
hybr~d 46-pole unduator (wavelength range of 0.3 to 
1.8 A) were used s~multaneousy to further enhance the 
x-ray Intensity at the crystal. Snge x-ray pulses were 
isolated w~th a m~crosecond shutter tra~n (14) from the 
ESRF storage rlng operatng in s~nge-bunch mode at a 
machlne current of 15 mA. Laue diffraction intens~t~es 
were collected on an image-intensfed charge-coupled 
dev~ce detector (Thompson; ESRF). To m~nimize sys- 
tematic errors such as those related to x-ray absorpt~on, 
we collected a dark data set for each crystal In addton 
to the photoexcted data sets. Data sets consst of 30 
images taken at crystal angular settngs separated by 
2" through a rangeof 60". Each Image is a composite 
of 10 150-ps exposures accumulated on the detec- 
tor before readout, to enhance the reatvey weak 
dffracton data collected in single-bunch mode. No 
s~gnif~cant radiation damage was detected over the 
course of data collection. Data were reduced and 
scaled with the LaueV~ew software package (28). 
Laue reflections stimulated by several energies (mul- 
tiples) were successfully deconvoluted and included 
In the final data set, which improved the compete- 
ness at low resolution and the overall redundancy. 

18. Extent of photoinltlat~on. Optical thickness directly 
affects the extent of photoexctation n the crystal. 
Crystals that are too thck w I  have a lower extent of 
photoinitiation and a highly nonuniform exc~tation 
throughout their volume (9). With 7-ns laser pulses at 
longer wavelengths, the possbil~ty of photoexcta- 
tion of molecules in the [pR] state IS encountered, 
which may stmuate resomerzation ofjhe [pR] state 
back to pG. We demonstrated (V. Srajer and B. 
Perman, unpublished results) that the photocycle 
can be successfully in~tiated In the crystal under our 
experimental conditons, and estimate that 12% of 
the molecules are converted to the [pB] state. 

19. Crystallographc ref~nement. The I-ns model was re- 
fined against the Laue data limited to 1.9 A resoluton to 
mnmlze the influence of error n the Integrated intensi- 
ties at hgher resolutions, for which I l u  is low. A ref~ne- 
ment processes used X-PLOR, verson 3.851 (29). The 
crystallographic refnement was restricted to only those 
res~dues that, accord~ng to inspect~on of the I F ,  ,, - 
1 F ,,,, difference Fourier map and of several smuated 
anneang (SA) omit maps, appear to move In response 
to photoinltiation. The atomic pos~tions refined are those 
of the chromophore; the three proxmal resdues Pro68, 
CysGJ, and Thr70; and the distal side chains of Tyrd2, 
G I u ~ ~ ,  ThP0, and Arg"'. Once these atoms were identi- 
fled, a d~fference reiinement strategy (30) was used n 
least-squares minimizaton of the residual between ob- 
sewed and calculated differences n structure factor 
amplitudes. Ths approach gave improved estimates of 
structural d~fferences by reducing model-error terms. 
The chromophore refinement parameters incorporate 
~nformaton on the energet~cs of isomer~zaton of the 
vnyl bond and charge distrbut~on across the conjugat- 
ed system of the chromophore (F. Zhou and P. Bash, 
personal cornmun~caton). The energy function for rota- 
tion about the vinyl bond IS given by ED,,,,,, = k,,, (1 
-cos8) + k,(l + cos8), where 8 is the phase shft angle, 
k,,, = 750 kcal mol-' rad" for the trans conformer ($, 
= 180°), and k, = 500 kcal mol-' rad-2 for the cis 
conformer ($ = 0"). Ths relationsh~p gives a two-well 
s~nusoidal potential suriace for ~somer~zat~on about the 
v~nyl bond that has wells of different depths. The deeper 
well IS centered at 180" and corresponds to the trans 
conformer; the shallow well IS centered at 0" and corre- 
sponds to the cis conformer Difference refinement and 
nspecton of SA omit maps were repeated for several 
occupancy values (10, 15, and 20%) for the extentof 
photon~taton in crystals n the range ant~cpated from 
m~crospectroscopic measurements (78). A random 
10% sample of the data was retained for use n calcu- 
lation of R,,,. Coordnatesfor the [pR] stateof PYP have 
been deposited in the Brookhaven Protein Data Bank 
under accession code 2pyr. 
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pocket near Tyr 42. 
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Mutation in Transcription Factor POU4F3 
Associated with Inherited Progressive 

Hearing Loss in Humans 
Oz Vahava,* Robert Morell,* Eric D. Lynch,* Sigal Weiss, 

Marjory E. Kagan, Nadav Ahituv, Jan E. Morrow, Ming K. Lee, 
Anne B. Skvorak, Cynthia C. Morton, Anat Blumenfeld, 

Moshe Frydman, Thomas B. Friedman, Mary-Claire King, 
Karen B. Avraham-i- 

The molecular basis for autosomal dominant progressive nonsyndromic hearing loss in 
an Israeli Jewish family, Family H, has been determined. Linkage analysis placed this 
deafness locus, DFNA15, on chromosome 5q31. The human homolog of mouse Pou4f3, 
a member of the POU-domain family of transcription factors whose targeted inactivation 
causes profound deafness in mice, was physically mapped to the 25-centimorgan 
DFNA15-linked region. An 8-base pair deletion in the POU homeodomain of human 
POU4F3 was identified in Family H. A truncated protein presumably impairs high-affinity 
binding of this transcription factor in a dominant negative fashion, leading to progressive 
hearing loss. 

T h e  inner ear is a complex structure re- 
quiring a large repertoire of genes to orches- 
trate sound acauisition and vestibular func- 
tion on many levels, including neuronal 
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innervation, structural inteeritv, and me- 
chanoelectrical transductiol;. ~ l t h o u ~ h  as 
many as 100 genes may be involved ( I ) ,  
only a srnall number of genes have been 
identified that cause nonsyndrolnic hearing 
loss: human connexin 26 (GJB2) ( 2 ) ,  hu- 
man myosin VIIA (MY07A) (3), human 
diaphanous (4), and mouse myosin VI 
(Myo6) (5). Another POU-domain tran- 
scription factor, POU3F4 (POU domain, 
class 3., transcription factor 4) ,  causes hu- 
man X-linked mixed deafness, DFN3 (6). 

We are studying the genetic basis of 
progressive hearing loss in an Israeli Jewish 
farnilv. The familv traces its ancestry to 
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giuln (7). Five generations demonstrate au- 
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of a hearing-impaired family member is 
from an individual born in 1843 (by family 
report) in Libya. He had four children, only 
one of whom was affected. Hearing loss in 
Family H begins between ages 18 and 30, 
with a moderate to severe defect in hearing 
by age 50 (Fig. 1B). On the audiologic 
examinations, 12 family members were 
identified as affected with progressive sen- 
sorineural hearing loss (8). These 12 indi- 
viduals and 11 unaffected relatives older 
than age 40 were available for linkage 
analysis. 

Deafness in Family H was mapped to 
chromosome 5q3 1-q33 by linkage analysis. 
Previously known loci for inherited deaf- 
ness were excluded by linkage (9). Howev- 
er, lod scores (logarithm of the odds ratio) 
for linkage of deafness in Family H to 
DFNAl on 5q31 were positive at distant 
recombination fractions, indicating an in- 
dependent locus for hearing loss distal 
to DFNAI. The new locus was named 
DFNAI5 and was localized further to the 

25-cM region bounded by D5S1979 and 
D5S422 (Fig. 1A) (10). Critical meiotic 
recombination events were detected in af- 
fected individuals 518 and 515 and unaf- 
fected individuals 5 11 and 502. Individual 
505 is hearing impaired, but he did not 
inherit any portion of the DFNA15-linked 
haplotype otherwise segregating with deaf- 
ness in the family (Fig. 1A). Analysis of the 
maximum-likelihood genetic model for 
deafness in Family H indicated a rare auto- 
soma1 dominant allele with full penetrance 
by age 40 and 0.05 probability of deafness 
from other causes by age 40 (in other words, 
5% phenocopies). Multipoint analysis of 
linkage included all markers shown in Fig. 
1A and yielded negative lod scores for 
the interval D5S658 to D5S1979 and lod 
scores of 3.63 for the interval D5S1979 
to D5S2017, 4.04 for intervals between 
D5S2017 and D5S410, and 3.49 for the 
interval D5S410 to D5S422 (1 1). 

Because few large families have inherit- 
ed hearing loss, and because of the inacces- 

sibility of the human ear, the mouse has 
proved to be an invaluable model for gain- 
ing access to deafness genes and studying 
human hearing loss. More than 60 mouse 
mutations exist with defects in the inner ear 
(12). The structure and function of the 
inner ear is similar between the two organ- 
isms, and the genomic organization is very 
well conserved. The first genes responsible 
for autosomal recessive deafness were ini- 
tially identified in the mouse, demonstrat- 
ing the value of the mouse for identifying 
and studying human deafness genes (5, 13). 

To identify candidate genes in the 
DFNA15-linked region, we noted that the 
POU-domain transcription factor POU4F3 
(POU domain, class 4, transcription factor 
3; GenBank accession numbers U10060 
and U10061) might lie on 5q, on the basis 
of the localization of mouse Pou4f3 (also 
referred to as Brn3c and Brn-3.1; GenBank 
accession number S69352) and the homol- 
ogy of human chromosomes 5 and 18 and 
mouse chromosome 18 (14). POU4F3 was 
an excellent candidate for a gene causing 
human deafness, because targeted deletion 
of both alleles of Pou4f3 causes complete 
deafness in mice (1 5,  16). To map POU4F3 
more precisely, we synthesized primers for 
the human-POU4F3 cDNA sequence and 
used these to amplify pools of the CEPH3 
yeast artificial chromosome (YAC) library 
(Research Genetics). POU4F3 primers am- 
plified DNA from YACs 959E5 and 929D3 
(1610 and 1720 kb, respectively), both of 
which were also amplified by markers 
D5S436 and D5S210. Because these mark- 
ers were linked to deafness in Family H 
(Fig. lA), POU4F3 must lie within the 
DFNA15-linked region (Fig. 1C). 

To screen for POU4F3 mutations in 
Family H, we designed primers to amplify 
and sequence the entire coding region; 
these primers revealed an 8-base pair (bp) 
deletion in exon 2 (Fig. 2) (17). The pre- 
dicted result of this deletion is a frame shift 
beginning at codon 295 and a prema- 
ture translation stop at position 299. The 
deletion segregated perfectly with the 
DFNA15-linked haplotype (Fig. 1A); all 
deaf individuals with the linked haplotype 
carried the mutation, and all unaffected 
relatives older than age 40 in Family H 
carried the wild-type POU4F3 sequence. 
However, deaf individual 505 did not in- 
herit either the DFNA15-linked haplotype 
or the POU4F3 deletion, which suggests 
that he is a phenocopy of the deafness 
caused by this deletion of POU4F3 (8). 

To determine whether the 8-bp deletion 
occurs in the hearing population, we tested 
114 unrelated individuals of various North 
African and Middle Eastern Jewish ances- 
tries for the mutation (18). These individ- 
uals were selected to represent the contri- 
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bution of various ethnic Jewish populations 
to Family H. Their chromosomes are iden- 
tified by origin as follows: 60 hfloroccan, 54 
Libyan, 20 Tunisian, 7 Algerian, 7 Egyp- 
tian, 42 Iraqi, 3 1 Sephardic (originally from 
Spain, mainly from Italy and the Balkan 
countries), and 7 Ashkenazic (mainly East 
European). None of the 228 control chro- 
mosomes tested carried the 8-bp deletion in 
POU4F3 found in Family H. 

POLT4F3 is not expressed in human 
brain, heart, placenta, skeletal muscle, 
lung, liver, kidney, pancreas, or lym- 
phoblast tissues evaluated by Northern 
(RNA) blot analysis (19). Nor were any 
POLJ4F3 expressed sequence tags (ESTs) 
identified in human libraries found in pub- 
lic databases. We examined POLJ4F3 
RNA expression in hutnan fetal tissues by 
means of reverse transcription polymerase 
chain reaction (RT-PCR) with PCR pritn- 
ers from exon 1 and 2 spanning the intron 
(20). Complementary DNA amplification 
was only detected in fetal cochlea. This 
expression pattern corresponds to that ob- 
served in the mouse; namely, Pou4f3 is 
highly expressed in inner ear hair cells, 
but only in very defined regions of the 
brain and not in non-neural tissues includ- 
ing liver, kidney, heart, and skeletal mus- 
cle ( 1  5 ,  16, 21 ) .  Exclusive POL14F3 ex- 
pression in the human cochlea is consis- 
tent with the underlying cause of nonsyn- 
dromic deafness in Family H. 

POL14F3 is a metnber of the family of 
POU transcription factors, a group of pro- 
teins identified by a well-conserved bipar- 
tite domain (22) ,  The POU domain con- 
sists of a 75- to 82-atnino acid NH,-termi- 
nal region, the POU-specific dotnain, and a 
-60-amino acid COOH-terminal region, 
the POU hotneodotnain. A large nutnber of 
these proteins have been identified in hu- 
tnatls, mice, Drosophila, C. elegans, Xenopus, 
and zebrafish, and are involved in develop- 
ment. In particular, they are known to be 
involved in terminal differentiation of neu- 
ronal cell types. The POU-specific domain 
is unique to this fatnily of transcription 
factors, whereas the POU homeodotnai~l is 
related to other DNA-binding hoineodo- 
tnains involved in developmental regula- 
tion. Binding to a 9-bp recognition site, 
ATAATTAAT, the POU-specific domain 
contacts the 5' portion of this site and the 
POU hoineodomain contacts the 3' portion 
(23). However, unlike most hoineodomain 
proteins, the POU homeodomain does not 
direct high-affinity binding of the POU- 
domain protein to its DNA target sites on 
its on7n, but requires the POU-specific do- 
main for efficient recognition of response 
elements (24). 

Targeted deletion of the P0~4f3  gene 
leads to vestibular dysfunction and pro- 

found deafness in mice (15, 16). At ~ o s t -  
natal day 14, around the ;ime mice begk to 
hear, neither hair cells nor supporting cells 
are present. Furthermore, there is extensive 
neuronal degeneration in inner ear sensory 
ganglia. These ganglia house the cell bodies 
of sensory neurons within the cochlea and 
vestibular apparatus; the hair cells of each 
nortion of the inner ear receive nritnarv 
afferent endings from these neurons, which 
send axons through the auditorv nerve to 
the central nervo;s system (25).'As is evi- 
dent from the P0~4f3  null mice, this tran- 
scrintion factor is reauired for the tertninal 
differentiation and trophic support of sen- 
sorineural cells. 

In Family H, the deletion removes the 3' 
portion of this POU transcription factor 
crucial for high-affinity binding to DNA. 
Because the deletion occurs in the final 
coding exon, it is possible that the tran- 
script is translated (26). If so, the POU4F3 
mutant peptide would be truncated at 298 
amino acids rather than the normal 338 
amino acids. The tnutant protein would 
terminate at the end of the first helix. 
thereby removing the second and third he- 
lices of the POU homeodomain. The third 
helix, referred to as the recognition helix, 
makes base contacts with the 3' half of the 
DNA complex subsite in the major groove 
of the DNA (27). A truncated protein, 
therefore, may not be able to bind the "right 
half" of the POU recognition sequence, and 
thus the binding of this transcription factor 
would be cotnpromised. The first amino 
acid lost as a result of the 8-bp deletion in 
Family H is an isoleucine; this residue is 
respol;sible for another member of the class 
IV POU-domain factors, Pou4f2, acting 
as a repressor (28). Its loss may prevent 
POU4F3 from repressing the transcription 
of target genes crucial for hair cell function. 
The truncated peptide may also have 
novel DNA binding properties or may 
act as a dominant negative mutation by 
pairing with other POU transcription fac- 
tors (29). Alternatively, haploinsufficiency 
of POU4F3 may down-regulate genes re- 
sponsible for hair cell survival, causing a 
progressive loss of hair cells that is clinically 
significant onlv after extended time. How- 

ing of POLJ4F3 mutations in genornic 
DNA, we sequenced the genotnic region 
encompassing both POL14F3 exons, 5' 
and 3 '  sequences, and the intron (Gen- 
Bank accession numbers AF044575 and 
AF043452). Nearly half the general popu- 
lation loses part or all of their ability to hear 
by age 80, with a substantial loss in under- 
standing of speech by age 65 (1). Defining 
the tnolecular events leading to deafness 
mav form the basis for new ways to h e l ~  the 
hearing-impaired population. 
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