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ABSTRACT: In this study, we have investigated the effect of hydrophobic mismatch between the thickness
of the membrane and a transmembrane segment of a protein that directly inserts into the membrane bilayer.
For this purpose we used mutants of the single-spanning Pf3 coat protein that can spontaneously insert
into Escherichia colimembrane vesicles and large unilamellar vesicles (LUVsS). The thickness of the
liposomal bilayer could be altered by using lipids with different acyl chain lengths or by incorporation of
cholesterol. The insertion efficiency of the protein clearly depended on the bilayer thickness, with most
efficient insertion under hydrophobic matching conditions. To discriminate between effects of length and
hydrophobicity, mutants with different synthetic transmembrane segments were constructed. These mutants
inserted into LUVs in a mismatch-dependent manner. However, in particular for longer and less hydrophobic
mutants, most efficient insertion was generally observed in thinner bilayers than expected on the basis of
hydrophobic matching.

Integral membrane proteins are mainly anchored in the contain increasing amounts of cholesterol from the! ER
membrane by hydrophobic interactions between their trans-(endoplasmic reticulum) to the Golgi to the plasma mem-
membrane segments and the apolar acyl chains of the lipidsbrane, which presumably leads to a progressive increase in
It is energetically unfavorable if hydrophobic residues are bilayer thickness. Concomitantly, the length of transmem-
exposed to the aqueous environment or hydrophilic amino brane segments of proteins residing in these membranes also
acids are in contact with lipid acyl chains in the interior of increases ¥4). Sorting of membrane proteins between
the membrane. The hydrophobic lengths of transmembranecompartments seems to depend on hydrophobic matching,
segments are therefore expected to approximately match thesince proteins with shortened or lengthened transmembrane
thickness of the lipid bilayer. segments are missorted to the membrane with the appropriate

Many studies have been performed to investigate how thickness {5—18).
membrane proteins and peptides respond to hydrophobic Not only the length of a transmembrane segment but also
mismatch (reviewed in ref§ and2). The activity of some its hydrophobicity plays an important role in the membrane
proteins, such as €a and Na,K*-ATPase, melibiose integration of proteins. For stop-transfer sequences it was
permease, or diacylglycerol kinase, clearly depends on bilayerobserved that their hydrophobicity is even more important
thickness, with maximum activity presumably under hydro- for efficient membrane integration than their lengi®,(20).
phobic matching conditions3¢9). The different activites ~ Moreover, both the length and hydrophobicity of signal
in membranes with different bilayer thickness could be anchor sequences were found to affect the topology of ER
caused by several factors, such as altered aggregation statgsroteins 21—24). However, these observations may not be
of the protein or changed tilting of its transmembrane helices. related to interaction with the lipid bilayer itself but could
Mismatch can even lead to exclusion of a peptide from the also be caused by characteristics of protein translocation
bilayer as was shown with synthetic transmembrane peptideschannels.

(10-13). To study to what extent hydrophobic mismatch with the

This exclusion from the bilayer under mismatch conditions membrane and hydrophobicity can play a role in membrane
could play a role in membrane protein biogenesis. For protein insertion, we used Pf3 coat protein as a model protein.
instance, in the eukaryotic secretion pathway the membranesThis small, single-spanning protein does not need the Sec
machinery for its insertion25, 26). Mutants of Pf3 coat
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3L-4N MQSVITNVTGQOLTAVOANITTIGGAILLLIVLAAVVLGINWINAQLLHPVQLF
LARAL, MQSVITNVTGQLTAVOAN (LAAAL) NAINAQLLHPVQLF
LLALL, MQSVITNVTGQLTAVOAN (LLALL) 5 NAINAQLLHPVQLF

Ficure 1: Amino acid sequences of the Pf3 mutants used in this study. The asparagines which were charged residues in the wild-type
protein are underlined. The hydrophobic transmembrane segment is shown in boldface typedéfiates the number of LAAAL or
LLALL stretches in the proteinn(= 3—5).

vesicles using an in vitro translation/translocation protocol with LLALL or LAAAL sequences of different lengths were
(27). Using LUVs with different bilayer thicknesses and Pf3 prepared (see Figure 1), and all mutants were checked by
mutants with synthetic transmembrane segments, we foundDNA sequencing.

that both the extent of hydrophobic mismatch and the  Preparation of Large Unilamellar Vesicles (LUV)ry
hydrophobicity of the protein play a role in determining the lipid films were prepared by mixing the appropriate amounts

efficiency of direct membrane insertion. of lipids dissolved in chloroform and evaporating the solvent
under a stream of nitrogen. These films were dried overnight
EXPERIMENTAL PROCEDURES under vacuum to remove all solvent. They were then

rehydrated at room temperature in LUV buffer (104 mM-Na
Materials. Cholesterol was obtained from Merck. The SO4, 40 mM HEPES, pH 80) to a final concentration of 10
phosphatidylcholines (PCs, 1,2-diagytglycero-3-phos-  mMm phospholipid and vortexed. After 10 freezéhawing
phocholines), di-14:A9¢-PC (dimyristoleoyl-PC), di-16:  cycles, the vesicle suspensions were extruded 10 times
1A9c-PC (dipalmitoleoyl-PC), di-1849¢c-PC (dioleoyl-PC,  through 0.4um polycarbonate filters. The LUVs were stored
28?53) di'Zolilégc-PC (dieiilosendO%/'-PCK and gl2lm|l_3 ” under nitrogen at 4C for maximally 1 day before use.
lerucoyl- were purchased from Avanti Polar Lpids, 1, vjjtro TranslocationS-135 cell extracts were prepared
as well as the di-1849-PA (1,2-dioleoylsrrglycero-3- from Escherichia coliMREG00 as described(). In vitro
phosphate, DOPA). The other phosphatidic acids (PAS) werey. o crintions, translations, and translocations were carried
prepared from the corresponding PCs by treatment with out as described() and included 5Ci of [*SJmethionine
phospholipase D (Boehringer), which removes the choline 5, 10uL of LUV suspension. The final concentration of
headgroup. This was done by incubatingB0 mg/mL PC ) sqpholipid was thus 2 mM, which is a large excess
in diethyl e_ther and an equal volume of buffer (0.1 M Cz_';lCI compared to the amount of Pf3 that is produced in a
0.1 M sodium acetate, pH 5.8) with 1 mg of phospholipase {ansjation reaction, which is in the order of a picomole. The
D at around 40°C with vigorous stirring for 30 min. The 45| yolume of each translation reaction was adjusted to 50
reaction was stopped by the addition of 1 volume of 0.1 M) with LUV buffer. After 30 min translation and translo-
EDTA, pH 8.0. Complete conversion was checked by thin- cation at 37°C an aliquot of 1QuL was withdrawn to serve
layer chromatography, and subsequently the lipids were a5 2004 standard. The LUVs were reisolated by centrifugation
extracted 28). to ensure that only membrane-bound protein was analyzed.
Construction of MutantsThe 3L-4N mutant (Figure 1)  To pellet the LUVs, the salt concentration was lowered by
has been described in r@6. Pf3 mutants with artificial the addition of 120uL of H,O, and the mixture was
transmembrane segments (Figure 1) were prepared as folcentrifuged in a TLA100 rotor at 100000 rpm for 60 min at
lows. We used the DD mutan29) as a starting point. This 4 °C. After centrifugation, the supernatant was removed, and
mutant differs from the 3L-4N mutant in that it has four the pellets were resuspended in 0 of LUV buffer. The
aspartate residues instead of the asparagine residues and lackellet fraction was divided into two equal aliquots, one of
the three leucines in the middle of the transmembrane which was treated with 4@L of proteinase K (1 mg/mL)
segment. In a single QuikChange reaction (Stratagene) afor 30 min at room temperature. The amount of protease-
mutant was constructed in which residues—#8 (the protected fragments relative to the amount of protein bound
transmembrane segment and its flanking residues) wereto the LUVs is termed the N-terminal translocation efficiency
deleted andsfi and Blpl restriction sites were introduced (see Results section). All samples were trichloroacetic acid
around the deletion. The aspartate at position 7 was (TCA) precipitated and analyzed on 16.5% SHficine gels
subsequently changed to asparagine by QuikChange. Thecontainirg 6 M urea 82). Protein bands were quantified on
resulting mutant was the starting point for cassette mutagen-& Phospholmager (Molecular Dynamics).
esis. AfterSfil andBlpl digestion, synthetic oligonucleotides Proteinase K Incubatiorin order to follow the proteinase
were ligated into this vector, coding for a 10-residue K incubation in time, translocation reactions were performed
hydrophobic segment (LLALLLLALL or LAAALLAAAL) in 100uL volumes. An aliquot of 1L was withdrawn to
with the appropriate flanking sequences. These mutants couldserve as a 10% standard, while the rest was mixed with 120
be lengthened in 5-residue steps by subsequent rounds ofL of H,O and centrifuged as described above. The pellets
cassette mutagenesis. For this purpose, the vector wasvere resuspended in 100L of LUV buffer. Of this
digested withNhd and Eco47Ill (for the LLALL mutant) suspension, 1L was TCA-precipitated, while the remain-
or Notl andNhd (for the LAAAL mutants), removing five ing 90uL was incubated with 180L of 1 mg/mL proteinase
codons. Consequently, oligonucleotides coding for 10 amino K solution at room temperature. At various time points,
acids were ligated into the vector. In this manner, mutants aliquots of 30uL were withdrawn and immediately TCA-
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precipitated. The samples were then analyzed by gel elec- A protease incubation (min)
trophoresis and autoradiography as described above.
Urea/Carbonate Extractionlranslocation reactions were
performed as described above in 200volumes. An aliquot
of 10uL was used as a 5% standard, and the rest was mixed
with an equal volume of water and centrifuged as described.
The pellets were resuspended in 2000f LUV buffer. Of
this suspension, 10L was TCA-precipitated, while the rest 18:1 s - =
was incubated with 186L of 1 mg/mL proteinase K solution
at room temperature for 30 min. After the addition ofI3
of 100 mM phenylmethylsulfony! chloride (PMSF) to stop 201 w—
the protease digestion, the LUV suspension was divided into
60 uL aliquots. Urea (6.6 or 2QuL of 10 M urea) or
carbonate (6Q:L of 0.2 M N&CO;) was added, and the B
suspensions were incubated on ice for 5 min. Subsequently,
the volume was adjusted to 4Qd. with H,O, and the 40 e,
samples were centrifuged in a TLA 100.1 rotor at 100000
rpm for 30 min at £C. The supernatant and pellet fractions
were TCA-precipitated and then analyzed by gel electro-
phoresis and autoradiography.

st s p 2 4 6 10 15 30 45

14:1 w-— — ==

50

30 |+ o - - -~

% protected

RESULTS

We have shown in previous studies that the Pf3 mutant 0 ! ! ! !
3L-4N (Figure 1) is able to insert efficiently in a transmem- 0 10 20 30 40
brane fashion intde. coliinner membrane vesicles as well
as in LUVs with different lipid headgroup compositior&y/(

31). In this study we have used the same mutant and variants c 100 -~
of it to investigate for the first time the influence of bilayer

thickness on direct membrane protein insertion. Because 80
translocation of the N-terminus of this protein across the

. . ; B 60
membrane is stimulated by the presence of negatively g
charged lipids 1), we used LUVs composed of 75% PC 240
and 25% PA as the receiving membrane. The thickness of =

this bilayer can readily be altered by varying the length of
the acyl chains from 14 to 22 carbon atoms, all containing
one unsaturated bond to ensure that the bilayer is in the fluid 0 L . L L

phase. The 3L-4N protein is produced in an in vitro 0 10 20 30 40

translation reaction, to which LUVs are added cotransla- time (min)

tionally. The N-terminus of the protein contains a unique FiGURe 2: Time dependency of proteinase K digestion of 3L-4N
methionine which become¥S-labeled. Subsequently, N-  in different bilayer thicknesses. (A) Translocation of 3L-4N into

terminal translacation efciencies are determined by relso- £, 2 e T & o superatant
lation of the LUVs and treatment with proteinase K. In (s), and pellet (p) fractions. The pellet was treated Witﬁ proteinase

previous studies, it was observed that this removes part ofk ‘at room temperature for the indicated time intervals. The arrows
the small C-terminal tail, resulting in a radioactive protein indicate the uncleaved (upper band) and cleaved (lower band) form
with a slightly lower molecular weight. This protein was of the protein. (B) Quantification of the data in panel A. The total _
considered to be oriented in a transmembrane fashion, withamount of protease-protected protein (cleaved and uncleaved) is
the N-terminus translocated and the C-terminus cleaved off e’r(gsrgf]f?r? o tt‘jl ep;ef:gigga;g?orofldtrr_\glaTglintp;Jf ap;]rgtzelquo[(rjlglnally
(29). It should be noted that the 3L-4N mutant is a very small Eilayers. (©) Trf)ue amount of the cleaved form of the protein is
protein of only 54 amino acids. Since during synthesis of a expressed as the percentage of the total amount of protease-protected
protein about 3640 amino acids are inside the ribosome protein present at each time point. The symbols correspond to those

(33—35), its hydrophobic segment will not emerge before in panel B.
translation is terminated. The actual insertion of this protein
must therefore be posttranslational. remains practically constant during the protease incubation
Protease Accessibility of 3L-4N Depends on Bilayer and depends on the bilaygr thickness, sir)ce it is Iowe( in
ThicknessTo investigate whether proteinase K cleavage of 14:1 and 22:1 LUVs than in 18:1 LUVs (Figure 2B). This
the protein is influenced by bilayer thickness, translocation liPid dependency is discussed in more detail below.
reactions were performed with the 3L-4N mutant and LUVs  The 3L-4N molecules are in time converted from full-
of 14:1, 18:1, or 22:1 PC/PA. After reisolation of the LUVs, length to a protease-cleaved form, most likely due to removal
proteinase K was added, and at various time points aliquotsof the C-terminus. This occurs at different rates and to
were withdrawn and TCA-precipitated. The results of this different extents, depending on the bilayer thickness (Figure
experiment are shown in Figure 2. In all three bilayer 2A). In the thin 14:1 bilayers, already after 2 min a fraction
thicknesses, protease-protected protein fragments can bef the protein is cleaved, as indicated by the shift in molecular
observed (Figure 2A). The total amount of protected protein weight, and cleavage is complete after 15 min. In 18:1 LUVs

[~}
(=]
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Ficure 3: Membrane association of 3L-4N with 18:1 and 22:1
LUVs. The 3L-4N mutant was translocated into the LUVs and 30~
treated with proteinase K as described (left lane). Subsequently, }
the protein-containing LUVs were subjected to treatment with 1 20
or 2.5 M urea or 0.1 M carbonate or not treated.(The samples
were centrifuged and divided into supernatant (s) and pellet (p) 10
fractions.

% translocation

0 1 1 1 1 1
. . 14 16 18 20 22
cleavage is somewhat slower, with the appearance of the acyl chain length

cleaved fragment after about 6 min and complete cleavagericure4: Translocation of 3L-4N into LUVs with different bilayer

at 30 min. In the thickest bilayers of the 22:1 LUVs, protease thicknesses. (A) The 3L-4N mutant was translocated into LUVs
cleavage can be observed only after 10 min, and a portionWith the indicated acyl chain lengths. Only the pellet fractions are
of the protein still remains uncleaved after 45 min. Quan- shown, which were treated with proteinase K (pK) where indicated.

e . . (B) Quantification of the data in panel A. The amount of
tification of these results (Figure 2C) shows that the fraction ynsocation is expressed as the percentage of the amount of protein

of cleaved fragment indeed increases most rapidly in 14:1, present in the pellet fraction. Average valud) @nd standard
somewhat slower in 18:1 and slowest in 22:1 LUVS. Protease deviations | = 2—6) are shown.

cleavage thus clearly becomes less efficient in thicker
bilayers. These results indicate that the upper, uncleavedmembrane fraction. Moreover, the ratio of uncleaved to
fragment most likely originates from proteins that are cleaved 3L-4N protein did not change upon extraction (data
correctly inserted with their labeled N-terminus inside the not shown), indicating that both forms remain in the
LUVs, but whose proteinase K cleavage sites are lessmembrane to the same extent. This demonstrates clearly that
accessible, since they are located close to the membranelso the uncleaved form of the protein is stably integrated
surface 29). Both forms of the protein can be degraded by into the membrane and thus provides yet another piece of
proteinase K if the detergent Triton X-100 is used to dissolve evidence for our interpretation that this is protein which is
the membrane (data not shown). More direct evidence for inserted correctly, with its N-terminus translocated across
the fact that the N-terminus of both forms of the protein has the membrane. Therefore, in the following experiments, all
actually crossed the membrane was obtained by insertingprotease-protected molecules, uncleaved and cleaved, are
the protein into microsomes. It was observed that proteinstaken to represent N-terminally translocated membrane-
that could not be cleaved by proteinase K in the C-terminus inserted proteins. We will refer to these proteins as either
were nevertheless glycosylated in the N-terminal tail (data inserted or N-terminally translocated protein.
not shown). N-Terminal Translocation Is Dependent on Bilayer Thick-
Since for all bilayer thicknesses the fraction of cleaved ness.To investigate the influence of membrane thickness
protein, as well as the total amount of labeled protein, on membrane protein insertion, we have performed trans-
remains constant after 30 min of incubation with proteinase location reactions with the 3L-4N mutant in LUVs with lipid
K, we have used this incubation time in the other experiments acyl chains ranging from 14 to 22 carbon atoms. As can be
in this paper. seen from Figure 4A and the quantification in Figure 4B,
Uncleaved and Cleaed Forms of the Protein Are Both  N-terminal translocation of 3L-4N in 18:1 PC/PA LUVs is
Stably Integrated into the Bilayelf.the uncleaved fragment  very efficient, in agreement with our previous resuBg)(
observed in thicker bilayers originates from protease- Interestingly, the translocation efficiency is less in the thinner
inaccessible but otherwise correctly inserted protein as wel4:1 and 16:1 bilayers as well as in the thicker 20:1 and
proposed above, then it should be stably integrated in the22:1 bilayers, where the uncleaved form of the protein
membrane, just like the cleaved form of the protein. This appears (see above). The insertion of this protein therefore
was investigated using urea and carbonate extraction, treatclearly depends on the thickness of the bilayer, which appears
ments that solubilize peripherally bound membrane proteins, optimal at 18 carbon atoms.
while integral membrane proteins remain in the membrane Cholesterol Influences Insertion by Increasing Bilayer
fraction. Translocation reactions were performed with the ThicknessAn additional method to alter membrane thickness
mutant 3L-4N in 18:1 or 22:1 LUVs that were subsequently is the addition of cholesterol, which increases lipid acyl chain
reisolated and treated with proteinase K for 30 min as order and, thereby, the thickness of the bilay&s)( We
described above. For 18:1 LUVSs, this resulted predominantly investigated the effect of cholesterol on insertion of the 3L-
in the cleaved form of the protein, whereas in 22:1 LUVs 4N mutant. Translocation reactions were performed with 18:1
the protein remained mostly uncleaved. These protease-LUVs composed of 75% DOPC and 25% DOPA, in which
treated LUVs were subsequently incubated with urea or the zwitterionic lipid PC was gradually replaced by the
carbonate. As seen in Figure 3, in both LUV preparations neutral cholesterol. As seen in Figure 5, increasing amounts
the labeled protein predominantly remained in the pelleted of cholesterol in 18:1 LUVs lead to a decrease in the
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Ficure 5: Cholesterol dependency of translocation of 3L-4N into = 40
bilayers with different thicknesses. The 3L-4N mutant was trans- ¢
located into 18:1®) or 14:1 @) LUVs with increasing amounts B 504
of cholesterol. The translocation efficiencies were determined as 2
described. The experiment was performed twice, and both values 0 L 1 L

L 1
are indicated. 14 16 18 20 22
acyl chain length

Table 1: Hydrophobic Lengths and Bilayer Thicknesses C
100+
hydrophobic bilayer 5 0
mutant length (A acyl chains  thickness (A) T 804
3L-4N 315 14:1 225 Tz
LAAAL 5 225 16:1 26.0 8 601
LAAAL 4 30.0 18:1 29.5 2 40
LAAAL 5 375 20:1 33.0 2
22:1 36.5 % 20 -
@ Calculated lengths of the hydrophobic segments presuming an - . . . . .
a-helical conformation using 1.5 A/residueEstimated values of the 0 14 16 18 20 22
carbonyl to carbonyl distance for PC bilayers adapted fronigef acyl chain length

FIGURe 6: Translocation of mutants with synthetic transmembrane

N-terminal translocation efficiency of 3L-4N. Similar to the ~Segments into LUVs with different bilayer thicknesses. (A) The

. . . .. - LAAAL 3 mutant was translocated into LUVs with the indicated
situation in longer lipids, the addition of cholesterol leads acyl chain lengths. Only pellet fractions are shown, which were

to the appearance of the uncleaved fragment (data Notyeated with proteinase K where indicated. (B) Relative translocation
shown). This suggests that the decrease in translocatiorefficiencies of the LAAAL mutants. Translocation efficiencies were
efficiency upon addition of cholesterol is caused by its determined two times as described. The values were averaged, and
tendency to thicken the membrane. If this is true, the addition the highest value for each mutant was set at 100%. The highest

: : - absolute values are LAAAL (®) 36%, LAAAL, (O) 17%, and
.Of ;:r?olesterokl) shouldllrgprc()jve_ thi th.rfnsl(c:)/c;gog_lefflCIerlﬁy LAAAL 5 (+) 33%. (C) Relative translocation efficiencies of the
in thin membranes. inceed, in ’ layers € | | ALl mutants, calculated as described in panel B. The highest
addition of cholesterol increases the percentage of N-terminalapsolute values are LLALY(®) 43%, LLALL, (O) 21%, and

translocation up to a maximum of about 50%, which is LLALL s (+) 26%.
similar to the 18:1 bilayers without cholesterol (Figure 5). Translocation reactions were performed with the mutant

membrane until maximal in’sertion can take place LUVs with different bilayer thicknesses. When the LUVs
. ) ) ' are pelleted, the LAAAL mutant associates with them with

Insertion of a Mutant with a Synthetic Transmembrane an efficiency similar to that of 3L-4N (data not shown). As
Segment Depends on Bilayer ThickneSie previous  can be seen in Figure 6A, when this fraction is treated with
experiments clearly showed that translocauon_efﬁmency proteinase K, a portion of the protein is protected. This
depends on the membrane thickness, suggesting that thendjcates that this mutant is indeed able to insert into a
extent of hydrophobic matching between the bilayer thickness memprane. Apparently, no specific amino acid sequence is
and the protein transmembrane segment is important (segequired for direct insertion into membranes, but an artificial
Table 1). However, since so far we have only investigated hydrophobic segment also suffices. In addition, it can be
one protein, it is not possible from these results to distinguish phserved that for this short mutant the uncleaved fragment
between the influence of the bilayer thickness alone or of gjready appears in the thinnest bilayers and that protease
its hydrophobic matching with the protein, nor is it possible cleavage hardly occurs in the thickest bilayers. This is
to establish the potential role of the hydrophobicity of the consistent with our interpretation that the uncleaved fragment
transmembrane segment. To be able to study these aspecig due to protease inaccessibility of the C-terminus, as
separately, we constructed mutants in which the transmem-giscussed above. Quantification of the data (Figure 6B)
brane segment of 3L-4N was replaced by multiple five- shows that N-terminal translocation of the LAAAmutant
residue stretches of leucines and alanines. In this mannerjs most efficient in the thinnest bilayers of the 14:1 and 16:1
mutants with different hydrophobic lengths could be created, | yys, while translocation becomes less efficient in thicker
and the hydrophobicity could be altered by varying the membranes.
leucine content of the stretches (see Figure 1). Insertion of Mutants with Synthetic Transmembrane Seg-

First, we investigated whether such mutants with artificial ments Depends on Length as Well as Hydrophobidity.
transmembrane stretches are still able to insert into bilayers.investigate the influence of the length of the hydrophobic
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stretch, we compared the insertion of the LAAAhutant caused by cholesterol produces a hydrophobic matching
with that of LAAAL,4 and LAAALs, mutants which have  situation such that insertion becomes more favorable. Ap-
hydrophobic segments of 20 or 25 residues, respectively. Toparently, 30% cholesterol thickens the 14:1 membrane toward
allow a better comparison between the different mutants, thea 18:1 bilayer, which is in agreement with previous studies
values were plotted relative to the highest translocation on the effect of cholesterol on bilayer thickne8s36, 37).

efficiency for each mutant (Figure 6B,C). Our results with mutants with synthetic transmembrane
While the LAAAL; mutant inserts efficiently in both the  sequences show that not only mismatch but also the thickness
14:1 and 16:1 bilayers, the insertion of the LAAAIutant  of the bilayer itself and the hydrophobicity of the transmem-
is clearly most efficient in 16:1 LUVs, while the LAAA.  prane segment are important factors determining efficient
mutant inserts most efficiently in 18:1 LUVs (Figure 6B). membrane insertion. For comparison, the lengths of the
Apparently, mutants which have longer hydrophobic stretches mutants and the approximate bilayer thicknesses are shown
prefer to insert into thicker membranes. We also comparedin Table 1. The LAAAL; mutant, which has a hydrophobic
the translocation efficiencies of the LAAAL mutants with  segment of 22.5 A, inserts most efficiently in the thinnest
those of the LLALL mutants (Figure 6C). The LLALL  14:1 and 16:1 bilayers (22.5 and 26.0 A, respectively), hence
mutant, which is equally long but more hydrophobic than under conditions close to hydrophobic matching. The LAAAL
the LAAAL 3 mutant, behaves very Similarly and inserts most mutant, with a 30 A hydrophobic Segment, inserts most
efficiently in 14:1 and 16:1 LUVs. However, whereas the efficiently in the 16:1 bilayer, although one would expect it
LAAAL 4 mutant prefers 16:1 LUVs, the more hydrophobic to behave similarly to the 3L-4N mutant, which prefers the
LLALL 4 mutant inserts most efficiently into the 18:1 bilayer. more C|ose|y matching 18:1 bi|ayer (295 A) The LAAAL
The 3L-4N mutant, which has a similar length and a mutant, which theoretically matches the 22:1 bilayer, inserts
hydrophobicity intermediate between these two mutants, alsomost efficiently into 18:1 LUVs. The more hydrophobic
inserts most efficiently in the 18:1 LUVs (Figure 4). The || ALL mutants behave similarly to the LAAAL mutants
translocation efficiencies of LLALt are somewhat shifted  put, in general, are able to insert more efficiently into thicker
to thicker bilayers compared to the LAAALmutant.  pilayers. These mutants with synthetic transmembrane seg-
Apparently, more hydrophobic mutants preferably insertinto ments therefore insert into bilayers in a mismatch-dependent
thicker bilayers. This demonstrates that not onIy the Iength manner. However, especia”y the |0nger and less hydrophobic
of the transmembrane segment but also its hydrophobicity mutants generally insert into thinner bilayers than could be
plays a role in determining in which bilayer thickness most expected solely on the basis of hydrophobic matching.

efficient insertion can take place. The thickness dependency of these mutants can be
DISCUSSION un_derstqod if one real_izes that the N—terminal_translocation
efficiencies we determine are probably a combination of two
In this study, we have investigated the influence of factors, namely, translocation and hydrophobic matching.
hydrophobic matching between the membrane thickness andFirst, the N-terminus of the protein has to translocate across
a protein transmembrane segment on its direct bilayer the bilayer, which is probably easier if the bilayer is thinner,
insertion. We have found that insertion depends on the because the distance that the hydrophilic tail has to travel is
bilayer thickness but that the length and hydrophobicity of less and the energetic cost of disrupting the packing of a
the transmembrane segment are additional important factorshin bilayer will be less than for a thick one. Hydrophobicity
that determine into which bilayers efficient insertion can take is also important in this process, since more hydrophobic
place. mutants will have a stronger tendency to partition into the
We used an in vitro approach, with mutants of the single- membrane and thus can more easily overcome the energy
spanning Pf3 coat protein and LUVs with different bilayer barrier of transiently burying the hydrophilic N-terminal tail
thicknesses. The mutants we have used are able to efficientlywithin the hydrophobic membrane interior. Only after the
insert into bilayers without the translocase, allowing us to N-terminus has reached the other side of the membrane will
investigate the effect of hydrophobic mismatch with the the extent of matching become important for stable integra-
bilayer itself on membrane protein insertion. tion of the protein into the bilayer. Since hydrophobic
Insertion of the 3L-4N mutant clearly depended on the mismatch between the transmembrane segment and the
bilayer thickness and was most efficient in 18:1 lipids. This bilayer is energetically unfavorable, under mismatch condi-
mutant has a hydrophobic stretch of 21 amino acids that mosttions the protein will be more likely to flip out of the
likely spans the membrane in a helical conformation. Since membrane. Using reconstitution protocols, it has indeed been
the length of anx-helix increases 1.5 A per amino acid, the shown that the main response to hydrophobic mismatch is
length of the hydrophobic segment of 3L-4N is about 31.5 that incorporation of synthetic transmembrane peptides into
A (see Table 1). Since the hydrophobic thickness of a di- lipid bilayers becomes less favorable, especially when the
18:1-PC bilayer is approximately 29.5 A (Table 1), insertion membrane becomes too thickX-13). Furthermore, it can
of this mutant is most efficient under hydrophobic matching be expected that stable integration is promoted by increased
conditions. hydrophobicity of the transmembrane segment. If the trans-
More evidence for the importance of hydrophobic match- location effici_encies are indeed caused by suqh a com.bination
ing was obtained by using LUVs with increasing amounts Of translocation and matching processes, this explains why
of cholesterol. This decreased the insertion of 3L-4N in 18:1 the longer synthetic mutants which require thicker bilayers
bilayers, but addition of 30% cholesterol to 14:1 LUVs for hydrophobic matching conditions nevertheless have
caused a remarkable increase in translocation efficiency up@Ptima in slightly thinner bilayers and also why this is more
to the level observed in 18:1 bilayers without cholesterol. Pronounced for the less hydrophobic ones.
These results suggest that a 14:1 bilayer is too thin for A remaining puzzle is the dynamic nature of the insertion
efficient insertion but that the increased membrane thicknesspathway. If there were a thermodynamic equilibrium between
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