Biochemistry1996, 35, 10931-10937 10931

Time Resolution of Binding and Membrane Insertion of a Mitochondrial Signal
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ABSTRACT. Utilizing a recently developed novel fluorescence technique [Wall et al. (19@%5)Membr.

Biol. 12, 183-192], it is shown that the interactions of p25, the leader peptide of subunit IV of cytochrome
c oxidase, with phospholipid membranes can be identified in real time. p25 is observed to bind following
stopped-flow mixing of the peptide with phospholipid membranes with rate constants up to about 700 s
and then insert into the membrane with rate constants on the order of 0.4Cemparison of these
processes with similarly time-resolved experiments performed with a stopped-flow CD spectrometer
revealed that p25 does not becombelical upon binding to the membrane. Following membrane insertion,
however, p25 was observed to adoptahelical configuration. The temperature dependency of these
processes was then found to yield activation energies for the respective components oftmepiane
interaction.

A number of factors appear to be necessary to facilitate al., 1995). In other words, given the large affinity of the
the targeting and insertion of newly synthesized proteins into leader/signal peptides for the lipid phase of the membrane,
membranes. These include attachment to the incipientit is a strong possibility that their target “binding sites” may
membrane protein of a signal/leader sequence oligopeptidepe within the lipid core of the membrane. On the other hand,
(LSO) which aids the membrane insertion process and some of these proteins also project from the membrane
specifies the target membrane. Complementing these pri-syrface and possess negative charges (e.g. MOM22/TOM22)
mary sequence modifications of the nascent protein, transportynd have been suggested to be involved in the binding of
systems in the target membrane also appear to be requiregne peptide in the more polar environment of the membrane

to promote the membrane insertion/translocation events [€.9..55 1 tion interface (Keibler et al., 1993: Mayer et al., 1995).
Blobel and Dobberstein (1975)]. It has also been suggested

that interactions between different membranes may also be | nese latter possibilities should not be seen to be mutually
a feature of some intracellular targets. Both the inner (MIM) €Xclusive; rather, they may simply reflect different aspects
and outer (MOM) mitochondrial membranes (Keibler et al. of the complex nature of the recognition mechanism between
1993; Stuart et al., 1994; Mayer et al., 1995), for example, the target membrane and the leader/signal peptide. Perhaps,
are thought to be involved in at least some of the protein in a related manner, it has long been a point of concern that
transport mechanisms in this organelle. The explicit mech- leader peptides do not seem to possess unique primary
anism which underlies the molecular recognition process sequence homologies which correspond to particular mem-
between the LSO and the putative receptor is thought to brane targets. An interesting question to be addressed,
involve direct protein-protein interactions either on or within therefore, is given the similarity of this peptide to other such
the membrane (Gilmore & Blobel, 1985). leader sequences, where does the targeting information lie?
Many studies have been directed toward understanding thePresently, although LSOs certainly are able to specify a
nature of the interactions of leader peptides with a simple particular target membrane system and their corresponding
phospholipid membrane [e.g. reviewed by Tamm (1991)]. compartment, they do not appear to possess their own unique
While these studies have clearly shown that virtually all types primary sequence signature. It is apparent, however, that
of LSO possess great affinities for such membranes (Madukethese peptides all possess what may be called “consensus”
& Roise, 1993; Leenhouts et al., 1998)ivo, the targetis  gypyctures (von Heijne, 1986; Tamm, 1991), which is to say
most likely a protein complex located within the correspond- yhey have certain patterns of properties which are common
ing membrane which facilitates the translocation, presumably among many such peptides but it has been difficult to predict

by a channel type of mechanism (Keibler et al., 1993). which sequences target particular membranes or their cor-

Rece_zntly, it has been shown that such membrane-locateqesponding compartments. LSOs which target mitochondria,
peptide channels may also be openly accessible to the

: . o ; for example, can only be related generally by the fact that
hydrophobic domains of the lipid membrane (Martoglio et they are enriched in positively charged, hydroxylated, and

i hydrophobic amino acids. One solution to this enigma is
TWe are grateful to the British Technology Group Ltd., London, h h id be i . f additi |
U.K., SmithKline Beecham, Betchworth, U.K., and the University of that these peptides may be In possession of additiona

Essex Research Fund for support of this work. recognition properties which only emerge at a higher level
:S‘r’m‘;‘g‘r(s’iq‘ %'; ‘E‘;rsr:ipondence should be addressed. of peptide organization such as at the secondary or tertiary
s Applied ghotophysi;:s Ltd. level and perhaps are only manifest on or within the target
€ Abstract published ilidvance ACS Abstract#ugust 1, 1996. membrane (Chupin et al., 1995; Golding and O’'Shea, 1995).
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There have been a number of studies of the structure ofof the Boltzmann equation (eq 1) with the Henderson
LSOs, particularly using CD, both in an agueous solution Hasselbalch equation, therefore, leads to a dependence of
and in the presence of phospholipid membranes or lipid the KapparentOf the acid/base group to the potentidf)(in
micelles (von Heijne, 1986; Tamm, 1991). These studies the manner of eq 2.
have shown that there are indeed differences in the time-

average secondary-structural chracteristics in the different pPKs = pKg + ¥ (2)
environments. To date, however, no studies have been
performed of the timelependentransitions between such  Thys, for an acidic group such as that of the fluorescein

structures as revealed by CD which may also be correlatedmgiety, covalently bound to phosphatidylethanolamine (FPE)
with either the membrane blnd|.n.g or insertion process. In precisely located at a membrane surface, changes of the
the present study, we show that it is possible utilizing a newly g|ectrostatic surface potential at constant bulk phase pH will
developed, real-time fluorescence technique (Wall et al., affect the protonation state of FPE, leading to changes of
1995a)_ that both the memb_rane binding and nsertion f|yorescence. This property has been shown to offer the
properties of the LSO of subunit IV of cytochroroexidase  possibility of measuring the interactions of any factor which
known as p25 (Maduke & Roise, 1993, Leenhouts et al., affects the electrical field experienced by the fluorescein
1995) are available during the course of the same experimentyojety at the membrane surface. Charged molecules such
(Golding & O’Shea, 1995; Wall et al., 1995a). Correlation a5 c&*, peptides, and proteins, therefore, may be observed

of these data with structural changes, obtained with atg interact with membranes in real time and with great
stopped-flow CD technique, indicates that the LSO must first sensitivity.

insert into the membrane in a random conformation and then  Time Resolution of p25 Interactions with FPBhospho-

gdopts an intramemprane helical structure. Itis thogght that"pid Vesicles. Charged (PC/PS) and uncharged (PC) FPE-
itis in this conformation that the LSO may “dock” with the  |apejed phospholipid vesicles were prepared and subjected
putative membrane receptor before translocation takes placeyq flyorescence investigation with a single excitation wave-
Thus, it seems p035|b_le_that a particular three-dlmen5|onal|ength of 490 nm, with emitted light recorded above 500
_structure of the ITSO W|tr_1|n the membrane may be necessary,m with an Applied Photophysics DX-17 MV (Leatherhead,
in order to specify a unique membrane target. U.K.) stopped-flow mixing apparatus equipped with an
optical system suitable for fluorimetric recordings and a
MATERIALS AND METHODS kelvinator temperature regulation device. The measured dead
All Chemica' reagents were Of the h|ghest punty com- time of this appal’atus was found to be 1 ms. The customized
mercially available. Dipalmitoylphosphatidylethanolamine @pparatus from the same company designed for both steady
(DPPE), phosphatidylcholine (PC), and phosphatidylserine State spectral and time-resolved single-wavelength recordings
(PS) were Obtained from L|p|d Products (UK), and FPE Of Circular diChrOiSI’n (CD) was Utilized fOI’ StudieS Of the
was synthesized as previously described according to WallP25 interactions with membranes.
et al (1995a). p25, which is the leader sequence of the Experiments performed at identical lipid and peptide
nuclear-encoded subunit IV of mammalian cytochrome concentrations inolving 0light scattering (at 600 nm)
oxidase (EC 1.9.3.1), was synthesized and purified by HPLC indicated that phospholipid vesicle aggregation did not occur
by Dr. David Roise, University of Califronia, San Diego, and compromise the interpretation. Similarly, CD spectra
and purchased in pure form from Peptide Products (U.K.). taken at lower concentrations of peptide did not cause any
Monodisperse, 100 nm diameter unilamellar phospholipid changes of the CD spectrum interpreted to indicate that
vesicles of a well-defined lipid composition (of either 85% Ppeptide aggregation did not occur under the conditions of
PC/14.5% PS/0.5% FPE or 99.5% PC/0.5% FPE) were Our experiments.
prepared using a pressure-extrusion method as previously The resultant time courses of either fluorescence or CD
described and labeled solely in the outer-bilayer leaflet with Signals were analyzed using either the proprietary software
FPE (Wall et al., 1995a). of the Applied Photophysics instruments, or the data were
Electrostatic Theory of the Membran&olution Interface. ~ downloaded in the ASCI! file format and then acquired by
The effects of changes of the number of surface charges onP€nchtop microcomputers with additional (but similar)
the membranesolution interface promote corresponding Software such as Ultrafit (Biosoft, U.S.A.). The various
changes in the electrostatic potential on the membrane surfac€omponents of the data were best described by eq 3.
(¥) (McLaughlin, 1989; Wall et al., 1995b) which affects ) o
and is affected by concentrations of countericBsguch as ~ observed signak (initial signal-1x expkit) +
inorganic ions (including protons) on the membrane’s surface (initial signal-2x expk,t) (3)
according to the Boltzmann equation (eq 1):

Thus, the binding phase of p25 with membranes was
log(C4/Cg) = 0.059¥ volts ) characterized by two rate constants énd k;), and the

insertion phase was also characterized by two such rate

whereC = the concentration of protons in the bulk solution constants. The time evolution of the CD signals following
(B) and on the membrane surface (S), respectively. interaction with the membrane vesicles, however, was found
In a related manner, it has been demonstrated that theto be best-described by a single-exponential process, yielding

location of any acieg-base moiety such as fluorescein at the just one rate constankaj.

membrane-solution interface confers on the acidic group  The total amplitudes of the fluorescence signals for both
sensitivity to the electrical potential on the membrane surface the binding and insertion phases plotted against the p25
(Wall et al., 1995a). Combination of the logarithmic form concentrations were found to be sigmoidal. These data were
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FiIGURE 1. FPE-labeled phospholipid vesicles (21318 PC) in [p-251#M
280 mM sucrose/10 mM Tris at pH 7.5 were stopped-flow mixed Ficure 2: Effects of p25 concentration on the amplitude of the

with the indicated concentrations (micromolar) of p25 in the same binding (a) and insertion (b) phases of the interaction of the peptide

medium. Experimental traces covering two time periodsq®2 . : :
. . with the membrane. Fluorescence signals from studies such as those
and 0.02-50 s) have been combined and are illustrated. Each trace o ooonin Figure 1 were fitted to eq 4 which describes cooperative

represents the average of at least three independent exr_)erimentsalctivit and vields a Hill coefficientr?). In the binding plot (a
The components of the traces labeled binding and insertion werey o po)i/nt at 1yO.Z¢M p25 was not incllj?jéd in the coopgrgtive(fig’as

independently fitted to eq 3. The resultant theoretical fits excluding ;
! . . the extra charge added to the membrane was considered to affect
the instrumental dead time and flow period have been drawn S the overall binding of the p25; on this basis, it was regarded as an

solid lines through the data points. Experimental traces have been_ . L : .
offset for clarity. The inset shows a plot of the rate constant outlier. Standard errors lie within the size of the point marker.

binding (s'!) against the corresponding concentration of p25. The ;.. 4 od ;
error bars represent the standard error of the mean for each poin[lblndlng (. andk;) were fqund t_o be about 164000 times
arger than those of the insertion process.

shown. Figure 1 also reports the dependence of the fluoresence
analyzed according to eq 4 and yielded values for the Hill time courses on peptide concentration (from submicromolar
coefficient f) to 11 uM) at constant lipid (PC) concentration. The
experimental data have been plotted together with their fits
to the rate equation (see eq 3). The fastest process displayed
a clear dependence on peptide concentration below 4 mM,
consistent with the assignment of this process to an initial
RESULTS binding event (inset to Figure 1). At higher p25 concentra-
tions, however, this rate constant tends toward a limiting
Interactions of p25 with FPE-Labeled Phospholipid Mem- value indicating coupling of the binding reaction to a
branes. On mixing of FPE-labelled membranes with p25 unimolecular process. The rate constants of the other
complex, multiphasic, fluorescence changes were observedcomponents of both the binding and insertion phases defined
(see Figure 1). An initial rapidt{;, of ca. 10 ms) process- by the rate equations were found to be independent of peptide
(es) leads to an increase in fluorescence intensity, consistentoncentration (not shown).
with an increased electropositive surface potential caused by It is also apparent from Figure 1 that the amplitudes of
addition of positively charged p25. We assign this process the fluorescence signals of both the binding and insertion
to the binding of the oligopeptide to the membrane surface, phases increase with increasing concentrations of the peptide.
therefore, and Figure 1 is labeled accordingly. This rapid This is shown more clearly in Figure 2, where it may also
binding reaction is followed by a slow decay;{ ~ 30 s) of be seen that the p25 concentration dependencies of the
the fluorescence intensity, suggesting the “loss” of positive amplitudes of the binding and insertion processes are
charge from the membrane surface. A plausible explanationsigmoidal and are, perhaps, indicative of cooperative binding.
for this reduction in fluorescence intensity is that, following Reasonably good “data fits” to an equation describing
association with the membrane, the peptide or its chargedcooperativity (eq 4) were obtained (Figure 2) and yielded
limbs insert into the interior of the membrane (see eq 2). Hill coefficients of around 2. This is the first demonstration
Once immersed in the hydrophobic core of the membrane, that the interaction of a free LSO with membranes may be
these charges are effectively insulated from the electrical cooperative. The appearance of cooperative phenomena
double layer of the membrane surface and do not furtherindicates that the binding and insertion phases of the
influence the protonation state of FPE or the surface potential peptide-membrane interactions are more complex than has
upon which the latter depends. been previously supposed. One interpretation of this data,
Closer examination of the time courses shown in Figure however, is that perhaps the initial membrane contacts
1 revealed that both the rapid initial process and the involve interactions between two peptide molecules.
subsequent decay comprise two phases and may be fitted Biological membranes often possess a net negative surface
well to the sum of two exponentials, as given in eq 3. charge, and as many signal/leader sequences possess a net
Depending on the circumstances, the rate constants forpositive charge, it is likely that the Coulombic attraction

observed signak (100% signatx [p25]")/
(50% signaH- [p25]") (4)
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Table 1: Activation Energies for Membrane Binding and Inseftion

membrane
phospholipids

activation energy,
ki (kJ K™t mol™?)

activation energy,
ko (kJ K1 mol™)

23.3°C PC binding 6.4 15.6
PC insertion 12.7 27.8
PC/PS binding 455 27.2
PC/PS insertion 19.2 0

18.0°C

13.5°C

9.9°C

4.2°C

a Summary of the activation energies for the processes described
by k; andk; from eq 3 for both binding and insertion reactions obtained
by Arrhenius analysis of the data presented in Figure 3 and similar
experiments with PC/PS phospholipid vesicles.

FiIGURe 3: p25 (2um) was stopped-flow mixed with 213 /&M
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between the peptides and the phospholipid head groups
affects their mutual interaction. Studies designed to explore
this relationship were undertaken by preparing membranes
into which surface charges in the form of various concentra-

tions of PS were introduced. The time courses of the . .
fluorescence changes following rapid mixing of p25 (up to Ficured: CD spectra (millidegrees versus wavelength) of A0
g g rap gorp P10 p25in the absence and presence of phospholipid vesicles{@00

5 uM) with such membranes (15% PS/84.5% PC) were PC) in 280 mM sucrose/10 mM Tris at pH 7.5 are shown in the
gualitatively the same as those seen using unchargedinset. Spectra were measured from 220 to 310 nm over a 0.5 nm

membranes (Figure 1). The presence of the negative chargé}e&a“gg 2'mmlpatth2I§ggth cell. ngﬁ mtain figure ZhO\é\%éhe cgange
, e CD signal a nm over the time periods-(D05 an
on the membrane surface, however, caused no appr('JCIabI%OS—loo s). The trace has been fitted to a single exponential

changes of the respective rate constants. _ process yielding a single rate constant of 0.04dsawn as a solid
The effects on the rates of binding and insertion of varying line through the experimental data points. Traces are the average

the lipid concentration at a constant p25 concentration wereof four data sets.
also studied. The rates and extent of binding were found to
be dependent upon the concentration of membrane presenwith the uncharged membranes but smaller forkgherocess.
in the reaction mixture. The rate constants of binding and At room temperature, however, there is little difference
insertion increased more or less linearly up to about 660 s between the observed rates of binding and insertion. Thus,
with the lipid concentration until an apparent saturation is the respective temperature dependencies under varying
reached at around 1QEM total phospholipid. surface charge, electrolyte concentration, etc., would reveal
Determination of the Aciition Energies for p25 Binding ~ the relative contributions of the various thermodynamic
and Membrane InsertionThe effects of temperature on the factors involved in the binding and insertion processes.
interactions between p25 and the PC membrane system are Structural Changes of p25 during Interaction with Mem-
shown in Figure 3. As the temperature was increased frombranes. The time courses of structural transitions of p25
4 to 37°C, the rates of binding and insertion increased but have been studied using stopped-flow CD methods. Because
the amplitudes of the fluoresence changes associated withof a suitable choice of observation wavelength, the kinetics
these reactions decreased. This behavior is consistent wittof secondary structural transitions may be followed and com-
rapid binding of p25 to the membrane surface in a reaction pared with those obtained from the fluorescence studies. In
characterized, as is usual for binding processes, by a positivethis way, it is possible to associate either membrane binding
activation energy and a negative enthalpy. As binding is a or insertion with conformational transitions of the peptide.
prerequisite for insertion, elevated temperatures will decrease In order to select appropriate wavelengths at which to
the extent of insertion by opposing formation of the perform kinetic measurements, static CD spectra of p25 were
membrane/peptide complex. An Arrhenius analysis of the recorded in the absence and presence of phospholipid
data given in Figure 3 yielded activation energies for the membranes. The resulting CD spectra are shown in Figure
respective components comprising binding and insertion 4 (inset). Each spectrum shown is an average of four
which are reported in Table 1 together with those obtained independent scans and is corrected for intrinsic polarization
using PC/PS membranes. of the instrument. The spectrum of p25 obtained in the
It is interesting that the activation energies for both binding presence of the phospholipid vesicles has also been corrected
processes to negatively charged membranes are much largefor any contribution made by the membranes in the absence
than those for binding to the uncharged membrane. The of the peptide.
activation energy fok; of the p25 insertion reaction with Figure 4 (inset) shows the CD spectrum of p25 in the
the charged membranes, however, is larger than that foundsucrose-based aqueous medium. There was little dichroism

0.03 0.05 40 80

Time (seconds)
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between 310 and 250 nm; below this wavelength, a trough The initial fast process is itself complex, however, and
develops at 220 nm. This spectrum is in good agreementdoes not comform to a simple second-order binding process.
with earlier studies (Tamm, 1991) and implies that p25 Figure 1 (inset) shows that the largest rate constit (
possesses a random structure when in an agueous mediurwhich we assign to p25 binding to the membrane surface,
of low ionic strength. The p25 CD spectrum in the presence first increases and then begins to saturate at concentrations
of the membrane preparation, however, is significantly of p25 greater than about/BM. It appears, therefore, that
different, exhibiting a CD signal of- 16 millidegrees at 310  a simple collision-based mechanism in which an encounter
nm, a shoulder at 270 nm, an isodichroic point at 260 nm, between p25 and the membrane is all that is required for
and a strong negative featureZ5 millidegrees) at 220 nm.  binding needs elaboration. An additional process coupled
This spectral distribution is consistent with the adoption of to and limiting the rate of binding would appear to be
a helical conformation by p25 on association with the necessary to account for the approactkofo a first-order
membranes and is consistent with other studies (Tamm,rate limit (~600 s, Figure 1 inset). This process could
1991). At the concentrations employed in these studies, noperhaps involve a rearrangement of the peptide following
evidence that the peptides became self-aggregated was foundhe initial membrane encounter which is required for fruitful
Stopped-flow CD revealed that on mixing p25 with Pinding. Alternatively, as FPE is sensitive to molecular
phospholipid membranes no dichroic changes were observed€arangements of membrane-bound proteins (Wall et al.,
over the first 50 ms at 225 nm. Over the next-3D s, 1995b), it is possible that simple collisional binding of p25
however, a significant change in the CD signal was seen, ©ccurs which is then followed by a fairly rapid conforma-
consistent with helix formation as indicated in the spectrum tional change of the peptide disturbing the membrane surface
shown in Figure 4 (inset), and which followed a single- €lectrostatic potential which is reported by FPE. Such
exponential time coursek (= 0.04 s1). Comparison with ~ réarrangements of the peptide may also be responsible for
the rate constants for the binding and insertion phases ofthe second, p25 concentration-independent, rapid prokess (
p25 clearly demonstrates that p25 membrane insertion is™ 20-60 s™) which leads to fluorescence enhancement.
closely related to the appearance of secondary structure and 1he suggestion that p2ZSnembrane interactions are more
the single CD rate constant was on the same order as the€Omplex than previously reported is also emphasized by the

second exponentiak{) for the p25 insertion process. cooperative nature of the concentration dependence of the
extent of the interaction of p25 with the membrane, as shown
DISCUSSION in Figure 2. The Hill coefficient of the fit to the binding

data is close to 2. One interpretation of this observation is

It has been established that localization of a fluorescent that at least two molecules of p25 are involved in the process
probe such as FPE at membrars®lution interfaces offers  of binding to the membrane surface. These observations may
the possibility of making sensitive real-time measurements have a significant bearing on our understanding of the
of the interactions of peptides or proteins with membranes mechanisms of interaction of LSO with membranes if it is
in a virtually noninvasive manner (Wall et al., 1995a). This considered that peptides interact with the lipid phase of the
is well-illustrated by the stopped-flow mixing experiments membrane prior to interaction with a receptor (Martoglio et
reported here which reveal that on addition of the leader al., 1995).
sequence, p25, to defined preparations of phospholipid The slower processes following binding and which are
membranes (Figure 1) clearly resolved flourescence time associated with fluorescence quenching are most readily
courses may be observed. These fluorescence changes aiaterpreted as insertion of the peptide into the membrane;
complex, comprising rapid flourescence enhancement fol- thus, a proportion of the positive charge carried by p25 is
lowed by much slower quenching, corresponding to the lost from the membrane surface. The independence of the
multistep nature of the interactions between the peptide andrate constants for these processes from p25 concentration is
membrane. At low peptide concentrations, the rate constantconsistent with this interpretation. The fluorescence ampli-
of the fastest transient displays a dependence on peptiddude associated with insertion when plotted against p25
concentration, and at [p25} 1 uM, the value of the rate  concentration (Figure 2) follows a sigmoidal curve (Hill
constank; is ~400 s. This strongly suggests that the most coefficient of ~2). This is possibly a consequence of the
rapid process resolved in Figure 1 represents the initial cooperative nature of the binding reaction (discussed above),
binding reaction; if it does not, a preceding binding reaction the amplitude of the insertion phase being determined by
must be postulated, having an association rate constanthe extent of binding; as this involves interactions between
greater than 0M~ s™1. This assignment is strongly peptide molecules, so, apparently, would insertion. As with
supported by Figure 2a which relates the amplitude of the binding, however, it is possible that the insertion process
faster phase signals to p25 concentration and which has thenvolves significant conformational changes which may
general form of a binding reaction, saturating at high ligand influence the membrane surface potential and/or that insertion
concentrations. The slight reduction in the signal amplitude is truly cooperative and thus may also involve interactions
at the highest peptide concentration is thought to be due tobetween at least two molecules of p25 for incorporation into
the effects of the positively charged peptide on the membranethe membrane.
surface charge which slightly affects the peptitleembrane The kinetics of the interaction between p25 and mem-
equilibrium. In addition, increasing temperature decreasesbranes monitored through time-resolved CD spectroscopy
this amplitude, in agreement with expectations based on theoffers the possibility of correlating peptide structural changes
supposition that this amplitude reports the peptide/membranewith either membrane binding or insertion processes. A
complex concentration and that such binding reactions arecomparison of Figure 1 with Figure 4 indicates that there is
generally characterized by negative enthalpy values (White little, if any, change in CD at 225 nm during membrane
& Wimley, 1994). binding, i.e. in the first 50 ms of reaction. This is interpreted
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to indicate that peptide binding does not require, nor is surface does not simply augment the binding of positively

accompanied by, formation of a well-defined or regular charged p25 by Coulombic means but gives credence to the
structure which is CD active. In other words, and perhaps possibility that additional processes are taking place which

unsurprisingly, in order to bind, the peptide does not need involve molecular rearrangements of the peptide.

to adopt a particular structural conformation. Following  The temperature dependence of the kinetics of the
binding, it has been suggested above that the peptide maymembrane insertion of p25 is equally complex. The values
then undergo a rearrangement on the membrane surfacegbtained for the kinetic components of the insertion phase
which is associated with the rate constenbinding. The shown in Table 1 indicate th& andk, also may represent
population of p25 molecules on the membrane surface prior different phenomena. The activation energypis half as

to insertion does not appear to possess regular structuresiarge as that found fok,. The most pronounced effect of
and individual molecules may well, therefore, simply take the surface charge, however, is that the relatively large value
up any one of a number of random structures. for the activation energy of the,knsertion into the PC

Over a longer time period, clear changes of the CD signal, membrane is effectively insensitive to temperature in the PC/
indicative of helix formation, are apparent. The rate pPS membrane system.

constants for the single exponential which describes the g giydies described above have been directed toward
change of the CD signak(= 0.04 s™) is very close to those  ,hqerstanding the nature of the interactions of a leader
observed for the slower phase of the insertiks) 6f p25 peptide with a phospholipid membrane. The LSO taiget
into the membrane monitored by the fluorescence (Figure ;4 however, is thought to be a protein complex located
1). This implies that the onset of the formation of an \yithin the mitochondrial membrane (Keibler et al., 1993;
intramembrane helical structure follows membrane insertion gy 4t et al., 1994: Mayer et al., 1995). With the demonstra-
of p25. Following binding, therefore, the peptide would g that membrane-located peptide channels may be openly
appear to insert into the body of the membrane initially as a 5cegsible to the hydrophobic domains of the lipid membrane
nonhelical/random structure. To date, many models of (\1artaglio et al., 1995), the virtue of studying the interaction
membrane protein insertion have suggested, however, thalyt | 505 with the simpler lipid phase is underlined because

helix formation takes place on the membrane surface, dueg,ch, events may prelude the interaction of such peptides with
to the amphiphilic nature of such peptides (von Heijne, 1986; ipqir receptor complex. In other words, given the large

Tamm, 1991). Similarly, DeGrado (1993) emphasizes that a¢inity of the leader/signal peptides for the lipid phase of
some oligopeptides such as periodic structures of Leu-Lys emprane, it is a strong possibility that their target binding
will also adopt helical structures when sitting on an interface gjiag may be within the lipid core of the membrane or at
between a polar and a nonpolar medium. In these models, g5t in addition to an extramembrane binding domain.

helix formation follows membrane binding and the insertion In light of the foregoing points, the question posed earlier

events then occur after helix formation on the membrane in this paper concerning the level of structural organization
surface; clearly, our results suggest that such models MaAYof the peptide in Whichgthe targetin informationglies mal
not be universally applicable and depend upon a number of bep . geting y
factors. now be reconsidered. Thus, the membrane target receptor

The effects of temperature on the kinetics of p25 binding may well recognize .bOth the inframembrane secondary
. i . structural characteristics of the LSO as well as the more
and insertion seen with both the PC and PC/PS membranes

appear to be more complicated than anticipated simply on polar/positively charged extramembrane structure, and it is

the basis of an enhanced Coulombic attraction between thel'kely that the positive charge disposition, in particular, is

membrane and the peptide. The activation energies for thegrr:]impgggr:ecﬂgﬂgsﬁgonr'eﬂlgctottﬁii ravgggjs’cé:f IFe):liTa%/r
interaction of p25 with the various membranes shown in 9 y piextty

Table 1, therefore, suggest that important structural changesaII the leader/signal peptides as the so-called consensus

: . I : .2 ““structures, but particular targeting information may reside
are taking place during both membrane binding and insertion. ; . X - )
e X S . . "in the conformation of the peptide within the hydrophobic
The activation energies of the binding and insertion

processes are also revealing, although the multitude ofcore of the membrane and the positive charges outside of

intermolecular interactions involved in the initial binding the mem.b'rane. . . . ) )

which may contribute to the overall binding phenomenon In addition to information concerning the interaction of

(White & Wimley, 1994; Watts, 1995) will require further peptides with membranes, the techniques _descrlbed in the

study. If we are correct in our assignment of Kagnsertion ~ Present paper offer a new means of studying a number of

process to the formation of an-helix, however, then othe( membrane—based properties of proteins such as folding

according to Table 1 we may state that it occurs with an @nd insertion.
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