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Dynamics of fd Coat Protein in Lipid Bilayers? 
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ABSTRACT: The dynamics of backbone and side-chain sites of the membrane-bound form of fd coat protein 
are  described with solid-state 2H and 15N NMR experiments. The samples were isotopically labeled coat 
protein in phospholipid bilayers in excess water. The protein itself is immobile and does not undergo rapid 
rotation within the bilayer. Like the structural form of the protein, the membrane-bound form has four 
mobile residues at  the N-terminus. The membrane-bound form differs from the structural form in having 
several mobile residues a t  the C-terminus. Many of the side chains of residues with immobile backbone 
sites undergo large amplitude jump motions. The dynamics are generally similar in both the structural and 
membrane-bound forms of the protein. 

%e major coat protein of the filamentous bacteriophages 
is an interesting and popular system for study because it has 
roles as both a membrane-bound and a structural protein 
during the viral life cycle (Marvin & Hohn, 1969; Makowski, 
1984). We are studying the coat protein in both its mem- 
brane-bound (Cross & Opella, 1979, 1980, 1981; Frey et al., 
1983; Bogusky et al., 1985a,b, 1987; Valentine et al., 1985; 
Colnago et al., 1986) and its structural (Opella et al., 1979, 
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1980; Cross et a]., 1981, 1982, 1983; Cross & Opella, 1982, 
1983, 1985; Gall et al., 1981, 1982; Colnago et al., 1986, 1987) 
forms by N M R  spectroscopy. The overall goal of these in- 
vestigations is to develop an understanding of the relationship 
between the two forms of the protein and their roles in the 
infection and assembly processes of the viral life cycle. 

The coat protein adopts its membrane-bound conformation 
in the presence of a variety of lipids and detergents (Nozaki 
et al., 1976). Samples of the protein in detergent micelles and 
in sonicated phospholipid vesicles are well suited for high- 
resolution solution N M R  studies as pursued by us (Cross & 
Opella, 1979, 1980, 1981; Bogusky et al., 1985a,b, 1987; 
Schiksuis et al., 1987) and others (Hagen et al., 1978, 1979a,b; 
Dettman et al., 1982, 1984; Henry et al., 1985, 1987; Wilson 
& Dahlquist, 1985). Samples of the protein in phospholipid 
bilayers are well suited for solid-state N M R  studies as de- 
scribed here and in earlier publications (Frey et al., 1983; 
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Bogusky et al., 1985a; Colnago et al., 1986; Valentine et al., 
1985). These different preparations of the membrane-bound 
form of the coat protein enable comparisons to be made be- 
tween findings from solution and solid-state N M R  experi- 
ments. Since spectroscopic parameters are influenced by events 
on very different time scales in these two types of N M R  
studies, comparisons between solution and solid-state N M R  
results can be helpful in describing protein dynamics. Other 
comparisons of more biological interest are also possible from 
these studies, including those between the membrane-bound 
and structural forms of the coat protein and between the 
proteins from representatives of class I bacteriophages (e.g., 
fd, M13) and class I1 bacteriophages (e.g., Pf l ) .  

Viruses, like other complex biological structures, are as- 
sembled from previously synthesized pools of constituent 
biopolymers (Casjens & King, 1975). The assembly pathways 
are of considerable interest for understanding the completed 
structures, as well as the flow of information and energy in 
biological systems. The filamentous bacteriophages undergo 
a complex assembly process, with the actual formation of the 
virus particles occurring at the bacterial cell membrane as the 
coat protein goes from its membrane-bound form to its 
structural form in the virus coat surrounding the DNA 
(Denhardt, 1975; Ray, 1977). 

At infection, the viral DNA goes into the cell cytoplasm 
while the viral coat protein is inserted into the cell membrane 
of the bacteria (Smilowitz et al., 1972). Therefore, both the 
infection of the bacteria by the virus and the assembly of new 
virus particles involve transitions of the coat protein between 
the virus particle and the bacterial cell membrane. These 
transitions are accompanied by substantial changes in the 
properties of the coat protein. The transition of the coat 
protein in the infection process appears, a t  least superficially, 
to be the reverse of the assembly process, where the protein 
goes from the viral form to the membrane-bound form, 

The coat protein has been studied in its membrane-bound 
form with a variety of methods besides NMR. Interpretations 
of circular dichroism and laser Raman data are consistent in 
suggesting that the coat protein has a large amount of sec- 
ondary structure in phospholipid and detergent environments 
and that the membrane-bound form of the protein differs 
substantially from the structural form found in the virus 
(Chamberlain et al., 1978; Nozaki et al., 1976, 1978; Makino 
et al., 1978; Williams & Dunker, 1977; Fodor et al., 1981). 
The coat protein has a central 19-residue region of hydrophobic 
amino acids while the C- and N-terminal regions are relatively 
hydrophilic (Asbeck et al., 1969; Nakashima & Konigsberg, 
1974). A model with the coat protein spanning the lipid 
bilayer is consistent with all of the experimental results ob- 
tained to date and seems sensible on the basis of the striking 
distribution of hydrophobic and hydrophilic residues in the 
protein. 

The dynamics of the structural form of the coat protein 
in the virus are described in the preceding paper (Colnago et 
al., 1987) and elsewhere (Gall et al., 1981, 1982; Cross & 
Opella, 1982; Colnago et al., 1986; Valentine et al., 1985). 
Nearly all of the polypeptide backbone sites of the structural 
form of the protein are highly constrained, undergoing only 
small amplitude rapid motions (Cross & Opella, 1982); how- 
ever, there are four highly mobile residues at the N-terminus 
that undergo essentially isotropic motions on the 103-Hz time 
scale (Colnago et al., 1986, 1987; Valentine et al., 1985). The 
side chains of many residues in the coat protein in the virus 
particle undergo large amplitude jump motions (Gall et al., 
1981, 1982; Colnago et al., 1985, 1987; Valentine et al., 1985). 

This paper presents a description of the dynamics of the 
membrane-bound form of fd coat protein and compares the 
dynamics of the structural and membrane-bound forms of the 
protein. 

MATERIALS AND METHODS 
Sample Preparation. The preparation of the virus is de- 

scribed in the preceding paper (Colnago et al., 1987). The 
coat protein was transferred from the virus into di- 
myristoyllecithin (DML) or dipalmitoyllecithin (DPL) bilayers 
according to the direct sonication procedure described by Fodor 
et al. (1981). The virus was dialyzed against distilled deionized 
water and then added to uniformly suspended lipids. Most 
samples were prepared with a slightly less than 1:l weight ratio 
of protein to lipid; this corresponds to about eight lipid mol- 
ecules per protein molecule and is the same high ratio used 
in other physical studies (Williams & Dunker, 1977). Some 
samples were prepared with substantially lower protein to lipid 
ratios in control experiments that gave results essentially the 
same as those reported here. The mixture was sonicated under 
low power with a Sonifier cell disrupter Model 350 from 
Branson Sonic Power Co. The temperature was maintained 
slightly higher than the phase-transition temperature of the 
pure lipid. Sonication was stopped when the solution became 
transparent, generally after 5-20 min depending on the sample 
size. The sample was then lyophilized and rehydrated with 
distilled deionized water. Deuterium-depleted water (Sigma) 
was used for the 2H N M R  experiments. The experimental 
samples typically contained 100-200 mg of protein. 

Analytical sucrose gradients (0-60%) were used to check 
that the virus particles were fully disrupted and that all of the 
coat protein was actually associated with the lipids. The 
protein-lipid bands were well-defined and appeared opaque 
white. Fractions were monitored at 280 nm, taking into ac- 
count the absorption due to the sucrose and using a small 
amount of sodium dodecyl sulfate (2%) to solubilize the ma- 
terial in the band for measurements. The complete association 
of the protein with lipids was also demonstrated by the finding 
of transparent samples following sonication, since isolated coat 
protein is completely insoluble in water. 

Differential scanning calorimetry (DSC) indicated that there 
was no distinct thermotropic transition of the protein-lipid 
complex. 31P N M R  of the samples yielded axially symmetric 
line shapes from the phosphate head groups that are highly 
characteristic of intact phospholipid bilayers. There was no 
evidence of an isotropic 31P resonance, which indicates that 
all of the phospholipids were in bilayers. 

Enzyme Digestion. The coat protein in phospholipid bilayers 
was cleaved with approximately 50 pg/mL of chymotrypsin 
(Worthington) a t  37 O C  for a t  least 3 h in a buffer of 50 mM 
NH4HC03 a t  pH 8 on samples that were about 1 mg/mL in 
protein. The enzyme was sonicated briefly with the protein/ 
DML preparation. The digested fragments were separated 
from the core region of the protein by solubilizing aliquots of 
the digested protein/lipid fraction with deoxycholate (DOC) 
followed by precipitation with the addition of formic acid. The 
rest of the reaction mixture was solubilized by making the 
solution 8 mM in DOC; precipitation was then brought about 
by the addition of formic acid. The precipitate was pelleted 
in a Fisher microcentrifuge. The supernatant containing the 
fragments was injected into a Waters high-performance liquid 
chromatographer with a Nova Pak C-18 reverse-phase column. 
Isolation of the fragments was achieved by eluting the column 
with a linear 0-40% acetonitrile (0.1 % trifluoroacetic acid) 
gradient run over 20 min. The isolated fragments were then 
subjected to amino acid analysis. The results were in agree- 
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FIGURE 1: Amino acid sequence of fd coat protein (Asbeck et al., 
1969; Nakashima & Konigsberg, 1974). 

ment with previous chymotrypsin digests of the membrane 
form of the coat protein (Woolford & Webster, 1975; Dettman 
et al., 1982, 1984); the cleavages were found to occur after 
the carboxyl side of the phenylalanine residues yielding 
fragments 1-1 1, 43-45, and 46-50. Thus, the core region of 
the protein found in the bilayers contained the residues from 
Asp- 12 to Phe-42. 

Spectroscopy. The instrumentation and methods are de- 
scribed in the preceding paper (Colnago et al., 1987). 

RESULTS 

Backbone Dynamics. The amino acid sequence of the coat 
protein from fd is given in Figure 1 (Asbeck et al., 1969; 
Nakashima & Konigsberg, 1974). Since there is only one or 
a few residues of most of the amino acids in the sequence of 
this protein, considerable selectivity can be obtained by labeling 
one type of residue a t  a time with stable isotopes. Proteolytic 
cleavages of the protein offer additional selectivity (Woolford 
& Webster, 1975; Dettman et al., 1982, 1984). 

Spectroscopic selectivity among sites can be obtained with 
various solid-state N M R  experiments. The observable ”N 
magnetization can be generated in solid-state N M R  experi- 
ments through cross-polarization from abundant ‘H spins 
(Pines et al., 1973). Heteronuclear dipolar couplings are 
essential for cross-polarization to be effective. However, the 
same large amplitude, rapid motions that average the chemical 
shift anisotropy and quadrupole interactions as seen in the 
spectral line shapes also average the dipolar interactions. As 
a result, the sites with extensive motional averaging may not 
have strong enough dipolar couplings for cross-polarization 
to be effective. Direct pulsed excitation of I5N magnetization 
has poor sensitivity because of the relatively low gyromagnetic 
ratio and long spin-lattice relaxation times ( T I )  of 15N; how- 
ever, it does have the advantage that it is indiscriminatory with 
respect to the strength of the heteronuclear dipolar couplings. 
By comparing pulsed and cross-polarized spectra, “liquidlike” 
and “solidlike” spins can be distinguished in some cases. 

Figure 2 presents proton-decoupled I5N N M R  spectra of 
fd coat protein in DML bilayers. In this sample, all of the 
protein nitrogen sites are uniformly labeled with ”N. The top 
spectrum (Figure 2A) was obtained through direct-pulsed 
excitation, allowing for relaxation of the nitrogen spins during 
the recycle delay. The spectrum in Figure 2B was obtained 
by cross-polarization. Figure 2 (parts C and D) contains 
calculated chemical shift spectra based on representative values 
of the magnitudes of the principal elements of the I5N amide 
chemical shift tensor observed in peptides and proteins. Figure 
2D is a rigid lattice powder pattern with a frequency breadth 
of 103-104 Hz at available field strengths. Isotropic motional 
averaging of an amide I5N site on time scales fast compared 
to the breadth of the powder pattern results in a single line 
spectrum (Figure 2C). 

The experimental data in Figure 2A,B show that there are 
two distinct classes of amide resonances in the coat protein 
in bilayers, since a relatively narrow isotropic resonance is 
superimposed on a broad powder pattern with reasonably 
well-defined discontinuities. Amide sites without large am- 
plitude motions yield the broad static powder pattern and are 

C. Calculated 
Isotropic A- 
i’\ D .  Calculated 

Static 

i 4---l- 
0 

2M) P P M  

FIGURE 2: I5N NMR spectra of fd coat protein in DML bilayers 
obtained at 25 OC. (A and B) Experimental spectra obtained on 
uniformly labeled coat protein. (A) was pulsed and (B) was cross- 
polarized. (C and D) Calculated spectra. (C) is an isotropic resonance 
resulting from rapid isotropic motion, and (D) is a rigid lattice powder 
pattern from an immobile site. The calculated spectra utilized the 
principal values typical of those observed in polycrystalline peptides 
and fd coat protein (u,, = -34 ppm, u2* = -57 ppm. and u33 = -206 
ppm) (Cross & Opella, 1985). 

effectively “immobile”. Motionally averaged amide sites yield 
the narrow resonance intensity near the amide isotropic 
chemical shift frequency (100 ppm). The most obvious dif- 
ference between the experimental spectra obtained by direct 
pulsing (Figure 2A) and cross-polarization (Figure 2B) is the 
relative intensities of the isotropic and powder pattern reso- 
nances. The spectrum obtained by cross-polarization has a 
smaller contribution from the isotropic component relative to 
the spectrum obtained by direct pulsing, demonstrating that 
the development of I5N magnetization by cross-polarization 
is influenced by the same motional averaging that affects the 
line shapes. The experimental spectra in Figure 2 show that 
some of the backbone sites are highly mobile while the majority 
of the amide sites are highly restrained. The line shapes and 
intensities of the I5N N M R  spectra change relatively little as 
a function of temperature. The eamino groups of the lysine 
side chains and the N-terminal alanine have small chemical 
shift tensors and contribute to the narrow upfield resonance 
near 15 ppm in the experimental spectra. 

The powder pattern TI ( -  1.5 s) and nuclear Overhauser 
effect (NOE) (--I)  values at 25 ‘C indicate that small 
amplitude motions on the 109-Hz time scale are present in the 
otherwise immobile amide sites that give rise to the powder 
pattern. The presence of these rapid small amplitude motions 
means that the dynamics of the backbone sites contributing 
to the powder pattern are similar to those previously charac- 
terized for the same protein in the virus (Cross & Opella, 
1982). Additional information about the backbone sites of 
the protein in phospholipid bilayers can be derived from *H 
NMR experiments. Figure 3 shows 2H NMR spectra obtained 
from samples where the slowly exchanging amide sites on the 
coat protein in bilayers are labeled as N-D sites. The exchange 
with deuterium was performed in D,O by raising the pH to 
8.5 and the temperature to 50 O C  for several hours. The 
sample was lyophilized after the pH was lowered to 4.0. The 
sample was then rehydrated with H 2 0  and lyophilized twice 
before final rehydration in deuterium-depleted water. This 
procedure removed the readily exchanged deuterons, which 
would also be the ones most likely to yield narrow isotropic 
resonances. The experimental spectra in Figure 3A,B are 
representative powder patterns for the static N-D quadrupolar 
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FIGURE 3: *H NMR spectra of amide N-D sites at the temperatures 
shown. (A and B) Experimental spectra obtained on samples of fd 
coat protein in DML bilayers that have been partially labeled by 
exchange at the amide N-D sites. (C and D) Calculated spectra. 
(C) is with parameters to match the experimental spectra. (D) is 
calculated with the same quadrupole coupling constant as in (C), 
although q = 0. 

interactions. To determine the full magnitude of the N-D 
quadrupole interaction in peptide bonds, the spectrum was 
obtained from the same sample at  -45 and 20 OC (Figure 
3A,B). There are only minor differences between the -45 and 
20 "C spectra. These spectra are similar to those obtained 
from a synthetic hydrophobic peptide (Pauls et al., 1985) and 
from gramicidins (Datema et al., 1986) in lipid bilayers. The 
calculated powder patterns in Figure 3 illustrate the differences 
between the line shapes from the axially symmetric and non- 
axially symmetric quadrupolar interactions of the same 
magnitude. Figure 3C is a nonaxially symmetric quadrupolar 
powder pattern calculated with the magnitudes of the principal 
values obtained from Figure 3B and from an experimental 
spectrum of crystalline N-acetylglycine. Figure 3D was 
calculated with the same quadrupole coupling constant as for 
Figure 3C but with the asymmetry parameter (7) equal to 
zero. The comparisons between the experimental and calcu- 
lated spectra indicate that the protein itself is not reorienting 
within the bilayer on the 106-Hz time scale of the N-D 
quadrupole interaction. In particular, the coat protein does 
not undergo rapid rotation about its long axis in DML bilayers, 
since the nonaxially symmetric line shape of the N-D quad- 
rupole interaction is preserved in the hydrated protein-lipid 
complex at 20 "C. These spectra contain some central in- 
tensity that probably results from nitrogen sites with some 
mobility. 

Figure 4 contains ISN N M R  spectra of specifically 15N- 
labeled coat proteins in DML bilayers. These data allow the 
protein backbone dynamics to be described with essentially 
atomic resolution. The four valine (29, 30, 31, and 33), two 
tyrosine (21 and 24), and two leucine (14 and 41) residues 
all yield powder patterns characteristic of highly constrained 
backbone sites in these spectra obtained by cross-polarization. 
The imide lSN powder pattern for a sample labeled at Pro-6 
is also characteristic of an immobile site. Immobile sites are 
readily observed because the powder pattern intensity can be 
easily obtained through cross-polarization. The spectra con- 
taining only powder patterns help define the immobile region 
of the protein backbone that contributes to the powder pattern 
observed in the heterogeneous spectrum of uniformly labeled 
coat protein in Figure 2B. 

The lSN N M R  spectra from the Ala (1, 7, 9, 10, 16, 18, 
25, 27, 35, and 49), Lys (8, 40, 43, 44, and 48), Gly (3, 23, 
34, and 38), and Phe (1 1, 42, and 45) l5N-1abeled proteins 
are heterogeneous with isotropic amide resonances superim- 
posed on powder patterns, as seen in Figure 2B for uniformly 

A .  Ala - l1,7,9,10,16,18, 
25.27,35.49) 

200 0 
PPM 

200 0 
PPM 

FIGURE 4: 15N NMR spectra of fd coat protein in DML bilayers at 
25 O C .  

A .  A l l  S i t e s  C. Gly- I23,34,38)  
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FIGURE 5 :  15N NMR spectra of fd coat protein in DML bilayers at 
25 "C: (A and B) from uniformly I5N-labeled protein; (C and D) 
from [15N]Gly-labeled protein; (A and C) after treatment with 
chymotrypsin; (B and D) from intact protein. 

lSN-labeled protein. The amide and amino resonances of the 
lysine-labeled protein are readily distinguished, since the 
narrow amino resonances are upfield near 15 ppm. The 
spectra in Figure 4 clearly demonstrate that there are alanine, 
lysine, glycine, and phenylalanine residues both in the immobile 
and in the mobile regions of the coat protein. These findings 
for proteins with only one type of labeled residue are crucial 
for defining the mobile regions of the protein backbone. 

Treatment of coat protein samples in bilayers with chy- 
motrypsin removes the regions encompassing residues 1-1 1 
and 43-50 (Woolford & Webster, 1975; Dettman et al., 1982, 
1984). The spectral comparisons of Figure 5 indicate that the 
removal of the C- and N-terminal fragments results in the loss 
of the isotropic amide resonance intensity in the uniformly 
lSN-labeled and the specifically [ 15N]Gly-labeled protein 
samples. The uniformly labeled protein comparison shows that 
all of the mobile residues are in the terminal regions of the 
protein that are accessible for proteolysis. The coat protein 
contains four glycine residues, three of which are located in 
the central hydrophobic region (23, 34, and 38) and one of 
which (3) is near the N-terminus. Since Gly-3 is the only 
glycine residue removed by treatment with chymotrypsin, the 
isotropic component in the spectrum in Figure 5D can be 
assigned to Gly-3. The results of Figure 5 serve to associate 
the mobile backbone sites with the terminal regions (1-1 1 and 
43-50) of the protein and the rigid backbone sites with the 
central region (12-42) of the protein. These results supplement 
the findings based on the specifically labeled residues in Figure 
4. 

The dynamics of alanine methyl side chains can also be used 
to describe backbone dynamics, since the methyl group is 
directly bonded to the a-carbon. Any motions influencing the 
line shape, other than threefold methyl reorientation about the 
C,-C, bond axis, must arise from the peptide backbone (Je- 
linski et al., 1980; Batchelder et al., 1983; Keniry et al., 1984b). 
All alanine methyl groups undergo rapid threefold reorien- 
tation about the C,-C, bond axis at the temperatures used 
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FIGURE 6: ZH NMR spectra of CD3 Ala labeled fd coat protein in 
DML bilayers. 
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FIGURE 7: 15N NMR spectra of Trp-26-labeled fd coat protein in 
DML bilayers. 

in these experiments. Figure 6C shows a calculated *H N M R  
powder pattern for a methyl group undergoing threefold re- 
orientation about the C,-C, bond axis but no other motion. 
Isotropic averaging results in a single-line spectrum as in 
Figure 6B. The experimental 2H NMR spectrum of CD3 Ala 
labeled coat protein in DML bilayers is in Figure 6A. This 
spectrum is clearly heterogeneous showing isotropic intensity 
superimposed on a methyl powder pattern. This result is 
consistent with that in Figure 4A for [15N]Ala-labeled protein 
is showing mobile and immobile alanine residues in the protein. 

Side-Chain Dynamics. fd coat protein has a single tryp- 
tophan residue (Trp-26). The tryptophan side chain is im- 
mobile on the N M R  time scales in the structural form of the 
protein in the virus, as shown with *H, I3C, and I5N N M R  
experiments (Gall et al., 1982). The data in Figure 7 show 
that this side chain is also immobile in the membrane-bound 
form of the protein. The spectrum in Figure 7C is a calculated 
15N chemical shift anisotropy powder pattern for the indole 
nitrogen site on the basis of the magnitudes of the principal 
elements observed for the crystalline amino acid. The ex- 
perimental data from the labeled Trp-26 side chain in the 
protein in bilayers are in Figure 7A,B. Within the experi- 
mental limitations of signal-to-noise ratios and line shapes, the 
three powder patterns in Figure 7 have the same shape and 
breadth. Therefore, the Trp-26 side chain of fd coat protein 
in bilayers can be described as immobile since it does not have 
large amplitude motions on the 103-Hz time scale. In addition 

0 ZW -2M 203 0 -2w 
XHz kHz 

FIGURE 8: Calculated *H NMR powder patterns shoging effects of 
motional averaging for phenylalanine and tyrosine side chains (A, 
B, and C )  (Gall et al., 1982) and for Leu side chains (D, E, and F) 
(Colnago et al., 1987). 

Tyr - 121,241 I 
DPL OML CHt 

0. -20°C H.  -20°C - 
200 0 -200 200 0 -200 

kHz kHz 

FIGURE 9: Experimental *H NMR spectra of [2H,]Tyr-labeled fd 
coat protein in phospholipid bilayers. 

to demonstrating that there are no local side-chain or backbone 
motions at this location in the protein, the spectra in Figure 
7 also show that the protein itself does not reorient within the 
bilayer because the nonaxially symmetric chemical shift an- 
isotropy powder pattern line shape is present in the protein- 
lipid complex at  20 and 40 "C. The combination of results 
from Figures 3 and 7 ,  with their characteristic nonaxially 
symmetric line shapes, is strong evidence that the protein itself 
does not rotate within the membrane bilayer. 

Solid-state *H N M R  is particularly effective in describing 
the dynamics of the phenyl side chains of tyrosine and phe- 
nylalanine residues in peptides and proteins (Gall et al., 1981, 
1982; Rice et al., 1981a,b; Schramm et al., 1981; Gierasch 
et al., 1981, 1982; Oldfield et al., 1982; Frey et al., 1983, 
1985a,b; Torchia, 1984; Opella, 1986). These side chains can 
be readily labeled in the 6- and E-C-D sites synthetically or 
biosynthetically, and the 2H NMR powder pattern line shapes 
for these sites are strongly influenced by motions about the 
C,-C, bond axis. This can be seen in the calculated line shape 
comparisons in Figure 8. Twofold 180" ring flips of phenyl- 
alanine and tyrosine side chains have been observed in several 
proteins, including the structural form of the coat protein. 
Isotropically reorienting or immobile rings can also be readily 
identified by their 2H N M R  line shapes. 

Figure 9 contains experimental 2H NMR spectra from 
[2H4]Tyr-labeled coat protein in DML and in DPL bilayers. 
Spectral comparisons as a function of temperature and chain 
length of the lipids are shown. In the temperature range -20 
to 20 "C, the motionally averaged experimental line shapes 
(Figure 9B,C,F,G) are similar to those calculated for phenyl 
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FIGURE 10: Experimental 2H NMR spectra of [2H2]Phe- (A) and 
[*H4]Phe-labeled (B-G) fd coat protein in DML bilayers. The 
spectrum in G is from chymotrypsin-treated fd coat protein. 

rings that either are immobile or are undergoing twofold jumps 
(Figure 8B). At higher temperatures additional motions are 
present, since some rounding and narrowing of the powder 
pattern line shapes are observed. At -20 "C, the tyrosine rings 
are immobile in both lipids. 

The dynamics of most of the protein sites are quite similar 
in various lipids. However, one of the clearest differences we 
have observed in protein dynamics as a function of lipid can 
be seen in the comparison of the spectra in Figure 9 (parts 
C and G). In the lipid environment of DML (C14), both 
tyrosines appear to be flipping at  0 "C, while in DPL (C1J 
at  the same temperature one ring is static and the other is 
flipping. At all of the temperatures used in the experiments, 
including 40 "C, the I5N N M R  spectrum of the Tyr-labeled 
sites is a powder pattern (Figure 4G) indicative of immobile 
backbone sites. The flip-averaged side-chain powder patterns 
also demonstrate that the backbone is rigid at  these sites. 

Both 2H and 15N N M R  spectra show that the coat protein 
in lipid bilayers has a t  least one phenylalanine residue with 
a mobile backbone site and at least one with an immobile 

I 
CH2 Met-28 I 

0. -35oc M H. -45OC n -- 
100 . 0 -100 100 0 -100 

kHz kHz 
FIGURE 1 1 : 2H NMR spectra of CDJabeled sites on fd coat protein 

backbone site. Figure 4C shows the presence of isotropic 
resonance intensity from one or two mobile Phe sites super- 
imposed on the powder pattern from one or two immobile Phe 
sites. The 2H N M R  spectrum in Figure 10A from CD2 fl  
labeled Phe sites shows that a t  least one of the Phe residues 
has a mobile backbone site, since C, sites are directly attached 
to the backbone. The relative intensities of both Figure 4C 
and Figure 10A are not reliable in distinguishing between one 
or two mobile Phe backbone sites, because in both experiments 
the narrow isotropic resonances behaves differently from the 
broad powder pattern resonance intensity. 

The spectra in Figure 10B-G were obtained from ['H4]- 
Phe-labeled coat protein. The temperature dependence of the 
three Phe side chains is shown in Figure 10B-F. At -40 "C, 
all three rings are immobile. At -20 "C, a pattern resulting 
from rings undergoing 180" flips and immobile rings is seen. 
In the spectra above 0 OC, large amounts of additional mot- 
ional averaging are present. Because of the difficulties of 
comparing intensities of broad and narrow components, it is 
not possible to quantitatively interpret the side-chain data. 
However, it is clear that at least one of the Phe rings undergoes 
effectively isotropic motion under the same conditions where 
at least one mobile Phe backbone site was observed in the data 
of Figures 4C and 10A. The spectrum in Figure 10G of 
[2H4]Phe-labeled coat protein after proteolytic cleavage arises 
from only Phe-42, since Phe-10 and Phe-45 have been re- 
moved. This spectrum indicates that the Phe-42 ring does not 
undergo isotropic reorientation even though it is now the 
C-terminal residue of the cleaved protein. This suggests that 
the Phe-42 backbone is immobile in the intact protein and 
contributes to the powder pattern intensity in the spectra in 
Figures 4C and 10A. 

The motions of methyl groups in aliphatic side chains reflect 
those of backbone and methylene sites of these residues. 
Methyl group motions are readily characterized by 2H N M R  
studies at CD,-labeled sites (Jelinski et al., 1980; Batchelder 
et al., 1982, 1983; Kinsey et al., 1981a,b; Keniry et al., 1984a,b; 
Smith & Oldfield, 1984; Colnago et al., 1986, 1987). In spite 
of the possibility of many motions in long aliphatic side chains, 
only a few modes of motion have been observed in solid-state 
N M R  studies, such as those shown in Figure 8. 

Both leucines in the protein have immobile peptide bonds 
since a I5N amide powder pattern is observed in Figure 4H. 
The 2H N M R  spectra in Figure 11A-D show that these side 

Thr- (19,36,46) Val- f29,30,31,33) 

K .  -1OOC 

L .  -25OC 

100 0 -100 loo 0 -100 
kHz kHz 

in DML as a function of temperature. 
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chains undergo twofold tetrahedral jump motions a t  temper- 
atures above about 10 "C and only three fold methyl group 
reorientation a t  temperature below -35 OC. There are in- 
termediate temperatures where only one of the leucines un- 
dergoes the jump motions. The line shape shows additional 
narrowing a t  higher temperatures, indicative of one or both 
the Leu side chains having motions in addition to two-site 
jumps. 

The coat protein has a single methionine residue (Met-28). 
Therefore, when this residue is labeled biosynthetically, the 
line shape from the CD3 site can be analyzed without inter- 
ference from overlapping patterns. 

The 2H N M R  spectra in Figure 11E-H show that only 
limited motional averaging occurs in this side chain. The 
experimental spectrum obtained a t  -10 O C  is very similar to 
that calculated for twofold jumps about the S-C bond and 
threefold reorientation of the CD3 group. At higher tem- 
peratures, some additional narrowing and rounding of the 
jump-averaged pattern is observed, indicative of limited 
motions about additional bonds in the side chain. 

The coat protein has three threonine residues, one of which 
is near the C-terminus (Thr-46). The *H N M R  spectra of 
the CD, Thr labeled protein in DML bilayers in Figures 1 1 I-L 
show that these groups undergo only threefold reorientation 
at -25 O C .  At temperatures higher than about 25 OC, all three 
threonine side chains undergo twofold tetrahedral jumps. The 
spectra suggest that one of the residues has a mobile side chain 
a t  the higher temperatures. The -10 O C  spectrum shows that 
the threonine side chains differ in their activation energy for 
the large amplitude jump motion. 

The four valine residues are in close proximity in the central 
hydrophobic region of the protein. The 15N N M R  spectrum 
in Figure 4F  shows that all four have immobile peptide link- 
ages. 

The 2H N M R  spectra in Figure 1 1 M-P indicate that the 
side chains have different mobilities. At low temperatures, 
only threefold CD3 group reorientation is observed. At 10 O C ,  

the spectrum appears to be a superposition of powder patterns 
resulting from tetrahedral jump motions and the methyl group 
reorientation. At 40 O C  the pattern is more complex, indi- 
cating the presence of additional types of motion in the side 
chains. The small central resonance signal that is present a t  
all temperatures is unlikely to be a contribution from a valine 
side chain undergoing isotropic motion. 

DISCLSSIOK 
The preceding paper (Colnago et al., 1987) summarized our 

current level of understanding of the dynamics of the structural 
form of the coat protein in the bacteriophage. In its structural 
form, the coat protein has four highly mobile residues at the 
N-terminus. The rest of the backbone of the protein in the 
virus is highly constrained, although small amplitude motions 
are present. Most of the amino acid side chains undergo large 
amplitude rapid motions in the form of jumps about single 
carbon bonds; these are 180" ring flips about the C,-C., for 
Phe and Tyr and hops about tetrahedral or near-tetrahedral 
carbon sites in aliphatic side chains. Nearly all of the ex- 
perimental line shapes are well simulated by line shapes 
calculated on the basis of models with only one or two modes 
of motion. 

The membrane-bound form of the coat protein differs from 
the structural form in that the backbone sites of more residues 
undergo isotropic motion in the membrane-bound form. The 
pattern of side-chain motions is generally similar in the two 
forms; however, in many cases small amounts of additional 
motional averaging cause additional narrowing of the powder 
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FIGURE 12: Summary of dynamics of fd coat protein in phospholipid 
bilayers. 

patterns in the membrane-bound form. 
The major change in the coat protein when it goes from the 

structural form in the virus to the membrane-bound form is 
that several C-terminal residues go from being rigidily con- 
strained in the virus particle to highly mobile in the mem- 
brane-bound form. As shown in Figure 12, the backbone of 
the protein from residue 5 or 6 through residue 42 or 43 is 
immobile. This contrasts with the structural form of the coat 
protein in the virus where residues 5-50 have immobile 
backbone sites. 

The 15N N M R  spectrum in Figure 5A demonstrates that 
residues 12-42 have immobile backbone sites. The I5N N M R  
spectra in Figure 4E-H show that the region includes residues 
6-41. The spectra with narrow isotropic resonances from 
mobile sites superimposed on powder patterns from rigid sites 
demonstrate that a limited number of residues are highly 
mobile. The specific labeling of the Gly residues and the 
spectra obtained of the intact protein and the protein with 
residues 12-42 following proteolysis demonstrate that Gly-3 
is mobile and that the other three Gly residues (23, 24, and 
38) are immobile. The 15N N M R  spectrum of Ala-labeled 
protein indicates that at least one Ala residue, in addition ot 
the N-terminal Ala, is mobile, since the N-terminal amino 
group gives the upfield resonance near 15 ppm and the mobile 
Ala amide group gives the isotropic resonance near 100 pm 
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The side-chain dynamics in the two forms of the coat protein 
are generally similar with either rigidly held groups, such as 
Trp-26 in both forms, or side chains undergoing jump motions, 
such as the Tyr-21 and Tyr-24 or Leu-14 and Leu-41. 
However, in many cases there is evidence for the presence of 
additional motions in the membrane-bound form as seen in 
rounding of powder patterns and additional central intensity. 
The nature of smaller amplitude motions remains to be de- 
scribed in studies of proteins with only a single labeled side 
chain. 
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in Figure 4A. The *H N M R  spectrum of CD,-labeled Ala 
also shows that one or more Ala residues have isotropic motion 
but that many of them are immobile. 

The powder pattern obtained for the lSN resonance from 
Pro-6 indicates that this site is rigid. Therefore, Ala-7 must 
also be immobile. Ala-1 is mobile on the basis of Gly-3 being 
mobile. Ala-35 is immobile because after proteolysis residues 
12-42 remain and none of them are mobile and the specific 
site labeled proteins show that nearby residues such as Val-31, 
Val-33, Gly-34, and Gly-38 are immobile. Therefore, Ala-49 
is mobile and is the sole source of the isotropic 15N amide 
intensity in Figure 4A and contributes along with Ala-1 to the 
isotropic 2H resonance intensity in Figure 6A. This establishes 
that several N-terminal residues of the membrane-bound form 
of the coat protein are mobile, since Ala-1 and Gly-3 are 
mobile and Pro-6 is immobile. Four N-terminal residues were 
found to be mobile in the structural form of the coat protein 
in the virus (Colnago et al., 1987). Therefore, the dynamics 
of the N-terminus appears to be the same in both forms of the 
protein. 

The next point of discussion concerns how many mobile 
C-terminal residues are present in the membrane-bound form 
of the coat protein. Leu-41 is immobile on the basis of the 
ISN NMR spectrum in Figure 4H, and Phe-42 is immobile 
on the basis of the spectrum in Figure 5A of the uniformly 
labeled protein following proteolysis and the corresponding 2H 
N M R  spectrum in Figure 10G; therefore, there are at most 
eight mobile C-terminal residues. 

Since residue 6 is immobile, Lys-8 and Phe-1 1 must also 
be immobile. However, the spectra in Figure 4 (parts B and 
C) demonstrate the presence of mobile Lys and Phe residues. 
Phe-45 must be mobile to account for the isotropic resonance 
intensity in Figures 4C and 10A, since Phe-1 1 and Phe-42 are 
immobile on the basis of the arguments given above. There 
are five Lys residues, and at  least two of them (Lys-8 and 
Lys-40) have immobile backbone sites by the reasoning used 
to this point, and one or more Lys residues are mobile on the 
basis of the I5N N M R  spectrum in Figure 4B. The data 
presented here do not establish the definitive breakpoint be- 
tween mobile and immobile C-terminal residues. Some powder 
pattern and magic angle spinning spectra of the [I5N]Lys- 
labeled coat protein in bilayers show evidence of resolution 
of the isotropic resonance into two components, suggesting that 
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idues starting with Lys-43 or Lys-44 are mobile in the mem- 
brane-bound form of the coat protein. 
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coat protein in detergent micelles by solution N M R  (Cross 
& Opella, 1980, 1981; Boguskyet al., 1985a,b, 1987). In 
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coat protein in micelles. 

Earlier discussions (Frey et al., 1983; Colnago et al., 1986) 
of the dynamics of the Phe residues in the membrane-bound 
form focused on *H NMR spectra as in Figure 10B, which 
seem to indicate that all three have highly mobile side chains. 
The recent implementation of the phase-alternated cross-po- 
larization method (Levitt et al., 1986) has yielded 15N NMR 
spectra as in Figure 4C, which clearly show that the Phe 
residues have heterogeneous dynamics. The earlier models 
of the backbone dynamics of the protein in bilayer had more 
mobile sites than the current model shown in Figure 12 because 
of the experimental results for the Phe residues. 
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