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Supplementary Methods
Expression of MSP1DI1AHS

The pellet of E. coli BL21Gold(DE3) that was harvested after expression of
MSP1D1AHS containing a TEV-cleavable his-tag, described by Schuster et al. (87), was kindly
provided by Dr. Matthias Schuster, Department of Chemistry, University of Zurich,
Switzerland. The construct was expressed for 4 h in BL21(DE3) cells in TB media at 37°C
with induction at ODeoo = 2 in a 5 L Biostat A bioreactor (817).

Purification of MSP1D1AHS

The purification was performed at 4°C with precooled buffers, similar to the protocol
described in (87). The cell pellet with expressed MSP1D1AHS was resuspended with 4 ml/g
of pellet in MSP lysis buffer (50 mM Tris-Cl (pH 8), 300 mM NacCl, 15 mM imidazole, 2%
(v/v) Triton X-100 (Anatrace)). The resuspension was supplemented with 1| mM PMSF (Carl
Roth), 2 mg/ml lysozyme (Sigma-Aldrich), 10 mM MgCl,, and 50 pg/ml of DNase I (Roche).
The cells were subsequently lysed by sonication (Branson sonifier, 40% output, 1 s on, 3 s off)
on ice, and insoluble material was removed by centrifugation at 18,000 rpm in an SS-34 rotor
for 30 minutes at 4°C. The supernatant was loaded onto 3 x 5 ml HisTrap HP columns (Cytiva)
that were pre-equilibrated with MSP Triton buffer (20 mM Tris-Cl (pH 8), 300 mM NaCl, 1%
(v/v) Triton X-100). After column binding, the columns were washed with 10 CVs of MSP
Triton buffer, followed by 10 CVs of MSP cholate buffer (20 mM Tris-Cl (pH 8), 300 mM
NaCl, 50 mM Na-cholate (Carl Roth)), 10 CVs of MSP buffer (20 mM Tris-Cl (pH 8), 300
mM NacCl), and 10 CVs of MSP wash buffer (20 mM Tris-Cl (pH 8), 300 mM NaCl, 50 mM
imidazole). The MSP1D1AHS was then eluted with MSP elution buffer (20 mM Tris-CI (pH
8), 300 mM NaCl, 400 mM imidazole).

The elution was supplemented with 1 mM EDTA and dialyzed at 4°C for 2 hin 2 L
MSP dialysis buffer (10 mM Tris (pH 8), 150 mM NaCl) using a 6-8 kDa dialysis membrane
(Spectra/Por). After determining the protein concentration, TEV protease (kindly provided by
Dr. Matthias Schuster) was added to the protein in the dialysis membrane in a 1:50 (w/w) ratio,
and subsequently dialyzed overnight at room temperature in MSP dialysis buffer supplemented
with 0.5 mM DTT. After the dialysis, the sample was subsequently loaded onto 3 x 5 ml

HisTrap HP columns pre-equilibrated with MSP dialysis buffer. The flow-through was
collected and dialyzed overnight in nanodisc buffer (20 mM Tris-Cl (pH 8), 50 mM NaCl) at
room temperature. The protein was concentrated to 2-5 mg/ml with a 10 kDa MWCO Amicon
concentrator (Merck Millipore). After concentration, the protein was aliquoted and frozen with
liquid nitrogen for storage at —80°C.

Reconstitution of HER2 in MSP nanodiscs
Chloroform-solubilized L-a-phosphatidylcholine (EggPC; Avanti Polar Lipids

840051C) was placed in a glass tube under a nitrogen stream to dry up the chloroform, forming
a thin lipid film. Residual solvent was removed by placing the tube under a vacuum overnight.
After drying the lipid films, the EggPC was solubilized with sodium cholate buffer (20 mM
Tris-Cl (pH 7.4), 200 mM Na-cholate) to give a 50 mM EggPC stock solution.

Purified HER2, purified MSP1D1AHS, and solubilized EggPC were then mixed to a
final HER2:MSP:lipid molar ratio of 1:10:400 with a final Na-cholate concentration of 17 mM



and final mixture volume of 100 pl, for a 1 hour incubation at 4°C. Up to 10 x 100 pl
reconstitution mixtures were prepared in Eppendorf tubes. Biobeads (50% v/v) were then added
to each of the Eppendorf tubes and incubated for 16 hours at 4°C while mixing. The Biobeads
were then removed, and the protein samples were combined and centrifuged at 22,000 x g for
5 minutes at 4°C. The supernatant was subsequently collected, loaded in 50 pl aliquots onto a
Superose 6 Increase 5/150 GL column (Cytiva) pre-equilibrated with Superose buffer (40 mM
Tris-Cl (pH 7.5), 300 mM NaCl). Fractions corresponding to the nanodisc-reconstituted
receptor from each individual gel filtration run were combined and concentrated to 0.3 mg/ml
for subsequent cryo-EM analysis.

Expression of Saposin A
A pNIC28-Bsa4 plasmid encoding the Prosaposin gene region (residues 60 to 140)
coding for saposin A with an N-terminal TEV-cleavable Hise-tag, detailed by Flayhan et al.

(82), was a gift from Dr. Christian Loéw, EMBL, Hamburg, Germany. E. coli Rosetta-gami
2(DE3) cells were transformed with the plasmid DNA, and an overnight preculture was
prepared using LB medium supplemented with 30 pg/ml kanamycin, 25 pg/ml
chloramphenicol, and 12.5 pg/ml tetracycline. After an overnight incubation at 37°C under
constant shaking, the culture was diluted with TB medium supplemented with the antibiotics,
to an ODsoonm 0f 0.05. Cells were grown at 37°C while shaking and induced with 1 mM sterile-
filtered isopropyl-p-p-thiogalactopyranoside (IPTG) at ODgoonm between 0.8 and 1. After a
four-hour incubation at 37°C, the cells were harvested by centrifugation at 4000 x g for 15
minutes at 4°C. The cells were then washed with PBS, and the pellet was subsequently flash-
frozen in liquid nitrogen and stored at —80°C.

Purification of Saposin A

The purification was performed similarly to that described in (82). The frozen cell pellet
was thawed and resuspended with 5 ml/g of pellet with saposin lysis buffer (20 mM sodium
phosphate (Na-P; pH 7.5), 300 mM NaCl, 15 mM imidazole, 5% glycerol, 20 pg/ml DNase I,
5 mM MgClz, 1 mg/ml lysozyme, 5 pg/ml Leupeptin (Sigma-Aldrich), 1 pg/ml Pepstatin A, 24
png/ml Pefabloc SC). The cells were lysed by sonication for 9 minutes on ice with a Sonifier
250 (Branson) at a duty cycle of 50% and output 5, with a 5-minute cooldown for every 3
minutes of sonication. Cell debris and unlysed cells were removed by centrifugation at 4000
rpm (F14-14 % 50cy rotor; ThermoFisher) for 30 minutes at 4°C. The supernatant was collected
and incubated in a 75-80°C water bath for 10 minutes and subsequently centrifuged at 30,000
x g for 20 minutes at 4°C. The supernatant was subsequently incubated for 1 hour while rolling
at room temperature with Ni-NTA Superflow resin (Qiagen) (2 ml of resin for every 50 ml of
lysate), pre-equilibrated with saposin wash buffer 1 (20 mM Na-P (pH 7.5), 300 mM NacCl, 15
mM imidazole, 5% glycerol). After incubation, the mixture was distributed into empty PD-10
columns (Cytiva, 17-0435-01) to discard the flow-through by gravity flow. The resin was
washed with 15 CVs of saposin wash buffer 1, followed by 15 CVs of saposin wash buffer 2
(20 mM Na-P (pH 7.5), 300 mM NaCl, 30 mM imidazole, 5% glycerol). The protein was then
eluted with 5 CVs of saposin elution buffer (20 mM Na-P (pH 7.5), 150 mM NaCl, 400 mM
imidazole, 5% glycerol).




TEV protease was added to the eluate to remove the Hisgs-tag, which was then dialyzed
overnight at room temperature against 1 L saposin dialysis buffer (20 mM Na-P (pH 7.5), 300
mM NaCl, 15 mM imidazole, 5% glycerol) using a 3.5 kDa MWCO dialysis membrane. The
dialyzed protein was then applied to Ni-NTA resin pre-equilibrated with saposin dialysis
buffer, and incubated with the resin while rolling for 1 hour at 4°C. The mixture was then
transferred to an open gravity-flow column, and the flow-through containing the cleaved
protein was collected. The resin was next washed with 5 ml of saposin wash buffer 1, and the
wash flow-through was combined with the cleaved protein. The protein was then concentrated
to 5 ml with a 3000 MWCO Amicon Ultra-15 concentrator, and subsequently loaded to a
HiLoad 16/600 Superdex 75 pg column (Cytiva) pre-equilibrated with saposin gel filtration
buffer (20 mM HEPES (pH 7.5), 150 mM NaCl). The purified protein was immediately used
for reconstitution of HER2 into saposin A nanodiscs.

Reconstitution of HER2 in Saposin A nanodiscs

EggPC lipid was prepared as described above for HER2 reconstitution in MSP-based
nanodiscs. Chloroform-solubilized EggPC was placed in a glass tube under a nitrogen stream
to dry up the chloroform, forming a thin lipid film. Residual solvent was removed by placing
the tube under a vacuum overnight. After drying the lipid films, the EggPC was solubilized
with sodium cholate buffer to a 50 mM EggPC stock concentration.

Purified HER2, purified saposin A, and solubilized EggPC were then mixed to a final
HER2:saposin:lipid molar ratio of 1:18:216 with a final mixture volume of 100 pl, and

incubated for 1 hour at 4°C. Up to 10 x 100 pl reconstitution mixtures were prepared in
Eppendorf tubes. Biobeads (50% v/v) were then added to each of the Eppendorf tubes and
incubated for 16 hours at 4°C while mixing. The Biobeads were then removed, and the protein
samples were combined and centrifuged at 22,000 x g for 5 minutes at 4°C. The supernatant
was subsequently collected, loaded in 50 pl aliquots onto a Superose 6 Increase 5/150 GL pre-
equilibrated with saposin Superose buffer (40 mM HEPES (pH 7.5), 300 mM NaCl). Fractions
corresponding to the nanodisc-reconstituted receptor from each individual gel filtration run
were combined and concentrated to 0.4 mg/ml for subsequent cryo-EM analysis.

Full-length 3D model preparation

This model is merely meant as an indication about the likelihood of steric clashes and
should therefore not be interpreted beyond this. Since the connection between the
transmembrane region and the ECD is flexible, we have to consider a range of possibilities,
and therefore, the following approach was used. It should be noted that a modelling of the full
receptors with AlphaFold 3 does not properly account for the orientational and conformational
restrictions imposed by the membrane plane, necessitating this step-wise approach.

All residue numberings in this section correspond to the residue numbers in UniProt
P04626-1 for HER2 and UniProt P21860-1 for HER3. For the preparation of the predicted
model of the ligand-independent HER2-HER3 full-length heterodimer, HER2 residues 526-
1029 and HER3 residues 569-979 were predicted with the AlphaFold Multimer (83, 84)
software (v. 2.2.0). The C-terminal domain boundaries of HER2 and HER3 are the ends of the
folded kinase domains, reflecting the different lengths of the kinase domain sequences for both
receptors. The unstructured C-terminal tails were not included.




As the models will have uncertainty primarily in the flexible region that would link the
transmembrane domains to the ECD, we took the following approach. Only a portion of
subdomain IV of the extracellular domains, for both HER2 and HER3, were included in the
prediction of the C-terminal part. This prediction of the HER2-HER3 heterodimer was made
with an output of 25 predicted models. This run was repeated four times to observe consistency
for a total of 100 predicted models of the same sequence. Of the 100 predicted models, 94 did
not have reasonable orientations for what would be expected of an EGFR-family heterodimer,
while 6 appeared reasonable when compared to the orientations observed for the HER1
homodimer in the negative stain 2D classifications determined by Mi et al. (42). These six
models of the membrane and C-terminal part will be referred to as "AF1 models".

Our HER2 ECD structures of both the compact and extended conformations were
superimposed with PyMOL on AF1 models via HER2 residues 526-624. The tethered HER3
crystal structure (PDB ID: 4LEO) was superimposed on residues 569-630 of the AF1 models.
The Fab fragment bound to the HER3 in the PDB structure was removed. In all cases, there
were clashes not only between the HER2-bound TZB and the HER3 ECD, but also between
the HER2 ECD and the tethered HER3 ECD crystal structure. Additional AlphaFold structures
of HER2 residues 526-684 were therefore generated, to obtain different predictions of the
flexible linkage region. These models will be referred to as "AF2 models".

Each AF2 model was superimposed via the transmembrane domains on one AF1 model.
The compact and extended conformations of the HER2 ECD were superimposed on the AF2
models via residues 526-624. AF2 models, for which superposition of the HER2 ECD would
result in an ECD orientation that would potentially clash with the cell membrane, or clash with
the tethered HER3 ECD, were discarded. The AF2 model which did not result in HER2 ECD
clashes with the tethered HER3 ECD was retained (Fig. S7C & S8C).

The HER2 flexible region on the AF1 model was then flexibly adjusted in PyMOL to
approximately fit the newly predicted AF2 flexible region. As a quality check of the remaining
predicted regions of the AF1 model, the crystal structure of the HER3-HER1 kinase
heterodimer (PDB ID: 4RIW (835)), the crystal structure of the HER2 kinase domain (PDB ID:
3PPO0 (33)), the NMR structure of the HER3 transmembrane domain (PDB ID: 2L9U (86)),
and the NMR structure of the HER2 transmembrane domain (PDB ID: 2KS1 (87)), were
superimposed on the AF1 model, and the resulting RMSDs were noted to be 0.638, 0.581,
1.576, and 1.807 respectively. To simplify the model, all superimposed structures, including
the AF2 model, were removed, and the HER2 compact and extended ECD structures were
superimposed once more on the AF1 model, with its adjusted HER2 flexible linkage, and
RMSD values of 1.212 and 2.141 respectively. The final schematic model of the ligand-
independent HER2-HER3 heterodimer was visualized in UCSF ChimeraX (88) to produce Fig.
S7E & S8E.
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Figure S1.

HER2 construct: SEC and LDS-PAGE. (A) Design of the expressed and purified HER2
construct. (B) Preparative SEC profile of the purified HER2-TZB complex with the collected
fraction indicated by the red bar. (C) Silver-stained LDS-PAGE gel of the HER2-TZB complex
collected after SEC.
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Comprehensive workflow for cryo-EM data processing of HER2-TZB dataset showing
the extended and compact HER2 conformations in complex with TZB. (A) (Left panel)



Representative cryo-EM micrograph of the HER2-TZB preparation. Scale bar: 20 nm. (Right
panel) Gallery of 2D averages showing distinct secondary structure features from different
views of the complex. Densities of HER2 ECD and TZB Fab are marked for a few of them.
Scale bar: 100 A. (Bottom panel) Output 3D classes after several rounds of 3D classifications
and 3D consensus (see Methods). TZB has been colored in light brown to facilitate its
identification in the density maps. The number of particles and resolution in A (bold) are
indicated below each class. Dashed outline around the ECD head in the extended (gray) and
compact (purple) classes indicates the boundaries of the mask used for focused refinement in
downstream steps. (B) Sharpened volume showing the extended conformation of HER2-TZB
after focused refinement on the ECD head. (C) Sharpened volume of the compact HER2-TZB
after increasing the number of particles of this conformation, followed by focused refinement
on the ECD head. Subdomains are colored as in Fig. 1.
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Workflow for cryo-EM data processing of HER?2 in the absence of trastuzumab (Apo
dataset). (A) (Left panel) Representative cryo-EM micrograph of the HER2 preparation. Scale
bar: 20 nm. (Right panel) Representative 2D averages showing distinct secondary structure



features from different views of the complex. Scale bar: 100 A. (Bottom panel) The 10 top 3D
classes obtained after several rounds of 3D classifications and 3D consensus are shown (see
Methods). Doubtful classes potentially compatible (although at worse resolution) with a
compact conformation of the receptor without TZB are displayed inside dashed squares. (B)
Table with correlation coefficients between maps of the extended and compact ECDs from Fig.
1B, C with each of the output classes. For each pair, the highest value is highlighted in green,
and always correspond to the extended conformation. Yellow cells indicate similar correlation
values (difference < 0.05). (C) Sharpened volume after focused refinement on the ECD head,
after SPA of the Apo dataset. Subdomains are colored as in Fig. 1.
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Figure S4.
Validation metrics for the extHER2-TZB, compHER2-TZB and Apo HER2 ECD head

reconstructions. Panels in the same column correspond to the same reconstructed map. From



left to right: extHER2-TZB, compHER2-TZB (both from the TZB dataset) and the
reconstruction from the Apo dataset. (A) Gold-standard Fourier Shell Correlation plots indicate
the nominal resolution of each reconstruction. The horizontal dashed line highlights the
correlation threshold at 0.143. (B) Local resolution maps. Sharpened maps were colored
according to local resolution values calculated over half maps. (C) Particle distribution plots
showing angular assignment after local refinement masking the ECD head. Note that extHER2-
TZB and compHER2-TZB display similar distribution plots, as both reconstructions derive
from the same dataset, distinct from that of the Apo reconstruction. (D) Directional resolution
plots. Polar coordinates color plots display the resolution measured (in A) for each direction.
The Apo reconstruction shows a more uniform distribution, while for TZB-bound
reconstructions the resolution ranges from 3 to 8 A in certain directions. (E) 3D-Fourier Shell
Correlation. Orthogonal slices in x, y and z axis of the 3D-FSC volume shows how the
correlation between half maps decreases depending on the direction evaluated. Slices are
colored according to the correlation value. (F) Fourier Shell Occupancy (FSO). FSO plots
measure the fraction (occupancy) of all directions examined where the FSC is above an
established threshold at a given resolution. At low resolution shells, FSO = 1, which means
that the directional FSCs in all directions are above the threshold, so the map is fully isotropic
at that spatial frequency. The green band is the anisotropy transition zone, where the fraction
of directional FSCs above the threshold starts to fall, namely, the map gradually becomes
anisotropic as the resolution increases. The start and end of this zone is set at resolutions where
FSO = 0.9 and 0.1, respectively (inset and grey dashed lines). The resolution at FSO = 0.5
matches that reported by the FSC. Black dashed line in compHER2-TZB at FSO = 0.75 marks
the maximum resolution considered for map depiction and modelling.



Figure S5.

Cryo-EM density maps of near full-length HER2 reconstituted in nanodiscs in the
absence of TZB. (A) High-resolution cryo-EM map of the ECD of the near-full length HER2
reconstituted in a Saposin A-based nanodisc. In teal, the fitted HER2 ECD crystal structure
(IN8Z). (B) Same reconstruction at lower contour level. The red arrow points to the unresolved
density presumed to correspond to the HER2 transmembrane and kinase domains. (C)
Representative 2D averages of the near-full length HER2 sample reconstituted in Saposin A-
based nanodiscs. Red arrows point to the blurry density presumed to correspond to the HER2
transmembrane and kinase domains. (D) Low-resolution cryo-EM map of near-full length
HER?2 reconstituted in a Saposin A-based nanodisc. (E) Low-resolution cryo-EM map of near-
full length HER2 reconstituted in a MSP-based nanodisc with manually fitted atomic models.
Blue, HER2 ECD crystal structure (1N8Z). Green, HER2 transmembrane domain NMR
structure (2N2A). Violet, HER2 kinase domain crystal structure (3PPO0).
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average Q-score. Ribbon depictions of models in front, side and top views, respectively. Each
residue is colored based on its resolution value derived from the per-residue Q-score (see
Methods for more details), reflecting the resolution at which a given region of the
reconstruction should be interpreted. Residues with negative Q-score values, which cannot be
converted into a meaningful resolution value, are colored in pink. (B) Model bias validation
for the TZB dataset, affected by certain preferred orientations. The starting reference (i.e. a
compHER2-TZB or an extHER2-TZB map) was low-pass filtered to 25 A and refined against
either the particle stack of the same or the opposite conformation. When refined against
particles of the same conformation as the starting volume, the starting volume was reproduced.
When refined against the opposite particle stack, the conformation of the resulting map matches
that of the particle stack. Next, the same model of HER2 ECD (from PDB 5MY 6) was refined
against each of the four maps. Models coming from maps that shared the same starting
reference were aligned on subdomain III to calculate the RMSD, as in Fig. 3, to compare
between each extended and compact pairs. Values for each pair were 3.038 (starting map:
extended) and 3.341 (starting map: compact), similar to the value computed in Fig. 3B (3.124).
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Figure S7.
Model of the TZB-induced inhibition of a HER2-HER3 ligand-independent heterodimer

for the tethered HER3 conformation and the extended HER2 conformation. This model
is merely meant as an indication about the likelihood of steric clashes and should therefore not
be interpreted beyond this. (A) AlphaFold Multimer model of the HER2-HER3 heterodimer,
with HER3 and HER?2 in tethered and extended conformations, respectively. The model was
built using HER2 residues 526-1029 and HER3 residues 569-979. The C-terminal tails and
most of the ECD of both receptors were excluded from the input used for the model. (B)
Superposition of the tethered HER3 ECD (PDB 4LEO, in pink) via subdomain IV onto the
predicted structure, resulting in an RMSD of 0.770 A. (C) Superposition of the extended HER2
ECD (in blue) without TZB via subdomain IV onto the predicted structure, resulting in an

RMSD of 1.212 A.



(D) Superposition of the extended ECD HER2-TZB complex (TZB in green) via subdomain
IV onto the predicted structure, resulting in an RMSD of 1.212 A. (E) Representation of the
model on a schematic membrane surface. As in (C), no steric clashes are observed between
HER3 and HER2 in the absence of TZB. On the other hand, steric clashes occur between
HER2-bound TZB and the tethered HER3 ECD structure.
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Figure S8.

Model of the TZB-induced inhibition of a HER2-HER3 ligand-independent heterodimer
for the tethered HER3 conformation and the compact HER2 conformation. This model is
merely meant as an indication about the likelihood of steric clashes and should therefore not
be interpreted beyond this. (A) AlphaFold Multimer model of the HER2-HER3 heterodimer,
with HER3 and HER2 in tethered and compact conformations, respectively. The model was
built using HER2 residues 526-1029 and HER3 residues 569-979. The C-terminal tails and
most of the ECD of both receptors were excluded from the input used for the model prediction.
(B) Superposition of the tethered HER3 ECD (PDB 4LEO, in pink) via subdomain I'V onto the
predicted structure, resulting in an RMSD of 0.770 A. (C) Superposition of the compact HER2



ECD (in olive green) without TZB via subdomain IV onto the predicted structure, resulting in
an RMSD of 2.141 A. (D) Superposition of the compact ECD HER2-TZB complex (TZB in
green) via subdomain IV onto the predicted structure, resulting in an RMSD of 2.141 A. (E)
Representation of the model on a schematic membrane surface. As in (C), no steric clashes are
observed between HER3 and HER?2 in the absence of TZB. On the other hand, steric clashes
occur between HER2-bound TZB and the tethered HER3 ECD structure.
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Structural comparison of extended and compact models of this study with other
structures of the EGFR family members. All HER structures were aligned on subdomain I,
taking the HER2 model from the HER2-HER3-NRG1f (PDB: 7MNY) as reference. Following
a similar convention as in (30), the relative rotation between subdomains III in different models
was calculated by measuring the angle between axes fitted along the longitudinal direction of
each subdomain III. Such axis are also displayed for better visualization of the conformational
change. Subdomain II and binding partners were omitted for clarity. Ligands are represented
as semitransparent surfaces. For each structure, the model being shown is colored to match the
color in the name above. (A) Relative rotation of subdomain III in several HER2 structures,
including those from the present work. (B) Several degrees of opening of the dimerization arm-
binding pocket in HER structures as a function of the ligand wedging state proposed in (30).
Structures are grouped according to the ligand state. From left to right: Fully wedged (HER4,
HER3 and HER1 from a symmetrical homodimer), partially wedged (HER1 from an
asymmetrical homodimer) and not wedged (HER2 from heterodimer). The rightmost panel
features compHER2-TZB. (C) Interdomain distance in A between centroids of subdomains I



and III measured on the HER structures shown in (A) and (B). Colors indicate the experimental
technique to obtain the structures. Vertical dashed line was added to separate measurements on
HER?2 from other EGFRs.



Movie S1.
Morphing between extHER2-TZB and compHER2-TZB models. Each subdomain is
colored as in Fig. 1.
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