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SUMMARY: I3 C NMR spectra of Tobacco Mosaic Virus with enhanced si nal-to-noise 
mave been obtained by isoto 

13 
e enrichment up to 15 %, using H3 

carbon source, obtained from Ba 
CO2 as the 

CO3 90 % enriched, and tobacco leaves as the 
substrate. 

Determination of the enrichment percentage of TMV is made by IR spectroscopy 
of the CO 

t 
mixture resultin 
IO grams of Ba I9 

from complete combustion. Four days of controlled 
growth an CO3 yield 100 mg 15 X enriched TMV. 

Analysis of 13C NMR spectra of denatured TMV protein both natural abundance 
and 13C enriched show that enrichment is statistically,;andom. Different strains 
of TMV (Vulgare and U2) can be distinguished by their C NMR spectra. 

INTRODUCTION 

Enrichment with stable isotopes: Enrichment with stable isotopes, e.g. '8, 13C, 

and 15N has been widely applied in NMR (1). Isotopic enrichment can be carried 

out rather easily in algae, yeast and bacteria (2). In plants, only 13 C and 
15 N can be incorporated to a high degree (Q 90 %) without adverse effects 

(3, 4), but high enrichment cannot be easily obtained due to isotope dilution. 
2 H enrichment can be attained up to % 50 % isotope content, but growth is 

severely inhibited, similar to what is observed for animals (5, 6). Some 
n 

strains of algae and yeast must first be adapted to increasing 

before a sufficient growth rate is reached in 99 % 

Selective enrichments with 2H, 13 I5 

'Hz0 (7). 

‘Hz0 concentrations 

C and N are suitable for tracer studies, 

and for various NMR applications (8, 9, I, 2). Non-selective enrichment, 

via biosynthesis, with 13 C and 15 e.g. N can be used to obtain NMR spectra 

with enhanced signal-to-noise ratio. Here, we report non-selective isotope 

enrichment of Tobacco Mosaic Virus (TMV) to about 12 %. Tobacco plants infected 

with TMV represent a very efficient system to incorporate 13 C with minor 

isotope dilution. This paper describes the enrichment procedure, a simple 

method for determining the 13 12 Cf C ratio, and some typical 13C NMR results . 
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MATERIALS AND METHODS 

13 C enrichment: 90 % enriched Ba13C03 was purchased from Bio Rad; 
aureomycine and kinetine from Serva and fungizone from Squibb. For 
illumination we used 400 Watt SON 400 W, BSN 400 L02, S50 Na lamps 
(Philips). 

TMV pw-ification and protein preparation: TMV strain Vulgare was purified 
according to Leberman (IO). The protein preparation procedure used is 
similar to that described by Durham et al. (II), with minor changes as 
described elsewhere (12). Protein preparations in 0.12 M Tris-HCl, pH 8.6, 
5 OC were checked and characterized with polyacrylamide gelelectrophoresis 
showing a single band (13), sedimentation analysis (11) yielding a single 
sedimentation coefficient s 3.8 S and spectrometrically for Vulgare 
yielding E280/E250 > 2.5. 

13C NM? spectra at 90.5 MHz: I3 C NMR spectra at 90.5 MHz have been obtained 
with a Bruker SPX 360 supercon spectrometer equipped with quadrature 
detection using 10 mm sample tubes and Q 5 W continuous wave broadband 
1H decoupling power. Sample pH was directly measured in the tube with a 
long 5 mm diameter pH electrode (Radiometer). Sample temperature was 
maintained with a modified version of the Bruker temperature accessory 
(12) and was measured with a thermometer inserted into the tube when it 
was positioned inside the probe. After equilibration of sample temperature, 
the tube with the thermometer was quickly removed from the probe with an 
air lift for taking thermometer readings. The error expected for measuring 
sample temperature in this manner is estimated to be + 2 OC. 

Computer simutatiom: Computer simulations of 13 C spectra of TMV-protein 
were performed using the known amino acid composition of the TMV 
strain Vulgare. The starting positions for the chemical shifts were basical 
those of James (14) and were shifted between + or -0.4 ppm from these 
positions for maximum overlap with the denatured TMV-P spectrum. A DEC 10 
computer program allows convolution of each individual carbon with a line 
shape function. 

RESULTS AND DISCUSSION 

The preparation of IO-15 % enriched TMV: The enrichment of TMV proceeds 

through assimilation of 90 % 13 C enriched carbon dioxide by green leaves 

of the Samsun NN' variety of Nicotiana tabacum, infected with TMV. The 

amount of 90 % 13 C enriched barium carbonate was always approximately 

1 g/10 g wet leaf, so that the final enrichment of TMV always ends up 

between lo-15 %. At this isotope content, the relative amount of qpc 

pairs is $ 1 % and sufficiently low to prevent a decrease of resolution 

and signal-to-noise ratio by spin-spin splittings, without improving the 

spectral information content (1). Tobacco plants of about six weeks age 

were given a dark period of one night in a temperature controlled room 

(25 ‘C) in order to reduce the sugar content. The middle leaves of the 

plant are inoculated with TMV about two hours starting the dark period 

and are transferred in the dark to sterilized 100 ml beakers containing 

.lY 
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sterilized nutrient solution which were placed in a closed, gas- 

-impermeable system of desiccators interconnected by butyl tubing and 

connected to a Kipp apparatus. The composition of the nutrient solution 

is equivalent to that of the Hoagland mineral salt solution and is 

completed with aureomycine and fungizone to a concentration of I and 

2 rig/ml, respectively, preventing bacterial and mold growth; ferricitrate 

(O-5 rig/ml) is used as the iron source. In the desiccators high humidity 

is maintained through a water film on the bottom. After a second dark 

period of twelve hours, necessary for prolonged carbohydrate exhaustion, 

kinetine to a concentration of 1 rig/ml is added to the nutrient solution 

to inhibit ageing of leaves. Immediately after installing the leaves in 

the growth system, the desiccators are covered so that a maximum humidity 

is reached in the shortest possible time. For about 15 minutes the system 

is then flushed with a carbon dioxide-free mixture of 80 % nitrogen and 

20 % oxygen. After closing the system from air, 13 CO2 (QJ 90 % enriched) 

is admitted to the system by release from Ba 13co 3, by dropwise addition 

of hydrochloric acid (5 ml 2.5 N hydrochloric acid per gram barium carbonate) 

to the Kipp apparatus. After completely filling the desiccator-system with 

13co 2, the plants are illuminated by two 400 W sodium lamps at approximately 

50 cm distance from the bottom of the desiccators. To prevent rapid ageing 

it is important to keep temperature constant at ~lr 25 'C, especially during 

the change from the dark to the light period. Growth of TMV is continued 

as long as no leaf degeneration occurs (large brown spots) and leaves are 

stored at -20 'C. The average growth period is about four days and the 

average yield is l-l.5 mg/g wet leaf. 

Approximately 10 g barium carbonate (r~ 90 % enriched) is needed to 

obtain 'L 100 mg enriched TMV. The relatively low TMV yield compared to 

that for growth under normal conditions is caused by the short TMV 

multiplication period. TMY yield is found to be an optimum when 400 W 

sodium lamps are used. Both assimilation and dissimilation rates 

(20 mg C02/h/dm2 leaf surface (15) and 4 mg CO /h/g dry leaf weight 

(35)) are high, so that after the addition of %o 
12 2' a 13C02/'2C02 

equilibrium is reached very quickly, the originating from residual 

endogenous starch. The 13 C02/12C02 

CO2 

ratio in the system can be easily 

determined at any moment during the enrichment process, allowing control 

of the final TMV isotope content. A glass system is favourable since it 

is gas-impermeable, in contrast with most plastic chambers. 

Infrared detemination of the 13 C02/12C02 ratio: The gas mixture resulting 

from complete combustion of TMV at 1100 OC is passed through solid 
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potassium chlorate and carbon dioxide is precipitated as barium carbonate 

by reaction with Ba(OH)2 solution. HCl is added dropwise and the 
13 C02/'2C02 ratio of the released carbon dioxide is determined from the 

IR gaseous carbon dioxide spectrum taken on a Hitachi (EPI-G3) IR spectro- 

meter against carbon dioxide free nitrogen/oxygen mixture. The centers of 

the absorption peaks of I2 CO2 and of I3 -I CO2 are located at 2349 and 2284 cm 

respectively, and both peaks are split into two. A relation between the 
I3 C02/‘2C02 ratio and the ratio of the IR 13 CO2 and I2 CO2 peak heights 

has been determined using the reference mixtures of known amounts of 

enriched and normal barium carbonate for which the same procedure is 

followed for the release of the 13 CO2 and 12 CO2 mixture from the enrich- 

ment experiment. 

We have derived the following empirical relation: 

'2c02/'3c02 = hC hD 2.25 x T;- + T;- 
A B 

where hA and hB represent the heights of the two IR peaks of ’ 3co 2; 
hC and hD are the corresponding peak heights for 12co 2’ 

13C NMR spectra of TMV-protein: In Fig. IA the 6 M urea denatured spectrum 

is shown of natural abundance 13 C TMV. Fig. IB represents the same spectrum 

of 12 % 13 C enriched TMV. Fig. 2C is the best fit of a computer simulation 

based on the known amino acid composition. The line widths used for this 

simulation are 45 Hz (primary carbons); 50 Hz (secondary carbons); 60 HZ 

(tertiary carbons); 70 Hz (CA); 60 Hz (quarternary); 50 Hz (carbamyl) 

and the resonance positions of the amino acids are essentially similar 

tothosepublished (14),with slight deviationsnecessaryfor an optimum 

fit. Such deviations (< +0.4 ppm) are attributed to residual chemical 

shift inequivalences and pH effects. The aliphatic resonances shown in 

the spectra of Figs. IA and IB correspond to fully relaxed carbons. Yet, 

a comparison ofFig.lAresonances with the computer-simulated pattern of 

Fig. IC reveals small intensity differences. liowever, given the 

simple simulation procedure, the overall resemblance between the two 

aliphatic spectral regions is satisfactory. Intensity differences between 

aliphatic resonances arise from linewidth and HOE variations, due to a 

spread in rotational correlation times of the carbon-proton dipole-dipole 

vectors. 

Proceeding from Fig. IA to 1B or from Fig. IC to 1B the intensity 

increase of the aliphatic resonances is non-uniform. The increase for at 

least three resonances (labeled 1 to 3) is larger than that of the 

remaining aliphatic resonances. These labeled resonances have been 
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UREA 

20 pm 100 mo 

Fig. IA, B: Broadband 'H decoupled 13C spectra at 90.5 MHz of 
TMV-protein using quadrature detection with an acquisition 
plus delay time of 0.4 s; solution: 0.1 M NaCl; pH 11.7; 
temperature 7 'C; 6 M urea; sensitivity enhancement: 17 Hz. 
Cther conditions for Fig. IA: natural abundance TMV; 
concentration: 120 rug/ml accumulations: 70,000. For B: 15 4, 
13C enriched TMV; concentration: 30 mg/ml; accumulations: 
4,700. Three of the strongest enriched resonances have been 
labeled by numbers I- 3. 
Fig. IC: Natural abundance 

13 
C computer simulation of 

TMV protein NMR spectrum using the known amino acid composition 
of TMV strain Vulgare. Linewidths are given in the text and 
spectral positions are of James (14). The ppm scale is 
referenced to CS2 taking B-Thr at 125.8 ppm. 

assigned to Ser C'* Phe/Tyr C2* 
6' 

a, Ser Ct; Gly C;. During plant biosynthesis, 

Ser and Gly are known to be in enzymatic equilibrium involving serin- 

hydroxymethyltransferase; Tyr is known to be synthesized from Phe. Our 
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20 ppm 100 

Fig. 2: Broadband 'H decoupled 90.5 
Vulgare and (B) TMV protein 

200 

MHZ I3 C spectra of (A) TMV-protein 
IJ2 strain. Experimental conditions: 

quadrature detection with acquisition and delay time: 0.4 s; 
sensitivity enhancement: 17 Hz; accumulation: 17,000; sample 
0.1 M NaCl, pH 11.7, temperature 7 'C, concentration (A) 
30 mg/ml, (B) 15 mgfml. The ppm scale is referred to CS2, 
taking B-Thr at 125.8 ppm. 

observations are consistent with these equilibria and synthetic pathways. 

Although selective 13 C isotope effects are not unknown in enzymatic 

reactions (16), the selective enrichment of the abovementioned carbons 

cannot satisfactorily be explained. 

The intensity decrease of the aromatic and carbonyl carbon resonances 

as a whole, in Fig, IB w.r.t. those in Fig. IA, despite the large Phe and 

Tyr Ca B enrichment, arises because these carbons have T,'s which are 

longer'than the corresponding T, 's of the same carbons in Fig. IA. The 

T1's in both cases (Figs. IA and B) are larger than the 0.4 s acquisition 

time. The longer T,'s of Fig. IB is caused by the 4 times smaller sample 

concentration and, by consequence, a lower viscosity. The absence of the 

Ileu Cg resonance in Fig. IB (181 ppm) does not find a simple explanation. 

Figs. 2A and B represent the 13C NMR spectra of 12 % 13 C enriched TMV-P 

from strains Vulgare and U2, respectively. The reproducible differences 
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between both spectra demonstrate that 13 C NMR has sufficient sensitivity 

and resolution to distinguish these two strains with different amino acid 

composition. 
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