
corrected, a photon is emitted incoherently 
into the environment, destroying quantum 
coherence for the unit from which it was 
emitted. In contrast to the switching of bits 
with n pulses, in which photons are emit- 
ted and absorbed coherently, the correction 
of errors with the use of fast decays is 
inherently dissipative. 

Arrays of pulsed, weakly coupled quan- 
tum systems provide a potentially realiz- 
able basis for quantum computation. The 
basic unit in the array could be a quantum 
dot, a nuclear spin, a localized electronic 
state in a polymer, or any multistate quan- 
tum system that interacts locally with its 
neighbors and can be compelled to switch 
between states with resonant pulses of 
light. Many variations on the scheme 
presented here exist: The arrays could be 
two- or three-dimensional, for example, or 
the switching process could take place 
through intermediate states with the use of 
multiple pulses (1 4). The primary techni- 
cal problems in the construction and op- 
eration of such a computer are the identi- 
fication of man-made or natural systems 
with appropriate long-lived localized 
states and the delivery of the proper se- 
quence of accurate pulses. If they can be 
built, the devices will combine digital and 
quantum analog capacities to allow the 
creation and manipulation of complicated 
many-bit quantum states and to probe the 
limits set by the fundamental physics of 
computation. 
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A UV-Sensitive Mutant of Arabidopsis Defective in 
the Repair of Pyrimidine-Pyrimidinene(6-4) Dimers 

A. B. Britt,* J.-J. Chen, D. Wykoff, D. Mitchell 
Plants are continually subjected to ultraviolet-B (UV-B) irradiation (290 to 320 nano- 
meters) as a component of sunlight, which induces a variety of types of damage to the 
plant DNA. Repair of the two major DNA photoproducts was analyzed in wild-type 
Arabidopsis thaliana and in a mutant derivative whose growth was sensitive to UV-B 
radiation. In wild-type seedlings, repair of cyclobutane pyrimidine dimers occurred more 
slowly in the dark than in the light; repair of this photoproduct was not affected in the 
mutant. Repair, in the dark, of pyrimidine-pyrimidinone(6-4) dimers was defective in the 
UV-sensitive mutant. 

T h e  developmental strategy of plants dif- 
fers from that of animals in a way that 
enhances the beneficial effects of random 
mutagenesis and diminishes its harmful ef- 
fects ( 1 ,  2). Although progress has been 
made in the eenetics and biochemistrv of u 

repair in the single-cell green alga Chlamy- 
domonas ( 3 ) .  studies of DNA re~a i r  in ~ , ,  

higher plants have been relatively limited 
(4). Many early studies presented negative 
results that led to the suggestion that DNA 
repair does not occur in plants. Both pho- 
torepair and excision repair of UV-induced 
photoproducts have been demonstrated in 
phytoplankton (5) and in several higher 
plants (6). A cyclobutane pyrimidine dimer 
photolyase activity has been observed in 
Arabidopsis thaliana (7). 

A complete understanding of the various 
repair pathways in plants requires an inte- 
grated biochemical, molecular, and genetic 
approach. There has been, to our knowl- 
edge, no report of a mutant in any higher 
plant that is specifically defective in DNA 
repair, so we initiated a search for DNA 
repair mutants of Arabidopsis. To increase 
the penetration of UV light through the 
plant tissue, we used plants homozygous for 
the mutation tt5 [transparent testa (8)] for all 
exoeriments. This stock is derived from the 
Landsberg erecta ecotype and is defective in 
the production of UV-absorbing flavonoid 
pigments. We mutagenized seeds (termed 
the M1 or primary mutagenized population) 
by soaking them in 0.3% ethylmethane 
sulfonate (EMS), then grew them to matu- 
rity, allowed them to self-pollinate, and 
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harvested them in bulk. The seeds resulting 
from the self-pollination of the M1 plants, 
termed the M2 population, carry EMS- 
induced mutations in either the heterozv- 
gous or homozygous state. The M2 seeds 
were sown and self-oollinated. and the ma- 
ture plants were harvested individually to 
vield M2 "families." Anv M2 olant that is 
homozygous for a mutaiion kill produce, 
after self-pollination, a family of progeny in 
which every individual is homozygous for 
that mutation. A sample of seeds from each 
M2 familv was tested for sensitivitv to UV 
by analysis of root growth after exposure to 
UV light. 

Approximately 20 seeds from each M2 
family were placed on a nutritive agar plate 
(9) and incubated at 2Z°C under light 
filtered through orange polyvinyl chloride 
[photosynthetically active radiation (PAR) 
was equal to 5 CLmol/mLs]. Plates were 
incubated on edge (vertically), and the 
roots of the seedlings grew downward across 
the surface of the aear. After 3 davs. half of " , , 

each row of seedlings was exposed to 0.5 
kT/m%f UV-B from a UV transilluminator. 
After irradiation, the plates were rotated by 
90" and incubated overnight in com~lete - 
darkness. Because the plate was rotated, 
any new growth (after UV-B irradiation) 
was at right angles to the old growth. 
Families made up of seedlings that contin- 
ued to erow on the unirradiated side of the 

u 

plate but failed to grow on the irradiated 
side were scored as UV-sensitive (Fie. 1A). , u  , 

Families that uniformly expressed a UV- 
sensitive phenotype were propagated and 
backcrossed to their progenitor. 

Two UV-sensitive families were detect- 
ed in a screen of over 2000 mutagenized 
families. The UV-sensitive phenotype in 
both of these isolates segregated as a single 
recessive mutation located approximately 
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27 map units away from the tt5 locus (Table 
1). Because the F, progeny that resulted 
from crosses between these lines uniformly 
displayed a UV-sensitive phenotype, both 
mutants carry a mutation in the same gene, 
and therefore one UV-sensitive line is prob- 
ably a re-isolate of the other. For this 
reason, only a single UV-sensitive mutant 
line, designated uvrl, was further charac- 
terized. Additional crosses to a tester [hy2 
(long hypocotyl), gll (glabra) , tt5] line placed 
the uwl locus at 45.9 2 1.3 centimorgans 
(cM) on the map of Koomneef et al. (10). 
between the wild-type GLI and TT5 loci 
(Table 1). 

A 
Promnitor 

0 0.5 1 1.5 2 2.5 3 
UV-B dose (k~lfr?) 

Fig. 1. (A) M2 families uniformly homozygous 
for UV sensitivity were identified with a root- 
bending assay. Each row of seedlings was 
exposed to 0.5 kJ/m2 of UV-B [measured with a 
UV-B radiometer (UVP, San Gabriel, California)] 
from a UV transilluminator (Fisher, Pittsburgh, 
Pennsylvania) with a peak output at 305 nm, 
filtered through a 0.005-ml cellulose acetate 
sheet that absorbed the UV-C fraction of the 
emitted light. Total exposure time was approx- 
imately 40 s. After irradiation, the plates were 
rotated by 90". (B) Inhibition of root growth in 
the uvrl strain (triangles) and its progenitor 
(circles). New root growth (at right angles to the 
growth before irradiation) was measured 3 
days after irradiation at the indicated UV-B 
doses. After irradiation, seedlings were grown 
at 22°C in the dark. The growth of Arabidopsis 
seedlings, under these conditions, ceases by 
the sixth day after imbibition. The results repre- 
sent an average of measurements made on 
between 10 and 31 seedlings. Error bars are 1 
SD. 

The uwl mutant was approximately six- 
fold more sensitive than its progenitor to 
the inhibitory effects of UV-B on elonga- 
tion of the immature root (Fig. 1B). Not 
only was the growth of the root tip sensitive 
to UV-B irradiation, but the aerial tissues of 
the ulant also disulaved a UV-sensitive . , 
phenotype. Cool white fluorescent lamps 
emit a minor fraction of their power (ap- 
proximately 0.04 W/m2 at the level of the 
soil) as a small peak at 313 nm (I I). The 
harvested stems of the mutant line were 
blackened on their illuminated surface, in 
distinct contrast to the bright yellow color 
of their tt5 progenitor. Most notably, the 
leaves of the mutant gradually tumed 
brown and withered, and the edges curled 
upward and inward to form a concave bowl. 
This curling indicates that cell growth is 
inhibited on the upper (irradiated) surface 
of the leaf. In contrast, the phenotype of 
the uvrl mutant grown under the light of 
cool white lamps filtered through Mylar, 
which blocks the UV-B component of the 
lamp's output, was very similar to that of 
the tt5 progenitor. 

We assayed the induction of cyclobu- 
tane pyrimidine dimers (CPDs), the most 
common UV-induced DNA photoproduct, 
in uvrl and progenitor 5-day-old seedlings. 
We assayed the concentration of CPDs by 
comparing the weight-average molecular 
weights of single-stranded DNA (assayed by 
alkaline sucrose gradient sedimentation) in 
samples treated with an endonuclease spe- 
cific to CPDs (T4 w-endonuclease V) 
with that of the same DNA sample that had 
not been subjected to digestion. The con- 
centration of CPDs immediately after irra- 
diation was the same in the mutant and 
progenitor lines (Fig. 2). Hence, the seed- 
lings were identical in their transparency to 
UV-B. 

We measured the rate of loss of the two 
major photoproducts induced by UV: the 
CPD and the pyrimidine-pyrimidinone (6- 
4) dimer [(6-4) photoproduct]. Seeds of the 
uvrl and progenitor lines were grown on 

nutritive agar plates (9) plus 0.5% sucrose 
and incubated on edge under continuous 
low light (as described above) for 5 days. 
The seedlings were then irradiated with 
UV-B light (Fig. 1) and received a dose of 
1.25 kJ/mZ over a period of 40 s. The 
seedlings were then either immediately har- 
vested (in the dark) for DNA extraction, 
further incubated in complete darkness for 
dark repair assays, or incubated under fluo- 
rescent lamps for a period of 1 to 20 hours 
for photoreactivation studies. The concen- 
trations of CPDs and (6-4) photoproducts 
were assayed with the use of a lesion- 
specific radioimmunoassay (1 2). 

Both the wild-type and uvrl strains re- 
paired CPDs inefficiently, if at all, in the 
dark and photoreactivated CPDs rapidly 
(Fig. 3A). The results for the progenitor 
strain are in good agreement with those 
previously obtained with T4 endonuclease 
V-alkaline sucrose gradient analysis (7). 
The ability of the wild-type Arabkbpsis line 
to continue to grow normally (Fig. 1B) in 
spite of the persistence of CPDs at a fre- 
quency of approximately one dimer per 
42,000 bases (Fig. 2) suggests that Arabi- 
dopsis has some capacity to tolerate this type 
of dimer. It is also possible that selective, 
rapid repair occurs at a small subclass of 
critical sites, such as within actively tran- 
scribed genes. Site-specific repair of critical 
regions has been observed in mammalian 
systems (13, 14) and has been suggested as 
the means by which rodent cell lines toler- 
ate the persistence of a relatively high 
overall frequency of CPDs. 

Although much attention has been fo- 
cused on the repair of CPDs, the (6-4) 
photoproduct has been increasingly impli- 
cated both as a significant source of cyto- 
toxicity in mammalian tissues and as an 
important premutagenic lesion in Escherich- 
ia coli (15-17). The importance of this 
relatively minor photoproduct in UV cyto- 
toxicity is underscored by the repair pheno- 
types of certain mutant mammalian cell 
lines. Although most UV-sensitive cell 
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Fig. 2. Cyclobutane pyrimidine dimers are in- 5 
duced at equal rates in the uvrl mutant (trian- 
gles) and its progenitor (circles). Seedlings 
were grown on vertically oriented nutrient agar '$ 4-! 
plates plus 0.5% sucrose. Approximately 500 to a 

1000 seeds were sown per 100 mm by 1 00 mm f 3 - ~  
plate. To label the DNA, we also included 
[3H]thymidine (1 fiCi1ml) in the medium. Five- 2-: 
day-old seedlings were irradiated under the 
UV-B source described in Fig. 1 for 20 to 40 s to 1 
produce the final UV-B dose. The DNA was 
then immediately extracted (29). The CPDs o f  I I I I 

were assayed by digestion with T4 endonucle- 0 0.2 0.4 0.6 0.8 1 
ase V and sized with an alkaline sucrose gra- UV-B dose (kJlm2) 
dient (30). The number of CPDs per base was 
calculated as llx, = llx,, - llx,, where x, is the average length (based on the weight-average 
molecular weight) in bases between enzyme-sensitive sites, x,, is the average length of the digested 
DNA sample, and xu is the average length of the undigested sample. 
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lines are defective in the repair of both 
(6-4) photoproducts and CPDs, certain mu- 
tant lines, including some UV-resistant re- 
vertant lines (1 8), are defective only in the 
repair of CPDs. The relatively UV resistant 
and, in some cases, antimutator (19) phe- 
notype of these lines suggests that (6-4) 
products function as cytotoxic lesions in 
animal tissues (20). 

In the dark, repair of the (6-4) photo- 
product occurs much faster than repair of 
CPDs in our progenitor line, with approx- 
imately 50% of the initial lesions elimi- 
nated within the first 2 hours after irradi- 
ation (Fig. 3B). Arabidopsis therefore re- 
sembles other biological systems, includ- 
ing fish, frog, and rodent cells (15), in 
that the rate of repair, in the dark, of 
CPDs is low or undetectable, whereas 
(6-4) photoproducts are rapidly removed. 
In contrast, little or no repair of (6-4) 
photoproducts occurs in uurl mutant 
plants (Fig. 3B). The sensitivity of this 
strain to low levels of UV-B suggests that 
repair of this lesion is essential for resis- 
tance to environmental UV-B. In addi- 
tion, it is possible that the uvrl gene is 
rewired for the revair of other UV-in- 
duced photoproducts, such as pyrimidine 
hydrates, and that the persistence of these 
other lesions may contribute significantly 
to the UV-sensitive phenotype of the uurl 
mutant. It may also be possible that Ara- 

bidopsis, like mammalian cells, is capable 
of rapid removal of CPDs from a minor but 
critical subclass of sites and that the uwrl 
gene is also required for this process. 

In E. coli, both the (6-4) photoproduct 
and the CPD are repaired by a single exci- 
sion repair holoenzyme, the UvrABC en- 
donuclease (2 1 ,  22). This enzyme recog- 
nizes a wide variety of DNA damage prod- 
ucts and facilitates their repair by specifi- 
cally nicking the damaged DNA strand. In 
contrast, reversion of CPDs by the E. coli 
photolyase is specific for CPDs (23). The 
mechanistic relation between overall repair 
of CPDs, site-specific repair of CPDs, and 
repair of (6-4) photoproducts in higher 
animal systems is more complex. The great- 
er efficiency of (6-4) photoproduct repair 
compared to that of CPD repair is generally 
thought to reflect a higher affinity of the 
repair complex for the (6-4) photoproduct. 
It is possible, however, that some genes are 
required for the excision of many types of 
DNA damage products, whereas others are 
specific for a single type of lesion. Because 
dark repair of CPDs is slow in Arabidopsis, 
we cannot conclude from the data present- 
ed here whether the uwrl mutant, which is 
clearly defective in the repair of (6-4) prod- 
ucts, might also be defective in the excision 
repair of CPDs. 

It is conceivable that the uorl mutant is 
UV-sensitive for some reason other than a 

Table 1. Segregation analysis of uvr l  indicates that it is a single recessive mutation located 
between GL1 and TT5 on chromosome 3. The UV-sensitive phenotype of individual F, plants was 
determined by a root sensitivity assay of 12 or more F, progeny. Linkage to GL1 was determ~ned 
from F, segregation data as described by Koornneef et a1 (10). Llnkage to HY2 (in repulsion) and 
tt5 (in coupling) was determined from the ent~re F2 population by the maxlmum likelihood method 
(27), and the standard deviat~on was derived as described by Allard (28) The recombination 
percentages (and their standard deviations) were converted to map units (that is, corrected for 
mult~ple crossovers) with the Kosambi mapping funct~on (10) The values in column 4 represent 
the f ~ t  of the data to a 3 : l  segregation ratio for uvrl; the x2 values in column 5 represent the f ~ t  of 
the data to the derived recombination rates. The genetic markers are located at 0 (HY2). 39.6 (GL1). 
and 77.8 (TT5) cM on chromosome 3 Blank spaces indicate data not determined 

F, segregation UV-sensitive Map 
F, cross F2 Progeny distance 

Phenotypes n (%I t SD (cM) 

uvrl, tt5 (flrst  sola ate) UVR1 I-, TT5I- 
x UVR1, TT5 UVRlI-, tt5 

uvrl , TT5I- 
uvr l ,  115 

uvrl, tt5 (second  sola ate) UVR1 I-, TT5/- 
x UVRl TT5 UVRlI- tt5 

uvrl , TT5I- 
uvrl , tt5 

HY2, GL1, uvrl  GL1 I-, UVR1 I- 
x hy2, gll, UVRl g11, UVRII- 

GLlI-, uvr l* 
g l l ,  uvrl 
HY21-, UVR11- 
hy2, UVRlI- 
HY2I- uvrl 
hy2, uvrl 

'The genotypes of these F, plants were ~dent~fied in the F, segregation as GLl/GLl, uvrliuvrl (n = 52) and 
GLl/gIl, uvrliuvrl (n = 7 )  The map d~stance is based on this F, segregation. 

defect in DNA repair and that its failure to 
repair (6-4) photoproducts after UV irradi- 
ation is, like its failure to grow after UV 
irradiation, the result, rather than the 
cause, of its UV sensitivity. The fact that 
the mutant efficiently photorepairs CPDs at 
the wild-type rate, however, makes this 
possibility unlikely and suggests that the 
uvrl mutation is in a gene specifically re- 
quired for DNA repair. 

The generation and characterization of 
DNA repair mutants, most notably in E. 
coli, has elucidated the regulation, variety, 
and biological importance of the many 
vathwavs involved in DNA revair. Be- 
cause of its small physical size (akd hence 
UV transparency), small genome, effi- 
ciency of mutagenesis, and short genera- 
tion time, Arabidopsis thaliana is well suit- 
ed as a model system for the study of the 
molecular genetics of DNA repair in high- 
er plants. Recent awareness of the increas- 
ing degradation of the UV-B-absorbing 
ozone layer (24, 25) has focused attention 

0  5 1 0  1 5  2 0  2 5  
Repair time (hours) 

Fig. 3. (A) Repair of CPDs is sim~lar in both the 
uvrl (triangles) and progenitor (circles) strains. 
Sol~d symbols lndlcate dark repalr; open sym- 
bols, light repair Seedlings were grown on 
agar plates and irradiated to a flnal UV-B dose 
of 1.32 Jim2 as described (Fig. 2). The uvrl  
seedlings are derived from a backcrossed line 
Photoreactivation was carried out under a bank 
of General Electric Cool White fluorescent 
lamps whose light was filtered through the 
polystyrene lid of the petri dish. The UV-Aflux at 
the surface of the agar was approximately 0.08 
W/m2 [measured w~th a UV-A radiometer 
(UVP)] (B) The uvrl mutant 1s defective in the 
repalr of the (6-4) product After lrrad~atlon. 
seedlings were Incubated at 22°C In the dark. 
The data represent an average of two to e~ght 
experimental values, error bars are 1 SD 

SCIENCE VOL. 261 17 SEPTEMBER 1993 



on the mechanisms of UV-B resistance in 
plants (26). UV-B intensity also varies 
widely with season, latitude, and altitude. 
Like resistance to other environmental 
stresses such as drought or cold, the degree 
of tolerance of a particular plant species to 
UV-B may influence the range of environ- 
ments at which certain plant species can 
survive. We have shown that the ability to 
efficiently repair (6-4) photoproducts is an 
essential component of UV-B resistance in 
Arabidopsis. 
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Major Groove Accessibility of RNA 

Kevin M. Weeks* and Donald M. Crothers 

Chemical acylation experiments showed that the RNA major groove, often assumed to be 
too deep and narrow to permit recognition interactions, is accessible at duplex termini. 
Reactivity extended further into the helix in the 5' than in the 3' direction. Asymmetric and 
large loops between helices uncoupled them, which yielded both enhanced reactivity at 
terminal base pairs and weaker stabilization enthalpy compared to that in small loops or 
symmetric loops of the same size. Uncoupled helices have effective helix ends with 
accessible major grooves; such motifs are attractive contributors to protein recognition, 
tertiary folding, and catalysis. 

T h e  geometry of the RNA helix deter- 
mines, in part, the recognizability of the 
major and minor grooves ( I ) .  In a contin- 
uous A-form RNA helix, the minor 
groove is wide and shallow, which facili- 
tates the interaction of base functional 
groups with complementary ligands. In 
contrast, the major groove is deep and 
narrow and mav be inaccessible for s~ecific 
recognition. This fundamental conse- 
quence of RNA geometry presents a para- 
dox: the inaccessible major groove pre- 
sents a richer ensemble of arrayed hydro- 
gen bond acceptors and donors than the 
minor groove does (2). Given the ubiquity 
of helical segments in RNA and the limits 

u 

imposed by having only four constituent 
subunits, many distinguishing interaction 
surfaces are potentially buried in the major 
groove. - 

Despite this prediction, there are sev- 
eral nrell-characterized examples of RNA 
recognition achieved by way of interaction 
in the major groove. The tertiary folding 
of transfer RNA (tRNA) uses base triplets 
in which a third nucleotide forms hydro- 
een bonds with a Watson-Crick base  air 
u 

in the major groove of short helices (3); 
the guanosine binding site in the Tetrahy- 
menu ribozyme is located in the major 
groove at the end of a short, bulged helix 
(4); the yeast aspartyl-tRNA synthetase 
contacts both the acceptor and anticodon 
stems from the major groove side (5); and 
peptide models for the RNA binding do- 
main of the human immunodeficiency vi- 
rus (HIV) Tat protein bind TAR RNA at 
the major groove adjacent to a bulge loop 
(6, 7). Major groove inaccessibility is a 
consequence of the close approach of the 
phosphoribose backbones for helices of six 
or more base pairs (bp) (8). Accessibility 
in the major groove might be modulated 
where this regularity is interrupted. 

Diethyl pyrocarbonate (DEPC) carbeth- 
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oxylates purines primarily at the N7 posi- 
tion in a reaction sensitive to the solvent 
exposure of the base (6, 9). DEPC has an 
effective diameter of -3.5 A ( lo ) ,  which 
is similar to the width of the deep RNA 
major groove (-4 A). DEPC is compara- 
ble in size to amino acid and nucleotide 
motifs that mediate RNA-protein or 
RNA-RNA interactions; hence, the reac- 
tivity rates of this probe reflect the steric 
accessibility and thus the recognizability 
of individual  urine nucleotides. 

Our experiments establish a correlation 
between DEPC reactivitv. which reflects , , 
accessibility of the major groove, and the 
Dresence of either true or effective helix 
ends. Effective ends result when adjacent 
helices are separated by loops that decouple 
them thermodynamically, as reflected in a 
diminished enthalpy of melting. We find, 
in agreement with Peritz et al. (I I), that 
asymmetric loops are more effective than 
symmetric loops in lowering overall thermal 
stability and sho~v that major groove acces- 
sibilitv is relativelv enhanced at helix ends 
that flank asymnktric (and large) loops. 
These structures constitute an W'A motif 
capable of specific interaction in the major 
groove. 

RNA duplexes that incorporate simple 
bulge and internal loops were generated 
by pairwise combination of 10 synthetic 
oligoribonucleotides (Fig. 1) (12). Du- 
plexes were designed to simplify the exper- 
imental protocol and feature a homopu- 
rine strand uniquely susceptible to attack 
by DEPC. All helices include 20 bp and 
predom~nantly adenosine bases, which are 
more reactive toward DEPC (9), and in- 
clude terminal and internal G-C base 
pairs to prevent fraying and ensure proper 
duplex register, respectively. Helices are 
identified by the number of unpaired or 
mismatched cytosine nucleotides in the 
center of the duplex. For example, the 
perfect 20-bp duplex is identified as [OO], 
whereas a dinucleotide bulge on the right 
hand (pyrimidine) strand is [02] (Fig. 1). 

In the absence of complementary oli- 
gonucleotides, the 10 single strands (Fig. 
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