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STELLINGEN 

1. Zonder rekening te houden met de gereflecteerde lichtcomponent, loopt men bij de analyse van 

absorptie-metingen met gepolariseerd licht het risico de dichroische verhouding verkeerd te 

interpreteren in termen van moleculaire oriëntatie. 

Azumi, R., Matsumoto, M. en Kawabata, Y. (1993) J. Phys. Chem. 97, 12862-12869 

2. Dat toevoeging van Nod signaalmolekulen van de bacterie Rhizobium meliloti aan suspensies van 

Medicago microcallus cellen na S en 72 uur een verhoging van het aantal celkernen in de S-fase tot 

gevolg heeft, zou even goed kunnen wijzen op een blokkering, als op de door Savouré et al. 

gesuggereerde stimulering van de celdeling. 

Savouré, A., Magyar, Z., Pierre, M., Brown, S., Schultze, M., Dudits, D., Kondorosi, A. & Kondorosi, E., 

(1994) EMBO J. 13, 1093-1102 

3. De door Crespi et al. berekende hoge stabiliteit van de secundaire structuur van het 700 bp transcript 

van het enod40 gen in Medicago planten sluit niet uit, dat een deel van dit transcript toch voor een 

klein eiwit codeert 

Crespi, M., Juikevitsch, E., Poiret, M., d'Aubenton-Carafa, Y., Petto vies, G., Kondorosi, E. & Kondorosi, 

A. (1994) EMBO J. 13, 5099-5112 

4. Gezien de kleine atoomstraal en de hoge gyromagnetische verhouding van de helium isotoop ^He, 

verdient het aanbeveling het NMR-onderzoek aan poreuze materialen met ^He-gas in plaats van het 

meer gebruikelijke 129xe-gas uit te voeren. 

Seydoux, R., Diehl, P., Mazitov, R.K. & Jokisaari, J. (1993), J. Magn. Reson. 101, 78-83 

5 Bij de bestudering van planteweefsels met behulp van NMR microscopie dient men voor een 

betrouwbare interpretatie van de resultaten rekening te houden met het effect van intercellulaire 

luchtholtes. 

6. De veronderstelling dat door langzame beweging veroorzaakte transversale NMR relaxatie in het 

algemeen gekarakteriseerd wordt door een relaxatietijd in de orde van grootte van de correlatietijd van 

de beweging, gaat niet op voor rotationele diffusie 

Alam, T.M. & Drobny, G.P. (1991) Chem. Rev. 91, 1945-1590; dit proefschrift. 



7. De aanname van een ladder van rotor energienivo's om rotor resonantie effecten bij MAS NMR 

spectroscopie te verklaren, is slechts bij benadering in overeenstemming met de uit de quantum 

mechanica af te leiden energienivo's van een vrije macroscopische rotor. 

8. Kennis over de glasovergang van voedingsmiddelen is van belang voor het nauwkeurig vaststellen van 

de optimale bewaarcondities. 

van den Berg, C. (1992) Carbohydrates in The Netherlands 8, 23-25 

9. Indien te ver doorgevoerd, leidt de binnen een ministerie gebruikelijke interne controle om ervoor te 

zorgen dat openbare middelen worden uitgegeven aan waarvoor ze bedoeld zijn, juist tot het gebruik 

van andere openbare middelen voor waarvoor ze niet bedoeld zijn. 

10. De Centraaleuropese volken hebben elkaar in de loop der eeuwen op cultureel gebied meer beïnvloed, 

dan menigeen ter plekke volmondig zou willen erkennen. 

11. De promotie is de bevalling na een lastige zwangerschap. 

Stellingen behorende bij het proefschrift: 

"Solid-state 31P NMR spectroscopy of bacteriophage M13 and Tobacco Mosaic Virus" 

P.C.M.M. Magusin 

Wageningen, 8 maart 1995 



If you cannot - in the long run - tell everyone 

what you have been doing, your doing has been worthless. 

Erwin Schrödinger 

Aan Jiska en mijn ouders 



cover figure: the left first-order sideband in a magic-angle-spinning phase-sensitive two-

dimensional exchange phosphorus nuclear-magnetic-resonance spectrum of 60% (w/w) M13 recorded 

at a resonance frequency of 202.5 MHz using a mixing time of 1 ms (unpublished). Inhomogeneous 

broadening causes the ridge-like shape of the sideband. Its approximately gaussian shape presumably 

reflects a continuous distribution of phosphodiester conformations (Chapter 4). 
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CHAPTER 1 

General Introduction 



General Introduction 

TMV: infection, structure and assembly 
Although a series of related plant viruses is actually 
classified as tobacco mosaic viruses or tobamoviruses, 
the name tobacco mosaic virus (TMV) is generally used 
to refer specifically to the common and most investigated 
Vulgare (or Ul) strain (Butler, 1979). In this thesis, this 
common practice will be followed. TMV is a single-
stranded RNA virus, which can be isolated with relatively 
high yield from infected plants (1-5 g/kg) (Hwang et al., 
1994). Little is known about the early events in infection 
of tobacco plants with TMV (Wilson, 1985). This is 
largely due to the fact that plant infection is a complex, 
slow and asynchronous process. Some form of wounding 
of the plant protoplasts is required for initiating a 
synchronous infection in a population of host plants 
(Hwang et al., 1994), indicating that TMV infects by 
direct penetration via local, transient wounding of the 
plasma membrane (Burgess et al., 1973a, Burgess et al., 
1973b; Kassanis et al., 1977). However, another 
mechanism similar to the disassembly of bacteriophage 

M13 in the bacterial membrane has also been suggested 
(Durham, 1978): upon membrane attachment, the TMV 
virion would become destabilized by protein-lipid 
interactions and the release of Ca2+ from the virion core. 
The uncoating of the destabilized virus would then be 
driven by the translation of the viral RNA by the 
ribosomes, as the RNA enters the host cell. In contrast to 
M13 coat protein, however, TMV coat protein does not 
insert into the membrane (Datema, 1987). The viral RNA 
encodes for four proteins (Goelet et al., 1982; Ohno et 
al., 1984). Two of these proteins are involved in the 
replication of the RNA (Ishikawa et al., 1986), a third 
one plays a role in the cell-to-cell movement of TMV to 
adjacent cells through the plasmodesmata (Tomenius et 
al., 1987), and the fourth is the coat protein necessary for 
the formation of virus particles, which are probably also 
involved in the long-distance movement of TMV between 
distant parts of the infected plant (Saito et al., 1990). 
After synthesis in the cytoplasma, the coat protein 

RNA protein 
subunit 

TMV M13 

FIGURE 1: Schematic drawing of a vims particle of TMV (left) and M13 (right) (from Butler, 1984, and Marvin, 1990, respectively). TMV: The 
protein subunits are arranged in a one start helix of 49 subunits per three turns. Also indicated is part of the RNA molecule, which is bound with 
three nucleotides per protein subunit. M13:The ot-helical coat proteins, drawn as gently-curved rods almost parallel to the virion axis, are 
arranged in a five-start helix overlapping each other as scales of a fish. 
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3' 5' 

3' 5' 

FIGURE 2: Possible scheme for nucleation and elongation in TMV assembly (see text) (from Butler, 1984). 

accumulates in the chloroplasts and interacts with the 
light-harvesting photosystems (especially PS 11) in 
thylakoids, giving rise to the disease phenotype after 
which the virus is named (Reinero and Beachy, 1989). 

TMV particles have the shape of a rod with a length 
of 300 nm and an outerdiameter of 18 nm (Fig. la). The 
protein coat is formed by 2,130 subunits (M=17,500 Da) 
arranged in a helix with 49 subunits per three turns. The 
structure of the RNA molecule, which consists of 6,395 
nucleotides, has been well determined. It is buried within 
the coat between layers of subunits, following the protein 
helix with three nucleotides per protein subunit and the 
phosphates at a radius of - 4 nm (Stubbs et al., 1977). 
Various sorts of binding between RNA and protein 
subunits inside TMV have been suggested: electrostatic 
interactions between phosphodiesters and arginine 
residues, hydrophobic interactions between the nucleotide 
bases and the left radial a-helix of the subunits, and 
hydrogen bridges (Stubbs and Stauffacher, 1981). As a 
consequence of the strong correlation between the 
geometry of the protein coat and the encapsulated RNA, 
three types of phosphates can be distinguished in the 
nucleic acid backbone. One of these three phosphate types 
has a relatively high level of disorder (Cross et al., 
1983a). Indeed, in RNA-protein interaction models for 
TMV, two phosphates are generally interacting closely 

with arginine residues, whereas no arginine is close to a 
third one (see Appendix). 

Dissociated coat subunits and RNA of TMV 
spontaneously reassemble under suitable conditions into 
virus particles (Fraenkl-Conrat and Williams, 1955). 
Numerous in vitro studies have resulted in a detailed 
model for TMV self-assembly in vivo (Fig. 2). At 
physiological pH, TMV coat proteins form disc-shaped 
aggregates with two ring-like layers of 17 proteins each 
(Butler and Klug, 1978). The subunits in the protein disc 
largely have a well-defined structure including four ot-
helices connected by a strip of ß-sheet (Bloomer et al., 
1978). A stretch of 24 amino residues, however, is 
highly mobile (Jardetzky et al., 1978; de Wit et al., 
1979), forming a flexible loop located within a radius of 
4.0 nm in the central core of the protein disc. The 
assembly of a virion is initiated by selective interaction 
of a protein disc with a specific part of the viral RNA 
molecule, the origin-of-assembly sequence (OAS). The 
uncoated OAS region probably forms a RNA hairpin, 
which can insert into the central hole of the protein disc. 
The loop of the hairpin then intercalates between the two 
layers of the protein disc. Among other nucleoprotein 
interactions, the residues Arg90 and Arg92 in the flexible 
loops of the protein units make salt-bridges with the 
RNA phosphates. As a result, the flexible loops of the 
protein units in the disc become immobilized forming the 
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so-called V-columns ("V" for vertical) (Stubbs et al., 
1977). The close interactions between V-columns of 
adjoining subunits probably force the disc to transform 
into a helix of two turns, the so-called lock washer. At 
this stage, both the 3' and S'-RNA tail protrude from the 
same side of the lock washer. A second protein disk 
approaches from the opposite side and interacts with the 
RNA. It pulls up the S'-tail and transforms into a lock 
washer, as well. Additional disks then add to the 
nucleoprotein complex in a similar way, and the complex 
elongates to a specific length. The lock washers stack on 
top of each other, forming a continuous protein helix of 
several turns. This elongation process is repeated until 
the S'-tail of the RNA has been completely encapsulated. 
Meanwhile, the 3'-tail becomes covered much more 
slowly, perhaps by the binding of smaller aggregates of 
coat proteins (Butler, 1979). 

Filamentous bacteriophages: life cycle 
and structure 

Filamentous bacteriophages (Inovirus) form a large 
group of related virus strains with similar morphology 
and life cycle (Rasched and Oberer, 1986). They infect 
gram-negative bacteria by adsorbing to the tip of specific 
bacterial pili. Some of the strains, like M13, fd, fl. Dee, 
12-2 and lfl, share Escherichia coli as a host, but differ in 
the specificity for its pili. For instance, M13, fd and fl 
infect E. coli via its F-pili. Other examples are Pfl, Pf2 
and Pf3, which infect Pseudomonas aeruginosa, and Xf, a 
virus of the plant pathogen Xanthomonas oryzae. Upon 
adsorption, the protein coat of the Inovirus virion 
dissolves into the inner cell membrane (Marvin, 1989), 
and the circular, single-stranded DNA consisting of 
- 6500 nucleotides (± 10%) (Day et al., 1988) enters the 
host cell, while being converted into the double-stranded 
replicative form. This DNA synthesis probably drives the 
disassembly of the virion (Marco et al., 1974). Inside the 
host cell, new single-stranded DNA is synthesized off the 
replicative form by the "rolling circle" mechanism 
(Gilbert and Dressier, 1968). The new progeny viral DNA 
is covered by the DNA-binding protein g5p encoded by 
the viral gene-5, resulting in an intra-cellular rod-shaped 
nucleoprotein complex, morphologically similar to the 
virion outside the cell, but less stable. In contrast to 
most bacterial viruses, which are released from the host 
by cell lysis, the filamentous bacteriophages are 
continuously assembled and extruded through the bacterial 
membrane without killing the host cell. During this 
phage extrusion, g5p is exchanged by the major coat 
protein encoded by the viral gene 8, also called gene-8 
protein (g8p). The negative charge of the headgroups of 
the lipid molecules in the bacterial membrane may play a 
role in the release of g5p (Butler, 1979). A model for 
assembly of the virion at membrane adhesions has been 
suggested on the basis of the "telescoping" behaviour of 
the virions in certain organic solutions in vitro (Marvin, 
1989). 

Outside the host cell, Inovirus exists as rod-shaped 
nucleoprotein particles with a diameter of ~ 6 to 9 nm 
and a length between - 700 and 2000 nm, depending on 
the strain and relative humidity (Day et al., 1988; Dunker 
et al., 1974). Their protein coat mainly consists of 
several thousand (2000 - 7000) copies of g8p, a protein 

of - SO amino acids (Day et al., 1988). Although the 
actual amino acid sequence of g8p differs among various 
Inovirus strains, its geometry is essentially a slightly 
curved a-helix for all of them. Strong homology also 
exists at the level of charge distribution along the 
protein: there is a collection of acidic and basic residues 
near the N-terminus and C-terminus, respectively, and a 
hydrophopic stretch between the two charged ends. 
Subunits in the protein coat of Inovirus virions are 
oriented with their helical axis roughly parallel to the 
virion axis, thereby partly overlapping one another as 
scales of a fish (Fig. lb) (Marvin, 1990). They form a 
tubular protein shell with the acidic N-termini at the 
outside and the basic C-termini at the inside of the tube. 
X-ray diffraction studies have established two different 
classes on the basis of the protein coat structure. The 
symmetry of the protein coat of Class I phages, which 
include the strains Ff (fd, fl and Ml 3), lfl and Ike, 
involves a S-fold rotation axis combined with a 2-fold 
screw axis of pitch 32 À (Fig. lb) (Banner et al., 1981; 
Marvin, 1990; Marvin et al., 1994). In Class I I phages 
(Pfl, Pf3 and Xf), the subunits of the protein coat are 
arranged according to a one-start helix with IS Â pitch 
and 22 units per five turns (Marvin et al., 1974; Marvin, 
1990). Protein products of other genes are located at the 
two ends of the virion. The virion end, which emerges 
first from the host cell, contains the gene-7 and gene-9 
proteins, without which virus particles are hardly formed 
(Rüssel, 1991). The four or five copies of gene-3 protein 
and gene-6 protein at the other virion end, are required, 
respectively, for adsorption and penetration, and for 
locking the tube into place (Rüssel, 1991). 

In contrast to the structure of the protein coat, little is 
known about the geometry of the DNA molecule 
encapsulated in the virion, other than that the DNA 
molecule seems to be located inside the virion within a 
core of less than 2.5 nm wide (Banner et al., 1981; 
Rüssel, 1991), where it is immobilized by interactions 
with the protein coat (DiVerdi and Opella, 1981b; Cross 
et al., 1983b). For Class I viruses, these nucleoprotein 
interactions are predominantly of a electrostatic, non
specific nature. Each g8p subunit has four positively 
charged residues at conserved positions in the C-terminal 
facing the inside of the protein shell, which are able to 
neutralize the negative charges of the phosphodiesters in 
the encapsulated DNA. Replacement of one positively 
charged residue (Lys48) by a neutral residue results in 
mutant virions that are 33% longer than wild-type virions 
(Hunter et al., 1987). There are no indications for any 
interaction between aromatic g8p residues and the bases 
of the encapsulated DNA. In Ff-virions, the nucleotides 
interact among themselves by base stacking (Day, 1973), 
but the estimated interbase distance of 3.4 A is difficult 
to reconcile with the mean axial rise of 2.7 Â per 
nucleotide expected for homogeneous distribution of 
DNA along the inside of the protein coat, as commonly 
assumed (Day et al., 1979; Banner et al., 1981). 
Although nucleoside sugar pucker and glycosyl torsion 
are similar as for A-DNA, only 20% of the viral DNA at 
most seems to have the regular phosphodiester backbone 
found in A-DNA (Thomas et al., 1988). In fact, the DNA 
backbone mainly has phosphodiesters with B-type 
conformation (Fritzsche et al., 1981), or may even be 
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largely disordered (Cross et al., 1983b). Based on the 
generally non-integral ratio between the number of 
subunits and nucleotides, e.g. 1 : 2.4 for Ff-viruses, 
helical double-stranded DNA models have been suggested 
for Class-1 viruses with the bases directed inward, but 
not necessarily forming (canonical) base-pairs. In these 
models, the symmetry of the DNA-helix and the protein 
coat differ, so that consecutive phosphodiesters in the 
nucleic acid backbone interact differently with the protein 
coat Such complex phosphodiester inhomogeneity could 
perhaps explain the lack of experimental evidence for any 
regular geometry of the encapsulated DNA molecule. A 
similar DNA-model with the bases facing inward has also 
been proposed for the Class-11 virus Xf. For Pfl and 
Pf3, other members of Class-ii , "bases-out" models 
have been suggested with the nucleotide bases of the 
encapsulated DNA interacting with the tyrosine residues 
of the coat protein subunits (Day et al., 1979; Kostrikis 
et al., 1994). In Pfl, the DNA structure would be 
sufficiently open, for lysine and arginine side chains to 
reach into the virion core and neutralize the negative 
charge of the nucleic acid phosphates located at a 2.S-À 
distance from the virion axis (Liu and Day, 1994; Day et 
al., 1988; Day et al., 1979). In Pf3, the negative charge 
of the DNA backbone is perhaps balanced by the presence 
of metal cations, like Ca2+ or Mg2+, in the virion core. 
In this thesis, we have studied bacteriophage M13, well-
known for its use as a DNA-packaging vehicle in 
biochemistry, as an example for Inovirus in general, and 
Ff-viruses, more specifically. 

3 1 P NMR studies of nucleic acids and 
nucleoprotein complexes 

Phosphorus O^P) nuclear magnetic resonance (NMR) 
spectroscopy is a powerful technique for obtaining 
information about structure and dynamics of nucleic acids 
and nucleic acid complexes in solution or gel. At present, 
it is commonly accepted that conformational 
heterogeneity exists in nucleic acid structures. Structure 
variations in long DNA duplexes have largely been 
established by x-ray crystallography. NMR spectroscopy 
has especially provided detailed knowledge about local 
structures in oligonucleotides, such as e.g. hairpins and 
pseudo-knots. Novel two-dimensional (2D) and three-
dimensional (3D) 1H/31P NMR methods have made it 
possible to assign the 3 1 P NMR spectrum of 
oligonucleotides with a length up to 14 basepairs 
(Schröder et al., 1987), so that specific information on 
the conformation of each of the phosphodiesters in the 
nucleic acid backbone can be obtained in these molecules. 
Relatively large variations in phosphodiester 
conformation are found (van de Ven and Hilbers, 1988). 
Moreover, molecular dynamics calculations suggest that 
the structures arising from x-ray and NMR studies still 
represent time-averaged structures only and that an even 
larger variety of conformations temporarily exist at a 
time-scale of picoseconds (Scheck, 1994). 

Because the electron distribution surrounding a 
phosphorus nucleus in a nucleic acid molecule is far from 
spherical, its 31P chemical shift measured by NMR 
spectroscopy, in principle, depends on the molecular 
orientation with respect to the external magnetic field. 
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5°C 20 °C 40 °C 50 °C 

200 ppm 

FIGURE 4:61-MHz 3 1P NMR spectra of B-form DNA at various temperature» indicating different mobility (from DiVerdi, and Opella. 1981a.). 

This chemical shift anisotropy (CSA) can be described in 
terms of a shielding tensor with three principal 
components a n , 022 and 033. In (dilute) solutions, 
however, fast tumbling of oligonucleotides and segmental 
motion of larger nucleic acid molecules tend to average 
the shift, leaving only the isotropic chemical shift a, so 

to be measured. A number of attempts has been made to 
calculate the 31P chemical shift tensor and especially 
<Tiso> for phosphodiesters in nucleic acids and model 
compounds (Prado et al., 1979; Giessner-Prettre et al., 
1984). These calculations point out that many factors, 
including electron negativity, bondangle and n-electron 
overlap, can affect the 31P chemical shift, indicating that 
no single factor can unequivocally explain an observed 
range or change of 31P shift. Empirically, a correlation 
between 3 1P chemical shifts and the smallest O-P-0 
angle has been found for a wide variety of 
alkylphosphates and oligonucleotides. At increasing 
bondangle between 95° and 108°, OJSO increases by as 
much as ~35 ppm (Fig. 3a) (Gorenstein, 1981). At 
further increasing bondangle above 108°, also decreases 
again (Gorenstein, 1994). Another correlation is 
experimentally observed between o";so and the scalar 
coupling constant JH3'-P for the three-bond coupling 
constant between Uy and P (Fig. 3b). Because JH3'-P can 
be interpreted in terms of the CO torsionangle e (Fig. 3c) 
via a Karplus relationship (Lankhorst et al., 1984), and a 
linear correlation between e and the PO torsionangle Ç is 
found in a variety of duplex structures (Gorenstein, 
1994), the correlation between a;so and JH3'-P actually 
reflects the influence of the stereo-electronic factors on 
the 31P chemical shift. This semi-empirical correlation 
between Oiso and the coupled torsionangles e and Ç, 
should be distinguished from the separate correlations 
between alS0 and the P-0 torsionangles Ç and a, and 
between Oi so and the C-O torsionangles e and ß, 
previously suggested on a theoretical basis (Gorenstein, 
1981; Giessner-Prettre et al., 1984). Environmental 
effects on 31P chemical shifts are generally smaller than 
the intrinsic structural effects. A shift change of about 3 
ppm is observed upon changing the solvent from 100% 
H2O to 70% DMSO (Lerner and Kearns, 1980), or the 
salt concentration from 0 to S M (Costello et al., 1976). 
The bases with their ring-current in the double helical 
nucleic acids have only small effect on the chemical shift 
(< 0.1 ppm) (Gorenstein et al., 1988). 

Because the range of 3 1P chemical shifts for 
individual phosphates in duplex fragments in solution is 
typically < 0.9 ppm, resonance lines can generally not be 
resolved individually in 31P NMR spectra of nucleic acids 
longer than 100 basepairs. For this reason, most of the 

31P NMR work on DNA fragments with a length of a 
few hundred basepairs has concentrated on 31P relaxation. 
The measured longitudinal relaxation time (TO, 
transversal relaxation time (T2), and nuclear overhauser 
effect (NOE) are usually interpreted in terms of models, 
which necessarily represent simplifications as compared 
to the complicated nature of the flexible DNA. A more 
realistic description of the complex backbone dynamics 
would require more variables to be fitted, than justified by 
the amount and quality of the experimental data. Some 
authors, for instance, assign all relaxation effects to 
dipolar relaxation between 31P and the nearest 3', S' and 
5"-protons, assuming the 31P - lH internuclear distances 
to be invariant and neglecting the relaxation by the 31P 
chemical shift anisotropy (Hogan and Jardetzky, 1980; 
Bolton and James, 1979). Internal motion of the 31P - lH 
internuclear vector has been simplified to two-site 
exchange (Hogan and Jardetzky, 1980), jumping (Keepers 
and James, 1982), rotation about a single axis (Bolton 
and James, 1979) and wobbling (Lipari and Szabo, 1981). 
Long range bending of the nucleic acids is sometimes 
approximately described as isotropic motion (Bolton and 
James, 1979; Opella et al., 1981). Relaxation data are 
also analyzed by use of a rigid-rod model for the DNA 
duplex fragment, regarded as a stiff helix (Shindo, 1980). 
Other authors incorporate collective torsional motion 
along the DNA duplex into their model (Allison et al., 
1982). The large variety of models in the literature, 
illustrates the lack of unanimity about the details of the 
motions that mainly cause the observed 3 1P NMR 
relaxation. Several assumptions about the local molecular 
structure and the predominant relaxation mechanism must 
usually be made to interpret relaxation in a system of 
dipolar coupled spins. For 31P NMR relaxation, CSA-
relaxation should also be taken into account. Given the 
small amount of experimental data, different models, 
varying in nature between "model-freely" simple and 
realistically detailed, are equally acceptable. Additional 
information is necessary to decide between them. 

In contrast to the 31P NMR spectra of DNA duplex 
fragments in solution, 31P NMR spectra of dehydrated 
DNA or large nucleoprotein complexes, such as viruses, 
potentially offer a wealth of additional mobility 
information. 31P NMR spectra of concentrated gels of 
these large systems generally contain a single broad 
resonance line reflecting the average 31P chemical shift 
anisotropy (CSA) typical for phosphates in DNA or 
RNA (Fig. 4) (DiVerdi and Opella, 1981a; DiVerdi and 
Opella, 1981b). In most cases, the observed lineshape 
also shows signs of motional narrowing and therefore 
contains information about the underlying motion. It is 
important to note, that motional distortion of the 31P 
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lineshapes not merely represents yet another single-valued 
input for motional analysis, just like Ti and T2 values 
measured for DNA fragments in solution. Partially 
averaged 31P NMR lineshapes are typically 200 ppm 
wide and are therefore defined in the spectrum by a series 
of data points, each of which carries information about 
the motions involved. Given the large variety of 
relaxation models for DNA fragments in solution and the 
lack of sufficient experimental data to decide between 
them, it is quite surprising that until this thesis, no 
studies had been published about quantitatively analyzing 
or simulating 3 1P NMR lineshapes of concentrated 
nucleic acid or nucleoprotein gels, except in a superficial 
way (Fig. S) (Tsang and Opella, 1986). Most authors 
restrict themselves to qualitative remarks about the 
motion involved (DiVerdi and Opella, 1981b; Mai et al., 
1983). It should be mentioned in this respect, that the 
literature does contain publications about 2H NMR 
lineshape simulations for 2H-labeled nucleic acids 
(Brandes and Keams, 1988; Alam and Drobny, 1991) and 
3 1P NMR lineshape simulations for phospholipids 
(Dufourc et al., 1992). 

PH = 4 PH = 8 

static powder pattern 

100 ppm 

rotationally averaged 
powder pattern 

FIGURE 5: 3 1P NMR lineshape of bacteriophage Pfl at different pH 
values. The theoretical lineshapes were calculated, assuming 
either the complete absence of motion, or complete averaging by 
fast motion of the rod-shaped virions about their length axis (from 
Tsang and Opella, 1986). 

In large nucleoprotein complexes, such as viruses, 
31P nuclei represent natural NMR labels for studying 
structural and dynamic properties of the nucleic acid 
backbone selectively, even when the complex mainly 
consists of proteins. Indeed, during the last fifteen years 
31P NMR studies of various viruses have appeared in the 
literature. In one class of studies, rapidly tumbling, 
mostly spherical viruses, such as the plant viruses alfalfa 
mosaic virus (A1MV), cowpea mosaic virus (CpMV), 
tomato bushy stunt virus (TBSV) and the bacteriophages 
Qß and MS2, have been investigated in dilute solution by 
use of high resolution NMR spectroscopy (Kan et al., 
1987; Virudachalam et al., 1985; Munowitz et al., 1980; 
Bolton et al., 1982). In these studies conclusions about 
the dynamic behaviour of the nucleic acids inside the 
virions have been drawn from linewidths and relaxation 
times. In other studies, solid state NMR techniques have 
been used to record 3 1P spectra of viruses in more 

concentrated solutions or viscous gels, such as TBSV, 
the rod-shaped tobacco mosaic virus (TMV) and the 
bacteriophages Pfl and fd (Munowitz et al., 1980; Cross 
et al., 1983a; Tsang and Opella, 1986; DiVerdi and 
Opella, 1981b; Cross et al., 1983b). From qualitative 
lineshape analyses, conclusions were drawn about 
motional frequencies and amplitudes, which agree with 
the general picture evolved from dilute solution studies: 
nucleic acids inside virions do not undergo large 
amplitude motions at frequencies higher than 10* Hz and 
motional lineshape effects observed in dilute solutions 
can be explained by overall motion of the viral particle as 
a rigid body. 

TMV 

J M » " 
100 ppm 

FIGURE 6:3'P NMR spectra of solid fd (left) and 10% (wt/wt) TMV 
(right), upper, nonspinning; lower: magic angle spinning (from 
DiVerdi and Opella, 1981b, and Cross et al., 1983b). 

CSA-broadening tends to mask the small differences 
among the phosphates of the nucleic acid encapsulated in 
a slowly tumbling virus (Fig. 6). Such phosphodiester 
inhomogeneity, indicating e.g. inequivalence among 
binding sites, is best studied using magic angle spinning 
(MAS) NMR spectroscopy. MAS breaks up the broad 
31P NMR powder lineshape into a sharp centerband at the 
isotropic chemical shift position flanked by rotational 
sidebands (Herzfeld and Berger, 1980). Because for 
phosphodiester compounds, the width of the centerband 
and the sidebands is typically a few ppm, resonances are 
more easily resolved and resolved sideband patterns may 
be assigned to specific phosphates on the basis of their 
conformation (see above) (Gorenstein, 1994). 3ip MAS 
NMR spectra of TMV solutions (Cross et al., 1983a) and 
dried TMV pellets (Hemminga et al., 1987) show two 
resolved sideband patterns with an overall intensity ratio 
of approximately 2, which have been assigned by 
comparing torsion angle values for the three types of 
phosphodiesters in TMV (Hemminga et al., 1987). MAS 
NMR spectra of bacteriophage fd, which is closely related 
to M13, only contain a single, broad centerband flanked 
by sidebands (DiVerdi and Opella, 1981b), indicating that 
a continuous distribution of phosphodiester conform
ations is present in the phage, rather than a distinguish
able few (Fig. 6). 
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Research history and environment of 
the project 

During the past two decades, the molecular-
biophysical aspects of viruses have been studied at the 
Department of Molecular Physics. A number of workers 
have participated in this research line. Jan de Wit 
investigated TMV and its coat protein using >H and 13C 
NMR spectroscopy (de Wit, 1978). He concluded that a 
specific part of the coat protein, which is mobile in 
dissociated protein subunits and in empty capsids, 
becomes immobilized by the interaction with RNA. 
Indeed, transformation of the so-called flexible loop into 
the V-column seems to be an essential step in the 
assembly of TMV (see Fig. 3 and remarks about TMV 
above). Gert Vriend studied the interaction of the coat 
protein of cowpea chlorotic mottle virus (CCMV) with 
RNA using *H and 13C NMR, and ESR spectroscopy 
(Vriend, 1983). He developed a tentative model for the 
binding of protein dimers to RNA. In this model, the 
conformation of the N-terminal protein part changes upon 
interacting with the RNA from a flexible random-coil 
conformation into an a-helical conformation, thereby 
pulling the coat protein and RNA towards each other. The 
model was tested by Marinette van der Graaf (van der 
Graaf, 1992), who investigated the conformation of a 
synthetic oligopeptide, containing the first 25 amino 
acids in the N-terminal part, in absence and presence of 
oligonucleotides and oligophosphates. For this purpose, 
she used UV/Vis and two-dimensional *H NMR 
spectroscopy and carried out molecular dynamics 
calculations. Her conclusions confirmed and refined the 
"snatch-pull" model. 

Klaas Pieter Datema employed various spectroscopic 
techniques (circular dichroism, time-resolved fluorescence, 
ESR, 31P NMR, and 2H NMR) to study the interaction 
of TMV, CCMV, BMV, SBMV and M13, as well as 
their coat proteins, with membranes (Datema, 1987). He 
concluded that Ml 3 coat protein readily inserts into lipid 
bilayers, where it forms aggregates, whereas TMV coat 
protein only interacts with the negatively charged 
phospholipid headgroups without actually being inserted 
into die membrane. Johan Sanders continued this research 
(Sanders, 1992). He established the conformation of two 
forms of Ml 3 coat protein in lipid bilayers using several 
spectroscopic techniques (circular dichroism, raman, 
fourier transform infra-red, ESR, 3 , P NMR, and 2H 
NMR) and molecular dynamics calculations. He 
concluded that one of the two proteins forms was very 
similar to the coat protein in Ml3 virion and was 
therefore likely to be present in the membrane of infected 
E. coli. His conclusions were supported by the work of 
Ruud Spruijt and Cor Wolfs (Spruijt et al., 1989). 

In 1981, solid-state NMR spectroscopy was 
introduced to study TMV by Marcus Hemminga and 
Wiebren Veeman (Hemminga et al., 1981). This line of 
research was continued in 1985 by Jaap Kruse and Rolf 
Lamerichs who employed solid-state MAS 13C and 31P 
NMR spectroscopy to study lyophilized or air-dried 
pellets of intact TMV and CCMV virions (Hemminga et 
al., 1987). The results of these pilot-experiments gave 
rise to the project described in this thesis, which started 
in December 1987. 

Course of the project and outline of 
the thesis 

The objective of the project presented in this thesis 
was in the first place to obtain information about the 
protein-nucleic acid interaction in intact virions of M13 
and TMV using solid-state 31P NMR spectroscopy. At 
the project start, the experience within the Department of 
Molecular Physics with this type of spectroscopy was 
still limited. A secondary objective was therefore to find 
out the practical use of solid-state NMR spectroscopy for 
studying intact viruses. It was decided to mainly focus on 
31P NMR, because phosphates are probably involved in 
the protein-nucleic acid interactions and 31P nuclei are 
sensitive probes for studying this interactions selectively. 
Gels of M13 and TMV are difficult samples as compared 
to polymers or crystaline powders, which are more often 
studied by use of solid-state NMR spectroscopy. Under 
"physiological" conditions (0-40 °C, > 50% (w/w) 
water), the signal-to-noise ratio is low (e.g. 40% M13 <-> 
~4 mg/ml phage DNA). The high water content in the 
NMR samples lowers the Q-factor of the probe at the *H-
frequency, so that maximal proton power must be used 
with the risk of probe sparking. In addition, *H - 31P 
cross-polarization is relatively ineffective, stable magic 
angle spinning is difficult to achieve, and the 
nonspinning T2 is short (-0.5 ms). For this reason, 
many of the "fancy" NMR techniques appearing in the 
literature, could not be successfully applied to the 
viruses, although some of them were tried. It may be 
illustrative to briefly present some of these unsuccessful 
ideas and pilot-experiments. 

For instance, to be able to detect the weak dipolar 
couplings between 31P and its nearest protons H3', H5' 
and Hs" (-2.6 Â in DNA, < 2.5 kHz) and protons in the 
presumed salt-bridge between phosphates and basic 
residues (~3 Â in TMV, < 1.5 kHz), we have tried to 
suppress the much stronger 'H homonuclear coupling 
using off-resonance and multiple-pulse decoupling 
(Slichter, 1978). However, preliminary results were 
insufficiently convincing to continue this line of 
research. An idea to measure the weak 31P - 15N dipolar 
coupling in the presumed salt-bridges between phosphates 
and 1SN-Iabeled lysine residues in M13 could not be 
carried out because isotope-labeling was still in an early 
stage in our lab (scrambling problems occurred) and the 
necessary lH - 31P - 15N triple-resonance equipment was 
not available. Besides, the small size of the 3 i P - 15N 
coupling, presumed to be < 400 Hz on the basis of the 
3-Â distance suggested for TMV, was not very 
motivating. If nonspinning separated local field spectra 
would be recorded to measure 31P - 15N dipolar coupling 
(DiVerdi and Opella, 1982), T2 broadening would 
probably dominate over coupling effects. In one-
dimensional rotary resonance recoupling MAS spectra 
(Levitt et al., 1988), the coupling effect would likely be 
some minor extra broadening of the centerband and the 
sidebands already 700-1200 Hz wide at a 31P resonance 
frequency of 202.5 MHz. 

An attempt was also made to investigate the 
orientational distribution of phosphodiesters within M13 
using a rotor-synchronized 2D MAS NMR method 
introduced for oriented polymers (Harbison, 1986). For 
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this purpose, we tried to freeze oriented M13 solutions in 
the (nonspinning) MAS rotor. As carbonyl groups are 
strongly oriented within M13, the carbonyl resonance 
lineshape in the 13C NMR spectrum of Ml3 is an 
indicator for the orientation of the virions with respect to 
the magnetic field. Indeed, a narrow carbonyl lineshape 
showed up in spectra of dilute M13 solutions, indicating 
orientation (if not motion) of the virus particles in the 
10-T field of the AM500 spectrometer. Unfortunately, 
upon freezing, the carbonyl lineshape changed into the 
typical lineshape of an isotropic powder, reflecting the 
randomizing effect of the ice-formation. Attempts to use 
MAS 2D-exchange 31P NMR experiments (Kentgens, 
1987) to study slow motion in M13 gels were 
unsuccessful, because highly concentrated or frozen M13 
gels contained too little motion to cause meaningful off-
diagonal intensity in the spectra, whereas more dilute gels 
at room temperature could not spin in a sufficiently 
stable manner. 

Thus, despite much effort, the 3 1P NMR results 
obtained for M13 and TMV during the first three years of 
the project were little spectacular and rather 
disappointing: featureless powder lineshapes in 
nonspinning 3 1P NMR spectra, different T2-values 
depending on the sample preparation, no resolution 
improvement in MAS spectra of 30% TMV as compared 
to earlier published spectra of air-dried TMV, and 
featureless lineshapes with various linewidths in MAS 
spectra of Ml 3. A turning point was reached when a 
pattern was recognized: the featurelessness of the powder 
lineshapes and the sample preparation effects were 
actually highly indicative for the presence of 31P motion! 
Various models were developed to simulate the effect of 
different types of motion on 3 1P NMR spectra and 
transversal relaxation. The quantitative analysis of the 
experimental data by use of these models, is the main 
subject of this thesis. 

Chapter 2 describes the theoretical background of the 
three models that will be used in Chapter 3 to simulate 
the experimental data. An isotropic rotational diffusion 
model is set up for mobile nucleic acids that are loosely 
or partially bound to the protein coat. A rigid-rod model 
is worked out to represent the mobility of rigidly bound 
phosphates in a rod-shaped virion which rotates about its 
length axis. In addition, a combined diffusion model is 
presented, in which fast restricted nucleic acid backbone 
motions are superimposed on a slow rotation of the 
virion about its length axis. 

Chapter 3 compares the experimental 3 1P NMR 
lineshapes and transversal relaxation decays with the 
outcome of the simulations by use of the three rotational 
diffusion models developed in Chapter 2. It is concluded 
that neither isotropic diffusion, nor (restricted) rigid-rod 
diffusion offers a consistent explanation for the 
experimental data. The combined diffusion model is 
successful for M13. For TMV, the model indicates that 
one of the three binding sites is more mobile than the 
other two. 

In Chapter 4, the combined diffusion model developed 
in Chapter 2 and tested in Chapter 3 is extrapolated for 
MAS experiments. Comparing theoretical and 
experimental MAS spectra, we conclude that backbone 

motions influence the sideband intensities as observed. 
Backbone motions also seem to cause the decrease of 
inhomogeneous linewidth in the MAS spectrum and the 
transversal relaxation measured at spinning rates of 4 kHz 
or higher. At spinning rates below 2 kHz, transversal 
relaxation is significantly faster. This effect is assigned to 
slow, overall rotation of the rod-shaped M13 phage about 
its length axis. 

Chapter 5 finally presents a detailed study of the slow 
overall motion of M13 and TMV using two-dimensional 
exchange 3 1P NMR spectroscopy. The combined 
diffusion model of Chapters 2 and 3 is now extended for 
this type of experiments. It is found that TMV undergoes 
much slower rotational diffusion than expected on the 
basis of the analysis in Chapter 3. For M13, the 
quantitative analysis indicates heterogeneity in the overall 
motion throughout the gel. The average overall mobility, 
however, is consistent with the outcome of the analysis 
in Chapter 3. 
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A theoretical study of rotational diffusion models 
for rod-shaped viruses. 

The influence of motion on 3 1P nuclear magnetic resonance 

lineshapes and transversal relaxation. 
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ABSTRACT Information about the interaction between nucleic acids and coat proteins in intact virus particles may be obtained by 
studying the restricted backbone dynamics of the incapsulated nucleic acids using 31P nuclear magnetic resonance (NMR) spectros
copy. In this article, simulations are carried out to investigate how reorientation of a rod-shaped virus particle as a whole and isolated 
nucleic acid motions within the virion influence the 31P NMR lineshape and transversal relaxation dominated by the phosphorus chemical 
shift anisotropy. Two opposite cases are considered on a theoretical level. First, isotropic rotational diffusion is used as a model for 
mobile nucleic acids that are loosely or partially bound to the protein coat. The effect of this type of diffusion on lineshape and transversal 
relaxation is calculated by solving the stochastic Liouville equation by an expansion in spherical functions. Next, uniaxial rotational 
diffusion is assumed to represent the mobility of phosphorus in a virion that rotates as a rigid rod about its length axis. This type of 
diffusion is approximated by an exchange process among discrete sites. As turns out from these simulations, the amplitude and the 
frequency of the motion can only be unequivocally determined from experimental data by a combined analysis of the lineshape and the 
transversal relaxation. In the fast motional region both the isotropic and the uniaxial diffusion model predict the same transversal 
relaxation as the Redfield theory. For very slow motion, transversal relaxation resembles the nonexponential relaxation as observed for 
water molecules undergoing translational diffusion in a magnetic field gradient. In this frequency region 7"2e is inversely proportional to the 
cube root of the diffusion coefficient. In addition to the isotropic and uniaxial diffusion models, a third model is presented, in which fast 
restricted nucleic acid backbone motions dominating the lineshape are superimposed on a slow rotation of the virion about its length 
axis, dominating transversal relaxation. In an accompanying article the models are applied to the 3,P NMR results obtained for bacterio
phage M13 and tobacco mosaic virus. 

INTRODUCTION 

Phosphorus nuclear magnetic resonance (NMR) spec
troscopy is a powerful technique for obtaining informa
tion about structure and dynamics of the nucleic acid 
backbone in intact bacteriophages and plant viruses. As 
all phosphorus nuclei belong to the viral genome, infor
mation about the nucleic acid backbone can be obtained 
selectively, even though the virus particles largely consist 
of proteins. Indeed, during the last 15 years 31P NMR 
studies of various viruses have appeared in the literature. 
In one class of studies, rapidly tumbling, mostly spheri
cal viruses, such as the plant viruses alfalfa mosaic virus, 
cowpea mosaic virus, tomato bushy stunt virus, and the 
bacteriophages Qj8 and MS2, have been investigated in 
dilute solution by use of high resolution NMR spectros
copy (1-4). In these studies conclusions about the dy
namic behavior of the nucleic acids inside the virions 
have been drawn from linewidths and relaxation times. 
In other studies, solid-state NMR techniques have been 
used to record 31P spectra of viruses in more concen
trated solutions or viscous gels, such as tomato bushy 
stunt virus and the rod-shaped tobacco mosaic virus 
(TMV) and the bacteriophages Pfl and fd (3, 5-8). 
From qualitative lineshape analyses conclusions were 
drawn about motional frequencies and amplitudes, 
which agree with the general picture evolved from dilute 
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solution studies: nucleic acids inside virions do not un
dergo large amplitude motions at frequencies higher 
than 104 Hz and motional lineshape effects observed in 
dilute solutions can be explained by overall motion of 
the viral particle as a rigid body. 

To interpret our 31P NMR results for bacteriophage 
M13 and plant virus TMV in more detail, we have 
carried out simulations of the 3,P lineshape and transver
sal relaxation for various types of diffusion with interme
diate motional frequencies and amplitudes. As for phos
phorus nuclei in biomolecular systems such simulations 
have been carried out for phospholipid membrane sys
tems (9, 10), but not for nucleic acids encapsulated in 
viruses. Several diffusion models can be constructed to 
explain the motional effects observed by NMR spectros
copy. On the one hand, as in general a virion is a com
plex structure of a nucleic acid molecule situated within 
a protein coat, the observed 3 ,P lineshape and transversal 
relaxation may actually reflect a superposition of many 
types of motion, such as overall rotation of the virus 
particle as a whole and isolated backbone motions of the 
nucleic acid inside. All these motions together may influ
ence the lineshape and relaxation decay in a way roughly 
comparable with random rotational diffusion in a vis
cous solution. Similar assumptions were made in 31P 
NMR studies of DNA in solution (11. 12). In this arti
cle, an isotropic diffusion model is set up and the effects 
of this type of diffusion on the lineshape and transversal 
relaxation will be presented. On the other hand, one may 
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try to interpret the motional effects observed in 3,P 
NMR spectra and transversal relaxation in terms of rigid 
body motion. For rod-shaped viruses of the size of fila
mentous phages ( ~ 1 fim length and 9 nm diameter) in 
water, diffusion coefficients in the order of 10" and 10' 
Hz can be calculated for diffusion about the length axis 
and of the length axis itself ( 13). Rigid body rotation of 
these rod-shaped viruses is thus well approximated by 
uniaxial diffusion about the length axis. To show the 
effect of this type of diffusion, we construct a uniaxial 
diffusion model. In addition, we use alternative simula
tion methods to check the limiting behavior of the iso
tropic and the uniaxial diffusion model for fast and very 
slow diffusion. In both diffusion models one single type 
of motion is assumed to influence both the lineshape and 
transversal relaxation. In general, the observed lineshape 
and transversal relaxation may be dominated by differ
ent motions. To study such a case we will test a simple 
model, which combines slow motion of the virion as a 
whole with fast motion of the phosphodiesters inside. 
The application of these simulation models to the experi
mental data will be treated in an accompanying article 
( 14). In this article we present the theory of the simula
tions and discuss the outcome and trends therein in a 
general manner. 

THEORY 

In the presence of only Zeeman interaction, anisotropic 
chemical shift, and rotational diffusion, 31P lineshapes 
and transversal relaxation can be described by the posi
tive and negative-helicity components p±( Q, t)l± of the 
spin density operator p( 12, t), where fi denotes the orien
tation of the principal axis system of the chemical shift 
tensor in a laboratory frame with the z-axis parallel to the 
magnetic field, t represents the time, and 1+ and I_ are 
the raising and lowering operators for a spin-'A nucleus. 
By assumption, the detected NMR signal is proportional 
to the positive-helicity component integrated over all 
shift tensor orientations 

• ƒ M+(0= dQn+(a,t). (1) 

The positive and negative-helicity components obey part 
of the stochastic Liou ville equation (10, 15) 

dp±{Q,t) 
dt = (±/ü>(ß) + raK(Q,0, (2) 

where w(Q) denotes the combined Zeeman and orienta
tion-dependent chemical shift interaction and Ta is the 
stochastic operator representing a specific type of rota
tional diffusion. Combining Eq. 1 with the formal solu
tion of Eq. 2 and assuming isotropic spin density at t = 0, 
p± ( Q, 0 ) = ßc ( e.g., after a nonselective pulse ), it follows 
that the normalized free induction decay (FID) Sit) is 
given by 

S(t) = M+(0 J 
M*(0) ƒ*> 

(3) 
dû 

As a IT pulse interchanges the positive and negative-heli
city component, an echo produced by a ic pulse at time r 
is given at a time 2r + t by 

£(2T, /) = 
M+(2T + t) 

M+(0) 

ƒ Ho dû 
(4) 

( 16). A "powder average" relaxation decay, i.e., the spa
tial average relaxation curve of all orientations, is de
fined for a series of r values by setting t = 0 in Eq. 4. 
Although Eqs. 3 and 4 are formally correct, an appro
priate method for dealing with the exponential operators 
therein should be used to actually calculate free induc
tion and relaxation decays. However, already from these 
formal solutions it can be derived for many types of mo
tion, including the ones discussed in this article, that mo
tion does not change the second moment of the line-
shape and causes nonexponential transversal relaxation, 
which contradicts what is often assumed (17-19). This 
contradiction becomes clear when Eqs. 3 and 4 are ex
panded as Taylor series in t and T, respectively. 

For types of diffusion which are nonorienting, i.e., 
lead to an isotropic distribution of spin density, and 
which cannot create or annihilate net spin density, al
though they can, of course, change "local" spin density, 
the diffusion operator Ta satisfies the mathematical con
ditions rQl =0 , where 1 denotes the isotropic distribu
tion, and (Taf(Q)) = 0 for any distribution function 
f(ti). For example, for restricted diffusion, the latter 
condition ensures that no loss of spin density occurs at 
the boundaries. Any type of motion that fulfils both con
ditions may be shown to change only third and higher 
order terms in the Taylor series of the calculated free 
induction decays and relaxation decays, as derived from 
Eqs. 3 and 4 

and 

with 

S(t) = S0(t) + 2Bt3 + 

£ ( 2 T , 0 ) = 1 - 5 (2r ) 3 + 

B = 
f dQwiQ)TawiQ) 

ƒ 

(5a) 

(5b) 

(5c) 
12 dû 

where S0it) denotes the FID in the absence of diffusion. 
The constant B in Eqs. 5a, 5b, and 5c is positive, so that 
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