 
with proteolytic processing. 
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