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We have recently focused our interest on studies of the biological 

function of the minor nucleoside 5,6-dihydrouridine, which has been 

detected in WA frc+n yeast, E. coli, B. subtilis and rat liver (Madison 

and Halley, 1965; hnger s&, 1965; &rutti et d, 1968). ~hydro- 

ufidine is so far the only component of nucleic acids fraa! natural 

sources, which has a partially saturated, non-planar heterocyolic 

pOtiOn. It has been demonstrated with model polymers that dihydro- 

uridine does not participate in base-pairing (Cerutti et al 1966). --* 

In agreement with this result it has in general been assumed that 

the dihydrouridine cluster in the se-half of the sequenced tRNA@s 

for serine, tyroslne, pheuylalauine and valine fraa yeast is con- 

tained in a non-base-paired, looped-cut region (Halley et al 19653 --' 

Zachau et al, 1966; Madison et al 1966; RajBhandary et al 1966; -- --* --9 

Beyev et al 1966). --* Cne or two residues of dihydrouridine are addi- 

tionally found in a similar topographical location in the 3'-half 

of the tEUJA*s for alanine, tyrosine arm3 valine but not in tRNAser 

or ILRFJ*~. It is at present not known if any of the dihydro- 

uridines are essential for the biological activity of yeast tFtNA. 
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To study this problem ue have recently developed a method for 

the reduction of dihydrouridine in yeast tRNA with sodium boro- 

hydride (Cerutti and Miller, 1967). A characteristic difference 

in the primary structure of tRNAval and tRNAser is, as mentioned above 

the presence or absence of dihydrouridine in the 3'-half of the mole- 

cule. A comparison of the valine and serine acceptance of reduced 

yeast tRNA seemed therefore of special interest to us and is reported 

in this paper. A striking difference for both systems was in fact 

observed in that the chargeability with serine was unaffected by 

the modification whereas the chargeability with valins decreased to 

about one-half of a control0 

RESULTS 

Selective reduction of tANA with sodim borohydrider The following 

tRNA preparations were used for the reductive modification with sodium 

boroh+ride in the dark: (1) caallPercial tRNA obtained from stationary 

yeast which consisted of a mixture of 69 tRNA-CCA and 3% tRNA-CC 

(determined according to Bell et al 19664; tRNA-CCA, tRNA with a complete --* 

3'-terainus; tRNA-CC, tRNAlacking its 3*-terminal adenosine) (2) tANA-CCA 

which was obtained by readdition of AMP to commercial WNA with tRNA- 

adenylyl-transferase, according to Lindahl. et al (1967). (UfNA-adenylyl- -- 

transferase from yeast prepared acuorciing to Preiss et al (1961) was -- 

a gift of Dr. Mary M&.ler. The purification was oarried as far as the 

precipitation with ammonium sulfate ). For the reduction 45 mg tRt?A 

in 12.5 ml O.lH boric acid-sodium hydroxide-potassium chloride buffer 

pH 9.9 were treated with 30 mg NaBH4 at room tempsature in the dark. 

After 3 and 5 hr incubation an additional 10 mg of NaDH4 were added to 

make up for the loss in the reducing agent by decomposition. Aliquots 

were withdrawn after #, l-$, 2, 3, 5 and 10 hr (for ti?BA partially 

lacking its 3*-terminal. adenosine) or after 1, 2, 3, 5 and 10 hr (for 

tRNA-CCA) . After the reduction the tRNA was twice precipitated with 
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cold 95s ethanol and then further purified by a passage through Sephadex 

G-25 (column size 1 x 15 cm, solvent 10-3 g tris pH 7.0). The lyophilized 

preparations were then taken up in 1 ml buffer (0.15 g potassium chloride, 

0.018 potassium cacodylate, 0.005 B magnesium chloride, 0.0005 g 

Na2-EDTA, pH 7.0) and applied on top of a Sephadex G-100 column (size 

1.5 x 90 cm, flou rate 15 ml/hr) which had been equilibrated and uas 

used with the same buffer at room temperature (cf. Lindahl et al, 1967). 

No significaut differences in the elution profiles of reduced and un- 

reduced tRNA were found for samples which had been treated up to 5 hr 

with NaBE4. After prolonged treatment with the reducing agent (10 hr 

or longer) broadening of the profile was observed indicating partial 

degradation of the tRNA. All the preparations obtained from the reduction 

of tRWA-CCA, which was radioactively labeled on the 3t-terminal adenosine 

had nearly the same specific activity~ indicating that no terminal 

adenosine was lost during the reduction or working-up procedure. 

A set of control samples was treated under analogous conditions 

and aarried through the same purification procedure, except that N&i4 

was omitted in the incubation mixture. 

The Effect of the Selective Reduction of Yeast tRNA on the Ekmymatic 

Addition of Teminal Adenosine: The ability of tRNA-adenylyl-trans- 

ferase from yeast to add &lF' to WA-CC (in a mixture containing 65$ 

tRNA-CCA and 35$ tRNA-CC) decreased as a function of the length of 

the exposure of WA to sodium borohydride (Figure 1). The effect 

of the modification levelled off after about 3 hr treatment with the 

reducing agent and reached a value of 67'# residual activity. No 

decrease in activity was observed for the control tRNA samples 

which had been exposed to buffer at pii 9.9 for an equivalent length 

of time and carried through the sBme purification steps. The initial 

rate of incorporation of IMP into tFUUA was also slightly lower for 

reduced tRbiA than for the control samples. 
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Figure 1 Effect of the reduction of yeast tRNA, lacking 35% of 

its 3@-tetinsl adenosine, on the addition of adenosine 

by yeast ULNA-adenylyl-transferase. 

tRNA preparations which had been exposed to NaBI& for 

4 to 10 hr: U, incubation with the enzyme at pH 8.6; 

w, incubation with the enzyme at pH 7.0. Control 

WNA preparations which had been exposed to buffer pH 9.9 

for * to 10 hr: drd , incubation with the enqme at 

PH 8.6; O-O , incubation with the enqme at pH 7.0. 

Incorporation of terminal adenosine into WNA was assayed by 8 

modification of the method of Moller and Fresco (1968). The 

0.05 ml reaction mixture contained 5 moles of Tris, pH 8.6, 

1 waole of magnesium chloride, 0.5 Luaoles of &mercaptoethanol, 

1 umole phosphoenolpyruvate, 10 ~g pyruvate k.inase, 0.2 moles 
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Na2=EDTA, 0.2 wholes G4-ATP (0.5 mc/mmole), 30 &g tRNA-adenylyl- 

transferase from yeast and a limiting amount of thNA. The 

reaction was stopped after 60 min incubation at 37O by the 

addition of 20 vol of cold 5% TCA. The precipitate was collected 

on Millipore filters and washed with a 150 vol of cold 596 TCA. 

A2m UNITS tRNA-CCA 

0 I I I I I I 
IO 20 30 40 50 60 

MINUTES INNJBATK)N 

01 I I I I I J 
IO 20 30 40 50 60 

MINUTES INCUBATION 

Nygure2 Effect of the reduction of yeast tRNA-CCA on the kinetics 

of aoylation with ssrine and W&line. 

w , tRNA-CCA preparation which had been exposed to 

NaBQ for 5 hr. 0-O , control tRNA-CCA preparations which 

had been exposed to buffer pH 9.9 for 5 hr. 

&no acid acceptor activity was assayed in 0.05 ml of a 

solution containing 0.22 ib~~oles of ATP, 0.022 moles 

of CTP, 0.0018 moles of C14-valine or G4-serine (50 mc/sm~ole) 

or O.OO23 wmoles of E3-serine (870 mc/rmaole) or 0.0034 moles 

of H3-vsline (290 mc/mmole), 0.0022 moles of 19 other C12-amino 

acids, 0.55 moles magnesium chloride, 0.55 moles potassium 

chloride, 0.05 Irmalea Na2-EDTA, 11 kuaoles of Tris, pH 7.0. 

To this mixture were added 0.2 to 0.4 A26o units of tRNA 
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(A260 units, optical density units per ml water as measured 

in a 1 cm light path cuvette at 260 w) and 0.002 ml enzyme 

solution. Aminoacyl-tRNA-synthetases fran yeast were prepared 

according to Groves and Kempner (1967) and further purified 

by column chrcmatography on DEAF, accotiing to Yamane and Sueoka 

(1963). All assays were run in triplicates. The incubations 

uere at 37O in a shaker-incubator for 40 min if not otherwise 

stated. The reactions were stopped and the samples assayed as 

described in the legend to Figure 1. 

The Effect of the Selective Keduction of Yeast tRNA on the Amino- 

acylation with Serine and Valine: All. the tRHA preparations used 

in these experiments had been purified on a Sephadex G-100 column. 

This purification step was included to eliminate, if present. any 

degradation products which could act as inhibitors of the aminoacyl- 

UlNA-synthetases (cf. Hayashi and Wura, 1964; Stulberg and Isham, 1.967). 

Under the conditions used for the charging experiments, the rate 

of aminoaoylation was proportional to the level of enzyme but the 

yield of aminoacyl-tRNA was only dependent on the amount of ISNA added. 

Figure 2 shows the kinetics of acylation with serine and valine 

of tRNA-CCA which had been exposed to sodium borohydride for 5 hr. 

Whereas the modification had essentially no effect on the aminoacylation 

with serine, a marked decrease of the rate of formation of valyl-tRNA 

was observed and the yield of valyl-tRNA was lowered to approximately 

51% of the control sample. Incubation of tRKA-CCA at pH 9.9 for the 

same length of time lead to a decrease in the chargeability with 

valine of only 7%. 

The kinetics of the acylation with serine and valine of reduced 

tXNA in which 35% of the 3'-terminal adenosine are removed are shown 
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Fb~e ,3 Effect of the reduction of yeast tRNA, lacking 35% of its 

3'4eminal adenosine on the kinetics of acylation with 

swine and valine. 

w , tRNA preparations which had been exposed to NaR& 

for 30 min (curves A), 90 win (curves B) and 180 min (curves C). 

0-Q , control tRNA preparations which had been exposed to 

buffer ph 9.9 for 30 tin (curves a), 90 min (curves b), 

180 min (curves c). 

Amino acid acceptor activity was assayed as described in the legend 

to Figure 2. 
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in Figure 3. In contrast to the undiminished chargeability of reduced 

MA-CCA with serine, a 26% loss of activity and a significant de- 

crease in the rate of the reaction was now observed after 3 hr 

treatment with sodium borohydride. A 6% loss in chargeability with 

valine was found for the same WA preparation. This value should 

be compared to the 45% loss in valine acceptance for the corresponding 

tRNA-CCA preparation. Again a marked decrease in the rate of the 

aminoacylation upon reduction was found. 

Figure 4 shows a plot of the decrease in the valiue and serine 

acceptance as a function of the length of exposure to sodium boro- 

hydride for tRNA-CCA and tRNA lacking the terminal adenosine to 35s. 
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m I IO 
lioiQ9 :&&E To PH 9.9 

A 

I I I I I I J 
I 2 5 ’ IO 

HOUR; EX&“RE TO NoBH4 

F-m-4 Effect of the reduction of tRNd-CCA and of tR!JA, lacking 

35% of its 3D-teminal adenosine, on the acceptance of 
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serine and valine as a function of the length of exposure 

toNsBH4 

5 residual chargeability corrected for the loss of acti- 

vity of the corresponding control preparations, which 

had been expossd tc buffer pH 9.9 for an equivalent length 

oftime. ti ) swine acueptance of reduced tRNA-CCA; 

++, serine acceptance of reduced tRNA, lacking 3% 

of its 3'4ennina.l adenosine. +'I , valine acceptance 

of reduced tFtNA-CC& M , veline acceptance of reduced 

tRNA, which lacked 35% of its 3'4encinal adenosine. 

I--I, kinetics of the incorporation of tritium into 

dihydrouridine in yeast tNNA upon reduction with sodium 

borotritiide (Cerutti and Miller, 1967). 

Inset : Loss of serins and valine acceptance of control 

tRNA preparations which had been exposed to buffer pH 9.9 

for equivalent lengths of time. Corresponding symbols 

are used. 

Amino acid acceptor activity was measured as described in the 

legend to Figure 2. 

The following summariees these results. (1) Only the aminoacylation 

with valine is affected by the reduction of ULNA-CCA. A decrease 

in the chargeability with both amino acids, but far more pronounced 

with valine, is found for reduced tRNA partially lacking its 3*-tetinal 

adenoslne . (2) More than 90$ of the final effect of the modification 

are observed after 3 hr treatment uith the reducing agent. 

DISCUSSION 

Probably the most important finding in this work is the striking 

difference in the effect of the modification on the chargeability 
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with serine and valine. Since no effect of the reduction of yeast 

tRH&XA on the acylation with serine was observed it has to be con- 

cluded that an intact dihydrouridine cluster in the fig-half of tRNAser 1 k u 

(Zachau et al 1966) is not essential for this reaction. --9 An alternative 

interpretation, which cannot be excluded, is that the dihydrouridine 

residues in tRNAser I & I-J are more resistant towards the reduction 

than the dihydrouridine residues in tRN4d. Similarly the residue 

of Mb-acetyl-cytidine found at position 12 of tRNd,e, T & TI (counting 

starting at the fit-end) which also should react rapidly with sodium 

borohydride (Cerutti and Miller, 1967; Miller and Cerutti, 1967) does 

not seem to be essential for the aminoacylation step. It is tempting 

to correlate the resistance of the serine acceptance and the suscepti- 

bility of the valine acceptance with the absence or presence of 

dihydrouridine in the 3'-half of tRNAser I & II and tRN4d. This 

may indicate that the dihydrouridine in the 3'0half in tRN+d is 

important for the recognition process with the synthetase. However, 

work with singIs species of tRNA and with highly purified enzyme pre- 

parations will be needed to substantiate this interpretation. 

Since no loss in eerine acceptance of reduced tRNA-WA wa8 

detected, the decrease in activity of modified tRNA which partially 

lacked its terminal adenosine may be explained by the effect of the 

modification on the addition of terminal adenosine, Similarly an 

additional loss in the acceptance of valine was observed for the same 

preparation as compared to tRNA-CCA. An inhibitory effect of re- 

duced tRNA-CC on the synthetase cannot be excluded but seems unlikely 

from the kinetics of the acylation (see Figure 2). 

The effect of the modification on the acylation with valine 

levels off after approximately 3 hr treatment with the reducing 

agent. The kinetics of the tritium incorporation into the dihydro- 

uridine residues of yeast tRNA upon treatment with sodium borotritiide 
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on the other hand shows that more than 90$ of the reaction has 

oco~red after 1 hr (Figure 4; cf. Cerutti and Riller, 1967 ). It 

has to be kept in mind that the tritium incorporation curve re- 

presents an average for unfractionated tRRA and that si@ficant 

differences in the rates of reduction for each individual tRNA 

species may exist. This may explain the apparent discrepancy 

between the kinetics of the modification reaction and the de- 

activation of tRNAval. 

The reason that the deactivation curve for the valine acceptance 

of tANA-CCA levels off and does not go to aero even after 5 hr 

exposure to sodium borohydride may be that not all of the tire 

(Smith and Herbert, 1963) or three (Thiebe and Zachau, 1964) 

species of tRNAva;l of yeast are inactivated by the modification. 

Experiments with highly purified tRR&l should answer this question. 

No effect of the reduction of yeast tRRA with sodium borohydride 

on the acceptance of valine was observed by Roy and Tener (1967). 

Much milder reduction conditions have been used by these authors as 

compared to this work, conditions which are expected to lead only 

to negligible modification of dihydrouridine according to our 

experience. No dire&, ocmparison is possible between the effect of 

the M-reduction (as used in this paper) and the photoreduction 

(adman and Doty, 1967) with sodium borohydride on the amino acid 

acceptance of yeast tANA. 
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