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ABSTRACT The results of molecular dynamics simulations of Pf 1 coat protein are described and compared to experimental NMR data on
both the membrane bound and structural forms of this viral coat protein. Molecular dynamics simulations of the 46 residue coat protein
and related model sequences were performed according to a simple protocol. The simulations were initiated with the polypeptides in a
completely uniform a helical conformation in a dielectric continuum (e = 2) and the motions of individual residues were followed as a
function of time by monitoring the angular fluctuations of amide NH bond vectors. The simulations of Pf 1 coat protein were able to
identify the same mobile and structured segments found in experimental NMR studies of the membrane bound form of the protein
(Shon, K.-J., Y. Kim, L.A. Colnago, and S.J. Opella. 1991. Science (Wash. DC). 252:1303-1305). Significantly, in addition to mobile
amino and carboxyl terminal regions, a mobile internal loop was found that connects the rigid hydrophobic and amphipathic helices in the
protein. NMR experiments show that this mobile loop is present in both the viral and membrane bound forms of the protein and that it
plays a role in viral assembly (Nambudripad, R., W. Stark, S.J. Opella, and L. Makowski. 1991. Science (Wash. DC) 252:1305-1308).
The results of simulations of several alanine based 46 residue polypeptides with some of the charged residues present in the Pf1 coat
protein sequence suggest that interactions between the Asp 14 and Asp 18 sidechains and the peptide backbone are responsible for
the formation of the mobile loop. The agreement between the results of the calculations presented here and the previously reported NMR
experiments suggest that molecular dynamics simulations might be useful in the prediction of the secondary structure and dynamics of
individual residues in membrane and structural proteins with predominantly a helical secondary structure.

INTRODUCTION
The membrane bound form of the coat protein of the
filamentous bacteriophage Pfl, like other membrane
proteins, has both rigidly structured and mobile seg-
ments in its polypeptide backbone (Shon et al., 1991) .
One of the mobile segments is also present in the struc-
tural form ofthe coat protein in virus particles (Nambu-
dripad et al., 1991) . Since the structures ofmany mem-
brane proteins are dominated by long hydrophobic he-
lices spanning the bilayer and shorter amphipathic
helices in the plane of the bilayer (Deisenhofer et al.,
1985; Rees et al., 1989; Henderson et al., 1990), the
mobile connecting loops and terminal regions appear to
be key elements of their overall architecture (Cross and
Opella, 1980; Keniry et al., 1984; Leo et al., 1987;
Bowers and Oldfield, 1988). The juxtaposition of mo-
bile and structured regions ofboth membrane associated
and structural proteins means that experimental and the-
oretical investigations of the dynamics of non-globular
proteins, in general, are likely to be highly informative as
part of structure determinations and other investiga-
tions.

Classical molecular dynamics (MD) simulations,
which consist of numerically solving Newton's equa-
tions of motion for all of the atoms in the system, have
profoundly influenced our understanding of the struc-
ture, dynamics, and functions of globular proteins
(Brooks et al., 1988). However, membrane associated
and structural proteins are not nearly as well understood
as globular proteins, largely because the experimental
and theoretical methods ofstructural biology were devel-
oped with globular proteins in mind, and these methods
are not directly applicable to other classes of proteins.
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Therefore, even qualitative information from credible
MD simulations is likely to be valuable, since so few
experimental results are available that describe the struc-
ture and dynamics of non-globular proteins. While the
methods for MD simulations of globular proteins in va-
cuo and in aqueous solution are now fairly well estab-
lished (Brooks et al., 1985), the development of tech-
niques for simulating the components of biological
membranes are still in their infancy (Egberts and Ber-
endsen, 1988; Edholm and Jahnig, 1988; DeLoof et al.,
1991; Berkowitz and Raghavan, 1991; Sanders et al.,
1991).
The membrane bound form of the coat protein ofthe

filamentous bacteriophage Pfl provides a tractable
model system for molecular dynamics simulations of a
membrane protein. High resolution solid-state NMR
and multidimensional solution NMR studies of this
small 46 residue protein (Rowitch and Perham, 1987) in
the model membrane environments of phospholipid bi-
layers and detergent micelles show it to be surprisingly
complex with five distinct structural regions (Shon et al.,
1991) . The secondary structure consists ofa long hydro-
phobic helix (residues 19 to 42) that spans the bilayer
and a relatively short amphipathic helix (residues 6 to
13) in the plane ofthe bilayer. The amino terminus (resi-
dues 1 to 5), the carboxyl terminus (residues 43 to 46),
and residues 14 to 18 connecting the two helices are mo-
bile. All ofthese features are characteristic ofmembrane
bound proteins, identifying Pfl coat protein as a typical
membrane protein in terms ofboth its structure and dy-
namics. Pfl coat protein also exists as the major struc-
tural element of virus particles and this form of the pro-
tein has been analyzed by solid-state NMR spectroscopy
(Cross et al., 1983; Tsang and Opella, 1986; Shon et al.,
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1991), neutron diffraction (Nambudripad et al., 1991),

and x-ray diffraction (Makowski et al., 1980). The MD
simulations give insight into the mechanism ofintercon-
version of these two forms of the protein.

METHODS
The dynamics of several 46 residue polypeptides with an initial struc-
ture ofa single continuous a helix were simulated. One ofthe polypep-
tides had the amino acid sequence of Pfl coat protein (Rowitch and
Perham, 1987). Several independent (i.e., different initial conditions)
500-1,800 ps longMD simulations ofthe Pfl coat protein sequence in
a dielectric continuum were performed. The dielectric constant = 2
was chosen because it is approximately the value in the hydrocarbon
region of a bilayer membrane (Ashcroft et al., 1981) and because it
slightly reduces electrostatic (e.g., hydrogen bonds, charge-charge, and
charge-dipole) interactions. 500- 1,000 ps simulations ofseveral 46 resi-
due alanine-rich peptides were performed for comparison. Polyalanine
was simulated as a control as well as to investigate the roles of electro-
static interactions. In addition, simulations were performed on the fol-
lowing peptides: polyalanine with all the charged residues of the Pfl
coat protein (Asp 4, Glu 9, Asp 14, Asp 18, Lys 20, Arg 44, and Lys
45), the same peptide with Asp 14 and Asp 18 replaced by alanines,
polyalanine with a lysine at residue 20, and polyalanine with aspartic
acid at residues 14 and 18. Simulations of the latter peptide were also
carried out with e = 10 and 20 to investigate the effects of dielectric
screening on the results.

All ofthe simulations were started from a helical structures (with the
backbone dihedral angles, 0 = -60°, f = -40°). The equations of
motion were integrated using the Verlet algorithm (1967) with a time-
step of0.001 ps and the CHARMM potential energy function (Brooks
et al., 1983) and PARAM19 peptide parameters (Reiher, 1985). No
experimental restraints were used in the calculations. The velocities
were occasionally reassigned to maintain temperatures of -25°C. The
nonbonded energies and forces, which were smoothly truncated at 8 A
with shifting functions (Brooks et al., 1983), were processed using a
list-based algorithm (Verlet, 1967), and the list was updated every ten
timesteps. The SHAKE algorithm (Ryckaert et al., 1977) was used to
fix the lengths ofNH and OH bonds throughout the simulations. The
independent simulations of the Pfl coat protein sequence were started
from the same configurations but with different initial velocities. All of
the simulations were performed using the CHARMM program
(Brooks et al., 1983) on a Convex C210 computer.

RESULTS AND DISCUSSION
In all of the Pfl coat protein simulations, the starting
structure of a continuous a helix evolved into five dis-
tinct regions in remarkable qualitative agreement with
NMR experimental results. Two rigid helices are sepa-
rated by a mobile segment and both ends of the protein
are mobile. In contrast, the a helix in polyalanine re-
mained intact throughout the simulation. These findings
are illustrated by the structures shown in Fig. 1.

Fig. 2 presents plots ofthe angular fluctuations ofN-H
bond vectors at representative residues of Pfl coat pro-
tein during the initial 200 ps of a 500-ps simulation.
These bond vectors reflect the motions ofindividual resi-
dues and can be directly compared to the experimental
results from relaxation measurements, since '5N nuclear
spin relaxation results from fluctuations of the 'H//5N
heteronuclear dipole-dipole interactions described by
this same vector. They should also be closely related to

the motional averaging effects observed with the chemi-
cal shift anisotropy at each amide group, since of the
principal elements ofthe '5N amide chemical shift tensor
are aligned approximately along this vector. The plot in
Fig. 2 d for Ala 36, which is representative ofthe residues
in the hydrophobic helix, shows only small oscillations.
All of the residues in polyalanine give plots very similar
to that in Fig. 2 d. The plot in Fig. 2 b for Thr 13 in the
amphipathic helix shows that this residue experiences
oscillations with only slightly larger amplitude than
those for residues in the hydrophobic helix of Pfl coat
protein and any of the residues of polyalanine; it under-
goes a slow drift, apparently tracking the change in orien-
tation of the amphipathic helix with respect to the hy-
drophobic helix. The plots in Fig. 2 a (Val 2) and Fig. 2 e
(Lys 45) show the large amplitude angular fluctuations
that occur in the penultimate residues of the polypep-
tide, indicating that the ends of the peptide are quite
mobile. Fig. 2 c is the plot for Gly 17 in the loop region
connecting the two helices; while its fluctuations are not
as dramatic as those at the ends of the peptide, they are
substantially larger than those for residues in either of
the helices. It is significant that the angular drift for this
residue does not appear to follow the reorientation ofthe
amphipathic helix.

Fig. 3 compares the time evolution of the angle be-
tween the two helices in Pfl coat protein from an 1,800-
ps simulation to that for the two halves of polyalanine.
There is a rapid increase ofthe angle in the first 1,000 ps
ofthe simulation of the coat protein, followed by a slow
rise. The apparent "sawtooth" structure in the curve sug-

gests that there is a faster ( 100 ps) timescale inter-helical
motion superimposed on the slow, overall inter-helical
movement. Molecular graphics analysis revealed this
faster motion to be due to the coupling between the am-
phipathic helix motion and a bending mode in the hy-
drophobic helix. This coupling appears to be transmitted
via strong interactions between the Asp 18 sidechain and
the hydrophobic helix backbone and between the Lys 20
sidechain and the carbonyl groups ofIle 12 and Thr 13 in
the amphipathic helix. Similar behavior was exhibited in
other simulations ofthe coat protein, although the time-
scale for the initial approach to the plateau value and the
plateau value itself differed somewhat. The angle be-
tween the top and bottom halves of polyalanine shows
that the helix was undergoing only small amplitude
bending motions, remaining essentially straight on the
1,000-ps timescale.
The overall inter-helical movement is an example ofa

functionally important inter-domain motion in a pro-

tein, analogous to the hinge-bending motion in lyso-
zyme (McCammon et al., 1976), resulting from a flexi-
ble loop or hinge composed ofa few residues, connecting
two structured, rigid domains. In lysozyme the inter-do-
main motion appears to be involved in the closing
(opening) of the active site cleft upon binding (releas-
ing) the substrate. In Pfl coat protein the inter-domain
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FIGURE I Backbone atoms of 46 residue polypeptides at various times during the molecular dynamics simulations. (Left) Structures from a
simulation of the polyalanine peptide at 0, 450, and 900 ps. (Middle) Structures from a simulation of the Pfl coat protein at 0, 450, and 900 ps.
(Right) Six structures from a simulation of the Pfl coat protein at 10-ps intervals starting at 900 ps. The coloring in the middle and right figures
denotes the distinct regions identified by NMR experiments (Shon et al., 1991 ); "rigid" hydrophobic (blue) and amphipathic (red) helices, and
mobile ends and connecting loops (yellow). The structures were drawn using the MolX program (Sneddon, 1991 ).

motion has an important role in the viral assembly pro-
cess where there is a transition from the membrane
bound form of the protein with an inter-helical angle of
approximately 900 to the form in the viral coat where the
angle is 150 (Nambudripad et al., 1991 ).

We performed 500-ps simulations ofseveral initially a
helical alanine-rich peptides in order to investigate the
possible role of electrostatic interactions in the forma-
tion of the mobile loop between the two helices in our
model ofthe Pfl coat protein. The first was simulation of
a 46 residue polyalanine peptide ("I") with seven of the
alanine residues replaced by the corresponding charged
residues of the Pfl coat protein sequence (Asp 4, Glu 9,
Asp 14, Asp 18, Lys 20, Arg 44, and Lys 45). During the
course of the simulation of polypeptide I, the terminal
regions of the polypeptide were mobile and a mobile
internal loop formed while the remainder ofthe polypep-
tide remained helical with an inter-helical angle of
-90°, as in the simulations of wild-type Pfl coat pro-

tein. Polypeptide II differed from polypeptide I in having
Asp 14 and Asp 18 replaced by alanine residues. After
500 ps of simulation polypeptide II displayed a slight
kink between the helices, with an inter-helical angle of

o100, in the region of the mobile loop in the native Pfl
coat protein, but a mobile loop did not develop. The
kink appeared to be caused by a strong interaction be-
tween the sidechain ofLys 20 and the peptide backbone.
To test this hypothesis a 46 residue polyalanine peptide
("III") with only Ala 20 replaced by Lys 20 was simu-
lated and a kink almost identical to that observed in

polypeptide II was formed. This suggested that Lys 20
could cause the formation of a slight kink, but Asp 14
and Asp 18 were necessary for the formation of the mo-
bile loop. This conclusion was supported by simulation
of a 46 residue polyalanine peptide ("IV"), with Ala 14
and Ala 18 replaced by Asp 14 and Asp 18, in which a
mobile loop did form in the correct location with the
remainder of the peptide remaining helical. Molecular
graphics analysis suggested that the loop formation was
initiated by insertion of the Asp sidechains into hydro-
gen bonds of the initial helix. A simulation of a polyala-
nine peptide with only Ala 14 replaced by Asp 14 ("V")
indicates that a single Asp is capable ofdisrupting a helix
at one hydrogen bond, but can not cause loop formation.
These findings suggest that two nearby Asp are responsi-
ble for formation of the mobile loop, regardless of
whether or not they are in phase, i.e., at the i and i + 4
positions in the sequence. To examine the effects of di-
electric screening on the ability ofAsp 14 and Asp 18 to
cause loop formation two additional simulations ofpoly-
peptide IV were performed with higher dielectric con-
stants (e = 10, 20). A mobile loop was formed in the
simulation with e = 10 but not in the simulation with
e = 20.
Taken together, the results of the various simulations

of polypeptides I-V show that electrostatic interactions
between the sidechains of Asp 14 and Asp 18 and the
peptide backbone are sufficient to cause mobile loop for-
mation in Pfl coat protein, but only ifthe local dielectric
constant is low (i.e., e = 2 - 10). We cannot say that

672 Biophysical Journal Volume 64 March 1993672 Biophysical Journal Volume 64 March 1993



OlT ' 'n' ''I ' these interactions are necessary for kink formation be-
cause our model does not contain explicit solvent or

(a)Val2

lipid molecules. Since the mobile loop is present in both
the membrane bound and viral coat forms (Shon et al.,

1991), we can rule out the role of lipid molecules for

mobile loop formation, although water molecules could
° 1L1 ! I Md W accomplish the same task as the Asp sidechains. With

regard to the role ofthe charged residues in disrupting a
helices in membrane bound proteins, it is worth pointing
out that the analysis of the simulation of peptide I sug-

-I-_I__._ I_I_-I ____I_I_I_I_J_I_I gested that interactions of the Asp 4 but not the Glu 9
C> II I 1 I 1 1 sidechain contribute to the mobility ofthe NH2-terminal

(b) Thr 1 3 region.
The results for Pfl coat protein show that vacuum

MD simulations can provide information directly rele-
vant to the structure and dynamics of both membrane
bound and structural proteins. The simulations correctly

CD identified the locations of the structured helical regions,
mobile internal loop, and mobile termini in the protein.
Furthermore, the relative mobility of the residues in the

O helical and loop regions were reproduced qualitatively in
the simulations. Previously reported short ( 100 ps) simu-
lations of membrane associated polypeptides of similar

(c) Gly 17 size displayed fluctuations that resulted in temporary
(U tilts and bends of the helical backbone structure (Ed-

holm and Jahnig, 1988; Sanders et al., 1991). The agree-
ment between the results of our calculations and NMR

experments suggests that a simple MD simulation pro-
tocol might be useful in the prediction of the secondary

AI1tVYry^IAJktw structure and dynamics of membrane proteins.CZ
§ T There are some quantitative features of the protein

o C1 J that apparently cannot be reproduced by simulations in

| | § g 1 | | W l 1 § 1 Z § I I| | 1- a dielectric continuum. In particular, some of the inde-
od) Ala 36

pendent simulations did not reproduce the expected rela-
( 1 tive orientations of the two helices in the Pfl coat pro-

tein. In four independent simulations, the inter-helical
angle (Fig. 3) exhibited variable behavior: the angle con-
verged to -50O after - 500 ps in two 600-ps simulations

and approached 100-1 100 by the end of 500 and 1,800-
m ps simulations. Furthermore, in all of the simulations,

the amphipathic helix was generally oriented so that the
polar and nonpolar faces were perpendicular to the plane

containing the two helices, while we expect that the two
faces are actually in the plane, with the nonpolar face

IT; buriedin the membrane and the polar face sticking into
(e) Lys 45 the solvent above the membrane surface. It is likely that

we need to simulate the protein in an amphipathic envi-
ronment (bilayer membrane with aqueous solvent) to
reproduce these features. The presence of the polar
aqueous solvent above the membrane, the polar head-
groups at the membrane surface, and the nonpolar

chains in the membrane will help to correctly orient the

I I *I I I I I I I I,, * , | . , .IL FIGURE 2 Time evolution of the angle between the axis of the hydro-

O cr0 1ru 15 200or phobic helix (residues 22-43 ) and the NH bond vector of(a) Val 2, (b)
Thr 13, (c) Gly 17, (d) Ala 36, and (e) Lys 45, from a simulation ofthe

time (ps) Pfl coat protein.
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FIGURE 3 Time evolution of the interhelical angle from an 1,800-ps
simulation ofthe Pfl coat protein (solid curve) and a 46 residue alanine
polypeptide (dashed curve). We defined the interhelical angle as the
angle between the axes oftwo helices, one containing residues 7-14 and
the other containing residues 22-42 (these residue ranges span most of
the amphipathic and hydrophobic helices, respectively, in the Pfl coat
protein). The helix axis is taken as the unit vector along the axis of a
cylinder fit to the a carbon atoms of the specified residues.

amphipathic helix at the membrane surface. With the
amphipathic helix in the proper orientation, the side-
chains on the nonpolar face can participate in favorable
van der Waals interactions with the lipid hydrocarbon
chains, while the sidechains on the polar face can be
favorably solvated by the polar region of the membrane
and/or water. Finally, the polar lipid headgroups will
not only help stabilize the membrane/water interface,
but will also help anchor the protein in the membrane by
interacting with the backbone and with charged protein
sidechains located near the membrane surface.

CONCLUSIONS
Molecular dynamics simulations of the 46 residue Pfl
coat protein in a dielectric continuum (e = 2), starting
with an a helical structure, were able to identify the same
mobile and structured segments found in experimental
NMR studies of the membrane bound form of the pro-
tein. The simulations correctly identified the locations of
the rigid hydrophobic and amphipathic helices as well as
the mobile terminal residues and mobile rigid loop con-
necting the two helices. Simulations of several alanine-
rich peptides with some or all of the charged residues of
the Pfl coat protein suggest that interactions between
Asp 14 and Asp 18 sidechains and the peptide backbone
are responsible for the formation of the mobile loop.

This physical picture should be viewed with some cau-
tion, however, since the interactions of the protein with
the solvent may also cause loop formation. Comparisons
of simulations and experimental results are needed be-
fore any rules for predicting the disruptive effects of
charged sidechains on a helices can be proposed. How-
ever, our simulations certainly do suggest that local in-
teractions of specific residues are responsible for deter-
mining many aspects of the structure and dynamics of
Pfl coat protein. Therefore, the simple MD simulation
protocol employed in this study may prove useful in de-
scribing structural and dynamic features of other mem-
brane proteins. Indeed, preliminary results from our lab-
oratories, to be reported elsewhere, reveal good agree-
ment between simulations and NMR experiments on
the structure and dynamics of the coat protein and pro-
coat protein from fd and Ml 3 bacteriophages.
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