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Pseudouridine (W), the 5-ribosyl analog of uridine, has been known 

foranumber of yeare andits structure establishedae oneinwhichths 

glyoosyl linkage is C-C rather than the aeual C-N (1). Pseudouridylic 

acid (VP) is found in BBA, and with the recognition of the existence of 

a separate class of transfer BNA molecules, it has bwcme clear that most, 

if not all, of the VP found in RNA is localized in this fraction. 

Messenger and viral RNAs have so far not been fouud to contain any VP, and 

exoept for one report describing appreciable quantities of IJJP in wheat 

germ ribosomal RNA (2), little or no $lP exists in purified ribosomal 

RNA& In view of the highly specific localization of this unusual 

nucleoside in an RNA fraction which plays a crucial role in the trans 

lation of genetic information, it has been tempting to speculate that 

WP plays some role in the proper functioning of transfer RNA. 

In order to examine this question, we have developed a specific 

chemical method for the modification of IjJ, using conditions such that 

negligible reaction takes place with other nuoleoside's. Moreover, the 

reaction conditions are sufficiently mild to allow their application to W 

* This investigation was supported in part by Research Grant ml!506 
from the National Institute of General Medical Sciences, National 
Institutes of Health. 
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residues in intact transfer RNA. 

The reaction is a Michael-type condensation of acrylonitrile with 

the ring nitrogens of Wand uridine to form the N-cyanoethyl derivatives 

as shown in equations (1) and (2). 

(1) 

(2) 

‘U&NE@ 

The formation of N-cyanoethyl I# from w and acrylonitrile under 

strongly alkaline conditions and high temperature had previously been 

shown by Chambers, et al. (3). The purpose of this communication is to 

demonstrate that the reaction can be made highly specific for I# and that 

reaction conditions can be found which allow the application of this 

technique to Wresidues in intact transfer RNA. 

Materials and Methods 

Acrylonitrile reaction: The conversion of Ql and uridine to the 

N-cyanoethyl derivat+ves was accomplished as follows. Sodium carbonate 

buffer, ionic strength 0.05 at the appropriate pH, was prepared and 

acrylonitrile dissolved to a concentration of 1 M. One-tenth volume of 

0.1 M uridine or Wwas added and reaction allowed to take place at 30° 

in tightly stoppered tubes. Aliquots were removed as a function of time 

and the reaction terminated by neutralization and freesing. 

of the4 m: lo pl. lmmples were ohrcmntographd in 

Solved A (Table I). After 1oaat1on of the wlples tmdsr uv light, thy were 
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Table I 

Thin Layer Chromatography of Nucleosides and Their Derivatives 

-7 

ilo in Solvent 

Compound A B Ca D 

Pseudouridine 0.79 0.70 0.53 0.93 
W(CN=) 0.93 0.92 0.70 1.08 

!.$Ej2 1.18 1.19 1.30 1.43 1.54 1.23 1.76 1.81 
thymidine 1.23 1.38 
thymidine-X 1.37 1.66 
adenosine 0.97 1.13 
adenosine-X 1.16 1.39 
cytidine 0.82 0.80 
cytidine-X 1.05 1.09 
guanosine 0.71 0.73 
guanosine-X 0.98 1.03 

uridine Of value) 0.68 0.43 0.u 0.42 

Solvent A, isopropanol-1% (NH ) SO (2:1), Solvent B, n-butanol- 
acetic acid-water (5:1:4); So$vkt'C, isobutanol-water (88:12), 
Solvent D, isopropanol-NH40H-H20 (7:1:2). 

a Developed 3 times in this solvent. 

oluted and the amount of nukleoside determined by abmrption speatrophotmetry. 

The data were correoted for blank absorption and for elution efficiency a.8 

determinedfromastandardcnrw. An extinction coeffiaiemt, 6*6&E 7) = 7470 

(4) was used for W(CNEt) and ~(CNEt)2 a8 well a8 for q. Similarly, the value of 

$&Ii 7) = 9900 (5) for m-idine wan used also for U(ClVEt). By analogy with 

the values obfalned for the metbylated uraoile (6), it is not likely that the 

tmrreot valueswillbe differentfromthoseuaedhere iqrmore thanlO%. 

Q !l!hederivativer,werepreparad 

by large wale ineubationr of thetypedeeoribedaboye, followed byohromto- 

graphic 6epwation on lava. celluloao layers in Solvent A. After elution of 

thederiredbaade, saltsanda~contaminantsw~er~~bprbchramatography 

in solvent B. lbese two &epswere 8ufYiaientto oompletelypmify~(CNEt) and 

t$(CaSt12 but a furth er purification of U(CMEt) in Solvent D was necessary. The 
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d8rivat~v8swere chroaatographicallyhm~Oousinall8olvmt8te8ted (l-1 

of det&lonl$) 8mnuhenmultipledanlopwlltva8 aploy8d. 

chraatonraolrrr: chromato&raphio 88parationswaremxTi8d outonthlnla~ 

er8 of cellulo8e at room tapmature. ThemobiU.t~er of thevariou8ompounds 

in the several solvent 8y8tm easploy8d are smarriredinTable I. Reeawm of 

thewellknownvariaMlity ofRfvalae8withthl.n layer tmhaiqu88, the mlu88 

are expressed a8 Ru, noaility relative to uridine. 

m Acrylonitrile, praetioal grade, ua8 obtaimd fiar &8- and 

re-di8tilled. It ua8 Stored at 50. P88udouridine, A grade, MS purohased frap 

Calbioohem and conrirt8d of 69% C ismar, 29% B i8-=, and 2% As isomer (7). 

The mixture of i8am8r8 VII lured. l4j5IP, B grad8, ME al80 obtained from Calbio- 

ohem. It8 iSoDl= oc%qmsitd.on yB8 not determIned. 

60 
t 

HOURS AT 30’ 

Fig. 1. Rate of conversion of W and uridine to their N-cyanoethyl de- 
rivatives. Reaction took place at pH 9.70 as described In the text. 
Quantitation of the amount of nucleoside formed or ~maining was done 
as described in the text. 
nlent. 

The 44 hour samples were a separate experi- 
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and urldine with acrylonitrile at pl3 9.70 ir eihown in Fig. 1. It is clear from 

the figure that at thirr pE there is a rapid converrion of #I to fj(CNEt), followed 

lay a much slower appearawe of v(CHF%)2 whioh takes plaae at about the oame rate 

a6 the 00~8iOn Of uridine to U(cR&). If the reaction i.8 allowed to OOntinUe 

for W, hours, there is a oontiaued imreare in the ameunt of l+l(C?JEt)2 formed 

with a oonecrpitant decrease in the amount of ~(CNEt), supporting the mechania 

shown in eq. (1) in which W(ClVEt) reacts with a eecond aroleoule of aorylonikile 

to yield gmw2. 
Table II 

Effect of pli on Reaction Rate of Uridine, 

Pseudouridine and Thymidine with Acrylonitrile 

I A I! B A B 

Apparent Rate Constant* Apparent Rate Constant* True Rate True Rate Cons Cons 
x 1 8 

t t * 3: * 3: 
PH PH (min-l) (min-l) x 103 x 103 (min-1) (min-1) x 1 8 

Y U T W/u 4' U Y U T W/u 4' U T T w/u w/u 

9.15 9.15 4.57 4.57 0.24 0.24 19. 19. 17.5 17.5 0.54 0.54 33. 33. 

9.60 9.60 0.18 0.18 0.48 0.48 

9.70 9.70 8.97 8.97 0.50 0.50 18. 18. 16.1 16.1 0.68 0.68 24. 24. 

10.05 10.05 15.40 15.40 0.84 0.84 18.3 18.3 20.9 20.9 0.97 0.97 21. 21. 

ave ave 18.2 18.2 0.73 0.73 25. 25. 

* Calculated from the slope of the line relating log $J reaction vs. time 
for a pseudo first order reaction. 

++k = (apparent rate conetant)x(a); log (e-l) = p - pH where pK 
(pseudouridine) = 9.6 (8), pK (uridine) = 9.25 % ( T:iiK (thymidine) = 
9.8 (6). 

Experimental conditions were as described for Fig. 1 except for varia- 
tion in the pH of the reaction mixtures. The amount of reactant 
nucleoside present at any time was determined directly and also by 
calculation from the total products formed. 

Consideration of the reaction meehaniem (eq. 1) suggested that the rate of 

disappearance of W or ttridine should be pseudo first order sinoe aarylonitrile 
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WaII preeent in large exceB8. When the data of Fig. 1 were replotted on this 

basis, the apparent rate eon&a&a shown in Table IIA ware obtained. It is 

clear that the reaction is highly specific for l+l, and that the rate of the re- 

action ie strongly pH dependent. Such a strong pH dependence around the pK of W 

suggested the following me&anirPP (eS* 3) 

hi 
Qlli- - 

Y 
a a&u&l+ qmw 

ki kl 
ii+ 

(3) 

in which the anionic form of l+! is the reactive speoies. Calaulation of the rate 

equation ia considerably eimplified by assuming that ki and ki>> kl and leads 

to the following relation (eq.4). 

WhlW8H= acrylonitrile concentration (melee/liter) and log(a-1) = pKiodz - pH. 

When this correotion is applied to the apparent rate constants, the results 

shown in Table IIB were obtained. The agreement obtained at different pH values 

is in support of-the above mechanic. 

The rate of the reaction with thymidine has also been determined (Table II). 

It is noteworthy that the slower apparent rate of reaction with thymidine 

mqared to uridine can be aocmmted for on the basis of its higher pK value 

(compere IIA with IIB). Acrylonitrile reacts also with adenosine, guanosine 

and eytidine under these conditions to give a produet with a higher mobility in 

Solvent6 A and B (Table I), but at a veq much slower rate. Thus after.24 hours 

at pH 9.7, betueen 10 and 20% of the nucleosides had reacted, while after 4 

hours, when eesentially all of the QJ had disappeared, a barely detectable amount 

of product had formed (ca. l-3%). Reaotion takes place with W5'P in a similar 

manner as with qJ. Thus, in a preparative experiment, after 43 hours at pH 10.1, 

all ofthel$5*Phadreatted, andabont65$hadbeenfurther converted to the 

$mat) 25’P. Further studies on the rate of reaotion ofl+15tP are now in progrees. 

: The H-cyanoethyl derivatives have been 

aharaaterizad a6 each by (a) their relative kinetics of appaaranee (Fig. l), 

(b) their relative mobility in the eolvent ayateuas employed (Table I), and (c) 

197 



Vol. 18, No. 2, 1965 BIOCHEMICAL AND BlOF’HYSlCAL RESEARCH COMMUNlCAllONS 

8 
P 

230 250 270 290 310 230 250 270 290 310 

0.8 
FIG. 2 c 
U(CNEt) 

Fig. 2. SpectrsofpoTiii~d~o~ld~~i~nsaaa~tianofpH. 
Curveswererecrordod onaCaryHodell4SpwteopbtcwtarandpH+earmrunts 
made on the couteuts of the cuvetteo with a Radiaeter !lTll Titrigraph equipped 
with male eqander. 

(a)Ql(CNE%). Separatedilutiourrwere~e intheappropriatebuffar~ axaept 
whereidioatedandthe i3pe&raraaerdadvar6u8the appmpriatabutfer. Curm 
1, 0.05 M pho8pbte buffer pE 7.0; ourve 2, solution of owva 1 acidified to 
p 2.2; clrve 3, tsodhn oarbonate buffer la 9.17; rmrw 4, soditlpl oartloilate 
buffer pEI 9.57, curve 5, 0.01 I? lVaOE. Calculated pKa = 9.14. 
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(b) GJ(CN@)2. Spectrawererecordedona single sauplewhosepHwasadjusted 
by addition of HCl or NaCIi to both sample and refermae cells. Cmve 1, water 
solutiou pII 7.4. Curve 2, aoidiiied to 0.01 N HCl. Curve 3, adjusted to 0.01 
NNaOH, read immediatelyafterpHadjustmnt. The curvewasidenticalafter 
20 minutes at 300. Curve 4, m-acidified to 0.01 N HCl. Calculatiou of the 
As, values corrected for dilution relative tc that at pR 2 gave: 1, 1.010; 
2, 1.000; 3, 0.985; 4, 1.000. 

(c) O(CNEt) . Spectra were recorded as in (b) . Curve 1, IIf0 solutionC~e~;ion 
curve 2, acidified tc 0.01 N El; cmve 3, adjusted to 0.0 N RaOR. 
of A,,, values corrected for dilution relative tc that at pR 2 gave: 1, 1.000; 
2, 1.000; 3, 1.003. 

their spectral properties (Fig. 2). W, whichhas both au Nland 3 nitrogm 

atcm available for reaction yields two products, one rapidly and the secand 

slowly, whilemidinewith oulyau 3 uitzogenatoagivees but one productata 

rate similar to that for the second product of the W reaetiou. This suggests 

thatthefirstpmductofthe ~reactionwasanadditionto theNlnitrogem, 

while the second product was au addition to the available 3 nitrogen of the 

firstprcduct. 

The chromatographic behavior oftheproductsinallof the solveutsystasm 

employed show them to have au increased affinity for the organic phase, as ~[r 

petted for the addition of cyanoethyl groups. Moreover, the postulated W(CNEt)2 

shows the predicted increase in mobility over that of I$(CNEt). Formation of the 

carbomthyl derivative by hydrolysis of the corresponding cyanoethyl compound 

during the course of the reaction would appear to be excluded on the basis of 

the By and RD values for the purified compouuds in Solvent D. Chambers, u. 

(3) report an Rw of 0.72 (calculated RD = 0.67) for Nl-carbogethyl I$, which 

could be readily detected if present. Similarly slower mobilities would be 

predicted for the other carboxyethyl derivatives sinae they would all possess 

additional charge in this solvent due to the carboql group dissociation. 

The speotral characteristics of the products (FQ. 2) provide more oorr 

tinciug evidence for the proposed atxuctures, particularly wheu compared with 

the spectra for the aualogous N-methyl 4 derivatives described by Cohn (i). 
The relevant spectral properties can be summarized as follows: 
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1. 

2. 

3. 

4. 

Both I$ derivatives no longer show the bathochromic shift in alkali 

CharaeteX'i8tiC of a diasociable Nl-H (1). 

Ql(CNEt) Show8 both a decrease of C in alkali (A&/& = 0.70) and an 

isosbestic point of 247 qA. This behavior 3.8 oharacteristic of a dissoc- 

iablo lV3-H a8 shown by the similar behapior of al-methyl W(l), Nl-methyl 

uracil (6), t-dine, and mridine (9), all of which have A&&ar = 

0.72 - 0.78 and iaosbeatic points in the range of 245 - 248 mp. 

(#(CM%,)2 shows no spectral changes over the pH range 2-12. !this is indica- 

tive of the absence of both the N3-H and the Nl-H a8 evidenced by the 8ame 

behavior for l,+ii.methyl #l(l), and 1,3-dimethyl uraail (9). 

U(CN&) also showa no spectral changes oyer the pH range 2-12. This is to 

be expected for an N-qranoethyl deriwtive of uridine which would also lack 

both the N3-H and the Nl-H. 

To mire, the kinetic data and spectral evidence indicate addition to 

the Nl and N3 nitrogen atoms of the uracil ring and the chromatographic behayior 

supports the formulation of the product8 as the cyanoethyl rather than the 

carborgetbylderivatiws. Further characterization of the reaotion product8 is 

inprogreasandwillbereported sub8equentl.y. 

A,QQUbUto__transier Prelimit experiments on the extension of 

this approach to modification of q re8idUe8 in intact transfer RwB (tRBb) have 

shown that the method is suitably mild, and doe8 indeed lead to a marked alter- 

ation in the ability of tRNA to accept amino acids. Thus, after one hour at 

600, 87% of the acceptor actirity of an acrylonitrile-treated sample of WiNA 

was lost while the control 8ample had lost only 7% of its activity. The product8 

of the reaction hare not been identified, howeyer, nor i8 it certain that the 

108s in activity is due to 8pecific modification of the (#residues. In view of 

the nuoleotide 8peCifiCitp demonstrated above, it i8 not likely that reaction 

with adenosine, guanolsine, aridins, q-Mine, or ribothymidino residues had 

aaused the loss of function, but reaction With other minor components, euch a8 

the methylated bases cannot be excluded. Moreoyer, the possibility of modifi- 

cation of the observed reaotion rates b mown steric factors present in tRNB 
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cannot be exolmied. 

8lOCHEMlCAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Experimente are underway to olarifytheae pointsandto unequivocally 

identify the reaction producte of tFUU and aorylonitrile. 

I wish to thank Mrs. Heidi Schaefer for her expert technioal aasiatance in 

this work. 
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