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An NAD Derivative Produced During Transfer RNA 
Splicing: ADP-Ribose 1"-2" Cyclic Phosphate 

Gloria M. Culver, Stephen M. McCraith, Martin Zillmann, 
Ryszard Kierzek, Neil Michaud, Richard D. LaReau, 

Douglas H. Turner, Eric M. Phizicky* 
Transfer RNA (tRNA) splicing is essential in Saccharomyces cerevisiae as well as in 
humans, and many of its features are the same in both. In yeast, the final step of this 
process is removal of the 2' phosphate generated at the splice junction during ligation. A 
nicotinamide adenine dinucleotide (NAD)-dependent phosphotransferase catalyzes re- 
moval of the 2' phosphate and produces a small molecule. It is shown here that this small 
molecule is an NAD derivative: adenosine diphosphate (ADP)-ribose 1"-2" cyclic phos- 
phate. Evidence is also presented that this molecule is produced in Xenopus laevisoocytes 
as a result of dephosphorylation of ligated tRNA. 

Intron-containing tRNA genes are ubiqui- 
tous in the nuclei of eukaryotes (1). Introns 
invariably occur one base 3' of the anti- 
codon, and intron removal is an essential 
event. Transfer RNA splicing is best under- 
stood in S. cerevisiae. Splicing there is 
initiated by an endonuclease that recogniz- 
es precursor tRNA (pre-tRNA) structure, 
measures the length of the anticodon stem - 
to locate the intron, and excises the intron 
to generate two half-molecules (2). These 
half-molecules are substrates for tRNA li- 
gase, which catalyzes four individual steps 
to restructure both ends of the half-mol- 
ecules and then join them. Ligation gener- 
ates a mature-length tRNA bearing a 2' 
phosphate at the splice junction (3). An 
NAD-dependent phosphotransferase that 
catalyzes removal of the splice junction 2'  
phosphate has been identified in yeast (4, 
5). This enzyme efficiently removes an in- 
ternal 2' phosphate from tRNA or from an 

G. M. Culver, S. M. McCraith, R. D. LaReau E. M. 
Phlzlckv, Department of Biochemistn~, Universltv of 
~ochester School of Medicine and' Dentistry, k 0 1  
Elmwood Avenue, Rochester, NY 14642. 
M Zillmann and N. Michaud, Department of Blology, 
University of Rochester, Rochester, NY 14627. 
R. Kierzek, lnstltute of Bioorganlc Chemistry, Polish 
Academy of Science, 60-704 Poznan, Noskowskiego 
1211 4, Poland. 
D. H. Turner, Department of Chemistry, University of 
Rochester, Rochester, NY 14627. 

*To whom correspondence should be addressed 

oligonucleotide as small as a dimer; howev- 
er, it will not detectably remove a terminal 
5', 3',  2', or 2'-3' cyclic phosphate from an 
oligonucleotide (4, 6). Dephosphorylation 
of ligated tRNA in vitro is accompanied by 
transfer of the 2' phosphate to an acceptor 
molecule, which forms an unusual small 
molecule that we call the phosphotransfer 
~roduct. We show here that the ~ h o s -  
photransfer product is an NAD derivative: 
ADP-ribose 1"-2" cyclic phosphate (Fig. 1). 
This phosphotransfer product is also made 
in Xenopus oocytes, which indicates that 
dephosphorylation of ligated tRNA occurs 
by the same process in vivo. 

To elucidate the structure of the phos- 
photransfer product, we treated it with 
various enzvmes. Phos~hotransfer ~roduct  
bearing a iadiolabeled transferred phos- 
phate can be generated, after endonucleo- 
lytic cleavage, ligation, and phosphotrans- 
fer ( 5 ) ,  from a pe-tRNAPhe transcript la- 
beled with [~i-~~P]adenosine triphosphate 
(ATP). Surprisingly, the purified phos- 
~hotransfer ~roduct  was resistant to hvdro- 
lysis with calf intestinal phosphatase (Fig. 
2, lane 2) and bacterial alkaline phospha- 
tase. This phosphatase resistance is highly 
unusual, as both phosphatases are nonspe- 
cific and would be expected to remove any 
0-linked phosphomonoester (7). Although 
the molecule was pyrophosphatase sensitive 
(Fig. 2, lane 3), subsequent treatment with 
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Fig. 1. Structures of NAD and ADP-ribose 1"-2" 
cyclic phosphate. 

phosphatase did not release labeled inor- 
ganic phosphate (Pi) (Fig. 2, lane 4), which 
indicates that phosphatase resistance is not 
a result of steric blockaee. - 

The phosphatase resistance of the phos- 
photransfer product is a result of the cycliza- 
tion of the transferred phosphate. Sequen- 
tial treatment of the phosphotransfer prod- 
uct with ribonuclease IRNase) T2. which is 
capable of resolving both cyclic phosphates 
and phosphodiesters into phosphomono- 
esters (8) (Fig. 3), and then with phospha- 
tase resulted in the release of Pi. Further- 
more, the phosphotransfer product could be 
regenerated by chemical cyclization of the 
purified RNase T2 digestion product (9). 
These results indicate that the phosphotrans- 
fer product bears a cyclic phosphate. 

One possible role of NAD in the phos- 
photransfer reaction is that it acts as the 
phosphate acceptor (5). This hypothesis is 
consistent with the observation that the phos- 
photransfer product, like NAD, is sensitive to 
treatment with pyrophosphatase (Fig. 2, lane 
3). We used [32P-adenylate]NAD to dem- 
onstrate directly that NAD acts as the 
phosphate acceptor. In several chromato- 
graphic systems, phosphotransfer product 
made from [32P-adenylate]NAD and unla- 
beled 2' phosphate donor comigrated with 
the phosphotransfer product bearing a la- 
beled transferred phosphate (1 0). Further- 
more, the molecule made from labeled NAD 

Fig. 2. Analysis of the phosphotransfer product bearing a labeled 
transferred phosphate. The phosphotransfer product was prepared 
from ligated tRNA as described (5), applied to PEI (polyethylen- 
imine) cellulose thin layer chromatography plates, developed in 1.2 
M NaHCO, (pH 3.5), eluted with 0.5 M NH,C03 (pH 8.0), dried, and 
analyzed. Phosphatase reactions contained 300 mM NaCI, 1 mM 
MgCI,, 0.1 mM ZnCI,, and 2.4 U of calf intestinal phosphatase and 
were incubated at 37°C for 30 min. Pyrophosphatase reactions 
contained 10 mM tris-HCI (pH 9.0), 14 mM MgCI,, and 1.0 U of 
pyrophosphatase from Crotalus adamanteus venom (type I I ;  Sig- 
ma) and were incubated at 37°C for 60 min. The phosphotransfer 
product was treated as indicated, applied to PEI plates, and 
chromatographed in 1.0 M LiCI. Lane 1, no treatment; lane 2, 
phosphatase treatment; lane 3, pyrophosphatase treatment; and 
lane 4, sequential treatment with pyrophosphatase and then with 
phosphatase. CIP, calf intestinal phosphatase; PPase, pyrophos- 
phatase. The asterisk indicates the position of radiolabeled phos- 
phate. 

was also phosphatase resistant and pyrophos- 
phatase sensitive. Because pyrophosphatase 
treatment of this molecule released labeled 
adenosine monophosphate (AMP) rather 
than a phosphorylated derivative of AMP, 
this indicates that the phosphate is trans- 
ferred to the original nicotinamide mononu- 
cleotide RJMN) moietv of NAD. 

Two experiments indicate that nicotin- 
amide is released as a conseauence of the 
phosphotransfer reaction. first, purified 
phosphotransfer product, made from [32P- 
adenylate1NAD (Fig. 3, lane l ) ,  was treat- 
ed with RNase T2 to open the cyclic 
phosphate (Fig. 3, lane 2) and then with 
phosphatase to remove it (Fig. 3, lane 3). A 
molecule that comigrated with ADP-ribose, 
but not with NAD, was generated by this 
treatment, which indicates that nicotin- 
amide is not present. Second, I3H]NAD, 
labeled in the nicotinamide ring (1 I), was 
used to show directlv that nicotinamide is 
released as a consequence of the phos- 
photransfer reaction. Consistent with these 
results, a molecule that comigrated with 
ribose cyclic phosphate (r > p) was gener- 
ated from phosphotransfer product bearing 
a labeled transferred phosphate after pyro- 
phosphatase and phosphatase treatment 
(Fig. 2, lane 4) (12, 13). These experi- 
ments indicate that the uhosuhotransfer 
product is ADP-ribose with a cyclic phos- 
phate on the terminal ribose. Release of 
nicotinamide could supply the energy nec- 
essary for cyclization. 

To determine the cyclic phosphate posi- 
tion, we used purified r > p generated from 
the phosphotransfer product (Fig. 2, lane 
4). Cleavage of this molecule with a cyclic 
phosphdiesterase isolated from yeast (14) 
or a similar enzyme from wheat germ (15) 
resulted in the production of ribose-l-phos- 
phate, as indicated by comigration with 
ribose-1-phosphate generated from nucleo- 
side phosphorylase and radiolabeled Pi 
(1 2). This indicates that the 1" position of 

ADP-ribose is involved in the cyclic phos- 
phate linkage. Treatment of r > p with acid 
produced a different molecule that was re- 
sistant to periodate treatment (16). Because 
periodate reacts with vicinal hydroxyl 
groups, ribose-2-phosphate is resistant to 
periodate, whereas ribose- 1-phosphate and 
ribose-3-phosphate are sensitive to this 
treatment. Thus, the acid product is ribose- 
2-phosphate, and the structure of the phos- 
photransfer product is ADP-ribose 1"-2" 
cyclic phosphate (Appr > p) (Fig. 1). 

RNase T2 + + 
CIP + 

Origin 

Fig. 3. Analysis of phosphotransfer product 
made from [32P-adenylate]NAD. Phosphotrans- 
fer product was prepared and purified as de- 
scribed (Fig. 2), except a chemically synthe- 
sized 2' phosphate donor (u'u) (26) was used 
with 13.5 kCi of [ 3 2 ~ - a d e n y h t e ] ~ ~ ~  (specific 
activity: 800 Ci per millimole of NAD). RNase T2 
reactions contained 0.1 U of RNase T2 in 50 
mM NH,CH3C0, (pH 5.2) and were incubated 
at 37°C for 60 min. Phosphotransfer product 
was treated as indicated, applied to PEI plates 
and developed in 1.2 M NaHCO, (pH 3.5). 
Lane 1, no treatment; lane 2, RNase T2 treat- 
ment; and lane 3, sequential treatment with 
RNase T2 and then with phosphatase. Abbre- 
viations are as in Fig. 2. 
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Fig. 4. Fate of the transferred phosphate in 1 2 3 4 5 6 7 8 
microinjected Xenopus oocytes. Samples (50 nl) 
of either ligated tRNA or dephosphorylated li-
gated tRNA, prepared from [a-32P]ATP-labeled 
pre-tRNAPhe transcript (2.5 x 10"14 to 5.0 x 
10"14 mol; 3140 Ci per millimole of tRNA), were 
microinjected into Xenopus oocytes (27). Five 
samples of each were incubated, frozen in liquid 
nitrogen, thawed, homogenized in H20, phenol 
extracted, and ethanol precipitated. Superna-
tants (small molecules) were treated as indicat- ^ Origin 
ed and chromatographed as described (Fig. 3). 
Lanes 1 and 2, ligated tRNA in 15-min and 
30-min incubations, respectively. Lanes 3 and 4, 
pre-dephosphorylated tRNA in 15-min and 30-
min incubations, respectively. Lanes 5 through 
8, phosphatase treatment of material in lanes 1 through 4, respectively. Lane 9, phosphotransfer 
product produced in vitro. Lane 10, phosphatase treatment of material in lane 9. Dephos. tRNA, 
dephosphorylated tRNA. 

_ . 
Ligated tRNA + + + + 

Dephos. tRNA + + + + 
CIP + + + + 

In vitro 
+ 

+ + 

Because Appr > p is an unexpected 
product of dephosphorylation of ligated 
tRNA, Xenopus oocytes were used to deter­
mine if this same molecule is produced in 
vivo. Zillmann and co-workers (6, 17) ob­
served that all of the yeastlike tRNA splic­
ing enzymes are conserved in HeLa cell 
extracts and that Xenopus extracts have an 
activity that dephosphorylates tRNA in an 
NAD-dependent manner. We therefore 
microinjected ligated tRNA with a labeled 
2'-phosphate into Xenopus oocytes and 
monitored the fate of the splice junction V 
phosphate. Concomitant with 2' phosphate 
removal, material that was phosphatase re­
sistant and that comigrated with the phos­
photransfer product was produced from li­
gated tRNA and not from dephosphoryl­
ated tRNA (Fig. 4). The in vivo product 
comigrated in three chromatographic sys­
tems with phosphotransfer product pro­
duced in vitro (10). As expected, treatment 
of the phosphotransfer product generated in 
oocytes with pyrophosphatase and phospha­
tase produced a molecule that comigrated 
with r > p generated from the in vitro 
phosphotransfer product. These results im­
ply that the phosphotransferase studied in 
vitro is the cellular enzyme responsible for 
the final step of tRNA splicing. 

On the basis of the known chemistry of 
NAD, a mechanism for production of Appr 
> p can be envisioned. Transfer of the 
phosphate from the T position of tRNA to 
the 2" position on the ribose of the NMN 
moiety could be the first step. This would 
be followed by cyclization at the 1" position 
with concomitant release of nicotinamide. 
The first step is consistent with the speci­
ficity of the phosphotransferase for 2' phos­
phates. The second step of this proposed 
mechanism requires a phosphate oxygen to 
act as a nucleophile, similar to the way in 
which the phosphate oxygen of PA acts in 
the nucleoside phosphorylase reaction to 
attack the 1' position of inosine and release 
hypoxanthine (12). The proposed displace-
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ment of nicotinamide from NAD is similar 
to that observed in ADP-ribosylation (18), 
where a nucleophilic residue of a protein 
attacks this bond, and in cyclic ADP-ribose 
formation (19), where the N-6 amino group 
of adenine attacks this bond. 

The splicing of tRNA in yeast is com­
plex, involving a minimum of seven steps 
and requiring at least three nucleotide cofac-
tors—guanosine triphosphate, ATP, and 
NAD (3, 5). The result of splicing is a 
mature-length tRNA and the cellular mole­
cule ADP-ribose l"-2" cyclic phosphate, de­
scribed here. On the basis of the number of 
intron-containing tRNA molecules in yeast, 
the steady-state concentration of the phos­
photransfer product would be of the order of 
10 |xM in the absence of turnover (I, 20). A 
minimum of two steps are required to return 
Appr > p to known metabolic pathways, 
one involving opening of the cyclic phos­
phate. There is evidence for a specific cyclic 
phosphodiesterase responsible for opening 
the phosphotransfer product to its 1" phos­
phate derivative in yeast extracts (14)* This 
complexity of tRNA splicing in yeast is 
striking compared to the much simpler splic­
ing mechanism that coexists with this path­
way in some higher eukaryotes (6, 17, 21). 
HeLa cells contain both a yeastlike ligation-
dephosphorylation system and a simple liga­
tion pathway that bypasses the need for 2' 
phosphate removal because the ligase acts 
with different chemistry. Presumably, both 
ligase pathways have a cellular function. 
This redundancy has fueled speculation that 
the yeastlike pathway is required to produce 
Appr > p so that it can function in some 
other cellular capacity. 
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