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ABSTRACT Extracts of wheat germ contain a RNA ligase
activity that catalyzes the conversion of linear polyribonucleotides
into covalently closed circles. As reported previously, this enzyme
joins two ends of a RNA substrate via a 2'-phosphomonoester,
3',5'-phosphodiester linkage. In the present work we provide evi-
dence that a 2',3'-cyclic phosphate group at the 3' terminus is re-
quired for RNA ligation and that the 5'-hydroxyl end is
phosphorylated before the two RNA ends are joined. We report
on the presence of 5'-hydroxyl polynucleotide kinase and poly-
nucleotide 2',3'-cyclic phosphate 3'-phosphodiesterase activities
in wheat germ extracts. A possible involvement of these enzymes
in the ligation process and a potential role of the newly described
ligation pathway in RNA processing are discussed.

The discovery that maturation of eukaryotic RNAs frequently
involves excision of introns and subsequent joining of exon se-
quences (1, 2) raised considerable interest in RNA ligating en-
zymes. Apart from the joining of exon segments, RNA ligases
may participate in circulation of intron sequences (3, 4), viroid
molecules (5, 6), and viroid-like components of plant RNA vi-
ruses (7).
Two types of RNA ligases have so far been described and

studied in some detail. An enzyme from T4-infected Escher-
ichia coli cells (8) joins the 5'-phosphorylated end to the 3'-hy-
droxyl end ofRNA molecules. A second type ofRNA ligase has-
been characterized more recently and shown to be involved in
tRNA splicing in yeast (9, lO).and in Xenopus oocytes (11). It
has been demonstrated that the enzyme originating from yeast
requires 3'-phosphate and 5'-hydroxyl termini (12).
We have recently identified a third type ofRNA ligase; this

enzyme, detected in wheat germ extracts, catalyzes the joining
of RNA ends to form an unusual 2'-phosphomonoester,3',5'-
phosphodiester linkage -N3 / 5'N- (13). In this work we
provide evidence that a 2',3'-cyclic phosphate group at the 3'
terminus and a phosphate group at the 5' end are required for
RNA ligation by the wheat germ extract. We also report on the
presence in wheat germ extracts of 5'-hydroxyl polynucleotide
kinase and polynucleotide 2',3'-cyclic phosphate 3'-phospho-
diesterase activities that may be involved in the ligation process.

METHODS

Preparation of Substrates for Ligation. RNA from the SPS
isolate of tobacco mosaic virus (TMV) was used for preparation,
of RNase Tl-resistant leader (fQ) oligonucleotide (14).

Preparations of Qk molecules bearing 5'-hydroxyl ends and
either exclusively [32P]G3'p termini or enriched in [32P]G>p
termini were obtained by treatment ofeither 32P-labeled f cir-
cles (synthesized from 5'-32P-labeled linear Qi by T4 RNA ligase)
or [5'32P]pCp-labeled fQ (13) with different concentrations of
RNase T1. Five million cpm of either type of. labeled Q was
digested with 5 or 0.1 unit ofRNase T1 in 10 ,ul for 1 hr at 25°C
in the presence of 10 ,ug ofcarrier tRNA. The resulting fQ prep-
arations were purified by polyacrylamide gel electrophoresis.
Material treated with 5 units ofRNase T1 contained exclusively
[32P]G3'p ends whereas that treated with. 0.1 unit contained
about 50% of [32P]G>p and 50% of[32P]G3 p termini. The prep-
aration enriched in [32P]G>p ends was treated with calf intes-
tine phosphatase in order to remove the label from molecules
ending with G3'p andyield the radiochemically pure [32P]G>p-
terminated fQ. [32P]G2'p-terminated Qi was obtained by incu-
bation of [32P]G>p-ended molecules with wheat germ extract
followed by isolation of the linear material by gel electrophoresis.

Unlabeled fQ containing exclusively G3 p or enriched in G>p
termini was obtained by digestion of 0.5 mg ofTMV RNA with
10 or 0.1 unit of RNase T1, respectively, in 500 ,ul of 50 mM
Tris HCl (pH 7.8) for 1.5 hr at 37°C. Alternatively, the Ql prep-
aration enriched in G>p-terminated molecules was obtained
by incubation of 0.5 mg ofTMV RNA with 1 unit of RNase N1
(Sigma) for 1.5 hr at 37°C in 500 ,ul of 50 mM Tris HCl (pH
7.0). 5'-[32P]Phosphorylated fi substrates, bearing either
G3'OH ends or enriched in G>p 3'-termini, were prepared by
incubation of appropriate unlabeled fQ preparation with T4
polynucleotide kinase and [y-32P]ATP (14). 5'-Terminal label-
ing of G3'p-terminated Qt was performed at pH 8.3 in order to
avoid dephosphorylation at the 3' end (15).

Incubations with Wheat Germ Extract. Ligation of fQ sub-
strates by a wheat germ extract was assayed as described (13),
except that incubations were carried out at 370C and the mixture
contained 50mM sodium phosphate (pH 7.5) in order to inhibit
phosphatases present in the extract.
The phosphorylation of fQ by wheat germ 5'-hydroxyl poly-

nucleotide kinase was performed in 5-,u1 assay mixtures con-
taining 20 mM Hepes (pH 7.4), 4 mM Mg(OAc)2, 100 mM
KOAc, 80 ,M spermine, 10% dimethyl sulfoxide, 5 ,g ofwheat
germ extract'protein, 4 ,g ofappropriate unlabeled Qi, and 100
,uCi of [y-32P]ATP ("'1000 Ci/mmol; Amersham;. 1 Ci = 3.7
x 10'° becquerels). After 10min ofincubation at 37°C, samples
were treated with 1 ,g of proteinase K (Merck) in 0.1%

Abbreviations: TMV, tobacco mosaic virus; l, RNase Ti-resistant 5'-
terminal leader fragment ofTMV RNA; pN, any nucleoside-5'-mono-
phosphate; Np, any nucleoside-3(2)'-monophosphate; G2'p and G3p,
guanosine 2'-monophosphate and 3'-monophosphate, respectively;
G>p, guanosine 2',3'-cyclic phosphate.
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NaDodSO4 for 30 min, at 370C [in order to eliminate high back-
ground of phosphorylated proteins (see Fig. 2B, lane a)] and
analyzed by gel electrophoresis.

Analytical Procedures. For analysis of the 3'-terminal nu-
cleotides of different Qi preparations, complete digestion with
RNase A was followed by thin-layer chromatography on cellu-
lose plates in solvent A [saturated (NH4)2SOJ1 M NaOAc/iso-
propanol, 80:18:2 (voVvol)]. Analysis of5'-terminal nucleotides
and of RNase T2- or nuclease Pl-resistant dinucleotides was
performed on cellulose plates in solvent B [isobutyric acid/
NH40H/H20, pH 4.3, 577:38:385 (vol/vol)]. All nuclease
digestions were carried out as described (13).

Electrophoresis on 20% polyacrylamide/8 M urea gels was
as described (14).

RESULTS
Requirement ofa 2',3'-Cyclic Phosphate Terminus for RNA

Ligation. Q is a 73-nucleotide RNase T1 fragment from TMV
RNA that begins with uridine and has AUG at the 3' end (14).
In order to undergo circularization in a wheat germ extract, the
fl fragment bearing a 5'-hydroxyl required the presence of a
phosphate at the 3' end (13). In the circular product this phos-
phate was recovered in the 2' position of the guanosine in-
volved in the newly formed 3',5'-phosphodiester linkage

G2' /5'U. These results suggested that the 3'-terminal

phosphate has either been translocated from the 3' to the 2'
position during or prior to ligation or that Ql molecules bearing
the 2',3'-cyclic phosphate end are the true substrates in this
reaction (13).

To distinguish between the two possibilities, we obtained
[Q preparations bearing either 3'-phosphate or 2',3'-cyclic
phosphate termini. The fQ molecules containing exclusively
[32P]G3'p ends were obtained by treatment of either 32P-labeled
fQ circles (synthesized with T4 RNA ligase) or [5'-32P]pCp-la-
beled Ql (13) with excess of RNase T1. Incubation of the same
material with low concentration of RNase Ti followed by treat-
ment with calf intestine phosphatase resulted in formation of
radiochemically pure [32P]G>p-terminated fQ. The identity of
the 3' termini of resulting Qi preparations was established by
thin-layer chromatography after RNase A digestion (Fig. IA,
lanes a and b).

The two different Qi preparations were incubated in a wheat
germ extract and the products were analyzed by polyacrylamide
gel electrophoresis. Fig. 1B indicates that the G>p-terminated
Qk served as a substrate in the ligase reaction (lane b), whereas
the 3'p-terminated fragments did not yield the circular product
(lane a).

Polynucleotide 2',3'-Cyclic Phosphate 3'-Phosphodiester-
ase in Wheat Germ Extracts. Because the phosphate from the
G>p end was recovered in the 2' position of the 2'-phospho-
monoester,3',5'-phosphodiester'linkage (ref. 13; this work), we
investigated whether wheat germ extracts contain a 3'-phos-
phodiesterase activity acting on 2',3'-cycic phosphate-termi-
nated oligonucleotides. We analyzed the 3' termini of Q mol-
ecules that did not migrate as circular fQ molecules after
incubation with a wheat germ extract but remained linear (Fig.
1B, lanes a and b). The G2'p termini were identified in the frac-
tion that, prior to incubation, contained the G>p-terminated
Ql (Fig. 1C, lane b). Formation of.the G2 p termini was not ob-
served when pure G3 p~terminated Ql was incubated with the
wheat germ extract (Fig. 1C, lane a). It should be emphasized
that the G>p-terminated fQ yielded exclusively 2'-phosphate-
terminated (and not 3'-phosphate-terminated) linear molecules
in addition to the circularized product (Fig. 1C, lane b). This

process was completely inhibited by preincubation ofthe wheat
germ extract at 60°C for 10 min or pretreatment of the extract
with proteinase K (not shown). It therefore can be concluded
that the wheat germ extract contains a polynucleotide 2',3'-
cyclic phosphate 3'-phosphodiesterase activity.
The findings described above prompted us to ask whether

not only Qi molecules ending with a 2',3'-cycic phosphate but
also those ending with a 2'-phosphate can serve as a substrate
for the wheat germ ligase. Fig. 1B, lane c, shows the results of
an experiment in which the [32P]G2'p-terminated Qi (containing
exclusively [32P]G2'p termini as shown in Fig. 1A, lane c) was
incubated with. a wheat germ extract. It is evident that Qi mol-
ecules ending with a 2'-phosphate were not circularized and
that the 3'-terminal G2'p is retained (Fig. 1C, lane c).

5'-Hydroxyl Polynucleotide Kinase in Wheat Germ Ex-
tracts. The results described so far support the conclusion that
the [1 molecule with a 2',3'-cyclic phosphate end is the sub-
strate for wheat germ ligase. They also indicate that hydrolysis
of cyclic phosphate leading to 2'-phosphate formation may be
coupled with other steps of the ligase reaction because pre-
formed [2'-32P]Q could not be circularized. The question re-
tained as to the origin of the phosphate involved in the 3',5'-

phosphodiesterbond of the G23\/5'U linkage.
Incubation of unlabeled Qi, bearing an -OH group at the 5'
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FIG. 1. 2',3'-Cyclic phosphate terminus is required for circulari-
zation of the linearQ fragment. (A) Analysis of the 32P-labeled 3' ter-
minal nucleotides of different linear Q preparations used in the liga-
tion experiment shown in B. Q preparations (about 500 cpm) were
digested with RNase A and subjected to thin-layer chromatography in
solvent A in the presence of G>p, G3'p, and G p markers. (B) Circu-
larization-of differentQ substratesby wheat germ ligase. U molecules
(1 x 104 cpm) bearing 5'-hydroxyl termini and different 32P-labeled
3' ends were incubated in a wheat germ extract, and the products were
analyzed by electrophoresis in 20% polyacrylamide/8 M urea gel. Q
substrates contained the following 3' ends: lane a, G3'p; lane b, G>p;
lane c, G2'p. Positions of linear (U) and circular (Mc) fragments, and
of Coomassie brilliant blue (C) are indicated. (C) Analysis of the 3'
termini of radioactive material which, after incubation in wheat germ
extract (B), electrophoresed in the position of linear Q. Radioactive U
fiagments were excised-from the respective gel lanes in B, digested
with RNase A, and then subjected to thin-layer chromatography in
solvent A.
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end and a 3'-phosphate at the other, in a wheat germ extract
with [y-32P]ATP provided evidence that the extract contains
polynucleotide kinase activity. Apart from. phosphorylation of
fk molecules, labeling of other RNAs present in the wheat germ
extract such as tRNAs could also be observed (Fig. 2A); addition
of fl fragment decreased the labeling of the endogenous sub-
strates. The phosphorylation reaction was strongly inhibited by
ADP and not by AMP, suggesting that ADP may be a product
of this reaction. End-group analysis of ft labeled by the wheat
germ kinase revealed that the only labeled product after nu-
clease P1 digestion was pU (Fig. 3A). The identity of the labeled
material was further confirmed by sequence analysis (not
shown). Hence, the enzyme is a 5'-hydroxyl polynucleotide
kinase similar to that described in T4-infected Escherichia coli
(16) or in other eukaryotic sources (17, 18).
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FIG. 2. Wheat-germ extracts contain a 5'-hydroxyl polynucleotide
kinase activity. (A) Unlabeled QU molecules bearing 5' hydroxyl and
3' phosphate termini were incubated in a wheat germ extract in the
presence of [y.32P]ATP. After incubation, samples were treated with
proteinase K and analyzed by gel electrophoresis. Lanes: a, without Q,
b, U; c, Q plus 3mM ADP; d, plus 3mM AMP. (B) Unlabeled prep-
aration enriched in molecules-with 5' hydroxyl and 2',3'-cyclic phos-
phate termini (prepared by mild digestion of TMV RNA with RNase
T1) was incubated with wheat germ extract as in A. Lanes: a and b,
without Q, with proteinase K treatment omitted in a; c, Q; d, plus
3 mM ADP; e, Q plus 3 mM AMP; f, Q preparation as used in c-e, la-
beled with T4 polynucleotide kinase; incubation in wheat-germ extract
omitted; g, Q prepared by RNase N1 digestion ofTMV RNA; h, wheat
germ tRNA labeled with T4 polynucleotide kinase;
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FIG. 3. Products of enzymatic digestion of linear (A) and circular
(B) Ql molecules phosphorylated by wheat germ polynucleotide kinase.
(A) Linear Q from Fig. 2A, lane b (lane a), Fig. 2B, lane c, upper band
(lane b), and Fig. 2B, lane c, lower band (lane c) was excised from gel
and digested with nuclease P1. Samples were analyzed by thin-layer
chromatography on cellulose plates in solvent B. Positions of markers
are indicated. (B) Different circular fQ molecules were subjected to en-

zymatic treatment and analyzed as in A. Lanes: a and b, circular fQ
prepared by T4 RNA ligase digested with nuclease P1 and RNase T2,
respectively; c and d, circular fQ from Fig. 2B, lane c, digested with
nuclease P1 and RNase T2, respectively; e, circular Q from Fig. 1B,
lane b, digested with nuclease P1. Expected nuclease-resistant dinu-

/P /P
cleotide products in lanes c, d, and e are pG\*/U, G\*/Up, and

pG\ /U, respectively (* specifies a [32P]phosphate).

-c

5'-Terminal Phosphate Is Incorporated into the 3',5'-Phos-
/P

phodiester Bond of theN /N Linkage. It was of interest to

determine whether the 5'-phosphate is introduced into the
phosphodiester bond of the 2'-phosphomonoester,3',5'-phos-
phodiester linkage. Therefore, a preparation of unlabeled fQ
rich in G>p-terminated molecules, obtained by mild digestion
of TMV RNA with RNase T1 or N1, was incubated with [y-
32P]ATP and a wheat germ extract. Fig. 2B shows that the fQ
oligonucleotide is not only phosphorylated but also circularized
under these conditions. [The two bands oflabeled linear fQ seen
in Fig. 2B, lanes c-f, correspond to G>p and 2' (or 3')-phos-
phate-terminated molecules which are separated in a long gel. ]
Treatment of the labeled circular Q with RNase T2 or nuclease
P1 yielded radioactive products with mobilities expected for

G(/Up and pGj/U, respectively (Fig. 3B, lanes d and

e; ref. 13). Treatment with nuclease P1 followed by snake venom
phosphodiesterase yielded [32P]pU (not shown). These results
indicate that 32P from the 5' end of Qt was incorporated into the

3',5'-phosphodiester bond of the G\ U structure.\p
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To evaluate the mechanism of the ligation reaction in more
detail, we tried to separate the two processes observed
above-i.e., 5'-phosphorylation from ligation itself. To this
end, [1 ending mainly with 2',3'-cyclic phosphate was 32P-la-
beled at the 5' end with T4 polynucleotide kinase. Upon in-
cubation of this material in a wheat germ extract, the circular
l was formed; the reaction required ATP (Fig. 4A, lanes c and
d). 3'-Phosphate- or 3'-hydroxyl-terminated [5'-32P]Ik mole-
cules were not circularized (Fig. 4A, lanes a and b). The circular
material was RNase T1 resistant (Fig. 4B, lane a) due to the

presence of the G(/U linkage (Fig. 4C, lanes d and e). The
structure of this bond has been confirmed bv identification of
[32P]pU after nuclease P1 and subsequent snake venom phos-
phodiesterase digestion (Fig. 4C, lane h).

In the following experiment the circular material shown in
Fig. 4A, lane c, was incubated with a low amount of calf in-
testine phosphatase. As expected, the 32p label was phosphatase
resistant (Fig. 4B, lane b). However, after phosphatase treat-
ment, most of the labeled material migrated faster, in the po-
sition of the Q circles produced by T4 RNA ligase. (The ob-
servation that [Q circles synthesized by the wheat germ ligase,

nc

even though they contain an additional phosphate, migrate
more slowly than circles formed by the bacterial enzyme, is
surprising. This was confirmed by electrophoretic separation
of both forms of circles from their mixture.) This faster-mi-
grating material was now RNase T1 sensitive (Fig. 4B lane c),
and its digestion with nuclease P1 or RNase T2 yielded pU and
Gp, respectively (Fig. 4C, lanes f and g), characteristic of fQ
circles synthesized by T4 RNA ligase. These results further
document that the 5'-phosphate of the linear Ql substrate is in-
corporated into the 3',5'-phosphodiester bond of the newly

formed N2(/ 5'N linkage.

DISCUSSION

The important result of this investigation is that 2',3'-cyclic
phosphate is required for the joining ofRNA ends by the RNA
ligase activity from wheat germ extracts. The most significant
implication ofthis finding is that the ligation reaction is probably
preceded or accompanied by the nucleolytic processing of a
longer precursor RNA by a 2',3'-cyclizing RNase. The action
of cyclizing endonucleases appears to be the only possible
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FIG. 4. Analysis of the circular molecules formed from linear Q substrate bearing [5'-32P]phosphate and 2',3'-cyclic phosphate termini. (A)
Requirement of 2',3'-cyclic phosphate for the circularization reaction. Q molecules bearing a [5'-32P]phosphate terminus and G3'OH (lane a), G3 p
(lane b), or predominantly G>p (lanes c and d) at the 3' end were incubated with wheat germ extract and products analyzed by polyacrylamide gel
electrophoresis. In lane d, ATP was omitted from the incubation mixture. (B) Phosphatase treatment renders the circular product sensitive to RNase
T1. The labeled material migrating in position of circular Q (A, lane c) was excised from gel and reelectrophoresed after treatment with RNase T1
(lane a) or low amount (0.5 milliunit/5 1,u) of calf intestine phosphatase (10 min at 370C) (lanes b and c) followed (in lane c) by RNase T1. Lane
d shows circular Q prepared by T4 ligase. Q, l,, and U1 are positions of linear Q and of circles formed by wheat germ ligase and T4 RNA ligase,
respectively. C, position of Coomassie brilliant blue. (C) Products of enzymatic digestion of circular Q. Circular material from Fig. 1B, lane b, was
digested with: nuclease P1 (lane a), RNase T2 (lane b), or nuclease P1 followed by snake venom phosphodiesterase (lane c). Circular material from
Fig. 4A, lane c, was treated with nuclease P1 (lane d), RNase T2 (lane e), or nuclease P1 followed by snake venom phosphodiesterase (lane h). Circular
material from Fig. 4A, lane c, was first subjected to limited phosphatase treatment (see Fig. 4B, lanes b and c) and then digested with nuclease
P1 (lane f) or RNase T2 (lane g). Samples were analyzed by chromatography on cellulose plates in solvent B. Positions of appropriate markers

*P /p2*
are indicated. Expected mono- and dinucleotide products are: lane a, pG /U; lane b, G /U; lane c, pG2p; lane d, pG(*/U; lane e,

Up; lane f, pU and trace of pG U; lane g, Gp and trace of G Up; lane h, pU (* specifies a [32P]phosphate).G /p; ~ n rc f PG /Ulaepn rc
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FIG. 5. Postulated ligation pathway leading to the formation of a
/P
N\ N linkage. *, fate of phosphate introduced by wheat germ 5'-

hydroxyl polynucleotide kinase.

The 5'-hydroxyl polynucleotide kinase activity detected in
wheat germ extracts may be similar to the one found previously
in HeLa cell (17) and mouse L cell (18) nuclei. The polynucleo-
tide 2',3'-cycic phosphate 3'-phosphodiesterase identified in
the present work acts on polynucleotides but not on mononu-
cleotides (unpublished data). Consequently, it differs and can
be separated from the 3'-phosphodiesterase acting on 2',3'-
cyclic mononucleotides also present in wheat germ extracts
(unpublished data). The latter phosphodiesterase activity was
previously detected in other systems (20, 21).

At present we can only speculate about the biological role of
the unconventional 2'-phosphomonoester,3',5'-phosphodies-
ter linkage and about the possible substrates of the ligase de-
scribed. The function of the 2'-phosphate adjacent to the newly
formed bond, which makes this bond insensitive to most RNases
(13), could be to render it resistant to further action of putative
cleavage enzyme(s) (Fig. 5), unless a specific or nonspecific
phosphatase were to remove this 2'-phosphate, generating a
classical phosphodiester bond. Finally, this 2'-phosphate could
act as a positive signal in other as yet undefined processes.

source of polynucleotides bearing a 2',3'-cyclic phosphate end;
to our knowledge there are no other pathways described that
could lead to the formation of such polynucleotides. Because
neither 2'- nor 3'-phosphomonoester termini are used as sub-
strates by the RNA ligase described here, it is unlikely that the
wheat germ contains an enzyme that could produce 2',3'-cyclic
phosphate ends. It is tempting to speculate that the wheat germ
ligase may be involved in RNA splicing.
Our present findings concerning the mechanism of RNA li-

gation by wheat germ ligase are summarized in Fig. 5. The
cleavage step is a proposed processing event generating mol-
ecules with 2',3'-cyclic phosphate ends, as outlined above. At
the moment, the requirement of2',3'-cyclic phosphate termini
for ligation is the only, and indirect, evidence we have sup-
porting the existence of this step. 5' termini of molecules to be
ligated are activated by phosphorylation. Indeed, we have de-
tected a 5'-hydroxyl polynucleotide kinase in wheat germ ex-
tracts, and we have shown that the phosphate from the 5' ter-
minus is incorporated into the newly formed 3',5'-phosphodiester
bond of the N' N structure.

\p/
The last step of ligation would involve opening of the 2',3'-

cyclic phosphate ring to yield the 2'-phosphomonoester and
formation of the new 3',5'-phosphodiester bond. We have iden-
tified in wheat germ extracts a 3'-phosphodiesterase activity
that transforms the 2',3'-cyclic phosphate-terminated Q1 into its
2'-phosphorylated counterpart. Although the evidence that this
3'-phosphodiesterase indeed participates in the ligation process
is missing, the enzyme proved to be useful for the preparation
of 2'-phosphorylated fQ molecules.

As indicated in Fig. 5, the ligation step in which a 5'-phos-
phorylated and a 2',3'-cycic phosphate termini are joined still
requires ATP. The function of this ATP remains to be estab-
lished; it is not needed for hydrolysis of the 2',3'-cyclic phos-
phate terminus of Q by the 3'-phosphodiesterase activity (un-
published data). ATP may be used for 5'-end activation via the
formation of an A5'pp5'N structure as described for T4 RNA li-
gase (19).
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