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A ¢ompat'isotl is nlad¢ of the interaction of the coat protein of bacteriophage M I3 in a predominant ,-helix conl'ornlation and in 
a predominant fl-shcet conli~rmation, To perform a systematic study of the interaction between the protein in these two different 
li~rms and tile surrounding lipid matrix, NMR spectra of ='H-nuclei of spccil'ic labelled phospholipid systems arc ntcasurcd. In 
addition ~IP-NMR is employed to provide information about tltc ntorphological structure adopted by the reconstituted 
lipid/protein systems. From the -'H-NMR studies on specific hcadgroup and chain dctttcrium labelled phospholipids it is found 
that the protein in the predominant /J-sheet confl~rmation causes a f rac lhm of lipids to bc trapped. By combining the results 
from tile hcadgroup and acyl chains of the phospholipids, it is cortcludcd that the trapped lipids arc arranged in a non-bilaycr 
structure, probably caused by a misfitting of the hydrophobic core of the protein and the mcntbranc bilaycr. The protein in the 
predominant ~-hclix confi~rnlation perfectly fits in the lipid I~ilaycr and has only minor influences on the surrounding lipid 
matrix. A new model is proposed to explain tlac presence of the trapped lipids in the lipid/protein systems. 

Introduction 

Recently it has bccn reported that the coat protein 
of bacteriophage M i3 adopts two different conforma- 
tions, when reconstituted into lipid systems. Also the 
aggrc~ation bchaviour of these two M I3 coat protein 
conformation,~ differs considerably. The protein in a 
predominant /J-sheet conformation forms large irre- 
versible aggregates [I-8]. This form of M 13 coat pro- 
tcin has been called the /J-polymeric form [q]. MI3 
coat protein in a predominant (~-hclix conformation 
results in reversible small aggregates; this form has 
been called the ~-oligomcric form [~,~]. Thc presence of 
either one of these MI3 coat pro,tin forms depends on 
the prott:in purification, lipid type and salt concentra- 
tion [9 -  ! ! ]. 

Previous experiments conducted on phospholipids 
reconstituted with the M i3 coat protein in the/3-poly- 
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merit form showed a fraction of lipids, which could not 
exchange with the bulk lipids. This fi'action ot" lipids 
was thought to bc trapped by aggregates of the coat 
protein in the /3-polymeric form [4,5]. in the present 
paper further investigations arc presented to obtain 
informati,~n about the nature of these trapped lipids. 
in addition we investigate the interaction between tile 
lipid matrix and the M13 coat protein in the te- 
oligomeric form. 

To perform a systemati:: study of tile interaction 
between the protein in its two different forms and the 
surrounding lipid ma!rix, NMR spectra of-'H-nuclei of 
specific labelled phospholipids are measured. DOPC 
was specifically deuterated either in both chains at the 
1 l-position ( 1,2-[ 1 !, I 1- -~ H,  ]DOPC) or at the trimcthyl 
moiety in the headgroup (DOPC-d,,). DMPC was 
deuterated at the methyl positions of the sn-2 chain 
(2-[14,14,14--'H3]-DMPC). 3IP-NMR is employed to 
provide information about the morphological structure 
adopted by the reconstituted lipid/protein systems. A 
new model is proposed to explain the presence of the 
trapped lipids in the lipid/protein systems. 

Materials and Methods 

Lipids. DOPC-d,~ deutcratcd in the trimethyl groups 
of the choline moiety, was synthesized from DOPE as 
described by Eibl [12]. 1,2-[II,II-2Hz]DOPC was a 



kind ~lift from B. de Kruijff (University of Utrecht). 
2-[ 14,14,14- 2 H 3]DMP(', labelled in the terminal methyl 
of the sn-2 chain, was synthcsiscd from DMPC (Sigma, 
St. Louis, USA) using phospllolipase A ,  for preparing 
lyso-phosphatidylcholine with subsequent cstcrification 
with [14,14,14-2H3]tetradccanoic acid (Larod,~: AB, 
Maimi~i, Sweden) as described by Boss [13]. Aft,zr pu- 
rification, the lipids appeared as one spot on silica 
thin-layer chromatography (solvent C H C I 3 / M e O H /  
NH 4OH, 55 : 30: 3, v /v /v )  and were stored at - 20°C. 

Sam~de ln'eparathm. Bacteriophage M 13 was grown 
and purified as described previously [9]. After rcmov- 
ing the chlorolorm from the desired amount of lipids 
with nitrogen gas, samples were lyophilized for at least 
12 h and solubilized in buffer (~e-oligomcric coat pro- 
tein in buffer A: 5(1 mM cholatc, I()mM Tris, 0.2 rnM 
ED'I'A, ~411 mM NaCI., pH 8.11; /3-polymeric coat pro- 
tein in buffer B: 8.() M urea, 5 mM Tfis, ().1 mM 
ED'I'A, 211 nlM anlnloniunl sulphate, 1411 nlM Na('l, 
pH 8.(J). To this solution the desired amount of either 
the te-oligomeric protein in bulTcr A or the M I3 coat 
protein in the/:g-polyrrteric Iorrn in buffer B was added 
fifllowed by dialysis at room temperature against I()l)- 
fold excess buffer (l(J mM Tris, 0.2 mM EDTA, 1411 
mM NaCI, pH 8.0) lbr a total of 48 h changing the 
buffer every 12 h. Directly after the dialysis procedure 
the reconstituted lipid-protein complexes were concen- 
trated using an Amicon stirring cell and lyopifilizcd for 
at least 12 h and rcsuspcndcd in deuterium depicted 
water (Sigma). The aggregation state, co:aformation 
and L / P  ratio of the reconstituted coat protein in the 
pilospholipid systems was checked as described previ- 
ously [9]. 

NMR e.~pcriments. All NMR spectra were recorded 
on a Brukcr CXP 3(10 spectrometer as described previ- 
ously [14]. Oriented spectra wcrc obtained numerically 
from the experimental spectra by using an itcrativc 
depaking program [15]. The quadrupohlr splittings given 
in the tables arc all obtained from these oriented 
spectra. 

Results 

Biochemical essays 
All samples were checked for their homogeneity and 

for the conformation and aggregation state of M l3 
coat protein. Sucrose gradients of all samples showed 
only one band indicating that the samples were homo- 
geneous. Previously the homogeneity of the samples 
was also confirmed with electr, w, microscopy [5]. Circu- 
lar dichroism spectroscopy and high performance liq- 
uid chromatography elution profiles indicated that the 
a-oligomeric form of the protein was in a predominant 
a-helix conformation with no indication of strong pro- 
tein aggregation, whereas the/J-polymeric form was in 
a predominant /J-sheet conformation and strongly ag- 
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TABLE i 

Qu,,htq,oho. ,vdittmg.~ ¢k I&) ,,[ 1, 2-11 I, ! !- -'tt: ]I)OP(" wit/; MI3 ,'oat 
In'oteitt in the two cotlformalions tit dif]i'rent h'mpcratto','.~ 

I. / P Tcmpcra!urc ("(') 
I';.I I i o  |(I 2(I 311 

7. I 6.2/¢~.5 " 5.5/5.8 " 
35 (c~-oligomeric) 6.2 5.5 4.9 
311 (#-polymeric) 7.4 5.8 5.6 

" Two splittings arc observed in the t~cpaked spectra. 

grcgated. This is in agreement with results rcooncd 
previously [9]. 

:t t-NMR on !,2-/I I, I !- :!t ? /DO~e(" 
In the ~tt-NMR spectra of 1,2-[I I,I I-:lt.~]I)OI~C at 

higher lCml~)era |ures  t w o  q t l a d r t t p o l a r  splittings are ob- 
served (Table I,L The most likely explanation is that the 
two powder patterns originate from deutet'ot~s on the 
two dilTerent chain,;. It is known that the sn-2 chain is 
positioned somewha! hight;" i=~ ~hu nleml~,rane than the 
.~n-I chain. This gives rise to the observed differences 
in quadrupolar splitting, due to the difference, in the 
order parameter [Ib]. The sharp central peak visible in 
the spectra with and without M 13 coat protein (Fig. I), 
is assigned to a small fraction ( < 5%) of lipids in small 
vesicles that have a filst random reorientation on the 
NMR time scale. 

in the spectra of 1,2-[II,ll-2H?]I)OPC with the 
t¢-oligomeric form of the M I3 coat protein no indica- 
tk-a of a second quadrupolar splitting can be found 
(Table !, Fig. I). This can either be due to tile lack of 
re~olution arising l'rom the increased line width, or duc 
to the fact that t h e  protein removes the differences 

I I I I I 

~ ~ ~ J ~ . . ~  ¢¢-oligomeric 

.~. ~ ' ~ . , , .  13- polymeric 

I I I I 

-12.5 -7.5 -2.5 2.5 7.5 12.5 
kHz 

Fig. I. 46.1 Mllz 21t-NMR spectra of 1.2-[I I.I I-:II2]DOI'(" ;it 30"(" 
of pure and protein containing samples (both fl)rms L / i '  20). 

Nmnbcr of scans 300111). 
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pure 

j ~  ¢t- oligomeric 

~ / ~  I~ polymeric 

T I T- r 

-10 .6 -2 2 6 10 
i~Hz 

Fig, 2. 40,1 MIIz "IloNMR spectra D()P('-d,j at 30"(" of ptlrU and 
protein q~ntaining samples (both fornls l . / P  211). Number of scans 

Illllilll. 

between the sn-I and sn-2 chain, in addition the 
quadrupolar splitting has decreased upon addition of 
MI3 coat protein in the a-oligomeric form {Table l), 
which indicates that the order in the hydrophobic part 
of the bilayer as determined from the spectra has 
dcereased. This order is determined only for fast mo- 
tions on the 2H-NMR timc scale. The I'.,,: slightly 
decreases with the content of the a-oligomeric form of 
the Ml3 coat protein {Table Ill). 

Introduction of the M l3 coat protein in the/:l-poly- 
meric form causes the deuterium spectra to change 
strongly, in addition to a component, which behaves 
the same as the normal bilayer component, a broad 
protein-dependent component, which has an isotmpic 
appearance, can be observed, in addition to these 
changes in the spectra the T,~ relaxation time de- 
creases more considerab!e as compared to the changes 
in T,~, induced by the M I3 coat protein in the a- 
oligomeric form {Table Iil). The T~, relaxation timc of 
!,2-[I 1,11-"H,]DOPC is independent of the L / P  l atio 
for both protein conformations {Table !!!). 

2H-IVMR on DOPC-d~ 
The quadrupolar splitting of DOPC-d,j does not 

change upon addition of M13 coat protein in the 
a-oligomeric form and is i.(} kHz at 3(}°C. The spec- 
trum of DOPC-d,j with the MI3 coat protein in the 
/J-polymeric t\~rm shows a broad component, which has 
an isotropic appearance {Fig, 2}. Similar as in Fig. 1. 
the sharp central peak in the spectra is assigned to 
lipids in small vesicles. The 7",,: relaxation time of 
DOPC-d, slightly decreases from 2.4 ms at L / P  = ~ to 
2.1 ms at L / P  20. Ttte T,, relaxation time of DOPC-d~ 
is independent of the L / P  ratio for both protein'i~rms 
and is 35 ms at 30°C. 

I I. I I 

(x-oligomeric 

T I l i . . . .  

-12.5 -7.5 -2.5 2.5 7.5 12.5 
kHz 

Fig. 3. 46.1 MIIz : I I -NMR spectra of 2-ll4,14,14-:11~]1)Mi~(:" , 
311°( ' of puru and protein containing samples (both fOl'lll,~ I . / P  211). 

Ntll|ll~ur of scans 2111111. 

'tt-NMR on 2-/14,14,14- :!t~/DMI'(" 
The effect of the M 13 coat protein on the spectra of 

2-[14,14,14-2HdDMPC is displayed in Fig. 3. The typi- 
cal powder pattern observed for the pure phospholipid 
is not changed upon adding the ct-oligomeric form of 
the M I3 coat protein, whereas upon adding M I3 coat 
protein in the /3-polymeric l'orm an ideal powder pat- 
tern can no longer be observed, if the temperature is 
increased to 45°C the shape of the spectrum t~f 2- 
[14,14,14-2H3]DMPC with the M13 coat protein in the 
/J-polymeric form becomes more isotropic. "l'his effect 
is fully reproducible (results not shown). /~s can be 
sccn from Table ii, the quadrupolar splitting decreases 
upon addition of MI3 coat protein independent of its 
fi~rms. The T~, relaxation timc is hardly al'fc,:ted, but 
the "/',~. relaxation time decreases substantially on 
adding M 13 coat protein {Table lllL The eff~.'ct on the 
T.,~ is larger for systems with the MI3 coat protein in 
the/~-polymeric form as compared to the systems with 
the a-oligomeric form of the MI3 coat protein. 

"'P-NMR on DOPC ami DMPC 
The 3tP-NMR spectra of the DOPC (Fig. 4) and 

DMPC (Fig. 5) are typical for those obtained from 
pimspholipid bilayer systems with no indication of any 

" F A B L E  II 

Quadr~q,dar spliumgs tkii:l o[ 2-114.14.14. -'ll s/i)MP(" with M13 
coat protein in the two confin'mation.s at 30°(" 

Protein !. / P ratio 

5ll 2(I 

c~-Oligomeric 3.9 3.11 3.3 
g-Polymeric 4. ! 4.1 3.7 
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T A B L E  !!1 

Rehtration time~" 71: :tt~d 7"_,,../br pm~.;F!:tdil;ids =h'tm'ntted "Jn di]]i',cnt pt,sitions m the im,,'e li/ml systems and m lil,h/ sy~t,,ms with Mi3  coat pn,tem in 
the tWO t't#iformal~,~tl.~ 

The measur;ng tcmpt:ralures are 10°C fl~r 1,2-[! I.I I-z|I.~]DOPC and 31]°( ̀ fl~r 2-114,14,14-'-ll.dDMPC. 

Label Ti, (ms) l~. (m::) 

pure + MI3 pure ÷ MI3 

1,2-[I I,I I-2H2]DOPC " 
1,2-[I I,I I- '-H2]DOPC h 
2.[14,14,14 .~ | t  a]DMPC a 
2-[14,14,14-:H dDMPC ~' 

! 1.7 _+ 1.0 11.2 _+ 1.11 0.66 _+ 11.115 0.58 + (1.(15 
11.7 _ 1.11 I I .  I + 1.11 11.66 + 11.115 11.411 -~: 11.115 
3.11 +_ 11. i 3.0 :,.: 0. I 1.21 _+ 0.115 0.91 + 11.115 
3.11 + 11. ! 3.11 + 0. I 1.37 _+ 11.115 11.71 _+ 1|.115 

" Sample containing t,-oligomeric protein. 
t, Sample containing/3-polymeric protein. 

or- oligomeric 

-80 -48 -16 16 48 80 

PPM 
Fig. 4. 121.4 Mi tz  ~:P-NMR spectra of DOPC at 311°(_ ` of pure and 
protein containing .~amples (both forms I . / P  2ill Number of scans 

36110. 

additional component in the case of pure bilayers and 
systems with the a-oligomeric form of the MI3 coat 
protein. However, in samples with the M I3 coat pro- 
tein in the ((-polymeric form, a distorted powder pat- 
tern is observed (Fig. 5). Increasing the temperature 
causes the line ,,,hz~,pe to become more isotropic, subse- 
quent cooling completely reverses this effect. Since the 
vesicles formed were homogeneous in L/P ratio on a 
sucrose gradient, the intensity of the central peak in 
the phospholipid spectra with the MI3 coat protein in 
the ((-polymeric form is suggested to arise from protein 
related lipids. 

Discussion 

MI3 coat protein adopts two forms in model mem- 
branes, the a-oligomeric and the ((-polymeric form. 
M13 coat protein in the ((-polymeric form is predomi- 
nantly in a ((-sheet conformation and strongly aggre- 

gated, whercas the a-oligomeric fornl of the M13 coat 
protein is in a predominant co-helix conformation and 
forms reversible small aggregates [9]. The unique op- 
portunity provided by this viral coat protein to adopt 
two different conformations in membranes has cnabled 
us to .qudy the effect of these different :;ccond:~:'y 
structures of the provein on the surrounding lipid ma- 
trix and visa versa. 

The quadrupolar splitting in the -'H-NMR spectra 
of DOPC-d,~ and the chemical shift anisotropy in the 
31p-NMR spectra of DOPC do not change with in- 
creasing a-oligomeric protein content (Figs. 2 and 4), 
indicating that the headgroups of the phospholipids are 
not strongly affected by the MI3 coat protein in the 
ot-oligomeric form and that on the ;H-NMR time scale 
the boundary and bulk lipids are in fast exchange. This 
is in agreement with a previous NMR study on various 
headgroup-labelled phospholipids, were it was shown 

.............. _t_ . . . . . . . . . . . .  l . . . . . . .  L LL ................. 

, . . . . , , , , ~ ~ ,  pure 

~ , ~ _ ~ , ~ . . . . . . ~ _ ~  ~ ~  oligom eric 

I I I [ 

-80 -48 -16 16 48 80 

PPM 
Fig. 5. 121.4 MHz ~tP-NMR spectra of DMPC at 30"C of pure and 
proteir 'ontaining samples (both forms L / P  20). Number of scans 

3611(!. 
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Fig. 6. A schematic and speculative cartoon of the mc,.del proposed 
of the interaction of the MI3 coat protein in the a-oli;~lomeric state 
(a) and in the/3-polymeric state (b), with phospholipids The protein 
is represtmtcd as a black bar. Bulk iipids (l) are in last or intermedi- 
;,lle t~xehang¢ with boundary lipids (21, Lipids trapped in rodlike 
structures (3) are t'ormt:d to match Ihe hydrophobic parl of the 

stretch~:d/3-polymeric protein in the lipid bilaye,'. 

that the main effect of tile coat protein in the a- 
oligomeric form was a change in the torsion angles ill 
the hcadgroup as a result of tile introduction of posi- 
tive charges by the M 13 coat protein [14]. In systems of 
1 ,2 . [ l l , l l . :H, ]DOPC and 2-[14,14,14-~'Hj]DMPC a 
decrease of the quadrupolar splitting is obscr 'M on 
addition of the coat protein in the a-oligomeric confor- 
mati.~n, which indicates that the order in tile hy- 
drol~hobie part of the bilayer has decreased. A small 
decrease in order of the hydrophohic part of the bilay- 
cr~ induced by various proteins has been observed 
prcvfimsly by other workers with cytochromc-c oxidasc 
[ 17] ano rhodopsin [ 18]. 

The constant value of T~, and the decreasing value 
of T,~, on addition of M I3 coat protein in the t~- 
oligomcric form to tile phospholipids show that tile 
protein influences only slow molecular motions. Under 
exchange conditions the overall T:~. relaxation rate is 
the population average of tile "!~ relaxation time of 
boundary and bulk lipids plus an extra term, which 
takes into account the exchange process [19]. The 
boundary and bulk lioids are schematically depicted in 
Fig, t~a, The exchange contribution as well as a differ- 
eat ~ value of the boundary lipids, could resuit in a 
dt~crease of the overall ~ values. The lower T_,~, value 
for the boundary lipids could be the result of motions 
of the protein or reorientationai motions of lipids while 
bound to the protein [20]. 

Previous experiments conducted on phospholipid 
systems with various amounts of the Ml3 coat protein 
in the /~-polymeric form, suggested that the protein 
induces a fraction of lipids trapped within protein 
aggregates [4,5]. These trapped lipids manifested them- 
selves as a second broad isotropic-like spectral c o m p o -  

nent in :H-NMR spectra of DMPC-d,, [5] and in a very 
slow exchanging boundary component in the EPR 
spectra obtained in various lipid systems [4]. For a 
reference, we have repeated some experiments to en- 
able us to make a systematic comparison of the effect 
of the protein in the /~-polymeric form on the head- 

group and chains of lipids. Also in our -'H-NMR and 
-~J P-NMR spectra of the headgroup-labeled DOPC-d,, 
with various amounts of Ml3 coat protein in the /3- 
polymeric form, a second protein-induced component 
is observed (Figs. 2 and 4), indicating the presence of 
trapped lipids, in agreement with results obtained by 
Van Gorkom et al. [5]. 

To investigate whether the interaction of the protein 
in the 3-polymeric form also affects the other parts of 
the lipid molecule, we have studied by 2H-NMR the 
influence of the protein in the fl-polymeric form on 
chain-labelled phospholipids (I ,2-[ iI , l l -- 'H2]DOPC 
and 2-[14,14,14--'H~]DMPC). in the 2H-NMR spectra 
of 1,2-[l l,l I-2H2]DOPC, in addition to a central broad 
isotropic-like component, of which the intensity is de- 
pendent on the amount of protein ill the lipid system, a 
normal bilayer component can be obselved, which indi- 
cates a slow exchange between a protein-influenced 
lipid component and bulk lipids. In the spectra ol' 
2-[14,14,14--'H.~]DMPC at 30°C only one compollent 
can be observed. At 40°C a decrease of the quadrupo- 
lar splitting is observed and a second central broad 
component appears. Tills suggests that similar effects 
can be observed lbr both lipid types, DOPC and DMF'C, 
but at a different temperature. 

The constant Ti, value at various amounts of M l3 
coat protein in tile ~-polymeric t'orm indicates that 
MI3 coat protein in this conl'ormations causes no 
changes in the fast motions of the both lipid types in 
tile membrane a,~ detected from the constant T~,. How- 
ever, the slow motions are more drastically influenced 
by the M I3 coat ill the 3-polymeric form as compared 
to the changes induced by the MI3 coat protein in the 
t~-oligomeric fi~rm, as is observed from T~.. This larger 
decrease of the T,~. relaxation time suggests an addi- 
tional influence on the motional behaviour of tile lipids 
by the protein i.1 the ~-polymeric form. 

it has been found experimentally that lipid systems 
adopt different morphological structures [21,22i on" show 
membrane curvature effects [23] on adding proteins of 
which the hydrophobic part does not match the hy- 
drophobic part of the membrane. Also Bloom [20] 
argued, that it was possible that proteins induce differ- 
ent lipid structures, with a distinct temperature be- 
haviour. On basis of the fact that the whole lipid 
molecule is affected by fl-polymeric protein (see Figs. 
1-5), it is suggested, as a possible and tentative model 
to e'~plain the NMR results presented in this paper, 
that the protein induces an additional lipid structure, 
which consists of rods of inversed !ipid~ in the men,- 
brane close to the protein aggregates (see Fig. 6b~. 
These lipids will show up as a central isotropic-likcr 
component due to the additional fast averaging that i~ 
taking place in these rodlike structures. Previously sim~ 
liar effects were observed on the introduction of cy- 
tochrome c into lipid systems [22]. 



To understand why MI3 coat protein in the/J-poly- 
meric form is capable of forming a different lipid 
structure, one has to take into account the shape of the 
protein. Tanford and Reynolds [24] suggested two main 
possibilities for/j-sheet structures in lipid membranes. 
Proteins with a transmembrane fl-sheet can either 
have turns and form intra-peptide hydrogen bonds or 
are in an extended conformation with inter-peptide 
hydrogen bonds. If the transmembrane part of the MI3 
coat protein would be in an extended /j-sheet confor- 
mation, which has a rise of about 0.34 nm per residue, 
the about 2(1 hydrophobic amino acid residues of the 
M I3 coat protein would result in a hydrophobic thick- 
ness of about 6.5 nm. This is about twice the thickness 
of the membrane core (3.2 nm) and would cause a 
severe mismatch of the hydrophobic amino acid part of 
the protein with the hydrophobic part of the mem- 
brane. By forming rodlike structures in the planar 
bilayer, the membrane will increase its thickness close 
to the protein resulting in an optimal hydrophobic 
matching. This would not be the case if MI3 coat 
protein is considered to be in a folded/j-conformation, 
with a turn in the hydrophobic part, forming strong 
intra-molecular hydrogen bonds that stabilize this 
structure in lipid bilayers [24]. However, it has been 
observed that when the protein is incorporated in a 
iipid bilayer, it is able to convert from the a-oligomeric 
f,::,rm to thc /~-oligcmeric form [25]. A tmn in the 
/J-sheet conformation, therefore, would imply the 
translocation of one of the hydrophilic termini through 
the lipid membrane upon this conversion. This is not 
very likely to occur, in addition, from molecular dy- 
namics simulations of thc /J-U-shaped conformation it 
is found that the variation of the rms fluctuations of 
the C,,-atoms along the polypeptide chain shows a 
pronounced maximum at the reverse turn, suggesting 
that such a turn is unstable [26]. For these reasons the 
possibility of a folded /J-conformation is rejected. 

Lipids trapped in the protein induced rodlike lipid 
structure (lipid molecule 3. Fig. 6b) can not exchange 
with the bulk lipids (lipid molecule I, Fig. 6b), because 
the flip-flop rates are slow. For this system it is argued 
that the formation of non-bilayer structures is observed 
with lipids, which can undergo the liquid-crystalline 
phase to hexagonal phase transition, it is known that 
this transition is more likely to occur for DOPC as 
compared to DMPC [22]. This explains that in the 
DOPC system at 30°C this second component originat- 
ing from the lipids in the rodlike structures is already 
clearly resolved, whereas the second component for the 
DMPC system is only visible at 45°C. it should be 
stressed that because such a component is observed 
with phospholipids with a phosphatidylcholine head- 
group, which have a very strong tendency to form 
bilayers, the forces on the lipid bilayer induced by the 
protein to match the hydrophobic areas must be strong. 
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in addition to lipids in the inverscd rod structures 
(lipid molecule 3, Fig. 6b), as proposed in the possible 
model, there is a fraction of iipids in contact with the 
protein, but not present in the inversed rod structures. 
This fraction of lipids will behave as boundary lipids 
(lipid molecule 2, Fig. 6b), which can exchange witll thc 
bulk lipids (lipid molecule 1, Fig. 6b). This exchange 
process explains the decrease of the quadrupolar split- 
ting with increasing amot:nts of protein in the lipid 
bilayer (Tables ! and !i). Such a decrease of thc 
quadrupolar splitting is observed also with the M13 
coat protein in the a-oligomeric form (see Tables 1 and 
Ii) and with various other integral membrane proteins 
[211]. The fact that this decrease in quadrupolar split- 
ting is less upon the incorporation of thc MI3 coat 
protein in the /j-polymeric form as compared to the 
a-oligomeric form ('Fables I and I!), can be rehtted to 
the high aggregation stale of the /j-polymeric form of 
the M I3 coat protein, which causes le:~s !ipids at a 
given lipid to protein ratio to be in a boundary slatc in 
comparison with the protein in the ~-oligomexic form. 
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