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Dyneins	
  are	
  multisubunit	
  protein	
  complexes	
  that	
  couple	
  ATPase	
  activity	
  with	
  
conformational	
  changes.	
  They	
  are	
  involved	
  in	
  the	
  cytoplasmatic	
  movement	
  of	
  organelles	
  
(cytoplasmic	
  dyneins)	
  and	
  the	
  bending	
  of	
  cilia	
  and	
  flagella	
  (axonemal	
  dyneins).	
  Here	
  we	
  
present	
  the	
  first	
  complete	
  cDNA	
  and	
  genomic	
  sequences	
  of	
  a	
  human	
  axonemal	
  dynein	
  
beta	
  heavy	
  chain	
  gene,	
  DNAH9,	
  which	
  maps	
  to	
  17p12.	
  The	
  14-­‐kb-­‐long	
  cDNA	
  is	
  divided	
  
into	
  69	
  exons	
  spread	
  over	
  390	
  kb.	
  The	
  cDNA	
  sequence	
  of	
  DNAH9	
  was	
  determined	
  using	
  
a	
  combination	
  of	
  methods	
  including	
  5’	
  rapid	
  amplification	
  of	
  cDNA	
  ends,	
  RT-­‐PCR,	
  and	
  
cDNA	
  library	
  screening.	
  RT-­‐	
  PCR	
  using	
  nasal	
  epithelium	
  and	
  testis	
  RNA	
  revealed	
  several	
  
alternatively	
  spliced	
  transcripts.	
  The	
  genomic	
  structure	
  was	
  determined	
  using	
  three	
  
overlapping	
  BACs	
  sequenced	
  by	
  the	
  Whitehead	
  Institute/MIT	
  Center	
  for	
  Genome	
  
Research.	
  The	
  predicted	
  protein,	
  of	
  4486	
  amino	
  acids,	
  is	
  highly	
  homologous	
  to	
  sea	
  
urchin	
  axonemal	
  beta	
  heavy	
  chain	
  dyneins	
  (67%	
  identity).	
  It	
  consists	
  of	
  an	
  N-­‐terminal	
  
stem	
  and	
  a	
  globular	
  C-­‐terminus	
  containing	
  the	
  four	
  P-­‐loops	
  that	
  constitute	
  the	
  motor	
  
domain.	
  Lack	
  of	
  proper	
  ciliary	
  and	
  flagellar	
  movement	
  characterizes	
  primary	
  ciliary	
  
dyskinesia	
  (PCD),	
  a	
  genetically	
  heterogeneous	
  autosomal	
  recessive	
  disorder	
  with	
  
respiratory	
  tract	
  infections,	
  bronchiectasis,	
  male	
  subfertility,	
  and,	
  in	
  50%	
  of	
  cases,	
  situs	
  
inversus	
  (Kartagener	
  syndrome,	
  KS).	
  Dyneins	
  are	
  excellent	
  candidate	
  genes	
  for	
  PCD	
  and	
  
KS	
  because	
  in	
  over	
  50%	
  of	
  cases	
  the	
  ultrastructural	
  defects	
  of	
  cilia	
  are	
  related	
  to	
  the	
  
dynein	
  complex.	
  Genotype	
  analysis	
  was	
  performed	
  in	
  31	
  PCD	
  families	
  with	
  two	
  or	
  more	
  
affected	
  siblings	
  using	
  a	
  highly	
  informative	
  dinucleotide	
  polymorphism	
  located	
  in	
  intron	
  
26	
  of	
  DNAH9.	
  Two	
  families	
  with	
  concordant	
  inheritance	
  of	
  DNAH9	
  alleles	
  in	
  affected	
  
individuals	
  were	
  observed.	
  A	
  mutation	
  search	
  was	
  performed	
  in	
  these	
  two	
  “candidate	
  
families,”	
  but	
  only	
  polymorphic	
  variants	
  were	
  found.	
  In	
  the	
  absence	
  of	
  pathogenic	
  
mutations,	
  the	
  DNAH9	
  gene	
  has	
  been	
  excluded	
  as	
  being	
  responsible	
  for	
  autosomal	
  
recessive	
  PCD	
  in	
  these	
  families.	
  	
  

INTRODUCTION	
  	
  

The	
  identification	
  of	
  candidate	
  genes	
  for	
  monogenic	
  disorders	
  has	
  been	
  greatly	
  
facilitated	
  by	
  the	
  recent	
  sequencing	
  of	
  the	
  human	
  genome	
  and	
  the	
  possibility	
  of	
  
comparing	
  human	
  sequences	
  to	
  those	
  of	
  other	
  species.	
  	
  

	
   The	
  various	
  classes	
  of	
  genes	
  for	
  dyneins,	
  which	
  are	
  components	
  of	
  the	
  cilia,	
  are	
  
an	
  illustrative	
  example	
  of	
  candidate	
  genes	
  for	
  primary	
  ciliary	
  dyskinesia	
  (PCD),	
  an	
  



Bartoloni	
  et	
  al.:	
  Axonemal	
  beta	
  heavy	
  chain	
  dynein	
  DNAH9:	
  cDNA	
  sequence,	
  genome	
  structure	
  
and	
  investigation	
  of	
  its	
  role	
  in	
  primary	
  ciliary	
  dyskinesia	
  

Genomics	
  72(1):	
  21-­‐33,	
  2001	
  
	
  
etiologically	
  heterogeneous	
  group	
  of	
  autosomal	
  recessive	
  disorders	
  (Afzelius	
  and	
  
Mossberg,	
  1995;	
  Blouin	
  et	
  al.,	
  2000).	
  	
  

	
   Electron	
  microscopy	
  of	
  cilia	
  and	
  flagella	
  shows	
  a	
  characteristic	
  pattern,	
  of	
  nine	
  
circumferential	
  and	
  two	
  central	
  paired	
  microtubules,	
  the	
  axoneme	
  that	
  contains	
  more	
  
than	
  250	
  different	
  polypeptides	
  (Dutcher,	
  1995).	
  From	
  the	
  outer	
  microtubule	
  of	
  the	
  
peripheral	
  doublets	
  protrude	
  two	
  linear	
  lateral	
  extensions,	
  the	
  outer	
  and	
  inner	
  dynein	
  
arms.	
  These	
  arms	
  are	
  multisubunit	
  protein	
  complexes	
  with	
  ATPase	
  activity	
  composed	
  of	
  
axonemal	
  dyneins.	
  They	
  promote	
  sliding	
  between	
  adjacent	
  microtubules	
  and	
  the	
  
beating	
  of	
  cilia	
  and	
  flagella	
  (Holzbaur	
  and	
  Vallee,	
  1994).	
  Dynein	
  complexes	
  are	
  also	
  
present	
  in	
  the	
  cytosol	
  (cytoplasmic	
  dyneins)	
  and	
  are	
  involved	
  in	
  various	
  different	
  
functions	
  (Karki	
  and	
  Holzbaur,	
  1999).	
  Both	
  axonemal	
  and	
  cytoplasmic	
  dyneins	
  are	
  
composed	
  of	
  heavy	
  (two	
  or	
  three	
  chains	
  of	
  ~500	
  kDa	
  each),	
  intermediate	
  (two	
  to	
  five	
  
chains	
  of	
  ~70	
  kDa	
  each),	
  and	
  light	
  chains	
  (about	
  four	
  chains	
  of	
  ~8	
  –22	
  kDa	
  each)	
  
(Witman,	
  1992)	
  (King	
  et	
  al.,	
  1998).	
  The	
  light/intermediate	
  chains	
  (~56	
  kDa)	
  are	
  an	
  
additional	
  component	
  of	
  the	
  cytoplasmic	
  complex.	
  The	
  functional	
  specificity	
  of	
  dyneins	
  
is	
  partly	
  achieved	
  through	
  the	
  assembly	
  of	
  different	
  isoforms	
  of	
  dynein	
  subunits.	
  The	
  
dynein	
  arm	
  isoform	
  composition	
  is	
  both	
  tissue-­‐specific	
  and	
  outer	
  arm-­‐	
  or	
  inner	
  arm-­‐
specific.	
  There	
  are	
  least	
  17	
  different	
  dynein	
  heavy	
  chain	
  genes,	
  13	
  of	
  which	
  determine	
  
axonemal	
  proteins	
  and	
  4	
  of	
  which	
  determine	
  cytoplasmic	
  proteins	
  (Asai	
  et	
  al.,	
  1994;	
  
Rasmusson	
  et	
  al.,	
  1994;	
  Wilkerson	
  et	
  al.,	
  1994;	
  Gibbons	
  et	
  al.,	
  1994;	
  Tanaka	
  et	
  al.,	
  1995;	
  
Porter,	
  1996;	
  Andrews	
  et	
  al.,	
  1996;	
  Vaisberg	
  et	
  al.,	
  1996;	
  Vaughan	
  et	
  al.,	
  1996;	
  Chapelin	
  
et	
  al.,	
  1997;	
  Neesen	
  et	
  al.,	
  1997).	
  The	
  multiple	
  dynein	
  isoforms	
  are	
  produced	
  by	
  different	
  
genes,	
  rather	
  than	
  resulting	
  from	
  alternative	
  splicing	
  of	
  one	
  or	
  a	
  limited	
  number	
  of	
  
genes.	
  	
  

	
   Each	
  heavy	
  chain	
  dynein	
  consists	
  of	
  a	
  tail	
  (the	
  N-­‐	
  terminal	
  third	
  of	
  the	
  protein)	
  
and	
  a	
  glomerular	
  head	
  (the	
  C-­‐terminal	
  two-­‐thirds)	
  (Witman,	
  1992;	
  Koonce	
  and	
  Samso,	
  
1996).	
  The	
  tail	
  binds	
  the	
  outer	
  microtubule	
  and	
  the	
  other	
  proteins	
  in	
  the	
  complex,	
  while	
  
the	
  head	
  contains	
  the	
  nucleotide-­‐binding	
  sites,	
  known	
  as	
  the	
  motor	
  domain	
  (Ogawa,	
  
1991),	
  and	
  the	
  microtubule-­‐	
  binding	
  sites	
  (Koonce,	
  1997;	
  Gee	
  and	
  Vallee,	
  1998).	
  
Activation	
  of	
  the	
  motor	
  domain	
  changes	
  the	
  conformation	
  of	
  the	
  dynein,	
  provides	
  force	
  
for	
  movement,	
  and	
  bends	
  the	
  cilium	
  (Koonce,	
  1997;	
  Gee	
  and	
  Vallee,	
  1998).	
  The	
  heavy	
  
chain	
  dynein	
  isoforms	
  are	
  grouped	
  into	
  three	
  classes:	
  cytoplasmic,	
  axonemal	
  outer	
  arm,	
  
and	
  axonemal	
  inner	
  arm.	
  In	
  the	
  axonemal	
  subfamily,	
  the	
  heavy	
  chains	
  form	
  
heterodimers	
  or	
  heterotrimers	
  (Gibbons,	
  1995).	
  	
  

	
   A	
  mutation	
  in	
  an	
  axonemal	
  heavy	
  chain	
  dynein	
  gene	
  (Lrd)	
  was	
  found	
  in	
  the	
  iv/iv	
  
(inversum	
  viscerum)	
  mice;	
  these	
  animals	
  have	
  situs	
  inversus,	
  but	
  no	
  ultrastructural	
  
defects	
  in	
  tracheal	
  cilia	
  or	
  flagella	
  (Supp	
  et	
  al.,	
  1997).	
  Moreover,	
  targeted	
  mutations	
  in	
  
the	
  Lrd	
  motor	
  domain	
  produce	
  a	
  phenotype	
  that	
  overlaps	
  with	
  that	
  of	
  the	
  iv/iv	
  mouse,	
  
and	
  the	
  monocilia	
  in	
  the	
  Hensen	
  node	
  are	
  immotile	
  (Supp	
  et	
  al.,	
  1999).	
  Mutations	
  in	
  
axonemal	
  heavy	
  chain	
  dyneins	
  have	
  also	
  been	
  found	
  in	
  several	
  immobile	
  strains	
  of	
  
Chlamydomonas	
  (Kamiya,	
  1988;	
  King	
  and	
  Dutcher,	
  1997;	
  Pazour	
  et	
  al.,	
  1999),	
  and	
  male	
  
infertility	
  in	
  Drosophila	
  is	
  associated	
  with	
  loss	
  of	
  the	
  outer	
  dynein	
  arms	
  in	
  sperm	
  flagella	
  
(Gepner	
  and	
  Hays,	
  1993;	
  Hardy	
  et	
  al.,	
  1981;	
  Fossella	
  et	
  al.,	
  2000).	
  	
  

	
   Since	
  the	
  axonemal	
  heavy	
  chain	
  dyneins	
  are	
  involved	
  in	
  situs	
  inversus	
  and	
  
ciliary	
  movements,	
  they	
  are	
  excellent	
  candidate	
  genes	
  for	
  PCD	
  (OMIM	
  242650;	
  also	
  
known	
  as	
  immotile	
  cilia	
  syndrome),	
  an	
  autosomal	
  recessive	
  disorder	
  (with	
  rare	
  
exceptions;	
  Narayan	
  et	
  al.,	
  1994).	
  Ciliary	
  motility	
  is	
  affected,	
  with	
  a	
  severity	
  ranging	
  
from	
  dysmotility	
  to	
  complete	
  immobility.	
  The	
  disorder	
  is	
  multisystemic,	
  of	
  varying	
  
penetrance	
  and	
  severity,	
  with	
  bronchiectasis,	
  recurrent	
  pulmonary	
  and	
  upper	
  	
  



	
  

	
  

respiratory	
  tract	
  infections,	
  and	
  male	
  infertility.	
  In	
  about	
  50%	
  of	
  cases,	
  dextrocardia	
  is	
  
present,	
  with	
  or	
  without	
  situs	
  inversus	
  totalis	
  (in	
  which	
  case	
  the	
  disorder	
  is	
  also	
  
referred	
  to	
  as	
  Kartagener	
  syndrome,	
  OMIM	
  244400).	
  It	
  appears	
  that	
  in	
  Kartagener	
  
syndrome,	
  organ	
  orientation	
  is	
  a	
  random	
  rather	
  than	
  a	
  predetermined	
  event	
  (Afzelius,	
  
1999).	
  Monozygotic	
  twins	
  have	
  been	
  reported	
  with	
  situs	
  inversus	
  in	
  one	
  twin	
  and	
  
normal	
  visceral	
  orientation	
  in	
  the	
  second	
  (Noone	
  et	
  al.,	
  1999;	
  Blouin	
  et	
  al.,	
  2000).	
  The	
  
most	
  frequent	
  ultrastructural	
  ciliary	
  defect,	
  present	
  in	
  more	
  than	
  50%	
  of	
  PCD	
  patients,	
  
is	
  the	
  absence	
  of	
  outer	
  and/or	
  inner	
  dynein	
  arms	
  (Afzelius,	
  1981).	
  This	
  supports	
  the	
  
hypothesis	
  that	
  one	
  or	
  more	
  mutant	
  dynein	
  genes	
  may	
  be	
  involved	
  in	
  this	
  phenotype.	
  
Genetic	
  heterogeneity	
  of	
  PCD,	
  previously	
  proposed	
  because	
  of	
  the	
  complex	
  architecture	
  
of	
  cilia,	
  has	
  been	
  demonstrated	
  through	
  linkage	
  studies	
  (Blouin	
  et	
  al.,	
  2000;	
  Witt	
  et	
  al.,	
  
1999;	
  Meeks	
  et	
  al.,	
  2000).	
  Recently,	
  mutations	
  were	
  found	
  in	
  an	
  intermediate	
  chain	
  
dynein	
  gene,	
  DNAI1,	
  in	
  one	
  patient	
  with	
  PCD	
  (Pennarun	
  et	
  al.,	
  1999).	
  	
  

	
   In	
  the	
  current	
  study,	
  we	
  cloned	
  and	
  sequenced	
  the	
  cDNA	
  of	
  DNAH9,	
  the	
  first	
  
human	
  heavy	
  chain	
  gene	
  to	
  be	
  completely	
  described,	
  determined	
  its	
  genomic	
  structure,	
  
and	
  excluded	
  this	
  dynein	
  gene	
  as	
  being	
  responsible	
  for	
  PCD	
  in	
  a	
  subset	
  of	
  families	
  in	
  
which	
  allelic	
  segregation	
  was	
  concordant	
  with	
  a	
  PCD	
  locus	
  in	
  the	
  DNAH9	
  genomic	
  
region.	
  	
  

MATERIALS AND METHODS  

Cloning	
  of	
  cDNAs	
  from	
  the	
  human	
  DNAH9	
  gene.	
  	
  Partial	
  cDNA	
  sequences	
  of	
  the	
  DNAH9	
  
axonemal	
  dynein	
  have	
  been	
  previously	
  reported:	
  DNEL1	
  (later	
  renamed	
  DNAH17L),	
  a	
  
3.2-­‐kb	
  3’	
  end	
  (X99947	
  (Milisav	
  et	
  al.,	
  1996));	
  AJ132087	
  a	
  shorter	
  305-­‐bp	
  sequence	
  
covering	
  the	
  first	
  P-­‐loop;	
  KIAA0357	
  (AB002355);	
  and	
  a	
  6094-­‐bp	
  3’	
  end	
  partially	
  
overlapping	
  with	
  the	
  first	
  sequence	
  (Nagase	
  et	
  al.,	
  1997).	
  Radiation	
  hybrid	
  analysis	
  and	
  
FISH	
  demonstrated	
  that	
  DNAH9	
  maps	
  to	
  17p12	
  (Bartoloni	
  et	
  al.,	
  1999).	
  Additional	
  5’	
  
cDNA	
  sequences	
  were	
  determined	
  by	
  several	
  methods	
  including	
  5’	
  rapid	
  amplification	
  
of	
  cDNA	
  ends	
  (RACE),	
  RT-­‐PCR,	
  and	
  cDNA	
  library	
  screening.	
  A	
  SmaI	
  fragment	
  of	
  
KIAA0357,	
  corresponding	
  to	
  the	
  5’-­‐most	
  sequence,	
  was	
  used	
  to	
  screen	
  approximately	
  
600,000	
  clones	
  from	
  a	
  human	
  testis	
  λgt10	
  cDNA	
  library	
  (Clontech	
  Catalog	
  No.	
  
HL3024a).	
  Clones	
  with	
  sequences	
  identical	
  to	
  at	
  least	
  100	
  bp	
  of	
  KIAA0357	
  were	
  further	
  
analyzed,	
  and	
  the	
  novel	
  5’-­‐most	
  sequence	
  was	
  subsequently	
  used	
  to	
  obtain	
  additional	
  
clones	
  further	
  upstream.	
  PCR	
  amplification	
  of	
  testis	
  and	
  fetal	
  lung	
  cDNA	
  libraries	
  with	
  
vector	
  primers	
  λgt10F	
  or	
  λgt10R	
  and	
  a	
  DNAH9-­‐specific	
  primer	
  was	
  also	
  used	
  to	
  obtain	
  
additional	
  sequences	
  of	
  DNAH9.	
  5’	
  RACE	
  reactions	
  were	
  performed	
  on	
  mRNA	
  from	
  
human	
  nasal	
  epithelium	
  (after	
  in	
  vitro	
  ciliogenesis	
  (Jorissen	
  et	
  al.,	
  1990))	
  and	
  fetal	
  lung	
  
poly(A)+	
  RNA	
  using	
  the	
  Marathon	
  cDNA	
  amplification	
  kit	
  or	
  the	
  SMART-­‐RACE	
  cDNA	
  kit	
  
(Clontech)	
  according	
  to	
  the	
  manufacturer’s	
  specifications.	
  The	
  genomic	
  sequence	
  of	
  
certain	
  BACs	
  from	
  the	
  Whitehead	
  Institute/MIT	
  Sequencing	
  Center	
  provided	
  the	
  
opportunity	
  to	
  determine	
  a	
  number	
  of	
  DNAH9	
  exons	
  by	
  Blast	
  analysis	
  using	
  dynein	
  
cDNAs	
  and	
  proteins	
  from	
  different	
  species	
  (Altschul	
  et	
  al.,	
  1997)	
  and	
  NIX	
  analyses	
  
of	
  confirmed	
  by	
  RT-­‐PCR	
  from	
  cDNA	
  obtained	
  from	
  nasal	
  epithelium,	
  testis,	
  and	
  fetal	
  
lung	
  cDNA	
  or	
  cDNA	
  libraries.	
  The	
  mRNA	
  for	
  the	
  nasal	
  epithelial	
  library	
  was	
  derived	
  
from	
  nasal	
  epithelia	
  biopsies,	
  following	
  in	
  vitro	
  ciliogenesis	
  (Jorissen	
  et	
  al.,	
  1990).	
  	
  

	
   Nucleotide	
  sequencing	
  was	
  performed	
  using	
  the	
  ABI	
  377	
  sequencer,	
  and	
  
sequence	
  assembly	
  was	
  performed	
  using	
  the	
  gap4	
  program	
  (Staden,	
  1996).	
  Analysis	
  of	
  
the	
  resulting	
  sequence	
  was	
  performed	
  with	
  numerous	
  computer	
  programs	
  available	
  
through	
  the	
  “Tools”	
  option	
  of	
  EXPASY	
  (http://expasy.hcuge.ch/www/tools.html).	
  
Multiple	
  sequence	
  alignments	
  with	
  published	
  full-­‐length	
  axonemal	
  dyneins	
  were	
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performed	
  using	
  the	
  CLUSTALW	
  program	
  (Thompson	
  et	
  al.,	
  1994)	
  and	
  shaded	
  with	
  
Genedoc	
  (http://www.cris.com/	
  ~ketchup/genedoc.html).	
  	
  

	
   Genomic	
  structure	
  of	
  DNAH9.	
  The	
  genomic	
  sequencing	
  group	
  of	
  the	
  Whitehead	
  
Institute/MIT	
  Center	
  for	
  Genome	
  Research	
  is	
  currently	
  sequencing	
  human	
  chromosome	
  
17	
  (http://www-­‐seq.wi.	
  mit.edu/public_release/).	
  The	
  sequenced	
  clones	
  containing	
  the	
  
DNAH9	
  gene	
  are	
  hRPK.628_E_12	
  (AC005701),	
  hRPK.628_O_18	
  (AC005209),	
  and	
  
hRPK.1096_G_20	
  (AC005410).	
  The	
  sequence	
  data	
  were	
  used	
  to	
  determine	
  the	
  genomic	
  
structure	
  and	
  the	
  exon–intron	
  junctions	
  of	
  the	
  DNAH9	
  gene	
  by	
  comparison	
  with	
  dynein	
  
genes	
  of	
  other	
  species,	
  and	
  comparison	
  of	
  cDNA	
  sequences	
  with	
  the	
  genomic	
  sequence.	
  
Detailed	
  analysis	
  of	
  the	
  genomic	
  sequence	
  was	
  performed	
  using	
  numerous	
  programs,	
  
several	
  of	
  which	
  interfaced	
  with	
  NIX	
  at	
  HGMP	
  
(http://www.hgmp.mrc.ac.uk/registered/webapp/NIX/).	
  	
  

	
   Mutational	
  analysis.	
  We	
  have	
  collected	
  more	
  than	
  60	
  well-­‐characterized	
  families	
  
with	
  PCD,	
  31	
  of	
  which	
  have	
  at	
  least	
  two	
  affected	
  individuals	
  (Blouin	
  et	
  al.,	
  2000).	
  The	
  
genotypes	
  of	
  the	
  DNAH9	
  intron	
  26	
  polymorphic	
  locus	
  were	
  analyzed	
  using	
  touchdown	
  
PCR	
  and	
  primers	
  SEA5058	
  (AGATCAACAGAGGCTCTGTC)	
  and	
  SEA5059	
  (TCC-­‐	
  
ACTGGTACCGTCTCATG);	
  the	
  amplification	
  product	
  was	
  approximately	
  200	
  bp.	
  This	
  
polymorphic	
  marker	
  was	
  used	
  to	
  identify	
  families	
  in	
  which	
  the	
  allele	
  segregation	
  is	
  
concordant	
  with	
  a	
  PCD	
  locus	
  in	
  the	
  DNAH9	
  genomic	
  region.	
  Such	
  patients	
  have	
  been	
  
selected	
  for	
  mutational	
  search	
  in	
  the	
  DNAH9	
  gene.	
  	
  

	
   All	
  69	
  DNAH9	
  exons	
  were	
  PCR-­‐amplified	
  from	
  the	
  DNAs	
  of	
  affected	
  individuals	
  
from	
  family	
  GVA29	
  from	
  Spain	
  and	
  family	
  UCL15	
  from	
  Canton,	
  China,	
  and	
  the	
  products	
  
were	
  directly	
  sequenced.	
  Electropherograms	
  were	
  examined	
  using	
  gap4	
  from	
  the	
  
Staden	
  software	
  package;	
  when	
  differences	
  from	
  the	
  reference	
  sequence	
  were	
  found,	
  
the	
  appropriate	
  exons	
  were	
  sequenced	
  in	
  10	
  unrelated	
  controls	
  from	
  CEPH	
  families.	
  	
  

	
   Exon	
  5	
  (where	
  a	
  C	
  to	
  T	
  transition	
  eliminates	
  an	
  HaeIII	
  restriction	
  site)	
  was	
  also	
  
amplified	
  in	
  623	
  controls	
  (258	
  Caucasians,	
  365	
  Chinese).	
  The	
  PCR	
  product	
  was	
  digested	
  
for	
  2	
  h	
  at	
  37°C	
  with	
  1.2	
  units	
  of	
  HaeIII	
  (NEB),	
  in	
  a	
  30-­‐µl	
  final	
  volume.	
  The	
  316-­‐bp-­‐long	
  
amplicon	
  is	
  normally	
  cut	
  into	
  three	
  fragments	
  of	
  30,	
  145,	
  and	
  171	
  bp.	
  An	
  additional	
  
band	
  of	
  201	
  bp	
  is	
  detected	
  when	
  the	
  C>T	
  transition	
  is	
  present.	
  	
  

 Partial	
  cDNAs,	
  derived	
  from	
  the	
  KIAA0357	
  clone,	
  RT-­‐PCR	
  products,	
  and	
  5’RACE	
  
products	
  were	
  radioactively	
  labeled	
  and	
  used	
  as	
  probes	
  in	
  Southern	
  blot	
  analyses.	
  	
  

RESULTS	
  AND	
  DISCUSSION	
  	
  

Cloning	
  of	
  the	
  Human	
  DNAH9	
  cDNAs	
  	
  

Using	
  several	
  different	
  methods	
  (see	
  Materials	
  and	
  Methods),	
  we	
  were	
  able	
  to	
  
determine	
  an	
  almost	
  full-­‐	
  length	
  cDNA	
  sequence	
  of	
  the	
  DNAH9	
  gene.	
  Published	
  partial	
  
sequences,	
  the	
  genomic	
  sequence,	
  and	
  homology	
  searches	
  were	
  used	
  to	
  design	
  
oligonucleotide	
  primers	
  (Table	
  1)	
  for	
  RT-­‐PCR	
  experiments	
  using	
  testis,	
  fetal	
  lung,	
  and	
  
nasal	
  epithelium	
  RNA.	
  The	
  almost	
  full-­‐	
  length	
  cDNA	
  sequence	
  was	
  defined	
  using	
  
overlapping	
  fragments	
  obtained	
  from	
  nasal	
  epithelium	
  or	
  fetal	
  lung,	
  as	
  shown	
  in	
  Fig.	
  1.	
  	
  

	
   Despite	
  using	
  multiple	
  methods	
  (5’RACE,	
  colony	
  screening,	
  RT-­‐PCR),	
  we	
  were	
  
unable	
  to	
  clone	
  and/or	
  to	
  sequence	
  the	
  5’-­‐most	
  end	
  of	
  the	
  DNAH9	
  cDNA	
  (corresponding	
  
to	
  the	
  first	
  68	
  amino	
  acids).	
  These	
  putative	
  68	
  amino	
  acids	
  were	
  defined	
  using	
  the	
  	
  



	
  

	
  

available	
  genomic	
  sequence	
  through	
  protein	
  sequence	
  homology	
  (shown	
  in	
  italics	
  in	
  Fig.	
  
2).	
  	
  

	
  

	
  

	
   	
  

RT-­‐PCR	
  between	
  exons	
  using	
  cDNA	
  from	
  nasal	
  epithelium	
  and	
  testis	
  resulted	
  in	
  
products	
  of	
  different	
  sizes,	
  indicating	
  potential	
  alternative	
  splicing.	
  Sequencing	
  of	
  the	
  
PCR	
  products	
  confirmed	
  the	
  presence	
  of	
  an	
  alternatively	
  spliced	
  product	
  in	
  testis	
  that	
  
lacks	
  at	
  least	
  six	
  exons	
  (exons	
  11–14,	
  16,	
  and	
  20;	
  1762	
  bp).	
  Since	
  the	
  resulting	
  reading	
  
frame	
  is	
  no	
  longer	
  open,	
  we	
  suggest	
  that	
  there	
  are	
  additional	
  alternatively	
  spliced	
  exons,	
  
undetected	
  in	
  our	
  study.	
  Moreover	
  the	
  published	
  sequences	
  of	
  DNAH17L	
  (from	
  testis)	
  
and	
  KIAA0357	
  (from	
  fetal	
  lung)	
  differ	
  for	
  the	
  presence	
  or	
  absence	
  of	
  exon	
  63,	
  which	
  is	
  
228	
  nt	
  long	
  but	
  whose	
  absence	
  does	
  not	
  alter	
  the	
  reading	
  frame.	
  Mutations	
  in	
  
alternatively	
  spliced	
  exons	
  could	
  explain	
  the	
  occurrence	
  of	
  Kartagener	
  syndrome	
  
without	
  male	
  sterility	
  and/or	
  isolated	
  defects	
  in	
  spermatozoa	
  in	
  the	
  absence	
  of	
  systemic	
  
PCD.	
  	
  

Genomic	
  Structure	
  of	
  DNAH9	
  	
  

	
   Comparison	
  of	
  the	
  DNAH9	
  cDNA	
  sequence	
  to	
  that	
  of	
  three	
  overlapping	
  BACs	
  
(AC005701,	
  AC005209,	
  and	
  AC005410)	
  resulted	
  in	
  the	
  determination	
  of	
  genomic	
  
structure,	
  intron–	
  exon	
  boundaries,	
  and	
  the	
  precise	
  mapping	
  of	
  DNAH9.	
  The	
  gene	
  is	
  
composed	
  of	
  69	
  coding	
  exons,	
  extending	
  over	
  373	
  kb	
  of	
  genomic	
  sequence.	
  Most	
  exons	
  
are	
  from	
  100	
  to	
  288	
  bp	
  long.	
  The	
  exceptions	
  are	
  3	
  exons	
  around	
  400	
  bp	
  (exons	
  17,	
  50,	
  
and	
  68),	
  exon	
  11,	
  which	
  is	
  69	
  bp,	
  and	
  exon	
  20,	
  which	
  consists	
  of	
  871	
  bp	
  (and	
  is	
  
alternatively	
  spliced	
  in	
  testis)	
  (Table	
  2).	
  A	
  CpG	
  island	
  precedes	
  exon	
  1	
  (Fig.	
  1).	
  Introns	
  
range	
  in	
  size	
  from	
  109	
  bp	
  (intron	
  16)	
  to	
  19,381	
  bp	
  (intron	
  67).	
  	
  

	
  



Bartoloni	
  et	
  al.:	
  Axonemal	
  beta	
  heavy	
  chain	
  dynein	
  DNAH9:	
  cDNA	
  sequence,	
  genome	
  structure	
  
and	
  investigation	
  of	
  its	
  role	
  in	
  primary	
  ciliary	
  dyskinesia	
  

Genomics	
  72(1):	
  21-­‐33,	
  2001	
  
	
  

	
  



	
  

	
  

F
IG
.2
.
Th
e
D
N
A
H
9
se
qu
en
ce
is
al
ig
ne
d
ag
ai
ns
t
se
ve
n
ot
he
r
ax
on
em
al
be
ta
he
av
y
ch
ai
n
dy
ne
in
s:
pr
ot
ei
n
se
qu
en
ce
s
ar
e
fr
om

tw
o
se
a
ur
ch
in
s,

A
.c
ra
ss
is
pi
na
P3
90
57
(A
.c
ra
s)
an
d
T
.g
ra
ti
ll
a
P2
30
98
(T
.g
ra
t)
,C

hl
am

yd
om

on
as

re
in
ha
rd
ti
iA
A
A
19
95
6
(C
.r
ei
B
),
m
ou
se
le
ft
–r
ig
ht
dy
ne
in
A
A
F0
79
22

(L
rd
),
D
ro
so
ph
il
a
hy
de
i
A
A
C
35
74
5
(D
hc
7)
,
T
et
ra
hy
m
en
a
th
er
m
op
hi
la
A
A
C
26
11
7
(T
.th
er
),
an
d
P
ar
am

ec
iu
m

te
tr
au
re
li
a
A
A
A
61
68
0
(P
.te
tr
).
Th
e

am
in
o
ac
id
sh
ad
in
g
is
in
bl
ac
k
if
th
er
e
is
10
0%

co
ns
er
va
ti
on
in
th
e
ei
gh
ts
eq
ue
nc
es
,i
n
da
rk
gr
ay
if
it
is
80
%
,a
nd

in
pa
le
gr
ay
if
60
%
.T
he
di
ffe
re
nt

do
m
ai
ns
ar
e
in
di
ca
te
d
w
it
h
lin
es
as
sh
ow
n
at
th
e
bo
tt
om
.T
he
po
ly
m
or
ph
ic
am

in
o
ac
id
s
ar
e
sh
ow
n
w
it
h
an

ar
ro
w
.

25AXONEMAL BETA HEAVY CHAIN DYNEIN DNAH9



Bartoloni	
  et	
  al.:	
  Axonemal	
  beta	
  heavy	
  chain	
  dynein	
  DNAH9:	
  cDNA	
  sequence,	
  genome	
  structure	
  
and	
  investigation	
  of	
  its	
  role	
  in	
  primary	
  ciliary	
  dyskinesia	
  

Genomics	
  72(1):	
  21-­‐33,	
  2001	
  
	
  

  

F
IG
.
2—

C
on
ti
nu

ed

26 BARTOLONI ET AL.



	
  

  
	
   	
  

F
IG
.
2—

C
on
ti
nu

ed

27AXONEMAL BETA HEAVY CHAIN DYNEIN DNAH9



Bartoloni	
  et	
  al.:	
  Axonemal	
  beta	
  heavy	
  chain	
  dynein	
  DNAH9:	
  cDNA	
  sequence,	
  genome	
  structure	
  
and	
  investigation	
  of	
  its	
  role	
  in	
  primary	
  ciliary	
  dyskinesia	
  

Genomics	
  72(1):	
  21-­‐33,	
  2001	
  
	
  
  

	
  

F
IG
.
2—

C
on
ti
n
u
ed

28 BARTOLONI ET AL.



	
  

	
  

The	
  predicted	
  domains	
  of	
  DNAH9	
  are	
  shown	
  in	
  Fig.	
  2	
  and	
  are	
  as	
  follows:	
  	
  

	
   ATP/	
  GTP-­‐binding	
  site	
  (P-­‐loop).	
  The	
  pattern	
  [AG]-­‐	
  x(4)-­‐G-­‐K-­‐[ST]	
  forms	
  a	
  flexible	
  
loop	
  that	
  interacts	
  with	
  one	
  of	
  the	
  phosphate	
  groups	
  of	
  the	
  ATP.	
  The	
  motor	
  domain	
  of	
  
the	
  heavy	
  chain	
  dynein	
  harbors	
  several	
  P-­‐	
  loop	
  domains,	
  the	
  first	
  of	
  which	
  is	
  highly	
  
conserved	
  among	
  cytoplasmic	
  and	
  axonemal	
  dyneins	
  and	
  represents	
  the	
  major	
  ATP	
  
catalytic	
  site	
  for	
  force	
  production	
  (Gibbons	
  et	
  al.,	
  1991).	
  In	
  DNAH9,	
  the	
  first	
  P-­‐loop	
  is	
  
between	
  residues	
  1870	
  and	
  1877	
  and	
  has	
  the	
  sequence	
  GPAGTGKT.	
  The	
  other	
  P-­‐loops	
  
likely	
  bind	
  nucleotides,	
  but	
  it	
  seems	
  they	
  act	
  more	
  as	
  reservoirs	
  of	
  nucleotides	
  than	
  true	
  
ATPases.	
  In	
  DNAH9	
  they	
  are	
  at	
  positions	
  2151–2158	
  (GGAGTGKS)	
  and	
  2478	
  –2485	
  
GTAGTGKS).	
  In	
  cytoplasmic	
  dyneins,	
  there	
  is	
  an	
  additional,	
  fourth	
  3’	
  canonical	
  P-­‐loop.	
  
At	
  the	
  corresponding	
  site	
  in	
  DNAH9	
  (aa	
  2825–2832)	
  and	
  in	
  other	
  axonemal	
  dyneins,	
  a	
  
highly	
  conserved	
  sequence	
  is	
  found	
  (GVGGSGKQ),	
  which	
  may	
  be	
  an	
  unconventional	
  P-­‐	
  
loop	
  or	
  the	
  vestige	
  of	
  an	
  ancestral	
  functional	
  site.	
  	
  

	
   Microtubule-­‐binding	
  motif.	
  In	
  heavy	
  chain	
  dyneins,	
  some	
  microtubule-­‐binding	
  
activity	
  is	
  located	
  within	
  the	
  predicted	
  alpha-­‐helical	
  region,	
  immediately	
  following	
  the	
  
last	
  P-­‐loop	
  and/or	
  in	
  the	
  proximity	
  of	
  P-­‐loops	
  (Gee	
  and	
  Vallee,	
  1998;	
  Koonce,	
  1997).	
  
Two	
  models	
  of	
  microtubule-­‐binding	
  sites	
  have	
  been	
  proposed.	
  The	
  first	
  model	
  (Vallee	
  
and	
  Gee,	
  1998)	
  involves	
  a	
  stalk,	
  the	
  product	
  of	
  interactions	
  between	
  coiled-­‐coil	
  domains,	
  
at	
  the	
  apex	
  of	
  which	
  the	
  domain	
  with	
  linking	
  activity	
  might	
  be	
  located.	
  The	
  authors	
  
observed	
  only	
  one	
  stalk	
  protruding	
  from	
  the	
  globular	
  head,	
  which	
  indicates	
  that	
  each	
  
heavy	
  chain	
  dynein	
  has	
  only	
  one	
  site	
  with	
  strong	
  affinity	
  for	
  tubulin.	
  The	
  microtubule-­‐
binding	
  domain	
  should	
  reside	
  about	
  340	
  residues	
  downstream	
  from	
  the	
  last	
  P-­‐loop	
  
element.	
  The	
  putative	
  stalk	
  region,	
  flanked	
  by	
  two	
  prolines,	
  is	
  about	
  200	
  residues	
  long	
  
and	
  forms	
  two	
  alpha-­‐helices	
  that	
  can	
  interact	
  in	
  an	
  antiparallel	
  way,	
  giving	
  a	
  coiled-­‐coil	
  
structure.	
  A	
  similar	
  domain	
  is	
  present	
  in	
  DNAH9.	
  From	
  approximately	
  aa	
  3050	
  to	
  3155	
  
and	
  from	
  3284	
  to	
  3390,	
  there	
  are	
  two	
  coiled-­‐coil	
  domains,	
  in	
  the	
  middle	
  of	
  which	
  there	
  
is	
  a	
  region	
  delimited	
  by	
  two	
  prolines	
  (P3155	
  and	
  P3284).	
  Some	
  amino	
  acids	
  scattered	
  in	
  
this	
  region	
  are	
  conserved	
  in	
  all	
  heavy	
  chains,	
  and	
  some	
  groups	
  of	
  amino	
  acids	
  are	
  
conserved	
  in	
  the	
  axonemal	
  beta	
  chains.	
  An	
  interesting	
  group	
  of	
  3	
  charged	
  amino	
  acids	
  is	
  
present	
  in	
  all	
  the	
  axonemal	
  heavy	
  chains	
  and	
  located	
  in	
  the	
  middle	
  of	
  the	
  region.	
  In	
  
DNAH9	
  these	
  amino	
  acids	
  are	
  K3204,	
  D3205,	
  and	
  R3206.	
  These	
  residues	
  could	
  be	
  part	
  
of	
  the	
  microtubule-­‐binding	
  site.	
  	
  

	
   The	
  second	
  model	
  (Koonce,	
  1997)	
  suggests	
  a	
  motif	
  shared	
  by	
  dyneins	
  and	
  
kinesins,	
  the	
  core	
  consensus	
  of	
  which	
  is	
  P-­‐X6-­‐E-­‐X4-­‐L,	
  surrounded	
  by	
  several	
  conserved	
  
hydrophobic,	
  polar,	
  and	
  charged	
  regions	
  of	
  approximately	
  125	
  amino	
  acids;	
  these	
  
regions	
  are	
  well	
  conserved	
  among	
  dynein	
  heavy	
  chains.	
  In	
  DNAH9	
  we	
  identified	
  three	
  
such	
  sequences:	
  P	
  AGTGKTETTKDL	
  at	
  residues	
  1871–1883	
  (conserved	
  in	
  all	
  the	
  heavy	
  
chains),	
  P	
  GYAGRTELPENL	
  at	
  position	
  1974	
  –1986	
  (conserved	
  in	
  all	
  the	
  axonemal	
  heavy	
  
chains),	
  and	
  P	
  ADRMSVENATIL	
  at	
  position	
  3444	
  –3456	
  (conserved	
  in	
  beta	
  axonemal	
  
heavy	
  chains).	
  	
  

	
   Leucine	
  zipper	
  pattern.	
  There	
  is	
  one	
  leucine	
  zipper	
  domain	
  at	
  position	
  3055–
3076	
  (LHRHRKELKCKTER-­‐	
  LENGLLKL).	
  This	
  domain	
  is	
  conserved	
  in	
  only	
  some	
  
axonemal	
  beta	
  heavy	
  chains.	
  	
  

	
   Phosphorylation	
  sites.	
  There	
  are	
  several	
  [ST]-­‐x-­‐	
  [RK]	
  consensus	
  sequences	
  for	
  
protein	
  kinase	
  C	
  in	
  DNAH9,	
  five	
  of	
  which	
  are	
  conserved	
  in	
  all	
  heavy	
  chains	
  dyneins:	
  TDR	
  
(1849–1851,	
  N-­‐terminal	
  to	
  the	
  first	
  P-­‐	
  loop),	
  TGK	
  (1872–1874,	
  internal	
  to	
  the	
  first	
  P-­‐
loop),	
  TTK	
  (1878	
  –1880,	
  just	
  following	
  the	
  first	
  P-­‐loop),	
  TIR	
  2457–2459),	
  and	
  TPK	
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TABLE 2

In tron–Exon Junctions of the DNAH9 Gene

Exon No. Exon length 5! Splice donor In t ron length 3! Splice acceptor

1 485 a TTCTCGGAGGTGAGGGTGGGTTAG 9,213 GCACCTCTGTTCCAGGTTGTTCTACC
2 197 TGAGACAGTGTAAGTACCGCCAGC 2,070 TTTTGTCTTTCACAGCTTGGATTCTA
3 159 GAAGAGCAGGTAGGCAAGAAGGCA 1,095 TTCATGATATTGCAGGTATGAAGATC
4 131 TTGTTGCAGGTGAGGACCAGCAAG 5,630 TCCAATTCCTTCCAGCTCTAGCAGAG
5 212 ATCCAGCAGGTGGGCTGCCCTGGG 1,925 CTGTTTGTATACCAGGCCTCTAATTA
6 234 GTGGTGGAGGTGAGTGCGCACCTC 9,635 GAATTGTCCCCATAGGGTCTTCTGAA
7 168 CAAAGCACGGTAGGGTTGGGAAGG 3,002 ATGGTGTCTCTTCAGGACTTTGAAAA
8 117 GCCTTTAAGGTTTGTGTAAATGGG 3,930 CCACCTTCCCTACAGCTGCTAGACAT
9 151 CAGAACTTGGTAGGCTTGTTAAAG 3,485 GTGCCATGTCTCCAGGGTTCTCCCCG
10 115 CACACACCCGTGAGTATTGTGTTC 4,246 CTTTTGTACGAGTAGTTGCATGGAAT
11 69 GCTAGAAAAGTAAGCAACTTCTGG 2,372 CTCTGACCCTTGCAGGTATGAGACAA
12 127 AACCCACAGGTCAGTTGGCTGACA 3,870 GCTTCTTTTCTCCAGCTGATTTCAGT
13 256 AAACAGAAGGTAACAGGGCACCAT 1,436 TCTTTTGGGGAACAGGCATTTGCGAT
14 242 CTTGTTCAGGTAATAACCCAGCCA 11,830 TTCTTCCTTTTATAGGAAAACCTGGG
15 136 AAAATACTGGTACTTACTGGCTTA 4,095 TTCTGTGTTTTTCAGAGTGTAAGGCA
16 197 CACTATCAGGTACTGGAGCTGCAG 109 GTCTCGCTTCCCCAGGTCGACCTGGA
17 425 CACTCACAGGTACAACAGTTGTTT 9,962 GTTTGTGTTGATTAGCTTGGCCAACC
18 223 CAGCTGGAGGTCAGTGCATTTATG 743 AGGTTTCCTTTGCAGGAGCTGCCTGA
19 167 CCCGTTCAGGTATGGGCCGAACAC 8,676 CACTGTGTTTTGTAGGTTTGATAGCA
20 871 CTACCCCAGGTACCTGCTAAGGAA 3,431 CATTTTTATTTGCAGGATTCTAAAAG
21 131 TCAGGGCAGGTGAGGGTCCGCCCA 322 GTTCTGTGCCCTCAGATTGTGCCTGT
22 127 CCACAACAGGTAAGCTGGAGGAGC 5,283 GGTTTCCCTTCATAGGTTCAACGTCA
23 153 AGCGGGCAGGTAACACAGTAGCCC 1,238 GAGTTGTTCTTTCAGGTAGAAATATG
24 126 CCAGCTCAGGTATTCTCCTAATGG 2,955 CTCTTGCTGCCACAGGTGGCCCTGAC
25 240 GCTCAGAAGGTGGGTCCCAAACAT 582 CCACTCTCTCTTTAGGTAGACAATGC
26 161 GACTGACAGGTGAGCACTGGTGTC 14,148 TCCCGTGTTTGGCAGGTGCTACATCA
27 157 GATTACAAGGTACAGTTCCACCCG 8,327 TGCATTTTCTTGCAGTCTTGTGGCAA
28 105 GCAGTGCAGGTAAGGGCCAGAAGT 10,957 TGATTGGTTCACCAGGTAAAAAGCAT
29 158 TCTCTTCAGGTGAGTGTCAGTTCT 3,137 TCTTTCTATACTCAGGCCTTGTGCAA
30 139 TCCAAACAGGTAGGATCTCTAGGG 2,483 TAACACTGCCCACAGGATCACTACGA
31 288 GTGCTCAAGGTACATGTGGTTTTT 2,471 TTCCTGCCTCCTCAGGTGGTCCAGCT
32 211 GGAAGGATGGTAAGAGTGGGATTC 5,066 AGTGGTTCCTTTTAGGATTGTTCTCT
33 128 GATAACAAGGTATGAAATTGGGGG 3,607 CCCTGTTGTCTCCAGGTGCTGACATT
34 109 CTAGAGCAGGTACGGCCCAAGAAG 868 TCTCTGTGCTCACAGGGATCTTGTAC
35 148 CAGAACCAGGTAGGCCAAGAAACA 5,747 GGTCTCTCTTTGCAGGTTTAAGAAGA
36 175 CAAGATCAGGTAAGGAGATATGTT 4,838 TCTTTGTTTTTGCAGCTTGTGGACTA
37 174 CCCTTGCAGGTGAGTGCAGCTGAG 495 GTGCTCCCATTCCAGGCGTGTTTGGT
38 208 TGCTGCAGGGTAAGCAGCCCAGGG 11,679 TGGCTCTCTCCCCAGCTGTCCTGGAG
39 166 TGGCCACTGGTAAGAGCGCCCATG 2,471 TTCTGACTGTTCCAGGTATGATCGGA
40 103 CGGCTTCAGGTACAGGAGGAGCCA 551 TTGTTTCCTGTACAGCGTCACTTCAG
41 240 ATTTTCCAGGTGAGTTCATCGGCT 8,963 CTGTTCCCCTTGAAGGGCATTCTCTT
42 162 ACTTTTGATGTGAGTATTGCCCTA 3,932 GTGTCTCATCACCAGGATATTGAAGA
43 197 GCGCCATGTGTAAGTGTGCTTCTC 9,938 CTTCCTTCTCTTTAGCTGCCATATCA
44 163 GACTTCAAGGTAAAAGGTCAGGCA 2,351 TGACCATTCCTACAGATGGACCTGGC
45 124 TGGCATCTGGTAAGAGATTCCTTG 11,550 TCCATTTTTTCCCAGGGGAGATCCCA
46 143 CAGCTGAAGGTAAAGAGCATTTAC 375 CTTCTGACTTCTCAGGTGACTCTCTG
47 162 GGCATTGAGGTGAGAGAGAAAAGG 201 GCTCTTTGGTTTTAGCCCACAGTAAA
48 234 TCTGCCCAGGTGAGCAATGTCCCG 11,603 GCTTCTCCAATGCAGGTGGATGATCT
49 261 CTGAACAAGGTAGGAGGACTGTCT 19,104 CTTCTCTTTTCCCAGACCAACCTGAC
50 426 AAGATCGCTGTGAGTGACCCCAGA 14,705 TTCCTTCCTAAACAGCACCTTAATGA
51 120 AACCGCCTGGTGAGTGTAAGCCAC 2,344 CTTTTGAAATGGTAGGTTGGAGGACT
52 189 CAGCTGAAAGTACGTATGGCCTGA 3,162 TTTCTTCTTCACCAGACTCCCATTCC
53 236 TCAGAAAGGGTAAGTGGTTGAGCA 4,893 TACTTGTTTCCCTAGCTACCTTCAAA
54 123 AAAAGGACGGTAAGACTCAGCTGT 1,008 GCCTTTATGTTCCAGATTCATTAAAA
55 205 CAGCTGAAGGTGAGGACAGAAGGG 2,172 GCTTGATATTTGCAGTCCGATCTCAC
56 165 GAGAAAAAGGTAAAACTCCTCTGG 3,074 TTATTTTTCCAACAGGTCCAGGAGGC
57 141 TCTCTCAAGGTGACTTACACCTGG 4,811 GTCTTCTGTCCCCAGGCCTTCAGTAT
58 171 ACCTTTCAGGTAAAAGTGGATTGA 2,426 TTCTCCACATTGCAGATTCTCCTCAT
59 123 GCTGTCAAGGTCAGTATTGACCCC 8,222 TCTGAAATTTCCCAGGTACTTTCATC
60 194 TGCTTTGCGGTAGGAAACAGGGTG 2,748 CTTTTTTTCTGGCAGAGATTTTGTTG
61 149 AAAGTCAAGGTGAGAAAGGCGTCC 18,008 CCTCCTTTTAGGAAGAAAACTTGGAT
62 124 ATTTTGCAGGTATGTTCCTCTACC 5,924 CTTCCTTCCCACTAGAACATTCACCT
63 228 TTCACTCAGGTACGGCCCCGGGAG 1,920 ACACTCTCATTTCAGGACACTCTGGA
64 192 AACGCAAAGGTAAAGGCCATGGAC 1,674 TCCCCCATCACTCAGGTCCCCTATGA
65 192 TATCATCAGGTGAGACTCTGCTCT 3,280 GCCCTTGATTTTCAGTACATCGATGC
66 171 GAAGAAAAGGTGTGTGTGGTGGGG 4,782 CCTTCTGTGGGGCAGGTCAAGGCACT
67 181 GGCTTAAAGGTGAGCGCGGTCTTG 19,381 ATTCTTTATCTTCAGGGGGAGCTGAC
68 390 GACACACAGGTAAAGCTTGGAATG 7,043 ATGTTTTATCCTCAGGCTGGGATCAT
69 462 b

N ote. The invar ian t AG/GT nucleot ides a t the end of exons and a t the beginning of in t rons are shown in boldface type.
a ATG at n t 69.
b Stop codon at n t 226.
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(2457–2459), and TPK (3040 –3042). In terest ingly, a l-
pha outer a rm dynein heavy cha ins could be phosphor-
yla ted a t a minimum of six sites, and two of these
regions have been mapped in vivo in Chlam ydomonas
(King and Witman, 1994).

Mutational Analysis of Candidate PCD Fam ilies

Linkage ana lysis using DNAs from 31 mult iplex
families with PCD fa iled to demonst ra te a single locus
common to the major ity of these families and indica ted
considerable genet ic heterogeneity. In addit ion , there
was no st rong evidence for linkage on chromosome
17p12, the mapping posit ion of DNAH9 (Blouin et al.,
2000). However , given the extensive genet ic heteroge-
neity of PCD, we per formed muta t iona l ana lysis of the
ent ire coding region and the in t ron– exon junct ions in 2
families in which affected individua ls have concordant
inher itance of a lleles for a (CA)n-(GA)n microsa tellit e
with in in t ron 26 of DNAH9. This marker was first
genotyped in the paren ts of the 40 unrela ted CEPH
families, revea ling a heterozygosity ra te of 86%, due to
nine dist inct a lleles.
The segrega t ion of the a lleles of th is polymorphic site

in 31 PCD families revea led 2 families for which the
microsa tellit e was fu lly informat ive and in which the
affected offspr ing demonst ra ted the same genotypes.
Affected individua ls in family GVA29 shared a lleles 1
and 3, with the genotypes in the paren ts being 1-2
(fa ther ) and 3-4 (mother ). Simila r ly, both affecteds
from family UCL15 shared the 2-3 genotype, while the
paren ts were 1-3 and 2-4. In family GVA29, the af-
fected siblings show dext rocardia and absence of inner
and outer dynein arms.
The sequencing of the PCR products revea led 11

nucleot ide changes tha t a re likely to be polymorphic
var ian ts and not deleter ious muta t ions, including the
changes in exons 5, 32, 38, and 64 tha t resu lt in amino
acid subst itu t ions (Table 3).
The base change in exon 64 involves the first nucle-

ot ide of the exon and could possibly a lter normal splic-
ing; in addit ion , it resu lt s in a D4036N subst itu t ion .
However , sequence of 10 unrela ted cont rols revea led
tha t 75% of a lleles conta ined a G, whereas the remain-
ing 25% had an A, excluding a pa thogenic role for th is
base change.
The exon 38 G to T transversion resu lt s in V2505L

subst itu t ion . This is a lso likely to be a polymorphism
since the codon for leucine was found in 2 of 22 cont rol
a lleles. In exon 32 a ser ine codon is subst itu ted for a
nonconserved asparagine (N2195S), resu lt ing from an
A to G transit ion , in 25% of a lleles in the cont rol
popula t ion . In exon 5 a C to T transit ion , leading to a
P333L subst itu t ion , was present in a heterozygous
sta te in both pa t ien ts from family UCL15. The proline
was present in a ll the axonemal dyneins ana lyzed,
while it was not conserved in cytoplasmic heavy
cha ins. The first group of 10 unrela ted CEPH cont rols
fa iled to show the leucine a llele. Since th is change
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(3040	
  –3042).	
  Interestingly,	
  alpha	
  outer	
  arm	
  dynein	
  heavy	
  chains	
  could	
  be	
  
phosphorylated	
  at	
  a	
  minimum	
  of	
  six	
  sites,	
  and	
  two	
  of	
  these	
  regions	
  have	
  been	
  mapped	
  in	
  
vivo	
  in	
  Chlamydomonas	
  (King	
  and	
  Witman,	
  1994).	
  	
  

Mutational	
  Analysis	
  of	
  Candidate	
  PCD	
  Families	
  	
  

	
   Linkage	
  analysis	
  using	
  DNAs	
  from	
  31	
  multiplex	
  families	
  with	
  PCD	
  failed	
  to	
  
demonstrate	
  a	
  single	
  locus	
  common	
  to	
  the	
  majority	
  of	
  these	
  families	
  and	
  indicated	
  
considerable	
  genetic	
  heterogeneity.	
  In	
  addition,	
  there	
  was	
  no	
  strong	
  evidence	
  for	
  
linkage	
  on	
  chromosome	
  17p12,	
  the	
  mapping	
  position	
  of	
  DNAH9	
  (Blouin	
  et	
  al.,	
  2000).	
  
However,	
  given	
  the	
  extensive	
  genetic	
  heterogeneity	
  of	
  PCD,	
  we	
  performed	
  mutational	
  
analysis	
  of	
  the	
  entire	
  coding	
  region	
  and	
  the	
  intron–exon	
  junctions	
  in	
  2	
  families	
  in	
  which	
  
affected	
  individuals	
  have	
  concordant	
  inheritance	
  of	
  alleles	
  for	
  a	
  (CA)n-­‐(GA)n	
  
microsatellite	
  within	
  intron	
  26	
  of	
  DNAH9.	
  This	
  marker	
  was	
  first	
  genotyped	
  in	
  the	
  
parents	
  of	
  the	
  40	
  unrelated	
  CEPH	
  families,	
  revealing	
  a	
  heterozygosity	
  rate	
  of	
  86%,	
  due	
  
to	
  nine	
  distinct	
  alleles.	
  	
  

	
   The	
  segregation	
  of	
  the	
  alleles	
  of	
  this	
  polymorphic	
  site	
  in	
  31	
  PCD	
  families	
  
revealed	
  2	
  families	
  for	
  which	
  the	
  microsatellite	
  was	
  fully	
  informative	
  and	
  in	
  which	
  the	
  
affected	
  offspring	
  demonstrated	
  the	
  same	
  genotypes.	
  Affected	
  individuals	
  in	
  family	
  
GVA29	
  shared	
  alleles	
  1	
  and	
  3,	
  with	
  the	
  genotypes	
  in	
  the	
  parents	
  being	
  1-­‐2	
  (father)	
  and	
  
3-­‐4	
  (mother).	
  Similarly,	
  both	
  affecteds	
  from	
  family	
  UCL15	
  shared	
  the	
  2-­‐3	
  genotype,	
  
while	
  the	
  parents	
  were	
  1-­‐3	
  and	
  2-­‐4.	
  In	
  family	
  GVA29,	
  the	
  affected	
  siblings	
  show	
  
dextrocardia	
  and	
  absence	
  of	
  inner	
  and	
  outer	
  dynein	
  arms.	
  	
  

	
   The	
  sequencing	
  of	
  the	
  PCR	
  products	
  revealed	
  11	
  nucleotide	
  changes	
  that	
  are	
  
likely	
  to	
  be	
  polymorphic	
  variants	
  and	
  not	
  deleterious	
  mutations,	
  including	
  the	
  changes	
  
in	
  exons	
  5,	
  32,	
  38,	
  and	
  64	
  that	
  result	
  in	
  amino	
  acid	
  substitutions	
  (Table	
  3).	
  	
  

	
   The	
  base	
  change	
  in	
  exon	
  64	
  involves	
  the	
  first	
  nucleotide	
  of	
  the	
  exon	
  and	
  could	
  
possibly	
  alter	
  normal	
  splicing;	
  in	
  addition,	
  it	
  results	
  in	
  a	
  D4036N	
  substitution.	
  However,	
  
sequence	
  of	
  10	
  unrelated	
  controls	
  revealed	
  that	
  75%	
  of	
  alleles	
  contained	
  a	
  G,	
  whereas	
  
the	
  remaining	
  25%	
  had	
  an	
  A,	
  excluding	
  a	
  pathogenic	
  role	
  for	
  this	
  base	
  change.	
  	
  

	
   The	
  exon	
  38	
  G	
  to	
  T	
  transversion	
  results	
  in	
  V2505L	
  substitution.	
  This	
  is	
  also	
  
likely	
  to	
  be	
  a	
  polymorphism	
  since	
  the	
  codon	
  for	
  leucine	
  was	
  found	
  in	
  2	
  of	
  22	
  control	
  
alleles.	
  In	
  exon	
  32	
  a	
  serine	
  codon	
  is	
  substituted	
  for	
  a	
  nonconserved	
  asparagine	
  
(N2195S),	
  resulting	
  from	
  an	
  A	
  to	
  G	
  transition,	
  in	
  25%	
  of	
  alleles	
  in	
  the	
  control	
  population.	
  
In	
  exon	
  5	
  a	
  C	
  to	
  T	
  transition,	
  leading	
  to	
  a	
  P333L	
  substitution,	
  was	
  present	
  in	
  a	
  
heterozygous	
  state	
  in	
  both	
  patients	
  from	
  family	
  UCL15.	
  The	
  proline	
  was	
  present	
  in	
  all	
  
the	
  axonemal	
  dyneins	
  analyzed,	
  while	
  it	
  was	
  not	
  conserved	
  in	
  cytoplasmic	
  heavy	
  chains.	
  
The	
  first	
  group	
  of	
  10	
  unrelated	
  CEPH	
  controls	
  failed	
  to	
  show	
  the	
  leucine	
  allele.	
  Since	
  this	
  
change	
  abolishes	
  a	
  restriction	
  HaeIII	
  site,	
  allowing	
  rapid	
  population	
  screening,	
  we	
  
extended	
  the	
  analysis	
  to	
  58	
  PCD	
  patients	
  and	
  182	
  Caucasian	
  controls,	
  not	
  one	
  of	
  whom	
  
had	
  the	
  Leu	
  allele.	
  Since	
  family	
  UCL15	
  was	
  from	
  south	
  China,	
  we	
  analyzed	
  the	
  DNAs	
  
from	
  365	
  Chinese	
  controls.	
  In	
  a	
  Taiwanese	
  subgroup	
  (189	
  individuals),	
  we	
  found	
  3	
  
individuals	
  heterozygous	
  for	
  the	
  leucine	
  allele.	
  We	
  concluded	
  that	
  this	
  change	
  
represents	
  a	
  relatively	
  rare	
  variant	
  in	
  this	
  population;	
  in	
  addition	
  we	
  failed	
  to	
  detect	
  a	
  
potential	
  “second”	
  mutation	
  in	
  the	
  patients	
  from	
  family	
  UCL15.	
  To	
  investigate	
  further	
  
the	
  significance	
  of	
  this	
  base	
  change,	
  and	
  to	
  exclude	
  its	
  pathogenicity,	
  systematic	
  
screening	
  of	
  Taiwanese	
  PCD	
  patients	
  would	
  be	
  necessary.	
  Large	
  DNAH9	
  rearrangements	
  
were	
  excluded	
  by	
  Southern	
  blot	
  analyses	
  of	
  DNAs	
  from	
  the	
  2	
  selected	
  families.	
  	
  



	
  

	
   The	
  absence	
  of	
  mutations	
  in	
  our	
  set	
  of	
  patients	
  does	
  not	
  necessarily	
  exclude	
  
DNAH9	
  as	
  a	
  candidate	
  gene	
  for	
  PCD/Kartagener	
  phenotypes,	
  since	
  the	
  disease	
  is	
  highly	
  
heterogeneous.	
  The	
  polymorphic	
  microsatellite	
  in	
  intron	
  26	
  of	
  DNAH9	
  can	
  be	
  used	
  to	
  
test	
  for	
  concordance	
  of	
  DNAH9	
  alleles	
  in	
  additional	
  families	
  with	
  Kartagener	
  syndrome.	
  
Moreover,	
  due	
  to	
  its	
  expression	
  in	
  testis	
  DNAH9,	
  mutations	
  could	
  be	
  associated	
  with	
  
nonsyndromic	
  male	
  sterility.	
  The	
  study	
  of	
  additional	
  axonemal	
  dynein	
  genes	
  is	
  still	
  
necessary	
  to	
  investigate	
  further	
  the	
  molecular	
  basis	
  of	
  PCD.	
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   Note	
  added	
  in	
  proof.	
  During	
  the	
  evaluation	
  of	
  this	
  article,	
  the	
  sequence	
  of	
  DNAH9	
  
was	
  also	
  deposited	
  with	
  the	
  public	
  databases	
  (GenBank	
  Accession	
  No.	
  AF257737)	
  by	
  
investigators	
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  University	
  of	
  North	
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  (Chapel	
  Hill).	
  There	
  is	
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  difference	
  
be-­‐	
  tween	
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  sequence	
  reported	
  here	
  (AJ404468)	
  and	
  that	
  from	
  the	
  other	
  group	
  
(AF257737).	
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