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Phenotypic Change Caused by DNA base modifications including uracil do 
not arrest RNA polymerase in vitro and mis- 
code at the lesion site, producing mutant tran- 
scripts with high efficiency (6-1 1). An unex- 
plored possibility is that if similar events 
occur in vivo, the resulting mutant transcripts 

Transcriptional Bypass of Uracil 
in Nondividing Cells 

will generate mutant proteins that could alter 
the cellular phenotype (6, 12-14). Anand Vi~wanathan," ,~ Ho Jin You,' Paul W. Doetsch2* 

Uracil is a frequently occurring DNA base 
damage that results from the spontaneous or 
chemically induced deamination of cytosine 
and is mutagenic at the level of replication (3, 
15). To determine the effect of uracil on tran- 

Cytosine deamination t o  uracil occurs frequently in cellular DNA. In vitro, RNA 
polymerase efficiently inserts adenine opposite t o  uracil, resulting in G to  A base 
substitutions. In vivo, uracil could potentially alter transcriptional fidelity, 
resulting in production of mutant proteins. This study demonstrates that in 
nondividing Escherichia coli cells, a DNA template base replaced with uracil in 
a stop codon in the firefly Iuciferase gene results in conversion of inactive to  
active Luciferase. The level of transcriptional base substitution is dependent on 
the capacity t o  repair uracil. These results provide evidence for a DNA damage- 
dependent, transcription-driven pathway for generating mutant proteins in 
nondividing cells. 

scription and translation in Escherichia coli, we 
used a reporter assay to measure the levels of 
active firefly luciferase generated from expres- 
sion constnicts derived from the plasmid 
pBest-luc containing modifications in the lu- 
ciferase lysine codon 445 (Fig. 1). A unique 
45-base pair (bp) Pac I-Cla I restriction frag- 
ment flanlung Lys445 was removed from this 
construct and replaced with one of three frag- 
ments that contained in the template strand 

Numerous studies have shown that different 
types of DNA damage exert deleterious ef- 
fects on replication by either blocking DNA 
polymerase or allowing for mutagenic bypass 
(1). Cells that are unable to repair certain 
types of DNA damage have increased muta- 
tion rates (2, 3). In contrast, much less is 
known concerning the interaction of DNA 
damage and RNA polymerases during tran- 
scription, with most studies focusing on le- 

sions that permanently arrest RNA polymer- 
ase during elongation. An arrested RNA 
polymerase complex at a site of DNA dam- 
age serves as a signal for recruitment of the 
DNA excision repair machinery (4). Tran- 
scription-coupled repair allows for template 
strand-specific repair of a number of RNA 
polymerase-arresting lesions such as cy- 
clobutane pyrimidine dimers and thymine 
glycol (5). However, a number of different 
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*To whom correspondence should be addressed. E- 
mail: medpwd@emory.edu 

Fig. 1. Strategy for determining transcriptional 
base substitution in cells: luciferase gene mod- 
ification. The pBest-luc luciferase reporter con- 
struct contains the firefly luciferase gene driven 
by the E. coli tac promoter and also contains 
the ampillicin (Amp) resistance gene (15). The 
45-bp Cla I-Pac I fragment of pBest-luc was 
modified on the template strand at the first 
base of codon 445 to specify either lysine 
(3'-TTT-5'; Luc-WT), a stop codon (3'-ATT-5'; 
Luc-STOP), or lysine through transcriptional 
base substitution at uracil (3'-UTT-5'; Luc-U), 
resulting in production of wild-type, truncated, 
or transcriptional base substitution-mediated 
wild-type luciferase proteins, respectively. If 
DNA repair occurs through the ung-mediated 
BER pathway, codon 445 in the Luc-U construct 
would be converted to a stop codon (3'-ATT- 
57, resulting in a truncated, inactive luciferase 
protein. The constructs were electroporated 
into ung' or ung- (or in some cases mutSt or 
mutS-) E. coli strains and subsequently incu- 
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bated in novobiocin-containing LB media for 30 
to 240 min. Portions of cells were also plated ""y' Lys ... Tgr STOP Gly ... . .Tyr Lys Gly ... 

(wild type) (truncated) (uild type) 
onto LB-Amp media to determine transforma- 
tion efficiency. Luciferase activity and DNA and LUCIFERASE 
RNA synthesis were determined from 30 to + - + ACTIVITY 
240 min after IPTC induction. Normalized lu- 
ciferase activity was determined on the basis of transformation efficiency and total luciferase activity (32). K445, Lys445. 
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either a stop codon (3'-ATT-5'. Luc-STOP 
construct), a uracil (U) substitution for one of 
the stop codon bases (3'-UTT-5', Luc-U con- 
struct), or the nild-type (IVT) codoil (3'-TTT- 
5 ' .  Luc-WT const~-t~ct) (16). The Luc-U con- 
struct contains a U 7 mismatch at the position 
of uracil to assess the potential effect of repair 
by uracil-DNA gl!.cos!.lase (encoded b>- the 
uilg gene) in this system (Fig. 1). The Luc- 
STOP construct, in which LysA4' is replaced 
with a stop codon, should result in the produc- 
tion of a 15-anlino acid. COOH-terminal-tlu11- 

truncated. inactive luciferase protein would (Fig. 3.A). Comparisoll with the Luc-WT con- 
trol revealed that Luc-LI is able to restore lucif- 
erase activity to nearly wild-type levels in the 
absence of uracil repair. 111 contrast, in ~iiig+ 

cells. luciferase activities 60111 Luc-U transfor- 
lllallts were not above background levels. indi- 
cating that repair of uracil completely sul)press- 
es transcriptional base substitution. Because 
D N 4  gyrase is not required for BER-related 
DNA synthesis (24). uracil remo\-a1 call still 
occur in the presence of no\-obiocin. 

also be produced. 
To assess the effect of DNA repair capacity 

on the potential for uracil to cause transcription- 
al base substitution. we carried out parallel eu- 
peliments \\-it11 Luc-WT-. Luc-STOP-. and 
Luc-U-transfornled cells in E. coii m g +  and 
iii~g strains. I11 the uracil repair-deficient 
(iiilpp) strain. Luc-U suppolfed synthesis of 
activs luciferase. iadicating that transcliptional 
base substitution occurs under these conditio~ls 

cated, inactive luciferase protein ( I  -). The ss- 
Fig. 2. DNA and RNA synthesis and cell density 
under growth and nongrowth conditions. (A) 
DNA synthesis in the presence or absence of 
novobiocin. DNA synthesis was measured by 
pulse labeling w i th  [methyl-3H]thymidine as 
described (21, 30). The -30-min t ime point 
corresponds t o  the t ime immediately after 
electroporation. Cells were induced w i th  IPTG 
at 0 m in  and were placed in either LB media 
alone (growth conditions, closed squares) or 
LB-novobiocin (nongrowth conditions, closed 
triangles). Luciferase measurements (indicated 
by arrow) were made a t  240 min. (€5) RNA 
synthesis in the presence o f  novobiocin or ri- 
fampicin. RNA synthesis was measured by 
pulse labeling w i th  [5-3H] uridine as described 
(27, 37). The -30-min t ime point corresponds 
t o  the t ime immediately after electroporation. 
Cells were induced w i th  IPTC a t  0 m in  and were 
grown in LB-novobiocin (nongrowth conditions, 
closed triangles) or in the presence of rifampi- 
cin (150 i*g/ml) (negative control, closed cir- 
cles). Luciferase measurements (indicated by 
arrow) were made at 240 min. (C) Cell growth 
in the presence or absence o f  novobiocin. The 
level of cell growth was measured by optical 
density measurements at 600 n m  (OD,,,). The 
-30-min t ime point corresponds t o  the t ime 
immediately after electroporation. Cells were 
induced w i th  IPTG a t  0 m in  and were placed in 
either LB media alone (growth conditions, 
closed squares) or LB-novobiocin (nongrowth 
conditions, closed triangles). Optical density at 
each t ime point was measured after a 10-fold 
dilution o f  a fraction of the cultures. Data 
shown represent values obtained in u n g  cells. 
Similar results were obtained w i t h  an isogenic 
ung' strain. Values reported are the average o f  
three experiments, and error bars represent one 
standard deviation. 

pression of these lucikrase constructs was driv- 
en by the endogenous E, caii tac promoter ~n 
cells nlailltained under nongron th conditiolls 
(Fig. 1 ). Using the Dl.& gyrase illhibitor novo- 
biocin. which blocl<s DNA s>nthesis and cell 
division (IS), we exalllined transcription-relat- 
ed events in vivo by ~nollitoling luciferase ac- 
tivity in the presence of this dnlg. Yo\ obiocin 
effectively inhibits both cl~omosomal and plas- 
nlid replication (191 and does not induce the 
SOS DNA repair response in E, coii (20). Un- 
der the nongon-th conditions required for these 
espe~iments. the lei-els of DNA and RN.& syn- 
thesis in E. coli xere determined (31). In the 
uresence of SO uSI no\-obiocin. DNA swthesis 
;as completel; inhibited over a 240-mi; period 
after isopropl-1-P-D-1-tl~iogalactopyranoside 
(IPTG) induction of the luciferase gene (Fig. 
2A). In co~~trast ,  RYX spthesis occuired undsr 
these conditiolls (Fig. 2B). In the presence of 
rifampicin. RNX synthesis (Fig. 2B) and lucif- 
erase activity were completely eliminated. indi- 
cating that the luciferase actility detectsd in this 
assay resulted fkom %?A syntl~esis-dependent 
translation of luciferase nIRNA. Optical density 
measurements confinlled that no cell groa-t11 
occul~ed (Fig. 2C) (22). 

Expression of Luc-STOP in uracil repair- 
proficient (iliig+) or repair-dzficient (~liig-) 
cells generated a tlx~ncated. inactive luciferase 
protein compared m-it11 that produced upon es- 
pression of Luc-I17T. n.hic11 generated actihe. 
mild-t)..pe luciferase in both uilg+ and ioigp 
strains (Fig. 3A). Uracil-DS,\ glycosylase ini- 
tiates removal of uracil in D S A  tl~rough the 
base excision repair (BER) pathmal- (33).  In the 
elent that img-mediated repair of uracil in 

-30 0 30 60 90 120 240 

.r f T ime (mi., ; 
Electroporation Measure 
4 Novobiocin Luc 

the Luc-U conshxct occulssd under these con- 
ditions. a U T  base mismatch a as created at the 
uracil position in codon 445 (Fig. 1 ) .  Repair of 
this uracil would conr.ert codon 445 back to a 
stop codon in the tsmplate strand. resulting in 

Table 1. Effect of DNA repair status on transcriptional base substitution. Normalized luciferase activity 
for Luc-WT, Luc-STOP, and Luc-U constructs in E. coli uracil repair-proficient (ung-) and repair-deficient 
(ung-) strains. Values for ung- lung ratios are rounded to nearest whole number values. Average 
luciferase activities (RLU1106) from three separate experiments are shown. production of inacti1.e luciferase. ,\lternatively. 

transcription through and i~lsertion of adenine 
Normalized luciferase activity (RLU1106) opposite to uracil would con1 ert the stop codon 

to a lysiile codon and restore the nild-5-pe 
alllino acid sequence. resulting in ac t i~  e lucif- 

Ratio 
Construct Strain ung -/ung' 

erase. This system provides a straightfol~vard 
method to distinguish between transcrip- 

ung- ung ' 

tioilal base substitution or repair of uracil 
under cellular nongron-t11 conditions. In the 
eT.ent of transcriptional arrest at uracil, a 
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It is also possible that the U/T mismatch 
present in the Luc-U construct could be rewg- 
nized and altered by the E. coli MutHLS mis- 
match repair system, which hypothetically could 
act on either strand. We consider this possibility 
unlikely for several reasons. First, when the 
Luc-WT, Luc-STOP, and Luc-U constructs 
were tested in a uracil repair-proficient, mis- 
match repair-deficient (ung+, rnutS) back- 
ground, luciferase activity levels were the same 
as those observed for an ungC, rnutS+ back- 
ground (Fig. 3B). This result rules out mismatch 
repair of the T in the U/T mispair of the Luc-U 
construct, which would result in production of a 
UIA pair and conversion to wild-type luciferase. 
Second, the magnitude of the effect of the loss 
of uracil-DNA glycosylase (ung-) on luciferase 
activity levels provides direct evidence that the 
inability to specifically repair uracil (as opposed 
to a mismatch) leads to production of active 
luciferase (Fig. 3A). In addition, T/T (equivalent 
to U/T) base mispairs are poorly recognized by 
E. coli mismatch repair proteins (25), and MutS 
and MutH proteins decline to low levels under 
nongrowth conditions (26). 

The Luc-U construct produced a 200-fold 
increase in luciferase in the ung- strain com- 
pared with the ung+ strain (Fig. 3A and Table 
1). This difference could not be accounted for by 

potential differences in the transcriptional and 
translational machineries between the two 
strains as the levels of luciferase produced from 
the Luc-WT construct in ung' and ung- cells 
are essentially the same (Table 1). The same 
relative pattern of luciferase activity was ob- 
tained for the Luc-WT and Luc-U constructs 
throughout a range (25 to 100 ng) of transfected 
DNA amounts, indicating that the level (50 ng) 
of DNA used in these experiments was not 
saturating for either the ungf or ung- strains 
(Fig. 3C). This striking effect observed in ung- 
cells indicates that in the case of uracil present 
on the template strands of transcribed genes, the 
absence of uracil-DNA glycosylase-initiated 
BER results in a large increase in transcriptional 
base substitution. These results provide insights 
into the role of the BER pathway in preventing 
transcriptional errors. Under conditions at which 
the repair of uracil is impamd, transcriptional 
base substitution at sites of uracil may be a 
predominant mechanism for the production of 
mutant proteins, especially in nondividing cells. 
The same situation may also exist for other 
types of DNA damage such as dihydrouracil, 
8-oxoguanine, and 06-methylguanine, which 
also cause RNA polymerase errors in vitro (7,8, 
10). Thus, the extent to which an RNA poly- 
merase miscoding lesion is capable of inducing 

uw ""b-- w w ""g w c STRAIN 

Fig. 3. Transcriptional base substitution by uracil and the effect of DNA 
repair. (A) Transcriptional base substitution and uracil repair. Normalized 
luciferase activity of uracil repair-proficient (ung+) or uracil repair- 
deficient (ung-) cells containing Luc-WT, Luc-STOP, or Luc-U was mea- 
sured at 240 min. (B) Transcriptional base substitution and mismatch 
repair. Normalized luciferase activity of mismatch repair-proficient 
(mutS+) or mismatch repair-deficient (mutS-) cells containing the Luc- 
WT, Luc-STOP, or Luc-U constructs was measured at 240 min. (C) 
Dose response of transfected constructs. Normalized luciferase activity 
(measured at 240 min) in ung+ and ung- cells transfected with 
various amounts (25 to 100 ng) of the Luc-WT and Luc-U constructs. 
All experiments were carried out under LB-novobiocin conditions that 
inhibit chromosomal and plasmid replication. Values reported are the 
average of three experiments, and error bars represent one standard 
deviation. RLU, relative light units. 

transcriptional base substitution will probably 
depend on the nature of the lesion itself, the type 
of repair systems available, and the level of 
transcription taking place on the gene. 

The potential biological outcomes of tran- 
scriptional base substitution wuld include a 
number of deleterious events initiated by mutant 
proteins, including cell death or an alteration of 
cellular physiology, such as initiation of DNA 
replication. In this regard, it is important to point 
out that many DNA base damages that cause 
RNA polymerase misinsertions cause the same 
type of misinsertions for DNA polymerases dur- 
ing synthesis (6, 8, 10). Transcriptional base 
substitutiowmediated events leading to the ini- 
tiation of DNA replication could result in per- 
manently "fixing" a mutation into the genome if 
the rniscoding damage is left unrepaired when it 
enwunters the DNA polymerase (6, 12, 13). 
Such a situation could produce a switch from a 
nongrowth to a growth state in a previously 
quiescent cell, resulting in a dividing population 
of mutants (6, 13). The recent finding that 
P-amyloid protein transcripts from neurons in 
patients with Alzheimer's disease contain muta- 
tions not found at the respective DNA level 
when compared with healthy controls can be 
explained by transcriptional base substitution 
(27). In another context, a buildup of damage- 

muW murS nnnO nu(S mwl9 mu* C-- STRAIN 

LUC-WT L v c m  & a m p  L ~ ~ ~ T O P  ~ u c u  ~ u e a  e CONSTRUCT 
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related transcriptional e i~ors  leadin, to nlutallt 
proteins could result in ,'error catastrophe" 
nhere genes necessary for cellulas viability be- 
conle compromised. resulting in age-related cell 
death ( 2 8 ) .  This nlecllanisnl nlay also provide 
one eapla~lation for adapti\,e (or directed) mu- 
tagenesis (29).  Future sh~dies should be focused 
on detem~iaing the extent to \vhich transcrip- 
tional base substitution co~ltlibutes to the mutant 
pl.otein burden of cells. 
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per microgram of DNA and was subsequently used to  
normalize luciferase activity values obtained for each 
strain used in these studies. Escherichia coii ung- 
(BW313) and ung-(BW312) cells ivere obtained from B. 
Weiss. Escherichia co!i mutS- (ES1301) was obtained 
from the E. coii stock center of Yale University (New 
Haven, CT). Escherichia co!; mutS+ (ES943) was ob- 
tained from E. Siegal. 
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Dynamic Control of CaMKll 
Translocation and Localization 

in Hippocampal Neurons by 
NMDA Receptor Stimulation 

Kang §hem and Tobias Meyer" 

Calcium-calmodulin-dependent protein kinase II (CaMKII) is thought to in- 
crease synaptic strength by phosphorylating postsynaptic density (PSD) ion 
channels and signaling proteins. It is shown that N-methyl-D-aspartate (NMDA) 
receptor stimulation reversibly translocates green fluorescent protein-tagged 
CaMKll from an F-actin-bound to  a PSD-bound state. The translocation time 
was controlled by the ratio of expressed P-CaMKII to a-CaMKII isoforms. 
Although F-actin dissociation into the cytosol required autophosphorylation of . - 

or ca\c&m-ca\modu\in bindingto B-C~MK\\, PSD translocation required binding 
of caicium-cahoduY\n t o  either the a- or B-CaM\(\\ subunits. Autophospho- 
rylation of CaMKll indirectly prolongs its PSD localization by increasing the 
calmodulin-binding affinity. 

CahsIKII is involved in synaptic plasticity (I) 
and in the maintenance of the dendritic archi- 
tecture (2). These different postsynaptic and 
dendritic functions of Cah'lKII make this en- 
zyme a good model to investigate if and how 
signaling proteins are recruited to their sites 
of action. \L7e studied the translocation of 
Cah'lKII isofor~ns by monitoring green fluo- 

rescent protein (GFP)-tagged CaMKII iso- 
forms in cultured hippocampal CA41-CA3 neu- 
rons (3) .  GFP-a-CaMKII n a s  uniformly dis- 
tributed in the cell body and main processes of 
living neurons [Fig. lA, (I)]. Glutarnate stimu- 
lation induced a rapid enrichnlent of fluores- 
cence in punctate structures along the dendritic 
processes and somatic cortex [Fig. lA, (11)] 
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