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tion is likely to destroy actin binding of 
Myol5, creating a loss-of-function allele. 
Myol5 led to identification of the human 
homolog, MY015, and to the discovery of a 
nonsense mutation and two missense muta
tions in three unrelated human families 
with nonsyndromic, congenital deafness, 
DFNB3 (9). 

Mutations in three different unconven
tional myosins, Myol5sh2, Myo6sv, and 
My o7ashl, cause deafness (13). Morphology 
and histology of severe loss-of-function al
leles in the mouse suggest that each of these 
myosins has a unique function in the hair 
cells of the inner ear. Our results show that 
Myol5 is involved in the maintenance of 
actin organization in the hair cells of the 
organ of Corti. Loss of Myo7a causes disor
ganization of the characteristic pattern of 
the stereocilia early in development, where
as loss of My 06 function causes fusion of the 
stereocilia and loss of the inner hair cells 
and support cells by 6 weeks of age (14). In 
contrast, the inner hair cells of sh2 mutants 
survive longer (15) and the abnormally 
short stereocilia are arranged in a nearly 
normal pattern on the hair cell surface. 
These features make shaker-2 mice a good 
model for examining the role of a unique 
unconventional myosin in the auditory sys
tem and for the exploration of mechanisms 
for the delivery of functional proteins to 
surviving mutant hair cells. 
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DFNB3, a locus for nonsyndromic sensorineural recessive deafness, maps to a 3-cen-
timorgan interval on human chromosome 17p11.2, a region that shows conserved 
synteny with mouse shaker-2. A human unconventional myosin gene, MY015, was 
identified by combining functional and positional cloning approaches in searching for 
shaker-2 and DFNB3. MY015 has at least 50 exons spanning 36 kilobases. Sequence 
analyses of these exons in affected individuals from three unrelated DFNB3 families 
revealed two missense mutations and one nonsense mutation that cosegregated with 
congenital recessive deafness. 

JN onsyndromic recessive deafness accounts 
for about 80% of hereditary hearing loss (1). 
To date, 20 loci responsible for this form of 
deafness have been mapped and three have 
been identified (2-4). DFNB3, first identi
fied in families from Bengkala, Bali, initially 
was mapped to a 12-centimorgan (cM) re
gion near the centromere of chromosome 17 
(5) and subsequently was refined to a 3-cM 
region of 17pll.2 (6). Congenital hereditary 
deafness in two unrelated consanguineous 
families from India is also linked to DFNB3 
(6), indicating that the contribution of 
DFNB3 alleles to hereditary deafness is likely 
to be geographically widespread. 

On the basis of conserved synteny and 
similar phenotypes, we proposed that the 

autosomal recessive mouse mutation shak
er-2 was the homolog of DFNB3 (5, 6). In 
the accompanying paper, we describe the 
bacterial artificial chromosome (BAC)-me
diated transgene correction of the deafness 
and circling phenotype of homozygous shak
er-2 mice (7). DNA sequence analyses of 
this BAC revealed an unconventional my
osin gene, MyolS. Myosins are a family of 
actin-based molecular motors that use en
ergy from hydrolysis of adenosine triphos
phate (ATP) to generate mechanical force. 
The classic, two-headed filament-forming 
myosins that provide the basis for muscle 
contraction are referred to as conventional 
myosins. Other members of the myosin su-
perfamily, the unconventional myosins, 
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Fig. 1. (A) Predicted amino acid sequence of 
MY015. A partial MY015 cDNA (4757 bp) is pre- 
dicted to encode 1585 amino acids with a motor 
domain (blue), two IQ motifs (green), and a tail 
region containing a MyTH4 and a talin-like domain 
(red). A consensus ATP binding site and two pu- 
tative actin binding sites within the motor domain 
are indicated (red and pink, respectively). Mini- 
exon 6 in the motor domain is also shown (red). 
The corresponding mouse My015 sequence is 
shown below the human sequence. Amino acid 
identities are indicated by dots. The three DFNB3 
mutations (N890Y, 1892F, and K1300X) are high- 
lighted in yellow above the sequence, and the 
shaker-2 mutation (C61 OY) is highlighted in yellow 
below the sequence. (6) Genomic structure of 
MY015. Relative positions of 50 MY015 exons in 
35.9 kb of genomic DNA sequence are indicated. 
lntronic sequences are drawn to scale but exons 
are not. Solid black or red vertical lines represent 
exons that have been identified in cDNA clones. 
Dashed vertical lines represent exons that are pre- 
dicted based on GENSCAN, GRAIL, and conser- 
vation between human and mouse sequences. 
Alternative exon 24 (red vertical line) was found in 
a brain cDNA clone. Exon 24 has stop codons in 
all three reading frames and, if included in a tran- 
script, would result in a MY015 isoform with a 
shorter tail. The three DFNB3 mutations and the 
domain organization of the encoded MY01 5 pro- 
tein are also shown. 
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have functions that are less well understood 
but in some cases are thought to mediate 
intracellular trafficking events (8). All my- 
osins share a common structural organiza- 
tion consisting of a conserved NH2-termi- 
nal motor domain followed by a variable 
number of light-chain binding (IQ) motifs 
and a highly divergent tail. In the shaker-2 
mouse. an amino acid substitution was 
found in a conserved residue in the motor 
domain of My015 (7). Here we report the 
identification of human MY015 (9) and 
describe three mutations of this gene that 
cause hereditary deafness in three DFNB3 
families (10). 

To  isolate MY015, we used primers to 
predict exons of the mouse homolog to 
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amplify human genomic DNA. Sequence 
analyses of four polymerase chain reaction 
(PCR) products showed 99% identity to 
My015 at the amino acid level (1 1 ), indi- 
cating that the isolated PCR products were 
derived from MY015. When these human 
sequences were used as starting points, a 
partial MY015 cDNA sequence of -2.3 
kilobases (kb) was identified by RACE 

(rapid amplification of cDNA ends) and 
reverse transcription-PCR (RT-PCR) ( 12). 
To  obtain additional MY015 sequences, we 
isolated genomic clones from a human 
chromosome 17-specific cosmid library, 
and the 35.9-kb insert from one clone was 
completely sequenced (13) (GenBank ac- 
cession number AF05 1976). Coding regions 
were identified by means of gene structure 
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Fig. 2. (A) MY015 muta- A 
tions In the Bengkala kin- 
dred and two unrelated Indi- 

--- an families, M21 and 1-1 924. ATGC ATGC ATGC 
Portions of MY015 DNA se- 
quences are shown for an 
individual with normal hear- - - -  - - -  
ing (control) and for an af- - - A r'- - I 

. A 
fected individual from each .. -- - -T--A 
of the three DFNB3 families. 
The position of each muta- 
tion and the corresponding 

- -  - normal allele is indicated by 
an arrow and an asterisk. (6) Cosegregation of 1892F, N890Y, and K130OX 
point mutations of MY015 with deafness in three Bengkala nuclear fami- U- 

I,? 

lies and two Indian families (M21 and 1-1 924, respectively). Genomic DNA 
from individuals in these families was PCR amplified with primer pairs normal alleles are digested ith Xrnn I to yield fragments of 143 and 136 bp. 
specific for normal (N) or mutant (M) alleles (37). Amplification products in whereas PCR products from the mutant alleles are not digested, yielding 
each lane correspond to numbered individuals directly above in the a 279-bp fragment only. All deaf individuals in family 1-1924 are homozy- 
pedigrees. In each family, all deaf individuals are homozygous for the gous for the mutant allele and show the 279-bp fragment only. Obligate 
mutant MY015 allele. Their hearing parents are heterozygotes. Coseg- carriers have Xrnn I-digested and und~gested fragments. Each member of 
regation of the mutant allele with deafness in the second Indian family the three DFNB3 families gave consent to publish unaltered family relation- 
1-1 924 was demonstrated by RFLP analysis. Genomic NA was PCR ships, which are excerpted from the complete pedigrees published else- 
amplified and digested with Xmn I. PCR products obtained from the where (6). 

prediction programs (14), homology search 
(BLASTX) (15), and Pustell DNA matr ix 
analysis (MacVector 6.0) (16), which to- 
gether predicted the presence o f  49 exons in 
this cosmid. Of these, 45 M Y 0 1 5  exons 
have thus far been identif ied in c D N A  
clones (12, 17). A 6-base pair (bp) exon 6 
was n o t  predicted but is present in a 
M Y 0 1 5  c D N A  clone (18). T h e  longest 
M Y 0 1 5  open reading frame deduced from 
the overlapping cDNAs is 4757 bp, which 
comprises 45 exons (Fig. 1 A )  (19). 

T o  determine whether M Y 0 1 5  maps t o  
the DFNB3 crit ical region, we used a primer 
vair derived from M Y 0 1 5  in t ron  15 t o  am- 
pl i fy DNA from somatic cel l  hybrid lines 
containing various deletions o f  chromosom- 
a l  region 17p11.2 (6). T h e  results demon- 
strated that M Y 0 1 5  maps t o  the 3-cM 
DFNB3 crit ical region (20). 

Searches o f  public nucleotide and pro- 
te in  databases w i t h  the M Y 0 1 5  c D N A  se- 
quence (4757 bp) revealed n o  exact match- 
es, and the highest significant matches were 
to  actual or predicted unconventional my- 
osins (21). In M Y 0 1 5 ,  a motor domain 
from codon 21  t o  696 was identif ied by 
alignment against chicken skeletal muscle 
myosin I1 (GgFSK) (Fig. 1, A and B) (22). 
Alignments w i t h  other myosins reveal a 
consensus A T P  binding site (GESGSGKT) 
(exon 5) (23) and two putative act in bind- 
ing sites (exon 15 and 19) (24). T w o  IQ 
motifs adjacent to  the motor domain are 
encoded in exon 22 (25). T h e  ta i l  region of 
M Y 0 1 5  contains a myosin ta i l  homology 4 
(MyTH4)  domain (26), encoded in exons 
27 and 28, similar t o  those present in un- 
conventional myosins o f  Acanthamoeba 
(Myo4), Caenorhabditis elegans (My0121 
HUM-4 and HUM-6), Bos taurus (MyolO), 

and human ( M Y 0 7 A )  (27). A talin-like 
sequence was also found in the M Y 0 1 5  ta i l  
region spanning exons 42 t o  47 (26). 

Myosins are classified o n  the basis o f  
sequence divergence o f  their motor do- 
mains. T o  date, 14 classes have been de- 
f ined (28). In a ClustalW alignment w i t h  
the motor domains o f  M Y 0 1 5  and other 
myosins, the highest amino acid identity 
was 42% w i t h  C. elegans H U M - 6  (Gen- 
Bank accession number U80848) and 41% 
w i t h  M Y 0 7 A  (GenBank accession number 
U39226) (29). T h e  extent o f  sequence di-  
vergence o f  M Y 0 1 5  motor domain from 

other reported myosins qualifies M Y 0 1 5  as 
a new branch o f  the myosin superfamily 
(myosin-XV) (7). 

T o  search for M Y 0 1 5  mutations in the 
Bengkala kindred and the two unrelated 
consanguineous Indian families ( M 2  1 and 
I-1924), we amplified and sequenced the 50 
identif ied M Y 0 1 5  exons and flanking in- 
tronic sequences from DNA of  affected in- 
dividuals (30). In each o f  the families, a 
single mutat ion was identif ied that cosegre- 
gates w i t h  deafness (Fig. 2, A and B) (31). 
These mutations were n o t  found in 390 
chromosomes from 95 unrelated Indians 

Fig. 3. Expression of A M 1 2 3 4 4 1 2 3 4 5 6 7 8 9101112 
MYO 15. (A) Expression 
of MY015 in human fetal 
cochlea by RT-PCR 
analysis. RNA from hu- 
man fetal cochlea and 
human placenta was re- 
verse transcribed from 
an oligo(dT) primer and 
a oortion of the first- 
strand cDNA was PCR . F,* - !  "tz 

ampl~fied wtth prlmers der~ved from MY075 exons 2.0 - Ct001010L) . 
21 and 27 (37). Lane 1. RT-PCR product from 10 
ng of fetal cochlea poly (A)' RNA;' lane 2, RT-PCR 
product from 20 ng of fetal cochlea poly (A)' RNA; 
lane 3, RT-PCR product from 1 pg  of total placenta RNA: lane 4, PCR amplification of a mock reverse 
transcription reaction (no RNA). The primers will amplify a 688-bp product from cDNA and a 2903-bp 
product from genomic DNA. The identity of the 688-bp RT-PCR products from fetal cochlea and 
placenta was confirmed by sequence analysis. The PCR was run in a 1% agarose gel with 100-bp 
markers (lane M) (Gibco-BRL). (B) Northem blot analysis using a MY015 RT-PCR product from exons 
29 to 47 as a probe. Each lane contains approximately 2 pg  of poly (A)' RNA from a human adult (left, 
lanes 1 to 8) or from fetal tissue (right, lanes 9 to 12) (MTN blots 7760-1 and 7756-1; Clontech 
Laboratories). Lane 1, heart: lane 2, brain; lane 3, placenta: lane 4, lung: lane 5, liver: lane 6, muscle: lane 
7, kidney: lane 8, pancreas: lane 9, brain; lane 10, lung: lane 11, liver: lane 12, kidney. The most intense 
hybridization signals (4.2 to 5.5 kb) were observed in poly (A)+ RNA from adult and fetal brains (lanes 2 
and 9). The same filters were rehybridized to a p-actin control probe for assessment of equal poly (A)' 
RNA loading and transfer efficiency and are shown in the lower panel. Hybridization conditions are 
described in (73). 
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and 100 unrelated Caucasians (31). In the 
Bengkala kindred, an A-to-T transversion 
(2674 A 4 T) in codon 592 (exon 23) is 
predicted to result in an Ile-to-Phe (I392F) 
si~bstit~ltioll at a conserved position within 
the MyTH4 domain. The  lnutation identi- 
fied in Indian family M21 (2668 A + T, 
exon 25) also is predicted to result in a 
substiti~tion within the MyTH4 do~nain 
(Asp-to-Tyr; N89CY) and is found just two 
codons upstream of the mutation in the 
Bengkala families. Altliougli a function for 
a MyTH4 donlain is not known, the pres- 
ence of these inutations suggests a critical 
role of this region of MY015 in sensory 
transduction within the hunlan inner ear. 
In contrast to these two missense inuta- 
tions, the mutation identified in the other 
Indian family (1.1924) is a nonsense muta- 
tion in exon 39 (3593 A + T; K13COX) 
alld is predicted to result in either a trun- 
cated protein or no protein at all (32). 

MY015 is expressed in huinan fetal and 
adult brain as evaluated by Norther~l  blot 
allalysis (Fig. 3B). As shown by dot-blot 
allalysis of poly ( A ) +  RNA from a variety of 
tissues, MY01 5 is expressed in ovary, testis, 
kidney, and pituitary gland (33, 34). We 
also obser~~ed  expression of Mt7@l 5 by RT- 
PCR of poly ( A t  R N A  from cochlea of 
15- to 22-week fetuses (Fig. 3A) .  Sequenc- 
ing of the RT-PCR product confirmed tliat 
it corresponds to Mt7015. 

Our data show tliat Mt7015 may be ex- 
pressed in a nulnber of tissues in addition to 
tlie inner ear. However, there is no obvious 
consistent clinical abnormality other than 
profound deafness in affected individuals 
from these three DFhTB3 families. A possi- 
ble explal~ation for the absence of pleiotro- 
py of these MY015 mutations is the pres- 
elnce of functional redundancy provided by 
~~nconventional  lnyosins expressed in other 
tissues. Alternatively, the region where the 
three DFNB3 mutations occurred may be 
fu~lctionally significant only in the auditory 
system. The isoform of MY01 5 in the inner 
ear identified by RT-PCR does not contain 
exon 24, although this exon has been ob- 
served in cDNA clones derived from otlier 
tissues (35). Exon 24 contains tra~lslatio~l 
stop codolls in all three reading frames. 
Therefore, DFNB3 missense and nonsense 
mutations in exons 25 and 39 are not likely 
to have a functional consequence for 
L4k'Ol5 isoforms tliat include exon 24. 

We have identified tliree mutatio~ls of 
Mt701 5 in two geograpliically and ethnical- 
ly diverse populations and are now in a 
position to evaluate the co~ltributio~l of 
DFNB3 to hereditary deaf~less worldwide. 

and MY07A, also cause hereditary deafness 
14. 36). This iiilolies that i~nco~lventional , ,  , 

myosins play crucial and nonredundant 
roles it1 au~iitory hair cell function. The 
discovery of Mt7015 p~.ovides another entry 
point toward an integrated u~lderstandi~lg 
of auditory signaling pathways. 
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ivledica Genetics (S-8066-01). 

11. Twenty-seven pri~ner pairs were syntiiesized based 
on the sequence of predicted mouse iviyo75 exons. 
Only four primer pairs frorn exons 11, 14, 16, and 18 
amplified human genomic DNA. 

12. The 5 '  and 3 '  RACE reactions v/ere performed  it it ti 
human fetal brain and placenta Marathon-Ready cD- 
NAs (7402-1 and 741 1 1  ; Clontecti Laborator'es). 

13. A human chromosome 17 cosmid arrayed library 
was hybridized overnight at 42°C with 2 x l o 7  cpln 
of ~ - ~ ~ P - I a b e l e d  iviY015 cDNA fragment from exon 
11 in Hybriso I (Oncor;. Filters v/ere v~ashed in 0.01 5 
M NaC containing 0.0015 M s o d i ~ ~ m  citrate and 
0.5% SDS at 55°C for 1 hour and autoradiographed. 
Northern blot ana,yss used the same hybr~dizaton 
conditions as above except that final  ashes were 
done at 65°C. Random fragments of cosmid 155d02 
were subcloned and sequenced: 868 M I 3  se- 
quence reads on PEIAB 377s gave an average of 
10-fold coverage of this cosmid [R. K. Wilson and 
E. R. Mardis, Analyzing DNA, B. Birren. E. D. Green, 
S. Klapholz. R. M. Myers. J. Roskams, Eds. (Cold 
Spring Harbor Laborator?/ Press, Cold Spring Har- 
bor. NY, 1997;, p. 3981. Contig assembly and editing 
V m  dGrG - done \r~ith the Phred~Phrap~Consed suite of 
programs [B. Ev~ing, L. Hillier, M. C. Wendl, P. 
Green, Ge~lomeRes, 8. 175 (1 998): D. Gordon etal. , 
ibid., p. 195 (available at http:iiwww.genome. 
v~~ashington.edu/UWGC!;]. 

14. C. B ~ ~ r g e  and S. Karin, J. Mol. Blol. 268, 78 (1 997). 
GRAIL and GENSCAN gene structure prediction 
programs are available at http:/!compbio.ornl. 
gov/Grailb~niE~nptyGra~lForm and http:iignomic. 
stanford.edu!GENSCANW.html 

15. S. F. Altschu et a/., filuckic Acids Res. 25, 3389 
(1 997). 

16 Human cosm~d and mouse BAC sequences v/ere 
compared [J. Puste  and F. C. Kafatos, ~ b ~ d .  12, 643 
(1 984)] 

17. MY075 cDNA fraaments v~ere s~~bc loned Into 

splice sites. We have not yer identi'ied this mini exon 
in My075 cDNA clones. 
Abbreviations for amno acid residues are as foliows: 
A, Ala; C, Cys; D, Asp; E. Glu; F. Ptie: G, Gly; H, His, 
I, Ile, K, Lys; L. Leu; M. Met: N, Asn: P, Pro; Q.  Gln. R, 
Arg, S. Ser: I ,  Thr, V. Val; W, Trp; and Y, Tyr. 
A. Wang, data not shown. 
No MY075 expressed sequence tags (ESTs) were 
dentfied in dbESTand TGR databases and MY015 
clones v~ere not present among 235,392 I.M.A.G.E. 
C o n s o r i ~ ~ m  cDNAs (Genome Systems;. The f o o w -  
ing are ttie top three P(N) scores obta~ned by a 
BWSTX search of GenBank with tile MY015 cDNA 
sequence: iviY07A (accession number U39226), 
1.3e-182; iviyo7A (accession number U81453), 
1.3e-177; C. elegans HUM-6 (accession n~~rnber  
U80848). 6.2e-177. 
D. F. Feng anti R. F. Dooitte, J. Mol. Evol. 25, 351 
(1 987). 
A search of PROSTE reveals another potential ATP- 
g~~anosine triphosphate (GTP) b~nding s~te  n exon 
18. Available at http:iivdvdv~.ebi.ac.~~kisearches/ 
proste-input.htm.. 
H. M. Warr~ck and J. A. Spudcti, Annu. Rev, Cell 
Blol. 3 ,379 (1 987): J. A. Porier and C. Monte .  J. Cell 
9101. 1 22. 601 (1 993). 
E. M. Espreafico etal. . J. CellBiol. 11 9, 1541 (1 992); 
A. Houdusse. M. Sver .  C. Cohen, Structure4, 1476 
(I 996). 
A gapped BLASTP (15) search of the tail region of 
MY01 5 (exons 23 and 25 to 50) gave statistcay 
significant alignments to both of the t v ~ o  MyTH4 do- 
mains and the first tain-ike domain of ivlY07A (Gen- 
Bank accession numbers U55208 and U392261. 
The bit score and E value of MY015 to the first 
ivlyTH4 and talhn-i:ke domains of IVlY07A are 59.7, 
4e-09 and 43.4, 8e-04, respectively. The bit score 
and E value to ttie second MyTH4 doniain are 48 
and 1 e-05. 
Z-Y. Ciien et a/. , Ge~lomics 36. 440 (1 996;; J. P. 
Baker and ivl. A. Titus, J. iviol. B1o1. 272, 523 (1 997; 
V. Mermal. P. L. Plost. ivl. S, ivlooseker. Snence 
279, 527 (1 998). 
MYOIC, an ~rnconventional myosin that maps to 
1 7 ~ 1 3 ,  v ~ a s  suqyested as a DFIV93 candidate [F. 
Crozet et a/. , Gehomics 40.332 (1 997): I. Hasson et 
a/., ibid. 36, 431 (1996)l. There is 37% amino acid 
identity between MY01 C and MY01 5 'n the motor 
domain. 
Primer pairs to each MY075 exon were designed to 
ampiw both ttie exon and 20 to 100 bp of flanking 
intronic sequence. Genomic DNA from atfected indi- 
v'duas in three DFiV93 families and normal controls 
were used as a template for PCR amplification Se- 
quences of these 50 prlmer pairs and the PCR am- 
plification cond:tions can be obtained from the au- 
thors. PCR products v31ere gel purified !Oiagen) and 
sequenced with Thermo Seq~~enase rad~olabeled 
termnators tAmersham Life Scence). 
Both normal allele and mutant allele specific primers 
(ASO; v~ere synthesized for the Bengkala and iv121 
families. Normal AS0 (N-ASO) are 5'-GAACATCT- 
TCGGGAACTACA-3' (Bengkala; and 5'-CGG- 
GAGAACATCTTCGGGA-3' (M21). Mutant AS0 (M- 
ASO) are the same as above except thai the most 3 '  
nucieotide is T instead of A. The antisense primer is 
5'TTGGGCTCCACTGCTGGT-3'. PCRs v31ere done 
in 25 pl using 1 unit of Taq DNA polymerase with each 
primer at 0.4 pM; 200 KM each deoxyadenosine 
triphosptiate (dATP). deoxythymidine triphosphate 
(dTTP). deoxyguanosine triphosphate (dGTPI, and 
deoxycflidine triphosphate (dCTP); and PCR buffer 
[I 0 mivl tris-HC (pH 9.0), 50 mivl KCI,, 1.5 mM 
MgCl,. 0.1 % Triton X-1001 in a cycle condition of 
94°C for 1 min and then 32 cvcies of 94'C for 30 s. 
anneang temperat~lre (53 '~ ' f o r  Bengkala N-AS0 
and M-ASO, 59°C for M21 N-AS0 and M-ASO'I for 
30 s, and 72"Cfor 30 sfolowed by 7Z2Cfor6 m n .  For 
cosegregaton analys's, aenomc DNA from a ava:l- 
able affected nd i v~d~~a l s  and their farnlb' members 

Additionally, our findings demonstrate that  GEM I-~asy (pr&ega) and seq~~enced on a v~as  used for PCR ampif;caton. PCR conditons for 

h , f ~ 0 1  5 encodes an essential mecflanoell. PEiAB 377 usng Thermo Seq~lenase dye termina- screening random individuals are the same as above 
tors (Amerstiam Life Scence). The mutation n family -1924 removes an Xmn I site 

:vine of the auditory system. Mutations in 18, Mouse n/lvo15 has a nredlcted mlnl exon 6 vdltt, and thus restriction fragment length poiymorphisln 
two other unco~lveiltio~lal myosins, My06 conserved amino ac~ds and donor a ~ i d  acceptor (RFLP) analys~s was used to screen the family and 
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random ind~v~duals The prlmer pair used for genomc 
DNA ampl~fication IS 5'-TCTCCCTGGATTCT- 
CATTTA-3' (fonvard) and 5'-TCTTTGTCTTCTGT- 
TCCACC-3' (reverse). Reactons were performed in 
25 k l  usng 1 unit of Taq DNA polymerase w th  each 
prmer at 0.4 kM;  200 k M  each dATP. dTTP, dGTP. 
and dCTP, and PCR buffer [ I 0  mM tr~s-HC (pH 8 3). 
50 mM KCl,,l.5 mM MgCI,! in a cycle condtion of 
94°C for 1 min and then 35 cycles of 94'C for 30 s. 
55°C for 30 s, and 72°C for 30 s followed by 72°C for 
6 min PCR products were purlfled (Qiagen), dgested 
~11th Xmn I, and separated In a 2% agarose gel. 

32. A nonsense mutaton may affect mRNAstabity and 
result in degradation of the transcript [L. Maquat, 
Am J. Hum Genet. 59, 279 (1 99611 

33 Data not shov~n: a dot blot with poly ( A )  RNA from 
50 human issues (The Human RNA Master Blot. 
7770-1, Contech Laboratores) was hybridzed w th  
a probe from exons 29 to 47 of MY015 usng the 
same condton as Norihern blot analyss (13). 

34 Smth-Magens syndrome (SMS) is due to deletions 
of 17pl 1 2 of varous szes, the smallest of which 
ncudes ivlY015 and perhaps 20 other genes [(6); 
K-S Chen, L Potocki, J R. Lupski, ivlRDD Res Rev. 
2, 122 (1 996)], MY015 expression IS easy  detected 
in the pltutaty gland (data not shown). Haplonsuffi- 
cency for iiblY015 may expan a porton of the SMS 

phenotype such as shori stature Moreover, a few 
SMS patents have sensorneural hearng loss, pos- 
sbly because of a point mutation In iiblYOI5 in trans 
to the SMS l i p 1  1 2 deletion. 

35 R A. Fr~dell, data not shov~n 
36 K. B Avraham eta /  , Nature Genet. 11. 369 (1 9951, 

X-Z Liu et a/. . /bid. 17, 268 (1 9971, F. Gbson et a/. , 
Nature 374, 62 (1 995): D. W e  et a/ , /bid.. p. 60 

37. RNA was extracted from cochlea (membranous a b -  
yrinths) obtaned from human fetuses at 18 to 22 
weeks of development in accordance w th  guideines 
estabshed by the Human Research Committee at 
the Brigham and Women's Hosp~tal Only samples 
w~thout evidence of degradation were pooled for 
poly (A).' select~on over oligo(dT) columns F~rst- 
strand cDNA was prepared usng an Advantage RT- 
for-PCR k t  (Contech Laboratores) A porion of the 
f~rst-strand cDNA (4%) was amplified by PCR w ~ t h  
Advantage cDNA polymerase mix (Contech Labora- 
tores) using human i~blYOl5-specifc ol~gonucleot~de 
primers (fonvard. 5'-GCATGACCTGCCGGCTAAT- 
GGG-3', reverse, 5'-CTCACGGCTTCTGCATGGT- 
GCTCGGCTGGC-3'). Cycling cond~t~ons were 40 s 
at 94"C, 40 sat 66°C (3 cycles), 60°C (5 cycles), and 
55°C (29 cycles): and 45 s at 68°C. PCR products 
were \~ isuazed by ethidum bromide staining atier 
fractionation In a 1% agarose gel. A 688-bp PCR 

Continuity in Evolution: On the 
Nature of Transitions 

Walter Fontana and Peter Schuster 

To distinguish continuous from d~scont~nuous evolutionary change, a relatlon of nearness 
between phenotypes is needed. Such a relatlon is based on the probability of one 
phenotype being accessible from another through changes in the genotype. This near- 
ness relation is exemplified by calculating the shape neighborhood of a transfer RNA 
secondary structure and provides a characterization of discontinuous shape transfor- 
mat~ons in RNA. The simulation of replicating and mutating RNA populations under 
selection shows that sudden adaptive progress coincides mostly, but not always, with 
discontinuous shape transformations. The nature of these transformations illuminates 
the key role of neutral genetic drift in their realization. 

A much-debated Issue 111 evolutionary bl- 
ology concerns the  extent to which the  
history of life has proceeded gradually or has 
been punctuated by d~scontinuous transl- 
tions a t  the  level of phenotypes ( 1  ). Our  
goal is to inake the  notion of a d iscont~nu-  
ous t ransi t~on inore oreclse and to under- 
stand how it arises in a model of evolution- 
ary adaptation. 

W e  focus o n  the  narrow doinain of R N A  
secondarv structure, which is currentlv the  
simplest >oinputationally tractable, yet re- 
a l i s t ~ ~  ~ h e n o t v ~ e  ( 2 ) .  This choice enables 

, A  . 
the  definition aild explorat~on of concepts 
that may prove useful in a wider context. 
R N A  secondary structures represent a 
coarse level of analysis compared with the  
three-dimensional structure a t  atomic reso- 
lution. Yet, secondary structures are emplr- 

lnst~tut fur Theoretische Cheme. Unversitat Wien, Wahr- 
ingerstrasse 17. A-1 090 Wien, Austria, Santa Fe Institute, 
1399 Hyde Park Road, Santa Fe, NM 87501, USA, and 
nternatlona nstltute for Apped  Systems Analysis 
(IASA), A-2361 Laxenburg, Austria 

~cal ly  well defined and obtain their biophys- 
ical and biochemical importance froin be- 
ing a scaffold for the  tertiary structure. For 
the  sake of brevity, we shall refer to second- 
aru structures as "sha~es ."  R N A  combines 
111 a single molecule both genotype (repli- 
catable sequence) and phenotype (select- 
able shape), makmg it ~deally suited for 111 

vitro evolution experiinents (3, 4 ) .  
T o  generate evolutionary h~stories,  we 

used a stochastic continuous time model of 
a n  R N A  populat~on replicating and mutat- 
ing in a ca~ac~tv-constra ined flow reactor 
unYder seleciion (5, 6) .  In  the  laboratory, a 
goal might be to  f ~ n d  a n  R N A  aptamer 
binding specifically to a ~nolecule (4) .  Al- 
though in  the  experiment the  evolut~onary 
end product was unknown, we thought of 
its shape as being specified ~mplicitly by the  
imposed selection criterion. Because our in- 
tent  is to study evolutionary histories rather 
than  end products, we defined a target 
shape in  advance and assumed the  replica- 
tion rate of a sequence to be a function of 

product IS expected from ampificaton of the human 
MY015 cDNA. Amplificat~on of human genomlc 
DNA w ~ t h  this primer pair would result In a 2903-bp 
fragment 
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the  similarity between its shape and the  
target. A n  actual situation lnau involve 
moye than one best shape, but thl; does not  
affect our conclusions. 

A n  instance representing In its qualita- 
tive features all the  s~mulations we per- 
formed is shown in Fig. 1A.  Starting with 
identical sequences folding Into a random 
shape, the  siinulation was stopped when the  
population became doininated by the  tar- 
get, here a canon~ca l  t R N A  shape. T h e  
black curve traces the  average distance to  
the  target (inversely related to  fitness) In 
the  population against t m e .  A s ~ d e  from a 
short initial phase, the  entire history is 
doininated by steps, that is, flat per~ods of 
n o  apparent adaptive progress, interrupted 
by sudden approaches toward the  target 
structure (7). However, the  dominant 
shapes In the  population not  only change a t  
these marked events but undereo several 
fitness-neutral transforinat~ons durlng the  
per~ods of n o  apparent progress. Although 
discontinuities 111 the fitness trace are evi- 
dent. it is entirelv unclear when and o n  the  
basis of what the series of successive phe- 
llotypes Itself can be called continuous or 
discontinuous. 

A set of en t~ t i e s  is organized into a ito- 
u 

pological) space by assigning to  each entity 
a system of neighborhoods. In  the  present 
case, there are two kinds of entities: se- 
quences and shapes, which are related by a 
thermodyna~nic folding procedure. T h e  set 
of possible sequences (of fixed length) IS 

naturally organized into a space because 
point inutations induce a canon~ca l  neigh- 
borhood. T h e  neiehborhood of a seauence cz 

consists of all its one-error mutants. T h e  
problem is how to organize the  set of pos- 
sible shapes into a space. T h e  issue arises 
because, in contrast to  sequences, there are 
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