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ensures that circadian-controlled processes 
maintain the appropriate phase relationship to 
environmental cues. Photoreceptor diversity 
and redundancy. therefore. appear to be the 
key features in the photocontrol of the circa- 
dian clock in higher plants. 
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Role of Mouse Cryptochrome 
Blue-Light Photoreceptor in 
Circadian Photoresponses 

Randy J. Thresher, Martha Hotz Vitaterna, Yasuhide Miyamoto, 
Aleksey Kazantsev, David S. Hsu, Claude Petit, 

Christopher P. Selby, Lale Dawut, Oliver Smithies, 
Joseph S. Takahashi, Aziz Sancar* 

Cryptochromes are photoactive pigments in the eye that have been proposed 
to function as circadian photopigments. Mice lacking the cryptochrome 2 
blue-light photoreceptor gene (mCry2) were tested for circadian clock-related 
functions. The mutant mice had a lower sensitivity to acute light induction of 
mPer7 in the suprachiasmatic nucleus (SCN) but exhibited normal circadian 
oscillations of mPer7 and mCry7 messenger RNA in the SCN. Behaviorally, the 
mutants had an intrinsic circadian period about 1 hour longer than normal and 
exhibited high-amplitude phase shifts in response to light pulses administered 
at circadian time 17. These data are consistent with the hypothesis that CRY2 
protein modulates circadian responses in mice and suggestthat cryptochromes 
have a role in circadian photoreception in mammals. 

Circadian rhythms are oscillations in the bio- 
chemical. physiological, and behavioral func- 
tions of organisms with a -24-hour period- 
icity (1). Circadian rhythms are synchronized 
with light-dark cycles, but the molecular ba- 
sis of this "photoentrainment" is not known 
(2). Indeed. there is no consensus on the 
nature of the circadian photoreceptor. Three 
classes of pigments have been considered as 
candidates: opshketinal-based photopigments 
(3). tetrapyrrole-based heme pigments (4). 
and ptesinlflavin-containing c~yptochrome blue- 
light photoreceptors (5, 6). Csyptochromes were 
first identified in plants as structural ho- 
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mologs of the DNA repair enzyme DNA 
photolyase ( 7 ) ,  but they lack DNA repair 
activity (8) and are involved in mediating 
grov th (9). flov erlng time (1 0), and photot- 
ropism (11) in response to blue light. Recent- 
ly. two human and mouse homologs of the 
plant csyptochromes were discovered (5, 12). 
Csyptochromes 1 and 2 (CRY1 and CRY2, 
respectively) lack DNA repair activlty (5) 
and are exvressed in the mouse retina (6). and 

\ ,, 

mC1y1 exhibits circadian oscillations of ex- 
pression in the SCN (6) wherein the central 
pacemaker of the body resides. These obser- 
vations led to the proposal that csypto- 
chromes were likely to be photopigments for 
circadian photoentrainment (6). 

To test this hypothesis, we created a 
mouse strain that lacks the predominant form 
of cryptochrome found in the mouse retina: 
CRY2. and analyzed its circadian behavior 
using biochemical and behavioral tests. We 
generated C1y2+'  heterozygous mutant 
mlce by established methods (13) using the 
target~ng construct shovn in Fig. 1A. Inter- 
breeding of heterozygotes yielded progeny of 
wild type:C~7;2+ :Cry2- ' -  at a ratio of 
1 : 2:l (Fig. 1B). The mutant mice were phys- 

1490 20 NOVEMBER 1998 VOL 282 SCIENCE www.sciencemag.org 



R E P O R T S  

A ~ C R Y Z  Pmteln @ N  r FAD 1 F. COOH 
- - - -  

mCry2 Gene 

f H X N Bg B!3 X N 
I I I 1  I f 

Targeting DNA x x 
6 kb 1.5 kb 

t 
Targeted mCry2 Gene 

H 
I 

v - PCR Primers 
Fig. 1. Generation of Cry2 mutant mice. (A) mCry2 - 
targeting scheme. On top is a linear representation 2.5 kb 

of the structural map of CRY2 indicating the approximate locations of 
binding sites for methenyl tetrahydrofolate (MTHF) and flavin adenine 
dinucleotide (FAD) as represented in the genomic clone. The top Line B 
shows a partial restriction map of the gene, indicating the 1.1 kb that -Cry;! Geno*/pe- 
was deleted and replaced by the neomycin (Neo) gene. After homol- +I+ +I- +I- -1- 
ogous recombination (targeting DNA, middle) diagnostic Southern ' .-. . kb 
(DNA) hybridization of the recombinant allele in ES cells and mice *4, ~3.8 
detected the presence of an Xba I site introduced by the targeting 
vector that leads to  a change of fragment length from 3.8 kb in the 
wild-type allele to  2.5 kb in the recombinant allele (targeted mCry2 1 -2.5 

gene, bottom). Primers from the 3' end of the Neo gene and the 3' end 
to  the 1.5-kb arm of homology yield a PCR product of 1.6 kb from the 
recombinant gene. Bg. Bgl I; H, Hind Ill; N, Not I; X, Xba I. (B) Southern blot analysis of mouse 
genomic DNA. About 10 p g  of mouse genomic (tail) DNA was digested with Xba I and subjected 
to  electrophoresis through a 0.8% agarose gel, which was then probed with 32P-labeled DNA made 
from the mCy2 genomic clone in (A). 
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ically and behaviorally normal. We used 
mice that were at least 6 weeks old and age 
and sex matched. To determine if CRY2 is a 
circadian photoreceptor, we tested the light 
response of the mutant mice using biochem- 
ical and behavioral assays. Because the mu- 
tant mice still express the CRY 1 photorecep- 
tor, we expected a reduction in, rather than 
elimination of, the circadian photoresponse 
reactions. 

We first quantified induction of mPerl 
rnRNA expression in the SCN by acute light 
pulses. mPerl is a candidate circadian clock 
gene (14) that is expressed in the SCN with a 
robust circadian rhythmicity in 12-hour light: 
12-hour dark (LD12 : 12) cycles, reaching a 
maximum at zeitgeber time 4 (ZT4) and a 
minimum at ZT20 (by convention ZTO is the 
time at which the light is turned on). Impor- 
tantly, mPerl is one of the immediate-early 
genes in the SCN that can be induced with 
acute light pulses at night when mRNA levels 
are low (15). To test whether CRY2 protein 
functions as a circadian photopigment, we 
exposed wild-type and Cry2 null mice to two 
subsaturating light doses at ZT18 and quan- 
tified mPerl induction in the SCN by in situ 
hybridization (Fig. 2A). At both light doses, 
the induction of mPerl in the SCN of 
Cry2-'- mice was reduced by 50 to 60% 
relative to the wild type. This reduction was 
roughly proportional to the reduction of total 
cryptochrome mRNA levels in the retina of 

Fig. 2. (A) Reduced mPerl induction by acute A 
Light exposure in the SCN of Cryi-I- mutant -. 
mice. Cryt*" and Cry2-'- mice kept under a 
LDl2:lZ cycle were exposed to  a light pulse (2 $ pmol m-Z s-I or 50 pmol m-Z s-I  for 30 min) 
at ZT18, returned to darkness for 30 rnin, and 5 . then decapitated. Coronal brain sections (18 o , 
p m  thick) were samplec e Z v r  
caudal end (images Lefl 4. 2 
The sections were hybr d a 
probe (24) consisting 0 z >  
1481 of mPerl cDNA (GenBank accession num- F 
ber AB002108). ~uto iad io~rams were digitized 
with a COFU 481 5 charge-coupled device cam- 
era, and NIH lmaae 1.6 software was used for N 

cluantitation. All the  mPerl signals from the 1 
rostral to  the caudal regions of the SCN were 

and 
pt in 
3tion 
sing. 

summed (18 to  24 sections). The transcri t P ER1 mRNA 
levels are expressed relative to  that in Cry2+ + 

mice after 50-pmol rn-Z s-' light pulse. The differences Derween the 
wild-type and mutant mice were significant (P < 0.01) at both light 12 

fluences. The bars represent SEM (n = 4 to  5). The photographs to  the 
right of experiments. of each column For are clarity, from representative only every other autoradiograms section is shown. of two sets (B) ; ::Kl :f-Jqq 
Circadian expression of mPerl and mCryl in the SCN of CryZJ" .- 
cry~-'-  mice. Animals maintained under a LD12:12 cycle were ke~ 5 0 6  8 0.6 

DD for 54 hours and then time points were taken for in situ hybridizi 
m 
$ 0.4 - = OA 

every 4 hours starting at CT18 on the basis of the LD12:12 pha o 
Coronal brain sections encompassing the SCN were subjected to  in slru a 02 

hybridization with 35S-labeled mCryl (24) or mPer7 probes. Quantitative 
analyses were performed as in (A), and the values are expressed relative 7 0 7 4  7 8 E 2 B B I  1 7 0 7 4 7 0 i Q W W  

to  the highest wild-type figures. Data points from a representative T i m  In darkness (h) Tima In darkman (h) 
experiment are shown. Symbols: open circles, mPerl in wild type (wt); 
closed circles, mPerl in Cry2-'-; open triangles, mCry7 in wt; closed triangles, mCryl in CryZ-I-. Note the phase delay, bu nplitude, in the 
C~Z-I- mice relative t o  the CryZ+lA animals. The phase difference between the two is consistent with the longer free-run1 in the Cryt-l- 
mice (see Fig. 3). 

t normal ar 
ning period 
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the mutant mice (mCry2 mRNA represents 
about 70% of the total) and suggests that 
Cry2-'- mice are deficient in photic induc- 
tion of mPerl. ' 

Although the most likely explanation for 
defective induction of mPerl in Cry2-'- an- 
imals is a reduction in the amount of the 
photoactive pigment mediating the response, 
the data are also consistent with an alteration 
of the circadian clock itself. That is, the 
reduction could be due to a change in the 
circadian regulation of mPerl in the SCN, 
rather than simply an alteration at the photo- 
receptor level. To determine if there were 
alterations in endogenous rhythmic expres- 
sion of clock-related genes in the SCN of the 
Cry2-'- mice, we measured the mRNA lev- 
els of mPerl and of mCryl. Both these genes 
exhibit robust circadian oscillations in wild- 
type mice (6, 15), and they represent two 
different rhythmic outputs of the clock in the 
SCN. There were no differences in the am- 
plitudes of the circadian rhythms of expres- 

Hours 

sion of either mPerl or mCryl in the SCNs of 
wild-type and Cry2 mutant mice (Fig. 2B), 
suggesting that the basic oscillations of the 
circadian clock in the SCN are normal in 
Cry2-I- mice. The phases of mCryl and 
mPerl mRNA rhythms in the mutant mice, 
however, were shifted by about 4 hours rel- 
ative to the wild type on the third cycle of 
constant darkness, which is consistent with a 
lengthening of the period by about 1 hour in 
the mutant. 

We used locomotor activity (wheel-run- 
ning) as a behavioral output to examine the 
mutant mice for the three basic circadian prop- 
erties: intrinsic period, persistence of rhythmic- 
ity under constant conditions, and ability to 
synchronize with lightidark .cycle (photoen- 
trainability). There were no obvious differences 
in periods or amplitudes of activity among 
wild-type, Cry2+Ip, and Cry2-'- animals in 
LD12:12 cycles (Fig. 3, A to C). Similarly, 
there were no significant differences among 
Cry2 genotypes in the phase angle of entrain- 

Hours 48 

4- 

ment to LD12 : 12 as determined from the initial 
free-run in constant darkness (DD). However, 
as might be expected from a partial disruption 
of entrainment function, the Cry2-'- mice had 
significantly greater variance (wild type, 595 
min, ClyZ+'-, 1150 min; Cry2-'-, 2801 min, 
F(9,ll) = 4.70; P < 0.01) in the free-run phase 
than did wild-type mice. The variance of het- 
erozygotes was intermediate, but not signifi- 
cantly different from wild type. These data 
suggest that Cry2-I- mice are capable of nor- 
mal entrainment to bright-light cycles, but the 
increased variance suggests that they do so with 
less precision than wild-type animals (16). 

In contrast to its modest effect on pho- 
toentrainment, the Cry2-I- genotype had a 
drastic and paradoxical effect on the free- 
running period in DD (Fig. 3, A to D). The 
ClyZ-'- mice had significantly (P  < 0.05) 
longer free-running periods than either 
Cry2+'- or wild-type mice (Fig. 3D). One 
homozygous Cry2 null animal became ar- 
rhythmic on transfer to DD but exhibited a 
persistent rhythm after exposure to a saturat- 
ing light pulse (17). Thus, the Cry2 null 
mutation appears not to affect the persistent 
rhythmic behavior under constant conditions 
but clearly causes an increase in the length of 
the intrinsic period (18). Lengthened circadi- 
an period may result from an alteration in 
some input process to the circadian pacemak- 
er, such as an alteration mimicking constant 
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Fig. 3. Effect of Cry2 genotype on circadian rhythm in mice. (A to  D) Effect on free-running period 
of locornoter activity. Representative free-running activities of (A) wild-type, (B) CryZ+'-, and (C) 
CryZ-I- animals are presented. Mice maintained in LD12:12 cycles were placed in DD conditions 
on the day indicated by the line. Panel (D) shows the calculated free-running periods for each 
animal (open circles) and the group averages (closed circles) with the SEM for each group. (E to  H) 
Effed on phase shifts in  response to  saturating light pulses. (E) Wild-type, (F) CryZ+'-, and (C) 
Cry2-I- mice were maintained in DD conditions for at least 10 days before and after a 6-hour light 
pulse was given at CT17 on the day indicated by an arrow. The average value for the phase shifts 
between CT16.5 and CT18.5 in each group of mice (n = 10, 10, and 6 for CryZ'", CryZ+I-, and 
CryZ-I- animals, respectively) is shown in (H) along with the SEM. 

CRY2-GFP 
Fig. 4. Nuclear accumulation of CRY2-CFP fu- 
sion protein after transient transfedion. HeLa 
cells were seeded at a density of 2 X lo6 cells 
per 100-mm dish and transfected with 5 k g  of 
either pEGFP (vector control) or pHCRY2-GFP 
construct by using LiipofectAMlNE (Life Tech- 
nologies). The cells were analyzed 4 hours after 
transfedion with an Olympus fluorescence mi- 
croscope. Magnification about X400. 
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light (Aschoff's rule) (19), or from an alter- 
ation in the   ace maker mechanism itself. To 
examine these two possibilities, we deter- 
mined phase shifts of the activity rhythms in 
response to light pulses as a measure of the 
circadian clock's responsiveness to light. The 
phases of the light pulses were determined 
according to the phase and period of the 
activity rhythm for each individual mouse, so 
that pulses were given at a predetermined 
circadian time (CT12 being defined as the 
onset of actlvlty). The animals were exposed 
to saturating light pulses of 6-hour duratlon 
(17) at CT 17.5 + 1 with at least 10 days 
between pulses to determine the responses to 
light in the phase delay and near the "break- 
point" (or maximum) region of the mouse 
phase response curve to light (20). 

The resulting data show that the response 
to saturating light pulses near the breakpoint 
(-CT18) was significantly different among 
the three genotypes (Fig. 3, E to H). The 
magnihlde of phase shifting was highest in 
the Cry2- - mice and lowest in the wild-type 
animals (21). A high-amplitude phase shift 
with light pulses given near the breakpoint is 
indicative of "type 0" phase resetting (22) 
and can occur when the strength of the stim- 
ulus is enhanced or amplified, or when the 
amplitude of the pacemaker is reduced. Be- 
cause the nzPerI and 1tzCty1 circadian mRNA 
rhythms in the mutant animals are normal 
(Fig. 2B), we suggest that the lack of CRY2 
enhances the strength of the inducing signal. 

The combination of reduced photic sensi- 
tivity (Fig. 2A) and increased phase shifts in 
response to light pulses (Fig. 3, E to H) is not 
without precedent. Increased phase shifts 
combined with reduced light sensitivities 
have been reported in old golden hamsters 
(23), and old mice show a lengthening of the 
circadian period in constant darkness and a 
reduced light sensitivity (24). Whether these 
phenomena are caused by alterations in the 
circadian photoreceptor remalns to be deter- 
mined. The marine dinoflagellate Gotzylalix 
polj.hedva contains two circadian photosen- 
sors, and complex interactions occur between 
these two photoreceptive pathways (25). In 
Ambidopsis, C ~ y 2  mutants antagonize the 
phytochrome B pathway that regulates flow- 
ering time (10). The increased phase shifts in 
the null animals implies that, in mice, CRY2 
may antagonize phase-shifting responses me- 
diated by CRY 1 or another photoreceptor. 

A second unexpected effect of the Cry2 
mutation was the lengthening of the free- 
running period. If ciyptochromes function 
solely as photoreceptors, then they would not 
be expected to affect circadian rhythms in 
constailt darkness. However, in Ar-abidopsis, 
photoreceptor mutants also have lengthened 
circadian periods (26). Although the "dark 
effect" of CRY2 seems counterintuitive, it is 
not surprising. The prototype of this class of 

proteins, DNA photolyase, in addition to re- 
pairing DNA by phototransduction, performs 
a dark function by interacting with the exci- 
sion repair system when light is absent (27). 
Conceivably, CRY2 may disectly interact with 
components of the pacemaker mechanism. 

Recent evidence from mouse (28) and 
Di.osoplzila (29) indicates that the lnolecular 
components of the clock are localized in the 
nucleus. If CRY2 functions at the interface 
of signal input and the clock mechanism, 
it should also be nuclear. Nuclear local- 
ization of c~yptochromes is inferred by the 
presence of a bipartite nuclear localization 
sequence Pro-Lys-Arg-Lys-X13-Lys-Arg-Ala- 
Arg (where X13 represents 13 nonconserved 
amino acids) in mouse and human hCRY2 
(5) and by the finding that hCRY2 interacts 
with the nuclear serine-threonine phosphatase 
5 (30). To examine the subcellular localiza- 
tion of CRY2, we constiucted a hCRY2-GFP 
(green fluorescent protein) fusion gene, trans- 
fected HeLa cells, and determined the local- 
ization of the fusion protein by fluorescence 
microscopy. CRY2 was found almost exclu- 
sively in the nucleus (Fig. 4), consistent with 
a possible role in circadian photoreception. 

In conjunction with data from other or- 
ganisms, our data suggest that cryptochromes 
are likely to be circadian photoreceptors. 
First, a ATeel~rosporn strain defective in ribo- 
flavin biosynthesis has a severely compro- 
mised circadian photoentrainlnent potential, 
suggesting that the l"l'eui.ospora circadian 
photoreceptor, like cryptochrome, is a fla- 
voprotein (31). Second, in Dr.osoplzila, the 
action spectrum for phase shifts reveals a 
peak in the 420- to 480-llm range (32), which 
is consistent with the absorption maximum 
(420 to 430 nm) of Dvosoplzila csyptochrome 
(33). Furthermore, Drosophila defective in 
the visual photoreception-phototransduction 
system because of either @-carotene deficien- 
cy (34), mutations in rhodopsin encoding 
genes (33), or mutations in genes involved in 
visual signal transduction (35, 36) are nearly 
normal in their photoentrainment, suggesting 
that the pigment for circadian entrainment in 
Drosophila may be cryptochrome and not an 
opsin. Third, rd/rd (retinal degeneration) 
mice lose all their rods and virtually all their 
cones upon aging (2, 3); although there is no 
detectable opsin in the retina of 5-month-old 
animals (37) and their electroretinograms are 
flat (2), these blind mice exhibit normal cir- 
cadian photoresponses (37, 38). The action 
spectnim for phase shifts in aged rdhd mice 
has a peak at 480 nm (39), which is consistent 
with a role for csyptocl~ornes, and signifi- 
cantly, the retinal ganglion cell and inner 
nuclear layers (where nzCry1 and i?zCiy2 
genes are expressed) (6) are intact (38). 

Finally, our results are consistent with a 
dual circadian photoreceptor system in mice, 
with CRY2 functioning as one of the pho- 

topigments. The role of CRY1 or other non- 
cryptochrome molecules as circadian pho- 
topigments remains to be determined. 
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Induction and Evasion of Host 
Defenses by Type I-Piliated 

Uropathogenic Escherichia coli 
Matthew A. Mulvey, Yolanda S. Lopez-Boado, Carole L. Wilson, 
Robyn Roth, William C. Parks, John Heuser, Scott J. Hultgren" 

Virtually all uropathogenic strains of Escherichia coli encode filamentous sur- 
face adhesive organelles called type 1 pili. High-resolution electron microscopy 
of infected mouse bladders revealed that type 1 pilus tips interacted directly 
wi th  the lumenal surface of the bladder, which is embedded wi th  hexagonal 
arrays of integral membrane glycoproteins known as uroplakins. Attached pili 
were shortened and facilitated intimate contact of the bacteria wi th  the uro- 
plakin-coated host cells. Bacterial attachment resulted in exfoliation of host 
bladder epithelial cells as part of an innate host defense system. Exfoliation 
occurred through a rapid apoptosis-like mechanism involving caspase activation 
and host DNA fragmentation. Bacteria resisted clearance in  the face of host 
defenses within the bladder by invading into the epithelium. 

Urinary tract infections (UTIs) are among the 
most common infectious diseases acquired by 
humans, affecting over 7 million people an- 
nually in the United States alone and account- 
ing for substantial morbidity (1). Escherichia 
coli, the primary causative agent of UTIs, 
including cystitis, encodes surface adhesive 
organelles called type 1 pili (1, 2). These 
fibrous extensions consist of a 7-nm-thick 
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helical rod composed of repeating FimA sub- 
units joined to a 3-n~n-wide distal tip struc- 
ture containing the adhesin FimH (3). Bind- 
ing of the FimH adhesin to mannosylated 
host receptors present on the bladder epithe- 
lium (urothelium) is critical to the ability of 
E. coli to colonize the bladder and cause 
cystitis (2, 4, 5) .  The lumenal surface of the 
bladder is lined by a layer of superficial 
umbrella cells that deposit on their apical 
surfaces a quasi-crystalline array of hexago- 
nal complexes made up of four integral mem- 
brane glycoproteins known as uroplakins (6). 
In vitro binding assays have shown that bvo 
of the uro~lakins. UPIa and UPIb, can s~ecifi- 
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1-piliated E. coli and the uroplakin-coated 
host superficial bladder cells. C57BL16 mice 
were infected by transurethral inoculation 
with the E. coli cystitis isolate NU14 grown 
in static broth (81, a growth condition that 
specifically induces the expression of type 1 
pili by this strain. The type 1 pili produced by 
h'Li14 have been well characterized (2, 5, 9). 
Two hours after infection, mouse bladders 
were removed and processed for EM (10). As 
determined by scanning EM (SEM), numer- 
ous bacteria adhered randomly across the 
bladder lumenal surface, both singly and in 
large, biofilmlike microcolonies, some of 
which contained several hundred bacteria 
(Fig. 1A). The bacteria were often situated in 
grooves and niches formed by the apical 
membrane of the superficial cells (Fig. 1B). 
This uroalakin-embedded membrane has 
been termed the asymmetric unit membrane 
(AUM) because of its appearance in cross 
section (6). In contrast to NU14-infected 
bladders, almost no bacteria were found at- 
tached to bladders taken from mice infected 
with the isogenic finzH- mutant NU14-1 (2, 
I l ) ,  confiinling the role of the FimH adhesin 
in colonization of the bladder. 

Examination of infected mouse bladders 
with high-resolution, freeze-fracture, deep- 
etch EM revealed the tips of type 1 pili 
making direct contact with the AUM (Fig. 1, 
C to H) (12). Type 1 pili spanned the distance 
between the bacterial outer membrane and 
the AUM directly, with seemingly little slack 
along their lengths (Fig. 1H). The molecular 
architecture of these pili was identical to the 
type 1 pili present on the inoculated hTU14 
bacteria (3, 9), except that they were shorter. 
Of 70 pili measured from 23 individual bac- 
teria, the average pilus length from the bac- 
terial outer surface to the host cell membrane 
was 0.12 i 0.07 pm. In contrast, type 1 pili 
present on bacteria in broth culture are typi- 
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