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present in peripheral lymphocytes and therefore could be 
assumed to represent new germline mutations. There were nine 
cases where the origin of the mutant chromosome could be 
inferred using chromosome heteromorphisms, and in eight of 
those cases the mutant chromosome was derived from the father. 
Combining these data with ours, new germline mutations 
appeared in the paternally derived chromosome in 16 out of 17 
informative cases. This result would be very improbable (P < 
0.0005) should germinal mutations of the retinoblastoma gene 
be equally likely in maternally and paternally derived chromo­
somes. 

The paternal origin of most new germline mutations is easily 
explained if they arise predominantly during spermatogenesis. 
Such a hypothesis would be supported by a paternal age effect, 
in which new cases of bilateral retinoblastoma might occur more 
frequently in the offspring of older fathers. Although we detected 
no paternal age effect in our small set of patients (see Table 1 ), 
a review of published data allowed Vogel and Rathenberg to 
conclude that a weak paternal age effect does exist for bilateral 
retinoblastoma 13

• Furthermore, if germline mutations arise pre­
dominantly during DNA replication, then the observed excess 
of germline mutations in paternal versus maternal copies of 
chromosome 13 (16:1) should correlate with the number of cell 
divisions from embryonic development to meiosis in males 
versus females. Vogel and Rathenberg provide the following 
estimates: 380 divisions for sperm from a 28-year-old male; 23 
for ova from an adult female. The ratio (380:23 or 16.5:1) agrees 
with the data. 

In summary, our investigations of the parental origin of muta­
tions of the retinoblastoma gene cast serious doubt on the notion 
that initial somatic mutations occur predominantly on the 
chromosome 13 derived from the father, and they eliminate a 
theoretical requirement for genomic imprinting as a factor in 
somatic mutagenesis at the retinoblastoma locus. A comparison 
of our results with studies of chromosome llp in Wilms 
tumour14

•
15

, where the paternally derived chromosome was 
preferentially retained in tumour cells, is complicated by the 
fact that the locus governing hereditary susceptibility to Wilms 
tumour is not on that chromosome arm 16

'
17

• Furthermore, those 
studies included patients with bilateral disease, indicating a 
constitutional, if not heritable, susceptibility to the tumours. On 
the other hand, our results and those from a previous study12 

convincingly demonstrate that the majority of new germline 
mutations of the retinoblastoma gene arise in the paternal 
chromosome 13. Future investigations of the high mutation rate 
of the retinoblastoma locus should explore mutagenic factors 
peculiar to fathers. 0 
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THE isolation and characterization of single gene mutations affect­
ing the circadian biological clocks of several organisms (reviewed 
in ref. 1) has left little doubt that circadian rhythms can be 
subjected to classical genetical analysis. Many of these mutations 
occur at the same few genetic loci (frequency (frq) in the fungus 
Neurospora 2

, and period (per) in fruit fly Drosophila3
); these loci 

represent the best studied clock-affecting genes known. Mutant 
strains are usually affected in more than one basic clock property'·\ 
suggesting an inter-relatedness at the molecular level among these 
basic properties that would not have been predicted a priori. The 
extensive background information available concerning the frq 
locus4 provides a basis for the molecular dissection of the Neuro­
spora circadian clock-the most minimal circadian system thus 
far described. We report here the cloning and analysis of the frq 
locus and show it to be larger and more complex than would have 
been predicted from the available genetic data. Complete rescue 
of all of the pleiotropic mutant phenotypes5

'
6 of the recessive frq 9 

allele requires transformation with a 7.7-kilobase (kb) region of 
DNA encoding at least two transcripts. Sequence analysis of this 
region has allowed the identification of a common element between 
frq and per which, given the background similarities in their 
classical genetic characteristics, suggests the possibility of a com­
mon element in the clock mechanisms of these two organisms. 

The frq locus of Neurospora crassa lies on the right arm of 
linkage group VII (VII R), -2 map units distal to oligomycin 
resistance (ali) and 2.5 map units proximal to formate (for) 
(Fig. 1a). A chromosomal walk was undertaken starting from 
the ali gene7 and covering -190 kb corresponding to -8 map 
units8 along VII R (Fig. 1 b). Individual phage and cosmids 
arising from the walk were assayed by transformation9 for their 
ability to rescue the circadian banding pattern of the recessive 
frq 9 allele (Fig. 1 b). Four partially overlapping cosmids arising 
from the right-hand side of the walk were capable of rescuing 
the frq 9 phenotype, providing strong presumptive evidence that 
these four cosmids each contained frq. This was confirmed in 
two ways. First, in agreement with expectations based on the 
genetic map, the next rightward cosmid (31: 5E) was found to 
be capable of rescuing for mutations (Fig. 1). Second, DNA 
fragments arising from cosmids 2: lOA, 8:38 and 23:90 were 
mapped by restriction fragment length polymorphism analysis 10

, 

confirming for all three a genetic map location on VII R (1/38 
recombinants with ars-1 near the centromere, 6/38 with nic-3 
on VII L; data not shown). We have thus established a physical 
map covering -8 map units along the right arm of linkage group 
VII, shown that the physical map corresponds well to the known 
genetic map, and identified both the frq and for genes. 

At this resolution the frq locus was defined by the 13 kb that 
span the region of overlap of the four frq 9 complementing 
cosmids. This region was subjected to restriction analysis, sub­
cloning, and retransformation of subclones into frq 9 (Fig. 1c). 
Based on previous experience with the frq-containing cosmid 
clones, for, and other genes, two outcomes of these transforma-

*Present address: Department of Biological Sciences, Dartmouth College, Hanover. New Hampshire 
03755 USA. 
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tion/rescue experiments were anticipated: either a complete 
complementation of the pleiotropic frq 9 mutation or a complete 
lack thereof. Surprisingly there appeared a third intermediate 
phenotype (denoted±) in which some of the mutant characteris­
tics of frq Y were complemented (see Fig I c, legend) but in which 
there was still an absence of circadian conidial banding; the 
reverse phenomenon (complementation of circadian banding in 
the absence of robust conidiation) was not observed. These 
studies have shown that the smallest region of DNA capable of 
complete complementation of the circadian regulation 
phenotype is the -7.7 kb insert ofpKAJlOl. In the transforma­
tion assay, frq generally displays a variable phenotype in that 
the circadian banding pattern of frq 9 strains transformed to 
benomyl resistance and containingfrq+ DNA is phenotypically 
transformed only -20% of the time. But in nearly all cases 
where we have examined this subset of transformed strains, the 

FIG. 1 Localization of frq gene sequences on 
Neurospora crassa linkage group (LG) VIIR: correla­
tion of the genetic map and the physical map via 
chromosomal walking from oli. a, Genetic map of 
LG VIIR. with the centromere indicated by the open 
circle at left. Genetic distances are oli-frq -2 map 
units and frq-for -2 map units. b, Physical map 
of the region of LG VIIR around oli (solid box). 
Dotted lines extending from the genetic map (a) 
to the physical map indicate the approximate cor-
relation of the two maps. Vertical lines above the 
map indicate EcoRI restriction sites; restriction 
sites for other enzymes are not shown for the 
sake of clarity. Lines below the map indicate the 
positions of inserts of phage and cosmid clones 
identified in the walk. Open boxes beneath the 
physical map indicate the initial positioning of frq 
and for genes. c, Expansion of the region defined 
as common to the four cosmids complementing 
frq 9 (open box labelled frq in b). Restriction enzy-
mes are BamHI (B), C/al (C), EcoRI (E), EcoRV (V), 
Hindlll (H). Sail (S) and Sphl (Sph). Inserts of plas-
mid subclones used to transform frq 9 recipients 
are indicated by the narrow lines below the restric­
tion map. Insert end points correspond to restric­
tion sites indicated in the restriction map with the 
exception of the right ends of pCRM101, pCRM102, 
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period length of the circadian oscillation has been indistinguish­
able from wild-type (average period length among transformants 
20.9 ± 1.8 h (s.d.), n = 60 versus 21.6± 0.5 h, n = 5 for wild-type), 
and the pattern of temperature compensation appears to be 
completely normal (Fig. 2). There is a suggestion, however, that 
the variability of the period length was consistently greater 
among transformants than in wild-type strains. Transformants 
could be entrained normally to daily 5-minute light pulses but 
in some cases the stable phase of entrainment (that is, the time 
of day at which the centre of the conidial band occurred) was 
different from wild-type. 

The frequency locus gives rise to at least two processed tran­
scripts, one -1.5 kb in size arising from the left-hand side of 
the region and one or more large overlapping transcripts of 
-5 kb arising from the right-hand side (Fig. 3). The origin 
of these transcripts within the (rq-complementing region, as 
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pCRM105, pCRM108 and pKAJ101 which are 
defined by the insert-vector junction of cos 30:1A. cos30:1A 

The ability of the subclones to rescue the frq9 

phenotype is indicated at the right; -denotes no 
phenotypic rescue, + denotes full restoration of 
circadian banding with wild-type period length, and 
restoration of wild-type levels of pigmentation and 
conidiation, and ± denotes restoration of wild-type 
pigmentation and conidiation but no restoration of 
circadian banding (see text). 
METHODS. Steps were taken in a A genomic library 
(M. Orbach and C. Yanofsky, Stanford University) 
and later in an ordered cosmid library9

; chromo­
somal sequences between cos 15:12G and 
cos 30:1A are not represented in the Vollmer­
Yanofsky cosmid library. Cosmids and subclones24 

were used to transform frq 9 Neurospora to 
benomyl resistance (Bm'); phage clones were co­
transformed with pSV50 (ref. 9). Primary transfor­
mants (-500 per J.Lg DNA) were identified after 
three days growth at 30 °C, transferred to Horowitz 
Complete25 slants supplemented with 
500 ng ml-1 benomyl (Bm), initially screened for 
phenotypic rescue by visual inspection of conidial 
pigmentation and subsequently screened on race 
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tubess. Media for race tubes of Bm' transformants did not contain Bm 
because the presence of as little as 100 ng ml-1 of the drug interfered with 
conidial banding pattern even in resistant strains (data not shown). For the 
identification of for containing cosmids and subclones, primary transfor­
mants of for- were identified on Horowitz Complete medium plates supple­
mented with 500 ng ml-1 Bm and 500 f.lg ml-1 sodium formate. and 
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individual transformants then screened in Vogel's minimal liquid cultures 
with or without sodium formate. The for gene was placed between 7 4 and 
77 kb distal from oli by the finding that the for-complementing ability unique 
to 31:5E was preserved following digestion with Hindlll and Bg/11 (data not 
shown). 
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FIG. 2 Period length and temperature compensation characteristics of the 
clock are completely restored in phenotypically rescued frq 9 transformants. 
Period length of the rhythm is plotted versus temperature for bd,frq+ (open 
squares), bd,frq9 (closed squares) and for bd,frq9 strains transformed with 
pCRM101 (closed triangles) or pCRM102 (open triangles). For comparison, 
bd,frq9 data are replotted from ref. 5. 
METHODS. A single race tube having six to eight circadian cycles was 
considered to yield a single estimate of period length26 Points here were 
the average of between three and 25 race tubes, depending on the experi­
ment, and standard deviations, omitted for the sake of clarity, ranged from 
0.3 h to 1.5 h; error bars at ±1 s.d. overlap for all points except frq 9

. 

determined by hybridization analysis using different subcloned 
pieces (Fig. 3), agrees well with the limits of the frq region as 
determined by phenotypic analysis of transformants receiving 
different regions of DNA (Fig. lc). It thus appears that DNA 
sufficient to allow expression of all of the transcripts must be 
present to rescue fully frq 9 recipients, whereas to a first approxi­
mation, clones containing only the region encoding the long 
transcript(s) are sufficient for partial rescue. 

Figure 4a contains the DNA sequence for an 8,657 base-pair 
(bp) region of genomic DNA containing the inserts of pKAJlOl 
and pCRMlOl, the interval containing the transcription unit(s) 
encoding the frq gene products. Within the first (5') 200 bp of 
pKAJlOl (that is, within the region shown to be required for 
frq complementation; compare pCRM116 with pKAJ101), there 
exists an extended inverted repeat (18/22 matches separated by 
100 bp of potential loop) which if transcribed could yield a 
stable stem loop (.iG(25 oc) = -23.7 kcal; ref. 11) of the type 
implicated in translational control under some conditions12

. 

Computer analysis of the entire sequence 3' of this reveals the 
presence of 11 open reading frames (ORFs) greater than 100 
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amino acids in length, one of which deserves special comment. 
Within the region corresponding to the long transcript(s), there 
is a single very long ORF of 2,364 bp that extends from nucleo­
tide 5174 to 7538 and appears in only one of the three possible 
reading frames (Fig. 4). Predicted codon usage within this 
region, based on a conceptual translation, is strongly biased in 
a manner typical for expressed genes in Neurospora 13

. This 
would not be expected in randomly chosen nucleotide triplets 
and suggests that at least part of this ORF may be expressed 
and can be used to predict a part of the amino-acid sequence 
of the frq gene product (see below). 

The entire frq sequence shown in Fig. 4a (as four overlapping 
3,000-nucleotide windows) was used to search GENBANK 
(July, 1988 release) using FASTA 14

. These searches failed to 
identify any gene or protein with extended homology to frq and, 
with one exception, none of the genes or gene products identified 
suggested any biologically relevant relationship. The region of 
DNA extending from nucleotides 4001 to 7000, however, did 
identify a sequence element in the per gene of Drosophila similar 
(Z value of 3.5, ref. 15) to a region within frq (extending from 
nucleotides 5776 to 5830). The long ORF referred to above lies 
within this segment of DNA. Although this similarity would be 
classified only as possibly statistically significant16

, we find it 
noteworthy for the following reasons: ( 1) Although several other 
sequences bearing weak similarities to frq were detected, these 
were generally based on small regions of highly biased nucleo­
tide composition and were of marginal significance; (2) The 
similarity with per apparently extends beyond the nucleic acid 
to the protein sequence. When the conceptual translation of the 
region of similarity within the long ORF was used to search the 
NBRF (National Biomedical Research Foundation) database 
using FASTA14

, the homology to per reappeared, again among 
the strongest of a number of weak similarities that included 
several proteoglycans. Part, but not all, of the region of per 
sharing similarity with the frq long ORF contains a repeating 
unit of threonine and glycine (TG repeat' 7

•
18

). This region is 
contained within the longest exon in the per transcription unit; 
(3) part of the region of similarity in the frq long ORF is a 
modified TG repeat (Fig. 4b) where there is considerable diver­
sity in the third position among the codons used. Thus it does 
not appear simply as an oligonucleotide repeat. Furthermore, 
the similarity between frq and per is not confined to the direct 
TG repeat; it extends both 3' and 5' beyond the direct repeat 
region of both genes (Fig. 4b ). 

The region containing the TG repeat is one of the salient 
features of the per gene product in Drosophila, where it may 
act as the site for some of the extensive glycosylation thought 
to be present in the per protein 17

'
19

• As in per, the region in 
the frq long ORF within and around the similarity region 
contains several possible sites for both N-linked and 0-linked 

FIG. 3 Transcription of the frq locus region. a, Map of the region required 
for rescue of the frq 9 phenotype. Sites are as in Fig. 1c. Arrows beneath 
the map indicate transcripts detected in poly(A)+ RNA from bd,frq + mycelia; 
open box above the long transcript indicates the position of the long ORF 
(see text). Dotted lines indicate imprecision concerning transcriptional initi­
ation and termination sites. b, RNA blot analysis of transcripts prepared 
from bd,frq+ mycelia. Left hand panel shows hybridization to the Clai!Sphl 
fragment extending from nucleotide 4,604 to 8,180 in Fig. 4a; right hand 
panel shows hybridization to the EcoRI fragment extending from 1,201 to 
3,207. 
METHODS. Blots using RNA isolated from bd,frq+ mycelia were prepared 
and processed for autoradiography as described previously27

. Direction of 
transcription and localization of the transcripts were determined using 
single-stranded DNA probes28 generated from each of the EcoRI fragments 
shown in the restriction map in a. 
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FIG. 4 a, DNA sequence of the frq gene 
region. Position 1 of the sequence cor­
responds to the C/al site at the left 
hand of the restriction map in Fig. 1c. 
The location of an inverted repeat near 
the beginning of the sequence (see 
text) is noted by arrows below the 
sequence and the end of the insert of 
cosmid 30:1A is noted by an asterisk 
above the sequence at position 442. 
Deletion 3' of this to the EcoRI site 
(underlined) at position 1,202 
(pCRM116) results in fragments cap­
able of only partial rescue. The C/al site 
(underlined) at position 8,179 marks 
the end of pKAJ101. Deletion 5' of this 
to the EcoRV site (underlined) as posi­
tion 7.765 (pCRM105) results in frag­
ments capable of only partial rescue. 
Deletion further 5' to the BamHI site 
(underlined) at position 6,619 
(pBAM4.1) completely eliminates all 
phenotypic rescue (see text and Fig. 
1c). Conceptual translation product of 
a 788-amino-acid polypeptide encoded 
by the open reading frame starting at 
position 5,17 4 is indicated below the 
DNA sequence, and the region bearing 
strongest similarity to the per gene is 
underlined. The numbers in the right 
margin indicate nucleotide number 
from the beginning. b, Alignment of the 
core of the region of similarity between 
the conceptual translations of frq and 
per. Amino-acid identities are boxed 
and residues generally described as 
conservative replacements29

·
30 are 

denoted by a dot. 
METHODS. a, Ordered sets of overlap­
ping deletion subclones31 were gener­
ated from Neurospora genomic DNA 
cloned into the Bluescript series of vec­
tors (Stratagene), and gaps in the 
sequence were resolved by cloning 
specific subregions. The nucleotide 
sequence was determined for both 
strands by the dideoxy method32 b, 
Alignment was generated using the 
Align program33 as implemented in the 
FAST A program package14 
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Q 1 ATCGATGTG'l' 1'l'C1GGC7TA TTCAATACGA AGGTACA'l'GC GA.AGAGCTTC T'l'GCGMCA.A AC;A'l'GGA.V.G Gca.v.AAGACC CGc;ATT'J'CCT TGTACAC!.V. 

101 .V..GA.ATGACG GAATGAGA'l'G AA1GAGGGGT CAAGCCAGCC CCCGTGGACG TCGT'TCAGTT TMT.V.CGCC AAAACATCC'l' ACATCATCCG TCGMAG1GG 

201 MG'l'CGGGCC CGGGCAGGAT T'l"l'CCTCCGA ACCGCA:J'CGC GA'l'CGCTGTT CGTGCTGGCA 'l'CCCTG'l'G'l''l' GA'l'ACCTGGC AGTCTAGCTG TCT'J'MC:l'GA 

)01 ACTGTCTGG7 CTIGGACCTC AC'!GCAGCGT CATTCC.v.GA c:TCTT'!GM CGCC7ACC:!A CCCATACCGC TGATA:l'AGAC GAAGATCCA.A ATCCAAC'l'TG 

:~~ :~~~~ :~~=~ ~~~~~~ ~=:: ~:~~~~~~ ~~~~~~~~ ~~~~~~ ~~~~~=~ ~~~~:~ ~~G:~: 
601 ACTTATATCC GCGCAAGAAG ATGACGTCAT ACCACGACCG TT.v.GACTTA TCGTCTTGGC ACCACGMTG .u..u.ACGG'l'C TGGACCTGGC CAC;,cCGCC 

?01 l'GGCACAGCT GTTTTCAGGT GACAGGGGCG CAGTACCAGT '!GAGCAGCAC C7GCGCACGC 7GTCGAGAGC GAAC'l'GTTGC CCGTACTTTG TTCTAGCACC 

101 'l'G.v.AGTTAC AGGGACCA.TC GCGGCTGCTC CCAAC'l'GCGC 'l'TTGGGACT'l' TCCACTTACA C'l'AGTAC'l'G'l' CMCGACGGA CGTT'l'CCMA 'l'T'l'TGA.TC'l'C 

901 'l'Cl'l'GAT'l'TT CGACATGTTT CCATCGTTCA 'l'GAC'JCCCCG TG'JTTCTCCC MG'l'AM'l'GC TGACAAAACC AMC'l'GCGAA ACTMC'l'CTC TCTCAGTATC 

1001 'JCTTAGAGA'l' GACGAGACCC CATCGA.GA:l'C ACACGGCAGG TGGTTGGGM TGGCTTGTCA CACA1'CAG1'C AAC.A1'TACC1' CTCTC'l'CTAC GTACTC'l'AGC 

1101 A'!'l'TGCACAA AG1'C1'CC1''l''l GATATGCCCA CAAAA.TC'JGC AGCTATAGCG GATGCC'l'GAG AAGCGGA:l'GT '!TC'l'CAGGGT CA.ACATCAAC TTGTACTCCA 

1201 T~CAC T'l'GCTGCCCT 'l'CA'l'CAGATC CAMCC'!CAA 'l'ACC'!AGCAT GACGGACAAC TGGAGAMCC GCGA.V.AACA GGTACCC'l'CC TG'l'ACCA'l'G'l' 

1301 GAGAG.U..ACA .V.CC!GGTCC CCCAGCGGAA 'l'AACCT'l''JC'l' T'l'A'l'G'l'T'l'CT TGC'l'GAAAAC ~AATAC TTGGCCA.TAC CTGCCGACAT GCTGGTCTGA 

1401 ATCTCACCAC CACCAAAAM:, ACAAGGGC1'C GCGGTC'l''!CC CCACGATC'!C G.VJCTGTTA .............:ICCGAG CTCTCCACCA CCACCACCAC CACCACCACA 

1501 GACTCCA'l'AC TCTACAGCCC CAGGGCACAC ACGTACC!AT CA1GA'!TA1G CAAAACCCTT .UAACCC1'1'G AA.IJ'l'CGTGG AGCATTTCAA CAGGTCACAA 

1601 1'TAAGGG11'C MCTCCCCCG C'!CCCCAM'l' GCAA1A1G1'A GG'l'AGCGG'l'T TTCCA'!GTGC AACCATCG'!C GCACG'l'CGGG G'JAC'!TTCAG GG'l'TCGTACC 

1? 01 TCA'!G'!ACTC TGCGCAMCC GT'!'l'TG'l'CAA GGCA!TT'!GG GMCACGCAA G'l'TGGTCGGG TTGCCG'l'GAC TCCCCCTTCA C'l'1'1'11'CG'!C GC'l'CACGCCA 

U01 'l'TCAAGTCAA. GCTCGTACCC ACATCCCCAC ACCT'l'CCAGA GTT'!GGCCCG ACAACCAGTA CGGG'l'GCCCG AGGCG'l'CCTC ATCCCCCTGC AAGACCGA'!G 

1901 ACCC'l'CCMA A'!'l'GAGATC'! GGAGGCTC.V. GATACTTTCG GTC~GCCC CACCGCCGCG ACC'!CC'l'GTG CCACCTTTCG CCAGGCTGT1' GTGc;.u.AGTC 

2001 AC'!GCAGCGC ACCCCC'!TTG CGAGCAATCA CG'JTAGA.AGA '!GTGGGACG't TCC'!CGA'!AG GCCCACCCCC CGTGGCCTCA AACTGGAGCC GCCCACAATC 

2101 CTCAGCGCAG CCTGTGA:l'CC TGA:l'MCCGA CA.AGA'l'CGGT CCCMTGGAG CCA!TI'l'GGG GCCAGCAACT GCGCTCGGAC '!'l''l'CCC'l'CCC '!CACA!1T'l'T 

2201 CCT'l'GGA.TTC CTTGCCAG'!C AGGCGCACGT CC1'CTC'!CGC TCGC'rCAT1'G A'l'TCA'J'GCCC A'l"l'GCCGGCG ACCA'rGCTCA TTGAT1CA!1' CATTA'l'GC'l'T 

2301 '!GGAGCG.V.C CA'l'CCCGA'l'T GTGC'l'AGGTA GTC'l'AAGCGA 'l'TTCCAGACG ACGT'!A:!GAC CG'l''l'GCc;ACG GCGGGG'l''l'GC GTTGAMATC TGG'l"l'ACGAC 

24 01 G'rCGTCGCTC CTGGTTCAGA GTTGCCAAAG ACTGTGAGAG GCC.V.CTGAC CTGC'l'GGTAG GTAGGAMCT GCAT'rCA:rCA GG'l'GGAGACG ACAAGCACAG 

2501 ATT'!AGACTT ACCCACMCA CCA'l'ACCAAT ACATGGTGGG 'l'T.v.GAGGAT TTCAAA.'l''l'T'! A:rCGAGCCGG GCGGGTCAAC A.V.GCGA'l'TC AAGG'l'G'l''l'CC 

2.:i01 1GGCC1'C1'AA CAAN:;A.ACAC CTGCGCTC'!C 1TCACCGGGC GCCGACAT'!G 'l'CGGCCC'!G'! ACGA'l'GGCT'l' TT'tGGCAGAA ACATGACGGA ..v.AA.ACCGGT 

2?01 CAAT'l'GGGGA GATGAAGGGC GAGAGC'l'GC't GGTCATCTCC TCAGCA'!'!T'! GTCGTGAGGG CTTTGCGGT'l' CGGACA.AAG'l' GAGAATCMG TTGGGGAGGT 

2101 TGA'l'GGATGG GGAGCGGGCC 'tACAAJ:;'!KIC TCTTGATCCT C'l'GGGGACCG GACCACGGCT GGCCAA'l''!AG ACGGCCGTCG CAGAGGACCC 1'C.V.C1'1'1'1'C 

2901 GATCCGCTCG ATCCCCTGGA ACC'l'CCGCAG 'l'GATGAGGAT CGGGCCGA'I'T CCTG:ICCA!C TCTCCGAAAG TGAGCAAG.AG AGCACGACGC C'!GCCTC!AT 

3001 TCGCMCCA.A CGTAAGTATG 'l'GCTCCCCTC CACTCCCCTC GTCCCCTCCT GGCCCTCCCT CCCC'!TTCCA CGCCGGCCCC AG'l'CTGA.ATC TTTACACAC't 

3101 CCA'l'TGCAAA AACCCCATTG GATGAAATTA TTTCGA'I'TAC CCAMCTACA CAGA.AACACA CCCGCACCCG CAC'!CACCTC ACCGCCCGCA MCACACT'!C 

32 01 GATCCGGMT TCGATTGTCG ATTGCC'!CCC GGTAGTCGTG TACTTTGTCA GTACCTCCAT CTCACCCCCC CTGCCGCAGC CCTTCACCCC CA'l'CACACM 

3301 CC1'A.AN:.:ICC GCTCCCA'!CC ACCCCACA.GG MCCAGAACG 'l'AGCAG'l'G'l'(; GCCCJIJTGAC AGCCCCCCAA CAC'l'GGCCTG TTAAGGTACC TG'!AGCCCAC 

H 01 GCCAACAGAC CTCTTCCAM A.AC'l''!t:;GCTG TATAGTCAT'I' TCTCCGTTTA TCC'I'CCCA!A ACTGCAM'!'! CC.V.CGAMC CGTC'l'TTGCT GCATCGCATC 

3501 CACTTCGCAC ACCMAGAM CCCTCGCTGC AGMAAAGCA GCAAT'l'A'!CC AAGTCC'l'CAA GTCMGCACC CGGCC1GATC 'I'C.v.GGAMC CAGGGGAC'!G 

1601 CCGATC'l'C'l'C CTCAATT'!CC CCTGGCTATT GCGACCATAC CACCACCACC GATTCTCACG ACGTGT'l'.V.C GGCC'l"l'TCTC TGTTTACC'!T CC.V.CAC1'1.:! 

3701 ACCCTCAA.CT GGACCCCACC AAA.AGCCCAC AAA'!CAAliJ:i.C TAAA'!CCGAC CCMCTC'!GC CCATATCGCA ATACCCCCTT T'!GT'l'TTCCA CCTG'l'TCC'M' 

1101 'l'T'l'TTCCCCA TCCACCCGAC AAGCTCCCTG TTCCTGAAGC AGGAACACTC TCAACCTACC CACGGCA'l'C'! CM'CCATTCT CACCACCTAT CTTGCCCAAA 

3901 CCATCTCACC GGCGTTCATC TCCGTC!CC:; CGAGCT'JCTG AC1CG.ACCC'l' C!TC"!T'!TCT TCC'!T'!'!'!TC AA'l'ACCTCTC CTCCTCCCTA CCGTTCMCG 

~001 CCCTCGT'l'CT C'!'l'TG'!CGC'! C1TTTC'!1'TC TC'!CTATCT't TGCGCC'!CTG TGTCGAGA!'! CCCTCCTC'l'T CTCCCCCTCA TACCCMCAA TCG'l'CGCGGT 

4101 ACCCCMGAT TC'!CCCTGC1 TGA'!CG'!G'l'A TC'!CA.ACG.AG TCTGG.ACAGA MCCAJ:TT'!C GT'!TCG'!CAC CACCT'!'l''l'C'l' CTCTCCCGCT CATGTTTCTT 

42 01 GAT'l'TCCCCA CTC'l'A.Al'CC1' CA'!TGATGCC CGTTCTAGCC TGCTTCTTCA CCATGGCGCG AC'l'GCCCCCG GA'l'AGTGC'l'T CCGACACACC AGGGGGGCTT 

4301 TCATGCTCCC AA.TC'l'CGA.AC C'tCA'l''tAG'l'G CCTTGACCGA CA.AA.ATTTTG CACCG'!TCTT GCTCAGT'!TT C'!AACTTAGC TTGCTCGCTC T'l''l'AGACACC 

4401 CGAGACACCC TCCC'l'CGC'l''I' CTGCCTGCCG GTCTCCGGCT TCCATAGTC'! CAGGC'l'TCGA GGGCATCGCA ACTC.V.G'l'GC GTAGGACACG CACACAGCCG 

4501 1A'!CA'l'GAAA AGTCCCCACA AGC'!GCTCGA ACGTC.AGTAG CATCGCAGGC TTCTGA.CGA.A GA'l'C'I'GA:l'AG GGTGMCATG GCCCA'!AGTC GGGA'!AMTC 

4601 CCAGGGCATC CGCCACCACC C'l''l'TGACAGC CGTGG1'CACC C'l'CT'l'CCCCG ACG'l'GCT'l'CC CCAGACAA.AT CAA1AACACT '!GAAAA'l'CAC CGCC1'1'GCGC 

4701 GAGA'rACTAG CAGCAGAGTT AC'!'l'CA'!CTT CCGCAC'!GGG AG'l'GACCCAA TCCCAACCCC AACTC.V.CAG CTCGCCCACC CC.V.CCAATT CG'I'CTGGAGA 

4801 GAGCG.AGCCC ACGMT'!GGT '!TAATCAATC CAA'l'CGTAAC CCTGCCGCGC CCTTTCATCA CGAGAGCCA'! A'l'CA'!GC.V.G TCGA:l'CCTCC TTT'!TATCM 

4901 AAGCAGACTC ACTCCTCCM CG.AGGAKICC AGGTATCCCC CTCGACGAAA CCCT(;TACA1' CCCCCCGGTG GTCTCCAG'l''t ACCCCGGTTC CGCCCGT'!GC 

5001 TCCTCACACC AGGCCGCCGA TGAC!ACCGC AGTC'!CA'l'TG ACGACTTGAC '!GTCG.Vu\AC .V.CCGGCTTA AGGAGGAAC'! GAACAGCTA'l' AAGCAG!'l'TC 

5101 GTTCCGACGT GATGAGGAAA GAGAAGTTGT 1'1GAGA'l'CM GGTACATGGC 'l"l'ACCTACAA GMACAA.ACC 'l'GA G'!T CCA CCC AAC CCT CCC '!TT GCT CCC 

A 

5201 AGT CTC GGG GAC TCG AGC CAA '!CC ACA TCG CAG ACC AGA .V.C A.CT CCC M;.A CAT CCA ACG CCC G'l'! CAt.: TCC TCT CCC G'!'l' 'l'CG Tl'C TCC 

S 0 G'l'AV SGV 

5291 AAA CAC GAT 'l'CG 'l'CG 'l'CA TCG TCG CGC AG'l' CG'l' CCT G'I'C GAT TCT CCA TAC AAC !CT M'G TCG ACG CCC CGT ACC TCT CAl CCC CCC CAC 

S S A Y 1 G S S 

5311 '!C'! TCC GGT CCC 'l'CG C!C CCA CGA CC:r TCG CTG ACC AGG GCA AM TCC CTC CCC ACC CAA AAG GTA GAA .V.C '!AT C'l'G CGC GAC ACG CCC 

S C PSLT ,;s GT II: ENYLRO P 

5~ l~ GAT CCC C'tC CTT CCT CAC CAT A1'1 C'!C AT(; ACC GAC AAG GAG AAG MG AAC CTG C'l'T G'!C CGA CCC T'l'G GAG CM CTC TTC ACC CCA AN:. 

P L l: 1 C 

556! A.TC AG1' GGA CGA AAC ATC CAG CCC AAC CAG TCG ATG CCC AGC ATG GA't GCA CCA C'l'C GCG CCC GAA GCA ACC MC ATG CCC CCC CC'l' CCC 

s • ' 
5651 CCC CCT CCC GAA CGA TTC CGC GM GC'! TGC ATC CM C'!A CAG GAT GGA GAC AAC CCC CGA AAG MC CG'l' 1CC 'l'CC MA GAC AAT GGT TC'l' 

P l: G 0 P R S S II: 0 

::0741 CCA TCC AAC TCG GGT CCC GAT CM ACe GAA C1"1' CCC GCA A.C'l' CCC ACT GCA AGC CCA c-.A'l' GGA ACT CCA AGC CCC GG'l' CGC AC'l' GCT MC 

58 ll AAC ACC TCC CCC CCC CGA CC't ATT CCC CCC GAC CM CCA CCA ACC AGG CCT CCC GAT TTC GAC CCC GAC CCC GTC CAG ATA CCA. TCC GAG 

T R P R 0 R ! 

5921 M't A.TG GAC TA.C ATC CG! CAT C'!C GGC C'l''l' CTA '!CT CCC GAA TTC TTC CAC GGA ACC CCG ACC N:;C TA'! CM GAT CTT GCT CCC GAT CCC 

1 L S 

60ll GAA CCC TGG G'!G TAl CTC AAT CTG CTT TGT AAC CTG GCC CAG C'tG CAC ATG CT'! A.AC CTA. ACG C:CC ACT 1''!'1' A'l'T CCC CM GCl GlC lC' 

tG YLNLLCNLA '1 Fl 

6101 GAA AAG AGC ACA .v.G '!TC CAG CTG 1CT GC't GAT GGT CCC AM ATC CCC TGC CG'! CCC GCA. ACC GAT CCA ACC AAG T'l'C AGC ACC GAC AGC 

t LS OG R RG '1' GTI!:f 

h191 AGC GAG CAC MG 'l'CC CAG CAA AGC CCT ATG ACC GAA GAT ACC CA.G GAT CCC TCG GAT AAC AAT GCT CCC ACC AAG AAG CCC AM ACG CAG 

t 0 K S P ,. t 0 T K N K II: R. 

uu-===-======~====~~=~~-=~==~=~= 
S S t I G 

1>1"11 TCC TCA ATC GAG ACC TCT '!TG GAG GAG 'l'CG ATG 'l'CA CAA GGC TCA GAG GAT GCT G'!C GAT GAG AGC MC ATG GC'! MC TCG AAG TGG GAT 

S t'l' LE DE CNS D 

w~=====~=~~==-==~~=====-===~===~ 
fS C 'l' R RYDC IV TC.APrC!D 

6551 CTT TCA Cc;A GAC CCT GGC GAT ATC TCC CCA ACA GCC CAA A'!'C. ACG GCC CCC CCC GAG CTC CAA ~ CGA TCT CC1' CA1 CAA CTT G.U. 

LSCD OMSP'l'AQ 'l'A V£ SGSCD£VE 

6641 CA.'! CTC C!G CAC CCC ACG 'l"l'C TCT CGA TCG TCT CTT CC'l' A'l'T ACC CCC CTC AG'l' GAT GAC CGC CCC CCC CTG CCC GAG CTC TTG GAT T'I'C 

HVL RTLSGSSL IRPLSDORAR.VAEVLDf 

~n-==-==-===--====-~-~===~==--== 
PC. LVAOD SPN W £ A 

6121 .U.C CTT CCC A'l''l' CAG CCT A'l''l' CCC AAA GAA GTC ATC GAG CCC TC'l' CCT CTT GGT GGA CTA C'l"r CCT GAC GAC CA'l' T'l'T G'l'G A'l'G CTC GTC 

RI I £ S L L 

nu=-====-=-=~===~==~-==-====-=-= 
TRRVVRPIL SRS TSEDTA.EfiAER 

'~=-----======---~=~=======-===~ 
• 0 0 

?091 T'l'C CG'l" CCC CTC AA'l' CCA CCC CCA C'l'C CC'l' CCT CCC GCG M''l' TTC 'l'A'l' CCC CCG TTC N;'l' ACC CA'l' 'l'CC AGC 'l'GG GAC GK! CCC CA.'! CAT 

FRRLNPAPLPPPAIFYPPFSTOSSWDDCDD 

1111 C'!A CCT 'l'C'l' CAC CA7 GM c.AA CTG GAG: CAC GTG CAG CAA CAT '!CT TAC 'l'CT GAG CCC CAG ATC TCG CCC Cc;A CCA .U.'I CCT CM' TTC TCG 

v v £ E 0 
?211 CAC AN; AAC ACC TAC ATC CCC AAG CAC CA'l' TTC CCC 'l"l'C CA.1' ACC GAG AC'l' CA'l' G'l'C CCG A'l'C CAC N;C GAC CAC AAT C(;C TTG TCG GAC 

D N L 
1361 AJ;C CCC CAC MC A'l'G CCC GCG M'G ATC CCG CCC CCA GAA CCC CTC. GAT GCG CAC GAC AGC CCA. TTG CCA CCC G'l'C ACC CCA AM GAG GTG 

S ll R P A G 

""--=~----=~~===----------~=~==-
DIVH'l'CSSVA'l'ACCAESGYS S V 

7541 CACCTGAGTC CC'l'A'l'TTl'TC CTA'l'CTc;A,CA. AGAA.CACGCC Cc;t;AGCA'l'AC GAGAGCAAAA CCAACCCA'l"l' GCGGCTCGTC 'l'CAGGAAA'l'C ACGTACCCGT 

?641 C'l'TCTCCAAT TT'T'l'CGCT'l'T GCCGCGCAAG CCCG7TGTT'l' CCACCGCGCC GG'M'C'TTCGC T'M'TC.CCA.T'T T'rCA.GGGGAC TlCCA.A'f'l'G'l' CGC'l"l"TTCCG 

?741 GGAC'lCC.A'!A C~;CA'l'GA'l'~CAACC ~CAT'l'G CCCGG'l'CAGG GATCTCGKIC CA:l'CAA7CGG GCGGCCA'l'GG G'l'CG'1CGC.TC GTGGG'l'GGAG 

1141 GGAGCGGCTG '1'!CACT'l'GGG GAC'l'TT'l"l'GG GGCGTCTCGG TTAGTCTTGT 'l'TGGAT'l'TCA AN;GG'l'C'l'GC CT'l"l'TCGG'l'T 'l"l'TT'l'C'l'C'fC CCTK!TTTTT 

1941 'l'ATGCGGGCT TTTA'l'CTTTC T'l'CTTCATCT TT'l"1A'l"1TCT CA'l'A'11'TTT'l 'l'C'l'l'c;c.cTrC C'1TG'TAG.\1'G ACTCCCTCTG CACAAAAAAA CA'l'ACC'I'CTT 

8041 'l'TT'!TAAA7T CCTATCAACC A'l"1CCCA.CTA GTAGCAGAN;; GCCGGTCACA. 'l'CACTCGCAA CC<;G'TGCACC CG'T.v.A.Al'AA CCAT'l'GCACT TGC'l'CC'l'AGC 

1141 TCTGA'l'GGGc; CA'l'c;'l'ACTG'T ATA1A.CGAT'l' TCAMC'l'~CACTA <='l'CCCGC'l"l'C C'l"rG'l"CTCCA CGATCGCCTC GCTCCCGGAA CGT'l"l"J'CAT'l' 

1241 GATCGAGCCC 'l'.V..TCG'l"CGA TCCC'l'AGCTC GGGCGTAACA CCCTCA.CCGC A'l''l'A'l'CACCA AGCCCCTC.AT 'l'AA'l'CCAACC CTGGGCCGGC TACACACACA 

1341 C'l'ATCAGGG'l' C(;'l'CA.TCACA. C'l'CCAACCC:'l' CCGT'l'CTTTC 'l'TAGCATCGG TCTTCTC.ATC AAGCCA'l'CCC CAGCAGTACC A'l'AGCACN:.A AAAAGACATG 

1441 'l'ACAAA.TA'l'C 'l'CAA:l'CCAGG AAAA.GACACG TCAAAAAACC ACGGCTTCAC A'l'GA'l'CC.'l"11' 'l'CAT'l'CCAAG CC'l'TCCCGAT CCAGT~C ACA'l'A'l'CC'l"l 

1541 GGA'l'TCACCC CCCCACAAAC TCCC'l"l'ca.cT CAAGCTC'l'CT CAC'l'ACCTM CAAAACTTTC CAGAGGTC..U. 'l'TC'l'AC'l'G'l"A CCCGGGCAGC GGCC'l'GCCCC 

1641 loCCTJ'.U.'l'CA AA'l'CCAT 
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glycosylation, thus suggesting that the frq gene product could, 
like per, be glycosylated. Additionally, analysis of the concep­
tual protein sequence both 5' and 3' of the similarity region 
reveals the presence of several potential kinase A and kinase C 
phosphorylation sites20

, although in the absence of a complete 
complementary DNA sequence, speculation as to the potential 
importance of these sites seems premature. 

The apparent size and diversity of the frq products are 
noteworthy, particularly in light of previous genetic studies. 
Fine structure mapping of the existing frq alleles6 has suggested 
that they lie within -0.003 map units of each other, a region 
comprising a few as 100 bp. Preliminary studies on the frq 
mutant alleles have identified no differences on Southern blots 
(data not shown), thus eliminating the presence of gross struc­
tural distortions in the DNA (which might reduce recombination 
frequencies) as the molecular basis of these mutations. We 
suggest therefore that there may be a region of frq which is 
either particularly mutable or particularly important to its func­
tion as a part of the circadian clock. 

In addition to the surprising size and molecular complexity 
of the frq locus, the identification of a region of similarity with 
per was unexpected. In selecting per, the search identified the 
only other clock gene that has been cloned to date, a gene whose 
mutations confer phenotypes similar in many ways to the docu­
mented phenotypes of the various frq alleles 1

•
2

• The sequence 
similarity is not extensive so that its existence may be merely 
coincidental, and given our present state of knowledge of the 
products of frq it is clearly impossible to conclude that the two 
genes share a common ancestor. Alternatively it has been some­
thing over 1 x 109 years since plants and fungi diverged from 
animals during the Precambrian era21

, plenty of time for genetic 
drift to eliminate similarities. Because a part of the region of 
similarity in each gene contains similar structural features 
including several potential glycosylation sites, this similarity 
could reflect convergent evolution to protein structural elements 
necessary for the function of these and perhaps other clock 
proteins. Indeed, if the similarity is biologically relevant, it is 
noteworthy and suggests that 'clock' genes in other organisms 
might be identified through hybridization analysis. In light of 
this, the identification of genes in other organisms based on 
hybridization to per22

'
23 may take on a renewed significance. In 

hybridization experiments at moderate stringency, DNA from 
the frq locus has been used to screen genomic DNAs from a 
number of vertebrate, invertebrate, fungal and plant systems. 
The identification in this way of potential homologues in yeast, 
Arabidopsis (J.C.D., S. Kay, A. Miller, N.-H. Chua; unpublished 
data), soybean and several mammalian species, combined with 
the novel ability to transform and genetically manipulate 
these organisms, suggests the possibility of extending the 
molecular genetic analysis of circadian clocks to these species 
as well. D 
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RNA helicase activity associated 
with the human p68 protein 
H. Hirling, M. Scheffner, T. Restle & H. Stahl 

Fakultiit fUr Biologie, Universitiit Konstanz, D-7750 Konstanz, FRG 

IT has been proposed that p68, a nuclear protein of relative 
molecular mass 68,000, functions in the regulation of cell growth 
and division 1

• A complementary DNA analysis of the protein2 has 
revealed extensive amino-acid sequence homology to the products 
of a set of genes recently identified in organisms as diverse as 
Escherichia coli and man, which include the eukaryotic translation 
initiation factor eiF-4A (refs 3-9). The protein products of the 
new gene family have several motifs in common which are thought 
to be involved in nucleic acid unwinding1

0-
12

• As yet, however, only 
e1F-4A, through its effect on RNA, has been shown to possess 
unwinding activity 13

'
14

• Here we report that purified p68 also 
exhibits RNA-dependent ATPase activity and functions as an RNA 
helicase in vitro. The protein was first identified by its specific 
immunological cross reaction with the simian virus 40 large T 
antigen 1, the transforming protein of a small DNA tumour virus 15

• 

Surprisingly, T antigen also has an RNA-unwinding activity16
: the 

homology between the two polypeptides, although confined to 
only a small region resembling the epitope of the cross-reacting 
antibody (PAb204) (ref. 2), should therefore be of functional 
significance. Furthermore, the RNA-unwinding activity may be 
involved in the growth-regulating functions of both proteins. 

Cell fractionation analysis has revealed a close association of 
the p68 protein with the nuclear matrix (unpublished data). 
Therefore, conditions were developed to quantitatively extract 
native p68 from cell nuclei, followed by a conventional 
chromatographic purification program (see Fig. 1a legend for 
details). Essentially homogenous p68 protein was obtained 
which sedimented at 4-5 S in a sucrose gradient (Fig. 2b ). 

During protein purification we made use of a single-stranded 
(ss) DNA cellulose column to which p68 bound with high 
affinity. The binding of purified p68 to nucleic acid was further 
tested using radiolabelled RNA in a nitrocellulose filter assay. 
Efficient RNA binding (resistant to salt up to 250 mM; data not 
shown) was observed irrespective of the presence or absence of 
Mg2

+ and ATP, and could be best competed with RNA (total 
cytoplasmic RNA from He La cells) or ss Ml3 DNA (Fig. 1 b). 
Double-stranded (ds) DNA competed only partially for RNA 
binding, and no binding ofp68 to ds DNA was found at 100 mM 
NaCl (data not shown). RNA binding has also been reported 
for the E. coli SrmB protein, another member of the elF-4A-like 
family, and this activity may be a function of the relatively basic 
C-terminus of the two proteins6

• Factor elF-4A lacks this region 
and the smaller elF-4A protein binds RNA only in the presence 
of a second protein17

· 

The SrmB protein, like elF-4A, is an RNA-dependent 
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