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Si te-Specific Modification of 
Pre-mRNA: The 2'-Hydroxyl 
Groups at the Splice Sites 

Melissa J. Moore and Phillip A. Sharp 
A simple and efficient method for synthesizing long, site-specifically modified RNA mol- 
ecules was developed whereby segments of RNA were joined with the use of bacterio- 
phage T4 DNA ligase. A single hydrogen or Qmethyl group was substituted for the 
2'-hydroxyl group at either splice site of a nuclear pre-messenger RNA substrate. Splicing 
of the modified pre-messenger RNA's in vitro revealed that, although a 2'-hydroxyl is not 
absolutely required at either splice site, the 2'-hydroxyl at the 3' splice site is important for 
the second step of splicing. These results are compared to previous studies of analogous 
2'-hydroxyl groups in the self-splicing Tetrahymena group I intron. 

T h e  precise removal of intervening se- 
quences, or introns, by the process called 
splicing is a fundamental step in the matu- 
ration of most eukaryotic pre-mRNA's. Ex- 
cision of these sequences takes place within 
the spliceosome, a 50s to 60s complex 
composed of the pre-mRNA, four small 
nuclear ribonucleoprotein (snRNP) parti- 
cles (Ul ,  U2, U4/6, and U5) and an as yet 
undetermined number of associated protein 
factors ( I ) .  Within the spliceosome, splic- 
ing proceeds by way of a two-step mecha- 
nism involving sequential transesterifica- 
tion reactions. The first step (Fig. 1, left) 
entails cleavage at the 5' splice site with 
concurrent formation of a 2l.5'-uhosuhodi- 

, A  

ester bond between the first nucleotide of 
the intron and an A residue (the branch 
site) located 18 to 100 nucleotides (nt) 
upstream of the 3' splice site. The second 
step (Fig. 1, right) takes place at the 3' splice 
site and results in ligation of the two exons 
and release of the iniron as a lariat. Because 
the self-catalyzed excision of group I1 introns 
proceeds through the same two-step pathway 
(2), the two intron types are thought to be 
evolutionarily related (3). Group I self-splic- 
ing is similar except that the 3'-hydroxyl 
(-OH) of a free guanyl nucleotide is the 
nucleophile for the first step (resulting in a 
3 ' ,5 '-phosphodiester bond) (2). Of the 
three intron types, group I introns are the 
best characterized chemically, serving as the 
paradigm for catalytic RNA's (4). Because of 
the complexity of the spliceosome and the 
size of the pre-mRNA substrates, however, 
nuclear pre-mRNA splicing has so far prov- 
en recalcitrant to more detailed biochemical 
analysis. Therefore, little is known about 
either the exact chemical mechanisms of 
catalysis in this system or the nature of the 
participating spliceosomal groups. 
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We now describe a method for studvine , - 
cellular processes, including nuclear pre- 
mRNA splicing, that involve long RNA 
molecules. In this method for synthesizing 
long RNA's containing internal site-specif- 
ic modifications, the RNA is made in seg- 
ments, one of which contains a desired 
modification. The segments are then joined 
by ligation with bacteriophage T4 DNA 
ligase in conjunction with a bridging oli- 
godeoxynucleotide template. This method 
was used to study the roles in splicing of the 
2'-OH groups (Fig. 1) immediately adja- 
cent to the phosphates at the 5' and 3' 
splice sites of a nuclear pre-mRNA sub- 
strate by specific chemical replacement 
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with both 2'-deoxy (-H) and 2'-O-methyl 
(-OCH,) groups. 

Specific ligation of RNA molecules. 
Because of problems inherent in selectively 
protecting the 2'-OH moiety while activat- 
ing the 3'-OH group for phosphoramidite 
coupling, routine chemical synthesis of 
RNA has been limited to 10- to 20-nt 
oligomers. Longer RNA's containing inter- 
nal, site-specific chemical modifications 
have been prepared with the RNA ligase of 
T4 bacteriophage (5), but this enzyme's 
utility is limited by its high Michaelis con- 
stant (K,) for polynucleotides (6) and its 
discrimination against certain acceptor and 
donor sequences (7). In addition, T4 RNA 
ligase can produce significant amounts of 
undesirable side products, including circu- 
lar and oligomeric RNA molecules, unless 
the 3'-OH terminus of the phosphate donor 
RNA is protected or destroyed (6). A chem- 
ical ligation of RNA with carbodiimide or 
cyanogen bromide activated phosphodiesters 
(8) overcomes many of these problems, but 
the method has not become general, partly 
because of its chemical incompatibility with 
certain nucleotide modifications. 

The DNA ligase of T4 bacteriophage 
has an RNA ligase activity. In the early 
1970's, it was demonstrated that the en- 
zyme (then known as T4 polynucleotide 
ligase) could efficiently ligate oligoribonu- 
cleotide homopolymers in the presence of 
complementary deoxyhomopolymer tem- 
~ la t e s  (9). Yet, to our knowledge, this 
activity has not been widely used to join 
RNA's of defined sequence. This is surpris- 

First step Second step 
Fig. 1. The two steps of nuclear pre-mRNA splicing. (Upper) Schematic representation of the two 
steps showing the substrate (El-IVS-E2), intermediates (El and IVS-E2), products (IVS and E1-E2), 
and conserved nucleotides. El, 5' exon; IVS, intervening sequence; E2, 3' exon. (Lower) The 
chemistry of the two steps showing the 2'-OH groups adjacent to the phosphates at the 5' (striped 
box) and 3' (open box) splice sites. Conserved nucleotides are shown as upper case. Dashed 
arrows indicate only the overall chemical outcome; whether the chemistry occurs through a direct 
or indirect mechanism has not been determined. 
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ing since we have observed that, in the 
presence of a complementary deoxyoligonu- 
cleotide (cDNA) bridge, T4 DNA ligase 
can efficiently join long RNA molecules in 
a highly selective manner. 

Representative ligation reactions of the 
RNA fragments used in this study and their 
cDNA bridges (Fig. 2A) illustrate several 
key features of RNA-RNA ligations cata- 
lyzed by T4 DNA ligase (10). The low Y, of 
T4 DNA ligase for double-stranded polynu- 
cleotides (from to lo-' M) (11) per- 
mits efficient ligations to be performed at 
submicromolar to micromolar concentra- 
tions of RNA. This concentration range is 
readily attainable and is ideal for the synthe- 
sis of high specific activity 32P-labeIed 
RNA's, where only ferntomoles to picomoles 
of product are required. For example (Fig. 
2B, lane 4), T4 DNA ligase (4 units) con- 
verted 45 percent of RNA(55-236) (1 pM) 
into the desired product, RNA(1-236). in 
the presence of RNA(1-54) (3 pM) and 
cDNA(684) (2 pM). In contrast, T4 
RNA ligase prefers single-stranded polynu- 
cleotides at concentrations in the millimolar 
range (12). Under conditions similar to those 
above, T4 RNA ligase (1.6 units) yielded no 
specific ligation product in a reaction contain- 
ing RNA(1-54) (3 @) and RNA(55-236) 
(1 pM) (Fig. 2B, lane 7). 

Since T4 DNA ligase will only ligate 
junctions in double-stranded regions (Fig. 
2B, lanes 4 and 6), there is little tendency 
to circularize or oligomerize the phosphate 
donor RNA. In addition, the cDNA tem- 
plate confers s i d c a n t  sequence specificity 
on the reaction. This is important when 
RNA's synthesized with either T7, T3, or 
SP6 RNA polymerase are used, because 
these RNA's often contain a high percent- 
age of products ending with extra nontem- 
plated nucleotides at the 3' terminus IN+ 1 
products (13)j. Since the T4 RNA ligase 
reaction is not template directed, it cannot 
distinguish N and N + 1 acceptor sequences. 
Therefore, a high percentage of such liga- 
tions incorporate these extra nonencoded 
nucleotides (Fig. 2C, upper). In contrast, 
because T4 DNA ligase prefers precise base- 
pairing at the ligation junction (14), it is 
highly selective against extra bases and only 
ligates acceptor molecules having the cor- 
rect 3'-terminal nucleotide (Fig. 2C, low- 
er). Thus, after correction for an approxi- 
mately 50 percent content of N+ 1 runoff 
transcription products in RNA (1-54) 
(15), the true ligation efficiency for the 
accurately bridged RNA's in Fig. 2B ap- 
proaches 90 percent with T4 DNA ligase. 

Synthesis and splicing of pre-mRNA's 
with site-specific modi6cations. The T4 
DNA ligase was used to incorporate nucle- 
otides with either 2'-H or 2'-OCH3 modi- 
fications immediately adjacent to the phos- 
phates at the 5' and 3' splice sites of a 

pre-mRNA substrate, RNA(1-236) (1 6). 
RNA(1-236) (El-IVS-E2) comprises a 55- 
nt 5' exon (El) and a 53-nt 3' exon (E2) 
interrupted by a 128-nt intron (IVS). The 
IVS contains exact consensus sequences at 
the branch site and both splice sites, as well 
as an unintermpted 20-nt plypyrimidine 
tract. This substrate is spliced efficiently in 
vim. Modified nucleotides were incorporat- 
ed by first chemically synthesizing GpG di- 
nucleotides in which the ribose of the 5' 
guanosine was either 2'-H or 2'-OCH3, 
while the 3' guanosine was unmodified (re- 
sulting in dGprG or mGprG) (17). These 
dinucleotides were used to prime transcrip- 
tion by T7 RNA polymerase to generate an 
RNA molecule [RNA(55-236) or RNA- 
(183-236)] (16), which was then 5'-phos- 

phorylated and ligated to the 3' end of a 
second transcript [RNA(l-54) or RNA(1- 
182). respectively] (16) such that the origi- 
nal GpG dinucleotide spanned the desired 
splice site (Fig. 2A). Unmodified (all-rib) 
control RNA's were generated in parallel 
with the use of rGprG dinucleotide. The two 
modified dinucleotides, dGprG and mGprG, 
were incorporated with efficiencies similar to 
rGprG, as indicated by digestion of the 
ligation products with T1 ribonuclease (15). 
T1 ribonuclease cleaves only after guanosine 
residues, but it will not cleave after either 
2'deoxy- or 2l-O-methylguanosine (1 8). 
The El-IVS-E2 RNA's were either uniform- 
ly labeled by inclusion of [a-32P]UTP in the 
transuiption reactions or by phosphoryla- 
tion of the 3' ligation substrate with polynu- 

T4 DNA Ligasc I 
L . 5 '  splice site 

T4 DNA Ligase 

- - -GGCCCCUUCUUCUUUUUCCCV~AEG~CCUA~A~AA~A~A~ - - - 
splice site 

Fig. 2. Ligation of RNA molecules with T4 DNA ligase C 
and T4 RNA ligase. (A) Strategy for ligation of RNA ~m-*3----*-r 

T4 RNA Ligase 
molecules with T4 DNA ligase and bridging deoxyoligo- eAC Acceptor Specificity 
nucleotide templates (cDNA's). The entire region of e 
complementarity between each RNA and its cDNA A 81.6% 

C 9.2 % 
bridge is shown. Asterisks (') indicate positions at which i~ G 6.3 % 
2'-H and 2'-OCH, nucleotides were incorporated. (B) U 2.9 % 

Representative RNA-RNA ligations comparing T4 DNA , , 
ligase to T4 RNA ligase (10). (Lane 1) RNA(1-236); (lane 
2) RNA(1-54); (lane 3) RNA(55-236); (lane 4) RNA(1- 
54) plus 5'-phosphorylated RNA(55-236), T4 DNA li- ..--. .- - - 

T4 DNA Ligase 
gase and the cDNA(6844); (lane 5) same as lane 4 0 Acceptor Specificity 
except that RNA(55-236) was not phosphorylated; (lane 
6) same as lane 4 except that cDNA(68-44) was omit- C A 99.5 d . 1  % % 
ted; and (lane 7) RNA(1-54) plus 5'-phosphorylated i G 0.3 % 
RNA(55-236) and T4 RNA ligase. (C) Acceptor speci- U <O.l% 
ficities of T4 RNA ligase and T4 DNA ligase. The 3' .- , 
terminus of RNA(1-182) was joined to either [5'-32P]pCp 
with T4 DNA ligase (upper) or [5'-32P]RNA(183-236) with T4 DNA ligase in conjunction with 
cDNA(199-160) (lower). Ligation products were purified by gel electrophoresis and then digested 
with T2 ribonuclease; the resultant nucleoside 3'-monophosphates were separated by two- 
dimensional thin-layer chromatography (37). Percentages given are for the relative amount of label 
found at each nucleotide migration position as indicated. 
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cleotide kinase and [y-32P]ATP (adenosine 
triphosphate). The latter method yielded 
El-IVS-E2 molecules containing a single 
32P-labeled phosphate immediately 5' to the 
modified nucleotide (as in Fig. 5). 

The effects of the ribose modifications 
on El-IVS-E2 splicing were determined by 
following the generation of intermediate 
and product RNA's during in vitro splicing 
reactions (Fig. 3) (19). The all-ribo El- 
IVS-E2 RNA's produced by joining two 
RNA molecules at either the 5' or 3' splice 
site were as active f ~ r  splicing as all-ribo 
El-IVS-E2 RNA vthesized as a single 
runoff transcript (15). This further con- 
firmed the specificity of the T4 DNA ligase 
joining reaction. 
Modifications at the 5' splice site. The 

2'-OH group at the 5' splice site could 
potentially iduence either or both steps of 
splicing. In the first step, this 2'-OH is 
adjacent to the 3'-OH that is ultimately 
displaced from the phosphate at the 5' 
splice site by the 2'-OH of the branch site 
adenosine (Fig. 1); in the second step, the 
same 3'-OH must act as a nucleophile to 
effect exon ligation at the 3' splice site. In 
either step, the adjacent 2'-OH might func- 
tion in a number of ways (see below) and its 
function could vary between the two steps. 

Surprisingly, substitution of a 2'-H 
group for the 2'-OH adjacent to the 5' 
splice site had no detectable effect on either 
the first or second step of splicing (Fig. 3); 
both intermediates (El and IVS-E2 RNA's) 
and both products (IVS and El-E2 RNAP) 
were generated at rates similar to those of 
the all-ribo intermediates and products (Ta- 
ble 1). In contrast, substitution of a 2'- 
OCH, group for the same 2'-OH affected 
the two steps of sp l ice  differently (Fig. 3, 
lanes 19 to 27). The rate of the first step, as 
measured by production of El and IVS-E2 
RNA's, was similar to that of all-ribo RNA 
(Table 1). An effect, however, was ob- 

served for the second step of splicing, as 
evidenced by the accumulation of the El 
and IVS-E2 RNA intermediates and the 
dramatically decreased rate of appearance of 
the El-E2 RNA product (15 times lower). 

Both pre-mRNA substrates containing 
modifications at the 5' splice site yielded a 
cleaved El intermediate RNA with an in- 
creased electrophoretic mobility relative to 
all-rib El RNA (Fig. 4A, lanes 1 to 3). 
The degree of increase was equivalent to 
that expected for an RNA that was shorter 
by one nucleotide. To examine whether the 
site of cleavage was correct, we synthesized 
El-IVS-E2 RNA's that contained a single 
32P-labeled phosphate immediately 5' to 
the modified nucleotide at the 5' splice site 
(Fig. 5, lower left). If the site of cleavage of 
the modified El-NS-E2 RNA's was shifted 
one nucleotide in the 5' direction relative 
to that of all-rib El-IVS-E2 RNA, then 
the labeled phosphate between the A and 
G residues would reside in the IVS-E2 and 
N S  RNA's, and not in the El RNA. 
However, all of the label was found in the 
cleaved El (Fig. 4A, lanes 4 to 6) and 
ligated El-E2 RNA's (15). In addition, 
each singly labeled El RNA comigrated 
with its uniformly labeled counterpart 
(compare lanes 4 to 6 to lanes 1 to 3 in Fig. 
4A). Together, this suggested that cleavage 
had occurred at the normal 5' splice site. 
Absolute confirmation came when the pu- 
rified, singly-labeled all-rib, 2'-H, and 2'- 
OCH, El RNA's were digested by RNase A 
(Fig. 5, lanes 15 to 17). All of the singly- 
labeled El RNA's had the expected 
-ApG,, 3'-terminus. Furthermore, diges- 
tion of the all-ribo and 2'-H El-E2 product 
RNA's with RNase A and T1 ribonuclease 
(Fig. 5, lanes 18 and 19) confirmed that the 
El RNA ending in 2'-H guanosine. had 
been precisely used for the second step of 
splicing. Therefore, the observed increases 
in electrophoretic mobility of the 2'-H and 

2'-OCH, El RNA's must have resulted 
from the chemical modifications present at 
their 3'-termini and not from a difference in 
overall length of the RNA's (20). 

Modi6caW at tbe 3' splice site. Nei- 
ther modi!ication introduced at the 3' splice 
site affected the first step of splicing (Fig. 3, 
lanes 28 to 45); for both the 2'-H and 
2'-OCH, modified substrates, the El and 
IVS-E2 RNA intermediates were generated 
with similar initial kinetics to those of the 
all-ribo substrate (Table 1). The presence of 
the modifications in the lariat IVS-E2 
RNA's was codinned by RNase A and T1 
ribnuclease digestion of NS-E2 RNA's 
generated from El-IVS-E2 RNA substrates 
that were singly labeled immediately 5' to 
the 3' splice site (Fig. 5, lower right and 
lanes 20 to 22). Introduction of a 2'-H group 
at the 3' splice site, however, did dramati- 
cally alter the rate of the second step of 
splicing; the rate of appearance of the El-E2 
RNA was 19 times lower (Fig. 3, lanes 28 to 
36, and Table 1). Substitution of a 2'-OCH, 
group at the 3' splice site was also detrimen- 
tal, but less so, with the production of El-E2 
RNA reduced to one-seventh the origtnal 
rate (Fig. 3, lanes 37 to 45, and Table 1). 

In all three cases where modification of 
the substrate RNA reduced the rate of the 
second step of splicing (2'-OCH, at the 5' 
splice site and 2'-H or 2'-OCH, at the 3' 
splice site), RNA's migrating as excised lar- 
iat N S  RNA accumulated at a much higher 
rate than El-E2 RNA (Fig. 3, lanes 19 to 
45) (21). Yet, since both IVS and El-E2 
RNA's are products of the second step, they 
should have been generated in equimolar 
amounts. One possible explanation is that 
the modifications effected an increase in 
nucleolytic hydrolysis at the 3' splice site, 
thereby partially uncoupling inmn excision 
from exon ligation (22). This would be 
expected to produce lariat IVS RNA and 
free E2 RNA. The latter would migrate in 
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was somewhat lonaer than 
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close proximity to the excised El RNA inter- 
mediate, malung its detection difhcult in re- 
actions such as those shown in Fig. 3. This 
possibility was ruled out, however, when we 
examined the splicing of an El-NS-E2 sub- 
strate RNA that contained the 2'-H modifi- 
cation at the 3' splice site and the "P label 
only in the E2 exon. The absence of detect- 
able free E2 RNA in these reactions (15) 
demonstrated that i n d  hydrolysis could 
not account for the Merential rates of appear- 
ance of NS and El-E2 RNA's. 

A more probable explanation for the 
above paradox is that some of the RNA 
molecules migrating at the position of N S  
RNA in the 15 percent polyacrylamide gels 
(Fig. 3) were generated by nucleolytic deg- 
radation of the accumulated NS-E2 RNA. 
Thii became evident when the splicing 
products were separated on a 6 percent 

A 5 splice site modification 

B 3' splice : 
7 
nu 

fie modification + 
-H -OC& 

Flg. 4. Electrophoretic analysis of splicing in- 
termediates and products. (A) Side-by-side 
mobility comparison of all-ribo and 5' splice site 
modified El RNA's in a denaturing 15 percent 
polyacrylamide gel. (Lanes 1 to 3) Uniformly 
labeled RNA's; (lanes 4 to 6) RNA's singly 
labeled adjacent to the 5' splice site. (B) Sep 
aration of lariat IVS RNA's by electrophoresis in 
a denaturing 6 percent polyacrylamide gel. All 
lanes contain RNA's that were singly labeled 
adjacent to the 3' splice site. Arrows (a, f3, y) 
indicate the particular IVS species that were 
purified and separately analyzed by ribonucle- 
ase digestion in Fig. 5. All samples were incu- 
bated under splicing conditions (19) for 120 
minutes prior to electrophoresis. 

polyacrylamide gel, which permitted resolu- 
tion of the lariat RNA's according to their 
length (Fig. 4B). Singly labeled all-rib and 
3' splice site modified N S  RNA's resolved 
into a family of closely migrating species. 
The fastest migrating member of this family 
(a in Fig. 4B) consisted of true N S  RNA 
having a 3' terminus of . . .A&,,, as 
shown by ribonuclease (RNase) A digestion 
(Fig. 5, lanes 23 to 26 and 31 to 32). The 
slower migrating species (B, y) are lariat 
RNA's whose 3'-termini extend one or more 
nucleotides into the sequence of the E2 exon 
(Fig. 5, lanes 27 to 30). These slower mi- 
grating species were present in both the 
control all-ribo sample (Fig. 4B, lane 1; Fig. 
5, lanes 23 and 24) and the sample RNA's 
with modifications at the 3' splice site (Fig. 

4B, lanes 2 and 3; Fig. 5, lanes 27 to 32). 
Therefore, their presence was not a function 
of chemical modification of the splice sites. 
The longer IVS-type RNAS were probably 
generated by nucleolytic digestion of the 
NS-E2 RNA's accumulated in spliceo- 
somes, producing the equivalent of a "foot- 
print" on the IVS-E2 lariat. Similar foot- 
printing has been described (23). This is 
consistent with the observation that the 
ratio of the longer IVS-type molecules (B, y) 
to true IVS molecules (a) could be reduced 
by the addition of tRNA as a competitor for 
the nucleases in the splicing reactions (15). 
In addition, the 2'-H and 2'-OCH3 substi- 
tutions at the 3' splice site reduced the rate 
of accumulation of true NS molecules (as 
analyzed on low percentage gels) (15) to the 

5'-splice site 
modifications 3'-splice site modifications 

' E l  ~ 1 . ~ 2 "  IVS-E2 total IVS l V S a  IVS-8 IVS-7 total lVS 

'-+..-+'.- +'IP 
A A A RNase 

5' splice site 3' spl,ice site 

Fig. 5. Ribonuclease analysis of splicing intermediates and products. (Top) A 25 percenf 
polyacrylamide gel of singly labeled oligonucleotiies generated from all-rib and splice site 
modified RNA's. (Lanes 1 to 14) Control RNA's (arrows) having the nucleotide and phosphate 
composition indicated (39). The group (-OH, -H, or -OCHJ at the 2' position of the boldface G 
residue is indicated immediately above each lane. (Lanes 15 to 32) Ribonuclease and phosphatase 
analysis of singly labeled splicing intermediates and products. El  (lanes 15 to 17) and El -E2 (lanes 
18 to 19) RNA's were generated by incubation of the appropriately modified (2'-OH, 2'-H, or 
T-OCHJ El-IVS-E2 RNA labeled at the 5' splice site under splicing conditions (19) for 120 minutes, 
and then purified on a 15 percent polyacrylarnide gel. The IVS-E2 (lanes 20 to 22) and IVS (lanes 
23 to 32) RNA's labeled at the 3' splice site were prepared similarly (1 5 percent gel) except that the 
splicing reactions were for 170 minutes. The total 2'-H IVS RNA was further purified by recovery 
from a 6 percent polyacrylamide gel (Fig. 48) to yield lVSa (lanes 25 to 26). IVS-f3 (lanes 27 to 28), 
and lVSy (lanes 29 to 30). Samples that were treated with calf intestinal phosphatase (CIP) to 
remove 3'-phosphates are indicated (+). (Bottom) Sequences around the 5' and 3' splice sites 
showing RNase A (bold arrows) and TI ribonuclease (small arrows) cleavage sites. The small arrow 
in parentheses denotes the cleavage site that was not cut by TI when either modification (2'-H or 
2'-OCHJ was present on the boldface G residue. All RNA's contained a single labeled phosphate 
($) adjacent to either the 5' or 3' splice site. 
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Table 1. Relative rates of the first and second 
steps of splicing using site specifically modified 
pre-mRNA substrates. Polyacrylamide gels 
werequantified (Molecular Dynamics Phosphor- 
Imager) and the relative amount of RNA in each 
band was expressed as a percentage of the 
total obtained by summing the values for E l -  
IVS-E2, E l ,  IVS-E2, IVS, and E1-E2 at that time 
point (36). Initial rates were chosen from the 
linear portion of each curve (at least three time 
points) and normalized to the respective all-rib0 
rate. Though the rates given are for the time- 
courses shown in Fig. 3, the results were repro- 
ducible in other experiments. 

First step Second step 

E l  IVS-E2 IVS E1-E2 

All-rib0 1.0 1.0 1.0 1.0 
5' splice site 

2'-H 1.2 1.0 0.75 0.88 
2'-OCH, 1.1 1.1 * 0.07 

3' splice site 
2'-H 1.3 1.3 * 0.05 
2'-OCH, 1.1 1.2 * 0.14 

'For these modified RNA's, the rate of accumulation of 
IVS-like species was not representative of the rate of 
the second step of splicing. 

same extent that they reduced the rate of 
E1-E2 RNA accumulation (Fig. 3). There- 
fore, the rate of E1-E2 RNA accumulation 
(Table 1) was representative of the actual 
rate of the second step of splicing. 

Mechanistic and structural implica- 
tions. In enzymatic reactions that involve 
RNA substrates, the 2'-OH group can have 
a number of distinct roles. In alkaline and 
ribonuclease hydrolysis (24), as well as 
RNA hammerhead-mediated cleavage reac- 
tions (25), the 2'-OH is the nucleophile 
that dis~laces the downstream nucleotide to 
form a 2',3'-cyclic phosphate terminus. In 
the endonucleolytic cleavage reaction cat- 
alyzed by the Tetrahymena group I IVS, the 
adjacent 2'-OH has been proposed to acti- 
vate the neighboring 3'-oxygen leaving 
group (26). The 2'-OH group can also serve 
as a recognition element by either accept- 
ing or donating hydrogen bonds (27) or 
simply ensuring a particular conformation 
of the ribose ring (27, 28). In addition, 
2'-OH'S might function as ligands for the 
coordination of metal cations (29). 

Substitution of the 2'-OH at the 5' splice 
site with a 2'-H had no effect on the overall 
rate of 5' splice site cleavage as compared to 
the control RNA. Thus. neither formation 
of the spliceosome nor execution of the first 
chemical steD. to form the 2'.5' branch. . , 
involves recognition or chemistry that abso- 
lutely requires the 2'-OH on the adjacent 
ribose ring. This same 2'-OH is also not 
required for the second step of splicing, as 
the 2'-H modification aeain ~roduced no - .  
decrease in the rate of that step when com- 
pared to the control RNA. These results 
must be interpreted with caution, however, 

as the nature of the rate limiting step for 
pre-mRNA splicing is not known. There- 
fore, it is possible that the 2'-H modification 
could be having effects on the actual chem- - 
ical reactions without those reactions be- 
coming rate limiting on our assay. 

The above results can be compared to 
those obtained for the endonucleolytic 
cleavage reaction catalyzed by the Tetrahy- 
mena group I IVS. Using an all-deoxy sub- 
strate, Herschlag and Cech (26) showed 
that removal of the 2'-OH adjacent to the 
site of cleavage (analogous to the 5' splice 
site) resulted in a large (more than four 
orders of magnitude) decrease in the rate of 
the chemical reaction at that site. (This 
suggested that in group I introns, the 2'- 
OH at the 5' splice site is directly involved 
in accelerating the initial cleavage reac- 
tion, possibly by facilitating protonation of 
the adjacent 3' oxygen atom to make it a 
better leaving group.) Yet, because product 
release is normally rate limiting for catalytic 
turnover in the Tetrahymena system, the 
large decrease in the rate of the chemical 
reaction with the deoxy substrate gave rise 
to only a single order of magnitude decrease 
in the coverall cleavage rate compared to 
an all-rib0 substrate. 

Because the 2'-OH at the 5' splice site of 
the pre-mRNA substrate could be removed 
without consequence to either the first or 
second step of splicing, the 2'-OCH, mod- 
ification at that site served as a good probe 
of the steric environment around the 2' 
position of the 5' splice site ribose. The 
observation that the 2'-OCH, modification 
at the 5' splice site greatly reduced the rate 
of the second step of splicing, but had little 
effect on the first step, suggests that the 
steric environments differ between the two 
steps. This result points to a contrast be- 
tween group I IVS and nuclear pre-mRNA 
splicing. For group I introns, the two steps 
of splicing can be explained as identical 
forward and reverse reactions that are cat- 
alyzed by a single reactive center (4, 30). 
The two steps of nuclear pre-mRNA splic- 
ing, however, must be distinct as the sub- 
strates for the two reactions are markedly 
different. The chemistry at the 5' splice site 
involves an incoming 2'  oxygen atom, 
which forms a 2',5'-phosphodiester bond, 
whereas that at the 3' s~l ice  site utilizes a 3' 
oxygen to form a 3'3'-phosphodiester bond. 
It is ~ossible that the two reactions could 
share most constituents of a single catalytic 
center, or, alternatively, there could be two 
distinct active sites. The fact that the 2'- 
OCH, modification at the 5' splice site 
differentiallv affected the rates of the two 
steps of splicing is consistent with the two 
processes differing at least in steric detail. 

Introduction of either 2'-H or 2'-OCH, 
at the 3' splice site had no effect on the rate 
of the first step of splicing. This suggests 

that the chemical structure of the ribose 
adjacent to the phosphate at the 3' splice 
site is not recognized in formation of the 
spliceosome and cleavage at the 5' splice 
site. This is not surprising, since the first 
step of splicing can occur in the total 
absence of a 3' splice site in both yeast (31) 
and mammals (32, 33). 

Although they had no effect on the first 
step, both modifications at the 3' splice site 
did reduce the rate of the second step of 
splicing. When the 2'-OH adjacent to the 
3' splice site was replaced by 2'-H, the rate 
of the second step was 19 times lower, while 
the 2'-OCH, modification produced a rate 
that was only 7 times lower. It is difficult to 
surmise, however, whether these reductions 
in rate indicate a direct role for this 2'-OH 
group in the chemical mechanism of exon 
lieation rather than an indirect role as a u 

recognition element. Perhaps a specific role 
for the oxygen atom is suggested by the 
effect of the 2'-OCH, substitution, which is 
distinguishably less than the effect of the 
2'-H substitution. 

Again, a comparison to group I introns 
is warranted. In those introns, the 3'-OH of 
a free guanosine nucleotide serves as the 
nucleophile to displace the 5' exon at the 
5' splice site (2, 4). This guanosine is 
bound within the so-called "G-binding 
site" of the intron (34). In the second step 
of splicing, the last nucleotide of the in- 
tron. a G residue. is bound within the same 
 bindin in^ site and becomes the leaving 
group in the exon ligation reaction. In 
competitive inhibition studies with the Tet- 
rahvmena IVS. Bass and Cech (3.5) found ~, 

that the 2'-OH group of free guanosine was 
an important recognition element. Specifi- 
cally, 2'-deoxyguanosine was bound in the 
G-binding site 34 times less tightly than 
guanosine, whereas no binding at all was 
observed for 2'-O-methylguanosine. Fur- 
thermore, neither 2'-deoxy- nor 2'-0- 
methylguanosine could serve as substrates 
for the 5' exon cleavage reaction (with a u 

limit of detection,compared to guano- 
sine). Thus, the 2'-OH of guanosine must 
participate in the chemical mechanism of 
the first step of group I intron splicing. 
Hence, the 2'-OH adjacent to the 3' splice 
site of group I introns may also prove to be 
essential because it is recognized by the same 
reactive center. Proof of these propositions, 
along with our data, would constitute strong 
evidence that there are fundamental chem- 
ical differences between the splicing of group 
I and pre-mRNA introns. We have clearly 
shown that neither 2'-OH group adjacent to 
a splice site in pre-mRNA's is absolutely 
required for splicing. 

The s im~le  techniaue described for in- 
troducing chemical modifications or a ra- 
dioactive label (or both) at specific posi- 
tions of polyribonucleotides should prove 
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useful in the study of many processes that Jamison, P A. Sharp, Genes Dev. 3, 1874 (1 989)] Blackburn and S. Moore, ~ b ~ d .  (1982), vol. 15, pp. 

involve long RNA molecules, including 
that contains the follow~ng 237-nt sequence be- 31 7 4 3 3 .  
tween the T7 promoter and Hind Ill site of pBS- 25. J.-P. Perreault, T. Wu, B. Cousineau, K K. Ogilvie, 

ribosomal translation, RNA transport and (Stratagene): R. Cedergren, Nature 344, 565 (1990) and refer- 

localization, and RNA catalysis. Our initial 
studies have already provided key insights 
into the reactions that are catalyzed by the 
spliceosome. 
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