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ABSTRACT. The binding of a ligand to cell surface receptors initiates a cascade of intracellular signals that
generate responses to the external stimuli. Thus, this event plays a pivotal role in the mechanism of
transmembrane signaling. Activin is a member of a cytokine family that is involved in diverse biological
processes. To study the structural basis that underlies the transmembrane signaling mechanism, we have
overexpressed the soluble extracellular domain of the type Il activin receptor from mouse (ActRII-ECD).
We used the methylotrophic yedBichia pastorisas an expression host to produce a large quantity of
ActRII-ECD. Expression was carried out in a fermentor with a typical yield of 10 mg of pure ActRII-
ECD from a liter of growth media. Biological function was confirmed by the ability to decrease the
activin-stimulated release of FSH from cultured rat pituitary cells in addition to several activin-binding
assays, including native gel shift and chemical cross-linking. The glycosylation on ActRII-ECD was
shown to be dispensable for high-affinity activin binding, and nonnatural sugars from the yeast expression
host did not interfere with binding, indicating that the binding of activin is not sensitive to the environment
near the two positions of N-linked glycosylation. Analytical ultracentrifugation of the complex between
activin A and ActRII-ECD reveals that two receptors associate with one activin A dimer, consistent with
results from chemical cross-linking experiments.

Living cells are constantly receiving instructions from formation during embryogenesist,(5). Activins were
other cells. These signals, which are often in the form of a originally identified as proteins which stimulate the produc-
protein messenger, instruct the cell to grow, remain quiescent,tion of FSH by the anterior pituitary gland6é), The
differentiate, or die. Such complex signaling pathways that physiological action of activin is antagonized by inhibin, a
are connected in a multidimensional manner are all set intorelated protein that inhibits the prodution of FSHA @).
motion by the recognition and assembly of ligand and Activins are disulfide-linked homo- and heterodimers of
receptor molecules at the cell surface. The structural basisrelatedB subunits. 84 andSs combine to form three different
for such a signaling mechanism is, however, not well types of activin: A BaBa), B (8s8s), and AB (3sfs). Three
understood. An accurate knowledge of one such transmem-new chains,c, 8o, andBe, have recently been identified,
brane signaling mechanism will provide the foundation on forming a new subclass of activins based on their sequence
which a more complex physiological phenomenon, in which similarity and limited expression patter8—-{12); however,
there are multiple ligand and receptor complexes acting in their biological roles are still not well characterized. A
concert, can be understood. slightly larger and more distantly related chain, calted

Activins belong to the TG superfamily of growth can form heterodimers with th& chains to form inhibin A
factors and can affect a broad range of cellular processes(a34) and inhibin B (48g). The sequence similarity between
such as cell division]( 2), differentiation 8), and pattern 8 and a chains and subunits of T@Fsuggests that the
structure of activin is similar to that of T@ for which the
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are important for the activation of the type | receptd®,(
20). The type Il receptor is capable of binding to the ligand,
and has a constitutively active kinase; however, it cannot
propagate a signal without the type | receptor. On the other
hand, the type | receptor can only form a complex with ligand
that is already bound to the type Il recept@dy

The formation of the signaling complex, which consists
of ActRI, ActRIl, and activin, causes transphosphorylation
of ActRI by ActRII, thereby activating the kinase domain
of ActRI which phosphorylates downstream components to
propagate the signal. This mechanism of receptor het-
erodimerization plays an important role in creating diverse
and tunable responses to complex extracellular simuli. An
example that demonstrates the complexity of activin-medi-
ated signaling is the dose-dependent respons¢eimopus
embryos. Xenopuslastomeres respond differently to a 1.5-
fold difference in activin stimulation, at one dose forming
muscle and another forming notochok).( This exquisitely
tuned signal response, for which a mechanism is not known,
is necessary for the development of multicellular eukaryotes.
The structural basis for this type of signaling mechanism
involving more than one target receptor is the ultimate focus
of our study.

In the present study, we describe the overexpression,
purification, and preliminary characterization of the extra-
cellular domain of the type Il activin receptor from mouse
(ActRII-ECD). The mouse and human ActRII-ECDs differ
only at 2 out of 116 residues. We demonstrate that ActRII-
ECD is monomeric in solution, and that it is capable of
competing with ActRII, thereby acting as an inhibitor of
activin signaling. We also show that the activin A/ActRII-
ECD complex in solution consists of one dimeric activin A
with two chains of ActRII-ECD. Finally, we demonstrate
that glycosylation is not crucial for ligand/receptor recogni-
tion and binding.

EXPERIMENTAL PROCEDURES

Media and Solutions.YPD: 10% Bacto yeast extract,
20% Bacto peptone, 2% glucose. SED: 1 M sorbitol, 25
mM EDTA, 50 mM DTT. SCE: 1 M sorbitol, 1 mM
EDTA, 10 mM citrate, pH 5.8. CaS: 1 M sorbitol, 10 mM
Tris, pH 7.5, 10 mM CaGl PEG solution: 20% poly-
ethylene glycol 3350, 10 mM Tris, pH 7.5, 10 mM CacCl
SOS: 1 M sorbitol, 33% YPD media, 10 mM CaCl10x
YNB: 34 g of yeast nitrogen base without amino acids and
(NH4)2SOy, 100 g of (NH).SO,. RD Top Agar: 1 M
sorbitol, 1% agar, 2% glucosex1YNB, 2 ug/mL biotin.
RDB plates: 0.6 M KCI, 2% agar, 2% glucose, 1x YNB,
0.4 ug/mL biotin. MD plates: 2% agar, 1x YNB, 04g/
mL biotin, 2% glucose. BMGY: 1x YNB, 1% glycerol,
1% casamino acids, 0#4g/mL biotin. BMMY: 1x YNB,
1% methanol, 1% casamino acids, @gfmL biotin. PTM4
salts (per liter): 2 g of CuSgEbH,0, 80 mg of Nal, 3 g of
MnSQy-H,0, 200 mg of NaMo@2H,0, 20 mg of boric acid,
500 mg of CoCY, 7 g of ZnCl,, 22 g of FeS@7H,0, 200
mg of biotin, 1 mL of sulfuric acid. Basal salts medium
(per liter): 13.3 mL of 85% phosphoric acid, 1.8 g of CaSO
2H,0, 14.3 g of kSO, 11.7 g of MgSQ@-7H,0, 3.9 g of
KOH, 40 mL of glycerol.

Vector Construction. ActRII-ECD was expressed in
Pichia pastorisunder the control of the alcohol oxidase
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FIGURE 1: (A) Schematic representation of the pPIC9K vector that
was used to express ActRII-ECD with a close-up around the cloning
region. The vector contains the following elementsAGX1
promoter regiong--factor secretion signal, ActRII-ECD, 6-histidine
tag, 3AOX1 transcription termination region (TT), His4 ORF,
kanamycin resistance geneA®X1 fragment, ampicillin resistance
gene. (B) To identify Mut colonies for expression in the fermentor,
G418 colonies were grown for 24 h in 0.1% glycerol BMGY, spun
down, and then grown for 24 h in 1% methanol BMMY. A plot of
the ODyoo for 13 G418 resistant clones reveals which are May
their higher cell density after growth on methanol.

(AOX) promoter. The gene encoding mouse ActRII-ECD
was cloned into thé>. pastorisexpression vector pPIC9K
(Invitrogen) using two oligonucleotides’¢fecgagtggccatatg-
gctatacttggcaga3and Bgtggtggtgctcgaggggtggcettcggty3
designed to amplify the region of the ActRIl gene that
encodes from the signal cleavage site to the N-terminus of
the transmembrane segment. This PCR product was cloned
into pET21a (Novagen) at thEldd and Xhd restriction
enzyme sites which added a 6-His tag to the C-terminus.
After the sequence of the new construct was verified, the
gene encoding the ActRII-ECD and the His tag was
subcloned into pPIC9K-TM45 using a newBCR primer
(5'cgcggcecgcecctaggagcecggatctcagtyg3rhe PCR product
was cloned into pPIC9K-TM45 at thedd and Aurll sites.
Figure 1A shows the final pPIC9K-ActRII-ECD construct
which was used in the transformation Bf pastoris
Spheroplast TransformationWe used the SMD1168
strain ofP. pastorisfor transformation. SMD1168 is a his4
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pep4 strain that is deficient in protease A, resulting in a (Figure 1B). The medium from these test cultures was used
deficiency in carboxypeptidase Y and protease B1l. This in a Western blot to select a clone that produces the highest
strain is also lacking a functional His4 gene, which is level of expression.
contained in the pPIC9K expression vector. Hisansfor- Native Gel Electrophoresis.The gel matrix consists of
mants grow on media without histidine, providing a simple 4.5% acrylamide, 0.12% bis(acrylamide), and 375 mM Tris,
selection for colonies that contain the vector. SpheroplastpH 8.8. The electrophoresis buffer is 25 mM Tris, 192 mM
transformation was the only method which yielded multiple glycine, pH 8.8. The ActRII-ECD and activin were allowed
copy inserts of the pPIC9K-ActRII-ECD vector. The DNA 15 min to form a complex before addition of a6oading
was linearized by digestion witBglll and then purified and  buffer which contains 30% glycerol and bromophenol blue.
concentrated with the Geneclean kit (Bio 101 Inc.). Sphero- Gels were run at 20 mA for about 1 h.
plast transformation was carried out essentially as described Enzymatic DeglycoslyationThe mannose oligosaccha-
(22) with some modifications23). Specifically, SMD1168 rides were removed by digestion with endoglycosidase H
cells were grown in 200 mL of YPD to afo of 0.2—0.3, (Glyko), which cleaves between the twN-acetylglu-
and harvested by centrifugation at 1500The cells were cosamines. Only 0.1 unit of enzyme was required to digest
washed and centrifuged sequentially with 20 mL ofOH 10 mg of ActRII-ECD at 5 mg/mL in 12 h. One unit is
SED, aml 1 M sorbitol. The cells were then resuspended in defined as the amount of enzyme required to catalyze the
20 mL of SCE with 15uL of zymolase (Z-70 ICN, 3 mg/  release of N-linked oligosaccharides from @®nol of
mL), and incubated at 38C for 30 min. The spheroplasts denatured ribonuclease B il h at 37°C, pH 5.5. The
were harvested at 7§@nd washed sequentially with 20 mL  reactions were carried out in 50 mM NaR®@H 5.5 at 37
of 1 M sorbitol and CaS. The spheroplasts were resuspendedC. The reaction was monitored by SBBAGE and was
in 400 uL of CaS; 200uL of spheroplasts was incubated stopped by purification on a Superdex 75 gel filtration
with 10 ug of linearized DNA for 10 min at room temper-  column (Pharmacia).
ature. One milliliter of PEG solution was added to the cells ~ Chemical Cross-Linking.Activin (*?9-labeled, 6x 10°
and allowed to incubate another 10 min. The cells were cpm) was incubated with 200 ng of ActRII-ECD in 10 mL
collected by centrifugation at 7§0n a microcentrifuge, and  of HEPES buffer (50 mM, pH 7.5) at 3. After 30 min,
the PEG was carefully removed. The pellet was resuspendedhe mixture was allowed to cool to RT, and /L of
in 150uL of SOS and incubated at room temperature for 20 disuccinimidyl suberate (DSS, 2 mg/mL) in DMSO was
min. The cells were diluted with 850L of 1 M sorbitol added. The reaction was stopped after 60 min by addition
and then added to 30 mL of RD Top Agar prewarmed at 45 of nonreducing SDS sample buffer. The sample was then
°C, and then poured onto three RDB plates. The plates wereresolved on a 15% SDSPAGE gel. Radioactive bands were
incubated for 5 days at 30C. The top agar was scraped visualized by exposure of the dried gel to X-ray film.
off of the plates and pooled into one 50 mL screw cap tube. Solid-Phase Binding AssayActRII-ECD preparations
The tube was filled with sterile water and vortexed thor- were bound to the wells of an Immulon-4 microtiter plate
oughly to remove the cells from the agar. The cells were overnight at £C (100 ng/well). Residual binding sites were
filtered through several layers of sterile cheesecloth and thenblocked with 0.5% poly(vinylpyrrolidone) and 0.5% gelatin
centrifuged. The cells were resuspended in YPD with 15% in Tris-buffered saline (TBS). The wells were washed 3
glycerol and stored at70 °C. times with binding buffer [HDB (137 mM NaCl, 5 mM KClI,
Selection of Multiple Copy InsertsCells from the his 0.7 mM NaHPO,, 25 mM HEPES, 10@g/mL gentamycin,
transformant pool were spread on MD plates at an appropri-pH 7.4) supplemented with 5 mM Mg3QL.6 mM CaC},
ate dilution to give between 20 and 100 colonies per plate. 1 mg/mL bovine serum albumin]. A premixed solution
These plates were incubated at 30 for 4 days. The containing a constant amount &fl-labeled activin A and
colonies were replica-plated onto YPD plates which con- varying amounts of nonlabeled activin A as a displacer was
tained 2 g/L G418 (Geneticin, Gibco BRL). After 2 days, added to the wells in triplicate. Afté h incubation at room
about 10% of the plated colonies had grown, and these weretemperature, the solution was aspirated, and the wells were
presumed to have at least 5 copies of the kanamycin resitancavashed with 25Q.L of ice-cold binding buffer. The wells
gene 24). were then counted for radioactivity. Displacement data were
Selection of Mut Transformants.The transformation with  analyzed using the program Prism (version 2.0). Affinities
pPICOK results in a number of different phenotypes depend- were determined as Egvalues.
ing on the points of recombination into the yeast genome. FSH Assay.Anterior pituitary glands from male Spragte
Clones which have had one of their alcohol oxidase genesDawley rats were dissociated by collagenase and plated (0.15
disrupted will not grow as quickly on methanol and are x 1Cf cells/well in 48-well plates) in medium containing
termed “methanol utilization slow” (Mgt We found that 2% fetal bovine serum. Three days after plating, the cells
Mut" clones are better suited for fermentation and therefore were washed twice with fresh medium, and the treatments
designed a screen for this phenotype. This screen alsowere initiated in triplicate for 72 h. FSH was measured using
provided a means to identify clones that produced the mostradioimmunoassay kits provided by Dr. A. F. Parlow of the
recombinant protein. G418 resistant colonies were grown National Hormone and Pituitary Program of NIDDK.
in BMGY with 0.1% glycerol at 30°C for 24 h. The cells Analytical Ultracentrifugation. Equilibrium analytical
were spun down and resuspended aA@pnear 2 in BMMY ultracentrifugation was carried out at Z& (Beckman
and grown for another 24 h. The final OD of the cultures Optima XL-l), and the data were analyzed using the
was used to determine the phenotype of the clone. sMut WIinNONLIN software @5). The data were fit to an equation
clones reached a final OD between 17 and 24, whereas Mut for a single nonassociating species or to a two-species
clones usually grew to at least 35 and often to 50 OD units. equilibrium association, but the two-species fit did not
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improve significantly over the single-species fit. The equa- NaOH was added until the pH stabilized at around 8. The

tion for the single species ffr) = A explo(r¥2 — r#/2)] + change in pH caused some salt precipitation, and this in turn
C, wherer is the radiust, is the radius at the meniscus, and caused the pH to decrease. After the precipitate settled, the
o is the reduced effective molecular weight. = [Mw?(1 media were centrifuged at 10098nd, 5 mL of nickel NTA

— vp)/RT], whereM is the molecular weighty is the angular ~ resin (Qiagen) was added per liter of media. The media were
velocity, v is the partial specific volume is the densityR stirred slowly with the resin for 12 h, and then poured into

is the gas constant, afidis the absolute temperature. Data a column. The resin was washed with 2 column volumes
were collected on each sample at three concentrationsof 20 mM Tris, 150 mM NaCl, 5 mM imidazole, pH 8. The
(ranging between 0.1 and 0.8 mg/mL) and at two speeds, ActRII-ECD was eluted with 200 mM imidazole in the same
and theo was fit globally to all six data sets. buffer. The eluted protein was concentrated with a Centricon

Growth in Fermentor VesselAn overnight culture of 200 10 (Amicon) and loaded onto a Superdex75 16/60 gel
mL of BMGY at an OD of 26-50 was used to innoculate filtration column (Pharmacia) equilibrated in 20 mM Tris,
3.5 L of Basal salts medium with 14 mL of PTM4 salts in 150 mM NaCl. _

a sterie 5 L fermentor vessel. The pH of the media was ~ The two main peaks of the chromatogram (Figure 2A)
maintained at 5.0 throughout the run by a JHH feed. The correspond to different aggregation states of ActRII-ECD.
yeast were grown at 3TC, 400 rpm agitation, with aeration ~ The larger peak is misfolded ActRII-ECD and probably
and oxygen feed to keep the dissolved oxygen (DO) at or contains some disulfide-linked dimers. The smaller com-
above 40 until the glycerol was consumed, at which point Ponentwhich runs at approximately 29 kDa on SBFAGE
the wet cell weight (wcw) was around 110 g/L. After the IS amonomeric form of the receptor. The aggregated fraction
DO had risen above 60, indicating that the cells had stoppeddid not display any binding to activin A on a native gel,
consuming glycerol, a feed of 50% glycerol with 12 mL/L whereas the monomeric species was fully competent to bind
PTM4 salts was started at a flow of 40 mL/h, and the activin A as measured on a native gel and by gel filtration
agitation was increased to 900 rpm. The glycerol feed was (Figure 2D). _ _

continued for about 20 h at which point the wew was near ~ Deglycoslyation and Proteolysis of ActRII-ECITo test
300 g/L. A 50% methanol feed with 12 mL/L PTM4 salts Whether a deglycosylated form of the ActRII-ECD could bind
was started at the minimum flow rate for the fermentor and to activin, the high-mannose polysaccharides were removed
steadily increased over a periofiéh to arate of 20 mL/h. by digestion with endoglycosidase H (Figure 2E). The
The methanol feed continued at this rate for 24 h. The cells deglycosylated protein (ActRII-dg) was still able to form a
were centrifuged at 100@Cor 45 min, and the supernatant ~ Stable complex with activin A (Figure 3B). The ActRIl-dg
was either frozen at-20 °C or used immediately for ~Was a more homogeneous species as visualized by-SDS

purification. PAGE, whereas the glycosylation caused ActRII-ECD to run
as a diffuse band (Figure 2E).
RESULTS To probe the subdomain structure of ActRII-ECD, we

screened several commercially available proteases for cutting

Expression of ActRII-ECDOur initial attempts at growing  sjtes. ActRII-ECD turned out to be quite stable to many
P. pastorisin a fermentor were based on reported parameters proteases including trypsin, which did not significantly cut
(26). Itwas not difficult to produce hundreds of milligrams  at a 1:20 weight ratio (trypsin:ActRII-ECD) even after 12 h
of ActRII-ECD; however, to get the highest yield of properly  at room temperature. Endoproteinase Glu-C (EndoC) cleaved
folded protein, many parameters had to be optimized. The after Glu 102, removing the 14 C-terminal residues which
factors which most affected the yield of properly folded included the His tag (Figure 2E). The cleavage site was
ActRII-ECD were the rate of the methanol feed during determined by a combination of mass spectrometry and
induction and the Iength of the induction. These yeast had N-terminal Sequencing_ The EndoC-treated ActR”_dg is
tremendous growth rates on glycerol or methanaod, ad L referred to as ActRIA14.
fermentation culture could easily consume 500 mL of  Activity and Binding Assays.The results of the native
methanol in 24 h. Although they were utilizing this much  ge| showed that activin A was able to form a stable complex
methanol, they were making primarily misfolded ActRII- with three distinct forms of the receptor (Figure 3). The
ECD. Eventua”yaS|OW9r induction rate was found to yleld mob|||ty of the Comp|ex at pH 8.8 was On|y S||ght|y less
a higher level of properly folded ActRII-ECD. The length than that of the free receptor, indicating that there is not a
of the induction was critical because if it was too long then |arge difference in the Ipbetween ActRI-ECD and its
the yeast began to die and release proteases which decrease@mplex with activin A. We also ran native gels of
the yield. The protocol described under Experimental ActRIIA14 and its complex with activin A (Figure 3C), and
Procedures yielded 200 mg of ActRII-ECD froa 4 L in this case, the complex has a similar mobility to the
fermentation, of which~40 mg after purification was  complex with ActRII-ECD and ActRII-dg, but ActRN14
properly folded and was able to bind to activin. alone was moving with the solvent front. The increased

Purification of ActRII-ECD. ActRII-ECD was secreted  mobility is due to the decreased that resulted from the
to the media by a clone d®. pastoriswhich contained the  removal of the C-terminal residues, in which the 6-His tag
ActRII-ECD gene fused to the factor signal peptide. The is contained.
initial purification was carried out by nickel affinity chro- ActRII-ECD and ActRII-dg were tested for activin binding
matography which concentrated the protein to a manageableby a displacement assay using activin A as a diplacer and
volume and separated out most of the other extracellularimmobilized receptor on an ELISA plate. The affinities
proteins. After centrifugationl M Tris was added to the (ECsg) were 1.5 nM and 7.8 nM for the glycosylated and
media to a final concentration of 50 mM, and then 1 M the deglycosylated receptor, respectively (results to be
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with endoglycosidase H (Endo-H) to yield ActRIl-dg and then with
endoproteinase GluC (Endo-GIuC) to yield ActR1l4.

published elsewhere).
ActRII-dg on cultured rat pituitary cells in the presence of
activin. ActRIl-dg was able to block activin-stimulated
release of FSH from basal levels of activin and from
additional activin A. ActRII-dg at 1g/mL was sufficient

We also measured the effect of

0.1 1
Activin A (ng/mL)

FiGure 4: Results from the FSH release assay. Cells from the
anterior pituitary glands of Spraga®awley rats were treated in
triplicate with varying amounts of activin A and ActRIl-dg. The
level of FSH released was measured after 72 h.

10 100

to decrease the FSH release by half in the presence of up tactivin signaling, acting most likely by sequestering activin
10 ng/mL activin A (Figure 4). At all doses of ActRIl-dg, away from full-length membrane-bound ActRIl. Further-
from 0.4 to 10ug/mL, the amount of FSH realease was more, ActRIl-dg does not cause any change in ACTH release
lessened as the dose of ActRIl-dg was increased. This(data not shown), providing evidence for a receptor-specific
indicates that the soluble ActRII-ECD is an inhibitor of signaling inhibition.
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Stoichiometry of the ComplexThe size of the complex
between ActRII-ECD and activin A was first measured by
gel filtration. The complex eluted at a calculated mass of
35 kDa, suggesting that the complex is formed by one activin
dimer binding to one ActRII-ECD. The gel filtration was
carried out by injecting a mixture of activin A and ActRII-
ECD with an excess of receptor so that the predominant
species in solution are the complex and unliganded receptor.
The chromatograms from the gel filtration with and without
activin A are shown in Figure 2C,D. Due to the potentially
large errors in the masses estimated by gel filtration, more
precise techniques were used to address the question o
stoichiometry.

Cross-linking of radioactively labeled activin A to the
ActRII-ECD resulted in the formation of two higher molec-

ular mass species (Figure 5A). The molecular mass of these

species as estimated by SBBAGE corresponds to activin
A + 1 ActRII-ECD (~37 kDa) and activin A+ 2 ActRII-
ECD (~49 kDa). The cross-linking efficiency of DSS is
generally low, on the order of-15%. It is therefore not
surprising that the majority of the cross-linked material
corresponds to thefl1 complex. In a trimolecular reaction,
the probability for the second cross-link to occur is much
lower than that for the first one.

To accurately determine the stoichiometry of the complex,
we performed equilibrium analytical ultracentrifugation on
the complex which had been purified by gel filtration. The
results show conclusively that the complex between ActRII-
ECD and activin A consists of two ActRII-ECD molecules
and one activin A dimer (Figure 5B). We also measured
the sizes of ActRIl-dg and ActRN14 which are both
monomeric in solution (Figure 5C). The mass of the
complex was measured to be 48.8 kDa, which is within
experimental error of the calculated mass of 49.6 kDa. The
masses of ActRIl-dg and ActRAN14 were measured to be
13.0 and 12.7 kDa, which is in good agreement with the

calculated masses of 14.4 and 11.9 kDa, respectively. The

data for the complex and for the receptor alone were fit to
a two-species model, but in neither case did the fit improve
significantly. This is the expected result for molecules that

have nanomolar dissociation constants, because the small

amount of uncomplexed material does not contribute to the
signal more than the noise.

Crystallization. We obtained crystals of ActRN14 by
the hanging-drop vapor diffusion method. The crystals grew
in several conditions which were all in 0.1 M ammonium
acetate buffer at pH 4.5. The best precipitants were either
5% PEG 8000 with 0.5 M NaCl, or 20% MPD, or 1 M
ammonium sulfate. All conditions gave rise to hexagonal
rod-shaped crystals. The crystals grew up to 50200 x
200 um and diffract X-rays beyond 2 A. The crystals are
in the space group3 and have the cell dimensio@s= b
=71.6 Ac=37.3 A. Based on statistical comparison with
other protein crystals2(7), it is most probable that there are
two molecules in the asymmetric unit, which would result
in approximately a 43% solvent content.

DISCUSSION

There are two sites of potential glycosylation on ActRIl,
and inP. pastoris these sites are both modified by mannose
moieties which are attached to the asparagines by d\two-
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FIGURe5: (A) Results from cross-linking of activin A and ActRII-
ECD with disuccinimidyl suberate. The samples were visualized
by SDS-PAGE and then exposure to X-ray film. Thie above

the lanes indicates which molecules were included in the reaction
mixture. (B) Analytical ultracentrifuge data from a single speed
(20k rpm) and concentration for the activin/ActRIl-dg complex
showing the global fit to all six data sets (14k and 20k rpm at 0.1,
0.2, and 0.4 mg/mL) and residuals for this fit. The inset graph shows
the data plotted as the In (concentratiegnC versus (32 — r4/2)
whereC is a constant added to have aimtercept at the smallest

r. The slope of the line ig (see Experimental Procedures). The
solid line is the gobal fit plotted in the same manner, and the dashed
line is the expected model for a complex of one molecule of ActRII-
dg with one activin A. (C) Analytical ultracentrifuge data from a
single speed (28k rpm) and concentration for ActRIl-dg showing
the global fit to all six data sets (21k and 28k rpm at 0.15, 0.3, and
0.6 mg/mL) and residuals for this fit.
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acetylglucosamine linker. Reported affinities of activin for a type Il receptor phosphorylates and activates a type |
its type Il receptor range between 0.10 and 0.38 28 receptor; however, this model does not provide insight as to
30). The affinity for ActRII-ECD compared to intact cell why nature has developed a heterodimeric ligand and
receptors is thus reduced only 5-fold. A similar ratio has receptor system. More detailed experiments on the kinetics

been reported for the affinity of TGA to the TGIBRII-
ECD (31). In adifferent report on unglycosylated TGRII-
ECD, a 1000-fold lower affinity is reported compared to
intact cell surface receptor82). The affinity of activin for

the deglycosylated ActRII-ECD reported here is only about
25-fold lower. This indicates that the glycosylation is not
essential for the high-affinity interaction between ActRII-
ECD and activin A. Considering that the non-native
mannose oligosaccharide frdt pastorisdoes not interfere
with complex formation, it is reasonable to speculate that
the binding surface is not near the glycosylation sites. We
did not measure the mass of the glycosylated protein, but
on SDS-PAGE, the sugars added about 5 kDa in mobility.
Such large unnatural additions to the protein are likely to
interfere with ligand binding if they are located close to the
binding surface. Also, the 14 C-terminal residues which
are missing in ActRIA14 are not needed for complex
formation.

The biological activity of ActRII-ECD, as measured in
the FSH release asssay, fits within the current paradigm of
the activin signaling mechanism. ActRII-ECD is likely to
prevent signaling by binding to activin and impeding the
formation of signaling complexes. The fact that a 1000-
fold excess of ActRII-ECD to activin is required to effect
these changes in FSH release could be attributed to several 8.
factors. First, the concentration of the receptors on the
membrane is effectively higher than the calculated concen-
tration because they are limited to a two-dimensional
diffusion. Second, the length of the treatment (72 h) allows
time for activin to be passed back and forth between soluble
and membrane-bound receptors in an equilibrium manner.
This will cause some signaling even at high ratios of ActRII-
ECD:ActRII. Third, the cells express a basal level of activin,
increasing the amount of activin that must be bound by
ActRII-ECD to block signaling. Finally, it is possible that
two ActRII-ECD molecules are needed to bind to activin in
order to effectively block the signaling from the complex.
If only one full-length receptor in the complex is sufficient
to signal, the effective inhibition by the ECD alone will be
weaker than expected for it6 with activin.

The evidence for “ligand-induced receptor clustering” as 17.
the structural basis for the transmembrane signaling mech- 18.
anism of receptor tyrosine kinases is extensi8d8—35).
However, the widespread occurrence of a homodimeric
ligand (e.g., TGP family) interacting with heterodimeric
receptor serine kinases raises the rarely discussed questionpg.
of the relationship of the stoichiometry to the signaling
mechanism for this class of receptors. Activin A presumably
has a similar structure to the 2-fold symmetric T&G@.3,

14). The symmetry of the ligand and the stoichiometry of
the activin/ActRII-ECD complex suggest that the complex
is also structurally 2-fold symmetric. Although there is
evidence for more than one type | receptor in the signaling
complex @6), the question still remains as to how many type
| receptors will be involved, but the symmetry argument still
points toward two of each type of receptor in the ActRI/
ActRlIl/activin complex. This type of ligand-mediated oli-
gomerization supports the receptor-clustering model in which

3.

4.

5.
6.

10.
11.
12.
13.
14.
15.

16.

19.

21.
22.
23.
24.
25.
26.

27.

of signaling in the presence of ActRII-ECD will shed light
on this signaling mechanism.
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