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Filamentous bacteriophage coat protein undergoes a remarkable structural transition
‘during the viral assembly process as it is transferred from the membrane environment
of the cell, where it spans the phospholipid bilayer, to the newly extruded virus
particles. Nuclear magnetic resonance (NMR) studies show the membrane-bound
form of the 46-residue Pfl coat protein to be surprisingly complex with five distinct
regions. The secondary structure consists of a long hydrophobic helix (residues 19 to
42) that spans the bilayer and a short amphipathic helix (residues 6 to 13) parallel to
the plane of the bilayer. The NH,-terminus (residues 1 to 5), the COOH-terminus
(residues 43 to 46), and residues 14 to 18 connecting the two helices are mobile. By
comparing the structure and dynamics of the membrane-bound coat protein with that
of the viral form as determined by NMR and ncutron diffraction, essential features of

assembly process can be identified.

HE TECHNICAL DIFFICULTIES ASSO-

ciated with NMR studies of proteins

in membrane environments can be
overcome with a concerted approach that
uses the methods of solution NMR spec-
troscopy on proteins in micelles and those of
solid-state NMR spectroscopy on proteins
in bilayers. Both methods make extensive
use of isotopically labeled protein samples.
In this approach the secondary structure of
the protein is determined on the basis of
distance measurements in micelles, while the
arrangement of the major elements of sec-
ondary structure is derived from measure-
ments of angular parameters in oriented
bilayers. The dynamics of the protein are
described by motional averaging of line
shapes observed in solid-state NMR experi-
ments, which occurs when large-amplitude
motions occur more frequently than 10*
Hz, and nuclear spin relaxation, which re-
flects motions that occur with frequencies
near 10° Hz (1). We report the NMR
structure of membrane-bound Pfl coat pro-
tein, which has been compared to the struc-
ture of the coat protein in virus particles as
determined by NMR and neutron diffrac-
tion (2).

Distance information on proteins in solu-
tion can be obtained from 'H-'H homonu-
clear nuclear Overhauser effect (NOE) mea-
surements and can be used to determine
secondary and tertiary structure (3). Since
amide *Hs on adjacent residues in an a helix
are proximate (2.8 A) and give strong cross-
peaks in two-dimensional (2-D) NOE ex-
periments, they .are particularly useful for
determining the secondary structures of
membrane proteins, which typically have
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large fractions of a helix. Previously we have
shown that residues 30 to 40 of Pfl coat
protein in micelles are helical (4). In order to
characterize the entire protein structure it
was necessary to reduce the problems result-
ing from the broad lines and efficient spin-
diffusion that accompany the slow reorien-
tation of proteins in micelles, as well as the
extensive spectral overlap that is a conse-
quence of many residues having the same
helical secondary structure. This was accom-
plished by labeling the protein uniformly
with 2H (80%) on all carbon sites, with !N
(98%) on all nitrogen sites, and with 2H
(50%) on all exchangeable sites and by
combining 'H-5N heteronuclear correla-

tion and 'H-'"H NOE spectroscopy (5). The
2-D 'H-!5N correlation spectrum of uni-
formly 5N-labeled Pfl coat protein resolves
the resonances from all amide sites and has
been completely assigned (4-7). The com-
bined 2-D "H-!5N correlation and 'H-'H
NOE spectrum in Fig. 1 has NOE cross-
peaks between all amide correlation peaks
from adjacent residues within « helices. The
tracing of two continuous pathways of
NOEs among the various amide 'H atoms
directly maps out the two stretches of a helix
in the protein (3, 8). The existence of these
two a helices is strongly supported by the
observation of many of the appropriate
cross-peaks between amide 'H and Ca 'H
resonances in both 2-D and 3-D spectra (7);
for example, the Ca 'H resonance from
residue 36 has NOE cross-peaks to the
amide 'H resonances on residues 37, 39,
and 40. The correlation peaks assigned to
the amide sites in the NH,- and COOH-
terminal regions and the region between the
two helices do not have "H-"H NOE cross-
peaks to other amide sites.

Solid-state NMR spectroscopy can deter-
mine the complete structures of immobile
proteins, such as those embedded in lipid
bilayers, when several spectral parameters
are measured in order to characterize the
angles between cach of the peptide planes
and the direction of sample orientation (9).
Since the secondary structure of the mem-
brane-bound form of Pfl coat protein is
established by the homonuclear 'H-'H
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Fig. 1. Combined 2-D 'H-'*N cor-
relation and "H-"H NOE spectrum
of uniformly 2H-, and !5N-labeled
coat protein in dodecylphospho-
cholin micelles in 50% H,0-50%
D,0 solution at 50°C and pH 5.0.
Each amide site gives rise to a single
correlation peak in the contour
plot. The lines connect the cross-
peaks between correlation peaks
from adjacent residues. The blue
lines and correlation peaks are asso-
ciated with amide sites in the hy-
drophobic helix, the red lines and
correlation peaks are associated
with the amide sites in the amphi-
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nances from the residues in the
helices are indicated with the num-
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bers near the corresponding corre-

lation peaks (4-7). The protein
sample was obtained from a viral

infection of the host bacteria Pseudomonas aeruginosa in a growth medium containing glycerol-ds (Merck

Isotopes) as the carbon source and >N ammonium sulfate (EG&G Mound Ap
source in 90% D,0-10% H,O (v/v). Purified virus particles (8.0 mg) were solubilized in
; line-d;5 (Merck Isotopes). The solution was maintained at 40°C, pH 8.5,
in 50% H,0-50% D,O for 24 hours to establish the appropriate isotopi

the ni A
80 mg of dodecylph,

plied Technologies) as

ic distribution on all amide

sites. The pH was reduced to 5.0 prior to lyophilization and redissolving of the sample in 0.45 m of 2
mM citrate buffer, 50% H,0-50% D,O to give a 3 mM protein concentration. This spectrum was

obtained on a Bruker AM500 NMR

meter with a 5-mm “reverse” probe. A total of 4096 data

points were digitized during data acquisition interval ¢, for a spectral width of 5 kHz. The ¢, interval
of 0.1389 ms was incremented 256 times. The mixing interval was 325 ms.
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qu. 2. Solid-state NMR spectra
of 'SN-labeled Pfl coat protein
in oriented phospholipid bilay-
ers. The experimental spectra
are compared to a calculated

A ‘m;;j\

15N amide chemical-shift pow- © U
der pattern with the positions of
the principal components
marked. The samples were ob-
tained from viral infection of -
the bacteria on a defined medi-
um. The spectra were obtained
on a home-built 8.5-T spec-
trometer.
D Cakulatsd
% 0
ppm

NOE cross-peaks in Fig. 1, a single spectral
parameter, in this case the N chemical
shift, is sufficient to establish the orienta-
tions of the a helices relative to the plane of
the bilayer. Solid-state !N NMR spectra of
labeled Pfl coat-protein samples oriented in
phospholipid bilayers are shown in Fig. 2.
These spectra can be simply interpreted by
using the nearly axially symmetric N am-
ide chemical shift tensor as a qualitative
guide to the orientation of the peptide
groups in the helices, since an amide N-H
bond approxi parallel to the direction
of the applied magnetic field has a !N
resonance frequency close to that of the
principal element oy and an amide N-H
bond perpendicular to the field has a !N
resonance ency close to that of the
principal element o, (10). The spectrum in
Fig. 2C of uniformly 'SN-labeled protein
has two bands of signal intensity near the
resonance frequencies associated with oy and
o, of the amide chemical shift tensor. Spec-
tral resolution was greatly improved by us-
ing selectively **N-labeled protein samples.
There is only one Glu residue (Glu®) in Pfl
coat protein (11). The spectrum in Fig. 2A
of 'N-Glu®-labeled Pfl coat protein has a
single line with a resonance frequency near
o, , therefore the N-H bond of Glu® and
hence the amphipathic helix that includes
this residue is approximately icular
to the direction of the magnetic field and
parallel to the plane of the bilayer. The two
Tyr residues in Pfl coat protein are in the
hydrophobic helix, therefore the s

in Fig. 2B of '*N-Tyr-labeled Pfl coat
protein has overlapping resonance intensity
near oy This result demonstrates that the
N-H bonds of Tyr*® and Tyr*® (and the
hydrophobic helix) are approximately paral-
lel to the direction of the magentic field and
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perpendicular to the plane of the bilayer.
Solid-state NMR spectroscopy is particu-
larly well suited for describing the dynamics
of immobile proteins in unoriented samples
(12), because powder pattern line shapes are
strongly influenced by motional averaging.
Effectively isotropic, large-amplitude mo-
tions that occur more frequently than the
breadth of the relevant powder pattern are
particularly easy to recognize because they
result in narrow resonance intensity at an
average position. Selectively 'SN-Gly-la-
beled Pfl coat protein has six amide 5N
resonances that contribute resonance inten-
sity between 30 and 200 ppm in the spectra
of Fig. 3, A and B, both of which have a
narrow isotropic spectral component super-
imposed on the powder pattern. These
sprectra demonstrate that the protein has at
least one mobile Gly residue in both its
membrane-bound form and its structural
form in virus particles, although most of the
glycines are rigidly held by the protein struc-
ture. Amide resonances from Gly'® and
Gly'7, but not those from any other gly-
cines, have negative "H-'N heteronuclear
NOE:s in micelles (7), indicating that Gly's
and Gly'7 account for the narrow resonance
intensity in the spectrum in Fig. 3A and that
all of the other glycines in the protein con-
tribute to the powder pattern and are immo-
bile, with the exception of Gly* at the NH,-
terminus. The same analysis holds for the
coat protein in the virus particles where
Gly"S or Gly'” or both are mobile.
Solid-state 2H NMR spectra of CD;-
labeled side chains are also sensitive indica-
tors of local motions. The hop motions of
side chains with rigid backbones character-
istically alter powder pattern line shapes,
although backbone motions of substantial
amplitude are required to give isotropic
signals. In Fig. 3, C to F, the 2H NMR

200 0 100 [ -100 100 (] 100
ppm kHz

Fig. 3. Solid-statc NMR s of selectively
labeled Pfl coat protein in phospholipid bilayers
(A, C, and E) and virus particles (B, D, and F). All
of the samples are fully h!drat:ed, stationary, and
unoriented: (A and B) ! N-Gly—labcledj (C and
D) 2H-Thr-labeled; and (E and F) *H-Leu-
labeled. The samples were obtained from viral
infection of bacteria on a defined medium. The
15N NMR spectra were obtained on a home-built
8.5-T spectrometer and the 2H NMR spectra
were obtained on a home-built 5.9-T spectrome-
ter. The dashed lines in the N NMR spectra
demonstrate the approximate line shape of the
underlying powder pattern.

Fig. 4. Model of Pfl coat protein in lipid bilayers.
The amphipathic helix parallel to the plane of the
bilayer is red, the hydrophobic membrane span-
ning helix is blue, and the mobil terminal and
loop regions are yellow.

spectra for two different, selectively deuteri-
um-labeled proteins in phospholipid bilay-
ers and in virus particles are compared. In
both cases, narrow isotropic resonance in-
tensity was observed in the membrane-
bound form, but not in the viral form. A
qualitative analysis of these spectra, where
the presence of substantial isotropic reso-
nance intensity indicates that the protein has
one or more mobile residues of a particular
type, strongly suggests that Thr® near the
NH,-terminus and Leu*® near the COOH-
terminus are mobile in the membrane-
bound form, but not in the viral form of Pfl
coat protein. Similar data indicate that Val®
and Ala*® are also mobile in the membrane-
bound form of the protein, but not in the
virus particles.

The results of the NMR experiments are
summarized with the model of the protein
in Fig. 4. There are five distinct regions in
this small 46-residue membrane-bound pro-
tein. The protein has two a helices, as
defined by the observation of the appropri-
ate homonuclear "H-'H NOE:s in micelles
in Fig. 1. The data in Fig. 2 demonstrate
that the amphipathic helix is parallel to the
plane of the bilayer and the hydrophobic
helix is perpendicular to the plane of the
bilayer. The narrow isotropic resonance in-
tensity in the spectra in Fig. 3 indicates that
the two rigid helices are connected by a
mobile loop and that there are mobile resi-
dues at both the NH,- and COOH-termini
of the membrane-bound form of the pro-
tein. In contrast, the coat protein in the virus
has structured NH,- and COOH-terminal
residues, but does retain the mobile internal
loop connecting the two helices.

Pfl coat protein has both a long hydro-
phobic helix that spans the membrane bilay-
er as well as a helix that is relatively short,
distinctly amphipathic, and parallel to the
plane of the bilayer, as expected for a helix
with its hydrophobic side in contact with
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the lipid chains and with the hydrophilic
side exposed to the lipid headgroups and
solvent. The two helices are connected by a
mobile loop and residues at both the NH,-
and COOH-termini of the protein are mo-
bile. The structures of both photosynthetic
reaction centers (13) and bacteriorhodopsin
(14) are dominated by long hydrophobic
membrane-spanning helices connected by
loops, some of which contain relatively short
amphipathic bridging helices. Bacteri-
orhodopsin has been shown to have mobile
NH,- and COOH-terminal regions as well
as mobile internal loops (15). The dynamics
of the coat protein from a different filamen-
tous bacteriophage (fd and M13) has also
been characterized in some detail, showing
that it also has mobile NH,- and COOH-
terminal regions in its membrane-bound
form (16-18). The mobile NH,- and
COOH-terminal regions as well as the mo-
bile internal connecting loops are character-
istic of membrane-bound proteins, as are the
rigid hydrophobic bilayer spanning helices
and amphiphatic bridging helices. Pf1 coat
‘protein is a typical membrane protein.
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Membrane-Mediated Assembly of Filamentous
Bacteriophage Pf1 Coat Protein

RAMAN NAMBUDRIPAD, WILHELM STARK,* STANLEY J. OPELLA,

LEE MAKOWSKIT

Filamentous bacteriophage Pfl assembles by a membrane-mediated process during
which the viral DNA is secreted through the membrane while being encapsulated by
the major coat protein. Neutron diffraction studies showed that in the virus most of
the coat protein consists of two a-helical segments arranged end-to-end with an
intervening mobile surface loop. Nuclear magnetic resonance studies of the coat
protein in the membrane-bound form have shown that the secondary structure is
essentially identical to that in the intact virus. A comparison indicates that during
membrane-mediated viral assembly, while the secondary structure of the coat protein
is largely conserved, its tertiary structure changes substantially.

HE COAT PROTEINS OF FILAMEN-

tous bacteriophage are among the

simplest examples of transmembrane
proteins. Prior to assembly they are inserted
into the inner host cell membrane with their
NH,-termini on the outside of the mem-
brane and their COOH-termini on the in-
side (1, 2). During assembly, the basic ami-
no acids near the COOH-terminus of the
coat protein form electrostatic interactions
with the DNA (3) and the proteins interact
with one another to form the long (1 to 2
pm), flexible, 65 A diameter virions with no
incorporation of lipid. Characterization of
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the process by which the protein coat assem-
bles around the viral DNA as it is secreted
through the host cell membrane may aid in
our understanding of a number of mem-
brane-mediated processes, including assem-
bly of membrane components and protein
secretion. In this report we compare the
structure of the coat protein of filamentous
bacteriophage Pfl in the intact virus particle
[as determined by neutron diffraction (4, 5)]
with its membrane-bound conformation [as
determined by nuclear magnetic resonance
(NMR) (6)]. This comparison provides in-
formation about the structural transforma-
tions that take place during membrane-me-
diated translocation processes.

Neutron diffraction from magnetically
oriented gels of specifically deuterated virus
particles has been used to determine the
positions of 15 of the 46 amino acid residues
in the coat protein of filamentous bacterio-
phage Pfl (4, 5). A typical neutron fiber
diffraction pattern from a native (unlabeled)
specimen is shown in Fig. 1. Difference

Table 1. Secondary structure of the Pfl coat protein. The intact virion results are from neutron
diffraction. Results on the coat protein in membranes are from NMR spectroscopy. Solid-state
NMR spectroscopy shows that Gly'S or Gly'” or both are mobile in the surface loop of the virus.

Intact virion Membrane
Residues Structure Residues Structure
1-5 Mobile
2-12 o Helix 6-13 a Helix
13-19 Surface loop 14-18 Mobile
2042 a Helix 1942 o Helix
43-46 No information 4346 Mobile
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