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response difference was statistically significant by
t-test (P < 0.001).
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shock promoter were generated by P element-medi-
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fragment containing the entire Trel cDNA was
cloned into the Eco Rl site in the P-element transfor-
mation vector, pKB255 [K. Basler, unpublished data;
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4, 728 (1990)], placing it under the control of the
Drosophila hsp70 promoter. This construct was then
used to generate germ line transformants by inject-
ing into w "8, Dr'/TMS, Sb? P[ry*, A2-3]99B em-
bryos. Transformants were selected, and homozygous
lines were established.

26. In situ hybridization was done as described [T. R.
Bhatt, P. A. Taylor Ill, F. M. Horodyski, Biotechniques
23, 1000 (1997)] with minor modifications. The DIG-
labeled antisense and sense riboprobes were pro-
duced by in vitro transcription by T7 and Sp6 RNA
polymerase with a 244-bp Tre1 cDNA fragment as a
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template, respectively. Antidigoxygenine antibody
conjugated to peroxidase (Pierce) was applied at a
dilution of 1:500 overnight at 4°C, and signals were
enhanced with biotin-tyramide (NEN). After tyra-
mide signal amplification reaction, streptavidin-TC
(Caltag) was applied at a dilution of 1:100. Sensory
neurons were stained with a neuron-specific mono-
clonal antibody 22C10 using anti-mouse IgG anti-
body conjugated to CyS (Chemicon International
Inc.) diluted to 1/100 as the secondary antibody.
Nuclei were counter stained with propidium iodide.
The triple-stained images were visualized with a Zeiss
LSM410 confocal laser scan microscope equipped
with a Kr/Ar and a He/Ne laser.

27. We have sequenced Tre7 cDNA clones obtained from
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found a few possible mutation sites, but further study
is needed to verify that the mutation is directly
involved in the trehalose sensitivity difference.
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Activating Mineralocorticoid
Receptor Mutation in
Hypertension Exacerbated by
Pregnancy

David S. Geller,"2? Anita Farhi,"2 Nikki Pinkerton,'-2
Michael Fradley,"? Michael Moritz,* Adrian Spitzer,*
Gretchen Meinke,"2 Francis T. F. Tsai," Paul B. Sigler,3*
Richard P. Lifton2-3}

Hypertension and pregnancy-related hypertension are major public health
problems of largely unknown causes. We describe a mutation in the miner-
alocorticoid receptor (MR), S810L, that causes early-onset hypertension that is
markedly exacerbated in pregnancy. This mutation results in constitutive MR
activity and alters receptor specificity, with progesterone and other steroids
lacking 21-hydroxyl groups, normally MR antagonists, becoming potent ago-
nists. Structural and biochemical studies indicate that the mutation results in
the gain of a van der Waals interaction between helix 5 and helix 3 that
substitutes for interaction of the steroid 21-hydroxyl group with helix 3 in the
wild-type receptor. This helix 5-helix 3 interaction is highly conserved among
diverse nuclear hormone receptors, suggesting its general role in receptor

activation.

Although blood pressure is normally reduced
throughout gestation, about 6% of pregnan-
cies are complicated by the development of
hypertension, raising the risk of pre-eclamp-
sia, a hypertensive disorder of pregnancy that
increases maternal and perinatal mortality
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(1). The factors responsible for these devel-
opments are unknown; however, the prompt
resolution of many cases with delivery sug-
gests pregnancy-specific factors.

Mutations that change renal salt reabsorp-
tion alter blood pressure (2). For example,
heterozygous loss-of-function mutations in
the mineralocorticoid receptor (MR; locus
symbol NR3C2), a member of the nuclear
receptor family, cause pseudohypoaldoste-
ronism type 1 (PHAL), a disease featuring
salt wasting and hypotension (3). Normally,
activation of MR by the steroid hormone
aldosterone raises renal salt reabsorption by
increasing activity of the epithelial sodium
channel of the distal nephron.

To determine if gain-of-function muta-
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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 Xenopus to human (5) but not found
in other nuclear receptors (Fig. 1B). S810L 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, 4, 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
(MR, 1) or MR, 4, in Cos-7 (African green
monkey kidney) cells and ‘measured induc-
tion of luciferase under control of the MR-
sensitive mouse mammary tumor virus
(MMTYV) promoter (8). The activities of MRy, 1
and MR, 4,, in response to aldosterone were
indistinguishable (Fig. 2A). However, in the
absence of added steroid, MR, 5, showed
27% of maximal activity (P < 0.001 versus
MR,,), 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 ¢,.

Fig. 1. MRL310 coseg- A
regates with early hy-
pertension in kindred

*

y \ G ATTA TG .
CysLeuSerSerPhe CyslLeulLeuSerPhe
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We next tested MR activation by a variety
of steroids. Steroids bearing 21-hydroxyl
groups, such as aldosterone, bind and activate
MRy (9) and similarly activate MRy g;4
(Fig. 2B). Steroids with 17-keto groups, in-
cluding estradiol and testosterone, activate
neither MRy, nor MR ¢,,. Twenty-one—car-
bon steroids with neither modification, such
as progesterone, normally act as antagonists,
binding but not activating MRy, (9). In con-
trast to their action on MRy, , these steroids
were all potent activators of MR, g, (Fig.
2C). For example, the dose-response curve
for activation of MR; g, by progesterone is
indistinguishable from that seen with MRy,
and aldosterone (Fig. 2, A and D). Thus,
activation of MRs with the S810L mutation

- B 800 810
hMR TLIQYSWMCLSSFALSWRSYKH
rMR TLIQYSWMCLSSFALSWRSYKH

AMR 503. (A) Se- XMR TLIQYSWMCLSSFALSWRSYKH
quence of a novel MR tMR TLIQYSRMCLSSFALSWRSYKH
Variant identiﬁed in \ | r hPR TLIQYSWMSLMVFGLGWRSYKH
-K503. The DNA se- /\ IR ARIRT T hGR TLLSYSWMFLMAFALGWRSYRQ
quence corresponding ht Lt LU | VP "1 haR AVIQYSWMGLMVFAMGWRSFTN
to the sense strand of JVVNA . MBUR BldL ) ppRa HLLECAWLETLMIGLVWRSMEH
codons 808 to 812 of wT 503-1

the wild-type (left) }zﬁlﬂ

and mutant MR (right) c

are shown (4). The as-

MO

terisks indicate the po-
sition of a C—T substi-
tution, which changes
codon 810 in the HBD
from serine to leucine.
(B) Sequence align-
ment of steroid re-
ceptors. Corresponding
segments of the HBDs
of the mineralocorti-
coid (MR), progester-

—

. HTN < age 20

o 00
0o8 O
Ol

E1TZ 0 g v - gy

O No HTN < age 20

one (PR), glucocorticoid (GR), androgen (AR), and estrogen o (ERe) receptors are shown. MR
sequences are from Homo sapiens (h), the rat Rattus norvegicus (r), the toad Xenopus laevis (x), and
the tree shrew Tupaia belangeri (t) (5). S810 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 g, in kindred 503. Family members diagnosed with hypertension before the age of 20 are
shown as filled symbols 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 corresponding to the
appropriate kindred members; the positions of the S810 and L810 variants are indicated by open

arrows.

Table 1. Clinical features of MR g, carriers (+) and noncarriers (—) in kindred 503. All values are the
mean * SEM. Statistical comparisons were assessed by the Mann-Whitney U test. Normal values: SBP <
140 mmHg; DBP < 90 mmHg; serum K*: 3.8 to 5.2 mM; serum HCO,™: 23 to 30 mM; serum aldosterone
4 to 15 (ng/dl); and urinary aldosterone: 6 to 31 ng/24 hours. Urinary aldosterone was measured in three
MR g10F and four MR g, individuals. Abbreviations: HTN, hypertension; SBP, systolic blood pressure;

DBP, diastolic blood pressure; HCO, ™, bicarbonate.

Clinical parameter MR g:0™ (n = 8) MR g0~ (0 = 11) P

Age 29.1*63 329 %81 0.88
HTN < age 20 100% 0% <0.0001
Anti-HTN medication 15027 0.2 £0.12 0.001
SBP (mmHg) 167 = 11 126 = 10 0.014
DBP (mmHg) 110£6 78+6 0.002
Serum K+ (mM) 3.91*0.18 4.36 = 0.11 0.08
Serum HCO,~ (mM) 27.1+0.87 26.4+0.83 0.59
Serum aldosterone (ng/dl) 2.48 + 0.68 12.1 +2.96 0.008
Urinary aldosterone (j.g/24 hours) 7.75 = 1.55 0.03
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no longer requires a steroid 21-hydroxyl
group. Similarly, another MR antagonist, the
clinically used drug spironolactone, is also a
potent agonist of MR, g, (Fig. 2E); we infer
that this medication is contraindicated in
MRy g, carriers.

MR activates transcription as a dimer
(10). Because MR, g,, is heterozygous in af-
fected individuals, we tested progesterone-
mediated MR activation in the presence of
varying ratios of MRy and MR, g;, (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 (Z1); this suggests that fe-
males with MR; g, might develop severe hy-
pertension in pregnancy. Two MR, g, carri-
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 mm Hg at 28 weeks despite antihy-
pertensive therapy. This.was accompanied by
development of low serum potassium with
marked renal potassium wasting. 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 (210/
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 exacerbation of hypertension,
precipitating delivery in the sixth and seventh
months of gestation, also with advice to avoid
further pregnancy. These findings strongly
support progesterone’s in vivo agonism of
MRy g10.

The structures of the HBDs of steroid
receptors are highly similar (/3). The MR and
progesterone receptor (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 (I5) in order to generate testable hypoth-
eses about the mechanism underlying the
S810L mutation. In the resulting MRy g;o
model, the L810 side chain in helix 5 projects
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 MRy, 1, S810 interacts with only the C19
methyl group (Fig. 3B). Of note, the steroid
21-hydroxyl group required for activation of
MRy, interacts with N770 in helix 3 (/4).

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 g,4, indicating
that the L810—-C19 methyl interaction is not
required for MR, g,, 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 involves interaction 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-A773 pair (Fig.
3C). This second-site complementation sup-
ports the importance of helix 3—helix 5 inter-
action in the activation of MR g, by steroids
lacking 21-hydroxyl groups.

These observations suggest that progester-
one binding to MR, g, results in an addition-
al van der Waals interaction; this should in-
crease receptor affinity for progesterone.
MRyt and MR, g, 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 g,, 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, 5,0 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) (I/7), and even the non-
steroid retinoid X receptor (RXR) (L.314 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-alanine pairs at the corresponding he-
lix 5 and helix 3 positions, respectively (5,
12). Only MRy, violates this rule, and the
S810L mutation restores this interaction (Fig.
3B). The conservation of this interaction and
its role in MR, g,, 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 selectivity and activa-
tion. It will be of interest to determine the
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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 (/). 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-

Fig. 2. Transcriptional
activation by MRy
and MR gq,. The ability
of MRyt and MR g4, to
induce luciferase ex-
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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 (/4). This observation suggests
either that the observed constitutive receptor
activation is sufficient to cause hypertension
or that another steroid acts as an MRy g,
agonist. Interestingly, free levels of 17-
hydroxyprogesterone (17-HP), an agonist of
MR g0 (Fig. 2C), rival those of aldosterone
in men (/I), suggesting that gain of 17-HP
agonist activity may contribute to hyperten-
sion in men with MR g,,.
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21-hydroxyl group. How does MR, ¢, dis-
pense with this requirement? Ligand binding
induces a number of conformational changes,
including the bending of helix 3, which in
conjunction with helix 12 forms a surface for

Fig. 3. Helix 3-helix5  p
interaction in progest-
erone-mediated acti-
vation of MRig1o. (A)
Structural model of a
portion of the HBD of
MR g0 bound to aldo-
sterone. Based on the
crystal  structure of
the progesterone re-
ceptor (73), a model
of the MR LBD was
created by substitut-
ing MR-specific resi-
dues in the ligand-
binding cavity for their S
corresponding residues
in PR (75). The side
chain of L810 lies in
sufficiently close prox-
imity to A773 and the
C19 methyl group of L I
the steroid to form

van der Waals interac- g I

Helix 5

I— CH3 — OH

—CH3 ~cH - CH3

Llig

tions. (B) Model of e
MRy The side chain cny

of S810 does not in- A Lo
teract with A773. (C)

Activity of MRs with

various amino acid vV -cn - ity

substitutions at resi-
dues 810 and 773.
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taining the indicated
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coactivator binding (10). We propose that the
conserved helix 5-helix 3 interaction is im-
portant for helix 3 bending and receptor ac-
tivation. In MR, the inability of S810 to
interact with A773 suggests that helix 3 bend-

B
} 1
Helix5
Helix 3 Aldosterone 19-NP
ciy —I A 100.0 + 5.8 6.1+1.2
cH3 -I A 120.3+9.8 111.0+ 5.5
cH3 _I A 1231+157 109.2 +12.2
CH3 I A 1168+304 54.4+49
CH3 l A 40.0 +7.2 3.2+0.2
u«I G 138.2 + 38.9 57+20
ni G 108.1 +8.4 96.8 + 6.9

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 *
SEM of the percentage of luciferase induction by MR, in response to aldosterone. Abbreviations
for the amino acid residues are as follows: A, Ala; G, Gly; L, Leu; M, Met; S, Ser; and V, Val.

Fig. 4. MR g,, has increased af- A
finity for progesterone, 19-NP, 0.6 Kg=110£000nM & 100
and spironolactone. (A) Scat- 05 s
chard analysis of the binding of ’ o $810 £ 80
[*H]aldosterone in extracts ex- g 047 " £ 5
pressing MR, (M) or MR, 5 43 g ®
(IZI) Each data point was assayed § T 4
in quadruplicate; one representa- @ 0.2{ L810 =
tive set of data for binding to 01 - £ 20
MR,y and MR 4, is shown, and " |Kg=1.06£0.12nM g
the mean K's are indicated. (B 0 & o+
to D) Competition of varying 0 02 04 06 08
concentrations of the indicated 3H-Aldo bound (ni)
unlabeled steroids and 5 nM
[*Haldosterone for binding to & 10k
MR, and MR g, in Cos-7 cell o 80k
extracts. Each data point repre- £ £
sents the mean = SEM of at § £ 60
least three independent experi- g g
ments. (*) Significant differences < T 40
between binding of MR, and T g
MR g0 all differences are signif- 2 g 0
[ £ © Sk .
icant at P < 0.001. g 0l o ‘% ol ~f_
1 10 100 1 10 100
19-NP/Aldo ratio Spironolactone/Aldo ratio
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ing is achieved by other means. Biochemical
studies indicate that N770 interacts with the
21-hydroxyl group of aldosterone (/4). 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
MRy, 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 MR in hip-
pocampus, heart, and endothelium has sug-
gested extrarenal activity (/9). 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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Structure of the Cytoplasmic 3
Subunit—T1 Assembly of
Voltage-Dependent K™
Channels

Jacqueline M. Gulbis,*1 Ming Zhou,* Sabine Mann,
Roderick MacKinnoni

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 (T1) domain of the integral membrane o subunit
together with the oxidoreductase B subunit in a fourfold symmetric 71,3,
complex. An electrophysiological assay showed that this complex is oriented
with four T1 domains facing the transmembrane pore and four 3 subunits facing
the cytoplasm. The transmembrane pore communicates with the cytoplasm
through lateral, negatively charged openings above the T1,3, complex. The
inactivation peptides of voltage-dependent K* channels reach their site of

action by entering these openings.

The B subunit of voltage-dependent K*
channels is a tetramer of oxidoreductase pro-
teins arranged with fourfold rotational sym-
metry like the integral membrane o subunits
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(1). 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 8 subunit remains a
mystery.

Studies of K* channel biosynthesis have
shown that a and B subunits coassemble 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
pore 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 o 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 tetraecthylam-
monium enter the transmembrane pore (J5).
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 B
subunit without obstructing the transmem-
brane pathway.

It has been postulated that the intracellular
T1 domain interacts with the 8 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 8 sub-
unit association (see below).

Coexpression of the rat 2 subunit (/0)
(residues 36 to 367) and rat Kvl.1 (/1) Tl
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 B subunit structure as a search model
(12). The final model was refined to an R

free
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