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Een eenduidig model ter verklaring van T1 waarden van eiwitten kan alleen 

worden gebaseerd op frekwentie afhankelijke C en H T1 metingen. 

Dit proefschrift. 

7 

Het door Butler et al. gegeven model voor de vorming van het initiatiekomplex 

voor TMV assemblage bevat innerlijke tegenstrijdigheden. 

Butler, P.J.G., Bloomer, A.C., Bricogne, G., Champness, J.N., 

Graham, J., Guilley, H., Klug, A. en Zimmern, D. (1976) Proc. of the 

third John Innes Symp. 101—110. 

3 

Het door Lebeurier et al. en Butler et al. voorgestelde elongatiemodel voor TW 

assemblage is,gezien de secundaire en tertiaire RNA struktuur,uit 

thermodynamisch oogpunt niet mogelijk. 

Lebeurier, G., Nicolaieff, A. en Richards, K.E. (1977) Proc. Nat. 

Acad. Sci. U.S.A. 74, 149-153. 

Butler, P.J.G., Finch, J.T. en Zimmern, D. (1977) Nature 262, 

217-219. 

4 

De juistheid van de gangbare opvatting,dat onverzadigde vetzuren in hun 

algemeenheid het cholesterol gehalte verlagen, is twij felachtig en gaat 

ondermeer voorbij aan het feit, dat trans onverzadigde vetzuren cholesterol 

afbraak tegengaan. 

Rivers, J. (1977) Nature 270, 2. 

5 
13 

De door Packer et al., op grond van C shifts van de 2', 6' koolstofatomen 

van tyrosine geschatte exchange snelheid tussen de ijzer-zwavel centra van 

ferredoxine, houdt geen rekening met een ferredoxine-methylviologeen evenwicht. 

Packer, E.L., Sternlicht, H. en Rabinowitz, J.C. (1972) Proc. Nat. 

Acad. Sci. U.S.A. 69, 3278-3282. 
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De berekeningen van Chothia en Janin verschaffen aanwijzingen, dat de eiwit 

eenheden in de door deze auteurs onderzochte eiwitkomplexen beweeglijk zijn. 

Chothia, C. en Janin, J. (1975) Nature 256, 705-708. 

7 

De door Sykes et al. gevonden relaxatietijden van verschillende eiwitten kunnen 

beter verklaard worden door rotatiediffusie om alle koolstof-koolstof 

bindingsassen over kleine hoeken aan te nemen. 

Sykes, B.D., Hull, W.E. en Snyder, G.H. (1978) Biophys. Journal 21, 

137-145. 

Menig schoolboek zou beter tot zijn recht komen, wanneer het in stripvorm zou 

verschijnen. 

Marx? Nooit van gehoord; Rius, Kritakfonds Nederland, Postbus 636, 

3800 AP, Amersfoort. 

9 

Het is betreurenswaardig ,dat Bohandy en Kim pas na een reeks publikaties over 

porfyrines in trifenyleen tot de konklusie komen, dat deze gastheer ongeschikt 

is. 

Bohandy, J. en Kim, B.F. (1976) Spectrochim. Acta 32A, 1083-1088. 

10 

Het in vitro model voor antenne chlorophyll van Katz et al. vertoont meer 

inconsistenties met in vivo gegevens dan het door deze auteurs gepostuleerde 

en speculatief genoemde model voor het reaktiecentrum chlorophyllkomplex. 

Katz, J.J., Norris, J.R. en Shipman, L.L. (1976) Brookhaven Symp. in 

Biol. 28, 16-55. 

11 

Het rapport "Het dilemma van de nationale landschapsparken" van de stichting 

"Natuur en Milieu" rechtvaardigt een gegrond wantrouwen en verzet van agrariers 

tegen plannen voor wijziging van de landinrichting. 

Proefschrift van J.L. de Wit. 

Wageningen, april 1978. 
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VOORWOORD 

Toen ik ongeveer 5 jaar geleden dit onderzoek startte, beperkte het 

gebruik van kernspin resonantie (NMR) in de biologie zich tot kleine 

biomolekulen in oplossing, zoals eiwitten, substraten, oligonucleotiden en 

koolhydraten. De laatste jaren is het aantal toepassingen, door de ontwikkeling 

van geavanceerde 270 en 360 MHz kernspin resonantie apparatuur, echter sterk 

toegenomen. De traditionele school (kleine eiwitten, nucleinezuren e.d.) heeft 

zich verder ontwikkeld, maar daarnaast ontstaan er nieuwe toepassingen aan 

cellen en zelfs komplete organen. NMR biedt vooral in het laatste geval veel 

perspectief omdat dan, door het niet destructieve gebruik, de in vivo situatie 

benaderd wordt. Tot op de dag van vandaag worden vrijwel alle NMR studies echter 

nog steeds gedaan aan de bovengenoemde kleine biomolekulen. Op grond van 

theoretische argumenten neemt men aan, dat NMR aan grote biologische systemen 

niets of slechts ongestructureerde brede "bulten" laat zien. 

Deze dissertatie is een bewijs van het tegendeel. Het is geboren uit 

behoefte naar een bruikbare techniek, waarmee men op moleculaire schaal grote 

biologische systemen in oplossing kan bestuderen. Rontgendiffraktie en elektronen 

mikroskopie hebben in deze hun wel bekende beperkingen; kernspin resonantie, 
15 2 

zou hierin een taak kunnen vervullen. Gebruik van stabiele isotopen ( N, H, 

C) zou deze taak verder kunnen verlichten. NMR en stabiele isotopen vormen de 

sleutelwoorden voor dit onderzoek. Tabaks mozaik virus is als model systeem 

gekozen, omdat het groot, simpel en goed gedefinieerd is. Na bekende moeilijke 

tijden van vallen en opstaan kon een deel van het onderzoek afgerond worden. 

Tabaks mozaiek virus lijkt namelijk minder op een statisch bouwwerk, waarin 

alles zijn plaats heeft, dan op een levend organisme, flexibel en intern 

beweeglijk. 
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I. GENERAL INTRODUCTION 

1.1 TOBACCO MOSAIC VIRUS 

Tobacco Mosaic Virus (TMV) has a long scientific history. Purified and 

studied for the first time by Stanley in 1936 (1), it became a favoured 

model system in the fields of e.g. molecular biology, virology, physics, 

biochemics, biophysics and genetics. Since the preparation and properties of 

Fig. 1. Schematic model of TMV showing the helical arrangement of protein 
subunits and RNA (represented as a chain); reprinted from Caspar, D.L.D. (22), 
by Courtesy of Academic Press. New York. 
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the virus are well-characterized, it provides an attractive object for physical 

studies aimed at the elucidation of mechanisms underlying the 

elementary processes in molecular biology. The book of Kaper (7) gives a survey 

of the scientific history of TMV. TMV is a rod-shaped plant virus (molecular 

weight ̂  42 x 10 ) consisting of 2,200 identical protein subunits (molecular 

weight a- 17,450) and one RNA chain of ̂  6,600 nucleotides (2) (molecular weight 

% 2 x 10 ) . Its structure is schematically shown in Fig. 1. That the rod-like 

shape is based on a property of the protein subunits, became apparent when 

their assembly behaviour without RNA was studied. The protein subunits, 

depending on conditions such as protein concentration, temperature, pH, ionic 

strength, form a number of oligo- or polymers (3). Fig. 2. visualizes (from 

left to right) the rod-like protein oligomer which titrates anomalously, the 

"lock-washer" which is considered to be a hypothetical oligomer, the double disk 

0-8 

0 6 

O-l 

Single helix 

Limited stacks of disks 
27 s, 37 s etc Crystal 

Single helix 

f 8s 

A- protein 4 s 

end fYT, and 

_t_ 

PH 

Fig. 2. Phase diagram containing stable protein oligomers as a function of pH 
and ionic strength. Other conditions: concn: 5 tng/ml; temperature: 20 C; 
reprinted from Durham, A.C.H. (3), by courtesy of Academic Press. 

consisting of 34 protein subunits, stacks of double disks irreversibly formed 

at high ionic strength and smaller protein oligomers, such as pentamers, trimers 

and monomers. Purely monomer is only obtainable under extreme conditions (22). 

14 



The structure of the stacked disk has been analyzed by X-ray diffraction at 0.5 

nm resolution (11). One of these oligomers, the so called double disk, occurs 

Z 

-*-/{ —r -

20 
—r~ 
40 60 80 

Fig. 3. Schematic drawing of the RNA and protein backbone in TMV (side view), 
based on X-ray diffraction data. B are RNA bases; LS, RS, LR, RR and V forms the 
nomenclature for the protein a-helix sections; numbers refer to amino acid 
sequence coding (Appendix 1); Z and R are the axial and radial axis of TMV 
respectively, the latter with a radius of ̂  80 A; reprinted from Stubbs, G. 
et al. (10), by courtesy of Macmillan Journals Ltd. 

at physiological conditions and recognizes a TMV RNA section at about 1000 

nucleotides from the 3' RNA end after which the RNA is encapsidated (4,5). The 

folding of RNA and protein in the virus is schematically shown in Fig. 3. This 

figure is obtained from X-ray diffraction at 0.4 nm resolution (10) on oriented 

gels of TMV, a study which presently can be considered as one of the major 

achievements of X-ray diffraction in molecular biology. The X-ray study also 

reveals a remarkable feature in the protein of TMV, the so-called carboxyl cage 

containing a number of aspartic and glumatic acids and arginines, in close 

contact with each other. These acid amino acids are thought to be reponsible 

for the anomalous titration behaviour (22) of the rod-like oligomers with pK's 

of carboxyl groups shifted to -v, 7. Fig. 4A and B represent 

15 



Fig. 4. This figure is a more detailed presentation of Fig. 3, without RNA. A: 
computer display of two protein subunits in TMV (side view). Numbering is 
according to. Appendix 1. B: computer display of one protein subunit in TMV at 
slightly larger magnification. Unknown regions are indicated by bars. 

computer simulations of TMV protein subunits based on coordinates kindly made 

available by Dr. K.C. Holmes, Heidelberg. These pictures do not represent the 

actual structure in complete and reliable detail since only coordinates of the 
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ct-helix regions have been displayed and, furthermore, since the phase of the 

a-helices is subject to some uncertainty. In general however these figures give 

a good overall impression of the geometry and relative orientation of the 

protein subunits in TMV. These simulations were generated by Ms. T. Trienekens 

in collaboration with the Computer Center and the Department of Mathematics of 

this University according to a modified program obtained from Dr.R.J. Feldman, 

Division of Computer Research and Technology, N.I.H., Bethesda, U.S.A. 

From the point of view of a (molecular) biologist and virologist, a number 

of relevant- and sometimes intriguing- questions about TMV can be put 

forward. 

a) how does TMV penetrate the cell (6)? 

b) how does TMV dissociation occur under physiological conditions (7)? 

c) how does the RNA coding for protein synthesis proceed (8)? 

d) how is a specific section of the RNA. chain recognized by the double-disk 

(4,5)? 

e) how proceeds the RNA encapsidation and elongation (9)? 

In order to answer these questions it is necessary to have a thorough knowledge 

about protein-protein and protein-RNA interactions in TMV in solution. 

Furthermore, from the viewpoint of a molecular physicist, it is fruitful to 

incorporate in any model answering the above mentioned questions that the 

system must obey thermodynamical and statistical principles even at the level, 

where observations suggest a mechanistic model. 

The above mentioned interactions have in the past been studied by a large 

variety of methods such as X-ray diffraction (10,11), electron microscopy (12) 

and analytical ultracentrifuge experiments (13). Although this resulted in a 

rather detailed model of TMV and its protein oligomers, knowledge about protein-

protein and protein-RNA interactions at the molecular level in solution is 

scanty because at the moment no method is suitable for this purpose, 

except Nuclear Magnetic Resonance (NMR). NMR can be considered to be one of the 

most powerful methods for the study of structure and dynamics of biomolecules in 

solution (14). Contrary to what one would expect following standard NMR theory, 

stating that NMR is only valuable for studying small biomolecules (15), this 

Thesis endeavours to demonstrate that it is possible and attractive to apply NMR 

to TMV and other large biosystems. Nature provided TMV with such properties 

that the study of TMV by NMR became feasible, yielding at least a partial answer 

to the questions a through e, mentioned above. 
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1.2 NUCLEAR MAGNETIC RESONANCE 

In this Thesis all NMR experiments were carried out using High Resolution 

Fourier Transform (HR FT) NMR (16,17). The main differences with previous NMR 

studies on biomolecules are: the use of the highest available magnetic field 

stength to obtain the largest possible signal to noise ratio and resolution (17) 

(8.4 Tesla (T), 360 MHz for 1H, 90.5 MHz for 1 3 C ) , the size of the biological 

systems studied (TMV, Cowpea Chlorotic Mottle Virus (CCMV), E. aoli ribosomes). 

C enrichment of the biological systems, and, finally the way the NMR spectra 

are interpreted. These interpretations are based on the spin-lattice (T.) and 

spin-spin relaxation times (T2) (17) and to a lesser extent on chemical shifts 

and spectral intensity measurements. 

A simple introduction to the parameters T1 and T2 can be found in several 

textbooks (13,14,15). In large biological systems T1 and T2 are of crucial 

importance, since they determine the spectral intensity (signal to noise ratio) 

and resolution of NMR spectra. Presently, NMR spectra are mostly recorded in FT 

mode (16,17) and the resulting signal to noise (S/N) ratio of a number of 

accumulated spectra is largely determined by T1. S/N linearly increases with 

tn, where n is the number of accumulations (18); for each spectrum to be 

properly recorded a practical rule says one should wait a few times T1 before 

starting acquisition of the next spectrum (16,17). The T9 parameter for a 
-1 

Lorentzian NMR line shape (16,17) can be calculated from (TTT2) which is the 

line width at half height. The resolution in NMR spectra, consisting of many 

partly resolved resonances, can be improved by increasing the magnetic field 

strength, so that these resonance are being increasingly separated. 

Commercially available superconducting magnets have for NMR purposes an upper 

limit of 8.4 Tesla at the moment. 

T1 and T2 for rigid systems can be calculated using the equations for 

dipolar relaxation (19) (Appendix 3). The correlation time xR in these equations 

describing the rotational reorientation of a rig-id sytem in solution can be 

approached by the Stokes-Einstein equation for spheres (20) (Appendix 3). As a 

rule of thumb, the line width can be obtained by dividing the molecular weight 

of the system by 10 , e.g. ̂  64 Hz for hemoglobine with molecular weight 

<\- 64,000; -v 42,000 Hz for TMV. The values of T1 in both cases would be -v 1 and 
1 

^ 2000 s, respectively. Note that the maximum chemical shift range for H at 

360 MHz is ̂  4000 Hz and that a normal acquisition time is 'vl s. For TMV this 

implies that most of the spectra presented in this Thesis could only be 

obtained because TMV is in fact not at all rigid. In other words, the nuclei in 



TMV are internally mobile (21,23,24). T.. and T2 can now be used to describe 

this internal mobility (Appendix 4) Molecular information of a system as large 

as TMV now also can be obtained in solution because of internal mobility. 
1 13 

This Thesis presents NMR spectra and relaxation data of both H and C 
13 1 

nuclei in TMV. Although C is ̂  6000 times more insensitive than H (13-15), 

the resolution at 8.4 Tesla (90.5 MHz) is so much better than that for protons 

that for enriched TMV and its protein oligomers more molecular information 

could be obtained than from R NMR. 
13 

In Chapter 2 C spectra of TMV and its protein oligomers are presented 

and it shown that TMV and oligomers are internally mobile. In Chapter 3 the 

molecular motion within the double disk-like oligomer is described based on T. 

and T9 data. The short T..'s, observed in a number of other proteins have been 
13 

explained assuming spin diffusion (25,26). The magnetic dilution of C nuclei 
13 

also in 12% C enriched TMV protein warrants the absence of this mechanism. 

Chapter 4 contains the titration behaviour of spectral intensity of rod-like 

polymers of TMV protein which is interpreted in the framework of a model for 

internal mobility. In Chapter 5 internal mobility in sections of the protein 

chain in TMV, resulted in a more quantitive description of molecular dynamics 

in TMV and its protein oligomers. In Chapter 6 the enrichment procedures are 

reported and evidence is presented that TMV protein subunits in solution are 

structured not with standing the fact that there is considerable internal 

motion. A model for assembly of TMV from protein double disk and RNA is put 

forward in Chapter 7, based on internal mobility in the double disk-like 

oligomer, NMR results from Chapter 5, and thermodynamics. In this context the 

dissociation of TMV when penetrating the cell is discussed. Chapter 8 is an 

excursion to other biological systems, such as Cowpea Chlorotic Mottle Virus, 

E. ooli ribosomes, aimed at demonstrating that NMR can be used to study other 

large biological systems. In Appendix 1 the amino acid sequence of TMV protein 

including sections with a-helix configuration is given; Appendix 2 summarizes 

chemical shifts of all carbons of the amino acids; Appendix 3 contains dipolar 

relaxation equations for rigid systems; Appendix 4 gives the dipolar relaxation 

equations describing internal mobility. 

NMR spectra were taken by making use of three different machines: a 
1 

Perkm-Elmer 23B 60 MHz spectrometer equipped for H, made available by the 

Dept. of Organic Chemistry; A Varian XL-100 Fourier Transform (FT) spectrometer 
1 13 

operating at 100 MHz. and equipped for H and C; a Bruker SPX 360 Supercon 
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1 13 
FT NMR spectrometer, equipped for H and C, and made available by the 

Netherlands Organization for the Advancement of Pure Research. 

Using the latter spectrometer the method of Convolution Difference (CD) 

spectroscopy (27) was applied to TMV C spectra. In this method, the free 

induction signal originating from the C nuclei, is multiplied by an 
-at 

exponential (e ) and stored. Then, the process is repeated with a second 

exponential (e ) and the difference between the two resulting signals is 

subsequently fourier transformed, resulting in a Convolution Difference 

spectrum. In this way, broad spectral features are eliminated and the spectral 

resolution is enhanced. 
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2. A l 3C NMR STUDY OF TOBACCO MOSAIC VIRUS 

AND ITS PROTEIN 

J.L. de Wit, N.C.M. Alma, M.A. Hemminga, T.J. Schaafsma 
submitted to Biochemistry. 

2.1 INTRODUCTION 

Tobacco mosaic virus (TMV) is a well-known plant virus (molecular weight 

42 x 10 ) with length and radius of 300 and 9 nm respectively, containing 2,200 

identical protein subunits (molecular weight 17,500) complexed in a helix with 

6,600 RNA nucleotides (1). Both virus and its coat protein oligomers (2) have 

been widely studied by various techniques such as electron microscopy (3), 

circular dichroism (4), sedimentation analysis (5) and X-ray diffraction (6). 

Three dimensional electron density maps for crystals of stacks of protein 

double disks and gels of the oriented virus with 0.5 and 0.4 nm resolution, 

respectively, have recently been obtained (6,7]. Since the virus assembly is 

based upon protein-protein and protein-RNA interaction in solution, a comparison 

of the molecular models of the virus and protein (6,7) obtained from X-ray data 

and the molecular structure of TMV-RNA and protein in solution is necessary. As 

has been previously shown,Fourier Transform Nuclear Magnetic Resonance (FT NMR) 

can be used for this purpose (8). X-ray and NMR results on protein and RNA 

structure in crystal and solution have been compared in a few cases (8,9). 

NMR increasingly focuses attention on molecular dynamics manifesting itself as 

mobility of protein side chain groups modulating protein structure (10). It has 

usually been assumed that this technique can only be successfully applied to 

fairly small protein molecules (molecular weight < 50,000], because one expects 

longer spin-lattice (T..) and shorter spin-spin (T_) relaxation times for larger 

proteins, resulting in a loss of signal to noise ratio (S/N) and spectral resol­

ution, respectively. 
13 We report C NMR spectra for '\2% enriched TMV (11) (strain Vulgare) and 

its coat protein of which pH-induced rod-like and temperature-induced double disk­

like polymerization has been studied. A general discussion of these spectra in 

view of molecular dynamics for TMV and its protein oligomers is also presented. 
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2.2 13C NMR AT 90.5 MHz 

13 
The potential of conventional high resolution C FT NMR at 15.1 MHz on 

small protein molecules (molecular weight < 50,000) has been shown (12). The much 
13 1 

larger spectral resolution for C in comparison with H at the same magnetic 
field strength is an advantage, but the low sensitivity as a result of the 1.11 

13 
natural abundance and low gyromagnetic ratio is a large handicap for C NMR. 

Although for small proteins a number of resonances (carboxyl, carbamide, aro­

matic, arginine and backbone carbons) with large chemical shift anisotropy broaden 

with increasing frequency (up to 90.5 MHz), both spectral resolution and S/N in 

general improve, especially for aliphatic carbons (13). For large rigid protein 

molecules (molecular weight > 50,000) and spectral repetition times (T) of 'v 1 s, 

T1 is found to be > T and the S/N is related to T1 by (14), 

S/N = QT2 ( 1/T^ [1] 

where Q contains such factors as sample volume, concentration, probe quality and 

magnetic field. For these large proteins with rotational correlation times 
-9 

T R > 10 s, T1 increases with increasing frequency in the absence of internal 

mobility and a decrease in S/N is expected (14). In such a case the experiments 

on enriched TMV, at 90.5 MHz described in this paper would be laborious with a 

need for large amounts of material. Since TMV-protein solubility is limited 

(< 70 mg/ml), probes for sample tubes with diameters > 1 cm would be necessary. 

These are commercially not available at high magnetic fields (8.5 Tesla). There­

fore, it was an unexpected result, that the S/N increased with about a factor 8 

for protonated carbons of oligomers of TMV coat protein (molecular weight > 

50,000) when comparing C spectra at 90.5 and 25.4 MHz. All C NMR experiments 

described in this paper are performed on a SPX Bruker supercon spectrometer in 

FT mode employing ̂  5 W continuous wave H decoupling power with 5 kHz bandwidth, 
13 

an observe frequency for C of 90.5 MHz and quadrature detection. A D20 lock 

proved to be unnecessary for our measurements so that isotope effects of D70 
13 

are avoided by using FLO solutions. This is an additional advantage for C NMR 
1 z 17 

with respect fo H NMR. The use of C enriched TMV is necessary for sufficient 
13 

S/N. The enrichment is easy and inexpensive with CCU as the carbon source (11). 

The optimum enrichment (15) at which no appreciable carbon-carbon J coupling is 

present is 10-151. 
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2.3 90.5 MHz 13C SPECTRA OF TMV 

13 The C spectrum of 124 enriched TMV purified according to Leberman (16) 

is given in figure 1A. A sedimentation coefficient of 130 S is found and 

electron micrographs show rod-like particles with length of 300 nm for the 
13 virus. No significant saturation of the observed protonated C resonances 

is observed with T = 1 s, since a control experiment with T = 2 s showed that 

the intensity increase upon changing T from 1 to 2 s was less then the noise 

level (which was about 304 of the spectral intensity in this particular 

experiment). With the resonance intensity (I) given by (17), 

I = ̂  [1-exp (-T/T^J PI 

this results in T, < 1 s. 

20 ppm 100 200 

Fig. 1. Broadband *H decoupled 90.5 MHz 1 3 C NMR spectra of TMV and its RNA and 
protein constituents taken both at % 30 C with a concentration of 60 mg/ml 
(1 ml total volume) and 50,000 accumulations with spectral repetition time of 
1 s and sensitivity enhancement of 30 Hz. The ppm scale is referenced to CS2 

assuming 125.8 ppm for the (3-Thr carbon position. The vertical scales of A 
and B are different. Further conditions for: A, 1 mM sodiumphosphate pH 11; 
B, 1 mM sodiumphosphate pH 7.2. 
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13 In figure 1B the C NMR spectrum of a clear solution of TMV dissociated 

in its RNA and native protein oligomers (average molecular weight < 50,000] is 

presented. The intensity of the native TMV spectrum (fig. 1A) compared to that 

of the spectrum of its free RNA and protein constituents for the backbone 

region between 120 and 150 ppm and the aliphatic region between 150 and 200 ppm 

is 6 and 171 respectively. The RNA resonances have low intensity and are mainly 

found in the region 40 to 125 ppm. The spectrum in figure 1B contains resonances 

of all carbons of the protein in the sample tube resulting from the molecular 

weight (< 50,000) of the protein oligomers under these conditions and a 
13 

comparison with a C spectrum of a known amount of lysozyme (12). On the average 

about 901 of the protein carbon resonances are not observed in the TMV spectrum 

(fig. 1A). 
13 The line width parameter (1/TTT9) for C-H dipole-dipole relaxation in large 

2 2 rigid proteins for Up x R » 1, is given by (18), 

1/T2 = 0.2(yo/4Tr)2NYc
2YH

2n2xR/rCH ' C 3 ] 

where y c and Y H are the gyromagnetic ratios in rad/s for C and H respectively, 

xR is the rotational correlation time, r™, is the C-H distance and u„ is the 

Larmor frequency in rad.s , N is the number of protons interacting with a C 

nucleus, (u /4IT) y„ Yu ^TCH = 2.147 x 10 s" with r™, = 0.109 nm. For 

spherical proteins xR can be calculated from the Stokes-Einstein equation (19), 

x R = M v n/RT, [ 4] 

where n is the viscosity, M is the molecular weight and v the partial specific 

volume. From equations [ 3] and [, 4j, it can be calculated that the lines in 
13 the C spectrum of the virus should be broadened with a factor of 800 compared 

to the lines in the spectrum of native protein oligomers (molecular weight 

< 50,000) and free RNA. 

The factor 800 is a lower limit for the increase in line width. Taking into 

account the rod-like shape of the virus particle, (the known rotational 
-3 correlation time of rod rotation about the lateral axis of 1.1 x 10 s(21) 

yields ̂  1 x 10" s for rod rotation about the axial axis from the moments of 

inertia) and the deviations from the Stokes-Einstein equation (20) still higher 

numbers are calculated. 
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In the absence of internal rotation and taking T C ̂  1 x 10 s, T.. is 
13 > 2000 s for the C virus resonances as can be calculated from dipole-dipole 

spin-lattice relaxation for a C-H fragment (18), which is in contrast with the 

observed L < 1 s. 

These calculations demonstrate that then under our NMR conditions with a 

receiver dead time of ̂  50 ysec and short spectral repetition times, virus 

resonances should be broadened and saturated beyond detection (22). The 
13 13 

observable resonances of the C virus spectrum must therefore arise from C 

nuclei of the TMV coat protein with rotational degrees of freedom within the 

virus with correlation times « 10" s. 

From the spectral regions indicated in figure 1 it can be seen that side 

chain resonances (g-Ser, f3-Thr and aliphatic carbons) and a number of backbone 

resonances (C and carbonyl) have internal rotational degrees of freedom. 
It is impossible to determine the increase in line width for the non-

13 
resolved resonances in the C virus spectrum in comparison with the spectrum 
of its free constituents, because there is a large resonance overlap in the 

aliphatic region. From the H virus spectrum at 100 MHz however, it can be 
13 13 

concluded that the observable aliphatic C resonances in the C virus spectrum 
in any case have C line widths < 300 Hz (23). 

2.4 pH INDUCED ROD-LIKE PROTEIN POLYMERIZATION 

13 The C FT NMR spectrum of small oligomers of TMV protein purified 

according to Durham (2) with slight modifications (23) is shown in figure 2A. 

These protein oligomers have a E982/2S2 v ^-5 and a single sedimentation 

coefficient of 3.8 S in a Spinco analytical ultracentrifuge in 0.12 M Tris HC1 

pH 8.6 at 5 °C. This spectrum (Fig. 2A) is comparable with that given in 

Figure 1B, the only difference being the absence of RNA resonances. In 

figure 2B the C NMR spectrum of TMV protein at pH 5.3 is shown. At this pH 

the protein polymer has a rod-like configuration with the protein subunits 

arranged in a helix, similar to the structure of the complete virus (24). An 

average intensity decrease of 901 is found with respect to figure 2A. Although 

this number is comparable to the intensity decrease observed for the virus, it 

is remarkable that now no significant line broadening is observed in comparing 

the high field flanks (180 ppm) of figure 2A and 2B. In analytical ultracen­

trifuge experiments no components with sedimentation coefficients < 40 S have 

been found at conditions given in the caption of figure 2B, in agreement with 
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literature data (25). 

20 ppm 100 200 

Fig. 2. Broadband JH decoupled 90.5 MHz 1 3C NMR spectra of TMV protein oligomers 
with a concentration of 60 mg/ml (1 ml total volume) in 0.1 M NaCl taken at 7 °C 
with a spectral repetition rate of 0.5 s, a sensitivity enhancement of 45 Hz and 
17,000 as the number of accumulations. The ppm scale is referenced to CS2, 
assuming 125.8 ppm for the g-Thr carbon position. The vertical scales of A and 
B are different. Further conditions for A, pH 10.0; B, pH 5.3. 

From the sedimentation coefficient an increase in molecular weight of at 

least 40 is calculated when going from 3.8 to > 40 S polymers. T.. and T 2 should 

increase and decrease with this factor, respectively, if the coat protein 

oligomer is considered to be rigid, resulting in saturation and strong broadening 
1 3 of the C resonances. Consequently, here again the residual intensity of about 

101 must also arise from rotational degrees of freedom within the protein 

polymers. 

2.5 TEMPERATURE-INDUCED DOUBLE DISK-LIKE PROTEIN POLYMERIZATION 

Under "physiological" conditions, polymerization of IMV-protein results 

in a double disk-like configuration which has been shown to be important for 

virus assembly (25). In figure 3B and 3A C spectra at 5 and 30 °C of oligomers 

with sedimentation coefficients 4 and 18 S are shown. From this figure and 

100 MHz H NMR experiments (23) it is concluded that no disappearance of 

spectral intensity and no line broadening is observed upon double disk-like 

polymerization. Consequently, the conclusion of rotational degrees of freedom 
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can be extended to all nuclei of both backbone and side chains within the double 

disk-like protein oligomer. 

20ppm 100 200 

Fig. 3. Broadband 'H decoupled 90.5 MHz 1 3C NMR spectra of TMV protein oligomers 
in 0.1 M NaCl at pH 7.3 with 1 ml total volume. The ppm scale is referenced to 
CS2 > assuming 125.8 ppm for the g-Thr carbon resonance position. The aromatic 
regions are omitted because of large humps in the spectra. The vertical scales 
of A and B are different. Further conditions for A, 30 C, 40 mg/ml, A000 accumu­
lations with T = 1 s and a sensitivity enhancement of 40 Hz; B, 7 C, 60 mg/ml, 
17,000 accumulations with T = 0.5 s and a sensitivity enhancement of 45 Hz. 

In contrast figure 3 clearly shows a decrease in line width with increasing 

temperature for a number of resolved carbon resonances both in the spectral 

region for backbone and side chain carbons. At certain spectral positions a 

sharpening of the resonances is recognized for carbonyl-, 5-Arg-, g-Thr-, 

g-Ser- and other aliphatic carbons. A comparison of the total integrated alipha­

tic spectral region of figure 3A and the regions under the resolved resonances 

with exception of the methyl resonances, yields ̂  101 for aliphatic resonances 

of which the line width decrease with an increase in temperature (fig. 3A and 

3B); if methyl groups are included this number increases to ̂  201. NOE has been 

ignored in this calculation, although an effect is observed for methyl resonances 

in this case (unpublished results). 
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2.6 INTERNAL ROTATIONAL MOTIONS 

In the presence of internal rotations the relaxation times T^ and T 2 differ 

in their molecular weight dependence. 

l/rrtyHzl 

100-

10-

1 • 

0.1-

^ — V 

1 1 

B 

1 

-LogTR(S) 

T, IS) 

0.1-

-LogTg (S) 

Fig. 4. A, the spin lattice relaxation time Ti plotted against the internal 
rotational correlation time T on a double logarithmic_scale for overall 
rotational correlation times T_ of 10" a s ( ] ) and 10 8 s ( 2 ); B, the line 
width parameter (1/irT.) plotted against the overall rotational correlation 
time T on a double logarithmic scale for internal rotational correlation 
times T of 10 

g 
s ( 1 ) and 10 s ( 2 ). 
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According to Doddrell et al (26), taking a correlation time for one degree of 

freedom of internal rotation (x ) for a tetrahedral C-H fragment about its C-C 

axis over 360 and xR for the isotropic reorientation of the oligomer, the T.. 

and T2 dependence on x and xR is graphically represented in figure 4 at an 

observe frequency of 90.5 MHz. According to Van Putte (28) a similar behaviour 

of T1 with x (fig. 4A) is found, when x describes restricted rotations over 

angles « 360°. Furthermore, it can be shown that in proteins with a secondary 

and tertiary structure restricted rotations are possible (27). 
„7 

From figure 4B it can be seen that T2 depends on xR only when xR > 10 . 

According to Doddrell (26) (with x « xR) this xR-dependency of T2 is given by 

equation [ 3] with a reduction factor of 1/9. 

2.7 ROTATIONAL DEGREES OF FREEDOM WITHIN TMV AND ITS PROTEIN OLIGOMERS 

From X-ray data it can be shown that TMV-protein double disks and virus 

possess distinct secondary, tertiary and quaternary structure (6, 7). This 

structure must also be present in solution in view of the following observations: 

1) a large number of backbone-nitrogen bound protons is found to be non-

exchangeable (29); 2) there are amino acid side chains which are non-reactive 

towards chemical agents because they are buried in the protein subunit (30) or 

protein-oligomer; 3) the presence of an RNA combining site; 4) a substantial 

amount of a-helix detected by ORD/CD (31); 5) a protein subunit structure and 

intersubunit interactions necessary for the rigidity of the protein oligomers; 
13 

6) C NMR spectra indicate chemical shift inequivalence for at least a number 

of resolved resonances caused by the folding of the protein (unpublished 

results). Therefore, conclusions from our NMR data showing internal motion to 

a large extent in virus, rod-like protein oligomers and double disk-like 

protein oligomer must be interpreted keeping this in mind. 

The experimental value of T1 (< 1 s) for the virus can easily be accounted 

for by small angle rotations (27, 28) in contrast with an explanation for the 

behaviour of T2. A xR of 1.1 x 10" s can be calculated based on Doddrell's 

model (26), if internal rotation is included using the reduction factor of 1/9 

and a C line width of 300 Hz (23) for virus carbons in equation [ 3]. Even 
"9 

under these conditions with a small x value (< 10 s) this number is still 

100 times smaller than the lower limit for the time constant of virus rotation 

of 1 x 10" s. Therefore, T2 shows that the observable resonances represent 

regions in protein subunits within the virus with more than one degree of 

freedom of rotation. 
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An impression of what type of carbons are involved in these rotational 

motions can be acquired by comparing the weighted surfaces of different regions 

in the spectra (Fig. 1A and 1B). The observable 17$ of the amino acid side 

chain groups with spectral positions between 148 and 200 ppm corresponds to a 

total number of 47 aliphatic carbons and consists of about 18 CH, carbons 

between 172 and 200 ppm and about 29 CH? and CH carbons between 148 and 172 ppm. 

The peak at 125 ppm corresponds to ̂  2 B-Thr carbons. Depending on the number of 

g-Ser carbons at 132 ppm, a number of % 10 a-carbons is calculated to be obser­

vable in the region 120 to 150 ppm. This number is comparable with the number of 

observable carbonyl resonances. No 6-Arg carbons are found and the resonance in 

the aromatic region at 65 ppm could correspond to 1 Phe side chain group. The 

number of side chain carbons showing rotational motions exceeds the number of 

mobile a-carbons with a factor of about 5. The accuracy of the calculations is 

estimated to be within + 20$, the largest inaccuracy contribution arising from 

the determination of the relative spectral intensities (Fig. 1A and 1B). The 

observed a-carbons in the virus must belong to very mobile regions of the protein 

subunits, because backbone carbon rotations with more than one degree of freedom 

also force connected carbons into rotational motion. Another possibility is that 

the observed a-carbons among themselves are connected and belong to the same 

backbone section. 

Although rod-like protein oligomers and virus yield comparable residual 

spectral intensity, the shape of their spectra differ considerably. For rod-like 
13 

protein polymerization a reduction in intensity for the C spectra is observed 

with only minor changes in spectral position and linewidth. Since RNA is now 

absent, the protein subunits can only interact with adjacent subunits. Rotational 

and translational motions of the protein subunit within the oligomer, motions of 

parts of amino acids within the protein subunit, and exchange of subunits between 

protein oligomers must be considered. 
13 The C spectra of the temperature-induced double disk-like oligomers differ 

from those of the pH-induced rod-like oligomers in that in the former case no 

loss in intensity and line broadening is observed upon polymerization leading 

to the conclusion that all nuclei of both backbone and side chains possess 

rotanional motions within the double disk-like oligomer. For about 20$ of the 

protein resonances including a number of a-carbons, a molecular weight indepen­

dent behaviour for the line width is found. This can not be explained using 

figure 4B, and these carbons therefore must have more than one degree of freedom 

for rotation. Since the remaining resonances are unresolved and I/TT^ is calcu­

lated to be « <5, where 6 is the chemical shift range for a number of unresolved 
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13 
C resonances, the overall line shape of these resonances is less sensitive to 

an increase in molecular weight (y 10x) upon protein polymerization from trimer 

to double disk. From an analysis of H NMR spectra, however, it can be concluded 

that all nuclei within the double disk-like oligomer show a molecular weight 

independent line width behaviour, indicating also the presence of more than one 
-8 

degree of freedom of internal rotation (23) on a time scale ̂  4 x 10 s. 
-8 

Internal rotational motions with correlation times < 4 x 10 may arise 

from one or more of the following causes: mobility within the protein subunit, 

mobility of the protein subunit within the oligomers and fast exchange 
7 -1 

(> 2.5 x 10 s ) of protein subunits between oligomers. Exchange does not 

occur at this time scale, however, because of the large free energy decrease 

for protein subunits binding in an oligomer (25,23) and the absence of small 

molecular weight oligomers in analytical ultracentrifuge runs. 

2.8 IMPLICATIONS FOR X-RAY DIFFRACTION 

The 0.4 nm resolution electron density map for the virus allows for 

internal mobility of amino acids primarily on the exterior of the virus (6). 

In a paper by Caspar et al. (32) very small coordinated motions are suggested 

within the Dahlemense strain of TMV. It must be noted that there are large 

differences in extension and time scale between our NMR measurements and their 

suggestion. 

Because only low resolution X-ray and NMR data are available, a correct compa­

rison is as yet impossible, so that at the moment the number of nuclei showing 

x„-independent internal rotational motions is not inconsistent with X-ray 

analysis. For the rod-like protein oligomer no X-ray data have been published. 

A comparison of the 0.5 nm resolution electron density map for crystals 

of stacks of double disks with NMR data for double disk-like oligomers in solution 

reveals large differences in molecular dynamical behaviour. Our data indicate 

that all nuclei within the double disk are mobile and even if these nuclei 

possess only one degree of freedom of internal rotation the electron density 

of the protein subunit should be completely smeared out. It is interesting to 

note that the number of nuclei showing line width decrease upon double disk-like 

polymerization (Fig. 3) roughly corresponds to the number of amino acids with 

a smeared-out electron density in the crystal (6). X-ray data have been obtained 

for stacks of double disks crystallized from 0.8 ionic strength solutions while 

NMR experiments were performed on oligomers in 0.1 to 0.2 ionic strength 
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solutions containing double disks. It is likely that the protein in the crystal 

is "frozen" by the constraints of crystal packing and periodicity. It must be 

realized that the widely different dynamical behaviour of protein subunits in 

the crystal and in solution must also imply conformational differences (10): 

a number of conformations must be present in solution to account for the observed 

internal mobility. Preliminary experiments show that at high ionic strength the 

spectral intensity starts to disappear for the double disk-like oligomer with 

a spectral behaviour similar as observed for the rod-like oligomer. It must be 

realized, however, that amino acids with smeared out electron density in an 

X-ray diffraction pattern may arise from spatial or time-dependent disorder 

while NMR measures only time-dependent disorder on a short time scale. 

2.9 IMPLICATIONS FOR NMR 

Because of large internal rotational motions TMV, and its oligomers with 

different types of assembly (rod-like and disk-like oligomers) can be studied 

in solution by NMR. The molecular weight does not appear to be the limiting 
1 13 

factor for application of H and C NMR. From preliminary experiments it is 

also concluded that TMV is no special case, since high internal mobility is 

found in a number of viruses, phages and ribosomes. Conventional FT NMR is 

therefore not restricted to low molecular weight biomolecules and opens possi­

bilities to approach the in vivo situation, by obtaining information on mole­

cular level of high molecular weight biosysterns in solution. 
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3. A l 3C AND'H NMR STUDY OF THE DYNAMIC 

BEHAVIOUR OF TOBACCO MOSAIC VIRUS PROTEIN 
J.L. de Wit, M.A. Hemminga and T.J. Schaafsma 
J. Magn. Resonance, in press. 

3.1 INTRODUCTION 

Tobacco Mosaic Virus (TMV) is a rod-shaped plant virus consisting of RNA 

and 2,130 identical protein subunits with a molecular weight of 17,500. The 

total molecular weight of the virus is 42 x 10 (1). A protein/RNA model of 

the virus has recently been published based on a 4° X-ray diffraction map (2). 

The coat protein of TMV has been well-characterized by various techniques such 

as sedimentation analysis (3), electron microscopy (4) and X-ray diffraction 

(5), 

There is an increasing amount of NMR literature on proteins. Because one 

expects long-spin lattice relaxation times (T1) and severe line broadening 

O/TTT,} for large rigid biomolecules, conventional H and C FT NMR have been 

restricted to fairly small systems with molecular weight < 50,000 (6). 
13 

Recently we introduced C FT NMR as a promising technique for the study 

of the dynamic behaviour of TMV and its coat protein (7). Although one normally 

assumes a rigid structure for TMV and its protein oligomers, as indicated by 

electron microscopy (4] and X-ray diffraction (5), about 10% of the carbon 

atoms of the protein in the virus shows a dynamic behaviour on a time scale 

upon which conventional FT NMR is sensitive (7). In addition we found increased 

mobility in the oligomers of TMV coat protein without RNA (7). 
1 13 

In this paper we present H and C frequency dependent T.. and T2 data for 

different types of protein oligomers, without discussing single resonance 

behaviour. The results are interpreted in terms of a high degree of internal 

motion within the protein oligomers and thermodynamic parameters defining their 

stability. 

3.2 EXPERIMENTAL 

2,2.1 TMV-protein preparation 

For 13C NMR experiments 10-151 randomly C-enriched TMV was used. The 
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preparation of the enriched virus will be described elsewhere (Chapter 6]. 
13 Normal and C-enriched TMV strain Vulgare was purified according to Lebermann 

(8). TMV-protein was prepared according to Durham (3). This method was slightly 

modified in that 0.1 mg/ml Macaloid was added to all solutions and the virus 

was dissociated in protein and RNA in 0.01 M-NaOH until the solution became 

clear. The time for clarifying the solution was always less than 30 minutes. 

Protein stock solutions were stored in water at 5 °C at pH ̂  5 and were charac­

terized by sedimentation analysis, gel electrophoresis and optical density 

measurements. For sedimentation analysis a Spinco analytical ultracentrifuge 

was used, equipped with an automatic speed control. The protein always showed 

a single boundary with 3-4 S in 0.12 M-Tris HC1, pH 8.6 at 10 °C and a concen­

tration of 30 mg/ml. Also a single protein band was found on 5% gel electro­

phoresis in 0.12 M-Tris HC1, pH 8.6 at 5 °C, using recrystallized acrylamide 

(9). In all cases the optical density ratio E?82/252 w a s > 2-^* ̂ e residual 

nucleotide content of the protein samples was < 10 yg/g protein as determined 

by phosphate analysis (10]. Protein concentrations were determined spectrophoto-
0 19 1 

metrically with E 2 Q Q ° = 1.27. For all H NMR measurements the protein was 

extensively dialyzed against 99.81 D.O (Biorad) at pD ̂  6. NaOH and NaOD were 

used to adjust the pH and pD. For the pD measurements, the pH meter reading was 

used (11). 

3.2.2 NMR measurements 

1 13 

100 MHz H and 25.2 MHz C NMR measurements were carried out on a Varian 

XL-100 spectrometer in FT mode, using 10 Watt H noise decoupling with 1.5 kHz 

bandwidth for 1 3 C. 360 MHz 1 H and 90.5 MHz 1 3C NMR were performed on a Bruker 
SPX-360 supercon spectrometer in FT mode with quadrature detection using 4 Watt 
1 13 
H noise decoupling with 5 kHz bandwidth for C. A Hitachi Perkin-Elmer R 24B 

was used for the 60 MHz H NMR measurements. Spin lattice relaxation times T.. 

were determined both by progressive saturation and inversion recovery (12]. On 

the Bruker SPX-360 and Varian XL-100 spectrometers temperature was kept constant 

within 5 °C over a period of 8 hours by flowing cold evaporated nitrogen from a 

liquid nitrogen container directly through the probe, permitting long time 

averaging experiments. 
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3.3 RESULTS 

3.3.1 r data for 1H at 100 MHz and 360 MHz 

As shown in Fig. 1, the resonance overlap in protein oligomers is very 
severe. Relaxation can only be measured for various spectral positions, each 
consisting of a number of overlapping resonances, as indicated in Fig. 1. It is 
found that this relaxation is approximately exponential with T.. given in Table 1. 
It is clear that such a T.. parameter is a measure of the time decay of the expo­
nentials of different overlapping resonances. Therefore the real differences 
between the T.. values of resolved resonances can be much larger as indicated in 
Table 1. 

The molecular weight of the protein oligomers ranges from O.S to 1 x 10 , 
as calculated from sedimentation analysis. This is in agreement with results 
obtained by Paglini and Lauffer (13) and molecular weights predicted from the 
linear condensation theory (14). 

The oligomers are mainly in the double disk configuration, consisting of 34 
protein subunits (15). 

For dipole-dipole interaction between protons, T.. is given by (16) 

1/T, = 0.6 (yo/47T)2 N Y J *2 rj£ <^2 x / 1 , [ 1] 

2 2 assuming u£ x » 1. N is the number of protons interacting with the observed 

proton, Yo is the H gyromagnetic ratio, r„, is the proton-proton distance, 
oVr is the Larmor frequency in rad. sec" and x is the dipolar correlation time. 

The term (y /4TT)2 yt n 2 r ^ = 1.791 x 10 1 0 sec-2 with r ^ = 0.178 nm for the 
0 n tin Hn 

H-H distance in a CFL-group. 
Because of the overlap in the H NMR spectrum, it is not possible to study 

the relaxation behaviour of single resonances. Therefore Eq. [ 1] will be used 
to determine 
values of T., 

to determine upper limits for x in accordance with the largest experimental 

'r 
The dipolar correlation time x can be written as 

-1 -1 
T c = X r 

where xD is the rotational correlation time of rigid protein oligomers and x K m 
the i 
(17) 

the residence lifetime of protein subunits in an oligomer, x is given by 
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aliphatic 

10 ppm -10 

Fig. 1. 360 MHz *H NMR spectrum of oligomers of TMV coat protein in D2O, The 
molecular weight is between 0.5 and 1 x 106. Conditions: cone. 40 mg/ml, 
temp. 31 °C, pD 7.6, 0.1 M-NaCl. No reference for the ppm scale was used. 
Arrows indicate positions where Ti is determined. The regions in the spectrum 
at about 4.0 ppm and 2.5 ppm are omitted because of the strong resonance of 
HD0 and a strong spike arising from the quadrature detection, respectively. 
Acquisition time plus pulse delay: 1 sec, number of accumulations: 447, 
sensitivity enhancement: 1.25 Hz. 

Table 1. Spin lattice relaxation times T. for H at 100 and 360 MHz for various 
spectral positions 

Position 

T (s) at 100 MHzC 

T (s) at 360 MHza 0.36 

2 

0 

0 

32 

70 

3 

0.32 

0.97 

4 

0.32 

0.97 

5 

0.32 

0.73 1.1 1.1 

See caption of Fig. 1 for experimental conditions. T values are uncorrected 
for the number of protons interacting with the observed protons. The accuracy 
of the T values is + 10%. 

Numbers correspond to arrows in Fig.l. 

T. determined by inversion recovery. 

Tj determined by progressive saturation. 
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Tm"' = (kT/h) exp C- ACf/RTl, [3] 

where k is the Boltzmann constant, T the absolute temperature and AG3, is the 

free energy of activation. The free energy of binding (AG) of protein subunits 

in the smallest oligomer, the trimer, is -50 kJ mole (18). Because AGa > AG, 

a lower limit for x of 8.7 x 10" sec is calculated. 
m 

The rotational correlation times for protein oligomers, in the absence of 

motions within the oligomers, can be calculated from their molecular weights 

using the Stokes-Einstein equation (17) 

T R = M v n / RT, [4] 

assuming a spherical geometry and neglecting hydration effects. M is the mole-
-3 3 - 1 

cular weight, v the partial specific volume (0.71 x 10 m kg ) and n is the 

viscosity of the solvent. Hallenga and Kbenig (19) have shown that Eq. [_ 4] can 

be used for a large range of molecular weights including non-spherical macro-

molecules, to calculate approximate values for T „ . The range of molecular 

weights of 0.5 to 1 x 10 for the protein oligomers corresponds to T D values 
-7 varying between 1.4 and 2.8 x 10" sec, respectively. Since x » xR, Eq. £ 2\ 

shows that x = xR. Therefore the contribution of protein exchange is ignored 

in this paper. 

Inserting in Eq. [ 1] the smallest value 1.4 x 10" sec for xR, it is found 

that T1 = 67 sec at 360 MHz and T., =5.1 sec at 100 MHz for N = 1. There is a 

large deviation between the calculated and experimental T. values given in 

Table 1. Part of this deviation can be attributed to paramagnetic effects of 

oxygen (20). The effect of dissolved oxygen could be important for the region 

T1 > 2 sec (20). The longest relaxation time in Table 1 is about 1 sec for 

aromatic protons and a maximum oxygen effect of 301 may be expected for these 

protons, which is too small to explain the discrepancy between theoretical and 

experimental T.. values. Rather, we are led to conclude that there must be inter­

nal motions within the protein oligomers. These internal motions may arise from 

mobile protein subunits within the oligomers and/or mobile protons within the 

subunit. 

If we now calculate T.. again, assuming the extreme case that the protein 

subunits with molecular weight of 17,500 are isotropically reorienting in the 

oligomers with a xR of 5 x 10"9 sec, Eq. [ 1} yields T^ = 2.4 sec at 360 MHz. 

n is assumed to be the viscosity of water. This T.. value is still larger than 
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that given in Table 1, demonstrating that the existence of subunit motion alone 

is not sufficient to explain the T.. data. Therefore it is concluded that there 

are motions of protons within the subunit as well, their correlation times being 
-9 

smaller than 5 x 10 sec. At 100 MHz a value of 0.18 sec is calculated for T,. 

Although this value is lower than the T1 values in Table 1, it does not affect 

the above mentioned conclusion, but only indicates that the assumption of iso-
-9 tropic rotational motion of the subunit with x_ of 5 x 10 sec is not correct. 

From Table 1 it can be seen that at higher frequency the T1 values start to 

deviate from each other. In the theory of spin diffusion (21), where the diffu­

sion process tends to equalize the T.. values, smaller T.. differences are predic­

ted at higher frequency. This contradicts with the data in Table 1 and therefore 

spin diffusion is excluded. 

3.3.2 T data for 13C at 25.2 and 90.5 MHz 
1 

Fig. 2 gives the 90.5 MHz 13C NMR spectrum of about 121 13Oenriched protein 

oligomers with molecular weights 0.5 to 1 x 10 . The spectral resolution is much 

better than the resolution of the 360 MHz spectrum of Fig. 1, because of the 
13 13 13 

larger chemical shift range for C and the absence of O C J-coupling. This 

allows a determination of T.. for groups of carbons in the protein, such as QL,, 

CBL, C , C„ of serine, CR of threonine, C„ of arginine and carbonyls. T.. data of 

the various spectral positions of Fig. 2 obtained at 25.2 and 90.5 MHz are col­

lected in Table 2. In all cases the relaxation of the spectral regions turned 

out to be approximately exponential. 
13 The C dipolar spin lattice relaxation time T.. of aliphatic carbons is 

given by (22) 

9 NYr Y H ft 

,UrCH 

T R +
 5 T R +

 6 T R 

1 + ((0H-U)C) T R 1 + W 2 T R 1 + 0 ^ ) T R 

[5] 

13 
where y c is the C gyromagnetic ratio, r^j, the proton-carbon distance and 

"\% 9 9 9 9 A 1 fl — 9 

u)„ the C Larmor frequency. The term (y /4ir) YcY^i r ^ = 2.147 x 10 sec" 

with r C H = 0.109 nm for a CH, C H ^ or CH3 group. Taking the smaller value of T R , 

(1.4 x 10"7 sec), for the double disks, Eq. [ S[ yields T1 = 7.0 sec at 90.5 MHz 

and T1 =0.55 sec at 25.4 MHz for N = 1. The values of T1 obtained at 90.5 and 

25.2 MHz are larger than those found experimentally, showing again the presence 

of motions within the protein oligomers, in accordance with the H results 

presented before. 
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