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ABSTRACT

The nucleotide sequence of a T4 tRNA with an anticodon for glycine has
been determined using 2P-labeled material from T4-infected cultures of
Escherichia coli. The sequence is: pGCGGAUAUCGUAUAAUGmGDAUUACCUCAGACUUCCA-
A4CUGAUGAUGUGAGT*CGAUUCUCAUUAUCCGCUCCA-OH. The 74 nucleotide sequence can
be arranged in the classic cloverleaf pattern for tRNAs. The anticodon of
T4 tRNAG±Y is UCC witb a possible modification of the U. The tRNA molecule
would thus be expected to recognize the glycine codons GGG and GGA. Compara-
tive analysis of tRNAsGly from T2 and T6 indicate that their sequences are
identical with that from T4.

INTRODUCTION

When bacteriophage T4 infects Escherichia coli, several new stable RNA

species which include eight new tRNAs are transcribed from the T4 genome.1-5
The RNA species produced are clustered in a small region of the T4 genome

between genes e and 57.5 Under conditions of T4 infection, there is no host

synthesis and the T4 RNA species can thus be selectively labeled.
Polyacrylamide gel electrophoresis of 32P-labeled RNA extracted from

T4-infected cells results in the characteristic band pattern seen in

Fig. 1.4,6-8 It is known that one of the T4 tRNAs accepts glycine,3 and we

have previously reported the sequence of this tRNAGly extracted from 10%
polyacrylamide gel band 6.9 We report here the details of the sequence

determination of T4 tRNA ly and the comparative analysis of tRNAGly coded

for by bacteriophages T2 and T6.*

MATERIALS AND METHODS

The materials and methods used here are the same as described pre-

viously,7 with the following additions and modifications.

*ur preliminary report,9 the following article was pub-
lished by Barrell et al. reporsting on an independently determined nucleotide
sequence of T4 tRNAGly in agreement with the sequence determination reported
here: Barrell, B. G., Coulson, A. R. and McClain, W. H. (1973) FEBS Lett.
37, 64-69.
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Enzymes. Deoxyribonuclease was obtained from Worthington Biochemical

Corp.

32P-labeled T4 tRNA. One-tenth volume of cold 20X standard saline

citrate (3.0 M NaCl and 0.3 M sodium citrate) was added to the infected cul-

ture before the cells were harvested by centrifugation. After centrifuga-

tion the cells were resuspended in a total volume of 4.0 ml of 0.01 M Tris

pH 7.4, 0.1 M NaCl, 0.002 M mercaptoethanol. The cells were then treated

with 10 pl of 2 mg/ml DNase in 0.025 M sodium acetate pH 4.0, 0.002 M MgC12,
50% glycerol. After incubating 30 min at 250C, the cells were extracted

with phenol as described previously.

The unfractionated T4 [32P]tRNA was purified only through the DEAE-

cellulose step and was then electrophoresed on a 10% polyacrylamide gel.

T4 tRNAGly was eluted directly from the gel and prepared for sequence

analysis.

It was desirable to have especially pure T4 [32P]tRNAGlY for quantita-

tion experiments. Such purification was achieved by subjecting tRNAGly
eluted from gels to RPC-2 column chromatography as described previously.7

Enzmic digestions. Digestions of oligonucleotides with silkworm

nuclease were carried out in 5 p4 of the enzyme at 125 ig/ml in 0.5 M

Na2CO3-NaHCO3 pH 10.5, 0.1 M NaCl, 0.005 M MgAc. Incubation was at 370C
for 180 min. The digestion products were separated by two-dimensional elec-

trophoresis on cellulose acetate and DEAE paper at pH 3.5.

RESULTS

Purification of T4 tRNAlY
[32P]tRNA was isolated from T4-infected cells as described in Materials

and Methods. The [32P]tRNA was then fractionated by electrophoresis on a

10% polyacrylamide gel. Fig. 1 shows the results obtained when [32P]tRNA is

subjected to polyacrylamide gel electrophoresis. The autoradiograph of the

gel reveals eight sharp bands. Seven of these bands (A, B, 1, 2, 3, 4, 6)
are pure species of RNA. Band 5, which has the same mobility as bulk

E. coli tRNA, is a mixture of five species of tRNA.4 Band 6 is T4 tRNA

All of these RNA species hybridize specifically to T4 DNA.S

Sequence Analysis of T4 tRNAGY.
Pancreatic ribonuclease digestion products. T4 [32P]tRNAG1Y was

digested to completion with pancreatic ribonuclease, and the products sepa-

rated using the standard two-dimensional system developed by Sanger et al.10
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Fig. 1. Polyacrylamide gel electrophoresis of T4 [32P]tRNA. Unfraction-
ated T4 [32P]tRNA purified only through the DEAE-cellulose step was electro-
phoresed on a 10% polyacrylamide gel as described in Materials and Methods.
Distance migrated is shown in centimeters on the left. Bands of radioactivity
are numbered A, B and 1-6. BPB indicates the position of migration of the
bromphenol blue dye marker.
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Fig. 2. Standard two-dimensional fingerprint of pancreatic ribonuclease
digest of T4 [32P]tRNAGly. Material used was from band 6 of Fig. 1. A, Auto-
radiograph of fingerprint on DEAE paper. B, Diagram identifying pancreatic
nucleotide products. Products pl, "U", include W, as well as U. Letter P
indicates the position of pink dye marker (acid fuchsin) and B shows the posi-
tion of blue dye (xylene cyanol) in the first and second dimensions.
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Fig. 2A shows the resulting fingerprint, while Fig. 2B identifies by number

the oligonucleotides corresponding to each spot.

Analysis of the pancreatic digestion products and their sequence is

shown in Table I. All but one nucleotide, p16, were sequenced by the com-

bined data from alkaline and Tl ribonuclease digestions. Nucleotide p16 is

in fact a mixture of two unresolved nucleotides, each containing 1 Ap, 1 Up

or Tp, and 2 Gp residues. Since one of the Tl ribonuclease digestion prod-

ucts is the nucleotide ApUp, the sequence of one of the nucleotides com-

prising p16 must be GGAU. The second nucleotide of p16, pl6B, contains a

Gp, an ApGp and a Tp residue. Thus the sequence of this nucleotide could

be either AGGT or GAGT. The sequence of this nucleotide was determined by

examination of the products of partial Tl digestion of the entire tRNA mole-

cule (see below). The sequence of Tl partial product 852-9 (see Table VII)
is AGT*CG. Since there is only one Tp residue in the entire tRNA molecule,

the sequence of pl6B is GAGT.

Experimentally determined molar yields of the pancreatic nucleotides
of Fig. 2 are shown in Table II. The figures are based on data from a pan-

creatic ribonuclease digest of T4 tRNAGly that had been further purified by

chromatography on an RPC-2 column as described in Materials and Methods.

Nucleotides p14 and p15 contain various modified forms of the same sequence.

Nucleotide p14 is completely modified with regard to 2,0-methyl guanosine
and contains 2/3 molar yield of D and 1/3 of U. Nucleotide p15 is unmodi-

fied with respect to 2,0-methyl guanosine and contains 1/3 molar yield of

D and 2/3 of U. The combined molar yield of p14 and p15 is 1.1.

Tl ribonuclease digestion products. A standard two-dimensional finger-

print of the Tl ribonuclease digestion products of T4 tR1AGly is shown in

Figs. 3A and 3B. A standard fingerprint of a combined Tl-bacterial alkaline

phosphatase digest is shown in Figs. 3C and 3D. Nucleotides t12 and t13

were not always separated on these fingerprints and required separation by

homochromatography on DEAE-cellulose thin layer plates. Nucleotides t8

through t13 could also be separated by homochromatography of the Ti digest
products in one dimension.

Table III shows the composition and sequence of the Ti ribonuclease

digestion products, as far as they could be determined by initial analysis
of their alkaline and pancreatic ribonuclease digestion products. The quan-

titative data from alkaline and pancreatic digestion above were sufficient
to establish the sequences of nucleotides tl through t6. Tables IV and V
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TABLE I. Analysis of pancreatic ribonuclease digestion productsa

Nucleo- Alkaline b Ti ribonuclease c Deduced sequence
tide digestion products digestion products or composition

pl u d upd Upd
p2 Cp Cp Cp

p3 1.1 Ap + 0.9 Cp A-Cp A-Cp

p5 0.9 Gp + 1.1 Cp 1.0 Gp + 1.0 Cp G-Cp

p6 1.0 Ap + 0.9 Up A-Up A-Up

p8 2.0 Ap + 1.0 Up A-A-Up A-A-Up

p9 2.1 Ap + 0.9 Gp + 1.0 Cp 1.0 A-Gp + 0.6 A-Cp A-G-A-Cp

plO 2.1 Ap + 0.9 *p A-A-*p A-A-4p
pl1 1.0 Gp + 1.0 Up 1.0 Gp + 1.0 Up G-Up

p12 pGp + Cp 1.0 pGp + 0.8 Cp pG-Cp

p13 1.1 Ap + 0.9 Gp + 1.0 Up 1.0 Gp + 1.6 A-Up G-A-Up

p14 1.0 Gm-Gp + 1.0 Dp 1.0 Gm-Gp + 1.0 Dp Gm-G-Dp

p15 2.0 Gp + 1.2 Up 2.0 Gp + 0.5 Up G-G-Up

p16Af 1.0 Ap + 1.8 Gp + 1.0 A-Gp + 2.8 Gp + G-G-A-Up

pl6B 1.2 (Up + Tp) 1.1 A-Up + 0.8 Tp (Gp,A-Gp)Tp

Pancreatic RNase digestion products from fingerprints as shown in Fig. 2
were analyzed by standard alkaline and enzymatic digestions. The heading
"Nucleotide" of the first column refers to any pancreatic digestion product,
either mononucleotide or oligonucleotide.

(a) Dashes between bases indicate phosphodiester bonds. Relative yields
were determined by measuring the radioactivity of the paper containing the
nucleotide products in a Nuclear Chicago scintillation counter. (b) Products
were identified by their electrophoretic mobilities at pH 3.5 on Whatman 540
paper. Identifications of modified bases Tp, *p, Dp and GmpGp were verified
in various chromatographic systems (see Table VIII). (c) All products other
than mononucleotides were analyzed by alkaline hydrolysis. Nucleotides p3,
p6, p8 and plO were predictably unaffected by Tl ribonuclease digestion and
had the expected electrophoretic mobilities. (d) Nucleotide pl, more than one
spot in most fingerprints, includes pp. (e) Nucleotides p14 and p15 are two
versions of one variably modified pancreatic product. See also Table II, and
text. In p14, D is predominant, but there is also 1/3 unmodified U. In p15,
U is predominant, but 1/3 is modified to D. These ratios were determined
through analysis of the Tl digestion products electrophoresed on DEAE paper
at pH 3.5. (f) Nucleotides pl6A and pl6B are two unresolved pancreatic ribo-
nuclease digestion products. See text.
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TABLE II. Pancreatic ribonuclease digestion products

Molar Yields
Nucleo- Sequence Experimentally Expected from
tide determineda final structure

p1 Up (Np, *p) 9.5 10

p2 Cp 9.0 13

p3 A-Cp 0.9 1

p5 G-Cp 0.9 1

p6 A-Up 4.8 5

p8 A-A-Up 1.1 1

p9 A-G-A-Cp 0.9 1

plO A-A-*p 1.1 1

pll G-Up 2.1 2

p12 pG-Cp 0.8 1

p13 G-A-Up 3.0 3

p14 Gm-G-Dp 0.7 1

p15b G-G-Up 0.4 -

pl6A G-G-A-Up } 2.0 1

p16B G-A-G-Tp 1

Relative yields of products obtained in fingerprints such as ih Fig. 2.

(a) Yields were determined by measuring the radioactivity of the paper
containing the nucleotide in a Nuclear Chicago scintillation counter.
(b) Nucleotide p15 is the unmodified form of p14 as explained in the text
and Table I.
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show the results of additional experiments needed to establish the sequences

of the remaining longer Tl nucleotides.

Sequence analysis of t7. Digestion with silkworm nuclease and bac-

terial alkaline phosphatase of 3'-dephosphorylated t7 obtained from finger-

prints such as that shown in Fig. 3C were carried out as described in

Materials and M4ethods. Silkworm nuclease cleaves 3'-phosphodiester bonds

leaving 3'-OH and 5'-p products. When bacterial alkaline phosphatase is

included in the reaction, the 5' phosphates are also removed from the diges-

tion products. This digestion of t7 yielded the product CpG as identified

by subsequent alkaline and snake venom phosphodiesterase (SVP) digestion.

This establishes the sequence of t7 as (T,l)CG. Analysis of the pancreatic

ribonuclease digestion products from T4 tRNAGly indicates that there is only

one Tp residue in the tRNA molecule, and it is present in nucleotide pl6B,

GAGT. Thus t7 must have the Tp residue at its 51 end, and the sequence of

t7 is established as T4CG.
Sequenc anl ys of t8. Silkworm-phosphatase digestions of tB were

carried out and two of the products were ApUpCpG and UpCpG. The silkworm

phosphatase product, UpCpG, could be sequenced by alkaline and SVP diges-

tions. This permitted the sequencing of the next longer product, ApUpCpG.

Thus the complete sequence of t8 is determined to be AUAUCG.

This sequence was verified by analysis of digestion products generated

by U2 ribonuclease, which cleaves after purines. The U2 digestion products

were A, UA, and (UC)G, as determined by alkaline hydrolysis.

Sequence analysis of t9. Alkaline and SVP digestion of 3' dephosphoryl-

ated t9 were carried out in order to determine the residue at the 5' end of

the nucleotide. Alkaline digestion yielded 3.0 Ap t 3.1 Up, while SVP diges-

tion yielded 2.8 pA + 1.0 pG + 2.2 pU. This indicates that the sequence of

t9 is U(AU,AAU)G.
The products ApUpG and ApApUpG were obtained from silkworm-phosphatase

digestions of t9 and establish its sequence as UAUAAUG.

Sequence analysis of tlO. A partial digestion with SVP of 3'-dephos-

phorylated tlO obtained from one-dimensional DEAE thin-layer homochromatog-

raphy was carried out using an enzyme concentration of 0.05 mg/ml and an

incubation time of 30 min at 370C. These relatively harsh reaction condi-

tions were necessary since nucleotides separated by homochromatography have

large amounts of unlabeled RNA mixed with them. Separation and analysis of

the partial digestion products were carried out as described by Barrell.11
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Fig. 3. Two-dimensional fractionations of Ti ribonuclease digests of
T4 [32P]tRNAGlY. A, Standard fingerprint on DEAE-paper, of T4 material from
Band 6 of Fig. 1. B, Diagram identifying nucleotides in A. Letter B indi-
cates the position of the blue dye marker (xylene cyanol). C, Standard
fingerprint of combined T-t'acterial alkaline phosphatase digest of T4 mate-
rial from Band 6. The digestion products are 3'-OH rather than 3'-p as they
are in A and B. D, Diagram identifying nucleotides in C. Letters P and B
indicate the position of the dye markers in the first and second dimensions.
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TABLE IV. Analysis of snake venom phosphodiesterase prtial digestion products from Ti nucleotides

Ti Deduced sequence of
Nucleo- Alkali a Snake venom b partial snake venm
tide digestion products digestion products digestion productC Md

tlO (1)e 1.5 Ap + 1.0 Up 0.6 pA + 1.0 pU UpApU
(2) 1.0 Ap + 1.7 Up 1.7 pA + 1.0 pU f UpApUpA 1.7
(3) 2.0 Ap + 2.0 Up (2.7 pA + 2.0 pUJ UpApUpApA 2.5
(4) 3.0 Ap + 2.0 Up [2.1 pA + 2.0 pulf UpApUpApApU 1.5

til (1) 1.0 Ap + 1.0 Up n(pU) ApUpU
(2) 1.0 Ap + 1.8 Up 1.0 pC + 2.2 pU ApUpUpC 1.0
(3) 1.1 Cp + 1.0 Ap + 1.9 Up 1.0 pC + 3.7 pU ApUpUpCpU 1.9
(4) 1.1 Cp + 1.0 Ap + 2.9 Up 2.0 pC + 3.5 pU ApUpUpCpUpC 1.0
(5) 1.8 Cp + 1.0 Ap + 2.4 Up (2.0 pC + 0.6 pA + 4.9 pujf ApUpUpCpUpCpA 1.9
(6) 1.9 Cp + 2.1 Ap + 3.0 Up (1.6 pC + 1.0 pA + 5.1 pU]f ApUpUpCpUpCpApU 1.1

t12 (1) 1.1 Ap + 1.0 Dp 1.0 pA + 1.2 pU DpApU
(2) 1.0 Ap.+ 0.9 Up 1.0 pA + 1.2 pU UpApU
(3) 1.0 Ap + 1.8 "Up"g 1.0 pA + 2.0 pU DpApUpU 1.9
(4) 1.0 Ap + 1.7 Up 1.0 pA + 2.0 pU UpApUpU 2.1
(5) 1.0 Ap + 2.5 "Uplg 2.0 pA + 2'.4 pU D ApUpUpA 2.6

(6) [3.1 Ap + 3.0 "Up"]f,g 1.0 pC + 1.9 pA + 2.2 pU UpApUpUpApC 0.9

t13 No partial products obtained

t15 (1) 1.0 Cp + 1.0 Up 0.7 pC + 1.0 pU CpUpC
(2) 2.7 Cp + 1.0 Up 2.0 pC + 1.0 pU CpUpCpC 0.7
(3) 3.0 Cp + 1.0 Up 2.0 pC + 1.0 pA + 1.2 pU CpUpCpCpA 2.1

3'-dephosphorylated nucleotides tlO. tll, t12 and t13 were partially digested with snake venos phospho-
diesterase and products separated as in Materials and Methods. Nucleotide tlS is the naturally occurring
3'-OH product from the 3' end of the tRNA molecule.

(a) Products identified and yields deterained as in Table I. Alkaline digestion yields 3'-mononucleo-
tides for all except the 3'-terminal nucleoside of the partLal product. (b) Products identified by slectro-
phoretic sobilities at pH 3.5 on Whatman 540 paper and yields determined as in Table I. Snake venom phospho-
diesterase digestion yields 5'-mononucleotides for all except the 5'-terminal nucleoside of the partial
product. (c) Partial products are 3'-GM. (d) M * x/y where y a distance from origin to the digestion prod-
uct and x = the distance fros the digestion product to the next smaller degradation product as discussed in
Brownlee and Sanger.15 H does not fall in the ranges for terminal nucleotides as determined by Brownles and
Sanger (C 0.6 to 1.2, A 2.1 to 2.9, U 1.7 to 1.9, and G 2.6 to 4.4)15 for all of the products listed. How-
ever, it is obvious fros the data presented that the sequence determinations are correct. Others have
observed that the M values for the terminal nucleotides do not always fall within the expected ranges.7 ,6
(e) Partial products are listed in order of decreasing mobility for each TI nucleotide. Numbers in paren-
theses are arbitrary. (f) Data shown ln brackets do not support the deduced sequence shown. (g) The nota-
tion "Up" refers to unresolved Up and Dp.
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TABLE V. Silkworm nuclease digestion products of Ti nucleotides

Nucleotide SWa SwP ]

tUl ApUpU ApUpU
ApUpUpC

pUpCpU
pUpCpUpC

pCpUpC
pCpA
pApUpU ApUpU
pApUpUpA

pUpUpApU
pApUpCpCpG
pUpCpCpG UpCpCpG

pCpCpG

Deduced pCpG CpG
sequence: A-U-U-C-U-C-A-U-U-A-U-C-C-G

tl2 D ApUpU

pUpApCpC
pApCpC ApCpC
pApCpCpU ApCpCpU
pCpCpU

pCpUpC
CpApG

Deduced pApGDsequence: U-A-U-U-A-C-C-U-C-A-G

t13 ApCpU ApCpU
ApCpUpU

pUpUpC UpUpC
pUpUpCpC

pUpCpC UpCpC
pUpCpCpA
pCpCpA CpCpA
pCpApA

pApAp*
pApAp*pC

pAp4pC
p*pCpUpG

Deduced pCpUpG CpUpG
sequence: A-C-U-U-C-C-A-A-W-C-U-G

3'-dephosphorylated Ti nucleotides separated by homochromatography were
digested with silkworm nuclease, and combined silkworm nuclease-bacterial
alkaline phosphatase, and products were separated as in Materials and Methods.
Products were sequenced by analysis of alkaline and snake venom phosphodies-
terase digestion. (a) "SW" indicates products of digestion with silkworm
nuclease alone. Products are listed in order from 5'-end to 3'-end of Ti
nucleotide, rather than by mobility. (b) "SWP" indicates products of com-
bined silkworm-phosphatase digestion.
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The products are listed in Table IV. Combined with the overall composition

seen in Table III, this series of products establishes the sequence of tlO,

since only the terminal GmG remains to be added to the sequence of partial

product number (4). The complete sequence of tlO must be UAUAAUGmG.

Seuence analysis of til. A partial SVP digestion of tll purified by

homochromatography was carried out using an enzyme concentration of 0.1 mg/

ml and an incubation time of 45 mim at 370C. The results (Table IV) estab-

lish the sequence of the first eight bases in tll.

The complete sequence of tll was established by analysis of the prod-

ucts obtained from silkworm nuclease and combined silkworm-phosphatase

digestions.

Two basic classes of products result from silkworm nuclease digestion

of a Tl-phosphatase nucleotide. The enzyme cleaves 3'-phosphodiester bonds

leaving 3'-OH and 5'-p products. Possible kinds of products are: Type A,

which include the 5'-end of the nucleotide, and Type B, which do not.

Type A products from tll, shown in Table V-A, are ApUpU and ApUpUpC. Type

B products can be either internal products like pUpCpU, or 3'-end products

like pUpCpCpG.

Type A (5'-end) products are both 5'-OH and 3'-OH, and can be analyzed

by alkaline and snake venom digestion in the same way as the partial snake

venom products of Table IV.

Both kinds of Type B products (internal and 3'-end) are 5'-p and 3'-OH.

The 5'-base of a Type B product appears as a nucleoside diphosphate pXp

after alkaline digestion. The pXp's have characteristic mobilities and

identification of a given pXp is verified by the appearance of the 5'-

mononucleoside pX after snake venom digestion. An example is product

pUpCpU in Table V-A. Alkaline digestion yields pUp plus Cp. Snake venom

digestion yields 2 pU and 1 pC which verifies the identification of pUp.

Silkworm digestion products from tll in column "SW" of Table V-A are

shown in order, from the 5'-end to the 3'-end, rather than by mobility.
Silkworm-phosphatase products are in column "SWP". These results establish

the sequence of tll as AUUCUCAUUAUCCG. Nucleotide tll was also digested
with U2 ribonuclease. The digestion products found, (UUCUC)A, UUA, and

(UCC)G, as determined by alkaline hydrolysis, confirm the given sequence.

Sequence analysis of tl2. Partial SVP digestions of tl2 isolated from

a Tl-phosphatase fingerprint such as shown in Fig. 3C using enzyme concen-

trations of 0.01 mg/ml and incubation times of 15 and 30 min at 370C, and

0.05 mg/ml enzyme for 15 min at 370C. All three reaction mixtures were
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combined and the products separated as described in Materials and Methods.

These results (Table IV) establish the sequence of the first six bases in

t12. These results also show that the U residue at the 5'-end of tl2 was

incompletely modified to D. In our preparations of tRNAGlY approximately

50% of the U in this position is modified to D.

Table V-B shows the results of silkworm and silkworm-phosphatase di-

gestions of t12. These results establish the complete sequence of t12,

which is DAUUACCUCAG. The U2 digestion products DA, UUA, and (CCUC)A

verify this sequence.

Sequence analysis of t13. Silkworm and silkworm-phosphatase digestions

of t13, shown in Table V-C, generated a series of products which unambigu-

ously give the sequence of this nucleotide as ACUUCCAA*CUG. This sequence

was confirmed by the results of a U2 digestion of t13 and subsequent alka-

line hydrolysis of its U2 products. As predicted by the sequence above,

the U2 products (CUUCC)A and *CU(G) were found.

As seen in Table IV, no partial SVP digestion products were obtained

from t13 in sufficient quantity to permit analysis, although the nucleotide

was susceptible to complete SVP digestion. This resistance to SVP has also

been found in the case of nucleotide ul5C of T4 tRNALeu,7 and in both cases

these nucleotides contain the anticodon of their respective tRIA molecules.

It is possible that these nucleotides have a special tertiary structure,

even when separated from the rest of the tRNA molecule, that renders them

resistant to digestion with SVP. It is also possible that the Q modifica-

tion near the 3'-end of each nucleotide interferes with the partial venom

digestions.

There is some evidence that there is a modified U in t13 in addition

to P. If the Up residues from a pancreatic ribonuclease digest of t13 are

eluted and chromatographed in the systems described in Table VIII, a nucleo-

tide with different mobilities than U also appears. Alkaline digestions of

t13 do not yield this nucleotide, so this modification is apparently alka-

line labile. We shall refer to this nucleotide as U , We have no evidence

for the actual position of U+ in t13, although it is likely that it is in

the wobble position of the anticodon.

Sequence analysis of t15. A partial SVP digestion was carried out on

t15 isolated from a Tl fingerprint as shown in Fig. 3A using an enzyme con-

centration of 0.01 mg/ml and an incubation time of 15 min at 370C. The

results are listed in Table IV. Nucleotide t15 is the naturally occurring
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3'-OH product from the 3'-end of the tRNA molecule, the complete sequence

of which is CUCCA-OH. This sequence is verified by silkworm-phosphatase
products CpUpC and CpCpA.

Experimentally determined molar yields of the Tl ribonuclease diges-

tion products are shown in Table VI. The figures are based on data from a

Tl-ribonuclease digest of T4 tRNAGly that had been further purified by

chromatography on an RPC-2 column as described in Materials and Methods.

Nucleotide t9 is the unmodified form of tlO. When the G in the seventh

position of tlO is not modified, Tl ribonuclease cleaves in this position

and yields t9. The combined molar ratio of t9 and tlO is 0.9. The experi-

mental molar yields agree very well with those expected on the basis of the

finally determined structure.

Partial Enz tic Digestion Products and Overall Sequence of T4 tRNA ly

Partial digestion of T4 [32P]tRNAGly using Tl and modified c-carboxy-

methyllysine-41-pancreatic RNases, were carried out and the products frac-

tionated as in Materials and Methods. Table VII shows a series of such

partial digestion products. These partial products are more than suffi-

cient to establish the overall sequence of the molecule.

Each partial digestion product was analyzed by subsequent total diges-

tion with Tl and pancreatic RNases. Mobilities of the total digestion
products in 7% formic acid were compared with known mobilities of total

digestion products of the entire molecule which were run as markers on the

same paper. In addition the total digestion products of one enzyme were

analyzed by further digestion with the other enzyme, or with alkali, or

with both.

The combined data usually, but not always, led to a definitive sequence

for the partial product. Where a partial product could not be independently

sequenced, however, the results from other partials could be applied to

order it. For instance, partial product Tl-852-14 is AUGUGAGTqCG. It con-

sists of t6, t4, t3, and t7. Total Tl digests yield these four products,
which are clearly identifiable. Inspection will show, however, that the

pancreatic digestion products of order t6-t4-t3-t7 are identical in composi-
tion-with those of t6-t3-t7-t4. However, several partial products in Table

VII show definitively that t3 is immediately preceded by t4. Furthermore,
product Tl-852-19 shows that the 3'-end of t7 is linked to tll. Therefore

the order of Tl-852-14 must be as shown.
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TABLE VI. Ti ribonuclease digestion products

Molar Yields
Nucleo- Experimentally Expected from
tide Sequence determineda final structure

tl Gp 1.2 1

t2 C-Gp 0.9 1

t3 A-Gp 1.0 1

t4 U-Gp 1.0 1

t5 pGp 0.8 1

t6 A-U-Gp 2.0 2

t7 T-*-C-Gp 1.2 1

t8 A-U-A-U-C-Gp 1.0 1

t9 U-A-U-A-A-U-Gp 0.3 -

tlO U-A-U-A-A-U-Gm-Gp 0.6 1

tll A-U-U-C-UJ-C-A-U-U-A-U-C-C-Gp 1.0 1

tl2 D_A-U-U-A-C-C-U-C-A-Gp 1. 1 1

tl3 A-C-U-U-C-C-A-A-*-C-U-Gp 0.8 1

Relative yields of products obtained in fingerprints such as in Fig. 3A.

(a) Yields were determined by measuring the radioactivity of the paper
containing the nucleotide in a Nuclear Chicago scintillation counter.
(b) As explained in the text, t9 results as a Ti ribonuclease digestion
product of unmodified tlO.
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An example of a partial product that can be individually sequenced is

Tl-852-21. Total digestion of this partial product with Ti RNase yields

t6, t12 and t13. Complete pancreatic RNase digestion of this partial

yields products including AGAG and GAU, and G. This unambiguously estab-

lishes the sequence of Tl-852-21 as t12-t13-t6.

The final sequence of T4 tRNAGlY is shown both in Table VII and in the

familiar cloverleaf configuration in Fig. 4.

Identification and Characterization of Modified Nucleotides

Modified nucleotides were identified and further characterized as

described in Pinkerton et al.7 The mobilities of the modified and unmodi-

fied nucleotides in. the various systems employed are summarized in Table

VIII.

All modified nucleotides in the molecule with the exception of U are

identified and their mobilities in the various systems agree with pub-

lished values.7'11

Sequence Comparison with tRNAGly from Bacteriophage T2 and T6

Bacteriophages T2 and T6 also code for a tRNA with an electrophoretic

mobility on 10% polyacrylamide gels which is the same as that for the T4

tRNGly (band 6). Pancreatic and Tl digestion products from these tRNAs

give fingerprints that are identical to the pancreatic and Tl fingerprints
Glyobtained for T4 tRNA y* Sequence analysis of the pancreatic and Ti ribo-

nuclease digestion products of these tRNAs from T2, T4, and T6, in which

each product was digested with the other enzyme and the electrophoretic

mobilities of these digestion products compared on DEAE paper at pH 3.5,

indicates that the T2 and T6 tRNAsGly sequences are identical to that of

T4 tRNA

DISCUSSION

From the data presented above, a nucleotide sequence has been unambig-

uously determined for T4 tRNAGly. The evidence presented indicates incom-

plete nucleotide modification at some sites in the tRNA. Such incomplete

modification of nucleotides has been seen before in tRNA isolated from

phage-infected cells.7 The data concerning pancreatic nucleotides p14,

GmGD, and p15, GGU, shows partial modification of U to D in both cases.

This indicates that the modificat on of U to D and the 2'-0 methylation of

G occur independently of each other.

The anticodon of T4 tRNAGly is UCC which would be expected to recog-

nize glycine codons GGA and GGG. Our evidence suggests the Dossibility
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TABLE VII. Partial enzymatic digestion products of T4 (32p]tRNAGly

pGCGGAUAUCGUAUAAUGmGUDAUUACCUCA(ACUUAA*CUUAUAUU.AlUTAUUCUCAUUAUCU(UCUA-UH
Tl-852-4 pGCG
T1-852-8 pGCGG
MP-851-23 pGCGGAU
MP-851-32 pGCGGAUAU
MP-909-19 pGCGGAUAUC
T1-852-16 pGCGGAUAUCG
Ti-8 52-17 AUAUCGUAUAAUGmG
MP-909-6 AUAAUGUGD
MP-909-3 AAUGmGD
MP-909-27 AAI4GmGDAUUACCUC
T1-852-21 DAUUACCUCAGACUUCCAA*CUGAUG
MP-851-39 ACCUCAGACUUCC
MP-851-16 AGACU
MP-851-25 AGACUUCC
T1-852-18 ACUUCCAA*CUGAUG
MP-909-26 AA*CUGAUGAUGU
MP-909-35 AA*CUGAUGAUGUGAGT
MP-851-15 GAUGU
Tl-852-14 AUGUGAGT*CG
MP-851-37 GUGAGTOCGAU
MP-851-40 GUGAGT#JCGAUU
MP-851-15 GAGTV
MP-851-19 GAGTJC
MP-851-28 GAGTDCGAU
MP-851-32 GAGT*CGAUU
TI- 852-9 AGT*CG
Tl-852-19 T*CGAUUCUCAUUAUCCG
T1-852-22 TKCGAUUCUCAUUAUCCGCUCCA-OH
TI-852-20 AUUCUCAUUAUCCGCUCCA-OH
MP-851-26 AUCCGCUCC
MP-851-27 AUCCGCUCCA-OH

Partial digestions of T4 [32PJtRNAGlY were carried out using Ti and modified E-
carboxymethyllysine-41-pancreatic RNases, and the products fractionated as in Materials
and Methods. In product nomenclature MP or Ti indicate the enzyme used. The second group
of three numbers refers to a given experiment and the last number refers to a specific
partial product for a given experiment. For Ti RNase, an enzyme-to-substrate ratio of
1:1000 was used for experiment 852. For modified pancreatic RNase, the ratios were 1:20
for experiment 851, and 1:100 for 909.

c
c
u

pGC
C G
G C
G C
A U
U A

uAUUU A C U CU A

GmU A UG
G AG

G UA C UA U A *
DU c GUG

A U
G C

cA *AC A

U A

U c c

T4 tRNA

Fig. 4. Cloverleaf arrangement of T4 tRNAGlY
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TABLE VIII. Nucleotide characterization

ElectMrphorestic sytm Ch omatorahcytemsb

Nucleo- DEAE Whatman 540 c d
tidef pH 3.5 pH 3.5 System A System B system Cp

Ru Ru Ru Ru Ru

Cp 0.81 0.18 1.30 0.65 -

Ap - 0.38 1.44 0.53 -

Gp 0.66 0.77 0.90 0.44 -

GmGp 0.20 0.94 - 0.16 -

Dp 1.05 1.00 0.90 1.07 0.86

Tp 0.98 0.98 1.17 1.11 -

*p 0.98 0.98 0.78 0.75 -

GmG 0.59 0.46 - - -
p
pGm _ 0.70
pG - 0.68 - - -

U+p 1.00 - 0.91 1.21

Mobilities are
mobility for Up.

shown for nucleotides contained in tRNAGlY relative to the

(a) Mobilities were obtained for products derived from alkaline, pancrea-
tic, or Tl digestions of the parent Tl or pancreatic oligonucleotides, except
that GmG was derived from alkaline digestion of dephosphorylated tlO, and pGm
and pG were derived from total snake venom digestions of dephosphorylated tlO.
(b) Mobilities were obtained for nucleotides which were first isolated by
electrophoresis on Whatman 540 paper after alkaline digestion of the parent
Ti or pancreatic oligonucleotide. An exception to this rule is that the
mobility of Utp was determined by first isolating the Up residues after a
pancreatic ribonuclease digestion of t13 by electrophoresis on DEAE paper at
pH 3.5. See text. (c) System A is ascending thin-layer cellulose chromatog-
raphy with isobutyric acid and 0.5 M NH40H (5:3, v/v) as the solvent. Rf for
Up = 0.53. (d) System B is ascending thin-layer cellulose chromatography with
isopropanol, conc. HC1, and water (70:15:15, v/v/v) as the solvent. Rf for
Up = 0.85. (e) System C is ascending thin-layer cellulose chromatography with
isopropanol, water, and conc. NH40H (70:30:1, v/v/v) as the solvent. Rf for
Up = 0.15. (f) All nucleotides are the nucleoside 3' phosphates except GmGp
is the dinucleoside diphosphate, GpmG is the dinucleoside monophosphate, and
pGm and pG are the nucleoside 5' phosphates. Identical nucleotides from dif-
ferent sources (i.e., the parent Ti or pancreatic oligonucleotide) had the
same mobilities when run in the various characterization systems.
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that the U in the anticodon is modified but the nature and extent of the

modification remains undetermined.

The results of our experiments indicate that the tRNAGly coded for by

the T2 and T6 bacteriophages probably have a sequence which is the same as

that of T4 tRNA lY. Since partial digestions were not performed on the T2

and T6 tRNAGlY to determine the order of the Ti and pancreatic digestion

products, the sequence identities are, of course, not rigidly proved.

However, the small size of these tRNAs which allows for a minimum of se-

quence permutations that would still obey the known rules for tRNA se-

quences and the several unique overlaps provided by matching the Tl and

pancreatic oligonucleotide sequences suggests that the T2, T4, and T6

tRNA Y nucleotide sequences are indeed identical.

Sequence comparisons among the tRNAsGly coded for by T4, E. coli, and

Staphlococcus epidermis have been previously reported.9912 These compari-

sons implicate the 3'-5' stem and the anticodon as potential sites for
Glyamino acyl synthetase recognition of tRNA y* It has already been shown

that the anticodon is important in the synthetase recognition of
Gly 13 1 the E. coli and T4 leucyl-tRNAs,7 the length of thetRNA UnlikethE.clan 4euy

tRNA Y molecules appears to be inessential to synthetase recognition since

T4 tRNA Y has 74 nucleotides and the three E. coli tRNAs have 76 nucleo-

tides.13
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