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Stmam~ry--The ~nc  ~ stero~ 2 1 - ~ a ~  a~v i t~  P ~ 2 1 ~  ~ ~ d  ~ ~ e  
m ~  histoeomp~bili~ c o m ~  ( M H ~  d ~ s  HI radon, ~ d o ~  ~ o f i ~ W  m a ~gh~  
homologous pseudogenc, P ~ 2 1 A .  R c ~ m ~ t i o m  ~ n  P ~ 2 1 B  ~ d  P ~ 2 1 A  M ~  
~en  shown to msuk ~ ~ f i c i ~  of 21-hydrox~a~ a~vi t~  the usml ~use ~ e o n g e ~  
a~enal h y ~ l a s i a  ~AH).  A mutam P ~ 2 1  ~ ~om a ~ficnt  ~ simple d ~ i ~ n g  CAH 
was identi~d ~ d  ~cwn ~ ~ ~ m ~  ~ a recom~nation ~ t w e ~  P ~ A  a ~  
P ~ 2 1 B .  ~ q ~ e  anflyfis ~ t ~  m ~ a ~  ~ s~wed ~e  ~ m ~ m t i o n  ~ e  ~ ~ ~ d  
~ t w ~ n  ~ e  ~ ~ o n  and ~e  second ~ o m  The mumm ~ne  encodes a ~ i m  ~ s m ~  of 
t ~  ~ r m ~  ~ d i n e  ~ c ~  31. This m ~  ~s~d~ ~ a chrom~ome ~ a d ~  t ~  H L ~ B ~  
~r¢ type. A ~ m p a f i s ~  of mmations ass~iated ~ HL~B44 and ~ ~rmally ~und ~ 
t ~  HLA-Bw47 ~ r o ~  ~ e s t s  ~ ~ e  HLA-B44 mutations are ~ m o ~  anciem ofi~n. The 
~ n t ' s  ~ o ~  ehrcmo~me [zs a ~ i o n  ~ P ~ 2 1 B .  End~finolo~c~ test~g 
• e ~  ~ows for testing ~ e  m u ~  ~ ~ ~ n ~ c  ~ .  S~h  ~ ~mons t ra t~  
• at the p ~ c n t  was c ~ a ~ e  of produ~ng f l d m ~  a ~  m~ning  ~ u m  ~ m~ome 
to a b ~ u m  ~ ~ c a f i n g  that the mutant gent ~ c ~  an ~zyme ~ t h  p a t t i  
2 1 - ~ d ~  a~vi t~  

The genetic locus of smr~d  21 ~ y d ~ x ~ a ~  (EC 
1.14~9.1~ has b ~ n  ~ c ~ e d  to the short arm 
of chromosome 6 ~ human~ w i t c h  the m ~ o r  
~ o c o m p a f i b i l i ~  com~ex (MHC) cla~ HI re- 
, o n  [1-3]. ~ s  locus normally contains a fun~  
f ion~ gene enco~ng 2 1 - h y d r o x y ~  activity, 
d ~ n a ~ d  P450c21B [4], and a ~ g ~ y  h o m ~  
gous p~udogene,  def igna~d P450c21A, w~ch  
a ~  a r~nged  ~ tandem w i ~  the genes enco~ng 
complemem proteins C4B and C4A (Fig. 1). 
Mutations ~ P450c21B ~ve  f i ~  ~ a defioency 
of a d ~ n ~  2 1 ~ y d ~ x ~ e  a c f i ~  w i ~  ch~ac-  
tefisfic c l i~c~  and ~ochemic~  abnormalitie~ 
~ h e f i ~ d  as an a m o ~ m ~  reces~ve ~ t  and 
~ s p o n f i ~ e  ~ r  ~ ~ a ~  90% of c ~  of conge~  
~fl  a d ~ n ~  hyperphf ia  (CAH)[5]. 

Comparison of the DNA sequences of 
P450c21A and P450e21B has ~vef led  severfl 
mutations ~ ~ e  co~ng  ~quence of P450c21A, 

~To ~ m  ~ m ~ n d ~  ~ ~ a d ~ s ~  ~ ~ x  1~,  
~ ~ l d i n ~  4~0 ~ ~ ~ M ~  
MN 5545~ U ~ A .  

w~ch  render ff nom~ncfionM: an 8 b ~ e ~ a i r  
~ ddetion ~ exon 3 wh~h  in t rodu~s  a 
~ame-s~R mutation, a tingle-barn ~ m ~ i o n  ~ 
the 7th exon and a nonsense mutation in exon 
8 [6- 2.  ~ a d ~ f i o ~  a P450c21A-spe~fic p ~ b e  
~fled to h y b d ~  to t o t~  adrenM RNA 
suggesting t h ~  P450c21A ~ not t ~ n m d b e d  
or that ffs mRNA has reduced a a b i ~  [6]. 
Mmafions ~ ~ e  ~ncfionM gen~ P450c21B, 
~ve  rise to CAH. These m~af ions  can be 
d~f i f i ed  as gene conver~on-~ke r ~ o m ~ n a -  
fions, gene ddefions and p ~ n t  mutations. Of 
• e m ,  gene converfionqike events ~ v ~ f i n g  ~ e  
~corpora t ion  cf  deleterious mquen~s  ~om 
P450c21A into P450c21B appear ~ account ~ r  
the m~of i ty  of mmafions. 

P450e21B and P450c21A may be ~st in-  
g ~ e d  on S o u ~ n  a n M ~  by their character- 
~fic ~ a g m e ~  ~ n ~ h s  fol~wing ~gestion of 
genomic DNA w i ~  various restriction enzyme.  
In pa~ ieu~L P450c21B ~ ~ s o d ~ e d  w i ~  TaqI 
3.7 and KpnI 2.9 kb fragments, wM~ P450e21A 
~ ~ o a ~ d  w i ~  TaqI 3.2 and KpnI ~ 0 k b  
fragrnent~ B ~ h  of t h e ~  m ~ f i ~ n  ~agrnem 
~n~h p~ymo~sms a~ due ~ ~quen~ 
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MHC O ~ s  I ~ ~ A  21 A ~ a  21B MHC ~ ~ 

~ I. A~an~mcnt  ~ P45~21B ~ 1 ~  and P450e21A ~IA)  ~ tandem with ~e ~mplcment C4 ~nes,  
C4A and C4B. Anows ~ ~e o~en~fion of ~an~fiption. 

~fferenc~ ~ the Y ~ a m  re~ons of these 
genes (~g. ~ ~ .  

During an an~y~s of chromosomes con~n-  
ing 21-hydroxylase ~ f i~en~  ~des ,  we o ~  
served a ~romosome w~ch has a~ence & the 
TaqI 3.7 and KpnI 2.9kb DNA ~gments  
w~ch are ~aractef i~e ~ P ~ 2 1 K  Howeve~ 
h y b d ~ z ~ n  ~ n g  an d~onuc~of i~  probe 
spe~fic ~ r  the 8bp ~ the 3~  exon of 
P 4 ~ l ~  wh~h are ab~nt ~ P450c21A, i~ i -  
cated the pre~nce of t ~  8 bp. T~s probe 
~br id iz~  to the ~ q I  3.2kb ~agment nor- 
m ~ y  a s s ~ t ~  ~ t h  P ~ 2 1 A .  Thus t~s 
chromosom~ which ~ ~ a s ~ s o d a ~  con- 
~ n s  a P ~ 2 1  gene ~a rac te r~d  ~ ~ e n c e s  
~om P ~ 2 1 A  ~ n  ffs 5' re ,on  (the ~cafion 
of the ~ q I  a ~  KpnI ~ f i c ~ o n  ~eO and 
~quences ~om P ~ 2 1 B  at the 3~  exon 
~ ~. 

To ~ a r a c ~ e  t~s mutant ~lele f~her ,  the 
re ,on  b~ween the ~ q I  f i ~  w~ch ~ ~c~ed 
211 ~ ~ a m  ~om the 1st codo~ and the 
8 bp dement ~ the 3~  exon was a m e n d  
~ d  ~quenc~. Tbe ~ f i e n ~  other ~romosome 
6 con~ns a true d a l t o n  of P450c21B thus 
a ~  the o ~ o ~ u n i ~  ~ e v f l ~  t ~  endo- 
crine consequence of the mntafion ~ gen~c 
~ a f i o m  

EXPERIMENTAL 

Subjec~ 

Su~ects are des~na~d as fo~ow~ H32 is an 
ad~t ~m~e with ~m~e ~fih~ng CAH due to 

21-hydrox:ase defic~nc~ w~ch has been docu- 
men~d by ~andard cli~c~ and ~ o c h e m ~  
~sting ~nce ~fancy. H36 and H29 a~ the 
~ther and mother, ~spective~, of H32. H9 ~ 
an unrelated ~m~e with s~wast ing 21- 
hydroxyla~ deficiency CAH. H11 and H10 are 
the father and mother, respectivel~ of Hg. H68 
~ another unrel~ed ferule with salt-wasting 
~er~d 21-hydrox:a~ defi~ency CAH. NC1 
~ a norm~ ~di~du~. Approv~ for t~s 
~udy was obtained ~om the U ~ v ~  of 
M~nesom~ Human Supers  Committee. 

Sou~ern ana~s~ 

Prepara~on of genomic DNA and Southern 
an~y~s we~ performed by ~andard ~chn~ues 
as de~fibed in Re~ [9]. DNA prob~ u~d 
were as foHow~ p21OHB ~ a f~l-length 
genomic ~one of the P450c21B gene. Owing 
to the very ~gh sequence horology between 
P450c21B and P450c21A, ~ hyb~d~es to both 
genes under ~andard hybfid~ation conditions. 
pAT-A ~ ~nd ~ of Dr M~ha~ Carroll, 
Harvard Unive~ity, Boron, MA) ~ a cDNA 
done of a complement 4 gene[l~. A 600bp 
BamHI-BglH fragment corresponding to the 5' 
end of the C4 gene was ~ a ~ d  and u~d as the 
C4 prob~ Th~ probe hybrid~es to both the 
C4A and C4B gene~ 

Ol~onu~eofides used as P450c21B-specific 
probes we~ ONI: a 3~m~ recognizing an 
8bp ~quence ~ the 3rd exon of P450c21B 
w~ch a~  absent ~ P450c21A (sequence: 
5'-TGTGGGCTTTCCAGAGCAGAGAGTA- 

i 
- 1 , • l - - - • l - -  P ~ 2 1 B  

T T R 

t t t 
~ P4513e21A 

i 

411 bp 

~g. Z Pa~i~ ~ f i ~ n  map of the P450¢21 gen~ % K and R a~ TaqL Kpnl and EcoRI. The ~aded 
boxes ~ c a ~  the fir~ 3 exon~ Exon 3 of P450c21A has an 8 bp deletion ~dicated by a w~te bob The 

recom~nafion~ event ~ the m~a~ gene occurred ~ the ~ o n  ~own by ~e heavy fin~ 
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GTCTC) and ON2: a 2~m~ r~ogn~ing a 
~quen~  ~ the 8th ~ o n  of P450c21B w~ch 
~ffers by a fing~ ba~ ~M~ut ion  ~om 
P45~21A (sequent: 5'-ATTCAGCAGCGA- 
CTGCAGGAGGA). Oligonucleotide probes 
we~ end-Mb~ed by T4 p~ynucleotidyl Mnase 
as de~ribed [1 I]. Final ~dngency conditiom ~ r  
washing ~ probed with ON1 were 65°C and 
6 x SSC ~ r  10mi~ ~ rON2 ~°C  and 5 x SSC 
~ r  10 mira 

R ~ c f i o n  enzymes and the KMnow frag- 
ment of DNA polymera~ I were from BRL 
( B e ~ d ~  MD). T4 p ~ y n u d e o t ~  ~ n ~ e  w~ 
~om P h a r m ~  LKB (Pi~amwa~ NJ). 

Polymerase ~a~  ~action 

Polym~ase chMn ~ t i o n  (PCR) amphfic~ 
don primers were PRI: a 27-mer defigned to 
prime ~ an u p ~ a r n  ~ c f i o n  from the 3~  
exon of P45~21B ~equence: 5'-GGGCTI'TC- 
CAGAGCAGGGAGTAGTCTC) and PR~ a 
2%met defigned to prime ~ a downstream 
• r~fion from the ~ # o n  a~und the TaqI rite 
at -211 bp u p ~ a m  ~om the ~s t  codon ~ 
quenc~ 5'-CCTTGCTTCTCGATGGGTGAT- 
TAATTT). PR1 ~ o ~ d  not anneM to the 
3~  exon of P45~21A b~ame the ~quence 
of that ~ne  ~ missing the 8 3'-~rm~M base- 
pM~ of the compMmen~ ~quence ~ q ~ d  
~ r  PRI Mn~n~ PCR was per~rmed ~ a 
Per~n-Elme~Cems DNA thermM cycler M a 
mtM v~ume of 100 #1 with ~acfion con~fions 
as ~How~ 10 mM Tris-CL pH ~ ~ mM KC1, 
l.SmM MgC12, ~01% gflatin, 1.25raM each 
dNTP, 1 gM e~h PR1 and PR~ 1 #g ~nomic 
DNA and Z5 U AmpliTaq TM DNA po~mem~ 
( U ~ d  Sta~s ~ochemicaL Cl~dand, OH). 
F~Mwing a 5 min denaturation ~ep at 9~C, 
30 cyd~ of PCR were p ~ r m e d  with 2 min 
anneafing at 60°C, ~ n f i o n  at 72°C ~ r  90 s 
(wi~ ~s ~c~ment~cyd~ and a fin~ extenfion 
of 12 min duration. 

DNA sequencing 

PeR-amplified DNA from s u ~ t  H32 was 
b~m~nded wi~ the Klenow ~agmem of DNA 
polymera~ I and ligated into SmaI~m pUC119, 
The result~g pMsmids we~ u~d ~ trans~rm 
~ coli JM101 cells by ~e  CaC12 ~ o ~ d ~ e  [11]. 
~asmMs we~ r~overed from cultures of trans- 
~rmed bacteria by Mkaline lys~ ~ o w e d  by 
~ a ~ m f i ~ g a f i o n  ~ Cs~[ l l ] .  DNA ~ s  
we~ ~oM~d aff~ douMe ~ o n  with XbaI 
and SstL A series of ovedap#ng subcMnes of 
the DNA ~ s  were made in pUC118 and 

p ~ l l ~  B ~ d ~  ~Hs c o m ~ n g  t~se sub- 
d o ~ s  ~ ~ t ~  with the h a ~ ~  
M 1 3 ~ 7  ~ o ~ n  ~ n ~ s ~ a n d e d  ~ A .  Se- 
q ~ g  ~ s  ~ r ~ d  ~ the ~ y ~  
ofide ~ t ~ d  ~ g  a mo~f i~  T7 DNA 
p o ~ e ~  ~ n ~  ~ vernon ~ U~ted 
Sta~s ~ ~  ~ ~ ~ to 
the m a n u ~ c ~ f s  ~ o m m ~  

A n a ~  ~ ~ m ~  ~ d  ~ A  m a ~  and 
~ ~ s  

~ y ~ s  of C4 and F~tor  B ~ 0  ~ 
~ ~  as ~ m r i ~ d  p ~ o u ~ y  [1~ with a 
m ~ i ~  ~ r  C4 ~ i ~  [1~. HLA ~ y ~ s  
~ ~ ¢ ~  M the tissue ~ g  ~ o ~ o ~  
of the U ~  ~ M i ~ o ~  Stem~ assays 
we~ ~ e d  with t ~  ~Mwing RIA ~ :  
a~os~rone ~ C o ~ C ~  ~ a ~  Pmd- 
~ts ,  Los A n # e ~  C ~ ;  l % ~ o ~ v  
one ( ~ O H W ,  ~ m a t i o n M - C I ~  P ~ ,  
Yorktown H ~ g ~  ~ .  ~asma r e i n  a ~  
was m ~ m d  by t ~  an#o~n~n I R ~  Mt 
~ u  P o ~  ~Mric~ M ~ .  E ~ f f ~ y ~  w~e 
me~u~d on an E k t ~  ~ ,  R ~ s ~ L  
~ .  

~ e  ~ t ~  ~ s~mM M - ~ e  
a ~  

S~rMd 2 1 ~ y d m x ~ e  acfi~y was deter 
~ d  by ~ M u ~  ~ t  m ~  and a~o~e~ 
one s ~ s  M ~ o n m  ~ a M ~ s ~ m  ~ t .  
S u ~ s  ~ a d ~ t ~  to the U ~ v ~  of 
M ~  ~ ~ ~ n ~  a ~  # ~ e d  
on a m ~ m ~ c ~  d~t (10 ~ ~ 4 
day~ To ~ t  p ~ M e  ~ d o ~ n o m  Hmhe~s 
of corfis~ ~ M ~  has a ~ V ~ M M ~  e ~ ,  
~ ~ ~ o  ~ ~ d  ~ x ~ e  
o rgy  ~ m~da~  to suppm~ the hyp~hM~ 
m ~ r ~ M  a~s [1~. B~od ~ d  u r i~  
~m~es we~ oMMned ~ r  ~ g ~ y ~  and hov 
mone assays by standard co~ecfion ~ o ~ d ~ .  

~ U L ~  

~u~ern ~alys~ 

ProMng of ~qI - res~c~d  DNA with the 
2 1 ~ r o x ~ a ~  g o ~  p 2 1 0 ~  ~veMed the 
p r ~ n ~  of the P ~ 2 1 B  3.7 kb ffagmem in 
both H36 and H29, but not ~ thor a ~  
d a u g h ~  H32 ~ 3~ ,  In a ~ o n ,  DNA 
from H32 reveM~ an ~sence ~ ~e P ~ 2 1 B  
~ n I  ~9kb b ~ d  ~ ~ow~.  ~ l  of these 
s ~ t s  show ~e  P ~ 2 1 A ~ o ~  ~ q I  
3.2kb b a ~  ~ .  3 ~  and KpnI 4~kb  band 
@~ ~o~).  
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H32 

A~oNY ~ ~ E ~  ~ aL 

~ 9  H36 ~ 2  ~ 9  

~ 7 - -  

3 . 2 ~  

A ~ i O ~  B ~ T ~  

T ~  T~I 

~ 3, ~ u ~ c ~  Mots ~ ~ q l ~ t  DNA proud ~ th  the s ~ d  2 1 ~ o ~ a s e  ~ o ~  ~IOHB ~ )  and 
• e e~plemcnt ¢ompon¢~ C4 p r o ~  pAT~ ~ .  ~ e  ~¢n t~  of t ~  supers ~ ~own ~ov¢ t ~  hneg 

When TaqI-re~ficted DNA from this family, 
and from anotheL unrelated family with 21- 
hydrox~a~ deficiency was probed with ONI 
probe, w~ch ~ specific for P450c21B, hybfi~v 
afion to the P450c21B TaqI 3.7 kb band oc- 
curred in all ind~iduaB except the patients H9 
and H32 (Fi~ 4). HoweveL ON1 unexpected~ 
hybridized to the 3.2 kb band in H29 and in her 
d a u g h ~  H32. This M~ca~s that H29 has 
a P450e21 gene w~ch cont~ns the re~ricfion 
fi~ profile of P450c21A at ffs Y re#ore but 
sequences from P450c21B at the 3rd exon. TMs 
gene has been transmitted to H3Z 

Further proMng of TaqI-restricted DNA 
from H32 with the C4 probe pAT-A reveaMd 
the pre~nce of hybridizing bands of 7.0 and 
6~ kb ~he later has been ~hefi~d ~om H2~ 
(Fi~ 3B). The 7~ kb band is normally associ- 
ated with the C4A gene~ while the 6.0 kb band 
~ normaay a~o~a~d with a C4B gene[l~. 
(The 5.4kb bands seen in H36 and H29 
Mso represent C4B genes but have not been 
~ansmitted to H32.) 

These data indica~ that the chromosome 
transmitted to H32 from H36 contMns a dd- 
etion of a P450e21B gene and the n~ghbofing 

C4B gen~ On the other hand, the chromosome 
~ansmiRed to H32 from H29 appea~ not to 
contain a fimple ddefion of a P450c21B gene 
but instead to have arisen by a recomMnafion 
event Mading to a hybrid gene wh~h contains 
the re~ri~ion rite profile of P450c21A at its 5' 
end and ~quences idenfifiabM by ON1 as bring 
derived ~om the 3rd exon of P450c21B. This 
recombination has not removed the C4B gene 
sequences which hybridize to pAT-A. In further 
suppo~ of this condu~on, scanning den~tom~ 
try of the autoradiogram in Fig. 3A reveMed 
that the ratio of the density of the TaqI 3.7 kb 
band to the 3.2 kb band ~ 047 in H3~ con~sb 
ent with a dd~ion of a P450c21B gen~ In H29 
the density ratio ~ 0.3~ consistent with there 
bring fragments of 3 P450c21 genes in the TaqI 
3.2 kb band and 1 in the 3.7 kb band. Patient 
H68 has a homozygous deMfion of the 
P450c21B and C4B genes (data not shown). 

HLA serotyping and complement protein 
phenotyping ind~ated the presence of the 
following chromosome6 haplotypes in H32: 
HLA-A3, HLA-Bw4% C4A91, C4BQ0, BfF 
(pa~rnM) and HLA-A~ HLA-B4~ C4A3, 
C4BQ0, BfF (maternal). The former haplotype 

Hll H9 H10 NC1 H36 I-D2 H29 

~ 7 - -  

~ 2 m  

~ 1  T~I 

~ & Somhe~ ~ ~ TaqI~t DNA p r o ~  ~ ~e P45~21B exon 3 ~ ~ n u c l e o ~  ON1. 
~ e  i d e ~  ~ ~e su~ects ~ ~own a~ve ~e ~nes. 



R~om~nafion ~ ~ e  

has been demons~a~d to be ~ ~rong p o ~  
Hnkage diseq~libhurn wi~ 21~yd~x~am 
dcfi~cn~ and ~ co~a~n a deletion extcndivg 
~om the 3' end of P45~21A m ~c 3' cnd of 
P45~21K eliminating the C4B ~vc, and m ~ t  
of P45~21~ The transition ~ has been local- 
~cd betw~n the ~h  and 8th exons of the 
rcmai~ng P45~21 [l~. 

~ agreement wi~ t~s, ON2 hybfid~cd ~ the 
TaqI 3.2kb band ~ DNA from H36. As ex- 
pect& DNA from H32, who h ~  ~heri~d ~ 
dck~on ~om h~ ~ e L  H36, also ~owcd t~s 
hyb~d~ation pa~tem. Howcw~ h y t ~ z a t i o n  
of ON2 to the TaqI 3.2 kb fragment in the 
mo~cL H2~ ~ consistent wi~ ~e  m~c 3' 
mqucn~s of thc mutant gone b~ng derived 
~om P450c21B ~am not ~ow~.  

PCR ampl~¢~ion and DNA aequence analyx~ 

~ order ~ anMyze the m~on ~ v ~ d  ~ the 
gent convcr~on. PCR was performed using 
pfimc~ designed to h y b f i ~  spedficaHy to the 
3~  ~ o n  of P45~21B and ~ ~e  region around 
the TaqI ~ at -211 bp ~om ~c  i~tiation 
codon. T~s shoed ms~t ~ sp~ific ampl~c~ 
fion of the m~on of the gone convcr~on ~ 
H3~ and of the norrnM P45~21B ~ other 
subject~ P45~21A shoed not be amplified 
because the downs~eam pfimeL PRI, cannot 
h y b f i ~  to ~ gone because R is missing ~e  
8 barns complememaH W ~c  3' end of the 
p~mer. 

PCR amplification of ~nom~ DNA ~eMcd 
a ~agmcm of approx. 980 bp ~hc ~ a n ~  
betw~n the TaqI ~ and thc 8 bp ~cment ~ 
cxon D ~ all ~ t s  ~pe~ed W have the 8 bp 

A B C D E 

~ 2 1 ~  ~ ~ 1  

~ t  ~ a ~ t ~ c  ~ P ~ 2 1 ~  ~ u ~ n g  
H32 ~ 5, ~nes ~ ) ,  but not ~ s ~ e ~  H9 
whose D ~  has a ~ ~ e t i o n  of P ~ 2 1 B  
~ ~ ~ne ~ .  ~ ad~tio~ t ~  PCR p m ~  
~om NC1 ~ w ~  ~ H3~ H3~ a ~  H29 ~d  not 
~ow ~ c  ~ ~ o  ~ ~ wo~d ~ ~ c ~ d  
ff P ~ 2 1 A  had been a m ~  ~ a ~  not 
~ow~.  ~ c s c  data ~ p ~  that ~ d e r  t ~  PCR 
con~tions ~ e ~  the n o ~  P450c21A ~ not 
a m e n d  geom~f ic~ .  

T h e ~  t ~  ~ q ~ n ~ s  w ~  ~e  ~ d  
~ o m e ~ c ~  ar~ as ~ p ~  the n o e l  
P450c21B gent ~ d  ~ mmam ~ ~ n ~ n ~ g  
• c P ~ 2 1 B  8 ~ ~ m ~ t  ~ ~ o n  • T ~  ~ o  
PCR produ~s can be ~ ~  ~ ~ 
~ t h  ~ n I  ~ g .  ~. The n o r m  P ~ 2 1 B  has 
a ~ I  ~te at -107 w ~ c  the ~ t a n t  gene, 
hating ~c ~ q ~ n ~  ~om P ~ 2 1 A  ~ t~s ~ ,  
~ not cm by ~ I .  ~ ~ t h  ~ n I  thc~- 
~re shortens the ~ 5 ~ l B  PCR p r o d ~  by 
1~  ~ ~ 5, ~nes H and ~ bm d~s  not cut 
the ~ t a n t  genc ( ~  5, ~nc ~. Su~c~ H29, 
who ~ ~ a ~ P ~ 2 1 B  a ~  a m m ~ t  
gen~ shows both a ~ t  and an u n i t  PCR 
produ~ ~ ~ o n  ~ t h  ~ n I  ( ~  5, 
~ne ~. 

~ q ~ c  ~ m ~ d ~ n  of ~c  m~on b~w~n 
the ~ q I  ~m at n ~ o t i ~  ~ ) -  211 and the 
8 bp d ~ t  ~ t ~  3rd exon ~ H32 ~ t h  
~ ~ c ~ s  of t ~  ~ M  P ~ 2 1 B  
and P450c21A ~ ~ ~ ~own ~ ~ 6. The 
~ m p ~ m n  ~ve~s that the 5' portion of the 
mmam g~e is dedv~ ~ P450c21A as 
&r as the ~ d  base m n t  92 w~ch 
causes a w ~ n ~ e ~  ~ ~  ~ the 
1st exon. The 5' flan~ng re ,on  contMns the 

F G H I J K L 

kb 

1 . 3 5  - -  

~ . 0 8 - -  

O. 8 7  - -  

O.eO-- 

F~ 5. Amp~ DNA pmducm ~b~ PCR. Lan~s ~ G a~ L are ~ markc~ La~s ~ ~ D ~d 
E s~ow am~fi~ DNA from ~ts H3~ H3~ H29 ~d NCI, ms~vel~ DNA from H9 dd ~t 
am~ ~nc F). Lan~ ~ L J and K show ~c c~ of K~I ~ of DNA f~m H3~ H3L H~ 

and NCI, respectivel~ 
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cct t gc~ ~t ~ ~a~g~g~ga~ c a a ~ T T T ~ T & C ~ C G T C ~ ~ T ~ C T ~ T G T ~ T  -150 

T T 
C C T 

T ~ ~ C T ~ ~ T C ~ T ~ C C T ~ T ~ T ~ ~ C C ~  -79 

C G T A 
T A C G 

A ~ C T A ~ ~ A T ~ T C T T G A ~ T A T ~ G T ~ C C T ~ C T ~ C ~  -8 

~u~uLeuGlyLeu~uLeu~u~uP roLeu ~laGl yAl~r~eu ~uT ~As nT 22 
T C T T ~ T ~ T ~ C C T ~ C T ~ T ~ T ~ T G C C C C T ~ T ~ C T ~ C T ~ T ~  64 

T CTG 
rpT~sLeu~gSer~i s~uLeuProLeu~roGl~he~uHis~uLeuGlnP roAsp~u 4~ 
G ~ T C ~ C ~ C T C C T G C C ~ T T ~ C ~ T ~ T T ~ T ~ C C ~  135 

C 
T 

ProI1eTyr~uLeuGl ~euTh~ln~sPheGl ~IleTyrArgLeuHi sLeuGl ~euGl~ 68 
CC~TCTATCT~TT~TGACT~C~TCTA~TC~CCTT ~ T G ~ T ~  206 

A 
C 

GAG~T~TCTC~CT~CCT~CCATAG~~T~CG~GTCCTCTC~T~ ~77 

s~alValVal~snSerLysAr~hr I leGluGl~la~Val~ 84 
C~T~TT~TGT~CC~TGT~T~T~T~CTC~G~CCATTGAG~CAT~TC~ 348 

sLysT~Al~spPh~laGlyArgP roGluProLeuTh~ 98 
~ G T ~ C T T ~ T ~ C C T ~ C A C ~ A C ~ G T ~ T ~ T T T T C T T T C T T A  419 

T 
C 

~TTTTTTT~- - -~T~TTCTT~TAT~T~CCAG~TGGTCT TA~TT~TAGT~ 487 

C ---A T A A 
C TGTT G G G 

~T~TCCTCC~CCTCAG~T~GT~CCTT T~ATCCC~- - -TCCAG~ CCCT~ 555 
A A T T A --- C 

G G G C T TCC A 
~T C T T ~ A T A T C T ~ T ~ ~ G T T G ~ ~ G ~ T C A ~ C C T ~ G C T  624 

~T G GA G G C A 
TCA A AG T A A G 

yrLys~uValSe rArgAsnTyrP roA 107 
~CTT~TCAGTT C ~ C C C T C ~ C ~ C T C C T ~ T ~ G C T ~ T C T A ~ A C C C ~  695 
G ~ C A 
T ~ G A 
s~euSerLeu 110 
A~TGTCCTTGG [gagact ac~¢ ¢ctgct ct ggaaagcc c ] 745 

C ~CTAC C 
G ........ T 

~ £ ~ u e n ~  ~ ~ e  re ,on  ~ t w ~ n  the Taql ~ e  ~ -211  ~ ~om the ~ a f i o n  codon to ~ e  8 ~  
c l i e n t  ~ exon 3. ~ e  f ~  ~ q ~ n ~  ~ ~ a t  ~ ~ e  m u ~ t  ~ e .  ~ e  2M ~ d  3 ~  fines show sequen~ 
~ s  ~om ~ e  P ~ 2 1 B  ~ d  P45~21A ~ported ~ H i g ~  ~ ,  The ~ q ~ n ~  ~ t h e  ~ R  ~ m e ~  
~ ~own  ~ ~ w e r ~  ~tte~, For ~ ~ e  ~ q ~ n ~  ~ ~ e  comp~m~tary ~se s  ~ ~ e  downst~am 
~ m e r  are p ~ n t ~  ~n ~ u a ~  b r a ~ e ~ .  A 'L" i n d i t e s  a ~ ~kf ion .  ~ e  ~ q L  KpnI and Eco~  

~ t ~  s h o ~  ~ ~ 2 ~ ~ n ~ .  

charac~fistic base substitution which removes 
the KpnI rite at nt - 107. In addition, there are 
a fu~her 5 bases characteristic of  P450c21A as 
weft as the presence of  the TaqI r ~  at nt - 211 
(seen by re,fiction analysiS. The presence of  
the extra ~u~ne  at codon 10 is not spe~fic for 
P450c21A because ~ has been seen in one 
published P450c21B sequence [8] as well as the 
two sequenced pseudogenes [6, ~ .  Be~nning in 
the 2nd intron, at nt 398, the sequence d~erges 
~ o m  P450c21A and matches that of  P450c21B. 
The p~nt  of  tranfifion therefore ~es between 
the 1st exon and the 2nd intron wi t ch  a region 
of 300 bp. A more pre~se resolution of the 
tranfifion rite is not possible because of  the 

sequence identity of  P450c21A and P450c21B 
beW¢een these two points 

Endocr~e Mudies 

The rerdual 21-hydrox~ase activity ~ H32 
was an~yzed by perform~g a s ~ b ~ a n c e  
~udy. In response to sodium deprivation, H32 
showed a 9- fo~  rise ~ her urinary ~dos~rone 
excretion with concomi~nt re~ntion of urina~ 
sodium (Ta~¢ 1). For compariso~ anther  
ad~t  ~mfl¢ ,  H68, who has the salt-wasting 
phenotype was evflu~ed.  As pre~oufly men- 
tione~ H68 has a homozygous dekfion of  
P450c21~ As is shown ~ Ta~e  ~ H68 showed 
a s ~ w a s f i n g  ~sponse ~ so~um d e p f i v ~ n  ~ 



R ~ a ~ o n  ~ ~ g ~  2 1 ~  locus 

Tab~ I. Resul~ & ~ - ~ a ~  ~ H32 

2~h Urine 

Day 

1 2 3 4 

17-Hydroxyprogesterone ( pm~/24 ~ 
~md/mmd creafinine) 

Na (ramol:) 
K (mind/I) 
Aldosterone (nmol/24 ~ 

(nmd/mm~ c~ati~nv) 

P~sma 
Kldosteron¢ ~mol/O 
Ren~ a c t i ~  ~g/l/s) 

970 320 300 
90 28 29 
88 40 20 
16 27 43 
~3 33 75 
~77 L9 ~3 

< ~  1~ 
• 28 ~9 
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that she was unabk to conserve urinary sodium. 
and showed o~y a mimm~ hse in ~dosterone 
production. 

DISCUSSION 

Mutat~n analys~ 

The mu~nt gene eharac~dzed he~ ~ the 
reset of a recombination between P450c21A 
and P450c21B without efidence ofa  ddetion of 
Other a C4or a P450e21 gen~ A fing~ unequ~ 
crossover event at the P450c21 ~cus (I) wouM 
be expec~d to produce two products (Fig. ~. 
The fi~t 0O ~ a hybrid gene confisting of 
sequences ~om the 5' re ,on  of P450c21A and 
~om the 3' region of P450c21B. T~s produ~ 
shoed be assooa~d with a ddetion of C4B 
and a P450c21 gene. T~s pattern ~ found in 
a~ooation with HLA-Bw47. The second 0 I~  
expected produ~ of a fin~e unequ~ crossover 
contains an addifion~ P450c21 gene character- 
~ed by ~quences ~om the 5' end of P450c21B 
and from the T end of P450c21A. T~s product 
shodd ~so show duphcation of C4B. The or- 
ga~zat~n of the mu~nt gene described here ~ 
not confis~nt with Other of these products of a 
fin~e unequal crossover, but ~ confis~nt with 
a gene converfion which has directly transferred 
sequences from the 5' r e ,on  of P450e21B to the 
hom~ogous reg~n of P450c21A. 

Gene conversion between P450e21A and 
P450c21B has been prefiou~y suggested as 
a mechanism inv~ved in the generation of 

mutations at the P450c21B locus~,17-2~ 
~though in human genetic stud,s ~ h impos~ 
ible to prove that a recombination has arisen by 
a classical conversion mechanism rather than by 
a douse crossover event. Slightom et al. ~ 
have sugges~d that in~rge~c conversion may 
be a mecha~sm for regulating the convolution 
of rela~d duplicated genes. If t~s mecha~sm 
h operating at the dupHca~d P450c21 loci, 
then ~ may contribute to the generation of new 
mutant P450c21 genes by brining dd~efious 
sequences ~om P450c21A into P450c21B. 

The pfincip~ change in the sequence of the 
mutant gene is the proline-to-ku~ne substi- 
tution at codon 31. T~s change wo~d be 
expec~d to ~ r  the tertiary s~uctu~ of the 
enzyme because a proliue ~sidue introduces 
a bend in protein conformation ~ .  Such a 
mutation might ~ r  the ~ructure of the enzyme 
~ther at some critic~ ~ ,  or introduce some 
folding disruption w~ch affects the overall 
~rtiary ~ructu~. The known critical ~ s  for 
the P-450 enzymes inc~de the h e m ~ n d i n g  
~ o n ,  the ~on atom of w~ch h believed 
to co-ordina~ with the c y ~ n e  residue at 
amino a~d 428 ~ the human 21-hydrox:ase 
enzyme[~. It has been sugge~ed that the 
g ~ d d  ~nding ~ o n  of t~s enzyme ~ 
between ~ d u e s  338-361 based on similarities 
of sequence at t~s ~ o n  between a range of 
~ d d  ~n&ng protons (both receptors and 
enzyme~ ~ .  Howeve~ a specific function for 
the ~ o n  around amino a~d refidue 31 has yet 

TaMe L ResM~ ~ salt-bahn~ stud~ H ~  

2~h Urine 

Day 

1 2 3 4 

! 7-Hydmx~ro~s~rone ( pmol/~ ~ 
(nm~/mm~ creafi~ne 

Na ( m m ~  
K ~mol/D 
~dos~rone ~m~/~ h) 

~m~/mm~ c~n~ 

~asma 
A~ost~one ~ m ~ : )  
Reran a ~ y  ~ 

~12 
1.5 

650 350 420 
69 35 46 
M. 59 72 
26 19 31 
25 28 31 
L7 Z8 ~4 

~36 
~9 

~ B  ~ B  
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CAA 21 A C4B 21 ~¢A CAS 21 S In 

Fig. L A ~ngle unequal crossover event at the P450e21 locus ~) and its expected products (II and HI~ 

to be described. In addition to the human gen~ 
tbe mufinc ~, bo~nc ~ and swine [29] s~r- 
old 21-hydroxy~ses ~I have a proHnc rc~duc at 
amino add 3 I. Intcrcstin~ the mu~nc pseudo- 
gene has the same codon change which results 
in a prolinc-to-leucine substitution at re,due 31 
as does the human pseudogene [2~. Unlike the 
human pseudogene however, the murine pseu- 
dogenc cont~ns a ~rge d~etion which spans 
215b~ suggesting that the mutations in the 
pseudogencs of the two spcdes arc unrelated. 

Implications of partial 21-hydroxylase aaivi~ 

The demonstration of 21-hydroxylase actifity 
suffident to prevent s~wast ing in subject H32 
with th~ mutant gene ~ of in.rest for sever~ 
reason~ Firstly, patients with true homozygous 
ddetions of P450c21B have the sal~wasting 
form of the diseas~ at ~ast in infancy [5], while 
the patient described here, H3~ can synthe~ze 
~do~eron~ conserve sodium in response to a 
~w-sodium di~ary chaflenge, and does not 
rcq~red supplementation with mineraloeorti- 
coids, It ~ possible that the re~du~ 21-hy- 
droxy~se activity is encoded by another gene. 
We have demon~ra~d excretion of ~tra- 
hydroco~icosterone (a 2 l-hydrox~a~d s~r~d) 
in two su~ec~ with ~ue homozygous deletions 
of P450c21B by gasehromatography/mass 
spec~om~ry (unpublished observafiong. Both 
of these su~ects have CAH with sal~wasting. 
Other workers have profided s~ong expe~ 
iment~ suppo~ for the e~stence of multip~ 
21-hydrox~ases ~ 31]. 

HoweveL the observation that patients with 
true homozygous ddetions of P450c21B have 
sal~wastin~ at least during infancy, indica~s 
that these akernafive 21-hydrox~ases cannot 
compensa~ for loss of the HLA-linked 21-hy- 
drox~ase acfifity. The observation that subje~ 
H32 described here does not have s~wasfing 
stron~y sugges~ that the mutant gene encodes 
an enzyme with parti~ a~ifity suffident to 
prevent salt-wastin~ 

Secondl~ Higashi et aL [6] were unabk 
to dernon~rate hybrid~ation of P450c21A- 
spcdfic probes to adren~ RNA w~ch suggests 
that P450c21A ~ not transcribed or that the 
mRNA has reduced ~ability. Our data sugge~ 
that the Y flanking re ,on  of P450c21A, which 
contains a number of minor sequence differ- 
ences from P450¢21 B, can support transcription 
of a P450c21 gene. 

The diversity of  HLA-B44-azsociated 21-hy- 
droxylase mutations 

A number of other investigato~ have rc- 
po~ed mutations in P450c21B genes which a~ 
finked to HLA-B44. Rodfigues ~ al. [8] cloned 
and sequenced a mutant P450c21B allde on a 
haplotype containing the same markers as those 
a~oda~d with the mutation described here 
(HLA-A~ HLA-B44, CAA3, C4BQ0~ That 
gen~ however, has sequence differences ~om 
the one reposed here and ~d not cont~n the 
pro~ne-to-leucine substitution seen at codon 31. 
White et aL [1~ reposed one ca~ ofa  pos~ble 
gene conver~on inv~ving an HLA-B44-assoc~ 
a~d 21-hydroxyhse ~lele wh~h was a~o~a~d 
with a C4B ~0kb fragment, and where an 
oligonuckotide probe specific for the 8bp 
~ement of P450c21B hybrid~ed to a TaqI 
3.2 kb fragment. Further an~y~s ~ needed to 
determine ff that all~e ~ the same as the one 
described here. Higashi et aL ~ ,  u~ng a series 
of o~gonucleotide probes spedfic for P450¢21A 
and P450c21B described an HLA-B44-a~oc~ 
ated, mutant 21-hydrox~ase allde wh~h they 
suggested was the product of a gene conversion. 
In that cas~ the p~nt of conversion occurred 3' 
of the exon-3 marker. Other mutant P450c21 
allies Hnked to HLA-B44 have a different 
pattern of RFLPS ~om that described here or 
are finked to other genetic markers [1~. 

Thu~ there are a varify of diffe~nt 
mutations ~ the 21-hydrox~ase ~cus w~ch 
are found in a~o~a~on with HLA-B44. In 
marked contrast to this, haplotypcs bearing the 
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HLA-Bw47 marker  and a mutat ion at the 
P450c21B ~ c u s  almost ~var iably  appear  to 
have a deletion o f  m o ~  of  the P450c21B gene 
and the neighboring C 4 B  gene. In  a d ~ t i o ~  
HLA-Bw47 ~ g e n e r ~  ~ ~ r o n g  finkage diw 
equilibrium with CAH while HLA-B44 ~ 
n o t ~ .  One posfible exportat ion for these 
differences ~ t h ~  the mutat ions  asso~ated with 
HLA-B44 are of  m o ~  an~en t  o f i~n  than that 
a s s o c ~ d  with HLA-Bw47 and consequently 
t h e ~  has been time for finkage equi~bfium to 
ev~ve  between HLA-B44 and a number  of  
~fferent  mutat ions  at the P450c21B ~cus .  Sup- 
po~ ing  e~dence for t ~ s  comes ~ o m  sequence 
an~yf i s  which suggests that  the H L A - B w 4 7  

gene may have arisen ~ o m  the H L A - B 4 4  

gene ~4], and by the obse rva t~n  that HLA-  
Bw47 is found ~ o i l y  1% of  the populat ion 
frequency of  HLA-B4~  suggesting that H L A -  

B w 4 7  ~ ~ s d f  of  more  recent o r ion .  The obse~ 
vafion that the mutat ion ~ finkage 
~sequi l ibf ium with HLA-Bw47 ~ a dek~ on  of  
about  3 0 k b [ l ~  suggests that  ~ may have 
arisen ~ o m  a finOe unequf l  crossover evenL 
wh ik  the mutat ion described here a p p e a n  to be 

the r e s e t  of  a gene converfion or a d o u s e  
crossover. 
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