
The RNA of picornaviruses is linked by a phospho�

diester bond to a small protein (VPg) [1�4]. VPg is associ�

ated with the 5′�end of the replicating RNA molecules [5,

6], in contrast to RNA isolated from polysomes, which

lack VPg [7, 8]. Enzymatic activity catalyzing the hydrol�

ysis of the heteropolymeric bond between VPg and RNA

of the poliomyelitis virus was first discovered in HeLa

cells. The cleavage of VPg from the full�size RNA was not

accompanied by significant degradation of the RNA [9].

The enzymatic activity was shown both in infected and in

uninfected cells. The “unlinking” enzyme was later found

in mouse L cells, wheat germ, rabbit reticulocytes [10],

and ascites carcinoma Krebs II cells [11]. The enzyme

from HeLa cells catalyzed the unlinking of the residual

K�peptide(s) associated with the poliovirus RNA after

treatment of the VPg–RNA complex with proteinase K

and of the full�size VPg with the same efficiency.

However, the rate of VPg unlinking from the bound 5′�
terminal nonanucleotide in poliovirus was 2.5 times lower

than that of the original VPg–RNA, while such complex�

es as VPg–pU and VPg(Kp)–pUp were completely resist�

ant to the enzyme [10]. On the other hand, in comovirus�

es a similar VPg–RNA complex formed via a phosphodi�

ester bond between serine of the protein and the 5′�termi�

nal uridylic acid of RNA was not dissociated in extracts of

rabbit reticulocytes [12] and did not serve as a substrate

for the “unlinking” enzyme from mouse ascites carcino�

ma [13].

These data indicate that, for effective cleavage of the

covalent linkage unit Tyr�(5′P→O)�pU of the substrate,

an extended nucleic acid region adjacent to VPg and

probably only one tyrosine residue in VPg are necessary.

We suggested that by gradual shortening of the 5′�termi�

nal fragment of the picornaviral RNA, the minimum

length of the nucleic component required for substrate

recognition by the “unlinking” enzyme might be deter�

mined. Actually, we have recently shown for the

encephalomyocarditis virus that the rate of hydrolysis of

Kp–RNA and Kp–pUpUpGp by the “unlinking”

enzyme is similar (unpublished data). In this paper, using

a low�molecular�weight substrate, we provide direct evi�

dence that the “unlinking” enzyme from mouse carcino�

ma cells selectively hydrolyzes the interpolymeric phos�

phodiester bond between the K�peptide and 5′�terminal

trinucleotide of the RNA of the encephalomyocarditis

virus and does not cleave internucleotide bonds.

MATERIALS AND METHODS

The following reagents and enzymes were used in

this work: RNase T1, RNase A, uridine�2′,3′�cyclophos�

phate, and 3′�CMP were from Sigma (USA); proteinase

K was from Boehringer Mannheim (Germany); polynu�
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cleotide kinase from phage T4 and calf intestinal alkaline

phosphatase were from SibEnzyme (Russia); acrylamide

and HSIHPP were from Serva (Germany); N,N′�methyl�

ene�bis�acrylamide was from Fluka (Switzerland); chlo�

ramine T, Kieselgel 60, and PEI�cellulose were from

Merck (Germany); pUp was from P�L Biochemicals

(USA); Na[125I] was from Izotop (Russia); [γ�32P]ATP

(5,000 Ci/mmol was from Radioisotope (Russia), and

Hyperfilm�MP X�ray film was from Amersham (UK). All

other chemicals were of analytical grade (Reakhim,

Russia).

Isolation of EMCV VPg–RNA and preparation of

Kp–RNA were performed as described [11]. VPg–RNA

(100 µg) was incubated with proteinase K (2 mg/ml) in

buffer containing 10 mM Tris�HCl, pH 7.5, 2 mM

EDTA, and 0.5% SDS for 2 h at 37°C. After incubation,

Kp–RNA was deproteinized in phenol–chloroform (9 : 1

v/v) and precipitated with ethanol. To prepare substrate,

the Kp–RNA complex was labeled in vitro [14] using a

modification of the Bolton–Hunter procedure. The

labeling was carried out in two stages: the amino groups of

the K�peptide(s) were first acylated with an excess of

HSIHPP and then iodinated with Na[125I] in the presence

of chloramine T.

The “unlinking” enzyme was isolated according to a

recently developed procedure [15] that includes fraction�

ation with ammonium sulfate, pH�dependent fractiona�

tion, cation�exchange chromatography on CM�cellulose,

chromatofocusing, and size�exclusion HPLC. To assay

the unlinking enzyme activity, EMCV [125I]Kp–RNA was

used as a substrate; the products of the reaction were sep�

arated by TLC on Kieselgel in butanol�1–water–acetic

acid (3.75 : 1 : 1) [13].

The complex of K�peptide(s) with the 5′�terminal

trinucleotide of EMCV RNA was obtained by treatment

of Kp–RNA with RNase T1. For this purpose, 20 µl of

labeled [125I]Kp–RNA (10 µg, ∼1,650,000 cpm) and

unlabeled [127I]Kp–RNA complex (50 µg) in water were

mixed with 5 µl of RNase T1 (1.25 units). Hydrolysis pro�

ceeded for 3 h at room temperature (20�24°C).

The hydrolysis products were separated in a 15%

polyacrylamide gel containing 7 M urea. After elec�

trophoresis, the gel was exposed to X�ray film for 40 min

at 4°C. The region corresponding to [125I]Kp–pUpUpGp

was excised, and the substance was eluted with 125 µl of

water overnight with intensive shaking at 4°C. After cen�

trifugation at 14,000 rpm for 20 min, [125I]Kp–

pUpUpGp was precipitated from the supernatant by the

addition of 600 µl of 2 M LiClO4 and 600 µl of acetone at

room temperature for 20 min. The precipitate was collect�

ed by centrifugation and stored under acetone at –20°C.

Three picomoles of [125I]Kp–pUpUpGp was obtained. 

The hydrolysis of [125I]Kp–pUpUpGp by the

“unlinking” enzyme was conducted as follows: to 1 pmole

of the compound in 5 µl of 0.15% aqueous Triton X�100,

40 µl of a highly purified enzyme preparation (0.02 mg/ml)

in TMM/200 buffer (10 mM Tris�HCl, pH 7.5, 1.5 mM

MgCl2, 5 mM β�mercaptoethanol, and 200 mM KCl)

were added, and the mixture was incubated for 1.5 h at

37°C. After hydrolysis, the “unlinking” enzyme was inac�

tivated by heating of the reaction mixture at 56°C for 20 min.

The completeness of hydrolysis of the interpolymeric

phosphodiester bond was monitored by TLC of the

hydrolyzate aliquots  (2 µl) on Kieselgel. To dephospho�

rylate the trinucleotide formed (pUpUpGp), the reaction

mixture (40 µl) was concentrated to 6 µl on a SpeedVac

concentrator (Savant Instruments Inc., USA). One

microliter of 1 M Tris�HCl buffer, pH 9.0, 1 µl of water,

and 1 µl of alkaline phosphatase from calf intestine

(0.215 unit) were added to the concentrated solution and

incubated at 37°C for 30 min. One microliter of phos�

phatase solution (0.215 unit) was again added to the reac�

tion mixture, and incubation was continued for 30 min at

37°C. The reaction was terminated by the addition of 3 µl

of 1 M Tris�HCl buffer, pH 7.5, and heating at 75°C for

30 min. In the control experiment, [125I]Kp–pUpUpGp

was treated as described above except that the hydrolysis

by the “unlinking“ enzyme was omitted.

To introduce the radioactive label at the 5′�ends of

the hydrolysis products, 1 µl of polynucleotide kinase T4

(4 units) in 1.5 µl of a tenfold polynucleotide kinase T4

buffer and 1 µl of [γ�32P]ATP (10 µCi, 2 pmoles) were

added to 11.5 µl of the resulting mixture. The reaction

was allowed to proceed at 37°C for 2 h and stopped by

heating at 95°C for 1 min. The treatment of

[125I]Kp–pUpUpG in the control experiment was con�

ducted in a similar manner. The products of the reaction

were analyzed by ascending TLC on PEI�cellulose in 1.5 M

LiCl. The chromatograms were exposed to Hyperfilm�

MP at room temperature for 40 min.

To digest the labeled products obtained at the previ�

ous stage by RNase A, 2 µl of the enzyme solution at a

concentration of 300 µg/ml were added to the reaction

mixture (13 µl) and incubated at 37°C for 30 min. The

reaction products were analyzed by one�dimensional

TLC on PEI�cellulose in 1.5 M LiCl. Two�dimensional

separation was performed on the same sorbent as

descibed below.

5′�[32P]pCp was obtained by phosphorylation of 3′�
CMP (500 pmoles) using [γ�32P]ATP (10 µCi, 2 pmoles)

in the presence of polynucleotide kinase from phage T4 (4

units) as described [16]. To characterize the resulting 5′�
[32P]pCp, aliquots of the compound were subjected to

chromatography on PEI�cellulose in 1.5 M LiCl [17].

The mixture of 5′�[32P]phosphouridine�2′,3′�
cyclophosphate, 5′�[32P]uridine�5′,3′�diphosphate, and

5′�[32P]uridine�5′,2′�diphosphate was produced as fol�

lows: 3 µl of water and 1 µl of RNase A to a final concen�

tration of 50 µg/ml were added to 2 µl of uridine�2′,3′�
cyclophosphate (0.6 µmole). Hydrolysis was performed

for 30 min at 37°C. The resulting solution containing uri�

dine�2′,3′�cyclophosphate, uridine�3′�phosphate, and
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uridine�2′�phosphate was diluted with water to a final

concentration of nucleotides of 500 µM. The uridine

phosphates were phosphorylated with [γ�32P]ATP in the

presence of polynucleotide kinase of phage T4 [16]. To

the substrate solution (500 pmoles in 1 µl), 7 µl of water,

1 µl of a tenfold polynucleotide kinase buffer, 1 µl of

[γ�32P]ATP (10 µCi, 2 pmoles), and 1 µl of the enzyme

solution (4 units) were added. The reaction proceeded for

1 h at 37°C and terminated by heating at 95°C for 1 min.

To characterize the resulting 5′�[32P]pUp, aliquots of the

reaction mixture were subjected to chromatography on

PEI�cellulose in 1.5 M LiCl. [γ�32P]ATP, uridine�2′,3′�
cyclophosphate, and pUp were used as markers.

Two�dimensional separation of nucleotides was per�

formed as described [17] except that sodium formate was

replaced by sodium acetate. In the first dimension, chro�

matography was carried out in a step LiCl gradient (2 min

in 0.2 M LiCl, 6 min in 1 M LiCl, and then in 1.6 M LiCl

until the front of the solvent reached 13 cm from the ori�

gin of the chromatogram). The chromatograms were air�

dried; the front zone was cut off and discarded. The sup�

port was then desalted by three successive washes in

ethanol and dried. In the second dimension, chromatog�

raphy in sodium acetate buffer (pH 3.4) of different con�

centrations (0.5 M for 30 sec, 2.0 M for 2 min, and 4 M

until the front of the solvent reached the distance of 15 cm

from the origin of the chromatogram) was used. After the

separation, the plates were dried; the position of markers

was determined under short�wavelength UV�light; then

the chromatograms were exposed to X�ray film.

RESULTS AND DISCUSSION

The objective of this work was to investigate the

specificity of hydrolysis of the interpolymeric phosphodi�

ester bond Tyr�(5′P→O)�pU in the substrate by the

“unlinking” enzyme from ascite carcinoma Krebs II cells.

Among the products of hydrolysis of the complex

between VPg and the 5′�terminal nonanucleotide of the

poliovirus catalyzed by the “unlinking” enzyme from

HeLa cells and purified only 250 times, a nonanucleotide

was revealed [10]. Independently we showed that, after

treatment of [3H�Tyr]VPg–RNA complex with the

“unlinking” enzyme followed by proteinase K, most K�

peptides were not linked to the nucleotides.

To determine the specificity of the “unlinking”

enzyme in the isolated preparation, it was necessary to

avoid contamination with endo� and exonucleases. We

showed that the “unlinking” enzyme from the ascite car�

cinoma cells was contaminated with a purine�specific

nuclease (Gulevich et al., unpublished data). However,

we also demonstrated that Kp–pUpUpGp, the product

of complete hydrolysis of EMCV Kp–RNA by RNase T1,

as well as other high�molecular�weight products were

good substrates for the “unlinking” enzyme. Thus, the

contaminating purine�specific endonuclease could not

interfere with the analysis of hydrolysis of the interpoly�

meric phosphodiester bond in the covalent linkage unit by

the “unlinking” enzyme. 

To independently confirm specific hydrolysis of the

phosphodiester bond in the covalent linkage unit seen

earlier using high�molecular�weight substrates selectively

labeled in the peptide part [13, 14], in this work we iden�

tified a nucleotide directly linked with the peptides using

a relatively simple substrate.

For this purpose, EMCV [125I]Kp–RNA was treated

with RNase T1 in the presence of a fivefold excess of

[127I]Kp–RNA (identical substrate but iodinated with

unlabeled iodine, which was added for kinetic reasons to

obtain greater amounts of the desired product) under

conditions providing complete hydrolysis; as a result, the

Kp–pUpUpGp complex was obtained. The complex

between the K�peptide(s) and the trinucleotide was iso�

lated by electrophoresis of the reaction products in a 15%

polyacrylamide gel containing 7 M urea. The compound

was eluted from the corresponding zone of the gel (Fig. 1)

and precipitated with LiClO4 in acetone.

Fig. 1. Electrophoretic separation of the products of complete

hydrolysis of EMCV [125I]Kp–RNA by RNase T1 in 15% poly�

acrylamide gel in the presence of 7 M urea.

— origin

— [125I]Kp–pUpUpGp
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The reaction product was hydrolyzed by the “unlink�

ing” enzyme (Fig. 2). The yield of free K�peptide(s) and

the respective trinucleotides was ∼20%. The low recovery

was due to the conditions of the hydrolysis.

As seen from Fig. 2, no intermediate products of

nonspecific nuclease hydrolysis of the heterocomplex

(Kp–pUp, Kp–pU, and Kp–p), which had much lower

chromatographic mobilities in the system used [18], were

formed by the treatment with the enzyme.

Since the enzyme was sensitive to temperature [11],

we inactivated it by heating at 56°C after the reaction. The

resulting mixture consisting of free K�peptide(s), an

expected trinucleotide pUpUpGp, and a nonhydrolyzed

heterocomplex was concentrated, dephosphorylated by

alkaline phosphatase from calf intestine, and then phos�

phorylated with [γ�32P]ATP in the presence of polynu�

cleotide kinase (see “Materials and Methods”).

It is noteworthy that the latter treatment, except for

[γ�32P]ATP derivatives, resulted in the formation of a sin�

gle labeled product, 5′�[32P]pUpUpG. This finding

proved the absence of endo� and exonucleases hydrolyz�

ing the 5′�terminal trinucleotide in the enzyme prepara�

tion. The phosphatase treatment of the mixture contain�

ing free K�peptides, trinucleotides, and the original

Kp–pUpUpGp complex produced only one substrate for

polynucleotide kinase, UpUpG. If the products of com�

plete hydrolysis of the trinucleotide (pU, pUp, Up, pG,

pGp, and Gp) were present in the mixture, the treatment

with phosphatase would lead to the formation of the cor�

responding nucleosides, which are not phosphorylated by

polynucleotide kinase. On the other hand, if nonspecific

hydrolysis occurred, UpU or UpG could be formed after

dephosphorylation and serve as acceptors for phosphory�

lation by polynucleotide kinase. In this instance, Kp–p,

Kp–pU, and/or Kp–pUp would be detected among the

products of Kp–pUpUpGp hydrolysis. However, as

shown earlier, these compounds were not found (Fig. 2).

Consequently, dinucleoside phosphates (UpU and UpG)

capable of participating in the phosphorylation reaction

were not present in the reaction mixture.

Thus, the formation of labeled 5′�[32P]pUpUpG

could result only from the specific cleavage of the bond

between the K�peptide and pUpUpGp catalyzed by the

“unlinking” enzyme. Further evidence in favor of this

suggestion was obtained by digestion of 5′�[32P]pUpUpG

with RNase A. The formation of three labeled products,

5′�[32P]pU�3′�phosphate, 5′�[32P]pU�2′�phosphate, and

5′�[32P]pU�2′,3′�cyclophosphate, was expected. One�

dimensional separation of the reaction products on PEI�

cellulose showed that the compounds formed from the 5′�
terminal trinucleotide and the markers produced inde�

pendently by labeling uridine�2′,3′�cyclophosphate treat�
Fig. 2. TLC on Kieselgel of the products of [125I]Kp–

pUpUpGp hydrolysis by the “unlinking” enzyme: 1) control

after incubation in the reaction buffer; 2) after treatment with

the “unlinking” enzyme.

— origin

Free K�peptide(s)]

1               2

Fig. 3. Two�dimensional chromatography on PEI�cellulose of

5′�[32P]pUpUpG hydrolyzed by RNase A. Solid arrows indi�

cate the positions of 5′�[32P]pU�3′�phosphate, 5′�[32P]pU�2′�
phosphate, and 5′�[32P]pU�2′,3′�cyclophosphate; broken

arrows show the products of [γ�32P]ATP conversion. The zone

corresponding to 5′�[32P]pU�3′�phosphate coincides with the

unlabeled marker.

5'3[32P]pU>p

5'3[32P]pU33'p

5'3[32P]pU32'p 1

2
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ed with RNase A with 5′�[32P]phosphate had identical

mobility. However, it should be noted that the mobility of

5′�[32P]pUp and 5′�[32P]pUpUpG (with similar charges

but different masses) during one�dimensional chro�

matography in 1.5 M LiCl is similar.

By high�resolution two�dimensional TLC of the

reaction products on PEI�cellulose, we showed the pre�

dominant formation of 5′�[32P]pU�2′,3′�cyclophosphate

and of small amounts of 5′�[32P]pU�3′� and 5′�[32P]pU�

2′�phosphates (Fig. 3).

The predominant formation of cyclophosphate can

be explained by high concentrations of potassium and

magnesium salts (∼600 mM KCl) in the reaction mixture.

It is well known that hydrolysis of internucleotide bonds

in pyrimidine�containing polynucleotides by RNase A

proceeds through the intermediate formation of 2′,3′�
pyrimidine cyclophosphates [19]. The optimum concen�

tration of univalent metal salts for RNase A is about 30 mM

[20], while higher salt concentrations in the reaction mix�

ture decrease the rate of the catalytic reaction [21].

Furthermore, divalent metal ions at a concentration of

5⋅10–4 M also reduce the RNase A activity [21].

The results indicate that the formation of labeled 5′�
[32P]pUp after the above�mentioned treatments could

occur only by specific excision of a free K�peptide from

[125I]Kp–pUpUpGp catalyzed by the “unlinking” enzyme

and accompanied by the formation of a trinucleotide,

which became the substrate for polynucleotide kinase after

the treatment with phosphatase. The formation of labeled

5′�[32P]pUpU, the product of partial nonspecific hydroly�

sis of [125I]Kp–pUpUpG(p), was not observed.

Additionally, the kinetics of VPg unlinking studied earlier

showed that only a purine�specific nuclease was present

in the “unlinking” enzyme preparation (unpublished

data). Thus, the “unlinking” enzyme from Krebs II cells

selectively hydrolyzes the phosphodiester bond in the

[125I]Kp–pUpUpG(p) complex and does not affect the

internucleotide bonds.

The whole body of evidence indicates that the

“unlinking” enzyme belongs to a new type of phosphodi�

esterases. The targets for the enzyme in the cell are

unknown. In the virology of picornaviruses, it has been

speculated that the “unlinking” enzyme is involved in reg�

ulation of replication, translation, and capsidation of viral

RNA [10]. Alternatively, the “unlinking” enzyme may

resemble the cellular mRNA�decapping enzyme and trig�

ger decay of the virus message in a similar manner. As well

documented, the decapping enzyme triggers 5′→3′
exonuclease degradation of the cellular mRNAs. The

decapping enzyme exhibits unique specificity with respect

to a pyrophosphate bond in the cap structure and does not

hydrolyze internucleotide bonds [22]. In addition, the

decapping enzyme preferably reacts with extended nucle�

ic substrates associated with cap structures [23].
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