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tions in MR could cause increased renal salt 
reabsorption and hypertension. we screened 
MR in 75 patients with early onset of severe 
hypertension (4). A 15-year-old boy with 
severe hypertension, suppressed plasma renin 
activity, low serum aldosterone. and no other 
underlying cause of hypertension was het-
erozygous for a missense mutation, resulting 
in substitution of leucine for serine at codon 
810 (Fig. 1A). The S810L mutation lies in the 
MR hormone-binding domain (HBD). alter- 
ing an amino acid that is conserved in all 
MRs from Xetzoplrs to human (5)but not found 
in other nuclear receptors (Fig. 1 B). S8 10L was 
not detected in 160 control chromosomes. 

The impact of MR bearing S810L 
(MR,,,,) was assessed by clinical and bio- 
chemical studies. Twenty-three relatives of 
the proband were evaluated. Remarkably, 11 
had been diagnosed with severe hypertension 
before age 20, a rare trait in the general 
population ( 6 ) ,  whereas the remainder had 
unremarkable blood pressures (Fig. 1C). 
These findings suggest Mendelian segrega- 
tion of hypertension. MR,,,, precisely co-
segregated with early-onset hypertension in 
this family (Fig. 1C). providing strong evi- 
dence of linkage. The maximum lod score 
(logarithm of the odds ratio for linkage) was 
5.24 at a recombination fraction of zero (odds 
of 174.000 :1 in favor of linkage) ( 7 ) .  

Comparison of the clinical features of 
MR,,,, carriers and noncarriers revealed a 
marked increase of blood pressure among 
carriers even though they were taking antihy- 
pertensive medication, as well as suppression 
of aldosterone secretion (Table 1). There was 
a nonsignificant trend toward lower serum 
potassium among carriers, and there were no 
significant effects of gender or age on phe- 
notypic expression of MR,,,,. Of note. three 
deceased pedigree members with early-onset 
hypertension all died of heart failure before 
age 50. 

To investigate the functional effects of the 
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S810L mutation, we expressed wild-type MR 
(MRWT)or MR,,,, in Cos-7 (African green 
monkey kidney) cells and.measured induc-
tion of luciferase under control of the MR-
sensitive mouse mammary tumor virus 
(MMTV) promoter (8).The activitiesof MRw 
and MRLsloin response to aldosterone were 
indistinguishable (Fig. 2A). However, in the 
absence of added steroid, MR,,,, showed 
27% of maximal activity (P < 0.001 versus 
MRwT),indicating constitutive activity of the 
apo-receptor or activation by endogenous 
compounds (Fig. 2A). Constitutive MR,,,, 
activity was also seen in HeLa cells. This 
constitutive activity may account for or con-
tribute to the hypertension seen in patients 
harboring MR,,,,. 

We next tested MR activation by a variety 
of steroids. Steroids bearing 21-hydroxyl 
groups, such as aldosterone,bind and activate 
MRwT (9) and similarly activate MR,,,, 
(Fig. 2B). Steroids with 17-keto groups, in-
cluding estradiol and testosterone, activate 
neither MR,, nor MR,,,,. Twenty-one-car-
bon steroids with neither modification, such 
as progesterone, normally act as antagonists, 
binding but not activating MRwT(9). In con-
trast to their action on MRwT,these steroids 
were all potent activators of M&810 (Fig. 
2C). For example, the dose-response curve 
for activation of MR,,,, by progesterone is 
indistinguishable from that seen with MRwT 
and aldosterone (Fig. 2, A and D). Thus, 
activation of MRs with the S810L mutation 

Fig. 1. MRWl0 coseg- A B 800 810regates with early hy- - *A - -
DertenSjon inkindred cys~eCserse ,~heC~L~C;ZZL'- TLIQYmCLsSFALSWRSYKHrXR TLIOYSWMCLSSFALSWRSYKH 
AMR 503. (A) Se- xMR TLIQYSWMCLSSFALSWRSYKH 
quence of a novel MR tMR mIQYSRMCLSSFALSWRSYKH 
variant identified in hPR TLIQYSWMSLMVFGLGWRSYKH
K503. The DNA se- ~ G RT U Q Y S ~ A L G W R S Y R Q  
quence corresponding ~ A RAVIQYSWMGLMVPAMGWRSFTN 
to the sense strand of hERa HLLECAWLEILMIGLVWRSMEH 

codons 808 to 812 of wr -1 
the wild-type (left) 
and mutant MR (right) C 
are shown (4). The as-
terisks indicate the po- 66 
sition of a C+T substi-
tution, which changes b 
codon 810 in the HBD 
from serine to  leucine. 
(B) Sequence align-
ment of steroid re-
ceptors. Corresponding 
segments of the HBDs % t ~ z 
of the mineralocorti- HTN < age 20 0 NO KIN < age 20 
coid (MR), progester-
one (PR), glucocorticoid (CR), androgen (AR), and estrogen a (ERa) receptors are shown. MR 
sequences are from Homo sapiens (h), the rat Rattusnorvegicus (r), the toad Xenopus laevis (x), and 
the tree shrew Tupaia belangeri (t) (5). 5810 is conserved among all known MRs, yet is not seen in 
other members of the steroid hormone receptor family (5). (C) Cosegregation of early hypertension 
and MR,,, in kindred 503. Family members diagnosedwith hypertension before the age of 20 are 
shown as f~lledsymbols and those without this trait are shown as unfilled symbols. Individuals of 
unknown phenotypic status are shown as shaded symbols. The index case is indicated by the black 
arrow. The SSCP genotype of exon 6 of MR (4) is shown below the symbol correspondingto  the 
appropriate kindred members; the positions of the 5810 and L810 variants are indicated by open 
arrows. 

Table 1. Clinical features of MR,,, carriers (+) and noncarriers (-) in kindred 503. All values are the 
mean + SEM. Statistical comparisonswere assessed by the Mann-Whitney U test. Normalvalues: SBP < 
140 mmHg; DBP <90 mmHg; serum K+: 3.8 to 5.2 mM; serum HC0,-: 23 to 30 mM; serum aldosterone 
4 to 15 (@dl); and urinary aldosterone: 6 to 31 pgl24 hours. Urinaryaldosterone was measured in three 
MR,,,.+ and four MR,,,- individuals. Abbreviations: HTN, hypertension; SBP, systolic blood pressure; 
DBP, d~astolicblood pressure; HC0,-, bicarbonate. 

Clinical parameter MR,,,+ (n = 8) MR,,,- (n = 11) P 

Age
HTN < age 20 
Anti-HTN medication 
SBP (mmHg) 
DBP (mmHg) 
Serum K+ (mM) 
Serum HC0,- (mM) 
Serum aldosterone (ng/dl) 
Urinary aldosterone (pg/24 hours) 

no longer requires a steroid 21-hydroxyl 
group. Similarly, another MR antagonist, the 
clinically used drug spironolactone, is also a 
potent agonist of MRLslo(Fig. 2E); we infer 
that this medication is contraindicated in 
MR,,,, carriers. 

MR activates transcription as a dimer 
(10). Because MR,,,, is heterozygous in af-
fected individuals, we tested progesterone-
mediated MR activation in the presence of 
varying ratios of MRwT and MR,,,, (Fig. 
2F). Activation was intermediate between 
that expected for completely active and com-
pletely inactive heterodimers, consistent with 
partial activation of heterodimers. 

Progesterone levels normally increase 
100-fold in pregnancy, reaching concentra-
tions of 500 nM (11); this suggests that fe-
males with MR,,,, might develop severe hy-
pertension in pregnancy. Two MR,,,, cani-
ers have undergone five pregnancies; all have 
been complicated by marked exacerbation of 
hypertension. For example, blood pressure 
decreased early in the first pregnancy of one 
carrier, but then rose dramatically, reaching 
170/130 mrn Hg at 28 weeks despite antihy-
pertensive therapy. This was accompaniedby 
development of low serum potassium with 
marked renal potassiumwasting. Aldosterone 
levels, which normally increase 10-fold in 
pregnancy, were undetectable (12). Of note, 
there were no proteinuria, edema, or neuro-
logic changes, excluding pre-eclampsia. Be-
cause of still worsening blood pressure (2101 
120 mmHg), at 34 weeks a Caesarian section 
was performed, and the patient gave birth to 
a healthy son. Two subsequent pregnancies 
followed similar courses, and the patient was 
advised to avoid further pregnancy. The other 
carrier's two pregnancies were both compli-
cated by severe exacerbationof hypertension, 
precipitating delivery in the sixth and seventh 
months of gestation, also with adviceto avoid 
further pregnancy. These findings strongly 
support progesterone's in vivo agonism of 
m ~ 8 ~ 0 '  

The structures of the HBDs of steroid 
receptors are highly similar (13). The MR and 
progesteronereceptor (PR) differ by only 3 of 
18 residues lining the hormone-binding cav-
ity (13, 14), permitting modeling of the MR 
HBD on the basis of the known structure of 
PR (15) in order to generate testable hypoth-
eses about the mechanism underlying the 
S810L mutation. In the resulting MR,,,, 
model, the L810 side chain in helix 5projects 
into the ligand-binding cavity, potentially 
forming van der Waals interactions with both 
A773 of helix 3 and the C19 methyl group of 
the steroid (Fig. 3A). In contrast, in the model 
of MRwT, S810 interacts with only the C19 
methyl group (Fig. 3B). Of note, the steroid 
21-hydroxyl group required for activation of 
MRwTinteracts with N770 in helix 3 (14). 

We tested the importance of these inter-
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actions by modifying both the steroid and the 
receptor. The progesterone derivative 19-nor-
progesterone (19-NP), lacking the C19 meth-
yl group, fully activated MR,,,,, indicating 
that the L810-C19 methyl interaction is not 
required for MR,,,, activation (Fig. 2C). 
Substitution of methionine, with a longer side 
chain, at position 810 retained activation by 
19-NP, whereas substitution of amino acids 
with shorter side chains such as valine or 
alanine led to progressive loss of receptor 
activation by 19-NP, but not aldosterone (Fig. 
3C). That this effect involvesinteraction with 
A773 in helix 3 is supported by substitution 
at this position. MR with a V810-G773 pair 
showed no activation by 19-NP, but activa-
tion was restored in the V810-A773pair (Fig. 
3C). This second-site complementation sup-
ports the importance of helix 3-helix 5 inter-
action in the activation of MR,,,, by steroids 
lacking 21-hydroxyl groups. 

These observations suggestthat progester-
one binding to MR,,,, results in an addition-
al van der Waals interaction; this should in-
crease receptor affinity for progesterone. 
MR,, and MR,,,, show indistinguishable 
dissociation constants for aldosterone (K,= 
1.10 ? 0.09 nM versus 1.06 ? 0.12 nM, 
respectively) (Fig. 4A) (16). In contrast, pro-
gesterone, 19-NP, and spironolactone all 
show increased competition with aldosterone 
for binding to MR,,,,, indicating substantial-
ly higher affinity for the mutant receptor (Fig. 
4, B to D). For example, the concentration of 
spironolactone required to compete 50% of 
aldosterone binding was 10-fold lower for 
MR,,,, than for MR,, (Fig. 4D). 

The finding of a helix 5-helix 3 interac-
tion critical for MR,,,, activation by proges-
terone led us to examine other nuclear steroid 
receptors for similar interactions. Intriguing-
ly, the residues corresponding to MR amino 
acids 810 and 773 that are found in PR 
(M759 and G722) (13), the estrogen receptor 
(L387 and A350) (17), and even the non-
steroid retinoid X receptor (RXR)(L314 and 
A277) (18) all show van der Waals interac-
tions in their respective crystal structures. 
Indeed, all steroid hormone receptors and 
RXRs have either methionine-glycine or 
leucine-alaninepairs at the corresponding he-
lix 5 and helix 3 positions, respectively (5, 
12). Only MR,, violates this rule, and the 
S810L mutation restores this interaction (Fig. 
3B). The conservation of this interaction and 
its role in MR,,,, activation by progesterone 
suggest its general significance in nuclear 
receptor activation. 

Together, these findings define a new 
Mendelian form of hypertension featuring 
marked exacerbation in pregnancy. The mu-
tation demonstrates the ability of a single 
amino acid substitution to dramatically alter 
nuclear receptor ligand selectivityand activa-
tion. It will be of interest to determine the 

effects of the S810L mutation on the subcel-
lular distribution of MR and on binding of 
coactivators and corepressors. 

Normal pregnancy is characterized by 
protean physiological changes. Efforts to 
identify novel endocrine factors in preg-
nancy-related hypertension and pre-
eclampsia have been unsuccessful (I). The 
demonstration that one form of pregnancy-
related hypertension is attributable to aber-
rant action of a normal pregnancy-related 
hormone raises the question of whether 
similar mechanisms might underlie other 
forms. It is noteworthy that a substantial 
fraction of women with pregnancy-related 
hypertension and pre-eclampsia show sup-

pression of the renin-aldosterone axis like 
that seen in this kindred. 

The mechanism of early-onset hyperten-
sion in men in this kindred is unclear, because 
levels of free progesterone in males are nor-
mally low (14). This observation suggests 
either that the observed constitutive receptor 
activation is sufficient to cause hypertension 
or that another steroid acts as an MR,,,, 
agonist. Interestingly, free levels of 17-
hydroxyprogesterone (17-HP), an agonist of 
MR,,,, (Fig. 2C), rival those of aldosterone 
in men (II), suggesting that gain of 17-HP 
agonist activity may contribute to hyperten-
sion in men with MR,,,,. 

Activation of MR,, requires a steroid 

Fig. 2. Transcriptional 
activation by MR,, 
and MR,,,. The ability I 
of MR,, and MR,,, to I
induce luciferase ex-
pressed under control - I 

of the M M N  promoter 
was assessed in Cos-7 x 
cells in the absence or 
presence of the indi- s 
cated steroids (8).Lu- O 0-9 4 $ ' (b 

u 
b b  

a. 0 & i i T & T b  
ciferase activity is ex- b 5 b 5 v - v -- $ $ $ $ b e  
pressed as the per-
centaee of maximal Aldosterone [MI Progesterone [MI 
induzon of MR, by 
aldosterone. In (B), (C), 
(E), and (F), all steroids 
were assayed at 1 nM. 
The Mann-Whitney U 
test was used to com-
pare the significance 
of differences between 
groups (in all cases, 
similar significance was 
obtained with the 
two-tailed Student's t 
test). (A) Dose-re-
sponse curve for in-
duction of luciferase 
by MR, and MR,,, 
in resDonse to aldo-
sterone (*P i0.001 M R ~ ~M R ~ ~ ~ ~ MR,,,, versus MR,,). F 
fB) Luciferase induc- * 

T 

tion.in response to 21-
hydroxylated steroids 
(DOC, I I-deoxycorti-
costerone;*P < 0.001 
MR,,, versus MR,,). 
(C) Luciferase induc-
tion in response to 
progesterone deriva-
tives (*P < 0.001 ver-
sus vehicle control). (D) 
Dose-response curve for 
induction of luciferase 
by MR,, and MR,,, in 

" .  
m o o o o oS C C C C C  w m m o o oS C C C C C  

o o o o o ok $ Z 8 $ €  g g & 5 $ Eo o o o o o  

P Z Z g j ; o  w m m S Z b  
g sass; gasss;
a e 0 ? e z  a e e e o  
a pa? a a a h Zrn -

ill, 

response to progester- ! $ + 2 
one (*P<0.001 versus P - P -
vehicle control). (E) Lu-
ciferase induction in response to spironolactone (*P < 0.001 versus vehicle). (F) Progesterone-induced 
luciferase activity in cells coexpressingvarying ratios of MR,, and MR,,,. Cells were transfected with 
a constant amount of receptor plasmid (2 pg), with the proportion of MR,, and MR,,, varying as 
indicated. Luciferase induction in response to progesterone (A) is shown and compared to theoretical 
curves for completely active (0)and completely inactive (0)heterodimers. 
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21-hydroxyl group. How does MR,,,, dis- coactivator binding (10). We propose that the 
pense with this requirement? Ligand binding conserved helix 5-helix 3 interaction is im- 
induces a number of conformational changes, portant for helix 3 bending and receptor ac- 
including the bending of helix 3, which in tivation. In MR, the inability of S810 to 
conjunction with helix 12 forms a surface for interact with A773 suggests that helix 3 bend- 

Fig. 3. Helix 3-helix 5 A 
interaction in progest- 
erone-mediated acti- 
vation of MRDIO. (A) 
Structural model of a 
portion of the HBD of 
MR,,, bound to  aldo- 
sterone. Based on the 
crystal structure of 
the progesterone re- 
ceptor (73), a model 
of the MR LBD was 
created bv substitut- 
ing MR-siecific resi- He,ix 
dues in the ligand- Helix 3 Aldosterone EMU! 
binding cavity for their S 1- crt, - cm -3-1 A 100.0i 5.8 6.1 i 13 
correspondinr! residues I -  I 
in PR' (75)-ihe side 
chain of L810 lies in M 1-"-a -s -- -3 

sufficientlv close Prox- 
imity to  A773 and the 
c l g  methyl group of L I-" -7 - a 3  L"'-1 A 123.1 f lS.7 109.2il2.2 

the steroid to  form a 3  

van der Waals interac- 
tions. (B) Model of 1-7 - aa 
MR,., The side chain a 3  

of f810 does not in- 
teract with A773. (C) A 
Activity of MRs with 
various amino acid 5.7 + 2.0 
substitutions at resi- 
dues 810 and 773. -3 

Mutant receptors con- L G IW.I+M %a + 6 9  
taining the indicated 
substitutions at posi- 
tions 810 in helix 5 and 773 in helix 3 were tested for their ability to  induce luciferase activity in 
the presence of 1 nM aldosterone or 19-NP. The length of each side chain is approximated. Each 
data point represents the mean of nine independent transfections and is expressed as the mean 2 
SEM of the percentage of luciferase induction by MR, in response to  aldosterone. Abbreviations 
for the amino acid residues are as follows: A, Ah; C, Cly; L, Leu; M, Met; 5, Ser; and V, Va l  

Fig. 4. MR,,, has increased af- 
finity for progesterone, 19-NP, 
and spironolactone. (A) Scat- 
chard analysis of the binding of 
[3H]aldosterone in extracts ex- 
pressing MR, (m) or MR,, 
(0). Each data point was assayea 
in quadruplicate; one representa- 
tive set of data for binding to  

o.l MR, and MR,,, is shown, and 
the mean K,'s are indicated. (B 
to  D) Competition of varying o 0.2 0.4 0.6 0.8 10 
concentrations of the indicated ~ H - A I ~ O  bound (nM) Progesterone/Aldo ratlo 
unlabeled steroids and 5 nM 
[3H]aldosterone for binding to  3 loo 

MR, and MR,,, in Cos-7 cell 80 
extracts. Each data point repre- 
sents the mean 2 SEM of at 60 
least three independent experi- 0 

ments. (*) Significant differences 7 40 
between binding of MR, and m I 
MR,,,; all differences are s~gnif- 

\ 

icant at P < 0.001. 
B 0 B 0 
" ' 1  10 100 " 1 10 100 

19-NPIAldo ratio SpironolactoneIAldo ratio 

ing is achieved by other means. Biochemical 
studies indicate that N770 interacts with the 
21-hydroxyl group of aldosterone (14).  We 
propose that this steroid-helix 3 interaction 
achieves the bending of helix 3 necessary for 
receptor activation. That steroids lacking a 
21-hydroxyl group bind but cannot activate 
MR,, supports the key role of this interac- 
tion. The demonstration that the steroid 21- 
hydroxyl group becomes dispensable when 
the helix 5-helix 3 interaction is re-created in 
MR,,,, provides evidence that these two in- 
teractions are interchangeable for receptor 
activation. The phenotype of patients harbor- 
ing this mutation indicates the biological sig- 
nificance of this effect in vivo. Interference 
with this interaction could provide a general 
approach to receptor antagonism. 

Why MR,,,, shows constitutive activity, 
whereas other nuclear receptors with similar 
helix 5-helix 3 interactions do not, is of 
interest. One possibility is that formation of 
an active conformation is aided by an endog- 
enous ligand. In this regard, constitutive ac- 
tivity of an RXR mutant has recently been 
attributed to binding by an endogenous fatty 
acid (18). 

Finally, although the distal nephron is rec- 
ognized as the major site of action of miner- 
alocorticoids, expression of M R  in hip- 
pocarnpus, heart, and endothelium has sug- 
gested extrarenal activity (19). The early de- 
velopment of congestive heart failure in this 
kindred raises the question of whether MR,,,, 
might contribute to additional clinical effects 
due to expression in other tissues. 
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The structure of the cytoplasmic assembly of voltage-dependent K+ channels 
was solved by x-ray crystallography at  2.1 angstrom resolution. The assembly 
includes the cytoplasmic (T I )  domain of the integral membrane a subunit 
together with the oxidoreductase P subunit in  a fourfold symmetric T14P, 
complex. An electrophysiological assay showed that this complex is oriented 
with fourT1 domains facing the transmembrane pore and four P subunits facing 
the cytoplasm. The transmembrane pore communicates with the cytoplasm 
through lateral, negatively charged openings above the T14P4 complex. The 
inactivation peptides of voltage-dependent K+ channels reach their site of 
action by entering these openings. 

The P subunit of voltage-dependent K+ 
channels is a tetramer of oxidoreductase pro- 
teins arranged with fourfold rotational sym- 
metry like the integral membrane a subunits 
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(I). Each oxidoreductase protein contains an 
active site with catalytic residues and an 
NADPH (the reduced form of nicotinamide 
adenine dinucleotide phosphate) cofactor, but 
the specific substrate is unknown and the 
biological function of the P subunit remains a 
mystery. 

Studies of K+  channel biosvnthesis have 
shown that a and p subunits c'oassemble in 
the endoplasmic reticulum and remain to-
gether as a permanent complex (2, 3). The 
idea that a large macromolecular assembly is 
attached to the intracellular face of voltage- 
dependent K+ channels has important impli- 
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cations for channel regulation, but it also 
raises the question of how the transmembrane 
pore opens to the cytoplasm. This issue of 
Dore access first arose when the T1 domain, 
an about 100-amino acid structure on the 
intracellular side of the first membrane-span- 
ning segment of the a subunit, was found to 
form a tetrameric ring with a narrow, posi- 
tively charged central pore (4). The small T1 
pore diameter and positive charge are incon- 
sistent with functional measurements show- 
ing that organic cations such as tetraethylam- 
monium enter the transmembrane pore (5).  
Even a peptide segment from the channel 
itself (inactivation peptide) is thought to enter 
the pore to produce inactivation (6, 7). How 
can entry of these large molecules be recon- 
ciled in the setting of a narrow T1 pore? By 
analyzing the structure and function of the 
cytoplasmic interface, we resolve this appar- 
ent inconsistency and show how the T1 tet- 
ramer forms a docking platform for the P 
subunit without obstructing the transmem-
brane pathway. 

It has been postulated that the intracellular 
T1 domain interacts with the P subunit (8, 9). 
We reinforced this idea by showing that re- 
moval of the T1 domain, but not the K +  
channel's COOH-terminus, disrupts P sub-
unit association (see below). 

Coexpression of the rat P2 subunit (10) 
(residues 36 to 367) and rat Kvl.1 (11)T1 
domain (residues 1 to 135) in Sf9 cells yield- 
ed a stable complex. The complex was puri- 
fied and crystallized, and its structure was 
determined by molecular replacement with 
the P subunit structure as a search model 
(12). The final model was refined to an R,,, 
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