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SUMMARY

GLAZER, R. I., AND M. LEGRAVEREND. The effect of 5-fluorouridine 5’-triphosphate
on RNA transcribed in isolated nuclei in vitro. Mol. Pharmacol. 17: 279-282 (1980).

Using nuclei prepared from rat liver, the effect of 5-fluorouridine 5’-triphosphate (FUTP)
was assessed on the nearest neighbor frequency of the incorporation of [a-32P]ATP and

[a-32P]GTP into nascent RNA transcribed by RNA polymerase I and II. When UTP was
replaced by an equimolar concentration of FUTP, GMP was preferentially incorporated
next to AMP in either the presence or the absence of a-amanitin. In addition, the
incorporation of AMP, but not GMP, next to UMP and GMP was significantly reduced.
The effect of FUTP on GMP incorporation into nearest neighbors was particularly
evident in the presence of a-amanitin. These effects were virtually completely reversed
by the addition of UTP to the reaction mixture. When endogenous template activity was
inhibited by actinomycin D and RNA was transcribed from poly(dA-dT) .poly(dA-dT),
misincorporation of AMP by the presence of FUTP was greatly enhanced. These results

show that FUTP is capable of producing base-pair transformations with mammalian
RNA polymerases, and suggest that this effect may account, in part, for the aberrant
effects of 5-fluorouracil on RNA synthesis and processing in vivo.

5-Fluorouracil is an effective antimetabolite possessing
antitumor activity against a wide variety of experimental

and human tumors. Its activity is believed to reside in its
inhibitory effect on thymidylate synthetase (1) thereby
inhibiting de novo synthesis of TMP and hence DNA
synthesis (2, 3). In addition, 5-fluorouracil impairs the
processing ofprecursor RNA (4), and is incorporated into
many species of nuclear RNA (5), as well as rRNA (6).
Interestingly, transcription is virtually unaffected by this
antimetabolite (5, 7). This aspect to its action is partic-
ularly intriguing since incorporation of 5-fluorouracil into
nascent RNA could produce fraudulent RNA via base-

pair transformations. Recently, differences in translation
in vitro were noted between normal hepatic mRNA and
5-fluorouracil-modified mRNA from partially hepatec-
tomized rats treated in vivo (8). Point mutations by 5-

fluorouracil have been documented in Escherichia coli
where phenotypic reversion was produced (9). Subse-

quent studies with E. coli RNA polymerase showed that
the nucleoside 5’-triphosphate of 5-fluorouracil (FUTP)2
was utilized only about one-third as effectively as UTP

I Recipient of a postdoctoral fellowship from the D#{233}l#{233}gationG#{233}n#{233}r-

ale a la Recherche Scientifique et Technique: Bourse Interactions

Molecules Organismes Vivants, Paris, France.
2 The abbreviation used is: FUTP, 5-fluorouridine 5’-triphosphate.

with calf thymus DNA as template, an effect due mainly
to an alteration in the Vm of the enzyme at physiological

pH (10). However, it was noted that FUTP was more
active with dG-dC-rich templates versus dA-dT-rich
thymus DNA (10). Later studies with E. coli RNA po-
lymerase and synthetic templates of defined sequences
demonstrated using nearest neighbor analysis that when
UTP and FUTP compete, UMP is preferentially incor-
porated next to AMP and CMP (11).

Since no comparable studies of the effect of FUTP on
mammalian RNA polymerases have been reported, the

present investigation was initiated to determine whether
FUTP produces changes in the nearest neighbor frequen-
cies of RNA transcribed from endogenous and exogenous
templates by rat liver RNA polymerase I and II.

[a-32P]ATP (24 Ci/mmol) and [a-32P]GTP (23 Ci/
mmol) were purchased from New England Nuclear, Bos-
ton, Massachusetts. The radiochemical purity was
greater than 98% as determined by PEI-cellulose thin-
layer chromatography with 1.0 M ammonium formate:1.0

N HC1 (62:38, v/v). Poly(dA-dT) .poly(dA-dT) was ob-
tamed from Miles Laboratories, Elkhart, Indiana. ATP,
CTP, UTP, and GTP were purchased from Sigma Chem-
ical Company, St. Louis, Missouri. FUTP was obtained
from the Drug Synthesis and Chemistry Branch, Na-
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tional Cancer Institute, and migrated as a single band on
PEI-cellulose thin-layer plates with 0.8 M LiC1 as the
solvent (R1 = 0.38). The 250/260 and 260/280 ratios for

FUTP were 0.60 and 1.11, respectively, in agreement
with previous data (10).

Nuclei were prepared from the livers of male Sprague-

Dawley rats (200-250 g) by the procedure of Higashinak-
agawa et al. (12). After the final centrifugation in a
discontinuous gradient of 0.34 M sucrose-S m�i MgC12/
0.88 sucrose-S nmi MgCl2, nuclear pellets were resus-

pended in 25% glycerol-0.25 M sucrose to a concentration
of approximately 4 mg DNA/mi.

Assays measuring incorporation of [a-32P]ATP or [a-
32P]GTP into RNA were carried out at 37#{176}for 20 mm

and contained in a final volume of 0.5 ml: 40 nm� Tris-
HC1 (pH 7.9), 1.6 mM dithiothreitol, 1.6 nmi MnCl2, 50
mM (NH4)2S04, 100 �M each of ATP, CTP, GTP, either

10 �iCi [a-32P]ATP or 10 �tCi [a-32P]GTP as indicated, 2
�tg a-amanitin where indicated, 100 p1 of a suspension of
nuclei (equivalent to approximately 400 �ig of DNA) and

either (1) 100 �LM UTP, (2) 100 �M FUTP or (3) 50 �tM

UTP and 50 /LM FUTP. a-Amanitin produced 45% inhi-
bition of activity under these assay conditions.

Assays measuring RNA polymerase activities in the
presence of exogenous template contained: 40 m�i Tris-
HC1 (pH 7.9), 1.6 mM dithiothreitol, 1.6 mi�i MnC12, 50
mM (NH4)2SO4, 100 �iM ATP, 100 j�g actinomycin D, 10
�zCi [a-32P]ATP, S �tg poly(dA-dT) .poly(dA-dT), 100 jd
of nuclei and either (1) 100 ,.tM UTP, (2) 100 �tM FUTP or

(3) 50 ILM UTP and 50 �LM FUTP.
Analysis of 32P incorporated into adjacent nucleotides

was carried out as previously described (13, 14), except

that separation of nucleoside 3’-monophosphates was
performed by high-voltage electrophoresis with an MRA
apparatus (Clearwater, Fla.). Alkaline hydrolysates were
neutralized with perchloric acid and lyophilized. Samples
were dissolved in 100 �tl of water and 20-pl aliquots were

spotted on flexible cellulose thin-layer sheets (Eastman
Kodak). Analyses contained 20,000-50,000 dpm per 20-
/Ll aliquot.

Initial experiments were carried out with varying con-

centrations of UTP or FUTP or both in the presence or
absence of a-amarntin, a specific inhibitor of RNA polym-
erase II at the concentration used (Fig. 1). FUTP was
utilized only about 25 to 35% as efficiently as UTP when
the net incorporation of [a-32P]GTP was measured. The
addition of equimolar concentrations of UTP and FUTP
produced a small but consistent stimulation of activity in
the absence (Fig. 1A) or presence of a-amarntin (Fig. 1B).
This stimulatory effect also was present when [a-32P]-
ATP served as precursor, although the stimulation was
not as great in the presence of a-amamitin. It should be
noted that since RNA polymerase III was not detected
previously in rat liver nuclei after QAE-Sephadex chro-
matography (14, 15), and since 100 �tg/ml of a-amanitin
did not further reduce nuclear polymerase activity, as-
says in the absence of a-amanitin represent RNA polym-
erase I and II activities while those in its presence meas-
ure only RNA polymerase I activity.

In order to test if FUTP alters the frequency of mu-
cleotide incorporation into RNA, nearest neighbor anal-
yses were carried out with [a-32P]GTP and [a-32PJATP

FIG. 1. Incorporation of[cx-32PJGTP into RNA transcribed in iso-

lated nuclei in the presence and absence of FUTP

Assays were carried out as described in the text, in the absence (A)

or presence (B) of 4 jsg/ml of a-amanitin. The concentrations on the

abscissa refer to the amount ofeither UTP (0), FUTP (#{149})or equimolar

amounts of UTP and FUTP (0) in the assay mixture containing: 40
mM Tris-HC1 (pH 7.9), 1.6 mM dithiothreitol, 1.6 mM MnC12, 50 mM

(NH4)�SO4, 10 �Ci [a-32P]GTP, and 100 jLM each of ATP, GTP and

CTP. Background incorporation in the absence of UTP was approxi-

mately 20,000 dpm, and has been subtracted from the values to reflect
net incorporation of [a-�’P]GTP.

in the absence and presence of a-amanitin (Tables 1 and

2). Replacement of UTP by FUTP resulted in an eleva-
tion in the incorporation of [32P]GMP next to AMP in
either the presence or absence of a-amanitin (Table 1).
When both UTP and FUTP were present in the equiv-

alent final concentrations as either UTP or FUTP, in-
creased incorporation of [32P]GMP next to AMP and
UMP were present in the absence of a-amanitin, whereas
only marginal reduction of [32P]GMP incorporation next
to UMP was apparent in the presence of the polymerase
inhibitor.

More striking changes in nearest neighbor frequencies
were evident in the presence of [a-32P]ATP (Table 2).
When polymerase activity was assayed with FUTP alone,

elevated incorporation of [32P]AMP next to AMP and
reduced incorporation next to GMP and UMP were

found regardless of whether or not a-amanitin was pres-
ent in the assay. More importantly, when UTP and
FUTP were both present, no significant changes in near-
est neighbor frequencies persisted in the absence of a-

amanitin, while a diminished, yet not a significant, de-
crease in the incorporation of [32P]AMP next to UMP
remained in the presence of a-amanitin.

These experiments suggest that UTP is preferentially
utilized by RNA polymerase I and II and that the aber-
rant nearest neighbor frequencies produced by FUTP
can be largely reversed by UTP.

To test whether these effects were dependent on en-
dogenous template, assays were carried out in the pres-
ence of high concentrations of actinomycin D and the
synthetic template, poly(dA-dT) .poly(dA-dT), which is
not affected by the dG-dC base-pair specific inhibitor

(Table 3). Assays with FUTP alone produced an enor-
mous reduction in the nearest neighbor frequency of the
incorporation of [32P]AMP next to UMP, but was mark-
edly reversed by the addition of UTP to the reaction.
The large increase in the misincorporation of [32P]AMP
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S p < o.os vs control assay containing UTP. � � J� < 0.01 vs control assay containing UTP. � � P < 0.001 vs control assay containing UTP.

TABLE 1

Nearest neighbor analysis of GMP incorporation into RNA transcribed in isolated nuclei in the presence of FUTP

Assay of RNA polymerase activities were carried out as described in the text. Each value is the mean ± SE of five separate experiments.

Ansays either contained the complete mixture described under Materials and Methods (+UTP), the replacement of UTP with 100 �tM FUTP
(-4-FUTP), or 50 �M UTP and 50 �M FUTP (UTP + FUTP). RNA polymerase activity with FUTP replacing UTP or with UTP + FUTP was 35

and 138%, respectively, of activity with UTP in the absence of a-amanitin, and 42 and 137%, respectively, of activity with UTP in the presence of

a-aznamtin. Numbers in parentheses represent the percentages of control values from assays with UTP = 100%.

Nearest Assay conditions
neighbor

-a-Amanitin +a-Amanitin

+UTP +FUTP UTP + FUTP +UTP +FUTP UTP + FUTP

(% distribution of radioactivity)

Cp 25.2 ± 0.5 23.9 ± 0.6 21.1 ± 0.4 29.0 ± 0.4 28.3 ± 0.8 29.7 ± 0.6

(100) (95) (g4)*$* (100) (98) (102)

Ap 19.3 ± 0.1 23.1 ± 0.7 21.8 ± 0.3 17.5 ± 0.4 20.0 ± 0.9 16.2 ± 0.8

(100) (120)�� (113)�’ (100) (114)� (93)

Gp 33.5 ± 0.6 30.7 ± 0.6 32.5 ± 0.2 33.4 ± 0.7 31.7 ± 0.6 34.6 ± 0.7
(100) (92) (98) (100) (95) (104)

Up 22.0 ± 0.3 22.4 ± 0.2 24.4 ± 0.2 20.1 ± 0.3 20.1 ± 0.7 19.2 ± 0.2

(100) (102) (111) (100) (100) (96)

S p < o.os vs control assay containing UTP. � P < 0.01 vs control assay containing UTP. � � < 0.001 vs control assay containing UTP.

next to AMP produced by FUTP was also counteracted
by the presence of UTP, although not completely. No
incorporation of [32P]AMP was present in the region of
GMP and CMP in the electrophoretograms, indicating
that actinomycin D completely suppressed endogenous
template activity. Incorporation of [a-32P]AMP in the

presence of only ATP resulted in the incorporation of 5%
of the radioactivity compared to assays containing both
ATP and UTP (Table 3). These data indicate that nu-
clear poly(A) polymerase contributed a minor proportion
of the activity determined under the assay conditions. In
addition, the latter enzyme neither is inhibited by acti-
nomycin D (16), nor is active with poly(dA-dT).
poly(dA-dT) as primer (17).

The present study is apparently the first to document
that FUTP can produce base-pair transformations in

nascent RNA transcribed by mammalian RNA polym-
erases. One similarity in the effect of FUTP on nuclear
RNA polymerases with previous results using bacterial

RNA polymerase (9, 10) was that FUTP was utilized

only about 30-50% as efficiently as UTP. However, the
presence of FUTP in the complete assay mixture stimu-
lated the incorporation [a-32P]GTP into RNA (Fig. 1),
even at apparently saturating levels of UTP. It is not
known at present whether this is a direct or indirect

effect on eukaryotic RNA polymerases present in isolated
nuclei, but the fact that this effect did not occur with
exogenous poly(dA-dT) as template suggests that this
phenomenon may be associated with dC-rG base pairing.

Our studies have shown an increased frequency of
incorporation of GMP and particularly AMP next to

AMP, and a decreased preference for AMP to incorporate
next to GMP and UMP, using the endogenous DNA
template in isolated nuclei. These results are not directly
comparable with those of Slapikoff and Berg (1 1) who
noted an increased frequency of UMP incorporation next
to AMP and CMP with little or no preference for incor-
poration of UMP next to GMP.

TABLE 2

Nearest neighbor analysis ofAMP incorporation into RNA transcribed in isolated nuclei in the presence of FUTP

Assays of RNA polymerase activities were carried out as described in Table 1. Each value is the mean ± SE of three separate experiments.

RNA polymerase activity with FUTP replacing UTP and with UTP + FUTP was 55 and 143%, respectively, of activity with UTP in the absence

of a-amanitin, and 63 and 113%, respectively, of activity with UTP in the presence of a-amanitin. Numbers in parentheses represent percentages

of control values from assays with UTP = 100%.

Nearest
neighbor

Assay conditions

-a-Amanitin +a-Amanitin

+UTP +FUTP UTP + FUTP +UTP +FUTP UTP + FUTP

(% distribution of radioactivity)

Cp 22.3 ± 0.6

(100)

25.0 ± 0.5

(112)�

25.8 ± 1.8

(116)

21.6 ± 1.9

(100)

17.9 ± 0.1

(83)

20.7 ± 1.2

(96)

Ap

Gp

Up

33.1 ± 0.4

(100)

27.6 ± 0.7

(100)

16.9 ± 0.4

(100)

40.2 ± 0.9

(121)**

22.0 ± 1.1

(79)�

12.7 ± 0.2

(75)55*

31.4 ± 1.5

(95)

27.0 ± 0.3

(97)

15.9 ± 0.2

(94)

33.5 ± 2.1

(100)

27.2 ± 0.7

(100)

17.7 ± 0.3

(100)

50.4 ± 0.7
(l50)�

20.9 ± 0.2

(77)***

10.7 ± 0.6

(60)�

37.7 ± 0.4
(113)

25.9 ± 0.9
(95)

15.7 ± 0.2

(89)**
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1. Hartman, K. U., and C. Heidelberger. Studies on fluorinated pyrimidines

TABLE 3

Nearest neighbor analysis ofAMP incorporation into RNA

transcribed in isolated nuclei with poly(dA-dT) .poly(dA-dT) as

template in the presence ofFUTP and actinomycin D

Assays of RNA polymerase activities were assayed as described in

the text. Each value is the mean ± SE of four separate experiments.

RNA polymerase activity with FUTP replacing UTP and with UTP

+ FUTP was 35 and 82% of the activity with UTP. Total incorporation

of [a-’2P]AMP in the absence of UTP (ATP) was 5, 20 and 6% of the

activity with ATP + UTP, ATP + FUTP and ATP + UTP + FUTP,
respectively. Incorporation under the latter three assay conditions has

been corrected for background incorporation next to AMP in the

absence of UTP. Numbers in parentheses represent percentages of

control values from assays with ATP + UTP = 100%.

Nearest
neighbor

Assay conditions

ATP + UTP ATP ATP + FUTP ATP + UTP
+ FUTP

(% distribution of radioactivity)

Ap 12.8 ± 0.5 100 61.7 ± 2.3 18.1 ± 1.4

(100) (5) (482)� (141)�

Up 87.2 ± 0.5 0 38.3 ± 3.3

(100) (0) (44)5*

81.9 ± 1.4

(94)*

S p < o.os vs control assay containing ATP + UTP. � P < 0.001 vs

control assay containing ATP + UTP.

The effects of FUTP on endogenous RNA polymerase
activities were confirmed, in part, by utilizing the syn-
thetic template, poly(dA-dT) . poly(dA-dT) in the pres-
ence of actinomycin D to suppress endogenous template
activity (18, 19). These experiments demonstrated that
reduced incorporation of AMP next to UMP occurred as
a result of the base-pair transversion, dA-rU to dA-rA.

It is not too speculative to surmise that the parent

drug, 5-fluorouracil, after its metabolism to 5FUTP (20,
21), may produce aberrant synthesis and processing of
rRNA (4-6) via base-pair transformations. This is
strongly supported by the findings that the nearest neigh-
bor frequencies for the incorporation of AMP were en-
hanced in the presence of a-amanitin, and therefore,
under assay conditions that reflect mainly the activity of

RNA polymerase I, the nucleolar enzyme responsible for
the synthesis of precursor rRNA.
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