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Abstract

The four types of platelet-derived growth factors (PDGFs) and the two types of PDGF receptors
(PDGFRs, which belong to class 111 receptor tyrosine kinases) have important functions in the
development of connective tissue cells. Recent structural studies have revealed novel mechanisms
of PDGFs in propeptide loading and receptor recognition/activation. The detailed structural
understanding of PDGF-PDGFR signaling has provided a template that can aid therapeutic
intervention to counteract the aberrant signaling of this normally silent pathway, especially in
proliferative diseases such as cancer. This review summarizes the advances in the PDGF system
with a focus on relating the structural and functional understandings, and discusses the basic
aspects of PDGFs and PDGFRs, the mechanisms of activation, and the insights into the
therapeutic antagonism of PDGFRs.
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1. Introduction

Platelet-Derived Growth Factors (PDGFs) are a family of four cystine-knot-type growth
factors (PDGF-A, -B, -C and -D) which control the growth of connective tissue cells such as
fibroblasts and smooth muscle cells [1, 2]. By acting on these mesenchymal cells, PDGFs
critically regulate embryonic development, especially the formation of vessels and organs
(reviewed in [3]). There are two types of receptors for PDGFs, PDGFRa and PDGFR,
which belong to the class 111 receptor tyrosine kinases (RTKSs), and have different expression
patterns and physiological roles. PDGFRa signaling controls gastrulation and the
development of several organs such as lung, intestine, skin, testis, kidney, bones, and
neuroprotective tissues. PDGFRp signaling is better recognized as an essential regulator of
early hematopoiesis and blood vessel formation [3]. While PDGF-PDGFR signaling plays
important roles during developmental stages, the expression of both PDGFs and PDGFRs
are tightly controlled in adulthood. Enhanced PDGF-PDGFR signaling, except when
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happening briefly during wound repair, is generally considered abnormal, and is an
important feature in a number of diseases involving proliferation, including many types of
cancers, inflammation, pulmonary fibrosis and restenosis, and notably atherosclerosis [4].

PDGFs signaling through PDGFRs utilizes the general strategy for RTKSs, which involves
ligand-induced receptor dimerization, and the subsequent receptor conformational changes
that are coupled to the activation of intracellular tyrosine kinase domain (reviewed in [5]).
The activation of PDGFR signaling pathways is built on structural platforms of both the
ligands and the receptors, which are predicted to be conserved family-wise based on the
sequence similarities between different PDGF and PDGFR subtypes. However, for decades,
except for a crystal structure of the PDGF-B ligand [6], detailed mechanistic and structural
understanding of PDGFR recognition and activation had been hampered until the recent
elucidation of the PDGF-B:PDGFR[ complex structure. Inhibiting PDGF-PDGFR signaling,
especially by selectively blocking the extracellular assembly through antibodies, ligand
decoy or receptor decoys, is actively pursued in anti-cancer drug development, as these
ligands and receptors serve in multiple aspects of tumor progression, such as mediating
tumor growth in an autocrine fashion, recruiting fibroblast-rich tumor stroma, and regulating
tumor vasculature [4]. The therapeutic efforts targeting PDGF/PDGFR are well compatible
with strategies that can be derived from structural templates of both ligands and receptors.
This review will summarize some current structural and functional understandings of the
four PDGF ligands and the two PDGFRs.

2. The four types of PDGFs

PDGF(s) were discovered in 1970s as a platelet-dependent serum factor that stimulates the
proliferation of fibroblasts, arterial smooth muscle cells, and glial cells [1, 2, 7]. There are
four types of PDGF polypeptide chains as encoded by four genes. Of these four genes,
PDGF-B was first characterized by amino acid sequencing to reveal its surprisingly close
homology to the simian sarcoma virus oncogene v-sis[8, 9]. The cDNA of PDGF-A was
subsequently cloned and its chromosomal localization was identified [10]. The PDGF-A and
PDGF-B dimeric proteins, together with the biochemically observed PDGF-AB
heterodimer, constitute the classical PDGF proteins. In early 2000s, two additional members
of the family, PDGF-C and PDGF-D, were identified as new, protease-activated ligands for
PDGFRs using genetic and biochemical approaches [11-13].

All PDGFs have a conserved growth factor domain in the cystine-knot fold that is related to
vascular endothelial growth factors (VEGFs), which is the only part of PDGFs and VEGFs
that is functionally and evolutionarily conserved, and is primarily responsible for recruiting
receptors [14]. Outside the growth factor domain, there are significant sequence and domain
variations between PDGFs (Fig. 1). As paracrine factors that exert functions in the
extracellular space, all PDGFs possess secretion signals sequences with 18—-22 amino acids
in length that share little homology between different types. Following the signal peptides,
both PDGF-A and PDGF-B contain pro-peptide sequences that are ~60 amino acids in
length, and are cleaved from the mature growth factors by furin or other proprotein
convertases in the intracellular secretion pathway (reviewed in [15]). This sequence in fact is
also present in PDGF-C and PDGF-D, as revealed by structure-guided sequence analysis
[16]. In addition to this short sequence that should have a role in binding to the mature
growth factor domain, PDGF-C and PDGF-D also have a large CUB (Complement
subcomponents C1r/C1s, Urchin EGF-like protein, and Bone marrow protein 1) domain at
the N-terminal part of the long pro-sequences. At the C-terminus of the growth factor
domain, the PDGF-A and PDGF-B gene contain ~30 amino acids and ~60 amino acids tails
respectively, which are highly polar in amino acid composition and likely adopt flexible
structures. Most of the tail of PDGF-A is missing in an alternatively spliced, short isoform
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[17]. The tails of PDGF-A and PDGF-B are both rich in positively charged amino acids such
as arginine and lysine, and are involved in retention and distribution by binding to heparin
and heparin sulfate proteoglycans (HSPGs) [18, 19]. PDGF-C and PDGF-D lack the tail
sequences following the growth factor domain for retention, but their CUB domains may
regulate the extracellular distribution of latent forms by interacting with other proteins or
carbohydrates [20].

PDGF-A and PDGF-B are believed to be proteolytically processed already before being
secreted (reviewed in [21]), which is consistent with their protease-recognition sequences
(RRKR in human PDGF-A, which is ideal for furin specificity [22]; RGRR in human
PDGF-B, less specific for furin but is compatible with furin and other furin-like proprotein
convertases inside ER [23]). Rather than being processed intracellularly, PDGF-C and
PDGF-D are thought to be secreted in latent forms and cleaved in the extracellular space for
activation (reviewed in [20]). The responsible extracellular proteases are demonstrated to be
plasmin [11, 24] and tPA (tissue plasminogen activator) [25] for PDGF-C, and plasmin [12]
and uPA (urokinase plasminogen activator ) [26] for PDGF-D. However, the protease-
recognition sequences of PDGF-C and PDGF-D (RKSR for human PDGF-C and RKSK for
human PDGF-D, Fig. 1) are well compatible with intracellular ER-residing proprotein
convertases such as furin [22], and it is conceivable that significant amount of PDGF-C and
PDGF-D secreted are already cleaved inside the cell. Indeed, recent recombinant expression
experiments on PDGF-D showing that a high percentage of PDGF-D is already cleaved
when secreted, despite that the expression level driven by recombinant cassettes is much
higher than the physiological level [16]. For physiologically expressed amounts of PDGF-C
and PDGF-D, a larger percentage of secreted proteins should be cleaved by ER-resident
proteases because of the lower load. It is possible that, for the already cleaved PDGF-C and
PDGF-D, the extracellular proteases modulate their activation by displacing the pro-
sequences from the signaling-active growth factor domains.

The growth factor domains of PDGFs belong to the cystine-knot fold, which is a set of anti-
parallel B-strands linked by at least three disulfide bridges. The defining feature of this fold
is a rotaxane substructure: the polypeptide between two disulfide bridges forms a loop
through which a third disulfide bridge passes. This fold offers substantial structural stability
and promotes the formation of homodimers or heterodimers; it is not only adopted by
PDGFs, but also by glycoprotein hormones [27], the TGF( family [28], and the nerve
growth factor family [29] (reviewed in [30, 31]). In PDGFs, a pair of additional inter-
molecular disulfide bridges further crosslink the two protomers in the dimer (Fig. 2). In
PDGF-C and PDGF-D, additional intramolecular disulfide bridge(s) likely exist(s) due to
the presence of additional cysteines in the sequences. It should be noted that the growth-
factor domains, or the mature forms of PDGF-AA and PDGF-BB are commercially
available by a number of companies, which are produced from bacterial fermentation and
refolded from misfolded inclusion bodies. The PDGF-BB crystal structure has been
determined [6] two decades ago. Although the free PDGF-AA structure has not yet been
determined, a propeptide-bound PDGF-A crystal structure is available [16]. In both PDGF-
A and PDGF-B, the four anti-parallel-B-strands, 1-p4, from the center of the dimer to the
outside of the dimer, form three inter-strand loops (L1, L2, and L3). The sizes of the three
loops rank in the order of L1>L3>L2. Because the B-sheets of the two protomers contact
each other with their inner B1 strands, they form a super-sheet-like structure (p4-3-p2-p1-
B1-B2-B3-p4), which is flat in nature and necessitates the involvement of the N-terminal
segment preceding the 1 strand. The N-terminal segment of each protomer extends across
the top of the other protomer, serving as a stabilizer that prevents the twisting of the -
sheets. The vertical interaction between the N-terminal segment of each PDGF protomer and
the B-strands of the other PDGF protomer is highly hydrophobic.
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3. The Propeptides of PDGFs and their association with the growth factor

domains

As mentioned above, all PDGFs have pro-sequences, but PDGF-A and PDGF-B’s pro-
sequences contain only ~60 amino acids, whereas PDGF-C and PDGF-D have over 200
amino acids preceding the cysteine-knot growth factor domains. Of the long pro-sequences
of PDGF-C and PDGF-D, the N-terminal part is a CUB domain which spans ~110 residues.
A three-dimension structures of the PDGF-C/-D CUB domain is not yet available, but by
analogy to known CUB domain structures [32], they should fold in a f-sandwich of two 5-
stranded anti-parallel B-sheets. This leaves a long sequence between the CUB domain and
the cystine-knot growth factor domain undefined, which was previously named as the hinge
region [20]. The recent structure of the PDGF-A/propeptide complex enables a sequence
alignment of the hinge regions of PDGF-C and PDGF-D to the pro-peptides of PDGF-A and
PDGF-B [16], and suggests that these hinge regions play a similar structural and functional
role as the propeptides.

In PDGF-A, in contrary to the common belief that the propeptides of growth factors are
released after cleavage, the propeptide can remain tightly bound to the mature domain [16].
The propeptide in fact is needed for the expression of most PDGFs, including PDGF-A,
PDGF-B, and PDGF-D, in recombinant mammalian expression systems, with the only
exception being PDGF-C [16]. Proteolytic cleavage take place during secretion of all three
PDGFs that are dependent on pro-peptide for expression. It was unlikely that the cleavage
occurs in post-secretion exposure to proteases, because the mammalian expression system
used is a non-lytic system [16]. PDGF-A is cleaved the most efficiently because its cleavage
sequence RRKR is the most optimal for furin, the most widely expressed proprotein
convertase in the ER [22]. In gel filtration, cleaved PDGF-A elutes as a monodispersed
peak, and SDS-PAGE analysis of the peak shows that the cleaved PDGF-A consists of two
stoichiometric bands, corresponding in size to the pro-peptide and the mature cystine-knot
domain, suggesting they are tightly associated with each other (Fig. 3A). The propeptide
consists of two short helices (H1 and H2) linked by a short loop (Fig. 3B, 3C and 3D). The
N-terminal segment preceding the H1 helix is well-ordered, but the segment after the H2
helix preceding the proprotein convertase-recognition site is mostly disordered, facilitating
the presentation of the substrate sequence (e.g., RRKR) to the catalytic site. Both helices are
amphipathic, with a hydrophobic side and a hydrophilic side. The hydrophobic side is used
to interact with the large hydrophobic area on mature PDGF-A, and the hydrophilic side is
exposed (Fig. 3B, 3C and 3D). The propeptide binds at the dimeric seam of the cystine-knot
domain around the tips consisting of the three loops, L1 and L3 from one protomer and L2
from the other protomer. The interaction between the propeptide and mature PDGF-A is
mostly hydrophobic, except Asn134 of the mature PDGF-A serving as a hub for hydrogen
bonding at the interface (Fig. 3B). Asn134 would be a potential N-linked glycosylation site
as its surrounding sequence fits the consensus sequence recognized by N-
glycosyltransferases (Asn134-Thr135-Ser136). Yet the involvement of such extensive
hydrogen bonding suggests that this site is not glycosylated, consistent with earlier findings
that naturally purified PDGF proteins are non-glycosylated proteins. Of particular
importance at the propeptide:PDGF-A interface is Trp120 which, with its large hydrophobic
side chain, provides a nucleation site for a large number of hydrophobic interactions (Fig.
3B).

The association between propeptide and mature peptide is likely conserved for all PDGFs,
as has been biochemically observed for PDGF-A, -B and-D [16]. Sequence alignment
shows that the hydrophaobic residues involved in the interactions between PDGF-A
propeptide and the mature peptide are similarly conserved in PDGF-B/C/D (Fig. 3E).
Functionally, the 2-helix pro-sequence is important for the folding of at least PDGF-A, -B,
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and-D, probably also because the hydrophobic nature of the propeptide: mature domain
associations. Although the growth factor domain of PDGF-C was not dependent on pro-
sequence in recombinant expression, the association between the pro-sequence and mature
sequence was not tested [16], and most likely it would still contribute to the stability of the
mature domain when the pro-sequence was included in expression, whether recombinantly
or physiologically. During the secretion of PDGF-A and PDGF-B, the propeptide is retained
after cleavage, most likely to protect the hydrophobic surface of the mature proteins. They
can be released after receptor binding [16], although physiologically the exact time point of
releasing the propeptides remain to be clarified. For PDGF-C and PDGF-D, it has been
suggested that the CUB domains prevent the cystine-knot domains from binding to receptors
and keeping them in the latent form [20]. But from the PDGF-A example, it would appear
more likely that the tightly-bound 2-helix regions (or the hinge regions) next to the CUB
domains, are responsible for keeping the mature domain in the latent, inactive form,
regardless whether they are cleaved or not by the extracellular proteases, since the cleaved
pro-peptides can remain tightly bound to the mature domains. The CUB domains of PDGF-
C and PDGF-D also possibly associate with the hinge region or the growth factor domain by
domain-domain interactions independent of peptide-linkers, yet the idea remains to be
tested.

4. Two types of PDGFRs

The two receptors for PDGFs, PDGFRa and PDGFR, belong to the class 111 receptor
tyrosine kinases (RTKSs), a clan of five members including PDGFRa and PDGFR, KIT,
FMS and FLT3 [5]. Like all RTKs, the PDGFR family of receptors have a modular
architecture that utilize the extracellular domain to recognize ligands, a single
transmembrane helix to pass structural/informational input from outside the cell, and an
effector tyrosine kinase domain that respond to the extracellular signals, and undergoes
phosphorylation to induce downstream recruiting/signaling events. Compared to other
RTKs, PDGFRs and related KIT, FMS, and FLT3 feature five immunoglobulin-like (1g)
domains in the extracellular segment (D1-D5), and a split kinases domain that contains an
insert of variable length between the N-terminal and C-terminal halves [33, 34]. KIT, FMS
and FLT3 are considered a distinct subgroup from PDGFRa and PDGFR in class 11l RTKs
because they bind ligands of the four-helix bundle fold instead of the PDGF-like cystine-
knot fold [35-40].

The coding sequences of PDGFRa and PDGFR both start with a signal peptides of
different length (23 amino acids for PDGFRa and 32 amino acids for PDGFRp), leading to
the 1g domains. Among the five Ig domains, D1, D2, and D3 belong to the I-set in the
immunoglobulin-fold, and D4 and D5 have not been characterized, but likely are also I-set
Ig domains. These domains all contain two layers of anti-parallel f-sheets, and the strands
are arranged in a Greek-key fashion. D1 and D2 domains are linked by an unusually long
linker, but this linker does not generate inter-domain flexibility; rather, it length enables the
D1 domain to lean toward D2, forming a large hydrophobic interaction area between D1 and
D2. D1 and D2 therefore are an integral structural module [16]. The role of such bent
conformation of D1 is not entirely clear in PDGFRs, but for related KIT, the bent D1 allows
it to contact its 4-helix bundle ligand stem cell factor (SCF). In PDGFRs, D1 is not used in
ligand binding, but it could serve as a hydrophilic hat for the protection of the ligand-
binding region, particular the adjacent D2 which uses a large hydrophobic area to capture its
ligand. Indeed, D1 is heavily coated with N-linked glycans, but D2 carries no or low amount
of glycosylation (Fig. 4). The N-linked glycans are not only highly hydrophilic, and also
provide steric hindrance to potential non-specific hydrophobic interactions, therefore is
beneficial to the stability of PDGFRs, likely in both the quiescent state and the ligand-bound
state. D2 and D3 are linked by a short linker accommaodative to hinge movement. The exact
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orientation between D2 and D3 is most likely within a small rotational range, and can be
fixed upon ligand binding at both domains. This inter-D2-D3 flexibility has been also
observed for the related class Il RTKSs, such as FMS, the receptor for another 4-helxi bundle
ligand Macrophage colony-stimulating factor (M-CSF or CSF-1) [35, 39-41]. The D3-D4
and D4-D5 hinges are likely rigid because of their needs to convey the ligand-binding signal
that can only reach the D3 level. Both PDGFRa and PDGFRp are heavily glycosylated in
these Ig domains (8 in PDGFRa and 11 in PDGFR), probably reflecting the need of the
receptors to balance the hydrophobic area at the ligand-binding surface. In fact, their
ligands, as discussed earlier, are also hydrophobic, especially in its mature, processed forms.
It appears that this signaling system has evolved coping strategies at both the ligand and the
receptor levels, using either amphipathic propeptides or a heavy glycan coat for the
protection of the key recognition areas.

The single transmembrane helix in each PDGFR likely serves as a simple tether, to pass on
the positioning information from the D4 and D5 domains to the intracellular part. The
linkers between D5 and the transmembrane helix are only 3—4 amino acids in both PDGFRa
and PDGFR, suggesting that two transmembrane helices from the dimerized PDGFRs are
geometrically unlikely to form inter-helix interactions due to that fact that D5 domains
cannot be too close to clash into each other. A possibility is for the two transmembrane
helices to be tilted for inter-helical interactions. But considering that the PDGFR
transmembrane helices are of average length (25 amino acids), severely tilting in the lipid
membrane is unlikely for PDGFR transmembrane helices to be thermodynamically stable.
Nevertheless, a recently study has observed strong self-association behavior of the PDGFR[
transmembrane helix, and its implication in the full length receptor and in the physiological
state remains to be characterized [42].

PDGFRs contains a polypeptide of ~40 amino acids in length between the transmembrane
helix and the kinase domain, often described as the juxtamembrane (JM) segment, which
plays a role in maintaining the kinase domain in an auto-inhibited state until activation by
ligand binding. In related class 111 RTKs such as KIT, FMS and FLT3, the JM segments
adopt a similar conformation to auto-inhibit the kinase domains by occupying the cleft near
the catalytic site between the N-terminal and C-terminal lobes [43-45]. Several tyrosines in
the JM segment, which are conserved among all class 11l RTKs, are responsible for
anchoring the segment to the kinase domain. By analogy, it is likely that PDGFRs are also
auto-inhibited by the JM segment in a similar fashion. Importantly, phosphorylation of these
conserved tyrosines renders PDGFRp constitutively active [46]. Similar results have been
observed for KIT, FMS and FLT3 [43, 47, 48]. It is likely that the phosphate group added to
the tyrosines prevents the binding of the JM segment to the kinase groove. The same
tyrosines may also be involved in the ligand-induced PDGFR activation. As observed for
KIT, auto-phosphorylation of these tyrosines /n trans could be responsible for the activation
of the kinase domain [49].

The tyrosine kinase domain is the effector domain in PDGFRs. In addition to the
phosphorylated tyrosines in the JM region, the kinase domain of PDGFRs also carries two
major tyrosine auto-phosphorylation sites, and one of these sites, Y751 in PDGFR, is
specifically located in the insert region within the kinase [50]. The phosphorylation of these
tyrosines provides docking sites for downstream signaling molecules [51, 52]. At the C-
terminus of the encoding sequences, both PDGFRa and PDGFR have a highly acidic
region which is also rich in serine and threonine. These sequences are involved in
ubiquitination and receptor down-regulation [53].
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5. PDGF:PDGFR recognition

The PDGF dimer, as mentioned above, has a flat shape, with all 3-strands forming a super-
sheet, leaving the inter-strand loops at the ends of these strands. These loops are not only
used for propeptide binding, but also for receptor binding. The binding of receptor to PDGFs
is sterically incompatible with the simultaneous binding of propeptides to PDGFs. When the
PDGF-A/propeptide complex and the PDGF-B/PDGFR[ complex are superimposed with
the backbones of the growth factor domains overlaid, it is apparent that these two binding
events are mutually exclusive: the same hydrophobic residues important for propeptide
association are also used for receptor binding. Consequently, receptor-binding can displace
the propeptide that is bound at the same site [16]. The loops at each end of the super-sheet,
L1 and L3 from one protomer, and L2 from the other protomer, bind PDGFR in a clamp-like
fashion (Fig. 5A). The L1/L3 arm of the clamp is more protruding, whereas the L2 arm of
the clamp is more receding. The two arms of the ligand clamp PDGFR perpendicularly near
the receptor’s D2-D3 boundary. For PDGFR(, the D2-D3 linker uses an extended
conformation to open up a large cleft for contacting PDGF-B. The overall shape of the
PDGF-B:PDGFR recognition complex resembles other class 11l RTKSs such as KIT and
FMS [35-37, 39, 40], but not FLT3 [38]. The positions of the D3 domains are similar in the
SCF/KIT complex, the M-CSF/FMS complex, and the PDGF-B/PDGFR[ complex, despite
that the positions of the D1 and D2 domains are dramatically different.

The PDGF-B:PDGFRB interface is large, burying a 2870 A2 solvent-accessible surface area
contributed roughly two thirds by the protruding L1/L3 arm, and one third by the receding
L2 arm (Fig. 5B). In addition, the N-terminal segment of PDGF-B protomer on the L2 arm
side also contributes some small contacts with the receptor. On the receptor side, the
interface is contributed nearly equally by the D2 and D3 domains. The D2 domain of
PDGFR uses its A'-, G-, and F-strands on one of the B-sheets to occupy the upper side of
the PDGF-B clamp. In addition, its CD loop also contacts PDGF-B’s N-terminal segment at
the edge of the interface. The D3 domain of PDGFR[ occupies the lower side of the PDGF-
B clamp with its BC, DE and FG loops extending near the D2-D3 boundary.

The large PDGF-B/PDGFR interface can be conveniently divided into two subinterfaces,
based on the involvement of either D2 or D3 domain of PDGFRp, using the L1-L3 plane of
the PDGF-B clamp as the divider. Above this plane is the upper subinterface, and below the
plane is the lower subinterface. The two subinterfaces are chemically different in nature. The
upper subinterface mainly consists of an aromatic-rich hydrophobic cluster, with Tyr205,
Tyr207, Phel136, Phel38 from PDGFRp-D2 and Trp40, Leu38, 1le75, 1le77, Pro82, Phe84
from the PDGF-B. Of the hydrophobic residues of PDGF-B at this sub-interface, Trp40
plays an organizing role, as surrounded by other residues Tyr205, Tyr207, and Phe136. At
this sub-interface, the protruding PDGF-B protomer (L1/L3) is more involved than the
receding protomer (L2), which plays an auxiliary role by forming hydrophilic interactions
with PDGFR.

The lower sub-interface involves mostly the long L1 loop of the protruding PDGF-B
protomer, and the inter-strand loops of PDGFR( D3. The L1 loop of PDGF-B drops from
the L2-L3 dividing line of the clamp, reaching down to the waistline of the PDGFRf3-D3
Bsandwich. The interaction at the lower sub-interface also has a significant hydrophobic
composition. However, this is dependent on the conformation of the PDGF-B L1 loop,
which is likely induced by the binding of the receptor. Interestingly, the conformation of this
loop is the same in the propeptide-loaded PDGF-A and in the receptor-loaded PDGF-B.
Therefore, either propeptide or receptor can aid the formation of such a conformation in the
L1 loop, but without theses aids, the loop tends to be disordered as shown in the structure of
the mature PDGF-B structure [6]. A structural determinant of the conformation of this loop
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is the buried terminal guanidine group of Arg27 of PDGF-B, which organizes a network of
hydrogen bonds that maintain the backbone conformation of PDGF-B. Arg27 and 11e30 are
two major determinants for PDGF-B:PDGFR interaction as demonstrated by mutagenesis
data [54]. Both residues are involved in maintaining the kinked conformation of the PDGF-
B L1 loop, and preparing it for receptor contact. Interestingly, the same study also mutated
many other residues that can be mapped to the PDGFB:PDGFR} interface and most of these
mutations only slightly compromised receptor/ligand binding [54]. It appears that point-to-
point contacts at the interface are less important in PDGF-B:PDGFR binding than the
global conformation of the tertiary structures. This is consistent with the hydrophobic nature
of the PDGFB:PDGFR interactions, which tend to be less sensitive to the loss of additive
contact points.

The L1 loop is the longest loop in PDGFs, and was disordered in the free, mature PDGF-BB
structure [6]. A structural organization is needed for this loop to be able to recognize the
receptor, which can also be viewed as a receptor-induced PDGF conformational change. The
conformation of the L1 loop is supported by interactions on two sides: on one side with
PDGFRp-D3, and on the other side by hydrophobic interactions with the rest of PDGF-B. It
is likely this loop exists in equilibrium between the folded and unfolded states, with the
folded state preferentially selected by receptor binding.

Because PDGF:PDGFR interactions are built on a conserved scaffold, most of these
structural features in recognition between PDGF-B and PDGFRp should be shared by all
PDGF:PDGFR interactions. The binding between mature PDGF-C, the only PDGF that can
be recombinantly expressed from a eukaryotic source, and PDGFRa, has been examined,
and the reaction is enthalpically favorable but entropically unfavorable [16]. Enthalpically
dominant interactions typically indicate primarily hydrophilic interactions, whereas
entropically dominant interactions typically indicate primarily hydrophobic interactions that
exclude ordered water molecules. Because PDGFRa contains the hydrophobic residues
implicated in PDGF binding as PDGFRp does, a large buried hydrophobic area should be
buried between PDGF-C and PDGFRaq, even if the receptor-binding surface on PDGF-C is
hydrophilic (this is highly unlikely by inspecting the sequences). The large entropic decrease
of PDGF-C:PDGFRa binding cannot be explained by a hydrophilic interaction mode, but
can be explained by the ordering of large structural elements, such as the long inter-strand
loops, as was observed in the PDGF-B:PDGFR structure. Since the L1 loop of PDGF-C is
3 amino acids shorter than PDGF-A and PDGF-B, it could be ordered even in its free form.
A better candidate for conformational reorganization is the L3 loop in PDGF-C, which is 4
amino acids longer than in PDGF-A/PDGF-B (in PDGF-D it is 7amino acids longer, even
more prone to flexibility in unbound state). Therefore, it may be the long L3 loop, rather
than the shorter L1, in PDGF-C and PDGF-D, that undergoes structural organization in
response to receptor binding.

In comparison with PDGFs, the related VEGFs also have a cystine-knot growth factor
domain for receptor recognition, and their receptors are also composed of 1g domains,
except that VEGFRs have 7 Ig domains whereas PDGFRs have 5 Ig domains. VEGFRs also
recognize ligands with the second and third Ig domains [55, 56], as also revealed by the
electron microcopy (EM) analysis of the VEGF-A/VEGFR2 complex [57]. The recent
crystal structure of VEGF-C and VEGFR2-D2-D3 complex showed some similarities but
significant differences from the PDGF/PDGFR complex [58]. In VEGF-C/VEGFR2
interaction, the N-terminal segment (a helix in VEGF versus a linear segment in PDGFs) of
VEGF-C forms more significant contacts with the CD loop of VEGFR2-D2. The D2
subinterface of VEGF-C/VEGFR2 is primarily hydrophilic, in contrast with the extreme
hydrophobic nature of the PDGF-B/PDGFRf D2 subinterface. The L1 loop of VEGF-C,
much shorter than the PDGF L1 loops, contact the D3 of VEGFR2 with much smaller area,
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albeit this interaction can still make 20-1000 fold differences in VEGF-VEGFR binding
affinities [57, 59]. The major structural differences between VEGF/VEGFR and PDGF/
PDGFR may be underlined by their strategies to cope with different functional needs. In
particular, paracrine ligands like PDGFs and Wnt molecules [60] often utilizes their
hydrophobicity to confine their distribution. In comparison, because VEGFs can serve as
endocrine ligands, they need to be hydrophilic enough to be soluble in the plasma in order to
reach distant target organs [61]. Consequently, VEGFs and VEGFRs have evolved to be
primarily hydrophilic in their recognition mode while PDGF and PDGFRs have evolved to
by primarily hydrophobic in their recognition mode, even though they evolve from a
common ancestor [62]. With much hydrophobic areas to protect on both the ligand and the
receptor sides, PDGFs have evolved to be dependent on amphipathic pro-peptides for cover-
up, whereas PDGFR D2 domains have become more dependent on the nearby D1 domains
to balance its overall physiochemical surface properties. The VEGF and PDGF ligands have
co-evolved with their respective receptors. Despite the major differences in recognition, it
has been reported that VEGF could signal through PDGFR in bone-marrow-derived
mesenchymal cells [63], although this was not supported by direct binding experiments
using recombinant VEGF and PDGFRs [16].

6. Recognition specificity between PDGFs and PDGFRs

PDGF-A and PDGF-B are often expressed in the same types of cells (reviewed in [64]) and
the assembly of PDGF-AB heterodimers has been observed [65-67]. A study even
suggested that the PDGF-AB heterodimer is preferentially formed over the homodimers
[68]. There have been, however, no evidence that PDGF-C and PDGF-D form heterodimers.
Therefore, considering all homodimers and heterodimers, five types of PDGF dimer proteins
currently exist (Fig. 6). Given that PDGFRs are dimerized by the ligands, depending on the
expression pattern of the receptors, either PDGFRa or PDGFR, or both types of receptors,
can be recruited to bind the ligands. Indeed, formation of PDGFR heterodimer has been
observed /n vivo by crosslinking studies [69]. Therefore, there exists a multitude of possible
PDGF-PDGFR interactions. PDGFRa binds the PDGF-A, -B and —C chains all with high
affinities, and PDGFRp binds the PDGF-B and PDGF-D chains with high affinities.
Consequently, PDGFRa are activated by homodimeric PDGF-AA, PDGF-BB, and PDGF-
CC, and heterodimeric PDGF-AB. PDGFR} can only be activated by PDGF-BB and PDGF-
DD (reviewed in [21]). The PDGFRap heterodimerization can be induced by the PDGF-BB
homodimer or PDGF-AB heterodimer. This interaction pattern indicates that PDGFRa is
more promiscuous than PDGFR[, and PDGF-B is more promiscuous than other PDGFs.

In comparison to PDGFR, the promiscuity of PDGFRa is largely attributed to the smaller,
conformationally less specific residues at the ligand-receptor interface. In particular,
PDGFR{ has a large number of aromatic residues at the ligand-binding surface; all but one
(Tyr207) of these aromatic residues are replaced by non-aromatic, smaller residues
(Tyr205Asn, Phel38Leu, Tyr270lle, Phe245Leu, Phe264lle) in PDGFRa (Fig. 6). In
PDGFRB, the bulky, rigid aromatic residues are difficult to rotate, providing extra
requirements in shape complementarity and hydrogen-bonding networks, thereby raising the
specificity of protein-protein interactions. The replacement of these aromatic residues with
non-aromatic residues in PDGFRa makes the ligand recognition surface of PDGFRa more
adaptive to a wider variety of PDGF ligand surfaces.

Rules governing PDGF selectivity and promiscuity can likewise be deduced from available
crystal structures. The promiscuity of PDGF-B over PDGF-A is largely due to its presence
of a large number of long-chain hydrophilic residues at the edge of the receptor-binding
surface, which are substituted by smaller residues in PDGF-A (Glul5Val, Arg18Ser,
Arg32Pro, Asn34Ser, Asn55Thr, Arg56Ser, Asn57Ser, Arg73Ala and Lys99Ala, using
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residues numbers for PDGF-B) (Fig. 6). These long chain hydrophilic residues in PDGF-B,
being at the edge but not the center of the interface, can be flexible to reach interacting
residues at the opposite side of the interface, hence are not as selective as the smaller, more
rigid residues. The other two PDGFs, hamely PDGF-C and PDGF-D, diverge from PDGF-
AJB in sequence, and hence their interaction pattern with receptors cannot be accurately
predicted based on sequence homology alone. In particular, for PDGF-C and PDGF-D, there
are extra deletions and insertions in the loops (7.¢e., L1 and L3) involved in receptor
recognition (Fig. 6). Their selectivities towards PDGFRs o and PDGFRp remain to be
elucidated. PDGF-C is the only member of the PDGF family that is not dependent on
propeptide for the recombinant expression of the growth factor domain [16], and its
receptor-binding surface may be more hydrophilic than other PDGFs. Therefore, PDGF-C
could fit the ligand binding surface of PDGFRa better, which has less aromatic,
hydrophobic residues compared to PDGFRp.

7. Activation of PDGFRs

The activation of PDGFRs is not entirely understood mechanistically, but it likely requires
receptor conformational changes in multiple steps. Initially, the bivalent nature of PDGF
ligands brings two receptor protomers into proximity with one another. Importantly,
activation further requires contacts between the receptor membrane proximal regions [71],
so that the intracellular kinase domains can be brought together for transphosphorylation.
Although the molecular details of the interactions of the PDGFR membrane proximal
regions are not available, comparison with the related class 11l RTK KIT, the SCF receptor,
and mutagenesis experiments have offered much insight. In KIT, stimulation by SCF not
only brings two copies of KIT together, but also induces a swing of the membrane-proximal
domain, as compared to the free, unliganded KIT structure [37]. Neighboring KIT D4
domains then contact each other through a pair of salt bridges mediated between E386 and
R381 (Fig. 7). There are few other interactions besides these salt bridges, although there
may be additional functionally important, less intimate interactions at the inner faces of the
D4 and D5 domains. The same salt-bridge forming residues in PDGFRp, E390 and R385,
when mutated to alanine, compromised PDGF-induced PDGFR activation, and impaired a
variety of PDGF-induced cellular responses, suggesting that the pairing of these salt bridges
are essential for the precise positioning of the membrane proximal regions [71]. Using a
chemical crosslinking approach, it was further shown that the Glu390 mutant of PDGFRp
can still be dimerized by PDGFs, but are inactive dimers and show reduced internalization
and degradation [71].

Similar homotypic contacts that are required for receptor activation and cell signaling have
also been observed for VEGFRs, the close relative of PDGFRs [72]. Of the 7 Ig domains of
VEGFRs, D7, but not D4, was identified to be the functional equivalence of the D4 domains
of class Il RTKSs [72]. These domains have an “L/Ix ®xxxD/EXG “sequence motif that is
located at EF loop. It should be noted that in the EM images of the VEGF-VEGFR2
complex, the D4 domains were observed to form inter-receptor contact as well, but the
significance of this contact remains to be characterized [57]. In VEGFR2, when D731 and
R726, the residues corresponding to PDGFRB E390 and R385, were mutated to alanine,
VEGF-stimulated receptor autophosphorylation was compromised. The D7-D7 association
is weak by itself, and the isolated D7 domain remained monomeric even when its
concentration reaches 0.1mM. However, the D7-D7 interaction was able to be recaptured in
the crystal lattice, where the local concentration becomes extremely high. The crystal
structure of VEGFR2 D7 showed that D731 and R726 indeed form a pair of anti-parallel salt
bridges in the same fashion as the KIT-D4 salt bridges (Fig. 7) [72]. It is likely that when D7
in present in the full-length receptor, these salt bridges are much readier to form than in
solution due to the confinement of both ligand binding and the membrane tethering. The
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weak affinity between these domains, and also between PDGFR D4 domains, is probably a
necessity to prevent accidental, spontaneous reception activation in the absence of ligands.

Interestingly, in PDGFRaq, the D4-D4 homotypic interaction is not simply weak, but is also
a negative contributor to the association between PDGF-C and the entire ectodomain [16].
Using calorimetry, it was shown that PDGF-C binds PDGFRa D1-D3 domains with higher
affinity than with PDGFRa D1-D5 domains. Since addition of D4-D5 compromises ligand-
receptor binding, one can then imagine that in the intact, full-length receptor, the D4-D4
contact, the likely contact at the membrane-proximal region, is unfavorable and is forced by
ligand-receptor binding at the D2-D3 position. This particularly weak association of
PDGFRa-D4 may be a result of having aspartate for the salt bridge, whereas other class 111
RTKSs such as PDGFRp and KIT utilize glutamate at the position. Because aspartate is
shorter than glutamate, PDGFRa D4 may need to move closer to each other than in other
class Il RTKs, which may be energetically unfavorable. It should be notated that among
class Il RTKs, FMS have the strongest D4-D4 interactions, as the addition of D4-D5
domain boosts the binding between M-CSF and FMS by 50-fold [35]. It is possible that
FMS-D4 engages further favorable interactions in addition to the dual salt bridges.

The precise pairing of the D4-D5 regions of PDGFRs is coupled to the activation of the
intracellular effector tyrosine kinase domain. How the coupling is configured is not entirely
clear, but it may involve several steps. The contact of D4 domains may lead to
transmembrane helix interactions, as suggested by the observation of self-association
behavior of the PDGFR[ transmembrane helix [42]. However, in isolated state, two
hydrophobic helices may interact non-specifically, not necessarily reflecting an interaction
that provides specific geometry to support appropriate intracellular positions of the JM and
kinase domains. It is likely that only transient or no interaction of the transmembrane helices
are needed; rather, the mere proximity of the transmembrane helices could suffice to shift
the equilibrium of the JM-kinase domain interactions from association towards dissociation
as reflected in the phosphorylation/dephosphorylation balance of the key tyrosines in the JM
region. Once the kinase domain is activated, it would be able to transphosphorylate specific
tyrosines in the kinase regions, making it suitable for interacting with substrates. For
example, binding to the SH2 domain of Grb2 leads to the activation of Raf-1 and MAPK
pathways (reviewed in [73, 74]). In addition to adaptors like Grb2, the kinase domain can
also activate downstream enzymes, notably PI3K and PLCy [73, 75]. Furthermore, PDGFRs
can also bind other types of signaling molecules including transcription factors [76].

8, perspectives in PDGFR targeting

PDGF-PDGFR signaling plays essential roles in development, but once adulthood is
reached, its function is usually detrimental rather than constructive in human physiology. An
exception is in tissue repair and wound healing. PDGF-BB and PDGFR[ appear to be
involved in the formational of new vessels and collagen production [77]. For this reason
recombinant human PDGF-B has been used in clinical studies. However, the general need is
to block PDGF-PDGFR signaling to stop or reverse proliferative diseases. PDGFs and
PDGFRs are validated therapeutic targets in a variety of diseases, especially cancer [78].
PDGFRs’ implications in cancer are multi-faceted, including but not limited to angiogenesis,
a fact that is consistent with the mitogenic effect of PDGFs on mesenchymal cells that
influence tumor growth [4].

PDGFs and PDGFRs can be pharmacologically inhibited in multiple ways, and the most
direct way is to inhibit the intracellular kinase domain using small molecule inhibitors.
Tyrosine kinases inhibitors (TKIs) generally operate by two fashions: either binding to the
active site to block the enzymatic activity directly, or binding to an allosteric site outside the
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active site to affect the kinase’s activity by a conformational change [79]. Several TKIs have
been developed against PDGFRSs; yet they are usually nonspecific to PDGFRs, as they also
act on KIT and FLT3 [78]. The lack of specificity offers advantages and disadvantages. On
the one hand, these small molecule inhibitors can target all at once multiple class Il RTKs
implicated in cancers. On the other hand, the side effects due to the broad spectrum of
specificity must also be considered (reviewed in [80]).

For high specificity the extracellular inhibition of PDGFRs is often considered. For
inhibiting angiogenesis, blockade of the related VEGFR2 (e.g., by avastin/bevacizumab, a
humanized monoclonal antibody) has thus far proven to be successful in clinical trials.
Neutralizing antibodies have also been developed for PDGFs and PDGFRs (e.g., [81]), so is
oligonucleic acid aptamers specific for PDGF-B [82]. The PDGF-B:PDGF-R structure
suggests a few additional directions besides antibodies and aptamers that may offer both
high affinity and high specificity. For instance, receptor decoys derived from PDGFR-D2-
D3 could be used for PDGF inhibition, analogous to the VEGFR-trap consisting of VEGFR
D2-D3 domains [83]. Because there is a hydrophaobic interface between D1 and D2, the D2-
D3 decoy must carry hydrophilic mutations at the D1-D2 interface. The back of D2 that is
not used for ligand recognition can be engineered to carry N-linked glycans to balance the
hydrophobic nature of the PDGF-recognizing surface. Doing so would reduce nonspecific
adhesion and the deposition of the PDGFR decoy at the drug administration site and
improve the drug’s phamacokinetic profile. Another possibility is to design higher-affinity,
broader-spectrum PDGF inhibitors by combining PDGFRa and PDGFR structural features,
especially by replacing the aromatic residues with smaller aliphatic residues at the ligand-
recognizing surface, based on the specificity determinants at the PDGF-PDGFR interfaces.
The D2-D3 junction of PDGFRs can also be engineered to reduce hinge flexibility,
rendering an entropic advantage in PDGF recognition, thereby increasing affinity. The
simple 2-helix structure of the PDGF pro-peptide can be used as a template to design peptide
mimics that bind the PDGF ligands in a tight, non-dissociable fashion. To do so, affinity
maturation through surface display of altered PDGF propeptides could be implemented to
increase the affinity of such peptides to PDGFs to a substantially higher level. In addition to
interfering at the ligand-receptor interaction regions, antibodies that bind the membrane-
proximal domains (D4 or D5) may also prevent theses domains to pair with each other for
receptor activation.

Other than inhibition of the kinase domains or the extracellular domain, it is conceivable to
antagonize the transmembrane segment or the JM segment through small molecules.
However, these regions have more dynamic conformations, and achieving a therapeutic-
level affinity level is intrinsically difficult. Another approach is to inhibit PDGF signaling at
the transcription level in addition to the inhibition at the protein level. A recent study
suggested the possibility of using the small molecule TMPyP4 to bind the promoter region
of PDGF-A [84].

9. Conclusions

In the last a few years we have gained significant insight into the recognition and activation
mechanisms of PDGFRs, a class of import receptor tyrosine kinase that is involved not only
in physiological functions such as organogenesis and vessel formation, but also in several
widespread diseases such as cancer and atherosclerosis. The significant roles of PDGFRs in
cancer and vascular diseases underline the significant efforts in both academia and industry
in search for specific, high-affinity, and easy-to deliver drugs for PDGF or PDGFR
inhibition. The detailed structural understanding resulted from recent studies should
certainly aid these efforts, although a more complete and in-depth picture about the full-
length PDGFRSs in the transmembrane format would greatly advance the PDGFR biology as
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well as therapeutic pursuits. The homotypic interaction regions of PDGFRs have not been
thoroughly characterized, and any therapeutic design against the membrane proximal
domains may have the advantage of not only bypass ligand-receptor interactions, but also
bear the potential of limiting intracellular geometry in a state impermissible to kinase
domain activation, even if the PDGFR oncogenic mutations were intracellular but not
extracellular. The specific roles of the CUB domains in the newly-discovered PDGFs,
PDGF-C and PDGF-D, also awaits further studies. As one of the earliest discovered classes
of growth factors and growth factors receptors, PDGFs and PDGFRs have revealed many
first principles in receptor signaling biology, yet more revelations in this important signaling
system are yet to come, especially in its involvement and mechanism in the development of
proliferative and chronic diseases, and in the therapeutic modulation of it in clinical studies.
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Fig. 1.

The four types PDGFs and their domain compositions. The starting numbers of specific
domains/segments in the coding sequences are marked above the boundaries. Shown are all
numbers for human PDGFs. The proprotein convertase-recognition sequences are indicated
and positions of cleavage are marked with a black triangle. Abbreviations used: SP: signal
peptide; PRO: the pro-sequence preceding the growth factor domain; Cys-Knot, the
cysteine-knot growth factor domain that is responsible for receptor recognition; CUB, the
Complement subcomponents C1r/C1s, Urchin EGF-like protein, and Bone marrow protein
1-like domain, which can be considered as part of the pro-sequence in PDGF-C and PDGF-
D, but PDGF-C and PDGF-D also have sequences homologous to the PDGF-A and PDGF-
B pro-sequences.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Chen et al.

Page 20

Intermolecular
disulfide

Human PDGF-A
cystine-knot
growth factor domain

Fig. 2.

The cystine-knot growth-factor domain of PDGFs. Shown is the ribbon model of a PDGF-A
dimer, as selected from PDB ID 3MJK. The two protomers in the dimer are colored in green
and cyan respectively. The disulfide bridges are depicted as orange balls and sticks. Note
that three intermolecular disulfide bridges are concentrated at one end of each protomer, and
inter-molecular disulfide bridges are located at the dimerization interface. The N-terminal
segment of each protomer, depicted as a coil, runs vertical to the -strands of the other
protomer.
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Fig. 3.

The association between propeptide and mature growth factor domain in PDGF-A. (A) The
pro-peptide of PDGF-A is cleaved from mature PDGF-A, but remains tightly associated in
gel filtration. The fractions from the elution peak are shown. (B) Two residues in mature
PDGF-A, W120 and N134, play organizing roles in the association of the propeptide with
the mature domain. (C) Ribbon model of the propeptide-loaded PDGF-A dimer, with the
mature domains colored in green and cyan, whereas the propeptides colored in pink and
magenta. (D) The hydrophobic interaction pattern between PDGF-A propeptide and mature
domain. The backbone of the propeptide is shown as ribbons, and the backbone of the
mature domains is shown as coils. The interacting sidechains are shown as sticks, colored
according to their backbones. (E) Sequence comparison between all four types of PDGFs
shows that the two helices used in the interactions with mature growth factors domains are a
common feature, and the hydrophobic residues for interactions are preserved.
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The two types of PDGFRs and their domain compositions. The starting numbers of the
specific domains/segments in the coding sequences are marked left to the boundaries.
Shown are all numbers for human PDGFRs. The positions of N-linked glycosylations are
also marked. The lipid bilayer is represented by two straight lines. Note that D1 and D2 are
an integral module, and the intracellular kinase domain is a split domains with an insert

between N-terminal and C-terminal lobes.
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Fig. 5.

PDGF:PDGFR recognition. (A) The surface model of the PDGF-B in complex with the D1-
D3 domains of PDGFRp. PDGF-B protomers are colored in green and cyan, and PDGFR( is
colored in magenta and orange. The N-linked glycans are colored in gray. (B) The
recognition involves the dimeric seam of PDGF-B, extending two arms clamping the D2-D3
boundary of PDGFRp. Both PDGF-B and PDGFR are shown as tubes, and the interacting
parts are shown as thicker tubes than the rest. (C) PDGF:PDGFR recognition is reminiscent
of VEGF:VEGFR recognition. Shown is the ribbon model of VEGF-C in complex with the
D2-D3 domains of VEGFR2. Despite roughly equivalent structural elements involved, there
are major differences including the interface chemistry, the domain orientations, and the
length of the L1 loops.
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Fig. 6.

The specificity in PDGF:PDGFR recognition. (A) The biochemically defined interactions
between PDGF homodimers/heterodimers and the PDGFR homodimers/heterodimers. Note
that there is no proof for pre-associated PDGFR dimers, therefore the receptor dimers are
just a result of ligand-driven clustering. (B) Sequence comparison of PDGFs with the
residues involved in PDGF-B:PDGFR} interaction highlighted. This comparison shows that
the hydrophobic residues used for the core of the PDGF:PDGFR interface are preserved, but
the hydrophilic residues at the periphery of the interface have significant variations. (D)
Sequence comparison between the PDGFRs fragments used at the interface, with the
PDGFR{ residues in ligand recognition highlighted. This comparison also shows that the
hydrophobic nature of the ligand-recognition surface is preserved. (B) and (C) also show
changes from aromatic residues to branched residues, or from larger to smaller residues,
particularly between PDGF-A and PDGF-B, and between PDGFRa and PDGFR.
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Fig. 7.

The activation of PDGFRs is dependent on the homotypic interactions at the membrane-
proximal region of the extracellular segment. (A) Schematic model of PDGFR activation by
PDGF-B. The dimeric PDGF ligand binds the D2-D3 boundary of PDGFRs, enabling or
forcing the interaction between PDGFR D4 domains. The precise positioning of D4-D5
domains lead to transmembrane and juxtamembrane changes, ultimately leading to the
activations of the tyrosine kinase domain. (B) The PDGFR D4-D4 homotypic interaction is
likely analogous to the KIT D4- D4 interaction. Shown is the part of the structure of stem
cells factor (SCF) in complex with KIT D1-D5. The D4 domains from two copies of
receptors are colored in orange and pink respectively. The inter-receptor salt bridges are
shown as sticks. (C) PDGFR D4-D4 interaction is also likely to be analogous to that of the
D7 domains of VEGFRSs, the class of RTKSs evolutionarily related to PDGFRs. (D) Sequence
comparison of the segment that provides inter-domain interactions for PDGFRs, KIT, and
VEGFR2. Note that arginine is always required at one position, but the other position can
have either glutamate or aspartate, which are different in length and could result in the
difference in the interaction strength depending on the contexts.
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