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Stellingen

De kennis van de secundaire structuur van een membraan eiwit is essentieel voor het
begrip van de interacties van het membraaneiwit met zijn lipide omgeving.

Hoofdstuk 4 van dit proefschrift.

Op grond van de resultaten van Spruijt et al. kan de yerklaring van Johnson & Hudson
dat het multi-exponentieel verval van de enige tryptofaan van het manteleiwit van het
M13 bacteriofaag veroorzaakt wordt door de vorming van een heterogeen dimeer,
verworpen worden.

Spruijt, R. B., Wolfs, C. J. A. M. en Hemminga, M. A. (1989) Biochemistry 28, 9159-
§165.
Johnson, I. D. en Hudson, B. S. {1989) Biochemistry 28, 6392-6400.

De ontwikkeling en toepassing van tijdopgeloste confocale fluorescentie imaging is
voornamelijk van de kennis van het fotofysisch gedrag van de fluorescente probes en in
mindere mate van de instrumentele ontwikkeling, afhankelijk.

De door Kano et al. aangevoerde dissociatie van porfyrinedimeren als verklaring voor de
verschuiving van de NMR resonanties van porfyrinegs bij toenemende temperatuur is
onjuist.

Kano, K., Nukajima, T. en Hashimoto, S. (1987) J. Phys. Chem. 91, 6614-6613

De stelling dat de NMR T2 relaxatietijd, op grand van een vector analyse, langer kan

zijn dan de NMR relaxatietijd T4, is onjuist.

Traficante {1992) Conc. in Magn. Res. 3, 171-177.



Scanning force microscopy aan hydrofiele molekulen dient, om tot betrouwbare
resultaten te komen, in een waterige omgeving en met een hydrofobe tip gedaan te
worden.

Bustamante, B. (1992) Biochemistry 31, 22-26.

Het gebruik van de term "rf puls”" in verhandelingen over NMR is onzorgvuldig en dient
vervangen te worden door de term "magnetische rf puls”.

Bij de invoering van folheffing op autosnelwegen dient deze voor heel Nederland te
gelden, om discriminatie op grond van woonplaals uit te sluiten.

Als een oorspronkelijk aan Rembrandt toegeschreven werk op grond van nieuwe
inzichten niet aan de meester maar aan een van zijn leerlingen toegeschreven moet
worden dost dat geen afbreuk aan de artistieke waarde van het werk.

Stellingen behorende bij het proefschrift:
“The interaction of M13 coat protein with lipid bilayers; A spectroscopic study”
Johan Sanders, januari 1992.
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CHAPTER 1
Introduction
M13 bacteriophage

The filamentous bacteriophage M13 consists of a circular, single stranded DNA of 6407
nucleotides [1], protected by 2700 copies of coat prolein molecules [2,3.4].
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|  Major coat protein ¢ Coprotein

@— A protein < D protein

Figure 1. Schematic mode! of the M13 bacteriophage [5].

98% of the protein coat is formed by the gene 8 product, the major coat protein. Apart
from this major ceat protein a few copies of other proteins can be found in the bacteriophage:
the absorption protein (MW 42.600), C and D prolein (MW 3.500 and MW 11.500)(see
Fig.1}. The major coat protein in the bacleriophage is in an entirely o-helix conformation
[6.7]. Upon infection of E. coli by the M13 bacteriophage this major coat protein is stored in
the cytoplasmatic membrane, while DNA replication takes place in the cytoplasm. The newly
synthesized DNA is coated by the bacleriophage gene 5 product [8]. At the same time new
maijor coat protein is synthesized as a water soluble procoat. The procoat has an additional
leader sequence at the N-lerminus consisting of 23 amino acids [8,9,10]. The procoat is
incorporated in the plasma-membrane and the leader sequence is cleaved off by a leader
peptidasae. During the assembly process new and old major coat protein replace the gene 5
product at the DNA [11]. The newly formed virus leaves the E. coli cell without lyses of the
host [12].

M13 coat protein
In this thesis a small part of the reproductive cycle of the M13 bacteriophage is studied

in more detail, namely the interaction of the major coat protein (MW 5240} {which will be
called from now on the M13 coat protein) with lipid bilayers. The M13 coat protein consists



of 50 amino-acids: An acidic domain of 20 amino acids at the N terminus and a basic domain
of 10 residuas at the C terminus. The remaining 20 amino acids that form the central part of
the protein are thought to be the membrane spanning part of the M13 coat protein when the
protein is incorporated in the lipid bilayer {Fig. 2}.

Nl-g—Ala-GIu-Gty-Asp-Asp-Pro-AIa-Lys-AIa-AIa-
Phe-Asn-Ser-Leu-Gin-Ala-Ser-Ala-Thr-Glu- Acidic domain

Tyr-tle-Gly-Tyr-Ala-Trp-Ala-Met-Val-Val
Val-ile-Val-Gly-Ala-Thr-lle-Gly-lle-Lys- Hydrophobic domain

Leu-Phe-Lys-Lys-Phe-Thr-Ser-Lys-Ala-Ser-CQO- Basic domain
Figure 2. Primary amino-acid sequence of the M13 coat protein.

The M13 coat protein has been extensively studied after solubilizing in detergents and
reconstitution into lipid bilayers. Studies with the M13 coat protein in SDS micelles
revealed that M13 coat protein has a high a-helix percentage [13] and that M13 coat protein
could be obtained in a dimeric state [14]. This state of the M13 coat protein is called the b-
state or the o-oligomeric form [13]. More relevant, because of their greater resemblance to
natural lipid bilayers, are the studies performed on the M13 coat protein in model lipid
bilayers. These studies revealed that a second form of the M13 coat protein could be obtained,
which is dominated by a high percentage of B-sheet conformation. The protein with the p-
sheet conformation was shown to be strongly aggregated [14,15,16]. This form of the M13
coat protein was called the c-state or B-polymeric form [13].

In various biophysical studies, described in the literature, it is unclear which form of
the M13 coat protein has been sludied. In some cases, on the basis of the resulis reported It
can be suggested which form of the coat protein was actually studied. For example, the studies
of Kimelman et al., [19], Johnson and Hudson [20] and Wolber and Hudson [21], showed that
the M13 coat protein is monomeric or dimeric, suggesting that they were studying the
protein in the a-oligomeric form. Other authors found that M13 coat protein was highly
aggregated, which suggest that these workers were studying the M13 coat protein in the @3-
polymeric form [22,23,24,25,28,27].

Van Gorkom and Wolfs carefully checked which form of the M13 coat protein they were
studying by checking the aggregation and ‘conformation of the M13 coat protein used [18,28].
Their studies were performed on the M13 coat protein in the B-polymeric form and showed
that the M13 coat protein in this form is capable of creating a fraction of lipids, which is
influenced by the protein and which can not exchange with the bulk lipids. it was suggested




that these lipids were trapped by the protein aggregate. However a compiete explanation for
the spectral changes in their 2H-NMR and 37P-NMR spectra was not given {28].

Protein-lipid interactions

Apart from the functioning of M13 coat protein in the reproductive cycle of the M13
bacteriophage the presence of two membrane bound forms of M13 coat protsin makes M13
coat protein a gdod model system to study protein-lipid interactions.

Since the discovering by Jost and Griffiths in 1973 [29] that lipids at the interface of
an integral membrane protein have different properties as compared to the bulk lipids, much
effort has been expended to study these protein-lipid interactions in more detail. One has to
use model systems and simplified models to describe protein-lipid interactions, because of
the inherent complexity of these natural protein-lipid systems.

The experimental approach used and questions asked in this thesis involve the study of
the molecular details of interactions using spectroscopic techniques. An overview of the
current state of the field of protein-lipid interaction, studied using spectroscopical and
theoretical studies, can be found in Progress in Protein-Lipid interactions volume 1 [30]
and I [31]. Since the appearance of these two volumes additional new metheds have been
developed: The modification of the protein structure by genetic methods to study the effect of
amino acids on for example, protein translocation [32,33], the study of the tertiary
conformation of crystalized membrane proteins by scattering experiments [34] or by using
solid state NMR techniques to study the secondary structure of membrane bound proteins
[35]. In addition the simulation of experimental data using more and more elaborate models
is of growing interest in biophysical research [36,37,38,39,40]. ‘

Apart from these new methods magnetic rescnance and optical techniques have been and
are successfully used to investigate protein-lipid interactions [30,31]. Especially research
in which a combination of the different techniques is used, has proved to be successful. Not
only does one obtain different information by using a combination of the various techniques,
for example, information about the secondary structure of the protein by FTIR and the
molecular order and dynamics of the lipid by deuterium NMR, but one also obtains additional
information about the molecular motions which occur at the protein-lipid interface due to
the sensitivity of the various technigues for different timescales. Using the techniques
mentioned above one can study the moticnal range of comelation times of 10°11 s (using time
resolved fluorescence spectroscopy) to 103 s {using deuterium magnetic resonance
relaxation studies). In the following paragraphs the spectroscopic techhiques are discussed
in the light of the experiments presented in this thesis to reveal M13 coal protein-lipid
interactions.



Circular dichroism

CD spectra are the result of a difference in absorption of left and right circulary
polarized light, which is normally expressed in an ellipticity. CD spectroscopy in the UV
region {190-240 nm} can be used to obtain information about the secondary structure of
protein molecules in water as well as in tipid membranes. This is because CD spectra of the
various secondary structures show very distinct features. This makes it possible to fit a
recorded CD spectrum of a protein with unknown secondary struciure, to varying
contributions of the ditferent secondary structures. The CD spectra of a protein with
unknown secondary structure are analyzed using computer programs, which compare the
recorded spectra with CD spectra from a reference set of proteins with known secondary
structure. The different secondary structures, which can be found from these analyses are
a-helix, B-sheet, B-turn and remainder [41].

The accuracy of the determination of the secondary structure depends not only on the
signal to noise ratio in the spectra, but alsc on the type of secondary structure to be found.
More accurate results are obtained for proteins with a high a-helix or f-sheet structure
[42]. In addition one should realize that the secondary structure determinations obtained
from CD spectra can be distorted due 1o optical artifacts, such as light-scattering, absorption
flattening effects [43), contribution of tryptophans in the far UV region [44]), and
uncertainties in protein concentration, which reduce the accuracy of the result.

Fourier transform Infrared spectroscopy

In infrared spectroscopy the absorption bands from vibrational transitions are
measured. These transitions generally occur between 5000 ¢m™' and 200 ¢cm™!. The
vibrational absorption bands typically arise from fransitions localised in a part of the
molecule. For proteins, the interesting vibrations, which give information about the
conformation of the proteins are the amide vibrations. These vibrations arise from the
backbone and can be assigned to simple groups. The C=0 stretch is found in the region 1630-
1660 cm! {amide !} and the N-H deformation at 1520-1550 cm™! (amide Il). The amide
vibrational energy depends on the secondary structure of the protein. To derive a protein
secondary structure a procedure is followed which is comparable lo that described for the CD
analysis: the amide | region of a protaein with unknown secondary structure is compared with
a reference set of 20 proteins [45].




Raman spectroscopy

Using Raman spectroscopy, information can be obtained about the vibrational states of
molecules. Whereas in FTIR spectroscopy one observes the absorption of light, one looks with
Raman spectroscopy at the intaraclion of incoming light of a known frequency (v} with an
oscillating dipole having a characteristic frequency vq. As a result of the interaction of the
dipole with the incoming light, emission is observed at frequencies v+vy and v-vy. The
spectral band at lower energy is called the Stokes band, and is the one normally cbserved in
Raman experiments. The exact frequency with which the amide group vibrates, depends on
the conformation of the protein. This makes it possible to assign secondary structures on the
basis of the observed amide vibrations of a protein with unknown structure.

As compared with FTIR spectroscopy Raman offers the advantage of no interference
from water vibrations. However, in comparison with FTIR spectroscopy, Raman
spectroscopists have to deal with both fluorescence backgrounds and limited signal to noise
ratios.

Molecular dynamics

The three techniques described above are used fo obtain the secondary structures from
experimental data. However, it would also be interesting to calculate the secondary
structure. For membrane proteins a favourable situation is present, due to restrictions
imposed by the lipid. Firstly, the membrane spanning part must be hydrophobic, and
secondly these parts must be in an w-helix or B-sheet conformation for the hydrogen bonds
to he saturated. This reduced problem might be solved by molecuiar dynamics (MD)
simulations [38,39].

The approach followed in the MD simulations is to develop a continuum approximation
for the hydrophobic effect which is based on phenomological energies. The potential energy is
described as a sum of interaction terms (Eq. 1);

V= Vangle + Vdihedral + VHbond + Veoul + VLJ + Vhydrophob (1}

For the first five terms in Eq. 1 the parameters are taken from Van Gunsteren and
Karplus. The last term in Eq. 1 is an additional potential (Vhydrophob} 10 account for the
lipid/water interface. To describe this potential, a hydrophobicity hj is attributed to each
atom so that the hydrophebicity of each amino acid agrees with the experimental value. The
ordering of the water molecules seem o be the dominant source of the hydrephobic effect and
because the ordering seems to vary exponentially it is assumed that the hydrophobic
potential is also varying exponentially (Eq 2):
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The membrane surfaces are at +Zg and -Zp. A thickness of 32 A for a DOPC lipid
membrane leeds to Zo= 16 A. The decay length over which the potential is active, A, was
taken 2 A

Using this potential Molecular Dynamic simulations can be performed on varying
starting conformations of membrane proteins and by comparing the energies found for the
varying structures after simulation the most likely confermation of a protein can be
determined. This has been done previously for two protains, rhodopsin and glycophorin
[38,39]. One would prefer, however, to take the lipid and water molecules explicitly in
account. However, MD simulations of lipid membranes are still at the beginning [36,40].

Deuterium nuclear magnetic resonance

In the following paragraphs the three magnetic resonance techniques used in this thesis
are outhned. In bilayer systems powder like nuclear magnetic resonance (NMR) spectra are
expected (ZH-NMR and 3'P-NMR), requiring high-power solid state NMR techniques. High
resolution NMR is not suitable for these large systams. Spin-label electron spin resonance
(ESR) is the third magnetic resonance technique used to study lipid bilayers,

To understand deuterium NMR spectra one has to realize that the deuterium nucleus is a
spin |=1 paricle. This results in a Hamiltonian (Eq. 3) which is apart from the Zeeman
interaction (H), dominated by the quadrupolar interaction (H g).

H=Hz+Hq4 : (3}

The quadrupolar interaction {Hq) is the result of the interaction of the nuclear
quadrupole mament with the electric field gradient. Solving the Schrédinger equation to the
first order gives the energy levels of a deuterium nucleus in a magnetic field. One oblains
three energy lavels for the three angular momentum values m =1, 0, -1 {Egs. 4-6}:



E+1 =-BN B0 + l—eQV(z'O’ (4)
L sqyi2.0

Eo- -5 eQv(20) (5)

E.1 =BngBo + i‘eQV(Z'OJ (6)

BN is the nuclear magneton, g the so-called g factor, Bg the magnetic field strength, G
the nuclear quadrupole moment and V(2.9) the irreducible tensor components of the electric
field gradient. Due to the quantum mechanical selection rule, Am = +1, two resonances are
observed. In a single crystal, where the external magnetic field is parallel to the z principal
axis of the quadrupolar interaction lensor Vi2.9)= V7 , one observes the largest quadrupolar
splitting (AVq)} of these resonances. However in an anisotropic medium the CD bond makes an
angle 0 with the external applied magnetic field resulting in quadroplar splittings for each
angle @ resulting in:

3 3c0526-1

AVq =5 h \."zz—2 (7)

In a liquid crystal there is a rapid fluctuation around the director axis. This results in
replacing the angular terms in Eqg. 7 by their time averaged value. If Bg is not parallel to the
director axis but makes an angle B with this axis then the observed quadrupolar splitting is:

362 300520-1 3505251

ava=, 2 2 (8)

-2.5 -1.25 1} 1.25 2.5



Figure 3. Simulated deuterium NMR spectrum with a quadrupolar splitting (the difference
between the two maxima in the spectrum) of 2 kHz.

A typical NMR deuterium spectrum of a liquid crystal, observed as a result of a random
distribution of the angles B, is shown in Fig. 3.

Measurements of relaxation times can give information about the dynamics of the lipids
in the bilayers. The quadrupclar interaction dominates the relaxation process. The spin
lattice relaxation time, T12, depends on the spectral densities J{wg) and J(2wp), whereas
the spin-spin relaxation time Tze depends on the spectral densities J(0), J(wg) and
J{2wp). As a result of the dependence of Tz2q on J(), this relaxation time is more sensitive
to slow motions.

The synthesis of specifically deuterated lipids has allowed the study of protein lipid
interactions without perturbations due to the probe molecule, because il is expected that
changing a proton for a deuterium nucleus the properties of the lipid molecule are not
affected. Studies on protein-lipid interactions using specific deuterated lipids have been
performed by various workers [46,47,48,49,50,51,62,563). Differences in the
quadrupolar splitting of 2H-NMR spectra of lipids !abelled with deuterium in the headgroup
reflect the order of the headgroup segment and the charge distribution al the membrane
surface. Phospholipids labelled with deuterium in the chains are used to study the order of
the hydrophobic part of the lipid bilayer. Various studies have been performed on chain
labelled lipids, which showed their sensitivity to changes in order e.g. the phase transition
[54]. Deuterium labels can also be placed on the protein molecule. The fd coat protein, which
is closely related to the M13 coat protein, has extensively been studied in bilayers by Opella
and coworkers [55,56].

Phosphorus nuclear magnetic resonance

Apart from 2H-NMR one can use *'P.NMR to study changes in the lipid morphology.
This lather nucleus is very suitable for NMR experiments due 1o the fact that the phosphorus
is a natural occuring Jabel. The phosphorus NMR lineshape is determined by the chemical
shift anisotropy of the phosphorus nucleus and the proton-phosphorus dipolar interactions.
The latter term can be removed directly by proton decoupling. The chemical shift anisotropy
is described by a tensor, of which in the principal axis system the values for phospholipids
are 641= -80 ppm, o22= -20 ppm and oaz= +100 ppm. In lipid bilayers the static
shielding tensor is averaged 10 a new effective tensor which is axially symmetric around the
director axis. The two components of this averaged tensor oy and o, are used to define the
chemical shift anisotropy (CSA; Ac): Ao = o - 6. Typical CSA values of -50 ppm are




obtained for lipids arranged in a liquid crysialline phase. This results in a 31P-NMR
spectrum displayed in Fig. 4.
In hexagonai lipid phases a fast rotation around the cylinder axis as a result of lateral
C+01
diffusion gives a chemical shift tensor with the components—uz— and ¢ . This results in
a 31P-NMR spectrum displayed in Fig. 5.

T L T T T
-1.5 -1 0.5 ] 0.5 1 15
ppm (in relative units)

Figure 4. Axially symmetric 31P-NMR powder pattern (the components of the averaged
tensor values are o and o, ).

T T T T T
1.5 -1 -0.5 0 0.5 1 15
ppm (in relative units)

Figure 5. Axially symmetric 31P-NMR powder pattern (the components of the averaged

o5+ GJ_
tensor values are——— and ol).
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Finally in isotropic lipid systems the tensor is completely averaged to one value gjgo=
G" + 2 T . . 31 . e - .

3 resulting in a 31 P-NMR spectrum of an isotropic line at a position given by oige.
Most lipids are organised in bilayers and integral proteins appear to stabilize the
phospholipid bilayer systems. However the lipid structure can be influenced by the presence
of membrane proteins and possible role for this lipid polymorphism have been suggested
[57].

Electron spin resonance

The last magnetic resonance technique to be mentioned which is used in this thesis for
studying protein-lipid interactions is spin label ESR. The spin labelled phospholipids are
sensiive to molecular motion on the timescale of 10-8 s due 1o the 14N hyperfine splitting
anisotropy of the nitroxide free radical group. ESR is a very useful technique to study
protein-lipid interactions due to its inherent high sensitivity as compared to NMR, which
allows study of small amounts of protein lipid reconstitutes. In contrast to NMR, where the
timescale is slow compared to the exchange rates between bulk and prolein associated lipids,
one would expect to observe in ESR spectra two component spectra of bilayers containing
protein. This was first shown by Jost et al. in 1973 [29]. After incorporation of cytochrome
C oxidase they observed a second component, the presence of which depended on the lipid to
protein ratio. Other integral membrane proteins showed identical effects [58]. This
component could be characterized as being lipids immobilized at the surface of the protein. In
addition specificity for various phospholipids, differing only in the headgroup, has been
studied using spin-labelled ESR [58].

Recently, various detailed models have been discussed in the literature, which allow
the simulation of pure lipid systems, in terms of order parameters and diffusion coefficients
[37.59], or in the presence of proteins, in a two sile exchange modei [60].

Time-resolved fluorescence

Time-resolved fluorescence measurements can provide information about the
environment (lifetimes) or the mobility {(anisotropy) of the fluorophore studied. The
mobilities which can be studied in the range of picoseconds to nanoseconds and therefore
allow a study of the dynamics of proteins and lipids. To study the dynamics of the protein one
normally uses the intrinsic fluorescent tryptophan, whereas study of the lipids requires
specific labelling with for example parinaric acid, or diphenylhexatriene probes.

Time-resolved fluorescence decay provides infermation about the environment of the
probe molecule. The set-up for time resolved fluorescence decay and anisolropy

i-10




measuremenis is depicted in Fig. 6. After & short (polarized) laser light pulse the probe
molecules are excited to a higher energy level. The probe molecule emits with its own
charactaristic lifetime light of a higher wavelength on relaxing to its ground state, Time
resolved anisotropy measurements are based on the principle that during the time interval
between excitation by polarized light and emission of light (fluorescence), the probe
molecule undergoes motions which causes the degree of polarization of the emitted light to
decrease. By analysing the polarization decay in terms of models (simple exponential, or
more complicated diffusion models) one can describe in detail motions of the protein
dynamics (rotation of the whole protein, segmental mobility, amino acid motion} or lipid
dynamics (diffusion) and order [62] .

Sample

90° rofatable
polarizer

polarization
direction

N ———

N

s emission
’ direction

excitation direction

Figure 6. Experimental set-up for a time resclved fluorescence decay and time resolved
anisotropy decay measurements. The polarization of the incoming pulse is indicated. As a
resull of the change in orientation of the probe molecule in the sample during its presence in
the exciling state, the polarization is changed. This is followed by detecting the emission light
under two detection directions (For an experimenial description see O'Connor and Phillips

[61]}.
Qutline of the thesis

In this thesis resufts are presented of studies on the M13 coat protein in the two
different forms, described under "M13 coat protein®, reconstituted in various lipid bilayers
and studied with spectroscopic techniques.

In the first part of tha thesis (chapters 2,3,4) a detailed comparison of the two forms
of the M13 coat protein will be presented. In the second chapter of the thesis the secondary
structure of the protein is sludied using Raman, CD and FTIR. Combining these various
techniques allows a more definile statement on the presence of the various secondary
structural elements in the M13 coat protein in both the a-oligomeric and f-polymeric form.




In chapter 3 a theoretical study is performed, to try to relate the aggregational and the
conformational siate of the two different forms of the M13 coat protein as observed in
biochemical experiments. This was done by performing molecular dynamics simulation of the
M13 coat protein in the two forms, a-oligomeric and B-polymeric, either in a monomeric or
dimeric configuration. In chapter ¢ the effect of the two different forms of M13 coat protein,
the a-cligomeric or B-polymeric forms, on the surrounding lipid matrix is studied using
phosphorus and deuterium nuclear magnetic rasenance. The results show that the protein in
the B-polymeric form distorts the lipid bilayer and induces the presence.of non-bilayer
structures, whereas the a-oligomeric form of the M13 coat protgin does not disturb the
bilayer.

The second part of the thesis is a more detailed study on the interaction of the -
oligomeric form of the M13 coat protein with lipid bilayers. in chapter 5 a detailed
deuterium magnetic resonance study is described on specific headgroup deuterated
phospholipids. 1t is shown that only slow motions are affected by the M13 coat protein and
that the positive charges of the lysines on the protein molecule cause a tilt of the headgroup.
In chapter 6 it is shown that the protein in the a-oligomaric form is not capable of inducing
a second component in the ESR spectra of spin labelled fatty acids. Using spectral simulations
on the ESR spectra and by performing studies on fluorescent lipids it is shown that both the
mobility and order of the hydrophobic part of the bilayer is affected by the M13 coat protein.

The cencluding part of the thesis, chapter 7 summarises the observed results and the
conclusions drawn in this thesis.
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CHAPTER 2

The secondary structure of M13 coat protein in phospholipids studied by
circular dichroism, Raman and Fourier transform infrared spectroscopic
measurements

Johan C. Sanders, Parvez |. Haris, Dennis Chapman, Cees Otto and Marcus A. Hemminga

Abstract

M13 bacteriophage is a filamentous phage, which infects Escherichia coii. The circular
stranded DNA of the phage is surrounded by a protein coat, which predominantly consists of
the gene 8 product, the major coat protein. During infection this coat protein is inserted in
the host membrane. It has been reporied that the membrana-bound M13 coat protein can
adopt two different forms, which differ in conformation and aggregation state (Spruijt et al.,
(1989) Biochemistry 28,9158-9165). Knowledge of the secondary structure of the M13
coat protein in both forms can help to understand how the diffarent forms interact with lipid
bilayers. Circular dichroism, Raman and Fourier transform infrared spectroscopy have been
applied on M13 coat protein incorporated in lipids under identical experimental conditions.
By comparison of the various techniques reliable information about the relative presence of
the various secondary structures is obtained. The conformation of the aggregated form is
13% a-helix, 57% B-sheet, 13% turn and 16% remainder, while the conformation of the
reversibly aggregated membrane bound form of M13 coat protein is 91% «-helix, 5% B-
sheet, 3% turn and 1% remainder, The correspondence of the secondary structure of the
lather form and the protein in the virus particle suggests that the membrane bound form
with its high «-helical content can bind to the virus particle without large energy
implications.

introduction

M13 bacteriophage is a filamentous phage, which infects Escherichia coli. The circular
stranded DNA of the phage is surrounded by a protein coat, which predominantly consists of
the gene 8 product, the major coat protein. The major coat protein in the phage is completely
a-helical as revealed with Raman spectroscopy [1]. During infection this coat protein is
inserted in the host membrane. Also newly synthesized coat protein is inserted into the host
bilayer, where it is assembled fogether with old coal protein around DNA to form new M13




bacteriophage particles {2,3]. The major coat protein is composed of three domains: a 19
amino acid long hydrophobic core, the N-terminal (residues 1-20) and the C-terminal
{residues 40-50). The hydrophobic core is the membrane spanning part when the protein is
in the host bilayer.

It has been reported that M13 coat protein can adopt two differant ovarall
conformations when it is inserted in lipid bilayers [4-7]. The presence of either one of these
M13 coat protein forms depends on the protein purification, lipid type and salt concentration
(7]. These two different forms are referred to as the M13 coat protein in the b and c-stale
[4,5]. The protein in both the lipid bound forms was shown to be in a less a-helical state as
compared to the virus bound protein (a-state). It was therefore suggested that this protsin
should undergo major conformational changes upon virus formation [4,5], raising several
questions concerning the energy implications of this change in conformational state.

tn this paper we will carefully study the conformation of these two forms again by
application of the different techniques i.e. CD, FTIR and Raman. Quantitative information
about the amount of secondary structure arrangements in both different protein forms will
enable to understand how these different forms interact with lipid bilayers and the role of
the two different forms in the infection process.

Materials and methods

Chemicals: Dioleoyl-phosphatidyl-glycerol {DOPG) and dimiristoyl-phosphatidyl-
glycerol (DMPG} are oblained from SIGMA (St. Louis, U. §. A.) and used without further
purification.

Erotein purification and reconstitution: Bacteriophage M13 is grown and purified as
described previously [7]. After removing the chloroform with nitrogen gas the desired
amounts of DOPG is lyophilized for at least 12 hours. DMPG and DOPG were solubilized in
buffer {buffer A (for the M13 coat protein in the c-state): 8.0 M Urea, 5 mM Tris, 0.1 mM
EDTA, 20 mM ammonium sulphate, 140 mM NaCl, pH 8.0; buffer B (for the coat protein in
the b-state): 50 mM cholate, 10 mM Tris , 0.2 mM EDTA , 140 mM NaCl, pH 8.0. To buffer
A the desired amount of protein, purified by Knippers & Hoffmann-Berling [8] was added to
obtain the protein in the c-state and to buffer B the desired amount of protein, purified by
Spruijt et al., {7] to obiain the protein in the b-state was added. This was foliowed by
dialysis at room temperature against 100 fold excess buffer. The same buffer {10 mM Tris,
0.2 mM EDTA, 140 mM NaCl, pH 8.0} was used for the protein purified by Knippers &
Hoffmann-Berling [8] and Spruijt et al. [7] for a total of 48 hours changing the buffer
evary 12 hours. Directly after the dialysis procedure the reconstituted lipid-protein
complexes were concentrated using an Amicon stirring cell. The samples wera devided into



three parts and from each of these parts the secondary structure of the M13 coat protein was
determined using either CD, Raman or FTIR. The aggregation state, L/P ratio and the
incorporation of the protein was chacked as described by Spruijt et al. [7].

€D measurements and analysis: CD measurements were performed at 30 °C on a Jobin-
Yvon Dichrograph Mark V in the wavelength range 190-280 nm, using a 0.1 cm path length.

The scantime for one scan was 1500 s with a 2 s time constant. The samples for the CD
measurements were diluted to an ODzgg of 0.1. The temperature was under control of &
thermo-statted water bath and maintained at 30 °C. Background spectra, consisting of buffer
with the same lipid concentration as used in the corresponding sample spectrum, were
recorded under the same experimental conditions. Difference spectra were generated by
subtracting the background spectra from the corresponding spectra. The difference spectra
were transferred to a VAX computer. Spectra {195/200-240 nm} were analysed using a
fitting program supplied by Provencher [8]. In the filting procedure the real ellipticity
values were used and no normalization was applied {constrained analyses).

Raman_measurements and analyses; Raman spactra were obtained with a Jobin-Yvon

HG2S monochremator. A Hamamatsu photomultiplier iube, r942-02, was used in photon
counting mode. The lube vollage was 1750 V. The Raman spectra were axcited with 514.5 nm
light from a Spectra Physics Ar*-laser (type 2025). The power at the sample was 400 mw,
The slitwidths of the spectrometer were adjusted such as to give rise to a resolution of 4 ¢m-
1. The scan interval runs from 400 to 180D cm-1 with a stepwidth of 1 em-1. The
temperature of the sample was under control of a thermo-statted bath (30 °C). Spectra were
obtained from lipid/M13 coat protein complexes, pure lipid systems and from the buffer
solution. Prior to amide | band analysis the protein spectrum was obtained in the following
way:

[protein] = [complex] -ci" [buffer]- c2* [lipid]

where [....] indicates the spectrum of the components. The constants ¢ and ¢z were adjusied
in such a way that a flat baseline was obtained between 1500 and 1730 cm-1. The position of
the phenylalanine band in the analyzed spectra was at 1002 cm1. The amide | fit was
performed using a singular value decomposition routine. A basis set of 15 reference proteins
was obtained from Williams [10].

Infrared measurements and analyses: Infrared specira were recorded on a Perkin-
Elmer 1750 FTIR spectrometer equipped with a fast-recovery TGS detector and a Perkin

Eimer data station. Aquaous samples were recorded in a temperature controlled Specac cell



fitted with either a 6 um tin spacer for studies in HzO and a 50 um Teflon spacer for the
studies with DpO. The samples in D20 were prepared by dialysis of a part of the sample
solution against D20. The temperature was maintained at 30 °C. The spectrometer was
continuously purged with dry air to eliminate water vapour interference. A sample shuttle
was used to allow the background spectrum to be signal averaged over the same time peried as
the sample spectrum. For the HoO samples 400 scans were coadded, apodized giving a
resolution of 4 cm-1. For samples in D20 256 scans were coadded and processed as for the
samples containing H2Q. Difference spectra were generated by sublracting the appropriate
background spectrum containing lipid and buffer. Details about solvent subtraction are
described elsewhara [11,12]. Second derivative spectra were generated from the obtained
difference spectra using the Perkin-Eimer DERIV routine as described previously [11].
Quantitative analysis in terms of secondary structural elements were performed with the
program CIRCOM [12]. This program uses 18 water soluble proteins as a calibration set.
The area under the amide | band {i.e. from 1700-1600 cm-1} was made censtant and also
the set ordinate at 1700 cm-1 was set 1o a constant value. This procedure is applied to adjust
for any variation in baseline and abscrhance due to variation in path length and concentration
[12].

Results

Protein checks; The protein in the ¢-state is characterized as being highly aggregated
as revealed from the HPLC elution profiles, whereas the protein in the b-state shows no
aggregation. This is in agreement with the findings of Spruijt et al., [7]. Both samples were
checked for tha homogeneity and incorporation of the protein by sucrose gradient. Sucrose
gradients centrifugation of samples with and without protein show only one band, showing its
homogeneity. The band of the samples with protein is at a lower posilion in the sucrose
gradient showing its higher density due to the incorporation of the protein. The L/P ratio was
checked after the dialysis procedure and was shown fo be 20 for the samples with the M13
coat protein in both states.

CD measurements: The CD spectra of the M13 coat prolein either in the c-state or in
the b-siate both in DOPG and bilayers are given in Fig. 1a and 1b respeclively. The secondary
structure of the M13 coat protein in the c-state is predominantly B-sheet in both types of
lipid systems. However, also smaller amounts of other structures are found (Table 1). The
o-helix content for the protein in the b-state is 95% and 91% in DOPG and DMPG,
respectively. In both lipid types only a small amount of other secondary structural
arrangements is observed (Table 1}. Performing the analyses without taking into account the
protein concentration or changing the temperature did not result in a change in the results.
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Figure 1A. CD spectrum of the M13 coat protein in the B-polymeric form in DOPG bilayers.
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Baman measurements; The Raman spectra of the amide | region of the protein in the ¢-
state in DMPG bilayers is presented in Fig. 2a and the spectrum of M13 coat protein in the
c-state in DOPG bilayers is shown in Fig. 2b. These Raman spectra are obtained after the
subtraction procedure as described in materials and methods. The amide | region is of special
interest for obtaining information on the secondary structure. In the Raman spectra of the
M13 coat protein in the c-state in DMPG a well-resolved band at 1666 cm! was observed,
which can be assigned to B-sheet structure [13]. The broad shape at the high frequency edge
of the -sheet band at 1666 cm"! of the Raman spectrum of M13 coat protein in the c-slate
(Fig. 2a} possibly indicales the presence of other secondary structures. This band could not
properly be reduced by subtraction of the water- or the lipid spectrum. A most reasonable
assignment for these contributions are the presence of turns. This was also taken into
account by the analysis as presented by Williams [10]. The band at 1233 cm-! (Fig. 3)
arising from the amide Ill mode of the protein in the ¢-state, suggests anti-parailel p-sheet
[14]. In the same amide Ill spectrum confributions from both turn and «-helix can be found
at 1297 cm-!.

1666 cm’

1650 cm” '

T T T T

1500 1540 1580 _11620 1660 1700
cm

Figure 2. Raman spectra of the amide | region of M13 coat protein in the B-polymeric (A)
and oc-oligemeric (B} from.

In the spectra of the M13 coal protein in the b-state the amide | maximum is found 1o
be at 1650 cm-1, which denotes a-helix [13]. Apart from this band a broad band is observed
at 1675 cm-!. The weak band at 1276 cm-! (not shown) is assigned to amide Il modes, in
agreement with the presence of o-helix structure as observed from the amide | region [13].
Well resolved in both cases is a band observed near 1550 cm-}. This band can be assigned to
the single tryptophan of the M13 coal protein [13]. The band at 1605 cm™1 observed in both



Raman spectra is assigned to vibrations of the thyrosines and the phenylanalines amino-acids
[13].

-1

1233 cm

T T T T

1220 1240 1260 1280 1300 1320
em

Figure 3. Rarman spectrum of the amide |l region of M13 coal protein in the pB-polymeric
ferm.

The resulis of the secondary structure analysis are presented in Table I. The ordered
and disordered helix types distinguished in Williams [10] are summed in Table I. Also the
parallel and anti-parallel p-sheet are taken together. The preparation of the protein spactra
prior to amide | analysis gives rise to uncertainties in the percentages of secondary
structure. The subtraction of the lipid spectrum in the case of DMPG is reliable due to the
absence of intense lipid contributions to the spectrum in the amide | region. However in the
case of DOPG a strong band arises at 1659 cm-1. This band results from the C=C stretch
motion in the acyl chains. Subtraction of the lipid spectrum from the complex spectrum
influences the shape of the amide band at the high frequency side. An optimal subtraction was
obtained by an arbitrary visual judgement. The presence of the Raman scattering of watar
around 1630 cm-! influences most noticeably the percentage a-helix in the amide |
analysis. The slope of the water spectrum at the low frequency edge however does not coincide
with the amide | band and therefore allows a fairly reasonable subtraction criterium. The
remaining background was fitted by a straight line drawn betwean minima around 152% cm-
1 and 1725 cm'1. The cumulation of subtractions gives rise to the arror indicated in the
footnote in the Table |I.

Infrared measurements; Infrared specira of M13 coat protein in both conformations in
DOPG bilayers in H20 are displayed in Figs. 4 and 5. The spectra of the protein in the ¢c-state



show an amide | absorption maximum at 1630 cm*, while the amide [l band is located at
1530 cm-! (Fig. 4). However the intensilty of this band is much more reduced than is
-normally observed for proteins in HaO. Previously, it has been noted that the intensity ratio
of the two amide regions, A|)/A|, was associated to changes in conformation, temperature or
solvent polarity [15]. The abnermal ratic Aj/fA; for the M13 coat protein in the c¢-state
could possibly be the result of the aggregation of the protein in this form, causing a very
distinct amide environment. The band at 1734 cm! arises from the lipid carbonyl ester
vibration.
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Figure 4. Infrared spectrum in Ha0 (B} and the second derivative (A} of M13 coat profein in
the B-polymeric form in DOPG bilayers.
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Figure 5. Infrared spectrum in Hz0 (B) and the second derivative (A) of M13 coat protein in
the a-oligemeric ferm in DOPG bilayers.

From the second derivative spectrum (Fig. 4a) it can be observed that in addition to the
main band at 1628 cm-?, which denoted B-sheet structure, a weaker band is observed at
1694 cm-!. This component has been atiributed to the high frequency component of the
vibration of anti-parallel B-sheet structure [11,16]. The band at 1658 cm-! most likely
represents a-helical structure although overlap of absorbance from disordered structure

can occur. The results obtained from a quantitative analysis performed with the program



CIRCOM are shown in Table |. Similar secondary structure contributions are observed for
M13 coal protein in the c-state in DMPG bilayers (Table I).
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Figure 6. Infrared spectrum in D20 (B} and the second derivative (A} of M13 coat protein in
the B-polymeric form in DOPG bilayers.

The protein in the b-state show a very sharp symmetric band at 1657 em-1 (Fig. 5),
while the amide !l band is centred at 1549 cm-1, which is characteristic for a-helix



conformation [12). The ratio Aj/A) of 0.6 for the M13 coat protein in the b-state is in
agreement with a high w«-belix content [15].
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Figure 7. Infrared spectrum in D20 {B} and the second derivative (A) of M13 coat protein in
the a-oligomeric form in DOPG bilayers.

It is noteworthy that the amide | band is symmetric and very narrow. This suggests a
highly homogeneous structural composition of the protein In this form. The second derivative
of this spectrum shows weak bands in the amide | region at 1634 and 1696 cm-! (Fig. 5a).
Fitting the spectra of the M13 coal protein in the b-state with the CIRCOM program gives



values of an a-helix percentage of higher than 88% (Table [}. This value is higher than the
a-helical content of myoglobin, which has the highest amount of a-helix in the calibration
set of proteins used in the quantitative analyses [12]. The frequency of this band is
independent of the lipid type used.

Table I: Percentages of secondary arrangements of M13 coat protein in the B-polymeric and
a-oligomeric form in DOPG and DMPG.

form lipid technique a-helix B-sheet turn remainder
B—polymeric DOPG o8] 10 60 2 28
B-polymeric DOPG FTIR 20 60 10 10
p-polymeric DMPG o8] o 69 11 20
p-polymeric DMPG FTIR 25 59 3 13
B-polymeric DMPG Raman 6 46 38 10
a-oligomeric BoOPG (03] 95 2 3
a-oligomeric DOPG FTIR 100 0 o 0
c-oligomeric DOPG Raman 70 25 4 0
a-oligomeric DMPG o)) g1 o] 7 2
a-oligomeric DMPG FTIR 100 0 0 ¢

The error estimates in the analyses are for the FTIR measurements o-helix = 10 %, p-shest
= 8%, turn = 7%. For the CD measuremenis the error is estimated to be 5% for all
secondary structure types and for the Raman measurements 10% for al! secondary structure
types.

The infrared spectra of the M13 coat protein of the two forms in D2O are displayed in
Figs. 6 and 7. The main amide | band in the spectra with M13 coat protein in the c-state is
centred at 1626 cm-! {Fig. 6) . Second darivative analysis reveais a main band at 1626 cm:
1 with a weak component at 1694, 1683 and 1654 cm™! (Fig. 6). The main band can be
unambiguously attributed lo B-sheet structure [12,17]. The component at 1694 cm-!
probably refiects the high frequency vibration of an anti-parallel p-sheet [11,16]. The
bands at 1683 and 1654 cm'! can be assigned to turns and a-helices, respectively [11,16].

2-12




The spectra of protein in the b-state in DOPG as well as in DMPG bilayers shows an
amide | band centred at 1654 cm*1, with the amide Il band located at 1547 cm! (Fig. 7).
The intensity of the amide Il band is much reduced as a result of 1H-D exchange. A band at
1654 cm! is fully consistent with the absorbance of a-helical structure [16,17]. Second
derivative specira reveal bands at 1657 cm™! and weak features at 1635 and 1681 c¢m1
{Fig. 7). Completely deuterium-proton exchanged M13 coat protein in lipids as indicate by
the Amide Il band, was obtained upon further exchange (12 howrs). This causes the amide |
component to shift to lower frequency (1652, 1679 and 1637 cm™1).

Discussion

The major coat protein of the M13 bacteriophage reconstituled in lipid bilayers has
been investigated previously using various techniques by various workers [18-25]. An
interesting property of the M13 coat protein is that under different purification or
reconstitution methods it adopts two different conformations, as revealed with CD. The c-
state is in a strong irreversible aggregation state, whereas the coat protein in the b-state
was proposed to be monomeric [7]. I was shown also that the presence of either one of these
forms depends on the lipid type used [6]. Therefore, we studied M13 coal protein in both
saturated and unsaturated lipids.

Most of the previous studies on the conformation of the M13 (or the closely related fd)
coat protein have been performed in detergents [26,27]. No quantitative analysis has been
carried out on the various structural arrangemenis of these forms [6]. Because the
secondary structure might reflect the influence of the coat protein on lipid bilayers the aim
of this investigation is to obtain a quantitative determination of the appearance of the various
structural arrangements in both protein forms in lipid bilayers. This is carried out using a
combination of spectroscopic techniques: CD, Raman and Fourier Transform Infrared.

The secondary structure analysis of the data obtained from CD, Raman and FTIR of the
M13 coat protein in the c-state shows, in agreement with previous results [19], that this
form consists predominantly of B-sheet structure. As can be noticed from Table |, a rather
large percentage of turn was obtained in the analysis of the Raman spactra of the protein in
the c-state. This is probably due to the high overiap of the Raman scattering of turn
structure with that of 3-sheet, making it difficult to discriminate between p-sheet and turn
[28]. From the strong band at 1237 cm-! in the Raman spectra [14] and the band al 1694
em*! in the infrared spectra, it can be concluded that the B-sheet structure is in an anti-
parallel conformation. The amount of a-helix for the M13 ceat protein in the c-state as
obtained from infrared measurements differs from the amount of «-helix obtained from CD
measurements. The low amount of a-helix as obtained with CD may be due to an




underestimation arising from absorption flattening, which is a consequence of the non-
random distribution of the chromophores in these lipid samples [29,30].

M13 coat protein in the b-state consists predominantly of a-helix as can be seen from
the CD, infrared and the Raman spectra. The fraction of a-helix obtained from CD is 90%,
which is in good agreement with the Raman and IR resuits where the amount of a-helix is
estimated to be 70% and 100%, respectively. A relatively large contribution of B-sheet is
observed in the Raman spectra of the M13 coat protein in the b-state in DOPG bilayers
(Table 1}. However in the case of DOPG bilayers a strong band arises at 165% cm-1, which is
close 1o the amide | band of the a-helix. This band might be influenced by the protein giving
rise to a change in shape and band position, resulting in a less optimal subtraction.

Aimost similar results are found for the two protein forms independent of the lipids
used. This shows that both protein forms can be obtained in saturated and unsaturated
bilayers, suggesting that the presence or absence of a double bond is not the critical variable
in the formation of the two different forms of the M13 coat protein, as has been suggested by
Fodor et al. [6]. We have no reason to distrust either one of the techniques used. We have
therefore averaged the results obtained for the two forms in the lipid bitayers. These average
values are overall not, if we take in account the error estimates, in conflict with the
separate values for the secondary structure of the two different protein forms, of the various
techniques. The conformation of the M13 coal protein in the ¢-state is, based on these
averages, estimated to be 57% p-sheet, 13 % a-helix, 13% turn and 16% remainder. The
ameunt of a-helix of the protein in the b-state is estimated, based on the CD, Raman and
FTIR experiments, to be 91%. It was shown using Molecular Dynamics (MD} simulation that
the amount of B-sheet in the aggregated protein after 100 ps simulation was about 60%,
which is in good agreement with the average values found for the c-type protein. Also the
amount of o-helix in the M13 coat protein in the b-state, which was found in the MD
simutations to be 80-90% (see chapter 3), agrees well with the 91% o-helix found (Table
1}.

Secondary structure measurements with Raman spectroscopy of the protein in micelles
gave 55% a-helix, 3% B-sheet, 25% turn and 17% remainder [31] and for the M13 coat
protein in lipid bilayers a high amount of -sheet was observed [32]. These workers
however, did not discriminate between the two forms {the b- and c¢-state) or whether they
oblained a mixture, by studying the aggregation hehaviour [7]. In the present study the two
prolein forms were studied separately.

Based on the results presented in this paper and elsewhere [33,34] the non-aggregated
protein is called the a-oligomeric form. This expresses the conformation and the aggregation
state of the form, namely the presence of predominantly a-helix (91%) structure and
reversible aggregation as detected with HPLC. No quantitative estimation for the secondary




structure has been given previously for the aggregated protein but from the present work it
follows that it consists for 57% of anti-parallel 3-sheet. Therefore, this form will be calied
the B-polymeric protein, expressing the aggregational and conformational state of this M13
coat protein form [33,34].

As a result of the high amount of a-helix for the a-oligomeric form of the M13 coat
protein the trans membrane part must be «-helical. This is in contrast with previous
suggestions were the a-helix was proposed to be located in the hydrophilic part of the
protein [35]. Generally it is excepted that a single transmembrane a-helix with 20
hydrophobic amino-acids will not disturb the lipid bilayers to a large extent. This is in
agreement with NMR results obtained of the protein in this a-oligomeric form where only a
small perturbation of the lipid headgroups and chains was observed (see chapter 4). In
contrast, the anti-parallel $-sheet part of the protein in the B-polymeric protein is
probably located in the membrane, giving rise {o large distortions of the lipid bilayers
[22,32]. Such an anti-paraliel B-sheet structure would leave about 10 amino acid of the N
terminus unpaired. This unpaired ragion in the M13 coat protein in the S-polymeric form
could be either in u-helix or in a random coil conformation. On basis of the amount of a-
helix in the protein in the p-polymeric form (Table 1), this part is proposed to be in an a-
helix conformation.

The protein in both lipid-bound forms was shown previously 1o be in a less a-helical
state as compared to the virus-bound protein (a-state). It was therefore suggested that this
protein should undergo major conformational changes upon virus formation {4,5] and
several questions were asked about the energy implications of this change in conformational
state. The high w-helical content as found for the a-oligomeric form of the M13 coat protein
in the present work, suggests that this form of the M13 coat protein does not have to undergo
such a drastic conformational change upon formation of a new phage particle. This makes it
also feasible that parental M13 coat protein can be used in the formation. in contrast, the p-
polymeric form has adopted a strongly changed conformation state as compared to the protein
in the intact virus. Probably this conformation arises as a result from protein-protein
contacls, which are formed under conditions in the preparation of the lipid-protein systems
that favour these contacts.

Recently, NMR experiments an the related PF1 bacteriophage coat protein in a bilayer
environment aiso showed a high amount of a-helix [36]. It was suggested that 30 of the 46
aminoacids (65%) were in an o-helix conformation, whereas the remaining part of the
protein was proposed to be mobile. These workers showed the prasence of a mobile loop,
resulting in a part of the PF1 coat protein lying on the membrane surface. The higher
amount of a-helix found in the present paper for the M13 coat protein in the ¢-oligomeric
form suggests the absence of such a mobile loop. The conclusion reached for PF1 is that the
membrane and virus bound form of the protein have essentially the same conformation. This




is in complete agreement with our findings that the a-oligomeric M13 coat protein is
comparable with the virus bound M13 coat protein. Based on the prasent experiments,

additional information is obiained that the w-oligomeric protein is the native form during

tha infection process [7].
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CHAPTER 3

Conformation and aggregation of M13 coat protein studied by
molecular dynamics

Johan C. Sanders, Nico A. J. van Nuland, Clle Edholm and Marcus A. Hemminga

Abstract

MD simulations are performed on M13 coat protein, a small membrane protein for
which both o- and B-structures have been suggested. The simulations are started from
initial conformations that are either monomers or dimers of o-helices or U-shaped p-
sheets. The lipid bilayer is represented by a hydrophobic potential. The results are analyzed
in terms of stability, energy and secondary struclure. The U-shaped B structure changes
from a planar to a twisted form with larger twist for the monomer than the dimer. The B-
sheet is much more flexible than the a-helix as monitored by the rms fluctuations of the Cu
atoms. A comparison of the energies after 100 ps MD simulation shows that of the monomers,
the w«-helix has the lowest energy. The energy difference between o- and f-structures
decreases from 266 kJ/mol to 148 kJ/mol, when going from monomers to dimers, It is
expected that this difference will decrease with higher aggregation numbers.

Introduction

Molecular dynamics has been shown to be a useful tool in predicting the three-
dimensional structure of membrane proteins [1,2,3]. Here, MD simulations are describe of
a small membrane protein, M13 coal protein, for which both o- and B-structures have been
suggested [4,5,6]. The primary structure of the major coal protein of bacteriophage M13
(Reviews: [7,8,9]) is given in Fig. 1.

Three specific domains can be distinguished: an acidic N-lterminus {residues 1-20)
containing negatively charged glutamic and aspartic acids, which in the phage is in contact
with the solvent; a basic C-terminus (residues 40-50), which contains positively charged
lysines and interacts with the negatively charged DNA phosphate backbone in the intact
virus; a hydrophobic core (residues 21-39), which has a possible role in the protein-
protein interactions in the phage and in the hydrophobic protein-lipid interactions when the
coat protein is incorporated into the membrane. Various initial conformations of menomeric
and dimeric states of the M13 coat protein are created and MD simulations are performed.




These inital conformations include both ¢-helices and U-shaped B-sheets. The membrane
core is modelled by a hydrophobic potential. The MD results are analysed in terms of
stability, energies and secondary structure of the various monomer and dimer
conformations.

Nl-g-Ala-Glu-Gly-Asp-Asp-Pro-AIa-Lys-Aia-Ala-
Phe-Asn-Ser-Leu-GIn-Ala-Ser-Ala-Thr-Glu- Acidic domain

Tyr-lle-Gly-Tyr-Ala-Trp-Ala-Met-Val-Val
Val-lle-Val-Gly-Ala-Thr-lle-Gly-lle-Lys- Hydrophabic domain

Leu-Phe-Lys-Lys-Phe-Thr-Ser-Lys-Ala-Ser-COO- Basic domain
Figure 1. Primary amino-acid sequence of the M13 coat protein,
Methods

The initial conformations: There are two major conditions that have to be fulfilled of a
reasonable structure of a membrane protein such, as the M13 coat protein: {1} The
hydrophobic residues should fit into the 32 A thick membrane core; (2) At the same time as
many hydrogen bonds as possible should be satisfied in the membrane spanning part. M13
coat protein has a 20 residues long hydrophobic sequence (21-39) in the middle, while the
ends are hydrophilic. This gives one obvious candidate for the structure, a membrane
spanning a-helix (1.5 A rise per residue). The hydrophilic parts outside the membrane core
that stick into the aqueous phase could have a more disordered structure, because it is not
necessary to form internal hydrogen bonds there. Since it is not known how to make a
possibly disordered structure for the hydrophilic part, a start is made with the whole
protein in an o-helical conformation.

Secondly, considering B-structures, which have a rise of about 3.4 A per residue, it is
realized that to fit 20 hydrophobic residues into a membrane core of 32 A thickness, a
reverse turn in the middle of the hydrophobic segment is necessary. This turn was put at
Val-30-Val-31, giving a U-shaped structure. That the hydrophilic ends in this case do not
maich is not serious, since the hydrogen bonds that are not satisfied internally may be
formed with water.

To study protein-protein interactions, dimers were constructed. However, there are
many possibile dimer structures. For the w-helix, we took as main candidate an anti-







