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Some Properties of Transfer Ribonucleic Acids from

5-Fluorouracil-Treated Escherichia coli*

Judith L. Johnson,T Keith R. Yamamoto, Paul O. Weislogel, and Jack Horowitz]

ABSTRACT: The composition and some of the functions
of transfer ribonucleic acid from 5-fluorouracil-treated
Escherichia coli have been examined. The analog can
replace as much as 709 of the uracil in transfer ribonu-
cleic acid. This substitution has little effect on the pro-
portions of the other major nucleotide components:
the purine to pyrimidine ratio remains unchanged.
Transfer ribonucleic acid from 5-fluorouracil-inhib-
ited cells is, however, deficient in several minor base
components. The pseudouridylic acid content decreases
from 2.7 to 0.99 mole 9; this decrease is proportional
to the extent of analog incorporation, The level of
ribothymidylate in this ribonucleic acid is also reduced.
Despite these changes in nucleotide composition the

’Il:e structural and functional changes brought about
by the introduction of a base analog into RNA can pro-
vide important insights into the active centers of the
molecule. It has been known for some time that FU ! will
replace uracil in bacterial RNA (Horowitz and Char-
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capacity of 5-fluorouracil-containing transfer ribonu-
cleic acid to accept amino acids remains essentially the
same as that of normal transfer ribonucleic acid. The
mixture of transfer ribonucleic acid isolated from cells
exposed to the analog can be partially separated into
normal and 5-fluorouracil-containing components by
chromatography on columns of methylated albumin
silicic acid, with resolution increasing as the pH of the
eluting buffer is raised from 5.2 to 8.0.

The 5S ribosomal ribonucleic acid of 5-fluorouracil-
treated cells also contains the analog; 359 of the
uracil is replaced by 5-fluorouracil. This ribonucleic acid
remains associated with the ribosome and does not con-
taminate the transfer ribonucleic acid fraction.

gaff, 1959) as well as in the RNA of higher organisms
and viruses (reviewed by Heidelberger, 1965). Previous
investigations have examined the inhibition of ribosome
formation by the analog (see review by Osawa, 1965;
Andoh and Chargaff, 1965; Hills and Horowitz, 1966)
and the effects of FU incorporation into mRNA on
protein synthesis (Heidelberger, 1965; Horowitz and
Kohlmeier, 1967). Few studies, however, have con-
cerned themselves with the effects of FU on tRNA. The
results reported here deal with this aspect of FU action
and describe the effects of the fluoropyrimidine on some
of the properties and functions of the tRNA from
Escherichia coli. 1t was found that FU can replace up to
707 of the uracil in tRNA and that this RNA was de-
ficient in at least two minor pyrimidine constituents,
pseudouridylic and ribothymidylic acids. Despite these
changes FU-tRNA was readily able to accept amino
acids, in most cases at least as efficiently as normal
tRNA. FU was also incorporated into the low molec-
ular weight (5S) rRNA; this remained associated with
ribosomes. A preliminary account of these findings
has appeared (Horowitz and Huntington, 1967) and
Lowrie and Bergquist (1968) have since described sim-
ilar observations.
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Materials and Methods

Bacterial Growth. E. coli strain B-RA, kindly sup-
plied by Dr. Rakoma Wiesner, was grown in a glucose-
salts medium (Demerec and Cahn, 1953) either in flasks
with aeration by shaking or, when larger quantities
were needed, in 15-1. fermentors (New Brunswick Sci-
entific Co.). 5-Fluorouracil (15-50 ug/ml) and thymidine
(10-25 ug/ml) were added when the cells reached expo-
nential growth. After incubation for the indicated time
periods, the cultures were chilled and the cells were har-
vested by centrifugation, washed twice with 0.01 M
Tris-HCI buffer (pH 7.4) containing 0.01 M magnesium
acetate (Standard buffer), frozen, and stored at —20°
until used. Sodium azide (0.01 M) was added to stop
further synthetic activity, in those experiments which
examined the effect of duration of FU treatment on the
nucleotide composition of tRNA,

Preparation of RNA. Cells were broken by grinding
with alumina (Alcoa A-305) and the ribosomes care-
fully separated from the supernatant by ultracentrif-
ugation (see Hills and Horowitz, 1966, for details).
tRNA was prepared from the ribosome-free superna-
tant by a modification (Hills and Horowitz, 1966) of the
phenol-sodium dodecyl sulfate procedure of Kurland
(1960). This RNA was further purified by chromatog-
raphy on DEAE-cellulose or MASA or by an iso-
propyl alcohol fractionation step as described by Zubay
(1962). Amino acids were stripped from tRNA by in-
cubation at 37° in 1.8 M Tris-HCI buffer (pH 8.0) for 90
min (Sarin and Zamecnik, 1964).

5S rRNA was prepared from the ribosomal pellet by
the phenol-sodium dodecyl sulfate method. The ma-
Jjority of the high molecular weight rRNA was removed
by precipitation with 1-2 M NaCl and the 5§ RNA
further purified by chromatography on Sephadex G-100
using 1 M NaCl to elute the RNA (Schleich and Gold-
stein, 1966).

Chromatographic Procedures. Chromatography on
MASA columns was carried out as described by Oka-
moto and Kawade (1963). The columns were equili-
brated with either 0.02 M sodium acetate buffer (pH
5.2) or 0.05 M Tris-HCI buffer (pH 8.0). Gel filtration on
0.9 X 150 cm columns of Sephadex G-100 was per-
formed as described by Schleich and Goldstein (1966)
using 1 M NaCl to elute the RNA. tRNA was purified
on DEAE-cellulose as described by Holley ef al. (1961);
the RNA was eluted with a linear gradient of NaCl in
standard buffer.

In each instance, RNA was detected by measuring
the absorbance at 260 mu. Radioactive samples were
precipitated with 7% trichloroacetic acid after the addi-
tion of 0.6-1.0 mg of bovine serum albumin as carrier.
The precipitates were washed, dissolved in 1 N am-
monium hydroxide, and evaporated onto planchets
which were then counted in a Nuclear-Chicago D47
gas-flow counter equipped with micromil window.

Analytical Methods. Nucleotide analyses were car-
ried out on RNA samples hydrolyzed with 0.5 N NaOH
at 37°. After 2 days the hydrolysate was neutralized
with HCI, and any insoluble material was removed by
centrifugation. The nucleotides were separated by paper
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chromatography (Whatman No. 1) using the one-di-
mensional procedure developed by Lane (1963), which
separates the four major nucleotides and fluorouridylic
acid or the two-dimensional method described by Lip-
shitz and Chargaff (1960), which separates pseudouri-
dylic acid but not fluorouridylic acid from uridylic acid.
In the two-dimensional procedure, the amounts of
uridylate and fluorouridylate were estimated by the
following equations (at pH 7.0): uridylate (umoles/ml)
= [6.55(A260) — 7.8(As0)]/38.2 and fluorouridylate
(umole/ml) = [10(A4mo) ~ 3.5(A4260)]/38.2. RNA was
determined by means of the orcinol reaction (Mejbaum,
1939) and phosphorus by the method of King (1932).

Amino Acid Acceptor Activity. Aminoacylation of
tRNA was carried out essentially as described by Kel-
mers et al. (1965) or Pestka (1966), except that the reac-
tion mixtures were supplemented with 0.001 M CTP.
Aminoacyl-tRNA synthetase fractions free of tRNA
were prepared by the method of Kelmers er al. (1965)
in early experiments and as described by Muench and
Berg (1966) in later ones. After incubation at 37° for
20 min, the reaction mixtures were chilled, and the reac-
tion was stopped by the addition of 7% trichloroacetic
acid; 0.5-1.0 mg of yeast RNA was added as carrier.
Radioactivity in the precipitate was determined as de-
scribed earlier. The values reported were corrected for
the amount of label incorporated in controls containing
no tRNA. Under our conditions, incorporation was
linearly dependent upon tRNA up to a concentration of
1.2 mg/ml. The label precipitated by cold trichloro-
acetic acid could be solubilized by heating in 77 tri-
chloroacetic acid at 90° for 10 min and by the stripping
procedure used to remove amino acids from tRNA
(Sarin and Zamecnik, 1964).

Materials. 5-Fluorouracil was generously provided
by Dr. W. E. Scott of Hoffman-LaRoche, Inc. Carbon-
labeled compounds were purchased from either the
California Corp. for Biochemical Research or New
England Nuclear Corp. ATP and CTP were obtained
from P-L Biochemicals, Inc.; bovine albumin (fraction
V) from Pentex, Inc., and DEAE-cellulose (Cellex-D)
from Bio-Rad Laboratories.

Results

Nucleotide Composition of FU-tRNA. tRNA from
FU-inhibited E. coli has a high percentage of its uri-
dylic acid component replaced by fluorouridylate. This
is demonstrated in Table I which presents the nucleo-
tide composition of tRNA isolated from cells exposed to
the analog for various time periods up to 3 hr. There was
a progressive increase in the degree of substitution of
FU for uracil; after 3 hr, more than 70% of the uri-
dylic acid had been replaced. This substitution had
little effect on the proportion of the other major nucleo-
tide components, and the purine to pyrimidine ratio
remained constant (Table I). Similar results were ob-
tained with either of the two procedures employed for
nucleotide analysis, method I which separates fluoro-
uridylic acid from uridylic acid and method II which
separates pseudouridylic acid, but not fluorouridylic
acid, from uridylate (see Methods). However, higher
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TABLE I: Nucleotide Composition of tRNA from FU-Treated E. coli.s

Method

D;rz;tgm Nuc::tieo- Nucleotide Constituent (mole 97) FU x100
Treatment tide Anal. A C G U FU v U+ FU U+ FU pu/Py
0 I 19.6 30.2 32.2 18.0 18.0 1.07
I 19.3 30.0 31.8 16.2 2.7 16.2 1.05
45 I 19.4 28.8 31.1 11.5 9.3 20.8 45 1.02
I 19.4 29.9 31.8 9.3 8.2 1.6 17.4 47 1.05
90 1 19.5 29.3 31.2 9.0 11.1 20.1 55 1.03
I 19.9 30.2 31.0 7.4 10.1 1.4 17.5 58 1.04
180 I 19.4 30.0 31.0 6.8 12.8 19.6 65 1.02
11 19.8 29.3 31.7 4.8 13.5 0.99 18.3 74 1.06

s Nucleotides were separated by paper chromatography as described by Lane (1963), method I, or Lipshitz and

Chargaff (1960), method II. See Methods for details.

values for uridylic acid were always obtained with the
one-dimensional chromatographic procedure (method
I), undoubtedly because uridylate and pseudouridylic
acid were not separated by this procedure.

While the relative amounts of the major base con-
stituents remained unchanged, except for the substitu-
tion of FU for uracil, the pseudouridylic acid content of
tRNA progressively decreased as the time of exposure to
FU increased and, after 3 hr, was reduced from 2.7 mole
% to less than 1 mole % (Table I). Comparison of the
results from a number of experiments indicated that the
decrease in pseudouridylic acid content was approxi-
mately proportional to the degree of replacement of
uridylate by fluorouridylate (Table II).

The effect of FU on another minor pyrimidine con-
stituent of tRNA, ribothymidylic acid, was also ex-
amined, using the two-dimensional paper chromato-
graphic technique of Hayashi er al. (1966) to separate
this component. A marked reduction was noted in the
amount of ribothymidylate in FU-tRNA compared
with that in normal tRNA., In fact so little of this nu-
cleotide could be detected in tRNA from cells exposed
to FU for 2 hr that it was impossible with our methods
to accurately quantitate the amount present.

Chromatographic Examination and Fractionation of
FU-tRNA. FU-tRNA consists of a mixture of FU-con-
taining tRNA and normal, unsubstituted tRNA present
in the cells before FU was added to the culture. Several
attempts were made to separate these two species of
RNA by gel filtration and other chromatographic pro-
cedures. Our tRNA preparations were also examined
closely to determine whether the low minor pyrimidine
base content of FU-tRNA could be ascribed to the pres-
ence of 5S rRNA or high molecular weight TRNA
breakdown products, which contain none or only rel-
atively small amounts of these minor base components
(Rosset et al., 1964 ; Osawa, 1960).

No contamination of the tRNA preparations with
other RNA species was observed by chromatography on
columns of MASA and only minor amounts of acid-

soluble material were detected (Figure 1). It was, how-
ever, noted that the FU-tRNA peak was broader than
the normal and skewed toward the trailing edge (com-
pare Figure 1A, B), an indication that some separation
between FU-containing and normal tRNA occurred.
This was confirmed by the experiments in Figure 2
which show the elution pattern obtained when FU-
tRNA labeled with ['*C]JFU was chromatographed
together with a tenfold excess of unlabeled normal
tRNA; the normal tRNA, represented by the ultra-
violet absorption profile, was eluted before the analog-
containing tRNA. At pH 5.2, normal tRNA came off
the MASA columns at ca. 0.65 M NaCl, while FU-
tRNA was eluted at ca. 0.75 M NaCl (Figure 2A). The
degree of separation increased as the pH was raised,
with best results obtained at pH 8.0 where the two RNA
species were almost completely resolved (Figure 2B).
Partial separations with MAK column chromatography
have previously been reported (Sueoka and Yamane,
1963; Andoh and Chargaff, 1965).

Both normal and FU-tRNA were eluted from DEAE-
cellulose at 0.5 M NaCl; no separation of the two RNA
species was observed with the procedure used in these
studies (see Methods). Chromatography on DEAE-

TABLE II: Relationship between FU Incorporation
and the Pseudouridylic Acid Content of tRNA.

FU X FU X
100 100
% De- % De-
FU + crease FU + crease
Expt U in ¥ Expt U in y

1 38 33 5 58 50
2 47 43 6 67 67
3 48 33 7 74 64
4 52 53

1903

5-FLUOROURACIL-CONTAINING tRNA



1904

BIOCHEMISTRY

,260mu
g 8

ABSORBOANCE
N

Ol

60
TUBE NUMBER

NaCl CONCENTRATION (M)

FIGURE 1: Chromatography of tRNA on columns of MASA. The RNA was eluted with a linear gradient of NaCl in 0.02 M
sodium acetate buffer (pH 5.2). (A) Normal tRNA; (B) FU-containing tRNA.
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FIGURE 2: Chromatography of mixed normal and [*C]JFU-containing tRNA on MASA. E, coli exposed to [**C]FU for 2 hr was
mixed with a tenfold excess of normal unlabeled cells and tRNA isolated. The RNA was eluted with a linear gradient of NaCl in:
(A) 0.02 m sodium acetate buffer (pH 5.2); (B) 0.05 M Tris-HCI buffer (pH 8.0). (O—O) absorbance at 260 mu; (0—0) radioac-

tivity.

cellulose also failed to detect oligo~ or polynucleotide
contaminants in our tRNA preparations.

Gel filtration on Sephadex G-100 did not separate FU
and normal tRNA. This is demonstrated in Figure 3,
which shows the results obtained when FU-tRNA la-
beled with [1“CJFU was chromatographed together
with a tenfold excess of unlabeled normal tRNA. The
elution pattern of the normal tRNA (As profile) coin-
cides with that of the !“C-labeled FU-tRNA. A small
amount of rRNA was present in the tRNA used in this
experiment (peak at tube 5 in Figure 2); this sample had
not been as extensively purified as those used for nu-
cleotide analyses and other experiments. The tRNA

preparations used for the majority of experiments con-
tained no appreciable contamination detectable by gel
filtration (Figure 4).

FU-Containing 55 rRNA. Since no 58 rRNA was de-
tected in tRNA isolated from FU-inhibited cells, either
this low molecular weight rRNA is not produced or it is
not released from ribsomes, despite the fact that the
ribonucleoprotein particles formed by cells exposed to
FU are abnormal (Osawa, 1965; Andoh and Chargaff,
1965 ; Hills and Horowitz, 1966). The second alternative
appears to be the correct one, for our results indicate
that 5S RNA is formed by FU-treated E. coli and the
analog is incorporated into this species of RNA. This is

JOHNSON, YAMAMOTO, WEISLOGEL, AND HOROWITZ



VvoL. 8 NO. 5, MaYy 1969

&
8- —s o
=
& z
[=] a
& s —6©
] E
Z 2
2] o
@ 4 —4
g 3
2
< @x
2p- —f2
(B
PO L2 A L e |

5 10
TUBE NUMBER

FIGURE 3: Gel filtration of mixed normal and [14C]FU-con-
taining tRNA on Sephadex G-100. E. coli exposed to [1¢C]-
fluorouracil for 2 hr was mixed with a tenfold excess of
normal unlabeled cells and tRNA prepared as described in
Methods. The RNA was eluted with 1 M NaCl; (0—O)
absorbance at 260 mu; (0—0) radioactivity.

demonstrated in Figure 5, which shows the elution pat-
tern obtained when the low molecular weight RNA,
prepared from ribosomes isolated from E. coli exposed
for 2 hr to 'C-labeled FU, was chromatographed on
Sephadex G-100. Most of the high molecular weight
rRNA was precipitated with 1 M NaCl and the salt-
soluble fraction placed on the column. Each of the RNA
components contains [1“C]FU; the relative specific ac-
tivities (counts per minute per A5, unit) of the peak tubes
in the various fractions are: rRNA (tube 12), 0.43; 5S
rRNA (tube 17),0.52; and tRNA (tube 23), 1.

The nucleotide composition of FU-containing 5S
rRNA, freed of contaminating polynucleotides by two
passages through Sephadex G-100, is shown in Table
III together with that of FU-tRNA and FU-rRNA from
the same experiment. Other than the substitution of
fluorouridylate for uridylic acid, there appears to be no
change in the base ratios of 5S RNA or any of the other
ribonucleic acids. tRNA had the largest substitution of
FU for uracil, while rRNA had the least; the relative
extent of replacement of uracil by FU is: rRNA, 0.41;
5SRNA, 0.68;and tRNA, 1.

Amino Acid Acceptor Acitivity. The ability of FU-
tRNA to accept amino acids was compared with that of
normal tRNA for 19 amino acids (Table 1V). It seems
evident that FU-tRNA still retains much of its capacity
to be charged with amino acids. Of the amino acids
tested, 14 were able to acylate FU-tRNA at least as well
as normal tRNA, and five, Asp, Asn, Glu, Gln, and
Leu, showed a somewhat reduced activity, 70-807%
that of normal. While FU-tRNA contains some normal
tRNA, present in the cells before they were exposed to
FU, the extent to which FU-tRNA is charged clearly
indicates that the activity cannot be ascribed only to the
normal tRNA present in the preparation. In the experi-
ments shown in Table IV, FU-tRNA was prepared from
E. coli exposed to FU for 2 hr and had 61 7 (expt I) and
519 (expt II) of its uracil replaced by FU; the RNA
used in expt I had only one-third the normal
pseudouridylic acid content. Corrections were not made
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FIGURE 4: Gel filtration of tRNA on Sephadex G-100. RNA
was eluted from the column with 1 M NaCl. (A) Normal
tRNA; (B) FU-containing tRNA,

for isotope dilution of the radioactive amino acids by
unlabeled amino acids present in the synthetase prep-
arations. Since different amino acid synthetase prep-
arations were used, this may account for the quantita-
tive differences observed in the extent of charging with
certain amino acids in the two experiments shown in
TableIV.

Examination of the kinetics of charging normal and
FU-tRNA revealed no differences for six amino acids,
Phe, Asp, Ala, Leu, Val, and Ile.

tRNA concentration in these experiments was calcu-
lated from the absorbance of tRNA solutions at 260
mu. The spectral characteristics of FU and normal
tRNA were identical; the atomic extinction co-
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FIGURE 5: Gel filtration on Sephadex G-100 of ribosome-
associated low molecular weight RNA from FU-treated E.
coli, Ribosomes were prepared from E. coli exposed to FU for
2 hr and the RNA was isolated by the phenol-sodium
dodecyl sulfate procedure (see Methods). The major portion
of the high molecular weight rRNA was removed by precipi-
tation with 1 M NaCl before the sample was placed on the
column. (O—O) Absorbance at 260 mu; (O0—0O) radio-
activity.
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TABLE 111 : Nucleotide Composition of r- and tRNAs from FU-Treated E. coli.

Nucleotide Constituent (mole %7)

FU X 100

Type of RNA A C G U FU U+FU U+FU
5S rRNA Normal® 19.2 30.0 33.7 17.1 17.1
FU 20.7 30.8 31.7 11.0 5.9 16.9 35
rRNA Normale 26.4 21.8 30.6 21.1 21.1
FU 25.7 22.9 30.9 16.2 4.3 20.5 21
tRNA Normal 19.9 30.1 31.5 18.5 18.5
FU 19.9 28.9 31.5 9.6 10.1 19.7 51

« Nucleotides were separated by paper chromatography as described by Lane (1963). Cells were treated with FU
(25 ug/ml) for 2 hr and the respective ribonucleic acids were isolated as described under Methods. * Nucleotide com-
position calculated from the known sequence of E. coli 5S TRNA (Brownlee et al., 1968). < Results from analyses by

Andoh and Chargaff (1965).

TABLE IV: Amino Acid Accepting Activity of Normal and FU-Containing tRNA.

Expt I Expt 11 Expt I Expt 11

Normal FU Normal FU Normal FU Normal FU
Ala 0.025 0.022 Lys 0.036 0.037 0.031 0.036
Arg 0.036 0.038 0.049 0.062 Met 0.041 0.052
Asp 0.037 0.025 Phe 0.013 0.017 0.024 0.029
Asn 0.034 0.026 Pro 0.020 0.012 0.050 0.059
Glu 0.029 0.024 0.030 0.022 Ser 0.018 0.019 0.038 0.040
Gin - 0.010 0.006 Thr 0.033 0.034
Gly 0.049 0.054 0.050 0.061 Trp 0.006 0.006
His 0.031 0.031 Tyr 0.010 0.008 0.021 0.019
Ile 0.018 0.017 Val 0.071 0.067 0.059 0.082
Leu 0.089 0.071

« Moles of amino acid per mole of tRNA assuming a molecular weight of 26,500.

efficients with respect to phosphorus, «(P), at 260 mu were
6800 and 6900, respectively, in 0.01 M Tris-HCI buffer
(pH 7.4) containing 5 X 10~¢M magnesium acetate.

Discussion

The results of the present study and our earlier ob-
servations (Horowitz and Huntington, 1967; also see
Lowrie and Bergquist, 1968) demonstrate that FU
alters the composition of E. coli tRNA in two respects.
First of all, it is incorporated into the molecule, re-
placing as much as 70%; of the uracil with no signifi-
cant changes in the proportions of the other major nu-
cleotides. Second, there is a marked reduction in the
pseudouridylic and ribothymidylic acid content of FU-
tRNA (Table I). This decrease is, at least for pseudo-
uridylate, roughly proportional to the extent:of FU in-
corporation (Table II); presumably FU substitutes for
the minor base components. It is not surprising that the
analog interferes with the formation of these two uracil

derivatives since FU is known to inhibit the synthesis of
thymidylic acid from deoxyuridylic acid (Cohen et al.,
1958), a reaction which also involves substitution on the
C-5 of the pyrimidine ring. Earlier evidence indicating
that FU and fluoroorotate interfere with pseudouridine
synthesis was presented by Wagner and Heidelberger
(1962) for a rat liver system, and Robbins and Kinsey
(1963) for yeast.

The low levels of pseudouridine and ribothymidine in
FU-tRNA offer an opportunity for examining the role
of these minor base constituents in the biological func-
tion of tRNA. However, any experiments designed to do
this will be complicated by the unknown effects of the
substitution of FU for uracil and by the presence of
normal tRNA along with the FU-containing species in
the tRNA isolated from FU-treated cells. Attempts
were, therefore, made to separate the two types of RNA.
These were at least partially successful in that resolution
of FU- and normal tRNA was obtained on columns of
MASA (Figure 2), the analog-containing tRNA eluting
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after the normal. FU-tRNA is adsorbed more strongly
to the anion exchanger, especially as the pH of the
eluting buffer is increased, presumably because the lower
pK of FU, 8.1-8.3 in poly FU (Szer and Shugar, 1963;
Massoulié et al., 1966), compared with that of uracil,
9.6-9.8 in poly U, results in a larger net negative charge
on the fluoropyrimidine-containing RNA as the pH
approaches 8.0. Use has been made of this effect of
higher pH on tRNA containing the analog to frac-
tionate FU-tRNA on DEAE-cellulose (I. 1. Kaiser,
personal communication, 1968).

The various chromatographic procedures employed
failed to detect contamination of the tRNA prepara-
tions with rRNA degradation products or 5S rRNA
(Figures 1 and 4). There was a possibility that the latter
might be released from ribosomes to contaminate the
tRNA fraction in FU-inhibited cells since the analog
is known to interfere with ribosome formation, re-
sulting in the production of altered ribosomes, the FU
particles (Osawa, 1965; Andoh and Chargaff, 1965;
Hills and Horowitz, 1966). Our results show clearly
that 5S rRNA formed in cells treated with FU con-
tinues to be associated with ribonucleoprotein particles
and sediments with them in the ultracentrifuge, despite
incorporation of the analog (Figure 5). Except for the
substitution of FU for uracil, there appears to be no
alteration in the nucleotide composition of 55 RNA
(Table III). Replacement of uracil by FU is more ex-
tensive in tRNA than in 5S RNA, but the analog is more
readily incorporated into the latter than into higher
molecular weight rRNA.

Since FU-tRNA retains much of its amino acid ac-
ceptor capacity despite drastic reductions in the pseu-
douridylic and ribothymidylic acid content (Table IV;
also see Lowrie and Bergquist, 1968),-it is likely that
these minor base constituents contribute little or
nothing to this aspect of tRNA function. Comparison
of accepting activity with normal tRNA (Table IV) re-
veals some differences, but these are relatively minor,
and there are as many instances of increases in activity
as decreases (Table IV). It is not clear whether the differ-
ences observed are due to alterations in the amino acid
accepting capacity of a few tRNAs, perhaps because
FU is not incorporated to the same extent into all tRNA
molecules, or to changes in the relative amounts of the
various tRNA species. A comparison of the results in
expt I of Table IV with those in expt II provides some
support for the latter alternative. An attempt was made
to rule out differences due to an absence of the -CpCpA
end group of tRNA by including CTP in the reaction
mixture in addition to ATP. It should be pointed out
that the aminoacylation reactions were carried out
under uniform conditions for all the amino acids tested,
conditions which were not necessarily optimal for each
amino acid. There remains the possibility that larger
differences between the activity of normal and FU-
tRNA would become evident if each amino acid were
tested under optimal conditions.

A number of earlier reports dealing with the activity
of FU-tRNA have appeared and while there seems to be
some conflict, most results indicate that the fluoropy-
rimidine-containing tRNA functions well in accepting

amino acids, Thus, Gros er al. (1962) briefly note that
FU-tRNA from E. coli can accept arginine, proline, and
tyrosine as well as normal tRNA. Their previous results
had, however, indicated that the incorporation of FU
into tRNA inhibits acceptor activity for proline and
tyrosine (Naono and Gros, 1960). The data of Gray
and Rachmeler (1967) show a marked inhibition of
accepting activity, following incorporation of the
analog, for eight amino acids. It is somewhat difficult
to interpret their findings, however, because the levels
of incorporation they observed were quite low. In
yeast, a preliminary account (Ebel er al., 1965) shows
that the acceptor activity of FU-tRNA is greater than,
equal to, or less than that of normal tRNA, depending
upon the amino acid tested.

Examination of FU-tRNA’s ability to function in the
later stages of protein synthesis may provide some in-
sight into the contribution of the minor bases to the
biological function of tRNA and to the possible role of
the GpTpypC sequence, common to all tRNAs (Zamir
et al., 1965), which should be replaced by GpFUpFUpC
in FU-tRNA. Lowrie and Bergquist (1968) have done
some preliminary experiments along these lines, and
they noted little difference between normal and FU-
tRNA in binding to ribosomes or incorporation of
phenylalanine or lysine into polypeptides with poly U
or A as synthetic messengers. FU-tRNA, however,
failed to transfer lysine into polypeptides when bacte-
riophage R17 RNA served as messenger ; phenylalanine
incorporation was also somewhat reduced. The en-
hancement of incorporation by added tRNA was quite
low in their system, and the results should be examined
more closely.

Acknowledgment

The authors thank Mrs. Vivian Kohlmeier and Mr.
Rex Risser for their very able technical assistance.

References

Andoh, T., and Chargaff, E. (1965), Proc. Natl. Acad.
Sci. U. S. 54,1181.

Brownlee, G. G., Sanger, F., and Barrell, B. G. (1968),
J. Mol. Biol. 34, 379.

Cohen, S. S., Flaks, J. G., Barner, H. D., Loeb, M. R,
and Lichtenstein, J. (1958), Proc. Natl. Acad. Sci.
U. S. 44,1004.

Demerec, M., and Cahn, E. (1953), J. Bacteriol. 63,
27.

Ebel, J. P,, Welill, J. H., Rether, B., and Heinrich, J.
(1965), Bull. Soc. Chim. Biol. 47,1599.

Gray, P. N,, and Rachmeler, M. (1967), Biochim.
Biophys. Acta 138,432,

Gros, F., Naono, S., Hayes, D., Hayes, F., and Watson,
J. D. (1962), Collog. Intern. Centre Natl. Rech. Sci.
(Paris) 106, 437.

Hayashi, Y., Osawa, S., and Miura, K. (1966), Bio-
chim. Biophys. Acta 129, 519.

Heidelberger, C. (1965), Progr. Nucleic Acid Res.
Mol Biol. 4, 1.

1907

S-FLUOROURACIL-CONTAINING tRNA



1908

Hills, D. C., and Horowitz, J. (1966), Biochemistry 5,
1625.

Holley, R. W., Apgar, J., Doctor, B. P., Farrow, J.,
Marini, M. A., and Merrill, S. H. (1961), J. Biol.
Chem. 236, 200.

Horowitz, J., and Chargaff, E. (1959), Narure 184, 1213.

Horowitz, J., and Huntington, J. L. (1967), 7th Intern.
Congr. Biochem., Tokyo, Abstracts, 680.

Horowitz, J., and Kohlmeier, V. (1967), Biochim.
Biophys. Acta 142, 208,

Kelmers, A. D., Novelli, G. D., and Stulberg, M. P.
(1965),J. Biol. Chem. 240, 3979.

King, E. J. (1932), Biochem. J. 26, 292,

Kurland, C. G. (1960), J. Mol. Biol. 2, 83.

Lane, B. G. (1963), Biochim. Biophys. Acta 72,110.

Lipshitz, R., and Chargaff, E. (1960), Biochim. Bio-
phys. Acta 42, 544.

Lowrie, R. J., and Bergquist, P. L. (1968), Biochemistry
7,1761.

Massoulié, J., Michelson, A. M., and Pochon, F.
(1966), Biochim. Biophys. Acta 114, 16.

Mejbaum, W. (1939), Z. Physiol. Chem. 258,117,

Muench, K. H., and Berg, P. (1966), Procedures in
Nucleic Acid Research, Cantoni, G. L., and Davies,
D.R., Ed., New York, N. Y., Harper & Row, p 375.

Quantum Yield for the Photoproduced

BIOCHEMISTRY

Naono, S., and Gros, F. (1960), Compt. Rend. 250, 3527,

Okamoto, T., and Kawade, Y. (1963), Biochem.
Biophys. Res, Commun. 13, 324.

Osawa, S. (1960), Biochim, Biophys. Acta 42, 244.

Osawa, S. (1965), Progr. Nucleic Acid Res. Mol. Biol.
4,161.

Pestka, S. (1966), J. Biol. Chem. 241, 367.

Robbins, P. W, and Kinsey, B. M. (1963), Fed. Proc.
22,229,

Rosset, R., Monier, R., and Julien, J. (1964), Bull.
Soc. Chim. Biol. 46, 81.

Sarin, P. S., and Zamecnik, P. C. (1964), Biochim.
Biophys. Acta 91, 653.

Schleich, T., and Goldstein, J. (1966), J. Mol. Biol.
15, 136.

Sueoka, N., and Yamane, T. (1963), Informational
Macromolecules, Vogel, H. J., Bryson, V., and Lam-
pen, J. 0., Ed., New York, N. Y., Academic, p 205.

Szer, W., and Shugar, D. (1963), Acta Biochim. Polon.
10, 219,

Wagner, N. J., and Heidelberger, C. (1962), Biochim.
Biophys. Acta61,373.

Zamir, A, Holley, R. W., and Marquisee, M. (1965),
J. Biol. Chem. 240, 1261.

Zubay, G. (1962),J. Mol. Biol. 4, 3417.

Electron Paramagnetic Resonance Signal in
Chromatophores from Rhodospirillum rubrum®

P. A. Loach and K. Walsh

ABSTRACT: A 1:1 correspondence has been demon-
strated between the concentrations of photoproduced
spins in chromatophores of Rhodospirillum rubrum, as
measured by electron paramagnetic resonance tech-
niques, and the concentration of the reaction center
primary electron donor molecule (Pgo or Py 44), as mea-
sured by absorbance change at 865 nm. In addition a
significantly high quantum yield (0.8 with 880-nm light)

F rom the very first measurements of the photopro-
duced electron paramagnetic resonance signal in photo-
synthetic systems (Commoner et al., 1956, 1957; Sogo
er al., 1957) it was suggested that the signal arises as a
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LOACH AND WALSH

has been determined for the electron paramagnetic res-
onance signal production. When all existing data re-
lating to the photoproduced absorbance change at 865
nm and the photoproduced electron paramagnetic res-
onance signal are reviewed, together with these results,
the conclusion seems inescapable that these are two
properties reflecting change in oxidation state of a single
molecular species.

result of photoexcitation of a chlorophyll (or bacterio-
chlorophyll) molecule at the reaction center. Subse-
quent experiments in many different laboratories have
shown that (a) the location and shape of the signal is
consistent with its identification as a porphyrin deriv-
ative (Calvin, 1959; Mauzerall, 1968; Mauzerall and
Feher, 1964; Mauzerall et al., 1967); (b) the ability to
form it at low temperature (Androes et al., 1962) is con-
sistent with its assignment to a primary event; (c) its re-
dox midpoint potential (Loach et a/., 1963) and kinetics



