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ABSTRACT. During the membrane insertion process the major coat protein of bacteriophage M13 assumes
a conformation in which two transmembrane helices corresponding to the leader sequence and the anchor
region in the mature part of the protein coming into close contact with each other. Previous studies on the
molecular mechanism of membrane insertion of M13 procoat protein have shown that this interaction
between the two helices might drive the actual translocation process. We investigated the intramolecular
distance between the two helices of the transmembrane procoat protein by measuring fluorescence resonance
energy transfer (FRET) between the donor (Tyr) placed in one helix and the acceptor (Trp) placed in the
other helix. Various mutant procoat proteins with differently positioned deaoceptor pairs were
generated, purified, and reconstituted into artificial lipid bilayers. The results obtained from the FRET
measurements, combined with molecular modeling, show that the transmembrane helices are in close
contact on the order of-11.5 nm. The present approach might be of general interest for determining the
topology and the folding of membrane proteins.

Our present knowledge about the structure and function filamentous phage M13. The major coat protein of bacte-
of membrane proteins originates to a large extent from either riophage M13 is transiently inserted into the inner membrane
molecular biological approache$-3) or investigations of  of Escherichia colprior to its assembly onto progeny phage
purified components reconstituted under nonphysiological particles. The protein is synthesized as a precursor protein
conditions using sophisticated biophysical techniques (seeof 73 amino acid residues comprising two hydrophobic
reviews in refs4, 5, and 6). In this context, diffraction stretches, one in the 23 amino acid long amino-terminal
methods (X-ray, electron) and NMR spectroscopy are the leader sequence and the other in the mature part near the
most powerful for delivering high-resolution 3D structures C-terminus (Figure 1). The process of membrane insertion
of proteins. However, these approaches usually require largehas been shown to be independent of the preprotein trans-
quantities of proteins and, in the case of membrane proteins,locase SecYEG and SecA 8). M13 procoat protein readily
are still of limited success, because of either difficulties in binds to the membrane surface after leaving the ribosome,
obtaining suitable crystals for diffraction studies or technical and no molecular contact could be detected to the known
limitations related to protein size as in the case of NMR chaperones and targeting syste@s The membrane inser-
spectroscopy. For these reasons, alternative methods fotion is mainly driven by hydrophobic interactions0j, but
monitoring the structure and dynamics of membrane proteinsthe negatively charged hydrophilic loop is finally translocated
in a membrane environment would be a valuable tool for with the help of the electrochemical membrane potential and
understanding their interactions in the context of a biologi- the YidC protein {1—13).

cally relevant system. The procoat protein has been purified, reconstituted into

Here, we use fluorescence resonance energy transfefificial lipid bilayers, and investigated by circular dichroism
(FRETY to elucidate the folding of a transmembrane protein, 5nq infrared spectroscopy4). These measurements have

the precursor<tprocoat protein) of the coat protein of the  ghown that the procoat protein adopts a prefereatiaglical
conformation in lipid membranes, compatible with a model
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1 Abbreviations: FRET, fluorescence resonance energy transfer; MD, cation across the membrane. When arginines were placed
molecular dynamics; POPC, 1-palmitoyl-2-oleaytglycero-3-phos- in both hydrophobic helices, translocation defects were more
f’h°.°h9"”e? POPE, I-paimitoyl-2-oleogh-glycero-3-phosphoethano- - yrongynced than for the single amino acid mutations.
amine; POPG, 1-palmitoyl-2-oleoyrglycero-3-phosphoglycerol; . : .
DPPC, 1,2-dipalmitoybn-giycero-3-phosphocholine; HPLC, high-  Similarly, when the conformation of the-helix of both
performance liquid chromatography; TFA, trifluoroacetic acid. hydrophobic regions was affected, e.g., by mutations intro-

10.1021/bi0107694 CCC: $20.00 © 2001 American Chemical Society
Published on Web 09/21/2001




12322 Biochemistry, Vol. 40, No. 41, 2001 Eisenhawer et al.

-15Y -2Y 21W 39W

b T

++ + + - + ++ +
MKKSLVLK|ASVAVATLVPMLFFAIAEGDDPAKAAFNSLQASATEIYIGYAWAMVVVIVGATIGl |KLFKKFTSKAS

-23 -1 -50

Ficure 1: Amino acid sequence of H5 procoat protein. The leader sequence comprises amino acid +e23dioes]l and the mature part

+1 to +50. The boxes mark the hydrophobic, putative membrane-spanning segments. Arrows indicate positions of mutations for FRET
experiments. The following mutant combinations were constructed (one letter amino acid code is followed by position nubEYY2Y,

Y —15W39, and ¥-2W21. These mutant proteins comprise always an F at positions 24 and 26. Another mutant protein is W21Y 24, which
carries an F at position 26.

ducing proline residues, translocation across the membrangyanol/0.02% TFA, determined by the optical density at 280
was inhibited {5). These investigations demonstrated that nm usinge = 8000 Mt cm™* (14). The buffer used in the
both hydrophobic helices synergistically contribute to the experiments was 1 mM Tris-HCI/0.1 mM EDTA, pH 7.4,
insertion-translocation event. degassed with He. Proteins were reconstituted into lipid
We report that the two transmembrane helices are in closebilayers at a molar lipid-to-protein ratio of 500 by mixing
proximity to each other, suggesting that a specific interaction organic solutions of the procoat protein and lipids, evaporat-
between the two protein regions drives the translocation ing the solvent, and rehydrating the mixed lipid/protein film
process. This was achieved by constructing, purifying, and in buffer followed by 1 min ultrasonication. This method
membrane-reconstituting mutant procoat proteins containing results in a transmembrane conformation of the reconstituted
single intrinsic tyrosine tryptophan pairs. The TyfTrp pair proteins, as has been shown elsewhé@. (Lipid mixtures
of a particular mutant protein acted as a donacceptor of POPC/POPG= 4/1 (mol/mol) and POPE/POPC/POPG
couple to measure an intramolecular distance in the procoat= 3/1/1 were used for vesicle formation.
protein by FRET. The intramolecular distances obtained by  Characterization of the Size of Proteoliposon@sasielas-
FRET measurements were used as constraints to establish fic light scattering experiments have been performed to
realistic structural model for the procoat protein spanning a characterize proteoliposomes of different composition as
lipid bilayer with two helices. This model served as a basis described before. A HeNe laser (632 nm) was used as a
for additional molecular dynamics (MD) calculations to Jight source. The sample was placed in a variable angle
obtain a realistic picture of the conformational fluctuations goniometer. Light scattering data obtained at different angles
of the procoat protein in a lipid bilayer. were analyzed with a Brookhaven BI-2030 AT digital
FRET is a well-established technique) to measure intra-  correlator. Data were evaluated acoording to standard
and intermolecular distances in water-soluble and membraneprocedures3). Proteoliposomes comprising POPC/POPG
proteins (7—19). Recently, site-specific introduction of = 4/1 showed an average diameter of 55 nhl? nm at
nonnatural fluorescent groups into the protein was used tohalf-height of distribution histogramme); those of POPE/
measure FRET even in unpurified, native membra2@s (  POPC/POPG= 3/1/1 had an average diameter of 44 nm
21). However, there is a potential risk of modifying the (£10 nm).

function of the native protein by these methods, and the  y,orescence MeasuremenBuorescence measurements
procedures often are time-consuming. In the present studies,; gre performed using a Spex Fluorolog fluorometer as

we have used TyfTrp as a FRET pair because of the gegcribed in detail elsewhert). All studies were conducted
following: (i) These natural amino acid side chains are 4t oom temperature using ¥ 1 cm? quartz cuvettes
expected to have no or only minor influence on the protein e|ima, Germany). To reduce light scattering in the presence
structure, (ii) additional labeling steps are omitted, and, most 4f |inosomes, the fluorescence was measured with crossed
importantly, (iii) the short FRET efficiency range [/ter  ho|arizers (excitation polarizer horizontal, emission polarizer

distanceR, = 1—1.5 nm @2)] makes it possible to obtain  \erical). Slits were adjusted to 5 nm bandwidths both for
short distance structural constraints. The present approachyycitation and for emission. Excitation spectra were taken

might. bp of .general intt_erest for determining membrane fom 250 to 330 nm in 1 nm steps at a fixed emission
protein insertion and folding. wavelength of 340 nm. Emission spectra were taken from
300 to 450 nm in 1 nm steps at fixed excitation wavelengths
MATERIALS AND METHODS of either 280 or 295 nm. Trr)1e sampling timesvas ateachg

ChemicalsThe lipids 1-palmitoyl-2-oleoykn-glycero-3- wavelength. The spectra were excitation-corrected by ref-
phosphocholine (POPC), |-palmitoyl-2-oleasst-glycero-3- erencing to a Rhodamine quantum counter and corrected by
phosphoethanolamine (POPE), and 1-palmitoyl-2-olesmyl- ~ subtraction of blank solutions containing lipid vesicles
glycero-3-phosphoglycerol (POPG) were from Avanti Polar Without protein in buffer. Under these conditions, the
Lipids (Birmingham, AL); all other chemicals were from fluorescence intensity increases linearly with concentration
Fluka (Buchs, Switzerland) and of the best quality available. of procoat protein.

Purification of Proteins and Preparation of Proteolipo- Tyrosine emission spectra were obtained by subtracting
somesProcoat mutant proteins were constructed by oligo- the spectra recorded by excitation at 295 nm from the spectra
nucleotide-directed mutagenesi),(expressed irE. coli recorded by excitation at 280 nm, after normalization of the

LC137 (14), and purified by HPLC as described elsewhere two emission spectra to identical intensity at 380 nm where
for the H5 procoat proteinld). Final concentrations of  Tyr fluorescence is negligible and only Trp fluorescence
protein were approximately 0.5 mM in acetonitrile/2-pro- contributes.
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Molecular dynamics simulationsere used to create a full atoms+ lipid atom§ and Z{® represents the positions of
atom model of the procoat protein in a hydrated lipid bilayer. atoms{k} in the initial configurationA being the strength
As a starting point, we used a watdipid system consisting  of constraints. The solvent and lipid molecules are free to
of 72 DPPC and 3816 water molecules. The atom coordinatesmove in thex—y plane. For the M13 procoat protein similar
of the lipid bilayer originate from a previous 30 ns MD harmonic constraints were used in they membrane plane,
simulation performed with the software package GROMACS while for thezdirection we shiftedyt® by a valueD toward
(24) using the GROMOS force field2g) with slightly the membrane obtaining;(¢ = Z,{¢ 4+ A. Subsequently,
modified lipid parameters2@). The obtained atom density we started a 10 ps MD run at the end of whiechdue to
distributions as well as lipid order parameters are in very constraints— thez coordinates of the polypeptide were such
good agreement with the corresponding, experimentally thatZ{® ~ 7,8, We then shifted;{® to Z,{¢ = z{® 4 A.

determined bilayer properties. This procedure was repeated several times until the hydro-
The atom coordinates of M13 procoat protein were first phobic helix parts were centered in the lipid bilayer.
generated as a perfeethelix using Insight Il, a molecular The M13 procoat protein reached the required position

editor from Molecular Simulations Inc. Then, a turn between after 27 iterations of the described process. During insertion
amino acid Alal0 and Serl3 was created by rotating the threethe system was weakly coupled to a temperature and pressure
backbone dihedral anglgd1,y11, andy12 which delivered  reservoir. The reference temperature and time constant for
the best agreement with the distance constraints derived fromiemperature coupling were set to 320 K and 0.1 ps while
our fluorescence experiments. the reference pressure and the time constant for pressure
The process of insertion of a polypeptide into a lipid coupling were set to 1 bar and 2 ps, respectively. The
bilayer takes too long a time to be fully described by a MD  compressibility in the membrane plane was chosen to be 4.5
simulation. It is therefore necessary to incorporate the x 1075 (1/bar), while in thezdirection it was set to zero,
polypeptide into the bilayer in a different way. In an often preventing the simulation box from shrinking perpendicularly
used procedure, individual lipid molecules are placed step- to the membrane. The other critical MD control parameters,
wise around a polypeptide to reach finally a densely packed for instance, the cutoffs of electrostatic and van der Waals

membrane Z7). Subsequently, the bilayer is hydrated by interactions, were chosen according to successful lipid bilayer
adding a water layer on each side of the membrane. A long simulations performed with the same force field.

MD equilibration phase is then required to allow redistribu- At the end of the insertion process the overall configuration
tion of potential and kinetic energies at a particular temper- ¢ e lipid and solvent molecules was well conserved.

ature. Unfortunately, the important parameters for judging Neyertheless, an excess amount of potential energy had been
the reliability of the simulation, such as lipid order parameters injected into the system. To prevent perturbations, we chose
and atom density distributions, are not known in the presencey (elease the harmonic constraints in eq 1 while running
of transmembrane polypeptides. Therefore, this method does,q system at very low temperature (20 K) for approxima-
not allow to correctly control the simulated evolution of the tively 1 ns. Another 1 ns run at a temperature of 320 K was

lipid bilayer. In addition, due to the reciprocal influence of e formed in order to obtain a well-equilibrated system with
lipids and peptides on their structure, one can expect a slowgapie kinetic and potential energy distribution. This inser-

convergence toward the stationary state of the system. _tion—equilibration stage was followedykta 7 ns MDrun.
Therefore, we used in the present case a forced dynamic

insertion of the M13 procoat protein into a preformed lipid RESULTS
bilayer. This method reduces the above-mentioned problems
considerably. We started the process by placing the folded Donor—Acceptor Pairs in the M13 Procoat ProteiSite-
M13 procoat protein with its helices perpendicular to the directed mutagenesis was used to introduce tryptophan and
surface of a hydrated membrane. The atomic coordinatestyrosine residues at the desired positions. In a first step, all
were taken from a correctly preformed, equilibrated lipid Tyr and Trp codons of the noncleavable H5 procoat mutant
bilayer. (28) were modified into codons for Phe. In particular, the
The dimension of the simulation box was extended in order two Tyr residues at positions 21 and 24 and the Trp at
to include the protein. Periodic boundary conditions in the position 26 were substituted. The H5 mutant protein was
Xx—y membrane plane offered the lipids at the periphery a used as a template to place doracceptor pairs at desired
homogeneous environment. On the contrary, due to thepositions (Figure 1). To investigate the distance between the
presence of the M13 procoat protein on one side of the lipid putative helical leader sequence and the mature coat protein
bilayer, a watervacuum interface was created applying part, we created different mutant proteins comprising one
periodic boundary conditions in theedirection. To avoid an ~ Tyr donor in the first and one Trp acceptor in the corre-
influence of this vacuumwater interface on the hydrated sponding second segment. In particular, Tyr was placed at
lipid bilayer structure (e.g., change of solvent density by either position—15 or—2 and Trp at either position 21 or
diffusion of solvent molecules into vacuum space), the 39. Thus, the engineered doraicceptor pairs were always
following constraints were imposed on the vertical positions located at the corresponding ends of the predicted helical
Z{¥ of the ensemble of all atonf&}, by adding the following ~ segments as shown in the model in Figure 2. Furthermore,

harmonic term to the MD force field a mutant protein comprising Trp at position 21 and Tyr at
position 24 was constructed. Due to the folding-independent
H(Z{k}) — ZA(Z{k} _ Zo{k})2 (1) short.distance between these two amino acid residues, this
& protein was taken as a reference for 100% energy transfer.

Biological Actiity of the Constructed Procoat Mutant
where the ensemble of all atoms is defined lds—= { solvent Proteins.All mutants were tested in a pulsehase experi-
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protein mutants. (AE. coli LC 137 cells bearing the respective  Fgyre4: Fluorescence emission spectra of procoat mutant proteins
plasmid were grown at 30C, pulse-labeled for 3 min (odd-  incorporated into lipid vesicles of POPC/PORS 4/1 (molar
numbered lanes), and subsequently chased with nonradioactiveatig): short dashed lines, excitation at 280 nm; long dashed lines,
methionine for 3 min (even-numbered lanes). The cells were acid gycitation at 295 nm: continuous lines, difference spedia

precipitated and resuspended in 2% SDS/20 mM Tris-HCI, pH 8. l,e9). Panels: (a) procoat mutant protein W21Y24; (5) ¥%5W39;
The proteins were immunoprecipitated with antibodies to M13 (¢)’y—15w21.

phage and analyzed by SB8AGE. The mutants F21F24F26
gi ”5511535‘312(),5‘,’1"6231;( ﬁ;‘d('g)rf ang_%%ﬂ’— ﬁ’;’g % gigefofv"’v‘gfe their electrop_horetic mobility. Membrane translocation of the
analyzed. As a control, cells expressing wild-type M13 procoat and mutant proteins was tested by the protease mapping technique
coat protein were pulse labeled for 30 s (lane 11). (B) Proteinase (Figure 3B). TheE. coli cells that had been pulse-labeled
[ngpipggg Otfh l\t/|h13 procoetl_t mutlants:dExponentIiaIIyI ggo;/v(l;‘a?cog . and chased for 3 min were cooled t¢0 and treated with

wi e respective plasmid were pulse-labeled for 3 min ;
and converted to spﬂeroplagts (lanes 1, 4?_ar!d 7). Proteinase K (llgsozyme in the presence of EDTA to form spheroplasts.
mg/mL) was added and kept on ice for 60 min in the absence (lanesProteinase K was added to the outside of the spheroplasts to
2, 5, and 8) or presence of Triton X-100 (lanes 3, 6, and 9). The digest the translocated proteins. The M13 procoat proteins
spheroplasts were acid-precipitated, immunoprecipitated, and anawere immunoprecipitated before and after proteolysis. We
lyzed by SDS-PAGE. The mutant proteins W21Y24 (lanes3), found that the majority of the Y21W24, Y15W21, and

Y~15W39 (lanes 46), and ¥-15W21 (lanes #9) are shown. v _ 1 5\y/39 mytant proteins were digested, indicating that all
ment to determine if they remained uncleaved and integratedof the procoat proteins were normally translocated into the
in the cytoplasmic membrane. Exponentially growiaigcoli E. coli membrane.

LC137 cells bearing the respective plasmids were pulse- Experimental Fluorescence Data.the following, we use
labeled with 5S]methionine for 3 min and chased with both emission and excitation spectra to obtain information
nonradioactive methionine for an additional 3 min. The about donotacceptor distances.

analysis of the procoat protein by immunoprecipitation and  Fluorescence Emission Spectfagure 4 shows emission
PAGE revealed that the processing of the mutants wasspectra (excitation at 280 and 295 nm) of the different mutant
inhibited and the protein remained stable during the chaseprocoat proteins reconstituted in vesicles of POPC/PGPG
period (Figure 3A). Due to the mutation at positio (Ser 4/1 (molar ratio). Fluorescence spectra of the proteins re-
— Phe), all procoat mutant proteins are slightly retarded in constituted in lipid vesicles of POPE/POPC/POR@G/1/1,



Topology of M13 Procoat Protein Biochemistry, Vol. 40, No. 41, 200112325

l | | | | 295 nm, where only Trp is excited and thus energy transfer
cannot occur. Again, the situations for the two extreme cases
are considered.

Case 1: No Energy Transfer between Tyr and.Trpe
excitation spectrum is a pure Trp spectrum with the intensi-
ties corresponding to the quantum vyields at the particular
wavelengths.

Case 2: Total Energy Transfer between Tyr and.Tiripe
excitation spectra show higher intensities at wavelengths
below 295 nm where Tyr and Trp are excited simultaneously.
FRET from Tyr to Trp increases the measured Trp fluores-
cence intensity at 340 nm.

Fluorescence Intensity [arbitrary units]

00k , | | | 4 Evaluation of Fluorescence Data method of analysis
250 260 270 280 290 300 originally developed by Eisinger2p) is used here and is
Wavelength [nm] briefly described. The excitation spectra (emission observed

FIGURE 5: Fluorescence excitation spectra (emission detected at@t 340 nm) for various mutant proteins are compared with
340 nm) of procoat mutant proteins in vesicles of POPC/PGPG  theoretical spectra foE = 100%, 50%, and 0% transfer
4/1: () W21Y24, () Y—2W21, () Y—-15W39, and ©) efficiency between Tyr and Trp. For this purpose, all

Y—15W21. excitation spectra are first normalized to identical emission
N o . ) intensity when excited at 295 nm. At this excitation
a composition which is similar to that of the nati&e coli \yavelength fluorescence arises exclusively from Trp. Sup-

inner membrane, showed the same characteristics as beforéssing that Trp residues of all different mutant proteins are
notably the same positions of the emission maxima (datajy g similar environment (as is justified by the practically
not shown). Therefore, we believe that the following results jentical fluorescence spectra of these proteins, shown
are representative for the native case of protein insertion. above), the spectra are normalized to identical intensity at
At 280 nm, both Tyr and Trp are excited. At this excitation 295 nm, j.e., to identical Trp fluorescence quantum yield.
wavelength, energy transfer may or may not occur dependingat wavelengths lower than 295 nm, Trp and Tyr are excited
upon a number of factors such as the intramolecular distancesimuyltaneously, and the observed fluorescence signal is a
between the donor and the acceptor FRET pair. Excitation fynction of the quantum yields of both Trp and Tyr. Because
at 295 nm exclusively excites the acceptor Trp, and the the emission in these experiments was recorded at 340 nm,
distance to the Tyr residue does not influence the emissionyhere only Trp emission occurs, the contribution of Tyr is
spectra, unless it has direct contact with the tryptophan's gnly visible if energy transfer from Tyr to Trp takes place.
indole ring, which might lead to fluorescence quenching. A 100% energy transfer yields the highest possible fluores-
From the difference spectrdafo — loo5) in Figure 4 the  cence intensity for the excitation spectra observed here.
following cases can be distinguished. W21Y24 was used to obtain the reference spectrum for
Case 1: No Energy Transfer between Tyr and.Tfpe 100% energy transfer between its single Tyr and its single
difference spectrum should correspond to the Tyr emission Trp, as shown by the fluorescence emission spectra reported
spectrum of the procoat protein since the spectrum obtainedin Figure 4. Subtraction of the excitation spectrum of
from excitation at 280 nm is a sum of fluorescence intensities \W21Y24 from the excitation spectrum of the particular
arising from both Tyr and Trp, whereas the spectrum mutant protein of interest yields the “excitation difference
obtained from excitation at 295 nm is a pure Trp emission spectra” shown in Figure 6. It is obvious that a mutant protein
spectrum. showing complete energy transfer (as for the case of
Case 2: Total Energy Transfer between Tyrand Tipe ~ W21Y24) yields a flat line of relative fluorescence intensity
difference spectrum should be zero for all wavelengths, since,of 1 at all wavelengths. Spectra of the mutant proteins
independent of the excitation wavelength, pure Trp emission showing less efficient energy transfer than W21Y24 give
spectra are subtracted and differences in effective quantunyise to relative fluorescence values less than 1 in the spectral
yield have been leveled out by normalization of the intensities region where Tyr absorbs (26@95 nm). The theoretical
at 380 nm. curves for 50% and 0% transfer efficiency shown are
Case 3: Energy Transfer Efficiencies between 0% and calculated from the quantum yields of both Tyr and Trp (see
100%. The difference spectra should show a Tyr emission also Figure 4). Mutants ¥15W39 and Y-2W21 both
spectrum with intensities varying between 100% and 0%. showed an energy transfer of about 50%, whereas the transfer
The resulting difference spectra depicted in Figure 4 of the mutant Y-15W21 corresponds to a value®f= 0%.
demonstrate the following: (1) Efficient FRET occurs in the We conclude from these data that the residues at positions
mutant procoat W21Y24 protein. (2) Practically no energy —15 and 39, and at2 and 21, are at a distance closeRp

transfer is observed in the mutant proteir-¥sW21. (3) = 1-1.5 nm, whereas the residues-at5 and 21 are at a
For Y—15W39 the situation is between the two extreme casesdistance considerably larger th&s.
mentioned before. Molecular Dynamics Simulatiohe intramolecular dis-

Fluorescence Excitation Specti@igure 5 shows excitation  tance constraints obtained by FRET measurements were the
spectra of the different procoat mutant proteins. The spectrabasis for constructing the structure of M13 procoat protein
were recorded at an emission wavelength of 340 nm, wherein the MD simulation. A U-shaped protein, comprising two
fluorescence originates exclusively from Trp. The excitation adjacent, ideal straiglot-helices, was gradually inserted into
spectra are normalized to equal intensity when excited atthe lipid bilayer during a MD simulation run. The desired
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FIGURE 6: Fluorescence excitation spectra (emission at 340 nm) N-terminus
of the mutant proteinsA) Y—2W21, (O) Y—-15W39, and ©)

Y—15W21 are compared with theoretical curves from 2&f
calculated for different efficiencies for the Fyfrp energy transfer.

/ C-terminus

. . . . FiGure 7: Structure of the procoat protein in a hydrated, fluid
insertion was obtained by applying an external force on each pppc |ipid bilayer obtained from a MD simulation. The procoat

protein atom. Position constraints have been set on the lipidprotein is first folded to form a hairpin comprising two straight,
and water molecules during insertion of the protein into the ideal a-helices. FRET distances betweer- and W21, Y-15
lipid bilayer, preventing them from moving in the direction and W21, and ¥-15 and W39 as well as the helix content measured

. . : by circular dichroism are used as constraints. This model served
perpendicular to the membrane plane but still allowing as a starting structure for the MD simulations. Shown is a snapshot

displacements in the membrane plane in order to provide of a procoat protein structure after 3 ns of MD simulation. The
sufficient space for the protein molecule. Within the final locations of Tyr residues in the polypeptide backbone are shown

MD simulation, the two bilayer-spanning helices performed in red, and those of the Trp residues are in blue. The hydrophobic
fluctuations. The hydrophobic part of the mature coat protein part of the lipid bilayer is depicted by two white horizontal lines.
sequence deviated only slightly from the starting ideal . ) L

straight helix conformation; the helix of the leader sequence ProPosed to estimate FRET in a lipid bilayer for systems
part, in comparison, showed much stronger conformational €ONtaining one donor and multiple accepto@9{31).
deviations from its ideal starting state, especially at the endsBecause the value calculated for the intermolecular density
of the transmembrane helix (Figure 7). Despite this substan-©f @cceptors in the local environment surrounding the donor
tial conformational flexibility, the distances between the IS N€dligible, itis clear that FRET in our proteoliposomes is
particular Tyr-Trp donor-acceptor positions remained quite due almost exclusively to the mtramolecular energy transfer
constant over the entire investigated time regime as shownP&tween the Tyr and the Trp residues of a particular procoat
in Figure 8. We have extended the simulation over a time Mutant protein. _ _

regime of 9 ns, and the distance fluctuations remain constant_ FOr obtaining distance information from TFyllrp FRET,
within a range of:0.2 nm (Figure 8). The good agreement Eisinger @2) proposed two approaches. One approach uses
between the MD and FRET distances in turn suggests thatthe individual emission spectra of Tyr and of Trp evaluated
the MD simulations deliver a reliable description of the real from the experimental spectrum, which is the sum of the

membrane protein structural dynamics. Tyr and Trp emission. In the present work we have used
this approach, but unfortunately, our emission spectra showed
DISCUSSION a substantial amount of light scattering when excited at 295

nm. Thus, the individual Tyr fluorescence spectrum could
FRET experiments have been shown to be suitable for only be evaluated down to about 315 nm. In principle, it
elucidating the transmembrane conformation of M13 procoat would be possible to fit our data to obtain the maximal
protein. As determined by our quasielastic light scattering fluorescence intensity around 305 nm, but the uncertainty
experiments, proteoliposomes of a defined size with a narrow of this approach is rather large. Therefore, we also used the
size distribution were created by ultrasonication. Taking into second approach of Eisinge2?) to determine the relative
account the average size of 55 nm for the POPC/POPGquantum yields of Tyr and Trp via their relative absorption
vesicles, each vesicle has a surface area of about 9580 nmof light. The emission spectrum of procoat W21Y24 incor-
corresponding to about 31 000 lipid molecules. Because theporated into POPC/POPG vesicles shows that the efficiency
molar lipid/protein ratio of the preparation is 500, each of Tyr—Trp energy transfer is 100% (see Figure 4), justifying
vesicle contains then about 60 protein molecules. If specific the use of this mutant protein as a reference. The intensity
protein—protein interactions are excluded, an individual of the fluorescence at 340 nm as a function of excitation
procoat protein molecule is surrounded by less than 0.04wavelengths (i.e., the excitation spectra) for the mutant
protein molecules in a circle of radies 1.5 nm, the Foster proteins Y-15W39, Y-2W21, and Y¥-15W21 normalized
distanceR, for the Tyr—Trp pair. General methods have been to the W21Y24 excitation spectrum is shown in Figure 6.
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Ficure 8: Typical time courses of the distances between Tyr and Trp residues in the indicated positions of M13 procoat mutant proteins.

Shown are the MD time windows from 2.3 to 9 ns after the different equilibration steps.

For Y—15W39 and for ¥-2W21 the experimental data are the mobility of the different parts of the protein. The long
consistent with half-maximal energy transfer; those for hydrophobic helix of the mature coat protein domain remains
Y—15W21 are consistent with no energy transfer. Taken rather rigid with only small conformational fluctuations at
together, these data give approximate distance values. Fothe ends of the helix as had been seen experimentally and

example, the distance between Trp39 and Fyg) as well

as between Trp21 and Tyt@) is on the order of the Fster

distance,Ry ~ 1 nm. The distanc® between Trp21 and
Tyr(—15) is on the order of or larger tharRg since at
distancesR > 2R,, no energy transfer will occui2@).

in simulations for single, hydrophobic transmembrane helices
(34, 35). In contrast, only a rather short segment of the
transmembrane helix of the leader sequence remains rigid
while both ends of this helix perform substantial conforma-
tional fluctuations. As a consequence, the lipid bilayer, facing

A structural model of the membrane-inserted M13 procoat the membrane-traversing leader sequence portion, is more
protein is derived from these measurements: The proximity distorted than the corresponding lipids in contact with the
of residues—2 and 21 and residues15 and 39 obtained mature coat protein segment (pictures not shown). It will be
from FRET, together with the measured 60% helix content interesting to investigate the stability of the procoat protein
of the transmembrane M13 procoat proteld)( provides in a future MD simulation over an extended time scale.
strong evidence for the hairpin configuration depicted in  Structural studies on the M13 coat protein have suggested
Figure 2. Although the measured helix content does not allow a hinge region around residue 23 and an amphipathic helix
one to exactly localizen-helices along the amino acid sitting on the surface of the membran86,( 37). The
sequence of the protein, it is reasonable to assign helices tacconformation of this region in the procoat protein must be
the two hydrophobic and putative transmembrane regionsclearly different, since an-helix parallel to the membrane
in the M13 procoat protein sequence, indicated as rectanglegplane would separate the leader sequence and mature
in Figure 2. A more detailed representation is obtained by transmembrane helices. Possibly, the conformation of this
molecular dynamics calculations shown in Figure 7. It region changes after cleavage by leader peptidase.
presents a full atom model of the procoat protein inserted in  The maxima of the Trp fluorescence spectra around 330
a hydrated DPPC lipid bilayer. Taking into account the helix nm for all membrane-incorporated procoat mutant proteins
content of the procoat protein in lipid membranes as indicate a hydrophobic environment of the tryptophan
measured by circular dichroism and the distance constraintsresidues located at positions 21, 24, and 39, as well as at
as determined by the FRET experiments in this work, the positions 26 and 30 (results not shown here). This hydro-
MD calculations provide a realistic picture of the confor- phobic environment could be either the hydrophobic core
mational fluctuations of the procoat protein. of the membrane, the adjacent hydrophobic residues of the

According to these simulations, the procoat protein shows leader sequence, or the lipid headgroup region of the
the following features: (1) Only a minor portion of the membrane. The locations of these residues in Figure 7 are
periplasmic (loop) region faces the free solvent. (2) Most of compatible with these restrictions.
the N-terminal and of the C-terminal regions are located in  Taken together, the fluorescence experiments and the
the membranewater interfacial region that shows a reduced molecular modeling show that the M13 procoat protein is
access to water as compared to bulk solv&2 83). (3) deeply embedded in the membrane with the two transmem-
Although the overall hairpin conformation of the procoat brane helices in close proximity to each other. It appears
protein is stable over the entire time scale of the MD that a major portion of the periplasmic loop is located at the
simulations (Figure 8), there is a considerable difference in membrane interface and that the site where cleavage by
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