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SUMMARY

Despite the crucial impact of leptin signaling on metabolism and body weight, little is known
about the structure of the liganded leptin receptor (LEP-R) complex. Here we applied single-
particle electron microscopy (EM) to characterize the architecture of the extracellular region of
LEP-R alone and in complex with leptin. We show that unliganded LEP-R displays significant
flexibility in a hinge region within the cytokine homology region 2 (CHR2) that is connected to
rigid membrane-proximal Fnlll domains. Leptin binds to CHR2 in order to restrict the flexible
hinge and the disposition of the Fnlll ‘legs’. Through a separate interaction, leptin engages the Ig-
like domain of a second liganded LEP-R, resulting in the formation of a quaternary signaling
complex. We propose that the membrane proximal domain rigidification in the context of a
liganded cytokine receptor dimer is a key mechanism for the transactivation of Janus kinases
(Jaks) bound at the intracellular receptor region.
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Leptin, a class | cytokine, is secreted from adipose tissue at levels that are proportional to
body fat, and after crossing the blood-brain barrier it engages the leptin receptor (LEP-R) in
order to modulate energy expenditure and food intake (Bates et al., 2003; Halaas et al.,
1995; Morton et al., 2005). Based on controlling homeostasis and growth, leptin affects a
range of diverse processes such as glucose level regulation, reproduction, bone formation
and wound healing (Ahima et al., 1996; Lord et al., 1998; Peelman et al., 2006a).

Leptin adopts a four-helix bundle structure (Zhang et al., 1997), sharing structural homology
to several helical cytokines of the hematopoietin family, such as interleukin-6 (IL-6),
leukemia inhibitory factor (LIF), and ciliary neurotrophic factor (CNTF). Based on
structural analyses and comparisons with homologous cytokines, leptin possesses three
conserved epitopes (I-111) that can be potentially employed for receptor engagement and
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activation (Bravo and Heath, 2000; Iserentant et al., 2005). Previous biochemical studies
suggested that epitope Il constitutes the primary binding site of leptin to LEP-R (Peelman et
al., 2004). However, the roles of the remaining epitopes in engaging LEP-R are unclear.

LEP-R belongs to the class I cytokine receptor family, which includes glycoprotein 130
(gp130), the LIF receptor (LIF-R), the CNTF receptor (CNTF-R), and others (Baumann et
al., 1996; Tartaglia et al., 1995; Wang et al., 2009). These receptors do not possess intrinsic
kinase activity, but rely on activating Janus kinases (Jaks) that are constitutively bound to
the receptor intracellular domains (ICDs). The signature module of class I cytokine receptors
is the extracellular cytokine homology region (CHR), which consists of two domains with a
fibronectin type 111 (Fnlll) fold containing the classical motif for cytokine binding (Wang et
al., 2009). Along with oncostatin M receptor (OSM-R) and LIF-R, LEP-R is an unusual
class I receptor since it contains two CHR modules that are both membrane-distal and
separated by an immunoglobulin-like domain (IgD). Both CHR modules represent potential
ligand binding sites, however, only CHR2 has been shown to be required for leptin binding
(Fong et al., 1998; Iserentant et al., 2005; Peelman et al., 2004). Furthermore, unlike LIF-R
and gp130, LEP-R possesses two, rather than three, Fnlll membrane-proximal domains.
Although the IgD (D3) and the two membrane-proximal Fnlll domains are not prerequisites
for high-affinity leptin binding, they have been shown to be essential for LEP-R activation
(Zabeau et al., 2005; Zabeau et al., 2004).

Earlier studies have provided a wealth of information on the structural organization of
cytokine receptor complexes (Boulanger et al., 2003a; Skiniotis et al., 2005; Skiniotis et al.,
2008; Tamada et al., 2006). Recently, a crystal structure of human LEP-R CHR2 in complex
with a Fab fragment from a leptin blocking monoclonal antibody provided insights into the
mechanism of antagonism (Carpenter et al., 2012). However, owing to the existence of the
three conserved epitopes on leptin, the structure of the signaling leptin/LEP-R complex has
been a matter of debate, with the two main models proposing either a 2:2 or a 2:4
stoichiometry between leptin and LEP-R (Couturier and Jockers, 2003; Mistrik et al., 2004;
Peelman et al., 2006b). Here we used single-particle electron microscopy (EM) to visualize
the extracellular portion of LEP-R alone and in complex with the cytokine, thus elucidating
the architecture of the signaling assembly and obtaining valuable insights into the
mechanism of signal transduction.

Assembly of the Leptin/LEP-R complex

For the present study we used a baculovirus system to express and purify the extracellular
region (domains D1-D7) of murine LEP-R and also a truncated construct (D1-D5) lacking
the two membrane-proximal Fnlll domains (Figure S1). To evaluate leptin/LEP-R complex
formation we employed isothermal titration calorimetry (ITC) to measure the
thermodynamics of the interaction. For both constructs, the ITC measurements suggested
that leptin engages LEP-R by high affinity interactions, with a Kp value of ~17 nM (Figures
1A, S1). Importantly, ITC indicates a ratio of ~1:1 between receptor and ligand, providing
the first indication for stoichiometric complex formation. We thus incubated purified LEP-
R[D1-D7] and LEP-R[D1-D5] with recombinant murine leptin and used size exclusion
chromatography to isolate liganded receptor complexes for EM analysis (Figures 1B, S1).

Rigid Membrane-Proximal Domains Connected to a Flexible CHR2

In a first step we examined unliganded LEP-R preparations by negative stain EM (Figure
S2). Class averages of the D1-D7 construct revealed a single preferred orientation of a
distinct rod-like structure of approximately 21 nm in length, which displays a characteristic
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“V’ shape closer to one end (Figure 2A). Comparison of EM averages from the D1-D7
construct and the shorter D1-D5 construct (~16.5 nm) reveals the orientation of the LEP-R
termini, with the “VV’ shape being closer to the N-terminus (Figure 2B). A higher density
lobe at the C-terminus of the D1-D7 construct suggests that the two membrane-proximal
Fnlll domains likely assume a sharp bend, similar to what has been observed in the crystal
structure of the gp130 ectodomain (Xu et al., 2010). Beyond the membrane-proximal
domains, the observed structure is highly reminiscent to the extended “flying V” architecture
observed in the crystal structures of murine and human LIF-R (Huyton et al., 2007; Skiniotis
et al., 2008) (Figure 2C). In this configuration, the D1-D2 and D4-D5 CHR modules adopt
the canonical bent elbow shape commonly seen in other cytokine receptors, while the IgD
(D3) is centrally positioned at the base of the “V’. Given the highly similar extracellular
domain architecture of LIF-R[D1-D5] and gp130[D1-D6], and also the similarities with the
recently solved structure of the CHR2 region of LEP-R (Carpenter et al., 2012), we aligned
and merged their available crystal structures to produce a homology model for the entire
extracellular region of LEP-R (Figure 2C). This model is in striking agreement with the
projection averages of LEP-R, indicating the common domain organization of the tall
cytokine receptor family.

Interestingly, D5 of CHR2 and the membrane-proximal Fnlll domains (D6-D7) are well
defined and assume the same angle, suggesting that they behave as a rigid body (Figure 2A).
However, the orientation of the D5-D7 module in respect to the central *V’ is highly
variable and assumes a continuum of angles with a range of ~40° in the plane of the carbon
support of the EM grid. This observation suggests that the linker connecting the two
domains composing CHR2 (D4-D5) is highly flexible and allows for variability in the
relative configuration of the connected domains. Indeed, examination of class averages of
the truncated construct lacking the Fnlll ‘legs’ (D6-D7) clearly reveals that D5 assumes
variable positions around D4 with the same angular range observed in the full-length
extracellular construct (Figure 2B).

Leptin Engages CHR2 to Stabilize the Membrane-Proximal Domains

In a next step we used single-particle EM analysis to examine leptin/LEP-R complexes (for
a detailed description see materials and methods and Figures S3-S5). A fraction of the
particles from liganded LEP-R[D1-D7] and LEP-R[D1-D5] reveal a single preferred
orientation of monomeric chains with an additional distinct globular density towards the
middle of the receptor, at the junction between domains D4 and D5 (Figure 2D,E;
approximately 15% and 25% of particles, respectively). The extra density can only be
attributed to a leptin molecule bound to CHR2. This type of interaction has been previously
observed in the signaling complexes of IL-6 with gp130 (Boulanger et al., 2003b; Skiniotis
et al., 2005) and GCSF with GCSF-R (Tamada et al., 2006), where the cytokines use epitope
Il to interact with the elbow of the CHR module. To support this interpretation, we
calculated a 3D reconstruction of the liganded monomeric LEP-R chain and compared it to
our homology model including a site Il interaction of leptin (Figures 2F, S3). Docking of the
model in the 3D map shows a very good fit, reinforcing our analysis of the leptin/LEP-R
interaction. Furthermore, we produced and analyzed a LEP-R[D1-D7] construct bearing the
mutations L503S/L504S at the CHRZ2, originally described by Tavernier and colleagues
(Iserentant et al., 2005). As expected, incubation of this mutant with leptin did not result in
binary complex formation, and EM analysis showed that there was no additional globular
density attached to the region that we attributed to CHR2 (Figures 2G, S4). Interestingly,
none of the averages from monomeric receptor chains display leptin density at the level of
the IgD (D3), located at the base of the flying “V’ architecture (Figure 2D-E). These
observations suggest that the CHR2 of LEP-R represents the primary site for leptin binding
via a high-affinity interaction, as also supported by our binding thermodynamics data
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(Figures 1A, S1). Importantly, the liganded monomeric LEP-R chains from both
extracellular constructs do not display any variability in the relative disposition of the D4
and D5 domains of CHR2. Class averages from this population reveal a distinct single
conformation of the D5-(D6-D7) module with a fixed angle in relation to the membrane-
distal domains (Figure S3). Thus, leptin binding on CHR2 constrains D5 and the rigidly
attached membrane-proximal Fnlll domains (D6-D7) in a fixed orientation towards the
plane of the membrane.

Liganded LEP-R Assembles into a 2:2 Quaternary Complex

The majority of leptin/LEP-R complexes display variable views of dimeric LEP-R chains. A
prominent set of class averages reveals a characteristic side view of the complex, where the
two LEP-R chains appear to be crossing at the level of the CHR2 module, while both the
CHR1 and the membrane-proximal modules remain unengaged (Figure 3A). This
interpretation was confirmed by 3D reconstructions and molecular docking, showing that the
LEP-R chains cross over to opposite sides at the level of CHR2 and IgD (Figure 3B). In
most class averages the two LEP-R chains appear asymmetric, presumably due to the
projection angle and distortion of the receptor chains on the carbon support of the EM grid,
as was also the case with our study of the gp130/IL6/I1L6-R complex (Skiniotis et al., 2005).
In support of this notion, averages of relatively few particles in our population show a
perfectly symmetric dimeric complex formation (Figure S3). Nevertheless, in all projection
averages where the two LEP-R chains are clearly distinguished the membrane-proximal
domains appear to be constrained and point towards each other (Figure 3A). This
conformation reflects the same fixed geometry observed in the liganded monomeric LEP-R
chains (Figure 2D-F). In the context of the signaling LEP-R dimer, leptin-induced
stabilization of CHR2 appears to result in fixing the two membrane-proximal domains
towards each other and in close proximity at their C-terminal tips.

An abundant series of class averages reveals a top view of the complex (Figure 3C),
reminiscent to the top views we characterized in our earlier study of the gp130/IL6/IL6-R
complex (Skiniotis et al., 2005). Here we also recognize a central rectangular formation with
emanating projections from membrane-proximal Fnlll and N-terminal CHR1 domains that
collapse in a distinct fashion on the carbon support (pointed by arrows in Figure 3C). The
rectangular cap architecture represents the top view of the tetrameric arrangement between
leptin and LEP-R that follows the identical topological blueprint of the gp130/IL6 (Skiniotis
et al., 2005) or GCSF/GCSF-R interaction (Tamada et al., 2006). In this arrangement, while
epitope Il of leptin interacts with the CHR2 (D4-D5) of LEP-R, epitope 1l engages the IgD
(D3) of the second, opposing receptor. This set of interactions, which was also observed in
class averages of complexes formed by the truncated LEP-R chains (Figure 3D), results in
the formation of a closed tetrameric cap with antiparallel subunits of leptin and LEP-R. This
organization is further supported by the good fit of the gp130/1L-6 structure (Boulanger et
al., 2003b) in the 3D EM reconstruction of the collapsed top view of the leptin/LEP-R
complex (Figure 3E), and also by the good match between our 2D projections and
reprojections of a quaternary 3D model in this arrangement (Figure S5). To fully confirm
this interpretation, we produced and analyzed a LEP-R[D1-D7] construct bearing the IgD
mutation L370A, which has been previously shown to abolish leptin signaling (Peelman et
al., 2006b). EM analysis of this IgD mutant LEP-R reveals that while it forms the binary
complex with leptin through CHR2, it is unable to form the quaternary complex that is based
on the interaction of the IgD with epitope I11 of leptin (Figures 3F, S4). Thus, the quaternary
signaling leptin/LEP-R complex forms with a 2:2 stoichiometry by following the same
organizing principles as gp130/IL6 and GCSF/GCSF-R complexes (Figure 4).
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DISCUSSION

Here we employed single-particle EM to characterize the architecture of the extracellular
region of LEP-R alone and in complex with leptin. The unliganded receptor appears highly
similar to the crystal structures of extracellular regions from gp130 (Xu et al., 2010), LIF-R
(Huyton et al., 2007; Skiniotis et al., 2008), and GCSF-R (Tamada et al., 2006) (Figure 2).
This result is perhaps not unexpected, considering the high sequence similarity and common
domain organization of tall cytokine receptors. Nevertheless, this finding reinforces the
notion that the overall architecture of these receptors is relatively constrained, although the
extracellular chains are composed of an array of linker-connected Fnlll and Ig-like domains.
A puzzling issue however is that crystal structures of gp130 and LIF-R show the same
receptor conformation in the presence and absence of the ligand, with a CHR2 configuration
that is similar to the one observed in the recently determined crystal structure of LEP-R
CHR2 in complex with a Fab fragment (Carpenter et al., 2012). Here we show that LEP-R
displays significant flexibility in the hinge region connecting the D4 and D5 domains
composing CHR2, which presumably allows the membrane-proximal domains to assume
variable configurations in the absence of ligand. In contrast, leptin binding on the CHR2 of
LEP-R rigidifies the position of D5, thereby stabilizing the membrane-proximal Fnlll
domains (D6-D7) in a single conformation (Figure 2D-F). The obtained LEP-R homology
model, based on gp130 and LIF-R unliganded crystal structures, fits well in the 3D
reconstruction of monomeric LEP-R in complex with leptin (Figure 2C,F). This observation
suggests that crystallization conditions may have induced the unliganded receptors to
assume the same conformation as in the presence of ligand.

The 2D projection analysis reveals that all liganded monomeric LEP-R chains display stable
leptin binding on CHR2. This finding indicates that CHR2 is the primary site for leptin
binding with a high-affinity interaction, as suggested by our ITC experiments (Figure 1A,
S1) and earlier biochemical studies (Fong et al., 1998; Iserentant et al., 2005). Based on the
homologous interactions observed for gp130 (Boulanger et al., 2003b) and GCSF-R
(Tamada et al., 2006), the LEP-R CHR2 interaction must be maintained through epitope |1
of leptin, as also supported by mutagenesis studies (Iserentant et al., 2005) (Figure 4). 3D
reconstructions and modeling suggest that conserved epitope I11 of leptin is used for
engaging the 1gD (D3) of the second receptor chain that is juxtaposed in an antiparallel
fashion. In the case of gp130 homodimers and heterodimers (e.g., gp130/LIF-R), epitope | is
used to engage the CHR of a non-signaling a.-receptor (e.g., IL6-Ra or CNTF-Ra) that is
required for signaling complex formation (Boulanger et al., 2003b; Skiniotis et al., 2008)
(Figure 4A). However, the leptin/LEP-R signaling complex does not include a non-signaling
a-receptor. This omission has led to the proposal that four LEP-R chains participate in the
signaling complex through the additional engagement of epitope I. This is clearly not the
case, as we show here that the signaling complex between leptin and LEP-R forms with a
2:2 stoichiometry, by engaging only leptin epitopes 11 and 111 (Figure 4B). Curiously, the N-
terminal CHR1 of LEP-R does not appear to participate in any interactions, which has also
been the case with the CHR1 of LIF-R in the gp130/LIF-R/CNTF/CNTF-Ra complex
(Skiniotis et al., 2008). It will thus be interesting to examine whether CHR1 regions have a
different type of functionality independent of signaling.

It is also worth noting that our results explain the absence of observed leptin density
interacting with the IgD (D3) in monomeric LEP-R chains. Similarly to the gp130/IL6
system (Boulanger et al., 2003b), the epitope Il interaction has undetectably low affinity for
LEP-R IgD alone, and is only stabilized by the avidity afforded by the “two-point
attachment” between preformed and antiparallel leptin/LEP-R dimeric complexes (Figure
4B). In this context, the mode of complex formation is likely cooperative, with leptin
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binding first to the CHR2 of one LEP-R with a 1:1 stoichiometry, followed by two liganded
LEP-Rs engaging at the membrane distal regions through IgD-epitope 111 interactions.

Earlier work on gp130 and gp130/LIF-R signaling complexes has shown that the membrane-
proximal Fnlll domains of two juxtaposed receptors bend towards each other to reach the
same position at the membrane level (Skiniotis et al., 2005; Skiniotis et al., 2008). Within
this family of receptors, LEP-R is the only member possessing two, rather than three, Fnlll
domains connecting the distal cytokine binding regions to the cell membrane. Perhaps this
“handicap” is utilized to differentiate LEP-R in the types of intracellular signaling it exerts.
Nevertheless, we show here that the Fnlll ‘legs’ in the leptin/LEP-R quaternary signaling
complex also point towards each other and come in close proximity at their C-terminal tips.
For the tall class of cytokine receptor liganded complexes the present study shows that this
configuration of the Fnlll “legs’ is induced and stabilized by the binding of the cytokine on
the flexible CHR. In the absence of ligand, the membrane proximal Fnlll domains and the
preceding C-terminal domain of CHR appear to behave like rigid rods that assume variable
relative orientations in regards to the membrane plane (Figure 2A-B). Ligand binding on the
CHR fixes the membrane-proximal domains in a single configuration that facilitates precise
juxtaposition at the membrane level (Figures 2D-E, 3A-B, 4).

Our EM studies with full-length gp130 and LIF-R constructs have suggested that the dimeric
arrangement of the extracellular membrane-proximal domains was significantly stabilized
by the presence of the receptor trans-membrane regions. As has been shown for the
erythropoietin receptor, this is likely facilitated by dimerization properties of the receptor
single-pass a.-helices spanning the membrane (Constantinescu et al., 2001b). It is thus
reasonable to assume that LEP-R and most cytokine receptors are preformed non-signaling
dimers at the cell membrane. Elegant mutagenesis experiments by Constantinescu et al.
(2001) on the erythropoietin receptor have revealed that the exact disposition and pitch of
the TM helices is crucial for intracellular signaling (Constantinescu et al., 2001a). Given the
leptin-induced stabilization and precise disposition of the membrane-proximal LEP-R
regions observed here, we postulate that ligand binding on the membrane-distal regions of
receptor dimers is rigidly transmitted towards the receptor TM helices (Figure 4B). This
likely represents a common mechanism for cytokine and hormone receptors to stabilize an
intracellular conformation that favors Jak trans-phosphorylation.

EXPERIMENTAL PROCEDURES

For a detailed description see Supplemental Experimental Procedures.

Protein Expression & Purification

LEP-R constructs were expressed in Sf9 cells and purified using nickel affinity purification
followed by size exclusion chromatography.

Isothermal Titration Calorimetry

Titrations were performed on a NanolTC™ — Low Volume calorimeter (TA Instruments) at
25°C

Electron Microscopy and Image Processing

Negative stained samples were imaged with a Tecnai T12 electron microscope operated at
120 kV using low-dose procedures. Reference-free alignment and classifications of 2D
projections were carried out using SPIDER. (Frank et al., 1996). 3D reconstructions were
calculated initially by the random conical tilt method (Radermacher et al., 1987) and further
refined using FREALIGN (Grigorieff, 2007).
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Molecular Modeling and Docking

Leptin/LEP-R models were built by aligning the homologous domains from crystal
structures of gp130/IL-6 (Boulanger et al., 2003b), LIF-R (Huyton et al., 2007; Skiniotis et
al., 2008), and leptin (Zhang et al., 1997). All docking operations in the EM densities were
performed manually with visual inspection of the best fit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Purification and thermodynamic analysis of the assembly of L eptin/L EP-R complexes
A) Isothermal titration calorimetry for the assembly of Leptin and LEP-R. The inset table
lists the thermodynamic parameters for the binding isotherm. B) Size exclusion
chromatography profile and SDS-PAGE analysis of purified liganded LEP-R[D1-D7].
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Figure 2. Conformational dynamics of LEP-R in unliganded and liganded states

A) Representative 2D class averages of unliganded LEP-R[D1-D7] reveal significant
flexibility in a hinge between D4 and a rigid D5-D7 module (white arrowheads). B) 2D class
averages of unliganded LEP-R[D1-D5] confirm the domain assignments and the variable
disposition of D5 (white arrowheads) in regards to D4. C) Comparison of the crystal
structures from LEP-R, gp130 and LIF-R extracellular domains and homology model for
LEP-R[D1-D7]. D) Representative 2D class average of the binary leptin/LEP-R[D1-D7]
complex. The cytokine binds to CHR2 resulting in the stabilization of the rigid D5-D7
module in a single conformation. E) Representative 2D class average the binary leptin/LEP-
R[D1-D5] complex. The orange and white arrowheads point to the leptin density and the
LEP-R C-terminus, respectively. F) 3D reconstruction of the binary leptin/LEP-R[D1-D7]
complex with docked leptin/LEP-R homology model. G) The double mutation L503S/
L504S on D4 of Lep-R abolishes leptin binding via epitope 1. EM class averages of this
mutant after incubation with leptin reveal only monomeric receptor chains with no ligand
bound at CHR2 (compare to A and D). All scale bars correspond to 5 nm.
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Figure 3. Architecture of the quaternary leptin/L EP-R signaling complex

A) 2D class averages of side-view projections reveal the cross-over configuration of two
LEP-R extracellular chains. The two chains connect at the CHR2 level, while the
membrane-proximal domains (white arrowheads) point towards each other and arrive in
close proximity at their C-terminal tips. B) 3D reconstruction of the leptin/LEP-R side-view
projections shown in (A). Flexible docking of two liganded LEP-R chains into the 3D
density map shows the complex configuration (right). C) Representative 2D class average of
a top view of the quaternary leptin/LEP-R[D1-D7] complex. In this type of projections the
N-terminal CHR1 and C-terminal Fnlll domains are collapsed on the carbon support (black
arrowheads). The boxed area shows the rectangular formation that is reminiscent of the anti-
parallel gp130/1L-6 or GCSF/GCSF-R interaction. D) Representative 2D class average of a
top view of the quaternary leptin/LEP-R[D1-D5] complex, as in (C). The dashed white
arrowheads point to missing densities from the omitted C-terminal domains of the truncated
construct, as compared to (C). E) 3D reconstruction from top-view leptin/LEP-R[D1-D7]
projections shown in (C), and docked gp130/1L-6 crystal structure into the central
rectangular density of the 3D map (right). F) Mutation L370A on the IgD (D3) of LEP-R
abolishes leptin binding via epitope I11. EM class averages of this mutant after incubation
with leptin reveal only monomeric receptor chains with ligand bound at CHR2 (orange
arrows). All scale bars correspond to 5 nm.
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Figure 4. Signaling architecture of tall cytokine receptors

Receptor organization and ligand epitope usage in the signaling complexes of gp130/1L-6/
IL-6Ra (A; left), gpl30/LIF-R/ICNTF/CNTF-Ra (A; right), and leptin/LEP-R (B; left).
Leptin employs only epitopes Il and |11 to engage the CHR2 and IgD of LEP-R,
respectively. Leptin-induced stabilization of each CHR2 in the quaternary complex results in
the constrained and close disposition of the membrane-proximal domains, which likely
favors intracellular Jak2 trans-phosphorylation (B; right).
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