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Abstract

Members of the receptor tyrosine kinases (RTK) regulate important cellular functions such as cell
growth and migration, which are key steps in angiogenesis, organ morphogenesis, and in the
unregulated states, cancer formation. One long-standing puzzle regarding RTKs centers on how
the extracellular domain (ECD), which detects and binds to growth factors, is coupled with the
intracellular domain (ICD) kinase activation. While extensive structural works on the soluble
portions of RTKSs have provided critical insights into RTK structures and functions, lack of a full-
length receptor structure has hindered a comprehensive overview of RTK activation. In this study,
we successfully purified and determined a 27-A resolution structure of a full-length human
Platelet-Derived-Growth-Factor Receptor Beta (PDGFRp), in complex with its ligand PDGF-B. In
the ligand-stimulated complex, two PDGFRfs assemble into a dimer via an extensive interface
essentially running along the full-length of the receptor, suggesting that the membrane-proximal
region, the transmembrane helix, and the kinase domain of PDGFRp are involved in dimerization.
Major structural differences are seen between the full-length and soluble ECD structures,
rationalizing previous experimental data on how membrane-proximal domains modulate receptor
ligand-binding affinity and dimerization efficiency. Also, in contrast to the two-fold symmetry of
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the ECD, the intracellular kinase domains adopt an asymmetric dimer arrangement, in agreement
with prior observations for the closely related KIT receptor. In essence, the structure provides a
first glimpse into how PDGFR ECD, upon ligand-stimulation, is coupled to its ICD kinase
activation.
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Introduction

Platelet-Derived Growth Factors (PDGFs) are a family of four cystine-knot growth factors
(PDGF-A, -B, -C and -D) that 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). 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 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.

The two receptors for PDGFs, PDGFRa and PDGFRS, belong to the Class 111 receptor
tyrosine kinases (RTKSs), a clan of five members including PDGFRa and PDGFRp, KIT,
CSF1R (FMS) and FLT3 . These Class 11l RTKs feature five immunoglobulin-like (1g)
domains in the extracellular segment (D1-D5), a single-pass transmembrane domain, and a
split kinases domain that contains an insert of variable lengths & 7. Notably, PDGFRa and
PDGFRp bind to ligands of the cystine-knot fold rather than the helical-bundle fold as for
KIT, CSFIR/FMS and FLT3 & 9 10: 1112, 13,

We have previously determined the crystal structure of PDGF-B in complex with the first
three 1g domains of PDGFRf, PDGFRBP1-D3, The structure shows how the D2 and D3
domains of the receptor form the primary ligand recognition sites. The overall assembly of
the 2:2 PDGF-B/PDGFRBP1-D3 recognition complex resembles other ligand/Class 111 RTK
complexes such as SCF/KIT and CSF1/CSF1R (FMS) & 9:10:12:13 However, the overall
domain arrangements required to relay ligand engagement at the extracellular side to the
kinase activation in the intracellular side still remained unclear without further structural

J Mol Biol. Author manuscript; available in PMC 2016 December 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 3

information from the full-length ligand-receptor complex. In this regard, this paper provides
an initial structural characterization of a complex consisting of PDGF-B bound to its cognate
receptor PDGFRB in its entirety (PDGFRpBFL). Combining with available crystal structures
and the recently determined SCF/KIT EM structure 14, the current EM reconstruction
provides insights into the general mechanism of Class |1l RTK activation.

Results and Discussion

FSEC screening for Class Ill RTKs

To ensure a native environment for folding and post-translational modifications, we
employed the BacMam technology to express human RTKs in HEK293GnTI™ cells. To
effectively screen for expression constructs and purification conditions, we constructed a
BacMam-based plasmid!®, pFNSfEG, with a Gaussia luciferase secretion signal peptide, a
FLAG tag, followed by a superfolder-EGFP (sfEGFP) for florescence-coupled size
exclusion chromatography (FSEC) (Fig. S1A and S1B). The superfolder variant of EGFP
was employed to withstand the oxidative extracellular environment that tends to denature
traditional EGFP molecules 16. We systematically screened for PDGFRa, PDGFRS, and
CSF1R/FMS receptors for expression. Both the wild types (WT) and the kinase-dead
(K634A) mutants were screened; we hypothesized that the kinase-dead mutants, due to lack
of auto-phosphorylation and consequent kinase phosphorylation-induced receptor
endocytosis/degradation, would give higher expression yields. Yet, among all constructs
screened, the human PDGFRB WT exhibits the highest expression level, and was therefore
chosen for subsequent structural analysis. As expected, detergent-extracted receptor remains
monomeric, and PDGF-B addition drives receptor dimerization (Fig. 1B). Also, detergent
screen with FSEC shows that a wide variety of detergents were able to extract and solubilize
human PDGFRp with a monodisperse peak. Among the detergents screened, non-ionic
detergent Lauryl Maltose Neopentyl Glycol (LMNG) yields the sharpest and the most
symmetric gel-filtration peak, and therefore was chosen for downstream PDGFRf3
solubilization and purification (Fig. 1C).

Purification of PDGF-B/PDGFRBFL and negative-stain EM

LMNG detergent solubilized PDGF-B/PDGFRBFL complex was captured and eluted using
anti-FLAG M2 immuno-affinity chromatography (Fig. S2A, S2B). The purified receptor
retained capability for catalyzing auto-phosphorylation (Fig. S2C). Despite the size-
exclusion step to get rid of high molecular weight aggregates, however, the sample still
displayed low contrast and reformed aggregates under initial negative-stain EM analysis.
We overcame the problem by using the GraFix’ method to slightly cross-link the complex;
GraFix-treated sample exhibited significantly enhanced contrast and much improved
structural integrity (Fig. S3A and S3B).

After 2D classifications of an initial small dataset (~2000 particles), we obtained initial
models by the random-conical-tilt (RCT) approach (Fig. S4). Various RCT initial models
were deemed similar as judged by visual inspection of reconstructed volumes and by
analysis in the Xmipp package (Fig. S4, also Materials and Methods). The best initial model
was further refined with the 3D classification/auto-refinement scheme in RELION to a
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resolution of 27-A according to the “Gold-standard” Fourier shell correlation 0.143 (FSC
0.143) criterion (Fig. S6, Materials and Methods)!8. This map reveals for the first time, the
overall architecture of an intact ligand-bound PDGFRp receptor dimer (Fig. 2B). The
following discussion will highlight features unique to PDGFR, and at the same time
provide a more refined view on the general structural features of Class 111 RTKs.

Overall architecture of PDGF-B/PDGFRB- complex

The architecture of the entire PDGF-B/PDGFRpBFL complex comprises three layers:
extracellular domain (ECD), transmembrane domain (TMD), and tyrosine kinase domain
(TKD). The ECD layer exhibits a near 2-fold symmetry around an axis running along the
vertical length of the entire ligand-receptor complex. Consistent with a model of ligand-
mediated receptor dimerization, two receptor protomers are bridged by a divalent PDGF-B
located at the center top portion of the complex. Characteristic of the ECD density is a large
cavity bordered by PDGF-B at the top, two D3 domains at the sides, and two D4 domains at
the bottom (Fig. 2A and B).

The ~21-nm long ECD can be further divided into three sub-layers: the head layer, the D4
layer, and the D5 layer. The head layer consists of receptor D1-D3 domains and is the main
ligand-receptor interacting site. This layer displays the strongest signals in the 2D class
averages and in our reconstructed EM map even under high map contour levels, and shows
features consistent with the PDGF-B/PDGFRBP1-D3 crystal structure determined earlier
(PDB ID: 3MJG)*? (Fig. 2A and B). The strong contour is reflective of the extensive
ligand-receptor interface (~roughly 2,900-A2) as shown in the crystal structure.
Characteristically, the two D1 domains protrude from each side of the complex at the top of
the head layer like two ears, and are the only parts of the whole complex that are not
involved in either direct ligand-receptor recognition or receptor dimerization. Yet, the well-
defined density for D1 suggests structural rigidity, consistent with the tight association
between D1 and D2 (the D1-D2 module) seen in the crystal structure.

The D4 and D5 layers constitute the membrane-proximal part of the ECD, which has thus
far not been structurally characterized for either PDGFRa or PDGFRp. The D4 layer
showcases two D4 domains engaged in receptor-receptor homotypic contact in a V-shaped
conformation, confirming the conserved D4-D4 homotypic contact as predicted by earlier
bioinformatics analysis and functional studies 20. Below the D4 layer, the ECD density
tapers down to a close-knit density of the D5 layer. The shape of the D5 layer is most
consistent with the two D5 domains also involved in close homotypic receptor interaction, a
novel feature that has not been previously shown for the PDGFR receptor (more discussion
in the section “Membrane-proximal D5 domain in full-length receptor dimer”).

The density below D5 comprises the TMD-TKD layers. Density segmentation analysis
indicates that the enclosed volume of this region is too large for a single copy of TMD-TKD,
and therefore most likely represents the volume of two interacting TMD-TKD regions from
two receptor protomers. Taken together, except D1, all domains in PDGFR[ mediate
dimerzation, either directly through receptor-receptor contacts (D4, D5, TMD, TKD), or
indirectly through ligand binding (D2-D3). Importantly, receptor dimerization is driven
entirely by PDGF-B binding, without which receptors are primarily monomeric as shown by
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FSEC (Fig. 1B). Formation of such an extensive dimer interface in a ligand-dependent
manner indicates considerable coupling among disparate receptor domains in receptor
activation. The following discussions will highlight examples of structural coupling as
revealed by the EM structure.

Rearrangement of ligand-engaging D2-D3 domains in full-length receptor

Notably, the orientation of the D3 in the full-length receptor differs from that of D3 in the
earlier crystal structure of PDGF-B/PDGFRBP1-D3 containing only the first three Ig domains
of PDGFR. In the crystal structure, the two D3 domains curve inward in an orientation that
is incompatible with D4-D4 homotypic contacts shown in the EM reconstruction (Fig. 3A).
We then performed flexible fitting aided by molecular dynamics (MDFF) to fit PDGF-B/
PDGFRpP1-D3 crystal structure into the full-length EM map. In the simulation, the D3
domain undergoes a rotation around the D2-D3 hinge. Rotation of D3 is also accompanied
by a minor rigid-body rotation of the D1-D2 module around the same D2-D3 hinge so that
D2 and D3 can maintain a firm grip on PDGF-B (Fig. 3A and B). For PDGF-B, slight
conformational changes are also observed in the receptor binding loops to accommodate the
remodeled D2-D3 geometry. This finding highlights the potential flexibility of the D2-D3
hinge that becomes less flexible in the context of a full-length ligand-receptor dimer, which
may explain our prior findings where we noticed a difference in PDGF-C binding affinities
between PDGFRaP1-D3 versus a longer PDGFRaP1D5 construct containing the entire
receptor ECD?9. Interestingly, we have previously found that Macrophage Colony-
Stimulating Factor 1(M-CSF1) displays greater than 50 fold stronger affinity towards
CSF1RD1-D5 than to CSF1RP1-D3 which may be explained by the similarly remodeled D2-
D3 ligand-clamping site in the longer CSF1R D1-D5 construct®.

As a sharp comparison, the D1-D3 domains in SCF/KITP1-D3 adopt almost the same
orientation as those in SCF/KITP1-D5 with a root-mean-square-deviation (r.m.s.d) of 0.9 A
for 256 residues compared (Fig. 3C and D). Accordingly, studies from Schlessinger’s group
found no difference in measured affinities between the two KIT extracellular constructs
towards SCF 21, What distinguishes KIT from PDGFR and CSF1R likely originates from
the more extensive and less flexible D2-D3 inter-domain interface in KIT20, In this regard,
free KIT D2-D3 already adopts a conformation primed for ligand binding. On the other
hand, at least for PDGFR and CSF1R, although D2 and D3 are sufficient for ligand binding,
the rest of the receptor, most likely the membrane-proximal D4-D5 domains, also affects
ligand-binding affinity by helping fixate the conformation of the flexible ligand-binding D2-
D3 domains.

Receptor homotypic contact reinforces receptor dimerization

As shown in the EM reconstruction, PDGF receptor dimerization consists of two types of
interactions: 1) dimeric PDGF ligand engaging the D2-D3 region and 2) homotypic receptor
contacts involving the membrane-proximal D4-D5, TMD, and TKD regions. Because FSEC
showed that ligand addition seems to be the primary driving force for receptor dimerization,
we tested the additional role of homotypic contacts in PDGFR dimerization.
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Based on sequence comparison with KIT, we designed full-length receptor mutants
disrupting the conserved membrane-proximal D4-D4 homotypic interaction (R385A)
identified in the SCF/KITP1-D5 crystal structure. After cell lysis, PDGF-B was added to
membrane fractions to allow ligand-receptor complex formation in a native membrane
environment before detergent extraction. As shown in FSEC, R385A mutant still leads to
PDGF-induced dimerization. Yet, R385A mutation results in reduced receptor dimerization
in comparison with the wild-type receptor (Fig. 4A), a finding that is independent of
receptor expression level and amount of ligand added. The data demonstrate that ligand
binding may represent the primary driving force for dimerization, which is further reinforced
by membrane-proximal homotypic contacts. Although the molecular basis is not clear, but
based on the discussion in the previous section suggesting how D2-D3 orientation is
influenced by the presence or absence of D4-D5 region, the membrane-proximal contact
might reinforce the optimal D2-D3 geometry most compatible in a 2:2 complex.

Common geometric requirement for Class Ill RTK activation

What distinguishes PDGFRs from other Class Il RTK members (KIT, FMS/CSF1R, and
FLT3) is that PDGFRs are activated by growth factors of the cystine-knot fold rather than
the helical-bundle cytokine family. Reflective of the planar B-sheet conformation
characteristic of the cystine-knot fold, the PDGF-B density appears to be flatter and more
elongated in comparison with the more compact SCF density in the SCF/KITFL structurel4
(Fig. 3A versus C, also Fig. 4B). Also, whereas PDGFR D1 is not involved in ligand
contact, D1 in KIT receptor forms part of the ligand-interacting interface. Accordingly, there
is a more prominent protruding D1 contour in the PDGF-B/PDGFRFL reconstruction in
comparison with the more retracted KIT D1 density. The differences highlight how Class Il
RTKs have evolved different D1-D3 modules for recognizing diverse ligands (Fig. 4B).

Despite differences at the ligand-engagement D1-D3 module, both KIT and PDGFR dimer
ECD exhibit a signature “elbow” conformation due to a ~ 120-degree bent angle at the D3-
D4 junction (Fig. 4B). From the high-resolution x-ray structure of SCF/KITP1D5, the bent
angle stems from specific interactions between D3 and D410. Significantly, this D3-D4
elbow leads to a separation of 60-65-A between two D3 domains and anchors the
downstream two D4 domains in a proper orientation that allows them to interact via a
complementary interface (Fig. 4B). Similar D3-D4 junction elbow configuration also
appears in the low-resolution EM reconstruction and SAXS models of M-CSF1/
CSF1RDP1-D5 gand 1L-34/CSF1RP1-DS complexes 22, as well as in the x-ray model of FL/
FLT3 complex!!. Although we currently do not have a full-length structure of a ligand
activated CSF1R, or FLT3, we expect that the characteristic D3-D4 conformation will hold
for the full-length CSF1R and FLT3 as well.

In essence, while the D1-D3 ligand-binding modules adopt various geometries to suit
diverse ligands for different receptor families, a seemingly invariant D3-D4 conformation
has been observed across Class 111 RTK members. This observation indicates that D3-D4
hinge might play an essential role in coupling the ligand-biding information at D3 to the D4
domain involved in homotypic interaction.
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Rearrangement of membrane-proximal D5 domain in full-length receptor dimer

While the importance of D4-D4 homotypic contact is well established in Class 111 RTKs, the
precise role of D5 domain remains to be clarified. In the SCF/KITP1-D5 X-ray crystal
structure (PDB ID: 2E9W), both D5 domains do not have obvious interface and are more
flexible than the D4 domains as evidenced by the weaker electron density and higher B-
factor 10, Similarly, while low-resolution EM and SAXS structures of M-CSF1-bound
CSF1RP1-D5 dimers demonstrate a conserved D4-D4 homotypic contact, a large 65-A
separation between the neighboring D5 domains is observed 23. The uncertainty regarding
D5 conformations raises the question whether transmembrane and kinase domain
dimerization is required for RTK activation.

In contrast to the aforementioned isolated receptor ECD structures, the reconstructed EM
volume for the ligand-stimulated PDGFRBFL demonstrates a clear D5-D5 interaction (Fig.
5A). The compact and contiguous nature of the D5 layer density suggests that the D5-D5
interface is larger than the D4-D4 interface. Recent EM structure of SCF/KITFL also
confirms our finding regarding the D5 homotypic contactl4, Despite the low sequence
similarity between KIT D5 and PDGFRp D5, the same homotypic interaction found in both
receptors is highly indicative of a universal activation mechanism for disparate Class 111
RTK members.

To gain more structural insight, we generated a PDGFR[ D4-D5 dimer model using KIT
D4-D5 (PDB ID: 2E9W) and fit it into our EM density with molecular dynamics/flexible
fitting (MDFF). During the short 0.5-ns simulation process, the two D5 domains rotates
around the D4-D5 linker and comes close together to form an interface mediated by strand
BA and BG (Fig. 5B). Importantly, D5 domains of Class 11l RTKSs are hotspots for cancer
mutations. Several point mutations found in cancer patients can be mapped to strands A
that mediate the interface4. This suggests that cancer mutations in the D5 domains likely
enforce receptor dimerization in a ligand-independent manner. The establishment of this
novel D5-D5 interface therefore represents another level of conformation coupling in the
activation of a full-length receptor.

Transmembrane domain dimerization in full-length receptor

Although isolated RTK transmembrane helices oligomerize to different degrees in various
reconstituted bicelle systems, TM dimerization in the context of a full-length receptor has
not been demonstrated. Below the D5 layer of the current EM reconstruction, the density
thins to a narrow “funnel”, suggesting that the two D5 C-termini are close to one another
(Fig. 5B). In the flexible fitting model, the two D5 C-termini are within 16-A, a distance that
is close enough for downstream TM dimerization.

In the 2D class averages of PDGF-B/PDGFRpFL, the circular silhouette below D5 domains
(the TMD layer) most likely represents the large LMNG detergent micelle surrounding two
TM helices (Fig. 6A). In this manner, the “funnel” between the ECD and the TMD densities
should represent the short linker that connects the ECD to the beginning of the
transmembrane helix. Our 3D reconstruction provides evidence for our interpretation of the
2D analysis (Fig. 6B). Density analysis by SEGGER shows that the density below the ECD
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spans a vertical distance of ~30-35-A consistent with the vertical length of a biological
membrane bilayer (the TMD layer). Rigid-body docking of PDGFRP TM dimer structure
determined by NMR 2° nicely positions the structure into the density of the TMD layer (Fig.
6C), although the real TM conformation in the full-length receptor will likely vary from the
NMR structure.

Even though the current resolution does not allow visualization of the exact conformation of
the transmembrane helices, the restricted funnel shape of the ECD-TMD junction, as well as
the gradual widening of the TMD density, implies that the two transmembrane helices
should be held close together via interactions near their N-termini portions (Fig. 6C and 6D).
The TM dimer crossing near the N-terminal ends has been an emerging feature observed in
many published TM structures such as EGFR, EphA, and Growth Hormone Receptor
(GHR) 26:27:28:29 potentially, this conformation allows separation of the C-terminal
portions of the TM helices so that the downstream kinase domains have a sufficient range of
motion to interact with one another during receptor activation.

Asymmetric dimer conformation of TKD

The bulky density below the TMD encloses a volume ~ 200,000 to 250,000-A3, roughly
corresponding to the volume of two kinase domains calculated from crystal structures of a
single KIT kinase domain (one kinase domain ~ 80,000 to 100,000-A3). Therefore, this
bottom density most likely represents the volume of two interacting kinase domains from
two receptor protomers (the TKD layer).

The reconstructed map shows that the TKD layer adopts a tilted conformation that does not
follow the overall two-fold symmetry of the ECD, a feature that was also reported for SCF-
stimulated full-length KIT14. Although the map is of limited resolution, density
segmentation aided by rigid-body docking allows rough placement of two kinase domains.
One kinase domain (“kinase 1” in Fig. 7) is displaced more laterally from the overall two-
fold symmetry axis than the other kinase (“kinase 2” in Fig. 7). The only way to fit two
kinase domain crystal structures into the density requires that the kinases arrange in an
asymmetric fashion (Fig. 7A and B). Despite the low resolution that prevents detailed
interpretations of the fitting, two findings are evident. Firstly, the kinase dimers are engaged
in extensive dimer interface, which is indicative of some specific recognition event at the
dimer interface (Fig. 7B and C). This notion is in contrast to the standard depiction where
the kinase domains merely dangle off from the transmembrane helices and interact with one
another only transiently. If so, the flexibility of the kinase domains would render a
significantly weaker density in the TKD layer, due to averaging from all different
conformations/orientations in 3D reconstruction. Secondly, rigid-body docking of multiple
crystal structures of RTK kinase domains positions the catalytic site in close proximity to its
partnering kinase (Fig. 7C). This suggests that the asymmetric kinase dimer arrangement
may represent a natural consequence to the requirement for two receptors to phosphorylate
one another. In this manner, one kinase plays the role as the “substrate” and other as the
“enzyme”.
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Discussion

RTKs have generally lagged behind other membrane proteins in terms structural
determination due to difficulties in expression and the nearly impossible task of
crystallization, which significantly hindered advances in the RTK field. In this study, we
have determined the structure of a full-length PDGFRp bound to its natural ligand PDGF-B.
Along with the recently determined full-length KIT in complex with SCF, these structures
demonstrate for the first time the architectures and domain arrangements of intact ligand-
induced RTK dimers 14, Importantly, these structures underscore the possibility of and pave
the way for obtaining higher resolution structures of RTKSs in the future.

In the context of a full-length ligand-PDGFR complex, an extensive dimer interface is
observed. Besides D1, all domains contribute to dimer interface, either indirectly through
ligand engagement or directly via inter-receptor contacts. Importantly, despite the large total
interface area for dimerization, receptors remain largely monomeric in the absence of ligand
binding, as shown by FSEC (Fig. 1B). Thus, from ligand-binding to receptor activation,
receptors likely go from a highly flexible, monomeric state to a rigid and energetically
restrained state that is stabilized by multiple weak interactions that propagate from the
ligand-biding domain to the kinase domain. This increase in receptor dimer stabilization
likely involves morphing of D2-D3 for ligand binding, D3-D4 conformational coupling,
D5/TM domain dimerization, and formation of asymmetric kinase domain dimer.

Several differences are seen between the full-length EM map and partial structures of
soluble domains, and highlight the need to consider full-length RTK structures in the future.
Firstly, in comparison with the crystal structure of PDGF-B/PDGFRBP1P3, the D3s in the
EM map (after flexible fitting) are farther apart and oriented differently to adopt an “elbow”
conformation at the D3-D4 junction for downstream D4-D4 homotypic interface.
Establishment of the D3-D4 elbow and the consequent ~ 60 to 65 A separation between two
D3 C-termini seem to be a common feature across Class |1l RTKs.

Secondly, the full-length EM map resolves the long-standing question on the conformation
of D5 domains and oligomerization status of the transmembrane domain. The D5-D5 close
association is clearly visible in the full-length PDGFR reconstruction. The presence of TM
likely imposes a physical constraint on the conformational freedom in D5. Observed D5-D5
homotypic interface suggests that the effect of D5 cancer mutations in PDGFRs and KIT, as
well as other members of Class 1l RTKSs, is to drive D5-D5 interaction in a ligand-
independent manner. Noticeably, receptor D5-D5 homotypic contact necessitates the ends of
D5 to come close together, which would allow dimerization of the transmembrane helices.
Interestingly, papillomavirus (BPV) E5 protein, which encodes a 44 amino-acid
transmembrane helix, is known to facilitate PDGFR TM dimerization in a ligand-
independent manner. In fact, E5 is so specific for PDGFR that it does not activate the
related PDGFRa, nor other Class 111 RTKSs. The specificity is still not well understood, but
one of the E5-interacting residue on PDGFRp, K531, is located right before the N-terminal
start position of the TM domain; the specific interaction between E5 and PDGFRf K531
likely drives the TM to adopt a dimer conformation similar to that seen in the current EM
reconstruction 30,

J Mol Biol. Author manuscript; available in PMC 2016 December 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 10

Thirdly, while crystalized kinase domains of RTKSs are largely monomeric, in a full-length
receptor they form a close-knit dimer. It has been demonstrated with ample evidence that
EGFR, FGFR, and KIT kinase domains adopt asymmetric kinase dimers during

activation 14: 31: 3233, 34: here we show that PDGFR likely adopt asymmetric kinase dimer
as well. Through crystallographic analysis of receptor ECDs, we have come to realize the
surprising diversity of RTK extracellular assemblies in driving receptor dimerization.
Likewise, although asymmetric kinase dimer arrangement may be a common activation
mechanism, the detailed interface chemistries may differ among 50 families of RTKSs.
Further works on RTK kinase dimer arrangement at atomic detail will be required in order to
translate into future drug design.

The current work also raises further questions for, in addition to providing a more refined
view on, Class Il RTK activation. For instance, the crystal structures of the FLT3 ECD in
complex with its ligand, surprisingly, do not show homotypic interactions in D4 and D5; in
particular, the D4 interface residues conserved in other Class Il RTKs are missing in
FLT3 11, Although it is possible that FLT3 uses a novel mechanism for dimerization and
receptor activation, we suggest that, in the context of full-length FLT3, ligand-induced
receptor dimerization might still enforce the D4-D4 and D5-D5 homotypic interactions for
FLT3, albeit with a different interfaces than that used by KIT, PDGFRs, and CSF1R/FMS.

Also, class Il RTKSs are known for their pleiotropism in ligand recognition; whether
different ligands of a common receptor induce the same receptor conformation is currently
unknown. For instance, CSF1R (FMS) binds to two different cytokine ligands, M-CSF1 and
IL-34, through different surface epitopes on D2 and D3 12. Low-resolution SAXS data on
the entire ECD of CSF1R in complex with either M-CSF1 or IL-34 show a common
assembly principle with divergent details?2. In particular, while the same D4-D4 homotypic
contact is observed, the orientations of the D1 and D5 domains are different. Notably, the
two ligands have been found to induce different biological activities; whether such a
difference is due to different ligand-receptor assembly is currently unknown. Future works
on full-length CSF1R (FMS) with both ligands will be required to answer the question.

In essence, we have shown in this work how mammalian cells can be used to screen and
purify recombinant human RTKSs, and how disparate domains of a physiologically relevant
RTK are coupled upon ligand stimulation. This work also shows how EM as an emerging
tool to deliver structural insight into a class of membrane protein that has historically defied
crystallographic analysis. We expect that, through further improvement in full-length RTK
purification/reconstitution, higher resolution structures will be attainable in the near future to
answer in more definitive terms the puzzling features of RTK activation.

Materials and Methods

Fluorescence-coupled size-exclusion chromatography (FSEC)

A FSEC vector based on BacMam technology was constructed in a manner similar to that
reported recently 1°. We engineered a new version of the vector with a novel variant of
EGFP—Superfolder EGFP (sfEGFP) that has been reported to have a more robust folding in
harsh environment than traditional EGFP 16, The new vector, harboring a secretion signal
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followed by a FLAG tag and sfEGFP, is from now on referred to as pFNSfEG (Fig. S1).
FSEC experiments were performed as described earlierl®. In brief, pFNSfEG plasmids with
inserted targets of interest were transfected with FUGENE HD in suspension HEK293 GnTI-
cells in a 6-well plate according to the instructions from the manufacturer (Promega). After
4-6 hours of transfection, the media was exchanged into serum-free media supplemented
with 10mM sodium butyrate, and incubated for 24-28 hours in 37°C before harvesting. The
cells were lysed by dounce homogenization in the lysis buffer (20mM Tris, ImM EDTA,
Roche EDTA-free protease inhibitor, pH 7.6), and the membrane fractions were pelleted by
centrifuging at 60,000 rpm using a Beckmann table-top ultracentrifuge for one hour. To
extract membrane proteins, the membrane pellets were resuspended in solubilization buffer
(10mM Hepes, 150mM NacCl, and 1% detergent of choice in the presence of protease
inhibitors) and stirred in 4°C overnight. The following day, insoluble materials were pelleted
by ultracentrifugation at 60,000 rpm for one hour. The clarified sample (~500uL) volume
was loaded into a Superose 6 size-exclusion column pre-equilibrated with FSEC buffer
(10mM Hepes, 150mM NaCl, 0.05% DDM), and fractions of 250uL were collected.
Fluorescence signal was recorded in a 96-well flat-bottom black plate (Corning) with
excitation 485/emission 510.

To assess ligand-induced receptor dimerization, 200-500 pL of purified ligand in HBS was
used to resuspend the membrane pellet, and detergent at 1% final concentration was added
to the sample and incubated overnight in 4°C. Other procedures were the same as FSEC for
unstimulated receptors.

BacMam virus generation

For protein expression, pFNSfEG vector was modified to remove the N-terminal sSFEGFP,
but leave the secretion signal, the FLAG tag, and the MCS intact (referred to as pF-BM
vector) (Fig S1). BacMam virus was generated as described?®.

PDGF-B expression

The amplified BacMam viruses for human PDGF-B were used to transduce suspension
HEK293 GnTI" cells at a density of 1.5 x 106 cells/ml. After 5-6 hours, media were
exchanged to serum-free media supplemented with 10mM sodium butyrate to boost protein
expression. The conditioned media was harvested after 72 hours and buffer exchanged into
HBS by a tangential concentrator.

PDGFRpB expression and PDGF-B/PDGFR purification

The amplified BacMam viruses were used to transduce suspension HEK293 GnTI™ cells at a
density of 1.5 x 10° cells/ml. After 5-6 hours, media were exchanged to serum-free media
supplemented with 10mM sodium butyrate to boost protein expression. Cells were pelleted
24-28 hours later and washed with PBS + 1mM EDTA, and lysed by dounce homogenizer
in lysis buffer (20mM Tris, ImM EDTA, Roche EDTA-free, protease inhibitor cocktail, pH
7.6). To prevent free-cysteines in the cytoplasmic domain from cross-linking but leave the
extracellular disulfide bonds intact, 2mg/mL iodoacetamide was added to the lysis buffer.
After dounce-homogenization, cell debris and organelles were removed by centrifuge at
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3,000 rpm for 10 minutes. The douncing and low-speed centrifugation step was repeated to
maximize cell lysis.

The supernatant from the low-speed centrifugation step was then ultracentrifuged at 40,000
rpm for 1 hour in a Ti 45 fixed-angle rotor (Beckmann). To form PDGF-B/PDGFRf
complex, the pellet was re-suspended in ~150-mL PDGF-B conditioned media (without
serum) and incubated overnight to ensure receptor dimerization by PDGF-B. Next day, 1 %
LMNG was added to the suspension, and stirred for 1-1.5 hour in room temperature for an
hour in the presence of protease inhibitor (Roche). The insoluble materials were discarded
by ultracentrifugation at 40,000 rpm for 1 hr, and the supernatant containing detergent-
solubilized ligand-receptor complex was further purified by anti-FLAG M2 affinity column
(Sigma). After washing with running buffer (10mM Hepes, 150mM NacCl, 0.05% sodium
azide, 0.01% LMNG), the complex was eluted by addition of 100-ug/mL FLAG peptide
(Sigma). The proteins were further purified with size exclusion columns (Superose 6, GE
Life Sciences) pre-equilibrated with running buffer.

Gradient Ultracentrifugation and Fixation (GraFix)

GraFix protocol was carried out as described previously 17. In brief, purified ligand-receptor
complex was concentrated to ~200 pL with total protein less than 200 pmol to prevent cross-
linking between particles. The glycerol gradient of 10-25% was chosen based on the
molecular weight of our complex (~300kD). To set up the gradient, a top layer solution and
a bottom layer solution were prepared. The top layer contains HBS+10% glycerol+0.01%
LMNG, and the bottom layer consists of HBS+25% glycerol + 0.1% gluteraldehyde +
0.01% LMNG. After filtering the solutions, 2mL of top solution was injected gently first in
an ultracentrifuge tube, followed by 2mL of bottom solution. Caution was taken to avoid
introducing bubbles. To form a linear gradient, the tube was sealed with parafilms and
gently placed horizontally in room temperature for 2 hours. Afterwards, the tube was put in
a stand-up position and cooled in 4°C for one additional hour. Prior to sample loading, a 200
pL cushion layer containing HBS + 5% glycerol + 0.01% LMNG was gently pipetted on top
of the top layer solution, followed by 200 uL of samples. Ultracentrifugation is performed
with SW 55 Ti (Beckmann) at 40,000 rpm for 16 hours. After ultracentrifugation, 200 pL
fraction was collected and analyzed on a 4-20% gradient SDS denaturing gel. Fractions
containing the ~300kDa complex moved about two-thirds of the way down the gradient
(corresponding to ~ 20% glycerol and 0.0067% glutaraldehyde) and were pooled together
for EM analysis (Fig. S3A). 80mM glycine was added to the pooled fractions to stop further
cross-linking.

Negative-stain electron-microscopy

The grid was prepared as described 3°. Briefly, 400-mesh copper grids (EMS) were coated
with a thin layer (~2.2 nm) of continuous carbon film (home-made). After drying overnight,
a carbon-coated grid was glow-discharged, and 5-uL sample directly from GraFix (~ 20
pg/mL) was then loaded on to the grid, which was then dipped briefly in 5 drops of distilled
water before staining with two drops of 0.75% (w/v) uranyl formate (UF). Images were
acquired using a Gatan 1400 TEM operated at 120 kV, with nominal magnification at 30k
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using a 4k x 4k CCD camera, corresponding to 3.71-A/pixel. Defocus value ranges between
land 2 pm.

Image processing — reconstruction of initial model

We employed the random-conical tilt (RCT) method for initial model generation. For RCT,
tilt-pair micrographs were recorded at 0° and 55°. 2,830 particle pairs were manually
selected in Xmipp 36. The untitled particles were classified initially into 16 classes, with
about 100-200 particles in each class. Classes with fuzzy averages and no identifiable
features were thrown out, and the remaining good particles were subject to another round of
2D classification. After multiple rounds of 2D classification and data cleaning, a final
dataset consists of 1,859 particles in 9 classes. The homogeneity of each class was analyzed
by the principle component analysis (PCA) and was shown to be rather pure.

Five best classes (class 1-4, 9), based on the quality of their class averages and
homogeneity, were chosen for initial model generation in Xmipp. To improve accuracy in
3D reconstruction, only particles in the “stable cores” for each class were chosen. The 5
reconstructed initial models were visually inspected and compared in Chimera. Because
classes 1, 2 and 9 displayed similar volumes, the particles in the corresponding classes were
combined. Similarities between the volumes from classes 1, 2 and 9 were further confirmed
by comparing a similarity score between back-projections of the models with different class
averages (Screen classes in Xmipp). The best initial volume (class 2) was chosen and
refined via projection-matching against 771 particles (from particles of the combined
classes). The improved initial model was low-pass filtered at 25 A and masked for
subsequent 3D classification and refinement procedures.

Image processing — 3D reconstruction

A separate data set was collected, in which 10,477 particles were manually picked and
subject to 5 cycles of 2D classification in Xmipp (Fig. S5). To obtain a better handle on
noise and quality of reconstruction, we pursued RELION 3D classification/refinement
workflow. The initial RCT (after projection matching against the smaller dataset used for
RCT) was masked and low-pass filtered to 100-A for input into RELION. Auto-refine
against 8,570 particles was performed to generate a “consensus model” for subsequent 3D
classification with minimal initial model bias. From the consensus and low-passed structural
template, 3D classification and refinement schemes are outlined in the Supplemenal
Information (Fig. S6).

Density map analysis

Rigid body docking, as well as map visualization and analysis, was done in UCSF

Chimera 37. Map segmentation analysis was performed using the SEGGER module also
implemented in Chimera. Based on density threshold, the tyrosine kinase domain (TKD)
was automatically segmented into two volumes, each of which corresponds to the volume of
a single kinase domain. For rigid-body docking of kinase domain crystal structures, the two
segmented kinase domain densities were saved as a single MRC volume stack file. One copy
of the Insulin Receptor kinase domain (PDB ID: 11R3) was first manually docked into the
density, followed by placement of a second copy. Because the normal “Fit in Map”
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command produces significant clashes between the two copies, we opted for “sequential
docking” implemented in Chimera, which produces a much better fit with noapparent
clashes between the two copies of molecules.

Molecular Dynamics/Flexible Fitting (MDFF) simulation

Molecular modeling of the entire ECD was done by MDFF. The crystal structure of PDGF-
B/PDGFRBPLD3 (PDB ID: 3MJG) was used as the initial model, and PDGFRpP D4D5 is
modeled from KIT D4D5 (PDB ID: 2E9W). The structure parameter files are produced in
VMD 38 via the plug-in “Automatic PSF Builder.” Rigid-body docking of both PDGF-B/
PDGFRBP1-D3 and PDGFRB D4D5 homology model was performed in the Situs package3®.
Symmetry is imposed on PDGF-B/PDGFRBP1P3 and D4D5 homology model to not only
prevent over-fitting, but also preserve the R385/E390A salt-bridge during the simulation
process. The EM map was converted to the force field potential using the MDFF commands
implemented in VMD. The molecular dynamics simulation was performed in NAMD2.140
using the CHARMM force-field, and was run on the Northwestern computing cluster. All
simulations were performed in 0.5 ns time-scale.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EM electron-microscopy

FSEC fluorescence-coupled size-exclusion chromatography
GraFix Gradient and Fixation

Ig immunoglobulin

M-CSF macrophage colony stimulating factor

MDFF molecular dynamics/flexible fitting

PDGF Platelet-derived growth factor

PDGFR PDGF receptor

RCT random conical tilt

RTK receptor tyrosine kinase

SCF stem cell factor

SsfEGFP superfolder enhanced green fluorescence protein
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Highlights
e Full-length transmembrane RTK structures are currently lacking

e Purification and visualization of PDGF-stimulated full-length PDGFRp by
electron-microscopy

« Domain organizations that differ from crystal structures of soluble domains
e Asymmetric kinase domain dimer arrangement in full-length receptor

»  Demonstration of extracellular coupling with intracellular kinase activation
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Figure 1. FSEC screening of PDGFR
(A) WT versus kinase-dead mutant of PDGFRp. (B) PDGF-B induced dimerization probed
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Figure 2. Overall architecture of PDGF-B/PDGFRBFL
(A) Representative 2D class averages. (B) 3D Reconstruction.
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Figure 3. Conformation of D2-D3 in full-length receptor
(A and B) Comparison between PDGFRBP1-D3 in crystal structure (cyan) versus

PDGFRpPL-D3 after MDFF fitting in EM map (orange); the latter is representative of D2-D3
conformation in a full-length receptor. (C and D) Similar comparison for KIT receptor.
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Figure 4. Influence of D4 on receptor dimerization, and common geometric requirement for
Class 11l RTK dimerization

(A) Influence of R385A that disrupts D4-D4 homotypic contact on receptor dimerization. D
= ligand-induced dimer. M = receptor monomer. (B) PDGFR (left) versus KIT (right) full-
length structure. Whereas D1-D3 are different for the two receptors to accommodate
different ligands, the D4-D5 homotypic contact is conserved.
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Figure 5. PDGFR D5 homotypic contact
(A) Full-length PDGF-B/PDGFRS structure stratified into different layers. The D4 and D5

layers highlight the homotypic contact established by MDFF simulation. (B) Closed-up view
for the MDFF simulation, with the interface strands highlighted in pink.
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Figure 6. Conformation of TMD-TKD layer
(A) 2D class average showing features of PDGF-B/PDGFRP TMD-TKD. (B) EM

reconstruction agrees with 2D class average. (C) Fitting of ECD and TMD atomic models.
(D) Slice-through view of 3D map. The “funnel” likely represents the linker between ECD
and the beginning of TM domain, and the TM helices likely cross each other near their N-
terminal portions (near the funnel) and separate at the C-termini in order to connect to the

two kinases located on each side of the TKD density. Inset: 2D view.
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Figure 7. Asymmetric dimer of TKD
(A) The atomic models of TM and TKD are fitted to show spatial relationships. (B) Bottom

view of TKD asymmetric dimer. (C) Same view as in (B), but highlighting the catalytic site
position of kinase 1, where the ATP binding pocket, the A-loop, and the aC helix are in
close proximity to the neighboring kinase 2. KID = kinase insert domain. aC = control a-
helix. A-loop = activation loop.
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