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We have shown earlier that a mitochondrial presequence
peptide can form an amphiphilic helix. However, the im-
portance of amphiphilicity for mitochondrial presequence
function became doubtful when an artificial presequence,
designed to be non-amphiphilic, proved to be active as
a mitochondrial import signal. We now show experimen-
tally that this 'non-amphiphilic' presequence peptide is,
in fact, highly amphiphilic as measured by its ability to
insert into phospholipid monolayers and to disrupt phos-
pholipid vesicles. This result, and similar tests on three
additional artificial presequences (two functionally active
and one inactive), revealed that all active presequences
were amphiphilic whereas the inactive presequence was
non-amphiphilic. One of the active presequence peptides
was non-helical in solution and in the presence of deter-
gent micelles. We conclude that amphiphilicity is necess-
ary for mitochondrial presequence function whereas a
helical structure may not be essential.
Key words: amphiphilicity/presequence/mitochondria/protein
import/lipid model systems.

Introduction

Nuclear-encoded proteins which are transported into the
mitochondria generally contain amino-terminal extensions
which function as signals for sorting and transmembrane
transport. Structural analysis of these targeting signals has
previously been limited to comparison of their primary se-

quences by analysis of cloned precursor genes (Watson,
1984; von Heijne, 1986), and to characterization of critical
functional domains of the signals by gene fusion experiments
(reviewed by Hurt and van Loon, 1986). These studies have
shown that a presequence can contain sufficient information
for directing an attached protein into mitochondria and that
targeting information is not contained within an obvious
consensus sequence. However, such approaches cannot de-
fine the physical properties of the targeting sequences. Based
on experiments with a chemically synthesized presequence
peptide, we have previously proposed that the common

structural feature of sequences targeting proteins to the
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mitochondrial matrix may be their ability to form positively
charged, amphiphilic helices (Roise et al., 1986). Similar
physical properties have also been described for another
mitochondrial presequence peptide (Epand et al., 1986;
Myers et al., 1987). Since such a structure can insert directly
into phospholipid bilayers, it may mediate the initial associ-
ation of precursors with the mitochondrial outer membrane
and may also initiate transfer of attached proteins through
the phospholipid bilayers by responding to the electrical
potential across the inner membrane. The apparent lack of
primary structural requirements for presequences was dem-
onstrated by the finding that artificially created presequences
composed of only three different types of amino acid func-
tioned as efficient import signals (Allison and Schatz, 1986).
However, these artificial presequences behaved differently
than had been predicted from their design: a sequence de-
signed to be weakly amphiphilic as an a-helix functioned
even better than one expected to be strongly amphiphilic in
helical plots. The question remained whether or not these
sequences could form amphiphilic, helical structures in
solution. We have now compared synthetic peptides corre-
sponding to five presequences which import attached proteins
at widely varying efficiencies and show that all of the func-
tional presequences form amphiphilic, but not necessarily
helical, structures.

Results
The primary sequences of the mitochondrial import signals
analyzed here are shown in Figure 1. The deletion mutant,
A 1 1,12, was derived from the wild-type yeast cytochrome
oxidase subunit IV (CoxIV) presequence by site-directed
mutagenesis. This deletion was designed to create the maxi-
mum disruption of the amphiphilic helix (Roise et al., 1986)
in a region which was thought to be critical for import of
CoxIV fusion proteins (Hurt et al., 1985). The other se-
quences were artificial targeting signals which had been used
to show that precursors require no specific primary sequence
for correct functioning (Allison and Schatz, 1986). All the
sequences were fused to mouse dihydrofolate reductase
(DHFR) in order to test their efficiencies in importing the
attached protein into isolated yeast mitochondria (Figure 2).
The small deletion within the wild-type CoxIV presequence
(Al 1,12) significantly decreased the efficiency of this pre-
sequence as an import signal, both if attached to DHFR
(Figure 2) and if attached to CoxIV (not shown). The arti-
ficial sequences SynA2 and SynC were both functional,
although less so than the wild-type sequence, whereas SynB2
was completely inactive. These results are qualitatively
similar to those obtained with CoxIV fusions (Allison and
Schatz, 1986), except that the SynA2 presequence is
somewhat more efficient if fused to DHFR. This further sup-
ports the idea that the function of a presequence does not
require a specific passenger protein (Hurt and van Loon,
1986) and provided the basis for using synthetic prepeptides

649



D.Roise et al

4+
WT +

H 3N-]

+

+

+ + + + +

+ + + 4.
-AgPePeLsPoAaTrAgTrLe-y-e-e-r-y-e-e-OH

+ + + + +
H3N-Met-Leu-Ser-Leu-Arg-Gl n-Ser- Ile-Arg-Phe-Pro-Ala-Thr-Arg-Thr-Leu-Cys-Ser-Ser-Arg-Trp-Gly-Ser-Gly- Ile-DHFR

A11,12 + + + + +
H3N-Met-Leu-Ser-Leu-Arg-Gln-Ser-Ile-Arg Phe-Pro-Ala-Thr-Arg Thr-Leu-Cys-Ser-Ser-Arg Tyr-Leu-Leu-CdNH2

+ + + + + +-
H 3N-Met-Leu-Ser-Arg-Leu-Ser-Leu-Arg-Leu-Leu-Ser-Arg-Leu-Ser-Leu-Arg-Leu-Leu-Ser-Arg-Trp-Gly-Ser-Gly-Ile-DHFR

SynA2 + + + + + +
H3N-Met-Leu-Ser-Arg-Leu-Ser-Leu-Arg-Leu-Leu-Ser-Arg-Leu-Ser-Leu-Arg-Leu-Leu-Ser-Arg-Tyr-Leu-Leu-CONH2

H N-Met-Leu-Ser-Arg-Gl n-Gln-Ser-Gl n-Arg-Gl n-Ser-Arg-Gl n-Gln-Ser-Gl n-Arg-Gl n-Ser-Arg-Trp-Gly-Ser-Gly- Ile-DHFR

+ + + + + +SynB2
3

H3N-Met-Leu-Ser-Ser-Leu-Leu-Arg-Leu-Arg-Ser-Leu-Ser-Leu-Leu-Arg-Leu-Arg-Leu-Ser-Arg-Trp-Gly-Ser-Gly-Ile-DHFR
SynC + + + + + +

H3N-Met-Leu-Ser-Ser-Leu-Leu-Arg-Leu-Arg-Ser-Leu-Ser-Leu-Leu-Arg-Leu-Arg-Leu-Ser-Arg-Tyr-Leu-Leu-CONH2

3

Fig. 1. Sequences of the fusion proteins and synthetic peptides analyzed in this study. DHFR = mouse dihydrofolate reductase (Stone et al., 1979).
WT, presequence of yeast cytochrome oxidase subunit IV; AI 1,12, deletion mutant lacking residues II and 12 of cytochrome oxidase subunit IV;
SynA2, SynB2, SynC, artificial presequences described in Allison and Schatz (1986).
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Fig. 2. Time course of import of DHFR fusion proteins. DHFR
attached to SynB2 was not imported and is not shown here. Results
shown are the average of two experiments.
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Fig. 3. Functional presequence peptides are surface active. Synthetic

peptides were compared for their ability to insert into phospholipid

monolayers on a Langmuir trough. Peptide concentrations were:

WT = 150 nM; AI11,12 = 158 nM; SynA2 = 75 nM; SynB2=

300 nM; SynC = 88 WM.
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Fig. 4. Functional presequence peptides disrupt phospholipid vesicles.
Disruption of vesicles was measured as fluorescence increase
(excitation 490 nm, emission 525 nm) after 1 min. Triton X-100
(0.1% final) was added to determine the 100% disruption value. Final
lipid concentration was 73 ItM.

in studying the physical properties of mitochondrial pre-

sequences.
Since the SynA2 and SynC presequences also direct at-

tached CoxIV into mitochondria (Allison and Schatz, 1986)
their effectiveness with DHFR as a 'passenger' protein does
not simply reflect exposure of a cryptic targeting sequence

within DHFR (Hurt and Schatz, 1987). The fact that the
targeting efficiencies are different with the two different
'passenger' proteins is in line with the observation that
attached proteins may modulate the effectiveness of a mito-
chondrial presequence (van Steeg et al., 1986).
To test whether amphiphilic helicity is a requirement for

efficient import signals, we have synthesized peptides cor-

responding to the four novel presequences described above.
Since the artificially created sequences contain roughly the
same charge density as the CoxIV presequence, but differ
widely in their efficiencies as mitochondrial import signals,
we hoped to identify biophysical parameters which would
correlate with biological function. Ability to insert into
phospholipid monolayers is one criterion for peptide amphi-
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Fig. 5. Circular dichroism reveals the peptide's secondary structures. SynB2 spectra were essentially identical in the presence or absence of SDS.
Peptide concentrations were: WT = 0.085 mg/mif; AI 1,12 = 0.093 mg/ml; SynA2= 0.079 mg/nmi; SynB2 = 0.085 mg/nmi; SynC = 0.098 mg/mi.
Calculated helical contents were: WT = 41% helix; AIl1,12 = 17% helix; SynB2 = 10% helix; SynC = 45% helix. Helical content of SynA2
could not be estimated because of the large amount of $-sheet present.

philicity. Figure 3 shows the peptide-induced increase in the
surface pressure of the monolayer as a function of the initial
surface pressure. Such plots allow estimation of limiting
insertion pressures for each peptide, i.e. the initial pressure
against which a peptide would no longer be able to insert
into the monolayer. All four functional presequence peptides
showed high limiting pressures of insertion into the mono-
layer, suggesting that they would also have high affinities
for binding to phospholipid bilayers. The hydrophilic SynB2
presequence showed no affinity for the monolayer even at
low surface pressure. This result correlates well with this
peptide's inability to import attached proteins or to bind

attached CoxIV to de-energized mitochondria (Allison and
Schatz, 1986). Since the peptides SynA2 and SynC had even
higher limiting insertion pressures than the wild-type peptide,
yet were less efficient as presequences, peptide insertion into
monolayers cannot by itself be used as a parameter to predict
import function.
As a second criterion for peptide amphiphilicity, disruption

of sonicated unilamellar vesicles (SUV) by the peptides was
measured. Figure 4 shows rates of release of trapped fluor-
escent dye from vesicles as a function of peptide concen-
tration. All the functional presequence peptides induced
rapid vesicle disruption. The mechanism of this effect is not
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known, but it is commonly observed for peptides which
insert spontaneously into membrane bilayers (Bernheimer
and Rudy, 1986). With the exception of SynA2, the ef-
ficiency of vesicle disruption by a peptide corresponded to
its efficiency as an import signal. Vesicle disruption is the
second criterion by which the functional presequences were
found to be amphiphilic.
The presence of secondary structures in these peptides was

investigated by circular dichroism measurements (Figure 5).
The spectra were determined in the presence and absence
of detergent micelles which provide an amphiphilic surface
with which the peptides can interact. The wild-type, Al 1,12,
and SynB2 peptides showed little secondary structure in the
absence of detergent. Under these conditions the SynA2 pep-
tide was present almost completely as a fl-sheet, and the
SynC peptide was a mixture ofae and f structure. Upon
addition of SDS, varying degrees of a-helicity were induced.
The order of helix induction (based on the change in molar
ellipticity at 222 nm) is roughly wild-type > SynC >
Al 1,12 > SynA2 > SynB2. Use of lysolecithin instead of
SDS to provide the surface for binding resulted in essentially
the same spectra (not shown). Although a peptide's structure
in the absence of detergent may depend strongly on its
concentration and may not reflect the actual unbound pre-
sequence structure at extremely low concentrations, the
structures induced by the large detergent:peptide ratios used
here are likely to represent the actual surface-bound, mono-
meric conformation of these peptides.

Discussion
The five presequences compared in this study displayed a
broad range of efficiencies as import signals, and a compari-
son of their physical properties could thus suggest common
features required for presequence function. The observation
that all functional presequence peptides were able to insert
into phospholipid monolayers and disrupt phospholipidves-
icles supports the view that amphiphilicity is required for
presequence function. The CD data revealed that the SynA2
peptide exists in detergent micelles primarily as a fl-sheet,
suggesting that an a-helical structure is not absolutely re-
quired for presequence function. Amphiphilic fl-sheets have
previously been described (Osterman et al., 1984), and the
SynA2 primary sequence suggests that such a structure would
be likely with this peptide. The SynC presequence was
designed to be a poor amphiphilic helix (Allison and Schatz,
1986), and although the CD spectra of the corresponding
peptide showed significant helical content, it seems unlikely
that a non-distorted helix with this sequence would show such
high surface activity. Clearly a more detailed structural
analysis of the peptides is necessary.
Perhaps the most revealing comparison is between the

wild-type sequence and its two-residue deletion (A 11,12).
This minor change in primary sequence caused a 2.5-fold
decrease in rate of import of attached DHFR (Figure 2). In
addition, the corresponding peptide showed a significant
decrease in its surface activity (Figure 3) and its ability to
disrupt vesicles (Figure 4), as well as a 2-fold decrease in
detergent-induced helical content (Figure 5) (all comparisons
are relative to the wild-type peptide). Since the penetration
of presequences across the mitochondrial inner membrane
requires a membrane potential negative inside (Pfanner and
Neupert, 1985), part of the lowered efficiency of the Al 1,12

presequence may be due to its slightly decreased positive
charge. However, the presequence's lower amphiphilicity
probably also contributes to its decreased import efficiency.
What are the structural requirements for functional mito-

chondrial presequences? Until now, most information has
come from predictive methods using known presequence
primary structures. An examination of all known natural
mitochondrial presequences showed that most of them can
potentially form amphiphilic a-helices (von Heijne, 1986).
Several reports have described the effects of changes in
mitochondrial presequence primary structure on import (Hurt
et al., 1985, 1987; Horwich et al., 1985, 1986; Pilgrim and
Young, 1987), and the observed decreases in import effi-
ciency can generally be explained as being caused by disrup-
tion of portions of a presequence's positively charged,
amphiphilic helical structure. Conversely, an analysis of
mutations within a non-functional, truncated presequence
which restore the ability of the presequence to effect import
suggests that these changes increase the ability of the se-
quence to form a positively charged, amphiphilic helix (Vas-
sarotti et al., 1987). Is such a presequence structure
necessary for its function? Although not directly tested in
this study, positive charge seems to be a common feature
of all presequences (von Heijne, 1986; Baker and Schatz,
1987). This is probably important to provide a ther-
modynamic driving force for presequence translocation
across the inner membrane (Pfanner and Neupert, 1985):
transfer of a single charge across a membrane maintaining
a 180 mV potential (typical for the mitochondrial inner mem-
brane) provides -3.6 kcal/mol (Kempf et al., 1982).
However, this energy can only be utilized if a kinetically
accessible pathway exists for transfer of the charges through
the membrane; the ability of a presequence to insert into and
perhaps partially disrupt a bilayer may be necessary to ac-
celerate trans-membrane charge transfer. The present results
suggest that such properties (i.e. amphiphilicity) are com-
mon to all functional mitochondrial presequences. Am-
phiphilic properties are not limited to peptides having
e-helical structure however, and there may be considerable
flexibility in the structural requirements for presequences.
We conclude that positively-charged, amphiphilic (but not
necessarily helical) structure is essential for mitochondrial
presequence function.

Materials and methods
All peptides used in this study were synthesized as previously described
(Roise et al., 1986). Lipids were obtained from Avanti Polar Lipids,
Birmingham, AL, USA. All other chemicals and reagents were of the highest
quality available.
The plasmid containing DHFR attached to the wild-type (WT) CoxIV

presequence has been described previously (Hurt et al., 1985). The Al 1,12
deletion protein was created by site-directed mutagenesis of the wild-type
CoxIV gene in M13 phage using plasmid M13mpl -R/HCOXIV (Allison
and Schatz, 1986). This presequence, as well as the three artificial ones,
was then fused to DHFR by the following procedure. The gene coding for
DHFR was excised from peptide pDS5/2 (Stueber et al., 1984) as a BamHI/
HindlIl fragment. This was inserted into plasmid pJF1 18EH (Fuerste et al.,
1986) which had been cut with HindIll and BamHI. Presequences contained
in replicative form phage M13mp 1 -CX 1 I derivatives (Allison and Schatz,
1986) were excised as small EcoRI-EcoRV fragments and inserted in the
DHFR-containing pJFl 18-EH peptide which had been opened with EcoRI
and SniaI. This created an in-frame fusion to the DHFR sequence. All DNA
manipulations were carried out essentially as described (Maniatis et al.,
1982). For imports, the fusion proteins were expressed in an in vitro
transcription/translation system as previously described (Hurt et al., 1984)
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and then incubated at 30°C with energized yeast mitochondria (Gasser et
al., 1982) for the indicated times. Import was stopped by addition of
valinomycin (1 lAg/ml final) and transfer to ice, and non-imported proteins
were digested by treatment with proteinase K (100 Ag/ml; 30 min at 0°C).
The protease was inhibited by 1 mM phenylmethyl sulfonyl fluoride and
the mitochondfia were re-isolated through a 20% sucrose cushion (12 000 g,
10 min at 4°C). Pellets were dissolved in sodium dodecylsulfate (SDS)
sample buffer and analyzed by 12.5% SDS -PAGE. Gels were soaked in
1 M sodium salicylate, dried, and radioautographed with Kodak X-Omat
S film. Fluorograms were quantified by scanning, and internally calibrated
against a lane containing 10% of the amount of precursor offered to the
mitochondria.
The surface activity of the synthetic peptides was measured on a Langmuir

trough as previously described (Roise et al., 1986) except that the lipid was
l-palrnitoyl-2-oleoyl phosphatidylcholine (POPC):1-palmitoyl-2-oleoyl phos-
phatidylglycerol (POPG) 4: 1. Sub-phase was 150 mM NaCl, 10 mM Na-
Hepes pH 7.2.

Vesicle disruption experiments were performed essentially as described
(Roise et al., 1986). Vesicles were made by sonication of POPC:POPG
4:1 (10 mg/mI) in 50 mM K-carboxyfluorescein, 75 mM K-tartrate, 10 mM
K-Hepes, pH 7.2 as described. External dye was removed by Sephadex
G-50 gel filtration into 150 mM K-tartrate, 10 mM K-Hepes, pH 7.2. Assays
were performed in 2.5 ml of the same buffer in stirred cuvettes at 20°C.
CD spectra were measured using a 1 mm cell on a modified Cary 61

Circular Dicrograph at 20°C. Buffer was 150 mM NaCl, 10 mM Na-Hepes,
pH 7.2, with 20 mM SDS as indicated. a-Helix content of each peptide
in SDS was calculated from 0222 (mean residual ellipticity) according to
Chen et al. (1974)
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