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ABSTRACT
Avian A polynrases use host tRNATrP as the primer for transcription.

Bovine tiETrP has been previously show to be a biologic substitute for
the avian primer. A bovine tirNTP fragment has been identified as having
a high bindin affinity for the polymerase. Tme fragment is assigned to be
67 nucleotides, arnd contains mnst of the elernts required to maintain the
secondary and tertiary structure of tRNATP.

IRDUCICN
Avian rlN tumor virus DNA polymerases require the Ihst tRNAP primer

for transcription of the viral genare (1,2). The primrer, which is probably

hydrogen-borded to the viral lRA, can only be nelted at terperatures higher
than that required to reve nonpriner small IA species fran the viral

gencue (3-5). Chicken-cell tRTNP restores the template activity of ther-

mally inactivated 35S Avian myeloblastosis virus RNA, a property not shared

by other host tRNs. The primary sequence of tTrP (bovine) which has

been detenrined is essentially identical with that of the avian tRNATrP
priimr (6). Structural studies have show the 3'-nucleotide tract to be

involved in base-pairing to the viral RA (7-9). AMV 1DA polymerase in

contrast, was reported to bind to intact tTrP but not to fragments that

resulted fran nuclease digestion (10, 11).

Our interest has been in studies dealing with the enzymology of AMV DNA

polymerase and its interaction with tRATrP (6, 12-14). In this paper we

report the isolation of a bovine tRNATrP fragment that binds to AMV D1

polymerase, but does not prime the avian 35S NA. A preliminary report of

this wrk has appeared previously (15).
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MEiWS AM NATERIAtS

T4 polynucleotide kinase, reagents for polyacrylamide gels, temPlates
for AMV DNA polyrase, anxd Nonidet-40 were obtained fran Bethesda Research

Laboratories, Inc. Isotopes were purchased fran New England Nuclear.

Oligoribonucleotides A(-A) 2-A(A)-, and poly-rA were purchased fran Collabor-
ative Research. AMJ DNa polyrerase either was obtained fran J. Beard arxi
further purified in our laboratory or was purified fran AW virus. The

enzym reaction mixture (0.05 ml) contained: 50 mtM Tris-HCl (pH 8.3), 6 mM

MgCl2, 1 nM dithiothreitol, 50 mM KC1, 0.025 mtM [3H]dTTP or [3H]dGTP (80-300

dpn/xol), and 0.1 A260 unit of a synthetic teplate-primer.
Preparation of tREAP (bovine): Samples of tNATP were a gift fran

J. Labouesse (16) and ware further fractionated on denaturing polyacrylamide
gel elctrophoresis (Fig. 1). Sasples ware checked for aminoacylation with
bovine liver tryptophanyl-tRMA synthetase and the biological activity obtained
was 1600 prol/A260.

[5'-32P]-labelling of tMYTrP (bovine) with T4 Kinase: tiMTrP
(10 pml) was dephosphorylated by incubation with 0.1 unit of bacterial
alkaline phosphatase in 80 ull of 100 mnM Tris-HCl (pH 8.0). After 30 min at

370, 100 il (l10MnTris-HCl at a pH of 7.4, 1 mM EDTA) the reaction was

stopped by phenol extraction. T[e dephosphorylated tTNATrP was recovered

by ethanol precipitation and resuspended in 70 il of 10 mM Tris-HCl (pH 7.4),
1 nM spermidine, and 0.1 M EDTA. To this mixture 10 pl of 500 mM Tris-HCl
(pH 9.0), 100 mtM MgCl2, 50 mM dithiothreitol, 10 pml of [32P]ATP and 5 units
of T4 polynucleotide kinase was added for a final reaction volume of 100 ul.
Incubation at 370 was carried out for 30 min, arnd tRNA was recovered (17).

Denaturing Polyacrylamide Gel Electrophoresis and tRN cove: Slab
gels (0.3 an x 320 an2) ware cacposed of 9.7% acrylamide, 0.3% bisacrylamide,
7 M urea, 50 rIM Tris-borate (pH 8.3), and 1 mM EDTA. Pre-electrophoresis was

carried out at 10 v/an for 2 h with 50 m*M Tris-borate, pH 8.3, and 1 mM EBTA
as the equilibrating buffer. Transfer Ra samples were subjected to elec-

tropihresis at 20 v/an for 5 h. Transfer RA and tRNA fragments ware ex-

tracted framn polyacrylamide gels as described elsewhere (17).
Ribonuclease T1 Partial Digestion of [32P]tRNTrP: Intact [32P]tRNTrP,

1 jg (2.0 x 106 dpm), was incubated with 5 units of T1 Riase at 470 for 13

min. Tbe incubation mixture contained 20 ,g of unlabeled tU TrP, 25 mM

Tris-HCl (pH 6.9), 7 M urea, and 1 rrM EDTA. After incubation, fragments were
dissolved in electrophoresis buffer and subjected to analysis on polyacryla-
mide gels.
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5'-Nucleotide Analysis of tRNTAP Fraet: Hyrolysis for 5'-ernd-
group analysis of [32P]tRNMT[p (700 dpm) was carried out in 20 9ii of 0.3 N

NaCH at 370 for 18 h. the resulting labeled nucleotide dipbosphate was iden-
tified by electrophoresis on 3 nM paper equilibrated with 0.05 M amrDnium

formate buffer (pH 3.5), at 20 v/an.

Enzymatic Degradation of poly rA to Generate Nucleotide Markers: Poly
rA was digested by an enzyne isolated fran Iaaphilus influenzae (Georgetown

University). Details of the preparation anx properties of the enzyme will be

published elsewhere. Under limitirn conditions, the enzyme will generate

free 5'-hydroxyl oligonucleotides fran A(-A)2 to the size of the starting
polynucleotide, which can be labeled by T4 polynucleotide kinase.

RBSULTS
Birding of a tNTArP Fragment to AMV DNA Polymrase: Intactness of

tTrP was c by analysis on a 20% polyacrylamide gel containing 7 M

urea. Wben gels were stained with ethidiumn brnide, the single barx that

appeared for tRETyP was observed verifying the absence of internal nicks
(Fig. lA)), altIxugh sequtial treatment with alkaline phosphatase ard T4

polynucleotid kinase (Fig. 1B) revealed scma degradation of tRNPTYP. The

major bard corresponling to intact tRNATrP was extracted anxi was shown to be

a single species (Fig. 1C) and this sample was used for the remainder of

the experiments.
Fragments obtained fran partial digestion of tRNArrP with T, RNase were

labeled with phosphorus-32 at the 5'-position and then incubated with AMW DNA

polymerase to detemine amplex formation (6, 15). The mixture was fraction-
ated by Sephacryl-S200 chracnatography. A =nall peak that eluted earlier than

the tRATrP fragments was recovered (Fig. 1E). Fragments fran the two peaks

wre exanined by polyacrylamide gel analysis (Fig. 1E), and the lane numbers

corresponded to the fractions fran the chranatographic step. A partial T1
Riase digest of tRiTYP is sham in Fig. lD.

The labeled tEMTrP-fragment that differed framn intact tATrP by the
absence of nucleotides fran the 3'-erd was examined for its capacity to birxi
to AM DNA polymerase and to be used as a primer for the transcription of

viral 35S RNA. A stable complex of tRNATrP fragment with AMV DNA polymerase
was isolated by Sephacryl-S200 chranatography (Figure 1). Under conditions
when intact tNATrP was hybridized to the viral genrne the fragment was not

a substitute (Figure 2) and therefore was not a functicnal primer (Table 1).
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Fig. 1. Analysis of AMV DNA plynerase and [32p] -labeled fragments obtained
by T1 RNase digestion of tRNA"P. Lane A: 10 wg of tRNATrP before label-
ling, stained with ethidiun brmide. Lane B: t1MTAP after labeling at the
5' position; minor bards are due to degradation generated by contaminating
nucleases. Lane C: intact labeled t1NATP after reextraction. Panel D:
elution profile of partial T1 RNase digest of tRNATrP fran a Sephacryl-S 200
column (0.7 x 50 an), equilibrated with 50 mM phosphate (K1) (pH 7.0),
50 mM KC1, 2 imM MgCl2, and 0.5 mrM EUTA. Panel E: ccrplex of AW DNA poly-
merase and tPN fraguint. D and E correspond to fractions fran the chrana-
tographic steps.

Sequence assignnent for t1mA fragmnnt: The size of the tRNATrP
fragment was nreasured on a denaturing 20% polyacrylamide gel that was cali-
brated with the oligonucleotides A(-A)5 to A(-A)65 (Fig. 3A). The upper

limit of oligonucleotide resolution with the retention of the A5 to Ag
standards was A52 nucleotides (Fig. 3B). When the electrophoretic fractiona-
tion was carried out for longer periods, larger oligonucleotides were

resolved (Fig. 3F). The size of the tRNATrP fragment that bound to the poly-
merase was extrapolated to 67 nucleotides; a small amount of a 64-nucleotide

fragment was also noted after longer exposure of the gel to the x-ray film
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Fig. 2. Biring rties of tRNATP
5 A fragm t to AMV 35S R. (A) Displays
4

the elution profile of [32P]-tRNATrP fragncnt
on Seryl-S 200. (B) Shows elution after

3 subjecting the tRNATP fragnent to
hybridiztion coriditions to 35S IM. (C)

2 Control experinent that shows hybridization
; \ of intact [32p]- tRaTrP to 35S M;a.

Conditions for hybridization are as described
previously (6).
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(Fig. 3E). Ed-group analysis of alkali hydrolyzed labeled tRNTrP showed
the label to have the same nobility as the G marker (Fig. 4). Thesep p
results shiw the major tRNYTP fragment to be 67 residues long and to have

an intact 5'-end.

DISCJSSICN
The nechanism by which AMV DNA polyserase recognizes the tRNATrP primner

remains to be determined. Several experimental approaches have been used to
determine the structural requirements for binding of tRNiTrP to the poly-

nerase. This birding and the ability to prime the 35S viral genome have

been used as measures of specificity (6,10,11). Such studies were deficient
in that they tested only specific fragments and therefore could not support
definitive conclusions. Our approach was to identify specific fragments fram
a partial T HNase digest of tRNATp (bovine) that preferentially bind to
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TABLE I

TRANSCRIPTICN CIF AMV 35S RNA INIATED BY

INrAcr tTrP (BmNE) AND tNeaTrP FRAEGM

Acid-insoluble
Sanple* orporation (din)

AMV 35S RN (minus primer) 525

AMV 35S RtA prin-e with 132P]
tRaTP (bovine) 3,166

AMV 35S R1A prired with [32p]

tTrP fragment 184

*Reaction mixture (50 Pl) contained 50 mM (pH 8.3), 6 rM MgCl2, 4 nM
dithiothrietol, 50 mM KC1, 0.5 mM each of dTrP, IcrP, dATP and 0.2 mM
I H] dGTP 300 dpWpmol, 35S AW RNA primed with tRNATrP or fragrment
obtained fran T1 RNase digestion of tEWITrP and AMV DNA polymerase.

the polyrnerase. The partial digest generated a large variety of overlapping
fragments fran the tRNATrP (bovine) which we had previously shzn to be a

biologic substitute for the avian prirer (6).

A fragment obtained fran tRNATrP forned a stable ccnplex with the

polynerase which was later assigned as a 67-nucleotide entity with an intact

5'-end. Examination of the primary sequence of tRNATrP shwed sequential

G residues at positions G66 to G69 (Fig. 5). Because the size of the frag-

ment was extrapolated fran oligo rA markers which may differ slightly frcm

heteropolymers in migration w carnot exclude other sites between G66 and G69
as targets for T1 Rase. We have assigned tie fragment as being 67 residues

long because G67 is part of a non Watson-Crick base pair and is therefore

more susceptible to nuclease digesiton (18). We considered identifying the

fragment by further digestion, but the four sequential G residues made it

difficult to make unequivocal assigments.
The tRKTrP fragment that bound to the polymerase did not hybridize to

the 35S RNA genrme because parts of the 3' oligonucleotide tract required
for binding to the viral genwe was absent frn this fragment. A recent

report conclided that essentially the entire tRNTAP was required for binding
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Fig. 3. Seayence assigrnent for the major tRITrP fragment that binds to
AMV DNA polymerase. The major tNATrP fragment was extrapolated to be 67
residues on the basis of its nobility on a 20% denaturing polyacrylamide
gel (Fig. 3E). Poly rA markers were used to calibrate the gel (3F). Mark-
ers used were previously standardized by oligonurleotides of known lengths
A(-A)65 to A(-A)g (3A and 3C). A tRN& fragnent 54 nucleotides long ws
used as a secondary arker for the longer fractionation when the synthetic
oligonucleotides eluted frmn the gel (3B and 3D).
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Fig. 4. Analysis of the 5'-end nucleotide of the [32p]A B C D tR p fragment. The ed-la-beled nucletide diphospbate
obtained by alkaline hydrolysis of 51-32ptMTrp
fragnent ws fractionated on 3 MM! hatnan paper and
analyzed by electropboresis (Fig. 4B) with authentic
markers. [he 3 MM Iatman paper was equilibrated with
50 nM forrate- (NH4+) (pH 3.5), containing 1 rnM EDTrA.
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to the enzyne (11). Our firdings did not assign a critical role to the

3'-stan as a site for birding. The association betwen the **MG loop and

the dihydrouridine loop can be maintained by the tIETP frant and appears

to be reqired for interaction with the enzyme.

It is attractive to posulate that AMV DNA polyerase binds with

tRNKrp by interacting with eleents of its seoiiary arnd tertiary structure.
While associated, the polynrase alters the topology of tRETrP to permit

its interaction with the viral 35S genrme. The precise function, if any,

of the AMI DNA polymerase associated nuclease (19,20) in the processing of

the tRNA primer remains to be determined.
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Fig. 5. Primary structure of tRNXTrP froa bovine liver. Nucleotides in
brackets are those present in taNTrP (avian). Boxed nucleotides show the
percent distribution of nucleotides at the particular site in tRNATrP
(bovine).
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