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ABSTRACT. For the first time, the standard free energy changy@;, of a membrane-inserting protein

with a leader sequence has been determined experimentally, using M13 procoat protein as an example.
The partition coefficient for the distribution of the procoat protein between the aqueous phase and the
membrane phase of preformed lipid vesicles yielded a vallesf6.5 x 10° M1, corresponding to a

AG° of —10.4 kcal/mol, based on measurements of the fluorescence energy transfer between the intrinsic
tryptophan of the protein and a suitably labeled lipid membrane of POPC. For comparison, the partition
coefficient of the M13 coat protein between the aqueous and the POPC lipid bilayer phase was determined
to be distinctly lower:T' = 1 x 10° M~* (AG°® = —9.3 kcal/mol). Proteinase K digestion experiments
have been performed, showing that 20% of the procoat protein bound to lipid vesicles spontaneously
integrate in a transbilayer form, whereas 80% remain inserted in the interfacial membrane region. By
taking together these results, an upper limit for the free energy change of the transmembrane insertion of
procoat protein was estimated to bel4.8 kcal/mol. In order to distinguish further the contribution
arising from insertion of the procoat protein into the membrane interfacial region from that due to
transmembrane insertion, the partition coefficient of the mutant procoat protein OM30R [which contains
a positively charged amino acid in its mature hydrophobic segment (exchange of a Val to an Arg residue
at position 30)] was determined, yieldifig= 0.3 x 1> M~1 (AG° = —8.6 kcal/mol). Previously reported

in vivo experiments have shown that the OM30R mutant protein is not translocated Bsohesichia

coli membranes but only binds to the inner surface. The results presented here indicate that although the
insertion of the procoat protein into the interfacial region of the lipid bilayer contributes the major part

to AG®, it is the final energy gain of the interaction of the hydrophobic portions of the folded pre-protein
with the lipid chains which drives the transmembrane insertion of the M13 procoat protein. Neither the
leader sequence nor the mature coat protein alone yields this free energy gain. For the different proteins
investigated here, spontaneous membrane insertion occurs only for fluid lipid bilayers, but not for
membranes in the crystalline lipid phase. Furthermore, by using lipid bilayers with negative membrane
surface charges, it was shown that both procoat and coat proteins are electrostatically attracted to the
surface of the lipid membrane, though only to a small extent, with apparent partition coefficients of the
same order of magnitude as for the phosphatidylcholine lipid membrane.

The insertion of newly synthesized membrane proteinsinto  The M13 coat protein is synthesized with a 23 amino acid
lipid bilayers is in many cases directed by N-terminal signal long signal sequence in the cytoplasmEscherichia coli
(leader) sequences, that are removed from the mature parénd is then inserted into the plasma membrane. The
of the protein after insertion [for reviews, see von Heijne membrane insertion process of this so-called M13 procoat
(1994) and Wickner (1988)]. Complicated protein insertion protein has been extensively studied genetically an.d bio-
and translocation machineries have been characterized-hemically (Kuhn & Troschel, 1992). There are experimen-
genetically and biochemically in prokaryotic and eukaryotic tal indications that the binding of the protein to th? negatively
cells. However, there are several examples of relatively Ch?rged memb_rane surface oceurs via the posmvely gharged
small proteins which insert into membranes independently amino acid residues at the amino and carboxy termini of the

£ th | . hi lassical e i procoat protein (Gallusser & Kuhn, 1990). The subsequent
of the translocation machinery. One classical example IS o nitioning of the two hydrophobic regions into the mem-

the coat pr(_)tein of the filamentous phage M13 (Kuhn, 1995; \.ane results in an U-like configuration. Thig zivo
Broomesmith et al., 1994). insertion process requires a transmembrane potential for the
wild-type procoat protein (Kuhn & Wickner, 1985). Bio-
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process and only the negatively charged central region Mi3 PROCOAT (5 mutant)

traverses the membrane in accordance with the “positive- 23 A . LN
inside” rule (von Heijne, 1992). After membrane insertion s, SSTRVRTEVTLETY | o e st st RGTAVARY VAT GHTI ke

the signal sequence is cleaved off by tBecoli leader leader sequence mature coat protein

peptidase which has its enzymatic activity at the periplasmic FIGURE 1: Amino acid sequences of M13 H5 procoat and coat

face of the cytoplasmic membrane (Dalbey, 1991; Dalbey proteins. The arrow indicates the cleavage site of M13 procoat
& von Heijne, 1992) ’ ’ protein by leader peptidase. This cleavage site separates the leader

‘ . _ . sequence (amino acids23 to —1) from the mature coat protein
The membrane insertion process of the procoat protein issequence (amino acids—50). The charged amino acids are

apparently independent of any “helper” protein complex, indicated; the rectangles symbolize the hydrophobic, putative
such asE. coli translocase and other factors like the ffh transmembrane d.omairlls. The H5 procoat mutant protein u.sed in
protein (Kuhn, unpublished results). In this context, it is g‘e‘si%elzegtm"ivﬁ(;k aléigemﬁgtif{)?]mzﬁhievgbt%%e Ségﬁg mfr']n by
interesting to note that newly synthesized M13 procoat changes Ser to Phe. This mutation does not affect the membrane
protein is capable of insertion into liposomes from the translocation pathway but prevents procoat cleavage by leader
aqueous phase (Geller & Wickner, 1985), suggesting that peptidase (Kuhn & Wickner, 1985). The OM30R procoat mutant
the insertion process is mainly driven by hydrophobic Protein has a Vat~ Arg mutation at position 30.
interactions. Thl_s make_s quantitative investigation of the EXPERIMENTAL PROCEDURES
membrane insertion of this protein attractive. In the present
paper, we determined experimentally the free energy changeyaterials
AG?° occurring during the spontaneous transfer of the procoat o ) ) )
protein from the agueous to the lipid bilayer phase. These _The lipids 1-palmitoyl-2-oleoybn-3-phosphatidylcholine
data will serve as a basis for a thermodynamic model (POPC), 1,2-dipalmityosn-3-phosphatidylcholine (DPPC),
describing the membrane insertion of procoat protein. In @nd 1-palmitoyl-2-oleoysn-3-phosphatidylglycerol (POPG)
order to distinguish the energetic contributions which arise Were from Avanti Polar Lipids (AL); 2-[3-(diphenylhexatrie-
from the protein binding to the interfacial membrane region Nyl)propanoyl]-1-hexadecanogk3-phosphatidylcholine
and from the membrane-spanning insertion, parallel experi- (PPH-PC) was from Molecular Probes (Eugene, OR); all
ments were also performed with the coat protein as well as Other chemicals were from Fluka (Buchs, Switzerland) and
with the procoat mutant protein OM30R. The OM30R Of the best quality available. . .
mutant differs from the wild-type procoat protein in having ~ M13 H5 procoat and M13 coat proteins were isolated and
a Val— Arg mutation at positiont-30, inserting a positive  Purified on HPLC as previously described (Thiaudiet al.,
charge into the hydrophobic stretch of the mature part of 1993_). The procoat mutant protein OM30R was constructed
the protein. This mutant protein is known from zivo by _ohgonuclequde—dwected mutagenesis and expressgd in
experiments to interact with the membrane, but not to be cOli as described (Kuhn et al., 1987); the isolation was
translocated across thE. coli plasma membrane. The Performed as for the H5 procoat protein. The buffer used
interest in the present context is to learn whether or not this in the experiments was 1 mM Tris-HCI, pH 7.4, containing
changed biological property is correlated with a change of 0-1 MM EDTA, degassed with He.
the patrtitioning into lipid bilayer membranes. Furthermore, Method
electrostatic contributions of the procoat protein interaction ethods
with membranes were taken into consideration by investigat- Two different reconstitution protocols were used in the
ing the protein insertion into membranes with different present studies.
membrane surface charge densities. Protein Binding to Preformed Lipid Vesicle#\ppropriate
The experiments were performed in a reconstituted systemvolumes of solutions of unlabeled lipids and DPH-PC [both
using purified proteins which, after mixing, spontaneously 2 mM in chloroform/methanct 1/1 (v/v)] were mixed. The
bind to lipid bilayers either during or after vesicle formation. solvent was evaporated first under a continuous flow gf N
The process of protein incorporation into the lipid membranes and then under vacuum. The resulting films were rehydrated
was then observed by measuring the fluorescence energywith degassed buffer, yielding a dispersion of multilamellar
transfer (FET) between the (pro-) coat protein’s tryptophan liposomes. For the production of small unilamellar vesicles
and tyrosine residues, which act as fluorescence donors, andSUV), the liposomes were sonicated until the preparation
a diphenylhexatriene (DPH) moiety coupled to phosphati- became transparent. By this procedure, vesicles with an
dylcholine molecules in the bilayer membrane which acts average diameter of about 30 nm were produced as deter-
as a fluorescence acceptor. Instead of the wild-type M13 mined by electron microscopy. Alternatively, large unila-
procoat protein, we used in the course of this work the mellar vesicles with an average diameter of 100 nm were
noncleavable procoat mutant protein H5 (with a Phe at formed by extruding the liposome preparation through a
position—3; see Figure 1) which inserts into the lipid bilayer Nucleopore polycarbonate filter from Castor Corp. (Cam-
as the wild-type protein but can be isolated by a simple bridge, MA) using an extruder from Lipex Biomembranes,
procedure in chemical quantities as was shown elsewherelnc. (Vancouver, Canada). The lipid concentration of the
(Thiaudiee et al., 1993). corresponding vesicle preparations was typically 2 mM with
2 mol % DPH-PC. Phospholipid concentration was deter-
1 Abbreviations: DPH, 1,6-diphenyl-1,3,5-hexatriene; DPH-PC, 2-[3- mined according to Rouser ?t al. (1_970_)' .
(diphenylhexatrienyl)propanoyl]-1-hexadecansg3-phosphatidylcho- A small volume of a protein solution in organic solvent
|ine;d_DPPC,t 1t,2-diptc';llmit%}(i?sT-pffllosphatidylcholinE; tEDTPf~, ?mj-l' .dwas injected under stirring into either buffer or a suspension
e e T g ™ Containing the appropriate quaniiy of lipid vesicles. The
choline: POPG, 1-palmitoyl-2-oleogs 3-phosphatidylglycerol; SUv,  final amount of organic solvent in the samples was less than
small unilamellar vesicle(s). 0.5 vol %. The concentrations of the coat and procoat
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proteins were determined by the UV absorbance at 280 nmto protein molar ratio, L/P. The Trp/Tyr and DPH fluores-
usinge = 8000 Mt cm™* (Thiaudiee et al.,, 1993). For  cence of individual samples was measured as the integral
each vesicle preparation, the°d@ht scattering signal was intensity of the emission from 300 to 356 nm and from 390
measured at 280 nm before and after addition of the particularto 450 nm, respectively.
protein; because no signal change was observed, we con- FET from the natural tryptophan and tyrosines of the
cluded that the vesicles remained intact during interaction proteins to a lipid-attached chromophore, DPH-PC, was used
with the proteins. to evaluate the membrane affinity of M13 procoat and coat
Protein Reconstitution by Dilution of a Mixed Lipid/ proteins. FET was characterized as the increase of the DPH
Protein Solution (Mixed Injection Method)Appropriate fluorescence due to the close proximity of Tyr and Trp
volumes of solutions of lipids [2 mM in chloroform/ residues to the DPH-PC molecules in the membrane. Upon
methanol, 1/1 (v/v)] containing 2 mol % DPH-PC and coat irradiation at 280 nm, DPH is directly excited to some extent;
or procoat protein (in 2-propanol) were mixed. An aliquot therefore, the background fluorescence of DPH is observed
of this mixture was injected under stirring into degassed in the absence of FET. Spectra were corrected for the
buffer. Under these conditions, large lipid vesicles are intrinsic DPH fluorescence by subtracting the spectrum of a
formed and the protein spontaneously integrates into thesample which contained the appropriate amount of lipids,
bilayers during formation. but no protein. The DPH fluorescence intenskyjs taken
Determination of Protein Topology in Lipid Membranes to be the integral of the corresponding difference spectra from
Either coat or procoat protein was bound to preformed 390 to 450 nm. Measuring the FET-induced decrease of
vesicles (L/P= 200) as described above. After addition of the Tyr/Trp fluorescence yielded identical information on
proteinase K (Sigma) to a final concentration of 10§/ the membrane partitioning. However, the experimental
mL, the samples were incubated for 30 min at°O. scatter of the data was higher than for DPH fluorescence
Proteinase was inactivated by addition of phenylmethane- for reasons we do not yet understand. We assume that at
sulfonyl fluoride (Sigma), and the protein was precipitated the moment of sample injection the protein equilibrates
by 20% trichloroacetic acid. The pellets (typically 169 between the aqueous and the lipid bilayer. All protein
of protein) were dissolved by electrophoresis buffer, applied molecules which are not lipid-associated and do not con-
to SDS-PAGE (lto et al., 1980), and analyzed by Western tribute to the DPH fluorescence will be included in a term
blots using polyclonal antibodies which preferentially rec- called “free” protein concentratiors.
ognize the mature N-terminal coat sequence, both in the coat The association of polypeptides to membranes has been
and in the procoat proteins. The bands were visualized by quantitatively evaluated in the literature in terms of a partition
the Amersham ECL kit (Beaconsfield, U.K.). Similar equilibrium between the aqueous and the lipid bilayer phase
samples were prepared for lipid vesicles with proteins for several amphipathic polypeptides [see Pawlak et al.,
reconstituted by the mixed injection method. Parallel (1994b) and references cited therein; Roise, 1993]. FET
controls were performed for each sample by adding detergentmeasurements have already been used by others to detect
(octyl glucoside, final concentration in sample buffer of 1% protein association to lipid membranes (Vaz et al., 1977;
w/v) prior to the incubation with proteinase K. In the Tamm & Bartoldus, 1988). Here we apply this method to
controls, it is expected that the mature N-terminal coat M13 procoat protein and M13 coat protein using the
sequences both in coat and in procoat proteins are exposedormalism of Schwarz et al. (1986). An apparent partition

to the enzymatic digestion. coefficientIapp is defined as
Fluorescence Measurementsit 2.5 min either after
protein binding to preformed lipid vesicles or after protein rf(r) = rappcf (1)

reconstitution by the mixed injection method, fluorescence

spectra were recorded using a Spex Model 1681 fluorometerWwith

(Spex, NJ). Longer incubation times were tested as well .

(up to 1 h), but did not result in detectable changes of the r=cadc @)

deduced partition coefficients; conditions: excitation at 280

nm, slit width 1 mm; emission 368450 nm, slit width 5

mm; quartz cuvettes of 0.4 cm 1 cm; 23°C. Under the

applied experimental conditions, the intrinsic protein fluo-

rescence arises from Tyr and Trp residues between 300 an

400 nm. In the presence of diphenylhexatrienylphosphati-

dylcholine, DPH-PC, the fluorescence of the DPH chro-

mophore appears at 38@50 nm. In order to obtain the

change of the fluorescence spectra due to fluorescence energy c,Jc, = FIF 3)

transfer (FET) of membrane-bound protein molecules, a e ®

blank spectrum of a particular vesicle suspension wasyhere

recorded (i) either directly prior to injection of protein into

the samples or (ii), in the case of the “mixed injection” Cp = CasT G 4)

method, from an additional pure vesicle suspension, and

subtracted for base line correction from each raw spectrumis the total concentration of proteif, represents the FET-

acquired with the samples containing the protein. induced increase in DPH fluorescence, aRd is the
Analysis of the Fluorescence Dat&or the titration curves  corresponding limiting fluorescence intensity at high L/P

of (pro-)coat proteins, both the Trp/Tyr and the DPH ratios for the case where all protein molecules are bound to

fluorescence signals were monitored as a function of the lipid lipid membranes. By using eq 4, it is possible to determine

being the molar ratio of lipid-associated protein molecules
(concentratiort,y per lipid moleculesq). f(r), the activity
coefficient as a function af, may describe deviations from
ddeal partitioning { = 1) due to proteir-protein interaction

at the watermembrane interface or in the lipid bilayer. The
molar fraction of lipid-associated protein.dc,, was mea-
sured by applying
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Ficure 3: Emission spectra of M13 procoat protein (28 in 1
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340 360 380 400 mM Tris buffer, pH 7.4, 23C) excited at 280 nm in the absence
Wavelength [nm] and presence of POPC vesicles doped with 2 mol % DPH-PC at
FIGURE 2: Trp/Tyr emission spectrum of M13 procoat protein increasing lipid to protein ratios (L/P). All spectra are corrected
(excitation at 280 nm) and diphenylhexatriene (DPH) excitation for DPH fluorescence in the absence of protein by blank subtraction.
spectrum of DPH-PC (emission at 430 nm), both compounds Thus, the DPH fluorescence in the samples containing lipid vesicles
incorporated into lipid vesicles of POPC. Experimental condi- 1S due only to FET between the Trp/Tyr residues of vesicle-
tions: 1M procoat protein in 0.3 mM POPC vesicles;®l DPH- associated proteins and lipid-bound DPH moieties. For comparison,
PC in 0.1 mM POPC vesicles; 1 mM Tris-HCI, pH 7.4, in both the Trp/Tyr emission spectrum of M13 procoat protein bound to
cases. Due to the overlap between the two spectra, fluorescencéure POPC membranes (LA 100) in the absence of DPH-PC
energy transfer occurs between the Tyr and Trp residues of vesicle-was determined to have the same appearance as in buffer, but
associated proteins which act as donors and lipid-anchored DPHShowing a 3 times higher quantum yield.

moieties which act as acceptors.

T T
300 320

dissolved at relative high concentrations in 2-propanol (50
uM—300uM), was diluted into various samples comprising
a large volume of an aqueous dispersion of DPH-PC-doped
SUV of POPC at different concentrations. There are the
following important results to be mentioned in particular:
(i) At a given protein concentration, an increase of the lipid
RESULTS vesicle concentration both reduces the intrinsic protein
fluorescence intensity and increases the DPH fluorescence
Figure 2 shows a fluorescence emission spectrum of intensity, as is shown in Figure 3. (ii) In the presence of 2
procoat protein arising from the intrinsic single tryptophan mo| % DPH-PC, the Trp/Tyr fluorescence intensity of
and the two tyrosine residues, together with an excitation procoat protein (and similarly of coat protein) in the
spectrum of DPH-PC in POPC lipid vesicles. The intrinsic membrane-bound state, i.e., at high lipid to protein ratios, is
fluorescence SpeCtrUm of the coat prOtein under identical less than 10% of the intensity when the proteins are bound
experimental conditions is comparable to that of procoat tg pure POPC membrane vesicles without DPH-PC. This
protein, since the three chromophores mentioned above are:onsiderable quenching of the Trp/Tyr fluorescence due to
located in the mature part of the protein (see Figure 1). The FET is in good agreement with theoretical considerations of
overlap of both spectra makes DPH-PC-doped membraneskwong and Stryer (1978) and Wolber and Hudson (1979).
ideally suited for the detection of the membrane binding of These authors have shown that the fluorescence transfer
coat and procoat proteins by FET by measuring either the efficiency between a doneracceptor pair in a lipid bilayer
concomitant decrease of the intrinsic protein fluorescence gepends only on the membrane surface density of the
or the corresponding increase of the DPH fluorescence. Theacceptor and is independent of the surface density of the
Forster distance of the couple Trp/DPH was determined to donor, i.e., of the protein bound to the lipid membrane.
be 4 nm (Le Doan et al., 1983). In the present case of Adapting their considerations to our present case foiratéo
procoat and coat proteins, which both contain one Trp and gistance of 56 nm and an acceptor density of 2 mol % in

two Tyr residues in close proximity, we estimated from the the membrane, a FET quenching of more than 90% is
optical properties a formal Fster distance of 56 nm for calculated.

the coat or procoat p_rote:nfs and@?ﬁ";'P_C iﬂ lipid bilayers e fiyorescence data are evaluated in Figure 4 in the form
assuming an orientational factor of = */s in the standard ¢ 5 graph showing.dc, as a function of the molecular lipid

equations (Frster, 1948). However, the exact'®r  , hrotein ratio, L/P. The titration experiments demonstrate,
distance is not important in the present case because we use

FET only to distinguish between membrane-bound and
“free”, nonbound protein molecules. Membrane-bound 2 A prerequisite to determine the amount of membrane-associated

. . . . . . ._| proteins,cas, by FET measurements according to eq 3 is a linear
proteins include membrane insertion into the interfacial dependence between the FET-induced increase of the DPH fluorescence,

region and the transmembrane insertion. The presentr, andc., This was tested to be actually fulfilled by measuring the
fluorescence assay does not allow to distinguish directly fluorescence signdf for coat protein bound to lipid vesicles (lipid/
between the two cases protein molar ratio of 300) at 0.5, 1, 1.5, and /@ protein
. : . . concentration. One would also expect such a linear relationship from
A typical example of such an experiment is demonstrated theoretical considerations (Kwong-Keung & Stryer, 1978; Wolber &

in Figure 3. Here a small volume of procoat protein, Hudson, 1979).

¢ for each known value ot,s The apparent partition
coefficient can be determined according to eq 1 from the
association isotherm ofversus the free protein concentration
¢ if f(r) is known. For the ideal case &f) = 1, a simple
linear relation exists betweanandI'ap,
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FiIGure 4: Fraction of procoat protein associated to POPC lipid
vesicles relative to the total peptide concentratiodc,, plotted
as a function of increasing lipid to protein ratios L/Rgs was
determined from the FET-induced increase of the DPH-PC fluo-
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protein, experiments were also performed using extruded
vesicles with an average diameter of 1000 A. No difference

in membrane association of either protein was observed when
compared with the experiments with sonicated SUVs with

an average diameter of about 30 nm.

For comparison, a different reconstitution protocol was
used; instead of injecting the proteins into a dispersion of
preformed vesicles, the proteins were cosolubilized with
POPC lipids in organic solvent. This solution was injected
into an excess volume of aqueous buffer, thereby spontane-
ously forming lipid bilayers. It is assumed that, during this
process, the hydrophobic protein segments are integrated into
the growing lipid bilayers (see below). Although a clear
binding of the proteins could be detected by this assay, the
high turbidity of the thus-formed vesicle dispersions as well

rescence of the data shown and described in Figure 3, according tc@s the necessity to work with an extra lipid blank sample

egs 3 and 4. The insert shows a plotrpthe molar ratio of lipid-

led to relatively large uncertainties in the data related to the

associated protein molecules per total lipid molecules, as a functionfina| partition isotherms. This made it impossible to obtain

of the free protein concentration cThe straight line corresponds
to a least-squares linear fit of an ideal protein partitioning into the
lipid bilayers according to eq 1, yielding a partition coefficidnt
=65x 1P ML,
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FiGure 5: Association of M13 coat protein with POPC vesicles
containing 2 mol % DPH-PC, determined by FET as described for
M13 procoat protein in Figures 2, 3, and 4. Experimental
conditions: 1uM coat protein in 1 mM Tris buffer, pH 7.4; 25
°C; excitation at 280 nm. Fitting as shown in the insert yielded a
partition coefficientl’ = 1.0 x 106 M~

a reliable partition coefficient for comparison with corre-
sponding data from the preformed lipid vesicle assay.

Additional titration experiments with M13 coat and procoat
proteins were performed to gain information about the
influence of membrane surface charges and the physical state
of the membrane on the association of M13 coat protein to
lipid membranes. The results are summarized in Table 1.
Interestingly, the apparent binding of M13 coat and procoat
proteins distinctly increased if lipid membranes with negative
surface charges were used. In the present work, the negative
surface charges were provided by inclusion of POPG in the
applied lipid vesicles at a molar composition of POPC/POPG
= 1/1.

In order to investigate the role of the phase state of the
lipids in the membrane, experiments were performed with
vesicles composed of DPPC, which show an orderdtlid
phase transition al, = 41 °C. In contrast to the fluid
bilayers of POPC, at room temperature DPPC membranes
are in an ordered state in which the lipid acyl chains form a
densely packed two-dimensional crystal. Under these condi-
tions, one would expect the membrane insertion of proteins

first, that the procoat protein binds to POPC lipid membrane to be considerably hindered. Indeed, no association with
vesicles and, second, that the changes of the correspondingreformed DPPC vesicles below the phase transition tem-

fluorescence signals continuously approximate a limiting
value at high L/P ratios which reflect the decrease of the

concentration of free procoat protein in the aqueous phaseorganic solvent was injected into buffer.
of the corresponding samples. As outlined under Experi-

perature could be measured. In a control experiment, a
mixed solution of M13 coat protein, DPPC, and DPH-PC in
During this
procedure, the protein is thought to incorporate in the

mental Procedures, such a titration curve can be describednembrane at the moment of bilayer formation, and thus does

by a thermodynamic equilibrium partitioning of the protein

not need to penetrate the bilayer from the water phase. This

between the aqueous phase and the lipid bilayer. The solidexperiment yielded vesicles in which the M13 coat protein

line in the insert of Figure 4 (plot afversusc) corresponds

to a fit of the experimental data to eq 1 with an apparent
partition coefficientI'sp, = 6.5 x 10° M1, the activity
coefficient being taken to b#r) = 1; we believe this is a

was incorporated into the lipid bilayer, as judged by a marked
decrease in the Trp fluorescence and a concomitant increase
in the DPH fluorescence which was comparable to the
changes observed in analogous experiments performed with

reasonable approximation, although cooperative binding POPC vesicles as reported before. These results show that
effects cannot be excluded totally, due to scattering data atM13 coat protein needs a fluid bilayer to be able to

higher values oft;.

For the association of M13 coat protein to POPC vesicles,

performed under identical conditions as for M13 procoat
protein, we found a distinctly lower value for the apparent
partition coefficientI'app= 1.0 x 1P M~ (Figure 5). Again

spontaneously insert into membranes from the aqueous phase.
The topology of the membrane-bound proteins was

analyzed by protease digestion experiments. The proteolytic

fragments were separated by SEFSAGE and probed for

the presence of the intact mature N-terminal coat sequence

the binding isotherm can be described using an activity by binding of an antibody against this protein sequence,

coefficient off(r) = 1.

followed by an immunoblot assay. After binding of procoat

In order to investigate whether the vesicle size influences protein to preformed vesicles, proteinase K was added to

the partition coefficients of either M13 procoat or coat

the outside. We found that 20% of the protein was protected
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Table 1: Apparent Partition CoefficientE4y) and Values for the Free Energy of Transf&Q®) of Coat and Procoat Proteins from Water to
Different Lipid Membranes at 23C?

protein lipid Tappx 105M™2 —AG® (kcal/mol)
H5 procoat protein POPC 6.5 104
POPC/POPG, 1/1 >10 >10.7
OMS3O0R procoat protein POPC 0.3 8.6
M13 coat protein POPC 1.0 9.3
POPC/POPG, 1/1 35 10.1
DPPC no spontaneous insertion

aThe partition coefficientd ap, are defined using the protein/lipid molar ratio as the concentration variable in the membrane. Following the
considerations of Tanford (1980), the standard free energy change upon transfer of the protein from water to the lipid bilayer is calt@ated as
= —RTIn yur using the mole fraction partition coefficiepts= which for sufficiently high dilution of the proteins in the membranes is given by
yme = LapdViw With the partial molar volume of waté#y = 18 mL/moF. This form has been recently applied for the calculation of the partitioning
of small peptides to lipid bilayers (Terzi et al., 1994).

from degradation (data not shown). When the vesicles werephenomena are observed as is shown by the corresponding
first dissolved by a detergent solution of 1% octyl glucoside linear partition isotherms obtained by FET measurements.
and subsequently treated with proteinase, the procoat proteirThe partition coefficients for pure POPC membranes are
was entirely digested. We conclude from this experiment clearly higher for procoat than for coat proteins under
that a proportion of the inserted procoat protein is trans- identical conditions, but still of the same order of magnitude.
membrane (i.e., with the mature coat N-terminus in the lumen  For the determination of the partition coefficients in the
of the vesicles) with the remainder not being translocated present paper, a given protein was mixed with lipid vesicles
(i.e., with the mature N-terminal segment located on the with which it spontaneously associates. In principle, the
vesicle surface and thus accessible to the proteinase K). Inprotein might either integrate only into the interfacial region
the case of coat protein bound to preformed lipid vesicles, of the membrane or insert into the lipid bilayer in a
the N-termini of all molecules were accessible to proteinase transmembrane conformation. A further mechanistic inter-
K digestion from the outside. We cannot exclude membrane pretation of the partition coefficients demands knowledge
translocation of the C-termini, although it appears to be of the structure of the membrane-assembled (pro-)coat
unlikely that four positive lysine residues would cross the proteins obtained under the present experimental conditions.

lipid bilayer> , . , With this in mind, the topology of the procoat protein
~ Using OM3O0R protein, the procoat mutant protein contain- pound to preformed vesicles was analyzed by the subsequent
ing a positively charged amino acid (position 30) in the center 4qqition of proteinase K to the outside. It was found that
of the hydrophobic segment (amino acids-2B) of the 2004 of the procoat protein was protected by the vesicles
mature region, it is possible to identify the contribution of 514 could only be digested when detergent was added prior
this particular segment to the overall free energy change of g the proteinase treatment. This strongly suggests that a
the M13 procoat protein interaction with the lipid mem- fraction of the procoat protein molecules inserts into the
brangs. The partition coefficient of OM30R procoat mutant bilayer by forming two transmembrane segments, with the
protein wasl'apy = 2.6 x 10° M™%, more than an order of |50 region translocated across the bilayer. The translocation
magnitude lower than that of HS procoat protein. efficiency of 20% corresponds to earliar vitro procoat
expression experiments where the insertion igtocoli
DISCUSSION membrane vesicles was tested (Wickner et al., 1978; Silver
In the present work, the membrane insertion process ofet al., 1981; Ohno-lwashita & Wickner, 1983; Geller &
the M13 procoat protein is analyzed thermodynamically, Wickner, 1985). Our finding in this respect is important
focusing on three aspects: the spontaneous membrandecause it demonstrates that our isolated H5 procoat mutant
insertion of the procoat and coat proteins; the effect of protein behaves in the reconstitution experiments in an
membrane surface charges; and, finally, the effect of point identical manner to the wild-type protein.
mutations in the mature coat protein segment in order to  Biochemical experiments have shown that membrane
distinguish from thermodynamic data between transmem- insertion of the procoat protein requires the electrochemical
brane and interfacial insertion. membrane potential (Date et al., 1980). Recently, it was
(i) Spontaneous Membrane Insertion of M13 (Pro-)Coat demonstrated that the electrochemical potential promotes
Proteins Both proteins associate to lipid vesicles comprising membrane translocation if negatively charged residues are
bilayers in a fluid lipid state but not to those which are presentin the translocated protein domain (Cao et al., 1995).
composed of ordered lipid membranes such as DPPC at roomn the absence of the electrochemical potential, however, the
temperature. Interestingly, the binding of both proteins to translocation of the wild-type procoat protein was only
fluid lipid membranes can be described within experimental partially inhibited, suggesting that there is no absolute
accuracy by an ideal partitioning of the particular protein requirement for a membrane potential. This might explain
between the aqueous and the membrane phase. Neithewhy procoat protein can to a certain extent spontaneously
aggregation nor electrostatic proteiprotein interaction integrate into and translocate a lipid vesicle membrane. In
addition, membrane insertion into lipid vesicles might be
3 A detailed mass spectroscopic investigation of the proteolytically different from thein vivo situation.

digested proteins is presently being performed in our laboratories. In the case of coat protein, the digestion experiments
Preliminary experiments indicate that even in detergent solution, the '

hydrophobic central segment in the sequence of the coat protein is perfo'rmed with proteinase K S'hOW'tha}t th'e N-ter.mini Qf all
protected against proteolysis. protein molecules are accessible, indicating an insertion of
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coat protein only into the membrane interfacial region (if negative entropic terms arise from the restricted mobility of
one excludes the energetically unfavorable membrane transthe polypeptide in the membrane and the effect of disturbing
location of the positively charged C-terminus). In contrast, the lipid bilayer itself. Of course, all these effects also hold

the hydrophobic parts of the coat and the procoat proteinsfor the insertion of a protein into the interfacial region of a

span the lipid bilayer in a transmembrane helical conforma- lipid bilayer. However, one has to take into account that
tion when the proteins are reconstituted into artificial lipid the contribution of the hydrophobic interactions might be

bilayers by the mixed injection method,; this is the conclusion different in the transmembrane form compared to that of the
drawn from our present digestion experiments and recentinterfacial membrane form.

biophysical investigations (Thiaude&et al., 1993). Taking the arguments from the work ofhidg (1983), an

Obviously, the two different reconstitution protocols €stimated value of-AG® for the partitioning of a trans-
applied in the present work (protein binding to preformed Membrane hydrophobie-helix of 15 (procoat leader helix
vesicles versus protein binding during vesicle formation) segment) or 19 (mature coat helix segment) amino acids
result in differing membrane insertion of the two proteins. Would be between 10 and 20 kcal/mol for the leader sequence
It is difficult to predict the partition coefficients for the two ~ helix and 12-24 kcal/mol for the coat protein helix,
cases. The contribution of the hydrophobic effect to the depending on the applied scale for the strength of the
standard free energy chang&®, which occurs during the ~ hydrophobic effect. _ _
transfer of a protein from water to the membrane phase In order to compare these values with our actual experi-
(either by insertion into the membrane interfacial region or mental data, we have furthermore to consider the following.
into a transhilayer form), is directly proportional to the If the procoat protein spans the lipid bilayer with two helices,
surface of the hydrophobic part of the protein in contact with which due to their close neighborhood are already associated,
the lipid membrand. In the present work, one has to then the actual hydrophobic surface of the helices in contact
compare the situation of the (pro-)coat proteins inserted into With the lipid hydrocarbon core of the membrane is only
the interfacial region of a lipid bilayer with the transbilayer about 36-40% larger than in the case of a single, transbilayer
configuration of procoat protein. As discussed in detail by helix. In this respect, the structure of the membrane-inserted
White and colleagues (Jacobs & White, 1989; White & part of the procoat protein seems to be similar to that of
Wimley, 1994), the interfacial region of a lipid bilayer, which leader peptidase, where about 30% of the surface areas of
actually accounts for about 50% of the total time-averaged tWO adjacent transmembrane helices are in direct contact,
thickness of the membranE, is |arge enough to accommodatéeaVing 70% of the total helix surface area to interact with
a helical protein oriented parallel to the membrane plane. the lipid hydrocarbon chains (Whitley et al., 1993). In

As described in detail elsewhere (Engelman & Steitz addition, it shogld be considered that for procoat protein,
1981; Janig, 1983; Engelman et al., 1986; Lemmon &' the hydrophobic mature part and the leader sequence

Engelman, 1994), the formation of a hydrophobic trans- contribute differently toAG® of the membrane insertion
membrane helix can be thermodynamically described by the PrOCEsS. This is actually demon'strated by pfe"m'”ary
standard free energy chang¥G®, for the insertion of this experiments perform_e(_j with chemlqally synthes_|zed M13
a-helix into a lipid bilayer. The overall driving force for ~\€ader peptide. Surprisingly, the peptide does not incorporate
the insertion is the hydrophobic effect. But, in addition to a detectable extent into electrically neutral POPC mem-

unfavorable terms must be considered, for example, the factbranes t.)Ut shows only glectrostatic binding to the surface
that part of the helix surface is polar. Even in the case where of negatively charged lipid membranes of POPC/POPG (see

only hydrophobic amino acid side chains are involved, also_ be'OV_V)- A detaile_d analysis of this effect will be
published in a forthcoming paper.

On the basis of these considerations, it is now possible to
“At present, there are several published propositions for the estimate the AG°)m, the standard free energy change for

calculation of the thermodynamic parameters of membrane partitioning ; ; ;
processes. Tanford (1980) suggested the use of mole fraction (MF) the transmembrane insertion of procoat protein. Here we

based partition coefficientsr, to calculate the free energy change, ~assume that the experimentally determine@° of —10.4
AG® = —RTIn yu, for the transfer of a substance from water to a kcal/mol for the binding of procoat protein to POPC vesicles
lipid bilayer. In this way, the cratic contribution arising from the js composed of 20% by transmembrane insertion and 80%

entropy of mixing in the partition equilibrium is considered as in the . . . .
case of partitioning between two bulk phases. However, recent papersby interfacial membrane insertion. For the latter case, we

suggested that FlorHuggins-corrected (FH) volume fraction units ~ furthermore assume no contribution from the leader se-
are more appropriate (Sharp et al., 1991; White & Wimley, 19M}° quence; i.e., we can adopt the experimental valuk®f =

= —RTIn v + RTW1V. — 1Vw). Herey, is the volume fraction - _g 3 kcal/mol for the coat protein binding to the POPC
partition coefficient and/s, Vi, andVyy are the partial molar volumes

of solute, lipid bilayer, and water, respectively. As pointed out by White VeSide_S' .Simple a'gebfa yieldaAG®)im =-148 kCQI/mOI-
and Wimley (1994), the critical point in membrane partitioning is how [A realistic uncertainty of 20+ 5% in the fraction of
to consider the cratic entropy contributions. MF units assume that solute membrane-translocated procoat protein would give a range

and solvent molecules have the same molecular volumes, which ¢ _ o : :
certainly is not the case for the incorporation of proteins into a lipid of —13.7 t0—16.6 kcal/mol for AG")m.] This estimated

bilayer membrane. The FlopHuggins correction term takes this Va'“? of @Go)gm CprreSpondS to an upper limit because a
difference into account. In the case of membrane insertion of proteins, possible contribution of the leader sequence to membrane
the FH correction term is considerably higher than expected from MF binding would necessarily decreaseG°) If one further-

. . - h ; tm-
units. For example, in the case of a 19 amino acid long hydrophobic : s . .
o-helix inserted into a lipid bilayer, the second term in the FH more takes into aCC_Ount the §h|eld|ng effect of neighboring
calculation is about 50 kcal/mol which is about 5 times larger than the transmembrane helices as discussed above AfE€){n of
MF term. The applicability of the FH formalism for protein insertion  an individual coat protein would be aboutl2 kcal/mol,

into membranes is still under debate (HoItz?r, 1992; White & Wimley, i.e., an additional contribution of only2.7 kcal/mol for the
1994). In our present paper, we calculai&°® values on the basis of

simpie MF units which, however, does not influence the general transmembrane insertion compared to the interfacial insertion.
conclusions drawn from our results. Our results imply that the major part of the free energy




Energetics of Membrane Partitioning of Proteins Biochemistry, Vol. 35, No. 4, 19961239

change during membrane interaction occurs already at thecharged amino acid residues of the protein and the negative
membrane interface. It is the additional energy gain from charges of POPG. Such an interaction would lead to an
the interaction of the hydrophobic portion of the folded pre- increased concentration of the corresponding protein near
protein with the lipid chains which drives the final trans- the membrane surface. For a qualitative discussion of this
membrane insertion of the M13 procoat protein. Neither the electrostatic effect, we assume that the intrinsic coefficient
leader sequence nor the mature coat protein alone yields thid" for the protein partitioning to POPC and mixed POPC/
free energy gain. This model is in accord with propositions POPG membranes is identical. In the presence of a surface
made by Jacobs and White (1989) for the insertion of proteins potential ¥, induced by negatively charged lipids, the
into the membrane interfacial region, based on binding increase (decrease) of the free protein concentration at the
experiments of tripeptides to lipid bilayers. Our values of membrane surface is determined by the protein’s effective
—AG® are the first experimental data for transmembrane positive (negative) net charge. For POPC/PGP®1 (mol/
proteins that have a signal sequence, and they are on thenol) mixed vesicles, the membrane surface potentil,
lower limit of the proposed estimates of Engelman and Steitz exerted by the negative charges of the POPG molecules can
(1981) and Janig (1983). be calculated for the experimental buffer conditions (1 mM
In this context, it is quite interesting to compare our data Tris-HCI) using the Gouy Chapman theory (Tuble et al.,
with published ones of other membrane-associated proteins1976; McLaughlin, 1977) which give¥, ~ —200 mV.

Our experimentally determined partition coefficiedtdor It is the W, of the membrane and the effective positive
the M13 coat and the H5 procoat proteins are more than chargeze of the protein which determine the concentration
1-2 orders of magnitude larger than those published for of the protein at the membrane surface. Under these
small (about 26-30 amino acids), amphipathic membrane- considerations, the following relationship between the ap-
active polypeptides which show typical values in the range parent and the intrinsic partition coefficients of the protein

of ' = 10°*-10* M~* corresponding to-AG® = 6.5-7.9 holds [see Swanson and Roise (1992) and Roise (1993) and
kcal/mol (Schwarz et al., 1986; Schwarz & Beschiaschvili, references cited therein]:

1989; Peled & Shai, 1993; Ben-Efraim et al., 1994).
Recently, the membrane association of a semisynthetic = -

protein was investigated (Moll & Thompson, 1994): The Fap =T exp( 2z, U /KT) ®)
water-soluble bovine pancreatic trypsin inhibitor was attached
to a hydrophobic Alg peptide segment, which in the
membrane-bound form was assumed to adopt a transmem
brane helix. The partition coefficient of this artificial protein
to lipid vesicles was determined &s= (2—3) x 10° M1
(value recalculated in order to have identical dimensions as
the data in the present paper). A considerably higher value
of T = 15 x 10° M™! (—=AG®° = 15 kcal/mol) was
determined for template-assembled melittin, which is sup-
posed to span the lipid membrane by four helical segments
(Pawlak et al., 1994b). The partitioning of procoat protein
to lipid bilayers is distinctly higher compared to simple
amphipathic helical polypeptides and lower than that of a
four-transmembrane helix protein.

with &, the elementary electrical charge dathe Boltzmann
constant. The measurdd,,, yields a formal (effective)
positive charge ofes ~ 0.2 for the M13 coat protein. The
protein has one positive and four negative charges at the
hydrophilic N-terminal segment and a further four positive
charges at the hydrophilic C-terminal segment. It should
be noted that, according to eq 5, one effective positive charge
on the protein increases the partitioning by a factdr g’
~ 3 x 10°. Although, formally, only one positive excess
charge is present in the coat protein at neutral pH, the
asymmetrical distribution of the negative and positive charges
creates a rather high charge density at the hydrophilic protein
termini which might play a role in the organization of the
o X e protein on and in the lipid bilayer. The present experiments
It is interesting to note in this context a recent paper by jngicate that only 0.2 positive charge is effective during the
Lee and Manoil (1994). The authors showed that mutations jempbrane association of M13 coat protein. There are at

eliminating the protein export function of a membrane- |g5st two possible explanations why the electrostatic effects
spanning sequence can be explained by a model where &e small in our experiments. First, in the case of relative
minimum hydrophobicity is required for membrane insertion. large proteins, the finite size of the molecule might reduce

(i) Dependence of Membrane Insertion on Neg@ti  the formal charges considerably as has been shown theoreti-
Membrane Surface ChargesThe apparent partition coef- cally (Stankowski, 1991) and experimentally for other
ficient for coat and procoat proteins is larger when net polypeptides (Schwarz & Beschiaschvili, 1989) and for
negative charges are introduced to the surface of thesynthetic proteins [Pawlak et al. (1994b) and references cited
membrane as shown for mixed POPC/POPG membranestherein]. Second, the M13 coat protein might form, both in
but it is still of the same order of magnitude as for POPC water and in the lipid membrane-bound state, a head-to-tail
membranes. This can be explained qualitatively by a dimer matching the negative and positive charges at the
preferential electrostatic interaction between the positively opposite termini. The existence of a protein dimer would
result in linear association isotherms (Figure 4) as for

~5The partition coefficients of Jones and Gierasch (1994) cannot MONOMETS.
directly be compared to our values because these authors apply a |ndeed, stable dimers of M13 coat protein as well as certain

different description of the binding of the polypeptides to lipid .
membranes. Their values of partition coefficients, even for polypeptides Mutant coat proteins have recently been observed by Deber

with only 12 consecutive hydrophobic amino acids, are orders of €t al. (1993). Whether such structures are present in our
magnitude higher than all other published values for either amphipathic reconstitution system will be a topic of future investigation.

or hydrophobic polypeptides of comparable structure. We assume that . it ;
this is due to the fact that the evaluation procedure of Jones and Gierascﬁa‘t least underin w20 conditions the aggregation of coat

(1994) does not allow to distinguish between electrostatic binding and Proteins in the membrape must occur during the phage
hydrophobic partitioning of the polypeptides. assembly process (Marvin, 1989; Russel, 1991).
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The influence of electrical surface charges in the case of presented before, i.e., that the leader sequence does not play
membrane insertion of procoat protein is less clear than for an important role for interfacial membrane insertion, one
coat protein, but the simulation seems to be similar to that should compare thAG® values of OM30R and coat protein.
of the coat protein. The partition coefficient of procoat Clearly, a positive charge in the central hydrophobic segment
protein for POPC/POPG membranes is higher th&\1 ¢ decreases the affinity for interfacial membrane insertion,
compared to 6.5 10° Mt in POPC, which corresponds to  although only to a relatively small extent. Therefore, the
azs = 0.06. Unfortunately, it was not possible under the major barrier for preventing a transmembrane structure in
present experimental conditions to determi&° more the case of OM30R seems to be the energetically unfavorable
precisely because preparations at low L/P molar ratios alwaysinsertion of a positive charge into the center of a lipid bilayer.
resulted in highly turbid samples. Similar difficulties arose  In conclusion, we believe that the presented procedure
if buffers at higher ionic strength than 5 mM were used, might be generally applicable to probe the membrane
both for procoat and for coat proteins, because, under suchinsertion process of hydrophobic proteins into lipid bilayers.
conditions, the proteins start to aggregate in the aqueousThe thermodynamic data obtained are independent of the
phase. particular structure of the protein at or in the lipid membrane.

In contrast to this relatively small electrostatic effect in They hold for a partitioning of a protein to the polar lipid
the case of M13 (pro-)coat proteins, large contributions of headgroup region, which has been shown to establish about
charged residues to membrane binding were recently ob-50% of a lipid bilayer (White & Wimeley, 1994), as well as
served in the case &. coli LamB signal sequence peptides for a real transmembrane insertion. In the case of M13
(Jones & Gierasch, 1994). It is interesting to note in this procoat protein, future experiments are necessary to reveal
context that preliminary measurements with synthetic M13 details of how an electrochemical membrane potential
leader sequence peptide performed in our laboratory show ainfluences the membrane insertion, helix formation, and
strong electrostatic binding to negatively-charged lipid membrane translocation of the protein.
membrane surfaces but no interaction with electrically-neutral  Partitioning on the membrane interfacial region might also
POPC membranes. This finding is consistent with the be an important first step of membrane interaction of proteins
observation that the arginine mutation in the hydrophobic which are imported into or translocated across membranes
segment of the leader sequence has only a weak effect inby a more complex signafreceptor mechanism. A first
the transmembrane insertion of procoat protein (Kuhn et al., partitioning of such a protein to the membrane surface region
1986b). Further, the minor contribution of the leader would increase the efficiency to recognize a corresponding
sequence is also evident if one compares the conformationreceptor and translocation machinery on the membrane level
and solubility of the leader sequence peptidd (o —23) as was proposed as a possible model for hormoeeeptor
with those of the M13 coat protein. Shinnar and Kaiser interactions in the case of membrane neuroreceptors (Schw-
(1984) have shown that the synthetic M13 leader sequenceyzer, 1977; Sargent & Schwyzer, 1986).
peptide has a remarkable solubility in water, up to 1 mg/

mL. At a concentration of 4 10> M in 0.02 M phosphate =~ ACKNOWLEDGMENT
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