have not had the benefit of molecular guide-
-posts involving deleted or rearranged chro-
mosomes often seen in tumors. Finally, STFs
could also make it possible to isolate very
large genes or clusters of tightly linked genes.
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Import of a Mitochondrial Presequence into
Protein-Free Phospholipid Vesicles

Merritt Maduke and David Roise*

A synthetic mitochondrial presequence has been shown to translocate across pure phos-
pholipid bilayers. The presequence was fluorescently labeled so that its association with
membranes could be monitored spectroscopically. In the presence of large unilamellar
vesicles, the presequence showed time- and potential-dependent protection from reaction
with added trypsin and dithionite. The protection was rapidly reversed by treatment of the
vesicles with detergent. If the vesicles contained trypsin, the added presequence became
sensitive to digestion by the protease. The results show that a mitochondrial presequence
can translocate across phospholipid bilayers that lack a hydrophilic translocation pore.

The translocation of proteins across bio-
logical membranes is a critical step in the
biogenesis of organelles and in the secretion
of proteins from prokaryotic and eukaryotic
cells. It has been proposed that translocated
proteins must pass through a hydrophilic
environment in the interior of putative
translocator proteins (1), but the precise
mechanistic role of these proteins has not
yet been demonstrated. Alternatively, it
has been suggested that translocated pro-
teins may be able to pass directly through
the lipid bilayer without the aid of a trans-
location catalyst (2). Support for the role of
lipids in protein translocation has come
from studies with synthetic targeting se-
quences. Peptides corresponding to the sig-
nal sequences of secreted proteins and to
the targeting sequences of mitochondrial
and chloroplast proteins have been found to
have substantial affinity for phospholipid
monolayers and bilayers in model mem-
branes (3, 4). It could be argued that these
models do not accurately reflect the behav-
ior of transported proteins in biological
systems. However, the recent demonstra-
tion that synthetic mitochondrial prese-
quences are rapidly and efficiently imported
into isolated mitochondria (5, 6) in a pro-
cess that involves an initial association of
the presequence with the lipid bilayer (6)
also suggests that affinity for the bilayer is
required. At the least, these results suggest
that the synthetic molecules can serve as
useful probes of the normal protein translo-
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cation pathway. In the experiments de-
scribed here, we have shown that a fluores-
cently labeled, synthetic mitochondrial
presequence can be imported in a potential-
dependent manner into pure phospholipid
vesicles. The results suggest that mitochon-
drial presequences may have the inherent
ability to pass through phospholipid bilayers
and that this ability may be essential for the
proper sorting of precursors destined for the
mitochondria.

The synthetic peptide used in these
studies corresponds to the amino-terminal
25 residues that form the presequence of
the precursor of yeast cytochrome oxidase
subunit IV (CoxIV). The peptide was
labeled with N,N'-dimethyl-N-(iodoacet-
yl)-N'-(7-nitro-2,1,3-benzoxadiazol-4-yl)-
ethylenediamine (IANBD amide) at its
unique cysteine (residue 19) and purified
by high-performance liquid chromatogra-
phy (HPLC). Binding of the labeled pre-
sequence to phospholipid vesicles was rap-
id and resulted in a large enhancement of
the fluorescence of the 7-nitro-2,1,3-ben-
zoxadiazolyl (NBD) group. Measurement
of this enhancement as a function of the
concentration of the vesicles allowed the
affinity of the presequence for the vesicles
to be determined (Fig. 1).

Translocation of the presequence into
the vesicles was assayed by three indepen-
dent methods. In the first, suspensions of
vesicles with bound presequences were
treated with trypsin to digest all prese-
quences remaining outside the vesicles,
This treatment resulted in a rapid decrease
in the fluorescence, because the fluorescent
fragment generated by the proteolysis does



not bind to the vesicles. In the second
method, suspensions of vesicles with bound
presequences were treated with sodium
dithionite to reduce all NBD groups re-
maining outside the vesicles. The chemical
reduction also resulted in a rapid decrease
in the fluorescence, because the reduced
form of an NBD group is not fluorescent
(7). Translocated presequences were resist-
ant to either treatment and remained
bound to the membrane and highly fluores-
cent inside the vesicles. In the third ap-
proach, trypsin was trapped within the ves-
icles. We observed the sensitivity of added
presequences to the trypsin by following the
decrease in fluorescence of the solution as
the translocated presequences were digested
inside the vesicles and released from the
membrane.

Phospholipid vesicles were generated
from suspensions of lipid in buffered potas-
sium solutions by extrusion through poly-
carbonate filters. Valinomycin was added
directly to the vesicles, and diluted stock
solutions were prepared in the same buff-
ered solution. To generate a membrane
potential, we diluted the vesicle solutions
100-fold into an assay solution that con-
tained 100 mM NaCl in place of KCI.
Under these conditions, the vesicles ex-
press a valinomycin-induced, potassium dif-
fusion potential of about 120 mV, inside
negative. The labeled presequence added to
these vesicles became progressively less sen-
sitive to treatment with both trypsin and
dithionite (Fig. 2). Sensitivity was immedi-
ately recovered when the vesicles were
treated with Triton X-100 to dissolve the
membranes. Control experiments with ves-
icles diluted into assay solutions that con-
tained potassium (so that no potential was
expressed) showed that the presequence
had no decrease in sensitivity to the treat-
ments. The progressive protection of the
presequence from digestion by trypsin sug-
gests that it had either become irreversibly
associated with the surface of the vesicle in
a time- and potential-dependent manner or

Fig. 1. Binding of the fluorescent presequence to vesicles
(18). Fluorescence enhancement is defined as (F — Fy)F, ™",
where F is the fluorescence of the presequence in the
presence of vesicles and F, is the fluorescence of the same
concentration of presequence in the absence of vesicles but
in the presence of trypsin (60 pg). Values of fluorescence
were corrected for light scattering by the vesicles. The data

were fit to the equation

(F = Fo)Fo™" = [(Fimax — Fo)Fo " 1IMI([M] + Mso)™"

2
where [M] is the concentration of lipid and F_,, and M, are
constants. The best fit gave values of (F, — Fo)Fo™' = 8.3
and Mg, = 16 pM. The value of F_, corresponds to the o
fluorescence of the fully bound presequence, and My, is a 0760 200 300 400

dissociation constant (79). The term Mg, represents the lipid
concentration at which half of the presequence is bound to

that the presequence had been completely
translocated across the lipid bilayer. The
coincident loss of sensitivity of the NBD
label to reduction by dithionite also sug-
gests that the presequence had been com-
pletely translocated across the bilayer, be-
cause an NBD group is sensitive to reduc-
tion by external dithionite even when it is
embedded in the outer leaflet of lipid vesi-
cles (7). Additional control experiments
with an NBD-labeled CoxIV peptide that
contains a two-residue deletion (A-11,12)
(8) showed that the mutant presequence
binds only weakly to the vesicles and is not
protected from trypsin or dithionite under
the conditions described here (9).

The presequences that were protected
from digestion by trypsin or from reduction
by dithionite were tightly associated with
the vesicles. When vesicles that had been
treated with trypsin or dithionite were sub-
jected to gel filtration, fluorescence migrat-
ed with the vesicles only in the cases in
which the vesicles had expressed a negative
internal electrical potential (Fig. 3). Vesi-
cles without a negative internal potential
showed no associated fluorescence. These
results are consistent with those of the
steady-state fluorescence assays and demon-
strate that the protected presequences were
irreversibly associated with the vesicles.

The translocation of the presequence to
the interior of the vesicles was confirmed by
experiments in which trypsin had been
trapped inside the vesicles (Fig. 4). The
fluorescence of presequences added to these
vesicles under conditions in which most of
the presequence was bound was initially high
but decreased slowly as the presequence was
degraded by the internal protease (Fig. 4,
lower traces). In control experiments, prese-
quences added to vesicles that had been
treated with an equal amount of trypsin after
extrusion displayed stable fluorescence and
the expected protection of the NBD from
reduction by dithionite (Fig. 4, upper trac-
es). These results indicate that the external
trypsin was effectively blocked by the inhib-

®
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the vesicles. The line shown was generated from the given

values of (F . = Fo) Fo™" and Mg,
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itor and that normal import of the prese-
quence occurred. The added presequence
was slowly-degraded by trypsin-containing
vesicles even in the absence of a membrane
potential (Fig. 4B, lower trace). This obser-
vation suggests that the potential may be
responsible only for shifting the equilibrium
distribution of the presequence across the
membrane in a Nernstian manner and may
not be required for the translocation step
itself. Digestion of translocated presequences
by the trapped protease could also shift the
distribution across the membrane even in
the absence of a potential.

The kinetics of translocation of the pre-
sequence into vesicles can be calculated by
measurement of the change in fluorescence
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Fig. 2. Time-dependent protection of the fluo-
rescent presequence from trypsin and dithio-
nite. (A) and (B) each contain superposed
traces from three separate experiments. The
assays were initiated as described for the bind-
ing measurements (Fig. 1) by dilution of vesi-
cles (200 uM final concentration) into 10 mM
Na-Hepes (pH 7.0) and 100 mM NaCl. The
initial signal is due to light scattering by the
vesicles. The labeled presequence was added
at 1 min (P). Trypsin (7, 50 ng) (A) or sodium
dithionite (D, 10 mM final concentration) (B)
was added 2, 5, or 10 min after addition of the
presequence. Triton X-100 (X, 0.1% final con-
centration) was added to the longest incuba-
tions after the addition of trypsin or dithionite.
Because most of the presequence was bound
under the conditions used here, the fraction of
the initial fluorescence remaining after treat-
ment with either trypsin or dithionite reflects the
fraction of the total presequence that was pro-
tected. No protection from either trypsin or
dithionite was observed at any time if the vesi-
cles were diluted into solutions containing KCI
in place of NaCl. The relative fluorescence is a
unitless, comparative measure.
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that results from treatment with either tryp-
sin or dithionite at various times (Fig. 2).
An analogous approach was recently used
to study the import of a fluorescein deriva-
tive of the CoxIV presequence into isolated
yeast mitochondria (6). Under conditions
similar to those used here, the kinetics with
mitochondria were found to be first order,
with a half-time (¢;;) = 3.5 min. An
estimate of the import kinetics from Fig. 2
shows a t,,, of approximately 10 min, a
value confirmed by detailed kinetics exper-
iments (9). Thus, the rate of import of the
presequence into the lipid vesicles is com-
parable to that observed with isolated mi-
tochondria.

A variety of studies have examined the
role of lipids in the translocation of mito-
chondrial proteins. Two early reports sug-
gested that apocytochrome C could partly
translocate itself across pure lipid bilayers
(10). Subsequent studies demonstrated that
synthetic mitochondrial presequences alone
could also interact with lipid bilayers (4).
Although the effects of electrical potentials
on these interactions were somewhat am-
biguous [compare, for example, (I11) with
(12)], the differences may have resulted
from structural and functional variations in
the presequences used in each study. In-
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Fig. 3. Gel filtration of the protected prese-
quences. Assays were identical to those de-
scribed in Fig. 2 except that the vesicles were
diluted into either 10 mM Na-Hepes (pH 7.0)
and 100 mM KCI (open circles) or 10 mM
Na-Hepes (pH 7.0) and 100 mM NaCl (closed
circles). After addition of the presequence and
subsequent treatment with either (A) trypsin or
(B) dithionite at the indicated times, the solu-
tions (1 ml) were transferred to the top of a
column that contained Sephadex G-50 (3 ml) in
the same buffer. The solutions were passed
rapidly through the column by centrifugation at
1600g for 90 s (20). The fluorescence of each
of the eluted solutions was measured as de-
scribed in Fig. 1. Values were corrected for
background scattering of control vesicles with-
out the presequence.
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deed, small changes in the structure of the
CoxIV presequence dramatically alter the
effects of this presequence on isolated mi-
tochondria (13); shorter forms of a prese-
quence may be amphiphilic but may not be
efficiently translocated. Recently, a mem-
brane potential was shown to affect the
intrinsic steady-state fluorescence of various
peptides when they were bound to lipid
vesicles (14). However, because the trans-
membrane distribution of the peptides was
not evaluated in these studies, explanation
of the observations is difficult.

The results here show that the CoxIV
presequence can be translocated across a
lipid bilayer in a potential-dependent man-
ner. These findings are important for two
reasons. First, they show that a peptide of
medium length, average hydrophobicity,
and with multiple charges can readily pass
through the hydrophobic barrier of the lipid
bilayer, perhaps by a partial disruption of the
bilayer structure (11). Second, they suggest
an alternative explanation for the ability of
precursor proteins to be targeted to mito-
chondria. If mitochondrially directed prese-
quences behave as membrane-permeant cat-
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Fig. 4. Sensitivity of the presequence to diges-
tion by trapped trypsin. Assays were performed
as described in Fig. 2 except that trypsin was
added to the solution used to hydrate and
extrude the lipids (lower traces) or, as a control,
trypsin was added to the vesicle solution after
the extrusion step (upper traces). Soybean
trypsin inhibitor (50 pg, sixfold molar excess
over trypsin) was included in each assay solu-
tion to inhibit the untrapped trypsin. The effec-
tiveness of the inhibitor is apparent in the con-
trols with external trypsin. The traces have been
corrected for a small amount of light scattering.
(A) The vesicles were diluted into 10 mM Na-
Hepes (pH 7.0) and 100 mM NaCl to generate
a membrane potential. (B) The vesicles were
diluted into 10 mM Na-Hepes (pH 7.0) and 100
mM KCI so that no membrane potential was
generated.
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ions, the specificity of import may depend
entirely on interactions of the presequence
with the electrical potential of the mito-
chondrial inner membrane. Fluorescent dyes
that are membrane-permeant cations are
frequently used as specific stains for mito-
chondria in living cells (15). The dyes can
diftuse passively across all cellular mem-
branes but accumulate in the mitochondria
because of the mitochondrial membrane po-
tential. By analogy, the presequence of a
newly synthesized precursor protein may be
free to bind nonspecifically, but reversib-
ly, to other cellular membranes but would
be irreversibly trapped in the mitochondria
upon potential-dependent  translocation
across the mitochondrial membranes. Al-
though there may be mitochondrial proteins
that facilitate this process or maintain the
precursor in a conformation that is compe-
tent for import (16), the primary sorting step
may be the potential-dependent transloca-
tion of the presequence itself. Once the
presequence has been translocated, the rest
of the precursor protein must follow, perhaps
by a Brownian ratchet mechanism (17).
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Neuronal Differentiation Rescued by
Implantation of Weaver Granule Cell Precursors
into Wild-Type Cerebellar Cortex

Wei-Qiang Gao* and Mary E. Hatten*

The migration of postmitotic neurons away from compact, germinal zones is a critical
step in neuronal differentiation in the developing brain. To study the molecular signals
necessary for cerebellar granule cell migration in situ, precursor cells from the neuro-
logical mutant mouse weaver, an animal with phenotypic defects in migration, were
implanted into the external germinal layer (EGL) of wild-type cerebellar cortex. In this
region, labeled weaver precursor cells of the EGL progressed through all stages of
granule neuron differentiation, including the extension of parallel fibers, migration
through the molecular and Purkinje cell layers, positioning in the internal granule cell
layer, and extension of dendrites. Thus, the weaver gene acts nonautonomously in vivo,
and local cell interactions may induce early steps in neuronal differentiation that are

required for granule cell migration.

Although a system of radial glial fibers
provides an important guidance system for
neuronal migrations in the central nervous
system (CNS) (I, 2), the molecular signals
that induce postmitotic precursor cells to
migrate away from germinal zones of the
brain are not known. To identify the signals
that induce granule neuron differentiation
and migration in the developing cerebellar
cortex, we used the neurological mutant
mouse weaver as a model system. In this
animal, cerebellar granule cell precursors
proliferate normally in the superficial layer of
the EGL (3, 4) but fail to extend neurites (5)
or to migrate away from the EGL (I, 6, 7).

To establish the dynamics of wild-type
granule cell development in situ, dye-la-
beled, wild-type EGL precursor cells were
implanted into wild-type EGL, and the
differentiation of labeled cells was followed
by fluorescence microscopy (8). Between 24
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Fig. 1. Differentiation of dye-la-
beled wild-type EGL precursor
cells after implantation into the
EGL of early postnatal cerebellar
cortex. (A) Pseudocolored con-
focal image. Three days after im-
plantation, labeled cells extend-
ed long parallel fibers in the
plane parallel to the pial surface
(small arrow) and a migratory
process (large arrowhead) per-
pendicular to the pial surface.
Labeled cells began to move into
the deeper aspect of the EGL 24
to 48 hours after implantation.
Individual cells required 6 to 12
hours to transit the molecular lay-
er (ML). (B) Fluorescence mi-
croscopy image. Six days after
implantation, the cell soma of a
labeled cell (large arrowhead)
was located deep to the Purkinje
cell layer (PCL), in the internal
granule cell layer (IGL). The

EGL

ML

PCL |

IGL
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(20 nM final concentration, from a 20 pM stock
solution in 50% ethanol). The solution was mixed
with the needle of a syringe, and the fluorescence
was immediately measured on an SLM-AMINCO
SPF-500C spectrofluorometer (excitation, 485 nm;
emission, 540 nm; 5-nm bandpass).
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and 48 hours after implantation, labeled
precursor cells moved into the deeper as-
pect of the EGL and initiated parallel fiber
extension (Fig. 1A). These cells also gen-
erated axons 100 to 200 pm in length
before the elaboration of a short, migratory
process that descended perpendicular to the
plane of axon outgrowth. Over the next 24
to 48 hours, labeled cells migrated through
the molecular layer (ML) and Purkinje cell
layer (PCL) and settled in the internal
granule cell layer (IGL). Within the IGL,
the labeled cells began to resemble granule
cells morphologically (1, 3): They extended
a T-shaped axon into the ML and formed
numerous short dendrites (Fig. 1B). Visu-
alization of labeled cells provided evidence
that axon extension occurs before the in-
ward migration of the soma of granule cells.
This growth matches the order of granule

axon of the labeled neuron extended toward the molecular layer, forming a T shape characteristic
of mature granule cells at the site where the axon bifurcates into the parallel fibers. Within the IGL,
the cell extended short, dendritic processes (small arrowhead). Whereas the lipophilic dye
PKH-26 stained both the cell body and the processes, fluorescent microbeads were confined to
the cell soma (large arrowhead). Bar, 15 pm for both (A) and (B).
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