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ABSTRACT: Homodimeric class 1 cytokine receptors include the
erythropoietin (EPOR), thrombopoietin (TPOR), granulocyte colony-
stimulating factor 3 (CSF3R), growth hormone (GHR), and prolactin
receptors (PRLR). These cell-surface single-pass transmembrane (TM)
glycoproteins regulate cell growth, proliferation, and differentiation and
induce oncogenesis. An active TM signaling complex consists of a
receptor homodimer, one or two ligands bound to the receptor
extracellular domains, and two molecules of Janus Kinase 2 (JAK2)
constitutively associated with the receptor intracellular domains.
14 Although crystal structures of soluble extracellular domains with ligands
have been obtained for all of the receptors except TPOR, little is known
about the structure and dynamics of the complete TM complexes that
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activate the downstream JAK-STAT signaling pathway. Three-dimen-

sional models of five human receptor complexes with cytokines and JAK2 were generated here by using AlphaFold Multimer. Given
the large size of the complexes (from 3220 to 4074 residues), the modeling required a stepwise assembly from smaller parts, with
selection and validation of the models through comparisons with published experimental data. The modeling of active and inactive
complexes supports a general activation mechanism that involves ligand binding to a monomeric receptor followed by receptor
dimerization and rotational movement of the receptor TM a-helices, causing proximity, dimerization, and activation of associated
23 JAK2 subunits. The binding mode of two eltrombopag molecules to the TM a-helices of the active TPOR dimer was proposed. The
models also help elucidate the molecular basis of oncogenic mutations that may involve a noncanonical activation route. Models
equilibrated in explicit lipids of the plasma membrane are publicly available.

1. INTRODUCTION

Cytokines are small secreted glycoproteins that regulate
hematopoiesis, neurogenesis, adaptive and innate immunity,
lactation, reproduction, growth, and metabolism through
binding to cognate receptors. Cytokine receptors are cell-
surface glycoproteins with a single transmembrane (TM) a-
helix. They lack kinase activity and therefore rely on
cytoplasmic tyrosine kinases to mediate intracellular processes.
In particular, class 1 and 2 cytokines act via binding to cytokine
receptors on the surface of target cells to activate the
cytoplasmic nonreceptor protein tyrosine kinase from the

36 Janus Kinases (JAK) family that initiates the downstream JAK-

37
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STAT signaling pathway. The cytokine-initiated signaling
involves five consecutive steps: (1) binding of a cytokine to
a specific receptor and formation of the active receptor dimer;
(2) activation of the receptor-associated JAKs by dimerization
and trans-phosphorylation in their activation loops; (3)
phosphorylation of receptor tyrosine residues by the activated

43 JAK; (4) binding of a STAT transcription factor to

44
45

phosphotyrosines of receptor, leading to phosphorylation,

dimer rearrangement, and nuclear translocation of STAT to
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drive the expression of cytokine-responsive genes; and (S)
switching off the activated receptor by tyrosine phosphatases
(SHPs), suppressors of cytokine signaling (SOCS), receptor
internalization, and downregulation.2 Human genomes encode
more than 50 cytokine receptors, four members of the JAK
family (JAK1, JAK2, JAK3, and TYK2), seven STATSs
(STAT1—4, STATSa, STATSb, and STAT6), two SHPs
(SHP1 and SHP2), and eight SOCS (SOCS1—7 and CIS).'~*
Specific members of the JAK, STAT, and SOCS families are
linked to individual receptors (Table S1).

Cytokines of the JAK-STAT pathway are a-helical proteins
that form either 4-a-helical bundles with up-up-down-down
topology (class 1, Figure S1) or structures with 5—6
antiparallel a-helices arranged in an up-down fashion (class
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Figure 1. AlphaFold Multimer (AFM)-based models of active signaling complexes of human homodimeric class 1 cytokine receptors: EPOR (A),
PRLR (B), GHR (C), TPOR (D), and CSF3R (E). The complexes are composed of receptor homodimers, one (A—D) or two (E) ligands, and
two JAK2 molecules bound to the intracellular domains (ICD) of receptors. Molecules are shown by surface representation and colored red for
ligand, blue and green for receptor subunits, yellow and pink for JAK2 subunits. The extracellular domains (from D1 to D6) and WSXWS motifs of
the receptors are indicated for each complex. The GHR complex has an intermolecular C259-C259 disulfide bond. Hydrophobic membrane
boundaries are shown as red (extracellular side) and blue (intracellular side) spheres. (F) Domain architecture of the five cytokine receptors
studied. The dark green boxes indicate fibronectin type III (FnIII) domains. The light green boxes indicate immunoglobulin-like (Ig-like) domains.
Blue boxes indicate TMDs. The boxes around the two domains indicate cytokine homology modules (CHMs). The gray lines indicate unstructured
regions or signal sequences. The yellow bars indicate disulfides. The purple bars indicate the WSXWS motifs. The red circles indicate N-
glycosylation sites. The yellow circles indicate cysteine residues in loops of D2 and D3 domains of TPOR, which may form disulfides or metal-
bound clusters. The dashed lines indicate disordered regions that have been omitted in the final models but included during some of our AFM
calculations. Asterisks indicate receptors with residue numbers corresponding to mature proteins lacking signal sequences.

60 2). The class 1 cytokine receptors are the largest group of 34
61 proteins encoded by the human genome.” These single-pass
62 TM proteins have different lengths, domain architectures, and
63 quaternary structures. The class 1 receptor family includes five
64 subfamilies: (1) homodimeric receptors that bind one or two
65 ligands per receptor pair; (2, 3, and 4) subfamilies of

interleukin (IL) receptor: the IL-12/23, IL-2, and IL-6 4
receptors forming heterodimers, heterotrimers, or heterote- ¢;
tramers with ligand:receptor stoichiometries of 1:2, 1:3, and g
2:4; and (S) a subfamily of IL-3 interleukin receptors forming a 69
12-meric complex composed of 8 receptors and 4 cytokine 7o
molecules.” 71
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Experimental data {protein sequences | X-ray, NMR, and cryo-EM structures | constitutively active mutation | NMR data on ligand docking |
Ala-, Cys-, Asn-scanning mutagenesis, cross-linking, protein engineering data}

Sequences of receptors and cytokines l

¥

hJAK2 sequence

¥

Sequences of receptor TMD-ICD and hJAK2

STEP 1:

1.3. Selection of a model best satisfying experimental data

1.1. Modeling of receptors (ligand-bound, ligand-free, TMD) with AFM V2, V3, and AF2-ptm (30 models)
1.2. Comparison with published experimental data (calculations of Cc.-RMSD, DockQ, TMD packing)

¥

)

STEP 2:

2.1. Modeling of hJAK2 dimers with AFM V3 (30 models)
2.2. Comparison with cryo-EM structures(calculations of Ca.-RMSD)
2.3. Selection of a model best satisfying experimental structures

¥
v Active hJAK2 dimer model 2
Active cytokine-receptor model 1 ¥ v
STEP 3:

3.1. Modeling with AFM V3 of JAK2-TMD/ICDs monomer (30 models)
3.2. Selection of a model best overlapping with FERM-SH2L domain of model 2

v

¥

Active hJAK2-TMD/ICD monomer model 3

STEP 4:

4.1. Modeling of a dimer by superposition of two models 3 with FERM-SH2L domains of model 2
4.2. Superposition of a dimer with model 1, adjustment of TMD-ICD domains
4.3. Replacement of PK and TK domains in a dimer by these domains from model 2, energy minimization by CHARMM c47b2

¥

Active human cytokine-receptor-JAK2 signaling complex model 4

model 4

Figure 2. Computational workflow for modeling of cytokine-receptor-JAK2 signaling complexes. Models 1—4 are shown for the human TPO-

TPOR-JAK2 (1:2:2) signaling complex.

72 The class I subfamily of homodimeric receptors includes
73 receptors for erythropoietin (EPOR), growth hormone
74 (GHR), prolactin (PRLR), thrombopoietin (TPOR, also
75 called MPL or CD110), granulocyte colony-stimulating factor
76 3 (CSF3R), and leptin. These receptors (Figure 1) use two
77 identical chains, each composed of the f-structural extrac-
78 ellular domain (ECD) responsible for ligand binding, a single-
79 helical TM domain (TMD) driving receptor dimerization, and
80 a disordered intracellular domain (ICD) responsible for JAK2
81 binding and STAT signaling.2 EPOR, GHR, and PRLR are
g2 structurally simple’™” with an ECD containing a single
83 cytokine homology module (CHM) formed by two fibronectin
84 type 1II (FnlIll) domains, D1 and D2. The membrane-distal
8s D1 domain carries two conserved disulfides, whereas the
86 membrane-proximal D2 domain features a characteristic
g7 WSXWS motif,® replaced by the YGEFS motif in GHR
ss (Figure 1C). The TPOR ECD is twice as large as that
89 composed of four FnlIIl domains: D1 and D2 forming the
90 CHM1, D3 and D4 forming the CHM2.”'" The ECD of the
91 long-chain CSF3R contains six domains: the immunoglobulin-

like (Ig-like) D1 domain, two Fnlll domains, D2 and D3, 9
forming CHM, and three extra FnlIl domains, D4, DS, and 93
D6."" The long-chain leptin receptor with a more complex 94
domain architecture'” will not be studied here. 95

Crystal structures of 1:2 complexes of natural cytokines with 96
soluble receptor ECDs have been solved for human 97
erythropoietin (EPO)-EPOR,"® human somatotropin (GH1)- 98
GHR," and human prolactin (PRL) with rat PRLR'® (PDB 99
IDs: 1EER, 3HHR, 3NPZ, respectively). In these crystal 100
structures, two similar receptor chains create an interface for 101
binding the asymmetric surfaces of a cytokine molecule. Site 1 102
is formed by helices a1 and a4 and the loop connecting a3 103
and a4, while site 2 is composed of al and a3 helices.
Crystallographic and biophysical studies demonstrated that a 105
cytokine initially binds to a single receptor via the high-affinity 106
site 1'®'7 and then to the second receptor through the low- 107
affinity site 2.'® The largest CSF3R-CSE3 complex has a 108
different 2:2 receptor-ligand stoichiometry and represents the 109
association of two 1:1 units.'" The CSE3 binding site is formed 110
by CHM (D2 and D3) of one chain and the Ig-like domain
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Figure 3. Ligand binding pockets in models of active homodimers of class 1 cytokine receptors: EPOR (A), GHR (B), PRLR (C), and CSF3R (D)
with bound cytokine ligands. Protein molecules are shown by semitransparent surfaces and cartoon representations are colored red for ligands, and
blue and green for receptor subunits. Interacting receptor and cytokine residues are shown as sticks. Cysteine residues are shown as balls-and-sticks
colored orange. Residues involved in the WSXWS signature motif are shown as purple sticks. A set of interdigitated arginine and tryptophan
residues from this motif together with neighboring tryptophan, arginine, and lysine residues participate in the network of cation-7 interactions.

112 (D1) of the other chain. At present, there are no experimental
113 structures of the TPOR or its domains. Hence, experimentally
114 based computational models have been proposed for the
115 TPOR TM-ICD in complex with the JAK2 dimer'” or for the
116 full-length human TPOR in complexes with thrombopoietin
117 (TPO) or oncogenic calreticulin (CRT) mutants that bind to
118 TPOR to cause its aberrant activation in myeloproliferative
119 neoplasms (MPNs).”**’

120 In the absence of experimental atomic-level structures of
121 cytokine receptor signaling complexes, computational model-
122 ing provides a valuable alternative. A transformative break-
123 through in the protein structure prediction has recently been
124 achieved by developing a new deep learning AlphaFold
125 method that uses coevolutionary and structural information.””
126 AlphaFold version 2.0 (AF2) produces models of nearly
127 experimental quality for single-chain proteins and outperforms
128 other methods in predicting contact interfaces of multidomain
129 proteins”** and protein complexes,”*~*” including TM homo-
130 and heterodimers.”**” The high speed and quality of
131 predictions by AF2 justified its applications on a proteomic
132 scale.”” More than 200 million protein models of single-chain
133 proteins from 48 organisms were generated using this method
134 and deposited into the AlphaFold DataBase.”’ The recently
135 released AlphaFold Multimer (AFM) was recognized as the
136 best computational tool for modeling protein complexes.””
137 In this study we used the publicly available AFM ColabFold
138 version to model active signaling complexes of human class 1
130 homodimeric cytokine receptors, including EPOR, PRLR,
140 GHR, TPOR, and CSF3R. Each signaling complex is
141 composed of one or two (for CSF3R) cytokines bound to a
142 receptor homodimer interacting with the JAK2 dimer. The
143 accuracy of the models was verified through comparison to
144 published experimental data. A comparison of ligand-free and
145 cytokine-bound models revealed molecular mechanisms of

receptor activation leading to dimerization and activation of 146
receptor-bound JAK2. These models reveal atomic details of 147
protein-protein interactions, demonstrating conformational 148
changes and structural flexibilities in the ECDs, TMDs, and 149
ICDs of receptors and JAK2 domains in signaling complexes. 150
This understanding aids in deciphering the nature of the 1s1
oncogenic mutations. 152

—_

2. RESULTS

2.1. Four-Step Modeling on Cytokine Receptor is3
Signaling Complexes. The direct modeling of complexes 154
composed of S or 6 proteins using AFM was not feasible due 1ss
to their very large size and multidomain architecture. 156
Therefore, for each cytokine receptor, we separately calculated 157
several smaller overlapping parts and assembled them into a 158
complete ligand-receptor-kinase complex. The modeling was 159
performed in four steps (see workflow in Figures 2 and S2). 1602

At the first step, we generated complexes of cytokines with 161
their receptor dimers that included ECDs, TMDs, and parts of 162
ICDs. We also modeled dimers of ligand-free receptors and 163
compared them with the corresponding ligand-bound dimers. 164
In addition, we calculated dimers of peptides representing the 165
TM and juxtamembrane regions (TM-JM). At the second step, 166
we modeled the active dimer of human JAK2. At the third step, 167
we produced complexes of a monomeric JAK2 with a TMD- 168
ICD fragment of each receptor. 169

At the first three steps, we generated up to 30 various 170
models for each protein complex using different AF2 methods 171
(AFM V2 or V3 and AF2-ptm) with different random seed 172
numbers and numbers of recycles. For each set, we selected a 173
single model that was the most compatible with the available 174
experimental data. We calculated the Ca-atom root-mean- 175
square deviations (Ca-RMSDs) and DocQ scores using 176
available X-ray, NMR, and cryo-EM structures and chose 177

—_

—
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Figure 4. TM a-helical dimers with predicted locations of membrane boundaries in AFM models of signaling complexes of EPOR (A), GHR (B),
PRLR (C), and CSF3R (D). Each complex is composed of two receptor molecules (colored blue and green), bound cytokine(s) (not shown), and
subunits of a JAK2 homodimer (colored yellow and pink). The TM a-helices form left-handed dimers with positive crossing angles (via extended
leucine zipper heptad repeat pattern) for EPOR, GHR and CSF3R, and a right-handed dimer for PRLR (via AxxxA***0xL motif). Residues from
the TMD dimerization interface and Box1 residues are shown as sticks. Cysteine residues are shown as balls-and-sticks colored orange, and C259
residues of the intermolecular disulfide in the active complex of GHR are highlighted. Residues involved in mutations leading to constitutive
activation*>** are colored red. Protein molecules are shown as semitransparent surfaces and cartoon representations. Membrane boundaries were
calculated by the PPM 3.0 method.>* (E) Sequence alignments of receptor TMDs including juxtamembrane regions. Asterisks indicate receptors
with a residue number of mature proteins lacking signal peptides. TM a-helical residues are underlined, and those at the dimerization interface are
colored red. The WSXWS and related motifs are colored green. Residues in the “switch” and Box1 motifs are colored blue. Arrows indicate key

residues in the TMDs of cytokine receptors.

178 TMD conformations that agree with experimentally identified
179 TMD dimerization modes. We also validated models through
180 published mutagenesis and protein engineering data, disulfide
181 cross-linking, constitutively active mutants, and other data. At
182 each step, we selected one model that best satisfied
183 experimental data (models 1 and 2) or provided the best
184 superposition with the JAK2 model (model 3).

185 At the fourth step, the full-length active signaling complex of
186 each receptor was assembled from the best models of ligand-
187 bound receptor dimer (model 1) and of the TMD/ICD-bound
188 kinase monomer (model 3) selected in the previous steps. The
189 final model (model 4) was refined by energy minimization and
190 positioned in the membrane by the PPM 3.0 method.”* The
191 models of five receptor-cytokine signaling complexes were
192 determined with rather high reliability scores for most
193 structural domains but lower reliability for loops and TM
194 helices (Figure S3).

195 2.2. Step 1: Modeling and Validation of the Receptor
196 Homodimers with and without Ligands. 2.2.1. Complexes
197 of EPOR, GHR, and PRLR Homodimers with Cytokines.
198 Models of cytokine-receptor complexes were generated by
199 AFM for five human receptors and the extensively studied

murine EPOR and validated using available experimental data.
The ECDs in the models of five cytokine-bound receptor
dimers, EPO-EPOR,, GH1-GHR,, PRL-PRLR,, CSH1-PRLR,,
and GHI1-PRLR,, superimpose well with the corresponding 203
crystal structures (PDB IDs: 1EER, 3HHR, 3NPZ, 1F6F, and 204
1BP3, respectively) with the Ca-RMSD less than 2 A (Table
S2). The main residues involved in ligand-receptor interactions
(Figure 3) are the same as in the corresponding experimental
structures.”>~'®** For example, hydrophobic and aromatic
residues, such as F93, F205, and M150 in hEPOR, W122 and
W187 (W104 and W169 in mature protein) in hGHR, and
W72 and W139 in hPRLR, contribute significantly to the
hormone-receptor interactions. The ligand-receptor complexes
were found to be of high quality for site 1 of ligand (DockQ >
0.81),’° and medium quality for site 2 of ligand (0.51 <
DockQ < 0.81) in all complexes (Table S3).

Models of ligand-bound EPOR, GHR, PRLR, and TPOR 216
show a significant asymmetry of ECDs of two receptor chains.
Binding of ligands through two dissimilar surfaces (sites 1 and
2) induces movement of DI1-D2 domains of both chains
relative to each other in vertical (along the membrane normal,
z-axis) and horizontal (in the xy plane) directions. The vertical
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* Residue numbers for mature proteins

Figure 5. Recognition of the Boxl receptor motifs by the FERM domain of JAK2. Fragments of AFM-models generated at step 3 for cytokine
receptor TMD-ICD in complex with JAK2. Specific interactions among ICDs of human EPOR (A), PRLR (B), GHR (C), TPOR (D), and CSF3R
(E) and the al-a4 subdomains of FERM are shown. Pro-rich fragments of the Box1 motifs interact with a3 of FERM; a-helical fragments of the
“interbox” regions interact with a2 and a4 of FERM; and Box2 motifs interact with the SH2L domain (see Figure S8). R228 and R232 from the
FERM a3 form H-bonds with the main chain carbonyls of the Box!1 fragment. (F) Sequence alignments of receptor ICD fragments interacting with
the JAK2 FERM-SH2L, based on the AFM models. Residues in the “switch” and Box1 motifs are colored blue. Box2 motifs are colored green, and

the interbox regions forming a-helices are colored purple. Underlined residues are known to be important for JAK2 activation.

38,45

222 shift (by S to 8 A) of the site 1 ECD is translated to the
223 upward piston movement of the corresponding TM a-helix.
224 Thus, TM helices of the dimer are positioned in the membrane
225 at different heights (Figure 4). The vertical shift is pronounced
226 in models of the short-chain receptors but is not seen in
227 models of multidomain long-chain receptors. The asymmetry
228 is absent in complexes of hEPOR dimers with two similar
229 molecules of peptide mimetics (PDB IDs: 1EBA, 1EBP) and in
230 the ligand-free receptor dimers (see below).

231 For one of these receptors, hPRLR, we generated models of
232 complexes with three different human hormones known to
233 interact with this receptor in wvivo: prolactin (PRL),
234 somatotropin (GH1), and placental lactogen (CSH1). These
235 models demonstrate many similarities but also some differ-
236 ences. For example, in all three models, zinc-binding centers
237 are in ligand binding site 1. Zn** ions may link the @l and a4
238 helices of hormones (residues H27 and D183 of hPRL,

residues H18 and E174 of hGH1 and hCSH1) with hPRLR 239
(residues D187 and H188), in agreement with experimental 240
studies.” The ECD-ligand complexes of hPRLR with hGH1 241
and hCSHI are rather similar (with Ca-RMSD of 0.9 A) but 24
differ from the complex with hPRL (Ca-RMSD of 2.3 and 2 A, 243
respectively). These differences are likely caused by the width 244
differences of hGH1 and hCSHlcompared to hPRL. The 245
separation of the two ECDs to accommodate larger ligands 246
increases the distances between the N-termini of TM helices 247
and slightly shifts the helix crossing point toward the C- 248
terminal end. There is no change in the distances between the 249
helix ends that interact with JAK2. 250

An important part of the structure is the pair of interacting 251
TM a-helices. These a-helices are rather long (27—36 residues 252
or 40 to 5S4 A) (Figure 4A—C), consistent with NMR 253
studies.”” The polar C-terminal parts of TM a-helices extend 2s4
from the membrane into the cytosol, where some hydrophobic 2ss
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Figure 6. AFM-generated model for the full-length human TPO-TPOR-JAK2 (1:2:2) signaling complex. (A) Overview of the complex in a
membrane. Protein molecules are shown as semitransparent surfaces and cartoon representations are colored red for TPO, blue and green for
TPOR subunits, and yellow and pink for the JAK2 subunits. Cysteine residues are shown as balls-and-sticks colored orange. Domains of TPOR and
JAK?2 are indicated. The two WSXWS motifs in D2 and D4 of ECDs, and the Boxl and Box2 regions in ICDs, are highlighted. Disease-associated
recurrently mutated residues in the TMD (V501, S50S, and W515) which cause constitutive TPOR activation®®*® are colored red. (B) The TPO
binding pocket in the ECDs of TPOR model. TPOR residues interacting with TPO are shown as sticks. F45, L103, F104, D261, and L265 have
been previously implicated in TPO binding.*"** (C) Close-up of the WSSWS muotif in the D4 domain of ECD. Aromatic and basic residues
involved in the network of cation-7 interactions are shown as purple sticks. (D) Close-up of the TMD and Box1 region of TPOR interacting with
JAK2. TM a-helices of TPOR have left-handed arrangements (with a positive crossing angle); residues at the interface are depicted by sticks,
residues with natural or engineered mutations (SSOSN, L498W/H499C,Y, L498W/WS1S K, H499G/V501S, H499C,Y/SS0SN, H499L/GSO09N,
H499L,C,Y/WS515 K, V501A/WS1SL,R, SS0SN/T487A, SS05N/S493C, SS0SN/VS501A,M, SS05C/WS1SL, SS0SN/QS16, and SSOSN/VS0IN/

AS06 V) associated with constitutive activation of TPOR!%535456:57,59,60

sticks. Membrane boundaries were calculated by the PPM 3.0 method.**

are colored red. TPOR residues forming the Box1l motif are shown as

256 residues from the helix ends along with Box1 residues interact
257 with JAK2 (Figure 5). For example, the L*33xa*>7W?>8
258 “switch” motif in mouse EPOR forms a rigid connection
259 between TMD and ICD, which is critical for the JAK2
260 activation upon EPO stimulation.*®

261 hPRLR is the only homodimeric receptor with a right-
262 handed arrangement of TM a-helices in the model of the
263 active receptor dimer (Table S2). Though AFM calculations
264 generated both right-handed and left-handed TM a-helix
265 arrangements for hPRLR complexes with all three ligands with
266 slightly different helix-helix interfaces, only the right-handed
267 version appeared in the models of constitutively active hPRLR
268 mutants with deleted ECDs (A10—186 and A1-210).°"*
269 The right-handed TMD dimer also had longer TM a-helices in
270 comparison to various left-handed dimers. Therefore, the right-
271 handed dimer of hPRLR was selected as a preferred TMD
272 conformation (Figure 4C). The selected model is similar to
273 one of conformations of the PRLR dimer obtained in
274 multiscale simulations.”’ The right-handed helix dimer is

~

characterized by a negative crossing angle and a tetrad repeat 275
motif. In the AFM model of hPRLR, TM a-helixes cross at the 276
middle of the membrane at A222, while W214 and W230 of 277
both helices are located near the membrane boundaries. The 278
large distances between N—N and C—C termini of interacting 279
TM helices and the presence of adjacent flexible loops may 280
explain lack of effects of Ala- or Gly-insertions at the junctions 281
of hPRLR TMD with ECD or ICD.* 22

In contrast to the right-handed TM dimer of hPRLR, 283
models of hGHR, hEPOR, and mEPOR dimers with bound 284
cytokines demonstrate a left-handed TM helix arrangement, as 285
defined by a positive crossing angle and the (abcdefg), heptad 256
repeat motif (where the a and d positions form the interface). 287

For example, the model of the active hGHR dimer in 288
complex with hGH1 shows a left-handed TM a-helix 289
arrangement with F273 at the d-position of the heptad repeat 290
motif (Figure 4B, Table S2). This helix orientation and the 291
presence of an intermolecular disulfide C259—C259 are 292
consistent with the NMR structure of the active dimer of 293
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294 TM segments of hGHR.* The predicted active conformation
295 of the TM dimer is consistent with Cys-scanning mutagenesis
296 and cross-linking studies that localize residues 1269, F273,
207 F276, and V280 at the dimerization interface.*” This TMD
208 packing also agrees with activation of hGHR by the fused
299 coiled-coil dimerization domain of the c-Jun transcription
300 factor that clamps together the TM helices.””**

300 TM a-helices of the active EPOR dimer also form a leucine
302 zipper with the reference residue, $238 in mEPOR (L239 in
303 hEPOR), occupying the e-position of the heptad repeat motif
304 (Figure 4A, Table S2). The modeled TM helix arrangement is
305 in good agreement with results of the fusion of the mEPOR
306 TMD with the coiled-coil dimerization domain of the yeast
307 transcription factor Put3, where the left-handed dimer cc-
308 EPOR-III with $238 in the e-position was constitutively
309 active.”” This helix orientation also explains the constitutive
310 activity of L241N mutation in mEPOR (L242N in hEPOR).*°
311 The hEPOR L242N mutated residue is located at the
312 dimerization interface (d-position) and may stabilize the TM
313 dimer by the formation of intermolecular hydrogen bonds.
314 Furthermore, in the active ligand-bound hEPOR model, 1227
315 and 1228 (1226 and 1227 in mEPOR) are located at the N-
316 termini of both TM helices close to each other (Figure 4A)
317 and able to form an intermolecular disulfide if substituted by
318 cysteines. Such helix arrangement is consistent with Cys-
319 scanning mutagenesis of mEPOR that found constitutive
320 activity of L226C and 1227C mutants forming disulfide-linking
321 dimers.**

322 2.2.2. TPOR Ligand-Receptor Complex. In the structural
323 model of the human TPO-TPOR (1:2) active complex, TPO
324 binds to the D1 (A-B and E-F loops) and D2 (F-G loop)
325 domains via multiple hydrophobic and ionic interactions. Five
326 hTPOR residues, F45, L1103, F104, D261, and L1265, form
327 multiple contacts with hTPO residues from their al, a3, and
328 a4 helices and the loop between a1-a2 (Table SS, Figure 6B).
329 These receptor residues were identified in mutagenesis studies
330 as key TPO-binding determinants.”">> Two receptor ECDs
331 interact not only with the ligand but also with each other via a
332 long loop within D2 (residues 187—238) and two antiparallel
333 f-strands from D4 (residues 436—438) that form a site 3
334 between D4 domains (Figure 6A). Nonconserved cysteine
335 residues from the D2 loop form three intramolecular disulfides
336 (C193—C323, C194—C241, and C211—C322) in many AFM
337 V3 models (Table S1). We hypothesize that these disulfides
338 may stabilize a monomeric ECD structure exposed to the
339 extracellular environment, while the D2 loop constrained by
340 disulfide bonds may participate in the ligand binding and in
341 dimer stabilization.

342 In the model of the active hTPOR dimer, the TM a-helix
343 spans over 28 residues (from T289 to F517 in the RWQF
344 motif) (Figure 6C), similar to long TMDs of human and
34s mouse EPORs.”” The existence of rather long TMDs
346 encompassing W491 and WS1S agrees with NMR studies of
347 TMD dimers.”>** However, a helix break at H499, which has
348 been suggested based on NMR data of L TPOR monomers,” is
349 not observed in hTPOR, either monomeric or dimeric models
350 generated by AFM. AFM-based models demonstrate the TM
351 @-helix kink at P518. After this helix kink, an additional 3-turn
352 polar helix (AS19-L528) extends to the cytosol to interact with
353 JAK2, similarly to the “switch” residues of mEPOR (Figure SA,
354 Figure 4D). The left-handed a-helix arrangement in the model
3ss of the active TM dimer with S50S at the a-position and H499
356 at the b-position of the heptad repeat motif (Figure 6D) is

i

—

—

hat

=

consistent with the dimerization interface of the constitutively 3s7
active cc-TPOR-I fusion construct between a dimeric coiled- 3s8
coil of Put3 and the TMD of mTPOR.*® This dimerization 359
interface is also supported by Asn-scanning mutagenesis of 360
human and murine TPOR’® and studies of constitutively active 361
hTPOR mutants.””*’ 362

Furthermore, docking of an allosteric ligand eltrombopag to 363
the TM a-helices (Figure S4) also supports the proposed AFM 364
model of the active hTPOR dimer. Two eltrombopag 365
molecules are located at both sides of the TM a-helical 366
dimer and participate in hydrophobic interactions with two 367
sets of W491, 1492, 1494, V495, T496, 1498, and H499 368
residues near the helix N-termini and ionic interactions 369
between drug carboxyl groups and two R4S56 residues from 370
the D4 domains. Eltombopag can also form Zn>"-mediated 371
interactions with both H499 residues, like the structurally 372
similar compound SB394725.>> These positions of eltrombo- 373
pag are consistent with the previously identified locations of its 374
structural analogues®>” and, especially, with a key role for 37s
W491 in TPOR activation by eltrombopag.”* 376

2.2.3. CSF3R Ligand-Receptor Complex. Unfortunately, 377
AFM was unable to automatically produce models of ligand- 378
receptor complexes of the long-chain hCSF3R with TMDs 379
forming a dimer, even though the D1-D3 domains with bound 380
ligands were superimposable with the corresponding crystal 3s1
structure (PDB ID: 2D9Q)"" with Ca-RMSD of around 3 A 3z
(Table S2). Therefore, modeling of receptor-ligand complexes 3s3
for hCS3FR was done stepwise separately for the ECDs and 384
TMDs. AFM modeling started from a complex of monomeric 385
hCSF3R with bound hCSF3 at a 1:1 ratio. Then, two such 386
models were superimposed with both units of the homodi- 387
meric crossover crystal structure of the hCSF3-hCSF3R 2:2 388
complex composed of two 1:1 units."" Superposition 389
demonstrated a good overlap of experimental and calculated 390
1:1 complexes of D1-D3 domains with hCSF3 (Ca-RMSD of 391
0.9 A; Table S2), but different spatial positions of the 392
remaining receptor domains. Small adjustment of the main 393
chain angles in the D3-D4 linker allowed a juxtaposition of TM 394
a-helices to form a dimer. 395

To define helix orientations in the active ligand-bound state 396
of hCSF3R, we modeled dimers of isolated TM segments with 397
sequences corresponding to native and the constitutively active 398
oncogenic mutant, T640N°"** (Table S4). The AFM models 399
of isolated TM segments with native and mutant (T640N) 400
sequences have left-handed TM helix arrangements with T640 401
(or N640) at the dimerization interface at the a-position of the 402
heptad repeat motif (Figure 4D). A similar helix arrangement 403
was predicted by the TMDOCK method.”> To complete the 404
structure of the full-length active hCSF3R dimer, we combined 4o0s
the model of TM dimers and the model of two multidomain 406
ECDs with two bound CSF3 ligands. In the final model of the 407
receptor-ligand coméplex, two gain-of-function mutations, 408
T640N and G644E,°" are located at the TM dimerization 409
interface and can stabilize the TMD dimer via hydrogen bonds. 410
The other oncogenic mutations, T612I, T615A, and T118L°" 411
are located at the D6-D6 dimerization interface (the site 3) 412
and may contribute to stabilization of ECD dimers by forming 413
more hydrophobic contacts. 414

2.2.4. Homodimers of Ligand-Free Receptors and TM s
Segments. AFM models of ligand-free receptor dimers were 416
generated for human and murine EPOR and human GHR, 417
PRLR, and TPOR. They significantly differ from the 418
corresponding experimental and modeled structures of 419
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420 ligand-bound dimers, with Ca-RMSDs ranging from 5 to 9 A
421 due to rearrangements of ECDs and TMDS (Tables S2 and
422 S4). Unlike the asymmetric active dimers, the ligand-free
423 models are symmetric, have a larger contact area between
424 ECDs of the two receptors chains, a small-sized ligand binding
425 pocket, and altered mutual orientations of TM a-helixes.
426 However, the reliability scores are lower for ligand-free dimer
427 models (ipTM ranging from 0.2 to 03) compared to the
28 ligand-bound dimer models (ipTM ranging from 0.6 to 0.7).
429 Models of ligand-free homodimers of hPRLR, hGHR, and
430 mEPOR demonstrate a tighter packing of ECDs than in the
431 ligand-bound dimers with occluded ligand binding pockets
432 (Figure 7). The rearrangement of ECDs in the ligand-free
433 dimers brings two symmetric D1 domains closer together

hEPOR hEPOR

7’.‘ \ﬁ, = é

INACTIVE ACTIVI]NACTIVE

INACTIVE ACTIVE/INACTIVE

ACTIVE

nPRLR PRUhPRLR  hPRLR  hPRLR

ACTIVE ACﬁVElINACTIVE

INACTIVE

Figure 7. Comparison of AFM-generated models of active and ligand-
free dimers of hEPOR (A), hGHR (B), and hPRLR (C). In the
ligand-free dimer, D1 domains occlude the ligand binding pockets.
Furthermore, the relative positions of the D2 domains are changed,
and TM a-helix arrangements are different from those in the active
dimers. The molecules are shown by cartoon and semitransparent
surface representations colored orange for active dimers and blue for
inactive receptor dimers; ligands in the active dimers are colored
purple. Reference residues in the TMDs are shown as red spheres.
Residue forming a possible Zn*-binding center in hPRLR (D187 and
H188) are shown as cyan spheres.

compared with the active dimer models and alters the D2-D2 434
dimerization interface (site 3); thus, some residues from the 435
ligand binding pocket form receptor-receptor interactions 436
occluding the ligand-binding pocket. For example, the close 437
packing of ECDs in the ligand-free hPRLR brings together 438
D187 and H188 residues, which form a predicted Zn** binding 439
site with cytokine ligands, hPRL, hGHI, and hCSHI, in the 440
active structure. A new Zn**-binding site might be formed 441
between two D2 domains of the ligand-free hPRLR (Figure 442
7C). Molecular dynamic simulations of ECDs of hGHR also 443
pointed to the increased contact of subunits of the ligand-free 444
dimer.** Extensive contacts between ECDs of two antiparallel 445
receptor chains are also observed in the crystallographic 446
antiparallel dimer of the ligand-free hEPOR (PDB ID: 447
1ERN).%° 448

We also investigated the possibility of formation of disulfide- 449
linked dimers by R130C, D133C, and E134C mutants of 450
hEPOR, because it has been shown that the corresponding 4s1
mutations (R129C, E132C, and E133C) of mEPOR are 452
constitutively active in the absence of ligandsf%’67 In the active 453
ligand-bound hEPOR dimers generated by AFM, as well as in 454
the corresponding crystal structure (PDB ID: 1EER), D133 4s5
and E134 from AB loops of D2 domains are close to each 4s6
other, while R130 from D2 f-strands are rather distant (Ca— 4s7
Ca distance of 27—30 A) (Figure SSA). Therefore, these 4ss
structures are incompatible with the formation of the C130— 4s9
C130 intermolecular disulfide. However, disulfide bonds 460
between both chains are formed in the ligand-free hEPOR 461
dimeric models of R130C, D133C, and E134C mutants 462
generated by AlphaFold 2.0_ptm. These disulfide-linked 463
dimers (see C130-C130-linked hEPOR dimer in Figure SSB) 464
have the decreased ligand binding pockets and tightly packed 4ss
parallel TM a-helices, which may bring together associated 466
JAK2 molecules, consistent with their constitutive activity. 467

Modeling of the ligand-free hTPOR dimer produced two 468
sets of conformations with an open and closed ligand-binding 469
pocket and a different arrangement of the D1-D2 domains in 470
symmetric chains. The closed conformation is too narrow to fit 471
TPO, while the open conformations have a wider space 472
between D1 and D2 that can accommodate TPO after slight 473
domain movements to match asymmetric sides of the ligand. 474

Importantly, for many of the receptors, the two TM a- 475
helices have different mutual orientations in the inactive 476
(ligand-free) and active (ligand-bound) models generated by 477
AFM (Tables S2, S4, and S6). For example, in hEPOR and 478
hTPOR models, the TM a-helices are loosely packed and have 479
a right-handed helix arrangement in ligand-free dimers but 4s0
form tightly packed left-handed dimers in the ligand-bound 4s1
states. The model of the ligand-free hPRLR dimer has a left- 4s2
handed helix arrangement, compared to the right-handed 483
dimer in the ligand-bound state (Figure 7C). Less significant 4s4
difference in TM helix orientations is observed between 485
inactive and active states of EPOR and GHR dimers, where the 4s6
dimerization interface rotates only by ~50° and ~100°, 487
respectively (Table SS, Figures 7A,B and S10). 488

In addition to the calculations of full-length ligand-bound 4s9
and ligand-free complexes, we modeled dimers formed by TM- 490
JM peptides (Tables S4 and S6). Interestingly, the arrange- 491
ments of TM a-helices in TM-JM peptide dimers are more 492
similar to TM a-helix packing in active (ligand-bound or 493
constitutively active) than in inactive dimers of full-length 494
receptors (Table S6). For example, AFM predicted the same 495
right-handed TM helix arrangements for the full-length active 496
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Superpositiond
Complex name Residues of ligand, TM helix
(stoichiometry) receptor, and JAK2 TM segment (length) D, A? packing  Key residue® PDB Ca-RMSD, A
hEPO*-hEPOR*-hJAK2  1-166%, 1-312%, 36—1132 P226-1258 (33) 392 +£22 L+ 1239 ¢ 1EER 2.1 (592/592)
(1:2:2)°
SEWY 3.0
(2052/2172)
TMDOCK 2.8 (58/60)
hGHI1*-hGHR-hJAK2 1-191%, 50—343, 36—1132 W267-1297 (31) 39.8 + 1.8 L+ F273 d 3HHR 1.9 (571/573)
(1:2:2)
SEWY 2.6
(2052/2172)
SOEK 3.1 (48/48)
TMDOCK 3.0 (48/48)
hPRL*-hPRLR*-hJAK2 1—-199%, 1—-295%, 36—1132 M208-1243 (36) 412 + 3.3 R— A.AP L 3NPZ 1.8 (536/587)
(1:2:2)
SEWY 2.6
(2052/2172)
TMDOCK 3.7 (49/68)"
hTPO*-hTPOR- hJAK2  1-153%, 26—571, 36—1132 T489-F517 (29) 382 + 47 L+ S505 a SEWY 3.0
(1:2:2) AS19-1258 (10) H499 b (2049/2172)
TMDOCK 2.3 (55/58)
hCSF3-hCSE3R-hJAK2  30—207, 25—676, 36—1132  S624-C650 (27) 330 £ 1.6 L+ T640 a 2D9Q 1.3 (902/933)
(2:2:2) K655-L658 (4)
SEWY 2.6
(2052/2172)

TMDOCK 0.2 (50/53)
“Asterisks denote residue numbers_for mature proteins (without signal peptide). bIntrinsic hydrophobic thickness (D) calculated by the PPM 3.0
method.”™ “Letters for left-handed dimers indicate the positons of a reference residue in the (a cdejg)nheptad repeat motif, where a- and d-positions
are at the dimer interface. “Superpositions of Ca-atoms of final computational models with crystal structures of ligand:receptor ECD (1:2)
complexes (PDB ID: 1EER, 3HHR, 3NPZ, and 2D9Q) and with the cryo-EM structure of the mJAK1 dimer (PDB ID: 8EWY) were performed by
PDBeFold (3NPZ and 2D9Q) and US-Align (others). Superposition with NMR model of the GHR TM active dimer (PDB ID: SOEK) and
TMDOCK models®® were done by the align method of PyMOL. Ca-RMSD column includes the number of overlapped residues in the structural

tl

superposition divided bytotal numb er of residues in the structure (in parentheses).

497 (ligand-bound) hPRLR dimer and its constitutively active
408 mutants, A1—186" and A1—210,"° which lack large parts of
499 their extracellular domains.

soo  However, the calculated arrangements of TM a-helices are
so1 often close to but not exactly the same in dimers of TM-JM
s02 peptides and full-length ligand-bound receptors. For example,
503 the model of full-length hTPOR has a left-handed TM a-helix
s04 arrangement with S505 at the a-position of the heptad repeat
sos motif (Tables 1 and S2), which has been experimentally
s06 proven for the full-length human and mouse TPOR™ and the
507 left-handed dimer of Put3-fused cc-TPOR-I I construct.*®
sos However, S505 occupies an alternative d-position the left-
509 handed dimer calculated by AFM for TM-JM peptides of
s1o constitutively active hTPOR mutants, L498W/H499Y and
s11 H499L/W515 K,** consistent with the helix orientation found
s12 in isolated TM helix dimer of the constitutively active SS0SN
513 mutant.”” AFM calculations also reproduced two dissimilar
s14 TM dimerization interfaces that were identified in Put3-fused
s1s constructs of mEPOR™ and its TMD segments™ with S238
si6 located at the e- or a-positions of the heptad repeat motif,
s17 respectively. Furthermore, AFM predictions of helix orienta-
s18 tions in isolated TMDs of hTPOR, mEPOR, and CSF3R agree
si9 with low-energy models generated by the TMDOCK
520 method®® (Table $6).

521  2.3. Step 2: Modeling of the Human JAK2 Homo-
s22 dimer. An important component of the active signaling
523 complexes are JAK nonreceptor kinases that are constitutively
s24 associated with ICDs of cytokine receptors. Each member of
s2s the JAK family is composed of four structural domains: a

FERM (four-point-one, ezrin, radixin, moesin) domain, a Src- 526
homology 2-like domain (SH2L), a pseudokinase domain (PK s27
or JH2), and a catalytically active tyrosine kinase domain (TK s28
or JH1) (Figure 8A,B). JAK2 is the main nonreceptor kinase s29 fs
interacting with class 1 homodimeric cytokine receptors. s30
Though experimental crystal structures were obtained for s31
individual domains of JAK2, there is no experimental structure s3>
for the full-length JAK2 and its active dimer. Computational s33
models of the full-length JAK2 dimer have been proposed s34
using long-time scale molecular dynamics simulations.®® 535

Recently, cryo-EM structures were obtained for the full- 536
length mouse JAKI active dimers in complex with the ICD s37
fragments of interferon A receptorl (INFAR1) stabilized by the s3s
oncogenic V657F mutation (analogous to V617F mutation of s39
JAK2) and nanobodies®””® (Figure 8A). Both structures (PDB s40
IDs: 7T6F, 8EWY) demonstrate that the dimerization interface s41
is formed between p-structural N-lobes of PK domains. The s42
V6S7F oncogenic mutation stabilizes the dimeric state by s43
participating in a cluster of contacting aromatic residues at the s44
dimerization interface. Interestingly, these dimer structures sss
demonstrate the different relative positions of TK domains s46
connected by the long flexible loops to PK domains that can be s47
closer together or farther apart from each other. Such sss
positional flexibility of the TK domains may be essential to s49
facilitate their trans-phosphorylation at tyrosine residues from sso
the activation loop, the key step in JAK activation, and for the ss1
subsequent phosphorylation of tyrosine residues of associated ss2
receptors and STAT proteins. 553
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Figure 8. Experimental and computational models of the active dimeric complexes of full-length mouse JAK1 (A) and human JAK2 (B, C). Two
JAK1 or JAK2 subunits dimerize via the formation of antiparallel -strands between f-structural N-lobes of PK domains. These domains contain
the oncogenic V657F mutation in mJAK1 or the wild-type V617 residue in hJAK2 (shown by red spheres). (A) cryo-EM-based model (PDB ID:
7T6F) of the mJAK1 dimer in complex with peptides from ICDs of interferon A receptorl (INFARI). JAK1 subunits are colored green and cyan;
INFAR1-derived peptides are colored yellow and purple; ligands (adenosine (ADN) and adenosine-S’-diphosphate (ADP)) are shown by orange
spheres. (B) AFM-generated model of the human JAK2 dimer with colored FERM, SH2L, PK and TK domains. The cyan spheres indicate ADN in
the PK domains and ADP within the TK domains. The green spheres indicate tyrosines (Y1007 and Y1008) from the flexible 15-residue activation
loops (residues 993—1017) of TKs that undergo trans-phosphorylation during JAK2 activation. The positions of small molecules, ADP and ADN,
are similar to those in the cryo-EM structure of mJAK1 (A). The lower panel shows a schematic representation of the hJAK2 domain architecture.
(C) Structure of the JAK2 dimer based on AFM-generated models of two hJAK2 monomers, each in complex with a part of ICD domain of
hTPOR. The TMDs of hTPOR are also shown. To form the dimer, the calculated monomeric models were superposed with the FERM-SH2L
domains of the JAK2 dimer shown in panel B. Each JAK2 subunit (colored yellow and pink) is constitutively bound to the ICDs of TPOR (green
or blue) via Boxl and Box2 motifs. ES82 (colored red) of TPOR occupies the aberrant binding pocket for phosphorylated tyrosine in the SH2L

domain of JAK2. Protein molecules are shown by semitransparent surface and cartoon representations.

ss4 At the second step of the AFM modeling, dimers of the full-
sss length human JAK2 were generated with and without short
ss6 ICD fragments of receptors (Figure S2 and Table S2). The
ss7 presence of the short receptor fragments did not affect the
sss results of the calculations. The models of the hJAK2 dimer
ss9 were similar to the cryo-EM-based structures of the mJAK1
se0 dimer (Figure 8B, Table S2), but the distances between two
s61 symmetric FERM domains in the models (L224 Ca—Ca
s62 distances) varied from 30 to 60 A (Figure S2). We selected the
563 model of hJAK2 dimer with the minimal distance, similar to 30
s64 A observed in the experimental structure of the mJAK1 dimer
s6s (PDB ID: 7T6F). The dimerization interface in the model was
s66 formed by two PK domains, similar to that in the mJAKI
s67 dimer. The dimer is stabilized through association of f#-strands
ses connecting the SH2L and PK domains (residues 534—538),
s69 two N-lobes, and a C-helix of the PK domain. The oncogenic
570 V617F mutation is located at the PK dimerization interface
571 where two V617F residues of the mutant form a cluster with
s72 four aromatic residues (F537 and F59S5 from each JAK2
573 subunit), which strengthen PK-PK interactions in the JAK2
s74 dimer (Figure S6). In the selected AFM model of the active
575 hJAK2 dimer (Figure S2, Table 1), TK domains are close to
576 each other, just as in the very recent cryo-EM-based structure
s77 of the mJAK1 dimer (PDB ID: 8EWY).”” The TK-TK
578 interactions in this model can facilitate the trans-phosphor-
579 ylation at tyrosine residues from the activation loops of both
ss0 TK domains, as discussed by Caveney et al.””

ss1 2.4, Step 3: Modeling of Monomeric JAK2 Complexes
ss2 with Receptor TMD and ICDs. The third step included
583 building a complex for each of five receptors composed of a

single molecule of JAK2 and receptor TMD and ICD domains;
in some cases, a membrane-proximal ECD domain was also sss
included (Figure S2). The AFM models of JAK2 monomers sss
superimpose well with the FERM-SH2L crystal structure of ss7
hJAK2”" and with FERM-SH2L-PK domains of the cryo-EM sss
structure of the mJAK1 dimer®® or the modeled hJAK2 dimer:
the Ca-RMSD values were less than 2.5 A (Table S2). se0
Interestingly, a few models generated by AFM-V3 represented so1
the more compact autoinhibited (inactive) conformation of so2
JAK2 with the kinase (TK) domain located close to the so3
FERM-SH2L domains and interacting with the PK domain so4
near the kinase active site. This JAK2 domain arrangement is sos
similar to that observed in the crystal structure of PK-TK s96
module of TYK2 (PDB ID: 40OLI).”*

It has been assumed that the JAK2 FERM-SH2L domains so8
determine the specificity of receptor binding by engaging the sg9
receptor Box1l and Box2 cytoplasmic regions.71 Indeed, AFM- 600
generated models demonstrate that each receptor interacts o1
with JAK2 via the hydrophobic “switch” residues at the TM 602
helix ends, such as L*3 1%, and W**® in mEPOR,*® Boxl 603
residues positioned along the a3 of the FERM domain, some 604
a-helical fragments from the interbox region interacting with sos
FERM a2 and a4, and Box2 residues located in the groove in 606
the SH2L domain (Figures S, 8C, S7, and S8). This so7
membrane-proximal ICD region in cytokine receptors cos
represents the minimal functional core for signal trans- o9
duction.” It was shown that the “PxxPxP” Boxl motif is 610
essential for binding and activation of JAK2, while the 611
hydrophobic “switch” motif, the acidic and hydrophobic 612
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613 residues from Box2, and several interbox residues are required
614 for JAK2 activation™’ (Figure 4E).

615 Two interbox a-helices from the JAK2-TMD/ICD model of
616 hEPOR (Figure SA) overlapped well (Ca-RMSD of 0.9 A)
617 with the same helices observed in the crystal structure of
618 hEPOR ICD peptide in complex with JAK2 FERM-SH2L
619 domains (PDB ID: 6E2Q).” Interbox a-helices found in
620 JAK2-TMD/ICD models of hPRLR and hGHR (Figure 5B,C)
621 are supported by NMR studies of ICD-derived peptides in
622 lipid vesicles.” "7 Additionally, in the AFM models for TPOR
623 and EPOR, a glutamic acid preceding Box2 (ES62 in TPOR
624 and E301 in EPOR) bind to the aberrant phosphotyrosine
625 binding pocket of SH2L (Figures 8C and S8), similar to
626 interactions observed in the crystal structure (PDB ID:
627 6E2Q).”

628 The unfolded part of receptor after Box2 is not bound to
629 JAK2 and remains highly structurally flexible, which allows
630 tyrosine residues located in this region to enter the catalytic
631 site of TK to be phosphorylated (Figures S7 and S9). Two
632 TPOR tyrosines, Y631 and Y626, were identified as primary
633 and secondary phosphorylation sites, respectively, while
634 phosphorylation of Y591 was shown to participate in receptor
635 downregulation.m Interestingly, in the AFM model, the
636 unphosphorylated activation loop of TK (residues 997—
637 1018) partially occludes the catalytic site of the TK domain
638 (Figure S9). Therefore, we suggest that activation of the TK
639 domain after its trans-phosphorylation could be induced by the
640 movement of the phosphorylated activation loop away from
641 the catalytic site due to electrostatic interactions between
642 phosphotyrosines (pY1007 and pY1008) and adjacent charged
643 residues. Similarly, phosphorylation of the activation loop in
644 receptor tyrosine kinases relieves the inhibition caused by
645 insertion of unphosphorylated loop into the kinase active
646 site.”

647 2.5, Step 4: Assembly of the Ligand-Receptor-JAK2
648 Complexes for Five Receptors. Assembly of the final
649 structure of the full-length cytokine-receptor-JAK2 complexes
650 included several substeps (shown for STEP4 in Figures 2 and
651 S2). We first produced the model of the ICD-kinase dimer by
652 superposing two JAK2-TMD/ICD receptor units (model 3)
653 obtained at the step 3 with FERM-SH2L domains of the JAK2
654 dimer (model 2) selected at the step 2. Second, we joined the
6ss models of the ICD-kinase dimer and the ligand-bound
6s6 complex (model 1 selected at the step 1) by superimposing
657 C-termini of their TM a-helices and adjusting conformations
6s8 of connecting residues between the TM dimer and Boxl
659 motifs. Third, to improve the PK-PK dimerization interface, we
660 replaced PK and TK domains in the final model by the
661 corresponding PK-TK dimeric structure taken from the active
662 JAK2 dimer model (model 2 selected at the step 2). Finally, we
663 refined the structures using local energy minimizations with
664 CHARMM c47b2.

665  The final models of cytokine-receptor-JAK2 complexes are
666 close to the corresponding experimental structures of
667 extracellular receptor complexes and JAK2 dimers (Ca-
668 RMSD was from 1.3 to 3 A, Table 1). The models are also
669 consistent with key residues involved in packing of TM a-
670 helices and extracellular domains (Tables 1, S3—S6) and other
671 published experimental data, as described in the Results (see
672 steps 1 to 3 above) and Discussion.

673 2.6. Setting up All-Atom MD Simulations. AFM
674 modeling uncovered the conformational heterogeneity of
675 cytokine receptors, especially in the region with low reliability
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such as loops connecting protein domains, ICDs, and TM a- 676
helices (Figure S3). Though we selected one final model of 677
signaling complexes for each receptor studied (Figure 1), other 678
AFM-generated models for active ligand-receptor complexes as 679
well as inhibited and active JAK2 conformations with different 680
positions of TK domains, activation loops, and JAK2-bound 6s1
receptor ICDs (Figures S7 and S9), may represent different 6s2
states or snapshots of the conformational dynamics of receptor 683
complexes during their activation. The all-atom molecular 684
dynamics (MD) simulations of these complexes in realistic 6ss
membranes may shed light on structural transitions between 686
different activation states. Particularly important are the most 687
flexible and the least reliably modeled parts of these complexes, 683
such as loops, ICDs, and ends of TMD regions that may 689
change their conformations upon specific binding of small 6%
molecules (e.g., eltrombopag) or interactions with physiolog- 691
ically active lipids (e.g,, phosphoinositides).””” 692

To demonstrate that our models of five cytokine receptor 693
signaling complexes are suitable for all-atom MD simulations 694
in realistic lipid membranes, we built protein-lipid systems for 695
these complexes in an explicit lipid mixture corresponding to 696
the asymmetric mammalian plasma membrane (Table S8). In 697
this study, we used the CHARMM force field for proteins and 698
lipids and TIP3P water model”””® with Na* and CI~ ions (see 699
Methods). After successful equilibration of each model in a 700
multicomponent lipid bilayer system, we performed a short 701
production run of 10 ns for each system and deposited the 702
obtained structures together with simulation systems in 703
CHARMM-GUI Archive (https://www.charmm-gui.org/ 704
docs/archive/bitopictm). The MD simulations of signaling 70s
complexes in realistic membranes used PPM-predicted 706
membrane boundaries. Further studies of the large-scale 707
structural dynamics of these complexes in the plasma 708
membrane using all-atom MD simulations are beyond the 709
scope of this work. 710

3. DISCUSSION

3.1. AFM-Generated Structures of Signaling Com- 711
plexes of Homodimeric Cytokine Receptors. We have 712
exploited the power of the Alpha Fold Multimer method®” to 713
generate three-dimensional (3D) models of active ligand- 714
receptor-kinase signaling complexes of five homodimeric class 715
1 cytokine receptors. The models are consistent, at the level of 716
atomic details, with various experimental data, such as available 717
crystal structures of ligand-receptor complexes, cryo-EM-based 718
structures of homologous JAKI dimers, NMR studies of TM 719
helix association, along with data about various protein 720
constructs, constitutively active and disease-associated mu- 721
tants, Ala-, Cys-, and Asn-scanning mutagenesis, cross-linking, 722
NMR studies of residues of TPOR TM domain interacting 723
with eltrombopag and its analogues, and others (see Results). 724
Moreover, we used experimental data for selection of best 725
models and analysis of molecular details of complex assembly 726
and activation. 727

The obtained structural models reveal the quaternary 728
structures of full-length protein complexes. The complexes 729
are well-defined continuous structures extending from ligand- 730
stabilized ECDs of receptors to the large intracellular JAK2 731
dimer via a long membrane-spanning TMD. Ligand, the 732
cornerstone of a complex, holds together two receptor-kinase 733
units, providing rigidity and stability to the whole structure 734
(Figure 1). The first 50—60 residues in the intracellular loops 735
of receptors are bound to a groove on the JAK2 surface and 736
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therefore have a fixed structure, while the remaining residues
are apparently disordered and flexible, which facilitates the
phosphorylation of specific tyrosine residues in the receptors,
followed by their binding to SH2 domain-containing proteins
from the JAK-STAT signal transduction pathway.

Despite the overall similarity of these five signaling
complexes, they are different in many aspects (Figure 1).
They have different domain compositions. The receptor-ligand
binding stoichiometry is 1:2 for all receptors, but 2:2 for the
CSF3-CSF3R complex. Finally, the mutual arrangements of
two TM a-helices in the TM dimers are receptor-specific. The
significant piston movement of one TM helix relative to the
other caused by ligand asymmetry is present only in short-
chain receptors where the ligand-binding domains are located
close to the membrane. We suggest that this piston movement
does not have a significant functional role.

The packing modes of ECDs and TMDs in dimers are
receptor-specific and depend on residue compositions and
functional states and upon the nature and stoichiometry of the
bound ligands (Table 1). For example, the model of the ligand-
bound hPRLR complex has a right-handed TM a-helix
arrangement, while the packing of TM a-helices in models
of the active state of all other receptors is left-handed.
Modeling of the same hPRLR receptor with three different
ligands demonstrates slightly different helix orientations of the
right-handed TMD dimers in the complexes (Table S2).
Altered TM a-helix arrangements in the active receptor dimer
may induce different physiological responses, as shown using
various Put3-fusion constructs of mEPOR*’ and mTPOR.*

Furthermore, the mutual arrangements of two TM a-helices
are different in models of ligand-bound (active) and ligand-free
(inactive) complexes (Tables S2, S4, and S6). These results are
consistent with experimental observations of distinct rotational
positions of the TM helices in the active vs inactive dimers of
mEPOR, mTPOR, and hGHR.*"*"%¢

Our modeling confirms the common concept that cytokine
receptor signaling complexes undergo significant structural
changes during their binding to ligands, dimerization, and
activation as well as during constitutive ligand-independent
activation of mutants. We explored the flexibility of cytokine
receptor complexes by calculating and comparing the following
models: (a) ligand-bound and ligand-free receptors, (b) PRLR
with three different ligands, (c) ECDs and TMDs of
constitutively active receptor mutants, and (d) JAK2 in
monomeric and dimeric states with and without bound
receptor fragments (Tables S2 and S4, Figures 2, 7, 8, and
10). The largest structural heterogeneity of ligand-bound
receptors was observed in packing of TM a-helices, as
mentioned above, and in ICDs (e.g, Boxl, Box2, interbox,
and Tyr-carrying regions), while ligand-free receptors also
demonstrated different conformations of ECDs. Modeling of
monomeric JAK2 produced structures with different relative
orientations of TK and PK (Figure 10), while modeling of
dimeric JAK2 demonstrated different distances between FERM
domains (Figure S2). Each of the currently selected states
represents a snapshot of conformational dynamics of these
complexes, which was confirmed by experimental studies.
However, the physiological relevance of alternative nonselected
AFM-generated structures requires additional experimental
validation.

An important structural aspect of membrane proteins, such
as single-pass TM cytokine receptors, is their spatial positions
in membranes. The lack of membrane boundaries in AFM

models as well as in experimental structures of membrane
proteins requires an application of computational approaches
for the prediction of membrane boundary positions. One of the
most advanced method for positioning proteins in membranes
is the PPM 3.0 method that orients protein structures in planar
and curved membranes by optimizing their transfer energies.”*
We applied PPM 3.0 to calculate the positions of the TM

806

domains of the final models of five signaling complexes of so7

cytokine receptors (Figures 4 and 6). The hydrophobic
thicknesses of TM a-helices of EPOR, GHR, PRLR, CSF3R,
and TPOR receptors, which matches the distances between
lipid carbonyls in two membrane leaflets, are 39.2 A, 39.8 A,
41.2 A, 33.0 A, and 32.2 A, respectively. The large hydrophobic
lengths of TM a-helices of cytokine receptors may suggest
their preferentially localization in membrane rafts characterized
by the increased membrane thicknesses.

3.2. Activation Mechanism. The exact molecular
mechanism of cytokine receptor activation that triggers JAK2
activation (Figure 9) remains a matter of debate. It is accepted
that dimerization is essential but not sufficient for receptor
activation,”” and that receptor dimerization is driven by the
association of the TM a-helices."”**~** Moreover, receptor
activation requires a specific orientation of receptor TM helices
to form a productive dimeric state that brings the ICD-bound
JAK2 molecules into positions competent to initiate intra-
cellular signaling.‘w’56 However, it remains controversial
whether the activation mechanism involves the ligand-induced
receptor dimerization (activation model 1, I-III-IV pathway in
Figure 9) or conformational changes in preformed inactive
receptor dimers upon ligand binding (activation model 2, I-1I-
IV pathway in Figure 9).%’

In activation model 1, receptor dimerization occurs only in
the presence of appropriate ligands. This model has been
recognized for many years and gained additional support in
recent studies of dimerization of cytokine receptors in living
cells using single-molecule fluorescence microscopy.'” These
studies demonstrated that human TPOR, GHR, and EPOR
exist as monomers at the physiological receptor densities in the
plasma membrane, while the basal dimerization level is
negligible. Evaluation of energy contributions showed that
binding of TPO to TPOR provides the main contribution to
the total dimerization energy. It was also estimated that the
intrinsic dimerization affinity of TPOR-JAK2 subunits is low,
but constitutively active oncogenic mutations in the dimeriza-
tion interface of JAK2 (V617F, M33SL, HS38L, KS39L,
HS87N, C618R, and N622I) and in the TMD of TPOR
(W51S K) provide additive stabilizing free energy contribu-
tions which promote TPOR-JAK2 dimerization and formation
of the active signaling complex.

An alternative activation model 2 suggests that receptor
predimerization occurs in the absence of ligands, and dimer
reorganization follows after ligand binding. This model has
been proposed based on the extensive structural, biochemical,
and mutagenesis studies of different cytokine receptors,
including human and mouse EPOR,** human GHR,""”*%*
human PRLR,* human and mouse TPOR,”***° and their
TMD fragments.**>*” Binding of a specific ligand to the
inactive preformed dimer is required for conformational
changes and reorientation of receptor TM a-helices to form
an active dimeric state that induces proximity and dimerization
of associated JAK2 subunits.®

There are several experimental observations that challenge
the hypothesis of binding of ligands to pre-existing dimers
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Figure 9. Suggested activation mechanism of homodimeric class 1
cytokine receptors (exemplified by TPOR) based on the AFM
modeling and published live-cell dimerization assay.' In the absence
of the TPO ligand, TPOR receptors are mainly in the monomeric
state (state I)," even though some dimerization may occur (state II).
Ligand binds first via sitel to one receptor chain (state IIT), and then
via site 2 to the second receptor chain. This leads to stabilization of
the active receptor dimer (state IV) with specific rotational
orientations of TM a-helices whose intracellular ends bring two
JAK2 molecules close to receptor ICDs (Box1 and Box2 motifs). This
enables the dimerization and activation of JAK2. Protein molecules
are shown in semitransparent surface and cartoon representations,
colored red for TPO, blue and green for TPOR subunits, yellow and
pink for JAK2 subunits. Residues that are involved in the constitutive
activation of receptor (S50S, W515) and JAK2 (V617) or those that

regulate the formation of the active TMD dimer (H499) are colored
red 535608687

863 (model 2). First, at physiological concentrations of receptors at
864 the cell surface, the fraction of monomeric receptors (state I) is
s6s much higher than of preformed dimers (state II)."” Second,
s66 the bell-shaped dose-dimerization curve'”'? is consistent with
867 the two-step ligand binding to monomeric receptors (state
g68 1I1): initially via site 1 to one chain, then via site 2 to the
869 recruited second chain, which leads to formation of the ligand-
870 receptor complex (state IV). This dimerization is inhibited by
871 the presence of excess ligand that binds via high-affinity site 1
872 to receptors, blocking further receptor dimerization via site 2
873 interactions.

874 AFM-based modeling provides an insight into possible
875 activation mechanisms. The modeling uncovered that ligand-
876 free dimers could be formed for many receptors, but such
877 structures have occluded ligand binding pockets incapable of
878 accommodating large cytokine molecules along with an

unproductive arrangement of TM helices. This is in line with 879
the notion that ligand-free ECDs lock receptors in the inactive 8so
states, as PRLR and TPOR variants lacking large parts of ECDs 8s1
are constitutively active.*>** Ligand binding to preformed ss2
dimers with a closed ligand binding pocket would require a 883
significant rearrangement of their ECDs and TMDs and ss4
possibly even the dissociation of two receptor molecules. Based 8ss
on these findings, AFM modeling generally provides more sss
support for model 1 of the ligand-induced dimerization and ss7
activation, the I-III-IV pathway (Figure 9), at least for class 1 sss
homodimeric cytokine receptor complexes. 889

Nonetheless, ligand binding to preformed dimers (I-II-IV so0
pathway, Figure 9) could represent an alternative noncanonical so1
activation pathway that is used by some receptors in particular 892
cases. For example, we have recently proposed the two-step 893
TPOR activation by the MPN-associated calreticulin mutants 894
(CRTmut)* that are suggested to form a CRTmut-TPOR s95
(2:2) complex.*” The formation of the CRTmut-TPOR active 896
complex takes place in endoplasmic reticulum (ER) mem- 897
branes, where the local density of preformed dimers of 898
immature TPOR molecules may be relatively high. We 899
propose that at the first step, a dimer of CRT mutants binds 900
to the preformed TPOR dimer with the occluded ligand o1
binding pocket via interactions with immature mannose-rich 902
glycans linked to N117 residues of both receptor chains. Then, 903
as the second step, CRTmut ligands induce rearrangement of 904
receptor ECDs followed by the insertion of positively charged 9os
C-terminal helices of CRTmut into the unlocked binding 90s
pocket between D1 and D2 domains of both TPOR chains. A 907
generally similar model for the final active CRTmut-TPOR 908
(2:2) complex has been proposed based on a combination of 909
experimental and computational approaches.”’ The CRTmut- 910
TPOR (2:2) active complex formed by ligand binding to the o11
preformed receptor dimer, together with ICD-associated JAK2 912
traffics from ER to the plasma membrane via the secretory 913
pathway.”® Whether other cytokine:receptor complexes might 914
also use the I-II-IV pathway (Figure 9) remains to be further 915
examined. 916

Importantly, even the ligand-induced dimerization pathway 917
(I-III-IV) implies significant structural changes during the 918
formation of an active signaling complex. The rotational and 919
translational movements of both ECDs relative to each other 920
and side chain rotations are required to adjust the binding 921
pocket for an asymmetric ligand. However, such molecular 922
movements do not change the overall structure of individual 923
monomeric subunits because they are nearly identical in the 924
active and inactive dimers (Ca-RMSD < 0.6 A). This 95
rotational and piston motions propagate toward the membrane 926
leading to a receptor-specific arrangement of TM a-helices and 927
adjacent ICD Box 1 residues to bring together ICD-bound 928
JAK2 molecules in an orientation appropriate for productive 929
JAK2 dimerization, activation, and subsequent triggering of 930
signaling events. To the contrary, in the ligand-free inactive 931
dimers, receptor-associated JAK2 subunits are spatially 932
separated and have incorrect orientations, which prevents 933
their dimerization. 934

The results of the modeling are consistent with FRET 935
studies of hGHR signaling.”” In the ligand-free inactive 936
conformation of the GHR-JAK2 (2:2) complex, JAK2 subunits 937
allow FRET reporters (mCit and mCFP) covalently attached 93s
to the receptor C-termini (37 residues below the Box1 motif) 939
to approach each other at a distance of ~47 A from one side of 940
the JAK2 dimer (Figure S10A). The active GH1-GHR-JAK2 941
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(1:2:2) complex has a TM dimer interface different from that
in the inactive dimer by ~100° rotation of F273 toward the
dimerization interface (from e- to d-position of the heptad
repeat motif). This TM helix rotation promotes JAK2
dimerization via PK-PK interactions. The tightly packed

947 JAK2 dimer prevents FRET reporters from coming closer to
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each other (the distance between chromophores is 75 A)
(Figure S10B). Separation of FRET reporters in the active
GHR-JAK2 s"/gnaling complex is in agreement with exper-
imental data.*

3.3. Mapping of Oncogenic Mutant onto Signaling
Complexes. Mutations of cytokine receptors and JAK2 have
been implicated in dysregulation or chronic activation of
cytokine pathways leading to severe pathologies, including
hematological malignancies, growth abnormalities, and aber-
rant immune responses.s’“’go_93 Disease-associated mutations
can be classified as loss-of-function (LOF) and gain-of-
function (GOF) mutations. The latter usually cause the
constitutive activation of cytokine receptors and JAK
kinases,'**>%* Mapping of known oncogenic missense
mutations onto the AFM-based models of active ligand-
receptor-kinase complexes may shed light on possible
molecular mechanisms of pathological effects of these
mutations.

The majority of GOF mutations in JAK2”* are located in the
PK domain, regions involved in the PK-TK inhibitory interface
(Figure 10, spheres colored cyan) and PK-PK dimerization
interface (Figure 10, spheres colored blue). Mutations in the
PK-PK dimerization interface are mainly associated with
MPNs, with a single point mutation, V617F, identified in
more than 95% of polycythemia vera (PV) cases and 50—60%
of essential thrombocythemia (ET) and primary myelofibrosis
(PMF) cases.”> V617F together with adjacent aromatic
residues, F5S37 and FS9S, forms a hydrophobic cluster of six
aromatic residues from both subunits that stabilizes the JAK2
dimer (Figure S6). Other oncogenic mutations are found near
this cluster (MS3SI, HS38L, KS39L, and N622I). They
strengthen the hydrophobic interactions at the dimerization
interface. Indeed, all these mutations induce ligand-independ-
ent activation and dimerization of the receptor forming the
signaling complex with JAK2."” Mutations of the PK-TK
inhibitory interface are located between the N-lobes of PK and
TK. The interface is formed by hydrophobic and charged
residues, including the R683-D873 pair. Mutations of
interfacial residues, including this ionic pair, can weaken PK-
TK interactions and facilitate movement of TK from the
inactive (Figure 10A) to the active conformation (Figure 10B).
Activation of JAK2 due to relieved inhibitory function of the
PK domain represents a possible mechanism that triggers
MPNs, acute myeloid leukemia, and acute megakaryoblastic
leukemia caused by these mutations.”

Oncogenic hTPOR mutations are found in all receptor
domains, with LOF mutations located mainly in ECD and ICD
and GOF mutations clustered at dimerization interfaces
created by TM a-helices and loops inside the ECD (Figure
10). LOF mutations usually induce thrombocytopenia, while
GOF mutations are mainly associated with thrombocytosis and
MPNs, such as PMF and ET.*®* LOF mutations, including
K39N, R102P, P106L, W154R, R257C, and P635L, show low
cell-surface expression, possibly due to defects in receptor
folding or traﬂicking.10 Another LOF mutation, F104S located
in the Iigand-binding pocket, impairs TPO binding to the
ECDs.'””® The most common GOF mutations identified in

A TPO TPOR

e

1 ,:"k'}'i%—k‘T

JAK2

JAK2 JAK2

Figure 10. Mapping of disease-associated mutations onto AFM
models of TPOR complexes. (A) TPO-TPOR-JAK2 complex (1:1:1).
TPO binds to TPOR via its high-affinity site 1, forming a binary (1:1)
inactive complex. JAK2 is constitutively associated with the ICD of
TPOR. JAK?2 is in the autoinhibited (inactive) form, with the PK
domain interacting with the TK domain near the kinase active site,
which inhibits the TK’s catalytic activity. (B) Active signaling complex
of TPO-TPOR-JAK2 (1:2:2) with TK in the active state. TPOR
dimer is in the TPO-bound (active) conformation with TMDs
forming the left-handed dimer. TPOR mutation sites associated with
myeloproliferative neoplasms (MPNs)'® are shown as yellow spheres
for lost-of-function mutations, red spheres for gain-of-function
mutations, and pink spheres for “enhancer” mutations in the TMD
(5493, H299). MPN-associated mutations of JAK2 are shown as blue
spheres for mutations at the PK-PK dimerization interface and cyan
spheres for mutations at the PK-TK inhibitory interface. Molecules
are shown as cartoon and semitransparent surface representations
colored orange for TPO, blue and green for TPOR subunits, and
yellow and pink for JAK2 subunits.

MF and ET patients, SSOSN and W515 K/L/A/R, are located
within the TMD.'© These mutations cause constitutive
activation of TPOR due to stabilization of the productive
TMD dimer. There are also several “enhancer” mutations in
TM a-helices that stabilize the active mode of helix
dimerization,”*"” which may enhance the pathological effect.
A more detailed analysis of GOF and LOF mutations in the
context of competing structures of active signaling complexes
will add to our understanding of the role of disease-associated
mutations in cytokine-induced JAK-STAT signaling cascades.
Knowing the molecular mechanisms of oncogenic mutations
will guide the development of new cancer therapeutic agents.

4. CONCLUSIONS

Using the transformative ability of the AlphaFold2Multimer to
predict structures of proteins and their complexes with high
accuracy, we generated models of full-length active signaling
complexes for human homodimeric cytokine type 1 receptors,
EPOR, GHR, PRLR, TPOR, and CSF3R. Analysis of the
resulting models of signaling complexes, as well as models of
inactive dimers, examines, in a structural context, highly
debated questions related to the mechanism of cytokine-
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1025 initiated activation that triggers the JAK-STAT signaling
1026 pathway in cells.

1027 First, we demonstrate that although ligand-free receptors
1028 may form stable inactive dimers, the ligand binding pocket in
1029 such dimers is occluded, thus preventing ligand binding. At low
1030 cell-surface receptor densities, cytokines are more likely to bind
1031 and activate monomeric receptors via a two-step process:
1032 ligand-induced receptor dimerization accompanied by con-
1033 formational rearrangements in ECDs and TMDs. This may
1034 represent the canonical receptor activation mechanism. A
1035 noncanonical activation route through ligand binding to
1036 preformed inactive dimers can also occur in specific cases,
1037 such as activation of TPOR by the oncogenic CRTmut.”
1038 Second, we can picture the complete process of JAK2
1039 activation. The process starts from the receptor-induced
1040 proximity of two JAK2 molecules, followed by dissociation of
1041 the PK-TK inhibitory complex in each JAK2 molecule.
1042 Subsequently, the dimerization of two symmetric PK domains
1043 stabilizes the JAK2 dimer leading to trans-phosphorylation of
1044 both TK activation loops and their movement away from the
1045 TK active sites, enabling tyrosine phosphorylation of receptors
1046 and other associated proteins.

1047 Many other aspects of receptor conformational dynamics
1048 were also clarified, including atomic details of a specific binding
1049 of receptor Boxl and Box2 ICD motifs to JAK2, the ancillary
1050 role of the piston TM helix movement in short-chain cytokine
1051 receptors, and the role of GOF mutations in stabilizing
1052 dimerization interfaces in receptor and JAK2 molecules. The
1053 mode of interaction of two molecules of eltrombopag, an FDA-
1054 approved TPOR agonist, with the TM a-helical dimer of
10ss hTPOR is proposed.

1056 The computational modeling described in this study also
1057 uncovers certain limitations of the AFM method. The current
1058 versions of the AFM program do not allow a direct modeling
1059 of large complexes of multidomain proteins. Therefore, such
1060 complexes must be assembled from the smaller AFM-
1061 generated parts. Moreover, in the case of multiple alternative
1062 models produced by AFM, the selection of the correct
1063 structures still requires supporting experimental data. When
1064 such data are lacking or insufficient, the modeling of complexes
1065 also needs to include comparative analysis of models obtained
1066 for sequences of different lengths, with different sets of
1067 structural domains, mutants, and subunit stoichiometries. It is
1068 anticipated that future versions of the AFM program will
1069 overcome some of these limitations, allowing predictions of
1070 multiprotein complexes directly and with improved accuracy.
1071 Despite the limitations, the computational approaches used
1072 in this work can be applied in the future to modeling of
1073 cytokine receptor complexes from other families as well as
1074 other large functional assemblies of single-pass TM proteins
1075 that trigger different intracellular pathways. Knowing 3D
1076 structures of such complexes is critical for the development of
1077 new drugs and therapeutic strategies.

5. METHODS

1078 5.1. Modeling of signaling complexes with Alpha-
1079 Fold-Multimer (AFM). Modeling of active signaling com-
1080 plexes of five cytokine receptors was performed using
1081 AlphaFold 2.0 multimer.v2 1.3.0.version (AFM V2), Alpha-
1082 Fold 2.0 ptm 1.5.2 version (AF2-ptm), and more recent
1083 AlphaFold 2.0 multimer.v3 1.5.2.version (AFM V3)*” imple-
1084 mented through ColabFold notebook.”> ColabFold was
1085 downloaded from Github (https://github.com/YoshitakaMo/

localcolabfold) together with the environmental databases 1086
(https://colabfold.mmseqs.com) and installed on a local 1087
computing cluster. ColabFold was run locally using 12, 24, 1088
and 48 recycles, MMseq2 for multiple sequence alignments, 1089
refinement with Amber, and no templates. The quality of 1090
structural models was characterized by the mean of per residue 1091
pLDDT score (predicted Local Distance Difference Test) 1092
ranging between 0 and 100 that characterizes local structural 1093
accuracy,”””° as well as using PAE (Predicted Aligned Error) 1094
or PAE-derived pTMscore (predicted TM-score) ranging from 1095
0 tol,”” which correspond to overall topological accuracy. The 109
confidence of the predicted protein-protein interface is 1097
assessed by the interface pTM-score (ipTM) ranging from O 1098
to 1.”° For each run, 5 models were generated and ranked by 1099
ipTMscores (Tables S2 and S3). 1100

The amino-acid sequences from UniProt’® were used for 1101
modeling the following proteins: human JAK2 (UniProt AC: 1102
Q60674), five human receptors, hEPOR, hTPOR, hGHR, 1103
hPRLR, and hCSF3R (UniProt ACs: P19235, P40238, 1104
P10912, P16471, and Q99062, respectively), mouse EPOR 1105
(UniProt AC: P14753), six human cytokines, hEPO, hTPO, 1106
hGH1, hPRL, hCSH1, and hCSF3 (UniProt ACs: P01588, 1107
P40225, P01241, P01236, PODML2, and P09919, respectively) 1108
(Figure S1), and mouse EPO (UniProt AC: P07321). For 1109
hTPO, only the erythropoietin-like N-terminal domain 1110
(residues 22—174)'" was modeled, while the glycan domain 1111
was omitted. For an easy comparison with published 1112
experimental data, sequences of mature proteins (lacking 1113
signal peptides) were used for hREPOR, mEPOR, hPRLR, and 1114
cytokines, while full-length sequences of immature proteins 1115
(carrying signal peptides) were used in all other cases. 1116
Intrinsically disordered regions of receptor ICDs beyond 1117
Boxl or Box2 motifs were usually removed. For the four 1118
receptors except PRLR, one natural ligand was used (Figure 1119
S1). For human PRLR, which can be activated by three human 1120
hormones, prolactin (PRL), somatotropin (GHI1), and 1121
placental lactogen (CSH1),° three receptor-hormone pairs 1122
were modeled (Table S2). The ligand-receptor stoichiometry 1123
was 1:2 for all receptors, except CSF3R, for which the 2:2 1124
complex was modeled. 1125

Additionally, AFM was used to obtain models for ligand-free 1126
receptor dimers and receptor fragments composed of TM a- 1127
helix with juxtamembrane regions, WSxWS motifs, or adding 1128
membrane-proximal domains (D4 for TPOR, D6 and DS-D6 1129
for CSF3R). The complete signaling complexes consist of 1130
ligands, receptors, and JAK2 at a stoichiometry 1:2:2 (for 1131
EPOR, GHR, PRLR, and TPOR) or 2:2:2 (for CSE3R). 1132

AFM modeling was performed in 4 steps (see Results, 1133
Figures 2 and S2 for the workflow). To diversify models, we 1134
increased sampling for each complex by running different AF2 1135
versions (AFM V2 or V3 and AF2-ptm), by changing random 1136
seed numbers and the number of recycles. Each run with a 1137
specified seed and a number of recycles produced S different 1138
models. Any models with unfolded, noninteracting, or 1139
incorrectly oriented monomers were excluded from the 1140
subsequent analysis. At every step of the modeling, we selected 1141
the single best model based on its agreement with available 1142
experimental data. The consistency with experimental data was 1143
assessed using Ca-RMSDs with crystal structures, DockQ 1144
scores, and agreement with mutagenesis and other data on TM 1145
helix packing. We also compared sets of ligand-receptor 1146
interacting residues predicted by the models with the 1147
corresponding sets obtained by mutagenesis (Table S5, Figures 1148

https://doi.org/10.1021/acs.jcim.3c00926
J. Chem. Inf. Model. XXXX, XXX, XXX—=XXX


https://github.com/YoshitakaMo/localcolabfold
https://github.com/YoshitakaMo/localcolabfold
https://colabfold.mmseqs.com
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00926/suppl_file/ci3c00926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00926/suppl_file/ci3c00926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00926/suppl_file/ci3c00926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00926/suppl_file/ci3c00926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00926/suppl_file/ci3c00926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00926/suppl_file/ci3c00926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00926/suppl_file/ci3c00926_si_001.pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.3c00926?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

1149 3 and 6) and checked the proper binding of receptor
1150 intracellular loops with JAK2 domains: Box-1 residues with
1151 the FERM domain (Figure S), Box-2 residues with the SH2L
1152 domain (Figure S8), and specified tyrosine residues with the
1153 TK domain (Figures S7 and S9). An important additional
1154 criterion was the correct formation of numerous intramolecular
1155 disulfide bonds in the extracellular domains of these receptors
1156 (Table S1, Figures 3, 4, and 6). During this procedure, our goal
1157 was to obtain the most accurate models. Therefore, we were
1158 gradually increasing sampling as long as this process improved
1159 the consistency of the best model with experimental data. We
1160 found that a set of 30 models for each complex was sufficient
1161 for this purpose.

1162 For example, the output models of ligand-bound short-chain
1163 receptors (EPOR, GHR, and PRLR) demonstrated similar
1164 ECD structures, reproducing corresponding crystal structures,
1165 but showed diverse arrangements of their TM a-helices
1166 (Figures S11 and S12). Models with strongly interacting TM
1167 a-helices were selected and compared with available protein
1168 engineering and mutagenesis data for helix packing motifs.
1169 Then, for each complex, one model that best satisfied the
1170 experimental data was chosen for the subsequent modeling of
1171 signaling complexes with JAK2 dimers, as described in the
1172 Results.

1173 Hence, during the model selection, we relied mostly on the
1174 consistency of models with experimental data rather than on
1175 predicted ipTM scores. This strategy was based on the
1176 previous observations that the predicted contact scores often
1177 fail to identify the true models,” and experimental verification
1178 is usually required to validate and justify the physiological
1179 relevance of AF2-predicted conformations of membrane
1180 proteins.100

1181 We found that the V3 version produced better models for
1152 TPOR complexes (Figure S13A), but not for other receptors
1183 where the results with V2 and V3 versions were rather similar.
1184 AF2-ptm produced better models of disulfide-linked dimers of
1185 R130C, D133C, and E134C mutants of hEPOR than AFM V2
186 and V3. Calculations of full-length CSF3:CSF3R (2:2)
1187 tetrameric complexes produced models with spatially separated
1188 TM helices (Figure S13B). Therefore, these complexes were
1189 produced by a two-step procedure (see the Results).

1190 The final model of each signaling complex was refined using
1191 local energy minimization with CHARMM c47b2"" through
1192 the pyCHARMM python module'”” to remove atom
1193 hindrances. The minimization was conducted for 1000 steps
1194 (dielectric constant & = 63) with Ca fixation using the CONS
1195 HARM command in CHARMM (the force of 20), and fixation
1196 of cysteines using the CONS FIX command. The structures
1197 were prepared usin§ the PDB input manipulator on
1198 CHARMM GUI'”'™* and then converted back using
1199 MMTSB convpdb.pl.'” The models of all complexes are
1200 available through the Membranome database.'*

1200 AFM-generated models were superimposed with each other
1202 and with available experimental structures by the align method
1203 of PyMOL (1.8.4.1) (www.pymol.org) with default parameters
1204 (cutoff = 2.0, cycles = S, transform = 1), PDBeFold (SSM)
1205 server,'®” and the US-align web server.'”® Membrane
1206 boundaries were calculated by the PPM web tool.’* The
1207 eltrombopag drug was docked to TPOR TM domain manually
1208 using PyMOL to satisfy contacts between the drug and specific
1209 residues of TPOR identified by NMR.”>*” The fractions of
1210 native contacts (Fnat) and DockQ scores in the final models of
1211 the complexes were evaluated using available crystal structures

and DockQ program36 (Table S3). All of the figures were 1212
generated by PyMOL. 1213

5.2. Modeling of Lipid Bilayer Systems with Signaling 1214
Complexes. The final models of cytokine receptor signaling 1215
complexes were embedded into the lipid bilayer composed of 1216
explicit lipids forming the asymmetric mammalian plasma 1217
membrane.'” The inner membrane leaflet was composed of 1218
phosphatidylcholine (PC), phosphatidylethanolamine (PE), 1219
phosphatidylinositol (PI), phosphatidylserine (PS), phospha- 1220
tidic acid (PA), sphingomyelin (SM), and cholesterol 1221
(CHOL), while the outer membrane leaflet was composed 1222
of PC, PE, SM, CHOL, and glucosylceramide (GlcCer) (Table 1223
S7). The TIP3P water model was used to simulate explicit 1224
water molecules, while the number of ions (Na* and CI7) 1225
incorporated corresponded to the physiological concentration 1226
(150 mM NaCl). Initial membrane structures were built using 1227
the CHARMM-GUI Membrane Builder."'°~""> The simula- 1228
tions were performed with all-atom CHARMM36m force 1229
field,'"” and executed utilizing OpenMM.""* Followin% the 1230
default equilibration protocol of CHARMM-GUL,'*""**'"5 we 1231
first applied NVT dynamics with a time step of 1 fs (fs) for 250 1232
ps (ps). Subsequently, we employed the NPT ensemble with a 1233
time step of 1 fs and then with a time step of 2 fs. During the 1234
equilibration processes, the protein, lipid, and water molecules 1235
were subjected to the restraint potentials of their position and 1236
dihedral angles. The force constants associated with these 1237
potentials were systematically decreased over time. Ten 1238
nanoseconds (ns) production runs were performed for each 1239
system utilizing a time step of 4 fs and employing the hydrogen 1240
mass repartitioning technique''® in the absence of any restraint 1241
potentials. The SHAKE algorithm was employed for managing 1242
bonds involving hydrogen atoms.''” van der Waals interactions 1243
were truncated at a cutoff of 12 A, with a force-switching 1244
function applied between 10 and 12 A,"'® while electrostatic 1245
interactions were calculated using the particle-mesh Ewald 1246
method.""” The manipulation of temperature and pressure (at 1247
a standard pressure of 1 bar) was achieved by utilizing 1248
Langevin dynamics with a friction coefficient of 1 ps™" and a 1249

semi-isotropic Monte Carlo barostat, respectively. 1250
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Figure S1. Structures of class 1 cytokines modeled by AlphaFold Multimer (AFM) in complex with their
cognate receptors. The depicted cytokines are four-helical a-bundles with up-up-down-down topology
and 2-3 disulfides that stabilize loop conformations. Models are shown as cartoons colored by secondary
structure: red for a-helix, yellow for B-strand, green for unstructured loops. Cysteine residues and
disulfides are shown by orange spheres. Residue numbers are for mature proteins (except CSF3).
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Figure S2. Four-step AMF-modeling of cytokine receptor signaling complexes (exemplified by hTPOR).
Step1: Modeling with AFM V3 of TPO-TPOR active (1:2) complex. TPOR subunits are colored green and
blue, TPO is colored purple. Five calculated models demonstrate similar conformations of ECDs except
for the flexible D2 loop (residues 187-238 colored red) forming different intramolecular disulfides (shown
as red spheres). The more frequent are the C193-C323, C194-C241, and C211-C322 disulfides. Four of
five models demonstrate left-handed TM helical dimers with S505 at the dimerization interface (a-position
of the heptad repeat motif) and H499 facing the lipid bilayer (b-position). Model 4 containing the most
frequent disulfides and TMD helix arrangement was selected for the further calculations. Data supporting
model 4 include: (1) the consistency of the TM a-helix arrangement with the cc-TPOR-/ fusion construct

3



between the dimeric coiled-coil of Put3 and TMD of mTPOR that displays constitutive activity 3*; (2) the
docking of two eltrombopag molecules (shown by purple spheres) to the TMD; and (3) the localization of
the majority of GOF mutations (shown by red spheres) at flexible structural elements (D2 loop and TMDs)
participating in dimerization interfaces. Step2: modeling of JAK2 dimers. JAK2 subunits are colored pink
and yellow. AFM V2 and V3 models produce similar structures of JAK2 dimers with the PK-PK
dimerization interface but different distances between FERM domains (Ca-Ca distances between two
L244 varies between 30 and 60 A). The model 1 with the minimal distance between FERM domains was
selected for the further calculations. Step3. Modeling of the JAK2 monomer (colored pink or yellow) with
TPOR TM a-helix and the ICD domain (colored blue and green). AFM V2 and V3 produced rather similar
models. Step4. Structural superposition of two monomer models (from step 3) with FERM-SH2L domains
of JAK2 dimer (model 1 from step2) followed by docking of the ligand-bound dimer (model 4 from step
1), adjustment of TM helix ends, substitution of PK and TK domains by those from JAK2 dimer (model 1
from step 2), and model refinement by energy minimization.
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Figure S3. AFM-predicted models of five cytokine receptor signaling complexes colored by per residue
pLDDT score.
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Figure S4. Suggested binding mode and interactions of the small molecule agonist eltrombopag with TM
a-helices of the active human TPO-TPOR-JAK2 (1:2:2) signaling complex. Two eltrombopag molecules
interact with the N-terminal part of the TM a-helical dimer (residues W491, 1492, L494, V495, T496, L498,
and H499) and R456 from the D4 domain. Neighboring residues (E488, R452, and R454) form a
hydrogen bond network between D4 domains of TPOR (shown by yellow dashes). Molecules are shown
by cartoon and semi-transparent surface representations colored blue and green for receptor subunits.
Eltrombopag (colored magenta for Ca-atoms) and neighboring residues (colored blue and green for Ca-
atoms) are shown as sticks.
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Figure S5. Spatial arrangement of R130, D133, and E134 residues of hEPOR corresponding to residues
involved in formation of constitutively active disulfide-linked dimers of mEPOR upon substitution by
cysteine. (A) Mapping of mutated residues in the crystal structure (PDB ID: 1EER) and the AFM model
of the ligand-bound hEPOR dimer. The ligand-bound AFM model and crystal structure are very similar
(RMSD of 2.1 A) and provide proximity of D133 and E134, but not of R130 residues from both chains.
(B) Mapping of C130-C130 intermolecular disulfide in the AFM2-ptm model of the ligand-free R130C
hEPOR mutant. C130-C130 disulfide bond produces significant structural changes in the model of the
ligand-free R130C homodimer (RMSD with 1EER is 9.7 A). Proteins are shown by cartoon and
semitransparent surface representations colored by chain (green and blue) for the AFM and AF2-ptm
models and by gray for the X-ray structure; EPO ligand in the AFM model is colored red. Ca-atoms of
residues forming intermolecular disulfides, R130, D133, and E134, are shown by spheres. The red circles
enclose R130 in (A) and C130-C130 disulfide in (B).
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Figure S6. Close-up of the PK dimerization interface in the active human JAK2 dimer generated by AFM.
The interface is formed by two antiparallel B-strands from PK N-lobes (cartoon representation colored
pink and purple) and contains the hydrophobic cluster with V617 surrounded by aromatic residues, F537
and F595, as well as by PK residues involved in oncogenic mutations, M535, H538, K539 (shown by
sticks). The oncogenic mutations (V617F, M535L, H538L, and K539L) stabilize the PK dimer by
enhancing hydrophobic contacts and shape complementarity at the dimerization interface.
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Figure S7. AFM modeling of interactions between TK domain of JAK2 and C-terminal tyrosine residues
of TPOR that undergo phosphorylation by JAK2; Y626 (A) and Y591 (B). Due to the high flexibility of the
unstructured ICD, different tyrosine residues can bind to the ligand binding pocket of the TK domain of
JAK2. Protein molecules are shown using semi-transparent surfaces and cartoon representations and
are colored yellow for JAK2, blue for TPOR. The ADP ligand is shown in cyan and TPOR tyrosine
residues (Y591, Y626, and Y631) are colored red.
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Figure S8. Close up of the SH2-like (SH2L) domain of human JAK2 (colored yellow) with a bound
fragment of the human EPOR ICD (colored purple) from the AFM model superposed with the crystal
structure of the Src-SH2 domain (colored green) with bound peptide (colored cyan) containing a
phosphorylated tyrosine, pTyr304 (PDB ID: 1KC2). SH2L domain of JAK2 has an aberrant binding site
for phosphorylated tyrosine. This aberrant site carries Arg426 for binding negatively charged groups (i.e.
phosphates), but lacks space for the tyrosine aromatic ring because the conserved cysteine is substituted
by a bulky Phe436 residue. Therefore, the SH2L domain can specifically bind the negatively charged
Glu301 from hEPOR Box 2 motif by forming ionic interactions with Arg426. Similar interactions were
observed in the crystal structure of the JAK2 FERM-SH2L domain with the EPOR ICD peptide (PDB ID:
6E2Q). It was suggested that these interactions contribute to the specificity of receptor binding [1, 2].



Figure S9. Activation loops in the TK domains of JAKs. (A) TK and partial PK domains from the cryo-
EM-based model of mJAK1 (PDB ID: 7T6F). (B) The TK domain from the AFM-generated model of hJAK2
with the fragment of TPOR ICD interacting with PK. The flexible activation loop may partially occlude the
ligand binding pocket of the TK domain. Protein molecules are shown in cartoon representations colored
blue for TPOR ICD, yellow for JAK2 with the activation loop of the TK domain colored green; ligands
(ADP and ADN) are shown as sticks and semi-transparent cyan spheres. Tyrosine residues of TPOR,
including Y626, occupying the ligand binding pocket of TK, are shown as blue sticks and semi-transparent
spheres (B).
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Figure S$10. Suggested ligand-induced activation process of the GHR-JAK2 complex. AFM-generated
models of ligand-free GHR-JAK2 dimer (A), and GHR-JAK2 dimer in the presence of GH1 ligand (B).
Comparison with the results of FRET between GHR molecules labeled by FRET reporters (mCit and
mMCFP) positioned at C-terminus, 37 residues below the Box1 motif [3]. In the inactive receptor state,
FRET reporters are located at the same side of the JAK2 dimer (distance between chromophores is 47
A). However, in the active state, FRET reporters are located at the opposite sides of the JAK2 dimer
(distance between chromophores is 75 A). Protein molecules are shown as semi-transparent surfaces
and cartoon representations, colored red for GH1, blue and green for GHR subunits, yellow and pink for
JAK2 subunits. FRET reporters mCit and mCFP (shown as orange and cyan B-barrels, respectively) were
modeled using the available CFP structure (PDB ID: 3ZFT). V617 residue located at the dimerization
interface of the PK domain is shown as red spheres.
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Figure S11. Quality metrics of AFM predicted models. (A) Five models predicted for EPO-EPOR (1:2)
complex by AFM V3 (A) and AFM V2 (B). Models are colored by per residue pLDDT scores. Selected
model ranks are marked by red.
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Figure S12. Quality metrics of AFM V2 predicted models. (A) Five models generated for PRL-PRLR
(1:2) complex. (B) Five models generated for GH1-GHR (1:2) complex. Models are colored by per
residue pLDDT scores. Selected model ranks are marked by red.
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Figure S13. Quality metrics of AFM predicted models. (A) Five models predicted for TPO-TPOR (1:2)

complex by AFM V3. (B) Five models predicted for CSF3-CSF3R (2:2) complex by AFM V3. Models
are colored by per residue pLDDT scores.
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Table S1. Structural features and interacting partners of class 1 homodimeric cytokine receptors from
the JAK-STAT signaling pathway [4-6].

Sequence N-
Receptor Ie.n gth Disulfides = glycosylation WSXYVS Natural JAKs STATs SOCSs
(signal ) motifs ligands
. sites
peptide)
STAT5A
EPOR*  508(24) = 0% 52 owsaws  EPo | K2 emars | socss
67-83 LYN
STAT1
PRL, STATSA,
. 12-22, 01 CSH1, STATSB
PRLR 622 (24) 51.62 35, 80, 108 WSAWS CSH2. JAK2 STAT3, SOCS2
GH1 STAT1
56-66
’ STAT5B
101-112, 240 GH1 JAK2,
GHR 638 (18) 126-140. 115, 156, 200 YGEFS (SOMA) LYN 881%11%?; SOCS2
259-2591
40-50,
77-93,
291-301, 269 STATSA,
TPOR  635(25)  asadsy, | 0B HOSHS  arO. WER T3, socss
193-323#, STAT1
194-2414,
211-3224#
26-52,
46-101,
12;% 51,93, 128, JAK1, = STAT3,
CSF3R 780 (24) 177-186’ 134, 389,474, ' 38WSDWS CSF3 JAK2, | STAT5 SOCS3
248.295, 571,610 JAK3 STAT1
266-309,
388-395

* Residue numbers are for mature proteins (lacking signal peptide).

T Intermolecular disulfide

# Disulfides possibly formed between loops inside D2 and D3 domains
** CRTmut, calreticulin mutants related to MPNs

Bold characters indicate the main interacting protein.
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Table S2. Parameters of AFM-generated models of homodimers of ligand-bound receptors, dimers of
TM segments for constitutively active mutants, JAK2 dimers, and monomeric JAK2-receptor complexes.
These were used as structural blocks for building complete models of active ligand-receptor-kinase
signaling complexes.

Name Residues | pLDDT | pTM | ipTM | TM helix packing PD?ng‘;‘e’f oF | ca-RMSD, A
Ligand-bound receptor homodimers
nEPO*hEPOR' (1:2) | "0 U9 | 817 | 0737 | 0680 L+, L2 e 1EER 1.6 (5601592)
mEPOmEPOR (12) | 05 19 | 785 | 0687 | 0645 L+, S50 ¢ 1EER 1.06 (462/592)
GHGHR (12) | O | 703 | oo | ocm | Ly Fma TR | 125
hPRL“hPRLR* (1:2) 1'1193;6(!]9) 802 | 0.680 | 0635 | Re, AxxxAZ2xxxL 3NPZ 1.8 (536/587)
hCSHz;:g)P RLR® 1'11?21;6(!]9) 80.8 | 0.665 | 0584 | R-, LxxxW2oxxxL 1F6F 1.9 (403/593)
neHIhPRLR® (1:2) | O 09| 822 | 0713 | 0641 | Re, CxxeVouxxa 1BP3 1.1 (322/383)
nTPOHTPOR (12 | oo U9 | 751 | 067 | 0630 | L+, 5% Hb None
hCSF3-hCSF2R (1:1) 30'12_%2§”9) 831 | 0664 | 0788 N/A 2D9Q 0.9 (411/466)
ncsFanCsFR (2:2) | Y0210 | g59 | 04 | 0643 NIA 2D9Q 3.2 (567/933)
JAK2 homodimer
hJAK2 dimer 14132 | 795 | 0743 | o672 | 2AEdtence AV ggggg]%g
JAK2-receptor complexes (1:1)
oewicDs | 1oore | 829 | 0769 | 031 L+ TP | 2480618762
TI?)ILZ\}?MhIGC%? o | s2s | 0754 | 0634 L+ 726:2(5_5,%\"' 247 (620/762)
o) | agsoey | 856 | 08 | 0727 R- o PR | 245(620762)
ey | aaposs | 28 | 0808 | 0552 L+ MoipLp) | 263 (636762)
hJA(ﬁA'f‘Igg)%R aels2 | 846 | 0826 | 0612 L+ 726:2(5_5,%\"' 2.58 (621/762)

* Residue number are for mature proteins. # calculated by AFM V3. Other models were calculated by AFM V2.

The AFM parameters (pLDDT, pTM, ipTM) are provided for a single model selected for further modeling and analysis out of 5 models
generated by AFM. Type of helix arrangement in dimers (L+ or R-) as defined by the sign of the crossing angle: L+, left-handed (coiled coil)
dimer with a positive crossing angle and heptad repeat, or R-, right-handed dimer with a negative crossing angle and the tetrad (i.e. GxxxG)
repeat motif. Letters for left-handed dimers indicate the position of a reference residue in the (abcdefg)s heptad repeat motif (a and d positions
are located at the helix-helix interface). RMSD column includes the number of overlapped residues in the structural superposition divided by
total number of residues in the structure (in parentheses). RMSD values were calculated by the align method of PyMOL.

Bold characters indicate a TM helix packing consistent with the final structure of the active receptor dimer.
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Table S3. Fraction of natural contacts (Fnat), LRMS, iRMS, and DockQ values for extracellular domains
of cytokine-receptor complexes.

Protein PDB ID Subunits Frat LRMS IRMS DockQ
Site 1
EPOR 1EER A-C 0.96 26 1.3 0.81
GHR 3HHR A-B 0.84 29 1.1 0.80
PRLR 3NPZ A-B 0.79 29 0.8 0.82
CSF3R 2D9Q A-B 0.95 2.1 0.9 0.88
CSF3R 2D9Q C-D 0.95 2.1 0.9 0.88
Site 2
EPOR 1EER A-B 0.79 3.5 1.2 0.75
GHR 3HHR A-C 0.81 3.5 1.4 0.73
PRLR 3NPZ A-C 0.59 6.6 2.0 0.52
CSF3R 2D9Q A-D 0.58 2.1 1.8 0.64
CSF3R 2D9Q B-C 0.58 2.1 1.8 0.64

DocQ, a protein-protein docking model quality, is derived by combining Fna, LRMS, and iRMS; medium quality models on the
CAPRI-set have (0.51 < DockQ < 0.81), high quality model have DocQ>0.81 [13]. AFM models of cytokine-receptor
complexes shows high quality for site1 of ligand and medium quality for site 2 of ligand.
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Table S4. Parameters of AFM-generated models of ligand-free receptor dimers and dimers of TM a-
helical segments.

Name Residues | pLDDT | pTM | ipTM | TM helix packing a';'gﬁ‘:f:nrﬁ; Ca-RMSD, A*
Ligand-free receptor homodimers
hEPOR* # 1269 | 768 | 0456 | 0.154 L+, L2 b 1EER 8.94 (412/592)
hEPOR(R130C) ## | 1-264* | 816 | 0690 | 0592 |  Parallel, V2 1EER 0.74 (416/592)
hEPOR(R130C) ## | 1-205° | 785 | 0642 | 0551 |  Parallel, V2 1EER 9.65 (425/592)
hEPOR(D133C) ## | 1-205° | 789 | 0469 | 0238 |  Parallel, V2 IEER 5,24 (370/592)
hEPOR(E134C) ## |  1-295° | 749 | 0417 | 0476 |  Parallel, V2 IEER 5,26 (411/592)
MEPOR" 1490 | 757 | 0496 | 0.258 L+ S 4 IEER 5.6 (408/592)
hGHR 1-310 708 | 0503 | 0.352 L+ Fl g 3HHR 7.5 (384/573)
hPRLR* 2079 | 824 | 0474 | 0.163 L+ A2 5 3NPZ 8.6 (391/567)
hTPOR 200 | 124 | 0526 | 0444 R- H9 out Final model | 4.8 (952/1104)
hCSF3R (DS-D6-TM | 1o1660 | 702 | 0389 | 0.120 R-, T out Finalmodel | 8.1 (434/480)
segment)
Homodimers of TM a-helices*
hEPOR* 200-288* | 546 | 0.393 | 0.337 L+ 12 g o’ 29 Egggg;
MEPOR" 208287 | 528 | 0.364 | 0306 L+ S%8 4 Fralmotel |34 Egggg;
hGHR 240-325 | 520 | 0394 | 0.356 L+ F g N 39 gg?fgj;
hPRLR* 191-249* | 627 | 0516 | 0467 | R- AxxxAZxxxL Fm'[)rg%d}f' g; Eigfgg;
hPRLR*@g“" W1 1.9v1g7.076 | 497 | 0384 | 0360 | R AwcxAZiood | hamode ;gﬁiggg;
hPRLR*Z?OA)M W1 ot1a76 | 620 | 0492 | 0461 | R, AxxcAmol | ol mOce! ;nggg@gg
AN | 488549 | 719 | 0463 | 0373 | Le,Swsd e | Tramosd " %gg;
e | s | ow [oer | vomere | me | i
mTPOR 456533 | 636 | 047 | 0307 | LeSeqlwe | halmocel 28 Eggﬁggg
hCSF3R 606-669 | 601 | 0483 | 0442 L+, To 4 el model o Ej?fgg;
hC(STF634%ﬁ)AM 606-660 | 588 | 0439 | 0.389 L+, T it ol gjﬁfgg;
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See legend for Table S2. Bold characters indicate TM helix arrangement similar to that in the models of final ligand-receptor-
kinase signaling complexes. CAM, constitutively active mutants.

# calculated by AFM V3.

## calculated by AF2-ptm

Other models were calculated by AFM V2.

Table S5. Interactions of hTPO with hTPOR in the AFM-generated model of the ligand-bound hTPOR
dimer.*

Site 1 Site2
TPO* TPOR TPO* TPOR
L16 1263 R10 E261
D45 R102 V11 F104
F46 L103, F104 K14 E160
L48 F45, L103, L265 R17 D163
K52 E46 R98 E99
H133 F126 L99 L103, F104
K136 D128 L101 F105
R140 D261
F141 F104, F164, L265
L144 F164

* Residue numbers are for mature protein (TPO).

Bold characters indicate hTPOR residues (F45, L103, F104, D261, and L265) that are involved in hTPO binding, in accordance
with mutagenesis studies [7, 8] and hTPO residues (R10, K14, R17, K52, R98, H133, K136, F141, L144) that are essential for
binding to hTPOR [9, 10].
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Table S$6. TM helix arrangement in final models of complete ligand-receptor-kinase complexes, in models
of ligand-bound and ligand-free receptor dimers, and in dimers of isolated TM segments calculated by

AFM [11] and TMDOCK [12].

Name Complete Ligand-bound Ligand-free TM helix dimer TM helix dimer
complex receptor dimer | receptor dimer (AFM) (TMDOCK)

hEPOR* L+ L2% e L+ L2%e R- L+, L29a no association
mEPOR* L+ S8 ¢ L+ S8 ¢ L+ S238 g L+, S28 g L+, S238 g

hGHR L+, F273 ¢ L+ F213 d L+ F23 ¢ L+ F213 g L+, F23¢

R-, AxxxAZ22xxxL
* - 222 - 222 222 , - 225
hPRLR R-, AxxxA222xxxL | R-, AxxxA222xxxL L+ A222 g (WT.CAM*) R-, SxxxC225xxxV
L+, T640 g
640 , 640

hCSF3R L+ T640 g N/A N/A (WT CAM™) L+ T640 g
hTPOR | L+, S%05g H49p | L+, S505 g, H49 b R- L, S(?;&,)E“% ¢ L+, S505 ¢, H4%9 ¢

Cells marked by gray indicate helix arrangements similar to that in the final ligand-receptor-kinase complexes.

Type of helix arrangement in dimers (L+ or R-) is defined by the sign of the crossing angle: L+, left handed dimer (coiled coil)
with positive crossing angle and the (abcdefg), heptad repeat motif, and R-, right-handed dimer with a negative crossing angle
and the tetrad (i.e. GxxxG) repeat motif. Letters for left-handed dimers (bold character) indicate the position of a reference
residue in the heptad repeat motif, where a and d positions form the dimerization interface.
* Residue numbers are for mature proteins.
** Calculated for TMDs of constitutively active mutants (CAM): hPRLR (A10-186, A1-210), hCSF3R (T640N), and TPOR

(H499L/W515K and L498W/H499Y).
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Table S7: Lipid composition of the mammalian plasma membrane (number of specified lipid molecules
in each leaflet).

Lipid N . GHR CSF3R, EPOR, PRLR,
name Lipid Head / Tail TPOR
Outer Inner Outer Inner
POPC PC(16:0/18:1(92)) 64 28 48 21
PLPC PC(16:0/18:2(92,122)) 88 44 66 33
PAPE PE(16:0/20:4(52,82,11Z,142)) 12 48 9 36
POPE PE(16:0/18:1(92)) 12 56 9 42
POPI P1(16:0/18:1(92)) 0 20 0 15
PAPS PS(16:0/20:4(52,82,112,14Z)) 0 44 0 33
POPA PA(16:0/18:1(92)) 0 4 0 3
SSM SM(d18:1/18:0) 44 20 33 15
NSM SM(d18:1/24:1) 44 20 33 15
CMH GlcCer(d18:1/16:0) 16 0 12 0
CHOL Cholesterol 148 116 111 87
Total 428 400 321 300

Lipids head groups: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine;
SM, sphingomyelin; GlcCer, glucosylceramide.

21



REFERENCES

1.

10.

11.

12.

13.

Ferrao, R., Lupardus, P.J. (2017). The Janus Kinase (JAK) FERM and SH2 Domains: Bringing
Specificity to JAK-Receptor Interactions. Front. Endocrinol. 8, 71.

Ferrao, R.D., Wallweber, H.J., Lupardus, P.J. (2018). Receptor-mediated dimerization of JAK2
FERM domains is required for JAK2 activation. eLife 7, e38089.

Brooks, A.J., Dai, W., O'Mara, M.L., Abankwa, D., Chhabra, Y., Pelekanos, R.A., et al. (2014).
Mechanism of activation of protein kinase JAK2 by the growth hormone receptor. Science 344,
1249783.

Dehkhoda, F., Lee, C.M.M., Medina, J., Brooks, A.J. (2018). The Growth Hormone Receptor:
Mechanism of Receptor Activation, Cell Signaling, and Physiological Aspects. Front. Endocrinol. 9,
35.

Liongue, C., Sertori, R., Ward, A.C. (2016). Evolution of Cytokine Receptor Signaling. J. Immunol.
197, 11-18.

Morris, R., Kershaw, N.J., Babon, J.J. (2018). The molecular details of cytokine signaling via the
JAK/STAT pathway. Protein Sci. 27, 1984-2009.

Varghese, L.N., Zhang, J.-G., Young, S.N., Willson, T.A., Alexander, W.S., Nicola, N.A., et al.
(2014). Functional characterization of c-Mpl ectodomain mutations that underlie congenital
amegakaryocytic thrombocytopenia. Growth Factors 32, 18-26.

Chen, W.M,, Yu, B., Zhang, Q., Xu, P. (2010). Identification of the residues in the extracellular
domain of thrombopoietin receptor involved in the binding of thrombopoietin and a nuclear
distribution protein (human NUDC). J. Biol. Chem. 285, 26697-26709.

Pearce, K.H., Jr., Potts, B.J., Presta, L.G., Bald, L.N., Fendly, B.M., Wells, J.A. (1997). Mutational
analysis of thrombopoietin for identification of receptor and neutralizing antibody sites. J. Biol.
Chem. 272, 20595-20602.

Hitchcock, I.S., Kaushansky, K. (2014). Thrombopoietin from beginning to end. Br. J. Haematol.
165, 259-268.

Evans, R., O’Neill, M., Pritzel, A., Antropova, N., Senior, A., Green, T., et al. (2021). Protein
complex prediction with AlphaFold-Multimer. bioRxiv 2021.2010.2004.463034 [Preprint], doi:
https://doi.org/10.1101/2021.10.04.463034

Lomize, A.L., Pogozheva, I.D. (2017). TMDOCK: an energy-based method for modeling alpha-
helical dimers in membranes. J. Mol. Biol. 429, 390-398.

Basu, S., Wallner, B. DockQ: A Quality Measure for Protein-Protein Docking Models. PLoS One
2016, 11 (8), e0161879. DOI: 10.1371/journal.pone.0161879.

22



