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Abstract

Numerous stages of organismal development rely on the cellular interpretation of gradients

of secreted morphogens including members of the Bone Morphogenetic Protein (BMP) fam-

ily through transmembrane receptors. Early gradients of BMPs drive dorsal/ventral pattern-

ing throughout the animal kingdom in both vertebrates and invertebrates. Growing evidence

in Drosophila, zebrafish, murine and other systems suggests that BMP ligand heterodimers

are the primary BMP signaling ligand, even in systems in which mixtures of BMP homodi-

mers and heterodimers are present. Signaling by heterodimers occurs through a hetero-tet-

rameric receptor complex comprising of two distinct type one BMP receptors and two type II

receptors. To understand the system dynamics and determine whether kinetic assembly of

heterodimer-heterotetramer BMP complexes is favored, as compared to other plausible

BMP ligand-receptor configurations, we developed a kinetic model for BMP tetramer forma-

tion based on current measurements for binding rates and affinities. We find that contrary to

a common hypothesis, heterodimer-heterotetramer formation is not kinetically favored over

the formation of homodimer-tetramer complexes under physiological conditions of receptor

and ligand concentrations and therefore other mechanisms, potentially including differential

kinase activities of the formed heterotetramer complexes, must be the cause of heterodi-

mer-heterotetramer signaling primacy. Further, although BMP complex assembly favors

homodimer and homomeric complex formation over a wide range of parameters, ignoring

these signals and instead relying on the heterodimer improves the range of morphogen

interpretation in a broad set of conditions, suggesting a performance advantage for heterodi-

mer signaling in patterning multiple cell types in a gradient.
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Author summary

TGF-β signaling is an important cell signaling system through which cells respond to

external information. In the TGF-β system, signaling is initiated when a ligand dimer pair

binds to a receptor tetramer. Interestingly, in numerous developmental contexts, TGF-β
signaling has a greater response to heterodimeric ligands (dimers of multiple ligands), as

compared to homomeric ligands (dimers made of two molecules of a single ligand). How-

ever, neither the cause of heterodimer signaling primacy, nor the systemic effects of het-

erodimeric vs homomeric signaling are understood. We use a biophysically-informed

computational modeling approach to investigate the system dynamics of heterodimer-

heterotetramer BMP signaling, to understand the cause and consequence of the require-

ment for Bmp2/7-mediated signaling in dorsoventral patterning in zebrafish develop-

ment. Using our model, we demonstrate that BMP heterodimer signaling complex

formation is not kinetically favored over homodimer signaling complexes, suggesting sub-

functionalization of BMP receptors may be required to explain heterodimer signaling.

Additionally, we show that heterodimer signaling provides a performance advantage via

increased range of morphogen interpretation. Our findings provide insight into the sys-

tems principles involved in developmental signaling.

Introduction

The differentiation of biological systems is directed by the interpretation of biochemical mor-

phogen gradients in a concentration-dependent manner. The remarkable robustness and pre-

cision of developmental patterning reveals careful organization of the underlying

developmental signaling systems. These systems are highly evolutionarily conserved, and

through the use of mathematical modeling, the foundational principles that guide the evolu-

tion of these systems are beginning to be understood. The Bone Morphogenetic Protein

(BMP) signaling pathway is an essential signaling system that regulates development as well as

a wide range of cellular processes in both vertebrates and invertebrates [1–4]. In canonical

BMP signaling, secreted ligands form dimeric complexes, both homodimers and heterodimers,

which bind to membrane-bound BMP receptors belonging to the receptor serine-threonine

kinase family. Upon ligand binding, BMP receptors oligomerize, as depicted in Fig 1A and 1B,

into tetrameric signaling complexes that consist of two type I and two type II kinase receptors

[1,2]. Ligand-bound tetrameric signaling complexes initiate an intracellular signaling cascade

by instigating the phosphorylation of BMP-responsive Smad proteins [2,5,6]. Finally, the phos-

phorylated Smad (pSmad) forms complexes with co-Smad and accumulates in the nucleus to

regulate gene expression [6].

Interestingly, in several biological systems BMP ligand heterodimers demonstrate stronger

biological activity than BMP ligand homodimers. In Drosophila development, BMP ligand

homologues Decapentaplegic (Dpp) and Screw (Scw) signal through two type I receptors (Sax-

ophone and Thickvein) and two type II receptors (Punt) [2]. Dpp-Scw heterodimers induce

downstream signaling at approximately 10-fold the rate of equimolar Dpp homodimer, and

heterodimer signaling is more robust in response to changes in gene dosage [2]. Heterodimer

signaling also plays critical roles in Drosophila wing disc and wing vein patterning [7,8].

The primacy of BMP heterodimer signaling is conserved evolutionarily and has been iden-

tified in several vertebrate contexts including, bone regeneration, axon guidance, and stem cell

differentiation [1,2,9–12]. In the vertebrate early embryo the significance of BMP heterodimer

signaling is more exaggerated; in zebrafish, BMP-induced pattering is exclusively mediated by
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heterodimers [1,13]. Mutant experiments reveal that loss of either bmp2b or bmp7a is suffi-

cient to induce a complete loss of BMP signaling in the embryo [13]. Further, recombinant

Bmp2 and Bmp7 homodimers are unable to signal in the zebrafish and only recombinant

Bmp2/7 heterodimer is able to rescue BMP signaling [1]. Additionally, BMP signaling in

embryonic development is mediated through a specific heterotetrameric BMP receptor com-

plex. Specifically, two distinct BMP Type I receptors, BmpRI (Alk3/6), and Acvr1 (Alk2/8) are

required for BMP-mediated dorsoventral patterning in zebrafish.

Despite the experimental evidence for the centrality of BMP heterodimer-heterotetramer

signaling during embryogenesis, the system properties that privilege heterodimer-heterotetra-

mer signaling in the BMP system remain unclear [1,2,14]. Previously it has been suggested that

the heterodimer-heterotetramer may simply be the predominant form of BMP ligand-receptor

complex; a consequence of enhanced heterotetramer formation due to the higher combined

affinity for the type I and type II receptors by the heterodimer ligand [1]. To test this hypothe-

sis, and to characterize the systems level properties of BMP ligand-induced receptor oligomeri-

zation, we developed a physiologically-based mathematical model of ligand-receptor complex

formation based on the receptor binding affinities of BMP ligands and the kinetics of

Fig 1. BMP ligand receptor interactions and oligomerization network. A. Cartoon depiction of ‘overhead view’ of

BMP ligand-dimer receptor-tetramer complexes. BMP signaling occurs through an oligomeric signaling complex

which necessarily consists of a ligand dimer (red/gold plus) bound to a receptor tetramer. The receptor tetramer

requires two Type II receptors (green square) and two Type I receptors (BmpR1 in purple and/or Acvr1 in cyan). The

heterodimer-heterotetramer is underlined in red. B. Network of BMP ligand-receptor interactions. Oligomeric

signaling complexes are formed through reversible reactions (double-sided arrows). Tetrameric complexes are

underlined in the figure above. The heterodimer-heterotetramer, Bmp2/7-Acvr1-BmpR1-(Type II)2 is double

underlined.

https://doi.org/10.1371/journal.pcbi.1009422.g001
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subsequent receptor oligomerization. Data from our computational model indicates that privi-

leged heterodimer-heterotetramer signaling is likely not mediated by favored assembly of that

specific oligomeric signaling complex. In fact, no combination of receptor and ligand concen-

trations produces conditions in which heterodimer-heterotetramer complexes make up a

majority of tetrameric ligand-receptor complexes, and it is only under very stringent condi-

tions that heterodimer-heterotramer complexes constitute a plurality of tetrameric complexes.

The absence of conditions supporting predominant formation of heterodimer-heterotetramer

complexes suggests that alternative hypotheses such as differential kinase activity or a role for

specific inhibition by secreted antagonists or co-receptors are needed to explain dominance

[15].

Intriguingly, however, BMP heterodimer-heterotetramer signaling in the simulations

exhibit important performance advantages over other ligand receptor complexes- suggesting a

selective advantage for signaling via heterodimer-heterotetramer in pattern formation or cell

signaling control. Specifically, the heterodimer-heterotetramer exhibits a larger dynamic range

than all other plausible BMP ligand dimer-receptor tetramer complexes in a broad set of

parameter conditions. In other words, the BMP heterodimer-heterotetramer acts as a superior

sensor compared to other BMP ligand-receptor combinations because its ligand input concen-

trations correspond linearly to tetrameric receptor signaling complex levels over a larger con-

centration range. Recent computational modeling work shows [16,17] that in vertebrate

systems, the BMP morphogen gradient is carefully regulated and therefore our finding of

enhanced sensor function is a viable mechanism for the experimentally observed phenomenon

of heterodimer dominance in BMP signaling.

Results

A natural hypothesis to explain heterodimer dominance, i.e the requirement for

BmpR1-Acvr1-(Type II)2 heterotetramer signaling, is that the kinetics of Bmp2/7 ligand bind-

ing to receptors favors the formation of this species over the other eight tetrameric signaling

complexes (Fig 1B). To screen the network, we simulated the model 84,375 times (Table 1) to

steady-state with parameters for ligand and receptor concentrations over the physiologically

expected range in vivo (0.01 to 1 nM ligand; 1 to 50 nM receptor, corresponding to ~360 to

18,000 receptors per cell) [5,18–20]. Additionally, we screened reduction of dimensionality

adjustments (Surface Enhancement Factor γ, values of 10, 50, 100, 500, and 1000). Values for γ
between 10 and 100 are physiologically reasonable (see S2 Text). Values of 500 and 1000 are

included to test the robustness of our solutions against these assumptions. (Table 1).

As shown in Fig 2A, under physiologically relevant ligand and receptor concentrations, the

most abundant receptor-tetramer complexes contain two BmpR1 receptors: Bmp2-(BmpR1)2-

(Type II)2 is the most prevalent, followed by Bmp2/7-(BmpR1)2-(Type II)2, and then Bmp7-

(BmpR1)2-(Type II)2. The fourth most-abundant complex is Bmp2/7-Acvr1-BmpR1-(Type

II)2, the required signaling complex in embryonic dorsoventral patterning. Even when the

Table 1. 84,375 Point Parameter Screen.

Parameter Values Grid Points Comments

Bmp ligand 1 × [10−2 to 100] nM 5 Bmp2/2 = Bmp7/7 = Bmp2/7

BmpR1 [1 to 50] nM 15

Acvr1 [1 to 50] nM 15

Type II [1 to 50] nM 15

γ [10, 50, 100, 500, 1000] 5 Surface Enhancement Factor (SEF)

https://doi.org/10.1371/journal.pcbi.1009422.t001
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homodimer ligands are removed from the model, leaving only the Bmp2/7 ligand, ligand and

receptors favor formation of the Bmp2/7 complex with two BmpR1 and two type II receptors

(Fig 2B). The heterodimer-heterotetramer signaling complex, Bmp2/7-Acvr1-BmpR1-(Type

II)2, was the most abundant tetrameric signaling complex in only 5.66% of the tested parame-

ters (Fig 2D and 2E). In contrast, Bmp2-(BmpR1)2-(Type II)2 and Bmp2/7-(BmpR1)2-(Type

II)2 were the most abundant tetramer complexes in 61.89% and 20.01% of parameter condi-

tions (Fig 2D). Surprisingly, we did not find a single solution in which the heterodimer-hetero-

tetramer complex formation was predominant, as defined by a greater concentration than the

total of the homodimer receptor complexes (Fig 2E). A visualization of a subset of the parame-

ter space is shown in Fig 2C. The red region represents the 3.84% of physiologically relevant

parameter space in which the heterodimer-heterotetramer is the most abundant tetramer.

Fig 2. Oligomerization kinetics do not explain heterodimer-heterotetramer dominance. A. Proportion of ligand-

receptor tetrameric complexes at equimolar receptor at physiological conditions. The heterodimer-heterotetramer is

only the fourth most abundant tetrameric complex. B. Proportion of ligand-receptor tetrameric complexes in a

simulation with no homodimer ligand. Heterodimer-heterotetramer production is still not kinetically favored. C.

Visualization of the prevalence of heterodimer-heterotetramer compared to other ligand-receptor tetramers in 3,375

points of a 84,375 point screen. The red region represents parameter space in which the heterodimer-heterotetramer is

the most prevalent species (3.84% of this sample. D. The portion of the parameter space in which each ligand-receptor

tetrameric complex is the most abundant. E. The portion of the parameter space in which the heterodimer-

heterotetramer is the most abundant ligand-receptor tetrameric complex (5.66%) and the predominant tetrameric

complex (0.0%).

https://doi.org/10.1371/journal.pcbi.1009422.g002
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Notably, limited BmpR1 availability compared to the other receptors is a hallmark of this por-

tion of the parameter space (S1 and S2 Figs).

Conditions and behavior of the systems under alternative hypotheses of

heterodimer dominance

Using experimentally supported kinetic parameters and equimolar ligand levels our model

does not support the hypothesis that heterodimer-heterotetramer signaling is kinetically

favored (Fig 2A). With 8-fold higher levels of Acvr1 relative to BmpR1, the network still favors

Bmp2-(BmpR1)2-(Type II)2 homomeric complex formation, except at high ligand concentra-

tions (0.4 to 1 nM of each ligand), where Bmp2/7-Acvr1-BmpR1-(Type II)2 becomes the most

prevalent receptor complex (Fig 3A and 3C). However, much of this limited range is non-via-

ble for any putative morphogen gradient as it includes conditions in which increased ligand

availability leads to decreased receptor signaling (negative slope on the graph).

Current measurements support a weak binding affinity between Bmp2/7 and Acvr1, with a

KD of 512 nM to 1024 nM depending on which subunit of the ligand dimer the Acvr1 receptor

Fig 3. Heterodimer-heterotetramer prevalence under different conditions. A. Shows the distributions of the

complexes as a function of ligand concentration in a system with excess Acvr1. The level of BmpR1 receptor complexes

exceeds the level of Bmp2/7-Acvr1-BmpR1-(Type II)2 except for a narrow band from ~.4nM to 1 nM. B. The weakest

possible Acvr1 –Bmp2/7 binding affinity in which Bmp2/7-Acvr1-BmpR1-(Type II)2 is the most prevalent receptor

tetramer at a ligand concentration of 0.1 nM. Recall that higher KD (nM) indicates weaker binding affinity. C-D. Same

as A and B with higher amounts of Type II receptor in the model. E. In the Bmp2/7-only system with 10nM type II

receptor, 9-fold excess Acvr1 leads to greater heterodimer-heterotetramer complex formation over a wide range of

ligand concentration.

https://doi.org/10.1371/journal.pcbi.1009422.g003
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is binding to [21]. The very weak binding of Acvr1 to Bmp2/7 is likely the limiting factor in

the formation of heterodimer-heterotetramer receptor complexes relative to BmpR1 homo-

meric receptor complexes. To test the sensitivity of our simulation results to this parameter,

we measured heterodimer-heterotetramer assembly at Bmp2/7 to Acvr1 binding affinities ran-

ged from 10 nM to 500 nM, under a variety of receptor concentrations and γ factors. We

found that under no physiologically plausible combination of binding affinities, γ factors and

receptor concentrations was the heterodimer-heterotetramer the predominant receptor tetra-

meric complex formed. In Fig 3B and 3D, we show the weakest Acvr1 –Bmp2/7 binding affin-

ity at which the heterodimer heterotetramer becomes the most abundant ligand receptor

complex. Notably, high Acvr1 concentrations and lower γ factors allow the heterodimer-het-

erotetramer to be more prevalent than other ligand-receptor complexes at weaker Bmp2/

7-Acvr1 binding affinities (Fig 3B and 3D). At higher Type II receptor concentrations, hetero-

dimer-heterotetramer prevalence is only possible at lower γ factors (Fig 3D). Finally, we

observe that if homodimers are quelled in vivo by BMP antagonists leaving only Bmp2/7 to

bind receptors and Acvr1 levels are 9-fold higher than BmpR1, the model favors formation of

the Bmp2/7-Acvr1-BmpR1-(Type II)2 complex over a wide range of ligand concentrations

(Fig 3E). This is in contrast to our observation of substantially greater Bmp2/7-(BmpR1)2 pro-

duction at equimolar receptor concentrations (Fig 2B).

Recent work suggests that differential kinase activity among BMP receptors is an alternative

hypothesis for the primacy of heterodimer signaling [15]. For example, an assumption of high

AcvR1 kinase activity and low or zero BmpR1 activity would suggest that ligand-receptor com-

plexes with two BmpR1 receptors, such as Bmp2/2-(BmpR1)2-(Type II)2 and Bmp7/7-

(BmpR1)2-(Type II)2 have minimal signaling ability. Analysis of our prevalence screen (Fig

2C) under this scenario revealed that after discounting BmpR1 homomeric receptor com-

plexes, the heterodimer-heterotetramer Bmp2/7-Acvr1-BmpR1-(Type II)2 is the most abun-

dant signaling complex in a majority (62.39%) of simulations. To further investigate

heterodimer-heteromeric receptor signaling in this scenario, we tested the potential contribu-

tion of individual receptor levels on expected BMP signaling levels. In model simulations,

increasing concentration of Acvr1 leads to increased Bmp2/7 heteromeric receptor signaling

at low BmpR1 levels, but has minimal effect at higher BmpR1 concentrations (Fig 4A). Inter-

estingly, an increase in BmpR1 concentration rapidly attenuates Bmp2/7 heteromeric receptor

signaling complex formation at both high and low levels of Acvr1 (Fig 4B). In contrast, an

increase in BmpR1 concentration leads to a biphasic response in heterodimer-homomeric

receptor tetramer (Bmp2/7-(BmpR1)2) formation; initially greater BmpR1 levels lead to small

to moderate increases in heterodimer-homomeric tetramer complexes, which are reversed as

BmpR1 concentrations continue to rise (Fig 4C). This phenomenon appears to be a result of a

limiting availability of Type II receptor, as increasing Type II concentration leads to increased

heterodimer-homomeric receptor complex formation (Fig 4D). The disparate response to

receptor concentrations observed in our model suggests a natural experiment for establishing

differential kinase activity among BMP receptors; if Acvr1 indeed has greater kinase activity

than BmpR1, than overexpression of AcvR1 should minimally impact observed BMP signaling

whereas high levels of overexpression of BmpR1 would lead to a reduction in signaling.

We investigated whether heterodimer-heteromeric receptor signaling confers a perfor-

mance advantage over homodimer-homomeric receptor signaling for a wide range of ligand

concentrations expected in morphogen patterning systems. To be an optimal sensor for a mor-

phogen, the receptors must mitigate noise and respond to a ligand gradient that sets multiple

thresholds over space. At two physiologically relevant receptor concentrations, we found that

Bmp2-BmpR1 homomeric complexes form over a Bmp2 concentration range of 8.3×10−3 nM

up to 15×10−2 nM where Bmp2 saturates receptors in the model (Fig 4E and 4F). Two aspects
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suggest that this would be a poor sensor- an extremely low concentration window requires a

low number of molecules and potentially increases stochastic noise, and secondly, a relatively

narrow band of concentrations between detection and saturation. In the heterodimer model,

the heterodimer-heteromeric receptor complexes form over a 6.3 times higher Bmp2/7 con-

centration range overall, from 8.3×10−3 nM up to 0.95 nM (Fig 4E and 4F). We then tested the

dynamic range for each tetrameric receptor complex across a 343 point parameter screen of

receptor concentrations (Fig 4G). We found that the heterodimer-heterotetramer has a larger

dynamic range than BmpR1 homomeric receptor complexes in 82.5% of the parameter space,

and the heterodimer-heterotetramer has the highest dynamic range in 63.56% of the parameter

space.

In addition to a greater range of ligand responsiveness, these data also show how a heterodi-

mer ligand overcomes a common problem with a tight binding ligand-receptor complex such

Fig 4. Heterodimer sensitivity and dynamic range. A-D. Bmp2 = Bmp7 = Bmp2/7 = 0.3 nM; (A-C) Type II = 10 nM;

(D) Acvr1 = 10 nM. (A) Bmp2/7-heteromeric receptor complex formation (y-axis) exhibits low sensitivity to Acvr1

levels (x-axis), but B. high sensitivity to increasing BmpR1 levels (x-axis). C-D. Levels of BMP2/7-BmpR1-BmpR1

signaling complexes (y-axis) versus increasing levels of BmpR1 for different levels of Acvr1 C. or Type II D. receptors.

E-F. Dynamic range, i.e. ligand concentrations needed to produce a single (red point) ligand-receptor complex and

maximal ligand receptor complex (black point) for each of the nine plausible tetrameric ligand-receptor oligomers.

Oligomers represented by a single point are unable to produce a single tetrameric ligand receptor complex at these

ligand and receptor concentrations. The red point signifies, for each tetramer, the higher of a single molecule of ligand,

or G. Shows a 343 point parameter screen measuring dynamic range under different receptor concentrations. The

heterodimer-heterotetramer has the largest dynamic range in 63.56% of the tested conditions.

https://doi.org/10.1371/journal.pcbi.1009422.g004
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as BMP2 binding to BmpR1. Tight binding saturates receptors at low ligand concentrations

[5,22], such that cells in a BMP gradient are saturated after assembly very near the dissociation

constant measurements for the interaction, limiting the formation of a spatial activity gradient

that directs differential gene expression over space [22,23]. Indeed, at the lower end of the

Bmp2 concentration range less than 0.008 nM, the number of free ligands approaches one

molecule or less per cell which is unrealistically low. Notably, the heterodimer-heterotetramer

had the highest ligand saturation concentration of all tetrameric complexes for all tested recep-

tor concentrations. Overall, by requiring both BmpR1 and Acvr1, the heterodimer offers the

best of both ligand types, it can be recruited rapidly by its interaction with BmpR1, but it also

allows a greater dynamic range by binding to the lower affinity Acvr1 before signaling.

Discussion

In this study, we developed a novel mathematical model of the receptor oligomerization pro-

cess of membrane receptors in BMP signaling. Our model is consistent with experimental evi-

dence of BMP heterodimer dominance in dorsoventral axis of the zebrafish embryo, and is

compatible with known BMP ligand and antagonist activity in this system. The model shows

that a simple kinetic based explanation is insufficient to explain the primacy of BMP heterodi-

mer-heterotetramer signaling. While the model disproves a kinetically-driven hypothesis, it

indicates the possibility of other mechanisms of limited homodimer signaling; Our model is

consistent with recently published evidence for receptor subfunctionalization between the

BmpR1 and Acvr1 receptors [15]. Additionally, we demonstrate that heterodimer-heterotetra-

mer complex assembly has properties that are advantageous in morphogen signaling systems.

The heterodimer-heterotetramer saturates at higher ligand concentrations than other tetra-

meric receptor complexes at every tested receptor concentration. Further, at most receptor

concentrations, the heterodimer-heterotetramer has the highest dynamic range for ligand

interpretation of any receptor tetramer complex. The ability to interpret morphogen levels at

higher concentrations suggests that heterodimer-heterotetramer signaling may be more resis-

tant to stochastic noise. Stochastic modeling efforts to understand the noise dynamics of het-

erodimer signaling are an intriguing area of future study.

BMPs are important growth factors that control various developmental processes both in

invertebrates and vertebrates including humans. Evidence shows that disruption of BMP sig-

naling can cause developmental disorders and other diseases. Also, BMPs are very important

bio-pharmaceuticals in the treatment of skeletal conditions and in applications of tissue engi-

neering. Studies conducted in this research reveal details of BMP signaling mechanisms, which

can be used to develop new bio-pharmaceuticals and treatments of BMP related disorders and

diseases. Finally, the computational model developed for ligand dimer-receptor interactions

and subsequent oligomerization can be employed to other systems where signaling requires

multimerization of membrane receptors, such as the multimerization during the activation of

epidermal growth factor (EGF) receptor [24].

To summarize, our in silico analysis revealed that the heteromeric complex, Bmp2/7-

Acvr1-BmpR1-(Type II)2 is the fourth-most prevalent based on the published kinetic rates.

Instead, BmpR1 homomeric complexes Bmp2-(BmpR1)2-(Type II)2, Bmp2/7-(BmpR1)2-

(Type II)2, and Bmp7-(BmpR1)2-(Type II)2 are more prevalent. This contrasts with the known

signal exclusivity or dominance by the heterodimer, suggesting that the increased signaling

must be caused by enhanced kinase activity of the heterotetrameric complex. The simulations

also provide insight into potential performance advantages afforded by reliance on heterodi-

mer signaling through the heterotetramer receptor complexes, suggesting potential explana-

tions for their presence in morphogen signaling systems.
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Materials and methods

To construct our mathematical model, we devised a biochemical network for BMP ligand-

receptor oligomerization that contained all theoretically possible bidirectional interactions

between the three ligand-dimers (Bmp2/2, Bmp7/7 and Bmp2/7) and the three BMP receptor

species (Type I: BmpR1, Acvr1; Type II). An Ordinary Differential Equation (ODE) was con-

structed for each of the 51 possible BMP ligand-receptor oligomers; This ODE network simu-

lates each of the 90 possible bidirectional interactions involved in BMP ligand-receptor

oligomerization. A schematic of the oligomerization process for each ligand dimer is shown in

Fig 1B. Kinetic rates for each of these ODEs are drawn from published biophysical affinity

measurements from structural biology studies (S1 Table). Python code for implementing the

model is available at https://github.com/akmadamanchi/BMPOligomerizationModel. Our full

mathematical model is implemented in python using the PySB library which employs the vari-

able coefficient ode solver (VODE), and facilitates implementation on high-performance com-

puting systems and enables large scale screen of parameters [25,26]. Mathematical equations

and full description are included in S2 Text.

The initial interaction between ligand and receptor occurs between a secreted molecule and

a surface localized receptor. Subsequent events take place in a smaller, more restricted two-

dimensional environment as the remaining receptors needed for tetramer formation are also

surface localized. Ligand-receptor interaction rates which are experimentally observed in 3D

must be converted to an increased rate of reaction through a general mechanism known as a

reduction of dimensionality that has been used to investigate other aspects of BMP-mediated

signaling [20,27]. We incorporate the reduction of dimensionality by including the surface

enhancement factor (γ) that scales second order binding reactions that occur on a surface by a

constant. Typical factors lie between 10 and 100 depending on the cellular structure and the

size of the proteins and ligands being patterning and one way to interpret it is that due to the

restricted space, the volume for the reaction is much smaller than if it were a well-mixed com-

partment and all receptors could diffuse around in the entirety of the extracellular space

[20,27,28]. The local 2nd order enhancement is specifically due to the spatial restriction and

greater concentrating effect of the localization [20].

To adapt experimental biophysical data for the rectangular geometry of the cell membrane

and immediate extracellular region we make a reduction of dimensionality adjustment for the

secondary and tertiary receptor recruitment processes that take after the initial ligand binding

reaction as previously done by us and others [27,29]. Additionally, we make assumptions

about the extracellular diffusion of extracellular ligand dimers and the diffusion and transport

of membrane-bound receptor complexes that are detailed in S2 Text. This model development

process was previously used to model Dpp oligomerization in Drosophila [28].

Heterodimer kinetics

The mathematical model we developed is remarkably well supported by biophysical measure-

ments for ligand-receptor binding [27,30,31], leaving relatively few unknowns: 1) the concen-

trations of ligands, 2) the kinetic rates of heterodimer-receptor binding, and 3) the

concentrations of each receptor type.

Numerous crystal structures of BMP ligands, receptors, and their co-crystals show that

BMP homodimers have four receptor binding sites, including two equivalent Type I and two

equivalent Type II binding sites [21,31–33]. BMP heterodimers, however, have two different

Type I sites, as well as two different Type II sites [1]. The Type I sites on the Bmp2/7 heterodi-

mer are each composed of a Bmp2 and Bmp7 binding site.
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BMP homodimer:receptor binding affinity [34] results have revealed three relative binding

affinities [21,30–32,35–44]: high, low, and very low (S1 Table). For example, Bmp2 binds

BmpR1 with high affinity, as does Bmp7 with type II receptors, with dissociation constants

(KD) of ~0.8 and 6.4nM, respectively [21,31,40]. By comparison, the affinity of Bmp2 for Type

II receptors, and Bmp7 for BmpR1, is 10-fold lower, with KD’s of 47 and 56 nM, respectively

[31,37,39]. The affinity of Bmp7 for Acvr1 is very low, with a KD of~500 nM [31,32,35]. In

addition Bmp2 has no demonstrable affinity for Acvr1 [31,35]. We have assumed that the

Bmp2/7 ligand heterodimer binds to receptors at the same rate as each of its two ligand mono-

mers: specifically, the Bmp2/7 ligand binds to one Acvr1 receptor at low 512 nM KD affinity

for Bmp7, and no or extremely weak affinity (KD>1000 nM) for Bmp2; similarly, we assume

that Bmp2/7 binds to one BmpR1 receptor at a high affinity Bmp2 domain, and binds another

BmpR1 receptor at a low affinity Bmp7 domain. The high affinity site is consistent with the

measured affinity of Bmp2/7 to BmpR1 [10]. Endocytosis and ligand/receptor signaling are

not included in our model simulation; prior studies have demonstrated that, in the context of

steady-state morphogen signaling, endocytosis is constant and the intracellular levels do not

contribute to changes in steady-state receptor levels [23,34]
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