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VOORWOORD 
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altijd de laatste nieuwtjes te vertellen uit de NMR-wereld. 

Jos Joordens en Sybren Wijmenga zijn eigenlijk het Nijmeegse 
equivalent van het Wageningse duo dat ik hierboven heb genoemd. Jos, jij 
zorgde er altijd voor dat de AM-600 in topconditie was en Sybren, bij jou kon 
ik altijd terecht met theoretische vragen over pulsprogramma's en dergelijke. 
Ik ben dan ook blij dat ik in mijn huidige baan met jullie samen kan blijven 
werken. Ook alle andere mensen van Biofysische Chemie hebben er toe 
bijgedragen dat ik (toen en nu nog steeds) altijd met veel plezier in Nijmegen 
ga meten. 

Martin Bos, Dirk Huckriede, Sandra Dijkstra, Katinka van der Linden en 
Gerard Kroon hebben als doctoraalstudenten een zeer belangrijke bijdrage 
geleverd aan dit onderzoek. Jullie waren niet alleen een grote steun bij het 
werk maar ook daarbuiten. Kennelijk is het jullie toen goed bevallen, want 
jullie zijn nu allemaal bezig met een eigen promotie-onderzoek. Ik wens jullie 
daarbij dan ook veel succes en ik hoop binnen afzienbare tijd jullie promoties 



te kunnen bijwonen. Voor Sandra, Katinka en Gerard wil ik daar nog net 
volgende aan toevoegen: grijp niet te snel naar de Tipp-Ex; zonder lukt het 
uiteindelijk ook wel. 
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bezoekjes aan Groningen altijd zeer plezierig vonden. 

Verder bedank ik Dick Verduin voor zijn aanwezigheid bij de 
virusgroepbesprekingen, waarbij naar voren kwam dat ik niet alleen te maken 
had met spectroscopie maar ook met een virus; Paul ten Kortenaar en prof. 
Tesser voor hun behulpzaamheid toen bleek dat het peptide P25 niet 
helemaal zuiver was; Gerrit Polder en Cornells Schillemans voor hun hulp bij 
mijn computerproblemen; de medewerkers van de tekenkamer en fotografie 
voor het voltooien van mijn figuren; Pieter Magusin voor zijn prettige 
gezelschap op kamer 127 (Pieter, veel sterkte bij het schrijven van jouw 
boekje); en mijn huidige begeleider Kees Pleij voor het mij in de gelegenheid 
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CHAPTER 1 

GENERAL INTRODUCTION 

SIMPLE SPHERICAL VIRUSES 

Icosahedral structures 
Viruses are nucleoprotein particles designed to transport specific genes 

between cells of a host and between hosts. Depending on the virus type, the 
genetic information is coded on RNA or DNA, which is single- or double-
stranded. To protect the nucleic acid from digestion, it is packaged in a capsid 
composed of either protein or a lipid membrane and protein. A characteristic 
feature of viruses is that they cannot generate metabolic energy or synthesize 
proteins, but need a host for reproduction. After penetration into a host cell, the 
virus particle dissociates and the viral genome directs the cellular machinery 
to replication of viral nucleic acid and protein. Subsequently, the newly 
synthesized nucleic acids and coat proteins (and sometimes also lipids) 
assemble into new virus particles, that can be transported to other parts of the 
plant or other plants for new infection. 

Since the gene of a simple virus is too small to code for many different 
proteins, Crick and Watson (1956, 1957) suggested that its protein coat 
consists of a large number of identical subunits. When identical protein 
subunits having identical environments are involved, only a few capsid 
structures are possible. The two most likely arrangements are a cylindrical 
shell having helical symmetry and a spherical shell having icosahedral 
symmetry. In fact, all small viruses are either rods or spheres. 

Although an icosahedron requires 60 equivalent protein subunits, a 
large number of virus capsids is built from multiples of 60 identical proteins. 
Therefore, Caspar and Klug (1962) suggested the concept of quasi-symmetry. 
They proposed a certain flexibility in the coat protein subunits allowing slightly 
different interactions with their neighbours. The number of quasi-equivalent 
protein subunits in an icosahedral coat is 60T, where T is the triangulation 
number giving the number of different quasi-equivalent units. The value of T is 
limited by a selection rule based upon the geometry of a trigonal lattice 
constructed on the surface of an icosahedron. The first high resolution X-ray 
structures of two T = 3 spherical plant RNA viruses (tomato bushy stunt virus 
(Harrison et al., 1978) and southern bean mosaic virus (Abad-Zapatero et al., 
1980)) confirmed the T = 3 surface lattice, but showed more different subunit 



contact regions than the quasi-equivalence theory predicted. This lead to a 
small revision of the theory (Caspar, 1980; Harrison, 1980). Harrison showed 
that the building block in the icosahedron is a dimer, which can have two 
distinct conformations (the so called A/B and C/C states) in the virus particle. 
Assembly of the virus requires a selection between the two states, related by a 
hinge-like motion. More details about the assembly of small icosahedral 
viruses are given in reviews by Harrison (1984) and Rossmann and Erickson 
(1985). Viral disassembly has recently been reviewed by Liljas (1991). 

Although Caspar and Klug developed their theory for identical protein 
subunits, it is now clear that the subunits of the icosahedron need not to be 
identical, but can also exist of different proteins with similar tertiary structure. 
This was first found for human rhinovirus 14 (Rossmann et al., 1985) with a 
protein coat consisting of three different proteins. The structure of this virus 
has been described as pseudo-symmetry P = 3 with a P instead of T number. 
Examples of larger and more complex spherical viruses are the 
polyomaviruses, the simplest viruses with double-stranded DNA genomes 
(Tooze, 1980). Recently, the X-ray structure of simian virus 40 has been 
determined at 3.8-A resolution (Liddington et al., 1991). In this virus, the coat 
protein subunits do not interact in a quasi-equivalent way. However, 
comparison of its structure with a quasi-equivalent T=7 capsid shows that coat 
protein pentamers are present at exactly the same positions of pentamers and 
hexamers in a T=7 lattice. So, despite the lack of quasi-equivalence, the 
surface lattice of this polyomavirus is consistent with the concept of Caspar 
and Klug. 

Tertiary structure of viral coat proteins 

Since the first X-ray structures of tomato bushy stunt virus (Harrison et 
al., 1978) and tobacco mosaic virus disk protein (Bloomer et al., 1978) were 
published, the structures of several other viruses have been determined at 
atomic resolution: e.g. the spherical plant RNA viruses southern bean mosaic 
virus (Abad-Zapatero et al., 1980), satellite tobacco necrosis virus (Liljas et al., 
1982), turnip crinkle virus (Hogle et al., 1986a,b), cowpea mosaic virus 
(Stauffacher et al., 1987), and beanpod mottle virus (Chen et al., 1989). All the 
protein subunits of these viruses consist of two back-to-back four-stranded 
(5-sheets that follow a 'P-role' topology (see Figure 1.1). This conformation is 
not unique for spherical plant RNA viruses, but appears also in spherical 
animal viruses. Generally, animal viruses show more insertions between the 
(J-strands than plant viruses. Insertions can occur at the broad end of the 



trapezoid (between the p-strands pC and PD, pE and PF, or PG and pH in 
Figure 1.1). An overview of the various known protein subunit structures in 
spherical plant and animal viruses is given by Rossmann and Johnson 
(1989). The only spherical bacterial virus of which the structure has been 
solved so far, the RNA phage MS2, has a coat protein of completely different 
conformation (Valegard et al., 1990). 

F i g . 1.1 Schematic representation of the arrangement of the eight p-sheets B to I which are 

common in small spherical plant and animal viruses (after Hogle et al., 1985). 

Coat protein - RNA interactions in icosahedral plant viruses 
In the coat proteins of many plant and insect viruses, the first 20 to 100 

N-terminal residues contain a large number of basic amino acids that interact 
with the viral RNA (Rossmann and Johnson, 1989). Viruses without basic 
N-termini (tymoviruses, comoviruses and picornaviruses) contain a high 
concentration of polyamines such as spermidine (Cohen and McCormick, 
1979). These positively charged N-termini and polyamines may be 
considered histone-like, because they help the RNA to fold by neutralizing the 
negative charges of the phosphates (Rossmann and Erickson, 1985). 



The viral RNA is generally not packed in an icosahedral way, and can 
therefore not be seen in the electron density map obtained by X-ray 
crystallography. For this reason little direct information about the interactions 
between the coat protein and the RNA has been obtained so far. However, 
Rossmann presented a detailed model for the protein-RNA interactions in 
southern bean mosaic virus based upon the distribution of basic residues on 
the internal surface of the protein coat (Rossmann et al., 1983). He showed 
that these basic residues could be docked against double-helical A-RNA. In a 
few viruses, some part of the nucleic acid can be observed by X-ray 
crystallography (Liljas, 1991). In bean pod mottle virus, a comovirus with a 
coat protein lacking a basic N-terminus, nearly 20% of the RNA is visible in the 
electron density map (Chen et al., 1989). This part of the RNA is arranged 
around the threefold axis of the icosahedron and has the conformation of a 
single strand of an A-type RNA helix. The interactions with the protein are 
dominated by nonbonded electrostatic and Van der Waals interactions with 
few specific contacts. 

Since the basic N-termini mentioned above are associated with the 
generally non-icosahedrally arranged RNA, they also appear as being 
disordered in X-ray structures. However, a portion of the basic N-terminal arm 
in satellite tobacco necrosis virus is ordered and forms an amphipathic a-helix 
(Abad-Zapatero et al., 1980). The a-helices of three coat protein subunits are 
clustered around the threefold axes of the icosahedron with their hydrophobic 
sides pointing to each other. Each helix exposes a highly basic side to the 
RNA. Secondary structure predictions performed by Argos (1981) show that 
the basic N-termini of several viruses can form amphipathic a-helices. It has 
been suggested that these a-helical structures can bind in one groove of 
double-stranded regions of the RNA. 

Although the basic N-termini generally cannot be observed by X-ray 
crystallography, they can be observed by NMR spectroscopy under conditions 
giving them enough mobility. For the rod-shaped tobacco mosaic virus it has 
been shown that the internal mobility in the isolated coat protein can be 
studied by NMR (De Wit, 1978). NMR studies on the spherical alfalfa mosaic 
virus (Andree et al., 1981; Kan et al., 1982), cowpea chlorotic mottle virus 
(Vriend et al., 1981), tomato bushy stunt virus (Munowitz et al., 1980), and 
southern bean mosaic virus (McCain et al., 1982a,b) show that the N-termini 
of the coat proteins become mobile or more mobile upon swelling or 
disassembly of the virus. This suggests that without RNA most of the N-termini 
do not fold into a regular structure. Secondary structure predictions for the 



N-terminus of cowpea chlorotic mottle virus (Vriend et al., 1986) indicate that 
the N-terminal arm shows no structural preference when the positive charges 
of its side chains are present. However, in the absence of these positive 
charges there is a tendency towards a-helix formation. 

It has been shown for the rod-shaped viruses tobacco mosaic virus 
(Zimmern, 1977) and papaya mosaic virus (AbouHaidar and Bancroft, 1978), 
that the RNA has specific coat-protein binding sequences that act as initiation 
sites for the assembly. Also the coat protein of the spherical alfalfa mosaic 
virus binds to specific sites on the RNA (Houwing and Jaspars, 1982). 
However, after removal of the N-terminal arm by tryptic digestion, the coat 
protein of alfalfa mosaic virus loses its specificity for the RNA (Zuidema et al., 
1983). Removal of the N-terminal arms from the coat proteins of cowpea 
chlorotic mottle virus and brome mosaic virus makes the coat protein unable 
to bind RNA (Vriend et al., 1981; Sacher and Ahlquist, 1989). 

COWPEA CHLOROTIC MOTTLE VIRUS 

Cowpea chlorotic mottle virus (CCMV) is an icosahedral T=3 plant virus 
belonging to the group of bromoviruses. CCMV consists of three types of 
nucleoprotein particles containing four species of single-stranded RNA 
molecules (RNA-1, -2, -3, and -4). RNA-1 and RNA-2 are encapsidated 
separately, and RNA-3 and RNA-4 are packaged together in spherical 
particles of about 26 nm in diameter (Lane, 1974). The protective protein coat 
consists of 180 identical proteins, each 189 residues long (Dasgupta and 
Kaesberg, 1982). CCMV particles undergo structural changes as a function of 
pH, ionic strength and temperature (Kaper, 1975). The in vitro dissociation 
and association processes of CCMV as a model for in vivo disassembly and 
assembly have been studied by Verduin (1978). 

Figure 1.2 gives an overview of the various aggregation states of the 
viral RNA and coat protein. The virus particle is stable around pH 5, but it 
swells at increasing pH and low ionic strength (n ~ 0.2). Reversibility of this 
swelling is obtained in the presence of divalent cations (i.e. Mg2+) (Chauvin et 
al., 1978; Verduin, 1978). Raising the pH at increased ionic strength (n > 0.3) 
results in dissociation of the virus particle into protein dimers and RNA 
(Bancroft and Hiebert, 1967). Both RNA and protein can be isolated and 
reassembled in vitro. In the absence of RNA, the protein subunits can be 
reassociated into empty protein capsids by lowering the pH to 5.0 (Bancroft et 



al., 1968). These empty protein capsids have T=3 icosahedral structures 

similar to the native virus (Finch and Bancroft, 1968). 

ji-10 Mx 
DISSOCIATED VIRUS 

a: 

STABLE VIRUS 
PARTIALLY SWOLLEN VIRUS SWOLLEN VIRUS 

PH75 

Fig. 1.2 Schematic representation of the swelling and dissociation of CCMV. Ionic strength 

(n) and pH are varied in vertical and horizontal direction, respectively. At low ionic strength and 

pH 7.5, the influence of magnesium ions on swelling is shown. Protein subunits are 

represented by ellipses and the RNA by strings (from Verduin, 1978). 

Kriise (1979) and Vriend (1983) used optical and magnetic resonance 
spectroscopy to study conformational changes appearing upon the 
dissociation and assembly of CCMV particles. NMR studies on empty capsids 
revealed an increased mobility of the highly basic N-terminal parts of the 
protein subunits. This mobility is absent upon binding of RNA - as in intact 
virions - as well as after removal of the first 25 N-terminal amino acids by 
tryptic digestion (Vriend et al., 1981). After removal of the highly basic 
N-terminal arm the coat protein shows no interaction with the RNA. 
Interactions between the positively charged residues present in the 
N-terminus (six Arg and three Lys, see Figure 1.3) and the negatively charged 
phosphate groups of the RNA are suggested to be responsible for protein-



RNA binding (Argos, 1981; Vriend et al., 1981). Cross-link and deletion 
studies on brome mosaic virus (BMV), a bromovirus closely related to CCMV, 
supported this suggestion. For both CCMV and BMV, the positively charged 
amino acids are situated between residues 7 and 25 within the significantly 
conserved N-terminal region of the coat protein. Sgro et al. (1986) introduced 
RNA-protein cross-links into brome mosaic virus by a photoreactive cross-
linker with a relatively short 0.7-nm span. Residues 11-19 have been found to 
be cross-linked to the RNA. Sacher and Ahlquist (1989) investigated the effect 
of deletions in the N-terminal region of BMV coat protein on RNA packaging 
and systemic infection. Their results show that the RNA binding region is 
situated somewhere in the region 8-25, which contains all but one of the 
positively charged amino acids. 

CCMV 

+ + + + 
Ac Ser Thr Val Gly Thr Gly Lys Leu Thr Arg Ala Gin Arg Arg Ala 

1 5 10 15 

+ + + + + 
Ala Ala Arg Lys Asn Lys Arg Asn Thr Arg (-NHCH3) 
16 20 25 

Fig. 1.3 Amino acid sequence of the N-terminal arm of CCMV coat protein (Dasgupta and 

Kaesberg, 1982). Positively charged residues are denoted as (+). The methyl group is present 

at the C terminus of the chemically synthesized peptide P25 (see text). 

On the basis of NMR experiments and secondary structure predictions, 
Vriend et al. (1982, 1986) proposed a 'snatch-pull' model for the assembly of 
CCMV coat protein (Figure 1.4). In this model the N-terminal arm has a flexible 
random-coil conformation before interacting with the RNA. The large flexibility 
enhances the chance that a positively charged side chain meets a negatively 
charged phosphate of the RNA backbone. Upon binding the positive and 
negative charges neutralize each other, and the N-terminal arm adopts an 
a-helical conformation, thereby pulling the coat protein and RNA towards 
each other. 
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F i g . 1.4 Schematic representation of the 'snatch-pull' interaction model for binding of 

CCMV coat protein to RNA. In solution, CCMV coat protein exists mostly as dimers. (after 

Vriend, 1983) 

The objective of the study described in this thesis was to obtain 
information about the protein-RNA interactions in the CCMV particle and to 
test the 'snatch-pull' model. Until recently, no experimental evidence has been 
presented for the a-helical conformation suggested by secondary structure 
predictions for the N-terminal region of CCMV coat protein (Vriend et al., 
1986). Laser Raman studies on CCMV showed differences in protein 
conformation in the presence and the absence of RNA, but no conclusions 
could be drawn about the nature of the secondary structure of the N-terminus 
(Verduin et al., 1984). High-resolution NMR experiments have provided some 
information about the behaviour of the N-terminal arm of CCMV coat protein 
(Vriend, 1983). However, the large sizes of coat protein aggregates, intact 
virus particles or protein-nucleotide complexes lead to very broad NMR lines. 
This makes it very difficult to study the secondary structure of the N-terminus in 
these systems by high resolution NMR. 

Chemical synthesis of the pentacosapeptide P25 (Ten Kortenaar et al., 
1986) containing the first 25 amino acid residues of CCMV coat protein 
(Figure 1.3) made it possible to perform detailed NMR and optical 
spectroscopic studies on the structure of this N-terminal segment in the 



absence and presence of nucleotides. The spectroscopic techniques used for 
structure determination are described in the following two sections. Unlike the 
intact coat protein, the peptide is stable over a wide range of temperature and 
ionic strength, so that its conformation can be studied under various 
conditions. It has been shown that the proton NMR spectrum of P25 closely 
resembles the proton NMR difference spectrum of intact coat protein and coat 
protein lacking the N-terminal region, except for their linewidths (Hemminga et 
al., 1985). This indicates that P25 is a good model for the N-terminal part of 
CCMV coat protein. 

STRUCTURE DETERMINATION BY NMR SPECTROSCOPY 

NMR spectroscopy 
Nuclear magnetic resonance is based upon the interaction between the 

magnetic moments of atomic nuclei and magnetic fields. Only nuclei for which 
I * 0 (I = spin) have a magnetic moment and can be observed by NMR. The 
magnetization of nuclei with I = 1/2 (e.g. 1H, 13C, 1 5N, and 31P) can be 
oriented either parallel or antiparallel to an external magnetic field. For 
protons, the parallel state corresponding to the lower energy state has a larger 
population than the antiparallel state in thermal equilibrium. This equilibrium 
can be perturbed by a second magnetic field oscillating at an appropriate 
radiofrequency. The response of the system during relaxation towards 
equilibrium gives rise to a free induction decay, which can be Fourier 
transformed to the NMR signal. A simple description of NMR can be found in 
the text book by Sanders and Hunter (1987), and a detailed quantum 
mechanical treatment is given by Ernst et al. (1987). 

For many years X-ray crystallography has been the only technique by 
which three-dimensional structures of biomolecules could be determined. 
However, during the last two decades NMR has become a powerful tool to 
study the structure of small proteins and nucleic acids. This is mainly due to 
the development of two-dimensional NMR techniques (Ernst et al., 1987; 
Jeener, 1971) and great advances in NMR instrumentation. Also of great 
importance was the publication of a resonance assignment strategy for two-
dimensional proton NMR spectra of proteins (Wuthrich, 1986). In addition, 
computational facilities have been improved and algorithms have been 
developed for the calculation of three-dimensional structures from NMR data 
(Kaptein et al., 1988). 



Three major advantages of NMR with respect to X-ray crystallography 
are: (1) the need for crystals can be avoided, (2) the possibility to measure in 
solution makes it possible to vary conditions such as pH and ionic strength, 
and (3) dynamic information can be obtained. A minor disadvantage of NMR is 
the restriction on the size of the macromolecule; until now only protein 
structures of sizes up to about 20 kDa have been determined by NMR 
spectroscopy. However, it may be expected that in the future also the structure 
of larger proteins can be studied by NMR. Developments in molecular biology 
and organic chemistry have made it possible to label proteins with isotopes 
such as 13C and 15N (Mcintosh and Dahlquist, 1990). This isotope labelling 
allows the use of heteronuclear three- and four-dimensional NMR (Clore and 
Gronenbom, 1991; Fesik and Zuiderweg, 1990) or heteronuclear filters in two-
dimensional proton NMR (Otting and Wiithrich, 1990), by which techniques 
severe overlap problems in the spectra can be avoided. 

Dipolar cross-relaxation between protons in close vicinity of each other 
(< 5 A) gives basic information for structure determination by proton NMR. This 
interaction can result in magnetisation transfer, which is called the nuclear 
Overhauser effect (NOE) (Noggle and Schirmer, 1971). The NOE shows an r6 

distance dependence making it possible to extract proton-proton distances 
from NOE intensities. These intensities can be determined by measuring the 
sizes of off-diagonal peaks in two-dimensional NOE (= NOESY) spectra. 
Assuming that all rotational correlation times within the protein are equal, 
inter-proton distances can be calculated on the basis of a known reference 
distance by using the equation: 

rij = (NOEref/NOE0bs)1/6xrref 

with Hj = distance between proton i and j 

rref = reference distance 
NOE0bs = observed NOE intensity 
NOEref = NOE intensity corresponding to the reference distance 

A problem in NOE based distance determination is spin diffusion, the effect of 
indirect magnetisation transfer via other protons (Kalk and Berendsen, 1976). 
This effect, which appears especially in larger molecules, gives rise to 
inaccurate proton-proton distances. The iterative relaxation-matrix method 
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(IRMA) takes spin diffusion into account and can be used to correct the 
distances (Boelens et al., 1988). 

Another useful NMR parameter in structure determination is the 
J-coupling constant between vicinal protons, giving information about dihedral 
angles (Karplus, 1959). The coupling constant representing the J-coupling 
between the amide proton and the cc-proton of an amino acid residue (3JHN<X) 

gives information about secondary structure in proteins: 3JHNCC ^ 5 
corresponds with a-helical conformation and 3JHNOI ^ 8 with p-structure 
(Wuthrich, 1986). A third NMR parameter, the chemical shift, is generally 
considered to be not very reliable for structure determination because of a 
high sensitivity to ring-current fields of aromatic amino acids and shielding 
effects. However, it has been shown by statistical analysis of chemical-shift 
distributions in 32 polypeptides and proteins that the a-protons of aliphatic 
amino acid residues in a-helical conformations shift upfield by 0.4 ppm, on the 
average (Szilagyi and Jardetzky, 1989). Therefore, it can be concluded that 
also the chemical shift can supply information about secondary structure. 
Information about molecular motions can be obtained by measuring the 
relaxation times Ti (spin-lattice relaxation time) and T2 (spin-spin relaxation 
time) (Ernst etal., 1987). 

Distance geometry calculations 
The metric matrix distance-geometry (DG) algorithm (Crippen and 

Havel, 1978; Crippen, 1981; Havel et al., 1983) can be used to generate 
structures from distances obtained from NOE intensities (Kaptein et al., 1988). 
At the beginning of this procedure, upper and lower bounds (u and I) are set 
for all atom-atom distances in the molecule. Some of these bounds follow from 
the NOE-derived distances and J-coupling constants and others follow from 
standard bond lengths and bond angles. A procedure using triangle 
inequalities extends the constraints to all possible distances. A structure can 
be generated by repeated random choices of all inter-atomic distances 
between upper and lower bounds. After this step, the generated structure must 
be optimized by minimizing an error function consisting of distance constraints 
and chirality constraints. By repetition of the whole procedure several DG 
structures can be obtained. The deviation in conformation of these structures 
gives information about how uniquely the structure is determined by the 
constraints. The possible conformations that satisfy the NMR distance 
constraints can be sampled more exhaustively by applying distance bounds 
driven dynamics to the generated DG structures. This is a simplified molecular 
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dynamics calculation with only geometric constraints as the driving potential. 
Finally, the structures can be refined by a restrained energy minimisation 
using steepest descent or conjugate gradient methods to bring the energy 
down, followed by restrained molecular dynamics (Kaptein et al., 1988). 

STRUCTURE DETERMINATION BY OPTICAL SPECTROSCOPY 

Circular dichroism spectroscopy 
Circular dichroism (CD) is the phenomenon that the absorbance of left 

circularly polarized light is different from the absorbance of right circularly 
polarized light. Optically active molecules such as proteins and nucleic acids 
show this difference in absorbance. A detailed description of the quantum 
mechanical basis of circular dichroism is given by Schellman (1975). 

In the far UV region (190-240 nm) a protein gives rise to a CD signal 
(expressed in ellipticity 0) of which the shape and intensity depend on its 
backbone conformation. The observed signal can be considered as a linear 
combination of CD signals originating from the various secondary structure 
elements present in the protein: 

etotaiM = fa-ea(^) + fp-ePM + fr-er(X) 

with Q(X) = mean residue ellipticity at wavelength X 
X = wavelength 
fx = fraction of the protein having conformation x 
a = a-helix 

p = p-structure 
r = remainder structure 

The secondary structure of a protein with unknown conformation can be 
determined by fitting its CD spectrum to sets of reference spectra, obtained 
from CD spectra of proteins with known amounts of the various structure 
elements (Cantor and Schimmel, 1980). Several sets of reference spectra 
have been published (Greenfield and Fasman, 1969; Saxena and Wetlaufer, 
1971; Chen et al., 1972, 1974; Chang et al., 1978; Hennessey and W.C. 
Johnson, 1981). In modern CD analysis the various structure elements are 
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often more differentiated: e.g. p-turns and p-sheet instead of p-structure 
(Chang et al., 1978; Provencher and Glockner, 1981). However, since the 
peptide P25 contains only 25 residues and only a limited amount of 
secondary structure elements, its CD spectra were analyzed according to the 
equation given above with only three different secondary structure elements. 

CD spectra can be distorted due to light-scattering or contributions of 
aromatic amino acids (not present in P25) in the far UV region. Also 
uncertainties in concentration result in inaccurate fractions of the various 
structure elements. Structure determination from CD spectra is more accurate 
for proteins with a high content of a-helix or p-sheet structure than for proteins 
with only little secondary structure (Van Stokkum et al., 1990). For all these 
reasons, the values of the various structure elements in P25 determined by 
CD spectroscopy must be considered to give only relative information. 

Since for nucleic acids the spectral differences between the different 
bases cannot be ignored, it is very difficult to analyze their CD spectra. Not 
only the base composition but also the base sequence must be taken into 
account. For a molecule such as tRNA with both single-strand and double-
strand regions a total of up to 30 different spectral contributions must be 
combined to compute the CD spectrum (Cantor and Schimmel, 1980). 
However, some conformational information about the structure of an 
oligonucleotide can be obtained by comparing its CD spectrum with the CD 
spectrum of a polynucleotide with a corresponding sequence and known 
conformation (e.g. the CD spectrum of r(A)i2 can be compared to that of 
poly(rA)). 

UV absorption spectroscopy 
The UV absorption band of double stranded nucleic acid is 30-40% less 

intense than the absorption band observed for a mixture of the component 
monomers. The origin of this hypochromism is the interaction between one 
particular electronic excited state of a given chromophore and different 
electronic states of neighbouring chromophores (Cantor and Schimmel, 
1980). This hypochromic effect makes it possible to monitor the melting of 
RNA and DNA, because the unstacking of the base pairs at increasing 
temperature results in an increase of the absorption intensity at the absorption 
maximum (~ 260 nm). The melting temperature, the temperature at which half 
of the helical structure is lost, can be determined by measuring this 
absorbance intensity as a function of the temperature. 
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OUTLINE OF THIS THESIS 

The objective of the study presented in this thesis was to obtain 
information about protein-RNA interactions in the CCMV particle and to test 
the 'snatch-pull' model (see Figure 1.4). As described above, this model 
suggests a conformational change of the N-terminal region of the coat protein 
upon RNA binding. The pentacosapeptide P25 was used as a model for the 
N-terminus of CCMV coat protein, and oligophosphates and oligonucleotides 
were used as models for RNA. 

Chapter 2 describes the effects of ionic strength, addition of 
(oligo)phosphates, and temperature on the conformation of P25 studied by 
one-dimensional proton NMR and CD spectroscopy. NMR relaxation 
measurements have been used to study the effect of oligophosphate binding 
on the mobility of several amino acid side chains in the peptide. Chapter 3 
and 4 show how two-dimensional proton NMR experiments provide detailed 
information about the conformation of P25 in the presence of monophosphate 
(Chapter 3) or oligophosphates (Chapter 4). NMR distance constraints 
obtained for P25 in the presence of tetraphosphate have been used to 
generate peptide structures by distance geometry calculations. In Chapter 5 a 
description is given of two-dimensional proton NMR experiments on the intact 
CCMV coat protein, which can be present as a dimer or as an empty capsid 
consisting of 180 protein monomers. The NMR spectra of both dimer and 
capsid show only resonances originating from the flexible N-termini and have 
been interpreted by using information obtained for P25. Chapter 6 deals with 
the effect of P25 on the conformation and stability of three different 
oligonucleotides. Conformational changes of the oligonucleotides have been 
studied by CD and UV spectroscopy. Finally, the summary gives a review of 
all the results obtained. 
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CHAPTER 2 

CONFORMATIONAL STUDIES ON A PEPTIDE FRAGMENT 
REPRESENTING THE RNA-BINDING N-TERMINUS OF A 
VIRAL COAT PROTEIN USING CIRCULAR DICHROISM 
AND NMR SPECTROSCOPY 

Marinette van der Graaf, and Marcus A. Hemminga 

ABSTRACT 

Conformational studies were performed on a synthetic pentacosa-
peptide representing the RNA-binding N-terminal region of the coat protein of 
cowpea chlorotic mottle virus. The effects of ionic strength, addition of 
(oligo)phosphates, and temperature on the conformation of this highly 
positively charged peptide containing six arginines and three lysines were 
studied. CD experiments show that the peptide has 15-18% cc-helical and 
about 80% random coil conformation in the absence of inorganic salt at 25°C, 
and 20-21% a-helical conformation under the same conditions at 10°C. 
Addition of inorganic salts results in an increase of a-helix content, up to 42% 
in the presence of oligophosphate with an average chain length of 18 
phosphates, which was used as an RNA-analog. NMR experiments show that 
the a-helix formation starts in the region between Thr9 and Gln12, and is 
extended in the direction of the C-terminus. Relaxation measurements show 
that binding to oligophosphates of increasing length results in reduced 
internal mobilities of the positively charged side chains of the arginyl and lysyl 
residues and of the side chain of Thr9 in the a-helical region. The a-helix 
formation in the N-terminal part of this viral coat protein upon binding of 
phosphate groups to the positively charges side chains is suggested to play 
an essential role in RNA-binding. 

INTRODUCTION 

Cowpea chlorotic mottle virus (CCMV) is a spherical bromovirus, 
consisting of RNA and 180 identical coat protein units, each 189 residues long 
(Dasgupta and Kaesberg, 1982). The virus particle can be dissociated and re-
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associated in vitro (Bancroft and Hiebert, 1967), but after removal of the first 
25 N-terminal amino acids by tryptic digestion the protein shows no interaction 
with the RNA anymore (Vriend et al., 1981). This indicates that this N-terminal 
arm containing nine positively charged amino acids (six Arg and three Lys; 
see Fig. 1.3) plays an essential role in RNA binding. On the basis of NMR 
experiments, Vriend et al. (1982, 1986) have proposed a 'snatch-pull' model 
for the assembly of CCMV coat protein and RNA. In this model the N-terminal 
arm has a flexible random-coil conformation before interacting with the RNA. 
The large flexibility enhances the chance of the positively charged side chains 
meeting the negatively charged phosphates of the RNA backbone. Upon 
binding the positive and negative charges neutralize each other, and the 
N-terminal arm attains an a-helical conformation, thereby pulling the protein 
core towards the RNA. This 'snatch-pull' model is in agreement with 
secondary structure predictions suggesting a random-coil conformation for an 
N-terminus with charged side chains, but an a-helical conformation between 
residues 10 and 20 for an N-terminus with neutralized charges (Vriend et al., 
1986). 

Although high-resolution NMR spectra of CCMV coat protein show 
several sharp resonances originating from the flexible N-terminal arm, only 
broad unresolved lines are present after immobilization of this region by RNA-
binding (Vriend et al., 1981; 1986). The large size of the protein-RNA complex 
makes it impossible to monitor the conformational change of the N-terminal 
region of the protein upon RNA-binding by high resolution NMR spectroscopy. 
Chemical synthesis of the N-terminal pentacosapeptide P25 (Ten Kortenaar et 
al., 1986) has created the possibility to perform detailed NMR and optical 
spectroscopic studies on the structure of this N-terminal segment in the 
absence and presence of nucleotides. Unlike the intact protein, this peptide is 
stable over a wide range of temperature and ionic strength, which makes it 
possible to obtain experimental information about the conformation of the 
N-terminal region under various conditions. A recent two-dimensional NMR 
study on P25 in 200 mM sodium phosphate at pH 4 has shown that under 
these conditions P25 alternates among extended and helical structures with 
the helical region situated between residues 9 and 17 (Chapter 3). The 
objective of the present study is to determine how ionic strength, addition of 
(oligo)phosphates, and temperature affects the conformation of the synthetic 
P25 by using NMR and CD spectroscopy. 
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MATERIALS AND METHODS 

Samples 

The N-terminal pentacosapeptide of the coat protein of CCMV was 
available as the chemically synthesized Na1-acetyl,Ca25-methylamide P25 
(Ten Kortenaar et al., 1986). Sodium chloride, sodium fluoride, and sodium 
phosphate (NaH2P04.2H20) were obtained from Merck. Hexaammonium 
tetrapolyphosphate (tetraphosphate) and sodium phosphate glass nr. 15 with 
an average chain length of 18 P (octadecaphosphate) were obtained from 
Sigma. NMR samples contained 1 mM P25 in various salt solutions made up 
in 10%(v/v) 2H 20 and 90%(v/v) H2O, pH 5.0. CD samples contained 0.4 mM 
P25 in various salt solutions in H2O, pH 5.0. The volumes of NMR and CD 
samples were 600 |j.l and 20 \i\, respectively. Protein and phosphate 
concentrations were checked according to Peterson (1977) and Bartlett 
(1959), respectively. For CD measurements sodium fluoride was used instead 
of sodium chloride to obtain a better signal to noise ratio in the far UV. 

Circular dichroism experiments 
CD spectra were recorded at 10 and 25°C on a Jobin-Yvon Auto-

Dichrograph Mark V spectrometer. The CD signal was measured between the 
wavelengths 190 and 250 nm with 0.1-nm steps. A sample cell of 0.1-mm path 
length was used. Each spectrum is the result of the average of four scans 
taken from the same sample minus the average of four scans taken from a 
reference sample containing an identical salt solution without P25. The 
secondary structure of the peptide was determined by fitting the CD spectra to 
two different sets of reference spectra (Saxena and Wetlaufer, 1971; Chen et 
al., 1972) by a least-squares fitting procedure using spectral points in the 
190—250-nm range with 5-nm steps. The spectra were not scaled so that the 
absolute value of the intensity was also fitted. The basis for the analysis has 
been described elsewhere (Cantor and Schimmel, 1980). 

NMR experiments 
NMR spectra were recorded at 10 and 25°C on a Bruker AM600 

spectrometer operating at 600 MHz for protons. The carrier frequency was 
chosen in the middle of the spectrum coinciding with the water resonance. 
The water signal was suppressed by gated irradiation with a saturation power 
at 10 dB attenuation of 0.2 Watt during the relaxation delay of 2.5 s. A very 
broad spectral width (about 20 ppm) was chosen to obtain a flattened 
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baseline at the position of the resonance peaks. The NMR spectra presented 
in this article were recorded with 128 scans using 8k data points. Before every 
experiment, two dummy scans were performed. The NMR data were 
processed on a VAXstation 2000 using software kindly given by Dr R. 
Boelens. A line broadening of 1 Hz was applied before zero-filling. The final 
digital resolution after Fourier transformation was 1.57 Hz/point. All chemical 
shifts refer to sodium 3-trimethylsilyl-(2,2,3,3-2H4) propionate, and were 
determined by taking the resonance of the N-terminal acetyl group as an 
internal standard at 2.08 ppm. 

For the longitudinal relaxation time (Ti) experiments an 
inversion/recovery pulse scheme 180°-x-90° with systematically increasing x 
(in the range 3.3 u.s - 1 s) was used. For every value of x, two dummy scans 
and 32 scans of 4k data points were recorded. The data were processed on a 
SUN 4/60 using the NMR software of New Methods Research, Inc. (version 
3.97). Ti values were determined by a least-squares fitting procedure after 
baseline correction, exponential multiplication with a line broadening of 1 Hz, 
zero-filling, Fourier transformation, phase correction, and baseline flattening 
with a fourth order polynomial (Pearson, 1977). 

RESULTS 

Conformation of P25 

Table 2.1 shows percentages of three different conformations present in 
P25, which were obtained from CD spectra of P25 recorded under various 
conditions. The two different sets of reference spectra (Saxena and Wetlaufer, 
1971; Chen et al., 1972) used in the analysis resulted in very similar values 
confirming each other. However, since the helical regions in P25 are very 
small, the values presented must be considered to give only relative 
information (Chen et al., 1974). CD spectra of 0.4 mM P25 in the absence of 
inorganic salt show 15-18% a-helix content at 25°C, and 20-21% a-helix 
content at 10°C (see Table 2.1). At both temperatures very little p-structure is 
observed. Figure 2.1 shows proton NMR spectra of 1 mM P25 under the same 
conditions. The resonances of the water-exchangeable protons (6-9 ppm) 
show more intensity at 10°C than at 25°C as a result of a reduced exchange 
rate with the bulk water at lower temperature (Englander et al., 1972). In the 
aliphatic region (0-5 ppm) of the spectrum recorded at 10°C one of the 
(iCH-resonances of Gln12 and the iCH3-resonance of Thr9 are indicated by 
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arrows at 2.16 and 1.27 ppm, respectively. Both resonances clearly shift to 
lower field going from 25 to 10°C. These resonances were assigned 
according to a complete resonance assignment obtained by a two-
dimensional NMR study on P25 in 200 mM sodium phosphate pH 4 at 10°C 
(see Chapter 3). 

Table 2.1 Conformation of P25 in the presence of various inorganic salts as determined 

by CD measurements 

Presence of inorganic salt 

no salt3 

no salt 

50mMP 

50 mM P (as P4) 

50 mM P (as P18) 

200 mM NaF 

200 mM P 

Conformation of P25 

a-helix 

% 

18.3 

21.0 

23.6 

35.4 

40.6 

26.2 

29.9 

15.3 

20.1 

21.5 

35.9 

41.6 

25.5 

29.4 

p-structure 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

9.9 

2.3 

7.7 

0.0 

0.0 

3.2 

4.0 

remainder 

83.2 

80.6 

77.5 

65.1 

59.4 

74.9 

70.3 

74.6 

77.9 

70.2 

64.5 

58.5 

71.3 

65.5 

The CD spectra of P25 in the presence of various inorganic salts were recorded at 10°C or 
a25°C. For the rows 3-5 the total phosphorus concentration was 50 mM, present as 

monophosphate (P), tetraphosphate (P4), or octadecaphosphate (P-is)- In every column two 

values are given; the first value was determined by using the set of reference spectra of Saxena 

and Wetlaufer (1971), and the second by using those of Chen et al. (1972). 

Effect of addition of inorganic salt 
Table 2.1 shows that an increase of ionic strength by addition of 200 mM 

sodium fluoride or 200 mM sodium phosphate induces more a-helical 
conformation in P25. At pH 5, the average charge of each phosphate is 
approximately -1 (Chang, 1981), which is comparable to the charge of a 
fluoride (or chloride) anion. However, Table 2.1 shows somewhat more 
a-helical conformation for P25 in 200 mM sodium phosphate (29-30%) than 
for P25 in 200 mM sodium fluoride (-26%). 

Figure 2.2 shows the effects of addition of 200 mM sodium chloride 
(2.2B) and 200 mM sodium phosphate (2.2C) on the low-field region of the 
proton NMR spectrum of P25. After addition of 200 mM inorganic salt, the 
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25°C 
H20 

UUk. A_kJ 

10°C 
H20 

J \ l k , 
aH 

(3CH Gln12 fCH3Thr9 

9 8 2 1 
6 (ppm 

F i g . 2.1 600 MHz proton NMR spectra of P25 in water adjusted to pH 5, recorded at 25 and 

10°C. The arrows indicate one of the pCH-resonances of Gln12 at 2.16 ppm and the 7CH3-

resonance of Thr9 at 1.27 ppm in the spectrum recorded at 10CC. 'NH' and 'aH' indicate the 

positions of the backbone NH-resonances and aH-resonances, respectively. 

9.0 

ENHArg 

8.0 7.0 6.0 
5 (ppm ) 

F ig . 2.2 Low field regions (6 -

9 ppm) of 600 MHz proton NMR 

spectra of 1 mM P25 in (A) water 

adjusted to pH 5 (B) 200 mM 

sodium chloride, pH 5 and (C) 200 

mM sodium phosphate, pH 5. The 

positions of the eNH-resonance of 

the arginyl residues and of the 

backbone NH-resonance of Arg10 

are indicated. All spectra were 

recorded at 10°C. 
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intensities of a number of resonances increase, particularly of the resonances 
assigned to the arginyl eNH (7.1-7.5 ppm) and guanidium protons (broad 
resonances around 6.7 and 7.0 ppm). This increase in intensity can be 
explained by a reduction of the exchange rate of these protons with the bulk 
water. The positions of the eN-protons of the arginines do not change after the 
addition of 200 mM sodium chloride, but these resonances shift to lower field 
after the addition of 200 mM sodium phosphate. The largest down-field shift is 
observed for Arg10, followed by Arg14, Arg18, Arg22, Arg25 and Arg13. 
These resonances could be assigned according to a two-dimensional NMR 
study on P25 in 200 mM sodium phosphate (Chapter 3). 

i 1 1 r 
0 50 100 150 200 250 

[Inorganic salt] (mM) 

Fig. 2.3 Chemical shift values (± 0.01 ppm) of the resonances of (A) 7CH3 of Thr9, (B) pCH 

of Gln12, and (C) backbone NH of Arg10 as a function of the concentration of sodium chloride 

(X) and sodium phosphate (O). All chemical shifts were obtained from 600 MHz proton NMR 

spectra of P25 recorded at 10°C. 
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Also several backbone NH-resonances (8-9 ppm) shift after addition of 
inorganic salt. Particularly the backbone amide proton of Arg10 shows a clear 
shift to low field, which is indicated in the Figures 2.2 and 2.3A. Again, sodium 
chloride shows a smaller effect than sodium phosphate. In the aliphatic region 
of the spectra (not shown) some ocH-resonances shift after addition of 
inorganic salt, but these resonances could not be followed due to overlapping 
peaks. In addition, one of the |3CH-resonances of Gln12 and the yCH3-
resonance of Thr9 show shifts to lower field (Figures 2.3B and C). 

1 1 1 r 
190 200 210 220 230 240 250 

Wavelength (nm) 

Fig. 2.4 CD spectra of 0.4 mM P25 in 50 mM phosphate, present as sodium mono­

phosphate (P) or sodium octadecaphosphate (Pis)- Both spectra were recorded at 10°C. The 

percentages a-helix, (3-structure and remainder are given in Table 2.1. 

Effect of oligophosphate length 
CD and NMR experiments were performed on samples containing P25 

in 50 mM sodium monophosphate, 50/4 mM ammonium tetraphosphate, or 
50/18 mM sodium octadecaphosphate in order to study the effect of 
oligophosphate length on the conformation of P25. In all samples the 
phosphorus concentration was 50 mM, but the length of the phosphate 
present varied. Figure 2.4 shows that the CD spectra of P25 in 
monophosphate and in octadecaphosphate are clearly different. As presented 
in Table 2.1, P25 attains more a-helical conformation with increasing 
phosphate length: from 22-23% a-helix conformation for monophosphate to 
41-42% a-helix conformation for octadecaphosphate. Figure 2.5 presents 
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backbone 
NH 

_J^Jl^_K-~ -^ 

_rjjAK^AJ^J~^ -^ 

H?0 

10 1 0 
5 (ppm) 

Fig. 2.5 600 MHz proton NMR spectra of 1 mM P25 in 50 mM phosphate, present as (A) 

sodium monophosphate, (B) ammonium tetraphosphate, and (C) sodium octadecaphosphate. 

All spectra were recorded at 10°C, pH 5.0. The spectral regions containing the resonances of 

backbone amide protons and a-protons are indicated. The chemical shifts of the resonances 

labelled with asterisks (NH Arg10, pCH Gln12, and •yCH3 Thr9) are presented in Table 2.2. For 

the resonances labelled with open circles (8CH2 of Arg at ~ 3.2 ppm, eCH2 of Lys at ~ 3.0 ppm, 

7CH3 of Thr9 at ~ 1.3 ppm, and (YCH3)2 of Val3 at ~ 0.96 ppm) T1 values are presented in 

Table 2.3. 

proton NMR spectra of P25 in the presence of the various phosphates 
mentioned. This figure shows that several resonances become broadened or 
shift upon addition of oligophosphates, especially in the case of 
octadecaphosphate (Figure 2.5C). A two-dimensional proton NMR study on 
P25 in 10 mM octadecaphosphate, pH 5.0, has shown that the resonances 
corresponding to residues 6-25 of P25 show some broadening (unpublished 
results). This region of the peptide contains all positively charged residues 
which interact with the negatively charged phosphates. Although Figure 2.5 
shows that several resonances shift, only a few can be followed without 
problems due to overlap in the one-dimensional spectra. Table 2.2 presents 
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the chemical shifts of the backbone NH-resonance of Arg10, one of the 
pCH-resonances of Gln12 and the yCH3-resonance of Thr9 (labelled with 
asterisks in Figure 2.5) under various conditions. All these resonances shift to 
lower field with increasing length of the phosphate present. 

Table 2.2 Chemical shifts of proton resonances of P25 in the presence of phosphates of 

various lengths at 10 and 25°C 

Phosphate 

present 

P 

P4 

P18 

P 

P4 

P18 

Temperature 

°C 

10 

10 

10 

25 

25 

25 

Chemical shift of 

NHArglO 

ppm 

8.79 

9.02 

9.20 

8.55 

8.79 

9.03 

PCH Gln12 

2.23 

2.34 

2.443 

2.13a 

2.25 

2.33 

7CH3 Thr9 

1.29 

1.33 

1.35 

1.26 

1.30 

1.34 

The chemical shifts (± 0.01 ppm) were measured relative to sodium 3-trimethylsilyl-(2,2,3,3-
2H4) propionate. The phosphorus concentration was 50 mM in all cases, present as 

monophosphate (P), tetraphosphate (P4), or octadecaphosphate (Pis)- a Accuracy ± 0.05 

ppm due to overlap with other resonances. 

Table 2.3 presents the longitudinal relaxation times T1 measured at 10 
and 25°C for the side-chain proton resonances of arginyl 8CH2 at 3.2 ppm, 
lysyl eCH2 at 3.0 ppm, 7CH3 of Thr9 at ~ 1.3 ppm and (7CH3)2 of Val3 at 0.96 
ppm (labelled with open circles in Figure 2.5). A single exponential decay was 
observed for each resonance. The values obtained for the arginyl 
8CH2-resonance at 3.2 ppm and the lysyl eCH2-resonance at 3.0 ppm should 
be considered to be average T1 values, because these resonances 
correspond to six arginyl and three lysyl residues, respectively. In Figure 2.5C 
the arginyl 8CH2-peak at 3.2 ppm shows a low-field shoulder indicating that 
some of the arginyl resonances shift to lower field as result of the presence of 
octadecaphosphate. Since the average T1 value was measured at 3.2 ppm, 
the resonances most strongly affected by the presence of octadecaphosphate 
are less strongly weighted in the T1 value obtained. Therefore, the T1 value for 
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the arginyl 8CH2-resonance in the presence of octadecaphosphate is less 
accurate. 

The longitudinal relaxation times Ti give information about the internal 
mobility of the corresponding side chains in the presence of phosphates of 
various lengths. The four side-chain resonances mentioned were chosen for 
the following reasons. The (7(^3)2 resonance of Val3 is considered to be a 
reference, because the methyl groups of this valyl residue are not expected to 
bind to phosphate groups and are not involved in a-helix formation according 
to a two-dimensional NMR study on P25 in 200 mM sodium phosphate at pH 4 
(Chapter 3). However, the 8-protons of the arginyl residues, the e-protons of 
the lysyl residues, and the methyl group of Thr 9 may be affected by the length 
of the phosphate present. The arginyl 8-protons and the lysyl e-protons are in 
close proximity of positively charged groups, which are expected to interact 
with the negatively charged phosphates, and the 7CH3 resonance of Thr9 
shifts down field with increasing length of the phosphate present (see Table 
2.2). Table 2.3 shows that the T1 values of the last three resonances 
mentioned decrease with increasing phosphate length. 

Table 2.3 

Inorganic 

salt 

no salt 

P 

P4 

P18 

no salt 

P 

P4 

P18 

Longitudinal relaxation times of proton resonances of P25 

presence of phosphates of various lengths at 10 and 25°C 

Temp. 

°C 

10 

10 

10 

10 

25 

25 

25 

25 

Longitudinal relaxation time of the 

(YCH3)2 val3 

s 

0.44 ± 0.02 

0.43 ± 0.02 

0.44 + 0.02 

0.43 + 0.02 

0.50 ± 0.02 

0.49 ± 0.02 

0.49 ± 0.02 

0.49 ± 0.02 

8CH2 Arg 

0.40 + 0.01 

0.40 ± 0.01 

0.38 + 0.01 

0.28 + 0.01 

0.43 ± 0.02 

0.43 ± 0.02 

0.41 ± 0.01 

0.38 ± 0.01 

1H resonance of 

eCH2 Lys 

0.51 + 0.02 

0.46 ± 0.02 

0.36 ± 0.01 

0.33 ± 0.01 

0.63 ± 0.02 

0.57 ± 0.02 

0.41 ± 0.01 

0.43 ± 0.02 

in the absence and 

7CH3 Thr9 

0.42 ± 0.02 

0.41 ± 0.01 

0.38 ± 0.01 

0.27 ± 0.01 

n.d. 

n.d. 

0.49 ± 0.02 

0.40 ± 0.01 

Longitudinal relaxation times (T-|) of several proton resonances of P25 are given as T1 ± SD. 

The total phosphorus concentration was 50 mM, present as monophosphate (P), 

tetraphosphate (P4), or octadecaphosphate (P-is)- n.d. = not determined due to overlap 

problems. 
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