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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
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cover figure: the left first-order sideband in a magic-angle-spinning phase-sensitive two-
dimensional exchange phosphoras 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at a resonance frequency of 202.5 MHz using a mixing time of 1 ms (unpublished).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., Iis approximately gaussian shape presumably
reflects a continuous distribution of phosphodiester conformations (Chapter 4).
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CHAPTER 1

General Introduction




General

TMV: infection, structure and assembly
Although a series of related plant viruses is actually
classified as tobacco mosaic viruses or tobamoviroses,
the name tobacco mosaic virus (TMV) is generally used
to refer specifically to the common and most investigated
Vulgare (or U1) 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 compiex,
slow and asynchronous process. Some form of wounding
of the plant protoplasts is required for initiating a
synchronous infection in a population of host piants
(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 1o the disassembly of bacteriophage
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Introduction

M13 in the bacterial membrane has also been suggested
{Durbam, 1978): upon membrane attachment, the TMV
virion would become destabilized by protein-lipid
interactions and the release of CaZ+ from the virion core.
The uncoating of the destabilized virus would then be
driven by the wanslation of the viral RNA by the
ribosomes, as the RNA enters the host cell. In contrast to
M13 coat protein, however, TMV coat proiein does not
insert into the membrane (Datema, 1987). The viral RNA
encodes for four prowins (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
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FIGURE 1: Schematic drawing of 2 virus particle of TMV (left} and M13 (right) (from Buder, 1984, and Marvin, 1990, respectively). TMV: The
of the RNA molecule, which is bound with

in subunits are arranged in 4 one stan helix of 49 subunits per three turns. Also indicated is pan

three nucleotides per
arranged in a five-stant helix overlapping each other as scales of a fish,

protein subunit. M13:The o-helical coat proteins, drawn az gently-curved rods almost parallel to the virion axis, are
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FIGURE 2: Possible scheme for nucleation and elongation in TMV assembly (see text) (from Butler, 1984).

5I

accumulates in the chloroplasts and interacts with the
light-harvesting photosystems (especially PSIT) in
thylakoids, giving rise to the disease phenctype after
which the virys is named (Reinero and Beachy, 1989),
TMYV particles have the shape of a rod with a length
of 300 nm and an outerdiameter of 18 nm (Fig. 1a). The
protein coat is formed by 2,130 subunits (M=17,500 Da)
arranged in a helix with 49 subunits per three umns. 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 proiein
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 (Swbbs 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
TMYV, two phosphates are generally interacting closely

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

Dissociated coat subunits and RNA of TMV
spontancously 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 -
helices connected by a strip of B-sheet (Bloomer et al.,
1978). A swretch of 24 amino residues, however, is
highly mocbile (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 nucleoproicin
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 tams, the so-called lock washer. At
this stage, both the 3' and 5'-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 5'-tail and transforms into a lock
washer, as well. Additional disks then add to the
nucleoprotein compiex 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 wns. This elongation process is repeated until
the 5'-tail of the RNA has been compietely 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 up of specific
bacterial pili. Some of the strains, like M13, fd, fl1, Ike,
12-2 and If1, share Escherichia coli as a host, but differ in
the specificity for its pili. For instance, M13, fd and {1
infect E. coli via its F-pili. Other ¢examples are Pf1, P2
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 Dressler, 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
assemnbly of the virion at membrane adhesions has been
suggested on the basis of the "telescoping” behaviour of
the virions in certain organic solutions in vitre (Marvin,
1989).

Qutside the host cell, Inovirus exists as rod-shaped
nucleoprotein particles with a diameter of ~ 6 toc 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
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of ~ 50 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 o-helix for all of them. Strong homology also
exists at the level of charge distribution along the
protein: there is a coilection of acidic and basic residues
near the N-terminus and C-terminus, respectively, and a
hydrophopic stretch beiween the two charged ends.
Subunits in the protein coat of Inovirus virions are
oriented with their helical axis roughly paralle! to the
virion axis, thereby partly overlapping one another as
scales of a fish (Fig. 1b) (Marvin, 1990). They form a
tubular proteirn shell with the acidic N-termini at the
outside and the basic C-termini at the inside of the wbe.
X-ray diffraction studies have established two different
classes oa the basis of the protein coat structure. The
symmetry of the protein coat of Class I phages, which
include the strains Ff (fd, f1 and M13), Ifl and Ike,
involves a 5-fold rotation axis combined with a 2-fold
screw axis of pitch 32 A (Fig. 1b) (Banner et al., 1981;
Marvin, 1990; Marvin et al., 1994). In Class I I phages
(Pf1, Pf3 and Xf), the subunits of the protein coat are
arranged according to a one-start helix with 15 A pitch
and 22 units per five mrns (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
(Russel, 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 (Russel, 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;
Russel, 1991), where it is immobilized by interactions
with the protein coat {DiVerdi and Opella, 1981b; Cross
et al., 1983b). For Class I viruses, these nuclecprotein
interactions are predominantly of a electrostatic, non-
specific nawre. 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 resuits 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 FE-virions, the nucleotides
interact among themselves by base stacking , 1973),
but the estimated interbase distance of 3.4 A is difficalt
to reconcile with the mean axial rise of 2.7 A 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 re; phosphodiesier 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-I 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-II 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 2.5-A
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.
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General Introduction

31p NMR studies of nucleic acids and
nucleoprotein complexes

Phosphorus (3!P) nuclear magnetic resonance (NMR)
spectroscopy is a powerfui techaique 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) 1HIP NMR methods have made it
possible to assign the 31P NMR spectrum of
oligonucleotides with a length up to 14 basepairs
(Schroder 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 im 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 (Scheek, 1994),

Because the elecron 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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FIGURE 3: Dependence of 31P chemical shift on conformational and stereo-electronic factors. a: correlation plot for 31P chemical shift of
i versus the smallest O-P-O bondangle. b: comelation between the constant JH3'-P for scalar coupling between 31p and 1H3' and
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1p chemical shift in oligonucleotides. The solid curve in the figure
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FIGURE 4: 61-MHz 31P NMR spectra of B-form DNA st various temperatures indicating different mobility (from DiVerdi, and Opells. 1981a.).

This chemical shift anisotropy (CSA) can be described in
terms of a shielding tensor with three principal
components 1y, 022 and o33, 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 Gj5q
to be measured. A number of attempts has been made to
calculate the 31P chemical shift tensor and especially
Giso, for phosphodiesters in nucleic acids and model
compounds (Prado et al., 1979; Giessner-Pretire 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 31P chemical shifts and the smallest O-P-O
angle has been found for a wide variety of
alkylphosphates and oligonucleotides. At increasing
bondangle between 95° and 108°, o;4, increases by as
much as ~35 ppm (Fig. 3a) (Gorenstein, 1981). At
further increasing bondangle above 108°, G;5, decreases
again (Gorenstein, 1994). Another correlation is
experimentally observed between ojg, and the scalar
coupling constant Jg3'.p for the three-bond coupling
constant between Hy and P (Fig. 3b). Because Jy3._p can
be interpreted in terms of the CO torsionangle & (Fig. 3¢)
via a Karplus relationship (Lankhorst et al., 1984), and a
linear correlation between g and the PO torsionangle  is
found in a variety of duplex structures (Gorenstein,
1994), the correlation between Gjz, and Ji3'.p actually
reflects the influence of the stereo-electronic factors en
the 31P chemical shift, This semi-empirical correlation
between Ojso and the coupled torsionangles € and C,
should be distinguished from the separate correlations
between Ojso and the P-O torsionangles { and o, and
between Gjso and the C-O torsionangles € and B,
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%
H70 to 70% DMSO (Lerner and Kearns, 1980), or the
salt concentration from 0 to 5 M (Costello et al., 1976).
The bases with their ring-current in the double helical
nucleic acids have onily small effect on the chemical shift
{< 0.1 ppm) (Gorenstein et al., 1988).

Because the range of 31P chemical shifts for
individual phosphates in duplex fragments in solution is
typically < 0.9 ppm, rescnance 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 (Ty),
transversal relaxation time (T3), and nuclear overhauser
effect (NOE) are usually interpreied 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', 5' and
5"-protons, assuming the 31P - 1H 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 - 1H
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 31P 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 accepiable. 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 nucleoprotcin complexes, such as viruses,
potentially offer a wealth of additional mobility
information. 31P NMR specira 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 Ty and Tz 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 31P NMR lineshapes of concentrated
nucleic acid or nucleoproicin gels, except in a superficial
way (Fig. 5) (Tsang and Opella, 1986). Most authors
restrict themselves to qualitative remarks about the
motion involved (DiVerdi and Opella, 1981b; Mai et al.,
1983). It shouid be mentioned in this respect, that the
literature does contain publications about 2H NMR
lineshape simulations for 2H-labeled nucleic acids
(Brandes and Kearns, 1988; Alam and Drobny, 1991) and
3IP NMR lineshape simulations for phospholipids
(Dufourc et al., 1992).

N

static powder pattern rotationally averaged
W powder pattem
FIGURE 5:31PNMR lineshape of ge Pfl at different pH

valoes. The theoretical lineshapes were calculated assummg
cither the complete absence of motion, or complete avmng
fast motion of the rod-shaped virions abowt 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 (AIMY), cowpea mosaic virus (CpMV),
tomato bushy stunt virus (TBSV) and the bacteriophages
QP 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 31P spectra of viruses in more
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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 ¢t 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 ingide virions do not undergo 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

arigid body.

SN
L

100 ppm

static

MAS

FIGURE 8:31p NMR spectra of solid fd (left) and 10% (wi/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). 31P MAS
NMR spectra of TMV sclutions (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 (DiVendi and Opella, 1981b), indicating that
a continnous 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 rescarch line. Jan de Wit
investigated TMV and its coat protein using 1H and 13C
NMR spectroscopy (de Wit, 1978). He concluded that a
specific part of the coat protein, which is mobile in
dissociated proiein subunits and in empty capsids,
becomes immobilized by the interaction with RNA.
Indeed, transformation of the so-called flexible loop into
the V-column secems 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 (CCMYV) with
RNA using !H and }3C 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
mteracting 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
oligonucieotides and oligophosphates. For this purpose,
she used UV/Vis and two-dimensional 1H 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 M13 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 the membrane. Johan Sanders continued this research
(Sanders, 1992). He established the conformation of two
farms of M13 coat protein in lipid bilayers using several
spectroscopic techniques (circular dichroism, raman,
fourier wransform infra-red, ESR, 31P 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 M13 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 Kriise and Rolf
Lamerichs who employed solid-state MAS 13C and 31P
NMR spectroscopy to study lyophilized or air-dried
pellets of intact TMV and CCMYV virions (Hemminga et
al., 1987). The resulis of these pilot-experiments gave
rise to the project described in this thesis, which started
in December 1987.

General Introduction

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-nucieic acid interaction in intact virions of M13
and TMV using solid-state 3P 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 nuciei are
sensitive probes for studying this interactions gelectively.
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)
waler), 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 1H-
frequency, so that maximal proton power must be used
with the risk of probe sparking. In addition, 1H - 31P
cross-polarization is relatively ineffective, stable magic
angle spinning is difficult to achieve, and the
nonspinning Tj 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 21P and its nearest proions Hy', Bs
and Hs» (~2.6 A in DNA, < 2.5 kHz) and protons in the
presumed salt-bridge between phosphates and basic
residues (~3 A in TMV, < 1.5 kHz), we have tried to
suppress the much stronger 'H homonuclear coupling
using off-resonance and multiple-pulse decoupling
(Slichser, 1978). However, preliminary results were
insufficiently convincing to continue this line of
research. An idea 1o measure the weak 31P - 15N dipolar
coupling in the presumed salt-bridges between
and 15N-labeled 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 1H - 31P - 15N triple-resonance equipment was
not available. Besides, the small size of the 31P - 15N
coupling, presumed to be < 400 Hz on the basis of the
3-A distance suggested for TMV, was not very
motivating. If nonspinning separated locat field
would be recorded to measure 31P - 15N dipolar coupling
(DiVerdi and Opeila, 1982), T, 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 Mi3 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 particies in the
10-T field of the AMS00 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 siow motion in MI13 gels were
unsuccessiul, because highly concentrated or frozen M13
geis contained 100 little motion to canse meaningful off-
diagonal intensity in the spectra, whereas more dilute gels
at room temperature could not spin in a sufficienty
stable manner.

Thus, despitc much effort, the 31P NMR results
obtained for M13 and TMV during the first three years of
the project were little spectacular and rather
disappeinting: featureless powder lineshapes in
nonspinning 31P NMR spectra, different Tj-values
depending on the sample preparation, ne resolution
improvement in MAS spectra of 30% TMV as compared
to earlier published spectra of air-dried TMV, and
featureless lineshapes with various linewidihs in MAS
spectra of M13. 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 31P NMR specira 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
phasphales in a rod-shaped virion which rotates about iis
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 31P 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 diffasion 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
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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 31P 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 31P nuclear magnetic resonance

lineshapes and transversal relaxation.
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A theoretical study of rotational diffusion modeis

for rod-shaped viruses

The influence of motion on 3'P nuclear magnetic resonance lineshapes
and transversal refaxation

Pieter C. M. M. Magusin and Marcus A. Hemminga
Depanment of Molecular Physics, Agncultural University, Dreijeniaan 3, 6703 HA Wageningen, The Netherlands

ABsTRACT  Information about the interaction between nucieic acids and coat proteins in intact virus particles may be obtained by
studying the restricted backbone dynamics of the incapsulated nucleic acids using *'P nuciear 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 *'P NMR lineshape and transversal relaxation dominated by the phosphorus chemical
shift anisotropy. Two opposite cases are considered on a theoreticai level. First, isotropic rotationat diffusion is used as a model for
mobile nucieic 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 moticnal region both the isotropic and the uniaxal 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 molecuies undergoing translational diffusion in a magnetic fieid gradient. In this frequency region T, 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 superimpased on a slow rotation of the virion about its length
axis, dominating transversal relaxation. In an accompanying article the models are applied to the >'P NMR resuits obtained for bacterio-
phage M13 and tobacco mosaic virus.

iINTRODUCTION

Phosphorus nuclear magnetic resonance (NMR) spec-  solution studies: nucleic acids inside virions do not un-
troscopy is a powerful technique for obtaining informa-  dergo large amplitude motions at frequencies higher
tion about structure and dynamics of the nucleic acid  than 10* Hz and motional lineshape effects observed in
backbone in intact bacteriophages and plant viruses. As  dilute solutions can be explained by overall motion of
all phosphorus nuclei belong to the viral genome, infor-  the viral particle as a rigid body.

mation about the nucleic acid backbone can be obtained To interpret our *'P NMR results for bacteriophage
selectively, even though the virus particles largely consist M13 and plant virus TMV in more detail, we have
of proteins. Indeed, during the last 15 years 3P NMR  carried out simulations of the *'P lineshape and transver-
studies of various viruses have appeared in the literature. sal relaxation for various types of diffusion with interme-
In one class of studies, raptdly tumbling, mostly spheri-  diate motional frequencies and ampiitudes. As for phos-
cal viruses, such as the plant viruses alfalfa mosaic virus,  phorus nuclei in biomolecular systems such simulations
cowpea mosaic virus, tomato bushy stunt virus, and the  have been carried out for phospholipid membrane sys-
bacteriophages Qf and MS2, have been investigated in  tems (9, 10), but not for nucleic acids encapsulated in
dilute solution by use of high resolution NMR spectros-  viruses. Several diffusion models can be constructed to
copy {1-4). In these studies conclusions about the dy- explain the motional effects observed by NMR spectros-
namic behavior of the nucleic acids inside the virions  copy. On the one hand, as in general a virion is a com-
have been drawn from linewidths and relaxation times.  plex structure of a nucleic acid molecule situated within
In other studies. solid-state NMR techniques have been  a protein coat, the observed *'P lineshape and transversal
used to record 'P spectra of viruses in more concen-  relaxation may actually reflect a superposition of many
trated solutions or viscous gels, such as tomato bushy  types of motion, such as overall rotation of the virus
stunt virus and the rod-shaped tobacco mosaic virus  particle as a whole and isolated backbone motions of the
(TMV) and the bacteriophages Pfl and fd (3, 5-8).  nucleic acid inside. All these motions together may influ-
From qualitative lineshape analyses conclusions were  ence the lineshape and relaxation decay in a2 way roughly
drawn about motional frequencies and amplitudes, comparable with random rotationai diffusion in a vis-

which agree with the general picture evolved from dilute ~ cous solution. Similar assumptions were made in *'P
NMR studies of DNA in solutton (11, 12). In this arti-

Address correspondence to M. A. Hemminga. Department of cle. an isotropic diffusion model is set up and the effects

Molecular Physics. Agricultural University. P.O. Box 8128,6700 ET  ©f this type of diffusion on the lineshape and transversal
Wageningen, The Netheriands, relaxation will be presented. On the other hand, one may
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try to interpret the motional effects observed in *'P
NMR spectra and transversal relaxation in terms of rigid
body motion. For rod-shaped viruses of the size of fila-
mentous phages { ~1 um 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
stow 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 simuia-
tions and discuss the outcome and trends therein in a
general manner.

THEOQORY

In the presence of only Zeeman interaction, anisotropic
chemical shift, and rotational diffusion, *'P lineshapes
and transversal relaxation can be described by the posi-
tive and negative-helicity components g, (Q, r)1,. of the
spin density operator p(Q, 1), where Q denotes the orien-
tation of the principal axis system of the chemicai shift
tensor in a laboratory frame with the z-axis parallel to the
magnetic field, ¢ represents the time, and [, and [ are
the raising and lowering operators for a spin-'2 nucleus.
By assumption, the detected NMR signal is proportional
to the positive-helicity component integrated over all
shift tensor orentations

wi(t) = fdﬂm(ﬂ.t)- (1)
The positive and negative-helicity components obey part
of the stochastic Liouville equation ( 10, 15)

d""t(ﬂﬂ [)

T (@) + Tou (D, 1), (2)

" where w(Q) denotes the combined Zeeman and orienta-
tion-dependent chemical shift interaction and Iy 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 ¢ =,
w.(2, 0) = u, (e.g., after a nonselective pulse}, it follows
that the normalized free induction decay (FID) S(¢) is
given by
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f dﬂe(in(ﬂ)ﬂ'n)t'uo

J“‘an

As a 7 pulse interchanges the positive and negative-heli-
city component, an echo produced by a = pulse at time 1
is given at a time 27 + ¢ by

(1) -
#.(0)

S(1) = (3)

s {27 + 1)
u.(0)

(Il S)+T)(r+1) H{ —is @) +Tq)
dile e

E(2r,0) =

Ho
J.y.odﬂ

(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 ¢ = 0 in Eq. 4.
Although Egs. 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, aiready from these
formal solutions it can be derived for many types of mo-
tion, inctuding 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 ¢ and r, 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 T, satisfies the mathematical con-
ditions 'yl = 0, where 1 denotes the isotropic distribu-
tion, and (Ty/(?)}) = O for any distribution function
f(). For example, for restricted diffusion, the latter
condition ensures that no loss of spin density occurs at
the boundaries. Any type of motion that fuifils 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. 3and 4

(4)

S(ty= Sy() + 2B+ -« -, (5a)
and
E(2r,0)=1-B(27)* + + - -, (3b)
with
fdﬂw(Q)I‘uw(Q)
B=- (5¢)

12fd9 '

where 5,(¢) denotes the FID in the absence of diffusion.
The constant B in Eqgs. 5a, 5b, and 5S¢ is positive, so that
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relaxation curves actually decay (sufficiently close tot =
0) and lineshapes are narrowed by motion. Eqs. 5a and
5b further indicate that diffusion does not change the
second moment of the lineshape and transversal relax-
ation is nonexponential. Obviously, this does not agree
with the common, experimentally confirmed assump-
tion that fast motion modulates the second moment of a
lineshape and causes exponential relaxation. However,
higher order terms in the Taylor series become dominant
at larger values of ¢ or 7, especially for fast motions,
which may mask this disagreement and reduce it to a
purely theoretical detail. Although Taylor series provide
some information about lineshape moments and relax-
ation decays close to ¢ = 0, they are not easily applicable
to simulate motional effects completely. Instead, we
have used different approaches, which will be explained
in more detail below.

Isotropic diffusion

The effect of isotropic diffusion on *'P lineshapes and
relaxation decays can be calculated by introducing the
spin density operator p( 2, ¢) as a function of the chemi-
cal shift tensor orientation Q = (e, 8, v) relative to the
laboratory frame and calculating this density as a func-
tion of orientation and time. The specific form of Eq. 2
for isotropic diffusion is

dp (1)

PP (6)

= (i) - DVE) . (9, 1),
with the combined Zeeman and orientation dependent
chemical shift interaction expressed in terms of the
Wigner functions D2, (afy) = exp(im'y)d%,,(8) X
expl{ima) (20, 21) as

w@(Q) = wp + wyag + woFyDH(Q)
+ won(Dgo(Q) + Dz—zo(Q))y (7)

where wp = v58; 1s the Zeeman angular frequency, a4 =
(o, + 043 + 043)/ 3 is the isotropic shift, F, = (¢33 — ¢ iS
the anisotropy parameter, and F, = (¢, — 7,,)/ V6 char-
acterizes the asymmetry of the chemical shift tensor with
Cartesian components a,,, 04,, and g4;. Isotropic diffu-
ston 1s represented in Eq. 3 by the differential operator

. ad p @&
(sm 8 -55) +

sin? @ dvi’

where D denotes the diffusion coefficient. Utilizing the
method of Freed (9, 15) Eq. 6 is solved by making an
expansion of the two transversal spin density compo-
nents in Wigner functions D},.,(2) being eigenfunc-
tions of the diffusion operator. In contrast with the usual
procedure, however, we carry out our simulations in the
time domain, because the calculation of free induction
decays can be more easily extended to the calculation of
echoes and transversal relaxation decays.

As follows from Eqgs. 7 and 8, the chemical shift and
the diffusion operator are independent of « and invan-

(8)

vi=
PVe = Sin gap
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ant under the rotations ¥y = r =z yand 8§ - = — 6.
Therefore, if initial spin density is homogeneously dis-
tributed over all tensor orientations, (2, 0) =
10 P%(R), spin density bears the same symmetry
at all times and may thus be expanded more com-
pactly in terms of the normalized eigenfunctions
VAL + 1)/8x (DY, . o(Q) + DZ.o(R)). Neglecting
terms with / larger than a specific value L and substitut-
ing the expansion in Eq. 6, this equation reduces to a
matrix equation of the order N = (L + 1){L + 2)/2, the
formal solution of which is

. (1) = eMu,(0) (9a)

and

p_{8) = M (0), (9b)

where p.(¢) and u_(¢) have been redefined as vectors
containing the N expansion components of the positive
and negative-helicity component, respectively, the ma-
trix M contains the couplings among the coefficients in
i.{¢), and M* is the complex conjugate of M. To calcu-
late the FID the positive-helicity component must be
integrated over all tensor orientations {Eq. 1). All ex-
pansion terms vanish under this integration, except for
the first, isotropic term. If initial spin density is homoge-
neously distributed over ail tensor orientations, as as-
sumed earlier, the normalized FID S(:) is proportional
to the “upper-left” element of the exponential matnix

S(’)=(3Mt)u, (10}

{see Eq. 3) where the exponential matrix is calculated by
diagonalizing M. It follows from Eqs. 9a and 9b thata =
pulse, which interchanges the positive and negative-heli-
city component at time 7, produces an echo given at
time 27 + ¢ by

E(2r, 1) = (eMitgM™y | (it)

(see Eq. 4). Founer transformation of a calculated FID
or echo produces the corresponding lineshape. A powder
average decay can be calculated for a series of = values
using Eq. 11 by setting ¢ = 0. Note that in this case the
product matrix of the two exponential matrices is hermi-
tian, so that its diagonal elements are real and the trans-
versal decay is purely absorptive.

Uniaxial diffusion

In the umaxial diffusion model the orientation of the
principal axis system of the chemical shift tensor is speci-
fied by the Euler angles Q' = {(a, 8, ) in a coordinate
system fixed in a rotor, representing the virion. The ori-
entation of this rotor axis system in the laboratory frame,
in turn, is given by " = ( ¢, 4, ¥). In an isotropic powder,
the rotors are randomly oriented with respect to the mag-
netic field. The number of relative chemical shift tensor
orientations within the virion may vary from a single one
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in Pf1 or three in TMV to a large value representing a
nucleic acid backbone without structural correlation to
the viral coat geometry, like bacteriophage fd (5, 8). In
this model it is assumed that there is an isotropic distri-
bution of relative chemical shift tensor orientations in-
side the virion. By introducing the spin density operator
p(Q", @', 1), the specific form of Eq. 2 for rotor diffusion
is

du, (F, @', 1)

it = (2iw(, Q') + Tu (', Q' 1),

(12)
with the combined Zeeman and chemical shift interac-
tion

wl, Q') = @ + weog + @,

2
X 2 DLo()[FoDin (2

m'=—2
+ Fp(Din Q') + D1y (27))]

= @y T woly T &y

2
X 2 () Fodim (B) + Fy{dip (B)e™

m’==2

+ d o (B)e7 7))o e, (13)

where the parameters are explained in Eq. 7. For uniax-
ial diffusion restricted to angles ¥ € [y, — A, ¥, + Al, the
diffusion operator I, in Eq. 12 is defined on this interval

as
32
2

N

where D(32/8¢?) denotes the free uniaxial diffusion oper-
ator (10) and B,({,, A} is a boundary operator, which
vanishes everywhere except at the edges and ensures that
I, fulfils the conditions I'y1 = 0 and (T, f(2)}) = 0 (see
above). It follows from the symmetry properties of Egs.
12, 13, and 14 that, if spin density is homogeneously
distnbuted over all rotor onentations and the relative
tensor orientations at time ¢ = 0, ¢, (Q7, ', 1) are inde-
pendent of ¢ at any time. Furthermore, as « and  are
rotation angles about the same axis, there is no way to
distinguish between a-diffusion, Y-diffusion, or a combi-
nation of both and u, (27, @', ¢) should be a function of
¥ + a rather than of y and « separately. By redefining the
average angle ¥, as (¥ + a) and the fluctuating angle
asy{ + « — ¥, and collecting the nonfluctuating angles in
6 = (8, ., 8, v) the notation for the spin density compo-
nents can be changed to g, (O, ¢, £).

Following the procedure of Dufourc et al. (10), we
solve Eq. 12 by using a finite-difference approximation
of the diffusion operator. To simulate the effect of uniax-
ial diffusion restricted by £ on the positive-helicity com-
ponent, N discrete values , are taken from the interval
[—A, +X] with a constant difference & between subse-
quent values. Exchange among these N orientations is
calculated from the coupled equationsfor2 < n.< N — 1

r.,=p + DBy{Y,, A), (14}
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dp.(8, ¢y, 1}

0 %m(e, Vaors )

2p

+ (iw(@), Yl — ¥l

)ﬂ+(9’ ""ns 1)
+%M’+(e’ ¢’n+l=f)7 (153-)

combined with the equations for the boundaries

d + 8, 2 7
'H(TM = (tw(e’ ¥i) — %)FA& Vi 1)
D
+ ‘6‘5 #+(8,¢2, 1) (15b)
LACENUR I

1006, 1) = 2 Jur(@ b 1. (150)

For free rotor diffusion we take A = = and connect the
boundaries by defining exchange between i, and ¢,. By
combination of the N components in the vector g, (9, P,
t) and the shift and the diffusion factors in the symmetric
matrix M Eq. 12 may be rewritten as a matrix equation,
the formal solution of which is

#(8, 1) = M, (8,0). (16a)

Also here the analogous solution for the negative-helicity
component is simply

p-(8, 1) = eM"u_(8,0). (16b)

Because the FID is proportional to the positive-helicity
component, Eq. 16a must be summed over all orienta-
tions (Eq. 1). If at ¢ = 0 all orientations have the same
spin density, ie., p (0, 0) = g (1,1, ..., 1, 1), the
normalized contribution S(©, ¢) to the FID by N diffu-
sion-coupled orientations for a specific combination of
static angles © 1s

1
5(6,1) = w Z (e™y, (17)
ij
where the exponential matrix is calculated by diagona-
lizing M (see Appendix). A = pulse at time r produces
an echo given at time 27 + ¢ by

l -,
ﬁ 2 (eM(rH)eM 7)ij'

ij

E(®, 27, 1) (18)
A way to calculate Eq. 18 efficiently is discussed in the
Appendix. To simulate a FID, an echo or an average
transversal decay curve of a powder of randomly ori-
ented rotors, Eqgs. 17 and 18 should be integrated for all
rotor orientations (4, y,) and summed over all internal
chemical shift tensor orientations (5, v ). Fourier trans-
formation of a simulaied FID or echo produces the
corresponding lineshape. Like for isotropic diffusion the
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decay of transversal coherence is purely absorptive due
to the hermitian character of the product matnix of the
two exponential matrices in Eq. 18.

Ultra-siow and fast diffusion

For very slow and fast diffusion matrix calculations as
discussed above are not necessary and faster simulation
procedures can be used instead. Here we discuss such
alternative procedures, because they provide indepen-
dent checks for the limiting behavior of the isotropic and
uniaxial diffusion models. For very slow diffusion with a
diffusion coefficient o much smaller than the inhomo-
geneous linewidth |wy(o3 ~ ¢y;)], the lineshape is
hardly influenced by motion and can well be calculated
following one of the standard procedures for simulating
static lineshapes (21). If the diffusion coefficient is even
smaller than the average motion-induced homogeneous
linewidth, transversal relaxation may also be calculated
in an alternative way. In this case it may be assumed that
within a time that the echo intensity decays to typically
e~! of its initial value, spin density mainly spreads out to
orientations close to its initial orientation. As a conse-
quence the variation of chemical shift as a function of
orientation is well approximated by a “local” linear or
bilinear field gradient. It has been derived earlier that the
Hahn echo in a linear field gradient & decays in a nonex-
ponential way as exp(—DG23/12) (19, 22}. Similarty
we find for ultra-slow uniaxial diffusion (neglecting
boundary effects in the case of restricted diffusion)

J. dQ f dQ exp(—D(dw/ )23/ 12)

fmfm' ’

and for ultra-slow isotropic diffusion

E(1.0)

E(t,0)=

(19a)

f dQ exp(—D{(dw/8B)* + (sin B)*(w/dv)*}/12)

[as

Eqgs. 19a and 19b show that the transversal decay E(¢, Q)
can generally be described as F(p¢?), where F(x) is
some nonexponential, decaying function independent of
D. For this decay of the echo produced by a single =
pulse, a transversal relaxation time T,. may be empiri-
cally defined by fitting a single exponential to the curve,
If F{x) reaches the vatue ¢! for a specific value of x.
defined as x,, T, should be approximately (x,/D)'/3.
Obviously, in the ultra-slow motion region T, is in-
versely proportional to the cube root of D.

For fast diffusion the lineshape may be calculated
from the time-averaged expression { w) for w. Under fast
isotropic diffusion chemical shift anisotropy is averaged
to { @) = wy + wyop and the lineshape becomes lorentzian

(19b})

17

Rotational Diffusion Effects in 31P NMR

with a linewidth | /(#T,}. In contrast, fast uniaxial dif-
fusion does not completely average the chemical shift
anisotropy. Replacing the complex exponentials in Eq.
13 by their average value exp { im’'({ + «)} } sinc(m’A) on
the interval (¢ + a — A, ¢ + a + A), where sinc(m'})
denotessin(m’'A)/(m'\), oneobtains the average chemi-
cal shift expression for fast rotor diffusion with restric-
tion half-angle X as

2
(AR, Q) = g+ wog + wy 2 diarol8)[ Fodm(B)

m' =2
+ Fl(dgm’(.&)e‘}h" + dizmr(ﬁ)e—ﬁ-”)

™ ) sine{m'\). (20)

From Eq. 20 the lineshape may be simulated numeri-
cally by calcuilating (w) for a large number of combina-
tions (cos 8, ¥ + a, cos 3, ¥).

In the limit of short correlation times, T, may be cal-
culated using the Redfield approximation, which relates
T, to the spectral density. The general equation for the
transversal relaxation for a chemical shift tensor under-
going axially symmetric diffusion is

2
1/ Ty = (1740 woFy)* 2 () {3Ji(w) + 45{0)}, (21)
i=0

where ¢;{{1) are geometric parameters relating the pnnci-
ple axis systems of the diffusion and the chemical shift
tensors, and J;{w) are the spectral density functions 2r;/
(1 + w3r?), with correlation times 7; depending on the
diffusion modet (23). In the case of isotropic diffusion
To =7, =71, = 1/{6D)and {¢y(R) + ¢, (Q) + »,(Q)) =
(1 + n2/3), so that for correlation times shorter than T,
but larger than 1/w,, the general equation simply re-
duces to

6D

M, (22a)

where A, is the second moment of the static lineshape:
(1/5)(w, Fo}*(1 + n?/3). For uniaxial diffusion of a ro-
tor containing many randomly oriented shift tensors in-
side, Jo{w) =0, 7, = 1/D, 7, = 1/(4D), and {¢,(Q)) =
{ea(R)) = (2/5)(1 + »?/3). This may be substituted
into Eq. 21 to show that for D <€ w,

(22b)

To use Eq. 21 for restricted diffusion the spectral density
functions should be modified in a rather complicated
way (24). Instead, T,. may be approximately calculated
from a more simple equation, which for short correla-
tion times relates 77, to the portion AM, of the second
lineshape moment M, that is modulated by the motion

1

Ty

(17, 18). Theoretically Eq. 23 disagrees with Eg. 5, be-
cause, as discussed above, the latter implicates that diffu-

AM,r, (23)
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sion does not change the second moment. From Eq. 20,
however, which we derived neglecting the time-depen-
dent part of &, a second moment can be calculated for
fast uniaxial diffusion, which does vary as a function of
the restriction angle

My(A) = My(0){{1/5) + (2/5) sinc™(2))

+ (2/5) sinc?(20)},  (24)

where M,(0) is the second moment of the static line-
shape (see Eq. 22a). From Eq. 24, AM, may be calcu-
lated as M,{0) — M,(X). The occurrence of only one
correlation time in Eq. 23 provides another inconsis-
tency: two correlation times are necessary for unre-
stricted uniaxial diffusion and for the resiricted case the
correlation function is multiexponential, Often, how-
ever, T = 1/(6D) is used as “the” correlation time of
unrestricted uniaxial diffusion (10). Substitution of
AM, and 7 into Eq. 23 then yields

_ 6D
T (2/5)M,(0){2 — sinc®(A) — sincX(2M)}

TZe ( 25 )
For free uniaxial diffusion, i.e., for A = oo, Eq. 25 pre-
dicts a higher value for T,, than Eq. 22b. Interestingly,
the two equations would match if the average of the two
correlation times used in the derivation of Eq. 22b, (7, +
7;)/2 = 5/(8D), were taken for r. Both variants will be
compared with the outcome of simulations using the uni-
axial diffusion model (see below),

Combined diffusion

In the combined diffusion model nucleic acid backbone
motion, represented by very fast, restricted  or a-diffu-
sion, is supenmposed on top of slow, free -diffusion,
representing overall rotation of the virion as a whole.
The approach is the same as for the uniaxial diffusion
model] (see above), except that Eq. 20 is used instead of
Eq. 13. The effect of the superimposed diffusion is thus
merely a pseudostatic reduction of the chemical shift an-
isotropy. In principle, both the fast restricted and the
slow free diffusion influence the lineshape and transver-
sal relaxation. It is assumed in this model, however, that
the overall diffusion is too slow to effect the lineshape,
whereas the superimposed, restricted diffusion is so fast,
that it only has an indirect effect on transversal relax-
ation by scaling the chemical shift anisotropy in a pseu-
dostatic way. Under these conditions the lineshape is
dominated by the fast, restricted motion and transversal
relaxation by the slow overall diffusion.

METHODS

All simulations were carried out on a xVAX and a VAX workstation
V82000 (Digital Equipment Corp., Maynard, MA) using self-made
Fortran programs as described in Theory. The double-precision com-
plex IMSL routine EIGCC (IMSL Inc., Houston, Texas) was employed
for marrix diagonalization. Lineshapes and powder average transversal
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a_ /N N N A

b/ AN N N

D (kHz) =

FIGURE | Fourier transformed free induction decays (4} and echoes
at 27 = 60 us (b) for isotropic diffusion with a diffusion coefficient of 1,
2,5, and 10 kHz.

relaxation decays presented here were simulated for *'P at 121.5 MHz
with relative chemical shift tensor values ¢y, ~ 6, = 77 ppm, 033 — 6, =
18 ppm, and ¢33 — a, = —95 ppm. For simulations of isotropic diffu-
sion, the number of expansion terms was taken as high as necessary for
lineshapes and relaxation curves not to change any more upon a fur-
ther increase. The exact number depended on the diffusion coefficient
D put into the calculation, but for b = 5 kHz as a typical example, the
expansion was truncated after 45 terms. For the other diffusion models
a random distribution of rotor orientations with respect to the mag-
netic field and a random distribution of relative chemical shift tensor
orientations within the vidon were assumed. The number of angles 8,
B, v between 0 and 7 /2, ¥, between 0 and 2= and ¢ between —A and A
{see Theory and Appendix) was taken high enough to observe no
change upon a further increase and depended on the diffusion coeffi-
cient D and the restriction halfangte A. Typically for a simulation using
the uniaxial diffusion model with p = 50 kHz and A = 1,25 rad 10
values cach for cos # and ,, 5 values each for cos § and v, and 12
values were taken into account, Except for the simulations of the fast
diffusion lineshapes, all simulations were carried out in the time do-
main. Lineshapes were obtained by Fourier transformation after multi-
plication with an exponential function corresponding to 1 kHz line-
broadening, in analogy with the processing of expenimental data, For
the nonexponential powder average decays, a T, value was defined by
fitting a single exponential to the calculated decay (11), which differs
from the ¢~' definition by Woessner et al. (25), but is closer to the
analysis of experimental decays in practice.

DISCUSSION

Isotropic diffusion

Fig. 1 shows the lingshape effect of isotropic diffusion
with a diffusion coefficient increasing from 1 to 10 kHz:
discontinuities get increasingly less pronounced and the
resonance line narrows more and more. Discontinuities
tend to be more pronounced in echo spectra than in FID
spectra caused by T, amisotropy or, in particular, the
first derivatives of the chemical shift to 8 and v being
zero at these positions (Eq. 19b). For fast diffusion, p =
10 kHz, powder average decays of transversal coherence
are practically indistinguishable from single exponen-
tials {not shown), which agrees with Redfield’s relax-
ation theory for fast motions. Below 10 kHz, however,
the simulated relaxation decays are significantly nonex-
ponential, as expected from Eq. 5b, and T, values de-
fined by least-square fitting a single exponential to the
simulated decay depend on the time domain sampled
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FIGURE2 Fourier transformed echoes a1 2 = 60 us for the three types
of uniaxial diffusion with various coefficients and restriction angies:
(a) combined diffusion, (&) fast diffusion, and (¢) intermediate diffu-
sion.

(see Fig. 3 a). In general, for fast motions Redfield
theory predicts T, to become longer at increasing mobil-
ity and the opposite trend is proposed for slow motions
{19). Indeed, our calculations show that for an increas-
ing diffusion coefficient p, T, first decreases as a linear
function of the cube root of D, and then passes through a
minimum for o = 5 kHz and finally becomes propor-
tional to D. A similar trend has been calculated by
Woessner et al. {25). Instead of the cube root depen-
dence in the stow motion region, Pauls et al. {17) have
suggested that for a process of large rotational jumps
among discrete sites 7,, would be inversely proportional
to the jumping rate ( =~D). However, in their jumping
model only spin density leaving the sites is taken into
account and the contribution of spin density arriving at
the sites is neglected, so that the corresponding jumping
operator I' does not fulfill the condition I'l = @ (Eqs. 3a
and 5b). In an attempt to find an empirical formula for
T, as a function of D, it was found that the curves in Fig.
Jafitwellto T,, = {(aD~""*)* +(bD)°} /¢, where param-
eters g and b determine the limiting behavior for slow
and fast motion, respectively, and parameter ¢ defines
the “sharpness” of the transition between the two limits.
As a consequence of this hyperbolic correlation, an ex-
perimentally observed T, above the minimum value
can be interpreted in two ways and a lineshape analysis is
necessary to decide between the two. For slow diffusion
up to 1 kHz plots of echo decays E{f, 0) versus pr® are
independent of D, as expected from the linear field gra-
dient approximation (Eq. 19b). This also explains the
cube root dependence of T, on D in the slow-motion
region. In the fast-motion region chemical shift anisot-
ropy relaxation can be calculated alternatively from
T, = 60/ M, (Eq. 22a). As shown in Fig. 3 4 this agrees
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well with the simulation results for fast diffusion, which
proves that the isotropic diffusion model is consistent
with Redfield theory.

Uniaxial diffusion

The influence of uniaxial diffusion on 3P lineshapes and
relaxation curves has been calculated for various restric-
tion half-angles and diffusion coefficients (Figs. 2 cand 3
d). Hardly any lineshape effect is observed for rotor dif-
fusion with coefficients below 10* Hz or restriction half-
angles below 0.5 rad. For diffusion coefficients larger
than 10° Hz, the lineshape does not change upon a fur-
ther increase and above a half-angle of x rad; the line-
shapes are indistinguishable from free rotor diffusion
lineshapes at the same diffusion coefficients. In contrast
with the simulated lineshape for isotropic diffusion, the
lineshapes of Fourier transformed free induction decays
differ only slightly from the corresponding echoes at 60
us, probably as a consequence of the random onentation
of shift tensors with respect to the rotor axis in this
model.

Powder average T, values have been obtained by fit-
ting the simulated echo decays to a single exponential. In
Fig. 3 b these T, values are plotted versus the diffusion

0.1

To (mMs)

0.1

100

D (kHz) ——m

FIGURE 3 T, values as a function of the diffusion coefficients for (a}
isotropic diffusion, {b) uniaxial diffusion, {¢) combined diffusion and
(d) fast diffusion. For isotropic diffusion (a) T,. values obtained by
fitting a single exponential 1o the powder average decay up to a {ime of
0.8 ms (M) and 1.6 ms (X) are shown in the same plot for comparison.
For the uniaxial and combined diffusion model the presented T, values
are obtained by fitting up to 0.8 and 1.6 ms, respectively, for various
restriction half-angles: 0.6 rad (Q), 0.9 rad (+), 1.2 rad ([0), 1.5 rad (<),
and 7 rad (A). For the fas: diffusion modet T,, was calculated from Eq.
25. The broken lines in @ and b represent the T, values calculated using
the Redfield approximation for isotropic diffusion (Eq. 22a) and free
uniaxial diffusion (Eq. 22b), respectively.
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coefficients for a2 number of restriction angles. Similarly
as for isotropic diffusion, the curves fit well to T, =
{(ap™'3)° + (bD)*}'/c. Thus, for slow motion T,, is
inversely proportional to the cube root of D, reaches a
minimum value in the intermediate region, and is pro-
portional to » for fast motions. Again we find for slow
diffusion that plots of echo decays E(z, 0) versus p¢? are
independent of D and that Eq. 19a provides a good ap-
proximation, which explains the cube root dependence
of T,, on D in the slow-motion region. For fast, unre-
stricted diffusion about a single axis, T,, may be calcu-
lated alternatively from 7,, = 2D/ M, (Eq. 22b). This
agrees well with the outcome of the simulations for fast
diffusion with restriction half-angle = (Fig. 3 b).

Fig. 3 b also shows the effects of motional amplitude
on T,,. For a given diffusion coeflicient, 7", decreases as
the restriction angle becomes larger, but for coefficients
below 1 kHz the curves in Fig. 3 b start to coincide.
Apparently, for ultraslow diffusion the fraction of spin
density that actually reaches the boundaries within a
time comparable to T,, is neglectable. In contrast, for
fast motion the curves are well resolved. Relaxation
curves simulated for a restriction half-angle of  are indis-
tinguishable from free rotor relaxation curves.

The presence of the restriction half-angle A as another
fitting parameter beside the diffusion coeflicient p com-
plicates the interpretation of experimental data. A con-
tinuous set of parameter pairs (D, A) share the same 7,
value (Fig. 3 b}, so that the observed transversal relax-
ation can be interpreted in many ways, especially when
noise hides detailed features of the relaxation curve. Like-
wise, a continuous set of (D, A) lineshapes can be simu-
lated that fit to the experimental line equally well, Even
the theoretical lineshape simulated for free diffusion at
20 kHz is hard to distinguish from the one simulated for
D= 50kHz and » = 1.5 rad (Fig. 2 ¢). Obviously, only a
combined analysis of lineshape and transversal relax-
ation must be used to unequivocally interpret the data.

Fast uniaxial diffusion

Fast diffusion lineshapes, calculated from Eq. 20, corre-
spond well to the lineshapes simulated for fast diffusion
using the uniaxial diffusion model (Fig. 2 #). Clearly, the
neglect of the time dependent part of w from which Eq.
20 was derived is allowed in the fast frequency region, In
contrast, 1), values calculated from Eq. 25 do not match
the values simulated for uniaxial diffusion. The order of
magnitude, however, is.the same and the tendency of
increasing T,, with decreasing A is comparable. Given
the earlier discussed inconsistency between Eqgs. 5a and
23 on a theoretical basis, the similarity between the out-
come of the two methods is striking, The alternative vari-
ant of Eq. 25, derived by taking r = 5/(8D), does not
provide a better approximation, except for A > | rad. In
the analysis of experimental data the fast diffusion

Rotational Diffusion Effects in 31P NMR

model can be useful to make a quick estimation of the
motional amplitude and frequency.

Combined diffusion

Utilizing the combined diffusion model, lineshapes and
relaxation decays have been stimulated for several combi-
nations of internal restriction half-angles A and overall
diffusion coeflicients b. For coefficients below 5 kHz lin-
eshapes are hardly influenced by slow overall diffusion,
but only depend on the internal restriction angles (Fig, 2
a). Slow overall diffusion does, however, influence
transversal relaxation (Fig. 3 ). In the frequency region
up to 5 kHz investigated, 7, is inversely proportional to
the cube root of D, as expected for ultraslow diffusion. In
contrast to the T,, trend observed in the uniaxial diffu-
sion simulations, where T,, shortens as the restriction
half-angle X increases, the combined diffusion model
predicts that T, becomes larger at increasing A, because
internal motions with larger amplitudes average the shift
anisotropy to a larger extend and thereby reduce the
chemical shift fluctuations caused by overall diffusion
more. The curves for A = 0.6 and 0.9 rad in Fig. 3 ¢
almost coincide, indicating that very fast, internal mo-
tion with amplitudes below | rad hardly influence T,,.
Clearly, under these circumstances transversal relax-
ation is dominated by the overall diffusion alone.

In the strategy for interpreting experimental results in
terms of combined diffusion, the first step 1s the determi-
nation of the internal restriction angle from the line-
shape using the fast diffusion model. Then, for this re-
striction angle the overall diffusion coeflicient can be
obtained from an analysis of the relaxation curve using
the combined diffusion model. This procedure of ex-
tracting A from the experimental lineshape first and then
D from the observed relaxation curve is much less time
consuming than a “two-dimensional™ searching proce-
dure necessary to unequivocally determine A and D using
the uniaxial diffusion model discussed above.,

CONCLUSION

In summarizing the simulation results discussed above,
it is convenient to divide motional amplitudes into three
ranges. Small amplitude motions do not cause detect-
able lineshape effects; e.g., uniaxial diffusion with a re-
striction half-angle < 0.5 rad (30°) hardly influences the
lineshape. Obviously, one should be careful to conclude
the absence of motion from the absence of motional
narrowing alone. In this range motional information can
best be obtained from relaxation studies. Motions with
larger amplitudes can significantly alter the lineshape.
An intermediate amplitude range may be distinguished
between 0.5 and 1.5 rad, where lineshape and transversal
relaxation are sensitive to small changes in the ampli-
tude. The third range consists of still larger amplitudes.
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In this region hineshapes and transversal relaxation are
insensitive to amplitude changes and restricted motion
hardly can be distinguished from unrestricted motion.

A similar division can be made for motional frequen-
cies as well. The slow-motion range contains low fre-
quencies as compared with static linewidth and correla-
tion times in the order of the transversal relaxation time
T, or longer. In this region diffusion does not alter the
lineshape in a detectable way and causes nonexponential
relaxation. Typically the powder average decay of the
echo E(t, 0) is a function of Dr* and T, is inversely
proportional to the cube root of the diffusion coefficient.
In contrast, in the fast-motion region lineshapes are gen-
erally strongly narrowed and transversal relaxation is ex-
ponential. Within this frequency region the lineshape is
dominated by the time-independent part of the chemical
shift interaction and transversal relaxation is well de-
scribed by the Redfield theory. In the intermediate re-
gion the time-dependent part of the chemical shift inter-
action cannot be neglected in lineshape calculations and
the Redfield theory is not applicable. Other methods are
necessary to simulate lineshapes and transversal relax-
ation.

The diffusion models discussed in this article serve to
interpret the ¥'P lineshapes and powder average decays
measured for large virions in viscous gels. The applica-
tion of these models on our NMR results gbtained for
M13 and TMYV will be treated in a following article.

APPENDIX

Speeding up uniaxial diffusion
simuiations

An echo or free induction decay can be calculated from Eq. 18 for a
series of t or r values, respectively, After diagonalizing M = DAD " the
calculation may proceed in a straightforward way

z (err+1)e;\.1'. )ij
is)

DikeAn(r+t]DEI;‘D:|lﬂeA;p(D]Jfl ):‘ (Al ]
1

Mz
2
Mz

HWE]

[]
-
O
L3
1
[]

Mz

Due to the symmetry properties of matrix M. matrix D can be ortho-
gonalized by normalizing its columns, so that the inverse matrix D™
can quickly be obtained by simple transposition. Still, however, the
multiple sum in Eq. Al for every t or r value separately takes much
computer time, which increases as the fifth power of the number of
sites. Furthermore Eq. Al also should be summed over many rotor
orientations (8, ¢} and internal chemical shift tensor orientations (3,
). Therefore, speeding up the simulation is therefore essential for a
practical use. A more efficient way is to calcufate in a first step

N
Avm = Do 2 Dy

(A2)
and in the second step

N
Bu(r,0) = 3 dgpe sy,
k=l

(A3)

Tosimulate an echo, 8,,( 1. ¢)is calculated for a specific value of rand a
series of ¢ values and the echo is obtained from
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N
3 (eM(v-meM‘f)ij =3 B.(r,t)Bi(r,0) {Ad)

ij m=|

To simulate a decay, B,,(7, 0) is calculated for a senies of v values and
the decay follows from

X (eMeMTYy = 2 | Bulr, 0N (A3)

ij

Assuming that the rotors are randomly oriented in an isotropic powder
and that the chemical shift tensors are also randomly criented within
every rotor separately (as may be the case for M13), Eqs. A4 and AS
stiil have to be summed over a large variety of rotor orientations (8, ¢, )
and internal chemical shift tensor orientations (5, ). It is well known
that, for simulating static powder lineshapes, only part of the orienta-
tions within an isotropic powder has to be taken into account due 1o the
symmetry of the chemical shift anisotropy (21). Likewise, symmetric
properties of Eq. 13 reduce the number of rotor and tensor orientations
that are actually needed in rotor diffusion simulations. Using the prop-
erties d2,(8) = (=)™ _(8) and &% pm (8} = (1) X
d%_.(x - §) and combining the terms +m’, the anisotropic part of £q.
13 may be rewritten as

wod3e{0){ Fodlo(B) + 2F,d3%(8) cos (2v)]
+ 2w0d%(0) [ Fod} (8) cos (¢)
+ Fy(d}i(B) cos (¢ + 2v)
— d}(m — 8) cos (¢ - 2v))]
+ 2ugd3o(8)[ Fodga(8) cos (2¢)
+ Fy(d5(8) cos (2¢ + 2v)

+ diy(m — B) cos (2¢ — 2v))), (A6)

where ¢ = ¥ + a. Eq. A6 shows that the chemical shift is invariant
under the rotations (8, ¢) = (v~ 8. 7 + @), (B. )~ {x — B, v + ¢},
y—+=x+vy,and (y,9) == (7 — v, 2r — ). The diffusion operator ( Eq.
14) is invariant under these rotations as well. Thus, if for rotor diffu-
sion simulations ¢ is sampled from the whole intervai {0. 2=, the

lineshape is sufficiently defined by 4. 8, and v taken from {0, =/2.
which only represent one-sixteenth of all possible orientations.
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Analysis of *'P nuclear magnetic resonance lineshapes and
transversal relaxation of bacteriophage M13 and tobacco mosaic
virus

Pieter C. M. M. Magusin and Marcus A. Hemminga
Department of Molecular Physics, Agricultural University, Dreyenlaan 3, 6703 HA Wageningen, The Netherlands

ABsTRACT  The experimentally observed *'P lineshapes and transversal relaxation of 15% (wt/wt) M13, 30% M13, and 30% tobacco
mosaic virus (TMV) are compared with lineshapes and relaxation curves that are simulated for various types of rotational diffusion using
the models discussed previously (Magusin, P. C. M. M., and M. A. Hemminga. 1993. Biophys. J. 64:1851-1860). Itis found that isotropic
diffusion cannot explain the cbserved lineshape effects. A rigid rod diffusion model is only successiul in describing the experimental data
obtained for 15% M13. For 30% M13 the experimental lineshape and relaxation curve cannot be interpreted consistently and the TMV
lineshape cannot even be simulated alone, indicating that the rigid red diffusion model does not generally apply. A combined diffusion
modet with fast isolated motions of the encapsulated nucleic acid dominating the lineshape and a slow overall rotation of the virion as a
whole, which mainly is reflected in the transversal relaxation, is able to provide a consistent picture for the 15 and 30% M13 samples, but
not for TMV. Strongly improved lineshape fits for TMV are obtained assurning that there are three binding sites with different mobilities.
The presence of three binding sites is consistent with previous models of TMV. The best lineshapes are simulated for a combination of
one mobile and two static sites. Although less markedly, the assumption that two fractions of DNA with different mobilities exist within
M13 also improves the simulated lineshapes. The possible existence of two 3'P fractions in M13 sheds new light on the nonintegral ratio
2.4:1 between the number of nuciectides and protein coat subunits in the phage: 83% of the viral DNA is less mobile, suggesting that the

binding of the DNA molecule te the protein coat actually occurs at the integral ratio of two nuclectides per protein subunit.

INTRODUCTION

Bacteriophage M3 has a cylindrical shape with a length
of ~900 nm and a varying outer diameter between 6 and
10 nm depending on the relative humidity (1, 2}. The
molecular mass of the phage is ~ 16 MD. Its genome is a
circular single-stranded DNA molecule of 6,407 nucleo-
tides (3) protected by a protein coat mainly consisting of
~2.700 copies of the gene-8 protein. The DNA mole-
cule is situated along the virion in a core of <2.5 nm
wide. Studies by x-ray fiber diffraction applied to bacte-
riophage fd, which is closely related to M 13, indicate that
the symmetry of the protein coat involves a five-fold ax-
ial rotation axis combined with a two-fold axial screw
axis of pitch 32 A (4). Much less is known about the
geometry of the encapsulated DNA molecule. The ab-
sence of DNA reflections in earlier reported x-ray pat-
terns has led to the conclusion that the molecule is mo-
bile or disordered (5), but later results show that some
regular DNA structured with a pitch of 27 A may exist
and that many of the bases are stacked axially ~3.4 A
apart(4). Substantial base stacking is detected by ultravi-
olet (UV) spectroscopy as well (6), but the distance of
3.4 A is difficult to reconcile with the mean axial rise of
2.7 A expected for homogeneous distribution of DNA
along the inside of the protein coat, as commonly as-
sumed (4, 7). Raman spectra of fd contain the charac-
teristics of nucleoside sugar pucker and glycosvl torsion
typical for A-DNA. However, only 20% of the viral DNA
at most seems to have the regular phosphodiester back-
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bone found in A-DNA (8). In fact, infrared linear
dichroism results indicate that the DNA backbone
mainly has a B-type conformation (9). Phosphorus solid
state nuclear magnetic resonance (NMR) studies ap-
plied to bacteriophage fd have indicated that the DNA
within the virion is relatively immobile ( 10}, probably
as a consequence of the electrostatic interaction between
the negatively charged phosphodiesters in the DNA to
the positively charged lysine residues located on the in-
side of the tubular protein coat. There are no signs for
any regularity in the DNA structure present in the spec-
tra of oriented fd gels (11). The motional narrowing of
the phosphorus lineshape observed for unoriented and
oriented fd gels has been interpreted qualitatively in
terms of both rotational diffusion of the virion as a whole
around its length axis ( 10} and limited motions present
in the DNA backbone (11).

Tobacco mosaic virus (TMV) is a rod-shaped single-
stranded RNA virus with a length of 3,000 A and an
outer diameter of 180 A. The protein coat is formed by
2,200 subunits { M, = 17,500) arranged in a helix with 49
subunits per three turns. In contrast to the DNA mole-
cule in fd, the structure of the RNA molecule, which
consists of 6,600 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 at a radius of ~40 A (12). Three sorts of
binding between RNA and protein subunits inside TMV
have been suggested: electrostatic interactions between
phosphodiesters and arginine residues, hydrophobic in-
teractions between the nucleotide bases and the left ra-
dial a-helix of the subunits, and hydrogen bridges (13).




Magusin and Hemminga

As a consequence of the regular RNA geometry, three
types of phosphorus nuclei can be distinguished in NMR
spectra of oriented TMV samples and in magic angle
spinning (MAS) NMR spectra of TMV. The three phos-
phorus resonances in the spectrum of oriented TMV
samples have different linewidths that have been as-
signed to varying degrees of disorder in the orientation of
the phosphates in the various binding sites of the coat
protein { 14). In MAS spectra of TMV, two lines strongly
overlap indicating similar electronic environments for
two of three binding sites (14, 15).

To gain information about the dynamic behavior of
the nucleic acid backbone in M13 and TMV, we used *'P
solid state NMR spectroscopy. In a previous report we
demonstrated how isotropic diffusion and various types
of uniaxial diffusion influence 3'P NMR lineshapes and
transversal relaxation theoreticaily (16). Here we wiil
compare the experimental NMR resuits with the out-
come of these simulations.

MATERIALS AND METHODS

Preparation and purification of M13
and TMV

M3 bacteriophage was grown and purified as described by Spruijt et
al. {17) except for 10 mM Tris, 0.2 mM EDTA being used as the final
dialyzing and storage buffer. TMV was prepared as described previ-
ausly { 15). Geis containing 30% { wt/wt) TMV or up to 20% M1 3 were
directly abtained from the storage suspensions by centrifugating for4 h
in a Ti-75 rotor (model Ti-75; Beckman Instruments. Inc.. Palo Alto,
CA) at 55.000 rpm. To prepare gels containing more M3, wet M13
pellets were concentrated further by drving. Finally, the wet pellets
were spread out on the inside of the centrifuge tube and the matenai
was doed under a flow of air during 2-8 h at slightly below room
temperature. For maximal homogeneity af humidity within the pellets,
the material was repelleted at low speed and spread out again on the
inside of the centrifuge tube several times during the drving procedure.,
The change of water coatent in the drying petlets was roughly followed
by weighing and finaily determined by measuring the phage concentra-
tion spectrophotometricaily using Angg = 3.80 (0.1% wt/vol, l-cm path
length} for M13 and A, = 3.00 for TMV. Samples were prepared =12
h betore the NMR experiments and were stored at 4°C.

NMR methods

NMR spectra were recorded on a spectrometer {model CXP300:
Bruker [nstruments. Inc.. Billerica, MA ) operating at a *'P NMR fre-
quency of 121.5 MHz. Because of the dielecinic properties of wet M13
and TMYV gels, the =/ 2 pulse was carefully set to 5 ps on the weak *'P
signal of the sample itself. For cross-polarization experiments, the
Hartmann-Hahn condition was found by measuring the ‘H x/2 pulse
length directly on the water signal and setting it equal to the *'P =/2
pulse length. In all experimenis a CYCLOPS phase alternation was
used ta remove the effects of pulse impertections and high power pro-
ton decoupling was on during refocussing delays and acquisition time.

Sampie tubes were sealed with glue to keep the water content in the
gel constant. This was checked by comparing the sample weight before
and after the experiments. Temperature was controlled by a tempera-
ture unit ( Bruker Instruments. Inc.) connected to a thermocouple posi-
tioned at a 3cm distance from the sampie coil. This svstem was cali-
brated using an 1010 fluoroptic thermometer (model 1010; ASEA,
Visterds. Sweden). The glass fiber detection probe of this instrument
does not contain electronic parts and therefore functions correctty in
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strong electromagnetic fields. so that the temperature can be measured
inside the sample during the actual pulse expertment. The flucroptic
thermometer could only be used for calibration. because sample tubes
couid not be sealed completely with the temperature fiber penetrating
through the tube cap. Substantial differences were observed between
the indication of the fluoroptic thermormeter and the Bruker unit, espe-
cially below room temperature, because a temperature gradient existed
within the probehead between the sample directly cooled by a flow of
nitrogen and the probewall heated by the surrounding shimming coils.
The fluoroptic thermometer also showed that the immediate heating
effect by high power decoupling was much stronger than estimated
from the steady state indication of the temperature unit { Bruker [nstru-
ments, Inc.).

Spectra were recorded using cross-pelarization and a Hahn echo
pulse sequence to remove the effect of probe ringing on the weak signal.
For recording standard spectra the echo was made to occur 60 us after
excitation. Transversal relaxation was studied by acquiring the Hahn
echoes for a series of refocussing delays and analyzing them in a powder
average way by fitting an exponential curve to the echo decay directly,
Longitudinal relaxation was determined using the direct inverse recov-
ery pulse sequence, followed by curve fitting applied to the spectra after
Fourier transformation. Because in M13 gels *'P longitudinal relax-
ation is much slower than transversal relaxation, it was possible to
develop a T,-filtered T, experiment by combining the Carr—Purcell-
Meiboom-Gill (CPMG) experiment for the T, measurement ( 18)and
the progressive saturation method for the T, measurement. This en-
abled us to investigate a possible correlation between longitudinal and
transversal relaxation in M13 gels (19, 20). The puise spacing in the
CPMG sequence was sel to 650 us, because spinlocking effects oc-
curred at smaller pulse interspacing, At the end of the acquisition time
of 20 ms an additional »/2 pulse was given to reduce longitudinal
magnetization effects due to pulse imperfections. The repetition time
was varied from 2 to 24 s.

Simulation procedures

Phosphorus NMR lineshapes and powder average transversal relax-
ation decays at 121.53 MHz have been simulated for isotropic, uniaxial,
and combined diffusion using self-made Fortran programs as described
previously (16). For ”'P NMR in M13, relative chemical shift tensor
values ,, — 9, = 77 ppm, g,, — o, = 18 ppm, and o, ~ ¢ = —95 ppm
were taken ( where g, is the isotropic shift ), as obtained from analysis of
sideband intensities in several MAS spectra of dehvdrated and frozen
samples recorded at 202.5 MHz. These values correspond within exper-
imental error to the values reported for bacteriophage fd. which is
closely related to M 13 (10). For TMV the values 83, 25. and —108
ppm were taken from the literature { 14). In simulations for M 13 it was
assumed that a random distribution of shift tensor orientations exists
within the phage. much like the random oricntations of microcrystal-
lites within a MAS spinner. For TMV the orientation of *'P shift tensor
for the three different binding sites with respect to the rod-shaped TMV
was approximately derived from the *'P atomic coordinates (13), as-
suming that in phosphodiesters the o, lies in the direction of the bisec-
tor of the O-P-0O angle (as opposed to the RO-P-OR'angle) and that o,
lies in the O-P-O plane. as well (21). From these approximate tensor
orientations (8, +;) the chemical shift values of the three *'P NMR
lines in the spectrum of an oriented sample of TMV were calculated.
By comparing these shift values with the ones calculated earlier ( 14).
we found that sites |, 2. and 3 as labeled by Stubbs and Stauffacher (13}
probably correspond to the lines A, C, and B, respectively, according to
the labeling by Cross et al. (14). Because the calculated shift values
differ from the experimentaily observed ones (14). we slightly modi-
fied the angles 3; such that the three *'P lines shifted to the observed
positions in the spectrum of oriented TMV without changing their
frequency order. These modified angles 3, and the unchanged angles v;
were used to define the orientation of *'P tensors within TMV ( Table
1). The best fits to the experimental lineshapes of M13 and TMV were
found by a least-square firting, allowing height, baseline, and isotropic
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Tamz 1 Labeling of the three hinding sites in TMY in difterent papers and the orientation of the three shilt tensors with respact io the
axis of TMV as caiculatad from model coordinates® and refined from the shift in the orlented spectrum?

Label
Ref. 13 Ref, 12 Ref. 14 Calcuiated 3 Calculated Calculated « Observed ot Refined 8
rad ppm rad
| 3 A 0.85 .21 -29.2 +27 1.03
2 1 C 0.63 0.81 -51.9 0 0.93
3 3 B 0.48 1.02 ~76.6 =25 0.75

* Reference 13.
* Reference 14.

shift of simulated lineshapes to vary. Simulated transversal relaxation
curves were fitted to the experimental relaxation decays with only
height as 3 variable.

RESULTS

The 'H decoupled *'P NMR spectra of samples of 15 and
30% (wt/wt} M13 and 30% (wt/wt) TMV at 121.5 (Fig.
1 a} and at 202.5 MHz (not shown ) show the character-
istic lineshape caused by chemical shift anisotropy
(CSA). From these spectra the difference between the
largest and the smallest CSA tensorvalue | o, — 0, | can
be directly estimated as 170 ppm for M13 and 190 ppm
for TMV. Lineshape discontinuities are only partially
defined in the spectra of M13 and TMV gels. The
powder average decays of *'P NMR Hahn echoes fit well
to single exponentials for the two M3 samples and rea-
sonably for TMV (Fig. 2 ). In this way, transversal re-

15% M13 30% M13 30% TMV
a,_,_/\.... _/\__ \./\_
VA YA N A N
CA _/\ _/\_
A A NS 4N
BA _/\. _/\_
200 0 -200 200 O -200 200 O -200

~—— & (ppm)

FIGURE | Experimental and simulated >'P lineshapes obtained for
15% {wt/wt) M3 (lefi; 2,560 scans), 30% M13 { middfe: 768 scans),
and 30% TMYV (right; 512 scans). Experimenial spectra (a2} are ob-
tained by Fourier transformation of the echo at 60 us created by a »
pulse of 10 us centered at 30 us; best-fitting lineshapes by Fourier trans-
formation of echoes (b) and free induction decays (¢) simulated for
isotropic diffusion; best echo simulated for rigid rod diffusion {<); best
echo simulated for combined diffusion {(¢); best echo simulated for
combined diffusion with two (feff and centrai columns) or three ( right
ealumn) internal components; for diffusion coefficients and restriction
halfangies see text,

laxation times T,, 0£0.39,0.79, and 1.5 ms are found for
Pin.15, and 30% M13 and 30% TMV gels, respectively.
The results above have been obtained using cross-polari-
zation, but no significant differences in lineshapes or re-
laxation rates are observed when direct excitation is
used.

To gain more information about the mechanism caus-
ing transversal relaxation, M 13 gels have been studied at
various frequencies, concentrations, and temperatures.

15% M13 30% M13 30% TMV
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FIGURE2 Experimental {2} and simulated { 5=/)
ation decays for 15% M13 (left} 30% M3 (middle), and 30% TMY
(right); for 15% M 13 32 echoes were measured at subsequent multipies
of 25 us starting at 25 us, including the finite pulse length of 10 us (lefl,
a); for 30% M13 32 echoes were measured at subsequent multiptes of
50 us starting at 50 us (center, a); for 30% TMYV 32 echoes were mea-
sured at subsequent multipies of 100 us starting at 200 us (right, a);
decay for best Fourier-transformed echo { #) and FID {¢) simulated for
isotropic diffusion; best decay simulated for rigid rod diffusion (d),
best decay simulated for combined diffusion {e), best decay simulated
for cambined diffusion with two (leff and middle, [) or three (right, f)
internal components; for diffusion coeflicients and restriction halfan-
gles see text.
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In these studies it was generally observed that T, times,
obtained by single-¢xponential fitting, decrease with
magnetic field strength and increase with decreasing tem-
perature and hydration, i.e., with increasing sample vis-
cosity. Proton-decoupled T,, values measured for gels of
M13 in D,Q, are shorter than the corresponding values
measured for equally concentrated gels in H,O. This 1s
presumably due to static H->'P dipolar interactions,
which could not be eliminated in our experiments. In
contrast to T,,, the longitudinal relaxation time 7, does
not vary significantly for M 13 concentrations between
10 and 40% (wt/wt) and temperatures between 10 and
40°C. In this range of concentrations and temperatures,
an average T, value of 4.0 + 0.4 s is measured at 121.5
MHz. Only at low hydration T, becomes larger, e.g., 8 s
for 80% M13. The large difference between T, and 7,
makes it possible to carry out hybrid relaxation experi-
ments. It is found in these experiments that the transver-
sal relaxation time 757, measured from the decay of
CPMG echoes, is roughly independent of the repetition
rate and that the longitudinal relaxation time is approxi-
mately the same for all the CPMG echoes. Thus, no T,
filtering effect on TS, nor TSF filtering effect on T, is
detectable. Transversal relaxation rates as obtained from
the decay of CPMG echoes in our hybrid experiments do
not differ significantly from the rates observed in the
Hahn echo decay for the pulse interspacing (650 us)
used. If the pulse interspacing is decreased, however, TS
becomes longer.

DISCUSSION

The width of the observed 3'P NMR line and its propor-
tionality to the magnetic field provide strong evidence
for CSA being the dominant line-broadening factor in
3P spectra of M13 and TMV gels. Because line discon-
tinuities characteristic for static CSA are only partially
defined in the experimental spectra, other influences on
the lineshape should be considered as well. As no pro-
tons are directly bound to *'P in the nucleic acid back-
bone, the high power proton decoupling used is suffi-
cient to remove heteronuclear dipolar broadening from
the spectra completely. The large distance between sub-
sequent phosphorus nuclei of about 6-7 A in TMV and
presumably in M13 as well (13, 22) and the low gyro-
magnetic ratio of phosphorus nuclei, rule out the possi-
bility that homonuclear dipolar coupling has 4 strong
effect on the ¥P resonance line, This finally leaves mo-
tional narrowing as the most likely explanation for the
absence of sharp line discontinuities. Indeed, in M13
spectra the narrowing effect appears more pronounced
at high hydration (Fig. ).

In contrast to their effect on the lineshape, hvdration
and temperature strongly influence transversal relax-
ation of phosphorus nuclei in M13. For example, as hy-
dration decreases from 85 to 70%, T, doubles from 0.39
to 0.79 ms. Because at higher hydration and temperature
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more motion is probably present in M13 gels, T, ap-
trend expected from Redfield theory. The value of T, of
1.5 ms found for TMV suggests that *'P mobility in 30%
TMYV gelsis less than in M 13 gels at a comparable hydra-
tion percentage. Several transversal relaxation mecha-
nisms can be considered to explain this effect. High
power decoupling, as used in our experiments, is suffi-
cient to remove static 'H-2'P dipolar coupling effects
from the transversal relaxation decay, as was tested by
varving the decoupling power. It does not, however, elim-
inate the relaxating influence of highly mobile water pro-
tons in the vicinity of *P. T, experiments in D,O to
evaluate this solvent effect suffer from the difficulty that
deuterons exchange with protons in the virion and
thereby cause static ZH-*'P dipolar effects, which cannot
be removed unless deuterons are decoupled at a third
frequency. In principle, the observed T, increase at de-
creasing hydration could indeed result from the removal
of mobile water protons close to ¥'P, For motions with
such short correlation times, however, T, should in-
crease with increasing mobility, which is inconsistent
with the observed decrease of T, at increasing tempera-
ture. This indicates that the relaxating influence of water
close to *'P is relatively unimportant. Neither can *'P-
3P dipolar coupling account for the observed relaxation,
because for bacteriophage fd this type of coupling seems
to cause the echo intensity o drop to ¢! of its initial
value after 2.6 ms (22}, which is long compared with the
T, values found in our experiments. However, chemical
shift fluctuations caused by motions can also spoil the
refocussing of transversal coherence by = pulses and
thereby shorten 7', (23). For very slow motions such a
mechanism would explain the observed 7T, trend (16).
In the fast motion region, where T, increases as the mo-
tional frequency increases, the observed T, trend can
only be the consequence of an increase of both motional
amplitude and frequency together.

As the dynamic behavior of “naked” nucleic acids is
already complex with a variety of internal motions tak-
ing place in a wide frequency range (24), the assumption
of one single type of motion explaining ail experimental
3P data obtained for M13 and TMYV is probably too
simple. In fact, the absence of correlation between longi-
tudinal and transversal relaxation as observed for M13
in our hybrid relaxation experiments and their different
dependence on hydration suggest that 7, and 7, are
governed by different types of independent motions.
The relative similarity between spectra of 15 and 30%
M 13 gels in contrast with their large T, difference also
indicates that lingshapes and transversal relaxation
could well be dominated by different motions. A fact
that further complicates the analysis of experimental re-
sults is that motional variations probably occur because
of local viscosity variations within the gel and differences
in local *'P environments within the virion. Neverthe-
less, we have used the simple diffusion models for phos-
phorus mobility in M13 and TMV described in the pre-
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vious paper (16) to interpret the experimental line-
shapes and transversal relaxation decays in a more quan-
titative manner.

Isotropic diffusion

The combined effect of uncorrelated internal backbone
motions and overall virion mottons on *'P NMR line-
shapes and relaxation decays can be assumed to be
roughly comparable to the effect of random *'P diffusion
in a viscous solution. This hypothesis was tested using
the isotropic diffusion model discussed previously (16).
For this type of diffusion, however, no echo lineshapes
can be simulated that fit well to the experimental line-
shapes of M13 and TMV. The refatively best, least-
square fits for 15 and 30% M13 and 30% TMYV are found
for a diffusion coefficient of 6, 5, and 5 kHz, respectively
(Fig. 1 ), but for these diffusion constants the simulated
transversal relaxation is much too fast (Fig. 2 b). Clearly,
the observed motional effects cannot be described by un-
restricted, isotropic diffusion.

In the case of restricted motion, boundary effects be-
come more significant as time increases. As a conse-
quence, the isotropic diffusion model may provide a bet-
ter description for the lineshape, defined by the quickly
decaying free-induction decay, than for the relatively
slow transversal relaxation. Therefore, neglecting T, an-
isotropy, we have also compared Fourier-transformed
free-induction decays with the observed 3'P lines. Again,
no lineshapes can be calculated that fit well to the experi-
mental fineshapes. For TMV the simulated lineshape
that relatively fits the best is the static lineshape (Fig. 1
¢). Using the equation for ultraslow isotropic diffusion
discussed previously ( 16), the observed relaxation curve
can be reasonably simulated for a diffusion constant as
small as 0.25 Hz (Fig. 2 ¢). For 15 and 30% M13 the
relatively best fit is found for 3 and 4 kHz (Fig. 1 ¢).
Once more, for these diffuston constants the simulated
transversal relaxation is too fast (Fig. 2 ¢). Obviously,
the isotropic diffusion model does not agree with the
experimental data.

Rigid rod diffusion

By use of a uniaxial diffusion model, the hypothesis is
tested that free or restricted rotation of the virions as
rigid rods about their length axis explains both the ob-
served motional lineshape narrowing and transversal re-
laxation. For several pairs of the diffusion coefficients D
and restriction halfangles A, lineshapes can be simulated
that fit to the experimental lineshape of 15% M13
equally well. A good fit is produced by, for example, free
rotor diffusion with a coefficient of 20 kHz, which seems
to confirm an earlier suggestion { 10), but the simulated
T, (0.10 ms) for this case is lower than the experimental
one (.39 ms). The best fit to both the lineshape and the
relaxation curve is found for a diffusion coefficient of 50
kHz and a restriction haifangle of 1.25 rad. For 30% M13
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the experimental lineshape and transversal relaxation
can hardly be interpreted consistently: the lineshape cal-
culated for 0.75 rad and 200 kHz fits the best, but in this
case the simulated T, value, 3 ms, is much too high. A
reasonable fit to both the lineshape and the relaxation
curve is produced by a diffusion coefficient of 40 kHz
combined with a restriction halfangle of 1.0 rad. For
TMYV even the experimental lineshape alone cannot be
simulated by use of the uniaxial diffusion model because
of the sharp top in combination with the large linewidth
in the lower part of the line. The most reasonable fit to
both the lineshape and the relaxation curve is found for
D=25kHz and A = 0.7 rad.

Although 1n the highly viscous gels that we studied, the
magnetic field is probably unable to orient the rod-
shaped virus particles, we have also added partial orienta-
tion to the rigid rod model in an attempt to account for
the inconsistency between lineshape effects and trans-
versal relaxation. Indeed, as rotation about the magnetic
field axis does not change the chemical shift, the net re-
laxation becomes slower for given D and ), if the weight
of parallel rod orientations is tncreased compared with
an isotropic gel. For the same reason, however, motional
narrowing also becomes less pronounced in the simu-
lated spectrum. As a consequence, the experimental line-
shapes and transversal relaxation decays still cannot be
interpreted consistently in terms of rigid rod motion.

For rigid cylinders of the same dimensionsas M 13 and
TMYV, constants of 55 and 20 kHz can be calculated for
unrestricted diffusion about the cylinder axis in pure
water (25). These values almost equal the diffusion con-
stants 50 and 25 kHz found above for 15% M13 and 30%
TMY. This finding puzzled us, because gels of M 13 and
especially TMV are highly viscous: are transiational and
rotational diffusion in these concentrated gels governed
by different viscosity parameters or do the high values of
the simulated constants indicate collective motions of
segments of the virus rather than rotation of the virus as
a whole? The latter interpretation, however, is difficult to
reconcile with the outcome of curvature studies, which
show that M 13 behaves as a nigid rod and not as a string
of beats {26). Thus, although more successful than the
isotropic diffusion model, the rigid rotor model fails to
provide an unambiguous fit for 30% M13 and TMV, and
the best diffusion constants that follow from the simula-
tions are much higher than expected for viscous gels.

Combined diffusion

Instead of regarding M 13 and TMYV as rigid rods without
internal mobility, we also considered the possibility that
the nucleic acid backbone within the viruses undergoes
restricted motion, superimposed on rotation of the virus
particles as a whote. Such a picture is supported by the
observation that motional narrowing is still prominently
present in spectra of oriented solutions of bacteriophage
fd, which is closely related to M 13 (11). In the combined
diffusion model used here, the internal motion is simpli-
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fied to fast, restricted rotation about the length axis of the
virus and the overall rotation is assumed to be unre-
stricted and very slow. Under these conditions the line-
shape is dominated by the amplitude of the internal mo-
tion only, whereas transversal relaxation also reflects the
influence of the overall diffusion (16). A good fit to the
lineshape of 30% M13 is calculated for internal rotation
with a restriction halfangle A of 0.75 rad (Fig. 1 ¢). For A
kept at this value, the best fit to the experimental relax-
ation curve is calculated for an overall diffusion coeffi-
cient of D = 50 Hz (Fig. 2 ¢). Assuming first that hydra-
tion only influences the overall rotation of the virion, an
attempt has been made to simulate the 15% M13 line-
shape for x = (.75 rad as well. A good fit to the lineshape
is obtained for D = 5 kHz, but the corresponding T,
(0.16 ms)is too small, When M is left free to vary, the best
fit to both the lineshape and the relaxation curve of 15%
M13 is obtained for A = 0.9 rad and D = 400 Hz. For
TMYV the observed lineshape cannot be simulated well
by use of the combined diffusion model. The relatively
best fit to both the lineshape and the relaxation curve is
found for A = 0.6 rad and D = 3 Hz.

Despite this success in the simulation of M13 line-
shapes, the treatment of the complicated backbone dy-
namics as simple uniaxial rotation is bound to be too
simple. Diffusion models involving more angle fluctua-
tions would probably result in smaller restriction angles
per fluctuating angle than the A values found above. This
should be borne in mide when comparing the halfangles
between (.6 and 0.9 rad with, for example, backbone
fluctuations of +27° in the GHz range reported carlier
for DNA (27). Interestingly, unoriented fd solutions
show more motional narrowing than orientted ones at
the same or even lower concentration {10, 11), which
suggests that rotation about the length axis of fd does
contribute a significant part to internal motion. That hy-
dration influences both motional frequencies and ampli-
tudes, as observed for M 13, has been reported for DNA
as well (24) and could be related somehow to the swell-
ing of M13 upon hydration (2).

The low coeflicients for overall diffusion as inter-
preted from the observed transversal relaxation better
reflect the macroscopic viscosity of the virus gels than
the values that followed from the rigid rod analysis
above. Although the simulated decays fit well (Fig. 2 &),
the observed decays stiil fit better to single exponentials
(Fig. 2 a). This may be a consequence of the fact that the
combined diffusion model neglects the exponential con-
tribution of fast internal motions to transversal relax-
ation. In the T, region of interest such a contribution
could only be significant for internal motions with fre-
quencies < 103 Hz. Alternatively, the observed exponen-
tial deviation from the theoretical decays could be ex-
plained by local viscosity variations within the virus gels
because of local hydration differences: contributions of
more rapidly rotating virus particles would mask the
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nonexponential character of transversal relaxation close
tof=0.

Internal mobility variations

The impossibility to produce hineshapes that fit well the
observed TMYV line by use of the isotropic, rotor, or
combined diffuston model has led us to include possible
mobility differences among the three binding sites in
TMYV in our simulations. Using the fast diffusion model
(16}, aset of 10 lineshapes has been calculated for restric-
tion halfangles A being multiples of 0.15 rad upto 1.5 rad
for every of the three sites separately. From the three sets
1,000 spectra were generated by making triple combina-
tions. Comparing these combined spectra with the ob-
served TMV spectrum, we generally found that a combi-
nation of two static sites and one mobile site greatly im-
proved the lineshape fit. The best fit was produced by a A
value of 0. 15 rad for site 7, 1.5 rad for site 2, and 0.3 rad
for site 3 (as labeled by Stubbs and Stauftacher [13]; Fig.
1 ¢). Keeping this optimal combination of three halfan-
gles X fixed, the best fitting 7', decay was calculated for
overall diffusion with a coeflicient of 3 Hz (Fig. 2 ¢). The
model that sites 7 and 3 undergo only small amplitude
motion, whereas site 2 is relatively mobile, is confirmed
by NMR spectra of oriented TMV sampiles, in which the
central resonance line 1s much broader than the other
two (11) and by an early TMV model, on the basis of
x-ray results, in which site 7 and 3 (labeled there as 2 and
3) are in close contact with arginine residues (12). A
recently refined model with two arginines binding site /
and site 2 (28) would favor a combination of halfangles
0.15, 0.15, and 0.9 rad for sites 7, 2, and 3, respectively,
which fits to the observed lineshape almost equally well
within experimental error.

Because of a slight, but systematic mismatch at the top
between the experimental lineshape of 30% M 13 and the
best-fitting simulated lineshapes, we have tried to im-
prove the lineshape fit for M13 assuming two >'P frac-
tions with different mobilities. Using the fast diffusion
model, we calculated 10 spectra for A values being multi-
ples of 0.15 rad up to 1.5 rad and combined them in
hundred pairs. For every pair the best bilinear fit to the
experimental lineshape was calculated and the statistical
variance was compared with the other bilinear fits. The
best bilinear fit of all pairs to the lineshape of 30% M13,
produced by a combination of 83% A = 0.6 rad and 17%
A = 1.5 rad, reproduces the experimental lineshape very
well indeed (Fig. 1 ¢). Keeping the fraction ratio fixed,
we also find for 15% M13 that the lineshape is better
described by a combination of 83% X = 0.9 rad and 17%
A = 1.5 rad than by 100% 0.9 rad (Fig. 1 e and d, respec-
tively ). For these combinations of halfangles the best fits
to the decays of 30 and 15% M 13 are obtained for overall
diffusion coefficients of 70 and 550 Hz, respectively
(Fig. 2 ¢), which are shghtly larger than the coefficients
found for the single component model above.
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When, in analogy with TMV, the immobile phospho-
rus fraction in M13 is associated with the phosphodies-
ters that interact most strongly with coat proteins, the
percentage of 83% would indicate that per 10 monomers
forming a unit cell of the protein coat, 20 out of 24 phos-
phodiesters are actually rigidly bound at a ratio of two
nucleotides per monomer. The same stochiometry is
suggested by the observation that during the extrusion of
a completed virion out of the host cell every gene-3 pro-
tein melecule, which binds four nucleotides, is replaced
by two gen:-8 protein molecules {29). Interestingly,
viral DNA that is twisted into a form resembling a dou-
ble-stranded ]3~DNA helix with a pitch of 34 A, a diame-
ter of ~-20 A and 10 nucleotides per strand per turn,
would fit in the hollow tube formed by the coat proteins
with approximately the same protein/nucleotide ratio
1:2 and with the axial rise of about 3.4 A per nucleotide
observed in x-ray studies (4). Such a model seems to be
confirmed by infrared linear dichroism resuits indicating
a B-type backbone conformation as well (9). Perhaps
the indications for maximal 20% A-DNA backbone in
Raman spectra (8) and some regular DNA structure
with a pitch of 27 A in diffraction patterns (4 ) are refated
to the mobile fraction of 17% DINA found in our experi-
ments.

Obviously, details of the tentative model of 83% viral
DNA twisted into a sort of double-stranded B-helix
should be specified in agreement with the experimental
data reported until now. Raman spectroscopy has shown
the sugar pucker to be C3'-endo, a feature of double-
stranded A-DNA, rather than C2’-¢ndo, typical for dou-
ble-stranded B-DINA (8), but the absence of basepairing
in the viral DNA could possibly allow such an A-type
sugar puckering in combination with a B-type backbone,
The different symmetries of the DNA helix and the pro-
tein coat would cause binding to distort the DNA back-
bone and destroy the equivalence among the phospho-
diesters. which could offer a possible explanation for the
absence of B-DNA backbone characteristics in diffrac-
tion patterns, Raman spectra, and NMR spectra. This
would also expilain the characteristics of a disordered
DNA backbone found in *'P NMR spectra of oriented
and MAS samples in contrast to the case of, for example,
TMY, where the RNA molecule and the protein share
the same symmetry and as a consequence the 3P NMR
resonances of the three binding sites can be resolved.
Backbone motions could further strengthen these fea-
tures of disorder, especially under the high hydration
conditions used for sample orientation, when the mo-
tional amplitudes tend to be large (see above).

CONCLUSION

In this paper we have shown by simulations that mo-
tional effects on *'P NMR lineshapes and transversal re-
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laxation of M 13 and TMYV cannot be described in terms
of simple isotropic diffusion. The model for M 13 diffus-
ing as a rigid rod about its length axis is more successful
for interpreting the NMR results obtained for 15% M13,
although the diffusion coefficient, determined from the
simulations, seems much higher than expected from the
high viscosity of the gel. For 30% M13, however, the
lineshape and transversal relaxation cannot be inter-
preted consistently and for 30% TMY the observed line-
shape cannot even be simuiated, indicating that the rigid
rod model does not actually apply. Using a combined
diffusion model, which assumes the lineshape to be dom-
inated by fast internal DNA motions and transversal re-
laxation to reflect slow rotation of the virus as a whole,
we can interpret the NMR results obtained for M(3 ina
consistent way. The diffusion coefficients for the slow
overall diffusion are found to be low, as expected from
the high sample viscosity. The restriction halfangle
found for internal DNA motion indicates that the encap-
sulated DNA has substantial motional freedom. In con-
trast to simulations for M 13, combined diffusion simula-
tions fail to produce the experimental TMYV lineshape.
However, significantly improved lineshape fits are ob-
tained for TMV under the assumption that the three
binding sites have different mobilities. The finding that
the best lineshape fits consist of one mobile and two
static phosphodiesters seems to be confirmed by TMV
models deduced from x-ray studies. Combined diffusion
simulations with two components also improve the cai-
culated lineshapes for M13. About 83% of the viral DNA
appears to be rigidly bound at a protein / nucleotide ratio
of 1:2. Together with the structural parameters of the
protein coat this ratio suggests that despite the sugar
pucker typical for A-DNA found by Raman spectros-
copy, the backbone structure of 83% of the encapsulated
DNA molecule may be roughly comparable to the back-
bone structure of double-siranded B-DNA, although
binding to the protein coat probably induces significant
distortions.

In this paper, parameters for *'P mobility in M13 and
TMYV have been estimated by assuming motion and
chemical shuft anisotropy to be the only factors influenc-
ing the lineshape and transversal relaxation. Especially
in the case of TMV, however, homonuclear dipolar cou-
pling cannot be excluded as a significant contributor to
the observed transversal relaxation (22). If this relax-
ation mechanism wouid be included in our simulation
models, the resulting diffusion coefficients would be
lower, but our limited experimental data do not allow
such arefinement, Therefore, values of the diffusion coef-
ficients presented in paper are safest when regarded as
upper limits. As for the method of extracting motional
parameters from experimental data by comparison with
simulated data, our experience is that it is nsky to apa-
lyze a NMR lineshape or a transversal relaxation decay
alone. Both the lineshape and transversal relaxation
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should be used to check motional models and obtain
better estimations for the motional parameters.
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Analysis of >'P MAS NMR Spectra and Transversal Relaxation of
Bacteriophage M13 and Tobacco Mosaic Virus

Pieter C. M. M. Magusin and Marcus A. Hemminga
From the Department of Molecular Physics, Agricultural University, Dreijenlaan 3, 6703 HA Wageningen, The Netherlands

ABSTRACT Phosphorus magic angle spinning nuclear magnetic resonance (NMR) spectra and transversal relaxation of M13
and TMV are anaiyzed by use of a medel, which includes both lacal backbone motions of the encapsulated nucieic acid molecules
and overall rotational diffusion of the rod-shaped virions about their length axis. Backbone motions influence the sideband
intensities by causing a fast restricted reorientation of the phosphodiesters. To evaluate their influence on the observed sideband
patterns, we extend the mode! that we used previously to anaiyze nanspinning ®'P NMR lineshapes (Magusin, P.C.M.M., and
M. A. Hemminga. 1993a. Biophys. J. 64:1861-1868) to magic angie spinning NMR experiments. Backbone motions also
influence the conformation of the phosphodiesters, causing conformational averaging of the isotropic chemical shift, which offers
a possible explanation for the various linewidths of the centerband and the sidebands cbserved for M13 gels under various
conditions. The change of the experimental lineshape of M13 as a function of temperature and hydration is interpreted in terms
of fast restricted fluctuation of the dihedral angles between the POC and the OCH ptanes on both sides of the 3'P nucleus in
the nucleic acid backbone. Backbone motions also seem to be the main cause of transversal relaxation measured at spinning
rates of 4 kHz or higher. At spinning rates less than 2 kHz, transversal relaxation is significantly faster. This effect is assigned
to slow, overall rotation of the rod-shaped M13 phage about its iength axis. Equations are derived to simulate the observed
dependence of T, on the spinning rate.

INTRODUCTION

Although the protein coats of both bacteriophage M13 and  to study structure and dynamics of the nucleic acid backbone
tobacco mosaic virus (TMV) are highly regular cylindrical  selectively. Motional lineshape narrowing and transversal
arrays of rigidly fixed protein monomers, the packing of the  relaxation observed in 3'P NMR studies of virus gels can
viral genome within the virions is completely different. From  neither be explained by (restricted) overall rotation of the
x-ray studies, much information is obtained about the struc-  virus particles as rigid rods about their length axis, nor by
ture and the interactions of the single-stranded RNA mole-  jsotropic motion of the phosphodiesters inside (Magusin and
cule in TMV, which is buried within the coat between layers Hemminga, 1993a). Instead, a combined diffusion model
of subunits, following the protein helix with three nucleoti-  with fast restricted motions of the encapsulated nucleic acid
des per protein subunit at a radius of about 40 A (Stubbs et al., dominating the spectrum superimposed on slow overall ro-
1977). _I“ contrast, much less is known about the geomelry 41100 of the virions affecting transversal relaxation provides
of the circular, single-stranded DNA molecule in M13, which oo picture, Simulation of the nonspinning >'P NMR

is probably located along the il'{side of the tubular prots:in lineshape of TMYV is greatly improved by the assumption that
coat. P.hos.p horus nuclear magnetic resonance (N_MR) St_“_dws one of the three binding sites is more mobile than the other
have indicated that the DNA molecule is immobilized two. However, unambiguous assignment of motional am-

.(Dlver(.h and Opella, 1981), gresumably due to electr?stanc plitudes to specific binding sites is not possible, because their
interaction between the negatively charged phosphodiesters .
powder lineshapes strongly overlap.

of the nucleic acid backbone and positively charged lysine The problem of overlapping resonances may be solved by

residues of the protein coat. The interaction with the highly employing magic angle spinning (MAS), which breaks up a

regular protein coat, however, does not seem to force the 31 . .
DNA backbone into some regular structure, because a large bma.d P NMR pmjvder lu.wsmp‘.i .mto a sharp centerba_nd at
the isotropic chemical shift position flanked by rotational

variety of crystallographic and spectroscopic techniques . o, N .
y ry £rap P p q sidebands. The relative intensities of these sidebands have

have been unable to reveal such regularity (Marvin et al., b ey ) ,
1974; Banner et al., 1981; Thomas et al., 1988; Cross et al., een calculated for the “ideal” case that the orientations of

1983b). Because phosphorus nuclei in M13 and TMV are the chemical shift tensors in the sample are rigidly fixed with

‘ respect to the rotor (Herzfeld and Berger, 1980). Motions,
however, may cause “anomalous” MAS behavior and, in
fact, motional information may be extracted from anomalous
features (Schmidt et al., 1986; Schmidt and Vega, 1987).
Received for publication 13 April 1993 and in final form 25 January 1994. RCSOI]EIIIC.ES are.more E:asﬂy ljcSOIV?d and SPeC]ﬁC sideband
Address reprint requests o Dr. Hemminga, the Department of Molecular p‘a trerns, md“_d,mg thelr.motlon.a 1 1nfcl;rmatlon, may be as-
Physics, Agricultural University, P.0. Box 8128, 6700 ET Wageningen, The signed to specific isotropic chemical shifts, because for phos-

only present in the phosphodiesters of the encapsulated
nucleic acid molecules, *'P NMR spectroscopy can be used

Netherlands. phodiester compounds, the width of the centerband and the
© 1994 by the Biophysical Society sidebands is typically a few parts per million. Assignment of
0006-3495/94/04/1197/12  $2.00 isotropic chemical shifts, in turn, is facilitated by the strong

33



Magusin and Hemminga

dependence of the isotropic chemical shift on the confor-
mation of the phosphodiester group (Gorenstein, 1981;
Giessner-Pretire et al., 1984). Resonances of inequivalent
phosphodiesters in a nucleic acid molecule packed within a
virion may therefore be resolved in MAS NMR spectra, if
their conformations are sufficiently different. Indeed, 'P
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 bac-
teriophage fd, which is closely related to M13, only contain
a single, broad centerband flanked by sidebands (DiVerdi
and Opella, 1981), indicating that a continuous distribution
of phosphodiester conformations is present in the phage,
rather than a distinguishable few.

In this paper, we will present the results of >'P MAS NMR
experiments applied to M13 and TMV. Anomalous sideband
patterns of M13 and TMV will be analyzed in terms of re-
stricted reorientation of the phosphodiester groups which is
caused presumably by fast nucleic acid backbone motions.
It will be demonstrated that the same type of restricted phos-
phodiester reorientation can also explain transversal 3!P re-
laxation measured at a spinning rate of 4 kHz or more. Es-
pecially for M13, a model is deveiloped to interpret the
lineshape of the centerband and the sidebands in terms of a
continuous distribution of phosphodiester conformations and
to calculate the narrowing effect of specific conformational
fluctuations on the lineshape of the centerband and side-
bands. The spinning rate dependence of the T, values meas-
ured for M13 at low spinning rates will be explained by slow,
overall rotation of the rod-shaped virions about their length
axis.

THEORY
Sideband intensities

To calculate the combined effect of both MAS and rotational diffusion on
NMR spectra and transversal relaxation of 3P in virions, the orientation of
a 1P chemical shift tensor is specified most conveniently by a sequence of
three rotation steps, which relates the Jaboratory frame via subsequent axis
systems fixed to the rotor and the virus particle to the principle axis system
of the chemical shift tensor given by the Euler angles ) = (x, £, £, ¥ =
(. 0, ), and Y = {a, B, v}, respectively. Consequently, the precession
frequency w caused by the combined Zeeman and orientation-dependent
chemical shift interaction may be expressed in terms of the Wigner func-
tions 2, _(xfy) = explim’ y)d2,(B)exp(ime) (Edmonds, 1960; Hacberlen,
1976) as

2
o, O, ) =, + g0y +wy, X DEMNDLL(Q)

mm’ =-2
X [Fo5, (@) + Fy(DL 00 + D2 ()] (1)

where w, = ¥8, is the Zeeman angular frequency, o, = (013 + 022 + ¢23)/3,
Fy = (033 — o) and Fp = (02 — 0r11)/7/6 for a chemical shift tensor with
principle values oy, 0722, and o3, It is assumed that, although conforma-
tional motions may cause o, to fluctuate, F, and F, are constant in time.
This is a reasonable assumption, because the Fy and F; values measured for

31P MAS NMR of M13 and TMV

*P in various nucleic acids, generally occur within the ranges —105 + 10
ppm and —25 * 2 ppm, respectively (Magusin and Hemminga, 1993a;
Hemminga et al., 1987), indicating that conformationally induced changes
of Fy and F, are relatively small. For MAS at an angular frequency ey, the
angles ¢ and £ in Eq. 1 are set to arccos(1/4/3) and w4, respectively. All
vition otientations £’ with respect to the MAS rotor equally occur in an
isatropic powder and the number of relative chemical shift tensor orienta-
tions 02" within the virion may vary from a single one in Pfl (Cross et al.,
1983b), for example, or three in TMV (Cross et al., 1983a), for instance, 1o
a large value representing a nucleic acid backbone without structural cor-
relation to the viral coat geometry, such as bacteriophage fd (Cross et al.,
1983b), so that the number of angles actually involved in the calculation can
become quite large. Due to the symmetry properties of Eq. 1, however, only
8, 3, and <y values between 0 and 7/2 need to be taken into account, as long
as ¢ and ¢ vary between 0 and 2, and o may be chosen 0 without loss of
generality.

In our previous analysis of static >*'P NMR lineshapes of both viruses at
121.5 MHz, we characterized the net effect of the probably complex dy-
namics of the encapsulated nucleic acid molecule by a single “cumulative
motional amplitude” using a simple model, in which the phosphodiesters
undergo fast restricted rotation about the length axis of the virions. Ex-
tending this model to MAS NMR, we assume that the phosphodiesters
undergo uniaxial diffusion restricted to angles o [, — A, a, + A], fast
citough to allow us to replace D2 (0Y"}in Eq. 1 by the average value
Dz (£}") sinc (m'A},where ()" is redefined as (o, B, v) and sinc(m'A) de-
notes the function sin(m’ A)/m’A. After this substitution, the relative side-
band intensities in the MAS NMR spectrum may be cakculated by Fourier
transformation of the free induction decay

() = (8792 f dQ’J-dﬂ"cxp[i f ot o, ', VA Q) dr'] 2
i)

with
t

j a(f, w, ', (¥, A, Q) dr
[

eimnu-l - 1
= 2 ———
(1 + o)t + o 2 d2y(0) vy

me0

sin(m'A)

2
x 3 Dl =

m'=-2

[FoDe (1) + Fy(D5, (87} + D2, (41)]

As Eq. 2 shows, a fast restricted motion reduces the apparent chemical shift
anisotropy and thereby influences the sideband pattern produced by MAS.

Transversal relaxation

Slow, unrestricted rotational diffusion of the rod-shaped virions about their
length axes superimposed on the fast restricted nucleic acid motions inside
is incorporated in our model by adding a diffusion term D{#fay?) to the
so-called stochastic Liouville equation (SLE) (Dufourc et al., 1992). For the
positive and negative-helicity components . (Q', )%, £} 7. of the spin den-
sity operator p(£)', {}", ¢), where [, and I_ are the raising and lowering
operators for a spin-1/2 nucleus, the relevant part of the SLE becomes

du (@, 0% 0
dr -

al »
(:m(n', w0+ DW)MZ(H’, g 3

where the notation of a{({, w;, ¢, ¥, &, )", ¢) in Eq. 2 has been simplified
to (€)', €17, 1}. Unfortunately, Eq. 3 cannot be solved analytically and scme
approximation must be made. Theoretical investigation of the influence of
rotational diffusion on transversal relaxation under nonspinning conditions,
has shown that for very slow diffusion the relaxation rate may be much larger
than the diffusion coefficient (Magusin and Hemminga, 1993b). In such
cases, most spin density stays close to its initial orientation within times
comparable with the transversal relaxation time. This allows local, linear
approximations to be made for the chemical shift as a function of the ori-
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entation, which greatly facilitates the calculation of transversal relaxation.
We have employed the same method to approximately solve Eq. 3 for very
slow diffusion. For every arientation {1, = (¢, 8, i5,), @({}', §}", 1) is locally
approximated as a{{}, 0", £} + o' (§X, 7, O} — ¢r,), where o' ({2, ', &)
denotes the derivative dw/oy for = b, With this linear approximation,
the two spin density components can be obtained analytically from Eq. 3.
Similar to the derivation of transversal relaxation for spins diffusing in a
static field gradient (Slichter, 1978), it follows that a 7 pulse at ¢ = 7
produces an ¢cho at £ = 27 given by

E(27) = (879 f 40 C)]

T t 2
J'dﬂ”expli-*ZDf { J’w’(ﬂ’,ﬂ”, r’)dr’} dt]
] 0

where {}' has been redefined as ). When the refocussing  pulse is given
at t = nT,, L.e., after an integral oumber of spinner rotations, the oscillating
terms in the argument of the exponential function in Eq. 4 vanish and only
terms linear in ¢ remain

2
E(2nT)) = (8792 fdﬂ' fdﬂ" exp[ -D % 2nTa(Y, Q")] (5)
where
a(ﬂ', nn}

sin{m’'A)
A

- { [2 2455"'S DL, 09

m'#i
2
X [FoD5@¥) + F (DL A7) + D’h'(ﬂ”))]]

sin(m’A)
A

= S G0 D) ;T DLl

m*0 m'#0
X [FoD5n () + Fy (D5, Q) + D2, (07)]
sin{m'A)

X 2 D;’—m(()"[;) A

w'#0

X [FyD () + F,(DL Q") + D’_z,“.(ﬂ”))]}

Eqg. 5 can be used to calculate the decay of echoes numerically. In practice,
however, this multiexponential relaxation is hard to distinguish from a single
exponential. An apparent relaxation time T5°% due to the slow overall ro-
tation (SOR) of the virions, may be defined from the apparent derivative of
Eq. 5 at »T, = 0, which can be derived by use of the orthogonal properties
of the second rank Wigner functions as

)

Lo D M, {7lsincz(;\) + 4 sincz(ZA)}
TR Y 2 s 5
where M, denotes the second moment of the nonspinning lineshape in the
absence of backbone motions, given by wi(F2 + 2F2)/5. For extremely
slow motion, a similar equation may be derived for T, effects caused by
homonuclear dipolar fluctuations in MAS experiments (Mehring, 1983). As
follows from Eq. 6, on the one hand, T3O® decreases as the slow overall
rotation becomes faster and as A, becomes larger at increasing magnetic
field strength. On the other hand, 75 increases at increasing amplitude A
of the backbone motions and at increasing spinning rate a.. At high spinning
rates, therefore, other relaxation mechanisms, which are independent of the
spinaing rate, become more important. The same fast backbone motions that
modify the sideband intensitics (Eq. 2) and suppress the relaxation effect
caused by slow overall rotation (Eq. 6), also induce transversal relaxation
by causing local field fluctuations due to the chemical shift anisotropy
{CSA) of the 'P nuclei. From the general formula 1/T5, = AM, 7, which
relates T, to the portion of the second mement AM; modulated by motion
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with a short correlation time 7 (Pauls et al., 1985), we previously derived
for fast restricted uniaxial diffusion about the length axis of the virus particle
an approximate contribution 1/755* to the transversal relaxation rate under
nonspinning conditions as (Magusin and Hemminga, 1993b)

_1 M{2 — sinc*(A) — sinc’2A)}
TSA 15D

)

where the diffusion coefficient D’ may be regarded as an effective measure
of the rate of backbone motions. If the backbone motions are much faster
than the spinning rate (10° Hz), their influence on transversal relaxation is
hardly modified by MAS, and Eq. 7 is still approximately valid under spin-
ning conditions. In contrast to T5P®, 753 increases as the motion becomes
faster and decreases as the amplitude A becomes larger. This is a conse-
quence of the fact that the backbone motions are assumed to be fast, as
compared with the nenspinning linewidth in the absence of backbone mo-
tion, and that the portion of the second moment that is modulated by the
backbone motion increases as the motional amplitudes become larger. Simi-
lar to T5%%, TS54 is inversely proportional to the square of the resonance
frequency w,. In our previous analysis of transversal *'P relaxation of non-
spinning samples (Magusin and Hemminga, 1993a}, we have assumed that
T4 % T39% 50 that it may be neglected. In contrast, it will be shown in
this paper that T30 is negligible at spinning rates of 4 kHz or higher, At
intermediate spinning rates, the total transversal relaxation time T, is given
by

1 1 1

7 T FSOR CSA
TZ: TZ: TZ:

®

Lineshape of the centerband and the sidebands

To simulate a finite linewidth for the centerband and the sidebands, Eq. 2
must still be multiplied by some slowly decaying function representing the
effect of inhomogencous and homogeneous line broadening. For this pur-
pose, one could use a simple gaussian or exponential decay, selected by
fitting calculated spectra to the experimental spectrum. Such a procedure,
however, does not explain the observed lineshape of the centerband and the
sidebands, and changes thereof under various conditions. Therefore, a model
is set up here, especially for M13, which relates the lineshape to a continuous
distribution of phosphodiester conformations and transversal relaxation. It
further demonstrates how conformational fluctuations may influence the
linewidth.

A strong correlation has been found between the isotropic chemical shift
o, and the RO-P-OR’ bond angle &, which typically varies in the range
102° + 3° for different nucleic acid molecules (Giessner-Pretire et al.,
1984). Because the backbone of M13 DNA is probably disotdered, values
of & in our model are distributed in a range around some central value
®,, which could be, eg, 102°, according to the density function
Py(® — ®,) = exp[—{(® — D,)w}?], where w determines the distribution
width. In this range o, is a linear function of @, o,(P) = & (b — P,) with
G =~ —2 ppm per degree {Gorensicin, 1981). Ab initio calculations have
indicated that the isotropic chemical shift o, of the *'P nucleus in the di-
methyl phosphate anion also strongly depends on the two smallest dihedral
angles 6, and 8; on both sides of the 3'P nucleus between the respective POC
and OCH planes {Giessner-Pretire et al,, 1984). Effects on &, caused by
simultanecus variation of both angles are simply additive. The graphic rep-
resentation of o, versus 8, or &, shows a 120°-periodic, roughly sinusoidal
dependence on each angle, whereby o, shifts approximately 3.5 ppm upfield
as 8, or 6, increases from 0° to 60°. We therefore assume in our model for
the phasphodiesters in the DNA molecule encapsulated in M13, that the
static contribution of the two dihedral angles to the isotropic 'P shift is
b sin{3(6, — 6.)} each, where 8, = 30" and b is a fitting parameter roughly
equat to —1.75 ppm. In addition, because the absolute values of 8, and 8,
typically vary in a range 35° + 20° for different nucleic acid helices
(Giessner-Prettre et al., 1984) and the geometry of the M13 DNA backbene
seems 1o be irregular, we take values for 8, and 8; symmetrically distributed
according to the density function P.(8, — 6,} = exp[—{(8. — 8.)7}?],
where 6, = 30° (causing symmetric lineshapes) and v = 20° (as a realistic
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distribution width). To include the effect of conformationat fluctuations into
the model as well, we further assume that the dihedral angles 8, are not
rigidly fixed, but fluctuate very rapidly between a lower value {6,) — p and
an upper value {8,) + u, so that the contribution to o, is scaled to the
time-average b sin{3{{6,) — 6,)} sinc(3u), where the sinc function is as
defined before Eq. 2. Taking both bond angle and dihedral angle effects into
acoount and adding te this the fransversal relaxation caused by slow overall
motion and fast backbone motion (Eq. 8), we calculate the lineshape of the
centerband and the sidebands by Fourier transformation of the free induction
decay defined at integer multiples of the spinner rotation time by

S(nT) = exp[—’;—z] fPJd’)exp[iGw@nT,] dd
2e
b f P,(0,)explib sin(38, }sinc(3pu)nT,] db, 9)

X va(Gz Jexp[ib sin{38,)sinc(3u)nT,] 46,

where ®, 8,, and 6, have been redefined as ® — &, (8} — &, and
{6:) — 8., respectively. As Eq. 9 indicates, there is dual effect of nucleic
acid backbone motions on the lineshape. On the one hand, the fluctuation
of the dihedral angles caused by them tends to narrow the centerband and
the sidebands in *'P MAS NMR specira. On the other hand, backbone
motions also cause transversal relaxation (Eq. 7}, which broadens the line-
shape. In principle, the isotropic chemical shift fluctuations caused by con-
formational changes also contribute to transversal relaxation. This contri-
bution, however, is presumably small as compared with relaxation by
phosphodiester reorientation, because the width of the isotropic chemical
shift range of a few parts per million associated with conformational in-
homogeneity is much smaller than the “size” a3 — ¢y, of the chemical
shift anisotropy being 180 ppm for 3P nuclei in phosphodiesters. The re-
laxation effect caused by isotropic chemical shift fluctuations is therefore
assumed to be negligible.

MATERIAL AND METHODS

M13 and TMV were grown, purified, and concentrated as described pre-
viously (Magusin and Hemminga, 1993a). NMR spectra were recorded on
a Bruker AMS500 and a CXP300 spectrometer operating at a *'P frequency
of 202.5 and 121.5 MHz, respectively. The MAS experiments were con-
ducted in standard 7-mm Bruker VT MAS-DAB probes. For M13 and TMV
gels at room temperature special care had 1o be taken to let the samples spin.
The following spinner preparation was the most successful. Zirconia spin-
ners were carefully filled with the sticky viral material, packed by use of
an Eppendorf lab centrifuge to remove air bubbles from the samples. Tightly
fitting Kel-F caps were used to close the spinners, and an ink marker was
used for sealing, Leakage of material or evaporation of water from the
samples was checked by comparing the spinner weights before and after
every experiment. It was impaortant to clean the outside of the spinner thor-
oughly with alcohol to remove all traces of material. After this preparation
spinners could sometimes attain spinning speeds up to 5 kHz. Stable spin-
ning of dilute viral gels was almost impossible at concentrations less than
200 mg/ml or at temperatures more than 40°C, probably due to the high
fluidity of the sample under these conditions.

Because the tuning properties of the wet virus gels were quite different
as compared with the solid reference compounds commonly used to set the
experimental conditions, the rf pulses were adjusted an the sample itself. In
experiments at 121.5 MHz the 'P 7/2 pulse length was set 10 5 us and at
202.5 MHz to 8 ps. The *H decoupler field strength was measured on the
sample itself by varying the length of the proton excitation pulse in a cross-
polarization pulse sequence. Spectra were recorded using a Hahn echo pulse
sequence 1o remove the effect of probe ringing on the weak signal. For
recording standard MAS NMR spectra, a refocussing pulse was given after
one spinner rotation. In all experiments a CYCLOPS phase alternation was
used to remove the effects of pulse imperfections, and high-power proton
decoupling was on during refocussing delays and acquisition time. Trans-
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versal relaxation was studied by acquiring the Hahn echoes al even multiples
of the spinner rotation time. To suppress noise, the echoes were Fourier
transformed, and only the relevant parts of the spectrum were integrated.

Sideband patterns, lineshapes, and transversal relaxation at high and low
spinning rates were simulated utilizing Fortran and Igor programs based on
the equations described under Theory. For 3P NMR in M13 relative chemi-
cal shift tensor values oy, — o, = 77 ppm, 02, — &, = 18 ppm, and
13 — T, = —95 ppm were taken {(where @, is the isotropic shift). For TMV
the values 83, 25, and —108 ppm were taken from the literature (Cross et al.,
1983a). In simulations for M13 it was assumed that a random distribution
of chemical shift tensor orientations exists within the phage. For TMV the
orientation of 3P chemical shift tensor for the three different hinding sites
with respect to the rod-shaped TMV was approximately derived from the
*1p atomic coordinates as described earlier (Magusin and Hemminga,
1993a). The best fits to the experimental sideband patterns and lineshapes
of M13 and TMV were found by least square fitting, allowing height, base-
line, and isotropic shift of simulated sideband paiterns and lineshapes to
vary. Simulated transversal relaxation curves were fitted to the experimental
relaxation decays with only height as a variable.

RESULTS

MAS NMR spectra of 40% and 70% (w/w) M13 consist of
a gaussian-shaped centerband surrounded by several similar
sidebands (Fig. 1}, in agreement with results reported for
bacteriophage fd (DiVerdi and Opella, 1981). The linewidth
Ap,; of the centerband and the sidebands, defined as the full
width at half-height, depends on the hydration of the gel and
the temperature: at a P NMR frequency of 202.5 MHz
linewidths 0£3.9, 3.2, 3.9 = 0.2 ppm are found for 25%, 40%,
and 70% M13 at 25°Cand 4.0, 5.1, and 5.5 ppm for 18% M13
frozen at —40, —100, and —140°C, respectively (Fig. 2). For
40% M13, a linewidth of 2.7 = (.5 ppm is measured in the
MAS NMR spectrum recorded at 121.5 MHz. The linewidth
is independent of the spinning rate. By use of Herzfeld and
Berger’s sideband intensity tables (Herzfeld and Berger,
1980), MAS NMR spectra of 70% M13 at 25°C (Fig. 1} and
18% M13 frozen at —40°C (not shown) at various spinning
rates can well be fitted by sideband patterns of a chemical
shift tensor with relative tensor values oy, — o, = 77,

40% M13 70% M13 30% TMV

el
TR TR T
* bt _Mdlhlm}u M

100 ppm

FIGURE 1 Experimental MAS NMR spectra of 40% M13 (128 scans)
and 70% M13 (256 scans) and 30% TMYV (20,000 scans) at 25°C (row a),
simulated sideband patterns influenced by backbone motion (row b), and
best “ideal” sideband fits (row c).
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FIGURE 2 Experimental lineshape of the left first-
order sideband (column 7), average lineshape ab-
tained by resampling the experimental MAS-free in-
duction decay at multiples of the spinner rotation time
after artificially increasing the time resolution by zero,
filling in the spectral domain (column 2) and simu-
lated lineshapes {column 3) consisting of a & contri-
bution (column 4), a 8, contribution {celumn 5), and
a contribution by homogeneous line broadening (col-
umn 6), for 30% TMYV (row a; 20,000 scans), 18%
M13 at —140°C (row b; 10,000 scans), —100°C (row
¢; 10,000 scans) and —40°C (row 4; 1,000 scans}, 70%
M13 (row e; 256 scans), 40% M13 (row f; 128 scans),
40% M13 at 121.5 MHz (row g; 1,000 scans) and 25%
M13 (row h; 1,800 scans). Unless stated otherwise,
experiments were conducted at 25°C and 202.5 MHz.
The & contribution for TMV (row 4; column 5) also
includes the effect of arginine binding (see text).

-
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FIGURE 3 T, values obtained at various spinning rates for 70% M13 at
202.5 MHz (C), 40% M13 at 202.5 MHz (+), and 121.5 MHz ((J) and 25%
MI3 at 202.5 MHz (A).

O3 — U, = 18, and o33 — 0, = —95 = 2 ppm (Fig. 1 ¢).
This agrees well with the values that have been estimated
from the static lineshape at 202.5 MHz (not shown) and at
121.5 MHz (Magusin and Hemminga, 1993a). In contrast,
spectra of 25% and 40% M13 at 25°C cannot be fitted by
sideband patterns of a single chemical shift tensor (Fig. 1 c).
Apparently, Herzfeld and Berger’s theory does not apply for
these cases.

At the 3'P NMR frequency of 202.5 MHz the MAS NMR
spectrum of 30% (w/w) TMV shows two resolved sideband
patterns with an overall intensity ratio of approximately 2:1
separated by 3.9 = (0.3 ppm with a linewidth of 2.5 = 0.3
ppm (Figs. 1 a and 2). The same intensity ratio and almost
the same peak separation has been observed in the 3'P NMR
spectrum of dry TMV at 121.5 MHz, but the linewidth at
121.5 MHz, 1.5 ppm, is less (Hemminga et al., 1987). The
two sideband patterns can be compared with the “ideal” side-
band patterns of static chemical shift tensors with various
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FIGURE 4 Transversal relaxation decay for 70% M13 at 202.5 MHz ob-
tained at spinning rates of 0 kHz (+), 1 kHz (X), 2 kHz (L)), and 4 kHz (&).

tensor values. The sideband pattern of a chemical shift tensor
with relative tensor values oy, — 0, = 79, 03 — 0, = 18,
and o33 — g, = —97 * 2 ppm fits well to the pattern of major
peak and a good fit to the minor peak pattern is obtained
for a chemical shift tensor with tensor values 85, 18, and
—103 = 2 ppm (Fig. 1 ¢). These tensor values are slightly
reduced as compared with the values obtained from MAS
NMR spectra of dry TMV (Hemminga et al., 1987).

We have also investigated the transversal relaxation time
T, of several M13 gels under MAS conditions (Fig. 3). In
general, the centerband and sidebands decay exponentially as
a function of the echo time and a T, value may be obtained
by fitting a single exponential to each of these decays. No
significant T,. differences among the centerband and the
sidebands have been found and the shape of the bands does
not change at increasing echo time. T, values obtained at
spinning rates greater than 2 kHz are systematically larger
than those obtained from static experiments on the same
samples and the value of T, is somewhere in between at a
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rate of 1 kHz (Figs. 3 and 4). It was impossible to measure
T, in the range of spinning rates less than 1 kHz, because
the spinner rotation time became too long a sampling time
with respect to T5. to be measured. Similar to the outcome
of nonspinning experiments, T, increases with decreasing
water content and *!P NMR frequency (Fig. 5). At 202.5
MHz, the T, values determined for the major and the minor
peak in the 4-kHz MAS NMR spectrum of 30% TMYV are 2.4
and 2.9 ms, respectively. Longitudinal *'P NMR relaxation
times T, of M13 gels at 202.5 MHz were generally in the
order of seconds, thus three orders of magnitude larger than
the 7;. values measured at high spinning rates.

DISCUSSION
Analysis of sideband intensities

As reported previously, 3!P NMR lineshapes and transversal
relaxation of nonspinning samples of M13 and TMV cannot
be interpreted consistently in terms of a single type of mo-
tion, like the rotation of the rod-shaped virions about their
length axis alone. Instead, a fast type of restricted motion
with a frequency greater than 10° Hz seems to be superim-
posed on the slow overall motion of the virions (Magusin and
Hemminga, 1993a). The occurrence of motions can also ex-
plain the fact that Herzfeld and Berger’s theory does not
apply to the sideband intensities of dilute M13 gels. By analogy
with motional narrowing under nonspinning conditions
(Magusin and Hemminga, 1993b), it may be reasonably as-
sumed that motions with frequencies less than 10° would not be
able to significantly alter the sideband pattern caused by the *!P
chemical shift anisotropy with a “size” (w,/2m) 1 o33 — oy | of
34 kHz at 202.5 MHz. In contrast, dramatic line-broadening
effects would be expected for motions in the 10 Hz region,
because their frequencies would be in the order of the spin-
ning rates applied (Schmidt et al., 1986; Schmidt and Vega,
1987). As all M13 specira recorded at various spinning rates,
temperatures, and water contents contain well resolved side-
bands, the motions that modify the sideband intensities should
therefore have frequencies greater than 10* Hz.

1.0+

0.5

E(27)

0.0

21 (ms)

FIGURE 5 Transversal relaxation decay at spinning rates of 4 kHz for
70% M13 at 202.5 MHz (O), 40% M13 at 202.5 MHz (+), and 121.5 Mz
(C); decay of 25% M13 at 202.5 MHz at a rate of 5 kHz (A).
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To extract motional information from the sideband pattern
more quantitatively, the previously used model (Magusin
and Hemminga, 1993b), in which the fast motions of the
mucleic acid phosphodiesters are collectively described as
restricted rotation about the virion length axis, is extended to
MAS NMR experiments (Eq. 2). Quickly summarizing our
previous discussion {Magusin and Hemminga, 1993a), we do
not wish to pretend that uniaxial rotation about the viral axis
is a realistic model for the various types of backbone motion
that the nucleic acid molecule inside M13 or TMV may un-
dergo simultaneously. Judging from the complex dynamics
observed for “naked” nucleic acids in solution (Alam and
Drobny, 1991), we actually believe that, as a result of steric
constraints and concerted motions, the dynamics of the
nucleic acids encapsulated in TMV and M13 are likely to be
much more complicated. By employing the uniaxial diffu-
sion model we simply want to characierize the spatial
restriction of nucleic acid backbone motion by a single
“cumulative amplitude™ A, much like the general order pa-
rameter S used in Model Free analyses of relaxation mea-
surements to characterize the amount of motional anisotropy
(Lipari and Szabo, 1982a; 1982b). In fact, the functions
sinc(A) and sinc(2ZA) in Eq. 2 can be shown playing a role
similar to § in the (simplified) autocorrelation functions (see
Appendix). In our opinion, a more realistic model for nucleic
acid backbone motion would involve too many parameters,
which would lead to overinterpretation of the experimental
data or require additional, questionable assumptions. This
would especially be the case for M13, because hardly any-
thing is known about the geometry of its internal DNA mol-
ecule. For M13, the nonspecific character of our simple
model is actually enhanced by the assumption that the phos-
phodiesters are randomly oriented within the virus particles,
which themselves are randomly oriented within the gel. As
long as no correlation between the orientation of the phos-
phodiesters and the local axes of backbones motion exists
and the effect of slow overall motion about the length axis
of the virus is negligible, our model describing phosphodi-
ester motion in terms of uniaxial motion about the viral axis,
is theoretically equivalent to any other model that involves
uniaxial diffusion about one or more axes not parallel to the
viral axis.

Sideband patterns calculated using Eq. 2 for restriction
half-angles A equal io multiples of 9° between 0° and 90°,
have been compared with various *'P MAS NMR spectra of
M13. Spectra simulated for A = 27° * 5° fit well to MAS
NMR spectra of 40% M13 at 202.5 MHz at spinning rates
of 4 and 5 kHz (Fig. 1) and almost the same A value, 36°%
5°, produces the best fit to the 4-kHz MAS NMR spectrum
of the same gel at 121.5 MHz. The 4-kHz MAS NMR spec-
trum of 70% M13 at 202.5 MHz is best reproduced for A =
9°, and a A value of 45° is extracted from the 5-kHz MAS
NMR spectrum of 25% M13 at 202.5 MHz. These restriction
half-angles agree with the values of 27° and 0° obtained by
simulating the nonspinning 3P NMR lineshape of the 40%
and 70% M13 sample at 202.5 MHz (not shown) and are also
consistent with the values 52° and 43° obtained by analysis
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of nonspinning lineshapes of 15% and 30% M13 at 121.5
MHz (Magusin and Hemminga, 1993a). A relation may exist
between the increase of motional amplitude and the swelling
of M13 at increasing hvdration (Dunker et al., 1974). At
increasing diameter of the hollow tube inside the rod-shaped
phage, nucleic acid backbone motion may increase by the
reduction of steric hindrance. When comparing the A value
of about 30° obtained for 40% M13 gels with, for example,
backbone fluctuations of +27° in the gigaheriz range re-
ported earlier for DNA (Hogan and Jardetzky, 1980), it
should be realized that our model is presumably too simple.
Diffusion models involving more angle fluctuations would
probably result in smaller restriction angles per fluctuating
angle than the A values found above. Recently, we could
further improve the simulated 'P NMR powder lineshapes
of M13 at 121.5 MHz by assuming that the backbone of M13
DNA consists of 83% immobile and 17% mobile phosphodi-
esters. A similar, 5:1 two-component model produces a better
simulation of the nonspinning spectrum of 40% M13 at 202.5
MHz as well (not shown), but the two-component model
does not significantly improve the simulated MAS NMR
spectra,

For TMV, a three-component model is reasonable, be-
cause three sets of binding sites exist within the virion. Non-
spinning *'P NMR lineshapes of 30% TMV provide strong
indications that one of these three sets is more mobile than
the other two, but the question which the mobile set is, cannot
be solved unambiguously due to the overlap of their broad
powder lines (Magusin and Hemminga, 1993a). The fact that
one of the three resonance lines in >'P NMR spectra of ori-
ented TMV solutions is much broader than the other two,
indicates a high level of disorder for one of the three sets of
phosphodiesters in TMV (Cross et al., 1983a), which seems
to support our conclusion that one of the three sets of phos-
phodiesters is less rigidly bound. Cross et al. have specula-
tively assigned this resonance line to a specific binding site
labeled 3 in the computer-refined crystal structure presented
by Stubbs and Stauffacher (1981). Using this structure we
have recalculated the chemical shift positions of the reso-
nance lines in the oriented spectrum, however, and differ-
ently assigned the broad line to site 2 (Magusin and Hem-
minga, 1993a). Given the ambiguity in the spectral
assignment, the question of which binding site could actually
be less rigidly bound still remains to be answered.

Because MAS NMR spectra of TMV show two resolved,
potentially motion-affected sideband patterns, they offer an
extra possibility for assigning mobility to the three sites more
specifically. Interpretation of the two sideband patterns in
terms of “ideal” MAS behavior shows that the apparent
chemical shift anisotropy of the minor resonance is larger
than the anisotropy of the major resonance. This was also
found for dried TMV samples (Hemminga ct al., 1987) and
can be observed in the MAS NMR spectrum of 10% TMV
solution {Cross et al., 1983a) as well, although this effect was
not mentioned in the text of this paper. Taking bond angle
and arginine binding effects into account, we assign the mi-
nor sideband pattern to site 1, as labeled by Stubbs and Stauf-
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facher (1981), and the major sideband pattern to sites 2 and
3 (see Analysis of Lineshapes). The fact that the apparent
anisotropy of the major resonance is reduced relative to the
minor resonance would then be consistent with our hypoth-
esis to be discussed in Analysis of Lineshapes, that site 2 is
less rigidly bound than the other two.

Indeed, a three-component simulation using Eq. 2 pro-
duces a good fit, when identical tensor values of 83, 25, and
—108 ppm are assumed for the three sites and restriction
half-angles are taken as 18°, 45°, and 18° for sites 1, 2, and
3, respectively (Fig. 1). These values may be compared with
the respective half-angles 9°, 86°, and 17° obtained from the
analysis of the nonspinning **P NMR lineshape of another
sample of 30% TMV at 121.5 MHz (Magusin and Hem-
minga, 1993a). The difference between these two sets of
angular amplitudes shows the difficulty of extracting mo-
tional parameters for each site separately from nonspinning
spectra due to the strong overlap of their resonances. The
presence of motional narrowing in nonspinning and MAS
NMR spectra of 30% TMYV recorded at 121.5 and 202.5
MHz, respectively, is difficult to reconcile with the absence
thereof in spectra of 10% TMYV solutions at 60.9 MHz (Cross
et al., 1983a). This may be caused by differences in the meth-
ods employed by Cross et al. to prepare TMV samples and
record their spectra. Because the NMR spectrum-recording
method is insufficiently described in their paper, a more spe-
cific explanation would only be highly speculative.

Analysis of transversal relaxation

The observed dependence of T, on the spinning rate less
than 2 kHz (Fig. 3) indicates a contribution by slow phos-
phodiester reorientation to transversal relaxation. Because
T, becomes shorter as the M13 gel becomes more fluid, we
tentatively assign this slow phosphodiester reorientation to
the overall rotation of the rod-shaped virus particles about
their length axis. At spinning rates greater than 2 kHz, 7>,
approaches an upper limit, indicating that another relaxation
mechanism, which is independent of the spinning rate, be-
comes more important. Other features of this relaxation
mechanism are that it is sensitive to hydration and depends
on the magnetic field strength (Figs. 3 and 5). In principle,
the observed T, increase at decreasing hydration (Table 1)
could simply result from the removal of mobile water protons
in the vicinity of *'P, because water protons could increase
1P relaxation by causing fast fluctuating dipolar interac-
tions. Such 'H-!P dipolar contribution to longitudinal and
transversal >'P relaxation may be estimated by using general
equations presented elsewhere (Wittebort and Szabo, 1978).
As learned from these equations, the fact that T, is three
orders of magnitude larger than T, as observed in our ex-
periments, is typical for motions with frequencies which are
one or two orders of magnitude lower than the angular reso-
nance frequencies of >'P and 'H. Indeed, transversal relax-
ation of *'P nuclei by protons which undergo motions in this
frequency range (107—108 Hz) is not affected by the 30-kHz
proton decoupling used in our experiments. The general
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TABLE 1 Rastriction haif-angles and diffusion coefficients for focal backbons motion of tha DNA molecule ingide M13 and the
influence of backbone motion on the hemogeneous and the inhomogeneous linewidth.

[M13} Va A Tz. D:p'p T(';SA D' AV\{Z Al’}mm Ayhm
% (MHz) ") (ms) (kHz) {ms) (kHz) (Hz) (Hz) (Hz)
70 2025 3x5 4.8 40 6.8 60 = 50 780 70 710
40 202.5 30x5 29 250 35 300 = 80 640 105 335
40 121.5 0=xs5 6.1 190 9.8 300 380 330 60 270
25 202.5 4/ x5 13 210 1.4 240+ 40 780 250 530

[M13), weight fraction of M13 in the gel; v,, 3P NMR frequency; A, restriction haif-angle for local backbone motion derived from the sideband pattern;
T3, relaxation time for the part of transversai relaxation that is independent of the spinning rate; D, apparent diffusion coefficient calculated from 75,
by using Eq. 7; T4, transversal relaxation time due to fast phosphodiester reorientation, calculated from T, by correcting for an additional v, independent
T9F of 16 ms; D', diffusion coefficient calculated from TS by using Eq. 7; Avyp, full linewidth at half-height of the centerband and the sidebands; Avom,

homogeneous linewidth; Avi,,, inhomogeneous linewidth.

equations, however, also predict 75, to be independent of the
magnetic field strength in this frequency range and thus fail
to explain the difference between the T, values measured for
40% M13 at 121.5 and 202.5 MHz.

Alternatively, the same fast backbone motions that are
responsible for the motional modification of the sideband
intensities, could also cause transversal relaxation due to the
chemical shift anisotropy of the 3'P nuclei. Such relaxation
mechanism would provide a qualitative explanation for the
observed dependence on the magnetic field. As noticed under
Analysis of Sideband Intensities, hydration affects the am-
plitude of nucleic acid backbone motions, which could ex-
plain gualitatively the observed T, trend at increasing hy-
dration. Assuming that phosphodiester reorientation by slow,
overall rotation of the virion and by fast restricted backbone
motion is the main cause of transversal relaxation, we have
used Eq. 8 to explain the observed dependence of T, on the
spinning rate, [ndeed, sigmoid curves, as predicted by Eq. 8,
fit well to the 75, values obtained for spinning rates of 1 kHz
and higher at 202.5 MHz and reasonably to 15, values meas-
ured at 121.5 MHz (Fig. 3). Obviously, the model fails to
predict correct T, values for static samples. This is due to
the assumption implicit in Eq. 5 that the decay of echoes is
sampled at even multiples of the rotation time T, which goes
to infinity as the spinning rate drops to zero.

Diffusion coefficients D for the rotational diffusion of the
virus particles about their length axis may be estimated from
the best fits in Fig. 3 and the half-angles A estimated from
the sideband intensities (see Analysis of Sideband Intensi-
ties). Using A values of 9° and 30° for 70% and 40% M13,
we find D values of 1.4 and 4.4 Hz for 70% and 40% M13
at 202.5 MHz and 5.2 Hz for 40% M13 at 121.5 MHz, re-
spectively. These values are mutually consistent within ex-
perimental error and also agree with the values reported pre-
viously for 15% and 30% MI13 gels (Magusin and
Hemminga, 1993a). The w@,-independent part of transversal
relaxation may also be estimated from the curves in Fig. 3.
For example, for 70% M13, this part of transversal relaxation
is characterized by a T, value of 4.8 ms. Actual echo decays
simulated by multiplication of Eq. 5 for D = 1.4 Hz and an
exponential decay with T, = 4.8 ms fit well to the experi-
mental decays obtained for 70% M13 at the spinning rates
applied (Fig. 4). Apparently, the multiexponentiai decay in
Eq. 5 is indeed reasonably approximated by a single expo-
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nential with relaxation time T3® as described by Eq. 6. The
static relaxation decay measured for 70% M13, can also be
simulated for D = 1.4 Hz by using a previously discussed
mode] (Magusin and Hemminga, 1993b). This shows that the
outcome of spinning and nonspinning relaxation experiments
can be interpreted consistently in terms of our models. The
ratio between the static T, values 1.06 and 0.85 ms at 121.5
and 202.5 MHz closely approximates 1.4, as expected from
the (w,)~ %3 dependence of transversal relaxation by ultra-
slow diffusion under nonspinning conditions (Magusin and
Hemminga, 1993b).

From the w,-independent part of transversal relaxation, an
apparent diffusion coefficient D', for the fast phosphodi-
ester reorientation can be calculated directly by using Eq. 7.
Different D}, values, however, are found for 40% M13 at
121.5 and 202.5 MHz in this way (Table 1). This inconsis-
tency may be eliminated by also taking into account another
relaxation mechanism, which is independent of both w, and
wy,. Such a type of relaxation could be caused by fluctuating
dipolar interactions between *'P and other nuclei in its vi-
cinity, like 'H, '“N, or other 3!P nuclei. For 40% M13, the
w-independent T,, values 6.1 and 2.9 ms determined at
121.5 and 202.5 MHz couid result from a w,-independent
contribution TOF of 16 ms superimposed on 75" values of
9.8 and 3.5 ms, respectively. Similarly, we derived 7534 from
the spinning rate independent T, values of 70% and 25%
M13 gels, assumingT2F to be the same. The diffusion co-
efficients D' which follow from these “corrected” T5A
values by using Eq. 7 are in the order of 10° Hz (Table 1).
D’ values determined for 25% and 40% M13 are the same
within the error caused by the *5° uncertainty in A, indi-
cating that in this concentration range the amplitudes of the
backbone motions are more sensitive to smail hydration
changes than their frequencies. More extreme dehydration,
however, aiso influences the frequency of backbone motions,
as illustrated by the lower D’ value found for 70% M13. The
finding that the major peak in the MAS NMR spectrum of
TMYV decays faster than the minor peak indicates that the
average mobility of the two binding sites giving rise to the
major peak, is larger than the mobility of the binding site
causing the minor peak. This is consistent with the A values
obtained from the sideband pattern in the previous section.

The effective diffusion coefficient D’ determined by using
our simple model is only a qualitative measure which indi-
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cates if the backbone motions dominating transversal relax-
ation at spinning rates greater than 2 kHz become faster or
slower under varying conditions. Its value may not even be
realistic by order of magnitude, e.g., when the comulative
amplitude A actually reflects several types of backbone mo-
tion, whereas transversal relaxation is dominated by only the
slowest one. However, a minimum and a maximum order of
magnitude may be estimated from relaxation measurements.
On the one hand, the invariance of 7', at different spinning
rates between 2 and 5 kHz, shows that the backbone motions
dominating transversal relaxation at these rates are in the
order of 10* Hz or faster. On the other hand, the three orders
of magnitude difference between T, and T>, at 'H and 3'P
resonance frequencies in the order of 10° rad/s, sets an upper
limit of 107-108 Hz, as may be estimated from more general
equations presented elsewhere (Wittebort and Szabo, 1978).

Analysis of lineshapes

Line broadening caused by sample preparation has been sug-
gested as an explanation for the large MAS NMR linewidths
generally observed for dried and lyophilized biological ma-
terials as compared with solution linewidths (Hemminga
et al., 1987). Indeed, it is conceivable, that as a consequence
of the dehydration process, the material partly decomposes,
or susceptibility heterogeneity is introduced. Such effects,
however, are less likely explanations for the broad lines ob-
served for M13 samples frozen at temperatures of —140°C
and less, becanse these are homogeneous lumps of ice
pressed rigidly against the inner wall of the MAS spinner. At
a macroscopic level, there are no visible differences between
M13 ice at —40°C and —140°C, nor do the tuning properties
of M13 samples change greatly on changing the temperature
between those values, indicating that no phase transition oc-
curs in this temperature trajectory. Nevertheless, the lin-
ewidth strongly increases as the sample is cooled down from
—40°C to —140°C. It has been suggested that the difference
between the shift position of the major and the minor peak
in *'P MAS NMR spectra of TMV reflects conformational
differences among the three types of binding sites (Hem-
minga et al., 1987). Because the *'P MAS NMR linewidth
measured for M13 at —140°C and less is comparable with
the isotropic shift range observed for TMV at room tem-
perature (Fig. 2), a spread of static phosphodiester confor-
mations in a similar range as in TMV could offer a possible
explanation for the observed M13 lineshape. At higher tem-
peratures the linewidth in MAS NMR spectra of M13 is less.
It gradually decreases to a minimum value of 3.0 ppm as the
sample becomes more fluid and the amount of internal DNA
backbone motion within the virions increases, going from
frozen samples at —100°C and —40°C to viscous gels of 70%
and 40% M13 at 25°C. Apparently, the isotropic shift range
becomes narrower as temperature or hydration increases.
Beside influencing the sideband intensitics and transversal
relaxation by their reorientational character, fast backbone
motions could also cause fast fluctuation of the phosphodi-
ester conformations, which may lead to “conformational av-
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eraging” of the isotropic shift. Such conformational averag-
ing due to nucleic backbone motions could offer a possible
explanation for the reduction of the linewidth at increasing
hydration and temperature, In contrast, transversal relaxation
tends to broaden the centerband and the sidebands at in-
creasing hydration by adding an increasing homogeneous
linewidth to the inhomogenecus linewidth. Indeed, the in-
creased linewidth observed for 25% M13 gels, as compared
with 40% M13, could be caused mainly by the increased
homogeneous linewidth alone, superimposed on an inhomo-
geneous width of 2.7 ppm (Table 1).

To test the hypothesis that a distribution of phosphodiester
conformations underlies the observed gaussian lineshapes
observed in 1P MAS NMR spectra, the lineshapes of the
centerband and the sidebands in MAS NMR spectra of M13
have been simulated by use of Eq. 9, which takes into account
a spread of values for the two types of angles that affect the
isotropic shift most strongly, i.e., the RO-P-OR’ bond angles
@, supposed to be static in our model, and the dikedral angles
0, and 0,, assumed to be quickly fluctuating. Homogeneous
line broadening is added as a third broadening factor (Fig. 2).
The five model parameters involved in the simulation cannot
be unequivocally determined from the measured lineshapes
alone, and external arguments are necessary to estimate their
values. For the lineshapes at 25°, the homogeneous linewidth
1/7T,, is calculated from Ts. measured at spinning rates of
4 and 5 kHz (Fig. 3). For the frozen M13 samples, homo-
geneous line broadening is neglected. As mentioned under
Theory, the static 8, distribution parameter v is taken as 20°,
which represents a realistic spread of dihedral angles in vari-
ous phosphodiester compounds (Giessner-Prettre et al.,
1984). For parameter (5, the isotropic chemical shift change
per unit bond angle change, we use a value of 2 ppm per
degree, as indicated by empirical data (Gorenstein, 1981).
Because the observed linewidth reaches a minimum for 40%
M13, we assume the 8, contribution to be completely av-
eraged at this hydration, so that a gauss fit to the lineshape
that is left after deconvolution with the homogeneous line
directly provides the static ® distribution parameter w as 0.9°
(Fig. 2), which seems realistic as compared with the 3° range
of @ in TMV. In conirast, the lineshape at —140°C is as-
sumed to be completely static, from which the dihedral shift
range parameter b may be estimated to be —2.0 ppm, in
agreement with the range of 3.2-3.8 ppm calculated for the
6, contribution to the isotropic shift (Giessner-Prettre et al.,
1984). With these parameter values, we obtain good fits for
18% M13 at —100°C and —40°C and 70% M13 at 25°C, for
restriction half-angles p of 17°, 37°, and 40°. When inter-
preting these large g values it should be realized that the
description of conformational fluctuations in terms of only
the two dihedral angles 8, is probably too simple. A more
sophisticated model with more fluctuating conformational
parameters would probably result in smaller restriction
angles per parameter. The p, values found above should prob-
ably be regarded most safely as upper limits rather than as
realistic values, Furthermore, factors other than conforma-
tional averaging may play a role in the observed effect of
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temperature and hydration on the MAS NMR lineshape.
Conformational averaging is only a possible explanation, but
not the only one. Comparison of the restriction angles esti-
mated fromt the lineshapes and the sideband intensities above
seems to indicate that under conditions which suppress phos-
phodiester reorientation, e.g., in frozen samples at —40°C,
some of the conformational parameters may still fluctuate
considerably .

Recently, the major and the minor sideband pattern in the
MAS NMR spectrum of TMV were assigned on the basis of
the C3~03~-P-05: and O5:-P-05.-Cs torsional angles (Hem-
minga et al., 1987). An alternative assignment, however, can
be made if the RO-P-OR’ bond angles & are taken into ac-
count, to which the isotropic chemical shift of phosphodi-
esters is more sensitive (Gorenstein, 1981). A bond angle
increase of only 5° already causes the isotropic shift to de-
crease 7 ppm (Giessner-Prettre et al., 1984). Because & is
103°, 103°, and 100° for sites 1, 2, and 3, respectively, as
calculated from model coordinates (Stubbs and Stauffacher,
1981), we would expect the occurrence of a major peak be-
longing to sites 1 and 2, about 4 ppm upfield of a minor peak
belonging to site 3 (Fig. 6 b). Because this does not agree
with the observed spectrum (Fig. 6 a), even if torsional angle
effects of about 1.5 ppm would be involved as well, we have
also taken the influence of arginine bonding into account.

In RNA-protein interaction models for TMV, two sites are
generally interacting closely with arginine residues, whereas
no arginine is close to a third one. The less bound site, how-
ever, seems to be assigned differently in different papers. For
example, in the paper of Stubbs et al. (1977) it is site 2 (taking
into account a change of labels between sites 1 and 2 as
compared with our labeling, which follows other papers
(Stubbs and Stauffacher, 1981; Namba and Stubbs, 1986)),
whereas in the model of Namba and Stubbs in 1986 site 3 is
the one without close arginine contact. Similar to the effect

. S
i
i

4 ppm

FIGURE 6 Stick spectra illustrating the assignment of the peaks in MAS
NMR spectra of TMV; unassigned stick spectrum derived from the experi-
mental lineshape (a), hypothetical spectrum based on the & angle effects
only (&), spectra also taking arginine binding into account to either sites 1
and 2 (c) or sites 1 and 3 (d).
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caused by binding of a water molecule to a phosphodiester
group (Ribas Prado et al., 1979), a 3.5-ppm decrease of the
isotropic shift could be expected due to arginine-phosphate
interaction. Assuming on the one hand, that sites 1 and 2 are
tightly bound to arginine residues, the spectrum predicted
above on the basis of @ differences alone, should be modified
by shifting the major peak even 3.5 ppm further upfield. This
would increase the predicted separation between the minor
and the major peak to 7.5 ppm, and their shift order would
still disagree with the experimental spectrum (Fig. 6 ¢). If,
on the other hand, sites 1 and 3 were bound, the resonances
belonging to sites 1 and 3 would shift 3.5 ppm upfield, so that
resonance of site 3 would be located 0.5 ppm downfield of
the position of site 2 (Fig. 6 ). The resulting spectrum would
apree with the experimental spectrum by containing a major
peak belonging to the overlapping resonances of site 2 and
3, about 3.8 ppm downfield of a minor peak belonging to site
1. It should be noticed that such assignment is only specu-
lative, because the effect of arginine binding on the isotropic
chemical shift of *'P inside TMV is unknown and other fac-
tors, not accounted for in our model, can also influence the
isotropic chemical 'P shift. The supposed absence of close
contacts between site 2 and an arginine residue, however,
would be consistent with our earlier suggestion that this site
is more mobile than the other two (Magusin and Hemminga,
1993a). This is also confirmed by our analysis of the side-
band patterns and transversal relaxation of the two peaks.

Recently, we reported that in MAS NMR spectra of ly-
ophilized TMV samples, the major and minor sideband pat-
terns are not resolved (Hemminga et al., 1987). A possible
explanation for this effect is provided by our model. The
absence of conformational averaging of the isotropic chemi-
cal shift at extremely low hydration probably spoils the reso-
lution of the peaks in the MAS NMR spectrum of lyophilized
TMYV, much like the broad peak observed for frozen M13
samples at —140°C. Using the M13 model parameters v =
20° and b = —2.0 ppm for 30% TMV at 25° as well, and
taking a homogeneous linewidth of 130 Hz for both peaks,
a good fit to the major and minor peak is obtained for u =
40°, if the resonances of sites 2 and 3 are assumed to be
located 3.1 and 4.2 ppm downfield of the resonance of site
1, respectively (Fig. 2).

CONCLUSION

The model of phosphodiester motion in gels of M13 and
TMYV, which recently emerged from analyses of 3'P NMR
lineshapes and transversal relaxation of static NMR samples
{Magusin and Hemminga, 1993a), is also consistent with the
effects of motion on sideband spectra and transversal relax-
ation under MAS conditions. Overall rotation of the rod-
shaped virions about their length axis and local backbone
motions of the encapsulated nucleic acid molecules are re-
sponsible for the various deviations from “ideal” MAS be-
havior. Sideband intensities seem to be influenced by fast
restricted reorientation of the phosphodiester groups, caused
by nucleic acid backbone motions, Sideband patterns and
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transversal relaxation observed for 25% and 40% M13 are
consistent with angular amplitudes of 30° and 45°. These
amplitudes should be regarded as cumulative motional pa-
rameters of whole classes of motions, rather than as realistic
amplitudes of specific motions alone, because the description
of the complicated backbone dynamics as only one type of
uniaxial diffusion is probably too simple. The increase of
motional amplitudes at increasing hydration could perhaps
be related to swelling of the M13 virions. Effective frequen-
cies of the backbone motions in the order of 10° kHz can be
estimated from the spinning rate independent part of trans-
versal relaxation, which is measured at spinning rates above
2 kHz, but these values can hardly be related to actual mi-
croscopic rate constants due to the cumulative character of
the model. By causing the conformation of the phosphodi-
ester groups to fluctuate, fast restricted backbone motions
could also offer a possible explanation for the observed nar-
rowing of the centerband and sidebands at high temperatures
and hydration. Slow rotation of the virus particles about their
length axis only contributes significantly to transversal re-
laxation at spinning rates less than 2 kHz. This contribution
even becomes domipant under nonspinning conditions,
which further justifies the neglect of other relaxation mecha-
nisms in our analysis of nonspinning relaxation measure-
ments (Magusin and Hemminga, 1993a).
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APPENDIX: COMPARISON OF THE CUMULATIVE
MOTIONAL AMPLITUDE A AND THE GENERAL
ORDER PARAMETER S

The description of the complex dynamic behavior of the en-
capsulated backbone using a nonspecific “cumulative am-
plitude” A as a measure of the spatial restriction of the motion
may be compared with the use of the generalized order pa-
rameter S in the Model Free analysis of longitudinal and
transversal relaxation times (Lipari and Szabo, 1982a). In the
Model Free approach S is defined as the limiting value $* of
the simple correlation function for internal motion Cy(t) =
82+ (1 — $2)exp(—t/7.) as t— oo, Similarly, in our combined
diffusion model the sinc functions in Eq. 2 also appear in the
limiting values sinc®(A) and sinc*(2A) for the correlation
functions

(DL EUON[DL,(Q()]*)
and
SADLONIDLQ))]*).
Like $?, sinc*(A) and stnc®(2)) approximate 1 in the case of
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extremely limited motion (A = 0) and vanish if the motion
is unrestricted (A = ).

REFERENCES

Alam, T. M., and G. P. Drobny. 1991. Solid-state NMR studies of DNA
structure and dynamics. Chem. Rev. 91:1545-1590,

Banner, D. W., C. Nave, and D, A. Marvin. 1981. Structure of the protein
and DNA in fd filamentous bacterial virus. Nature. 289:814-816.

Cross, T. A, 8. I. Opella, G, Stubbs, and D. L. D. Caspar. 1983a.
Phosphorus-31 nuclear magnetic resonance of the RNA in tobacco mosaic
virus, J. Mol, Biol. 170:1037-1043.

Cross, T. A., P. Tsang, and S. J. Opella. 1983b. Comparison of protein and
deoxyribonucleic acid backbone structures in fd and Pf1 bacteriophages.
Biochemistry. 22:721-726.

DiVerdi, J. A, and §. J. Opella. 1981. Phosphorus-31 nuclear magnetic
tesonance of £d virus. Biochemistry. 20:280-284.

Dufourc, E. I., C. Mayer, I. Stohrer, G. Althoff, and G. Kothe. 1992, Dy-
namics of phosphate head groups in biomembranes. Comprehensive
analysis using phosphorus-31 nuclear magnetic resonance lineshape and
relaxation time measurements. Biophys. J. 61:42-57.

Dunker, A. K., R. D. Klausner, D. A. Marvin, and R. L. Wiseman. 1974.
Filamentous bacterial viruses X. X-ray diffraction studies of the R4
A-protein mutant. J. Mol. Biol 81:115-117.

Edmonds, A. R. 1960, Angular Momentum in Quantum Mechanics, Prince-
ton University Press, Princeton, NJ. 146 pp.

Giessner-Prettre, C., B. Pullman, and F. Ribas Prado. 1984. Contributions
of the PO Ester and CO torsion angles of the phosphate group to 3'P-
nuclear magnetic shielding. Biopolymers 23:377-388.

Gorenstein, D. G. 1981. Nucleotide conformational analysis by 'P nuclear
magnetic resonance spectroscopy. Anmu. Rev. Biophys. Bioeng. 10:
355-386.

Haeberlen, U. 1976. High Resolution NMR in Solids: Selective Averaging.
Academic Press, New York. 208 pp.

Hemminga, M. A., P. A, De Jager, J. Kriise, and R, M. J. N. Lamerichs. 1987,
Magic-angle-spinning NMR on solid biological systems. Analysis of the
origin of the spectral linewidths. J. Magn. Reson. 71:446-460.

Herzfeld, J., and A. E. Berger. 1980. Sideband intensities in NMR spectra
of samples spinning at the magic angle. J. Chem. Phys. 73:6021-6030.

Hogan, M. E., and O. J. Jardetzky. 1980. Internal motions in deoxyribo-
nucleic acid II. J. Am. Chem. Soc. 19:3460-3468.

Lipari, G., and A. Szabo. 1982a. Model-free approach to the interpretation
of nuclear magnetic resonance relaxation in macromolecules. 1. Theory
and range of validity. J. Am. Chem. Soc. 104:4546-4559.

Lipari, G., and A, Szabo. 1982b. Model-free approach to the interpretation
of nuclear magnetic resonance relaxation in macromolecules. 2. Analysis
of experimental results, J. Am. Chem. Soc. 104:4559-4570.

Magusin, P. C. M. M., and M, A. Hemminga. 1993a. Analysis of 3P NMR
lineshapes and transversal relaxation of bacteriophage M13 and Tobacco
Meosaic Virus. Biophys. J. 64:1861-1868.

Magusin, P. C. M. M., and M. A. Hemminga. 1993b. A theoretical study
of rotational diffusion models for rod-shaped viruses: the influence of
motion on 3'P NMR lineshapes and transversal relaxation. Biophys. .J.
64:1851-1860.

Marvin, D. A, R. L. Wiseman, and E. J. Wachtel. 1974. Filamentous bac-
terial viruses XI. Molecular architecture of the class II (Pfl, Xf) virion.
J. Mol. Binl. 82:121-138.

Mehring, M. 1983. Principles of High Resolution NMR in Solids. Springer-
Verlag, Berlin. 342 pp.

Nambe, K., and G. Stubbs. 1986. Structure of tobacco mosaic virus at 3.6
resolution: implications for assembly. Science 231:1401-1406.
Pauls, K. P., A. L. MacKay, O. Soderman, M. Bloom, A. K. Tanjea, and
R. S. Hodges. 1985, Dynamic properties of the backbone of an integral
membrane polypeptide measured by deuteron NMR. Eur. Biophys. [.

12:1-11.

Ribas Prado, F., C. Giessner-Prettre, B. Pullman, and J.-P. Daudey, 1979.
Ab initio quantum mechanical calcvlations of the magnetic shielding
tensor of phosphorus-31 of the phosphate group. J. Am. Chem. Sec, 101:
1737-1742.




Magusin and Hemminga

Schmidt, A., 5. O. Smith, D. P. Raleigh, J. E. Roberts, R. G. Griffin, and
8. Vega. 1986. Chemical exchange effects in NMR spectra of rotating
solids. J. Chem. Phys. 85:4248-4253.

Schmidt, A., and 8. Vega. 1987. NMR line shape analysis for two-site
exchange in rotating solids. J. Chem. Phys. 87:6895-6%07.

Slichter, C. P. 1978, Principles of Magnetic Resonance. Springer-Verlag,
Berlin. 397 pp.

Stubbs, G., and C. Stauffacher. 1981, Structure of the RNA in tobacco
mosaic virus. J. Mol Biol. 152:387-396.

Stubbs, G., S. Warren, and K. Holmes. 1977. Structure of RNA and RNA

31p MAS NMR of M13 and TMV

binding site in tobacco mosaic virus from 4 A map calculated from x-ray
fiber diagrams. Nature. 267:216-221,

Thomas, G. ., Jr., B. Prescott, S. J. Opella, and L. A. Day. 1988, Sugar
pucker and phosphodiester conformations in viral genomes of filamen-
tous bacteriophages: fd, 1f1, IKe, Pf1, Xf, and Pf3. Biochemistry. 27:
4350-4357.

Wittebort, R. J., and A. J. Szabo. 1978. Theory of NMR relaxation in
macromolecules: restricted diffusion and jump models for multiple in-
ternal rotations in amino acid side chains. J. Chem. Phys. 69:
1722-1736.




CHAPTER 5

2D-Exchange 3'P NMR spectroscopy of
bacteriophage M13 and tobacco mosaic virus

{published in 1995, Biophys. J. 68, final manuscript version)

45




Biophysical Journal (accepted)

2D-Exchange 3P NMR Spectroscopy of Bacteriophage M13
and Tobacco Mosalc Virus

Pieter C.M.M. Magusin and Marcus A. Hemminga
From the Department of Molecular Physics, Agricultural University, Dreijenlaan 3, 6703 HA Wageningen, The Netherlands

ABSTRACT Two-dimensional exchange 31P nuclear magnetic resonance spectroscopy is used 10 study the
slow overall motion of the rod-shaped viruses M13 and TMV in cencentrated gels. Evert for short mixing
times, observed diagonal specira differ remarkably from projection spectra and one-dimensional spectra.
Our model readily explains this to be a consequence of the Tag anisotropy caused by slow overall rotation of
the viruses about their length axis. 2D-exchange spectra recorded for 30% {(w/w) TMV with mixing times
below 1 sec do not show any off-diagonal broadening, indicating that its overall motion occurs in the sub-
Herz frequency range. In conirast, the exchange spectra obtained for 30% M13 show significant off-
diagonal intensity for mixing times of 0.01 sec and higher A log-Gaussian distribution around 25 Hz of
overall diffusion coefficients mainly spread between 1 and 103 Hz, faithfully reproduces the 2D-exchange
spectra of 30% M13 recorded at various mixing times In a consistent way. A small, but notable change in
diagonal spectra at increasing mixing time, is not well accounted for by our model and is probably caused by

31P spindiffusion.

INTRODUCTION

In the past few years, two-dimensional (2D) exchange
nuclear magnetic resonance (NMR) spectroscopy has
proven its value for studying motion in a broad range of
systems, such as synthetic polymers (Schmidt-Rohr and
Spiess, 1991), lipids (Fenske and Jarrell, 1991), liquids
(Kimich and Fischer, 1994) and liquid-gas interfaces
(Tomasselli et al., 1993). Some processes, such as
exchange of nuclear spins between different chemical or
physical environments, translation of spins in a field
gradient, or reorientation of nuclei with chemical shift
anisotropy (CSA) with respect to the magnetic field, can
correlate different resonance positions in the NMR
spectrum through time. By use of 2D-exchange NMR
spectroscopy, this cotrelation can be made visible as a
cross-peak, or, more generally, off-diagonal intensity in
2D NMR spectra, which are therefore easy to interpret, at
least in a qualitative manmer. Quantitatively, 2D-exchange
spectra dominated by specific reorientational processes
have been analyzed in terms of combined subspectra
representing different reorientation angles (Wefing et al.,
1988). The possibility to extract the distribution of
reorientation angles directly from the spectrum is
especially useful for studying amorphous materials
containing internal motions without sharply defined
restriction angles and correlation times,

In previcus work, we have presented analyses of one-
dimensional (1D) 3P NMR spectra and transversal
relaxation decays of bacteriophage M13 and tobacco
mosaic virus (TMV). M13 and TMV are rod-shaped
viruses with a length of ~900 and 300 nm and a diameter
of ~9 and 18 nm, respectively. Intact virus particles
largely conmsist of a protein coat protecting the
encapsulated viral genome, which contributes only a small
part of the particle weight, Because the coat proteins of
M13 and TMV do not contain 31P nuclei, selective
information about the structure and dynamics of the
phosphodiesters in the encapsulated nucleic acid molecule
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can be obtained by use of 31P NMR spectroscopy. The
way in which 31P NMR powder lineshapes and transversai
relaxation observed for M13 and TMV are influenced by
motion, cannot be explained consistently by simple
models, like e.g. isotropic rotational diffusion or rotation
of the rod-shaped virions about their length axis alone
(Magusin and Hemminga, 1993a). Instead, a combination
of fast, restricted nucleic acid backbone motion and slow
overall motion of the virions is found. Fast, restricted
backbone motion also explains the fact that sideband
intensities in magic angle spinning (MAS) spectra of
dilute M13 gels (Magusin and Hemminga, 1994) deviate
from the values predicted by standard theory (Herzfeld and
Berger, 1980). The spinning-rate dependence of MAS
transversal relaxation has successfully been assigned to
slow overall rotation of the virions as a whole (Magusin
and Hemminga, 1994). To test and refine this model
further, we have investigated the siow overall motion of
the rod-shaped viruses in concentrated gels using 2D-
exchange 31P NMR spectroscopy. The results of this
investigation are presented and analyzed in this paper.

THEORY

To calculate the effect of rotational diffusion of the
rod-shaped virions about their length axis on 31P (wo-
dimensional exchange spectra, the orientation of a 31P
chemical shift tensor is first expressed by use of the Euler
angles Q = (x, B, ¥) in an axis system fixed to the virion
with its z axis parallel 10 the length axis of the virion.
The orientation of this rotor axis system in the
frame with the z axis parallel to the magnetic field, in
turn, ig given by Q' = (¢, 8, ¥). If interactions between
31P and other nuclei are negligible, transversal and
longitudinal 31P magnetization can be calculated from
the positive and negative-helicity components
u (G, Q', 1) I+ of the spindensity operator p(Q, ', 1)
and its longitudinal component pz(2.Q'.0) 1,. In the
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presence of only Zeeman interaction, chemical shift and
rotational diffusion, the relevant equations for these three
components derived from the Stochastic Liouville
Equation are represented in the rotating frame by

dﬁ%“——‘h[ﬂmm Q)+ Da—,)m(n @,

oV (1a)
and
du, (. Q.9 _ &a (0,00 (1b

dt ay
where D denotes the diffusion coefficient for the overall
virion motion and ©(£},02") represents the chemical shift
interaction, expressed in terms of the Wigner functions
Dn2im (0BY) = exp(im"y) dm?m (B) exp(imar) (Edmonds,
1960; Haeberlen, 1976) as

w(QQ) =00, +0, £ D (Q)x
m'=-2

x{F. 0,2 (@1, (05,(2)+03,(2))] g
where g = ¥ B is the Zeeman angular frequency, 0g =
(611+022+G13)/3, Fo = (633-00) and F; = (01,-022)/N6 for
a chemical shift tensor with tensor values oy, o33 and
G33. In our previous analyses of 31P powder lineshapes
and magic angle spinning spectra of M13 and TMV, we
have described the net effect of fast, restricted backbone
motions of the encapsulated nucleic acid molecule in a
simplified way, as the effect caused by fast, restricted
diffusion of the phosphodiesters about the length axis of
the virions. Also here, we will assume that the
phosphodiesters undergo uniaxial diffusion restricted to
angles o € [ag—A, ag+A], fast enough 1o allow us to
replace D2y () (n = 0, £2) in eq. 2a by the average
Dp2n (Q) sinc(m'A), where Qg = (0o, B, 7) and
sinc(m'A) denotes the function sin(m'A)/m’'A, which yields

2 '
o0,@Q,Q)=00+0, T d. (0™ x
m=-2 2b)

x [ a2 4B+F, (¢ (B +d% (Be™") |sinc(ma)
The development of transversal coherence (.1
would follow from the solution of Eq. 1a. Unfortunately,
this equation cannot be solved analytically. For very slow
rotational diffusion with a coefficient D much smaller than
the static linewidth of about wglG33-G1;l, however,
spindensity may be assumed to stay close to its initial
orientation within times in the order of the decay time of
the free induction decay and it is then justified to linearize
Eq. 1a by approximating ®3(£)q, £2") for orientations
closely arcund any orientation Q'q = ($,0,yo) as
0r(Qo, L2'0) + 23,820, Q') (Y-Yo), Where 22 (C20, X'o)
denotes the derivative dw) /oy for ¥ = . The lincarized
¢q. 1a may be solved similarly to the case of spins
diffusing in a lincar field gradient (Slichier, 1978), from
which the two transversal components of spindensity at
orientations infinitely close to £2', may be derived as

llt(Q.- n'o’t)= Ga
exp|-Dr (Q, ) tin, (0, )ty (@, Q,,0)

47

2D-exchange 31P NMR of M13 and TMV

where
rl (Qﬂ' Q',) = [g l(no' Qlonz /3 (3b)
Analogously, a % pulse at time 7 afier the excitation pulse
produces an echo at time 27 given by
E(Q,Q,21)=

exp[-Dr (@, @) 2¢°|u, (0, @', 0)

Eq. 4 shows that in a first approximation very slow
overall diffusion causes a type of transversal relaxation
that is non-exponential, non-fluctuating and anisotropic.
An apparent relaxation time Tz, may be defined as the
time 27 at which the powder echo < E+(Rg, Q'0,27) >
decays to ¢! of its initial value, It follows from Eq. 4 that
Tae is inversely proportional 1o the cube root of D.

In the absence of T relaxation and spindiffusion, the
development of longitudinai coherence (2,57 t) is only
determined by the overall motion of the rod-shaped
virions. Therefore, from a given longitudinal coherence
distribution p,(Q,£'1,t1) at a specific time 1}, the
coherence distribution p5(€2,£2'2,t1+ty,) at a later time
t1+t;y can be calculated by integrating the fraction of
coherence associated to each virion orientation Q') =
{01, 01, w1) that is transferred to the onientation '3 =

{92. 62, y2) between 1) and t)+ty,
Q0,1 4,) =[P, Qut, Ju, (@t )de,

@

where P(Q2'21Q'1, tm) may alsc be regarded a(sS)the
conditional probability density of finding a virion in
orientation £2'3 provided that its orientation was Q'y a
time ty before. For uniaxial rotational diffusion of the
rod-shaped virions about their length axis, P({Q2'21Q'1, tm)
follows from Eq. 1bas

8((92_‘91) 5(92 _01)
(4xDt)"?

RQ, Q' t, )

©
(Wz _"|’|"2kﬂ:)2

4Dt, :I

where 8(d2-¢1) and 8(62-01) represent Dirac's delia
functions and the summation over k has been included in
the definition of P({221€21, t;) to let the integration
boundaries in Eq.3a be standard ones, more specifically
0 < y1 < 2n. If t; reduces to 0, P(£2'2l£2'1, ty;) becomes
the three-dimensional delta function 3(¢2-¢1) 5(62-01)
8(w2-y1), as expected.

The pulse sequence employed in our experiments to
record 2D-exchange NMR spectra is depicted in Fig. 1.
Transversal 31P magnetization is first created from 1H
magnetization using cross-polarization. During the
following evoluticn time ty the orientations of the virions
are indirectly probed by labeling 31P magnetization with
the anisotropic chemical shift. After tj, the x or y-
component is rotated along the z-direction and during the
following mixing time ty,, the orientations of the virus
particles are allowed to change. To probe the new
orientations, the z-magnetization of the 31P magnetization
is rotated back to the transversal plane and the echo

k=

x5 exp[
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produced by a x pulse at a short time A after back-rotation
is measured during the detection time tz. The NMR signal
that resuits from the puise sequence in Fig. 1 depends on
the phase shifts between the rf-pulses. By varying these
phase shifts different NMR signals can be generated which
in combination produce a purely amplitude modulated
signal

St.t,lt,)=@Bx" "l da da,d0’, RQ, |Q",1,) x

3
xexp[- Or.(Q,Q'}t, ]cus(mx(ﬂ, Q)t) x )

xexp[-Dr;(Q, Q') 21°+t,3)]m8(¢n‘(0,. Q,) t,)

as can be derived by use of Egs. 3a,3b.4a and 4b.

In principle, 2D-exchange spectra I{®),m7ity,) may
be simalated for various diffusion coefficients D by
Fourier transformation of the 2D signals S{ty,taitm)
generated by use of Eq. 7. The integration over chemical
shift wensor orientations {, virus orientations €' and
Q%, and diffusion coefficients D, however, makes such
calculations too lengthy to be of practical use, The
calculation time may strongly reduced by making some
approximations. First, lineshape effecis caused by
transversal relaxation during short echo delays 2t are only
small. This has been experimentally observed for M13 and
is also calculated theoretically for uniaxial diffusion of
M13 as a whole, if it is assumed that phosphodiesters are
randomly oriented within the phage (Magusin and
Hemminga, 1993b). The angular dependent relaxation
factor exp[-D 1{Qo.Q'2)213) in Eq. 7 may then be
approximated by an isotropic factor expl-D<r>213], which
can be drawn outside the angular integrals. This makes Eq.
7 symmetric with respect 1o exchange between t1 and 1,
so that 5(t1,t2ltm) needs only be calculated for t; < to,
which halves the calculation time.

A further reduction of calculation time is possible if
one single set of subspectra generated only once, can be
used in different combinations 10 simulate 2D-exchange
spectra for various diffusion coefficients and mixing dmes.
A similar procedure to analyse 2D-exchange spectra in
terms of jump angle distributions has been presented
elsewhere (Wefing et al., 1988, Wefing and Spiess, 1988).
P(Q'1Q", ty) (Egs. 6 and 8) depends on the mtation
angle AQ' = '9-0)'; rather than on the orientaiion angles
'z and 21 separately. After Fourier transformation, we
therefore apply the coordinate wansform (€1'y, Q'2) —
(£2'1, AQY o Eq. 7, substitute P(Q")1+AQ'1Q") ,ty) by
P(ALY tm), and finally approximate the integral over AQY'
by a summation over a set of subspectra I p(wq,m2!
AQ'y) for a series of equidistant values AQ', to obtain

(w,0,it,) = AL |t) 1 (0,0,|lAQ)) @®)

Strictly mathematically, subspectra In(wi,@21AQ')
still depend on the diffusion coefficient D through
transversal relaxation (Eq. 7}, so that different sets of
subspectra would still have 10 be calculated to simulate
2D-exchange spectra for different diffusion coefficients.
For long mixing times ty » t1, t2 > T2*, however, the
effect of transversal relaxation during t] and 2 on the ofi-
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diagonal intensity is generally negligible wilh respectto
the off-diagonal intensity caused by the large orientational
changes taking place during . As a consequence,
subspectra generated for some specific D value can actually
well be used to simulate exchange spectra for a complete
range of diffusion coefficients. In our calculations we
therefore make an artificial distinction between rotational
diffusion with diffusion coefficient D taking place during
t] and t2 and diffusion with coefficient D during t. A
value for Dy can be independently estimated from
transversal 31P relaxation measurements (Magusin and
Hemminga, 1993a), so that only the diffusion coefficient
D remains to be determined from 2D-exchange NMR
spectra. The subspectra are then given by
I(0,0,]AQ") =

@x*) exp[-D, <r>21"]/dt, ™" dt, 8"
jlda dg, exp[ -D,r.(Q, Q") t,’]cos(m (Q, Q') x

®

exp{ -D,r,(Q, Q,+AQ',) t:]oos(ml(n,, Q +AQ M,
Because P(AL'ty) does not depend on the sign of the
rotation (Eq. 6), the summation in Eq. 3 may be further
simplified by combining subspectra for positive and
negative AQ', beforehand, yielding
I{e,0,]A2)= (10)
I{(0,0,|AQ )+ I (0,0,-AQ"), if AQ £0
In(m |lm2|0)l ifAQ'ﬂ=0

In the derivation of Eq. 8 it is assumed that all virions
in the gel undergo rotational diffusion with the same
diffusion coefficient D. However, local viscosity
differences in the concentrated gels could exist, causing
variations in rotational diffusion. To include the effect of
motional inhomogeneity, it is assumed in the model that

T-t,

CP w2 w2 Tw

3Mp ti| t, {{A AD

FIGURE 1: pulsc sequence with 1H and 31P pulses (above and below,
respectively) used for 2D-exchange 31P NMR spectroscopy. CP
denotes the cross-polarization contact time. A 7 pulse creates the
echo measured during deteciion time 1. High-power proton-
decoupling is on during the evolution time 1y, refocussing delays &
and detection time t3. By decreasing the length of the final
decoupling pulse at increasing t], proton decoupling is on during &
constant time T, so that the sample-hesting caused by it is kept
constant to prevent temperature dnft.
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the logarithmic values log(D) of the diffusion coefficients
D are symmetrically distributed around some central value
log(D¢) according to a Gaussian density function with
characteristic width W (Wefing et al., 1988). For
simplicity, rotational diffusion during | and tp is
considered o be homogencous and independent from
diffusion during ty. For the case of inhomogeneous
diffusion, P(ALY',| t,y) in Eq. 8 must be replaced by

3(A0)5(A8)
2x(Wt,)"?

i exp[_ { o) Jos0) } ]

P(AQIL ) =

(an

1 - (Ay+2kx)

where Ad = ¢2—91, AD = 02-01 and Ay = yo—y. For
W approaching 0, Eq. 8 reduces to Eq. 6 again.

MATERIAL AND METHODS
Experimental Procedures

M13 and TMV were grown, purified and concentrated
to 30% (w/w) as described previously (Magusin and
Hemminga, 1993a). NMR spectra were recorded on a
Bruker CXP300 spectrometer operating at a 31P NMR
frequency of 121.5 MHz. 2D-exchange 31P NMR spectra
were recorded using the pulse sequence depicted in Fig. 1,
which involves cross-polarization 10 create transversal 31P
magnetization and a Hahn echo producing m pulse to
remove the effect of probe ringing on the weak signal.
Because of the dielectric properties of wet M13 and TMV
gels, the 7t/2 pulse was set to 5 pus on the weak 31P NMR
signal of the samples itself. The Hartmann-Hahn conditicn
necessary for cross-polarization was found by measuring
the 1H n/2 pulse length direcily on the water signal and
setting it equal to the 31P x/2 pulse length. The dwell
time was 5 pus and the carrier frequency was set to the
center of the 3tP resonance. To record spectra of M13, 1}
was systematically incremented by 5 us. For TMV the t]-
increment was 10 us. CYCLOPS phase altemation was
employed to remove the effects of pulse imperfections and
Time Proportional Phase Incrementing (TPPI) was used to
acquire the spectra in the phase-sensitive mode (Marion
and Wiithrich, 1983). Phase-cycling of the first proton
pulse suppressed the effect of direct 31P excitation on the
signal. Signals were recorded with 256 data points, To
avoid truncation effects and 1o obtain the best signal to
noise ratio within the measuring time available, the
number of t;-increments (NE) and the number of scans per
ti-increment (NS) were chosen differently for different
mixing times ty,. M13 specira for tn = 0.1 and 1.0 sec
were recorded with NE = 64 and NS = 1024. For 1, = 0.01
sec these numbers were both 128, TMV spectra were
acquired with NE = 128 and NS = 512, The repetition time
was 1.1 sec. Two dummy scans were used to get the
spinsystem in a steady state. High power proton
decoupling was on during cross-polarization (1.0 ms), the
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variable evolution time ti, refocussing delays t© and
acquisition time tag (1.4 ms). An extra decoupling delay at
the end of the pulse sequence was shortened at increasing
11, so that the total decoupling time per experiment was
kept constant at approximately 3 ms. In this way, the
temperature could be kept constant at 30 °C throughout
the experiment by use of a Bruker temperature unit, as
checked using a fluoroptic thermometer as described
previously (Magusin and Hemminga, 1993a). Sample
tubes were sealed with a two-component glue to keep the
water content in the gel constant which was checked by

Simulation Procedures

2D-exchange 31P NMR spectra at 121.5 MHz were
simulated for M13 using Fortran programs derived from
the equations in this paper. For the chemical shift tensor
of 31P nuclei in M13 the relative tensor values 61-0, =
77 ppm, 622-G,, = 18 ppm and G33-G, = -95 ppm (where
G, is the isotropic shift) were taken (Magusin and
Hemminga, 1993a, Magusin and Hemminga, 1994). In
the simulations it was assumed that a random distribution
of shift tensor orientations exists within M13. To analyse
experimental spectra, a set of 16 subspectra was first
generated in a numerical way approximating Eq. 9 for a
series of jump angles AQ', = (0,0,Ayy) with Ayy, being
maitiples of 0.2 rad between 0.0 and 3.0 rad. Next, these
subspectra were combined according to Eq. 8 with P(ALY']
tm} or P(ACY tr,) calculated for various mixing times and
diffusion coefficients. These linear combinations were
fited 10 the experimental spectrum allowing height of the
simulated spectrum to vary. The best fitting linear
combination was found by comparing the variance
between the theoretical spectra and the observed spectrum,

RESULTS
Fig. 2 shows contour plots of the 2D-exchange 3P NMR
spectra of 30% MI13 and 30% TMV recorded with a
mixing time ty, = 1 sec. To facilitate comparison between
the two, the contour in the TMV spectrum has been drawn
at the same relative intensity level, 23%, as the middle
contour in the M13 spectrum. For TMV, this contour lies
practically on the diagonal, indicating that most
phosphodiesters in TMV do not undergo large
reorientations at the timescale of seconds. In contrast, the
23% contour in the spectrum of M13 illustrates a large
spread of spectral intensity in the frequency plane. The
approximately hexagonal shape of the 10% contour
reflects the three discontinuities in the onc-dimensional
31P powder lineshape. At shorter mixing times, these
discontinuity features of the 10% contour become less
prominent. Narrower, ¢lliptically shaped contours are
observed in spectra recorded with by, = 0.1 sec. The width
of thig ellipse further reduces as t; decreases to 0.01 sec
and for ty, S 0.001 sec, only a narrow diagonal ridge is
visible in 2D-exchange NMR spectra of 30% M13.
Theoretical sindies have pointed out that homogeneous
jumplike motions would often cause characteristic ridge
patterns to show up in 2D-exchange spectra (Wefing and
Spiess, 1988; Wefing et al., 1988). No such ridge pauerns
are present in 2D-exchange spectra of M13. Instead,
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FIGURE 2: 2D-exchange specira of M13 and TMV for iy, = 1 sec. The contours shown for M13 represent levels of 10, 15, 23, 33 and 50% with
respect Lo the highest intensity at the 622 position on the diagonal. Only the 23%-contour is shown for TMV. P2 and P1 are the spectral

projections on the v2- and v} -axis, re

;%ectively, S+ denotes the ?eaml
diagonal. Prequency ranges shown are 50 kHz for P2 and P1, 50 x ¥2 kHz for S+ and 50/ V2

used to create the figure,

intensity curves in spectral cross-sections taken at right
angles with respect to the spectrum diagonal, generally
have gaussian shapes, gradually broadening at increasing
tm. Such type of anti-diagonal broadening is indicative for
rotational diffusion dominating 2D-exchange (Wefing et
al., 1988). Interestingly, 2D-exchange spectra of 15%
M13 recorded with mixing times of 0.001 and 0.01 sec
(not shown) are very similar to the 30% M13 specira
recorded with mixing times of 0.01 and 0.1 sec,
respectively (Fig. 3). This directly indicates that, if one
type of motion mainly underlies the observed off-diagonal
broadening at both concentrations, this motion should be
about ten times faster in 15% than in 30% M13 gels.
This, in tum, would agree with the factor 8 difference
between the diffusion coefficients, which we estimated
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cross-section slong the disgonel and P- is the projection on the anti-
z for P—. No filtering or symmeirization has been

previously by interpreting transversal relaxation in terms
of slow overall rotation of the rod-shaped M13 virions
about their length axis (Magusin and Hemminga, 1993a).

Remarkably, the diagonal cross-section S+ in 2D-exchange
spectra of M13 and TMYV recorded even at vanishing
mixing times (10 us) strongly differs from the
corresponding 1D 31P NMR spectra. Discontinuities are
generally more pronounced in S, than in the projection P,
on the v, axis, which represents the Fourier transform of
the time-domain cross-section S(0, tzite). In the absence
of T; anisotropy, P2 should be similar to the 1D
spectrum. This phenomena cannot be expiained by the
experimental asymmetry of the t; and t; time domains
with regard to the Hahn-echo pulse-sequence preceding t;,
but not 1; (Fig. 1). The absence of a true ¢ = 0
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measurement would disiort the projection P) on the v
axis more, than the lineshape in the diagonal spectrum S,
which would be some average between the Py and Py
lineshapes. Obviously this is not the case, because P; and
P, are practically the same, whereas S, differs from Py
and Pj significantly (Fig. 2}, It will be shown below, that
T2, anisotropy provides an explanation for the observed
lineshape in the diagonal spectrum. Less pronounced than
the difference between S and Py, but still well visible, is
the lineshape change in S; as a function of ty, (Fig. 4).
Especially for TMV, the spectral intensity around the o2
chemical shift position is observed to shrink with respect
to the lineshape as a whole at increasing ty,. Below, this
effect will be tentatively assigned lo anisotropic

spindiffusion,

2D-exchange 31P NMR of M13 and TMV

DISCUSSION

As demonstrated previously, a combination of slow
overall motion of the rod-shaped viruses M13 and TMV
about their viral axis and fast restricted backbone motion
of the encapsulated nucleic acid molecule can provide a
consistent explanation for the motional effects on the
observed 31P NMR powder lincshapes and transversal
relaxation (Magusin and Hemminga, 1993a; Magusin and
Hemminga, 1994). We have employed two-dimensional
31P exchange NMR spectroscopy to investigate the slow
overall rotation of the rod-shaped virions about their
length axis in more detail. The absence of off-diagonal
broadening in exchange spectra recorded for TMV with
mixing times t < 1 sec, immediately shows that the
diffusion coefficient D, for overall motion of 30% TMV
18 below the upperlimiting value of 3 Hz, which we have
previously estimated from nonspinning transversal
relaxation assuming it to be caused by slow overall
motion only (Magusin and Hemminga, 1993a). MAS T3,

a b
(I
c d '
022 —— ] s
011 o '

FIGURE 3: Contour plots of the spectra recorded for yy; = 0.001 (a), 0.0t (b), 0.1 {c) and 1 sec (d) respectively. Contour levels are the same as in
Fig. 2. The hexagon reflecting the chemical shift tensor values 011, 622 and 633 (see text), is also illustrated in Fig. 3d.
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M13 T™MV

Cc

FIGURE 4: 1D spectra (row 3} and diagonal spectra for iy =0.01 sec
(row b) and 1 sec (row c) for M13 and TMV, respectively.

studies have revealed the presence of an additional
relaxation mechanism, perhaps related to fast backbone
motions of the encapsulated RNA molecule (Magusin and
Hemminga, 1994), which could well be responsible for
haive of the observed nonspinning relaxation. Because Ta.
oc Do-173 (see definition below Eq. 4), this would indicate
that Do is actually in the order of 10-1 Hz. Indeed, slow
overall rotation in the sub-Herz range would be consistent
with the absence of broadening in exchange spectra
recorded with ty, = 1 sec. In contrast to TMV, the
exchange spectra obtained for M13 already start to broaden
for ty = 0.01 sec, which roughly agrees with the 50 Hz
estimated for overail motion from nonspinning relaxation.

To extract quantitative information from the
experimental results obtained for M13, the previous model
for nonspinning sampies (Magusin and Hemminga,
1993b) has been extrapolated to 2D-exchange NMR
experiments. In both the previous and present mode, the
motions of the nucleic acid phosphodiesters are
collectively described as fast, restricted rotation about the
virion length axis characterized by a single "cumulative
amplitude” A, which may be compared 1o the general order
parameter S in Maodel Free relaxation analyses (Lipari and
Szabo, 1982a, Lipari and Szabo, 1982b). Off course,
uniaxial rotation about the viral axis is a simplified model
to describe the net effects of the various types of
constrained and concerted backbone motions that occur
inside M13 or TMV. The cumulative amplitude A may be
regarded as a parameter characierizing the pseudo-static
motional narrowing of one- and two-dimensional 3P
powder lineshapes caused by fast backbone motions. In the
analysis of the 2D-exchange spectra presented in this
paper, A is not treated as a variable fitting parameter, but
is fixed to the value previously estimated on the basis of
the observed 1D lineshape (Magusin and Hemminga,
1993a). Another simplification is that our model
distinguishes between overall diffusion of the virus
particles during the mixing time ty,, and virion diffusion
during the evolution time t; and acquisition time t2. As
mentioned under Theory, this artificial distinction speeds
up the spectral analysis, because various 2D-exchange
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spectra can be simulated using a single set of subspectra
generated for an a priori selected value for the overail
diffusion coefficient Dy during t) and t2. Dy has already
been determined independently on the basis of Ty,
measurements (Magusin and Hemminga, 1993a). A
posteriori, D, and the overall diffusion coefficient
extracted from off-diagonal broadening during 1, will be
compared. Despite its relatvely simple character, our
model still contains quite a number of parameters. In our
anaiysis of 2D-exchange spectra, however, A, D, and the
chemicalshiftlemvaluescu,cnmdcwaremwdas
constants with values based on previous lineshape and
relaxation analysis. As will be discussed, the change of the
2D-exchange spectrum at varying tm, will be solely
interpreted in terms of slow overall rotation of the virus
particles about their length axis during ty, which for
homogeneous diffusion is characterized by the coefficient
D as a single fitting parameter only, and for
inhomogeneous diffusion by the central diffusion
coefficient D, and the distribution width W,

We have used Egs. 9 and 10 to caiculate 16 subspectra
I, (w00 AQ',), where AQ', = (0, Ayy, 0), Ay,
being equidistant muitiples of 0.2 rad between 0.0 and 3.0
rad. For the restriction halfangle A and the overall
diffusion coefficient Dy, the values 0.75 rad and 50 Hz
were first selected in accordance with the cutcome from
previous analyses of 1D 31P lineshapes and transversal
relaxation (Magusin and Hemminga, 1993a). Using this
set of subspectra and assuming a Gaussian distribution of
rotation angles AQQ';, typical for homogeneous, uniaxial
diffusion (Eq. 6), subspectra combinations according to
Eq. 8 can be made that fit well to every experimental
exchange spectrum recorded for M13 separately. Spectra
recorded for mixing times ty, = 0.01, 0.1 and 1 sec are best
simulated for different diffusion coefficients D= 15, Sand
1.7 Hz, respectively (Fig. 5). However, no D value is
found that produces good fits to the three spectra together.
In a first attempt, we tried to reduce the difference among
the resulting D values by introducing extra transversal
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FIGURE 5: Plot of the (central) overall diffusion coefficient estimated
from exchange specira of M13 against ty. (+) homogeneous
diffusion; (0) a log-Gaussian distribution of diffusion coefficients
with W = 1.8 (Eq. 11).
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relaxation during t; and t2 into the model. This adds an
extra (y-independent spectral broadening to simulations,
which especially influences the simulated spectra for short
mixing times. If, for instance, subspectra are generated for
Do = 400 Hz instead of Dg = 50 Hz, the (-independent
homogeneous broadening is roughly doubied {sec
definition of T, below Eq. 4). As a result, reduced D
values of 6.9, 3.6 and 1.3 Hz are obtained for ty = 0.01,
0.1 and 1 sec, respectively. Indeed, increasing Dy, reduces
the D value resulting from spectral simulation for short tm
more, than for long ty, and thereby suppresses the
difference among D values found for different ty,.
However, Dy 2 400 Hz would be inconsistent with the
diffusion coefficient of 50 Hz found in our previous
relaxation analysis (Magusin and Hemminga, 1993a) and
would also disagree with the extremely narrow diagonal
ridge observed in the exchange spectrum recorded for ty, =
10 ps {not shown).

Obviously, the simple model employed to analyse 2D-
exchange spectra in the above discussion, cannot provide a
consistent explanation for the exchange spectra recorded at
various mixing times together. To remove this
inconsistency, we have tested several model-variants on
the basis of some previously expressed, tentative ideas
{Magusin and Hemminga, 1993a), For instance, because
simulations of the 1D 31P NMR spectrum of 30% M13
are slightly improved by the assumption that the backbone
of M13 DNA consists of 83% immobile and 17% mobile
phosphodiesters, we have tried both fast- and intermediate-
exchange two-component models. Under fast exchange
conditions, on the one hand, motional narrowing would
cause the contribution by a maobile phosphodiester fraction
to the 2D-exchange spectrum to be a narrow intensity
pattern close o the diagonal even at long ty,. Such effect
could qualitatively explain why the diagonal ridge observed
in M13 spectra recorded with t,, = 1 sec is relatively
narrow, as compared to the already quite broad diagonal
ridge abserved for ty = 0.01 sec. In the intermediate
exchange case, on the other hand, the mobile
phosphodiesters undergoing motions in the 104 - 105 Hz
frequency range, would contribute a broad, practically ty,-
invariant intensity pattern to the exchange spectrum
recorded with ty, = 102 sec. A broad intensity pattern in
the exchange spectrum would lead to an overestimation of
the overall diffusion coefficient D, especially at short ty, =
10-2 sec. This could possibly explain the difference
between the estimated D values at various ;. We have
also checked if 2D-exchange spectra of M13 actually
reflect some preferential orientation of the phosphodiesters
with respect to the viral axis. An anisotopic distribution
of phosphodiester orientations, e.g. such that most ¢33~
components were parallel o the viral axis, could lead to a
narrower intensity pattern at long ty, than expected from a
random distribution. On the basis of a previous
comparison of structural parameters (Magusin and
Hemminga, 1993a), a model has been set up, in which
83% phosphodiesters is oriented with respect to the viral
axis as in B-DNA with respect to the helical axis.
Unfortunately, none of the above three model-variants is
able t0 remove the apparent inconsistency between the
exchange spectra recorded with various ty, or even to
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FIGURE &: Simulation of nonspinning transversal relaxation for a log-
Gaussian distribution ofdifgl:i'£meﬁ'idn=1u with D¢ =25 Hz and
W = 1.5 (Eq. 11), superimposed on 3-ms exponential melaxation
caused by fast nucleic acid backbone motions, as estimated from
MAS experiments (sce text). The broken line illustrates the
previously published simulation for homogencous overall motion
with a diffusion coefficient of 50 Hz (Magusin and Hemminga,
1993a).

produce better simulations for each of the experimental
spectra separately. Our previous, tentative assumption that
two phosphodiester fractions exist within M13, can
neither be justified, nor rejected on the basis of the M13
exchange spectra. ,

As noticed previously (Magusin and Hemminga,
1993a), 31P transversal relaxation decays observed for M13
are steeper at short echo times 2t < 0.2 ms, than the
theoretical curves that fit best to the whole set of echoes
measured up to 2t = 1.6 ms (Fig. 6). This could indicate
that part of the virions diffuses more rapidly, than expected
from the average diffusion coeffcient. Such motional
inhomogeneity wouid be characterized by a spread of
overall diffusion coefficients. Assuming a log-Gaussian
distribution characterized by a central value D¢ and a width
parameter W (Wefing et al., 1988), the spread of rotation
angles P'(AQ t,) resulting from the overall diffusion of
the rod-shaped virions about their length axis can be
derived as a function of ty, (Eq. 11). Using the same sets
of subspectra I,%(0y,0,] AQ') as employed for testing
the models discussed above, combinations can be made for
different valves for D. and W and compared with the
experimental spectra, For cach of the above discussed
models adapted for motional inhomogeneity, a pair of
values for D; and W can be obtained which consistently
explains the observed M13 spectra recorded with ty, =
0.01, 0.1 and 1 sec. For instance, using the single
component model with Do = 50 Hz and A = 0.75 rad,
exchange spectra can be simulated for Do =25 Hzand W =
1.5 which fit well to the three experimental spectra (Figs.
5 and 7). Most virions in 30% M13 geis thus seem to
undergo overall rotational diffusion with coefficients in a
range of three decades around 25 Hz, i.e. between 1 and
1000 Hz. An upperiimit of 1000 Hz would still agree with
the absence of sideband broadening in the observed MAS
spectra (Magusin and Hemminga, 1994). The central
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cverall diffusion coefficient D¢ = 25 Hz estimated from the
exchange spectra, is twice as small as the homogeneous
overall diffusion coefficient Do = 50 Hz determined from
transversal relaxation. Because Tj. is inversely
proportional 10 the cube root of the diffusion coefficient,
slow overall diffusion seems to be responsible for about

2-1/3 = 80% of the observed relaxation. The remaining
20% is indicative for some extra relaxation mechanism
with T,. = 3 ms at a 31P resonance frequency of 121.5
MHz. Such value would well agree with the MAS Toe
vaiue of 1.3 ms previonsly measured at 202.5 MHz for
25% M13, which we ascribed to fast nucleic acid backbone
motions (Magusin and Hemminga, 1994). Indeed, if we
repeat the previous simulation of the nonspinning
transversal relaxation decay while this time taking into
account a log-Gaussian distribution with W = 1.5 arcund
D = 25 Hz and extra relaxation with T = 3 ms by fast
backbone motions, an even better fit is obtained than the
previously published simulation (Fig. 6) (Magusin and
Hemminga, 1993a). Motional inhomogeneity in gels of
M13 is probably caused by the tendency of the
bacteriophages to form variously sized aggregates (Day et
al., 1988).

The agreement between exchange spectra simulated for
D¢ =25 Hz and W = 1.5 and the experimental M13 spectra
recorded with various ty, is illustrated by the theoretical
and experimental Py projections, P_ projections and S,
sections in Fig. 7. P, projections of the experimental
spectra arve slightly larger than those of the simulated
spectra that fit best 1o the observed 2D spectra as a whole.
This could be an experimental artifact caused by the
merging of the first two 31P puises in the pulse sequence
for 11 = 0 (Fig.1). The good fit between experimental and
simulated spectra indicates that the difference between the

0.01 sec 0.1 sec 1 sec

WAV

N
A Ao A
A

FIGURE 7: Comparison of theoretical (—) and experimental (- - -)
2D-exchange spectra of Mi3 for various iy, reflected by

ection and diagonal spectra (see Pig. 2). Theoretical spectra
E:?f]e been ulcu.lned for a dm.ﬂbunonsof diffusion coefficients

with Dg = 25 Hz and W = 1.5 (Eq. 11) and fitted to the
experimental 2D-exchange spectra as a whole.

2D-exchange 31P NMR of M13 and TMV

projection spectra and the diagonal spectrum observed for
M13 and TMV can mainly be explained by the anisotropy
of the transversal relaxation caused by slow overall
rotation. T, anisotropy could perhaps also explain the
fact that the 31P NMR lineshape of 10% TMV (Cross et
al., 1983) scems to be be less motionally narrowed than
the one observed for 30% TMV observed by us.

The relative shrinking of the o2z discontinuity on the

diagonal in 2D-exchange spectra of M13 and TMV with
respect to the other two discontinuities for ty, > 0.01 sec,
is not well accounted for by our model. We tend to assign
this effect to 3P spindiffusion. Distances between
neighbouring phosphediesters in M13 are probably similar
to those in TMV, which vary between 5.4 and 7.5 A
{Opella and DiVerdi, 1982, Stubbs and Stauffacher, 1981),
Such internuclear distances indicate weak 31P - 31p
couplings of < 100 Hz. Spindiffusion effects would thus
indeed be expected in exchange spectra for ty, > 0.01 sec.
Effective homonuclear coherence transfer, however, would
be limited to neighbouring 31P nuclei with chemical shifts
that differ less than the coupling size, thus 1 ppm at 121.5
MHz, unless motions in the 103-104 Hz range would be
present, bridging chemical shift differences across the 31P
powder resonance line. A narrow shift matching condition
would be consistent with the narrow ridge observed in
exchange spectra of TMV. The shrinking of the a3
discontinuity is most easily explained in a gualitative
manner by use of our M13 model, in which the shift
tensor orientations of neighbouring 31P nuclei are assumed
to be completely uncorrelated. As illustrated by the powder
lineshape itself with its maximum at Gy, any 31P spin
within M13 would have relatively many 31P spins with a
chemical shift close to G5y around itself. Because the
effectiveness of spindiffusion between 31P spins depends
upon their chemical shift difference, 31P spins with a
chemical shift close to 03, relax faster than other spins.
This would explain the observed shrinking of the g22
discontinuity on the diagonal in exchange spectra of M13,
For TMV, a similar explanation would have to include the
regular geometry of the encapsulated RNA molecule,
which causes the chemical shift tensors of neighbouring
phosphodiesters not to be randomly oriented with respect
to each other, Because motions in the 103-10¢4 Hz range
seem 1o be largely absent in concentrated M13 gels
(Magusin and Hemminga, 1994), spindiffusion effects in
exchange spectra of M13 are probably concentrated on the
diagonal, like for TMV. Therefore, the various observed
off-diagonal intensity patterns probably reflect the pure
effect of slow overall motion of the rod-shaped viruses
only.

CONCLUSION

2D-exchange 3'P NMR spectroscopy is a powerful
technique to study the slow overall motion of the rod-
shaped viruses M13 and TMV. Spectra of 30% TMV
recorded with ty, < 1 sec do not show any off-diagonal
broadening, indicating that TMV particles in concentrated
geis are extremely immobile, even at a timescale of
seconds. For 30% M13, a log-Gaussian distribution around
25 Hz of rotational diffusion coefficients mainly spread
between 1 and 103 Hz must be introduced to reproduce the
2D-exchange NMR spectra recorded at various mixing




Magusin and Hemminga

times in a consistent way. Taking this distribution and a
minor relaxation contribution caused by fast backbone
motion into account, an even better fit to the nonspinning
transversal relaxation decay is obtained, than published
previously for homogeneous diffusion (Magusin and
Hemminga, 1993a). The shrinking of the oo discon-
tinuity on the diagonal with respect to the lineshape as a
whole at t, = 0.1 sec, cannot be explained by slow
overall motion, but seems to be caused by spindiffusion
beiween 31P nuclei with chemical shifts that differ less
than 1 ppm.

This paper is the last on¢ in a series of four, in which
models have been developed and tested to explain the
results of various 3P NMR experiments observed for
intact M13 and TMYV virus particles in concentrated gels.
At this stage, it is worthwhile to present a brief overview
to show advantages and limitations of the specific NMR
techniques employed by us, for investigating large
nucleoprotein complexes, such as M13 and TMV, in
general (Tab. 1). In these systems, 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. High-
power 1H-decoupled 1D 31P NMR spectra observed for
nonspinning samples of these complexes contain a single
broad resonance line reflecting the average 31P chemical
shift anisotropy (CSA) typical for phosphodiesters in
DNA or RNA. The strong CSA-broadening, however,
tends to mask the small differences among the
phosphodiesters of the complexed nucleic acid (Magusin
and Hemminga, 1993a). Such phosphodiester
inhomogeneity, indicating e.g. inequivalence among
binding sites, is best studied using 3'P MAS NMR
spectroscopy (Magusin and Hemminga, 1994), 31P MAS
NMR spectra of TMV show two resolved sideband
patterns with an overall intensity ratio of approximately 2,
reflecting the three types of phosphodiesters in TMV. In
conirast, MAS NMR spectra of M13, only contain a
single, relatively broad centerband flanked by sidebands,
indicating that a continuous distribution of phosphodiester
conformations exisis within the phage. Nucleic acid
backbone motions perhaps underly the observed decrease of
inhomogeneous linewidih at increasing temperature and
hydration by partly averaging the conformational
differences.

31P NMR spectroscopy is also a powerful tool to
study the mobility of the complexed nucleic acid in a
broad frequency range. For the viruses M13 and TMV
studied by us, the observed motional narrowing of the 31P
NMR lincshapes is indicative for restricted motion with
frequencies in the order of the static linewidth or larger (&

gg Hz). In contrast, 31P transversal relaxation measured
for nonspinning M13 at various temperatures and
hydration percentages, indicates motion in the slow or
intermediate frequency region. We have shown by
simulation that simple models, such as isotropic and rigid-
rod diffusion, cannot reproduce the experimental data.
Instead, a consistent description is offered by a combined
diffusion model, in which the lineshape is dominated by
fast internal DNA motions and transversal relaxation
reflects siow overall rotation of the virions about their
length axis. The nce of phosphodiester motions with
frequencies 2 10° Hz is confirmed by the fact that sideband

2D-exchange 3P NMR of M13 and TMV

intensities in MAS spectra of dilute M13 gels seem to be
affected by motions without the sidebands being broadened
(Magusin and Hemminga, 1994). The presence of slow
motion is confirmed by the fact that 31P iransversal
relaxation is strongly suppressed by MAS. From the
spinning-rate dependent part of transversal relaxation,
overall diffusion coefficients can be extracted in perfect
agreement with those obtained from transversal relaxation
under nonspinning conditions. The part of transversal
relaxation which does not depend on the spinning-rate, is
assigned to the same phosphodiester motions which also
cause the motional narrowing of the 31P resonance line,

If the nucleic acid backbone is svfficiently
immobilized within a nuclecprotein compiex, detailed
information about motion of the complex in the sub-kHz
range can be obtained by use of 2D-exchange 31P NMR
spectroscopy. Comparison of the off-diagonal intensity
patterns in 2D-exchange spectra recorded with various
mixing times provides insight in the distribution
of . motional amplitudes and correlation times involved.
2D-exchange spectra of TMV demonstrate that the virus is
less mobile than estimated from transversal relaxation
alone (see Discussion), indicating that overall motion
causes only part of the observed nonspinning Taz.-
relaxation. Exchange spectra of M13 obtained for various
mixing times suggest that overall diffusion of the virus
particles in the sticky gels is inhomogeneous.

Table 1: sons of information about phosphodiester structure, nucleic
acid backbone motion and ow: virion motion obtained in our
study of M13 and TMY illustrating the use of different 3P NMR
techniques for investigating nucl complexes, in general,
For the rod- shlped 13 and TMV viruses, the observed motional
effects on 31P NMR and transversal relaxation can be
explained by a combmauon of slow rotational diffusion of the
virions about their length axis and fast restricted motions of the
encapsulated nucleic acid molecules. In contrast 1o the threc

distinct © of phosphodiesters in TMV, a continuous distribution
of phos, iester conformations seems to exist in M13.
of nucleic acid virion oversll
'W o dgbao! phosphodieser pacloio aci ”
nonepirming lineshape conformation smplitude
1D IPNMR
.
relaxation ccofficiont
centerband distributica of conformational
spinning 1D
n sidoband cumulative
PNMR iwoaities umplitade
spectroacopy ¢ average
eransversal efoctive diffosion
rolaxation Sroquency o
onwpining
-exchangs distribution of
[ ad diffosion
Np NMR snalysis confficicrss
m'

M.ngunn and Hemminga, 1993a
* Magusin and Hemminga, 1994
t this paper
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FIGURE 1: adaj
coordinates

Since 1977, a number of publications have appeared,
which deal with the structure of the RNA molecule in
TMYV (Stubbs et al., 1977; Stubbs and Stauffacher, 1981;
Cross et al., 1983; Namba et al., 1989). In comparing
these papers, we found that the names of the nucleotides
are not consistently used. This has already been noted in
Chapters 3 and 4 (Magusin and Hemminga, 1993;
Magusin and Hemminga 1994). The purpose of this
appendix is to exemplify this in more detail.

Fig. 1a is part of a figure published in 1977 (Stubbs
et al., 1977) and illustrates the position of the phosphates
and the bases along a radius. Because ¢ increases from
left to right, the figure may be regarded as a schematic
view from a point cutside the virus towards the central
core. Two bases are sticking up in z-direction, while the
third is pointing away from the central core towards the
reader. In this publication, the phosphate near Argdl is
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figures from (Stubbs et al., 1977) (a), (Namba e1 al., 1989) (c) and (Cross et al., 1983) (d), and figure based on model
bbs and Stauffacher, 1981) (b}, illustrating positions of the phosphates and the bases along the RNA molecule (see text)

defined as phosphate 1, while Arg90 and Arg92 are close
to the phosphates labeled 2 and 3, respectively. Thus,
labeling occurs in the direction of decreasing ¢.

In 1981, Stbbs and Stauffacher published a table
with model coordinates for a hypothetical poly-A RNA
molecule encapsulated in TMV, based on x-ray diffraction
data (Stbbs and Stauffacher, 1981). Using their
coordinates, we have constructed Fig. 1b, which shows,
for the three binding sites, the positions of the
phosphorus atoms and the nitrogens at positions 1, 3, 7
and 9 in the bases. The positions of the phosphates and
the orientations of the base planes in Fig. 1b roughly
correspond to those in Fig. 1a. However, the phosphates
in Fig. 1b are labeled in the direction of increasing ¢. As
compared to Fig. la, the labels of phosphates 1 and 2
have been interchanged. In this thesis, we standardly use
the phosphate labeling illustrated in Fig. 1b. In terms of
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this standard phosphate labeling, Fig. 1a thus suggests
that Arg90 and Arg92 form salt-bridges with the
phosphates 1 and 3, respectively.

Fig. 1c¢ is part of a figure presented by Namba et al.
in 1989. The viral axis is vertical, to the left of the
figure. Bases 1 and 3 are thus sticking up and base 2 is
pointing outward, so that the figure and the base labeling
are consistent with Fig. 1b. It seems reasonable 1o
assume therefore, that phosphate labeling is also the
same, In contrast to Stubbs et al. in 1977 (Fig. la),
Namba et al. suggest that Arg90 and Arg92 closely
interact with phosphates 1 and 2, respectively, and thus
tacitly introduce a change in one of the the salt-bridges.

As indicated in Fig. 1d, yet another phosphate
labeling is used by Cross et al. in 1983, who, apart from
the phosphate labels, copied their figure from the paper
by Stubbs and Stauffacher (Stubbs and Stauffacher,
1981). Fig. 1d represents a view down the z-axis,
whereby bases 1 and 3 have been omitted because they
protrude out of the plane, towards the reader (Stubbs and
Stauffacher, 1981). Note that phosphate labeling occurs
in the direction of decrcasing ¢, as opposed to the
labeling in the articles by Stubbs and Stauffacher in 1981
(Fig. 1b} and Namba et al. in 1989 (Fig. 1¢). Phosphates
labeied 1, 2 and 3 in Fig. 1d correspond to the phosphates
3,2, 1 in Fig. 1b, respectively.

Cross et al. have further labeled the three resonance
lines in the 31P NMR spectrum of oriented TMV
solution, from left to right in the spectrum, as A, C, B,
which they tentatively assigned to sites 1, 3 and 2,
respectively. We have repeated their 1P chemical-shift
calculation on the basis of the model-coordinates
presented by Stubbs and Stauffacher in 1981. Based on
this calculation, we have alternatively assigned the
resonance lines A, C and B 1o phosphates 1, 2 and 3,
respectively, in Chapter 3. Table T summarizes the
relations between the different ways of nucleotide labeling
in the literature.
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TABLE 1: Labeling of the three binding sites in
TMYV in different publications

1 % § §

1 2 3
2 1 2
3 3 1

Nl

* Stubbs and Stauffacher, 1981
t this thesis

¥ Siubbe et al., 1977

§ Cross et al, 1983
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Summary

In this thesis, the results of various 31P NMR
experiments observed for intact virus particles of
bacteriophage M13 and Tebacce Mosaic Virus (TMV), are
presented. To explain the resulis in a consistent way,
models are developed and tested. 31P nuclei in M13 and
TMYV are only present in the phosphodiesters of the
encapsulated nucleic acid molecule. Therefore, 31P NMR
spectroscopy reveals structural and dynamic properties of
the nucleic acid backbone selectively without isotope
labeling, even though the virus particles largely consist of
coat proteins, In the Introduction (Chapter 1), it is
discussed that the 31P chemical shift is sensitive to local
nucleic acid backbone geometry and that the 31P NMR
relaxation is dependent on the isolated and collective
backbone motions. As shown in Chapter 3, high-power
1H-decoupled one-dimensional 31P NMR spectra observed
for nonspinning samples of M13 and TMV contain a
single, broad line dominated by the 31P chemical shift
anisotropy (CSA), which masks any structural
inequivalence among the encapsulated phosphodiesters.
However, these spectra do contain interesting mobility
information. On the one hand, they show that the nucleic
acid molecule in each of the viruses is strongly
immobilized in comparison to free nucleic acids in
solution, as a result of interactions with the protein coat.
On the other hand, the 31P resonance lineshapes show
clear signs of motional narrowing, which is indicative for
{restricted) motion with frequencies in the order of the
static linewidth or larger (= 104 Hz). In contrast, the
nonspinning 3P transversal relaxation measured for M13
indicates motion in the slow or intermediate frequency
region as compared to the static linewidth (< 104 Hz),
because Toe becomes shorter as the viscosity of the gel
decreases,

To analyze the results in a more quantitative manner,
three different rotational! diffusion models for the
phosphorus motion are developed in Chapter 2. These
models are first tested at a theoretical level to get a feeling
for their accuracy and to check their correspondence with
standard theories under appropriate limiting conditions.
Simulations show that a clear distinction between the
effect of motional amplitnde and frequency cannot be made
within experimental error on the basis of one-dimensional
spectra or transversal relaxation alone. However, these
parameters can be extracted from the combined data. For
fast motions, the transversal 31P NMR relaxation predicted
by our models is consistent with standard Redfield
relaxation theory. The relaxation effects caused by ultra-
slow rotational diffusion closely resemble the effects of
translational diffusion of water protons in an
inhomogeneous magnetic-field gradient. It is discussed in
Chapter 3, that simple models, like isotropic and rigid-rod
diffusion cannot reproduce the experimental data_ Insiead, a
consistent description is offered by a combined diffusion
model, in which the 31P NMR lineshape is dominated by
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fast internal DNA or RNA motions, and transversal
relaxation reflects slow overall rotation of the rod-shaped
virions about their length axis.

To obtain more specific structural information, magic
angle spinning (MAS) NMR spectroscopy is employed,
which breaks up the broad 31P NMR lineshape into a
sharp centerband at the isotropic chemical shift position
flanked by rotational sidebands {Chapter 4). MAS 31P
NMR spectra of TMV show two resolved sideband
pattems with an overall intensity ratio of approximately 2,
which are assigned to the three types of phosphodiesters in
TMYV on the basis of RO-P-OR' bondangles and supposed
arginine bonding effects. In contrast, MAS 31P NMR
spectra of M13, only contain a single, relatively broad
centerband flanked by sidebands, indicating that a
continuous distribution of phosphodiester conformations,
rather than a few distinguishable, exists within the phage.
The observed decrease of inhomogeneous linewidth at
increasing temperature and hydration could perhaps be
caused by some sort of "conformational averaging” as a
consequence of nucleic acid backbone motion, This is
illustrated by use of a simple model, which shows the
lincshape effects caused by fast restricted fluctuation of the
dihedral angles between the POC and the OCH planes on
both sides of the 31P nucleus in the nucleic acid backbone.
The presence of internal phosphodiester motions with
frequencies = 10° Hz, as concluded from the motional
narrowing of nonspinning 3P NMR lineshapes in
Chapter 3, is confirmed by the deviation of sideband
intensities in MAS 31P NMR spectra of dilute M13 gels
from the theoretical values for solid powders, No dramatic
broadening of the sidebands is observed, indicating that
motions with frequencies in the order of the spinning rates
applied (103 Hz) are absent. Backbone motions also seem
to be the main cause of transversal relaxation measured at
spinning rates of 4 kHz or higher. At spinning raics below
2 kHz, wransversal relaxation is significantly faster. This
dependence of T2e on the spinning rate is assigned to
slow, overall rotation of the rod-shaped M13 phage about
its length axis,

Both nonspinning and MAS 31P NMR spectra are
analyzed in Chapter 2 and 3, respectively, 1o study
possible mobility differences among the phosphodiesters
in M13 and TMV. The nonspinning lineshape of 30%
TMY is best simulated, if it is assumed that one of the
three binding sites is more mobile than the other two. It is
shown that this is compatible with the reduced CSA
reflected by the major sideband pattern in MAS spectra of
TMYV as compared to the minor one. A large mobility of
one of the three binding sites would agree with structural
models based on x-ray diffraction data, in which two of the
binding sites are interacting with arginine residues,
whereas no arginine is close¢ to the third one. Two-
component analysis of the nonspinning 3!P NMR data of
30% M13 suggests that the encapsulated DNA molecule




perhaps contains 83% immobile and 17% mobile
phosphodiesters. This would shed new light on the
nonintegral ratio 2.4:1 between the number of nucleotides
and protein coat subunits in the phage: if 83% of the viral
DNA is less mobile, the binding of the DNA molecule to
the protein coat would actually occur at the integral ratio
of two nucleotides per protein subunit. However, MAS
NMR spectra provide no additional evidence for such a
two-component model.

Finally, in Chapter 5, the slow overall motion of M13
and TMYV is investigated using 2D-exchange 31P NMR
spectroscopy. 2D-exchange 31P NMR spectra recorded for
TMV with mixing times ty < 1 sec do not show any off-
diagonal broadening indicating that the value of 3 Hz for
the overall motion of TMV determined in Chapter 3 from
nonspinning transversal relaxation, is an overestimation.
For 30% M13, a log-Gaussian distribution arcund 25 Hz

of coefficients mainly spread between 1 and 103 Hz must
be introduced to reproduce the 2D-exchange spectra
recarded at various mixing times in a consistent way.
Motional inhomogeneity in gels of M13 is probably
caused by the tendency of the bacteriophages in solutions
to form variously sized aggregates. Taking the same
coefficient distribution and a minor relaxation contribution
caused by fast backbone motion into account, nonspinning
transversal relaxation can even be better simulated for
inhomogeneous overall motion, than it was done for
homogeneous motion in Chapter 3. The shrinking of the
022-discontinuity on the diagonal with respect to the
lineshape as a whole for t;, = 0.1 sec, cannot be explained
by slow overall motion, but seems to be caused by
restricted spindiffusion between 31P nuclei with chemical
shifts that differ less than 1 ppm.




Samenvatting

Dit proefschrift handelt over de met behulp van fosfor-
kemnspinresonantie (3!P NMR) spectroscopie verkregen
resultaten voor intacte virusdeeltjes van bacteriofaag M13
en tabaksmozalekvirus (TMV). Om deze resultaten
consistent te kunnen verklaren, zijn er in dit proefschrift
verschillende modellen opgezet en uvitgetest. Fosforkernen
in M13 en TMV komen slechts voor in de fosfodiester
groepen van het DNA of RNA, dat de beide virussen
respectievelijk bevatten. Daardoor verschaft 3!P NMR-
spectroscopie selectief informatie over de structuur e¢n
beweging van de in M13 en TMV ingekapselde
nucleinezuren, hoewel deze virussen, qua gewicht, voor het
grootste deel uit eiwitten bestaan. In de Algemene
Introductie (hoofdstuk 1) wordt erop gewezen, dat de 31P
chemische verschuiving gevoelig is voor de locale
structuur in het nucleinezuur-molecuul, en dat de 2!P
NMR.relaxatic afhangt van locale en collectieve
bewegingen in het nucleinezuur. Zoals aangetoond in
hoofdstuk 3, komt er in proton-ontkoppelde 31P NMR-
spectra van stilstaande M13- en TMV-gels slechts &n
enkele brede resonantielijn voor, die gedominecerd wordt
door de richtingsafhankelijkheid van de chemische
verschuiving. Deze chemische-verschuivingsanisotropic
maskeert eventuele structurele verschillen tussen de
fosfodiesters van de ingekapselde nuclefnezuren.
Desalniettemin, bevatten deze spectra interessante
bewegingsinformatie. Enerzijds, laten ze zien dat het
nucleinezuurmolecuul in elk van de twee virussen weinig
beweeglijk is, althans vergeleken met vrije, ongebonden
nucleinezuren in verdunde oplossingen. Anderzijds,
vertonen de 31P NMR lijnen toch duidelijke sporen van
beperkte, maar snelle beweging. In tegenstelling tot de 31P
NMR-lijnen, duiden de uitkomsten van 3!P NMR
relaxatie-metingen juist op de aanwezigheid van langzame
beweging: de gemeten transversale relaxatietijd (T9.) wordt
immers korter naarmate de bewecglijkheid in de gels
toeneemt.

Voor een meer kwantitatieve analyse van deze
resuliaten, worden in hoofdstuk 2 drie rotatie-diffosie
medellen ontwikkeld voor mogelijke bewegingen van de
fosforkemen. Met behulp van deze modelien zijn eerst
vitgebreid simulaties verricht, om een gevoel te krijgen
voor hun nauwkeurigheid en om, in bepaalde limiet-
gevallen, hun overeenstemming met elders gepubliceerde
theorieén te controleren. Simulaties brengen aan het licht,
dat op grond van ecadimensionale 31P NMR-spectra, of
transversale relaxatie alléén, geen duidelijk onderscheid
gemaakt kan worden tussen effecten veroorzaakt door de
grootte, danwel de snelheid van de beweging. Uit de
combinatie van beide gegevens kunnen deze parameters
echter wél worden afgeleid. Voor snelle bewegingen,
stemmen de ontwikkelde modellen overeen met de
algemene relaxatictheorie van Redfield. Yoor langzame
bewegingen, lijken de effecten van rotationele diffusie op
31p NMR-relaxatie precies op proton-relaxatie veroorzaakt
door translationele diffusie van water in een inhomogene
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veldgradiént. Zoals besproken in hoofdstuk 3, kunnen de
meest eenvoudige modellen, zoals langzame, isotrope
beweging van het nucleinezuur of uniaxiale beweging van
de staafvormige virusdeeltjes om hun lengteas, de
experimentele resultaten niet afdoende verklaren. Een
consistente verklaring wordt geboden door een
gecombincerd diffusie model, waarin de 31P NMR-
lijnvorm vooral door snelle, interne nucleinezuur-
bewegingen wordt beinvloed, terwijl Toq-relaxatie vooral
veroorzaakt wordt door de langzame beweging van de
virusdeeltjes als geheel om hun lengteas.

Om meer inzicht te krijgen in structour-verschillen
tussen de verschillende fosfodiesters in de ingekapselde
nucleinezuren, is gebruik gemaakt van een techniek die in
het Engels "magic angle spinning” (MAS) genoemd
wordt. Bij deze techniek roteert men het te meten materiaal
in de spectrometer onder een bepaalde hoek met het
magneetveld, de "magische hoek” (in een kubus gelijk aan
die tussen de lichaamsdiagonaal en een ribbe). MAS
middelt de anisotropi¢ van de chemische verschuiving
{gedeeltelijk) uvit, hetgeen leidt twt ¢en opsplitsing van de
brede 31P NMR-lijnvorm in een cenirale resonantic band
omgeven door een aantal gelijkvormige zijbanden
(hoofdstuk 4). MAS 31P NMR-spectra van TMV vertonen
twee onderscheiden zijbandpatronen die zich, qua
intensiteit, verhouden als ongeveer 2:1. In hoofdstuk 4
worden deze twee zijbandpatronen op basis van RO-P-OR'
bindingshoeken en verondersielde arginine-bindingseffecten
toegekend aan de drie fosfodiestertypes in TMV. In
tegenstelling tot bij TMV, vertonen MAS 31P NMR-
spectra van M13 slechts een enkele, relatief brede centrale
resonantie-lijn met een bij benadering Gaussische vorm,
Waarschijnlijk komen er in M13 geen duidelijk te
onderscheiden fosfodiestertypes voor, maar is er
daarentegen sprake van een continue distributie van allerlei
fosfodiesterconformaties binnen een bepaalde conformatic
ruimte, Ecn soort "conformationele witmiddeling”, als
gevolg van nucleinezuurbewegingen, zon mogelijk ten
grondslag kunnen liggen aan de waargenomen afname van
de inhomogene lijnbreedte bij toenemende temperatour en
watergehalte. Dit wordt aannemelijk gemaakt met behulp
van een eenvoudig model dat het effect van snelle
fluctuatie van twee torsichocken aan weerszijden van de
fosfordiestergroep in de het nucleinezuurmolekuul laat
zier. De aanwezigheid van snelle fosfodiesterbewegingen,
waartoe in hoofdstuk 3 op grond van de 31P NMR-spectra
van stilstaande virus gels geconcludeerd wordt, wordt
bevestigd door de geconstateerde afwijkingen tussen de
zijband intensiteiten in MAS 31P NMR-spectra van
verdunde M13 gels en de theoretisch af te leiden
intensiteiten voor rigide poedervormige materialen.
Dramatische lijnbreedte effecten zijn niet waargenomen,
wat erop duids dat fosforbewegingen met frekwenties in de
orde van de gehanteerde rotatie frekwenties (103 Hz) in
M13 en TMYV ontbreken. Snelle nucleinezuurbewegingen




zijn waarschijnlijk ook verantwoordelijk voor de
transversale relaxatie die bij rotatie frekwenties van 4 kHz
en hoger gemeten wordt. Bij rotatic frckwenties onder de
2 kHz, is transversale relaxatatic significant snclicr, Deze
afhankelijkheid van de transversale relaxatie van de rotatie
frekwentie duidt op de aanwezigheid van langzame
bewegingen van M13 virusdeeltjes als geheel, om hun
lengteas.

31P NMR -spectra van zowel stilstaande, als roterende
gels van M13 en TMYV zijn in, respectievelijk, hoofdstuk
2 en 3 nader geanalyseerd om eventuele onderlinge
beweeglijkheidsverschitlen tssen de fosfodiesters van de
ingekapselde nucleinezuren vast te stellen. De beste
simulatie voor de waargenomen 3'P NMR-lijnvorm van
een stilstaande TMV-gel wordt bereikt, indien wordt
aangenomen dat één van de drie types fosfodiesters in
TMYV beweeglijker is dan de andere twee. Een dergelijke
interpretatie biedt ook een verklaring voor de verschillen
tussen de twee zijband-patronen in MAS 31P NMR-spectra
van TMV. Een grotere beweeglijkheid van één van drie
fosfodiestertypes zou overeenstemmen met de op rintgen-
diffractiec gebaseerde structuurmodellen voor de eiwit
nucleinezuur-interacties in TMV, waarin twee van de drie
fosfodiesters per manteleiwit monomeer, daadwerkelijk ecn
zoutbrug aangaan met ¢en arginine residu en de derde
minder direct gebonden is. Een tweecomponenten analyse
van de resultaten verkregen voor stilstaande M13-gels,
biedl ecn aanwijzing dat het ingekapselde DNA-molecunt
misschien 83% onbeweeglijke en 17% beweeglijke
fosfodiesters zou bevatten. Dit zou nieuw licht werpen op
de vreemde verhouding 2,4 : 1 tussen het aantal
nucleotides en manteleiwit-monomeren in de faag: als
slechts 83% van de fosfodiesters in M13 daadwerkelijk

gebonden is, zouden er bij de nucleoprotein binding
eigenlijk twee (en niet 2,4) fosfodiesters per manteleiwit
betrokken zijn. Echter, MAS 31P NMR-spectra bieden
geen aanvuilend bewijs voor (noch tegen) een dergelijke
h .

In hoofdstuk 5 wordt tenslotte de langzame beweging
van M13- en TMV-virusdeeltjes als geheel, onderzocht
m.b.v. tweedimensionale (2D-) exchange 3P NMR-
spectroscopie. Geen van de 2D-exchange 31P NMR-spectra
van 30% TMV vertoont enige spectrale intensiteit buiten
de spectrum-diagonaal. Dit duidt erop, dat TMV nog
minder beweeglijk is, dan de toch al lage schatting (3 Hz)
in hoofdstuk 3 op basis van transversale relaxatie doet
vermoeden. De verschillende 2D-exchange 3'P NMR-
spectra voor 30% M13 kunnen slechis op een congistente
manier verklaard worden m.b.v. een continue (log-
Gaussische) distributie van diffusiecoéffici¥nten tnssen de
1 en de 103 Hz, Inhomogene beweging zou het gevolg
kunnen zijn van de neiging van de staafvormige virussen
om aan elkaar te klitten en zo clusters van verschillende
groottes te vormen. Met behulp van dezelfde distributie
van coéfficiénten en een geringe bijdrage aan de
transversale relaxatie door interne nucleinezuurbewegingen,
kan een nog betere simulatie van transversale relaxatie
verkregen worden, dan op basis van het homogene
bewegingsmodel van hoofdstk 3. Het relatief inkrimpen
van de G32-discontinuiteit op de spectrum diagonaal bij
langere wachttijden kan niet met langzame virus beweging
worden verklaard, maar is mogelijk het gevolg van
beperkte homonucleaire spindiffusie tussen naburige
fosforkernen, die minder dan 1 ppm in chemische
verschuiving van elkaar verschillen.
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