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Enzymatic Oligoribonucleotide Synthesis with T4 RNA Ligase? 

Thomas E. England and Olke C. Uhlenbeck* 

ABSTRACT: The substrate specificity of T 4  R N A  ligase has 
been examined to determine whether the intermolecular re- 
action is sufficiently general to realize its potential in the en- 
zymatic synthesis of oligoribonucleotides of defined sequence. 
Reactions between a variety of acceptor molecules with 3’- and 
5’-hydroxyl groups and donor molecules with 3’- and 5’- 
phosphates indicate that the minimal substrates are a trinu- 
cleoside diphosphate acceptor and a nucleoside 3’,5’-bisphos- 
phate donor. Increasing the chain length of either the acceptor 
or donor has little effect on the rate or extent of reaction. Al- 
though the base composition of the donor has only a small ef- 

R N A  ligase isolated from T4-infected E. coli catalyzes the 
ATP-dependent formation of a phosphodiester bond between 
terminal 5’-phosphates and 3’-hydroxyls of oligoribonucleo- 
tides (Silber et al., 1972; Walker et al., 1975; Kaufmann & 
Kallenbach, 1975). Although intramolecular cyclization can 
occur, intermolecular joining of an acceptor molecule with a 
3’-hydroxyl and a donor molecule with a 5’-phosphate is 
achieved either by using a donor too short to cyclize (Walker 
et al., 1975) or by protecting the 3’-hydroxyl of the donor 
molecule (Sninsky et al., 1976; Uhlenbeck & Cameron, 1977). 

t From the Department of Biochemistry, University of Illinois, Urbana, 
Illinois 61801. Received December 5, 1977. This work was supported by 
a grant from the National Institutes of Health (GM 19059). 

fect on the reaction rate, the presence of uridine in the acceptor 
greatly reduces the amount of product formed. The presence 
of a phosphate on the 3’ terminus of the donor molecule permits 
a unique intermolecular product with a 5’-hydroxyl and a 3’- 
phosphate. By enzymatically either adding a S’-phosphate or 
removing the 3’-phosphate, a new donor or acceptor is prepared 
so synthesis of an oligomer chain can proceed in either direc- 
tion. With the simplicity of this enzymatic pathway and the 
rather broad substrate specificity of T4  R N A  ligase, a con- 
venient method for the synthesis of oligoribonucleotides is 
established. 

The intermolecular reaction proceeds through the formation 
of a covalent enzyme-AMP complex (Cranston et al., 1974) 
and the transfer of the A M P  to the 5’-phosphate of the donor 
to form an adenylylated oligonucleotide (Ohtsuka et al., 1976; 
Sninsky et al., 1976). Under favorable conditions a majority 
of the adenylylated donor is tranferred to the acceptor to form 
the intermolecular product. In one case where the reaction was 
studied in detail, relatively high concentrations of two oli- 
gomers could be joined in excellent yield with modest amounts 
of enzyme (Uhlenbeck & Cameron, 1977). Thus, the inter- 
molecular reaction of T4  R N A  ligase would appear to be of 
great importance for the enzymatic synthesis of oligoribonu- 
cleotides of defined sequence. 

In this work we will examine the substrate specificity of 
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R N A  ligase in order to determine whether the reaction is 
sufficiently general to realize its synthetic potential. The ap- 
proach will be to study the reaction between equimolar con- 
centrations of an acceptor molecule with 3’- and 5’-hydroxyls 
and a donor molecule with 3’- and 5’-phosphates. A consider- 
able number of donors and acceptors with different chain 
lengths and sequences will be tested. The presence of the 3’- 
phosphate on the donor prevents intramolecular cyclization 
or multiple additions of the donor (Sninsky et al., 1976; Uh- 
lenbeck & Cameron, 1977) so a single intermolecular product 
with a 5’-hydroxyl and a 3’-phosphate is formed. If the 3’- 
phosphate is removed from the product with alkaline phos- 
phatase, the molecule can be used as an  acceptor in another 
ligase reaction. I f  a 5’-phosphate is added to the product with 
polynucleotide kinase and ATP, the oligomer can be a donor 
in another ligase reaction. An example of such a bidirectional 
synthetic pathway will be given in order to demonstrate the 
flexibility of oligonucleotide synthesis with R N A  ligase. 

Materials and Methods 
Enzymes. Ribonuclease A and bacterial alkaline phospha- 

tase were purchased from Calbiochem and stored as 1 mg/mL 
solutions in 0.1 M N-aCI, 10 m M  MgC12, 10 m M  Tris-HCI 
(pH 7.4) at  -20 “C.  Spleen phosphodiesterase and venom 
phosphodiesterase were purchased from Worthington Bio- 
chemical Co. and the enzymatic activity was assumed to be 
correct without further assay. Spleen phosphodiesterase was 
stored at  -20 “C in  10 m M  EDTA, 100 m M  potassium 
phosphate (pH 6.5) at a concentration of 17 units/mL. Venom 
phosphodiesterase was stored at  -20 “C in 10 m M  MgC12, 20 
mM Tris-HC1 (pH 8.5) a t  a concentration of 10 units/mL. 

T 4  R N A  ligase was purified from E. coli infected with T 4  
mi 43 14 (McCoy, Lubben, & Gumport, manuscript in prep- 
aration). The enzyme used in this study was free of ribonuc- 
leases and essentially homogeneous with a specific activity of 
2 100 units/mg. The enzyme was stored a t  2000 units/mL in 
25 mM KCI. I m M  dithiothreitol, 50 m M  Hepes (pH 7.5), and 
50% glycerol a t  -20 “C. 

T 4  polynucleotide kinase was purified from the same 
preparation of phage infected cells (Cameron & Uhlenbeck, 
1977). The enzyme was stored a t  1000 units/mL in 25 p M  
ATP, 5 m M  2-mercaptoethanol, 25 m M  potassium phosphate 
(p t l  7.0), and 50% glycerol at  -20 “C. 

Chromatography of Oligonucleotides. Trial synthetic re- 
actions with polynucleotide kinase or R N A  ligase and de- 
gradative identification reactions with nucleases were analyzed 
by descending chromatography on Whatman 3MM paper. The 
following (v/v) mixtures of 95% ethanol and 1 M ammonium 
acetate (pH 7.0) were used to develop the chromatograms: 
solvent A, 30170; solvent B, 50150; solvent C,  60/40; solvent 
D, 70/30. Development times varied from 12 to 48 h. Oligo- 
nucleotides were located by viewing the chromatogram under 
an ultraviolet lamp or. if a radiolabel was present, by cutting 
the chromatogram in 1-cm strips, and counting in 4% 2 , 5 -  
diphenyloxazole in toluene with a liquid scintillation counter. 
Oligonucleotides were recovered from paper chromatograms 
by washing the paper with absolute ethanol to remove am- 
monium acetate and elution with water (Thach, 1966). Since 
impurities eluted from paper often inhibit enzyme reactions, 
it was necessary to further purify the oligomer on a Bio-Gel 
P2 ( 1  00--200 mesh) column equilibrated with water. 

For preparative scale reactions purification was normally 
achieved by ion-exchange column chromatography on 
DEAE-Sephadex A-25. The 10-mL columns were eluted with 
200-300-mL linear gradients of triethylammonium bicar- 
bonate (pH 7.5) from 0.3 to 1 .O M. The salt was removed from 

pooled fractions by repeated evaporation in vacuo with 
methanol. A Bio-Gel P2 column was often used subsequently 
to ensure that all the salt had been removed. 

Nucleotides and Oligonucleotides. [T-~’P]ATP was a gitt 
of R. I. Gumport. ATP and pA3’pI were obtained from Sigma 
Chemical Co. pTp, pG3’p, and pA2’p were purchased from 
P-L Biochemicals Inc. Cytidine, uridine. deoxyadenosinc, 
deoxyguanosine, and deoxycytidine 3’,5’-bisphosphates were 
synthesized from the corresponding nucleoside 3’-mono- 
phosphates with ATP and polynucleotide kinase. In  each case, 
the reaction mixture contained 2 m M  nucleoside 3’-mono- 
phosphate, 2 . 2  m M  ATP, 10 m M  MgC12, 10 niM 2-mercap- 
toethanol, 50 mM Tris-HC1 (pH 9 .9 ,  50 pg/mI.. bovine serum 
albumin, and 47.5 units/niL polynucleotide k i n a a u .  Aftcr iri- 
cubation for 90 min ai  37 “C, the reaction niixture \%?.;is 
streaked on Whatman 3 MM paper and the chromatogram 
was developed in solvent D (for cytidine. uridine, deoxycyti- 
dine) or solvent B (for deoxyadenosine and deoxyguanosine) 
to separate the 3’,5’-bisphosphate from unreacted 3’-nlOn!3- 
phosphate and ATP. The products were eluted from the paper 
and repurified on Bio-Gel P2 prior to use. This procedure may 
be used to produce modest amounts of 3’.5’-bisphosphates, but 
the chemical method in the following paper (Barrio et al., 
1978) is more convenient for large scale preparations. [5’- 
32P]pA3’p was produced enzymatically in the same way using 
[ Y - ~ ~ P I A T P  and solvent B for purification. 

Acceptor oligoribonucleotides with 3‘,5’-hydroxyls were 
obtained in a variety of means. (Ip),i ( n  = i -4 5 )  were pur- 
chased from Miles L.aboratories. (Ap),?A ( n  = l -+ $ )  and 
(Up),U ( n  = 1 - +  5) were obtained by limited alkaline hy-  
drolysis of the homopolymer. removal of the 2’( 3’) terminal 
phosphate with alkaline phosphatase and separation of the 
oligomers by column chroniatogaphy (Martin et al,. 1971 ; 
Uhlenbeck & Cameron, 1977). Nonradioactive and ”-labeled 
(Ap)3C were prepared as described by Uhlenbeck & Cameron 
(1977). The series of oligonucleotides I!pU(pC‘),, and the tri- 
nucleotides ApUpG, UpApG, LTpCpG. L‘pCpA, GpApC. 
GpApA, and ApApG were prepared enzymatically from the 
corresponding dinucleotides with polynucleotide phosphorylase 
(Thach, 1966). 3H-labeled (Up)2U was prepared as described 
in Uhlenbeck et al. (1970). 

Donor oligonucleotides with both 3’- and 5’-terminal 
phosphates were synthesized by one of two methods. I n  the 
first, T4 polynucleotide kinase was used to add a 5’-phosphate 
to an oligomer with a 3’-phosphate. This reaction was carried 
out at  high pH for carefully controlled incubation times to limit 
the extent of removal of the 3’-phosphate by the phosphatase 
activity in  polynucleotide kinase (Cameron & L:hlenbeck, 
1977). p(Lp)5, p(Cp)zGp. and p(Cp)jGp were prepared by 
this method from (Up)s. (Cp)zGp, and (Cp)jGp, respectively, 
according to Uhlenbeck & Cameron ( 1977) and purified by 
column chromatography. The second method for the prepa- 
ration of donor molecules involves the removal of the 3’-ter- 
minal nucleoside of an oligomer with a 5’-phosphate by per- 
iodate oxidation and /? elimination (Keith & Gilham, 1974). 
The  PA)^ series was prepared by digestion of poly(A) with 
Neurospora crass0 nuclease (Walker et al., 1975) and the 
terminal nucleoside was removed as described by Sninsky et 
al. (1976) to give the p(Ap),’s ( n  = 2 + 5). 

! Abbreviations used: one letter abbreviatlons for oligonucleotides arid 
nucleoside 3’(2’),5’-bisphosphates; pA3’p, adenosine 3’,5’-bisphosphute; 
pAZ’p, adenosine 2’,5’-bisphosphate; Hepes, ,V-2-hydroxyethylpiperaz- 
ine-N’-2-ethanesulfonic acid. BAP, SPD, and RNase A are bacterial al- 
kaline phosphatase, spleen phosphodiesterase. and ribonuclease A.  re.. 
spectively. 



S U B S T R A T E  S P E C I F I C I T Y  O F  T 4  R N A  L I G A S E  V O L .  1 7 ,  N O .  1 1 ,  1 9 7 8  2071 

FIGURE 1: Intermolecular reaction of (Ap)3C and pA3’p. [ C Y ~ - ~ H ] -  
(Ap)3C (0.1 mM, 460 Ci/mol) and [5’-32P]pA3’p (0.13 mM, 15 Ci/mol) 
were incubated in the usual Hepes buffer (see Materials and Methods) 
with ATP (0.5 mM) and RNA ligase (210 units/rnL) for 1 h a t  37 OC. 
The chromatogram was developed with solvent A for 16 h. Circles repre- 
sent 3H label and squares are 32P label. 

RNA Ligase Reactions. The standard assay to measure the 
reactivity of a donor utilized a common acceptor, (Ap)3C. 
Reactions (30 pL)  were carried out in 200-pL polyethylene 
tubes (Bel-Art) under the following conditions: 0.1 m M  
[ c ~ d - ~ H ] ( A p ) 3 C  (330 Ci/mol), 0.1 to 0.3 m M  donor, 0.5 m M  
ATP, 20 m M  MgC12, 3.3 m M  dithiothreitol, 50 m M  Hepes 
(pH 8.3), 10 Mg/mL bovine serum albumin, and 7-350 
units/mL T 4  R N A  ligase. Fixed-time assays were incubated 
a t  37 O C  for 60 min and the entire reaction mixture was spotted 
a t  the origin of a paper chromatogram. For kinetic studies, 
(Ap)3C of higher specific activity was used and aliquots were 
withdrawn and spotted a t  the appropriate times. Paper chro- 
matograms were developed in solvent A and the yield was de- 
termined as the percentage of the total radioactivity present 
in the product. 

Assays to compare the reactivity of different acceptors 
employed a common donor, pA3’p. The reactions were carried 
out in the same manner as above with 0.1 m M  acceptor and 
0.2 m M  pA3’p. The yield was calculated as the fraction of 
acceptor converted into product either from 3H label in ac- 
ceptor or from 32P label in donor. 

The enzymatic synthesis of (Ap)3CpApUp was carried out 
in two steps. In a total volume of 30 pL, 1 m M  [ C y ~ i - ~ H l -  
(Ap)3C (330 Ci/mol), 2.8 m M  pA3’p, 3.3 m M  A T P  was in- 
cubated for 1 h a t  37 O C  with 175 units/mL T 4  R N A  ligase 
in the same buffer used above. The 3’-terminal phosphate was 
removed from the product of the reaction, (Ap)3CpAp, by first 
incubating the reaction a t  100 O C  for 5 min to inactivate the 
R N A  ligase and then adding 5 kg of alkaline phosphatase and 
incubating for 1 h at  37 O C .  The (Ap)3CpA product (yield > 
90%) was purified on DEAE-Sephadex as described above. 
The (Ap)3CpApUp was prepared by incubating in a 3 0 - ~ L  
reaction of 0.25 m M  [ c ~ d - ~ H ] ( A p ) 3 C p A  (330 Ci/mol), 0.47 
m M  p u p ,  1 m M  ATP, and 175 units/mL R N A  ligase in the 
usual buffer for 1 h a t  37 O C .  

(Ap)$p(Ap)3CpAp was also synthesized in two steps. First, 
(Ap)3CpAp was made as outlined above and purified by col- 
umn chromatography. The donor oligomer, p(Ap)$pAp, 
was obtained by incubating 0.25 m M  [ c ~ d - ~ H ]  (Ap)3CpAp 
(330 Ci/mol) and 0.83 m M  [ Y - ~ ~ P I A T P  (80 Ci/mol), with 
19 units/mL polynucleotide kinase in 10 m M  MgC12, 50 
pg/mL bovine serum albumin, and 0.1 M cyclohexylamino- 
ethanesulfonic acid (pH 9.5). After incubation for 2 h a t  37 
“C,  the reaction mixture was purified on DEAE-Sephadex. 
The product, [5‘-32P,Cyd-3H]p(Ap)3pCpAp (yield 3 l%), was 
identified as the peak containing both radiolabels. The ligation 

reaction to form (Ap)3Cp(Ap)$2pAp contained 0.25 m M  
(Ap)3C, 0.05 m M  [5’-32P,Cyd-3H]p(Ap)3CpAp, 0.25 m M  
ATP, and 330 units/mL T4 R N A  ligase in the usual buffer. 
After incubating a t  37 OC for 1 h, the reaction was analyzed 
by descending paper chromatography as shown in the re- 
sults. 

Product Characterizations. Oligonucleotides were eluted 
from paper chromatograms as described above and subjected 
to degradation in one or more of the following reaction mix- 
tures: (a) 20 m M  Tris-HC1 (pH 8.5), 20 m M  MgC12, 1 unit/ 
mL venom phosphodiesterase; (b) 100 m M  potassium phos- 
phate (pH 6.5), 1 m M  EDTA, and 1.7 units/mL spleen 
phosphodiesterase; (c) 0.2 M Tris-HC1 (pH 8.2), 10 m M  
MgC12, 0.2 M NaC1, and 0.1 mg/mL ribonuclease A; and (d) 
same as c plus 0.1 mg/mL alkaline phosphatase. In  all cases, 
the 30-pL identification reactions contained 1 to 4 nmol of 
oligomer and were incubated a t  37 O C  for 1 to 4 h. The reaction 
mixtures were analyzed by descending paper chromatography 
with appropriate markers. 

Results 
Joining of (Ap)3C and pAp. Nucleoside 3’,5’-bisphosphates 

can be shown to be donors in the ATP-dependent T 4  R N A  li- 
gase reaction by analysis of the reaction between [ c ~ d - ~ H ] -  
(Ap)3C and [ 5’-32P]pA3’p by descending paper chromatog- 
raphy (Figure 1). After reaction, the majority of the 3H label 
originally present in (Ap)3C migrates as a single, less mobile 
peak suggesting that a longer oligomer has been made. Coin- 
cident with the 3H label in the product was 32P label originally 
present in pA3’p. From the specific activities of (Ap)3C and 
pA3’p it can be calculated that equal amounts of donor and 
acceptor are present in the product. The product could be 
confirmed to have the structure (Ap)&pAp by a variety of 
criteria. In Figure 2A, rechromatography of the isolated 
product again shows comigration of the two radiolabels. An 
identical profile is obtained when the product is treated with 
venom phosphodiesterase. The resistance of the product to this 
exonuclease confirms the presence of a 3’-phosphate. Treat- 
ment of the product with alkaline phosphatase (Figure 2B) 
results in a slight increase in mobility indicating removal of the 
3’-phosphate, but continued comigration of the two labels in- 
dicating that the labeled S’-phosphate of pA3’p is now in an 
internal position. When the product is treated with spleen 
phosphodiesterase (Figure 2C), the 3H and 32P labels comi- 
grate with a 2’(3’)-CMP marker, confirming that ligation has 
occurred in the expected position and the 5’ terminus of the 
product is a free hydroxyl. When the product is reacted with 
ribonuclease A (Figure 2D), a single peak of 3H and 32P ra- 
dioactivity comigrating with (Ap)3Cp marker is obtained. 
Confirmation that the 32P label originally present on the 5’- 
phosphate of pA3’p is now on the 3’-terminus of (Ap)3Cp is 
obtained by treatment of the product with ribonuclease A and 
alkaline phosphatase (Figure 2E). In this case, the 3H label 
migrates with (Ap)3C and the 32P label migrates as inorganic 
phosphate. Thus, the analysis in Figure 2 confirms the product 
peak in Figure 1 to be (Ap)3CpAp. 

It may be noted in Figure 1 that a majority of the 32P ra- 
dioactivity not in product no longer migrates as pA3‘p but 
rather in a slightly slower position. This slower moving material 
can be identified as the intermediate in the reaction A5’ppS‘Ap 
by the fact that the 32P label is resistant to alkaline phospha- 
tase. Adenylylated donors of the same sort have been reported 
by other workers (Sninsky et al., 1976; Ohtsuka et al., 1976; 
Sugino et al., 1977). R N A  ligase reactions run a t  a high p H  
(Uhlenbeck & Cameron, 1977) and with a slight molar excess 
of donor over acceptor minimize the reduction of yield caused 



2072 B I o c H E M I s T R Y E N G L A N D  A N D  U H L E T i B E C K  

0 

9 
L? 
V 

FIGURE 2: 

i 

I I 

iM 

Nuclease degradation of [3H, 32P] (Ap)3CpAp. After hy- 
drolysis with nucleases (see Materials and Methods), reaction mixtures 
were analyzed by descending paper chromatography in solvent B (36 h): 
(A) untreated (Ap),CpAp; (B) treatment with BAP to produce [3H, 
j2P](Ap)3CpA; (C) treatment with SPD to produce [3H, 32P]Cp; (D) 
treatment with RNase A to produce [3H, 32P](Ap)3Cp; and (E) treatment 
with RNase A plus BAP to produce [3H](Ap)3C and [32P]phosphate. 
Solid circles are 3H label and open circles are 32P label. 

by the presence of this second product. 
The kinetics of the intermolecular reaction between (Ap)3C 

and pA3’p at  varying enzyme concentrations are presented in 
Figure 3. At high enzyme concentrations very rapid and nearly 
quantitative conversion of acceptor into product is observed. 
However, a t  lower enzyme concentrations the initial rate is 
unexpectedly low and the reaction yield a t  long incubation 
times is also less than expected. Similar low reaction yields have 
been seen in the intermolecular reaction between (Ap)3C and 
p(Up)s (Uhlenbeck & Cameron, 1977). It is likely that this 
phenomenon is due to enzyme inactivation during the course 
of the reaction. 

Nucleoside 3’,5’-bisphosphates are the smallest effective 
donors in the ATP-dependent R N A  ligase reaction. A t  high 
enzyme concentrations where nearly quantitative yield is ob- 
tained with pA3‘p, no detectable product is observed with 5’ 
A M P  or with pA2‘p. Thus, the 3’ phosphate must be present 
for activity. In  addition, a twofold excess of pA2‘p present in 
a reaction with pA3’p does not alter the rate or extent of the 
reaction (data not shown). Nucleoside 2’,5’-bisphosphates are 
therefore neither substrates nor effective inhibitors in the R N A  
ligase reaction. 

Comparison of Donors. In order to compare the relative 
reactivity of various donors with a common acceptor, 1-h re- 
actions were performed at  varying enzyme concentrations. In 
Figure 4A the four ribonucleoside 3’,5’-bisphosphates were 
compared as donors using (Ap)3C as acceptor. Although the 
reaction shows some preference for the pyrimidine substrates, 
nearly quantitative yields can be obtained with all four sub- 
strates above 250 units/mL R N A  ligase. In Figure 4B, the four 
deoxyribonucleotide 3’,5’-bisphosphates are shown also to be 
donors in a similar series of fixed-time assays. Except for pdCp, 

Time(min1 

FIGURE 3: Kinetics of the reaction of (Ap)3C and pA3’p at  varying 
concentrations of RNA ligase (see Materials and Methods). 

RNA Lqase (U/rnl) 

FIGURE 4: Ligation of [ c ~ d - ~ H ] ( A p ) 3 C  and the ribonucleoside 3’,5’- 
bisphosphates (A) and deoxyribonucleoside 3’,5’-bisphosphates (B) as 
a function of enzyme concentration. The reactions were performed under 
the conditions given in Materials and Methods with: (A) (m) pC3’p (0.25 
mM); (V) pU3’p (0.28 mM); (A) pA3’p (0.23 mM); ( 0 )  pG3’p (0.28 
mM); ( e )  p(Up)5 (0.10 mM); and (B) (0) pdCp (0.24 mM); (V) pTp 
(0.25 mM); ( A )  pdAp (0.20 mM); (0) pdGp (0.23 mM). 

the deoxyribonucleoside 3’,5’-bisphosphates were significantly 
poorer substrates than the corresponding ribonucleosides and 
even at  the higher enzyme levels less than quantitative yields 
were obtained. 

The reactivities of oligoribonucleotide donors are similar 
to mononucleotide donors when compared with the same ac- 
ceptor. As seen in Figure 4A, the donor p(Up)s reacts with 
(Ap)3C only slightly less well than pU3’p a t  comparable en- 
zyme concentrations. Two other oligonucleotide donors, 
p(Cp)zGp and p(Cp)4Gp, were also observed to react ap- 
proximately as well as pCp (Table I). Finally, in Table I, the 
reactivities of the homologous series of donors, p(Ap), ( n  = 
1 - 5 ) ,  with (Ap)3C as acceptor are compared. It is apparent 
that the chain length of the donor does not greatly affect the 
extent of reaction. We can therefore conclude that, although 
the base composition of a donor can affect the extent of a re- 
action to a limited degree, the chain length of a donor does not 
contribute significantly to its reactivity in the intermolecular 
R N A  ligase reaction. 

Comparison of Acceptors. The relative reactivities of dif- 
ferent acceptors were compared by using a 1.5 molar excess 
of a common donor, pA3‘p, and measuring the amount of 
product formed after 1-h incubation a t  three (or four) enzyme 
concentrations (Table 11). From these data it is apparent that 
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TABLE I:  A Comparison of Donors. 

12.5 37.5 62.5 125 250 

8”  34 58 88 94 
P(AP)2 6 30 63 88 93 
PAP 

P(AP)3 7 21 40 67 92 
P(AP14 5 33 70 92 93 
P(AP)S 5 16 53 80 95 

Donor U / m L  U / m L  U / m L  U / m L  U / m L  

P(CP)2GP 51 93 94 98 
P(CP)4GP 28 64 74 81 

0 Yield is expressed as fraction of (Ap)3C acceptor converted into 
product. 

TABLE 11: A Comparison of Acceptors. 

14 35 170 350 
Acceptor U / m L  U / m L  U / m L  U / m L  

ApA 0” 0 0 0 
(AP)2A 58 84 >95 >95 
(AP)3A 66 92 >95 >95 
(AP)4A 78 93 >95 >95 
(AP)SA 86 95 >95 >95 

IPI 0 0 0 

UP141 16 53 53 
( I P M  21 66 87 

UPU 0 0 0 

(IP)21 2 12 64 
UP131 14 59 81 

(UP)2U 0 6 15 
(UP)3U 0 5 13 
(UP)4U 0 5 19 
(UP)JU 4 7 14 

UPU(PC)2 13 46 78 
UPUPC 0 6 11 

UPU (PC) 3 16 42 1 2  
UPU(PC14 17 35 57 
UPU(PC)S 30 81 100 

APUPG 2 23 45 

UPCPG 8 46 79 

GPAPC 30 62  95 

APAPG 31 69 100 

UPAPG 4 14 80 

UPCPA 8 18 32 

GPAPA 60 77 88 

a Yield is expressed as fraction of acceptor converted into prod- 
uct. 

none of the dinucleoside monophosphates take part in the in- 
termolecular reaction. Further attempts to utilize a number 
of different dimers at  higher concentrations and under different 
reaction conditions were not successful. All 1 1 trinucleoside 
diphosphates tested were acceptors in the intermolecular re- 
action, establishing the minimal chain length required for an  
active acceptor. After this minimal length requirement has 
been met, very little chain length dependence upon yield is 
observed for the three homologous series tested. At  a given 
enzyme concentration, yields with tetramer acceptors are only 
slightly higher than those with the corresponding homologous 
trimer. 

On the other hand, for a given chain length, the base com- 
position of the acceptor has a large effect on yield. With the 
three homologous series tested, the oligo(A)s react more 
readily than the oligo(1)s and the oligo(U)s react the least well. 
While nearly quantitative intermolecular yields could be ob- 
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tained with the oligo(A)s and the oligo(I)s, even the highest 
enzyme concentrations used did not achieve high yields with 
oligo(U) acceptors. The  yield of the intermolecular reaction 
does not simply depend upon the identity of the 3’-terminal 
nucleotide of the acceptor. A comparison of the relative reac- 
tivity of 11 trimers (Table 11) reveals that, if the trimer contains 
a combination of only A, G,  and C residues, relatively high 
yields are obtained, but if the trimer contains a uridine residue 
a t  any position, much lower yields a re  found. For example, 
ApUpG and UpApG are poorer acceptors than ApApG. This 
strong effect of composition upon the efficiency of an acceptor 
can also be seen with the UpU(pC), series (Table I). Since 
good yields are obtained for the longer oligomers, the poor 
reactivity of UpUpC is not due to the 3’-terminal C residue but 
to the internal U residues. A more complete survey of acceptors 
will be required before the efficiency of an  acceptor in an  in- 
termolecular reaction can be accurately predicted. 

Since the buffer conditions chosen for the reactions in Table 
I1 were those optimized for the addition of (Ap)3C to p(Up)s 
(Uhlenbeck & Cameron, 1977), it was of interest to determine 
whether higher yields could be obtained with the “poor” uri- 
dine containing acceptors when different conditions were used. 
For this reason, the reaction between tritium-labeled (Up)zU 
and pAp was studied under a variety of substrate concentra- 
tions, pH, and buffer conditions. Although it was found that 
the low reaction yields for a given enzyme concentration could 
not be substantially improved by increasing the (Up)2U con- 
centration, the yield of (Up)3Ap could be nearly doubled by 
reducing the MgCl2 concentration in the reaction from 20 to 
7.5 mM.  Attempts to improve the yield by the addition of so- 
dium or potassium salts or various stabilizers (glycerol, 
formamide, urea, Carbowax) were generally unsuccessful 
except in the case of dimethyl sulfoxide. In the presence of 15% 
Me2S0, the yield of (Up)3Ap was more than doubled (to 37% 
with 350 units/mL R N A  ligase). Unfortunately, the increased 
reaction yield with Me2SO does not occur a t  7 . 5  mM MgC12 
nor does it occur when (Ap)jC was used as an acceptor. From 
these preliminary experiments it appears that the optimal 
conditions for intermolecular reactions will depend upon the 
identity of the acceptor. Nevertheless, satisfactory yields may 
be often obtained under a variety of conditions, including those 
which optimized the (Ap)3C plus p(Up)s addition. 

In order to determine which step in the intermolecular re- 
action determines the low reaction rate with poor acceptors, 
the time courses for the formation of both the adenylylated 
intermediate and the product are examined in the (Up)2U plus 
pA3‘p reaction. Since the available paper chromatographic 
systems are not able to separate all the starting materials and 
products in the reaction, two identical reactions were carried 
out, one with [jH](Up)2U and the other with [2,8-3H]ATP. 
The product, (Up)sAp, in the first reaction is detected as the 
3H-labeled peak migrating slower than (Up)2U upon paper 
chromatography with solvent D. Treatment of the second re- 
action with alkaline phosphatase and separation by paper 
chromatography in solvent D yield the intermediate as 3H- 
labeled peak comigrating with AS‘ppS‘A. Unreacted ATP and 
the A M P  released during the ligation reaction are degraded 
to adenosine. In Figure 5, the rapid formation of adenylylated 
intermediate and slow formation of product are observed. 
Thus, the rate-limiting step in (Up)jAp synthesis appears to 
be the transfer of the adenylylated donor to the acceptor. This 
view is confirmed in Figure 5 where, in a reaction performed 
under similar conditions, the transfer of an  adenylylated mo- 
nomer AS’ppS’A to (Up)2U is also extremely inefficient. 
However, when a “good” acceptor such as (Ap)3C is used, the 
transfer of ASpp5’A is very rapid (England et al., 1977). 
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FIGURE 5:  Time course of (Up)*U + pA3’p reaction and ATP-indepen- 
dent reaction of (Up)2U + A5’ppS’A. Reactions were performed in the 
usual buffer with (Up)2U (0.1 mM) and either pAp (0.23 mM) and ATP 
(0.5 m M )  or A5’pp5’A (0.25 m M )  at  37 O C  with 175 units/mL RNA li- 
gase: (0) formation of adenylylated intermediate AS’ppSAp, 10W0 re- 
action of pA3’p = 7 nmol; ( 0 )  formation of product (Up)3Ap in  ATP- 
dependent reaction, 100% reaction of (Up)2U = 3 nmol; (.) formation 
of product (Up)3A in ATP-independent reaction, 100% reaction of (Up)zU 
= 3 nmol. 

OO 5 10 15 20 25 30 
CM 

FIGURE 6 :  Stepwise synthesis of (Ap);CpApUp. Aliquots of the following 
reactions were analyzed by descending paper chromatography in solvent 
B (100 h):  (A) RNA ligase joining of [ C J J ~ - ~ H ] ( A ~ ) ~ C  and pA3‘p; (B) 
EAP treatment of [Cy~f-~H](Ap)3CpAp: and (C) RNA ligasejoining of 
[ C L . ~ - ~ H ] ( A ~ ) ~ C ~ A  and pup .  

Multistep Synthesis. In order to illustrate the flexibility of 
synthesis with R N A  ligase, two oligomers were made which 
both used as a first step, the addition of (Ap)3C to pA3‘p to 
form (Ap)3CpAp. In the first example, synthesis was continued 
in the 3’ direction to make (Ap)3CpApUp and in the second 
example synthesis was continued in the 5’ direction to make 
(Ap)3Cp(Ap)3CpAp. The stepwise synthesis of (Ap)$pApUp 
as analyzed by descending paper chromatography is summa- 
rized in Figure 6. In Figure 6A an aliquot of the preparative 
scale reaction of [ C j d 3 H ]  (Ap)3CpAp is analyzed. Subsequent 
treatment of the reaction mixture with alkaline phosphatase 
resulted in the faster migrating oligonucleotide [ Cyd-3Hl- 
(Ap)3CpA (Figure 6B). After purification of the pentamer, 
the addition of p u p  to give the less mobile product [Cyd- 
3H](Ap)3CpApUp is shown in Figure 6C. As is evident from 
the three paper chromatography profiles, both R N A  ligase 
reactions and the removal of the 3’-phosphate were essentially 
quantitative, suggesting that sequential additions of donors to 
the 3’ end of an oligomer may be performed efficiently. 

The synthesis and identification of (Ap)3Cp(Ap)$pAp are 
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F ’  
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FIGURE 7: Ligation of (.4p)3C and [5’-32P, C~d-~H]p(Ap)3CpAp and 
characterization of product [32P. 3H] (Ap)3Cp(Ap)3CpAp. The ligation 
reaction (A) and the enzymic degradations (B-D) were analyzed by de- 
scending paper chromatography with solvent A (96 h) and solvent B (96 
h), respectively. (B) Treatment with BAP to yield [)*P% 3H](Ap)3- 
Cp(Ap),CpA; (C) treatment with RNase A to yield [ C ~ d - ~ H l ( A p ) l C p  
and [3’-32P](Ap)3Cp; and (D) treatment with RNase A plus BAP to yield 
[ C J J ~ - ~ H ] ( A ~ ) ~ C  and [3’P]phosphate. Solid circles are 3H label and open 
circles are 32P label. 

summarized in Figure 7. The purified oligomer [ c ~ d - ~ H ] -  
(Ap)3CpAp, from a preparative scale reaction (Figure 6A), 
was reacted with [y-32P]ATP and polynucleotide kinase to 
produce [ 5’-32P. Cy.d-3H]p(Ap)3CpAp as described in Ma- 
terials and Methods. This 3’,S’-phosphorylated oligomer was 
then used as a donor in a ligase reaction with unlabeled 
(Ap)3C. The analysis of this reaction by paper chromatography 
is shown in Figure 7A. Peak 3 is the unreacted donor oligomer, 
peak 2 is probably the adenylylated intermediate, [32P, 3H]-  
AS’ppS(Ap)3CpAp, on the basis of its resistance to alkaline 
phosphatase (data not shown), and peak I was identified as the 
ligation product [32P, 3H](Ap)3Cp(Ap)3CpAp (yield 73%). 
The characterization of the product was based on the following 
identification reactions: (a) the resistance of 32P label in the 
product to alkaline phosphatase (Figure 7B) indicates that the 
5’-terminal phosphate originally in p(Ap)3CpAp is now in an 
internal position; (b) hydrolysis of the product with ribonu- 
clease A gives both the ? H  and 32P label comigrating with 
(Ap)3Cp (Figure 7C); and (c) including alkaline phosphatase 
in the ribonuclease digestion results in the 3H label migrating 
with (Ap)3C and the 32P label as inorganic phosphate (Figure 
7D). The last two experiments confirm that the 5’-phosphate 
on the p(Ap)3CpAp donor takes part in a ribonuclease sensitive 
internucleotide linkage and, after hydrolysis, the phosphate 
is on the 3’ end of (Ap)3Cp. 

Discussion 
An important feature of the strategy of oligoribonucleotide 

synthesis with T 4  R N A  ligase is the presence of a removable 
blocking group on the 3’ terminus of the donor molecule. This 
group prevents three major side reactions and the synthesis of 
a single product by the intermolecular ligation of acceptor and 
donor can be achieved. If the 3’-terminal blocking group were 
absent, the donor molecule could react with itself or multiple 
additions of the donor to the acceptor could occur. These side 
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reactions will lead to substantially less of the desired product 
if the unblocked donor is a better acceptor than the intended 
acceptor (Ohtsuka et al., 1976). In addition, if the 3’-terminal 
blocking group is absent and the donor is longer than eight 
nucleotides (Kaufmann et al., 1974), the intramolecular cy- 
clization reaction will compete effectively with the intermo- 
lecular reaction (Kaufmann & Kallenbach, 1975). 

A 3’-terminal phosphate is a particularly useful blocking 
group since it is frequently obtained in the course of oligori- 
bonucleotide synthesis and it can be easily removed with al- 
kaline phosphatase. Thus, oligomers with 3’-terminal phos- 
phates are obtained as a result of alkaline hydrolysis of ho- 
mopolymers or nuclease digestion of random copolymers. In 
addition, oligomers with 3’-phosphates are the products of 
synthetic reactions combining polynucleotide phosphorylase 
and a nuclease (Thach et al., 1966). Finally, 3’-phosphates can 
be introduced by periodate oxidation of the terminal 2’,3’- 
cis-diol and subsequent /3 elimination (Keith & Gilham, 
1974). 

In this paper we have studied the R N A  ligase reaction be- 
tween combinations of donors having terminal 5’- and 3’- 
phosphates with acceptors having terminal 5’- and 3’-hy- 
droxyls. In general, intermolecular products are formed when 
the donor is at  least a nucleoside 3’,5’-bisphosphate and the 
acceptor a trinucleoside diphosphate. 

The minimal donor requirement of the reaction is compli- 
cated. While pNp’s are donors, 5’-AMP is not. However, when 
S’-AMP is adenylylated to form AS’ppS’A, it is an effective 
substrate in the ATP-independent R N A  ligase reaction (En- 
gland et al., 1977). Thus, the minimal donor requirement seen 
for the intermolecular reactions is determined by the first step 
in the reaction mechanism where the donor is adenylylated. 
The subsequent transfer of the adenylylated intermediate to 
the product does not require the 3’-phosphate. The lack of 
activity of nucleoside 2’,5’-diphosphates implies that the 3’- 
phosphate group must be in the same position as the correct 
3’ - 5’ internucleotide linkage of an oligomer in order for the 
adenylylation step to occur. Presumably oligonucleotides with 
2’ - 5’ internucleotide linkage between the first and second 
residues would also be inactive donors. There is relatively little 
difference in the rate of ligation for a variety of mononucleotide 
and oligomer donors with (Ap)3C as an acceptor. This is con- 
sistent with the observation of similar rates of ligation of var- 
ious adenylylated donors (England et al., 1977). Clearly, the 
main determinant of the success of the ligation reaction is the 
identity of the acceptor. 

A comparison of a variety of acceptors with a given donor 
reveals large differences in the enzyme concentration required 
to obtain adequate yields. All attempts by us and others 
(Kaufman & Kallenbach, 1975; Sugino et al., 1977) to use 
dinucleoside monophosphates as acceptors have failed. It would 
appear that the acceptor binding site requires at  least three 
nucleosides for activity. However, as little additional chain 
length dependence on rate is observed, it is unlikely that the 
acceptor binding site will accommodate more than three nu- 
cleosides. The composition of the acceptor has a large effect 
upon the extent of the ligation reaction. If a uridine residue is 
present in any of the three positions adjacent to the ligation site, 
the yield is considerably lower. This observation has been noted 
for a variety of donor-acceptor pairs (Ohtsuka et al., 1976; 
Sninsky et al., 1976). Higher yields with U containing accep- 
tors can be achieved by increasing the enzyme concentration 
and, to a certain degree, by changing the reaction conditions. 
The low reaction yield is apparently the result of inefficient 
transfer of the adenylylated intermediate to the acceptor. Since 
the acceptor must apparently be present for the adenylylated 
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intermediate to form (Sugino et al., 1977), it is possible that 
both oligomers dissociate from the enzyme before ligation 
occurs and that rebinding of “poor” acceptors and adenylylated 
donors is relatively inefficient. This view is consistent with the 
low rate of reaction with (Up)2U and A5’ppS’A. 

Due to the complexity of chemical techniques, enzymatic 
methods have been developed to prepare oligonucleotides of 
defined sequence. An important advantage of using enzymes 
for oligoribonucleotide synthesis is that the formation of the 
correct 3‘ - 5’ internucleotide linkage is ensured. The most 
extensively used enzymatic procedure thus far has been the 
controlled addition of nucleoside diphosphates to the 3’ end of 
an oligoribonucleotide primer using primer dependent poly- 
nucleotide phosphorylase (Thach, 1966). Although the yields 
of this reaction can be improved substantially by using 3’ 
blocked diphosphates (Bennett et al., 1973; Walker & Uh- 
lenbeck, 1975), the stepwise nature of the procedure limits the 
complexity of the sequences which can be made. In addition, 
as the primer molecule becomes longer, the reverse, phos- 
phorolysis reaction rate increases which leads to scrambling 
of the sequence (Chou & Singer, 1970; Sninsky et al., 1974). 
Finally, the preference of polynucleotide phosphorylase for 
purine rich primers limits the sequences which can be made. 

The R N A  ligase reaction seems to solve many of the dif- 
ficulties encountered with polynucleotide phosphorylase. As 
R N A  ligase does not appear to saturate in its binding of donor 
or acceptor at  concentrations as high as 1 mM (Uhlenbeck & 
Cameron, 1977), reactions can be performed at relatively high 
oligomer concentrations. Coupled with the nearly quantitative 
yields obtained in most cases, large scale preparations of oli- 
gomers with reasonable amounts of enzyme are possible. While 
more than 20 000 units (-10 mg) of R N A  ligase can be ob- 
tained from 100 g of phage infected cells (McCoy, Lubben, & 
Gumport, manuscript in preparation), we calculate that the 
quantitative addition of a pA3’p residue to 1 mg of (Ap)3C 
would require less than 75 units (36 pg) of R N A  ligase. 

Another advantage of using RNA ligase is that the pathway 
for the synthesis of a complex oligonucleotide can involve the 
joining of oligomer blocks and is not limited to the stepwise 
addition of single residues to the 3’ end of an oligomer as with 
polynucleotide phosphorylase. Aside from the obvious im- 
provement in overall reaction yield and ease of purification, 
this procedure allows considerable flexibility in introducing 
modifications at  specific points in the sequence. The fact that 
3’,5’-nucleoside bisphosphates are donors in the ligase reaction 
should allow insertion of an arbitrary residue at a specific locus 
in a synthetic scheme. In the following paper (Barrio et al., 
1978) it is shown that a variety of modified nucleotides can be 
introduced into a oligomer sequence in a similar manner. 

In contrast to polynucleotide phosphorylase, RNA ligase 
does not seem to catalyze any degradative reaction. Although 
many preparations of the enzyme contain a deoxyribonuclease 
activity (Sugino et al., 1977), no evidence for any ribonuclease 
activity has been found. Both oligomers and high molecular 
weight RNA remain undegraded. Thus, unlike polynucleotide 
phosphorylase, relatively long oligomers can be made with 
R N A  ligase. 

Three difficulties of using R N A  ligase for the synthesis of 
oligomers can be presently identified. The first is that a certain 
percentage of the donor is converted to the adenylylated in- 
termediate but not transferred onto acceptor. The extent of this 
side reaction seems to vary with the acceptor that is used 
(Ohtsuka et al., 1976). This difficulty can to a great extent be 
overcome by increasing the pH of the reaction buffer (Uh- 
lenbeck & Cameron, 1977). The use of a slight excess of donor 
to acceptor also optimizes the amount of intermolecular 
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product formed. The second difficulty of R N A  ligase synthesis 
is the evident lack of reactivity of uridine-containing acceptors. 
Although the reaction yields can be improved by altering 
conditions to some degree, the best procedure to avoid this 
difficulty is to design a synthetic strategy which avoids ligations 
to sequences with uridine. Finally, although R N A  ligase is 
stable on storage, its apparent inactivation during incubation 
a t  37 OC causes a rapid decrease in rate during the course of 
reaction. Thus, much larger amounts of enzyme are required 
for quantitative yield than would be predicted from the initial 
rate. Attempts to find reaction conditions to stabilize R N A  
ligase have thus far been unsuccessful. Recent experiments 
suggest that greater yields can be obtained by running the re- 
action for longer times at reduced temperatures. Investigation 
of this possibility is continuing. 

In summary, we feel that the high yields, broad substrate 
specificity and simplicity of the R N A  ligase reaction make it 
the most convenient method for the synthesis of oligoribonu- 
cleotides of defined sequence. 
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