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ABSTRACT. In this study the secondary structure and topology of the peptide, corresponding to the
presequence of cytochrome oxidase subunit IV (p25) in a negatively charged membrane-mimetic
environment, were assessed by circular dichroism and two-dimensional nuclear magnetic resonance. The
micelles used consisted of dodecylphosphoglycol (DPG), a mild anionic detergent with a headgroup
resembling that of phosphatidylglycerol. The secondary structure was analyzed by interresidue nuclear
Overhauser enhancement measurements and chemical shifts of backbone protons. The data-eslealed
formation of the peptide upon interaction with the micelles, both in the N- and in the C-terminal halves,
which are separated from each other by the proline residue at position 13. The topology of the peptide
was studied by determining the effect of spin-labeled 12-doxylstearate on the line widths of the peptide
proton resonances. This method revealed the insertion of hydrophobic residues of both the N- and the
C-terminal halves of p25 into the hydrophobic environment of the micelles, demonstrating the orientation
of the amphiphilic helix.

The majority of the mitochondrial proteins are synthesized enriched in positively charged, hydroxylated, and apolar
in the cytosol as precursors carrying an amino-terminal amino acid residues (Von Heijne, 1986). This suggests that
extension, the presequence. Presequences contain the irsome similarity in the secondary structure must be more
formation to target precursor proteins to mitochondria and important for their function than a specific sequence. A
transport them across the two mitochondrial membranes intocommon feature among presequences that has been suggested
the matrix [for a review on mitochondrial protein import, to play a role in the translocation process is the potential to
see Kiebler et al. (1993)]. In the matrix, the presequence isform an amphiphilica-helix (Von Heijne, 1986). Cb
proteolytically removed. The molecular mechanism by [reviewed in Tamm (1991)] and 2D NMR studies of different
which the presequence can fulfill its functions is not clear. presequence peptides have revealed that these peptides can
Although hardly any sequence homology exists among adopt ana-helical conformation in membrane mimetic
presequences from different proteins, they are generally environments (Endo et al., 1989; Karslake et al., 1990; Bruch
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& Hoyt, 1992; Thornton et al., 1993; Hammen et al., 1994; times of 36-50 ms which include the delays of the clean
Jarvis et al., 1995; Chupin et al., 1995a). However, the TOCSY pulse scheme. NOESY spectra (Jeener et al., 1979;
topology of thea-helical peptides in a membrane-bound state Kumar et al., 1981) were recorded with mixing times of 100,
was never addressed in these studies. 200, and 300 ms. All 2D spectra were recorded in a phase-

In the present study, the secondary structure and topologysensitive absorption mode using TPPI tin (Marion &
of the peptide, corresponding to the presequence of yeast/VUtrich, 1983). The cross-peaks around 4.6 ppm, which
cytochrome oxidase subunit IV (p25) associated with lipid are normally irradiated together with the water line, were
micelles, were investigated by CD and 2Bi-NMR. made observable using the SCUBA method (Brown et al.,
Because of their small size, micelles undergo rapid isotropic 1988). In order to assess thetHHf cross-peaks under the
motion, yielding a high-resolution NMR spectrum for any Water line, spectra were recordec’ityO. Two-dimensional
associated peptide. Until now, in 2D NMR studies on SPectra were collected as a 46812 () real and 1024t)
mitochondrial presequence peptides the zwitterionic detergentcomplex point time domain matrix with a spectral width of
DPC or aqueous trifluoroethanol solutions have been used®000 Hz in both dimensions and 8260 scans pet;
as membrane mimetic environment. Since presequenceéncrement. Data were tranSfOfmed, after Zero-filling in the
strongly interact with lipid membranes, with a preference F1 dimension, into 1024 and 1024 real points in the F1 and
for anionic lipids [see for a review Tamm (1991)], we used F2 dimension frequency-domain spectra. Sixth-order poly-
dodecylphosphoglycol (DPG) as a representative for anionic "omial base line corrections in each domain were applied
phosph0||p|ds This monoacy| ||p|d contains a negative|y after the double Fourier transformation was Completed
charged headgroup resembling that of PG. To assess thdBoelens et al., 1985). The data were processed with the
topo]ogy of the pept|de associated with the mice”eS, Spin- “Triton” software Iibrary (Bijvoet Center for Biomolecular
labeled 12-doxylstearic acid was used to produce selectiveResearch, Utrecht University, The Netherlands). Three-
broadening of the residues buried into the hydrocarbon regiondimensional structures were built using the program Insight
(Brown et al., 1982; Papavoine et al., 1994; Chupin et al., Il on an Indy workstation (Silicon Graphics Inc., Mountain

1995b). View, CA).
To determine the insertion of the presequence into mi-
MATERIALS AND METHODS celles, the effect of spin-labeled 12-doxylstearic acid on the

IH presequence peptide resonances was investigated. After
Materials. Dodecanok; sodium acetatel, ethylene  recording the 2D NMR spectra in the absence of the spin-
glycol-ds, methanoles, and 2H,O were from lIsotec Inc.  |abeled acid, the NMR sample (4x0) was mixed with 10
(Miamisburg, OH). 12-Doxylstearic acid was obtained from ;| of the 12-doxylstearic acid in methandl-o yield a 60:1
Sigma (St. Louis, OH). 3-(Trimethylsilyl)propionatk-was molar ratio of detergent to 12-doxylstearic acid and the NMR
from Merck (Germany). Perdeuterated DRIG-was syn-  spectra were recorded. The effect of the 12-doxylstearic acid
thesized as described previously (de Jongh & de Kruijff, was measured by comparing the intensities of the cross-peaks
1990). The peptide corresponding to the presequence ofin the presence and in the absence of the spin-labeled acid.

yeast cytochrome oxidase subunit IV (p25N-Met'-Leu- The spin label can be expected to be present in the micelle
Ser-Leu-Arg-GIn-Ser-lle-Arg-Ph&-Phe-Lys-Pro-Ala- interior according to Papavoine et al. (1994). Moreover, the
Thrt>-Arg-Thr-Leu-Cys-Se¥’-Ser-Arg-Tyr-Leu-Led>- narrow singlet peak of DTT at 3 ppm in the NMR spectra
CONH,) was prepared as described previously (de Kroon was not affected by the presence of 12-doxylstearic acid in
& McConnell, 1994). the micelle solution (data not shown), indicating that the

NMR MeasurementsFor the preparation of the NMR  doxyl group is not in contact with the buffer solution.
samples p25 was dissolved in buffer containing 20 mM  Circular Dichroism. CD measurements were carried out
sodium acetatek, 3 mM dithiothreitol, 0.1 mM (ethylene-  on a JASCO 600 spectropolarimeter, with a 1 nm bandwidth,
dinitrilo)tetraacetate, and 0.1 mM 3-(trimethylsilyl)propi- 0.1 nm resolution, 1 s response time, a scan speed of 20
onatee, in either 90%H0/10%¢H.0 or2H,0, pH 4.6 (direct ~ nm/min, and using a 0.2 mm path length cell. Typically
reading), and mixed with a DPG micelle solution in the same eight scans were added and averaged, followed by subtraction
buffer. The cmc of DPG is 0.6 mM (de Jongh & de Kruijff, of the CD signal of peptide-free micelle solutions recorded
1990). The final concentrations of p25 and DPG were 3 under the same conditions. Spectra shown are from NMR
mM (based on weight) and 180 mM, respectively. The molar samples diluted to a final peptide concentration of 460
ratio of p25/detergent, 1/60, was used to obtain an ap- Identical results were obtained when samples were prepared
proximate occurrence of one peptide molecule per micelle freshly. The helix content was estimated by the method of
[based on the number of SDS molecules per micelle as Greenfield and Fasman (1969).
determined by Papavoine et al. (1994)]. DPG in micelles is
negatively charged at pH 4.6, as concluded f/@mNMR RESULTS
titration measurements (data not shown), which showed that CD was used to get a first indication about the secondary
the K, of DPG is 3.0. At higher pH values the quality of structure induced in the peptide in the absence and presence
the NMR spectra in the NH region was significantly reduced of DPG micelles (Figure 1). The CD spectrum of p25 in
due to line broadening. All NMR experiments were per- aqueous solution is consistent with that of a random coil
formed at 25°C in an argon atmosphere to avoid oxidation. and does not show any features characteristic far-aelix.

NMR spectra were recorded on a Bruker AMX spectrometer P25 in a micelle environment gives rise to a CD spectrum
operating at 500 MHz. Chemical shifts were measured typical of a highlya-helical conformation. From a computer
relative to 3-(trimethylsilyl)propionatd,. TOCSY spectra  deconvolution of the CD spectrum of p25 in the presence of
were recorded using a clean MLEV-17 mixing sequence (Bax DPG micelles the helical content of the peptide was estimated
& Davis, 1985; Griesinger et al., 1988) with total mixing to be 70%.
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Ficure 1: CD spectra of p25 in water) and upon interaction

with DPG (- - -) micelles at 25C.

For 2D NMR data analysis, the standard method proposed
by Withrich (1986) was used to carry out the sequential
assignment of all the proton resonances of the presequenc
peptide in a DPG environment. TOCSY spectra were used
to identify spin systems, and NOESY spectra were used to
obtain interresidue connectivities and to distinguish equiva-
lent spin systems. Unambiguous assignments were obtaine
with the help of sequential NH)(— NH(i + 1), Ho(i) —
NH(i + 1), and other NOE connectivities characteristic of
o-helical conformation. Figures 2 and 3 show the-+H\NH
region of the TOCSY (A) and NOESY (B) spectra in water
and in the presence of DPG micelles, respectively. In Figure
3, some selectedddNH cross-peaks (TOCSY spectrum, A)
and corresponding sequentialblif)—NH(i, i + 1) cross-
peaks (NOESY spectrum, B) are indicated. All the protons
of the peptide in DPG micelles and the chemical shift values
of the Ho and NH protons of the peptide in water were
assigned (see supporting information).

The determination of the secondary structure of p25 in a
DPG micellar environment involved identifying NOE cross-

peaks between protons on non-neighboring residues and,

chemical shifts of backbone protons. The NOE connectivity
pattern for aru-helix consists of medium éd(i)—Hp (@ + 3)
and weak H(i)—NH(i + 3) medium-range contacts. The
medium-range K(i))—HA( + 3), Ha(i)—NH(i + 3) and
sequential NOE connectivities for the peptide in DPG
micelles are summarized in Figure 4A. They reveal that
o-helical conformation is present along the full length of
the peptide.

Ha proton chemical shift values were used as an additional

d
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broadening of the residues buried into the hydrocarbon region
(Brown et al., 1982; Papavoine et al., 1994; Chupin et al.,
1995b). The effect of the 12-doxylstearic acid was measured
by comparing the intensities of the 2D NMR cross-peaks in
the absence (Figure 5A) and presence (Figure 5B) of the
12-doxylstearic acid. The difference spectrum between these
spectra, which was normalized to the intensities of the GIn
Ho—Hp, Hy cross-peaks, is shown in Figure 5C and reveals
that the intensities of many cross-peaks are reduced in the
presence of 12-doxylstearic acid.

DISCUSSION

The aim of this work was to study the conformational
behavior of p25 in micelles with a negative surface charge.
Both the CD and the NMR measurements reveal that the
peptide is random coiled in water. The CD spectrum of p25
in water is typical for a random coil peptide (Figure 1). The
range of the chemical shifts in the TOCSY spectrum of p25
in water (Figure 2A) is rather narrow which also argues for

random coil conformation. Moreover, the NOESY spec-
rum (Figure 2B) shows only a small number of NOE’s with
relatively weak intensities, indicative for a structureless
conformation of the peptide.

Upon addition of DPG micelles to p25, both CD and NMR
data demonstrate that the interaction of p25 with the micelles
induces a-helix formation in the peptide. This is in
agreement with earlier CD reports on the secondary structure
of p25 in interaction with anionic phospholipids (Roise et
al., 1986; Tamm & Bartoldus, 1990). The CD spectra of
p25 in the presence of DPG micelles are typical for a highly
o-helical conformation of the peptide (Figure 1). The
changes in both the TOCSY and the NOESY spectrum of
p25 upon addition of DPG micelles are clear when comparing
Figures 2 and 3. The ¢dchemical shift values are shifted
upfield (Figure 3A, compared with Figure 2A). Moreover,
Figure 3B clearly reveals that both the number of the
interresidue NOE cross-peaks and their intensities are
increased in the NOESY spectrum of p25 in the presence of
icelles, compared to that in water (Figure 2B), suggesting
that the peptide has acquired a specific structure. Indeed,
both the medium-range d{i)—Hp(i + 3), Ho(i)—NH(i +

3), and sequential NOE connectivities (Figure 4A) and the
chemical shift differences of &dresonances of the peptide
in DPG solution, with respect to those in water (Figure 4B)
reveal that the peptide adopts a largehnelical conforma-
tion, starting at Séror Leut and present along the full length

of the peptide. The number and intensities of the observed
NOE'’s are higher for the N-terminal half of the peptide,

tool for structural analysis. It has been shown that the compared with the C-terminal half, indicating that the
difference between theddproton chemical shifts in a protein  C-terminal part of p25 has a less regular or more flexible
structure and the chemical shifts in a random coil also structure Compared with the N-terminus. On average it
correlates with protein secondary structure. Arhelix should be noticed that the intensities of the medium-range
structure is indicated by an upfield chemical shift of more NOE Cross-peaks of p25 are low Compared with, for instance,
than 0.1 ppm with respect to random coil chemical shift those of the bacterial signal peptide of PhoE associated with
values (Wishart et al., 1992). For p25 in the presence of similar micelles (Chupin et al., 1995b), which is probably
DPG micelles, the differences between the ¢hemical shift ~ due to the dynamical nature of the p25 conformation [see
values with respect to those in water, are given in Figure also Chupin et al. (1995a)]. The chemical shift differences
4B as a function of the residue position. The overall negative show that the helix of the presequence peptide is destabilized
values reflect ther-helical conformation of the peptide. The  at Prd3, with again the helical content being higher at the
reason why Sérgives a positive instead of a negative N-terminus and lower at the C-terminus of p25. The helix
difference value is not clear to us. of the C-terminal half is destabilized at $e1Sef’. These

To determine the insertion of p25 into DPG micelles, spin- results are comparable with the results of two previous 2D
labeled 12-doxylstearic acid was used to produce selectiveNMR studies on p25 (Endo et al.,, 1989; Chupin et al.,
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FiIGure 2. Ho.—NH region of the TOCSY (A) and NOESY (B) spectra of p25 in water (90%0H0% D,O).
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Ficure 3: Ho—NH region of the TOCSY (A) and NOESY (B) spectra of p25 upon interaction with DPG micelles. SeleatdiHHA)

and corresponding sequentiabtli)—NH(i + 1) (B) connectivities are indicated.

1995a). In the study of Chupin et al. (1995a) the early was incorporated in the DPG micelles. The spin label in
investigations on p25 associated with DPC micelles of Endo 12-doxylstearic acid is covalently attached to the stearic acid

et al. (1989) were extended and a helturn—helix motif

at position 12, locating the free radical in the center of the

was found, with the N-terminal helix being more stable than micelle. The 12-doxylstearic acid/DPG molar ratio used was
the C-terminal helix. The helical content of p25 in the 1/60 to obtain an average occurrence of 1 molecule of the
presence of DPG micelles is slightly higher than in the relaxation reagent per micelle. The presence of the 12-
presence of DPC micelles, which is due to an increased doxylstearic acid drastically reduced the intensities of the

helicity in the C-terminal half.

p25 NMR cross-peaks of the hydrophobic amino acids of

For the investigation of the insertion of p25 into the both the N- and the C-terminal helical parts of the prese-
negatively charged micelles, spin-labeled 12-doxylstearic acidquence (Let) Sef, Lelt, lle?, Phé® Phé!, Ala'4 Thr'7,
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FIGURE4: Secondary structure determination of p25 associated with DPG micelles. (A) Sequential and medium-range NOE contacts observed
in the NOESY spectra of p25 in DPG micelles. The thickness of the horizontal bars is a qualitative indication of the relative intensity of
the sequential NOEs as observed in NOESY spectra. Solid bars indicate NOEs that have been identified, while asterisks indicate NOEs

whose presence or absence cannot be assessed due to overlap. (B) The difference betweemetméchl shifts observed in DPG micelles
and the random coil chemical shifts determined in water solution is represented as a function of residue position for p25.
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Ficure 5: Comparison of expanded region of NOESY spectra of p25 in DPG micelles in the absence (A) and presence (B) of 12-doxylstearic
acid. The difference between (A) and (B) is represented on the right panel (C), in which resonances are indicated which were affected by

the presence of 12-doxylstearate. Resonances which were not affected by the presence of 12-doxylstearate are indicated in panel B.

Lew?4, and Led®), while the intensities of most hydrophilic  orientation of the native p25 peptide is demonstrated. In a
residues (Arg GInf, Arg®, Lys'?, Arg'6, Sef°?l) and Arg?) related study, a series of single- and double-cysteine-
are not affected (compare spectrum in the absence, Figuresubstituted p25 peptides, labeled with nitroxide spin labels
5A, with that in the presence of spin label, Figure 5B). The was used, in combination with electron paramagnetic reso-
difference spectrum (Figure 5C) shows residues, that arenance spectroscopy (Yu et al., 1994). Together with
located in the hydrocarbon core of the micelles. These dataenergetic considerations the authors suggested that the
are consistent with an amphiphilic structure of the helix and hydrophobic residues were solvated by the acyl chains, with
a buried location for the hydrophobic side of tléhelix of the charged side chains extending towards the polar mem-
p25 in the micelle interior. The potential of presequences brane surface, consistent with the experimental results
to form an amphiphiliax-helix has been proposed to be an obtained in the present study.

important functional property among mitochondrial prese-  In conclusion, we have demonstrated that in the negatively
quences. This is to our knowledge the first time that the charged DPG micellar environment p25 adopts a largely
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