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De door Angelides en Hammes gegeven fysische verklaring van de spectra van
het met pyreenmaleide gemodificeerde pyruvaat dehydrogenase complex is
minder waarschijnlijk dan een chemisch alternatief zoals aangegeven door
Wu et al.

Angelides, K.J. en Hammes, G.G. (1979} Biochemistry 18, 1223-1229.
Wu, C.W., Yarbrough, C.R. en Wu, F.Y.-H (1976) Biochemistry 15, 2863-2868.

De suggestie van Beddard et al. dat antennechlorofyll bestaat uit monomeren,
is in strijd met het absorptiemaximm dat voor in vivo antennechlorofyll
gevenden wordt. Tevens blijkt uit hun metingen dat chlorofyll in een zuiver
lipide geen goed modelsysteem is voor het thylakoidmembraan in de plant.

Beddard, G.S., Carlin, 5.E. en Porter, G. (1976) Chem.Phys.Lett.43, 27-32.

Gelet op de lage gevoeligheid van NMR zeugmatografie is het onwaarschiinlijk
dat deze techniek een concurrerend alternatief voor X-ray tomografie zal
worden voor het verkrijgen van twee en drie dimensionale lichaamsdoorsneden

van de mens.

Brunner, P. en Ermst, R.R. (1979) J.Magn.Res. 33, B83-106.

De door Yagi et al. voor de D.vulgaris (Miyazaki) hydrogenase gemeten milli-
molaire absorptiecoéfficient van 47 bij 400 m is niet in overeenstemming
met de vermelde aanwezigheid van ongeveerd 8 atomen van zowel ijzer als
zuurlabiel zwavel per molecuul, maar wijst op de aanwezigheid van drie
4Fe/4S clusters per enzymmolecuul.

Yagi, T., Kimura, K., Daidoji, H., Sakai, F., Temura, S. en Inockuchi, H.
(1976) J.Biochem. 79, 661-671.

SIBLICTHEEK
DRR
LANDBOUWHIM; r'» HOO],
WAGENINGEN



VI.

VIII.

IX.

De uitkomsten van de door Siler et al. uitgevoerde recombinatieproeven met
cowpea-mozalek virus mutant B sluiten niet uit dat de hogere specifiecke
infectiositeit van deze mutant overerft via de middencomponent en niet,
zoals deze onderzoekers suggereren, via de bodemcomponent.

Siler, D.J., Babcock, J. en Bruening, G. (1976) Virology 71, 360-567.

Het is juister gebruik te maken van de diffusiecc&fficient voor het bepalen
van de gehydrateerde diameter van bolvormige deeltjes dan de door Juckes
voorgestelde methode toe te passen, waarbij sedimentatieco&fficient en

zweefdichtheid gebruikt worden.

Juckes, L.R.M. (1979) J.Gen.Virol. 42, 89-94.

Bij de verklaring van de gemeten polarisatiegraad van de tryptofaanemissie
in alcohol dehydrogenase uit paardelever doet Iweibo enkele niet redle

fysische aannamen.

Iweibo, L. (1976) Biochim.Biophys.Acta 446, 192-205.

Het inmengen van hoger aangeslagen triplettoestanden in de laagste triplet-
toestand leidt niet noodzakelijkerwijs tct een afname van de waarde van de
nulveldsplitsingsparameter |D[. Bovendien moet de term diffuus bij het be-

spreken van golffuncties vermeden worden.

Ugurbil, K., Maki, A.H. en Bersohn, R. (1977) Biochemistry 16, 901-907.
Kooter, J.A. (1978). The lowest triplet state of some metal porphins:
A study by ESR and Zeeman spectroscopy. Proefschrift, Rijksuniversiteit

te Leiden.

De mate waarin resultaten van spectrescopische waarnemingen aan een eiwit
kunnen worden geintepreteerd hangt ten nauwste samen met de kemnis omtrent

de drie dimensionale structuur van het eiwit.

Het onderbrengen van kunstwerken zou kunnen worden vereenvoudigd docr ook
voor werkloze bouwvakkers een contraprestatieregeling te ontwerpen.

Proefschrift van J. Kriise 5 oktober 1979.
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LIST OF ABBREVIATIONS

ANS 8-anilino-l-naphtalene sulphonic acid
BBMV broad bean mottle virus

BMV brome mosaic virus

CCMV cowpea chlorotic mottle virus

Ch circular dichroism

(H.AY cucumber mosaic virus

D zero—field splitting parameter

DNA deoxyribonucleic acid

DINB 5,5'-dithiobis{2-nitrobenzoic acid)
E zero-field splitting parameter
E;éo am extinction of a 1% sclution at 260 nm and an optical pathlength of 1 em
EDTA ethylene diaminetetra-acetic acid
EPR electron paramagnetic resonance
Eqn equation

ESR electron spin resonantie

fwhm full width at half maximum

HLAD horse liver alcohcl dehydrogenase
NMR nuclear magnetic resonance

ODMR optical detectlion of magnetic resonance
ORD optical rotatory dispersion

P degree of polarization

PLP pyridoxal-3'-phosphate

Poly~A polyadenylic acid

PPO 2,5-diphenyloxazole

PT pseudo top component

PVX potato virus X

Q quantum yield

RNA ribonucleic acid

RNase ribonuclease

S Svedberg unit, order parameter

SL spin labelled

ST-EFR saturation transfer electron paramagnetic resonance
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12

triangulation number

tobacco mosaic virus

2-p-toluidinyl naphtalene-6-sulphonate
tris(hydroxymethyl}-aminomethane

turnip vellow mosaic virus

partial specific volume

radiation wavelength with waximum intensity

correlation time

fluorescence lifetime determined with phase fluorometry from depth of
modulation

fluorescence lifetrime determined with phase fluorometry from phase shift



1. INTRODUCTION

Many small viruses are composed of nucleic acid, encapsulated in a coat,
which is built from a large mumber of relatively small protein subunits. Since
the information on the genome of the virus is limited, it is more efficient to
build up the viral protein coat from a large number of small identical protein
subunits rather than from one large protein molecule.

The protein coat can protect the nucleic acid from the damaging external
influences in the organism, like nucleases. On the other hand the nucleic acid
has to be released from the nucleoprotein particles to express the genetic infor-
mation, contained in the nucleic acid. This is believed to take place during or
shortly after the penetration of the virus into the cell by a dissocciation of the
nucleoprotein particles into protein oligomers and free nucleic acid. After this
process the genetic information is transcribed, the metabolism of the cell is
changed and viral coat protein is made for the encapsulation of newly synthetized
RNA. The protected nucleic acid can leave the cell to be transported to other
parts of the organism. The reconstitution of the virus particles from its compo-
nents is often referred to as the assembly of the virus.

The structure of viruses and mechanism of dissociation and assembly has been
reviewed extensively [1,2]. Recently progress has been made in understanding the
structure and assembly of tobacco mosaic virus (IMV), which is a rod shaped virus
[3,4]. In this thesis special attention is paid to cowpea chlorotic mottle virus,
which belongs to the bromovirus group [5,6]. This is a group of spherical, RNA
containing, plant viruses, in which the 180 identical protein subunits are ar-
ranged in an icosahedral symmetry. This type of packing allows only a discrete
number of subunits per nucleoprotein particle. It can be deduced that in the case
of more than 60 subunits per particle such a packing results in more than cne type
of environment of the subumits leading to a so-called quasi-symmetrical arrange-
ment. This is in contrast with the arrangement in the rod of a virus like TMV,
where all subunits are in equivalent positions, except for those on the outer
ends of the rod [7].

The assembly and dissociation behaviour of the group of bromoviruses has
been studied in several ways. Most of the attention was directed to the confor-
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mational changes in the macroscopic structure of the nucleoprotein particles.
A recent review of literature and some work on this subject is given in the thesis
of Verduin [8].

In the study presented here, we tried to use spectroscopic techniques to cha-
racterize the protein subunits in the nucleoprotein particles of CCMV. In addi-
tion the spectral properties were monitored as a function of conformational
changes in the complex. The aim was to characterize in this way the different
conformational states and to determine the facters in the protein structure in-
volved in the process of dissociation and assenbly. It was supposed, that the
use of spectral techniques could yield information on the protein-protein and
protein-RNA interactions, that determine the conformation of the stable virus
particles. Changes in spectral properties could elucidate the process of dissc-
ciation and assembly in an indirect, but fast and sensitive way.

In chapter two, a review is given of the properties of and of investigations
with the bromoviruses. Also some results are given of the application of spectro-
scopic techniques used to investigate the structural properties and conformational
transitions in viruses. Special attention in this context is given to tobacco
mesaic virus.

The next two chapters deal with the intrinsic spectroscoplc properties of
CCMV. In chapter three, a study of the fluorescence properties of the coat pro-~
tein is presented. Chapter four is a study of the photo-excited metastable trip-
let states of the tryptophanyl residues in the protein at 77 K and at 1.2 K. The
triplet states are characterized to obtain additional information about the nature
of the tryptophanyl residues in the protein subunits and their involvement in the
protein-RNA interaction. The techniques used in these studies are phosphorescence
spectroscopy and optical detection of magnetic resonance.

Chapters five and six give the results of experiments in which probes are
bound to the protein and information is obtained by determination of the spectral
characteristics of the modified protein. In chapter five, the spectral properties
are given of COMV protein to which a fluorescent probe had been attached. The
mobility and the orientation of this probe, pyridoxal-5'-phosphate, appeared to
be influenced by the quarternary structure of the nucleoprotein particles. The
changes were monitored by fluorescence lifetime and fluorescence polarization
measurements. In this way, information was obtained about the role of mono- and
divalent cations. Chapter six is a preliminary study on the mobility of a spin
label, which was covalently attached to the virus by a reaction with the SH-
groups in the coat protein. The mobility was fcllowed by electron paramagnetic

resonance {EPR) which is sensitive for relatively fast motions, corresponding

14




to segmential flexibility in the protein or mobility of the subumits in the
nucleoprotein particles. Also the recently developed technique of saturation
transfer EPR was applied. This is more appropriate for the detection of the
overall tumbling of the virus particles.

In chapter seven, studies on the binding of mono- and divalent cations to
nucleoprotein, protein and RNA are described. In the binding experiments Mn2+
was used as a paramagnetic probe and EPR was utilized to follow the degree of
binding. The binding of other cations was studied by performing competition
experiments with an".

The results of these studies are sumarized and discussed in chapter eight.
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2. LITERATURE REVIEW ON COWPEA CHLOROTIC MOTTLE VIRUS AND THE
SPECTROSCOPY OF VIRUSES

2.1. COWPEA CHLOROTIC MOTTLE VIRUS

Cowpea chlorotic mottle virus is a small spherical plant virus, belonging
to the bromovirus group. The properties of these viruses were extensively reviewed
by Bancroft [1] in 1970 and by Lane [2] in 1974. Since then, detailed studies on
the association of virus coat protein and on the assembly of protein and RNA have
been performed by Adolph and Butler [3,4] and Jacrot [5] in Cambridge. Verduin
characterized cowpea chlorotic mottle virus and its assembly [6,7,8]. Several stu-
dies were performed on the related brome mosaic virus {BMV) especially by Hirth
et al. in Strasbourg [9-17].

The spherical nucleoprotein particles of COMV are composed of RNA, which is
encapsulated in a coat of 180 identical protein subunits. The subumits are ar-
ranged in an icosahedral symmetry, resulting in a triangulation mumber (T) of
three [18]. The diameter of the particles is approximately 28 nm,

CCMV consists of three types of nucleoprotein particles, which is manifested
in differences in buoyant density. The heavy (H) and light (L)} particles each
contain one RNA molecule with a Mr of 1.20 and 1.07 x 1[)6 respectively, while in
the medium (M) particle two smaller strands with Mr's of 0.81 and 0.25 x 106 are
encapsulated (Fig. 1) [19,20]. The protein subunits of the particles are identi-
cal, with a melecular weight of 19,400 [21].

Kaper suggested a classification of the viruses based on the relative impor-
tance of the two types of interaction, which are responsible for the stability of
the nuclecoprotein particles [22]. One class of viruses with cucumber mosaic virus
(CMV) as a characteristic representative, is mainly stabilized by protein-RNA
interactions, while in another class the protein-protein interactions determine
the stability of the viruses. An example of the last group is turnip yellow mo-
saic virus (TYMV). The group of bromoviruses may be placed between these two
extremes. Here the two types of interactions are equally important.

From the investigations on the stability and conformation of CCMV nucleo-
protein and its protein [1,3] one can arrive at the following scheme. The nucleo-
protein particles are stable at pH 5.0 and low ionic strength (I = 0.1}. A raise
in pH to 7.5 enlarges the diameter of the particles [23,24]. This swelling is
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Fig. 1. The distributicn of RNA molecules over the three different CCMV nucleo-
pretein particles. The buoyant densities of the light (L), medium (M)
and heavy (H) particles were determined by Bancroft and Flack [19].

due to ionization of some abnormally titrating carboxyl groups in the protein,
which causes a repulsion between the subunits [53]. In BMV small concentrations of
divalent cations (5 mM) or higher concentraticns of monovalent cations (0.1 M)
can bind to the negatively charged groups on the protein and the RNA and in this
way the swelling due to repulsion is reduced [13). A similar effect is probably
occuring in COMV [5]. At higher ionic strength (I > 0.2) the salt bridges between
the RNA and the protein in the spherical particles are broken, and the virus will
dissociate into protein dimers [4] and RNA [1,2]. The formation of dimers instead
of monomers is probably due to the lower stability of the latter molecules in
solution. Here several types of interaction may play a role, such as hydrophcbic
and electrostatic interaction,

Protein can be prepared by precipitating the RNA from a solution of disso-
ciated particles [6]. Dialysis of the protein solution against buffer pH 5.0 and
1.0 M NaCl results in the associaticn into spherical protein particles, called
pseudo-top component (PT). These particles have a structure which is very simi-
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lar to the nucleoprotein particles [25]. The preparation of PT is possible for
CQMV and BMV but not for BEMV,

Extensive schemes of the different aggregation states found for COMV at
various pH and ionic strength values were given by Bancroft [1] and Adolph and
Butler [3]. Verduin [6] observed, that the pH-dependent disscciation and asso-
ciation of the isolated protein shows a hysteresis of about 0.5 pH unit. This
means that the association of protein dimers into PT starts at lower pH values
than the dissociation of empty protein particles into dimers. A similar hyste-
resis was observed in the proton titration studies and the swelling behaviour of
CaMv [5] and BMV [13,26].

The role of lysine in the stabilization of COMV nucleoprotein particles was
shown in a study of Bancroft et «l.[27], who compared the properties of COMV with
those of a mutant with a lysyl to arginyl replacement. In contrast to wild type
CMV, the mutant does not disassemble in 1 M NaCl, pH 7.5. Also differences occur
in the swelling behaviour between CCMV and the mutant. Tremaine et 4Z.[28) showed
the importance of the N-terminal region of the protein subunits in the maintenance
of the virus structure at pH 7.4. The digestion of 25 amino acid residues from the
N-terminus by the action of trypsin broke the virus into smaller components. Simi-
lar observations were made for BMV [11].

The arcmatic amino acid residues may also play an important role in the sta-
bilization of the viruses by an interaction of these residues with RNA. For in-
stance, spectroscopic observations led to the conclusion that base stacking inter-
actions between tryptophan and nucleotides were involved in the binding of DNA to
T4 phage gene 32 protein [29]. In the protein subunit of CCOMV, three tryptophanyl,
four phenylalanyl and five tyrosyl residues were found [21].

2.2. SPECTROSCOPY OF VTRISES
2.2.1. Tobasco Mosaic Virus

Many spectroscopic studies have been performed on tobacce mosaic virus.
Most attention has been paid to the aromatic amino acid residues tryptophan and,
to a smaller extent, tyrosine. The interpretation of the spectroscopic proper-
ties was facilitated by the availability of mutants in which one or more of the
three tryptophanyl residues per protein subunit were substituted by other amino
acids.
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The first example of application of fluorescence in the investigation of
viruses is formed by the experiments of Guttenplan and Calvin [30]. They deter-
mined the fluorescence properties of TMV and its protein as a function of pH. In
addition to this the fluorescence upon binding of the probe Z-p-toluidinyl-6-
sulphonate {TNS) to TMV was determined at different pH values. The changes in
the fluorescence properties of TMV and TNS were correlated with structural transi-
tions in virus and protein upon variation of the pH. The virus seems to be more
stable than the protein without RNA. Considerable differences between the quantum
yvield of the disaggregated and aggregated protein could be observed, which were
ascribed to conformational changes or quenching caused by intersubunit contacts,
when aggregation took place. From the studies of Guttenplan and Calvin it was
further concluded that the fluorescence of the protein is mainly determined by
buried tryptophanyl residues.

The fluorescence properties of TMV were also investigated by Taniguchi and
Taniguchi [31], but by a slightly different approach. Conformational changes in
the virus and the protein assemblies were induced by variation of the temperature.
They used the ordinary strain and two other strains. One of the mutants lacks two
tryptophanyl residues. This difference is manifested in the absence cof the tempe-
rature dependent transition, which occurred in the other strains. It was concluded
that the two tryptophanyl residues at position 17 and 52 are involved in a struc-
tural transition, while the residue at position 152 remains unaffected. Further
it was shown that differences exist in the fluorescence polarization of the three
tryptophanyl residues.

Using different strains of TMV the quantum yield of each of the three trypto-
phanyl residues was established by Magne et al.([32]. They estimated a very effi-
cient energy transfer from tyrosyl to tryptophany! residues. This is in good
agreement with the location of these aromatic amino acid residues in the protein
subunit, which was obtained from X-ray diffracticn analysis of TMV protein at a
resolution of 0.28 nm [33].

The interaction of tobacco mosaic virus protein with synthetic polynucleo-
tides was studied using polynucleotides labelled with [luorescent groups [34].
From energy transfer measurements between the modified nucleotides and trypto-
phan a distance of 1.7 to 2.0 nm between Trp 52 and the RNA hinding region was
estimated. A similar value was cbtained in the X-ray studies on TMV [33,35].

Another type of spectroscopic study performed on TMV involves the applica-
tion of circular dichreoism (CD), optical rotatory disperion (ORD) and light ab-
sorption. The spectra cbtained by these methods, yield in the wavelength area

20



between 250 and 300 nm information about the nature of the aromatic amino acid
residues.

Vogel and Jaenicke [36] compared the CD and absorption spectra of TMV pro-
tein of wild type strain with those of a mutant in which Tyr 139 was replaced
by a cysteine residue. They found interaction between Trp 17 and Trp 52, which
was sensitive towards changes in the quarternary structure of TMV protein. Tyr
70 and Tyr 72 were thought to be located in a hydrophobic enviromment, where they
form hydrogen bonds. The suggestion of Vogel and Jaenicke, based on CD data, that
Tyr 70, 72 and 139 are located close to each other, was afterwards confirmed by
the X-ray structure of TMV protein.

In an ORD and CD study of five strains of TMV Dobrov et «f. [37] investi-
gated the interaction between RNA and TMV protein. It was concluded that differen-
ces in the protein-RNA interaction exist among the various strains. However the
possible involvement of tryptophanyl residues in this interaction was rejected.

In another study by Shie, Dobrov and Tikchonenke [38], the Raman spectra of
TMV and cucumber virus 4 (a strain of TMV) were compared. According to these re-
sults significant differences in the protein folding of the two strains are pre-
sent. The special nature of the tyrosyl residues in TMV revealed by CD [36],
was confimmed in this study. Two tyrosines are buried and hydrogen bonded, while
the other two tyrosines arc ecxpesed to the sclvent. The free RNA shows a much
higher degrec of base stacking than the RNA in the virus particles. Also the pre-
sence of two diflerent conformations of the phosphodiester bonds and the ribose
residues in the intraviral RNA can be concluded from these laser Raman studies.

For the investigation of the dynamic properties the application of magnetic
resonance seems to be very uscful. Two types of experiments can be distinguished
here: nuclear magnetic resonance (NMR) of native TMV and TMV enriched with 13C—
isotopes and electron paramagnetic resonance (EPR) on spin labelled TMV protein
and nucleic acid. De Wit et aZ. [39,40,41] used NMR to monitor the internal flexi-
bility in the protein oligomers and nucleoproten particles. The motion within the
subunits in the oligomers is used in a thermodynamical model which describes the
entropy-driven association process. Similar NMR experiments were performed by
Jardetzky et q?. [42]. They showed that the lack of a well defined electron
density of residues 88-114 in the X-ray map of the protein [33] was caused by a
thermal motional disorder and not by an irregular packing of the segment in the
crystal. The flexible region, which is thought to act as a trap for the RNA in
the assembly process, disappears alter assembly has taken place.

By the attachment of a nitroxide spin label to the single SH-group of a TMV
protein subunit, it was possible to study the association process of TMV protein
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by EPR and saturation-transfer EPR {ST-EPR) [43,44]. The association of spin
labelled (SL) TMV protein was disturbed by the presence of the spin label. From
ST-EPR studies it was concluded that the associatien products formed are much

larger than those obtained for unlabelled TMV protein.

By EPR and ST-EPR Powell et «i. [45] were able to follow the assembly of
spin labelled poly-A and TMV protein. In this way they showed that SL-poly-A is
encapsulated in a similar way to TMV-RNA.

2.2.8. Other viruses

In TMV, the interpretation of the spectral properties is facilitated by the
knowledge of the X-tay structure and by the availability of several mutants, es-
pecially those differing in tryptophan content. For other viruses similar spec-
tral studies were performed. In this way it was found for BMV that some of the
tryptophanyl residues are buried in an apolar environment and others have a strong
1y quenched fluorescence. It appeared that the flucrescence is slightly influenced
by protein-protein interaction, while no effect of RNA could be cbserved [12].

Potato virus X was studied with spectral techniques like CD and fluorescence.
These methods yielded some information on the nature of the tryptophanyl residues.
It was concluded that the tryptophan environment may be influenced by the presence
of RNA [46]. By the use of the fluorescent ''polarity" probe 8-anilino-naphtalene
sulphonate (ANS) the changes in hydrophcbicity could be monitored during the re-
constitution of the dissociated virus [47]. By employing the same technigues,
the pH dependence of the conformation of PVX coat-protein was also investigated.
Only the isolated coat protein subunits exhibit a strong dependence of fluores-
cence and CD on the ptl. This was correlated with a confcrmational change that may
determine the reconstitution of PVX from its components [48].

Laser Raman studies have also been performed on spherical viruses. Extensive
studies were performed on MS2 phage, its capsid and its RNA [49]. In this way,
information was cbtained about the felding of the protein chain, the conformation
of the RNA and the temperature stability of the virus particle. Similar experi-
ments were done for TYMV [50].

In the following chapters studies are described, in which some of the tech-
niques mentioned here were appiied to COMV.
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3. INTRINSIC FLUORESCENCE OF COWPEA-CHLOROTIC-MOTTLE-VIRUS
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Changes in the environment of the aromatic amino acid residues in the protein subunits of
cowpea chlorotic mottle virus were studied with fluorescence techniques. The fluorescence properties
of the protein in nucleoprotein particles, empty protein shells and dimers of the coat protein subunit
were determined.

According to fluorescence spectra {excitation at 295 nm, emission maxima at 342— 346 nm
depending on pH and ionic strength} the tryptophan residues are located in a polar environment.
Witli excitation at 235 nm a strong shoulder at about 300 nm in the total emission spectrum can be
observed. This emission must be attributed to the tyrosine residues in the protein and can also be
observed as a fast component in the fluorescence decay curve. The lifetimes were compared with
those of the other bromoviruses which are different in amino acid composition. From excitation
spectra of cowpea chlorotic mottle virus it can be concluded that energy is transferred from
tyrosine to tryptophan residues.

Increase in the guantum yield of the tryptophan emission of the nucleoprotein particles upon
raising the ionic sirength and pH are attributed to a diminishing interaction between the protein
and the RNA. The fluorescence properties of the protein hardly change when the empty protein

shells are dissociated into protein dimers.

Quenching studies with potassium iodide and acrylamide indicate that the tryptophan residues
in the protein are attainable more easily at low ionic strength than at high ionic strength.

Cowpea chlorotic mottle virus {(CCMV) is 2 multi-
component spherical plant virus., which belongs, to-
gether with brome mosaic virus {BMV) and broad
bean mottle virus (BBMV), to the group of bromo-
viruses [1.2]. Their purified preparations consist of
almost equal proportions of three different nucleo-
protein particles. Two of them contain one RNA
strand of M, about 1.1x10° and the third has two
smaller RNA components with molecular weights
of about 0.8 x 10° and 0.3 x 10°. The protein coat of
these particles is similar and consists of 180 :dentical
polypeptides with a molecular weight of 19400,
arranged on the surface of an icosahedron.

The nucleoprotein particles, which are stable at
pH 5.0, increase in hydrodynamic volume when the
pH is raised to 7.5. The resulting decrease in sedimen-
tation coefficient from 88 S to 78 § has been explained
by radial expansion of protein and nucleic acid due
to electrostatic repulsion [2]. Increasing the iomic
strength to 1.0 M at pH 7.5 dissociates the swollen

Abbreviations, CCMY . cowpea chlorotic motle virus: BBMV,
broad bean moitle vires: BMVY. brome mosiic virus: twho {ull
width at hall maximunm.

virus inte coal protein dimers [3] and RNA [1.2].
When the RNA is removed, the proteins dimers can
reversibly associate into empty spherical protein shells
called pseudo-top component. The arrangement of
the polypeptides in these shells is similar to that in
the nucleoprotein coat [4].

In each CCMYV protein subunit three tryptophan,
five tyrosines and four phenylalanines are present.
For BMYV and BBMYV proteins the number of aromatic
amino acid residues are, respectively. two and zero
tryptophans, five and four tyrosines and five and seven
phenylalanines {5]. By cbserving the fluorescence
properties of the aromatic amino residues, informa-
tion can be obtained about the direct snvironment
and the localization of these residues in the protein
particles [6,7).

This paper reports on fluorescence of CCMV
protein. The fluorescence properties studied were
peak location and band width of emission spectra.
excitalion spectra, lifetimes and degree of polarization.
In particular, the changes in these parameters induced
upon passing through the different states of aggrega-
tion of the virus have been measured and correlated
with structural features of the virus particies.
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MATERIALS AND METHODS
Virus

CCMY was isolated from 7-day-infected cowpea
leaves as described before [8]. The coat protein was
prepared according to the CaCl; method and pseudo-
top component was obtained by dialysing against
1 M NaCl, pH 5.0 [9]. BMV and BBMV were grown
in barley and horse bean respectively. Virus and coat
protein were ssolated by the same procedures us de-
scribed for CCMV. The nucieoprotein and protein
preparations were dialyzed against 0.02 M cacodylic
acid buffer of the desired pH and ionic strength. All
measurements were done in this bufler, Preparations
of each bromovirus contained the three different
nucleoprotein particles in the same ratio as the iso-
lates from the plants. Both protein and nucleoprotein
were used in a concentration ol abeut 0.1 mg/ml.

Absarption Specira

Absorption spectra were recorded with a Cary 14
spectrophotometer.

Fluorescence Specira

Fluorescence spectra were measured with a Hi-
tachi-Perkin Elmer MPF 2A spectrofluorimeter equip-
ped with a thermostated cell holder and with a
home-built apparatus. [t wis composed of a 450-W
xenon lamp and an M4QIIll Zeiss monochromator
lor excitation and a Jarrell-Ash 0.25-m Ebert mono-
chromator (model 82.410) with a cooled EM] 9459
QB 520 photomultiplier for detection. The light beam
wus chopped at 124 Hz. The photomultiplier signal
was amplified by a PAR 128A lock-in amplifier,
supplied with a reference signal rom the light chopper.
The cell holder could be thermostated between
~ 180 C and room temperature, using either liquid
nitrogen or circulating methanol as coolant. The
fluorescence spectra were vecorded at 4 C.

The sensitivity of the detection system was cali-
brated with & standard tungsten lamp [10]. The gquan-
tum yield was determined by comparing an integrated
and corrected spectrum with that of a tryptophan
solution of known concentration (@ = 0.14} [11].

Fluorescence lifetimes were determined with a
phase fluorometer [12,13]. Fluorescence decay curves
were obtained with a single-photon counting apparatus
consisting of a gated flash lamp unit (Applied Photo-
physics Ltd), 2 56 DUVP/03 Philips photomaltiplier,
operated a1 2400 V. NIM modules of the Ortec 9200
system and a Laben multichannel analyzer. A flash
in deuterium (1 atm) passing through a Jarrell Ash
0.25-m monochromator (model 82.410) was used for
excitation. The emission from the thermostated sample
cuvette was observed through a set of filters consisting
of a Schott WG 305, a Chance Pilkington 0X7 and a

28

Fiuorescence ol Cowpea-Chlorotic-Mottle-Virus Protein

12)

104 m

2 1

fnormalized counts/ channel)

102 H
3

Fluorescence

QO 0 20 30
Time {ns)
Fig. 1. Example of the anaivsis of a fluorescence decay curve measured
By means of sigle photon counting. (1) Excitation profile, calculated
by deconvaluting the decay curve of the quantum counter with a
known lifetime. {2) The dots represent experimental data, the drawn
line is the calculated decay curve. (3} The deviation function DV(H
=[Fdi— FIDL: | F(D where Fii) is the content of the ih channel
and F{(/ is the calculated value of this content. The scale is linear

NiSO,/Co80, liquid filter with a maximum trans-
mission at 317 nm and a full width at half maximum
(fwhm) of 42 nm [14] or through a Balzer K 36 band
filter {Amax = 366 nm, fwhm = 47 nm). The filters used
were chosen in such a way that a glycogen solution
with a turbidity comparable to that of the virus
solutions resulted in a negligeable number of counts.
Because of its wavelength dependence the response
function of the apparatus was determined with a
reference compound by a method described elsewhere
(15]. This reference compound was 4 degassed solu-
tion of p-diphenylbenzene (BDH) in cyclohexane
(Merck, Uvasole). The life-time of this compound was
determined as 0.95ns with the phase fluorimeter
operating at 60 MHz. The lifetime was homogeneous
with respect Lo measurements of phase shift and modu-
lation [12]. The decay experiments were performed
at 9 "C. Analysis of the data was performed using a
non-linear regression algorithm for the deconvolution
of the fluorescence decay [16] described by:

Futy = f2(D) - 1-TyaT (1)

where g{T) is the instrumental response function and
n
I(?) is the decay law assumed to be:ji‘ilaje""r, with

n = 1 (monc-¢xponential), # = 2 (bi-exponential) or
n =13 (tri-exponential). After adjustment of the
parameters o; and 7; the fit was checked by calculating
the convelution product of K{) and g(r} [Eqn{1)]
and by visual comparison of the experimental F(r}
and the calculated curves F (1) (Fig. 1). The criterion
of best fit was attained after a search for the minimum
value of ¥°: N
i = L WilF0) — FOP (2)

in which the summation is made over N channels.
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Fig. 2. Absorption and fluorescence spectra of CCMV protein and nucleoprotein. (A} Absorplion spectra of CCMYV proteinut pH7.5 + 1M
NaCl (----), and CCMYV nucleoprotein at pH § (—--}. {B) Corrected Auorescence spectra of CCMV nucleoprotein excited at 235 nm: (1}
pH 5.0,(2) pH 5.0 4+ 1.0 M NaCl, () pH 7.5, () pH 7.5 + 1.0 M NaCl {C) As for B with excitation at 295 nm_ {I3) Characteristic excitation
spectrum of CCMYV nucleoprotein. This spectrum is not corrected for lamp intensity at different wavelengths. The delection wavelength is

at 350 nm

1
¥ —NF
where fis a number related to the number of lifetime
components in which deconvolution takes place: 2,
4 or 6 for a mono, di, or tri-exponential fit respec-
tively. The factor (N—f) denotes the degrees of

freedom,
Also plotted is a diviation function of the residuals

defined as:
F() — A

0]

W= (k)]

DV(i) = 4)

for each channel 7.

Fluorescence Polarization

Fluorescence polarization values were determined
on an apparatus built according to the idea of Weber
and Bablouzian [17]. Excitation was at 292 nm (fwhm
= 10 nm) and the emission was detected with a com-
bination of the Schott filters WG 320 + UG1 (Amax
= 365 nm, fwhm = 52 nm).

RESULTS
Absorption Spectra

The virus exhibited an absorption maximum at
260 nm, mainly originating from the RNA. The con-

tribution of the protein appeared as a shoulder in
the absorption spectrum of the nucleoprotein. The
spectrum of the protein showed a maximum at 277 nm
and a shoulder at 290 nm originating from the tyro-
sine and the tryptophan residues respectively (Fig. 2A).
The tryptophan shoulder was shifted as compared to
the shoulder at 288 nm in the absorption spectrum of
a solution of free tryptophan. The differences between
free tryptophan and tryptophan in the protein might
reflect a less polar envirenment of the tryptephans in
the protein [6,7].

Fluorescence Spectra

The fluorescence was observed with a band width
of 3.3 nm. Excitation was at 285 and 295 nm. Pseudo-
top component and the protein dimers exhibited
similar fluorescence spectra that were independent
of their aggregation states as influenced by pH and
ionic strength. On the other hand, a change in pH and
ionic strength had a remarkable effect on the protein
fluorescence of the nucleoprotein particles (Fig.2B).
At pH 5.0 and low ionic strength, where the virus is
stable, the ‘emission spectrum showed a maximum
at 342 nm when excited in the tryptophan absorption
band at 295 nm. No RNA fluorescence could be de-
tected. An increase of the ionic strength at pH 5.0
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Table 1. Emission purameters of CCMYV proiein fluorescence
Excitation was at 295 nm (fwhm = 2.2 nm). Measurement were at
4 °C unless indicated otherwise. The accuracy of the emission wave-
langth maximum (Amax) was £ 1 nm and of the quantum yield (Q)
about 5Y of the value. fwhm is the width of the emission curve
at half intensity of the maximum

Componenl Solution conditions @ fwhm  Aeun
am
Nucleoprotein pH 50 0075 & 142

043 S M6

pH 3.0 + 1 M NaCl
pH 75 016 59 5
pH735 + 1 MNaCl 019 59 346
Protein 019 &0 346
Protein
and nucleoprotein
at room temperature pH 7.5 + | M NaCl 013 3o

to 1 M NaCl resulted in a higher guantum yield and
a shift of the emission maximum to 346 nm, Under
these conditions no changes in hydrodynamic prop-
erties have been observed (Verduin, unpublished
results). At low ionic strength (/ < 0.1 M)and pH 7.5,
where the virus is swollen and assumed 1o be stabilized
mainly by electrostatic protein — nucleic-acid inler-
actions, a further increase in the quantum yield was
observed. The quanturn yield was slightly higher than
at I M NaCl pH 5.0 and the maximum shifls to
345 nm. Increasing the iomic strength at pH 7.5,
thereby causing dissociution of the virus into protein
dimers and RNA, enhanced the quantum yield even
more. Characteristics of the fluorescence spectra of
CCMY protein are collected in Table {,

The presence of 0.01 M MgCls in a selution of low
ionic strength at pH 7.5, that partly prevents the swell-
ing of the nucleoprotein particles, had too small an
effect on the fluorescence intensity to be expressed
in a value of the quantum yield. [n all cases the full
width at half maximum (fwhm) of the tryptophan
emission band wuas 60 £ 1 nm. The fluorescence
quantum yield of the undissociated nucleoprotein
wis always jower than that of the RNA-free protein
sofutions (cf. Table 1}. The fact that the fluorescence
spectra of the RNA-free protein showed no observ-
able dependence on the pH and ionic strength was in
sharp contrast to the sensitivity towards NaCl con-
centration of the nucleoprotein emission. This sug-
gesls that an RNA-protein interaction might be re-
sponsible for the changes observed within the virys.

In excitation spectra of a diluted tyrosine solution
(detection at 300 nm} a peak at 235 nm cun be located,
This maximum is absent in excitation spectra of either
tryptophan solations or diluted tryptophan and tyro-
sine solutions mixed in a ratie, identical to that found
in the coat protein, when detection is at 330 nm. How-
ever, in an excitation spectrum of CCMYV nucleopio-

30

Fluorescence of Cowpea-Chlorctic-Mottle-Virus Protein

tein (Fig.2D) a band at 235 nm is also present when
detection is at 350 nm. This is probably due to energy
transfer from tyrosine to tryptophan residues within
the protein.

Excitation at 235 nm of the virus solutions {fwhm
of excitation is 4 nm) resulted in a dependence of the
tryptophan emission intensity at 350 nm on pH and
ionic strength, comparable to the observations upon
excitation at 295 nm. When exciting the nucleoprotein
at 235 nm, a strong shoulder is observed at 300 nm
in the emission spectrum. This shoulder can be attrib-
uted to the presence of tyrosine residues, since free
tyrosine exhibits an emission maximum in this region
whereas a free tryptophan solution hardly shows any
contribution at this wavelength. The intensity at
300 nm does not depend on the different conformations
of the virus (Fig.2B and C).

Excitation Spectra and Energy Transfer

Uncorrected fluorescence excitation spectra with
a detection wavelength at 350 nm (fwhm = 4 nm)
showed three peaks: at 235 nm, mainly from the tyro-
sine residues, at 285 nm, and at 292 nm (Fig 2D).
The shape of the excitation spectrum did not change
when the detection wavelength was varied between
350 and 400 nm. The peak at 285 nm is partly due to
the tyrosine residues. This was confirmed by measur-
ing Lhe excitation spectrum with 300 nm as detection
wavelength, in which case only bands with maxima
at 235 and 285 nm could be observed. Studies on
solutions of tryptophan, tyrosine and a mixture of
these amino acids also indicated that this conclusion
was justified (results not shown). The detection of the
band at 235 nm was possible because of the low ab-
sorbance of the cacodylic acid solution at this wave-
length, With the diluted protein and nucleoprotein
solutions (approximately 0.1 mg/ml), where no cor-
rections for screening effects due to high absorbance
were necessary, no changes in the relative intensities
of the peaks at 285 and 292 nm in the excitation spectra
were observed, when pH and ionic strength were
varied. This demonstrated that the energy transfer
from tyrosines to tryptophans was not very dependent
on the structure of the virus particies. The amount of
energy transfer could be estimated from absorption
and from lamp-intensity-corrected excitation spectra
of the protein [18 — 20]. Upon comparing these spectra
with the absorption spectra of aqueous solutions of
tryptophan and of a mixture of tryptophan and tyro-
sine (3:5). it was shown that the efficiency of energy
transfer from tyrosine to tryptophan was about 30%.

For a donor-acceptor pair the efficiency E is de-
fined as:

E= —— =19 5
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Table 2. Fiuorescence fifetimes of tryptophan and tyrosine residues in bromovirus proteins

The fluorescence lifetimes were measured by the single photon counting technique. A; is the amplitude of the exponential function e ~ 4,
multiplied with the luorescence lifetime ri. Deconvolution with three time constants gave the best fit. (> is the averaged lifetime {(Z;d,r;)/
{ZA). ¢ is a function of the deviation between the measured and the calculated decay curve (sec Methods). In all experiments the
temperature was % °C. The aggregation state is characierized by pH and molarity of NaCl in the solution

Virus Wavelength of Component Aggregation stale A 11 Az 12 Ay 3 3> s
excitation detection pH [NaCl]
nm M ns as s
CCMV 235 317 pucleoprotein 3 ¢ 012 039 048 21 040 6.3 3.6 11
5 10 012 042 039 23 049 6.9 43 1.2
75 1] 0.12 040 037 24 0.51 71 4.6 0.85
7.5 1.0 0.03 011 038 24 059 7.0 51 1.3
protein 5 1.0 0.07 026 037 21 057 63 47 1.1
7.5 1.0 004 0.53 0.4t 24 0.55 1.2 5.0 13
235 366 nucleoprotein = 5 4] 007 0357 016 23 077 12 6.0 1.3
3 1.0 003 026 012 21 0.85 7.2 5.4 1.3
7.5 [ 005 08 015 35 080 0.7 6.7 11
1.5 14 c.0t 12 007 1.9 092 73 6.9 11
prolein s 1.0 004 092 Q.08 2.7 0.88 13 6.7 1.6
7.5 1.0 0.02 015 008 2.6 990 7.5 7.0 14
295 3466 nucleoprotein = 5 0 015 041 018 2.7 0467 74 5.5 13
5 1.0 6d6  ¢37  G.14 1.9 0.80 73 6.1 1.4
15 i3 0407 063 014 29 Q.79 1.6 6.5 L3
1.5 10 co4 031 .09 23 0.87 7.5 6.7 1.2
protein 5 10 .07 0.51 0.10 28 0.83 7.5 6.5 1.5
75 1.0 004  0.28 0.09 3.1 087 1.7 7.0 1.1
BMV 235 317 nucleoprotein 5 Q 007 021 049 108 044 30 1.9 14
§ 1.0 15 021 0.54 152 0.3t 3.8 2.0 11
7.5 1.0 023 438 055 1.87 022 40 2.0 i1
BBMYV 233 37 nucleoprotein 3 0 005 010 011 1.68 084 38 34 14
5 Lo 904 015 015 1.50 031 38 34 .
15 1.0 004 014 012 158 084 3% 35 1.2

where r = distance between donor and acceptor and
Ry = the Forster critical distance where £ is 509%.
For the doner-acceptor pair Tyr-Trp, a Ro of 1.31—
1.5 nin is assumed {19,20].

Since there are five tyrosine and three tryptophan
residues per protein subunii, multiple pathways of
energy transfer can exist, making it difficult to draw
conclusions about relative distances and crientations
from the value of the efficiency. The observed increase
in the fluorescence quantum yield of the virus particles,
when ionic strength or pH were raised, was not ac-
companied by a change in the shape of the excitation
spectra monitoring tryptophan emission at 350 nm.
The efficiency of energy transfer from tyrosine to
tryptophan residues thus appeared to be independent
of this increase in guantum yield. This must be ex-
plained by assuming that the originally non-fluorescent
tryptophan residues are equally effective as an accep-
tor of the tyrosine excitation energy.

Fluorescence Lifetimes

CCMY protein and nucleoprotein solutions were
excited at 235 and 295 nm. The time-resolved emission
was observed through filters having transmission
maxima at 317 and 366 nm. A typical example of
such a fluorescence decay experiment is shown in
Fig.1. At 317 nm both tyrosine and the blue side of
tryptophan emissions could be observed, while at
366 nm only tryptophan e¢mission is transmitted. The
results are collected in Table 2. It should be noted
that in all solutions studied the decay function could
not be assumed to be mono-exponential. On the other
hand the decay profiles measured with a standard
compound like A-acetyl-tryptophanamide in buffer
pH 7.0 [21] could be fitted with a single lifetime. For
comparison, the results obtained with other bromo-
viruses are also included. In order to emphasize the
relative importance of the different lifetime com-




ponents, the amplitudes of the exponential functions
are multiplied with their lifetimes. This product is
directly comparable to the contributions of the dif-
ferent chromophores to the time-independent emis-
sion intensity at a particular wavelength region. It is
toe be noted that the relatively large differences in
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Fig.3. Stern-Voimer plois for the Kl quenching of the fluorescence

of CCMF protein. (A) Free coal protein: (1) pH 5.0 + 0.2 M Na(l,
(2) pH 50 + 1.0 M NaCl: {3) pH'7.5 + 0.2 M NaCl: (4) pH 7.5
+ 1.0 M NaCl. {B) Nucleoproteins: (1) pH 5.0: (2}pH 5.0 + 1.0 M
NaCl; (3) pH 7.5; (4)pH 7.5 + 1.0 M NaCl

Table 3. Fluorescence guenching hy K1

Fluorescence ol Cowpea-Chlorotic-Mattle-Virus Protein

quantum vyield, induced when the nucleoprotein par-
ticles were subjected to changes in pH and ionic
strength, are not reflected similarly in the fluorescence
lifetimes detected at 366 nm. The averaged lifetimes,
<ty = (X ar})/ (2 wr), do not show these large dif-
ferences either. '

The discrepancy between lifetimes and quantum
vields can be interpreted by assuming that a static
rather than a dynamic quenching mechanism is in-
volved for a fraction of the tryptophans without
affecting the corresponding lifetimes.

When excitation was at 235 nm, emission at
317 nm showed, in addition to the decay charac-
teristics observed at 366 nm, a contribution of a
lifetime component of 2—3 ns {see Table 2). This
can be attributed to the tyrosine residues and is
in agreement with the results obtained from BBMV
protein, in which no iryptophan residues are present.
The values of the lifetimes of the pseudotop confor-
mation of the protein at pH 5.0 + 1 M NaCl and the
dissociated protein at pH 7.5 + 1 M NaCl are com-
parable to those found for the nucleoproteins under
the same conditions (Table 2).

Fluorescence Quenching

The protein fluorescence can be quenched dynam-
ically by addition of potassium iodide or acrylamide
te the solution [22,23]. In the case of more than one
emitter the fraction of chromophores to be quenched
by 1™ ions can be estimated [22]. The quenching data
are shown in Fig.3A for the protein and Fig.3B
for the nucleoprotein. The relevant parameters are
collected in Table 3. Investigation with protein solu-
tions indicated that at least 2—2.5 tryptophan resi-
dues per subunit could be quenched easily. Interpre-
tation of the results obtained.with nucleoprotein so-
lutions at low ionic strength was difficult because of
interference with the salt effect. The flnorescence
quantum yield increases rapidly upon raising the ionic

The quenching constant, K,.. and the fraction of tryplophans that can be quenched, (fa).;. were obtained according to Lehrer [22]

Component Aggregation state Ko (M™h (fa)er Shilt
in emission maximum
pH [NuCl]
M Mt nm
Virus 5 342 — 340
s 1.0 le + 02 038 346 — 339
5 345 - 343
1.0 41 + 02 0.85 346 — 340
Protein 5 0.2 183 + 08 G.7 345 - 339
3 1.0 31 +02 ns 346 — 339
7.5 0.2 94407 6.75 346 - 339
7.5 1.0 675+ 05 0.8 346 — 340

32




J. Kriise, B. J. M. Verduin, and A. J. W. G. Visser:

strength and then decreases with addition of I~ ions.
Acrylamide does not show this effect. The proteins
at high ionic strength were quenched less easily than
at lower ionic strength (Fig. 3 A). This indicates that
at high salt concentrations the chromophores are
more shiclded than at low ionic strength. In all cases
the emission maximum is shifted to lower wavelengths
after addition of quencher, indicating the presence of
more buried tryptophan residues.

Polarization

The degree of polarization of the tryptophan emis-
sion in the intact nucleoprotein particles has a value
of 0.22 when excited at 292 nm. This value slightly
decreases to 0.19 when the particles dissociate. The
decrease can be explained in terms of decrease of the
rotational correlation time of the protein. This is
apparent from the Perrin equation [24}:

1 1 1 1 RTz
G339 0+37) ©

Since the volume of the particles decreases upon
dissociation and the averaged lifetime remains con-
stant, the last term in the equation, RT1/n V., where
V' is the molar volume, thus increases, assuming all
other guantities to be invariant. From the observed
depolarization, we can roughly estimate the dimen-
sion of the protein dimers, when the polarization of
the non-dissociated particles is adopted as the limiting
polarization Pp. Assuming the dimers to be spherical
particles, we obtain a diameter of about 5.5 nm. When
we estimate the dimension of the dimers using neutron
scattering data from Jacrot et al. [25], we obtain a
comparable magnitude. The degree of polarization of
the pseudo-top component has the same value as
the nucleoprotein solutions and also decreases upon
dissociation.

DISCUSSION

The changes in the fluorescence quantum yield
observed when ionic strength or pH are raised, can
be explained in terms of weakening of interaction
between the protein subunits and the RNA strand.
A direct interaction between RNA and some trypto-
phan residues might play a role or, alternatively, the
influence of RNA exerted on the protein subunits
causes changes in the internal structure of the protein.
The phenomena observed at low ionic strength
(7 < 01 M) in the nucleoprotein particles cannot
be compared with the effects in empty protein shells
at low ionic strength, because in the latter case the
protein precipitates. The interpretation of the changes
in the fluorescence quantum yield is supported by
the following arguments.

First, the changes occur within the nucleoprotein
particles and not within the protein in the pseudo-top
component or dimer. {The emission from nucleopro-
tein particles increases upon raising ionic strength
from 0.2 M to 1.0 M, but the emission from the RNA-
free particles remains constant under these conditions. )

Second, an increase of salt concentration, known
to disrupt ionic linkages, causes an enhancement of
fluorescence quantum yield even at pH 5.0.

Third, weakening and disappearance of interaction
between protein and RNA was also observed in BMV
by Pfeiffer and Hirth [26,27]. By increasing the ionic
strength at pH 5.5 they were able to remove RNA
from the nucleoprotein particles. Also, from our
own observations with CCMV, we know that it is
possible to make nucleic-acid-free protein particles
by increasing the ionic strength of the solutions at
pH 6.5 (Verduin, unpublished results). Probably no
complete dissociation is needed in this process.

Last, Chauvin et al. [28] observed a decrease in
the radial extension of BMV RNA when virus at
pH 5.5 was moved from 0.2 M KClto 1.5 M KCI. No
change in the radial position of the coat protein was
noticed upon this increase of jonic strength.

The influence of RNA on the fluorescence of
CCMY protein was not observed with BMV [29].
From comparison of the latter observations on BMV
[29] with our own experiments on BMV and CCMV,
it is obvious that the tryptophan residues in BMV
protein have completely different fluorescence char-
acteristics (lifetimes, quantum yields, emission max-
ima) to those in CCMYV protein. These differences
cannot be explained exclusively by the difference in
the number of tryptophan residues in CCMV (3)
and BMYV (2). In contrast with the situation in CCMV,
the environment of the tryptophan residues in BMV
probably does not change when ionic strength and
pH are raised.

The shift in emission maximum that accompanies
the increase in quantum yield must be attributed to
the fact that the tryptophans that become more fluo-
rescent upon weakening of the interaction between
RNA and the protein, are now located in a slightly
more polar environment (the outer regions of the
protein subunits).

The increase in fluorescence quantum yield of
CCMYV protein, mentioned before, is not manifested
in a proportional change in the lifetimes of the tryp-
tophan fluorescence. This can be explained by assum-
ing that a static quenching process dominates, which
means that the quenching group or residue is in inter-
action with the quenched tryptophan during a time
interval that is at least equal or longer than the fluo-
rescence lifetime. This is in contrast to a dynamic
quenching process as is caused by addition of KI.
Here the quenching is caused by a cotlision between
an [~ ion and a chromophore that exists in an excited
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state, In this process a decrease in lifetime roughly
proportional to the change in quantum yield is ob-
served,

Since the fluorescence decay curves of the tryp-
tophan fluorescence (excitation at 295 nm, detecticn
at 366 nm) cannot be fitted with one singte time con-
stant, we must conclude that a heterogeneity exists
in the tryptophan residues of the protein. Excitation
at 235 nm and detection at 317 nm shows, in addition
to a tifetime component of about 2 ns {mainly due to
the tyrosine emission), a component of about 7.0 ns
(due to tryptophan emission). The contribution of
this last component increases when the quantum
yield of the tryptophan emission increases. Comparing
the results of the lifetime measurements on CCMV
with those of BMV {our averaged lifetimes are in good
agreement with the results of Herzog et al. [29]) one
sees that the flucrescence in BMV is dominated by
the tyrosines and tryptophans with short lifetimes.
According to Burstein et al. [7], the short tryptophan
lifetimes indicate that these residues are shiclded
from the solution. This interpretation might explain
the lack of interaction between the tryptophans and
the RNA in BMV.

The heterogeneity in the tryptophan residues of
CCMV is also observed in the KI quenching experi-
ment. The different tryptophan emissions cannot be
quenched equally well and the quenching cayses
a shift of the emission maximum to a lower wavelength
This suggests that the tryptophan residues with an
emission maximum at relatively short wavelength
(335 —340 nm) are shielded more effectively from the
solvent than the ‘red-shifted’ tryptophans (340—
350 nm). The classification that Burstein gave of the
tryptophan residues in different environments can
be applied 1o CCMYV in a satisfactory way. From the
observed lifetimes, quantum yields and widths of the
emission band (Table 2) we may conclude that the
tryptophan residues are in a more or less polar en-
vironment [7].

Polarization of the tryptophan fluorescence in
CCMY and of free tryptophan in a rigid solution [6]
shows that the tryptophan residues are rigidly attached
to the protein frame work. Also the intact virus par-
ticles and pseudo-top compeonent must have a rather
rigid structure. This can be concluded from the vatues
of the fluorescence polarization and from the calcu-
lated values of the rotational correlation times.

The observed energy transfer from tryptophan to
tyrosine seems independent of the conformation state
of the protein and nucleoprotein particles. The insen-
sitivity can be partly due to averaging of the energy
transfer from each of the five tyrosines to each of the
three tryptophans. On the other hand, large changes
in the tertiary structure of the protein should be
reflected in a pronounced change of efficiency of
energy transfer from tyrosine to tryptophan.
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From this study we can learn that the major
effects are caused by a change on the outside of the
protein particles. No evidence has been found that
the internal structure of the protein particles is
changed. The internal probes used here have the ad-
vantage over external probes that they do not disturb
the structure of the particles.

Excitation at 235 nm appears to be a fast and accu-
rate method in characterising the different conforma-
tions of CCMYV and its isolated protein.

In conclusion, the fluorescence parameters both
of products of reassembly experiments and of native
virus may provide useful information in the investiga-
tion of the assembly mechanism, Since the effects
mentioned here are absent in BBMV and BMV,
attempts will also be made to use external fluorescent
probes as a tool in further characterization of the
association-dissociation mechanism of the bromo-
viruses,
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4. PHOSPHORESCENCE AND ODMR OF COWPEA CHLOROTIC MOTTLE VIRUS

4.1, SUMMARY

Phosphorescence spectra cof the tryptophanyl residues in cowpea chlorotic
mottle virus were recorded at 77 K and the influence of the guarternary struc-
ture on the emission characteristics was investigated. The position of the
phosphorescence maxima appeared to be invariant under changes in the aggre-
gation state of the virus particle. In contrast to the results of fluorescence
experiments, the phosphorescence probably coriginates from tryptophanyl residues,
buried in the hydrophobic interior of the virus.

Optical detection of magnetic resonance on the triplet state of the
tryptephanyl residues, shows a slight shift in the zero field transitions,
when the interaction between the protein and the RMA is abolished. This
shift is discussed in terms of changes in polarity and in polarizahility of
the environment of the phosphorescing tryptophanyl residues when the interaction
between RNA and the protein subunits decreased. The zero field transitions in
the virus are further characterized by a great line width, when comparisons
are made with similar transitions observed in other proteins. This shows the
great heterogeneity in environment of the tryptophanyl residucs, and makes the
recognition and interpretation of changes in the transitions very complicated.

4,2, INTRODUCTION

Cowpea chlorotic mottle virus, a spherical, RNA containing virus, belongs
together with brome mosaic virus and broad bean mottle virus to the group of
bromoviruses [1, 2] . The RNA is encapsulated in a protein cecat in an ico-
sahedral symmetry. The coat is composed of 180 identical protein subunits
[3]. The nucleoprotein particles are stable at low icnic strength below neu-
tral pH. At pH 7.5 the particles are swollen and an increase in ionic strength
at this pH results in dissociation of the virus into protein dimers and free
RNA [2, 4]. Also at low pH (below neutrality) the conformation of the RNA in
the virus particles can be changed by an increase in ionic strength [5,6,7].

Each protein subunit contains 3 tryptophanyl and 5 tyrosyl residues [8].
From fluorescence experiments we have already concluded, that the environment
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of part of the tryptophanyl residues is changed, when the particles are swelling
or dissociating or when the RNA configuration within the virus particles is
changed at low pH. In the empty protein core (without RNA) the fluorescence
properties are similar to those of the dissociated nucleoprotein particles [71].
In addition to the fluorescence of aromatic amino acid residues [9]

phosphorescence [10, 11, 12] and optical detection of magnetic rescnance (ODMR}

(13] can give independent information about the environment and location of
these residues in the protein. In the work presented here these techniques were
used in order to characterize the environment of the phosphorescing tryptophanyl
residues. Furthermore, the interaction between the protein and the RNA was in-
vestigated by employing delayed emission properties of this system.

4.3, MATERIALS AND METHODS
4.3. 1. Virus

CMV wus isolated according to the procedure described by Verduin [14].
Protein was prepared by the CaCl, precipitation method [15]. The virus was
dialyzed against 0.02 M cacodylic acid buffer of desired pH. For the low
temperature measurements equal amounts of virus solution and ethylene-glycol
(Merck) were mixed. The virus concentration in the phosphorescence experiments
at 77 K was approximately 0.2 mg/ml. In the ODMR experiments concentrations
of 5 mg/ml were used. Here buffers containing 0.1 M sodium acetate and 0.1 M
sodium phosphate were used at pH 5.0 and 7.5 respectively. To these buffers
0.2 M NaCl (low ionic strength) or 1.0 M NaCl (high ionic strength) was added.

4.3.2, Phosphorescence

Phosphorescence spectra were recorded on a home built apparatus, described
before [7]. In the phosphorescense experiments choppers, both in excitation and
detection light paths were used. The choppers were rotating synchronously, =
radians out of phase, at a frequency of 124 hHz. The 0.25 m Jarrell-Ash mono-
chromator was used with the high blaze grating and slits of 1 nm, resulting
in a bandwidth of 3.3 nm. The scanning was performed by a stepping motor. In
order to obtain larger sensitivity photon counting was used in part of the
experiments.

38




The single photoelectron pulses of the EMI 9659 QB photomultiplier were fed
into a pulse shaping system, consisting of an Ortec 113 scintillation pre-
amplifier, an Ortec 451 spectroscopy amplifier and an Ortec 436 discriminator.
The output (counts/second) was stored in a Laben Multi Channel Analyzer Model
8001, operating in the multiscaling mede. The stepping through the chamnels
and the synchronization with the stepping motor was accomplished with a home-
built trigger and timing control unit. The digital data were stored on cas-
sette tapes for further processing by a DEC 10 computer system.

2.3, 3. Optical detection of magnetic resonance

The ODMR experiments were performed on an experimental setup, described
by Schmidt [16] and Schmidt ¢t «f. [17] . For excitation a 900 Watt Xenhon lamp
(Oriel) was used and a kasha filter [18] was placed in the excitation light path
to remove the radiation with wavelengths above approximately 350 nm. The exci-
tation light was selected with a Fociflex monochromator. The sample was placed
in a four windew helium cryosat, that could reach a temperature of 1.2 K by
pumping the helium,

The detection system consisted of a 0.5 m Spex-monochromator with 3 mm
slits (bandwidth = 3.Z nm) and an EMI 9659 QB photomultiplier, cocled down to
-25°C. The photomultiplier signal was amplified by a PAR 5101 lock-in amplifier
and this signal was fed into a Nicclet signal averager (Model 527).

The microwaves were obtained from a Hewlett Packard HP 8690 sweep
oscillator, equipped with a 1-2 CHz or a 2-4 CGHZ Backward Wave Oscillator as
a plug-in. In some experiments the microwave signal was amplified by means
of a travelling wave tube. The microwaves were fed through a coaxial cable into
a helix containing the sample. The microwave was swept slowly through the zerc
field transitions.

In a second series of experiments two helium cryostats were used and
the zero field transitiocns of the viral coat protein in two different conferm-
ational states, were recorded simultaneously. By using one sweep oscillator,
the effects of fluctuations in the microwave source were eliminated in the
direct comparison of the two samples. The microwaves were split in a circulator
and fed into the two helium cryostats. The excitation light sources were high
pressure mercury lamps (HBO 200 Watt) followed by Kasha filters. The emission
light was selected by narrow band pass filters (Balzer, series A and B) selecting
the light around 410 and 440 nm. In one of the setups an EMI 9558 QB photomulti-
plier and a PAR 5101 amplifier were used for detection, whereas the other
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detection unit consisted of a RCA 1P28 and a PAR 220 lock-in amplifier. Both
signals were sampled in a Hewlett-Packard 5485A/5486A two channel averager.

In the ODMR experiments the microwave frequency was swept at a rate of
25 MHz/sec through the transitions. The power was in the order of 10 mW, The
sweep range was 1.4 - 1.9 CHz to detect the (|D|-|E|) transition and 2.4 - 2.9
GHz to observe the 2|E| transition [19].

4.4, RESULTS
4.4.1. Phosphorescence spectra and lifetimes

The phosphorescence spectrum of cowpea chlorotic mottle virus is inde-
pendent of its conformational state. Next to a contribution of tyrosine, which
becomes apparent upon excitation below 290 nm, the spectrum shows tryptophan
phosphorescence emission maxima at 413 and 440 mm. No contribution of the
RNA to the phosphorescence could be detected (Fig. 1). The conclusion, that
the emission between 360 and 400 nm is originating from the tyrosine and not
from the RNA, is supported by the following observations: The emission is
present both in protein and nucleoprotein solutions; it only appears upon
excitation at wavelengths, where also tyrosine absorbs; the phosphorescence
of broad bean mottle virus, with a protein coat containing tyrosyl but no
tryptophanyl residues, and of free tyrosine shows between 360 and 400 mm an
emission similar to the emission of CCMV detected in this spectral area.

When the widths of the emission peaks at 413 and 440 nm are compared
with the bandwidths in an emission spectrum of tryptophan methyl ester [19]
it can be observed that in the case of COMV the peaks are about 50% broadened.

Fig. 1. Phosphorescence of CCMV and BMV at pH 5.0

Excitation was at 235 nm and 235 nm. The spectra were recorded in
the absence and presence of 1.0 M NaCl in the buffer solution. Photo-
counting was used for detection, T = 77 K and fwhm of detection 3.2 nm.

1A CCMV pH 5.0 excitation 235 nm
B CCMV pH 5.0 excitation 295 nm
C CCMV pH 5.0 + 1.0 M NaCl excitation 235 mm
D CCMV pH 5.0 + 1.0 M NaCl excitation 295 nm
E BMV pH 5.0 excitation 235 nm
F BMV pH 5.0 excitation 295 mm
G EMV pH 5.0 + 1,0 M NaCl excitation 235 mm
H BMV pH 3.0 + 1,0 M NaCl excitation 295 mm
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This must be explained by a distinct heterogeneity in the environment of the
tryptophanyl residues in the protein.

From the fluorescence emission and lifetime measurements it was already
concluded, that the fluorescent tryptophanyl residues are more or less exposed
to the solvent [7]. The results of Longworth [11], cbtained for several proteins
and of Purkey and Galley [19] for the structured phosphorescence of HLAD,
show that the phosphorescence of the buried tryptophanyl residues is generally
shifted to higher wavelength. In contrast with the fluorescence results of
CCMV, the position of the phosphorescence maxima (413, 440 nm) should also be
explained in terms of emission originating from buried residues.

In the excitation spectra (not shown}, with detection at 440 nm, maxima
at about 286 and 293 mm were observed. The slight red shifts in excitation
maxima, compared with the maxima from fluorescence excitation spectra is due to
a slow decay of the triplet during the scamning of the spectra. From the pres-
ence of both bands in the excitation spectra the energy transfer, already
observed in the fluorescence spectra, is confirmed here. The similarity between
the excitation spectra of the protein and nucleoprotein solutions excludes the
possibility of energy transfer from the RNA to the tryptophanyil and tyrosyl
residues in the protein.

The phosphorescence spectra of CCMV were compared with those of TMV, BMV
and BEBMV. The results are sumnarized in Table I. In the case of ™V and BWV
the emission maxima are shifted to lower wavelengths compared with CCMV. This
suggests a more exposed environment of the tryptophanyl residues in these viral
proteins. The fluorescence of these proteins [20, 21, 22] however suggests also
the similar opposite behaviour as is evident in CCMV.

Table I. Spectral characteristics of phosphorescence of viral proteins. The
phosphorescence spectra were recorded in 0.02 M cacodylic acid
buffer pH 5.0 at 77 K. The excitation was at 285 nm (fwhin 3 nm)
and the band width of detection was with a fwhm of 3 mm.

A max fluorescence A max phosphorescence
ccMy 342 mm (7] 413 nm 440 rm
BMV 327 om [20] 411  nom 438 tm
BEMV 305 tm 393 mm no tryptophan
™V 330 om [21, 22] 407.5 mm 437 om
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The phosphorescence decay cf the tryptophanyl residues in CCMV-protein shows
cnly a minor variation, when the aggregation state 1s varied. Lifetime values
of 6.1 + 0.2 sec were measured by closing a mechanical shutter. From the rela-
tively long phosphorescence lifetimes, it can be concluded, that either the
phosphorescence is dominated by tryptophans with a long phosphorescence life-
time or that the phosphorescence is not partially quenched by e.g. complex

formation in the excited state.

4.4.2. Optieal detectton of magnetic resonance

Because of the relative insensivity of the phosphorescence spectra to
conformational changes, we decided to obtain a more detailed characterization
of the triplet states of tryptophan in the viral coat protein, by determining
the zerc field splitting parameters of the triplet state. Maki [23] has pointed
out that in the case of coinciding origins of the phosphorescence additional
information on the different triplet states can be obtained from ODMR experiments.
In a series of experiments the positions of the zero field transitions of
CCMV in stable and dissociated form were measured. Also the zero field transi-
tions of the empty protein shell (pseudo top component} were determined. The
results are sumnarized in Table II.

Table II. Zero field splitting parameters of CCMV protein in different
conformational states.
Excitation was at 290 nm through a Fociflex monochrometer, using a
1000 Watt Oriel Xenon lamp and a Kasha prefilter.
T = 1.2 K. The sweep rate was 25 MHz/sec.

detection ID|—|E1(GHZ) fwhm (MHz)} 2|E|(GHz} fwhm (MHz)

virus pH 5,0 410 nm 1.68 {230}
413 nm 1.67 (200} 2.70 (2751 8
440 nm 1.68 (245) 2.70 (300)
protein pH 5.0 410 nm 1.71 (150}
+ 1,0 M NaCl 413 nm 1.68 (150) 2.7 (260)
440 nm 1.68 (165) 2.70 (250) 390
reverse sweep l.64 (160) 2.68 (240)
virus pH 7.5 410 nm 1.70 (265) @9 2.70 (300)
+ 1.0 M NaCl 423 om 1.68 (180)
440 nm 1.68 (185) 2.69 (2602
@ a shoulder at 2,60 GHz was present

86 a2 shoulder at 1.57 GHz was present
@@% cthe |D|/hc and |E|/hc values, csleculated from the average of the two
sweeps are: |D|/he = 0.1002 em_}
|£]/he = 0.0449 cm
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Because of the weakness of the ODMR signal a long sampling time was needed
to collect data with a reasonable signal to noise ratio. On the other hand the
sweep of the microwave frequency through the transition cannot be too fast. The
spin lattice relaxation is not negligable at the temperatures of the ODMR expe-
riments (1.2 K). These temperatures are needed tc cause population differences
between the three triplet substates. After a microwave transition, the response
of the system (followed by means of a change in phosphorescence intensity}
depends strongly on the lifetime of the emitting sublevel [24] . For a more exact
determination of the microwave transition we used the average from the sweep
from low to high frequency and the sweep from high tc low frequency (Table II).

In order to aveid errors, resulting from fluctuations in the microwave
frequency of the source and to compare the microwave transitions of two differ-
ent conformational states of the viral coat protein simultaneously, we used in
ancther series of experiments two idential helium cryostates. The presence of
systematic differences between the two setups was checked by interchanging the
two different samples. From this we conclude that the observed changes in the
zero field transitions were not due to systematic differences in the dual expe-
rimental arrangement.

In the simultaneous comparison of the two different conformational states
of the viral protein, we were only interested in the relative positions of the
transition maxima. Therefore no corrections were applied for the shift in the
position of these maxima, due to a long response to changes in the phosphor-
escence. The results of the experiments, in which two different conformational
states were compared simultaneously, are given in Table III and Fig. 2.

From the simultanecus comparison of on one hand the virus at low pH and
low ionic strength (stable virus) and on the other hand the virus at high pH
and high ionic strength (dissociated virus] (Table II1d) or the empty protein
particles (Table IIla-c), it is seen that a shift occurs in the (|D|-|E|) and
(2|E|) transitions. A comparison of the |D} and [E| values with the observations
of other authors [24, 25, 26, 27] and a correlation with the emission maxima
[11] shows that the increase of |D| and the decrease of |E| might point into
the direction of a slight spectral shift to lower wavelength, when the RNA-
protein interaction disappears. The microwave transitions, observed here for
the protein of CCMV, exhibit in all cases a large width of the resonance line,
while ne clear structure can be cbserved. Apart from the fact, that there are
at least three different tryptophan envircnments, this broad resonance can also
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Fig. 2.

Spectra of the zero field transitions of CCMV

The different pictures correlate with the experiments summarized in

Table T1I.

and 2.4 - 2.9 GHz (2|E|)
A) |D|-|E|transitions of
B} |D|-|E|transitions of
C) |D|~|E|transitions of
D} [Di~|E|transitions of
E}y 2 transitions of

virus
virus
virus
virus
virus

(top) and protein (bottom)
{top) and protein (bottom)
{top) and protein (bottom)
{(bottom) and protein (top)
(bottom) and protein (top)

(Table
(Table
(Table
(Table
(Table

The traces are from approximately 1.4 — 1.9 GHz (|D]|-|E|)

1I1a)
11Ib)
IIIc)
ITTd)
1I11d)
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Table IIIL. Position of zero field transitions of different sets of CCMV
preparations. Excitation was with high pressure mercury lamps
(150 Watt) through Kasha filters. The sweep rate was 25 MHz/sec
and T = 1.2 K. In the experiments summarized here sets of two
conformational states of the virus coat protein were compared
simultaneously by sweeping through the microwave transition
and using one sweep generator.

detection |D|-|E|(GHz) fwhm(MHz) 2[E|(GHz) fwhm(MHz)

a. virus pH 5.0 + 0.2 M NaCl 410 nm 1.64 210
protein pH 5.0 + 1.0 M NaCl 410 nm 1.69 190
b. virus pH 5.0 + 0.2 M NaCl 410 nm 1.62 190
protein pH 5.0 + 1.0 M NaCl 410 om 1.65 175
¢, virus pH 5.0 + 0.2 M NaCl 440 nm 1.64 200
protein pH 5.0 + 1.0 M NaCl 440 um 1.68 170
d. virus pH 5.0 + 0.2 M NaCl 440 pm 1.62 185 2.69 250
protein pH 5.0 + 1.0 M NaCl 440 nm 1.67 215 2.61 280

be caused by statistical fiuctuations in the enviromment of each of the
tryptophanyl residues {191 . This large width severely complicates the observation
and interpretaticn of changes in the enviromment of the tryptophanyl residues,
which are caused by a change in protein-RNA interaction.

4.5, DISCUSSION

The spectroscopic properties of the tryptophan residues in CCMV were in-
vestigated at low temperatures, 77 and 1.2 K. The results yield both additional
and contradicting information upon comparison with the fluorescence experiments
on CCMV [7]. From the fluorescence properties of COMV at 4°C it was concluded
that the cmitting tryptophanyl residues are located in a rather polar environ-
ment. It was also ohserved that at least two of the three tryptophanyl residues
are exposed to the aqueous solvent. A decrease In interaction between RNA and
the protein results in an enhancement of the fluorescence and a shift of the
emission maximum to hipher wavelengths. These results are explained by assuming
that some of the tryptophanyl residues, originally quenched by the presence of
the RNA, become fluorescent and exposed to the solvent, when the protein-RNA
interaction decreases.

The fluorescence results seem to contradict with the phosphorescence spectra
of the coat protein of CQMV. The maxima of the phosphorescence spectra show no
observable shifts upon swelling and dissociation of the virus. The position of
these maxima (413 and 440 nm) should be attributed to tryptophanyl residues
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buried in a apolar environment [11, 19]. However, the polarity of the environment
itself has only a minor influence on the phosphorescence characteristics of the
tryptophanyl residues at 77 K. The solvent molecules arcund the chromophoric
group cannot reorientate in a rigid matrix after excitation. A more important
factor determining the phosphorescence is the possibility of hydrogen bond
formation between the proton on the imino group of the indole ring and groups in
the protein or of the solvent molecules. Konev [10] pointed cut that this H-bond
may decrease the intensity of the phosphorescence of tryptophan relative to the
fluorescence. Thus it might be expected that because of hydrogen bond formation
the phosphorescence of the exposed residues is quenched relative to the emission
of the residues unable to form hydrogen bonds. This may explain the red shift of
the phosphorescence, since delayed emission is dominated by the buried residues
(11, 19}1.

Another factor to be considered, is the electrical polarizability of the
environment of the tryptophanyl residues. A large polarizability may cause a red
shift in the phosphorescence maximum [19]. Especially the aromatic amino acid
residues and the nucleotides, having high mobile w electron densities, may show
a large polarizability.

A possibility that cannot be excluded as an explanation of the umexpected
phosphorescence results is a conformaticnal change that is caused by a lowering
of the temperature in order to obtain a rigid solution. A decrease of the
entropy contributions to the interaction energies in the protein may be res-
ponsible for these changes.

The ODMR results show, in contrast to the phosphorescence emission,
some differences in the zero field transitions of the virus and the protein
in different conformations. The |D|-|E| transition of the stable virus is charac-
terized by a large resonance line width (Fig. 2, Table IT and IIT)}. The transition
seems to be composed of two contributions. A decrease of interaction between
protein and RNA reduces the low frequency contribution in the signal, relative
to the high frequency part. In the 2|E| transition the contribution at the high
frequency side is reduced upon dissociation of the virus. These results may be
understood, assuming that the removal of the RNA lowers the polarizability of
the enviromment of the tryptophanyl residues, which become more exposed to the
solvent.

A decrease in |D| may be explained by an increase in the distance between
the two unpaired electrons of the triplet wavefunction. This can be caused by a
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contact between the excited chromophores and molecules in the environment. The
admixing of triplet wavefunctions of the surrounding molecules results in a
slight delocalization of the electrons in the excited triplet state. The red
shift in the phosphorescence maxima, which is caused by the resulting stabili-
zation of the triplet states, can thus be accompanied by a decrease in |D|. From
a comparison of the phosphorescence maxima and the ohserved |E| value it can bhe
concluded that the red shift in phosphorescence generally results in larger |E|
values [24, 25, 26, 27].

In some experiments on virus solution, a zero field transition was observed
at approximately 1.55 GHz, upon detection at 388 mm. Since the zero field trans-
itions of tyrosine are all above 2 GHz, the origin of this transition must be
looked for elsewhere., A comparison with the studies of Co and Maki [28] learns
that nucleotides such as adenine may be responsible for this resonance. At high
microwave powers (50 mW) a shoulder at 1.37 GHz appeared in the virus solutions
at pH 5.0 and low ionic strength. The situation was not investigated for other
conformational states of the virus. This observation can be explained by assuming
that the tryptophan zerc field transitions become saturated at high microwave
powers, while another species with a different relaxation behaviour and a weak
phosphorescence becomes visible. The possibility that this resonance is origina-
ting from a tryptophan-nucleotide interacticn has to be investigated further,
although the position of this resonance seems to exclude a tryptophan-adenine
complex [281].

The simultaneous occurrence of the different effects may interfere and
complicate the interpretation of the final effects on fluorescence and
phosphorescence spectral data and on the zero field splitting parameters
|D| and |E|. The comparison of the results of the different techniques may
be helpful in the elucidation of the structural properties of the protein in
the envircnment of tryptophan. At this moment only a few of such studies were
carried out on model compounds and well characterized proteins. The seemingly
contradicting observations, made with CCMV, also occur in other proteins. Bovine
serum albumine for instance has characteristics, that are very much the same as
found for COMV with the techniques mentioned here [10, 11, 291. Comparison of
the tryptophan environments in these two proteins may be helpful means in the
understanding of the spectral properties of CCMV.
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5. FLUORESCENCE OF COWPEA CHLOROTIC MOTTLE VIRUS MODIFIED WITH
PYRIDOXAL-5'-PHOSPHATE

5.1. SUMMARY

Cowpea chlorotic mottle virus (CMV), which is stable at pH 5.0, has been
modified at this pH with 0.5-0.7 pyridoxal-5'-phosphate {PLP) molecules per pro-
tein subunit. The fluorescence properties of the labelled COMV-protein in diffe-
rent aggregation states of the virus provide information about the labelled
part of the protein and the changes induced in its environment, when the nucleo-
protein particles are swollen or dissociated. Fluorescence excitation- and emis-
sion spectra indicate the presence of radiationless energy transfer from the
aromatic amine acid residues to the label. Comparison of the fluorescence life-
times of the labelled and the unlabelled protein confirms the existence of energy
transfer.

The mobility of the labelled part, which can be estimated from the fluores-
cence polarization of PLP, is higher than expected from the dimensions of the
virus and the protein subumits. Polarization values and the fluorescence life-
times depend on the presence of small amounts of NaCl or MgCl2 in the buffer
solution at pH 7.5. This is due to structural changes in the vicinity of the
PLP-label of the RNA and of the protein part.

5.2, INTRODUCTICN

Cowpea chlorotic mottle virus, a spherical plant virus, belongs to the
group of bromoviruses [1,2]. The viruses have a divided genome [3]. The nucleo-
protein particles have a diameter of about 28 nm and are built from 180 identi-
cal protein subunits, arranged in an icosahedral shell [4]. M of a protein sub-
unit of CCMV is 19,400. Two nucleoprotein particles contain one RNA strand with
M_ of approximately 1.2 and 1.1 million respectively. The third particie has
two smaller RNA molecules of M. 0.8 and 0.3 million.

The virus particles are stable at pH 5.0 and low ionic strength (I < 0.1).
An increase of the ionic strength at this pH reduces the radial extension of the
RNA in the nucleoprotein [5] and the interaction between the protein subunits and
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the RNA 1{6,7]. At pH 7.5 and low ionic strength the nucleoprotein particles swell.
This swelling can be partly prevented by the addition of divalent cations {8} or
higher amounts of monovalent cations [5]. These ions may bind to the RNA, to the
protein or between those compounds. In this way charged groups are neutralized
and the swelling due to repulsion between equally charged groups is reduced [9].
An increase of ionic strength at pH 7.5 to 1.0 M NaCl leads to a dissociation of
the virus particles into RNA [2] and protein dimers [10]. Empty protein particles
(pseudo top) can be made by dialysis of a solution of protein dimers against buf-
fer of pH 5.0 and 1.0 M NaCl [11]. The architecture of the shell is similar to
the nucleoprotein coat [4], but the particles have a different surface charge
[12].

The N-terminal region of the protein subunits of the bromoviruses is impor-
tant in the stabilization of the virus particles at pH 7.5. The swollen particles
at pH 7.5 are sensitive to a treatment with trypsin [13]. At the N-terminus 25
amino acid residues are cleaved off by trypsin and this causes a collapse of the
virus particles. Similar observations were made for BMV [14].

In COMV there are 12 lysyl residues per protein subunit [12,18] and three
of them are located in the N-terminal part that is cleaved off by trypsin diges-
tion.

Pyridoxal-5'-phosphate is a compound frequently used in the investigaticn
of the role of lysyl residues in proteins [15]. From fluorescence properties of
the protein labelled with PLP, informaticn can be obtained about the position
and the environment of the label [16] and about the internal and overall mobility
of the labelled protein [17].

In this paper we describe the fluorescence properties of cowpea chlorotic
mottle virus that has been labelled with pyridoxal-5'-phosphate. The PLP was
covalently attached to CCMV in the compact conformation at pH 5.0. The changes
in the fluorescence of the labelled virus (PLP-CCMV), when this is brought into
different states of aggregation may provide additional information about the
structural changes, that play a role in the mechanism of dissociation and assem-
bly.
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5.3. MATERIALS AND METHODS
5.3.1. Virus

CQMV was isolated from 7-day-infected cowpea leaves as described by Verduin
[19]. The coat protein was prepared according to the CaCl,-method [11].

5.8.2. Reactionm of CCMV with PLP

CMV was labelled with PLP following the procedure of Schnackerz and Noltman
[20]. Virus (6.5 mg/ml) was incubated at 4°C in the dark in the presence of 50 mM
sodium acetate, pH 5.0, 10 mM MgCl2 and 1 mM EDTA and a 35-fold molar excess of
PLP as compared with the protein subunit concentration. After one hour the re-
action mixture was diluted 25 times with the same buffer (without PLP) and sub-
sequently a freshly prepared solution of 0.6 M sodiumborchydride (BDH) was added
in portions of 1¢ wl until the yellow colour of the reaction mixture had disap-
peared completely. In this procedure the pH of the virus solution was never
above pH 5.5. Labelled virus was separated from the reaction products by dialysis
against several changes of 50 mM sodium acetate buffer containing 1 mM EDTA and
10 mM MgCl, and the complete removal of unbound PLP was checked by monitoring the
fluorescence of the dialysis buffer. For the fluorescence experiments the virus
solution was dialyzed against 20 nM sodium cacodylate and 1 mM EDTA, pH 5.0 and
pH 7.5, in the presence of various concentrations of NaCl or MgClz.

The number of the PLP molecules per coat protein subunit was estimated from
the extinction of the labelled virus at 260 and 325 nm, assuming for COMV:

E1% = 58.5 [2] and a molar extinction coefficient of PLP at 325 nm of 10,000

200 nm
[21-24].

5.3.3. Absorption

Absorption spectra were measured with a Cary 14 spectrophotometer, equipped
with a thermostated cuvette holder.

5.3.4. Fluorescence

Fluorescence emission and excitation spectra were recorded on a MPF 2A Hita-
¢hi Perkin Elmer spectrofluocrometer, in which the cuvettes can be thermostated.
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The spectra were not corrected for variations in detection and excitation wave-
lengths.

Polarization values were determined with an apparatus, built according to
the design of Weber and Bablouzian [25]. The polarization values were corrected
according to a method described by Azumi and McGlyn [261, using the equation

v, - H, (/B

V& + HV (Vh/Hh)

p

where V denotes the vertical and H the horizontal plane of polarization upon de-
tection. The subscripts refer to the direction of polarization of the excitation.
The excitation was at 330 nm (fwhm 10 nm) and detection was through a set of
Schott Filters: GG385 + BG1 (amax 425 nm, fwhm 85 nm), to remove the first and
second order light of the excitation source. The accuracy of the determined pela-
rization values was better than 0.005. The lifetimes of the PLP-fluorescence and
the protein emission were obtained with a phase-fluorometer [27,28] operating at
60 Mc. Excitation light was selected with a Jarrell-Ash 0.25 m Ebert monochroma-
tor (Model 82.410) with slits of Z mm {fwhm = 3.2 nm). In the detection light
path a GG385 + BG1 filter combination was used for PLP fluorescence (sec polari-
zation) and a WG320 + UG1 (Schott, Amax = 365 nm, fwhm = 52 nm) for the protein
fluorescence.

The lifetime of the PLP fluorescence was also determined with single photon
counting at 10°C. The fluorescence decay curves were obtained with an apparatus
as described previously [7]. A flash in air (1 atm) was used from which most of
the strong 337 nm Nz-emission was isolated by an Eppendorf 334 interference fil-
ter. For detection the bandwidth of the 0.25 m Applied Photophysics menochromator
was set on 10 mm. The detection was at 395 nm. To determine the response function
of the apparatus a degassed soluticn of 2,5-diphenyloxazole (PPO, Eastman Kodak)
in cyclohexane (Merck, Uvasol) was used as a reference compound. The lifetime of
this compound, determined with the phase-fluorometer operating at 60 MHz, was
1.36 ns. The data were analyzed using a methed described elsewhere [7]. In the
experiments described here the decay law is assumed to be

t/1.

I(t) = o e 1 withn =2 (bi-exponential).

J

e

1
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All fluorescence experiments were performed at 4°C unjess indicated other-
wise with a nucleoprotein concentration of appreximately 0.25 mg/ml.

5.3.5. Gemeral properties of CCMV labelled with PLP

Labelled COMV was characterized by electron microscopy, gel electrophoresis,
sedimentation analysis and infectivity tests following the procedures as des-
cribed by Verduin [19].

5.4. RESULTS
5.4.1. Regctivity of CCMV towards PLP and general propertigs of PLP-CCMV

COMV was incubated at pH 5.0 with increasing concentrations of PLP, varying
the molar ratic of PLP to protein subunits from 10 to 200. Under these condi-
tions a maximum number of 1.2 £ 0.1 PLP molecules per pretein subunit could be
introduced. For the fluorescence experiments C(MV containing 0.5 to 0.7 PLP
molecules per protein subunit, was used. This compound is designated as PLP-CCMV.
The modification of CCMV with PLP neither did change the sedimentation ceoeffi-
cient, the infectivity and the appearance in the electron microscope nor the
electrophoresis of RNA and protein in SDS polyacrylamide gels.

5.4.2, Fluoreescence properties of PLP-CCMV

Excitation and emission of PLP-CCMV were determined for the virus in diffe-
rent conformational states. In Fig. 1 these spectra are shown for PLP-COMV at
pH 5.0 (stable virus) and in 1.0 M NaCl at pH 7.5 {dissociated virus). There is
an increase in fluorescence of the protein upon dissociation and this is partly
caused by weakening of interaction between RNA and some tryptophanyl residues
[7]. With stable virus preparations next to the protein emission at about 315
and 340 nm a shoulder at 390 nm can be observed. This emission must be attribu-
ted to the PLP label. As judged from excitation spectra of pyridoxaminephosphate
(not shown) and labelled nucleoprotein, selective excitation of the aromatic
amino acid residues in the protein without excitation of PLP, is difficult to
realize. To get at least a qualitative picture of changes in energy transfer
from the tryptophanyl and tyrosyl residues to PLP, it is more useful to extract
information from the lifetimes of the protein fluorescence.
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Fig. 1. Excitation and emission spectra of CCMV labelled with PLP.
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The bandwidth was for detectieon 4 nm and for excitation 3 nm.
A} pH 5.0, stable virus particles; detection at 345 um (.....),
excitation at 285 mm ( }, detection at 440 nm (-----) and
excitation at 330 nm (-.-.-.-.)}.

B) idem for pH 7.5 + 1.0 M NaCl, dissociated virus.




5.4.3. Energy transfer

From excitaticn spectra of the PLP emission and from protein emission
spectra (Figs. 1 A and B and Ref. 7) the existence of a considerable overlap
between absorption of PLP and emission of COMV-protein is observed. The effi-
cicngy of electronic energy transfer is defined by Forster [29] as:

E=——u where

r = distance between donor and acceptor and R = the Forster critical distance,
where E is 0.5. Ro depends among other things on spectral overlap of donor emis-
sion and acceptor absorption and on relative orientation of donor and acceptor.
Churchich [16,30] estimated the R, for energy transfer from tryptophan to PLP
for five different proteins to be in the range of 1.6 to 2.4 nm. Since the quan-
tum yield of the protein fluorescence depends on the conformation of the nucleo-
protein particles [7], the critical distance R, is slightly affected (to about
16% increase in the case of complete dissociatiocn}. The amount of energy transfer
can be estimated from the quantum yield or the lifetime of the donor fluorescence
in the absence (QO, T 0) and in the presence (Q, 1) of the energy acceptor. The
efficiency can be written as:
T Q

E—1-a—1~€ 31
Using 292 nm excitation the lifetime of the PLP-CCMV protein fluorescence is
under all circumstances shorter than that of the umlabelled nucleoprotein (Fig.
2). At pH 5.0 no large changes in lifetime occur upon increasing the NaCl con-
centration to 1.0 M or addition of 0.01 M MgClZ. At pH 7.5 the presence of va-
rious amounts of NaCl or MgCl2 in the buffer strongly influences the fluores-
cence lifetimes of the labelled protein. At low ionic strength addition of 0.01 M
MgCl, reduces this lifetime, probably because of a more efficient energy transfer
from the aromatic residues to PLP, when the swelling of the particles is reduced.
The same effect, although less pronounced, is cobserved upon addition of 0.2 M
NaCl. A further increase in ionic strength, causing dissociation of the virus
into coat protein dimers and RNA, results in longer lifetimes.
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Fig. 2. Dependence of the protein lifetime fluorescence on ionic stremgth and
the pregence of divalent cations.
A and B refer to the situation for umlabelled CCMV and C and D to CCMV
labelled with PLP (PLP-CCMV). The lifetimes are determined with phase
fluorometry firom changes in modulation (A and C)} and phase shifts
(B and D).
The solid lines are measured in the absence and the dotted lines in
the presenece of 0.01 M MgClz.
a) CCMV at pH 5.0 and b) at pH 7.5. See M & M for experimental details.

Titration of a nucleoprotein solution (PLP-CCMV) at pH 7.5 with MgCl,
caused a decrease of the fluorescence lifetime, indicating that at pH 7.5 the
change in fluorescence lifetime is reversible (Fig. 3).
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At pH 7.5 the differences between the fluorescence lifetimes of unlabelled
(Fig. 2 A and B) and labelled protein solutions (Fig. 2 C and D) are relatively
smaller than at pH 5.0,

Since an increase in transfer efficiency results in shorter lifetimes, the

last observation must be explained by a more efficient energy transfer at pH 5.0.

Fig. 3. Variation of fluorescence life-
times with varying concentra-—

Zsp
~— tions of MgCl, .
© The lifetimes, 1 {modulation)
E 4qF and 1_ (phase), measured with a
* 1 phase’ [luorometer, were deter-—
= m mined for PLP-CCMV at pH 7.5
m 3t and low ionic strength (T < 0.1},
[&]
5 \W—-

s 1
g 2 ’
&
3 1
L

0 5 10

[MgClo] (mM)

5.4.4. PLP flucrescence Lifetimes

The fluorescence lifetimes of PLP have been determined in two ways: from
single photon counting (Table I) and from phase flucrometry {Table II). We have
to conclude that under all circumstances the decay is composed of more than one
lifetime. Apart from this heterogeneity a slight decrease of fluorescence life-~
times of PLP is observed upon raising the pH. For the interpretation of the po-
larization experiments (next section) the slight variations in lifetimes have

no CONSequences.
§.4.5. Polarization of PLP

Polarization experiments provide information about the mobility of the part
of the protein, that contains the PLP-label. The polarization values (P) are
sumarized in Fig. 4.

The label in the stable virus particles at pH 5.0 shows a degree of polari-
zation of 0.29, independent of ionic strength or the presence of MgCl,. This

value, lower than expected for a virus particle of this size, can only be ex-
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Table I  Fluorescence lifetimes of PLP determined with single photon counting.
Excitation wavelength is 337 nm, emission wavelength 295 nm,
The decay function n iy
I(t) = 2 aj e T, was analyzed in two components.
i=1
<1> ig the averaged lifetime and xz is a function of the deviation
between the measured and the calculated decay curve. A, is defined
as a.T.. For further details see Kruse et al. [7] and Materials and
Methods.
o s 2
condition AI Tl(ns) A2 Tz(ns) <t>(ns) X
pi 5.0 0.26 0.70  0.74  4.20 3.29 8.8
pH 5.0 + 0.01 M MgCl, 0.20 0.51 0.80 3,97 3.29 9.0
pH 7.5 0.25 ¢.81 0.75 3,19 2.6 2.4
pH 7.5 + 0.01 M MgCl, 0.18 0,50 0.82 3.48 2.95 9.0
pH 7.5 + 1.0 M NaCl 0.19 0.46 0.81 3.24 2.69 5.2
Table IT PLP fluorescence lifetimes determined with phase fluorometry.
Nucleoprotein solutions (approximately (.25 mg/ml) were excited
at 312 nm, fwhm = 3.2 nm and fluorescence was detected at 425 nm
(see M & M). T hase is the lifetime determined from the phase
shift and 1_ P : from changes in depth of modulation.
modulation
condition Tphase (ns) Tmodulation {ns)
pH 5.0 2.6 3.7
pH 5.0 + 0.01 M MgCL, 2.6 3.6
pH 7.5 2.6 3.4
pH 7.5 + 0.01 M MgCl, 2.2 3.2
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Fig. 4. Polarization of the PLP fluo-
rescence.
The degree of polarization (P)
of PLP-CCMV was measured at va-
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plained, when a local mobility of the labelled part is assumed.

At pH 7.5 and low ionic strength (I < {#.1) where the virus is swollen, P is
reduced to 0.16 in the absence and to 0.235 in the presence of 0.01 M MgCl,,
when the virus is partially swollen. Upon addition of MgCl, to a solution with-
out divalent cations the value can be raised to 0.235, indicating that the depo-
larization process is reversible. Adding 0.2 M NaCl instead of 0.01T M MgCl2
also increases the polarization value, but only to 0.19. Higher NaCl concentra-
tions cause dissociation of the virus and the polarization is lowered to 0.12-
0.13.

Empty protein shells (PT) in 1.0 M NaCl at pH 5.0, that were prepared
from labelled nucleoprotein particles, showed a degree of polarization of 0.2Z.
This value is lower than that of stable virus particles (0.29) indicating an-
other envirorment of PLP in PT as compared to stable nucleoprotein particles. A
lower value (0.23) was also observed with nucleoprotein particles at pH 5.0,
which had previously been swollen at pH 7.5 (0.16).

A solution of pyridoxamine-phosphate in glycerol {v/v > 85%) at 0°C showed
a degree of polarization of 0.415 which is in good agreement with the value found
by Irwin and Churchich [17]. When the PLP is rigidly bound to the virus particles,
this should result in a similar high value of the degree of polarization of the
labelled nuclecoprotein, as can be determined from the Perrin equation:

11 1o *fiu
C-9 = -9 0-=— [32]
P 3 P, 3 C
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Here P, and P are the limiting and the actual polarization respectively and
¢ is the fluorescence lifetime. t_ = w , the rotational correlation time for

a spherical particle is determined by th%Tvolume of the sphere, the absolute
temperature (T) and the viscosity of the solvent (n). At 1%, taking a diameter
of 28 nm for the nucleoprotein particles, we calculate a value of r_ = 4710 ns.
Taking Ty = 3 1S, the estimated average lifetime of PLP, an actual polariza-
tion of almost 0.415 can be expected. In 1.0 M NaCl, pH 7.5 the virus is disso-
ciated into protein dimers and RNA [10]. The volume and the resulting t_ of the
dimers can be estimated respectively from EMV neutron scattering data (T = 27 ns)
[5], from the rough approximation, that V dimer = 90 V virus (T = 52 ns} and
from the molecular weight (38,800) and the partial specific Volume v (0.73) re-
sulting in T = 19.3 ns. This should result in a depolarization from 0.415 (theo-
retical value for stable virus) to 0.38 = 0.015 or from 0.29 (experimental value)
to 0.265 £ 0.010. The actual measured value for the dimer polarization (0.12) is
much lower and this indicates a local mobility of the protein part that centains
the PLP-label.

The extent of this internal motion has been investigated, using a method
developed by Weber [33). It has been applied to labeled y-globulin by Wahl and
Weber [34] and to lysozyme by Irwin and Churchich [17]. Weber showed that in the
case of a local motion, it is possible to estimate the rotational correlation
times, that are associated with the different mobilities. The equation used is:

1 1 1 1 1 1-f

G- (—-3 . -0 -T/n-—————
p 3 p, 3 f T+ B T/n

T
flu
B is related to T in the following way: 8.T/n = -

1 1
Variation of the viscosity (n) by adding sucrose and plotting (-~ - -} vs T/n

(Fig. 5) can be used to determine By,» BS and f [34]. Following Ehissprocedure,
we find for the intact nucleopretein particles at pH 5.0 a long T of 33 ns and
a short e of less than 0.1 ns.

For the coat protein dimer solution at pH 7.5 and high ionic strength it
is difficult to analyze the plot in mere than one rotational correlation time.
Here an averaged e of 1.25 ns is calculated.

In principle the observed decrease of the fluorescence lifetime of PLP upen
raising pH should result in a higher degree of polarization. However a distinct
depolarization was observed upon swelling, which must be explained completely

by a higher mobility.
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Fig. 5. Variation of the degree of polarization of PLP-CCMV with the viscosity
of the solvent.
The viscosity was changed by addition of different amounts of a 607
sucrose solution (w/v).
a) pH 5.0, stable virus particles
b) pH 7.5 + 1.0 M NaCl, dissociated virus

5.5. DISCUSSION

The changes in conformation of the nucleoprotein particles are reflected
in the polarization values of the PLP fluorescence and in the protein fluores-
cence lifetimes of the labelled protein of the virus particles. For an appropri-
ate interpretation of the results obtained with PLP-C(MV, it is necessary to
know the maximum number of sites per protein subunit, that can be labelled with
PLP. Although 12 lysyl residues are present in a protein subunit, never wmore
than about 1.2 molecules of PLP per protein subunit can be introduced, even
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after long incubations with high concentrations of PLP. Accurate determination
of the content of PLP in the protein is difficult because of the low extinction
of PLP compared to the light scattering and absorption of the nucleoprotein.

CMV was labelled at pH 5.0 in order to bind PLP to e-NH2 groups of lysyl
residues [15,35,36], which are presumably not participating in protein-protein
and protein-RNA interactions. The position of the PLP in the amino acid sequence
of the coat protein has not yet been determined.

The presence of the phosphate group in pyridoxal-5'-phosphate is necessary
for the reaction of PLP with COMV. Attempts to label the protein with pyridoxal
were not successful. Variation of the phosphate concentration in the acetate
buffer between 0 and 0.1 M keeping the pH at 5.0 did not influence the labelling
with PLP or pyridoxal in a detectable way.

When at pH 5.0 the mono- or divalent cation concentrations are changed, no
variation in the environment and mobility of the labelled part of the protein is
observed. Therefore PLP is not present in that part of the protein molecule, which
is involved in protein-nucleic acid interaction. The fluorescence of part of the
tryptophanyl residues located in this part increases, when the monovalent cation
concentration increased at pH 5.0 [7]. This is interpreted as a contraction of
the RNA within the nucleoprotein particle [5,6,37], thereby reducing the protein-
RNA interaction. At high ionic strength at pH 5.0 the salt linkages between RNA
and the charged amino acid residues are weakened, while the protein-protein inter-
actions, which are at least partly hydrophobic in nature, are stabilized.

In the swollen nucleoprotein particles at pH 7.5 we observe a change in
mobility and enviromment of the PLP label. The effects on PLP that accompany
the raise of pH, can partially be prevented by the addition of 10 mM MgCl2 and
to a smaller extent by addition of 0.2 M NaCl. Mono- and divalent cations do
influence the conformation of RNA within virus particles [38] thereby preventing
the action of ribonucleases on RNA within the nucleoprotein particles [12].

Alse the conformation of extracted viral RNA is influenced by addition of mono-
and divalent cations to the buffer solution [39]. The concentrations needed to
induce the latter changes are comparable to the cation concentrations used to
influence the fluorescence of PLP-CCMV. The role of RNA therefore appears to be
evident. The cations may also bind to the protein or to a binding site formed
by phosphate groups of the RNA and one or more negatively charged amino acid
residues. In this way charged groups, that cause repulsion and swelling, will
be neutralized.

The increase in mobility of PLP exactly parallels the swelling process of
the virus particle. This suggests that the PLP molecule is sterically hindered
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by the neighbouring protein subunits. This hindering should gradually be abolish-
ed, when the protein subunits are shifted to a configuration with a higher radius
during the swelling process and when the virus dissociates into protein dimers
and RNA. It is also possible that both position and mobility of the PLP is re-
stricted by the presence of the RNA in the nucleoprotein. A change in the orien-
tation of the RNA towards the protein subunits in the swollen particles may in-
duce a change in the conformation of the subunits and thus influence the environ-
ment of the PLP. The absence of these effects at pH 5.0 should be a consequence
of the compact conformation of the protein coat, which prevents changes in the
PLP environment. The increase in protein fluorescence lifetimes of PLP-COMV upon
swelling of the virus can be expliained by a lower efficiency of energy transfer
from tryptophan and tyrosine to PLP, due to an average increase in distance be-
tween these residues and PLP.

The N-terminal region of approximately 25 amino acid residues contains 3
lysine residues and is rapidly cleaved off by the action of trypsin at pH 7.5
[13,40]. From these experiments and from digestion experiments on BMV [14] the
conclusion can be drawn that the N-terminus of the coat protein is essential in
the maintenance of the nucleoprotein conformation at pH 7.5. However, prelimi-
nary experiments to determine the position of the PLP in the protein molecule
indicate the absence of PLP in this N-terminal region.

The differences in the PLP-polarization values of stable virus particles
and empty protein shells, made of protein isolated from PLP-CCMV, suggest a dif-
ference in quaternary structure of the two types of particles. It is known that
the surface charge of the pseudo top empty shell is less negative than that of
the nucleoprotein particle [12] and that the diameter of the shell is larger than
that of the nucleoprotein particle [5]. Based on the latter results, we suggest
that for a correct reassembly of the protein and the RNA, it is necessary to
bring the protein subunits into the proper conformation. This may be accomplished
by binding of RNA to the protein, thus affecting the protein conformation. Also
the presence of mono- and divalent cations can influence the conformation of the
RNA and as a consequence the protein structure. Because of the absence of the
RNA in the formation of the empty protein shell, the protein subunits in the FT
will exist in a conformation different from that in the undissociated nucleopro-

tein particles.
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5.6.
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6. EPR SPECTROSCOPY OF SPIN LABELLED COWPEA CHLOROTIC MOTTLE
VIRUS

6.1, SUMMARY

Cowpea chlorotic mottle virus has been labelled with a nitroxide radical,
when the nucleoprotein particles were in the swollen state. After the spin
labelling reaction the virus was dialyzed tc bring the nucleoprotein particles
in different conformational states. The mobility of the labelled part of the
protein was monitored by EPR spectroscopy and by saturation transfer EPR.
Especially the last technique showed sensitivity to conditions that may influ-
ence the RNA conformation and the RNA-protein interaction. An increase in ionic
strength by addition of 1.0 M NaCl at pH 5.0 or pH 7.5 results in a higher
mobility. At pH 7.5 the presence of 0.01 M MgCl, in the buffer reduces the
flexibility of the labelled region. The shape of the EPR and saturation transfer
EPR spectra can only be explained by an anisotropic mobility of the spin-labelled
viral protein, while an estimate of the rotational correlation times shows that
the mobility of the nitroxide radical must be determined by local fluctuations
in the labelied nucleopretein.

6.2. INTRODUCTION

The nucleoprotein particles of cowpea chlorotic mottle virus (CCMV) con-
sist of RNA, encapsulated in a protein coat, that is built from 180 identical
protein subunits [1, 2] . Each subunit contains two SH-groups [3]. The virus
can be brought into various conformational states by a change in pH, ionic
strength or concentration of divalent cations [1]. At pH 7.5 an increase in
ionic strength (I > 0.2) results in a dissociation of the particles into RNA
and protein dimers (1, 4].

In the characterization of CCMV attempts have been made to investigate
the mobility and the environment of the SH-groups in the coat protein. Labelling
of these groups with fluorescent aromatic maleimide labels did not yield reliable
information, because of the precipitation of the labelled nucleoprotein, which
may be caused by the apolar character of these labels.

Nitroxide spin labels[5] can be rather easily introduced in the viral

coat protein. For high mobilities with rotational correlation times (TCJ <
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0.5 us, EPR spectroscopy may yield detailed information abeut the kind of motion
and the rotational correlation times [6].

For the slow tumbling motion, expected for COMV nuclecprotein particles
(rc ~ 5 us) the use of saturation transfer (ST) EPR spectroscopy is more
appropriate, since this techmique has better sensitivity to mobilities with a
T 0.5 us [6].

In this study we tried to correlate the overall conformational changes
in the nuclecprotein with alterations in the vicinity of the modified SH-groups
in the protein coat.

6.3. MATERIALS AND METHODS
6.3.1. Preparation of spin tabelled CCMV

CCMV was grown and isolated as described previously [7]. The labelling was
performed at 6° C in 0.05 M Tris-HC1 buffer at pH 7.0, containing 1 mM sodium-
EDTA. The nitrexide spin label, 3-maleimido-2,2,5,5-tetramethyl-1-pyrroli-
dinyloxyl (Fig. 1) was obtained from Synvar (Calif. USA}. The spin label was
dissolved in aceton and 0.2 ml of this solution was added to the virus soluticn
(2.5 ml of 5 mg/ml} as to give a 5-fold excess of spin label compared with the
protein subunit concentration. After 30 minutes non-reacted spin label was
removed by extensive dialysis and the virus was dialyzed against 0.05 M Tris-
HC1, pH 7.5, or 0.05 M NaAcetate, pH 5.0. The conformation of the nucleoprotein,
which depends on the pH, was alsc influenced by adding 1.0 M NaCl or 0.01 M MgCl2
to the dialysis buffer.

0 Fig. 1.

The nitroxide spin label, used in the

» experiments with CCMV
0—N x and y are the axes of the nitroxide
N group, mentioned in the text. The z-axis
Yy is perpendicular to the plane.
X 0]
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The extent of labelling was determined by comparing the EPR spectrum of
a known amount of spin label, dissolved in a glycerol-water mixture, with the
spectrum of the labelled virus. The spectra which showed comparable mobility
were doubly integrated to determine the absorption intensities.

Also by reaction of 5,5'-dithiobis{2-nitrobenzoic acid) (DTNB] with the
unlabelled SH-groups in the virus the amount of labelling was calculated [8].

The integrity of the labelled virus was investigated by electron microscopy
and gel electrophoresis of protein and RNA as described by Verduin [7].

6.3.2. EPR and ST-EPR

EPR spectra were recorded on a Varian-E3 spectrometer equipped with a
Varian Variable Temperature Accessory V-4557 to control the temperature of
the solution within 1° C. The experiments were carried out at 4% C. For the
ST-EPR measurements the E3 spectrometer was modified as described by De Jager
and Hemminga [9]. In this way the second harmonic (200 kHz) out-of-phase signal
was recorded. The microwave power setting in the ST-EPR experiments was 100 mW
and the modulation amplitude was 5 G. The EPR spectra were recorded, using a
microwave power of 10 mW and a modulation amplitude of 4 G.

6.4. RESULTS
g.4.1. Spin labelling

The labelling was carried out on ice during 30 minutes. When the amount of
spin label, compared to the protein subunit concentration, is increased above
the S5-fold excess or when the labelling time is made longer than 30 minutes,
more spin label is incorporated in the protein, but the stability of the nuclee-
protein particles decreases. Especially after dialysis against the different
buffers, used to change the conformation, precipitation of the virus occurs.

In the preparation, used for EPR and ST-EPR spectroscopy a five fold excess of
spin label was taken, in which case no denaturation is observed. In this way on
the average about 0.Z spin label molecules were introduced per protein subunit.
When the degree of modification increases above 0.5 molecules per subunit, part
of the virus precipitates. In some experiments we observed that a solution of
modified virus, stable at 4° C in buffer at pH 7.5 + 0.01 M MgCl2 hecomes
opalescent at 20° C.
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From gel electrophoresis no differences could be observed hetween the
protein, modified with spin label, and the unmodified protein. The RNA in the
labelled nucleoprotein particles showed some degradation. This degradation
depends on the conformation of the particles and is least at pH 5.0. The
labelling had to be performed at pH 7.0 to intrcduce a detectable amount of
spin label. Under these circumstances the RNA in the swellen nuclecprotein
particles is sensitive to RNases. In the electron microscope spherical parti-
cles were observed. Except at pH 7.5 in the presence of 1.0 M NaCl, which leads
to full dissociation intoc protein dimers.

6.4.2. EFR measurements

The EPR first derivative absorption spectra were recorded of virus solu-
tions at different pil and icnic strength (Fig. 2). The rotational correlation
times were estimated, using the method of Freed et al. [10] (Table I). The AZZ-
values and the shape of the spectra indicate relatively long rotaticnal corre-
lation times (TC > 10_8 s)]. Also in some circumstances at the high field side
of the m =0 line a peak in the spectrum appears (see arrow in Fig. 2). This
could possibly arise from the presence of spin labels in two different environ-
ments or from an anisotropic moticn of a single spin Label. The spectra were
campared with those of the used spin label in a mixture of glycerol and water
at different degrees of mobility. This Iearns that it is impossible to fit
the virus spectra by adding reference spectra for isotropic motion with
different mobilities. Thus it is likely to explain the spectra of the spin
labelled nucleoprotein by an anisotropic motion of the spin label.

At pH 5.0 and low ionic strength, where the virus particle is a compact
sphere and rather stable, the spectrum is relatively immobile (Fig. ZA). An
increase in ionic strength at this pH, causing a reducticn of interaction
between the protein and the RNA [11], is manifested by an increase in the
mobility of the label (see Table I). At pH 7.5 and low ionic strength, where
the virus particles are swollen due to a reduction of the protein-protein
interaction, the rotational correlation time is slightly longer, when compared
with the value at pH 5.0 and high ionic strength. Also it can be seen that
the presence of 0.41 M MgCl, results in an even further increase in rotational
correlation time.

At pH 7.5 and high ionic strength the nucleoprotein particles will dis-
sociate into protein dimers and RNA. This is manifested in a shortening of Ta
For the spin label rigidly attached to the dimer a T of 2.5 x 1078 s should

. . ) My
E; expected. (From the Stokes-Einstein relation T T 1.
7




Fig. 2,

EPR spectra of spin labelled CCMV

The medulation amplitude was 4 Gauss, tge microwave power was 10 mW
and the experiments were performed at 4 C in buffer, containing 0.05
M sodium acetate, pH 5.0 or 0,05 M Tris-HC1l, pH 7.5.

A. pH 5.0

B. pd 5.0 + 1.0 M NaCl
c. pH 7.5

D. pH 7.5+ 0.0l M M3012
E. pH 7.5+ 1.0 M NaCl

The arrows refer to the characteristic peaks, mentioned in the text.
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Table L.

Rotational correlation times for spin labelled CCMV, obtained from
the Azz values, according to the method of Freed 10 : L a(J-Rlb,
where a = 7.5 x 109 sec, b = -1.2, R = A__IA

zz,0°
2 Azz 0= 73.5 Gauss (determined from frozen solution, t = -40° ¢)
2
2 AZZ 0~ 67.0 Gauss (resulting in a T, for the dissociated virus
H]

-8
of 2.5 x 10 ~ sec)
The accuracy in the values of 2 Azz is + 0.2 Gauss.
3 is the order parameter for an anisotropic motion within a cone

and B is the angle of the cone 12 in § is calculated, assuming

24 = 73.5 Gauss and A = A = 5,75 Gauss.
zz,0 xx,0 vy,0
2 AZZ(G) T, (ns) To (ns} 5 B
2Azz,0 = 67 G ZAzz,O =73.5¢G
pH 5.0 65.1 53.9 10.1 0.935 22.0
pH 5.0 + 1.0 M NaCl 63.6 20.8 8.3 0.8498 21.5
pH 7.5 64.6 40.7 2.5 0.923 18.7
pH 7.5 + 0.01 M Mg012 65.0 50.7 10.0 0.932 22.0
pH 7.5 + 1.0 M NaCl 63.4 25.0 8.1 0.893 17.4

The changes, observed here on swelling and dissociation are small (Table I).

However a distinct feature in the spectra is the intensity of the peak at the
high field side of mp =0 (Fig. 2). This is increased at high ionic strength,
both at pH 5.0 and pH 7.5. The method of Freed [10] is based on isotropic
motion. As outlined before this is probably neot the case. An anisotropic

motion can quantitatively be described by calculating an order parameter (S)
according to equation 20 of reference 12. If the spin label is assumed to

perform a random motion within a cone of angle g, then this angle can be cal-
culated from S through equation 19 of reference 20. The results of these cal-
culations are given in Table I.

&.4.3.

S5T-EPR

The differences, shown in the EPR spectra, are confirmed and more clearly

manifested in the ST-EPR spectra (Fig. 3). The features of the spectra are
tabulated as described by Thomas et @ [13] in Table II. From the ratio of the
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Fig. 3. Saturation tramsfer EPR spectra
of spin labelled CCMV

A to E refer to the situations given in
the legend of Fig. 2. The experiments

were carried out under similar conditions
to those used in EPR measurements. The
microwave power setting was at 100 mW and
a peak to peak modulation amplitude of

5 Gauss was used. The modulation frequency
was 100 kHz and the signal detected was
the second harmonic out of phase.

I
7
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intensities (H"/H, L"/L and C'/C) the rotational correlation times were esti-
mated. Because the T values, derived from H'/H, L''/L and C'/C are different
(Table II), the ST-EPR spectra (Fig. 3A-D) must be ascribed to an anisotropic
motion [14]. For example the virus at pH 5.0 + 1.0 M NaCl shows for the three

5, 5x 167> and 2 x 1077 s, respectively. The correlation

ratios T of 2 x 10°
times, derived from the ST-EPR spectra differ considerably from those derived
from the EPR spectra (Table I). However, because of the anisotropy of the motion,
the real meaning of the 1. vaiues from ST-EPR is questionable. At pH 7.5 +

1.0 M NaCl (Fig. 3E) the ST-EPR spectrum reflects a more isotropic motion

(Table 1I).

Table TI1. Parameters and estimated rotatiomal correlation times from saturation-—
transfer spectra of CCMV. The parameters are defined by Thomas ¢f al
[13] . The correlation times are estimated from comparison with
experiments on spin labelled hemoglobin [13]. However in our experi-
ments the field modulation was 100 kHz, while the experiments with

hemoglobin are performed with 50 kHz modulation.

H"/H T, (s) L"/L T, (s) ct/c T, (s)
o 5.0 0.94 5x10°  0.93 1x10% o0.61 5x1077
pH 5.0 + 1.0 M Nacl 0.42 2x10° 0.8 5x10° 0.9 2x 10"
Pl 7.5 0.6 1x10% 0.66 2x10° 0.90 2x 107’
pH 7.5+ 0.01 MMgcl, L3 1% 107 1.0 1x 1074 o0.58 5% 1077
PH 7.5 + 1.0 M NaGl  <0.1 <1 x 100 0.2¢ 5x10° 1.25 8x10°

The general conclusicns from the ST-EPR spectra of different conformaticnal
states are in good agreement with those from the conventional EPR spectra. The
influence of MgCl2 in the buffer at pH 7.5, which is difficult to ohserve in
the EPR spectra can be clearly observed in the ST-EPR spectra. This is a conse-
quence of the greater sensitivity of ST-EPR to relatively slow motions of the
spin label. Addition of MgCl, to the buffer immobilizes the nitroxide label
and the spectrum becomes more similar to the situation, observed at pH 5.0
and low ionic strength (Fig. 3).
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6.5. DISCUSSION

In the experiments described here we have observed EPR and ST-EPR spectra,
which differ considerably from spectra for particles that perform an isotropic
motion. As noticed before the spectra probably reflect an anisotropic motion.
This type of motion has been thoroughly investigated for 1lipid spin labels
embedded in lipid model membranes. These labels generally perform a fast motion
around the axis through the fatiy acid chain, in a cone with a small angle around
this axis. The two extreme situations, motion around the y-axis in the plane of
the nitroxide moiety and motion around the z-axis perpendicular to the plane of
the nitroxide moiety (Fig. 1}, are described by Israelachvili et al. for a
cholestan spin label (motion predominantly around the y-axis) [15] and the (12,3)
stearic acid spin label (motion around the z-axis) [12]. The EPR spectra of spin
labelled CCMV are very similar to those observed for the (12,3) stearic acid
spin label [12] in a model membrane. Thus the label is probably rotating within
a cone predominantly around the z-axis. Also the SI-EPR spectra of the (12,3)
stearic acid spin label in model membranes are in accordance with the ST-EPR
spectra of COMV (Fig. 3A-D) indicating motion arcund the z-axis [14].

When the spin label is thought to be a stretched molecule, positioned in
a cleft of the protein molecule and performing a rapid motion around its
simple bonds, a motion predominantly around the N-O bond can be expected.

It can therefore be concluded that in the case of COMV the motion around the
z-axis probably reflects an anisotropic motion of the whole protein or part of
the protein subunit in the protein core of the virus particles. The ST-EPR
spectrum of the dissociated virus particles (Fig. 3E) reflects a more isotropic
motion with a correlation time expected for a protein dimer (Table II). From the
EPR and ST-EPR spectra it can be concluded that in the other conformations a more
anisotropic motion is present. When the spectra of the different conformational
states are compared, it can be seen, that an apparent increase in mobility can
also be caused by an increase of the angle (8) of the cone in which the rapid
motion of the label takes place (Table I).

One observation, which is not yet clearly understood, is the large value
of Teo estimated from the H'"/H and L''/L values. In the ST-EPR experiments on
CCMV a modulation frequency of 100 kHz was used instead of a frequency of
50 kHz for the experiments of Thomas et el. [13] on which the estimation of
the T values is based. Perkins et al. [16] showed that this change in frequency
results in a change of the ST-EPR spectra in such a direction, that this might
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at least partly explain the discrepancy from the theoretical maximm value of
T v 5 X 107% expected for COMV.

Another effect, which influences the ST-EPR spectra, is mentioned by
Kirino et ai. [17]. They argue, that in the case of rotation around the z-axis
of the nitroxide label the experimentally obtained apparent rotational correl-
ation time from a ST-EPR spectrum is generally longer than the true correlation
time for the axial rotation. Here by a factor 1/ sin a, in which o is the angle
hetween the axis of rotation and the nitrogen sz—orbital.

A possible aggregation of the nucleoprotein particles into larger aggregates
could explain the long rotational correlation times, but this is not very likely,
since ne aggregation was observed in the samples used in the ST-EPR experiments.
The electron microscope pictures of the nucleoprotein sclutions show spheres,
similar to those of the unlabeled virus, while aggregates of about 1000 spheres
should be needed to explain the L values, calculated from the ST-EPR spectrum.

From a comparison of the EPR and ST-EPR spectra recorded for the different
confermational states of the virus, it can be concluded that the mobility of
the spin labelled protein is changed, especially when the RNA-protein inter-
action is reduced (at high ionic strength) or when the conformation of the RNA
is influenced by the presence of mono- or divalent cations. The mobility of
the spin labelled protein is less affected by a change in pH, which determines
the interaction between the protein subunits. Thus the protein mobility is sen-
sitive to the protein-RNA interaction. In contrast to our observations with CCMV
modified with pyridoxal-S'-phosphate (PLP) (Chapter 5), where no influence of
the ionic strength at pH 5.0 on the mobility was observed, here a strong influ-
ence cf the NaCl concentration cn the mebility of the spin labelled protein
could be shown. This indicates a distinctly different site of the spin label
compared to that of the fluorescent PLP label. It is suggested that there is
another conformation after swelling and recontraction of the mucleoprotein par-
ticles. This is based on the experiments of Powell et ql. [18] , where spin
labelled poly-A was encapsulated by the coat protein of COMV. It could be shown
that the resulting particles clearly differed from native COMV by their sensi-
tivity to RNase.

In future studies labelling cxperiments can be carried out with spin labels
of different chain lengths. This may provide more information about the environ-
ment of the label in the nucleoprotein and the type of motion carried ocut by
the spin label. A variation in the conditions of labelling {temperature, pH and
buffer compositicn, reaction time and concentration of the spin label} and a




further characterization of the products can help in the understanding of the
nature and environment of the SH groups in the protein subunits and their
role in the stability of the virus particles. In addition to the experiments
on nucleoprotein particles protein dimers, labelled at neutral pH and reassoci-
ated into pseudo top compenent, may yield specific information about protein-
-protein interaction.

A change in the medulation frequency of the magnetic field to 5¢ kiz, will
yield results that can be more easily correlated with ST-EPR spectra in literature.
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7. BINDING OF I\&'In“2+ TO BROMOVIRUSES AS STUDIED BY EPR SPECTROSCOPY

7.1. SUMMARY

The binding of manganese-ions to cowpea chlorotic mottle virus, brome
mosaic virus and broad bean mottle virus has been studied, using the technique
of electron paramagnetic resonance (EPR} for the detection of the unbound

Mn2+—ion5. When the virus in its swollen state at pH 7.5 is titrated with

Mn2+-i0n5, two to three ions per protein subumit are bound. At pH 5.0 approx-
imately one Mn%*-ion per subunit is bound.

The binding constant of the formed complexes at the different pH values
is in the order of 104 M". The different aggregation states of the virus have
a slightly different affinity for manganese-ions.

. s . - +
Using competitive binding between the mono- and divalent cations and an

2+, Li+, Na+, K" and Cs* were determined.

the binding properties of Mg2+, C32+, Ba
The results of these experiments are discussed in terms of both negative
cooperativity and site heterogeneity of the binding of cations. The interpreta-

tion was assisted by comparing the results with simulated binding curves.
7.2. INTRODUCTION

The assembly of the bromoviruses is dependent on the presence of divalent

cations, like Mg2+ and Ca®*

» which stabilize the structure of the nuclec-protein
particles [1,2). The conformation of the bromoviruses [3,4] at neutral pH can
be influenced by varying the divalent cation concentration ([5,6].
A raise in pH from 5.0 to 7.3 increases the hydrodynamic volume of the nucleo-
protein particles (swelling). This effect can partly be prevented by the presence
of 0.01 M MgClZ.

Incardona et ai. [5] studied the swelling of BMV and showed that this process
is temperature dependent, and partly irreversible. However, in the presence of
5 mM MgCl2 this temperature dependence is eliminated and the swelling process
becomes completely reversible. From their results it was concluded that the effect
of Mg2+—ions resides mainly on the RNA, preserving its conformation during the
swelling process.
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From proton titration experiments on BMV, Pfeiffer and Durham {7] concluded
that the positively charged ions neutralize the charges on both protein and
RNA, by binding to the protein subunits, the FNA or the interface between the
protein and the RNA in the nucleoprotein particles. In this way the repulsion
between the RNA-phosphates and the negatively charged amino acid residues is
reduced, resulting in a reduction of the swelling.

In this paper the binding of Mn2+ to nucleoprotein, free RNA and free
protein subunits at various conditions of pH and ionic strength was studied.
The binding was monitored by observing the unbound Mn2+ with EPR spectros-
copy. The degree of binding of other cations was estimated by conducting
competition experiments with a constant amount of Mt or competing ions
present in the equilibrium mixture.

For a better understanding of the role of metal ions in the process of
swelling, dissociation and assembly of the virus, it is important to know not
only the optimum concentration of those ions for the observed effects, but
also the binding constants and the number of binding sites.

7.3. MATERIALS AND METHODS
7.3.1. Purification of virus, RNA and protein

Bromoviruses were grown and isclated according to the procedures described
by Verduin [9]. Protein was prepared according to the CaClZ-method [10] and
RNA was obtained by phenol extraction from the virus particles [9]. Virus was
kept in a 100 mM sodium acetate buffer, pH 5.0 containing 1 nM sodium azide and
1 mM sodium EDTA. Before performing binding experiments, the nucleoprotein was
dialyzed for 18 hours against a 500-fold excess of 0.05 M Tris-HC1 buffer of
the desired pH.

7.3.2. Determination of the Mn2+ eoncentration

In the binding studies Mn2+ was added to freshly dialyzed solutions. For
each binding experiment two titrations were performed: one with the virus
solution and another with the dialysis buffer. The 6-1ine-Mn2+~EPR spectra
were recorded with a Varian E-3 spectrometer operating at 8.875 GHz (X-band).
As illustrated by Reed and Cohn only the Mn2+—aquo complex, free in solution,
gives rise to an EPR signal under the experimental conditions [8]. The

modulation amplitude was 8 G and the microwave powser was 50 mW for all spectra.
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The temperature was kept at 4° C with a Varian Variable Temperature Accessory
V-4557.

For the determination of the free n?* -concentration a capillary (inner
diameter 0.8 mm) was filled with the solution by suction and the capillary was
placed in a fixed position in the thermostated cavity. Reproducibility was
checked frequently. By comparing the titrations of the virus and the buffer

2+

solutions, the amount of bound Mn™ could be determined.

7.3.3. Binding of other cations

The binding properties of other cations were determined in titration
experiments, where other ions competer with Mn2+ for binding. To investigate
the influence of time dependence and the possibility of irreversible binding
of icns, two types of titrations were carried out.

1. A normal titration with Mn2+ was performed. After addition of a certain

amount of Mn2+

to the solution, part of the hound Mn2+ was displaced from the
nucleoprotein by adding other cations.

2. Before the titration with Mm2+, the nuclecprotein was dialyzed against a
large excess of buffer, containing a known concentration of cations different

from Mm2+.
7.3.4. Analysis of the binding properties

For the determinaticn of the binding constants and the number of binding
sites per protein subunit, the results of the titration experiments are given
in the form of a Scatchard plet [11-13].

a) The equation used:

—"2+ = K. (n-v) m

L ]free

is for one class of n identical binding sites. u is the ratio of bound Mn2+
to the total concentration of protein subunits, and n is the number of manga-
nese-ions that can be found per protein subunit. X is the binding constant,

defined as:

_ __{Mn Prot]
[Prot]. [Mn

(2)

free
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From the intercepts and the slope the number of binding sites and the binding
constant can be calculated.

b) For two different classes of binding sites the Scatchard equaticn takes
the following form [12, 14] :

v 8 GRS UEORE (3)
free

V'/{K1 (ng - v) - K, (n, - 1) 14 4K, Knn,, ]
The analysis can be performed according to the method described by Klotz
and Hunston [15], using the limiting slopes of a Scatchard plot and their
intercepts. Here Ky and n; are the binding constant and stoichiometry of
class i, respectively.
¢) When in addition to Mn2+ another kind of cation, competing with an*
for the same binding class, is present in the buffer solution, the equation

becomes:

U _ K 1 ¥ -
%] = —— [-W —K(U"'C—n)"' (4)

1 ® - 2 X
\/'{TPTOH-K(U*‘C—HJ}"“i[\.C

k* is the binding constant of the competing ligand, [prot] is here the total
concentration of protein subunits and ¢ is the total amount of competing
ligand in the solution divided by the protein subunit concentration.

The determination of binding constants and stoichiometry in the case of two
or more binding classes and more than one type of ligand can be solved with
aid of a computer program, as described by Feldman [14]. A subroutine of
this program was modified to generate plots of the calculated curves [16].
d) In the case of more than one ¢lass of independant binding sites, the
Scatchard plot is concave upward. However, this shape is also observed, when
negative cooperativity of binding exists [17]. For cooperative binding the

empirical Hill equation [i8] can be converted into a Scatchard like formula:

- N———7—
sV e (5)
(Mn® ']

free
where N is the empirical Hill coefficient [18].
Positive and negative cooperativity exists for N»1 and N«<1, respectively.
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7.4, RESULTS
7.4.1. Simulation of binding curves

For a better understanding of the effects of site heterogeneity and the
presence of competing ions on the binding properties, we simulated Scatchard
curves, which may be representative for the binding properties of the investi-
gated nucleoprotein solutions. In Fig. 1 the situation is shown for two
binding classes, with binding constants for Mn2+, which differ by a factor 100
(Fig. 1A and B} and by a factor 10 (Fig. 1C and D).

Fig. 1A and 1C, in which K/KX = 100 (Kx is the binding constant of the
competing ion) represents the situation, expected for monovalent icns, competing
with Mn2+. In Fig. 1B and 1D, where K=Kx, we show the situation expected for
divalent cations. The curves in Fig. 1, denoted with an (a) represent the
Scatchard plots in the absence of competing ions, while curves b to g show
the plots in the presence of increasing concentrations cf competing ions. We
can see that the effect of site heterogeneity is difficult to observe in the
presence of relatively high concentrations of competing ions. Small concen-
trations of competing ions will result in much lower values of the apparent
binding constants, when compared with the values in the absence of competing
ions. The presence of rather small concentrations of competing ions will consi-
derably reduce an accurate estimate of the binding properties of the manganese
ions.

The points of intersection of curves b to g with curve i or k are the
titration points, observed when an+ is displaced by increasing amounts of
competing ions.

The concave Scatchard plots in the absence of competing ions are caused
by site heterogeneity, but can also be fitted reascnably well, assuming
negative cooperativity. Using equation (5), we obtain for Fig. iAa:

K=2311, N=0.87 and n = 2.2 and for Fig 1.Ca:
K=23188, N=0.91 and n = 2.2.

7.4.2. Binding of unt to CCMV
Cowpea chlorotic mottle virus at pH 5.0, 6.5 and 7.5 was titrated with

increasing concentrations of MnCl,. The parameters describing the binding pro-
perties, which are obtained from a Scatchard analyses (Fig. 2), are summarized
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Fig. 1. Simulation of binding and displacement of Mn2+“ion5

The protein subunit concentration is 150 uM.

For & and B : K = 6. 10° M, K, = 6.10° M n
For C and D : K, 6.10° u!, K, 6.10° u~* n,

]

0.2 n, = 2.0

2
0.2 n, 2.0

i
1]
1]
]

A) KT =6.10° M} Kz - 610! !

in the presence of competing ion in a total concentration of:

a), 0 M; &), 1072
b)Y, 5.100%M;  £), 5.1072 My
&), 10 3 M; og), 1070 M
d), 5.107%

B) = 6. 105 K} + 6,107 o |
in the presence of:
a), 0 M; 4y, 107% u;
bY, 10°M; e, 5.107%
&), 5.107° M £), 107

&) Kf =607 &} =60l

concentrations of competing ions are the same as in A.
D K=eactut k= e0® !

concentrations of competing ions are the same as in B.

For A, B, C and D: 24 -4
curve i: total added concentration of Mn2+ 1.5 x ]0_4 M
curve k: total added concentration of Mn= = 5 x 10 " M

in Table L. The Tris-HC1 concentration was kept at .05 M.

At pH 5.0 only one Mn%*-ion is bound per protein subunit. At pH 6.5 and pH 7.5
the Scatchard curves are concave upward (Fig. 2B and C), indicating the
presence of more than one class of binding sites. At both pH's about two
Mm2+—ions are bound per protein subunit with a log K of 4.0 + 0.1. In addi-
tion to this binding at pH 7.5 about 0.1 Mn2+-ion per protein subunit is
strongly bound with a log K of approximately ©.

When the virus solutions were dialyzed against 0.005 M Tris-HC1, the
resulting Scatchard curves are located higher, especially at pH 7.5 (Fig. 3C)
In this case at pH 5.0 and 6.5 only one Mm2+-ion is bound per protein subunit,
whereas at pH 7.5 three to four ions can be found (Table II).
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are not stable at low ionic strength (I< .1), the absence of binding in the
protein could not be investigated further.

The binding properties of Mn2+ for isolated RNA are expressed in sites
per nucleotide (n) (Table I1II). From the composition of the RNA [19] and the
average molecular weight of the RNA in the nucleoprotein particles, we calcu-
late that about 18 nucleotides are present per protein subunit. At pH 7.5
about one Mn2+—ion is bound per three nucleotides (equivalent with 6 per sub-
unit). Thus when RNA is free in solution, more ions are bound compared to
nucleoprotein solutions with an equal concentration of RNA. The observed
binding constant and the stoichiometry are in good agreement with the results
of Schreier and Schimmel [20] , obtained for binding of manganese ions to
synthetic polynuclectides.

Table IIT. The binding of cations to free RNA as determined from direct
- + ., . + +
titrations (Mn2 } and competition experiments (Mgz and K }.
The number of binding sites is expressed in sites per nucleo-

tide (n)} and sites per protein subunit (nx).

CCMV-RNA 0.05 M Tris—HCl, pH 7.5

K M I ) n n
n2* 9.5 x 10° 0.33 6
Mg 2* 6 x 10°
K+ 3 X 101
BMV-RNA 0.05 M Tris-HC1, pH 7.5
M2t 1.1 x 10" 0.25 5
Mgt 3 xi0°
k' 4 x 10!
7.4. 3, Competition for binding between Mn2+ and other cations

From the influence of other cations on the binding of Mn%*-ions to
the the nucleoprotein, the binding constants of these ions were estimated.
The expected effects on the Scatchard curves in this case have been illus-
trated in Fig. 1 for a number of different situations. It can be noticed
that this indirect way of determining binding constants is much less accurate
than the method, used for Mn2+—ions alone. The variation of the stability
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of the strong binding site (K1) by a factor 10, has no large effects on the
course of the Scatchard curves, provided that v is not too small.

Competition experiments for CCMV at pH 7.5 were done for a number of
mono- and divalent cations and the results of a Scatchard analysis are summa-
rized in Table IV. The accuracy of the data makes it difficult to draw firm
conclusions from the differences in the binding constants of the different

cations. The data were also analyzed, assuming only one class of binding sites

Table IV. The binding of cations to CCMV at pH 7.5, as determined from the

competition between Mn2+ and other cations. The concentration of
protein subunits was 1.61 x 10_4 M. KI =6.21 x IO4 M—l, K2 =
5.26 x 10° 1!, n, = 0.25 n, = 2.14 (equation 3). The Tris-HCl

concentration was 0.05 M, Kx, K

1 and K; are the hinding constants

of the competing ions.

competing ion Mn’' added G KT @) K @h xkFah®
Mgt 1.5 x 10°% 1.7x 10" 1.6 x10° 7.0 x i0°
Mgt 5 x 10 1.3 x 10° 5.9 x 10° 1.3 x 10°
M2t ¥ ariable 1.6 x 10°
ca? 5 x 107 5.0x 10° 1.2 x 10° 2.5 x 10°
BaZ’ 5 x 10°° 1.0 % 10° 1.6 x 10° 2.7 x 10°
ya* 5 x 0% 1.1 x 10,3 1.7x 100 3.2 x 10
Na+ A variable 3.7 % 10]
Kt 5 x 107? 2.0 %100 2.0 %100 4.2 % 10!
o+ -4 3 : ]
i 5 x 10 3.4 x 10 1.3 % 10 2.8 x 10
+ —4 3 1 1
cs 5 x 10 1.4 x 10 1.4 % 10 3.0 x 10
=

® K" is calculated, assuming only one type of binding sites with

K = 8.314 x 10° and n = 2.165

8% In these experiments the virus was dialyzed against buffer containing
0.1 M NaCl or 0.001 M MgClz. Here K = 7.82x103 and n = 2.75 (fig. 4).
{Table 1V}. In Fig. 4 an example is given of a competiticn experiment, in
which the competing ion was added before the titration with Mn2+.

From the data of the competition experiments the following statements
can be made. The competing cations show a lower binding constant than Mn2+.
When the competition is performed at a lower concentration of Mn2+, this
results in a higher value of the binding constant of the competing ions.

This was observed for Mg2+.
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Ma%*-ions can be replaced by monovalent cations, showing that these ions
are competing with Mn2+ for the same binding sites. The binding sites of mono-
valent cations are approximately two orders smaller than the constants, found
for divalent cations.

In the competition experiments no large differences are observed, when
the competing ions are added before or after titration with Mn®*. Thus the
possibility of irreversible binding or time dependent effects, disturbing the
results of the competition experiments, can be excluded.

W
2

WIMn24] ¢ oo, (M1 x1074)
N
o

10

520 —»v

Fig. 4. Influence of other cations on an+ binding to CCMV

The Tris-HCl concentration was 0.05 M.
a), without other cation;

b}, with 0.001 M MgCl,;

c)y, with 0.1 M NaCl.
The coacentration of cations was reached by dialysis against a

large excess of buffer, containing 0.001 M M3012 and 0.1 M NaCl,
respectively,
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Table V. The binding of Mn2+ to BMV and BBMV nucleoprotein at different
pH values in the presence of*0.05 M Tris-HCl. n is expressed in
binding sites per protein subunit.

BMV 4°C 0.05 M Tris-HC1

K, ™ ) K2 M ) n, n,
pH 5.0 8.6 x 10; 3 1.3
pH 6.5 2.9 x 10, 3.6 x 103 0.6 1.8
pH 7.5 3.7x 10 1.8 x 10 0.8 3.1
BBMV 4°C 0.05 M Tris-HCl
pH 5.0 5.0 x 10, 5 1.5
pH 7.5 6.6 x 10 3.4 x 10 0.1 3.0

Fig. 5. Binding of Mn2+ to BMV in the presence of 0.05 M Tris-HCL
A), pH 5.0;
B), pH 6.5;
c), pH 7.5. See also Table V
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7.4.4. Binding of Mt to brome mosaic virus and broad bean molile virus

The binding of MnZ*

for BMV and BBMV (Figs. 5 and 6). The binding properties are summarized in

to nucleoprotein particles was also investigated

Table V. At pH 7.5 slightly more manganese ions are bound as compared with
CMV. The results of binding of different cations to BMV-RNA are given in
Table III. No great differences between BMV and C(MV-RNA can be noticed.
The binding properties of the three bromoviruses appeared to be very much
the same although some differences in binding occurred.

40

w
2

WIMN2*] free, (M 1x10-%)
3

Fig, 6, Binding of Mn2+ to BEMV in the presence of 0.05 M Tris-HC1
4), pH 5.0;
C), pH 7.5. See alsc Table V
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7.5. DISCUSSION

In the protein titration experiments of Pfeiffer and Durham [7] the
binding constants and the stoichiometry for the binding of ca® and Mgz+
to the nucleoprotein particles of BMV, were estimated in an indirect way,
by measuring the number of protons that were displaced, upon addition of
2+ to the
nuclecprotein, the protein and the free RNA were directly monitored. The

cations. However in our experiments the binding properties of Mn

binding properties of the monovalent cations and some other divalent cations
were investigated in an indirect way by means of competition experiments
between an

The binding properties, summarized in this article are expressed in bind-

* and those ions. The indirect method is clearly much less reliable.

ing sites per protein subunit, and for free RNA also in sites per nucleotide.
However in an icosahedral particle with a triangulation number of three,
the protein subunits are normally clustered into 12 pentamers and 20 hexamers.
The protein subumits in these two types of cluster may show different binding
properties, which would result in one third of the subunits, belonging to one
class and two thirds belonging to another (n = 0.33 and n = 0.66). Distortion
of the hexamer-pentamer clustering can result into dimer or even trimer
clustering [21] . Thus the appearance of a stoichiometry of n = 0.33 or
n = 0.5 may also be an ipdication of these effects. In the rest of the dis-
cussion we did not consider this possibility. Such an effect is clearly
possible in view of the data at low Tris-HC1 concentration at pH 5.0, where
the asymptotes of the Scatchard curve indicates a stoichiometry of 0.33 and
0.5 per subunit (Table II, Fig. 3a).

From our studies it is observed that for the bromoviruses at pH 5.0
about one binding site per protein subunit exists with a log K of about 4.
At pH 6.5 and 7.5 in addition to this site at least one other binding place
appears with a log K in the same order. It can be deduced that the binding
of cations depends on the pH in the following way:

9 - X m-0-=x

2+ + app'
fMn ]free 1+ [E ]

(n - v) (6)

where K 1is the proton dissociation constant of the binding group. For pH <

p}(a the apparant binding constant: Ka will become small and the binding of

Pp
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metalions to this group will disappear. From our results it can be concluded
that in the binding of Mn2+—ions one site is involved with a pKa between 5.5
and 6.0 and another with a pKa < 5.0. However the posibility that a binding
group, buried at low pH, will become exposed to the sclvent at low pH, cannot
be excluded as a possible explanation.

In the case of binding cations to free RNA more ions are bound than in
the case of an equivalent amount of nucleoprotein at pH 7.5. The binding to
the nucleoprotein may thus originate completely from the RNA. The reduced
number of sites in the nucleoprotein can be caused by a shielding of some
sites by the preotein or by the occupation of these sites by positively charged
groups of the protein.

From the competition experiments we calculate binding constants for other
divaient cations with a log K that is approximately 0.5 lower than the value
for Mm2+ (Table 1II). No clear correlation could be observed between the
values of the binding constants and the ionic radil or the electronegativity
of the different divalent cations [22]. The differences between the binding
constants of the mono- and divalent cations is in good agreement with the
values observed for binding to model compounds [23]. The relatively low values
of the binding constants and the absence of a correlation between ionic radii
and these constants makes it unlikely that the binding site has the form of
a cage of a certain dimensien, in which more than one carboxyl- and phosphate
group are cooperating.

The stability constants for complexes, involving Mn2+-ions are generally
higher than the constants for C32+ and Mgz+ with model compounds [23]. This
iszin good agreement with the relatively low values, we observed for CaZ+,
Ba®"

value of these binding constants may be found in the assumption, that instead

and Mg2+ in the competition experiments. Another explanation of the low

of heterogeneity in the binding sites, the shape of the Scatchard curve must
be attributed to negative cooperativity [17]. The Scatchard equation (5) in the
case of cooperative binding can alsc be written in the following form:
- N-1
v _ 24
(u 2] = KoM e
n "~ free

. (n-v) = K 2o’ (n=1) (7

From this equation it can be noted that the apparent binding constant,
K'app’ depends on the concentration of the unbound ligand. In the case of nega-
tive cooperativity (N<1}, the K'app becomes smaller at higher concentration
of unbound ligand. Since the competition experiments were performed in the

2

presence of both Mn * and other cations, this may explain the lower value of
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the binding constants cbserved for other cations. Also the observation, that

KMg is higher in the presence of 1.5 x 107 N Mn2+, than in the presence of

5x 1(]_4 M Mn2+ agrees with the concept of negative cooperativity. The negative
cooperativity is in good agreement with the observed change in the conformation
of the virus {reduction of swelling), that occurs upon binding of Mg2+ [241.

In some experiments with nucleoproteins a rather strong binding site
of 0.05 to 0.2 ions per subunit was detected. Apart from the possibility of
artefacts, such as the low accuracy for small values of u, and impurities in
the solution, the observation can be explained by binding of one Mm2+-ion
to a small number of nucleotides or to a group of protein subunits in the
nucleoprotein. Because of the quarternary structure of the protein coat,

(20 hexamers and 12 pentamers of protein subunits) this could mean a binding
of one ion per 180/32 protein subunits cor 0.18 ions per subunit, when the site
is located in or near the hexamers and pentamers.

The changed binding properties in the presence of 0.005 M Tris-HC1 instead
of 0.05 M Tris-HC1 can be caused by a destabilization of the nucleoprotein
structure at extremely low ionic strength. Pfeiffer and Durham [7] performed
their proton titration experiments in the presence of at least 50 mM KC1 and
then found still improper feolding after dissociation and reassembly. Apart
from the possibility of increased binding, caused by structural changes, the
effect of decreased binding of metal ions at higher Tris concentrations might
also be explained by a competition between the Tris and metal icns.

The binding of the different mono- and divalent cations may take place
to the same sites, but the effects of bound ions can depend on the nature
of these ions. Therefore it is not only important to know hinding constants
of the different cations, but also the concentration of the different cations
in the cytoplasm. The possible role of calcium ions in virus infection has
been discussed by Durham [2]. The gain in free energy, that occurs, when the
virus particles penetrate the cell, is supplied by the release of calcium-ions
in the cytcplasm. This is due to the much lower concentration of calcium-ions
in the cytoplasm, compared with the medium cutside the cell. When calcium
ions are not bound specifically to the nucleoprotein, they can be replaced
by other cations, that reduce the swelling and stabilize the particles. In
our study no evidence has been found for a specific binding site for calcium.
However in turnip rosette virus one CaZ+—ion binds specifically per protein
subunit [25].
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For a better understanding of the role of calcium ions in virus dis-
assembly binding studies on the bromoviruses have to be performed in which
calcium ions are detected directly by using calcium indicators or by using
4SCa. The method of analvzing the binding results, as described here, may
be helpful in understanding the binding properties and the specificity of

Ca2+.
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8. SUMMARY AND DISCUSSION

This thesis describes the characterization of cowpea chlorotic mottle
virus (CCMV) by using spectroscopic techniques. In chapter one and two the main
properties of COMV, which belongs to the bromoviruses [1,2], are sumnarized. The
application of spectroscopic techniques in the study of other viruses is reviewed
in chapter two.

The changes in the nucleoprotein particles, induced by variation of the pH,
the ionic strength or the divalent cation concentration, may be important in the
process of infection of the plant [3]. After the penetration of the virus par-
ticles into the cell, the RNA must be released from its protective protein coat
{(dissociation) to be transcribed, to start the production of protein and to in-
fluence the metabolism of the cell. Subsequently coat protein subunits and RNA
are assembled to fomm new spherical nucleoprotein particles, that can be trans-
ported to other parts of the plant for new infection.

Dissociation and assembly can be induced <n vitro by changing the composi-
tion of the buffer solution. The accompanying changes in the structure of the
coat protein subunits and in the interaction between the different constituents
of the nucleoprotein particles were investigated by using a number of different
spectroscopic techniques to be described subsequently.

With fluorescence and phosphorescence spectroscopy, the characteristics of
tryptophanyl and tyrosyl residues in the protein subunits were observed. From
fluorescence quantum yield and lifetime measurements (chapter 3) it can be con-
cluded that the presence of RNA in the protein particles results in a static
quenching of part of the tryptophanyl residues. These residues become fluores-
cent and exposed to the solvent, when the interaction between protein and RNA
is diminished by an increase in ionic strength or is completely absent as in
empty protein shells or in dissociated virus at pH 7.5 and high ionic strength.
A rise in pH from 5.0 to 7.5 results in a similar effect on the fluorescence,
probably because of a different location of the RNA in the swollen particles,
compared to the stable virus particles at pH 5.0.
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Because the phosphorescence spectra of proteins show more fine structure
than the fluorescence spectra, the effects of conformation on the phosphores-
cence properties of the virus particles at 77 K were investigated. In contrast
to the expectations, no influence of the conformational changes on the position
of the phosphorescence maxima was observed (chapter 4). Contrary tc the interpre-
tation obtained from fluorescence experiments, the location of the peaks in the
phosphorescence spectra (413 and 440 nm) is more representative for tryptophanyl
residues buried in the interior of the preotein subunits [4,5].

A more refined characterization of the phosphorescent triplet state is
made by the determination at 1.2 K of the zero field splitting parameters, using
optical detection of magnetic resonance [6]. The observed |D| - |E| and Z|E|
transitions of the tryptophan moieties showed a large bandwidth in the virus, but
no fine structure. The large bandwidth must be ascribed to statistical and struc-
tural heterogeneity in the enviromment of the tryptophanyl residues of the coat
protein subunits. It also masks the possible shifts in the zero field transitions,
when the protein-RNA interaction is reduced. From the slight changes in the OIMR
parameters one can conclude that a decrease in the protein-RNA interactions causes
an increase in the exposure of some of the tryptophanyl residues.

At this stage a quantitative interpretation of the fluorescence and phospho-
rescence data cannot be given. However in contrast to what has been observed with
BMV [7], the intrinsic spectroscopic properties of COMV can very well be applied
to a qualitative study of the assembly of this virus and it can be utilized to
check the correct encapsulation of the RNA in the protein coat. In this respect
the application of techniques 1like optical rotatory dispersion (ORD), circular di-
chroism (CD) and light absorption does lead to a more complex interpretation be-
cause of the large contribution of RNA to these spectra. For rodshaped viruses
1ike TMV with an RNA content of 5% in contrast to the 24% of CCMV, ORD and CD
are more useful techniques. In experiments on TMV these techniques were applied
very successfully to obtain information about the involvement of tryptophanyl
residues in protein-RNA interactions {8].

It is difficult to relate the observations of the tryptophan fluorescence
in CQOMV directly to specific residues in each of the protein subunits in the nu-
cleoprotein particles. This is a consequence of the differences in location of
the subunits in the nucleoprotein particles. The protein subunits of CIMV are
arranged quasi-symmetrically in the coat of the virus particles. As shown by
Caspar and Klug [9] the interactions between the subunits may differ in the vici-
nity of a quasi sixfold and of a fivefold symmetry axis of the protein subunit

arrangement. In addition, it is not very likely that the interacticns between the
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nucleotides and each of the protein subunits are identical. Thus instead of three
classes of tryptophanyl residues in the nucleoprotein particles of COMV, this
number is possibly higher. The heterogeneity may be caused by structural diffe-
rences within the subunits. This effect is observed in tomato bushy stunt virus,
where two different conformations for the protein subunits are present in the
virus particle [10].

In the case of TMV one major source of hetercgeneity, the interaction be-
tween the subunits, is absent, when the 1.5% of the protein subunits on the ends
of the rod is neglected. It is also observed that the contact between RNA and each
of the TMV subunits in the rod is very similar [11].

Apart from the probes that are already present in the protein melecules,
like tryptophan and tyrosine, fluorescent and paramagnetic probes that can be
attached covalently to the protein have been employed. These labels provide data
about the mobility of certain regions in the protein subunits, about the role of
RNA-protein interactions in this process and about the influence of small concen-
trations of mono- and divalent cations.

As a fluorescent probe pyridoxal-5'-phosphate (PLP) was used (chapter 5).
The advantage of this label is that it can be introduced intc the stable virus
particles at pH 5.0. The mobility of the labelled part was estimated from fluo-
Tescence polarization studies. Changes in ionic strength or divalent cation con-
centration at pH 5.0 had no effect on the mobility of the label. Upon swelling
of the particles the label became more mobile, Immobilization occurred in the
presence of divalent cations and to a smaller extent when monovalent cations
were present. Measurements of radiationless energy transfer from tryptophanyl
and from tyrosyl residues to the label indicated distinct changes in transfer
efficiency when the conditions were varied.

A second type of label used in the study of CCMV is a paramagnetic nitroxide
spin label (chapter 6)}. By using electron paramagnetic resonance (EPR) the mobi-
lity of the spin label could be monitored frem the shape of the EPR spectra. The
application of the recently developed technique of saturation transfer EPR
{ST-EPR) allows the determination of the slow motions of the virus particles.
From the spin label experiments, it was observed that the mobility of the label
is sensitive to conditions that influence the protein-RNA interactions and the
RNA conformation. The mobility of the spin label at pH 5.0 is increased markedly
upon raising the ionic strength. Alsc a swelling of the particles enhances the
mobility, while addition of MgCl,, which reduces the swelling, lowers the flexi-

bility of the labelled region of the protein.




The effect of ionic strength on the mobility of the spin label at pH 5.0 is
in contrast to the results obtained for PLP-modified virus. However a principal
difference between the two probes attached to CCMV is formed by the labelling con
ditions. PLP is attached to the virus under conditions, that keep the particles
in a stable conformation. The spin label is bound to CCMV, when it is in the
swollen state and where the RNA is sensitive to ribonuclease. Attempts to perform
the labelling reactiaon at pH 5.0 were unsuccessful. Apart from the different site
that are labelled, the differences at pH 5.0 may reflect the incomplete reversibi
lity of the swelling or the incorrect refolding of COMV after the labelling at
pH 7.0.

It is likely that the cbhserved local flexibility in the protein subunits,
when the nucleoprotein particles are in the swollen or dissociated form, plays an
important role in the mechanism of assembly and dissociation. For TMV it has been
noticed, that a change in the quarternary structure is accompanied by an increase
in the flexibility of a certain section in the protein subunits. This was con-
cluded from the disappearance of a detailed X-ray structure in parts of the doubl:
disc of TMV [12], while this structure could clearly be observed in the case of
TV nucleoprotein particles [11]. The flexibility within the TMV protein subunits
was confirmed by NMR spectroscopy by De Wit et af. [13-15] and by Jardetzky et al
[1e].

In tomato bushy stunt virus (TBSV) it was not possible to observe a consider
able number of amino acid residues at the N-terminus in the X-ray analysis. It is
not yet understood, whether this must be explained by a local mobility of the N-

terminal arms or by an irregular folding of these arms [10].

The effect of mono- and divalent cations on the conformation of CCMV, which
was also noticed in the experiments with labelled virus, was investigated quanti-

tatively in titration experiments. Mn2+

-ions were used as a paramagnetic probe
and the binding of these ions was detected by means of EPR spectrscopy. Competi-
tion for binding with Mm2+—ions made it possible to determine the binding pro-
perties of other cations. In the bromoviruses approximately two to three lons are
bound per protein subunit at pH » 6.5, while at pH 5.0 approximately cne binding
site was observed. In isclated RNA relatively more binding sites were detected.
Since protein without RNA is not stable at low ionic strength no meaningful bind-
ing data ceuld be obtained in this case.

The binding properties were also considerably influenced by changes in the

2+

concentration of Tris-HCl. The binding of Mn® to the nucleoprotein might reflect
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a negative cooperative behaviour or non-identical sites. Monovalent cations can
effectively displace the divalent manganese ion from the nucleoprotein, whereby

the binding constant was approximately a factor 100 smaller than found for di-
valent cations. Pfeiffer and Durham [17] determined the binding of Caz+ and

Mg2+ to BMV by measuring the displacement of protons from the nucleoprotein

2 and Mg2+. This methed can only be ap-

after addition cof certain amounts of Ca
plied at pH values below the pK of the titrating group. However the binding of
metal ions to the virus is especially important at pH values above the pK of the
titrating group. The more direct method described in this thesis, is more appro-
priate in this respect. In this way from our binding studies it could be observed
that at pH 5.0 one binding site was present, while at pH 7.5 between two and three
binding sites were observed. At pH 7.5 the binding of cations is more important
in contrelling the swelling of the nucleoprotein.

In the interpretation of the binding properties similar problems may arise
as mentioned for the classification of the tryptophan fluorescence properties.
In the investigation of specific binding sites, formed by a protein subunit and
the RNA, it seems reasonable to express the binding stoichiometry in sites per
subunit. However, since the environments of the subunits in the protein coat are
not identical, the observed binding may be an average value from the different
sites. Especially for the binding properties, it can be Imagined that the stoi-
chiometry is less determined by the individual subunits and more by the clustering
of the subunits in hexamers and pentamers, From the binding experiments it can be
concluded that RNA is important in the formation of the caticn binding sites. The
arrangement of RNA between the protein subunits can results in values of stoi-
chiometry not related directly to a single subunit.

When the binding of cations is seen in terms of neutralizing charges [17]
on the nucleoprotein particles, it will be more impertant to know the concentra-
tion dependence of the binding, which should not necessarily be specific, than
the specific binding constants and the stoichiometry. Apart from the direct de-
termination of the binding, it is also possible to observe indirect effects of
meno- and divalent cations on native and modified nucleoprotein particles. The
presence of these cations can be manifested in structural effects, like flexibi-
lity of certain regions in the protein. These effects can be employed to follow
the binding. In COW modified with PLP (chapter 5) the addition of Mg®® and Na*
to the solution influences the mobility of the fluorescent label. A more detailed
study in which also other cations are used and their concentration dependence on
the mobility of the label is followed, may be a useful means in the interpreta-

tion of these effects.
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In this thesis the characterization of CCMV, its assembly and dissociation
is described, using a number of spectroscopic techniques. In this way informatiocn
was obtained about the virus conformation and its dynamic behaviour. The applica-
tion of fluorescence and phosphorescence of intrinsic probes is restricted to
tryptophanyl and tc a smaller extent to tyrosyl residues. The interpretation of
the spectral properties is often very complicated, because of the character of
the residues and the large number of environmental aspects, that play a role.
Labelling with flucrescent or paramagnetic probes can yield useful information
about intramolecular distances, mobility and hydrophobicity in the virus par-
ticles. Cne should however be careful to use only modified nuclecprotein in the
investigation of the structureal transitions in the virus particles. Firstly,
it is difficult to estimate to what extent the effects on the label reflect the
intrinsic effects and secondly, it is uncertain what the contribution is, due to
the modification.

When information is available about the amino acid sequence and the X-ray
structure, the application of spectral techniques becomes more useful. For this
reason and because of the use of several mutants, rather detailed informaticn is
obtained on tryptophan and tyrosine in the subunits of tobacco mosaic virus. For
the study of protein association and virus assembly, this knowledge may yield
good perspectives.

In recent years the technique of laser-Raman-scattering has become a power-
full technique in the characterization of protein structure [18,19]. The studies
are facilitated by extensive knowledge about the interpretation of Raman spectra
of biomolecules. This method also seems to be very promising for the investiga-
tion of virus structure [20-22]. It provides information about several amino
acid residues, the folding of the backbone and the structure of the RNA. Also
information about the RNA-protein interaction may be deduced from the spectra.

The role of membranes in virus assemhly and dissociation [3] can be investi-
gated by monitoring the spectroscopic behavicur of viral protein, when nucleo-
protein particles and artificial membranes are brought together. By the study of
the hydrophobicity of the probes and their mobility in the protein upon penetra-
tion in the membrane it is possible to obtain information on this process. The
sensitivity of fluorescence to protein-RNA interactions can be used to follow
the possible dissociation of the nucleoprotein particles, when they cross the
membranes.
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SAMENVATTING

Dit proefschrift beschrijft de karakterisering van cowpea chlorotic mottle
virus (CQMV) met behulp van spectroscopische technieken. Speciaal de verande-
ringen die optreden bij overgangen in de quarternaire structuur van de nucieo-
proteinedeeltjes kunnen worden gevolgd en geanalyseerd met behulp van deze tech-
nieken.

Het onderzochte virus, CCMV, is een belvormig plantevirus, waarin ribonu-
cleinezuur (RNA) omgeven is door een beschermende eiwitmantel, die gevormd wordt
door 180 identieke eiwitmolecuien. De vorm van dit RNA-eiwit complex in oplossing
kan worden gevarieerd door de zuurgraad (pH), de ionensterkte, of the concentra-
tie van divalente katicnen te veranderen. Onder invleced hiervan kunnen de virus-
deeltjes een toename in diameter vertonen (zwelling) en uiteenvallen in eiwit-
dimeren en vrij RNA (dissociatie). De beide componenten kunnen ook weer worden
samengevoegd tot deeltjes die gelijkenis vertonen met het corspronkelijke virus
{assemblage). Ock kunnen eiwitmoleculen zonder RNA worden samengevoegd tot bol-
vormige polymeren, die een met het virusdeeltje overeenkomende structuur vertonen.

In dit proefschrift zijn een aantal experimenten beschreven, waarin met be-
hulp van diverse spectroscopische technieken de hiervoor geschetste processen
werden onderzocht. Speciaal werd de aandacht gericht op de veranderingen die
hierbij bimnen de eiwitmantel optreden. Ock werd onderzocht wat de invloed was
van de veranderingen in wisselwerking tussen de eiwitmoleculen onderling en met
het RNA op de spectrale eigenschappen.

In de eerste plaats werden de intrinsieke spectroscopische eigenschappen
van het manteleiwit in de verschillende aggregatietoestanden onderzocht. Uit
fluorescentiegegevens kon worden geconcludeerd, dat de tryptofaangroepen in het
manteleiwit in contact staan met het oplosmiddel. De interacties tussen de eiwit-
subeenheden lijken de omgeving van deze groepen niet te belnvloceden. Aangezien
het kleinste oligomeer van de eiwitsubeenheden waarschijnlijk een dimeer is, kon
niet precies worden nagegaan of de tryptofaangroepen een rol spelen bij de inter-
actie tussen twee subeenheden. Bij zwelling en dissociatie van de nucleoproteine-
deeltjes treedt een aanzienlijke toename van de quantumopbrengst van de fluore-
scentie op. Het maximum van de tryptofaanemissie verschuift daarbij naar hogere
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golflengte. De verandering in fluorescentielevensduur was echter veel kleiner
dan verwacht. Deze aspecten wijzen op een aanzienlijke invioed van de RNA-eiwit
interactie op de omgeving van een deel van de in het eiwit aanwezige trytofaan-
groepen.

Enkele conformatictoestanden van het virus en het manteleiwit werden bij
77 K onderzocht met behulp van fosforescentie en bij 1.2 K door het bepalen van
de nulveldovergangen in de triplettoestand met behulp van optische detectie van
magnetische resonantie. Fosforescentiemaxima werden waargenomen bij 413 en 440 nm.
De positie van de maxima hing niet af van de conformatie van de virusdeeltjes. De
nulveldovergangen bij ongeveer 1,65 en 2,70 (Hz werden gekenmerkt door een grote
lijnbreedte en het ontbreken van een fijnstructuur. Bij het verbreken van de
interactie tussen het eiwit en het RNA 1ijkt een verschuiving in de positie van
de nulveldovergangen op te treden. De met deze methoden verkregen informatie
lijkt voor een deel in tegenspraak met de fluorescentie resultaten. Een dergelijk
paradox is echter ook voor andere eiwitten geconstateerd. Dit wijst erop, dat de
classificatie van tryptofaangroepen aan de hand van spectroscopische parameters
vaak een te eenvoudige voorstelling van de werkelijke toestand geeft en de ge-
compliceerde omgevingseffecten op deze groepen binnen een eiwitmolecuul niet
juist weergeven.

Naast de informatieverschaffende groepen die van nature aanwezig zijn in de
eiwitmoleculen, zoals trytofaan en tyrosine, werd voor het verkrijgen van aanvul-
lende informatie gebruik gemamakt van fluorescente (fluorescentie label) en para-
magnetische "reporter” moleculen (spin label) die covalent aan het eiwit kumnen
worden gebonden. De plaats en de beweeglijkheid van de fluorescente moleculen
werd gevolgd met behulp van fluorescentietechnieken (polarisatie en levensduur).
Met behulp van electron spin resonantie (ESR) kon de beweeglijkheid van spin
labels worden bepaald. De toepassing van de recent ontwikkelde techniek van
saturation-transfer' ESR maakte het mogeliik de trage bewegingen van het deeltje
te detecteren.

Het fluorescente pyridoxal-5'-fosfaat {PLP) ken covalent worden gebonden
aan een lysine residu in het manteleiwit. Het gelabelde deel vertconde een zekere
beweeglijkheid ten opzichte van het nucleoproteinedeeltje. De beweeglijkheid en
de positie van het PLP werden bij het gezwollen virus beinvloed door de aamwezig-
heid van mono- en divalente cationen.

De paramagnetische moleculen konden covalent worden gebonden aan de SH-
groepen in het virus. De reactie verliep alleen bij pH 7,0, waar het virus zich

in een gezwollen conformatie bevond. Het label bleck een anisotrope beweging te
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beschrijven, die kon worden beinvloed door de toevoeging van meno- en divalente
kationen aan de buffer. In tegenstelling tot PLP was het spinlabel in CCMV ook
bij pH 5,0 gevoelig voor de aanwezigheid van deze ionen.

De beInvlceding van de conformatie van de virusdeelties, die volgt uit de
resultaten van de fluorescentie en spinlabel experimenten, is in overeenstemming
met de waarnemingen aan de bromovirussen gedaan met behulp van ultracentrifugatie,
intensiteits fluctuatie spectroscopie en neutronenverstrooiing.

Het bindingsgedrag van mono- en divalente kationen aan virus, geisoleerd
RNA en eiwit werd bepaald door gebruik te maken van paramagnetische mangaan-
ionen, en ESR als detectiemethode toe te passen. Bij verhoging van de zuurgraad
nam het aantal bindingsplaatsen per subeenheid in de nucleoproteinedeeltjes toe
van &6n bij pH 5,0 tot twee i drie bij pH 7,5. Verschillen in de concentratie
van Tris-ionen bleken het gedrag sterk te beiInvloeden. De bindingsresultaten
kunnen zowel op negatieve cobperativiteit als op heterogeniteit in de bindings-
plaatsen wijzen. Ook bleek uit de experimenten dat het moeilijk is de binding
aan ¢iwit zonder RNA te bepalen.
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