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STELLINGEN

Het staat niet vast dat tijdens plantevirusinfectie de mantel-
eiwitten worden pgeincorporeerd in het plasmamembraan wvan de

plant.
Dit proefschrift, Hoofdatuk 2.

De doving van de tryptofaanfluorescentie van het Ml3-manteleiwit
in dimyristoylfosfatidylcheoline vesikels door stralingsloze
energieoverdracht naar parinaarzuur in de bilaag. sluit niet uit

dat het Mi3-manteleiwit in geaggregeerde vorm voorkomt.

Kimelman, D.. Tecoma, E.S., Wolber, P.K.. Hudson, B.S., Wickner,
W. & Simoni. R.D., {1979), Biochemistry 18, 5374-5880,

De transmembraanconformatie van fd -manteleiwit in modelmembranen,
zoals Valentine et al. zich die voorstellen, wordt onvoldoende

ondersteund door hen experimentele resultaten,

Valentine. K.G., Schneider. D.M.. Leo, G.C., Colnago, L.A. &

Opelia. S.J. (1986}, Biophys. J. 49. 36-38.

Leo et al. hebben aangetoond., dat fd -manteleiwit jn bilagen in de
gel-fase niet beweeglijk is op de mirroseconde-tijdschaal. 2Zij
hebben echter niet onderzocht of dit ook in de vloeibaar-
kristallijne fase het geval is, waardoor de relevantie van hun

onderzoek aanzienlijk beperkt wordt.

Leo, B.C., Colnago. L.A.. Valentine. K.G. & Opella, 8.J. (1987).
Biochemistry 26. B54-861.

De waarneming van Oldfield et al., dat de ordening van de vet-
zuurstaarten van de lipiden in aanwezigheid van f1 -manteleiwit
verlaagd is. verliest aan betekenis omdat niet is nagegaan of de

lipiden georganiseerd waren in een bilaagstructuur.
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Qldfield, E., Gilmore, R

., Glaser, M., Gutowski, H.S., Hshung}
J.C.. Kang, S.Y., King, T.E., Meadows, M, & Rice. D. {1978), Procg
Nat). Acad. Sci. U.5.A. 75, 4657-4660. I

|
|
6 De resultaten. die met spin-label-ESR verkregen worden over

lipide-eiwit-interacties in meabranen, verdienen meer aandacht dana

de verfijning van de theorie, die ten grondslag ligt aan de,
1
techniek.

|
Volgens de morfo-fonologische regels, die gelden voor het Romeinse |

gedeelte van het Nederlandse vocabularium, moet het woord soni-!

ceren ultgesproken worden als [so:nisera] en niet als [so:nikera].‘

Het anoniem blijven van de beoordelaars van wetenschappelijke
manuscripten .becogt een

ongehinderde selectie van kwalitatiel

hoogstaend werk. Het staat echter niet vast., dat deze anonimiteit
I
de kwaliteit van de beoordeling verhoogt.

De miniater bekostigt via de Nederlandse Organisatie voor Zuiver
Wetenschappelijk Onderzoek (ZWD)

beurzen om pas gepromcveerden
I
voor het universitaire onderzoek te behouden. Voor pas gepromo-

veerden verliest deze optie veel aan betekenls. omdat te ver-

wachten valt dat onvoldoende vaste universitaire posities vacant
zullen komen.

10 Het gebruik van personal computers vormt een goede stimulans voor

optimale benutting en Kkennisname van de vele toepassingsmogelijk-
heden. '

11 In vergelijking met reeds gepromoveerden betalen de promevendi

nieuwe stijl (AIO's) een hoge prijs voor een doctoraat met nog
onbekende maatschappelijke waarde.
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CHAPTER 1

GENERAL INTRODUCTION



1 GENERAL INTRODUCTION

For an animal, a plant or bacterium, a cell constitutes the fun-
damental unit of structure and function. For a virus, a cell provides
the wmachinery to make the components for the assembly of new viruses,

The genetic Iinformation, specific for a particular virus, is pre-~
sent in the nucleotide sequence of the nucleic acid. In spite of this,
a virus can not reproduce itself independently; it must penetrate a
host c¢ell and use its metabolic systems. After penetration, the host
cell produces the necessary viral components, encoded by the wviral
nucleic acid. The new virus particles are assembled and leave the host
to repeat the reproductive cycle in another host cell.

Most bacterial and plant viruses are non-enveloped viruses, which
consist of single- or double-stranded ribonucleic (RNA) or desoxyribo-~
nucleic acid (DNA), mainly encapsidated by several identical protein
molecules. Many animal viruses are more complicated; the nucleoprotein
particle is surrounded by a 1lipid bilayer, forming wmembrane-enveloped
viruses. A variety of virus particles is shown in PRig.l.

With respect to the early events in infection, enveloped viruses
are distinctly different from non-enveloped viruses due to the pre~
sence of the surrounding membrane. The virus membrane or envelope, has
three functions: it protects the pucleoprotein during the extracellu-
lar stage of the reproductive cvcle, it is responsible for penetration
of the nucleoprotein into the host and it is Iinvolved in the assembly
of new virus particles in the infected cell.

The general features of the infection mechanism of some enveloped
‘viruses are known (Helenius et al, 1980; White et al., 1983; Crowell
& Lonberg-Holm, 1988). These viruses enter the host after attachment
of its membrane spike glycoproteins to the cell wembrane. Penetration
of the nucleoprotein particle occurs either after endocytosis of the

virus or directly by passage through the plasma membrane (Fig.2). In
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Figure 1. Schematic structure of various viruses.

case of adsorptive endocytosis the endosome is formed by invagination
of the cell membrane, surrounding the attached virus.

Non-enveleped viruses may follow a simflar endocytotic pathway, but
eventually the virus particles have toc pass the membrane. These latter
processes are poorly understood for both animal and plant viruses.
Even for the well-characterized bacterial virus M13 the molecular
details of the infection mechanism, have not been completely eluci-
dated.

1.1 FLANT VIRUSES

Structure of plant viruses, The majority of the plant viruses con-
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Figure 2. Pathways for entry -of enveloped viruses. In
pathway A the wviral membrane fuses with the plasna
membrane and releases the nucleoprotein in the
cytoplasm. In pathway B the entire virus particle enters
by endocytosis through coated pits into acidic endoso-
mes, where fusion occurs between the viral and the host
membrane. (From White et al,, 1983).

sist of single-stranded RNA of positive sense, surrounded by a protein
coat (Kaper, 1975; Francki, 1983). The protein coat may be rod-shaped,
e.g. tobacco mosaic virus (TMV) or spherical, e.g. cowpea chlor:otic
mottle virus (CCMV), brome mosaic virus (BMV) and southern bean noéaic
virus (SBMV). The protein coat of CCMV, BMV and SBMV is a T=3 icosa-
hedron that consists of 180 coat protein molecules with MW=19,400,
20,300 and 28,218, respectively. The rod-shaped protein coat of TMV
consists of numerous copies of identical coat protein molecules with
M=17,400. The detailed molecular structure of TMV (Bloomer et al,
1978; De Wit, 1978) and a number of spherical plant viruses, like CCMV
(Verduin, 1978; Vriend, 1983) and SBMV (Harrison et al.,, 1978; 1980;
Abad-Zapatero et al., 1980, Rossmann, 1984}, has been investigated. In
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Figure 3. (a) Coat protein packing in the TMV protein
disk (below) and in the wvirus (above). Schematic
diagrams of the two-layer (34 coat protein) disk and
part of the virus helix.(b) Side views of sections
through the central axis of the disk and the the virus
to show the RNA location in the virus and the diameter
of the agpregates (From Lomoncssof & Wilson, 1985).

the virus particle protein-RNA and protein-protein interactions occur.
In THV, besides the electrostatic interaction of the RNA with heiical
parts of the coat protein molecules, the strong hydrophobic protein-
protein interactions dictate the particle structure (Fig.3, Lauffar,
1975; Bloomer et al, 1978; Lomonossoff & Wilson, 1985). In spherical
viruses, like CCMV, similar hydrophobic  intersubunit bonds stabilize
the particle. The positively charged N-termini of the coat protein are
important because of electrostatic interaction with the negatively
charged RNA, that occurs during the assembly of the virus particle.
Recently, a model for CCMV assembly has been proposed (Vriend et al.,
1986).
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Figure 4. General features of the reproductive cycle of
plant viruses. Several stages are indicated: virus entry
(1) dissociation or uncoating (2) replication and
translation {(3) assembly of new virus particles (4) and
transport from cell to cell (5).

Plant virus infection. In the reproductive cycle of a plant virus

several steps can be distinguished: initial interactions (binding and
penetration), disassembly or uncoating, replication and translation,
assembly of wvirus particles and transport from cell to cell (Fig.4).
“In contrast to their structure, little is known about the early events
in plant virus infection (Wilson, 1985). Possible initial interactions
are attachment of the virus to the host cell, similar to the attach-
ment of bacteriophage M13 to Escherichia coli, or direct penetration
via local, transient wounding of the plasma membrane (Burgess et al.,
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Figure 5. Hypothetical model for plant virus disassembly
and membrane passage. The nucleic acld §s released in
the cytoplasm, while the coat proteins are incorporated
in the plasma membrane. Co-transport of ions, like Ca2+,
can provide the free energy to drive penetration and
disassembly (From Durham, 1978).

1973a,b; Kassanis et al., 1977).

Also, about the mechanism of plant wvirus dissociation in wvive
little is known. Various host cell components may be involved.
Components, that were reported to affect plant virus dissociation are:
the cell wall (Gaard & De Zoeten, 1979; De Zoeten, 1981), the plasme
membrane (Kihoe & Shimomura, 1976; Kiho et al., 1979ab; Watts et al,,
1981; Watts & King, 1984; Hull & Maule, 1985), lipids (Kiho & Abe,
1980; Banerjes et al, 188lab; Abdel-Salam et al. 1982) and ribosomes
{Wwilson, 1984).

Models for plant virus _infection. Several models describing the

initial plant virus-cell interaction have been proposed.

Already in 1963 caspar speculated about the role of the hydrophobic
portion of the host membranes in unceoating of wviral RNA (Caspar,
1963). The observation that divalent cations are important factors im
plant virus assembly (Durham et al, 1977) and evidence that coat pro-
tein of the bacterial wvirus M13 spans the cytoplasmic bilayer of B.



coli during infection (Marvin & Wachtel, 1975), led Durham to propose
a wmodel for plant virus infection (Pig.5). In this model the coat
protein subunits become intepral membrane proteins of the plasma
membrane, stabilized by hydrophobic lipid-protein interactions (Durham,
(1978).

Recently, Wilson proposed that destabilized TMV and SBMV nucleocap-
sids disassemble as a consequence of translation of the wviral RNA by
the ribosomes of the hest cell, i.e. a co-translational disassembly
(Wilson, 1985). Evidence that this mechanism of uncoating of wviral
nucleic acid occurs in vivo has been presented recently (Shaw et al,
1986). The model does not discriminate between membrane passage, in
which (the 1lipids of) the host membranes take part, or penetration of

the cell through membrane lesions.

1.2 BACTERIOPHAGE M13

Structure of Mi13. The filamentous bacteriophage M13 consists of a

circular, single stranded DNA molecule of 6407 nucleotides (Van
Wezenbsek et al., 1980), protected by a tubular protein coat of
approximately 2700 subunits of coat protein molecules (Marvin & Hohn,
1989; Kaper, 1975; Denhardt, 1975; Ray, 1977; Rasched & Oberer, 1986).
The virus contains 12% DNA and 88% coat protein by weight. Mi3 has a
diameter of 6 nm and a length of about 870 nm.

98% of the protein coat is formed by the so-called B-protein (the
bulk or major coat protein), M=5,240, that is encoded by gene 8
{(Marvin & Hohn, 1969; Van Wezenbeek et al.,, 1980). Spectroscopic stu-
dies have shown that the secondary structure of the B-protein in M13
particles is entirely a-helix (Van Asbeck et al., 1969; Day, 1966;
1969). The N-terminal end is located at the outside of the particle
and the C-terminal end at the inside, interacting with DNA (Marvin &
Wachtel, 1975).



THyN-Ala-Glu-Gly-Asp-Asp-Pro-Ala-Lys-Ala-Ala acidic

~Phe-Asn-Ser-Leu-Gln-Ala-Ser-Ala-Thr-Glu domain

-Tyr-Ile-Gly-Tyr-Ala-TRP-Ala-Met-Val-val hydrophobic

-Val-Ile-Val-Gly-Ala-Thr-Ile-Gly-Ile-Lys domain
-Leu-Phe-Lys-Lys-Phe-Thr-Ser-Lys-Ala-Ser-Cco0™ basic domain

Figure 6. The amino acid sequence of the wmajor (gene-8
product) M13 coat protein. Three dowmains are indicated:
an acidic N-termimus of 20 residues, a hydrophobic
domain of 20 residues and a basic C-terminus of 10 resi-
dues. - The single tryptophan, used for fluorescence ani-
sotropy decay measurements is at position 26 (After Beck
et al., 1978; Van Wezenbeek et al., 1880).

The amino acid sequence of the wmajor coat protein has been
established (Nakashima & Koningsberg, 1974; Beck et al, 1978; Van
Wezenbeek et al., 1980). It has 50 a_in'irm acid residues (Fig.6): an
acidic domain of 20 residues at the N-terminus, a hydrophobic, central
domain of 20 residues and a basic domain of 10 residues at the C-
terminus. In the major coat protein of the related bacteriophages fd
and fl1 the asparagine residue at position 12 1s substituted by an aspartic
acid residue (Beck et al., 1978; Van Wezenbeek et al., 1980). Further-
more, the protein coat contains four or five molecules of A-protein
(the adsorption or assembly protein), M=42,600, which are located at
one end of the filamentous virus particle (Fig.7, Marco, 1975; Goldsmith
& Konlgsberg, 1977; Woolford et al., 1977} and two additional minor
capsid protein molecules, designated C- and D-protein, M=3,500 and
M=11,500, respectively (Simons et al., 1979).

Reproductive cvcle of M13. The rate of adsorption of Mi3 to the
target E. coli cell is limited solely by diffusion and requires no
activation energy (Tzagoloff & Pratt, 1964). For the initial interae-

10
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Pigure 7. Schematic representation of the positions of
structural proteins in bacteriophage M13 (From Webster
et al., 1981).

tion with the F-pilus of the host cell the A-protein, located at one
tip of the M13 particle, is required (Pratt et .al, 1869; Henry &
Pratt, 1968). The wmechanism of penetration is such, that both DNA and
protein of the virus enter the cell (Trenkner et al., 1967). In fact,
the major coat protein migrates into the plasma membrane and becomes
an integral wembrane protein (Smilowitz, 1974; Wickner, 1975; 1976;
Chang et al, 1979), while DNA replication takes place in the
cytoplasm of the host cell (Fig.8). The newly synthesized, circular
DNA is assoclated with gene-5 protein, forming a linear complex (Pratt
et al., 1974).

At the same time new coat protein is synthesized in the cytoplasm
as a water soluble precursor of the major coat protein or procoat. The
procoat has an extra 23 amino acid (leader} sequence at the N-terminus
{Konings et al, 19Y5; Sugimoto et al, 1977; Model et al, 1979). It
is proposed that the procoat is also inserted into the plasma membrane
as a double, U-shaped transmembrane protein as a resclt of the
electric membrane potential (Fig.9, Smilowitz et al., 1972; Fratt et
“al.,, 1974; Wickner et al, 1978; Date et al., 1980). A leader pep-
tidase outside the cytoplasmic membrane cleaves the double transmembrane
procoat to mature, single transmembrane coat protein (Chang et al,
1978a; Kuhn et al., 1986).

During the membrane-associated assembly of new virions gene-5 pro-

11
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Figure 8. Schematic illustration of some features of the
reproductive cycle of bacteriophage M13. (a) Virus
attachment by means of a minor coat protein, the A-
protein, {(b) DNA entry in the cytoplasm, while the major
(gene-8 product) coat protein, the B-protein, 1s incor-
porated in the cytoplasmic membrane and (c) membrane-
bound assembly of new virus particles, without lysis of
the host cell {From Marvin & Wachtel, 1975).

tein js removed from the DNA and replaced by the major (gene-8) coat
protein. Concomittantly, the nucleoprotejn particle is extruding from
the plasma membrane into the exterior of the bacterium. Both newly

synthesized coat protein, and parental coat protein are used for the

12
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Figure 9.. Insertion of the M13 procoat, which has an
additional 23 amino acid (leader) seguence into the
plasma membrane. After insertion in a U-shape the pro-
coat is cleaved to mature coat protein by a leader pep-
tidase (From Kuhm et al, 1988),

asgembly. The virus 1is' released without lysis, i.e. killing of the E.
coli cell (Hoffmann-Berling & Maze, 1964).

Structure and dvnamics of the coat protein in the virus and membrane

modelling systems. The structure and dynamics of coat protein of M13
and the related fd in the virus particle, micelles and vesicles have
bheen subject of a number of biophysical investigations, to be reviewed
below.

In the virus particle the coat protein secondary structure was
determined to be entirely a-helix (Van Asbeck, 1969; Day, 1969) with
the helical axis approximately parallel to the filament axis, while
the DNA backbene is completely disordered (Cross & Opella, 1981; Cross
et al., 1983). Refinement of its structure and position by one and two
dimensional NMR indicates that the amino acid residues 40-45 are in a
somewhat distorted a-helix, (Cross & Opella, 1983), that the helical
axis of residues 28-32 is tilted away with respect to the filament
axis by 20° the axis of residue 33 to 39 by 7° and the axis of resi-
due 40-48 by 14° (Valentine et al., 1985), In agreement with the

13




slightly slewed helix found from diffraction studies (Marvin et al.,
1974; Banner et al., 1981). The coat protein exhibits rapid reorien-
tation on the 10™% s timescale only at the terminal residues at the N-
terminus, while the C-terminus is immobile on the timescale 1078 s at
the inside of the assembled virus particles (Valentine et al,, 1B885;
Colnago et al., 1987, c¢f. Fig.7). The motions of the aromatic residue
Trp-26 are slow on the 1003 s timescale, but the Phe-11, Phe-42,
Phe-45 and Tyr-21, Tyr-24 undergo 180° flips about the CgCy bond axis
at a rate higher than 10+6 8'1, as determined from 2H, 13C and 158 mMR
(Gall et al., 1982; Opella et al., 1987).

In SDS micelles the coat protein is dimeric (Makino et al., 1975).
The protein secondary structure is 50% oa-helix (25 residues) and 30%
f-structure (15 residues) as determined from CD (Nozaki et al., 1976;
1978), while laser Raman yields slightly more a-helix and less J-
structure (Williams et al., 1984). The hydrophobic core (20 residues)
is predominantly pB-structure (Chamberlain et al.,, 1978). The termini
are a-helix in micelles (Nozaki et al., 1976; 1978). The backbone of
the hydrophobic core, which is buried within the micelle, and part of
the hydrophylic domains are rigid in SDS and DOC micelles, i.e. their
rotational-correlation time equals that of the micelle as observed by
13c NMR. In contrast, at the extreme ends Ala-1 and Ala-49 are moving
more rapidly (Cross & Opella, 1980; Henry et al, 1986a). Hydrogen-
exchange rates of the protein in SDS micelles indicate that the N-
terminal region up to Asp-12 is well exposed to proton-exchange, as
well as Ala-49 at the C-terminus, while the residues 41-46 are much
less accessible, possibly due to some hydrogen—hohded structure (Henry
et al., 1986h), ‘

in model membranes the coat protein has partly a-helix and 2B~
structrure or almost entirely Jg-structure, depending on the lipid com-
position of the wmembrane, the L/P ratio and the preparation wethod
{Nozaki et al., 1976; 1978; Williams & Dunker, 1977; Chamberlain et
al., 1978). Also a-helix structure has been suggested (Valentine et

14



al.,, 1985), although this paper presents no direct experimental evi-
dence for such a structure. The membrane-bound form of the protein has
-four mobile sites at the N-terminus while the protein backbone {is
iz immobile and does not undergo rapid rotation within the bilayer
{Leoc et al, 1987; Bogusky et al.,, 1987). M13 coat protein {L/P = 30)
has been found to increase the acyl chain order parameter signifi-
cantly, while having only a small effect on the rate of acyl chain
rotation on the nanosecond timescale, as seen by fluorescence ani-
sotropy measurements of parinaric acid (Wolber & Hudson, 1882).
Quenching of the- single Trp-26 of the coat protein by parinaric acid
in the bilayer has been found to be very efficient, demonstrating the
absence of extensive protein aggregation (Kimelman et al, 1979).

In such artificiailly .fomed phospholipid wvesicles it has been shown
that the coat protein spans the membrane, but it is still possible
that it has a U-shape in such an orientation and that both the N- and
the C-terminus are located at the same side of the membrane (Wickner,
1976; Chamberlain et al., 1978, Bayer & ©Feigenson, 1985). In the
cytoplasmic membrane of E. coli antibody- (Wickner, 1975) and tritium-
labeling (Ohkawa & Webster, 1981) experiments have shown that the N-
terminus is exposed at the outside, while the C-terminus is exposed at
the cytoplasmic side. The asymmetric orientation of the coat protein
in wvive s alse indicated by oriented incorporation in inverted
vesicles after synthesis of the coat protein in an in wvitro system

(Chang et al., 1979).
1.3 OPTICAL SPECTROSCOPY

Optical spectroscopy offers an excellent means to investigate pro-
tein structure and dynamics in membrane wodelling systems, such as

micelles and small unilamellar vesicles (SUVs). Systems containing
large structures are much less suitable due to light scattering. The

15



techniques to be considered here are circular dichroism and time-

resolved fluorescence spectroscopy.

Circular dichrofsm (CD). CD spectroscopy in the far UV can be used

to determine the secondary structure of the polypeptide chain. For

this purpose the CD spectrum of the protein is compared to a set of

reference spectra, derived from proteins containing known amounts of
a-helix, fS-structure and other structure. Several basis sets of
reference spectra exist (Greenfield &  Fasman, 1969; Saxena &
Wetlaufer, 1971; Chen et al, 1974; Chang et al., 1978b; Hennessey &
Johnson, 1981). One example is given in Fig.10 (Greenfield & Fasnan,
1969).

The CD spectrum of a protein at any wavelength between 190 and 250

nm can be expressed in terms of a hasis set as
OpotiM) = £58,(A)+ fp.ﬂﬁ(h) + frefpeA) (1)

in which Gtot(h), sa()t), Oﬂ(M and Orc(A) are the mean residue ellip-
ticities, 6, at wavelength A of the protein of which the structure is
to be analyzed, the reference a-helix, p-structure and other structure
with fractions f,, fﬂ and f.. respectively. Each f has a wvalue bet-
ween 0 and 1, and the sum of the fractions is 1.

The method of secondary structure determination from CD has been
tested for several proteins of which the three dimensional structure
has been determined by X-ray diffraction. The accuracy of the deter-
mination depends on the amount of secondary structure, such that more
accurate results are obtained for proteins with a high degree of a- or
B-structure (Greenfield & Fasman, 1969).

It is possible to improve the accuracy of the determination of the
secondary structure analysis for large proteins, using a variety of
methods (Chen et al., 1974; Hennessey & Johnson, 1981; Mao et al,
1982; Mac & Wallace, 19847 Wallace & Mao, 1984; Wallace & Teeters,

16
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Figure 10. Circular Dichroism (CD) spectra of a polypep-
tide, poly-1-lysine in various conformations (From Greenfield &
Fasman, 1969).

1987). For the relatively small M13 coat protein, studied in this the-
sis, these methods are not relevant.

Ch and absorption spectra of membrane proteins can be distorted by
optical artifacts, like light scattering due to the size of the
vesicle and hypochromism due to protein aggregation, as is the case in
virus particles (Mao & Wallace, 1984, Wallace & Mao, 1884; Wallace &
Teeters, 1987). Hypochromism is minimized if the protein iz incor-
.porated at high lipid to protein ratio in SUVs, making correction of
the spectra unnecessary (Mao & Wallace, 1984),

Time-regsolved  fluorescence  spectroscopy. Time-resolved fluorescence

anisotropy measurements can provide detailed information about the

17
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Figure 11. Experimental set-up for a time-resolved ani-
sotropy measurement. The polarization of the excitation
pulse is indicated, as well as the paraliel, I and
perpendicular, I;, detection directions.

X

dynamical properties of the flucrescent probe and its environment
during the lifetime of the excited singlet state. Lifetimes of
fluorescent probes range from picoseconds to hundreds of nanoseconds
(Zannoni et al., 1983), which makes the technique suitable for a real-
time investigation of the dynamics of proteins in solution (whole pro-
tein rotation, segmental protein mobility, amino acid side chain
motion), of lipids in membranes (restricted acyl chain rotation) and
of integral membrane proteins in micelles or membranes (protein back-
bone mobility, side chain motion).

In a time-resplved fluorescence anisotropy measurement (Fig.11) a
short (several picoseconds), monochromatic and polarized laser pulse

excites the probe molecules to a higher energy level. Next, the
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Figure 12. Principle of fluorescence anisotropy decay
measurements of isotyopically tumbling probe molecules
(fluorophores). - At t=0 a polarized light pulse excites
the probe wmolecules, that have their excitation dipole
moments parallel to the pulse. In the following time
interval the fluorescence anisotropy decays to the
equilibrium wvalue by rotation of the probes, The ani-
sotropy reaches zero, when the distribution of the probe
molecules has become isotropic again.

emission from the fluorophore is measured at a higher wavelength as &
function of time. The intensity components parallel and perpendicular
to the polarization of the excitation pulse are measured by time-
correlated single photon counting (for experimental dascription, see:
O'Connor & Phillips, 1984). From the two decays, Igt) and I;(t)
(Pig.11), the total fluorescence is obtained by

S(t} = Tt} + 2I;(t) @)
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Figure 13. Illustration of the anisotropy decay, r(t),
in some specific cases: isotropically tumbling probe
molecules with f{a) Tp << &, resulting in r{t} = constant
# 0, with (b} Tp > ¢ vresulting in r(t} = 0 at all
times, with (¢) Tp = ¢, vresulting in a time-dependent
anisotropy, containing information on the molecular
motion, ¢ and (d) anisotropically tumbling probe molecu-
les, like probe molecules ordered in omne direction in
bilayers, with T = ¢ resulting in a time-dependent
anisotropy, containing information on the nolecular
motion and r(x) = constant # O, containing information
on the orientational order.

in which S(t) 1s the convolution product of the undistorted total
fluorescence, s(t), and the pulse response, P(t). The fluorescence

lifetime{s). Tp characterize(s} the decay of the enitted radiation,
3(t) (Zannoni et al., 1983). The anisotropy is defined by

r(t) = [iy)-1y(0)]/[gltyraiyv)] (3

in which dg(t) and 1i;{t) are the (deconvoluted) parallel and perpen-
dicular polarized components derived from the experimental Iy(t) and
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Ij{t) components. The fluorescence anisotropy, r(t}, contains Infor-
mation on the molecular motion if Tp, 1s of the same order of magni-
tude as the molecular motion, characterized by ¢ (Zannoni et al,
1883). This is made clear in Fig.12 and 13.

If Tp << ¢, the non-equilibrium distribution of the fluorophores
after the photoselection will be completely preserved during the time
interval that fluorescence can be observed (Fig.12 and 13a).

If T >> ¢ the rapid molecular wmotion has already reduced the
non~equilibrium = distribution of the  fluorophores to zera  before
fluorescence can be observed (Fig.12 and 13b).

If, however, Tp = ¢ the fluorescence anisotropy decay 1is related
to the molecular motion(s) of the fluorophore (Fig.12 and 13c). If the
condition Tp = ¢ is satisfied, the acquisition of information on the
molecular motion from the fluorescence anisotropy decay requires theo-
retical analysis. The analysis can be on the basis of a particular model
of which the choice depends on the system under investigation (Kinosita
et al, 1977; 1982; Lipari & Szabo, 1980; 1981; Zannoni et al., 1983;
Cundall & Dale, 1983; Dale, 1983; Van der Meer et al., 19384; Beecham &
Brand, 1985).

For fluorophores in isotropic liquids, illustrated in Pig.12 and
13c, every orientation is equally probable and the anisotropy will
finally decay to zero, r{w} = 0; the system will reach its
equilibrium. Information on the molecular motion 1is cobtained from
analysis of the fluorescence anisotropy decay.

In vesicle bilayers that consist of 1lipid wmolecules, which are
ordered ip one direction, but highly disordered in the plane perpen-
dicular to the normal of the bilayer, the molecular distribution of
the fluorophore is anisotropic, although the vesicle is isotropic as a
whole. The molecular anisotropy remains unaffected since the rotation
of small unilamellar wvesicles is too slow (Burnell et al., 1980) on
the nanosecond timescale of the fluorescence anisotropy experiment. As

a consequence, In the long time limit, t -+ o, r(t) does not decay to
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zero, but to a constant value, ri{w), depending on the orientational
order of the fluorophore (Fig.13d). Therefore, apart from information
on the molecular wmotion from the decay, also information on the
orientational order 1is available from ‘r(nn}. The degree of orien—
tational constraint to the fluorescence anisotropy is related to the
second rank, orientational order parameter, S, by (Heyn, 1979; Jaehnig,
1979)

r{=) = r{0).82- )

1.4 MAGNETIC RESONANCE

In this section an outline of the magnetic resonance techniques, as
applied in chapter 2-4, is presented. In particular, attention will he
paid to the information which can be obtained from m=magnetic resonance
about virus-membrane interactions.

In large anisotropic structures, such as viruses and membranes,
solid state onpuclear magnetic vresonance (NMR) technigques are most
appropriate, High resolution NMR is less suitable, because of the
incomplete motional averaging of orientation-dependent tensor interac-
tions, e.g. dipole-dipole, quadrupolar and chemical shift aniactropy
interaction. Spin-label ESR suffers from the same complication. The
latter technique is only suitable by choosing spin labels with
appropriate motional characteristics. The techniques to be considered
here are spin-label electron spin resonance (ESR), phosphorus NMR and
deuterium NMR.

Spin__label ESR. Measurements of nitroxide spin 1labelled phospholi-

pid molecules in membranes are sensitive to molecular motion at the
timescale determined by the 14N hyperfine splitting anisotropy of the
nitroxjde free radical group, Te = W(Agg-Agy) = 31078 s.
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Spin label ESR studies of model membranes containing protein were
first performed in 1973 by Jost et al. After incorporation of
cytochrome C oxidase they observed a second component, apart from the
sharp three line spectrum, typical for bilayers in the fluid phase
{Jost et al, 1973).

Gther integral wmembrane proteins reconstituted in liquid-crystalline
phase bilayers, exhibit a similar second component, arising from
motionally-restricted ‘lipid molecules (Marsh, 1981; Marsh & Watts,
1982; Griffith et al, 1982; Devaux, 1983; Devaux & Seigneuret, 1985).
In addition, the - preferences of several phospholipids, differing only
in the headgroup, have been summarized for these proteins (Marsh,
1985). Whether a well-resolved second component is observed depends
primarily on the 2Amax. value of the spin label, but also on the rate
of exchange between, the bulk and motionally-restricted sites. A two-
gite exchange model Is- commenly used for the interpretation (Brotherus
et al., 1981; Harsh. 1985).

The inherent high sensitivity of ESR as compared to NMR makes spin
label ESR particularly well suitable in case of small sample gquan-
tities. In comparison, deuterium NMR requires up to a 1,000 times more
material than spin label ESR.

Phosphorus NMR. The phosphorus (31P} nucleus in the phosphate - of
the headgroup of the phospholipld molecule provides an excellent
intrinsic membrane probe in the study of virus membrane interactions.
31p (i=%) has a natural abundance of 100%, so that isotope labelling
is not required for 31p wMR spectroscopy.

The 31p NMR spectrum, in our c¢ase recorded at 12148 MHz in a
magnetic fleld of 7.05 T, is determined by the chemical shift ani-
sotropy (CSA) and the phosphorus-proton (31P—1H) dipolar interactions,

Hpgy = Bz + Hega + Hppp 5
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Pigure 14. Theoretical 31p NMR spectra of a phospholipid
molecule in a membrane: {a) static, (b) rapid, axial
rotation around an axis at one fixed angle (¢} or within
a cone. (After Smith, 1984).

in which Hz, Hpgy and Hpp are the contributions of the Zeeman
interaction, the chemical shift anisotropy interaction and the 31p_1y
dipole-dipole interaction to the spin Hamiltonian, HTOT' respectively.
The chemical shift anisotropy Hamiltonian of 3P in phospholipids is
described by a tensor interaction (Seelig, 1978), caused by reduction
of the local magnetic fileld through shielding of electrons surrounding
the 3P nucleus. This interaction depends on the magnetic field
strength. The dipolar Hamiltonian, on the other hand, is independent
of the external magnetic field and resuits in a spectral broadening of
1-5 kHz, depending on the motional freedom of the phosphate group and
the distance to the nearest methylene groups (Seellg, 1978). The
various phospholipida in a solid are very similar with respect to
their principal axis CSA tensor values, Gy1, Opp and 033 The values
of a static phosphodiester are typically ¢,y = -80 ppm, G35 = -20 ppa
and 0gq = 110 ppm (Seellg, 1978). Therefore, at 7.05 T, the edges of a
typical powder pattern are separated by 190 x 12148 = 23 kHz
(Fig.14a). '

3p NMR spectra of multilamellar or large unilamellar vesicles (r >
1,000 nm), however, are axially symmetric (Burnell et al, 1980) with
a typical width of 50 ppm, corresponding to 6 kHz at 7.05 T (Fig.l4c).
The axial symmetry is caused by partial motional averaging, that is
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limited by the amplitude of the angular excursion during the averaging
and the angle between the axis of rotation and one of the principal
components of the CSA tensor (Seelip, 1978; Seelig & Seelig, 1980;
Smith, 1984). Therefore, at 7.05 T powder pattern 31p NMR spectra are
dominated by a residual CSA interaction, which is broadened by dipolar
interactions, which are partly reduced as well. The residual CSA, Ac =
gg - o9 , can be determined from the edges of the spectrum (Seelig,
1978), but this will involve some error, that depends on the magnitude
of the (homogeneous) line broadening of the 1line width of the indivi-
dual components in the powder pattern (Seelig, 1978; Rance & Byrd,
1983; Smith, 1884; Dietrich & Trahms, 1987). The 31p-lH line
broadening can be removed by proton decoupling (Gally et al., 1975;
Cullis et al, 1876; Niederberger & Seellg, 1976; Kohler & Klein,
1978; Griffin, 1978) to minimize this type of error in the deter-
mination of Ao, The experimental aspects of sclid state 3lp NMR, as
required for membranes, have been described (Rance & Byrd, 1983;
Ellena et al., 1988).

For small unillamellar vesicles (r < 100 nm) of bilayers in the
liquid-crystalline phase, rapid vesicle tumbling and lateral diffusion
of the 1lipid molecules within the plane of the bilayer average out the
3lp csa and the 31p-lg dipolar interactions (Seelig, 1978; Hemminga &
Cullis, 1982). Under these conditions the 31p NMR spectrum consists of
an isotropic peak of only a few Hz width (Burpell et al, 1980).

For lipids in a hexagonal phase, the lineshape of the spectrum is
reversed and its width reduced by a factor of 2 in comparison with a
bilayer spectrum, due to an additional averaging mode in the hexagonal
cylinders (see, e.g.: Cullis & De Kruijff, 1976; 1979).

In a biological membrane, the liplds are predominantly organized in
a bilayer. Therefore, membrane proteins have generally been incorporated
in wodel membranes of phospholipid bilayer systems. However, the 1lipid
structure can be influenced by the presence of membrane proteins and

possible roles of lipid polymorphism in biological membranes have been
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suggested (De Kruijff et al, 1985). 3P NMR is quite suitable to
investigate the polymorphic phase behaviour of 1lipids in the presence

of proteins.

Deuterium  NMR. Presently, synthesis of phospholipids, that are
selectively deuterated at the headgroup positions (Gally et al., 1981;
Seellg & Borle, 1983; Tamm & Seelig, 1983; Sixl & Watts, 1982; 1983;
1985; Sixl1 et al, 1984} or at acyl chain positions (Jacobs &
Oldfield, 1981;; Davis, 1983; Smith & Oldfield, 1984; Bloom & Smith,
1985), and production of membrane proteins, that contain specifically
deuterated amino acid residues (Keniry et al., 1988; Opella et al,
1987), 1is routinely performed. Using selectively deuterated 1lipid and
protein probes, lipid-protein interactions have been studied and the
specific location of the interaction at the headgroup for several
extrinsic proteins (Seelig & Seelig, 1980; Gally et al, 1981; Seelig &
Borle, 1983; Tamm & Seelig, 1983; Six]l & Watts, 1982; 1983; 1985; Sixl
et al, 1984) and at the acyl chain for several Intrinsic proteins
Smith, 1985) has been determined.

The deuterium (2H) nucleus is a spin I=1 particle and has a non-
zero electric quadrupole moment, eQ. The spin Hamiltonian of & 2y
nucleus in a high magnetic field is described by

Hyor = Hz + Hg + Hpga + Hpgp (6)

in which Hg, Hg. Hesa and Hpp are the contribution of the Zeeman
interaction, the quadrupolar  interaction, the chemical shift ani-
sotropy interaction and the dipole-dipole interaction, respectively.

The quadrupolar interaction of maximally 250 kHz for 24 in a c-24
bond (Davis, 1983) is much smaller than the Zeeman interaction in &
magnetic field of 7.05 T. On the other hand, the quadrupolar interac-
tion is much larger than the dipolar and chemical shift anisotropy

interactions. Therefore, the gquadrupolar interaction can be treated as
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Figure 15. Origin of the deuterium NMR powder spectrum
of membranes. 8 is the angle between the applied magne-
tic fieid, Hz, and the axis of motional averaging
{dashed). The parameter D, describes the splitting in

the powder pattern, which corresponds to the Avq for 8 =
90° (From Smith, 1985).

a first order perturbation on the Zeeman interaction,

Hrgr = Hz + HQ, Hz >> HQ {7)

The electric quadrupolar Hamiltonian Is described by a interaction
tensor, described by two unigue parameters:

n = (Vxx - vwl/vzz (8)

Vg, = €q (9)
where |Vy | < |Vgy] € [V, | and 0 €0 € 1, and Vg, Vyy and V,, are the
quadrupolar interaction components, and 1n the asymmetry parameter.

In practice a 25  NMR spectrum arises from randomly oriented
samples, so that a powder pattern lineshape s obtained. A charac-
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Figure 16. Simulated deuterium NMR spectra with an
asymmmetry parameter, n = 0.5 and 0 (From Davis, 1983).

terigtic spectrum is shown in Fig.15.

For rapid axial motion (T, < 10°° s} of the probe molecule, the 2y
NMR spectrum is averaged to an axial symmetric powder pattern
lineshape in which n=0 with a quadrupolar splitting, defined as the
separation of the singularities at the 90° orientation. This can be
expressed 1in terms of the orientational order parameter for the c-25
bond,

vy = (3/0).(e2q0/n).8; 2y (10)




in which S¢_2g = <%(3cos%6-1)>.

The line shape of the 25 NMR spectrum of a lipid probe is extremely
sensitive to the phase transition of the membrane, because of the dra-
matic changes in molecular order and motion. The spectral parameters
{Fig.16, Auq, n} can therefore be used to study the effects of tem-

perature and incorporation of protein molecules in membranes.

1.5 OUTLINE OF THIS THESIS

As a first step towards the elucidation of the molecular mechanisms
of non-enveloped wirus infection, the Interaction between viruses and
viral coat proteins anci model membranes has been jnvestigated in this
thesis. In addition .to several plant viruses, & bacterial virus Mi13
has been chosen for comparison. A number of advanced spectroscopic
methods have begn chosen to determine the origin of the interactions.

Chapter 2 deals with the effect of plant wviruses on membranes. The
nature of interaction (hydrophobic or electrostatic) between model
membranes and several plant viruses and their coat proteins has been
investigated to mimic uncoating and determine the role of the lipid
component of the host plasma membrane in the early events of plant
virus infection.

TMV, CCMV, BMV and SBMV and their coat proteins have been employed
in combination with negatively charged, neutral and positively charged
small unilamellar vesicles {SUVs). Various electrostatic and hydropho-
bic interactions were observed. The eaxperiments showed that plant
virug coat pretein  npever incorporates in membranes as  integral
membrane protein. In addition it was found that the exposed hydropho-
bic protein domains are able to destabilize membranes and induce

membrane fusion.

Chapter 3 deals with the effect of the lipids in the membrane on

bacteriophage M13 coat protein.
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Time-resolved fluorescence and anisotropy measurements (section
3.1) of the single tryptophan in the coat protein have been carried
out at various temperatures and L/P ratios in membranes of mixed
lipids, giving information on the order and dynamics of the protein
tryptophan and its environment. The results show a constant order aver
the whole temperature range studied, indicating protein-protein aggre-
gation.

The 2H NMR measurements (section 3.2) of the exchangeable sites on
M13 coat protein in membranes of similar mixed bilayers indicate <¢hat
the backbone of the coat protein is highly ordered and that the backbone
order is unaffected by the rapid lipld motions in liquid-crystalline
membranes, in agreement with the protein-protein aggregation concluded

from the time-resolved fluorescence anisotropy measurements.

Chapter 4 deals with the effect of bacteriophage M13 coat protein
on the lipids of the membrane in which it i3 incorporated.

From spin label ESR results (section 4.1), obtained with a variety
of different spin-labelled phospholipids in M13 coat protein-
containing membranes, 1t is concluded that the presence of the coat
protein introduces & second, motionally-restricted component. The two-
component spectra have been used to investigate the preference of the
different spin-labelled phospholipids for the coat protein. A high
preference is found for cardiolipin, a negatively-charged lipid in the
target E. coli membrane.

From 2H NMR measurements (section 4.2) of selectively 24 labelled
palmitic acid in DMPC membranes with various incorporation levels of
M13 coat protein the order and dynamics along the acyl chains in the
membranes have been studied. No second component is seen in the 2H NMR
spectra in presence of coat protein. The results of both techniques
agree with a two site exchange for the fatty acid molecules (at a rate
of 107 Hz) between the sites in the bulk of the membrane and the
motionally-restricted sites.
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The concluding chapter 5 discusses and summarizes the observed
interactions between the viruses, their coat proteins and the model
membranes. Also the possible biclogical relevance of the observed

interactions is indicated.
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CHAPTER 2

EFFECT OF PLANT VIRUSES ON MEMBRANES
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2.1 INTERACTION OF PLANT VIRUSES AND VIRAL COAT
PROTEINS WITH MIXED MODEL MEMBRANES

Klaas P. Datema, Ruud B. Spruijt, Benedictus J.M. Verduin and
Marcus A. Hemminga

ABSTRACT: The interaction between model membranes and viru-
ses, empty capsids and coat protein dimers has been investi-
gated. Spherical plant viruses (CCMV, BMV and SBMV), a rod-
shaped plant virus (TMV) and well-defined aggregation states
of their proteins have been used. Turbidity measurements at
550 nm of neutral, positively and negatively charged small
unilamellar  vesicles interacting with viral wmaterial indi-
cated electrostatic and indirect hydrophobic  interactions.
Electrostatic interaction resulted in lipid-protein com—
plexes, which - precipitate. Indirect hydrophobic interaction
produced precipitates which contained lipid but no protein.
Virus particles and empty capsids of the spherical viruses
reacted with charged vesicles through electrostatic interac-
tion. Coat protein dimers of all plant viruses induced
vesicle fusion by Interaction of the exposed hydrophobic pro-
tein domains with neutral vesicles. Further characterization
of the precipitates by 31p NMR and electron microscopy in-
dicated that both interactions resulted in formation of
multilayer structures. Protein assays after incubation at
various salt concentrations showed that protein was never
incorporated into the bilayer to form a stable complex held
together by direct hydrophobic lipid-protein  interactions.
From the results it is concluded that such hydrophobic lipid-
coat protein interactions do not occur, although exposed
hydrophobic protein domains are able to destabilize membranes
and induce fusion.

.

The initial stages of non-enveloped plant virus infection involve pene-
tration of the virus into the cell and subsequent dissociation of the
nucleoprotein particle. Conclusions about the site and mechanism of
penetration are still controversial. Various components of the cell
are reported to affect the dissoclation of plant virus particles: the
cell wall (Gaard & De Zoeten, 1979; De Zoeten, 1981), the plasma
membrane (Kiho et al., 1976; 1979ab}, lipids (Kiho et al., 1980;
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Banerjee et al., 1981ab; Abdel-Salam et al, 1982), protoplast mem—
branes (Watts et al., 1981; Watts & King, 1984; Hull & Maule, 1985)
and ribosomes (Wilson, 1984).

At present, several models for initial Iinteractions between virus and
cell exist. By analogy with the observation that hydrophobic inter-~
subunit bonds play a role in TMV nucleocapsid assembly, it was pro-
posed that a hydrophobic environment is involved in the uncoating of
the wviral RNA in vive (Caspar, 1263). Also divalent cations have been
suggested to regulate assemhbly and disassembly (Durham et al., 1977).
Using this observation, a model including both wvirus penetration and
uncoating was postulated, in which the coat protein subunits become
integral wmembrane proteins stabilized by  hydrophobic lipid-protein
interactions (Durham, 1978). Tt_us model 1s proven for the filamentous
bacteriophage M13, in which the coat protein is assumed to span the
cytoplasmic bilayer of Escherichia goli during a particular stage of
infection (Marvin & Wachtel, 1975). Recently, Wilaon (1885) suggested
a cotranslational disassembly of destabilized TMV and SBMV as a mecha-
nism for uncoating of wviral nucleic acid and evidence was presented
that TMV particles disassemble cotranslationally in vive (Shaw et al.,
1986).

We investigated the nature of the interaction (hydrophobic or
electrostatic) between artificlal membranes and several plant viruses
and their coat proteins to mimic and determine the role of the lipid
component of the host plasma wmembrane In  initial Iinteractions.
Spherical plant viruses (CCMV, and BMV and SBMV), a rod-shaped plant
virus (TMV) and several well-characterized aggregation states of their
proteins were used. Binding to npegatively charged, neutral and
posively charged small unilamellar vesicles (SUVs) was studied. This
binding was measured by the change in turbidity at 550 nm caused by
aggregation, fusion and transformation +¢o wmultilayer vesicles. Proteln
content determinations, 3P NMR and electron microscopy were used for
characterization of the aggregation products, The results are
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discussed with respect to previpusly proposed wmodels of initial

interactions.

MATERIALS AND METHODS

Chemicals. 1,2-didodecanoyl-sn-glycero-3—phosphocholine (dilauroyl phospha-
tidylcholine, DLPC, 99% purity), 1,2-didodecanoyl-sn-glycero-3-phesphatidic
acid, (dilawroyl' phosphatidic acid, DLPA, 98% purity), 1,2-ditetradecanoyl-
sn-glycero-3-phosphoglycerol (dimyristoyl phosphatidylglycerol, DMPG, 99%
purity} and palmitoyl choline iodide (016H33002H4N+(CH3)3I". PALCHOL)
were obtained from Sigma Chemical Co., St. Louis. Cetyl trimethyl
ammonium bromide (CygH4oN*Br™, CTAB, 99% purity) was obtained from
Serva Feinbiochemica GMBH & Co.,, Heldelberg. Liplds and fatty acids
were used without further purification.

Sample Preparation. (a) Vesicle stock suspensions. Vesicle stock

suspensions of 5.33 mg/ml DLPC (neutral vesicles), 80/20 w/w Rmixtures
of DLPC/DLPA, DLPC/DMPG {negatively charged vesicles) and of DLPC/
PALCHOL, DLPC/CTAB (positively charged wvesicles) were prepared in the
various buffers also used for solutions of virions and coat protein.
DLPC was chosen as bulk lipid since pure DLPC vesicles have the gel to
liquid-crystalline phase transition at 0°C. A clear suspension of SUVs
was obtained by sonication under N, on ice for 5 min with a Branson
cell disruptor B30 (duty cycle: 90%, power setting 4 (max 350 W at
setting 10)). This resulted in wvesicle solutions with Ag5pn < 0.1
After sonication the pH of the vesicle solution was checked and no
changes were found.

(o) Virus and coat protein stock solutions., Viruses were purified
as described for TMV (Leberman, 1966), CCMV and BMV (Verduin, 1978)
and SBMV (Van Lent & Verduin, 1985). Coat protein was prepared as re-
ported for TMV (De Wit et al, 1978), CCMV and BMV (Verduin, 1874).
For the preparation of SBMV protein the virus was first swollen in 10
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Figure 1. Schematic representation of the plant viruses and
various aggregation states of their coat proteins. Rod-
shaped TMV wvirions (1), TMV protein in helix~-form (2), in
disk-form (3) and as oligomers (4). Spherical CCMV, SBMV or
BMV virions (5), empty capsids of CCMV, SBMV or BMV protein
(6), dimers of CCMV, SBMV or BMV protein (7), empty capsids
of CCMV, SBMV or BMV protein lacking the N-terminal arm (8)
and dimers of CCMV, SBMV or BMV protein lacking the N-
terminal arm (9). Numbers correspond to the numbering used
for stock solutions of wvirus and coat proteins. (See
MATERIALS & METHODS).

mM EDTA, pH 8.0 and then treated like CCMV and BMV. Proteins of CCMV,
BMV and SBMY lacking the N-terminal arm, were obtained by trypsin
treatment and checked with SDS-PAGE as reported earlier (Vriend et
al., 1981). A schematic representation of the plant viruses and the
various aggregation states of their proteins is shown in Figure 1. The numbers
in this figure correspond to the following 4 mg/ml stock solutions:

1) TMV virions in 50 mM sodium acetate/150 mM NaCl, pH 50 and in
50 mM potassium phosphate/150 mM NaCl, pH 7.0,

2) TMV protein in 50 mM sodium acetate/150 mM NaCl, pH 5.0, mainly
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helix-form (De Wit et al., 1978; 1979),

3) TMV protein in 50 mM potassium phosphate/150 mM NaCl, pH 7.0,
mainlty disk-form (De Wit et al., 1978; 1979),

4) ™V protein in 50 w®wM Tris-HC1/150 mM NaCl, pH 9.0, mainly
oligomers {De Wit et al.,, 1978; 1979),

5) CCMV, SBMV or BMV virions in 50 =mM sodium acetate/150 mM NaCl,
pH 5.0. and in 50 mM potassium phosphate/150 mM NaCl, pH 7.0,

6) empty capsids of CCMV, SBMV or BMV protein in 50 mM sodium
acetate/200 mM NaCl, pH 5.0,

7) dimers of CCMV, SBMV or BMV protein in 50 mM Tris-HC1/200 aM
NaCl, pH 7.5,

8} empty capsids of CCMV, SBMV or BMV protein lacking the N-
terminal ara in 50 mM sodium acetate/200 mM NaCl, pH 5.0,

9) dimers of CCMV, SBMV, or BMV protein lacking the N-terminal arm
in 50 mM Tris-HC1/200 mM NaCl, pH 7.5.

Coat protein stock solutions were Kept at 4°C and used within 7 days
after preparation.

{c) Samples for turbidity measurements at 550 nm and electron
microscopy. The samples for turbidity measurements at 550 nm were
prepared by adding 250 pl virus or protein stock soclution to 750 ul
vesicle stock suspension in the same buffer. The final concentration
of lipid was 4 mg/ml buffer and of the virus or coat protein 1 mg/ml
buffer. During a 24 h period the 1-ml samples were incubated at 18°C.
The samples were measured at one-hour intervals. For each turbidity
measurement the samples were transferred to a quartz cuvet. After
incubation for turbidity measurements at 550 nm aliquots of the mixed
samples were taken for electron microscopy.

(d) Samples for 3P NMR. A unilamellar DLPC vesicle solution (5.33
mg 1lipid/ml) was prepared in 10 mM Tris-HC1/150 mM NaCl/1 mM EDTA, pH
9.0 by sonication in two 15-ml portions as described in section (a).
Titanium particles of the sonicator and residual multilamellar
vesicles were removed by centrifugation. (10,000g, 15  min). The
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supernatants were mixed vresulting in a single homogeneous clear
unimellar DLPC wvesicle suspension of 30 ml. One 15-ml fraction was
incubated with 5 m} TMV protein stock solution number 4 for 24 h at
18°%C and the other 15-ml fraction was incubated with 5 ml of identical
buffer as reference. Before measurement samples were concentrated by
ultracentrifugation (250,000g, 1 h), and resuspended in 10 % {(v/v)
2H,0 containing 10 mM Tris-HC1/150 mM NaCl/1mM EDTA buffer, pH 9.0
(firal volume 2 ml) and treated as Indicated in Figure 5.

Absorption measurements. The turbidity of the samples was measured
in a Kontron Uvikon 810 spectrophotometer at 550 nm to avoid
contributions of absorption of viral material or lipids. Turbidities
at 550 nm of identical control wvesicle suspensions not exposed to
viral material (in &l1 cases less than 0.10) and of wviral material
were subtracted if necessary.

Determination of the amount of protein assocjated with membranes after ingu-

bation. After the 24-h period of incubation of the vesicle suspensions
with protein, the aggregated, fused and multilamellar bhilayers
together with assoclated protein were pelleted by centrifugation
(8,800g, 10 win).. The fraction of residual, unassociated protein in
the supernatant was calculated from the protein contribution at 280 nm
in the UV spectrum using an extinction coefficient at 280 nm = 1.27
ll.lg“l.cn"l for TMV, CCMV and BMV protein and 1.30 ml.lg“l.cm'l for
SBMV protein. This fraction was subtracted from the 1 mg protein ini-
tially added to obtain the complementary fraction of membrane asso~
clated protein presented in Table L

Electron microscopy. Electron micrographs were taken with a Zelss

EM 109 electron microscope equipped with a transfibre photography
camera. The samples were negatively stained with a 2 % solution of uranyl
acetate in double-destilled water.

Phosphorus magnetic resonance spectroscopy. The SIP NMR spectra of
the DLPC vesicle suspension after 24 h incubation with TMV protein
were obtained with a Bruker CXP 300 Fourier Transform spectrometer
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operating at a frequency of 121.48 MHz. The spectra were taken in the
presence of broadbhand proton decoupling (20W/12dB) using a sweepwidth
of 25,000 Hz and a 16 ps 45° pulse with a repetition rate of 1 s,

RESULTS

Turbidity measurements and determination of protein associated with membra-—

nes. The effect of addition of plant viruses and their coat proteins
to neutral and charged SUVs under various conditions was monitored by
turbidity measurements at 530 nam. In addition the percentage of protein
present in the pellet was determined after centrifugation of the sam-
ples.

(a) Effect of intact virions. Additlon of TMV or CCMV to positively
charged SUVs at pH 5 and 7 increased the turbidity, but not in the
case of neutral or negatively charged SUVs (Figure 2ABEF). The
turbidity Increase for CCMV-lipid mixtures was stronger at pH 7 than at
5. In all cases addition of BMV or SBMV had only a small effect on the
turbidity (Figure 2C.1),G,H). Pellets of positively charged SUVs
obtained after incubation with TMV at pH 5 and 7 contained all the
protein initially added. Pellets of positively charged SUVs obtained
after incubation with SBMV at pH 7 and with CCMV at pH § and 7
contained approximately 20, 20 and 60 % of the protein, respectively.
In all other pellets no protein was detected within experimental error
{Table I}.

{b) Effect of +the proteins. Addition of TMV protein at pH 5, 7
(PFigure 2IM) and 9 (data not shown) to positively charged SUVs
increased the turbidity rapidly. No increase of turbidity was found
with negatively charged SUVs. Neutral SUVs caused a wmuch slower
increase of the turbidity as compared to the positively charged SUVs.
The turbidity 24 h after incubation increased as a function of pH from
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Figure 2. Turbidity of suspensions (final Yipid con-
centration 4 mg/ml) of neutral vesicles (100% DLPC: solid
line), positively charged vesicles (80/20 w/w DLPC/CTAB or
DLPC/ PALCHOL: dotted line}) and negatively charged vesicles
{80/20 w/w DLPC/DLPA or DLPC/DMPG: dashed 1line) after addi-
tion of virions (A-H), protein (I-P} and protein lacking the
N-terminal arm (Q-V) of TMV (first row: AEILM), CCMV
(second row: B,F.JNQT), BMV (third row: CGKORU) and
SBMV  {fourth row: DMHL,PSV) as illustrated in Figure 1.
All experiments were carried out at 18°C and the same buffer
as for wvesicle stock suspensions was used for viral particle
or protein stock solutions. AJX) pH 50 in 50 mM sodium
acetate/150 mM NaCl buffer, BCD,J, KLQRS) pH 50 in
50 mM sodium acetate/200 mM NaCl buffer EF.GHM) pH 7.0 in
50 mM potassium phosphate/150 mM NaCl buffer, N,0,P,T.UV)
pH 7.5 in 50 mM Tris-HC1/200 mM NaCl buffer.

5 to 9 Only in pellets of positively charged SUVs obtained after
incubation with TMV protein, all the initially added coat protein was
found (Table I).

Addition of CCMV, BMV and SBMV protein at pH 8§ and 75 to
positively charged 35UVs had no significant effect on the turbidity
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Table I. Percentage of Coat Protein Associated with Membranes8,

Virus Membrane Virions Coat Protein
Charge

pH S pH 7 pH 5 pH 7

™V Positive ®#%% #¥%s EEEE  KEEK
Neutral
Negat;ve

Virus Membrane. Virions Coat Protein Coat Protein Lacking
Charge . the N-terminal Arm

PpH & pH 7 pi 5 pH 7.5 pH5 pH 7.5

CCMV  Positive  * i
Neutral . . . .
Negative . . LA A

BMV Positive

Neutral . . \ .

Negative . . sk *
SBMV Positive . *

Neutral . . , .

Negative . . £ 2] e

8 pellets were obtained by centrifugation (8,800g, 10min) of the
samples of Figure 2 after 24 h of incubation: . =0 -12%,

* = j2-25%, *¥ = 25-50%, *** = 50-75% and **%** = 75-100%. For
CCMV and SBMV coat protein the values of DLPA are presented.

(Figure 2J,K.L,N.0OP). For negatively charged SUVs the addition of
these proteins increased the turbidity (Figure 2JKLN,OP) and also
protein was found in the pellets: 55 + 10 % for CCMV at pH 5.0 and
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Figure 3. Turbidity of suspensions (final lipid concentation
4 mg/ml) of neutral vesicles (100% DLPC: solid line), posi-
tively charged vesicles (80/20 w/w DLPC/PALCHOL: dotted
line) and negatively charged vesicles (80/20 w/w DLPC/DLPA:
dashed line) 30 min after addition of A) TMV protein in 50
mM  potassium phosphate, pH 9.0, B} CCMV protein in 50 mM
Tris-HCl, pH 7.5 and C) CCMV protein lacking the N-terminal

arm in 50 mM Tris-HCl, pH 7.5 as function of NaCl con-
centration,

75 85 t 10 % for BMV and SBMV at pH 5, 20 ¢t 10 % for BMV at pH 7.5
and 35 t 10 % for SBMV at pH 7.5 (Table I). The addition of CCMV, BMV
and SBMV protein increased the turbidity of neutral SUVs at pH 7.5
(Figure 2N,0,P) and also at pdi 5 for BMV protein (Figure 2K). However,
no protein was found in pellets of neutral SUVs (Table I).

(c) Effect of proteins lacking the N-terminal arm, After removal of
the N-terminal arm of the CCMV, BMV and SBMV protein no significant
changes in turbidity were observed with positively and negatively
charged SUVs at pH 3 and 7.5 (Figure 2Q-V). The turbidity changes
found for neutral SUVs after incubation with iIntact CCMV, BMV and SBMV

protein were preserved with the cleaved proteins. Alsa cleaved protein
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Figure 4. Electron micrographs showing typical shape of uni-
lamellar vesicles after 24 h of incubation of the DLPC/DLPA
(80/20 w/w) vesicles (A) and of multilayer structures in
pellet after 24 h of incubation of the DLPC/DLPA (80/20 w/w)
vesicles with empty cepsids of BMV protein in 50 mM sodium
acetate/ 200 mM NaCl buffer, pH 5.0 (B).

was not bound (Table I).
Salt concentration dependence of turbidity induced by proteins. The

turbidity of the SUV suspensions was measured as a function of NaCl
concentration 30 min after addition of TMV protein (Figure 3A), of
CCMV protein (Figure 38) and of CCMV protein lacking the N-terminal
arm {Figure 3C). The turbidity reduced with increasing salt
concentration. This effect was most clear for positively charged SUVs
incubated with TMV protein (Figure 34} and for negatively charged SUVs
incubated with CCMV protein (Figure 3B).

Electron microscopy. After turbidity measurements electron micrographs
were taken of the samples. In Figure 4A a typical electron micrograph
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Figure 5. 121.48 MHz 31p NMR spectra of a suspension of DLPC
SUVs in 10 mM Tris-HC1/150 mM NaCl/l =M EDTA buffer, pH 9.0
after 24 h of incubation at 18°C without viral material (A)
and (B) sample of (A) after 1 min of sonication; (C) as (A)
with TMV protein and (D) sample of (C) after 1 min of soni-
cation; (E) supernatant (8,800g, 10 min) and (F} pellet
(8,800g, 10 min}) of sample (D). In all cases the number of
scans was 1,000 and broadband proton decoupling (20 W/12 dB)
was applied. For spectra in (A), (B) and (E) an artificial
line broadening of 10 Hz and in (C), (D) and (F) of 100 Hz
was used.

of a reference sample of negatively charged SUVs after 24 h of incuba-
tion is shown. The diameter of the SUVs ranpes from 30 to 100 nm.
Identical wvesicle sizes were observed for other reference veasicles
{data not shown). After 24 h of incubation of negatively charged SUVs
with empty capsids of BMV protein at pH 5 (Figure 4B) nultilamellar
aggregates were formed.

Typical muitilayer structures as in PFipures 4B were observed in all
electron micrographs (data not shown) taken of samples of which the
turbidity at 550 nm had increased to wvalues higher than 1 at the end
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of the 24 h incubation period after addition of TMV protein or CCMV,
BMV or SBMV protein with or without N-terminal arm {Figure 2I-V).

Phosphorus __NMR  measurements. Figure § shows 31p  wMrR spectra
obtained of DLPC SUVs after 24 h of incubation at 18°C with and
without TMV  protein. The spectrum of the reference SUVs |is
characterized by one isotropic peak with a linewidth at half height,
Avx. of 190 Hz (Figure 5A). After 1 min of sonication ‘”15 decreased to
7¢ Hz (Figure 5B). An identical sample incubated for 24 h with TMV
coat protein gave a typical powder spectrum characteristic for
bilayers with a CSA of ca. 30 ppm (Figure 3C). No peaks were visible
that could arise from the presence of rapidly tumbling phospholipid
molecules (Burnell et al, 1980} or Hy; phase lipids (Van Echteld et
al, 1982). After 1 min sonication of this sample an isotropic peak
with a relative Intensity of approximately 20 % was seen (Figure 5D).
This peak could be separated from the underlying powder spectrum by
centrifugation (8,800g, 10 win). This resulted in an isotropic peak
with a Av,‘ of 370 Hz of the supernatant (Figure GSE} and a powder
spectrum of the pellet (Figure 5F) with a CSA of ca. 30 ppm, similar
to Figure 5C.

DISCUSSION
The turbidity measurements of neutral and charged SUVs interacting

with Intact plant viruses or their coat proteins indicated:
(a) Electrostatic interaction. The virus particle or protein con-

tains charged amino acid residues, which interact with oppositely char-
‘ged membranes. As a consequence, several vesicles are crosslinked.
Also charges at the membrane are neutralized, causing aggregation,
vesicle fusion and formation of multilayer . structures. The precipi-
tated material contains viral coat protein;

(b} Indirect hydrophobic interaction. Dissociated protein causes neu-
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tral wvesicles to fuse and to form multilayer structures. The precipi-
tated wmaterial does not contaln protein. As will be discussed later,
this effect 1s caused by exposed hydrophebic protein domalns.
For the interactions the following evidence was presented:
1. Rod-shaped TMV. Positively charged wvesicles interact with TMV

particles at pH 6 and 7 (Figure 2AE). The same is observed for its
coat protein, both in helix and disk conformation (Figure 2IM) and as
oligomers at pH 9 ({(data not shown). The pellet contains all coat
protein (Table: I) whereas multilamellar vesicles are formed (Figure
4B). Several arpguments supgest that electrostatic forces dominate in
the formation of +these pellets: (a) The pl of TMV particles is 3.5
(Fraenkel-Conrat & Nariba, 1958). This implies that the virus surface
has an overall nepgative charge at the experimental pH values; (b)
Negatively charged SUVs deo not interact with TMV and its protein; ()
A reduction of protein-vesicle interaction by high salt concentration
is observed by the turbidity measurements at 550 nm as function of
salt concentration (Figure 3A).

TMV protein with itz hydrophobic areas exposed to the bulk solvent
(Bloomer et al, 1978) causes the neutral SUVs to fuse after aggrega-
tion (Flgure 2LM). This result agrees with those of Banerjee et al
(1981a,b). In this case no protein is detectable In the pellat. (Table
I1). This effect parallels the Increasing exposure of hydrophobic
domains of TMV protein at higher pH values.

An increase in turbidity at 550 nm can only be interpreted as an
increase 1In size of the aggrepates. Thus on the basis of turbidity
measurements, no discrimination between aggregation, fusion or trans-
formation to multilayer structures can be wmade. Also, spontaneous
aggregation of DLPC SUVs after preparation by sonication was reported
{De Kruijff et al., 1976), which was observed as a broadening of the
31p  NMR signal. Therefore, 31p  NMr spectra were recorded and BN.
micrographs were taken. After 24 h of incubation of the reference DLPC
SUVs the increased linewidth (190 Hz) of the 3p R resonance indica-
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tes aggregation of the SUVs (Figure G5AB). The electron micregraph
of the reference vesicles after 24 h of incubation shows that no
tranformation to multilayer structures has occurred (Figure 44).
However, after 24 h of Incubation with TMV protein, the 31p  NMr
spectrum indicates that the majority of the vesicles (minimally ca. 80
%) has become multilamellar (Figure 5F). The rest (maximally ca. 20 %)
is aggregated since it appears as a relatively sharp isotropic peak
after brief sonication (Figure 5D). These results are in accordance
with the multilayer satructures observed in electron micrographs of the
same samples (data not shown). Formation of multilamellar wvesicles
implies that fusion of vesicles has taken place.

2. Spherical plant viruses (CCMV, BMV, SBMV}). In analogy to TMV,
CCMV  particles interact with positively charged wvesicles (Figure
2B,F), which is explained by the pI value of 3.6 (Bancroft et al.,
1971). As a result of the electrostatic Interaction the pellets of
these samples contain protein at pH 5 (ca. 20 %) and 7 (ca. 60 %,
Table ), values at which an increasing number of negatively charged
groups per viral particle 1s present. CCMV protein has an N-terminal
arm of (wenty-five amino acld residues of which nine residues are
basic. This arm, alsc of coat protein molecules in empty capsids, is
known to bind to npegatively charged macromolecules in solution
{Bancroft, 1971; Vriend et al., 1936). Therefore, binding to negetively
charged wvesicles 1s not surprising (Figure 2JN). Binding 1is lost
after removal of the N-terminal arm by trypsin {Figure 2Q.7).

Dissociated CCMV protein, with and without the N-terminal arm,
induces fusion of neutral SUVs and formation of multilayers (Figure
2N,T). This is analogous to the effect of TMV protein on neutral
vesicles (Figure 2LM).

BMV and SBMV have a pI value of 6.8 (Magdolf-Fairchild, 1967) and
6.0 (Rice & Horst, 1972), respectively. These viruses do not interact
with SUVs, regardless of thelr surface charge. SBMV iz an exception
giving a small electrostatic effect at pH 7, if added to positively
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charged SUVs (Figure 2C,D,GH). This  binding, which was also
demonstrated by Abdel-Salam et al. (i982) in G.1 M Tris-HCl, pH 7.5,
could be due to the swollen state of SBMV. The near neutral pl values
of BMV and SBMV are also reflected in the absence of protein
association to positive SUVs (Table I). BMV and SBMV protein, either
as capsids or as dimers, interact with negatively charged SUVs
(Figure 2K,L,0,P) because of the presence of their basic N-terminal
arms. This interaction 1s lost after removal of the arm (Figure
2R,8,U,V).

Both BMV and SBMV protein dimers induce fusion of neutral SUVa
(Figure 20,P) and this inductive capacity is completely preserved
after cleavage of the N-terminal arms (Figure 2U.V). Also BMV empty
capsids with and without the N-terminal arm react with neutral SUVs
by indirect  hydrophobic interaction (Figure 2KR). This can bDe
attributed to the strong hydrophobic character of BMV protein (Pfeiffer &
Hirth, 1874). Again the induction of vesicle fusion increases with
increasing hydrophobicity of the protein.

The nature of the interaction between model membranes and several
plant viruses and their coat proteins. In the discussion of the
results, electrostatic interaction was found to be quite different
from induction of vesicle fusion by indirect hydrophobic interaction.

The electrostatic interactions are reduced to zerc at high salt
concentration (Figure  3). Therefore there 1is no indication of
hydrophobic interaction in the formed complex, i.e. between hydropho-
bic protein domains and the bilayer interior. Thus the protein is
likely to be associated to the headgroups of the bilayers. This pro-
cess is analogous to that found for aggregation and fusion of negati-
vely charged SUVe by polycations, such as polylysine {(Gad et al.,
1682; 1985) and polyhistidine (Wang & Huang, 1984; Uster & Deawmer,
1985).

Induction of wvesicle fusion and formation of muitilayers by
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indirect hydrophobic interaction is observed only for neutral vesicles.
Neutral SUVs aggregate spontancously (De Kruijff et al., 1976). This
is observed in the 3'p NMR spectrum (Figure 54) as a broadening of
the isotropic resconance. Brief sonication reverses this aggregation
(Figure 5B). Vesicle fusion and further formation of multilamellar

structures is Inhibited by interfacial water between the apposed
bilayer surfaces of two aggregated vesicles (Le Neveu et al., 1876;
Papahadjopoulos et al., 1978). A possible mechanism for the indirect
hydrophobic interaction is that the hydrophobic sites at the proteins
in the solution remove this hydration water, enabling direct molecular
contacts of the bilayers and concomittant fusion according to the
general theory of vesicle fusion (Wiischut & Hoekstra, 1986). The pro-
posed effect of the protein can be visuvalized as a pushing out of the
interfacial water resulting in a partial dehydration of the bilayer
surface. This process 18 slow, since it requires a collision of the
protein with already apposed hilayer surfaces. The protein itself |is
not inserted in the bilayer, nor does it form a complex with the
lipids. Also the protein does not pass through the membrane during the
fusion process, since otherwise it would have been locked in the fused
vesicles and have appeared in the final multilayer precipitate. The
action of the protein may be compared to that of a catalyst in a che-
mical reaction, enhancing only the rate of fusion between the
bilayers.

Since the coat protein is not found assoclated with the vesicles in
the case of hydrophobic interaction (Table I) this implies that the
hydrophobic  protein dowains do not interact directly with the
hydrophobic interior of the bilavers.

From these observations it is concluded that, regardless of the
type of interaction (hydrophobic, electrostatic), wviral coat protein
is not incorporated in the bilayer, l.e. by forming a stable complex
held together by direct hydrophobic lipid-protein interactions.

§5



Implications of the observed interactions for earlier proposed models

of initial interactions between virus and cell. A stable lipid-coat
protein complex In which direct hydrophobic forces dominate was not
found for any of the viruses and bilayers that were Investigated. This
strongly disagrees with the model of virus penstration and uncoating
proposed by Durham (1978), which we therefore consider incorrect.

Caspar (1963} supggested that the hydrophobic environment of the
bilayer interior causes uncoating of TMV RNA in vivo. Although this
mechanism of uncoating cannot be excluded rigorously, it is wvery un-
likely on the basis of our results. From Figure 2A-H it is clear that
viral particles can interact with the head groups of lipids in the
bilayer only by electrostatic interaction, which results in c¢coat
protein associated to the outside of the bilayer. In the final complex
also no direct hydrophobic forces are Involved (Figure 3). Therefore
the uncoating process is definitely not initiated and probably alaso
not propagated by hydrophobic lipid-coat protein forces, replacing the
hydrophobic intersubunit forces in the virus particle.

Contrary to the suggested uncoating effect of the hydrophobic do-
main of the bilayer on the virus (Caspar, 1963), for which no infor-
mation is available from our experiments that focused on the effect
of wvirus-membrane interactions on the membranes, a destabilizing
effect of the hydrophobic domains of the wviral coat proteins on the
membrane has been observed. This suggests that in vivo the virus
particle could induce wembrane fusion by exposing its hydrophobic
protein domains. This could possibly be a mechanism for the virus to
enter the cell.
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CHAPTER 3

EFFECT OF THE MEMBRANE ON BACTERIO-
PHAGE M13 COAT PROTEIN
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3.1 TIME-RESOLVED TRYPTOPHAN FLUORESCENCE
ANISOPTROPY INVESTIGATION OF BACTERIOPHAGE
M13 COAT PROTEIN IN MICELLES AND MIXED BILAYERS

Klaas P. Datema, Antonie J.W.G. Visser, Arie van Hoek
Cor J.AM. Wolfs, Ruud B. Spruijt and Marcus A. Hemminga

ABSTRACT: Coat protein of bacteriophage M13 is examined in
micelles and vesicles by time-resoived tryptophan fluorescen-
ce and anisotropy decay measurements and circular dichroism
experiments. Circular dichroism Iindicates that the coat pro-
tein has a-helix (60%) and g-structure (28%) In 700 mM SDS
micelles and predominantly g-structure (94%) in mixed dimy-
ristoyl phosphatidylcholine/dimyristoyl phosphatidic acid (80/20
w/w) small unilamellar wvesicles. The fluorescence decay at
344 nm of the single tryptophan -in the coat protein after
excitation at 295 or 300 mm is a triple exponential. In the
micelles the anisotropy decay Is a double exponential. A
short, temperature independent correlation time of 0.5 % 0.2
ns reflects a rapid depolarization process within the coat
protein. The ' overall rotation of the coat protein-detergent
complex is observed in the decay as a longer correlation time
of 98 £ 05 ns (at 20°C) and has a temperature dependence
that satisfies the Stokes-Einstein relation. In vesicles at
all lipid to protein molar ratios in the range from 20 to 410
the calculated order parameter is constant with a value of
07 & 01 from 10 to 40°, although the lipids undergo the
gel to liquid-crystalline phase transition. The longer corre-
lation time decreases gradually on increasing temperature.
This effect probably arises from an increasing segmental
mobillty within the coat protein. The results are consistent
with a model in which the coat protein has a B-structure and
the tryptophan indole rings do not experience the motion of
the lipids in the bilayer because of protein-protein aggrega-
tion.

The interaction of membrane proteins with liplds has received con-
siderable attention in the last decade. The interest in understanding
this interaction arises from the notion that 1lipid composition and
dynamics in membranes affect the properties of its proteins. A wvarlety
of biophysical techiques has already been applied tc membrane proteins
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reconstituted in model membranes (for a survey see: Watts & De Pont,
1985). Model membranes can easily be prepared and are free of the
complexity of the natural membrane. 1In particular, time-resolved
fluorescence anisotropy measurements (for a review see: Cundall &
Dale, 1083; Beechem & Brand, 1985) and huclear magnetic resonance (NMR)
provide complementary Information about wmotion and order of lipids in
bilayer systems (for a comparison see: Wolber & Hudson, 1982; Deveax &
Seigneurst, 1985).

The objective of our research is to study the infection mechanism
of non-enveloped viruses, 1like bacteriophage M13 (Hemminga, 1987) and
plant wviruses (Hemminga et al., 1985}, at a molecular level. A
suitable system to study the interaction of wviral coat proteins with
membranes is the M13-Escherichia coli system.

The major (gene-8 product) M13 coat protein is present in the long
rodlike wirus particle in numerous copies and functions as protection
for its single strand DNA. The wvirus enters E, goli by leaving the
coat proteins In the cytoplasmic membrane {Marvin & Wachtel, 1975).
After infection and DNA duplication the newly synthesized procoats, a
precursor form of the coat protein with a typical bacterial amino ter-
minal leader peptide of 23 residues, also assemble in this membrane.
After penetration of the N-terminus of the procoat through the
membrane, the procoat is cleaved to mature coat protein by a leader
peptidase (Geller & Wickner, 1985). Both progeny as well as parental
coat protein are used for the wmembrane-bound assembly of new M13 par-
ticles (Wickner, 1976). The wviral DNA is complexed with these coat
proteins without lysis of the host cell.

The coat protein consists of 650 amino acid residues (M=5240): a
basic C-terminus, a hydrophobic central core of 19 amino acid residues
and an acidic N-terminus (Van Asbeck et al,1969; Nakashima &
Konigsberg, 1974). It contains a single tryptophan residue located at
the 26th position, ie. in the hydrophobic region. The tryptophan can
be used as an intrinsic fluorescent marker.
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Time-resolved fluorescence anisotropy analysis of fluorophores in
membranes (for a theoretical description see for example: Kinosita et
al., 1977; 1982; Zannoni et al.,, 1983; Szabo, 1984; Van der Meer et
al,, 1984) has several features which make the technique particularly
attractive for studying the M13 coat proteln in wmodel membranes.
Pirst, the time-dependent anisotropy provides & direct, real-time
neasurement of the. reorientational dynamics of the coat protein in the
(sub)nanosecond time range. The measurable range 1Is limited hy the
average fluorescence lifetime characterizing the ‘tryptophan. Second,
in time-resolved ‘' fluorescence anisotropy analysis motional rates and
molecular order manifest themselves separately, which is advantageous
for bilayer studies.

We have reconstituteﬁ the coat protein of Mi3 in micelles and mixed
SUVs. Time-resolved . fluorescence and fluorescence anisotropy measure-
ments of the single tryptophan residue in the c¢oat protein were
carried out at wvarlous temperatures and protein contents. In addition
CD spectra were taken of the coat protein in these micelles and
bilayers to determine the secondary structure of the coat protein.
Time-resolved flucrescence and fluorescence anisotropies were analysed
in terms of wmultl-exponential functions, giving information about
dynamics of the coat protein tryptophan and the structure of Its
environs in these systems. In SUVs an additional residual anisotropy
is present, which is directly related to the order of the coat protein
tryptophan. The temperature dependence of the correlation times and of
the order of the coat protein in the membrane was determined in the
range in which the 1ipid bilayer undergoes the gel to liquid-crystal-
line phase transition.

MATERIALS AND METHODS

Materials. DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine, 89% pu-
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rity) and DMPA (1,2-dimyristoyl-sn-glycero-3-phosphatidic acid, 98% puri-
ty) were obtained from Sigma Chemical Co. and used without further puri-
fication.

M13 bacterlophage was purified as described by Garssen et al.
(1977). The major ({gene-8 product) coat protein of M13 was isolated by
the method of Knippers and Hoffmann-Berling (1866).

Sample preparation. Micelles were prepared by dissclving coat pro-
tein in 0.8, 4, 100 or 700 mM SDS, 10 mM potassium phosphate, pH 5.0,
A clear, nmicellar solution was obtained by vortexing and heating the
sample to 55°C. The samples were diluted with the same buffers to
0Dsgonm = O-1.

Vesicles were prepared by cholate dialysis, as described by BHagen
et al. (1978) with a few modifications. Stock suspensions of DMPC and
DMPA vesicles {(both 50 mg/ml) and coat protein (8 mg/ml) in 50 mM
Tris-HC1 buffer, pH 8.0 with 2 w% sodium cholate, 8.0 M urea, 0.1 mM
EDTA and 20 =M ammonium sulphate were used. 0.16 ml of DMPC stock
suspension, 0.04 ml of DMPA stock suspension and 0.500, 0.250, 0.125,
0.063, 0.031, 0016 or 0 ml coat protein stock solution were coadded
with 0.300, 0.550, 0675, 0.737, 0.769, 0.784 or 0.800 ml of the same
buffer, respectively. Clear and homogeneous suspensions were obtained
by vortexing and bheating the samples to 58°C. Subsequently, the
suspensions were dialysed at 4°c against 4 times 15 L of 10 mM
Tris-HCl, pH 80, 0.2 mM EDTA and 10 v/v% methanol during 48 h with
changes at 12, 24 and 36 h. In the last dialysis step no methanol was
added to the buffer. This results in opalescent dispersions of unila-
mellar vesicles. All the samples were sonicated under nitrogen with a
Branson cell disruptor B30 (duty cycle: 90%, power setting 4 (max. 350
W at setting 10)) to obtain SUVs. The SUV suspensions were centrifuged
(8,800g, 10 min} to precipitate unincorporated, water-insoluble coat
protein. At this point, aliquots of the samples were taken to deter-
mine the ©protein and phospholipid concentration (Bartlett, 1859;
Peterson, 1977), from which the L/P ratio was calculated. This proce-
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dure results in samples of L/P ratios of 20, 30, 70, 140, 210, 410 or

w, respectively. The error in these ratios was less than 10%. The
samples were homogeneous as tested by sucrose gradient centrifugation.
Before measurement the samples were diluted to ODpgpne = O.1.

Methods. CD spectra were recorded at room temperature on a Jobin-
¥von Auto-Dichrograph Mark V 1in the wavelength range 250 - 190 nmm. A
sample cell of 1-pm path length was used. The spectra are the average
of four scans taken from the same sample. To determine the secondary
structure the CD spectra were fitted to reference spectra of Green-
field and Fasman (1969) by a least squares fitting procedure using
gpectral points in the 250 to 190 nm range with 5-nm stepa. The basis
for this analysis has been described (Cantor & Schimmel, 1980).

The experimental setup for the time-resolved fluorescence measure—
ments has been described previously (Van Hoek et al, 1983; Van Hoek &
Visser, 1985; Visser et al., 1985). The excitation wavelengths were
295 and 300 nm. The emission wavelength was selected with an inter-
ference filter transmitting at 344 nm with a 10-nm bandpass. Fluores-
cence was detected by time-correlated single-photon counting (O'Connor
& Phillips, 1984).

The total fluorescence decay Is determined from the wmeasured pola-
rized fluorescence components parallel, 1y, and perpendicular, I;, to
the electric vector of the excitation as:

S(t) = It) + 21;(t) )

in which S(t) is the convolution product of the (unconvoluted) total
fluorescence, s{t), and the excitation pulse response, P(t). The data

.were analysed as a sum of three exponentials, i.e.

3
s(t) = £ a; exp(-t/Tp) {2)
i=1
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in which T; 1is the fluorescence Iifetime with a pre-exponential fac-
tor, @, indicating the relative contributlon of 7y to the initial
intensity of the total decay. The experimental data were corrected for
background fluorescence measured for identical wvesicles without coat
protein (in all cases less than 10% of the fluorescence of the sample
with coat protein). From these data the lifetimes and relative contri-
butions to the total decay are obtained by a non-linear least squares
fitting procedure (Vos et al., 1987).

The fluorescence anisotropy, r(t}, is given by:
r{t) = [ig(t}-1)(E)])/[1p(t}+2i){t)] (3)

in which 14t} and i;{(t) are the (deconvoluted) parallel and perpen-
dicular polarized components derived from the experimental I4t) and
I;(t) compoments. r(t) is obtained by fitting the experimental Ipt)
and I)(t) decays directly to the anisotropy-containing expressions for
these two fluorescence components with the use of one set of parame-
ters (Gilbert, 1983; Cross & Fleming, 1984) using Fortran-77 programs
(Vos et al, 1987). The model for anisotropy decay analysis consisted
of a sum of two exponentials for the coat protein in micelles and of a
sum of two exponentials and a constant term for the coat protein in
SUVs. In the analysis it 1s assumed that every lifetime component is
coupled to every rotational component (Dale et al, 1977). The quality
of the fit ig determined by (1) wisual inspection, (2) the weighted
residuals, (3) the number of zero passages of the auto-correlation
function (Ameloot & Hendrickx, 1982), (4) the reduced chi-square
value, (5) the Durbin-Watson parameter (0'Connor & Phillips, 1984) and
(6) the standard deviations. The standard deviations of the fitted
parameters are estimated from the Hessian as described by Bevington
(1969), which is one of the output parameters of the Fortran-77
programs.

The orientational order parameter, S, for the coat protein in the
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bilayer is calculated from the residual, r(x), and the initial, r{0),

anisotropies by
S = [rio)/r(o))¥ (4)

as given by Heyn (1979) and Jaehnig (1979). For r{0) the average of
the series of measurements at each excitation wavelength was used
(Table 1V). ’

RESULTS

Circular dichroism. TI'IE CD spectrum .of M13 coat protein in micelles
is shown in Figure. 1. Analysis of the spectrum yields 60% «a-helix,
28% B-structure and 12% other structure for the coat protein in 700
mM SDS micelles, Below the CMC (which i{s at 3 mM, Helenius et al,
1979) at 08 mM SDS 16 % a-helix, 64% g-structure and 20% other
structure was determined (data not shown). The CD spectrum of M13 coat
protein in mixed SUVs of DMPC/DMPA (20/80 w/w) at L/P ratio of 25 was
best simulated by 2% a-helix, 94% $-structure and 4% other structure
(Figure 1). The same CD spectra were observed for the other L/P molar
ratios {data not shown). -

Time-resolved fluorescence of M13 coat protein  in  micelles. The

total fluorescence decay at 344 nm of M13 coat protein in micelles
after excitation at 205 nm was fitted as a triple exponential function
(an example of a triple exponential fit, for the decay of M13 coat
protein in mixed SUVs, is shown in PFigure 4). The lifetimes that
characterize the total fluorescence decays of the M13 coat protein-SDS
complexes and their relative contributions to the total decay are
listed in Table 1. In 700 mM SDS the shortest lifetime, 7y, and =all
the amplitudes are independent of temperature. However, T, and T3
decrease at Increasing temperature (Table I). Below the CMC (3 mM) all
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Figure 1. CD spectra of MI13 coat protein at 20°C in 700 =M
SDS micelles (solid line) and mixed SUVs of DMPC/DMPA (80/20
w/w) at L/P ratio of 25 (dashed line). Mean residue ellip-
ticities are shown.

lifetimes increase, while aj;, and possibly @), increase at the expense
of as.

The fluorescence anisotropy decay was fitted as a double exponen-
tial function. In Figure 2 the anisotropy decay at 344 nm of M13 coat
protein in 700 mM SDS micelles at 20°C is given. The correlation times
and their amplitudes are listed in Table II for various S5DS concen-
trations and temperatures. The short correlation time, ¢; (05 * 0.2
ns), is independent of both the SDS concentration and temperature. The
longer correlation time, ¢y, depends on the SDS concentration as well
as temperature. The value of ¢, which is significantly longer below
the CMC (3 mM), decreases as a function of temperature (Figure 3). The
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Table I. Fluorescence Decay Parameters (344 nm) of the Single
Tryptophan of Bacteriophage M13 Coat Protein in SDS
Micelles for Excitation at 295 nm 3,

SDS T @y T @& Ty @3 Tg <>
+.05 £.1 +.05 +.1 $.05 ¢.1
(=)  (°c) (ns) {ns) (ns) (ns)
0.8 20 .30 1.2 .62 3.7 .08 7.5 4.1
4 20 .18 .9 .52 3.1 .30 5.8 4.4
100 20 .23 .3 . .30 2.3 .46 5.5 4.7
700 20 .22 .3 .29 2.5 .48 5.7 5.0
700 25 .23 .3 .20 2.5 .47 5.6 4.8
700 30 .27 .3 .28 2.3 .46 5.3 4.8
700 35 19 .3 .27 2.0 .54 4.9 4.4
700 40 17 .3 .27 1.8 .56 4.6 4.1
3 3
a<T>=£ai1'12/£ @y Ty
i=1 i=1

product, kT$o/m, in which n is the viscosity of pure water, is given
in Table II and found to be constant within experimental error (10%).
Time-resolved fluorescence of M13 coat protein in wvesicles. The

lifetimes and their pre-exponential factors in the range of 10 to 40°c
are listed in Table III. In Figure 4 the decay after excitation at 295

nm is shown. Similar wvalues as given iIn Figure 4 were also found for
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Figure 2. Anisotropy decay at 344 nm of the single tryptophan
of bacteriophage M13 coat protein in 700 mM SDS micelles at
20%C after excitation at 295 nm and the best computer fit.
The parameters describing the best Ffit to the experimental
decay and the estimated standard deviations are: §; = 0.06 1
0014, f2 = 011 * 0.004; ¢ = 050 % 021 ns, ¢ = 9.78 £

0.51 ns with the Durbin—Watson parameter = 195 and the
number of zero passages in the parallel channel = 97 and in
the perpendicular channel = 96 (429 channels, 42 ps/channel).

The weighted residuals from experimental and fitted curve and
the auto-correlation function are given in the top of the
figure.

the other L/P ratios from 20 to 410 at 20°C {(data not shown).

The fluorescence anisotropy in SUVs was fitted as a double exponén-
tial with a constant value (r{w)). In Figure 5 the anisotropy decays
of M13 coat protein in SUVs after excitation at 295 and 300 nm are
shown. Table IV summarizes the results at various temperatures. The

initial anisotropy, r{0), is 0.16 after 295 nm and 0.23 after 300 nm

70



Table II. Anisotropy Decay Parameters (344 nm) of the Single
Tryptophan of Bacteriophage M13 Coat Protein in
SDS Micelles for Excitation at 295 nm 8.

T 81 H Ba 2 r{0) v
SDS t.01 £.01 :.5 .02 .1078
(mt) (0 (ns) (ns) (cm3)
0.8 20 .06 .5 .09 16.2 .15
4 20 .07 .5 .10 10.2 .17 24
100 20 .05 .5 .10 9.6 .15 23
700 20 .06 .5 .11 9.8 .17 23
700 25 .06 .5 .11 9.1 .16 25
700 30 .04 .5 .11 7.6 .15 24
700 35 .05 .5 .10 6.9 .15 25
700 40 .05 .5 .09 6.1 .14 24

a ﬂi is the contribution to the initial anisotropy,
r(0}, of the depolarization mechanism characterized
by #;: V., the volume of the protein-micelle complex
was calculated with the Stokes-Einstein relation for
spherical rotation, ¢ = nV/KT in which n is the
viscosity of water, T the temperature and k the

Boltzmann constant.

excitation and in both cases independent of temperature (Table IV).
The vrelative contribution of f§; to the total anisotropy decay, i.e.
By/r(0), is 19% at 295 nm and 26 % at 300 nm excitation. For other
L/P ratios in the range of 20 to 410 at 20°C similar results are found
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Figure 3. Temperature dependence of the longer correlation
time, ¢p, of M13 coat protein in 700 =M SDS obtained from the
best computer fits. For experlmental detalls see Table II and
the text.

(data not shown). The short correlation time, ¢;, was found to be
nearly temperature independent (0.5 % 0.2 ns). Therefore ¢, was fixed
at 0.5 ns In the final computer fitting. The longer correlation time,
¢a, decreases at increasipng temperature (Figure 6).

The order parameter, S5, calculated from eq. {(4), is almost constant
(0.7 & 0.1) at all temperatures at 295 (Figure 6) and 300 nm excita-
tion (Table IV).

DISCUSSION
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Table III. Fluorescence Decay Parameters (344 nm) of the
Single Tryptophan of Bacteriophage M13 Coat
Protein-DMPC/DMPA (80/20 w/w) SUVs at L/P molar

ratio 70 B,
Aexc. T @y Tg as Ty ag T3 <T>
.02 t.1  £.02 t.1 .02 t.1
tam}  (°c) (ns) (ns) (ns)  (ns)
295 10 .20 .6 .47 2.1 .88 5.7
15 .26 .8 42 2.2 .33 5.5
20 .25 .8 44 2.2 .31 5.5
25 .24 .9 .41 2.1 .35 5.1
30 A7 LT .46 1.8 .37 4.8
35 .13 .8 .49 1.7 .38 4.7
10 .15 .7 .46 1.7 .39 4.5
300 20 .22 .3 .40 2.2 .38 5.8
25 .14 .3 .46 2.2 .40 5.6
30 .24 .8 .38 2.3 .38 5.5
35 .26 .8 .40 2.4 .34 5.5 .
40 .22 .3 .45 2.0 .33 5.2
3 a
2 <1> = L a4 112 FEag Ty
i=1 i=1

Micelles

In SDS micelles Mi3 coat protein forms a dimer (Tanford & Reynolds,
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Figure 4. Fluorescence decay at 344 nm of the single tryp-
tophan of bacteriophage M13 cost protein-DMPC/DMPA  (80/20
w/w) SUVs of L/P ratio = 70 at 20°C, the best computer fit
and the excitation pulse (295 nm). The parameters describing
the best fit to the experimental decay and the estimated
standard deviations are: @) = 025 % 0.02, az = 044 % 0.02,
@z = 031 * 001; Ty = 08 £ 01 ns, T = 2.2 ¢+ 0.1 ns, T3 =
85 % 0.1 ns with the Durbin-Watson parameter = 1.82 and the
number of zero passages = 202 (959 channels, 41 ps/channel).
The weighted residuals from experimental and fitted curve and
the auto-correlation function are given in the top of the
figure.

1976). The secondary structure of the coat protein in the S5DS micelles
is partly a-helix (60%) and partly pB-structure (28%, Figure 1). This
observation agrees with those previously reported (Nozakli et al., 1976;
1978; Chamberlain et al., 1978). Below the CMC (3 mM) the amount of gB-
structure increases to 64% at the expense of a-helix (16%). Under the-
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Table IV. Anisotropy Decay Parameters (344 nm) of the Single
Tryptophan of Bacteriophage M13 Coat Protein-
DMPC/DMPA (80/20 w/w) SUVs at L/P molar ratio 70 B,

T By @ B2 3 ri{w} r(0) 5
Aexc. t.01 £.01 +2 1.01 $.09

(nm)  (°C) (ns) (ns)

295 10 03 5 .04 10 .09 16 0.75
15 .03 .5 .04 9 .09 .16 0.75
20 .08 .5 .04 8 .09 .16 0.75
25 .03 .5 .05 8 .08 .16 0.71
30 .08 .5 .05 6 .08 .16 0.71
35 .03 .5 .08 6 .08 .16 0.71
40 .08 .5 .05 5 .08 .16 0.71

<r(0)> = .16%.005

a0 20 .06 .5 .07 8 .10 .23 0.66
25 .06 .5 .09 7 .08 .24 0,60
30 .06 .5 .08 6 .09 .23 0.63
35 .08 .5 .08 6 .09 .23 0.63
40 .06 .5 .07 5 .09 .23 0.64

<r(0)> = .23%.005

8 gy is the contribution to the initial anisotropy, r(0),
of the dipolarization mechanism characterized by Pg-

se conditions the coat protein is solubilized by SDS molecules. The
higher amount of B-structure in the coat protein is probably due to
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Figure 5. Anisotropy decays at 344 nmm of the single tryp-
tophan of Dbacteriophage M13 coat protein-DMPC/DMPA  (80/20
w/w) SUVs of L/P ratic = 70 at 20°% and the best computer
fits after excitation at 295 (a) and 300 nm (b). The parame-
ters describing the best fit to the experimental decay and
the estimated standard deviations are, for (a) §; = 003 ¢
0.006, B2 = 004 * 0006, ri(x) = 009 % 0007, ¢; = 05 ns,
¢2 = 8 + 2 ns with the Durbin-Watson parameter = 1.87 and the
number of zero passages in the parallel channel = 98 and in
the perpendicular channel = 118 {460 chamnnels, 41
ps/channel), for (b): B3 = 0.06 t 0.007, B = 0.07 1 0.010,
rf®) = 010 % 0.010; ¢y = 05 ns, ¢ = 8 t 2 ns with the

Durbin-Watson parameter = 1.84 and the number of Zzero passa-
ges in the parallel channel = 84 and in the perpendicular
channel = 97 (432 channels, 41 ps/channel). Only the initial

parts of the anisotropy decays (of totally 1024 channels) are
shown. The weighted residuals from the experimental and
fitted curves and the auto-correlation functions are glven in
the top of the figures.
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Figure 6. Temperature dependence of the longer correlation
time, ¢o (open circles), and order parameter, S (closed
circles), of M13 coat protein in mixed SUVs of DMPC/DMPA
{80/20 w/w) at L/P ratio of 70. For experimental details see
Table IV and the text.

lar to the coat protein polymer observed in vesicles in which also §#&-
structure is dominant (94%), consistent with the work of Nozaki et
al. (1978).

For all total fluorescence decays of the tryptophan in Mi3 coat
protein three lifetimes were required to obtain a satisfactory fit
according to the criteria listed under Methods. This is in agreement
with previously reported multi-exponential decays for other single
tryptophan proteins (Grinvald & Steinberg, 1976; Munre et al, 1979).
The origin for this lies in the complex photophysics of the tryptophan
residwe which is partly caused by the presence of different conformers
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(Szabo & Rayner, 1980; Chang et al., 1983; Petrich et al, 1983). We
suggest that in a similar way in the M13 coat protein different con-
formers give rise to different lifetimes. These conformers arise from
different average orientations of the tryptophan indole ring with
regpect to the neighbouring amide and carboxyl groups along the back-
bone of the coat protein.

Below the CMC the fluorescence of the coat protein aggregate, solu-
bilized by detergent mwolecules, is also triply exponential, but the
lifetimes are significantly Jlonger than for the coat protein in wmi-
celles. However, d; Increases at the expense of ag5 This indicates
that in the solubilized coat protein conformation (64% g-structure as
determined by CD, Figure 1) the quenching of the tryptophan fluores—
cence is more efficient, presumably due to changes in orientation aof
neighbouring amide and carbonyl groups with respect to the indole
ring.

The long wavelength absorption band of the indole ring consists of
two electronic transitions, ll-a and ll'b' The dipole moments of these
transitions are almost perpendicular to each other. By excitation at
295 nm both energy levels become populated (Weber, 1960; Valeur & We-
ber, 1977). Between these levels energy transfer can occur easily on
a subnanosecond time scale (Cross et al., 1983). Nevertheless, it can-
not be excluded that energy transfer between these two states provides
an additional mechanism for the multi-exponential decay of the fluar-
escence.

The fluorescence anisotropy is doubly exponential. The Ilonger cor-
relation time 1s assigned to the overall rotation of the coat protein-
emicelle complex for the following reasons. First, this correlation
time is temperature dependent (Figure 83). The constancy of kTéy/n (=
V., see Table II) indicates that the wmotion, which is characterized by
¢, satisfies the Stokes-Einstein relatlon for isotropic rotational
diffusion in solution. Second, below the CMC, i.e. under conditions in
which coat protein is solubilized by detergent molecules and no micel-
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les are formed, ¢, increases as a result of the formation of larger
coat protein-detergent aggregates. The average overall rotation of
these complexes is therefore described by ¢,.

Above the CMC the volume of the protein—micelle complex, V, can be

used ta obtain a rough estimate of the number of SDS wmolecules in
these micelles, n. Using V = 2Hp(vp+h) + @nMgpe{vgpgth) in which v is
the partial specific volume (vp = 0,74 cn3/g. Cantor & Schimmel, 1980;
vgps = 0.87 3.3/g. Tanford et al, 1974) and h the degree of hydration
of the protein-micelle complex (~0.2 c-3/g). it is calculated that n
amounts to ca. 57. In this calculation two coat protein molecules per
SDS micelle are assumed (Tanford & Reynolds, 1976). This value agrees
very well with a previously determined ratio of 60 SDS molecules per
coat protein dimer from independent measurements (Makino et al,
1975).
The shorter correlation time (0.5 ns) is independent of temperature
and SDS concentration. This means that ¢; characterizes a rapid,
temperature-independent depolarization process within the coat pro-
tein. The mechanism, which 1is also present in the fluorescence ani-
sotropy decay of coat protein in vesicles, will be discussed below.

Vesicles

In the samples of SUVs prepared by cholate dialysis the protein is
dominantly in f-structure conformation (Figure 1) independent of the
L/P ratio. The @A-structure has been observed before by CD of Mi3 coat
protein in model membranes (Nozaki et al., 1976;1978; Chamberlain et
-al., 1978). However, in the phage the structure iz known to be enti-
rely a-helix (Nozaki et al., 1978; Opella et al, 1887). This has been
explained as a reflectlon of a major conformational change in the coat
protein structure during the membrane-bound assemhly of the phage
(Nozaki et al., 1976).
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For the triple exponential fluorescence decay of tryptophan in M138
coat protein iIn vesicles comparable 1lifetimes are found as in micel-
les, although the amplitude of the second lifetime, ap, has increased
significantly at the expense of ag. This was also observed for solubi-
lized coat protein in detergent solution below the CMC. The confor-
mational change towards dominantly pB-structure (94%, PFigure 1) of M13
coat protein prebably gives rise to a more efficlent gquenching pro-
cess, determined by T, The constancy of the fluorescence decay as a
function of L/P ratio indicates that the coat protein conformation in
vesicles that favours more efficient quenching is formed independently
of L/P ratio. The fact that the fluorescence decays of coat protein in
SUVs and detergent solution below the CMC are both dominated by Ta,
strongly suggests that the micro-environment of tryptophan is iden-
tical in both aggregation states of the coat protein.

The initial anisotropy, r{0), of the coat protein in vesicles
depends on the wavelength of excitation, 0.18 (2905 nm) and 0.23 (300
nm), in agreement with previous measurements on other proteins (Lako-
wicz et al., 1983). From the initial and residual anisotropy the order
parameter of the tryptophan in the M13 coat protein is calculated to
be 07 2 0.1 (at 295 and 300 om excitation) at all L/P ratios and tem-
peratures measured. The fluorescence anisotropy does not decay to zero
since the vesicle rotation is too slow on the nanosecond time scale to
contribute to the decay, in contrast to the micellar rotation ($p in
Table 1II}. The gel to Iiguid-crystalline phase transition of the lpid
mixture DMPC/DMPA (80/20 w/w) was determined to be completed at 28%C
(unpubiished results), which is 2 degrees above the phase transition
of pure DMPC. Thus, it appears from the fluorescence resuits that the
M13 coat protein is not sensitive to the phase transition and the
rapid motions of lipids in the liquid-crystalline phase. This suggests
that the najority of the indole rings do not experience the 1ipid
motion because of aggregation of the coat protein. The constancy of

the order parameter is in agreement with deuterium NMR measurements of
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the amide sites along the M13 coat protein backbone in similar mixed
bilayers, which show that the lipid motions do not affect the order of
the amide deuterons along the coat protein backbone (chapter 3.2). For
other single transmembrane proteins that do not aggregate, it has been
found that the deuterijum NMR order parameter reflects the gel to
liquid-crystalline phase transition of the lipids (Pauls et al., 1985;
Datema et al, 1986). For M13 coat protein it 1s therefore concluded
that the protein in the bilayer is in an aggregated state. The concept
of such protein aggregates is not in contradiction with the rigid pro-
tein structure proposed by Wolber and Hudson (1982).

Steady-state fluorescence studies of M13 coat protein in DMPC
vesicles with parinaric acid have shown that the fluorescence of the
tryptophan of the coa-t protein is guenched by radiationless energy
transfer to the probe lipid (Kimelman et al., 1878} Extensive protein-
protein aggregation was- excluded in that paper. This is not consistent
with our findings. However, it should be noted that, in a protein
aggregate, quenching is still possible by inter-tryptophan energy
transfer and subsequent energy trapping by the lipid acceptor.

The correlation times ¢y and ¢, indicate an internal tryptophan
flexibility within the coat protein aggregate. The larger correlation
time, ¢, is most likely related to segmental mobllity of the coat
protein within the aggregate. The shorter, temperature independent
correlation time (0.5 ns), could arise from internal motion of the
tryptophan indole ring, but also from energy transfer from one indole
ring to another in the aggregate, as demonstrated for aromatic dimers
in solid solution (Visser et al., 1983).

In aggregated coat protein the tryptophan rings are positioned
close to each other, ie. halfway along the peptide in the hydrophobic
region. If ¢; is caused by energy transfer between two nearby indole
rings, then the contribution of B; would decrease if the excitation
wavelength s shifted to the red-edge of the light absorption spectrum
(Weber, 1960; Weber & Shinitzky,1970). On the other hand, in the case
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of rapid indole ring motion no such dependence 1ia expected for §,.
Therefore the anisotropy was measured alsc for 300 nm excitation.
Since the relative contribution of By increases if the excitation
wavelength is changed from 295 to 300 nm, this observation suggests
that ¢4 arises from rapid motion of the tryptophan ring in the coat
protein.
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3.2 DYNAMIC PROPERTIES OF M13 COAT PROTEIN IN
MIXED BILAYERS. A DEUTERIUM NMR STUDY OF
EXCHANGEABLE PROTON SITES.

Klaas P. Datema, B. Jos H. van Boxtel and Marcus A. Hemminga

Bacteriophage Mi13 is a long rodllke nucleoprotein particle, con-
sisting of a single strand of DNA protected by numerous coples of the
major (gene 8 product) coat protein. The coat protein of M13 is small
(M=5240) and contains 50 amino acld residues in its mature form: a ba-
sic C-terminus, a hydrophobic central core and an acidic N-terminus
(1.2). The virus enters an Escherichia coli cell by leaving the coat
proteins in the cytoplasmic membrane (3). After DNA duplication and
synthesis of new coat 'proteins both progeny as well as parental coat
proteins are stored as integral membrane protein {(4). During membrane-
bound assembly of new virus particles the viral DNA 1is complexed with
these coat proteins without lysis of the host cell.

This note presents a deuterium nuclear magnetic resonance (ZH NMR}
study of the exdhangeable proton sites at the coat protein of Mi3 as a
solid powder and incorporated into liposomes. It has been demonstrated
that this type of experiments characterizes the dynamical properties
of integral membrane proteins (5-7). The objective of this study 1is to
obtain information about the motions of the coat protein in phospholi-
pid bilayers, which is possibly of interest for the way in which virus
infection takes place.

Fig. 1 presents the 24 NMR powder spectrum of M13 coat protein
deuterated by hydrogen exchange and the corresponding DePaked spectrum
(12,13). The spectrum consists of a superposition of an asymmetric
powder pattern with a gquadrupolar splitting Avq = 150 kHz and an asym-
metry perameter n = 0,16, a symmetric powder pattern with Avq = 35 KkHz
and n = 0 and a small isotropic central peak (2% of the total spectral
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intensity). The spin-lattice relaxation (T4) decay for solld M13 coat
protein 1s complex. Two exponentlals with time constants 50 and 830 ms
are measured by the Inversion recovery technique (7), belonging to the
35 kHz and the 150 kHz pattern, respectively, as determined from amna-
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Figure 1. {a) 46.06 MHz 2H NMR spectrum of hydrogen—exchange
deuterated M13 coat protein as & soglid powder at room tem-
perature. The number of scans, Ng = 25,343, the relaxation
delay, T = 2 s and the time between thé 90° pulses of 3.4 pus
in the qguadrupolar echo, Tz = 35 us. Spectra were recorded on
a Bruker CXP300 spectrometer. The center of the spectrum was
set on resonance and a guadrupolar eche sequence is used
(7,8). Mi3 bacteriophage was purified as described (9) and
the major (gene 8 product)] coat protein of M13 was isolated
by the method of Knippers and Hoffmann-Berling (10). The
exchangeable sites on M13 coat protein were deuterated by
dissolving the protein in 10 mM sodium phosphate buffer, pH
12 in excess 2Hy0 at 45°C for one hour. Afterwards, the
solvent was removed by overnight evaporation at reduced
pressure. Circular dichroism spectra of aliquots of the pro-
tein in deoxvcholate micelles were recorded bhefore and after
labelling as described {(11) to ensure that the conformational
change of the c¢oat protein during deuteration at pH 12 was
reversible. (b) DePaked spectrum derived from the solid M13
coat protein powder pattern of (a). Spectra were DePaked by a
numerical procedure (12,13). DePakeing was continued wuntil no
difference was observed between two succesive iterations.
Therefore the DePaked spectrum is shown with the 12th itera-
tion at the. left side and 11th iteration at the right side in
the oriented spectrum.

lysis of the relaxation Iin the frequency domain. The guadrupclar echo
decay, however, is found to a single exponential with a spin-spin
relaxation time (Ty.} of 200 ps.

The broad component with Avq = 150 kHz and n = 0.16 is assigned -to
the backbone amide groups. These values are typical for rigid amide
deuterons, which are hydrogen bonded to oxXygen atoms in crystalline
solids (14). A similar 150 kHz powder pattern has been observed for
other solid proteins, a synthetic polypeptide, KaGLyyKyA-amide, (5)
and gramicidin A' and S (6). Of these proteins the backbone deuterons
are all hydrogen bonded in a rigid structure.

The narrow axially symwetric powder pattern with Avq = 385 kHz and n
= 0 in Fig.l is assigned to freely rotating N2H3 groups in the coat
protein, ie. the lysine side chaihs and the terminal N2H3 group. The
same splitting has been observed for a 1lysine containing synthetic
polypeptide (5,6). The intensity ratio of the 150 and 35 kHz component in the
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Figure 2. 4606 MHz 2H NMR spectra obtained from hydrogen-
exchange deuterated M13 coat protein incorporated into lipo-
somes of DMPC/DMPG (80/20 w/w, L/P = 50:1 molar ratio) in the
gel phase (a) and in the liguid-crystalline phase (b) pre-
pared in 2Hp0. (a) 5°C, Ng = 120,000 T, = 500 ms, and the
time between the 90° pulses of 50 us in the quadrupolar
echo, To = 35 us; (b) 45°C, Ng = 100,000, T, = 333 ms, Tp =
35 us. Samples of 150 mg of M13 coat protein Iincorporated
into multilamellar 1lipid dispersions of DMPC/DMPG (80/20 w/w)
at L/P ratio 50 were prepared by cholate dialysis (16} in
2I-120 buffer or at L/P ratio 15 by sonication (data not
shown). In both cases the solvent was removed from the
resulting unilamellar wvesicles by freeze-drying and 2H20 was
added at a ratio of 1:1 (w/w). Homogeneous samples were
obtained by mechanically mixing of the samples and heating
them to approximately 50°%. The final lipid to protein ratio
of the sample was determined as described (17,18).
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the DePaked spectrum (Fig.1b) is 7:3. This is within experimental er-
ror identical to the theoretically expected ratio of 49:18. The coat
protein has 50 amino acid residues, of which five residues are lysi-
nes, and a terminal amino group. Therefore, 49 exchangeable sites at
the backbone are expected to contribute to the broad powder pattern,
and 18 sites at the freely rotating N2H3 groups to the narrow powder
pattern. In the determination of this ratio the intensity of the iso-
tropic peak (2%) is neglected.

24 NMR spectra obtained with a previously described sclvent
subtraction technique (15) from multilamellar dispersions of dimyris-
toyl  phosphatidylcholine/  dimiristoyl  phosphatidylglycerol  (DMPC/DMPG,
80/20 (w/w)) and M13 coat protein incorporated by cholate dialysis at
1lipid to protein molar ratio 50 are shown 1in Fig. 2. Incorporation by
son_ication at a lpid/protein (L/P) wmolar ratio 15 gave identical
spectra. The spectra have a powder pattern with Avq = 145 kHz and n =
0.12. The splitting of the broad component does not change over the
temperature range from 5 to 55°C, although the 1lipids go through the
phase transition (completed at 23°C, (19)). In contrast, the narrow
axial symmetric pattern is temperature dependent and its Avq
decreases from 27 KkHz at 5°C to 18 kHz at 55°C ({(Fig. 3).

The 145 kHz splitting in the spectrum of M13 coat protein after
incorporation into DMPC/DMPG (80/20 (w/w)) is only slightly smaller
than the quadrupolar splitting obtained from coat protein as a powder.
The 145 kHz pattern Indicates little or no motion of the coat protein
backbone on the ZH NMR timescale (1(}“5 8) in ligquid-crystalline lipid
at  45°C, in contrast to other single transmembrane polypeptides
investigated sofar (5-7) that show the onset of rapid axial rotation
-of the polypeptide at the phase transition resulting in a sharp,
sharp, axially symmetric powder pattern and a strong decrease in the
Tge values. In case of M13 coat protein, however, T, is constant
through the whole temperature range, le. 90 + 10 us from 5 to 55°
(Fig.3). These results are best explained by aggregation of the coat
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Figure 3. Temperature dependence of the quadrupolar split-
ting, Avg, of the narrow axial symmetric powder pattern in
the 46.06 MHz 2H NMR spectra in Figure 2 determined from the
DePaked spectra (triangles, the open and closed triangles
represent two different samples) and the spin-spin relaxation
time, Tge, of the 2H NMR guadrupolar echo arising from the
deuterons exchanged onto M13 coat protein in DMPC/DMPG (80/20
w/w) liposomes 1in 21'120 (solid line, open and closed circles).
The phase transition of the bilayers is completed at 23°%
(19). Tpe values were determined by varying the delay time,
T2, between the 90° pulses of the quadrupolar echo. Typically
a range of 40-500 Us was covered by twenty measurements. Each
measurement was the result of 1,000-4,000 free induction
decays. The size of the quadrupolar echo signal was measured
on top of the slowly decaving 2H20 signal at each Ty value
and plotted as a function of 27p. All decays were mono-
exponential, characterized by one Tge.
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protein in the bilayer. M13 coat protein agpgregation has also been
found with time-resolved tryptophan anisotropy measurements of M13
coat protein in similar bilayers' in the liquid-crystalline state (11).
Measurements on the ©2H labelled alanine side chains of bacteriophage
fd coat protein (which differs from the M13 coat protein by only one
amino acid residue) in membranes have shown that the first 10 residues
at the amino terminus and three residues at the end of the carboxyl
terminus reorient rapidly at the 24 NMR timescale {(20). Since no
motion is observed for the coat protein backbone using a deuterium
label directly at - the exchangeable sites on the coat protein backbone,
the alanine side chains at the amino and carboxy terminus probably
reorient to some extent independently from the coat protein backbone.
This would mean that t;nide backbone sites are better probes for the
coat protein backbone motion than the alanine sjites.

The temperature dependence of the narrower axially symmetric lysine
powder pattern [Avq = 35 kHz, n = 0 for coat protein as a solid
powder) indicates that the lysine side chains (one in the acidic
domain at position 8 and four in the basic domain at the carboxyl ter-
minus at the positions 40, 43, 44 and 48) are rotating more freely
than the hydrogen bonded deuterons of the rigid backbone structure of
the coat protein. These amino groups at the end of the lysine side
chain are sensitive to motions of the surrounding lipids of the bilay-
er, which is seen as a decrease in the axially symetric quadrupolar
splitting in the spectra at high temperature (Fig. 3}, and reflect the
lysine side chain motion rather than the coat protein backbone motion.
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CHAPTER 4

EFFECT OF BACTERIOPHAGE M13 COAT
PROTEIN ON THE MEMBRANE
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4.1 SPIN LABEL ELECTRON SPIN RESONANCE STUDY OF
BACTERIOPHAGE M13 COAT PROTEIN INCORPORATION
INTO MIXED LIPID BILAYERS

Klaas P. Datema, Cor J.AM. Wolfs, Derek Marsh, Anthony Watts
and Marcus A. Hemminga

ABSTRACT: The wajor coat protein of bacteriophage M13 was in-
corporated in mixed dimyristoyl phosphatidylcholine/dimyris-
toyl phosphatidyl glycerol (80/20 w/w) vesicles probed with
different spin labelled phospholipids, 1labelled on the 14-C
atom of the sn-2 chain. The specificity for a series of phos-
pholipids was determined from a motionally restricted com-
ponent seen in the ESR spectra of vesicles with the coat pro-
tein incorporated. At 30°C and pH 8 the fraction of motion-
ally restricted phosphatidic acid - spin 1label is 0.36, 0.52
and 0.72 for lipid/protein ratics of 18, 14 and 9 mole/mole,
respectively. The ESR spectra, analysed by digital subtrac-
tion, resulted in 'a phospholipid preference following the
pattern cardiolipin = phosphatidic acid > stearic acid =
phosphatidyl "~ serine = phosphatidyl glycerol > phosphatidyl
choline = phosphatidyl ethanolamine. The specificities found
are related to the composition of the target E. coli cyto-
plasmic membrane.

1

In vivo bacteriophage M13 enters the Escherichia coli cell leaving

its coat protein in the cytoplasmic membrane (Marvin & Wachtel, 1975).
After DNA duplication and coat protein synthesis both progeny as well
as parental coat protein are stored as integral membrane proteins
(Wickner, 1976). During the membrane bound assembly of new virions the
viral DNA is complexed with many copies of the major coat protein,
without lysis of the host cell.

The major (gene 8 product} M13 coat protein (MW=5240) consists of
a basic carboxyl terminus, a central core of 19 hydrophobic amino
aclds and an acidic amino terminus (Nakashima & Koningsberg, 1874;
Hagen et al., 1978). It has been shown that this hydrophobic, integral

membrane protein can only be Incorporated at high levels in wmodel
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membranes containing at least 20 wX  negatively charged phospholipids,
which results in the formation of stable vesicles {Hagen et al., 1978;
Datema et al.,, 1987a). Also in wvivo molecular association of the M13
coat protein with negatively charged cardiolipin in the E. coli mem—
brane was suggested from altered host lipid metabolism after insertion
of the M13 coat protein (Chamberlain & Webster, 1976).

Previously, the assembly and disassembly of plant viruses, the coat
protein-nucleic acid interaction within the virus (for review see:
Hemminga et al.,, 1985) and the interaction of coat protein with model
membranes (Datema et al., 1987b) have been studied by magnetic reso-
nance. An important and related problem concerns the mechanism of pha-
ge infection of the host cell, Since, as noted above, M13 coat protein
can be incorporated at high levels into phospholipid bilayers only
if they contain negatively-charged phospholipids (Hagen et al., 1978;
Datema et al.,, 1987a), the interaction of the coat protein with nega-
tively-charged phospholipids may be of importance for the mechanism
of the phage entry into the cell. Electron spin resonance (ESR) mea-
surements with spin-labelled phospholipids have been found to provide
2 particularly direct means of investigating the specificity of lipid
interactions with integral proteins {(Jost et al., 1973; Watts et al.
1879; Knowles et al., 1881; Marsh, 1981; Marsh & Watts, 1982; Griffith
et al, 1982; Brophy et al, 1984; Marsh, 1885; Esmann et al., 1985
Pates et al., 1985, Devaux & Seipneuret, 1985). However, the method
has not yet been applied to study the mechanism of virus infection,
apart from our preliminary results with M13 coat protein reported
recently (Hemminga, 1987).

In the present work the bacteriophage M13 coat protein has been
incorporated in mixed phospholipid membranes composed of 80 wX dimy-
ristoyl phosphatidyl choline (DMPC) and 20 w% dimyristoyl phosphati-
dyl glycerol (DMPG), probed with a variety of different spin label-
led phospholipids. The presence of the M13 coat protein was found to

induce a second ESR spectral component, characteristic of a motionally
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restricted lipid population such as has been observed previcusly with
other Integral proteins. The two-component spectra were used to inves-
tigate the preference of the different spin labelled phospholipids
for the coat protein. A high specificity was found for cardiolipin,
a negatively-charged lipid of the target E. coli membrane.

MATERIALS AND METHODS

Chemicals. DMPC and DMPG were purchased from Sigma Chemical Co. and
used without further purification. A serles of spin labelled phospho-
lipids labelled on the 14-C atom of the sn-2 chain was used: 14-PASL,
14-PGSL, 14-PCSL, 14-CLSL, 14-PSSL, 14-PESL and 14-SASL. All phospho-
lipld spin labels have been synthesized from lysophosphatidyl-choline
prepared from phosphatidylcholine from egg yolks, which was then acy-
lated on the sn-2 position with the stearic acid spin label, 14-SASL.
The phospholipid labela thus contain predominantly palmitic acid
chains in the sn-1 position. A description of the synthesis of the
spin labels can be found in Marsh & Watts (1982).

Sample  preparation and characterization. Bacteriophage M13 was

grown and iscolated as described (Garssen et al., 1977} The major
{(gene 8 product) Mi3 coat protein was isolated according to Knippers &
Hoffmann-Berling (1966). Mi3 coat protein was incorporated in wmixed
(80/20 w/w) DMPC/DMPG vesicles by cholate dialysis as described (Hagen
et al., 1978) with some wmodifications. Typically 32 mg DMPC, 8 mg DMPG
and 0.72 mg spin labelled phospholipid were suspended in 5 ml of 5 mM
Tris-HCl buffer, pH 8.0 containing 8.0 M urea, 20 mM ammonium sulphate,
-0.2 mM EDTA and 2 w% sodium cholate. Thus the spin label amount was
1.8 molx of the total lipid. Dependent on the required lipid/protein
ratio, M13 coat protein was added and dissolved by vortexing and incu-
bation at 55°C until a clear solution was obtalned. After incubation,
the suspension was dialyzed for 48h at 4°C against 3 mM phosphate
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buffer, pH 8.0, 002 mM EDTA, containing 10% (v/v} methanol, with
buffer changes at 12, 24 and 36h. In the last dialysis no methanol was
added to the buffer. Samples were concentrated by freeze-drying and
resuspended in 0.15 ml Hs0. To obtain homogeneous samples of multila-
mellar vesicles the samples were vortexed and heated through the phase
transition several times. At this point, aligquots of the samples were
taken to determine the protein and the phospholipid concentration
{Rartlett, 1959; Peterson, 1977), from which the lipid/protein ratio
was calculated. Error In these ratios was less than 10% The sample
homogeneity was checked by sucrose density gradient centrifugation.
The material was loaded onto a continuous (5-40%) sucrose gradient and
centrifuged (4h, 182,000 g, 4°C). In all cases one single, sharp band
was observed, iIndicating that each sample had a uniform L/P ratio. 31p
NMR experiments on similar samples have indicated that all lipids are
arranged in a bilayer and that the samples do not contaln small vesic—
les, which would give rise to isotropic averaging of the chenmical
shift anisotropy (Datema et al, 1987a). For ESR measurements samples

were transferred into 0.05 ml glass capillaries,

Electron spin resonance spectroscopy. ESR spectra were recorded on
a Varian E-12 Century Line spectrometer with nitrogen gas flow tem-—
perature regulation. Spectra were digitized using a Digital Equipment
Corp. LPS system and a dedicated PDP 11/10 computer with a VI 11
display. ESR spectrometer settings were: 5 nmW microwave power, 0.1 naT
modulation amplitude, 128 ms time constant, 240 s scan time, 10 mT
scan width and 324 mT center field Up to 13 spectra were accumulated

to improve the signal/noise ratio.

RESULTS

The ESR spectra of the 14-PASL spin label in M13 coat protein-
DMPC/DMPG multilayers are shown in Figure la-d. The spectra were taken
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c) EI‘ 16:1
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Figure 1. ESR spectra at 30°C of the 14-PASL phosphati-
dic acid spin label in M13 coat protein~DMPC/DMPG (80/20
w/w) complexes of different lipid/protein ratios. a)
lipid/protein = 9:1 wmole/mole, b) 1lipld/ protein = 14:1
mole/mole, ¢) lipid/protein = 18:1 wmole/mole, d) lipid
alone. Total scan width = 10 aT.

at 30°C, which is well above the gel to liquid-crystalline phase
transition region from 19 to 23°C of the mixed DMPC/DMPG alone, as
verified by the temperature dependence of the ESR spectra (data not
shown}. Apart from the motionally averaged sharp three-line spectrum,
typical for liquid-crystalline phase lipid, the M13 coat protein-
" containing samples display a second, broader component with strongly
restricted motion on the ESR timescale.

The two-component spectra were analysed by spectral subtraction/
addition as illustrated in Figure 2 (cf. Esmann et al.,, 1985). Digital
subtraction of the lipid spectrum (Figure 2b, full 1line) from the
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Figure 2. Spectral subtraction and addition with the
14-PASL spin label. Full lines are original spectra. a)
M13 coat protein in [OMPC/DMPG (80/20 w/w) at a
lipid/protein ratio of 9:1 mole/mole, recorded at 30°C,
b) DMPC/DMPG (80/20 w/w) alone recorded at 26°, c)
motionally restricted component comparison spectrum (14-PCSL
in sonicated DMPC wvesicles at 4°C). Dashed lines are
summed and difference spectra. a) 28% lipid alone
spectrum . plus 72% motionally restricted spectrum, b)
protein-lipid spectrum minus 72% motionally restricted
spectrum, c) protein-Jipid spectrum minus 28% lipid
alone spectrum. Total scan width = 10 mT.

spectrum of M13 coat protein-DMPC/DMPG multilayers (Figure 2a, full
line) vyields the spectrum of the motionally restricted component
(Figure 2c, dashed line). Double integration gives the percentage
of this component to be %72% of the total intensity. Complementary

100




Table I. Fraction of Motionally Restricted 14-PASL Spin Label, f, in
M13 Coat Proteln-DMPC/DMPG {80/20 w/w) Complexes for Various
Lipid/Protein Ratlos (L/F) &,

Lipid/Protein £ (L/P)*f
mole/mole nole/mole
18 0.36 6.5
14 0.52 7.3
9 . 0.72 6.6

8fractions were detérmined from the ESR difference spectra of the
14-PASL at 30°C. Typiéal error in L/P mole/mole ratio is 10%. Typical

error in f is 5%.

subtraction, le. of a broader gel phase lipid spectrum (Figure 2c,
full 1ine) yielded the spectrum of the fluid bilayer component (Rigure
2b, dashed Iline), which resembles the lipid spectrum in absence of Mi13
coat protein. By double integration of this spectrum the relative in-
tensity of the fluid component was determined to he 28% of the total
spin label intensity. These complementary gquantitations agree to with-
in an experimental error of 5% The agreement of the addition spectrum
(Figure 2a, dashed line) with the original experimental spectrum pro-
vides a further check on the consistency of the method. The fraction
of wmotionally restricted lipid, f, obtained from the mean value of the
subtractions, is given for the different lipid/protein ratiocs in Table I.
These values were found to wvary relatively little with temperature
over the range for which satisfactory subtractions could ba obtained
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Figure 3. ESR spectra at 30°C of DMPC/DMPG (80/20 w/w)
dispersions with incorporated M13 coat protein at lipid/
protein ratio = 9:1 mole/mole and containing different
C-14 position spin labelled 1lipids. a) Cardiolipin spin
label, 14-CLSL; b} phosphatidic acid spin label, 14-PASL
c} stearic acid spin label, 14-SASL; d)} phosphati-
dylserine spin label, 14-PSSL; e} phosphatidylglycerol
spin label, 14~PGSL f) phosphatidylcholine spin label,
14-PCSL; g) phosphatidylethanclamine spin label, 14-PESL.
The arrows in the outer wings of the spectra indicate
the motionally restricted spin label component, which is
not present in the spectra of the 1ipids alone. Total
scan width = 10 mT.
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Table II. Fraction of Motionally Restricted Spin Label, f, in M13 Coat
Protein-DMPC/DMPG (80/20 w/w) Complexes for Various Spin

Labels 8,
Spin Label £ [e/¢1-2})7{2/¢1-£) ] pesr,
14-CLSL Q.72 4.2
14-PASL 0.72 4.2
14-SASL 0.59 2.3
14-PSSL 0.56 2.1
14-PGSL 0.49 1.6
14-PCSL 0.38 1.0
14-PESL 0.36 0.9

2 fractions were determined from the ESR difference spectra of the
spin label at 30°C for lipid/protein ratio 9:1 mole/mole. Typical
error in f is 5%. £/(1-f) is the ratio of motionally restricted to
fluid lipid spin label component. Values are normalized to those for
the 14-PCSL spin label.

{data not shown). The values bear a direct relation to the 1lipid/pro-
tein ratio, L/P, as seen by the approximate constancy of the product
{L/PY*f in Table L

The specificity of 1lipid interaction with the coat protein was 1in-
. vestipated using different 1lipid species, all with the spin label on
the 14-C atom of the sn-2 chain, Figure 3 shows the ESR spectra at 30°
¢ of the various spin labelled lipids in M13 coat protein-DMPC/DMPG
multilayers of lipid/protein molar ratio 9:1. In all spectra a well
resolved motionally restricted component 1is superimposed on the fluid
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component. The motionally restricted components are very similar in
maximum outer hyperfine splitting value, 2Aye, = 6.2 mT, but have dif-
ferent relative Intensities. The fraction of motionally restricted
component, obtained by spectral subtraction, for each of the spin
labelled lipids is given in Table II. For comparison of the relative
selectivities the normalized ratio of motionally restricted to fluld
components is also given in Table II. For a single lipid host, these
values would give the ratios of the relative association constants for
the different spin lIabelled lipids (see eg. Marsh, 1985). Because of
the presence of the obligatory negatively-charged 1lipid in the wmix-
tures, the wvalues in Table 1II, therefore represent lower limits for

the selectivity relative to the pure phosphatidyl choline.

DISCUSSION

Incorporation of the M13 coat proteiln at high levels in stable
bilayers requires the presence of negatively-charged lipids (Hagen et
al., 19%8; Datema et al, 1978a). This is especially interesting in
view of the lipid composition of the target E. coli membrane which ls:
phosphatidyl ethanolamine, '74%; phosphatidyl glycerol, 19%; and car-
diolipin, 3% (Burnell et al., 1980). The spin label ESR results pre-
sented here show that the coat protein exhibits different interactions
with the different negatively-charged spin labelled lipids. A ¢lear
second component is seen in the ESR spectra of vesicles containing M13
coat protein. The fraction of motionally restricted component depends
directly on the amount of protein present in the bilayer (see Figure
1). The product of the fraction of motionally restricted lipid and the
lipid/protein ratio remains approximately constant (Table 1), although
for a mixed lipid system this can only Indirectly be related to the
total number of lipids interacting with the protein. Furthermore, the
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apparent temperature dependence of the fraction of wmotionally restric-
ted lipid 1s small (data not shown). Also the ratio of the fraction of
restricted 14-PCSL and 14-PGSL is constant over the temperature range
of 30 to 50°C. The influence of Mi3 coat protein on the phase tran-
sition at 19 to 23°, is small. The temperature range is only slightly
broader, 18 to 25° in the presence of the protein {data not shown).
These results clearly indicate that the motionally restricted com-
ponent represents lipid molecules directly influenced by the coat pro-
tein (cf. Marsh, 1985).

The total percentage of motionally restricted lipid at L/P = §
mole/mole, as determined from the fractions of motionally restricted
14-PCSL  (f=0.38) and 14-PGSL (f=0.49) in the mixed DMPC/DMPG (80/20
w/w) is approximately 45%. This means that at L/P = 9 mole/mole appro-
ximately 4 woles of lipid molecules are directly assoclated with the
protein per mole of MKi3 coat protein, while approximately 5 moles of
lipld are in a fluid lipid environment. The ratio of motionally
restricted to fluid lipids of 040 is lower than one would expect on
the basis of a model in which a single M13 coat protein molecule spans
the membrane as a monomer, Therefore, the spip-label ESR results indi-
cate protein apggregation, in agreement with time-resolved fluorescence
anisotropy (Chapter 3.1} and 2H NMR measurements (Chapter 3.2).

The protein-associated spectrum in Figure 2¢, has a hyperfine
splitting of 6.2 mnTl, indicating a considerably reduced motion relative
to that of the bilayer lipids. Since the fluid and the restricted com-
ponents are well resolved (see Figure 2) the rate of exchange between
the lipid molecules interacting with the protein and the free bilaver
lipids is slow on the ESR time scale (Marsh, 1981; Devaux & Selgneu-
ret, 1985). Comparing our spectra with simulations based on two-site
exchange (Horvath, L.I., Brophy, PJ., & Marsh, D, personal com-
munication) suggests that the exchange rate of the lipid molecules
between the two components is of the order of 107 s71.

The specificity of the M13 coat protein for several phospholipids,
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determined from the fractions of restricted component for the dif-
ferent phospholipids can be divided iInto three groups as seen in Table
II. 14-PCSL and 14-PESL, both zwitterionic phospholipids, show 1litile
specificity (f=0.37) and consequently 1little preferential interaction
with the coat protein. Phosphatidyl ethanolamine which accounts for
74% of the lipids in the E. coll target membrane (Burnell et al,
1980), has the smallest interaction with the coat protein and, there-
fore, provides a good reference for comparison with the other phospho-
lipids. The negatively charged phospholipids, all bearing one negative
charge per two fatty acid chains at pH 8, consist of two groups, one
comprising 14-PSSL, 14-PGSL and the fatty acid 14-SASL, displaying an
intermediate specificity (f=0.55), and the other comprising 14-PASL
and 14-CLSIL, that show a larger specificity for the protein (£=0.72).
Consequently, the specificity cannot simply be explained by electro-
static interaction, and, as the hydrocarbon chains are all the same
for the phosphelipid labels used, the configuration of the phosphali-
pid headgroup must play a role in the interaction with the protein. A
preference for negatively-charged phospholipids, as found here, 1is
seen also for most intepral wmembrane proteins so far investigated,
with the exception of rhodopsin (Watts et al, 1979), although the
detailed specificity pattern differs between the different proteins
(Marsh, 1985). The specificity of M13 coat protein for 14-CLSL is in
good agreement with molecular association of cardiolipin with the coat
protein as suggested from altered host lipid metabolism after infec-~
tion of E coli with M13 Dbacterlophage, indicating increased car-
diolipin synthesis (Chamberlain & Webster, 1976). The limited selec-
tivity for phosphatidyl glycerol may also be significant, since there
is a relatively high proportion of phosphatidyl glycerol (19% of the
total 1lipids} in the E. coli cytoplasmic membrane (Burnell et al.,
1880), which does not increase after infection (Chamberlain & Webster,
1976).

The lipid specificity pattern for the M13 coat protein may there-
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fore be essential for understanding the molecular mechanisms under-
lying (1) infection of the host cell by the bacteriophage, (2) storage
of the coat protein in the host cytoplasmic membrane during reproduc-
tion of the viral DNA and (3) membrane bound assembly of the bac-
teriophage.
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4.2 DEUTERIUM NUCLEAR MAGNETIC RESONANCE
INVESTIGATION OF BACTERIOPHAGE M13 COAT
PROTEIN IN DIMYRISTOYL PHOSPHATIDYLCHOLINE
LIPOSOMES USING PALMITIC ACID AS A PROBE

Klaas P. Datema, Ruud B. Spruijt, Cor J.AM. Wolfs
and Marcus A. Hemminga

ABSTRACT: Deuterium NMR has been used in combination with
deuterated palmitic acid as bilayer probe in DMPC liposomes.
The effect of incorporation of M13 bacteriophage coat protein
on the bilayer order and acyl chain motion was investipated
using deuterium and phosphorus NMR and additional spin label
ESR. The secondary structure of the M13 coat protein in these
bilayer systems was determined from circular dichroism
spectra. The phase transition of -DMPC liposomes at 24°C 1is
shifted upward and broadened, to the range of 29 to 38°C in
the presence of 27% (w/w) palmitic acid. Phosphorus NMR
spectra of the mixed liposomes are characteristic for DMPC
organized in bilayers, also after incorporation of various
levels of Mi13 coat protein. Circular dichroism spectra of the
coat protein indicate that the protein conformation is predo-
minantly §B-structure (92% at lipid/protein wmolar (L/P) ratio
56). At L/P wmolar ratio 39 all deuterium labelled positions
along the acyl chain are found to have equal order as in the
reference bilayers. In contrast, the spin-spin relaxation
times decrease in the presence of the coat protein, espe—
clally at the terminal carbon-16 position, but also at the
carbon-9 and carbon-2 position. The spin 1label ESR spectra of
the same system using 14-doxyl stearic acid as a label, show
a second, motionally-restricted component, that is not
observed by deuterium NMR. Its intensity (typically 10% at
L/P molar ratic 39) depends on the lipid to protein ratio
(10% at L/P molar ratic 39). The NMR and ESR resuits are con-
sistent with a model, in which the fatty acid molecules are
in a Ffast two-site exchange (at & rate of approximately 107
Hz} between the sites in the bulk of the 1lipid bilayer and
the motionally-restricted sites.

The investigation of membranes by magnetic resonance has been very
succesful 1in the 1last decade. Especially phosphorus and deuterium
nuclear magnetic resonance (NMR) have developed to powerful techniques,
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that provide structural and dynamical information of the lipid molecu-
les in wmembranes [1,2]. These developments have been prompted by the
notion that the structure of membranes depends on lipid composition
(for a review see: [3]) and that its functioning is influenced by the
physical properties of the lipids [4].

In model membranes of well-defined mixed lipids, proteins have been
reconstituted to relate lipid-protein interactions to protein functi-
oning, thus obtaining a better insight in the properties of integral
membrane proteins. In these studies the fatty acyl chain order and
motions have been characterized extensively iIn presence of a variety
of proteins. The results have been summarized and evaluated in a num-
ber of recent reviews [5-8].

The objective of our work is to study the infection mechanism of
non-enveloped viruses, like bacteriophage M13 and plant viruses, at a
molecular 1leveél. A number of stages of the virus life cycle can be
studied well by physical techniques such as NMR and spin label BSR.
The assembly and disassembly of virus particles and coat protein-
nucleic acid interaction within the wvirus 1Itself have already been
studled for some plant viruses in our laboratory (for a review see:
{9]). A suitable system to study i:he interaction of wviral coat pro-
teins with membranes is the M13-Escherichia coli system.

The major (gene-8 product) M13 coat protein is present in the long
rodlike wvirus particle in numerous coples and functions as protection
for its single stranded DNA. The wvirus enters the E. coli host cell by
leaving the coat proteins in the cytoplasmic membrane [10]. The coat
protein of M13 (M=5240) consists of 50 amino acid residues: a basic C-
terminus, a hydrophobic central core of 19 amino acid residues and an
acidic N-terminus [11,12]. After DNA duplication and synthesis of new
coat proteins both progeny as well as parental coat proteins are
stored as integral membrane protein [13}. During the membrane bound
assembly of new virus particles the viral DNA is complexed with these
coat proteins without lysis of the host cell.
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As an initial step towards a model for virus penetration into the
host cell we have reconstituted the coat protein of M13 in wmscdel
membranes [see also: 14,15). In this study a mixed lipid system con-
sisting of  neutral dimyristoyl phosphatidylcholine and negatively
charged palmitic acid was chosen for the following reasons., Stable
bilayers containing M13 coat protein have been prepared using a mnmixed
lipid system with negatively charged 1lipids [16]. Using a free fatty
acld instead of negatively charged lipids this incorporation procedure
enabled us to use deuterium NMR in combination with specifically
deuterated palmitic acid as probe. Recently the effect of palmitic
acid on membrane structure has been investigated by deuterjum NMR,
showing that palmitic acid is an accurate reporter molecule in mem-
branes [17].

In the present study perdeuterated ([U—2H31]) and specifically
deuterated  {[2.2-2H,], [9,9-?H,] and [16,18,16-2Hg]) palmitic acid in
DMPC liposomes have been used with various incorporation levels of M13
coat protein. The effect of the coat protein on membrane structure and
motion is investigated with deuterium NMR of these labels and addi-
tional spin label ESR of stearic acid labelled at the carbon-14 posi-
tion of the acyl chain and phosphorus NMR. CD spectra were taken of
the M13 coat protein In these bilayer systems to determine the secon-
dary structure.

MATERIAL AND METHODS

DMPC {1,2-dimyristoyl-sn-glycero(3)phosphocholine, 99% purity), pal-
mitic acid (99% purity) were obtained from Sigma Chemical Co. and used
without further purification. [U-2H31] (99.1 atom% °H), [2,2—282] {98.8
atonx 2H), [99-%H,] (99.3 atomx 2H), and [16,16,16-2Hj)palmitic acid
{99 atom% 24) were obtained from MSD Isotopes, Montreal. 14-SASL (14-
doxyl stearic acid) was prepared as decribed [18].
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M13 bacteriophage was purified as described [19]). The major
(gene-8 product) coat protein of M13 was isolated by the method of
Knippers and Hoffmann-Berling [20].

(a) Samples for determination of the amount of coat protein in
stable wvesicles and CD measurements. Samples were prepared by cholate
dialysis, as described (16], with a few modifications. For each
DMPC/palmitic acid ratio 1 mg M13 coat protein and a total amount of
10 mg DMPC and palmitic acid were suspended in 1.0 ml of 80 M urea/
5.0 mM Tris-HC1l/ 2% (w/w) sodium cholate/ 0.1 mM EDTA/ 20 mM ammonium
sulphate buffer (pH 8.0). A clear, homogeneous suspension was obtained
by vortexing and heating the sample to 55°C. Subsequently, the suspen—
sion was dialysed at 4°C apainst 4x1 L of 10 mM Tris-HC1/0.2 mM EDTA/
10% (v/v} methanol buffer (pH 8.0) for a total of 48 h with changes at
12, 24 and 36 h. In the last step no methanol was added to the buffer.
This results in dispersions of unilamellar wvesicles, that are opa-
lescent in absence of protein. For CD measurements samples were soni-
cated under nitrogen with a Branson cell disruptor B30 ({duty cycle:
90%, power setting 4 (max. 850 W at setting 10)} to avold spectral
distortion by 1light scattering of the wvesicles. The resulting disper-
sion of SUVs was checked by measuring its UV absorption spectrum (300
— 190 nm) and no significant light scattering was observed.

(b} Samples for ESR were prepared as under {(a), with small modifi-
cations. Typically, 32 wmg DMPC, 8 mg palmitic acid and 0.38 mg 14-SASL
was suspended in wurea/cholate buffer (pH 8.0). Thus the spin label
amounted to 1.8 mol%¥ of the total lipid. Coat protein was added and
dissolved by vortexing and incubation at 655°C until a clear solution
was obtained. Incorporation was checked visually and no precipitate of
unincorporated, water insoluble coat protein was observed. Samples
were concentrated by freeze-drying and redissolved in 0.15 ml H;0. To

obtain homogeneous samples of multilameliar bilayers, the samples were
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vortexed and heated through the phase transition several times. Before
the ESR measurements aliquots of the samples were taken to determine
the protein [21] and phosphatidylcholine content [22] yielding the L/P
ratio of the samples. The samples were homogeneous as determined by
sucrose gradient centrifugation. Before measurement the samples were
transferred into 0.05 ml glass capillars.

(c) Samples for 24 and 3P NMR were prepared as described under
(a), with the following modifications. Typically, 177.2 mg DMPC, 50 mp
deuterated palmitic acid and O, 227, 49.2 or 127.8 mg M13 coat pro-
tein were suspended in 10, 10, 20 or 40 ml urea/cholate buffer (pH
8.0), respectively. " After dialysis and removal of the solvent by
freeze-drying, 10 mM oi’ Tris-HCl buffer (pH 8.0) prepared from deute-
riumoxide depleted water was added to the solid mixture at a ratio of
2:1 (w/w). Before measurement, the L/P ratio of the samples was deter-
mined as described under (b) and the homogeneity of the samples was
checked by sucrose gradient centrifugation.

Determination of the amount of coat protein in stable vesicles.
Vesicle suspensions were centrifuged (8,800g, 10 min) to precipitate
water insoluble aggregates of M13 coat protein and lipid. The amount
of M13 coat protein present in stable vesicles in the supernatant was
determined as described [21].

Determination of DMPC to palmitic acid ratic. The DMPC to palmitic
acid ratio was determined by gas chromatography. After 2H NMR measure-
ment the samples were freeze-dryed. Typically, 15 mg of the powder was
dissolved in 05 ml of 2 M sodiummethanolate/methanol to re-esterify
the myristic acid chains of DMPC. Next, 1 ml of 2 M sulfuric acid/
methano]l was added to the solution to also esterify the palmitic acid.
The esters were extracted into hexane for gas chromatography. After
separation of hexane from" the aqueous fraction, sodium sulphate

(anhydrous) was added to remove residual water in the hexane solvent.
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CD spectra were recorded at room temperature on a Jobin-Ivon Auto-~
Dichrograph Mark V in the wavelength range 250-190 nm. A sample cell
of 1-mm path length was used. Spectra are the average of four scans
taken from the same sample. To determine the secondary structure the
CD spectra were fitted to reference spectra of Greenfield and Fasman
[23] by a least-square fit procedure using spectral points in the 250
to 190 nm range with 5-nm steps.

3p wMr spectra of DMPC/palmitic acid systems were obtalned with a
Bruker CXP300 Pourier Transform spectrometer at a frequency of 121.48
MHz. For the spectra a multiplication equivalent to 50 Hz in the fre-
quency domain was applied. All spectra were recorded in the presence
of broadband proton decoupling (20W/12dB} using a 16 ps 45° pulse with
a repetition rate of 1 s and a spectral width of 50,000 Hz. The CSA

was determined from the powder spectrum.
ESR spectra were recorded as described [15].

21 NMR spectra were recorded at 46.06 MHz with a Bruker CXP300
Fourler Transform spectrometer. All spectra were recorded with the
center of the spectrum on resonance using the gquadrupoler echo
sequence [24,25]. For measurements of the [16,16,16—2H3]pa1n1tlc acid
samples 180° pulses were inserted at t = T,/2 to also refocus possible
dephasing from dipolar interactions [28, K.P. Datema, P.A de Jager
and MA. Hepminga, unpublished results]. Quadrature detection was used
and both signals from the in-phase and out-of-phase channel were taken
for Fourier transformation. The temperature of the sample was regula-
ted by a Bruker variable temperai‘:ure unit B-VT 1000. For temperatures
below room temperature nitrogen gas, evaporated from a Dewar contain-
ing liquid-nitrogen, was used for temperature regulation. Measurements
were started at low temperature and after each temperature increase
the samples were allowed to equilibrate for at least half a hour.
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Spin-spin relaxation times, Tp, ~were determined by varying the
delay time, T, between the 90° pulses of the guadrupolar echo.
Typicelly a range of 40-1,000 pus was covered by twenty measurements,
with exception of the [16,16.16—2H3]pa1mitic acid samples for which a
range of 40-5000 us was taken. Each measurement was the result of
2,500-8,000 FiDs. The top of the gquadrupolar echo signal was measured

at each Ty value and plotted as a function of 275,

RESULTS

M13 coat protein incorporation in stable vesicles

The formation of stable DMPC/palmitic acid vesicles that contain
M13 coat protein at 4°C was determined as a function of the amount of
palmitic acid. By comparison of the amount of protein found in the
vesicles formed after cholate dialysis to the initial amount of pro-
tein added to the micellar solution (1 mg) the percentage of incor-
porated protein in the vesicles was calculated. It was found that at
20% (w/w) palmitic acid or more, the protein was maximally incorpora-
ted in vesicle structures (Figure 1a). It 1s also evident that no
stable pure DMPC wvesicles with coat protein are formed by cholate
dialysis at 4°C (Figure 1a). At the ratio of 73/27 (w/w) DMPC/palmitic
acid, M13 coat proteln incorporation was determined as a function of
the amount of protein initially added (Figure 1b). Up to 30% (w/w)
protein incorporation is complete. At  higher amounts of protein,
aggregates of coat protein with 1lipid in non-vesicle structure were
formed, which decreased the amount of M13 coat protein in stable
vesicles.

These  incorporation  experiments demonstrate that the initially
added amounts of coat protein and phosphatidylcholine do not provide
an accurate number for the L/P ratio in the vesicles after cholate
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Flgure 1. M13 coat protein in stable DMPC/palmitic vesicles
prepared by cholate dialysis as a function of the amount of
palmitic acid in the DMPC bilayers at a constant coat protein
content (10 % (w/w) of the bilayer material, (a)) and as a
function of the amount of coat protein initially added to
DMPC/palaitic acid mixtures that form bilayers with a (final)
ratic of 73/27 (w/w) (b}. The symbeols represent average
values of 3 different samples.

dialysis. Therefore, aliquots of the 31p NMR, 2H NMR and spin label
ESR samples were taken to determine the final L/P ratio. The phospha-
tidylcholine and coat protein, that was initlally added to the micel-
lar solution, had a L/P ratio of 60, 30 and 15. Dialysis decreases the
ratios to 39, 20 and 9, respectively. These values are reproducible
within 10%.

"By gas chromatography the myristic to palmitic acid molar ratio in
the 2H NMR samples was found to be: 2.1 t 0.2 for all samples in the
range from 0 to 86% (w/w) coat protein. This implies that the initial
weight percentage (20% (w/w)) of palmitic acid has increased to 2¥%
(w/w).
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Figure 2. Circular dichroism spectra at room temperature of
M13 coat protein in DMPC/palmitic acid (73/27 (w/w)) SUVs at
L/P ratio 56 (solid line) and 1.5 (dashed line). Spectra are
the average of four scansg from the same sample. Mean residue
ellipticities are shown.

CD _spectra

In Figure 2 CD spectra are shown of M13 coat protein incorporated
in DMPC/palmitic acid (73/27 (w/w)) SUVs at L/P ratios of 56 (solid
line) and 15 (dashed line). Analysis of these spectra ylelds the
following secondary structure: no a-helix, 92% J-structure, 8% other
structure at L/P ratio 56 and no a-helix, 75% B-structure, 25% other
structure at L/P ratioc 1.5. In between these L/P ratioz Intermediate

amounts of secondary structure were found (data not  shown).
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Figure 3. 12148 MHz 31p NMR spectra at 0°C {(ab) and 45°C
(c.d) of DMPC/palmitic acid (73/27 (w/w)) systems without
(a,c) and with (L/P ratio 9) Mi13 coat protein (bd). The
number of scans was 74,676 (a), 1,500 (b), 1,539 (¢) and 851
(d). In all cases the spectra were recorded under proton
decoupling with 20W/12dB, a relaxation delay of 1 s, a 45°
pulse of 16 ps and a gpectral width of 50,000 Hz.

31p NMR spectra

Figure 3 shows 31P NMR spectra in the gel and in the liquid-crys-
talline phase of the phosphatidyicholine molecules in the DMPC/palmi-
tic acid (73/27 (w/w)) system with (L/P ratio 9) and without coat pro-
tein. All spectra are powder spectra with a low field shoulder and a
high field peak characteristic for DMPC organized in bilavers. At 0°C
the spectra are broad with a CSA parameter of 66 ppm (Figure 3a,b). At
45°C the CSA parameter was 43 ppm (Figure 3c.d). No difference in CSA
of the sample with and without coat protein 1s observed. Also in none
of the sgpectra intensity is seen (1) at the isotroplc peak position (0
pom), that could arise from the presence of rapidly tumbling phospha-
tidvlcholine molecules [27], or (2} from Hpy phase 1lipids [28]. The
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Figure 4. ESR spectra at 45°C of the 14-SASL stearic acid
spin label in DMPC/palmitic acid (73/27 (w/w)) - systems
without {a) and with coat protein at L/P ratio 39 (b), 20 (c)
and 9 (d). Arrows 1indicate the motionally restricted com-
ponent.

phase transition, which is wvisible in a temperature dependent series
as a decrease in the CSA parameter [1], ranges from 29 to 38°C in both

samples (data not shown).

ESR spectra

In Figure 4 the ESR spectra of 14-SASL spin label in DMPC/palmitic
acid (73/27 (w/w)) systems with M13 coat protein are shown at various
L/P ratios. The spectra were taken at 45°C, which is well (7°C) above
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the phase transition as observed by 31p  NMR (data not shown) and 2y
NMR (Figure 7. to be discussed below). Apart from the motionally
averaged sharp three-line spectrum, typical for liquid-crystalline
phase lipid, the samples with M13 coat protein have a second, broader
component with strongly restricted motion on the ESR time scale. The
intensities of these components, determined by a previously describad
analysis {8,15], were found to be 0, 10, 19 and 36% of the total spin
label intensity at L/P ratios of =, 38, 20 and 9, respectively.

2H NMR spectra

24 NMR spectra of [9.9-2H,]-palmitic acid/DMPC (27/73 (w/w)) with
M13 coat protein at wvarious L/P ratios are shown in Figure 5. In the
gel phase (0°C) the spectra are broadened by slow motions (e > 10—5
s) of the labelled acyl chain [29,30). The spectra are typical for gel
phase 1lipid, covering a range of approximately 125 kHz (Figure S5a-d).
In the liquid-crystalline phase at 45°C typical powder pattern line-
shapes [5,31], are observed with quadrupolar splittings, Avq. of 28,
28, 28 and 26 kHz for L/P ratios of w, 39, 20 and 9, respectively
(Figure 5e-h). For samples with a low coat protein content (L/P ratio
3 200 Avq is the same as for the reference sample. However, due to the
coat proteiln the spectra are broadened The phase transition is
visible in a temperature dependent series as double component spectra
from 29 to 38°C for the reference sample, which is not changed by the
presence of coat protein in the range of L/P ratios tested (data not
shown). The 2H NMR spectra of all reference samples have an isotropic
peak of small intensity, which is best seen in the liquid-crystalline
phase at 45 (Figure 5e and also 6i-1, that increases at increasing
coat protein content (3, 5 and 20% intensity in Figure O5f,gh,
respectively).

24 NMR spectra of [U-2Hg;], [2,2-%Hp), [9.9-2Hy] and [16,16,16-2Hg]
palmitic acid in DMPC/palmitic acid (73/27 (w/w)) systems with (L/P
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Figure 5. 4606 MHz 2H NMR spectra of a DMPC/[9,9-2Hp]palmi-
tic acid system (73/27 (w/w)) at 0°C (a-d) and 45°C (e-h)
without (a,e) and with coat protein at L/P ratio 39 (bf), 20
(c,g) and 9 (dh).. The number of scans was 40,000 (a-e),
16,000 (f-h) with a relaxation delay of 333 ms, To of 40 s,
a 90° pulse length of 5.8 us, and a line broadening of 100 Hz.

ratio 39) and without coat protein in the pgel and liquid-crystalline
phase are shown in Figure 6 In the gel phase spectra of the reference
“sample and the sample with M13 coat protein a sharp powder pattern
with &g of 12 kHz of the mobile, terminal C?H; group is visible on
top of several superimposed broadened lineshapes (Figure 6a,e), that
arise from immobile Caﬂa—sites along the acyl chain [17). At 41°C the
spectrum (Figure 6i) consists of several overlapping powder patterns
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Figure 6. 46.06 MHz 2H NMR spectra of a [U-2Hg;] (a.edm),
[2,2-2Hp]  (b,f.4n), [99-2Hp] (c.gko) and [16,16,16-2Hz]  (d,h,1,p)
palmitic acid /DMPC {27/73 (w/w)) system without (a-d and i-1)
and with (e-h and m-p) M13 coat protein (L/P ratlo 39 in
the gel phase (a-h) and in the ligquid-crystalline phase {i-p).
The number of scans and the temperature were 5,000 and 0°C
{a), 2,000 and 10°C (b}, 40,000 and 0°C (c), 20,000 and O0°C
(d), 2000 and 0°C (e), 20,000 and 12°C (f)}, 40,000 and 0°C
{g), 20,000 and 0°C (h), 2,500 and 41°C (i), 25,000 and 45°C
(j}, 40,000 and 453°C (k), 20,000 and 41 C (1), 2,000 and 41°C
(m}), 25000 and 45°C {n), 16,000 and 45°C {o) and 20,000 and
41°C (p). In all cases a relaxation delay of 333 ms, a T3 of
40 us, a 90° pulse length of 58 ps and a line broadening of
100 Hz was applied.

of nine resolved quadrupolar splittings of 29, 27, 25, 24, 22, 19, 15
and 11 kHz of deuterated sites along the acyl chain and 2.7 kHz of

the terminal 02H3 site. The sample with Mi3 coat protein gives {den-
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Figure 7. Quadrupolar splittings, Av,, as a function of tem~-
perature from 2H NMR spectra of a DMPC/[16,16,16-2Hg]palmitic
acid ({73/27 {w/w)) system without ({a, solid line) and with
(a, dashed line) M13 coat protein (L/P ratio 39). The gel
phase percentage, as determined from the intensity distribu-

tion in the double component 2H NMR spectra, is also plotted
(b).

tical wvalues (Figure 6m). However, all peaks in this spectrum are
broadened due to the presence of M13 coat protein (Figure 6im).
In the gel phase the %4 NMR spectra of samples with palmitic acid

selectively labelled at the C-2 or -9 position resulted in broad
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lineshapes covering a range of approximately 100 kHz both in the
reference sample (Figure 6b,c) as well as iIn the sample containing M13
coat protein (Figure 6f,g). In the liguid-crystalline phase, at 45°C
both labels give sharp single powder pattern spectra with Avq of 28
kHz (Figure 6jk). Again, a distinct 1line broadening is observed in
samples with coat protein (Figure 6n,0).

24 NMR spectra of samples with palmitic acid labelled at the C-18
digplay a powder spectrum with a Avq of 12 kHz at 0°C (Figure 6d) and
of 2.7 kHz at 41°C (Figure 6l), in agreement with the wvalues found for
the terminal group in the perdeuterated sample (Figure 6ad). In
Figure 7a the quadrupolar splitting from this sample is plotted as a
function of temperature. Due to its high mobility the terminal C2Hg
site also gives sharp powder spectra in the gel phase. This property
is used to determine the amount of gel phase lipid as a function of
temperature (Figure 7b). The phase transition region is seen from 29
to 38°C 'as double component spectra. From 29 to 35°C Avq of the fluid
compcnent remains constant at 3.2 kHz and decreases above 35°% with
increasing temperature for both samples, with and without coat protein
(Figure 7b). In the gel phase, the -spectral width of the sample with
coat protein is slightly smaller than in the reference sample.

Quadrupolar echo decay measurements

Quadrupolar echoes of samples with [2.2—2112], [9,9—21-12] and
[16.16,16—2H3]palm1t.ic acid/DMPC  (27/73 (w/w)) systems with (L/P ratio
39) and without M13 coat protein were wmeasured at 45°C as a function
of twice the spacing between the 60 degree pulses of the guadrupolar
echo sequence, 2Tp, at 45°C. The decays are mono-exponential, charac-
terized by one spin-spin relaxation tiwe, Tp.. The Ty, values obtained
in this way are listed in Table 1.
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Table I. Spin-spin relaxation times along the acyl chain in mixed
bilayers with M13 coat protein at 45°C.

label position Toe Tar Tap
at the (M13) (Ref) (calc)
acyl chain (us) {us) (us)
Cc- 2 540 620 320
c-9 430 480 220
C-16 3500 5400 880

¥ Por the calculation of Ty, from eguation (1) the specifically
deuterated palmitic acid (27% (w/w) in DMPC bilayers) is assumed to
undergo a fast two-site exchange between the sites in the bulk of the
1ipid bilayer and the motionally-restricted sites (10% as seen by ESR
in Figure 4). The coat protein was incorporated at L/P ratic 39.
Typical error in Ty, and Tyr is 5%.

DISCUSSION

. M13 coat protein incorporation in stable vesicles

Formation of stable vesicles of mixed DMPC/palmitic acid and coat
protein was maximal at 20% (w/w) palmitic acid or more. Therefore,

incorporation of the coat protein at high levels in stable bilayers
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requires the presence of negatively charged palmitid acid. From pre-
vious spin label ESR work it is known that the coat protein has a high
preference for the negatively charged 1lipids, like cardiolipin and
also for stearic acid and phosphatidylglycerol [15]). This agrees with
incorporation results obtained for a lipid system containing 80% (w/w)
phosphatidylcholine, 10% ({w/w)} phosphatidic acid and 10% (w/w) car-
diolipin [18]. Maximal incorporation In wvesicles is only possible at
relatively low coat protein content (L/P ratio » 20, Pigure 1b). At
high protein content mnot all the coat protein is incorporated in the
SUvs (50% at L/P ratio 9, Figure 1b). Simultaneously palmitic acid
with almost isotropic motion is seen by 24 NMR as a broad 1sotropic
peak (contributing 20% of the intensity, Flgure 5h). It is therefore
concluded that the coat protein associates partly with part of the
palmitic acid molecules in a non-bilayer organization at these high
protein levels., It should be noted that the narrow isotropic peak in
the reference spectra (Figure 5e and 6i-1} belongs to free palmitic in

solution.

M13 coat protein secondary structure

From the CD spectra in Figure 2 it is clear that the dominant con-
formation of the M13 coat protein in the 1lipid system is p-structure
(75 - 92%) for L/P ratios from 15 to 56. A B-structure for an
integral membrane protein is remarkable, since many proteins are known
to span the membrane by an a-helix [7,8]. However, a B-structure con-
formation of fd coat protein (which differs from M13 coat protein in
only one amino acid residue) has been observed before in model
membrane [32-35], even though the M13 and fd coat protein are known to
be entirely in an a-helix conformation in the wvirus [36,37]. This has
been explained in terms of a major conformational change during the

membrane-bound assembly of the bacteriophage [32]. Froa time-resclved
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tryptophan anisotropy measurements ([35] and deuterium NMR measurements
of the exchageable sites at the coat protein backbone [38) in similar
mixed bilayers, protein agpregation was concluded. In analogy, in
mixed DMPC/palmitic acid bilayers the coat protein is probably also
aggregated. Within the aggregate the positively charged C-terminus and
negatively charged N-terminus [11,12] can very well cross-link to form
antiparallel pg-sheet structures. Also a U-shaped conformation of the
protein monomer, which has been considered before [34], can be present
in the protein aggregates. It 1s not clear whether the $-structure is
the protein conformation in vivo in the E. coli wmembrane, although a
model for M13 coat protein assembly has been proposed [39]), which
includes a U-shaped procoat, in which the nature coat protein domain
could well form an antiparallel pg-structure conformation with its N-

terminal leader sequence.

Lipid structure after coat protein incorporation

DMPC/palmitic acid (73/27 (w/w)) systems with M13 coat protein at
L/P ratic o, 39, 20 and 9 have been analyzed by 3P and 2H NMR.

{1) Reference lipid system. The spectra obtained at 45°C by S1P NMR
from the phospholiplds (Figure 3c) and by 2H NMR from the palmitic
acid labelled at the C-9 position (Figure 5e), show powder patterns,
that are characteristic for 1lipid and palmitic acid organized in a
bilayer in the liquid-crystalline phase.

(2) DMPC/palmitic acid mixtures with a high amount of coat protein.
The 31p NMR powder patterns (Figure 3b,d) indicate that also in pre-
sence of a high amount of coat protein (L/P ratio 9) all phospholipids
are in a bilayer structure., The 2H NMR spectrum of Figure 5h, however,
displays a broad isotropic peak contributing 20% to the total spectral
intensity. This shows that the major part (80%), but not all palmitic
acid, i1s organized in a bilayer-type organization. Clearly at this
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protein content and higher, part of the palmitic acid (20%) does no
longer reflect the acyl chain behaviour of the phosphatidylcholine
molecules in the bilayer.

A similar 2H NMR spectrum has been reported for a system consisting
of a very high amount (67% (w/w)) of f1 coat protein in DMPC labelled
at the terminal C-14 atom position of the sn-2 chain [40]. Since f1 coat
proteins has an almost identical amino acid sequence as M13 coat pro-
tein it wmay be concluded from these results that at extremely high
protein contents the coat protein is no longer incorporated 1In
phosphelipids in a bilayer type of aggregation.

(3) DMPC/palmitic acid systems with lower levels of coat protein.
At L/P ratio 38 the Slp {(data not shown) and 2H (Figure 5f) NMR
spectra show that all phosphatidylcholine molecules and more than 85%
of the palmitic acid are in a bilaver structure. In the liguid-
crystalline phase the order parameter of the deuterons at the C-9 atom
is not changed by incorporation of the coat protein (Figure 5f).

Free fatty acid acyl chain order and dynamics

{8) Previous spin label ESR experiments have shown that Iincorpora-
tion of M13 coat protein into phosphatidylcheline bilayers with nega-
tively charged phospholipids results in a second, motionally-restric-
ted component [14,15). In the 2H NMR spectrum of Figure 5f no other
component 1is seen apart from the nerrow isotropic peak, which is
assigned to freely rotating palmitic acid in solution. Additional spin
label ESR spectra were obtained from DMPC/palmitic acid (73/27 {w/w))
systems probed with the 14-SASL spin label to enable direct comparison
with the ©H NMR spectra. The results in Figure 4 show that the coat
protein interacts preferentially with 14-SASL in the DMPC/palmitic
acid bilayers. The intensity of the motionally-restricted component is
proportional to the protein content. This is in agreement with the
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previous vesults [15]. The 14-SASL spin label results can be compared
directly with the 2H NMR spectra of Figure 6i-p. Since in the ESR
spectra two distinct sites, ie. of a motionally-restricted and eof a
fluid component, are seen these sites are in slow exchange on the ESR
timescale (slower than 1079 8). The motionally-restricted component is
well-resolved from the fluid component, similar as previously reported
for 14-doxyl dimyristoyl phosphatidyiglyvcerol spin 1label (14-PGSL} in
wixed DMPC/dimyristoyl phosphatidylglycerol (80/20 (w/w)) bilayers
{15]. Therefore the fatty acid spin label in the mixed DMPC/palmitic
acld is likely to exchange at approximately the same rate, ie. 1077
s} [15]. As a consequence no second component is seen in the °H NMR
spectra of deuterated palmitic acid, i.e. The two sites, seen in the
spin label ESR spectra, are in fast exchange with respect to the 2y
NMR timescale (107% s). The two fatty acid sites, seen as distinct
components in the ESR spectrum, are time-averaged to reference-like 2H
NMR spectra as seen In Figure €m-p.

{b) 24 NMR. Mi13 coat protein was JIncorporated at low protein con-
tent (L/P ratio 39} in samples with palmitic acid labelled at three
different positions along the acyl chain. The coat protein did not
affect the order at the C-2, C-9 and C-16 position in the liquid-
crystalline phase, as reflected. by the quadrupolar splitting (Figure
6j and n, k and o, 1 and p). However, the presence of coat protein
increases the linewidth of the spectra (Figure 6i-p). In the liquid-
crystalline phase the bilayer order decreases gradually along the acyl
chain [5], which iz seen in the 2H NMR spectra as a series of de-
creasing quadrupolar splittings. The smallest originates from the ter-

“minal C2H3 site. At all measured temperatures above the phase tran-
sition, ie. at 35, 38, 41 (data not shown) and 45°C the order along

the acyl chain, seen as individual splittings in the spectra from the
perdeuterated sample was the same as in presence of M13 coat protein

(Figure 61 and m). These results agree with those of the samples with
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Cc-2, C-9 and C-16 labelled acyl chains (Figure 6j-p).

The phase transition region, observed by 3lp NMR (data not shown)
and 2H NMR (Figure 7b), for the mixed reference bilayers is broadened
to a range of 9°C and shifted upward as compared to the phase tran-
sitlon of pure DMPC (24°C). Both are caused by palmitic acid (27%
{(w/w)) as reported before for phospholipid bilayers containing free
fatty acids [41]. Free fatty aclds are assumed to fill the voids that
exist between the phospholiplds. The wvoids arise from crowding of the
headgroups, that have a larger excluded area in the bilayer plane than
the 1lipid acyl chains [42,43). As a consequence of this, the phase
transition is shifted upward. In the phase transition region of our
samples preferential partitioning of the fatty acid in the gel phase
is observed by the constancy of the order parameter of the terminal
Czﬂs group from 29 to 35°C (Figure 7), consistent with previous re~
sults [17]. At the onset of the phase transition the liquid-crystal-
line phase is gradually enriched with palmitic acid as the tempera-
ture increases at the onset of the phase transition. The enrichment of
the liquid-crystalline phase with palmitic acid increases the order
parameter. This is compensated by the decrease of the bilayer order at
higher temperatures, that is typical for the liguid-crystalline phase.
Therefore, the order parameter is constant from 29 +to  35°C,

From Table I it is seen that in the liquid-crystalline phase the
coat protein decreases Tp, at all three sites along the fatty acid
acyl! chain. To analyse these data we use a model in which the free
fatty acid molecules are in fast two-site exchange (at a rate of 107
s"1, as concluded above) between the sites in the bulk of the lipid
bilayer and the motionaily-restricted sites. Then Tp, is the weighted
average of the spin-spin relaxation times of free palmitic acid in the
bulk of the lipid bilayer (Tpe) and at the motionally-restricted sites
{Tap)

1/Tye = £/Top + (1-£)/Tor 1)
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where f 1is the fraction of nmotionally-restricted fatty acid, as seen
by ESR (which is 010 at L/P ratio 39, Figure 4). The calculated
values for Ty, are given in Table 1. For the C-2 and C-9 position the
Tap values are a factor of 2 smaller than Tpp of the reference
sample. At the C-16 position the difference is a factor of & (Table
I). Assuming that the limit of fast motion applies for the relaxation
behavicur of these systems [5.44] the observed decrease of Ty, values
corresponds to a decrease in mobility, In this cConcept the motions of
the palmitic acid are restricted most by the coat protein at the ter-
minal position.

ACKNOWLEDGEMENTS

This research was supported by the Netherlands PFoundation of Bio-
physics, with fipancial aid from the Netherlands Organization for the
Advancement of Pure Research (ZW0). We thank dr. T.J. Schaafsma for
reading the manuscript and valuable comments, dr. D. Marsh for the gift
of 14-SASL spin label and access to his ESR spectrometer, dr. B.J.M.
Harmsen for providing facilities to grow E. coli, and R.B.M. Koehorst
and W.Ch. Melger for gas chromatography determinations.

REFERENCES

[

Seelig, J. and Seelig, A. (1980) Quart. Rev. Blophys. 13, 19-61.

2 Jacobs, R.E. and Oldfield, E. (1981) Prog. Nucl, Magn. Reson.
Spectrosc. 14, 113-136.

3 De Kruijff, B., Cullis, P.R., Verkleij, A.J., Hope, M.J., Van
Van Echteld, C.J.A,, Taraschi, T.F., Van Hoagevest, P., Killian, J.A.,
Rietveld, A., and Van Der Steen, A.T.M. (1985) in Progress in
Protein-Lipid Interactions (Watts, A. and De Pont, J.J.HHM.,
eds.), Ch. 3, pp. 89-143, Elsevier Science Publications, NY.

4 McElhaney, R.N. (1882) Curr. Top. Membr, Transp. 17, 317-380.

5 Davis, J.H, (1983) Biochim. Blophys. Acta 737, 177.

13



i0
11

12
13
14
15
16
17

i3

19
20
21
22
23
24
25
26
27

28

Devaux, P.F., {1983) in Blological Magnetic Resonance (Berliner, L.J.
L.J., and Reuben, J., eds.), Vol. 5 pp. 183-299, Plenum Press, NV.
Bloom, M. and Smith, I.C.P. (1985} in Progress in Protein-Lipid
Interactions (Watts, A, and De Pont, J.JHHM., eds.}, Ch. 2, pp.
61-88, Elsevier Science Publishers, NY.

Marsh, D. (1985) in Progress in Protein-Lipid Interactions (Watts,
A. and De Pont, JJHHM, eds.), Ch. 4, pp. 143-172, Elsevier
Science Publications, NY.

Hemminga, M.A., Datema, K.P.,, Ten Kortenaar, P.W.B.,, Kruse, J.,
Vriend, G., Verduin, B.J.M. and Koole, P. {1985) In Magnetic
Resonance in Biology and Medicine (Govil, G., Khetrapal, C.L.
and Saran, A., eds.), pp. 53-76, Tata McGraw-Hill Publishing
Company Ltd., New Delhy, India.

Marvin, D.A. and Wachtel, E.J. {1975) Nature 253, 19-23.

Van Asbeck, F., Beyreuther, K., Koehler, H., Von Wettstein, G. and
Braunitzer, G. (1969) Hoppe-Seyler's Z. Physiol. Chem. 350,
1047-1066.

Nakashima, V. and Konigsberg, W. (1974} J. Mol. Biol, 88, 598-600.
Wickner, W. (1976) Proc. Natl. Acad. Sci. USA 73, 1159-1163,
Henminga, M.A. (1987) J. Chem. Soc. Faraday Trans. 1 83, 203-210
Datema, K.P.,, Wolfs, C.J.AM., Marsh, D., Watts, A. and Hemminga,
M.A. (1987), Biochemistry, in press.

Hagen, D.S., Weiner, J.H. and Sykes, B.D. (1978) Biochemistry 17,
5860-5866.

Pauls, K.P., MacKay., A.L. and Bloom, M (1983) Biochemistry 22,
6101-6109.

Marsh, D. and Watts, A. (1982) in Lipid-Protein Interactions (Jost,
P.C. and Griffith, 0.H., Eds.), Vol. 2, pp 53-126,
Wiley-interscience, New York, NY.

Garssen, G.J., Hilbers, CHW., Schoenmaker, J.G.G. and Van Boom, J.H.
(1977) Eur. J. Biochem. 81, 453-463,

Knippers, R. and Hoffmann-Berling, H. (1968} J. Mol. Biol. 21,
281-292.

Peterson, G.L. (1977) Anal. Biochem. 83, 346-56.

Bartlett, G.R. (1959) J. Biol. Chem. 234, 466-468.

Greenfield, N. and Fasman, G.D. (1969) Biochemistry 8, 4108-4116.
Davis, JH., Jeffrey, K.R., Bloom, M., Valic, M.I. and Higgs, T.P.
{(1976) Chem. Phys. Lett. 42, 390-394,

Datema, K.P., Pauls, K.P. and Bloom, M. (1986) Biochemistry 25,
37963803,

Siminovitch, D.J., Rance, M. and Jeffrey, K.R. {1984) J. Magn.
Reson. 58, 62-75.

Burnell, E.E., Cullis, P.R. and De Kruijff, B. (1980) Biochim.
Biophys. Acta 603, 63-69.

Van Echteld, C.J.A., De Kruijff, B., Verklelj, A.J,, Leunissen-
Bijvelt, J. and De Gier, J. (1982) Biochim. Biophys. Acta 692,
126-138.

132




29

30

31
32

33

34

35

36

a7

38

38

40

41

43
414

Westerman, P.MW., Vas, M.J., Strenk, L.M. and Doane, .J.W. (1982)
Proc. Natl. Acad. Sci. USA 79, 2890-2894,

Wittebort, R.J., Blume, A., Huang, T.-H., Das Gupta, S.K., and
Griffin, R.G. (1982) Biochemistry 21, 3487-3502.

Seelig, J. and Seelig, A. (1974) Bilochemistry 13, 4839-4845,
Nozaki, Y., Chamberlain, B.K., Webster, R.E. and Tanford, C. (1976)
Nature 259, 335-337.

Nozaki, Y., Reynolds, J.A. and Tanford, C. (1878) Biochemistry 17,
1239-1246.

Chamberlain, B.K., Nozaki, Y., Tanford, C. and Webster, R.E. {1978)
Biochim. Biophys. Acta 510, 18-37.

Datema, K.P., Visser, A.J.W.G., Van Hoek, A, Wolfs, C.J.AM.,
Spruijt, R.B. and Hemminga, M.A. (1987) Biochemistry, in press.
Valentine, K.G., Schneider, D.M., Leo, G.L., Colnago, L.A. and
Opella, 5.J. (1986) Biophys. J. 49, 36-38.

Opella, S.J., Stewart, P.L. and Valentine, K.G. (1987) Quart,

Rev. Biophys., in press.

Datema, K.P., Van Boxtel, B.J.H. and Hemminga, M.A. (1987)
submitted for publication.

Kuhn, A., Wickner, W. and Kreil, G. (1986) Nature 322, 335-339.
Oldfield, E., Gilmore, R., Glaser, M., Gutowski, H.S., Hshung,

J.C., Kang, S.Y., King, T.E., Meadows, M. and Rice, D. (1978) Proc.
Natl. Acad. Sci. USA 75, 4657-4660.

Kantor, H.L. and Prestegard, J.H. (1978) Biochemistry 17, 3592-3597.
Mabrey, S. end Sturtevant, J.M. (1977) Biochim. Biophys. Acta 488,
444-450.

McIntosh, T.J. (1980) Blophys. J. 29, 237-246.

Brown, M.P. and Williams, G.D. (1985) J. Biochem. Biophys. Methods
11, T1-81.

133




CHAPTER 5

SUMMARIZING DISCUSSION

135




5 SUMMARIZING DISCUSSION

In this thesis some new aspects of the infection process of non-
enveloped viruses are reported. The interaction of a rod-shaped (TMV)
and‘ three spherical (CCMV, BMV, SBMV) plant viruses, of the filamen-
tous bacteriophage *M13, and of their coat proteins with membranes have
been investigated. A -comparison is made between the infection mecha-

nisms of these non-enveloped viruses.

1 EFFECT OF PLANT VIRUS,ES ON MEMBRANES

All plant viruses studied interact with nehbranes. This is demon-
strated by turbidity measurements of small unilamellar vesicles with
different surface charges (chapter 2). The interaction 1is either
electrostatic or hydrophobic.

Neutral vesicles always Iinteract with wviral capsids by indirect
hydrophobic interaction. On the other hand, charged vesicles always
interact with opposite charges at the capsids by electrostatic inter-
action. The location of the coat protein after interaction has bheen
determined to test Durham's model for plant virus infection, in which
the coat protein becomes an integral membrane protein, similarly as
for M13 infection. The results indicate that as a resuit of the inter-
actions, multilamellar vesicles are formed, containing all the protein
in case of electrostatic interaction. The coat protein is associated
at the bilayer surface. However, after hydrophobic interaction no pro-
tein is found in the multilamellar vesicles. For the latter type of
interaction a mechanism is proposed, in which the coat protein behaves
as a catalyst, only enhancing the rate of fusion and wmultilamellar
vesicle formation. Since in either case no lipid-protein complex |is

formed, that is stabilized by direct hydrophobic lipid-protein inter-
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actions, Durham's model for plant virus infection is wvery likely to be
incorrect.

The recently proposed co-translational disassembly model for plant
virus infection, in which the viral particle dissociates during trans—
lation of its RNA by the host ribosomes, does not include a specific
role for membranes during disassembly. However, before the co-trans-
lational disassembly takes place, the particles need to be destabi-
lized. At this moment no specific mechanism for this process has been
proposed. Also the fate of the coat protein after particle disassembly
repmains unspecified in any model, with exception of Durham's model.
The observed electrostatic interaction at the bilayer surface (e.g.
with the N-terminal arm of the coat proteins, released upon assembly
may play a significant role in the infection mechanism.

From the experiments described in this thesis no results contradic-
tory to co-translational disassembly have been found. Therefore, to
our present opinion, the best model for plant wvirus infection is the
co-translational disassembly model. In this view it is assumed impli-
citely that the virus particles arrive intact in the cytoplasm, for
example by passage through the c¢ell wall and the plasma membrane by

local, transient wounding.

2 EFFECT OF THE MEMBRANE ON BACTERIOPHAGE M13 COAT PROTEIN

M13 coat protein has been incorporated as an intrinsic protein in
micelles and model membranes (chapter 3-4). The secondary structure of
coat protein in SDS micelles is predominantly o-helix {60%), while in
membranes (DMPC/DMPA 80/20 w/w) the structure is entirely g-structure.

In micelles at high detergent protein ratio the protein 1s dimeric
with the central core in @#-structure. The termini of the coat protein
{30 residues or 60%) are in @&-helix structure. The dynamics of the

micellar system, investigated by time-resclved fluorescence anisotropy

138



measurements, is characterized by rotation of the complex on the nano-
second timescale (10 ms at 20°C) and additional mobility of the Trp-26
sidechain on the subnanosecond timescale (0.5 ns). The complex has a
temperature dependent overall rotation, that satisfies the Stokes-
Einstein relation for spherical rotation. From this dependence it has
been determined that the complex consists of two coat protein molecu-
les and approximately 57 SDS molecules.

In membranes, regardless of the 1lipid to protein ratio, the coat
protein is aggregated. This is concluded from three independent measu-
rements. Fluorescence anisotropy decay measurements indicate that the
single tryptophan-26 in the hydrophobic core is highly ordered on the
nanosecond timescale in liguid-crystalline bilayers, whereas the sur-
rounding lipids are not. 24 NMR measurements indicate that all the
exchangeable sites at the backbone are ordered on the microsecond
timescale. Both results are consistent with protein aggregation.
Finally, the fraction of motionally restricted lipid, determined from
spin label ESR is too low for a monomeric state of the coat protein in
the membrane, also in agreement with protein aggregation.

The state of the M13 coat protein in model membranes used in the
experiments of this thesis is therefore best described as a f-polymeric
state. Within the polymer the orientation of the coat protein is
unknown. For comparison, in vivo, the coat protein in the E. coli
cytoplasmic membrane is known to be oriented. Its secondary structure

and state of aggregation, however, are up to now unknown.

3 EFFECT OF BACTERIOPHAGE M13 COAT PROTEIN ON THE MEMBRANE

In model membranes also the effect of M13 coat protein incorpora-
tion on the lipids has been investigated (chapter 4). Upon introduc-
tion of coat protein in the membrane as an intrinsic protein a frac-

tion of the lipid molecules becomes motionally restricted.
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The spin 1labelled phospholipids show a difference in thelr selec—
tivity for the coat protein: cardiolipin = phosphatidic acid >> stearic
acid = phosphatidylserine = phosphatidylglycerol »>> phosphatidylcho-
line = phosphatidylethanolamine. The selectivities found are related
to the composition of the target E. coli cytoplasmic membrane. Typical-
ly, neutral phosphatidylethanoclamine accounts for 74% of the lipid in
the membrane, constituting the bulk of the 1lipid, while phosphatidyl--
glycerol is present for 19% and cardiolipin for 3% The high selecti-
vity of cardiolipin for the coat protein forms direct, biophysical
evidence for a previously suggested wmolecular association of car-
diolipin with the coat protein. This was concluded from an increase in
the cardiolipin synthesis after infection of E. coli by Mi13. No in-
crease in phosphatidylglycerol synthesis, the major negatively charged
lipid, is observed after infection.

Using selectively deuterated palmitic acid as probe lipid, spectral
broadening has been observed In presence of Mi3 coat protein. This
result, as well as the ESR results, agrees with a two-site exchange
model for the probe lipid between sites in the bulk of the membrane
and motionally-restricted sites at the protein. The exchange rate is
fast on the nanosecond timescale of the ESR technique, but slow on the
microsecond timescale of the 2H NMR technique. The exchange rate of
10*7 Hz, deduced from simulation of the spin label ESR spectra, is in

excellent agreement with these upper and lower limits.
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SAMENVATTING

Virussen zijn onderverdeeld in membraan- en niet-membraanvirussen.
Van de meeste membraanvirussen is in het algemeen het penetratie-
mechanisme bekend: ze passeren het membraan door fusie van het eigen en
gastheermembraan, Van de niet-membraanvirussen, waartoe de meeste
plantevirussen en sommige bacterievirussen behoren, is het penetratie-
mechanisme niet bekend. Zelfs voor M13, een veel bestudeerde colifaag,
is dit het geval.

In dit proefschrift is de interactie van enkele niet-membraan-
virussen, een staafvormig (TMV} en enkele bolvormige (CCMV, BMV., SBMV)
plantevirussen en de bacteriofaag M13, met membranen onderzocht met
geavanceerde  spectroscopische technieken. Bovendien is een verge-

lijking gemaakt tussen de infectiemechanismen van deze virussen.

1 HET EFFECT VAN PLANTEVIRUSSEN OF MEMBRANEN

Alle bestudeerde plantevirussen hebben een interactie met membra-
pen, Dit 1is aangetoond met turbiditeitsmetingen van kleine unila-
mellaire vesikels met verschillende oppervlaktelading. De kleine uni-
lamellaire wvesikels vormen modelmembranen wvoor het natuurlijke plasma-
membraan van de gastheercel.

Vesikels met een neutrale oppervlaktelading hebben een interactie
met virale eiwitten door middel van een Indirekte hydrofobe interac-
‘tie. Vesikels met een geladen oppervlak hebben altijd een elektrosta-
tische interactie met tegengestelde ladingen op de eiwitmoleculen. Als
test voor Durham's model voor penetratie van plantevirussen, waarin
het manteleiwit wordt opgeslagen als intrinsiek eiwit in het membraan
op een zelfde manier als het manteleiwit bij infectie door M13, is het
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lot van het manteleiwit van de plantevirussen na de Iinteractie nage-
gaan. De resultaten tonen aan dat multilamellaire vesikels worden
gevormd. Deze Dbevatten al het virale elwit blj elektrostatische
interactie: het manteleiwit is dan geassocieeerd =2an het oppervlak.
Echter, na hydrofobe interactie wordt geen eiwit teruggevonden in de
gevormde wultilamellaire vesikels. Voor deze interactie wordt iIn dit
proefschrift een mechanisme voorgesteld waarbij het manteleiwit =zich
gedraagt als een katalysator, die alleen de membraanfusie en multila-
mellaire vesikelvorming versnelt, maar waarbij het eiwit niet geincor-
poreerd wordt in het membraan. Aangezien in beide gevallen geen lipide-
eiwitcomplex gevormd is, dat pestabiliseerd wordt door direkte hydro~
fobe Interacties, 1is Durham's model voor plantevirusinfectie hoogst
waarschijnlijk onjuist.

Een ander, onlangs voorgesteld "co-translational disassembly” model
voor plantevirusinfectie, wveronderstelt dat tijdens de translatie wvan
het virale RNA door de gastheerribosomen het virusdeeltje dissocieert.
Dit model bevat geen specifieke membraanfunctie bij de disassemblage
van het virusdeeltje, maar het virusdeeltje moet wel vooraf gedestabi-
liseerd worden. Op het moment is dit mechanisme niet bekend. De bhe-
stemming wvan het manteleiwit na disassemblage van het deeltje wordt in
het midden gelaten in het ‘'co-transiational disassembly" model, ter-
wijl Durham's model onjuist is gebleken op dit punt. De waargenomen
elektrostatische interactie aan het membraan-oppervlak kan een rol van
betekenis spelen tijdens het infectieproces.

De experimentele resultaten 2zijn niet tegenstrijdig met het ‘“co-
translational disassembly” mechanisme. Daarom wordt dit model hier als
het beste beschouwd wvoor plantevirusinfectie. In dit concept is tevens
impliciet verondersteld dat de virale deeltjes intact arriveren in het
cytoplasma van de gastheercel, bijvoorbeeld door passage door de

celwand en het plasmamembraan tijdens lokale, tijdelijke verwonding.
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2 HET EFFECT VAN HET MEMBRAAN OP HET BACTERIOFAAG M13 MANTELEIWIT

M13 manteleiwit 1is geincorporeerd als intrinsiek eiwit in micellen
en modelmembranen (hoofdstuk 3-4). De secundaire structuur van het
manteleiwit in SDS micellen heeft wvoornamelijk a-helix karakter (69%),
terwijl de secundaire structuur in membranen vrijwel geheel A-struc-
tuur is (90%).

In micellen bij hoge detergens/eiwit-verhouding is het eiwit aan-
wezig als dimeer met het centrale deel in g-structuur en beide uitein-
den (30 residuen’ ofwel 60% wvan het totaal) in «-helix structuur. De
dynamica wvan het micellaire systeem, onderzocht met tijd-opgeloste
fluorescentie~anisotr0pien!etingen, wordt gekarakteriseerd door rotatie
afkomstig wvan het eiwit-micelcomplex op de nanoseconde tijdschaal (10
ns bij 20°C) en een extra sub-nanoseconde beweeglijkheid (0.5 ns}) wvan
de tryptofaan-26 =zijketen. Het complex heeft een temperatuur-afhanke-
lijke rotatiebeweging, - die voldoet aan de Stokes-Einstein relatie wvoor
een bol. Met behulp wvan deze afhankelijkheid is bepaald dat het
compleXx bestaat uit twee eiwit sub-eenheden en 57 detergens moleculen.

In membranen is het manteleiwit geaggregeerd. Dit 1Is waargenomen
met drie onafhankelijke technieken. Tijd-opgeloste fluorescentieaniso-
tropiemetingen laten zien dat het <tryptofaan-26 in het hydrofobe ge-
deelte van het manteleiwit in hoge mate geordend is op de nanoseconde
tijdschaal, ook als dit niet zo is wvoor de onringende lipiden. Deu-
terium-NMR metingen, gevoelig voor beweeglijkheid op de microsecon-
de tijdschaal, laten =zien dat alle  uitwisselbare plaatsen van de
[—CO—NH—CR—]—keten van het eiwit eveneens geordend zijn. Beide resul-
taten zijn iIn overeenstemming met eiwitagpregatie. Tenslotte blijkt de
fractie van de lipiden, die in hun beweeglijkheid worden beperkt door
de aanwezigheid van het manteleiwit, gekwantificeerd met spinlabel-ESR
metingen, te laag te zijn voor een monomere toestand wvan het eiwit in
het membraan. Ook dit 1is in overeenstemming met elwitaggregatie.

De toestand van het Ml3-manteleiwit in de gebruikte modelmembraan
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systemen, wordt het best beschreven als een f-polymere toestand. In
een dergelijk polymeer is de oriéntatie wvan het eiwit echter onbekend.
Ter vergelijking, in vivo is wvan het Mi3-manteleiwit bekend dat het
georiénteerd voorkomt in het cytoplasmamembraan van E. coli. In
tegenstelling tot de oriéntatie zijn de secundaire structuur en aggre-

gatietoestand van het manteleiwit tot nu toe onbekend.

3 HET EFFECT VAN HET BACTERIOFAAG M13 MANTELEIWIT OP HET MEMBRAAN

Het effekt van Ml3-manteleiwit op de lipiden in modelmembranen is
onderzocht in hoofdstuk 4. Zodra Mi3-manteleiwit geincorporeerd is als
intrinsiek eiwit in het membraan wordt een fractie van de lipiden be-
perkt in hun beweeglijkheid. Fosfolipiden, voorzien van een spinlabel,
laten een wverschil =zien in hun selectiviteit wvoor het Mi13-manteleiwit;
cardiolipine = fosfatidezuur »>> stearinezuur = fosfatidylserine = fos-
fatidvlglyvcerol »>> fosfatidylcholine = fosfatidylethanolamine. Het waar-
genomen selectiviteitspatroon 1is duidelijk gerelateerd aan de samen-
stelling wvan het E. c¢oli cytoplasma membraan. Dit bestaat wvoor 74%
wit fosfatidylethanolamine, 19% fosfatidylglycerol en 3% cardiolipine.
De zeer hopge specificiteit wvoor cardiclipine vormt eem direkt, biofy-
sisch bewijs voor een al eerder veronderstelde moleculaire associatie
van cardiolipine met M13 manteleiwit. Dit werd destijds door andere
onderzoekers geconcludeerd uit een toename wvan de synthese van car-
diolipine na infectie van E. coli met M13.

Met gebruikmaking wvan selectief deuterium-gelabeld palmitinezuur
als probe is een verbreding van het deuterium-NMR spectrum waargenomen
in aanwezigheid wvam Ml13-manteleiwit. Dit resultaat, evenals de spin-
label-ESR resultaten, stemmen overeen met een uitwisselingsmodel voor
de pgelabelde lipiden in de bulk wvan het membraan en naast het eiwit,
waar de beweeglijkheid wvan de lipiden beperkt is. De uitwisselings-

snelheid is snel op de nanoseconde tijdschaal (ESR), maar langzaam op
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de microseconde tijdschaal (deuterium NMR}, De uitwisselingssnelheid
van 107 Hz, bepaald door simulatie van de spin-label ESR spectra zijn

zeer goed in overeenstemming met deze onder- en bovengrens.
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electron microscopy

electron spin resonance
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correlation time

spin hamiltonian
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bacteriophage M13

nuclear magnetic resonance
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southern bean mosaic virus
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tobacco mosaic virus
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spin-lattice relaxation time

spin-spin relaxation time of bound paimitic acid, motionally
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spin-spin relaxation time determined from the decay of the
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