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Amino acid residues in BMPR2 indispensable to function
Extracellular domain
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These are the 10 invariant cysteine residues in the BMPR2 ECD required for correct folding. ‘In vitro mutagenesis and X-crystallography studies identified 10 cysteine residues conserved across the related type II BMP, MIS, and activin receptors, each of which is necessary for receptor ligand protein folding of the ligand domain’ [Greenwald et al., 1999, Machado et al., 2006]. FPAH-causing missense mutations have now been identified for all of the 10 cysteine residues, and of those studied by transient transfection of GFP- or myc-tagged BMPR2 constructs, each appears to lead to significant protein misfolding and/or cytoplasmic retention [Nishihara et al. 2002, Rudarakanchana et al., 2002].

Kinase domain
Structural and functional data have effectively demonstrated the critical role these amino acids play in receptor activity. For example, the invariant arginine at position 491 in BMPR-II is indispensable for signaling, since it forms an ion pair with a highly conserved glutamic acid at position 386 [Zhang et  al., 1994; Hanks and hunter, 1995]. Substitution at this codon is the most frequently observed missense mutation in FPAH. The following sections provide additional critical residues of the kinase domain based on comparative evolutionary alignment and structural analyses.

Invariant and nearly invariant residues by comparative evolutionary EUK sequence alignment
Method:
Sequences from 60 aligned eukaryotic kinases (EUKs), [Hanks and Hunter] were assessed with reference to BMPR2. An example of KD subdomain I-V is shown below where invariant residues are in capital letter above the sequence, the 12 invariant and near invariant residues are defined as being conserved in >95% of 370 EUK species:
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Next, the two closest evolutionary relatives to BMPR2, namely ACTR2 and TGFβR2 were aligned to BMPR2 to determine the corresponding residue position (red arrows indicate invariant residues, blue indicate nearly invariant).
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Results:
Invariant residues in BMPR2: G212, K230, D333, N338, D351, E386, D405, R491.
Nearly invariant residues: G210, E/N245, G353, G410

Reference: Hanks SK, Hunter T. Protein kinases 6. The eukaryotic protein kinase superfamily: kinase (catalytic) domain structure and classification. FASEB J. 1995 May;9(8):576-96. PMID: 7768349.



Indispensable residues in the KD for heterodimerisation – structural analysis
· Hydrogen deuterium exchange mass spectrometry (HDX-MS), small angle X-ray scattering (SAXS) and molecular dynamics (MD) simulations

Fig. 3: The ALK2KD/BMPR2KD heterodimer interface localizes to the kinase C-lobes.[image: Map
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The structure of the C-lobe of BMPR2KD also undergoes stabilization upon dimerization with the ALK2KD (Fig. 3a, b, Supplementary Fig. 4). One of the protected regions encompasses the αH-αI linker (residues 485–492), a surface displaying and bordering acidic residues, including E481, D482, D485, D487, and E489. This region is in direct contact with helix I on ALK2 in the C1 dimer model (Fig. 3b). Boxed in red. In the crystal structure of the BMPR2 kinase domain, the αH-αI linker forms a partial helix and is mostly surface accessible, except for the highly conserved R491 that packs into the C-lobe core where it forms an electrostatic interaction with the sidechain of E386 and with the backbone carbonyl oxygens of Q403 and Q486 (Fig. 3c).
The BMPR2 C-lobe dimer interface is disrupted in PAH
Heterozygous loss-of-function or expression mutations in BMPR2 account for ~80% of familial and ~20% of idiopathic PAH27. Some of these mutations introduce insertions, cause deletions or frameshifts in the BMPR2 kinase domain, likely compromising its structure and hence enzymatic activity. The mechanisms of action of missense mutations commonly found on the surface of the BMPR2 kinase are more difficult to rationalize28,29,30,31. Remarkably, several of these mutations (C483R, D485G, D487V, A490D/V, and R491W/Q) cluster to the C1 dimer interface in the BMPR2 kinase domain, specifically at the αH-αI linker (Fig. 6a). Boxed in red. As shown in Figs. 4c and 5c, mutations of the residues within the αH-αI linker disrupt ALK2/BMPR2 kinase dimerization and downstream SMAD signaling by the full-length ALK2/BMPR2 receptor complex (Figs. 4c and 5c). Two sites of PAH mutations—D487 and D485—stand out because they make direct interactions with residues in ALK2 in the C1 dimer model (Fig. 6b). D487 was included in the BMPR2KD-EDE mutant which failed to dimerize with ALK2KD (Fig. 4c). D485 was not included in our initial mutagenesis and was of particular interest. The D485G mutation is highly penetrant in PAH, and previous studies have shown its dominant-negative effect on BMPR2 signaling in complex with other type I receptors (ALK3 and ALK6) in cells30,32,33.
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Results:
Residues need for type I dimerization: 485 -492
Reference: Structural basis for ALK2/BMPR2 receptor complex signaling through kinase domain oligomerization. Christopher Agnew, Pelin Ayaz, Risa Kashima, Hanna S. Loving, Prajakta Ghatpande, Jennifer E. Kung, Eric S. Underbakke, Yibing Shan, David E. Shaw, Akiko Hata & Natalia Jura  Nature Communications volume 12, Article number: 4950 (2021).





Example of a kinase variant that retains kinase activity
· Luciferase assays
Not all kinase reisidue variants are functionally equal (red arrow indicates KD variant p.E503D}. Equivalent to WT when co-transfected with type I receptors (panel F) in marked contrast to p.D485G.
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Cells were stimulated with BMP-4. Plasmids encoding wild-type and mutant BMPR2 activated reporter activity but mutation at position p.D485G had severely abolished the activity. BMP-4 and BMPR-II stimulated normalized value was set as 100.

Results:
Not all residues in the kinase domain are critical.
Reference: Nasim MT, Ghouri A, Patel B, James V, et al. Stoichiometric imbalance in the receptor complex contributes to dysfunctional BMPR-II mediated signalling in pulmonary arterial hypertension. Hum Mol Genet. 2008 Jun 1;17(11):1683-94. 
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Figure 1. Multple alignments of 60 kinase domains representative of members of the eukaryotic protein kinase superfamily. The
abbreviated names used are as defined in Table 1. The single leter amino acid code is used and gaps ae indicated by dashes. The
eniire sequences for the larger insrts are not shown, but excluded residues are indicated as numbers in brackets. Twelve distinct
subdomains are indicated by Roman numerals. The consensusline i given according to thefollowing code: uppercasetiers,invarant
residues, lowercase residues nealy invariant residues; o, posions conserving nonpolr residucs; ¥, positions conserving polar
residues; , positions conserving small residucs with near neutral polarity. Residues corresponding 1o the numbered p-strands (b)
and a-helces (a) in PKA-Cot ar indicated in the 2 struture line.
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Fig. 6: Several PAH mutations map to the C1 dimer interface in the BMPR2 kinase and
block its dimerization with the ALK2 kinase.
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