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Structural analysis of HER2-trastuzumab complex
reveals receptor conformational adaptation

Santiago Vacca't, Marcos Gragera21', Alejandro Buschiazzo®*, David Herreros?, James M. Kriegerz,
Santiago Bonn-Garcia', Roberto Melero?, Carlos OS. Sorzano?, Jose M. Carazo>*,

Ohad Medalia'*, Andreas Pliickthun*

Human epidermal growth factor receptor-2 (HER2) is a receptor tyrosine kinase, associated with a variety of ma-
lignant tumors, usually through overexpression, resulting in aberrant signaling. Trastuzumab (TZB), one of the
monoclonal antibodies (mAbs) used in combination with chemotherapy, has become a major therapeutic for
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HER2-overexpressing cancers. Current structural understanding of HER2 and its interactions with other receptors
and with different affinity agents has relied on numerous structures of individual domains of HER2. Here, we sub-
jected purified near full-length HER2 to single-particle cryo-electron microscopy (cryo-EM) analysis. Besides the
canonical conformation described in previous structural studies, we report a previously unreported conformation
of the HER2 extracellular domain that is stabilized upon TZB binding, which might hamper association with HER3,
a receptor with which HER2 forms an oncogenic unit. Together, our findings provide insights into the conforma-
tional dynamics of the HER2 receptor and the mechanism of action of TZB.

INTRODUCTION

Epidermal growth factor receptors (EGFRs) have been thoroughly
studied for their involvement in the development of various human
tumors. They belong to subclass I of the superfamily of receptor ty-
rosine kinases, consisting of four members. These include the hu-
man epidermal growth factor receptor-1 (HER1 or EGFR/ErbB1),
HER2 (ErbB2/neu), HER3 (ErbB3), and HER4 (ErbB4), all of which
are involved in a complex regulation network that modulates cell
growth, differentiation, migration, and survival (1, 2). Ligand bind-
ing is typically required for dimerization and subsequent downstream
signaling of these receptors, except for HER2.

HER2 is an exception among the EGFR family, as it is the only
member with no natural known ligand. Extensive crystallographic
and molecular dynamics data have shown that HER2 folds into a
constitutively active extended conformation, in contrast to the other
EGFR family members (2-4). Direct interactions between subdo-
mains I and III, which are necessary to maintain this extended con-
formation in HER?2, were revealed in the crystal structure (5). An
absence of interactions between subdomains II and IV, which are
required for the receptor to adopt a tethered conformation (5), was
also observed. By being always poised for dimerization, and not it-
self being regulated by ligands, HER2 becomes the preferred het-
erodimerization partner for all EGFR family members (6).

Set apart from other EGFR family members, HER2 has garnered
substantial pharmacological interest. Overexpression of HER2 has
been implicated in the development and progression of tumor cells
and is commonly associated with aggressive forms of breast and gas-
tric cancers (7, 8). HER2 has therefore been recognized as a prime
candidate for tumor-targeting therapeutics, since ~20 to 30% of
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breast cancers and ~20% of gastric cancers exhibit HER2 overex-
pression, usually correlated with rapid disease progression and poor
survival (9-12). Over the past few decades, small-molecule tyrosine
kinase inhibitors (13-15) and humanized monoclonal antibodies
(mAbs) (9, 16) have been developed to target HER2-overexpressing
cells. While kinase inhibitors have resulted in low clinical efficacies
during clinical trials (17-19), anti-HER2 mAbs have become an in-
tegral part of the standard of care for HER2-positive breast cancers.
Combined therapies of mAbs with chemotherapy have turned out to
be more efficacious in treating HER2-positive breast cancer (20-22),
and HER2-directed antibody-drug conjugates (ADC) have been added
to the armamentarium of treatments (23).

The mAbs bind to the HER2 extracellular domain (ECD), inhib-
iting dimerization with HER3, a binding partner for HER2-driven
tumorigenesis, under certain circumstances. In particular, pertu-
zumab (PZB) blocks the HER2-HER3 dimerization interface, while
trastuzumab (TZB) binds to subdomain IV and disrupts the heterodi-
mer in the absence of a ligand for HER3 (20, 24-30). The HER2-HER3
dimer functions as an oncogenic unit, where overexpressed HER2
(which, as mentioned, has no natural ligand) phosphorylates HER3,
whose kinase is nearly devoid of activity (26). Current structural
knowledge about HER2 and its interactions with specific therapeu-
tic agents is derived from numerous studies with individual HER2
domains, notably the ECD, transmembrane region, and kinase do-
main (5, 31-36). A single study (30) has investigated the heterodi-
merization of HER2 with HER3 in the presence and absence of the
major therapeutic mAbs, using near full-length constructs, but only
the ECDs were resolved. The dimerization arm, located in subdo-
main I, is a major interface for dimerization in the EGFR family.
Except for HER?2, the dimerization arm of other EGFR family mem-
bers is only made accessible in a stable form when a receptor is bound
to a cognate ligand, although some structural fluctuations have been
hypothesized in the absence of ligand (37). Therefore, stable receptor
heterodimerization is normally only possible in the presence of a li-
gand, such as neuregulin-1p (NRG1) (30).

However, upon overexpression of HER2, and in the absence of
ligands, it has been shown that one of the main therapeutic mAbs,
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TZB, can inhibit phosphorylation of HER3 and, by implication, the
formation of the oncogenic unit (38). It has therefore been suggest-
ed that TZB may disrupt the formation of an unliganded HER2-
HER3 dimer (38), although the structural details were unknown. In
the presence of a ligand, however, TZB loses this ability to prevent
HER3 phosphorylation, consistent with the finding of a liganded
HER2-HER3-TZB structure (30). The gap of knowledge in the
structural influence of this mAb on HER2 motivated us to investi-
gate the structure of near full-length complexes of HER2 in the ab-
sence and presence of TZB.

Several structures of the HER2 ECD in complex with the Fab
fragment of TZB, which binds to the ECD subdomain IV, have been
previously published, all of which report a similar conformation of
the HER2 ECD (5, 30, 31, 39). In the present study, we purified
amphipol-reconstituted near full-length HER2, either alone or bound
to full-length TZB, and analyzed them using cryo-electron micros-
copy (cryo-EM). The use of full-length proteins both for TZB and
HER?2 would potentially mimic the therapeutic interactions between
the antibody and the receptor more closely than if only the Fab frag-
ment or the ECD was used. Datasets of HER2 alone and in complex
with TZB were then subjected to single-particle analysis (SPA). In
the absence of the antibody, we obtained a conformation of HER2
similar to all previous studies. However, when analyzing HER2 bound
to TZB, we identified a highly populated class distinct from the re-
ported ones, with a “compact” conformation of the HER2 ECD head.
We focused our structural analysis on this region because it harbors
the dimerization arm-binding pocket, while the relative flexibility be-
tween the ECD head and subdomain IV-TZB limited the overall
resolution of the HER2 ECD-TZB complex. The compact conforma-
tion is primarily characterized by a narrowing of the dimerization arm-
binding pocket due to the approach of subdomains I and III, and it
was not observed in the absence of the antibody. In this context, we
propose that this pocket becomes so constricted that it would pre-
vent a potential dimerization arm from another EGFR from bind-
ing. This result contributes to our current understanding of HER2
dynamics and the different mechanisms by which the widely used
mADb TZB exerts its anticancer effect (40).

RESULTS

Structure determination of two conformations of the
HER2-TZB complex

An engineered version of near full-length HER2 was used for the
expression and purification of milligram amounts of the receptor.
This construct carries a C-terminal truncation (A1008-1233) of the
receptor to avoid the unstructured tail. Analogously to the HER1
construct used by Mi et al. (41, 42), three point mutations were in-
troduced in the kinase domain to replace surface cysteines with ser-
ines, to prevent disulfide bond formation: C789S, C805S, and C965S
(fig. S1A). The purified HER2 was reconstituted into amphipols and
studied by cryo-EM SPA both in the apo form and complexed with
full-length TZB (fig. S1, B and C).

After several rounds of two-dimensional (2D) and 3D classifica-
tions, combined with 3D class consensus (43), several 3D density
maps of the ECD of HER2 in complex with TZB were obtained
(“TZB” dataset; Fig. 1, A and B, and fig. S2A). In the case of the TZB
complex, only its Fab fragment was well resolved. In these maps, the
ECD head of HER2 (composed of subdomains I-II-IIT) exhibited
several degrees of bending with respect to the remaining complex,
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Fig. 1. Cryo-EM data processing of HER2-TZB dataset showing the extended
and compact HER2 conformations in complex with TZB. (A) Representative 2D
averages showing distinct secondary structure features of different views of the
complex. Densities corresponding to the HER2 ECD or the Fab portion of TZB are
labeled. Scale bar, 100 A. (B) Top: Detail of two 3D classes representing two distinct
conformations of the ECD in the HER2-TZB complex: extended (gray) and compact
(purple). Dashed outline around the ECD head indicates the boundaries of the
mask used for focused refinement in downstream steps. Density of TZB Fab is col-
ored in light brown. For a more detailed workflow, refer to fig. S2. Bottom: 2D aver-
ages with particles (ptcls) filtered by angular assignment, such that only projections
of “front views” were used in the average for each subset of particles. (C) Sharpened
volume showing the extended conformation of HER2-TZB after focused refinement
on the ECD head. (D) Sharpened volume of the compact HER2-TZB after increasing
the number of particles of this conformation, followed by focused refinement on
the ECD head. For clarity, density maps of the ECDs display subdomains in different
colors. Subdomain I: From residues T23 to L215; subdomain 11: T216 to C338; subdo-
main Ill: A339 to P500; subdomain IV: E501 to N629. Below each map, a collection of
2D averages of the ECD head after subtraction of the subdomain IV and TZB signal
from each subset of particles, showing the average length of the ECD head (the
measured distance is indicated with arrows). Scale bars, 50 A.

namely, the subdomain IV of HER2 and the bound Fab region of
TZB. This indicated a flexibility of the arrangement mediated by do-
main IV, a fact that has also been observed in previous studies with
HER?2 and other HERs using cryo-EM (39, 44) and is therefore not
per se unexpected.

However, in the TZB complex, the ECD head itself also seemed
to present a varying degree of compaction among the 3D classes.
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This is especially noticeable when comparing the class shown in
gray in Fig. 1B, which presented an ECD head resembling the ones
found in previous studies (5, 31), with the one in purple, with the
ECD head in a more compact structure. Differences between con-
formations were also present at the level of 2D classes, where both
the height of the complex and of the ECD head in particular were
shorter in the subset from the purple class, as shown in the 2D aver-
ages at the bottom of Fig. 1B.

Motivated by this qualitative observation, we decided to focus our
image analysis and, consequently, alignment and map reconstruc-
tion efforts specifically on the ECD head, aiming at detecting more
precisely potential changes in this region that harbors the dimeriza-
tion arm-binding pocket. For terminology, we will refer to the gray
class as the “extended class,” to maintain the nomenclature given to
HER2 ECD in previous studies where it adopted a similar confor-
mation as other members of the EGFR family (30, 45) and to the
purple one as the “compact class.”

To improve the density map of this putative compact conforma-
tion, template- and deep learning-based picking strategies, followed
by extensive 3D classification, were combined to optimize the pick-
ing of receptor particles belonging to this conformation, going from
50,497 to 91,370 particles. Next, local refinement with a mask fo-
cused on the ECD head improved global resolution from 3.7 to 3.6 A
in the extended class and from 4.1 to 3.8 A in the compact one (Fig. 1,
Cand D, and fig. 52, B and C) but at the expense of the resolution in
the remaining part of the complex. This behavior implies that, de-
spite the attempts to obtain homogeneous particle subsets via 3D
classification, the relative movement between the ECD head and
TZB (both connected by HER2 subdomain IV) prevents one from
obtaining a better resolution across the complete 3D map. As antici-
pated from the 2D classes of the HER2-TZB complex, differences at
the level of ECD alone can be appreciated with more detail after
subtraction of the signal from subdomain IV-TZB (Fig. 1, C and D;
average length: 60.3 versus 54.4 A).

At this point, we turned to the study of the HER2 Apo structure,
i.e., without TZB bound (“Apo” dataset), where we followed a simi-
lar processing pipeline as for the TZB dataset (fig. S3A). Next, the
output Apo maps were then compared through correlation analysis
of their head domains with the classes that were obtained in our
previous analysis of the complex HER2-TZB [from Fig. 1 (C and D);
correlations in fig. S3B]. In the Apo case, all maps presented a high-
er correlation with the extended conformation found in the HER2-
TZB complex, clearly indicating that the Apo form was more similar
to this extended conformation than to the compact one. Further-
more, in the final map of the Apo dataset (fig. S3C), the correlation
with the map of the extended conformation was substantially higher
than the correlation with the map of the compact conformation (0.830
versus 0.648).

Therefore, we conclude that the compact conformation of HER2
ECD could not be reliably found in a separate cryo-EM dataset of
full-length HER2 in the absence of TZB, when a SPA procedure
similar to that of the HER2-TZB dataset was applied. This finding
therefore suggests that TZB induces, or at least stabilizes, the com-
pact conformation. A comparison of the final Apo and TZB-bound
extended and compact maps, as well as an extensive set of validation
metrics, is shown in fig. S4.

It is important to note that validation metrics relative to map an-
isotropy demonstrate that the resolution is not uniform in all direc-
tions (fig. S4D), a common issue in cryo-EM when the particle
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distribution is not even throughout the ice layer. This effect is more
visible in the two reconstructions from the TZB dataset with direc-
tions where the resolution drops up to 8 A in the case of the compact
reconstruction. Accordingly, we acknowledge that the 3D-FSC drops
more abruptly in certain directions compared to the Apo dataset
(fig. S4E). This behavior suggests that the addition of TZB has an ef-
fect on the particle orientation distribution, especially for the compact
map. If anisotropy is strong, it might negatively affect data interpret-
ability and particle alignment (an additional validation for the latter
issue is presented in the next section). To prevent this, the compact
map shown in Fig. 1D and fig. S2C was low-pass-filtered at 4.5 A.
We selected this value based on its Fourier shell occupancy (FSO)
(fig. S4F) (46). This plot assesses the resolution at which a cryo-EM
map starts becoming anisotropic. An FSO = 1 means that the map
contains information in all directions at that resolution. In turn, as
the FSO drops, the anisotropy of a map increases. At 4.5 A, the FSO
of the compact map is 0.75, which means that at this resolution, in
at least 75% of orientations, the directional FSC is above the gold
standard threshold of 0.143. Consequently, we also set this limit for
downstream modeling (see Materials and Methods for more details).

All the analyses presented so far in this work are restricted to the
HER2 ECD, despite working with the full-length protein. Beyond
the ECD, flexibility in the juxtamembrane region of HER2 hindered
the reconstruction of the full-length protein, which could only be re-
solved at low resolution, whether in amphipols or in nanodiscs (fig. S5).
This outcome aligns with previous structural studies of EGFR family
members (30, 44) and cryo-EM structures of the insulin receptor
and type 1 insulin-like growth factor receptor (47-49).

Structural differences between the compact and

extended structures

To describe this previously unreported conformation in more detail
and to compare it with already reported ones, atomic models of HER2
ECD were fitted and refined into both the extended and compact
cryo-EM density maps from the TZB dataset (denoted “extHER2-
TZB” and “compHER2-TZB” models from now on, respectively) and
in the map derived from the complete Apo dataset (Apo model).

The three models obtained in the present study (Apo, extHER2-
TZB, and compHER2-TZB; Table 1 and fig. S6A) were then com-
pared with a set of other HER2 models already present in the Protein
Data Bank (PDB), coming from both x-ray and cryo-EM studies.
We find that virtually all structures are within 2-A root mean square
deviation (RMSD) from the Apo model (Fig. 2A) but with the clear
exception of compHER2-TZB (RMSD >3.5 A). Furthermore, when
we measure the interdomain distance between centroids of subdo-
mains I and III, compHER2-TZB also stands out as clearly different,
presenting a substantially more compact structure (Fig. 2B).

A more detailed structural comparison is provided in Fig. 3. The
models of Apo and extHER2-TZB can be superimposed with an
RMSD of 1.102 A (Fig. 3A), whereas the superposition of Apo or
extHER2-TZB with compHER2-TZB produces an RMSD >3 A. In
general terms, we note that subdomain I and the upper half of sub-
domain II flex as a rigid body by around 15° toward the lower half
of subdomain IT and subdomain III in the compact conformation
(Fig. 3B). This concerted movement does not affect all subdomains
to the same extent. Specifically, subdomain II is the one showing the
largest conformational change (RMSD = 2.972), followed by subdo-
main I (1.476) and, lastly, the subdomain III (1.331), which remains
almost unchanged (Fig. 3C and movie S1).
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Table 1. Cryo-EM processing and modeling statistics.

HER2 Apo

extHER2-TZB compHER2-TZB

PDB ID: 9QBH

PDB ID: 9QBG PDB ID: 9QBF

Data collection

Microscope

Detector

Energy filter slit width ev) G ———
Magnification 130’000 """""""""""""""
Voltage (V) e

Electron exposure (e /A%)

Defocus range (um)
Pixel size (A)

Symmetry imposed

Number of micrographs

Initial particle images (no.) 5,437,963
Final particle images (no.) 364,430
Map resolution (A) 3.8

FSC threshold

Sharpening B-factor (A?) —172.59

e

L
All (hydrogens) 7,687 (3,769) """""""""""""""""

Protein residues o8
Ligand (sugars) s 0 .

Model validation mmmmmmmm————" sy
CC (mask) map versus model (%) 077 ~~~~~~~~~~~~~~~~~~~~~~~~~~

CC (box) map versus model (%)
RMSD

Bond lengths (A)

Bond angles (°)

Ramachandran statistics

Favored regions (%)

Allowed regions (%) 1.20

Out]iers (%) """"""""""""""""""""""""""""" 0 ...............................
Rotamer outliers (%) """"""""""""""""""""""""""""""""""" 0 ...............................
Cheta outiiers ()
Clashscore

MolProbity overall score

The refined cryo-EM map allowed us to model the interface be-
tween subdomains I, II, and III reliably at the subdomain level. The
models show that the aperture of the dimerization arm-binding pocket
is different in the two conformations. The magnitude of the confor-
mational change is appreciated when comparing the Ca-Ca atom
distances between pairs of amino acids located in opposite subdo-
mains (Fig. 3, D and E). Residues that are well resolved in the cryo-EM
maps were chosen as reference points. In this way, the interatomic dis-
tances between Q81 and T105 (both in subdomain I) to residues
T312 and L313 (both in subdomain II) decrease from 13.7 and 15.0
to 11.3 and 10.7 A, respectively. An even larger change is observed
between Q106 (subdomain I) and R351 (subdomain III), where the
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Titan Krios G3i Titan Krios G3i

Gatan K3 Gatan K3
""""""""""""" 20 20
""""""""""""" 130,000 130,000
300 0
723 723
0824 0824
0es1 0651
1 a
19,196 19,196
4,207,722 4207722
""""""""""""" 77,784 91,370
""""""""""""" 36 38
0.143 0143
~104.54 12310
""""""""""""" 76873769 7,631 (3,738)
508 so4
0 o
""""""""""""" 0.74 0.65
0.85 080
0.021 0024
1804 2083
97.41 9578
259 422
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ : :
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ : :
0 022
143 4.06
0.99 148

distance decreases from 16.1 A in the extended conformation to 9.1 A
in the compact form.

Last, a validation experiment was conducted to discard a potential
model bias during map refinement. Low-pass—filtered versions of the
extended or compact HER2 ECD maps were refined against the ex-
tended or the compact particle stack, as depicted in fig. S6B. Models
from the output maps were compared, obtaining differences in
RMSD of the same magnitude as in Fig. 3B, which implies that the
structural information relative to the differences in conformation is
contained in the experimental particle stack used for map refinement.

In summary, in the compact conformation, a narrowing of the
dimerization arm-binding pocket occurs. This change is mediated
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Fig. 2. Comparison of HER2 ECD models from this study with other HER2 models available in the PDB. (A) RMSD of models of HER2 available in PDB. As reference,
we used the Apo model obtained from the Apo dataset in the present study (Fig. 3A). Only distances between pairs of Ca atoms were considered for RMSD calculation.
(B) Interdomain distance in angstrom between centroids of subdomains | and Ill measured on models of HER2 available in the PDB and compared with those of the pres-
ent work. The different models are identified with their PDB accession numbers. Colors indicate the experimental technique used to obtain the structures.

by the subdomain II, which bends such that its upper part and the
whole subdomain I approach the subdomain III. This finding chal-
lenges the notion of the rigidity of the HER2 ECD while unveiling a
previously undescribed effect of TZB on the ECD. This partial clo-
sure of the HER2 arm-binding pocket could hinder the ability of the
HER3 dimerization arm to dock into it, potentially inhibiting the for-
mation of the oncogenic unit.

Structural predictions of the inhibitory effects of TZB on
HER2-HER3 heterodimerization

HER?2 is known to form heterodimers with other EGFR family
members, such as HER3 or HERI (1), so we next explored how this
compact conformation could affect the different heterodimer spe-
cies that HER2 is able to form with HER3. TZB does not eliminate
heterodimerization in the presence of a HER3 ligand (38, 50). An
atomic model of ligand-bound heterodimer in complex with TZB
was obtained with cryo-EM recently (30), where HER2 displays an
extended conformation. For ligand-independent heterodimeriza-
tion, however, TZB shows an inhibitory effect on HER3 phosphory-
lation (35, 38, 50-52).

For these reasons, we explored whether a compact conformation
of the HER2 ECD could engage in dimerization with a ligand-bound
HER3. For that purpose, we used the experimental structure of
HER2-HER3-NRG18-TZB (30). The subdomain II of our compact
structure was superimposed onto its equivalent in the HER2-HER3
heterodimer (Fig. 4A), mimicking the dimerization interface. In ad-
dition, unlike the structure with the extended conformation of HER2,
numerous steric clashes are predicted to occur between the HER3

Vacca et al., Sci. Adv. 11, eadu9945 (2025) 25 July 2025

dimerization arm and the entrance of the HER2 dimerization arm-
binding pocket (Fig. 4B). This suggests that the compact conforma-
tion of HER2, which is only found in complex with TZB, would
hamper heterodimer formation with a liganded conformation of
HER3. We describe the implications of an unliganded complex in
the Discussion.

In the absence of ligand, HER3 predominantly adopts a tethered
conformation, in which subdomain II bends toward subdomain IV
in an autoinhibited configuration. Since there is no experimental
report of a ligand-independent heterodimer structure, a model of a
HER2-HER3 heterodimer was predicted using AlphaFold Multimer.
Of the several predicted models, the one that exhibited the most
reasonable monomer orientations within the dimer was selected
(figs. S7A and S8A). We made this assessment based on 2D classifi-
cations of negatively stained EM images of the HER1 homodimer,
where the orientations of the kinase domains are observed (42). The
tethered HER3 ECD crystal structure (PDB 4LEO) and both of our
HER?2 cryo-EM structures (extended and compact) were then su-
perimposed onto the AlphaFold Multimer-predicted structure
(figs. S7, B to D, and S8, B to D). In the absence of TZB, no steric
clashes between HER2 and HER3 were observed (figs. S7, C and E,
and S8, C and E). However, in the presence of TZB, the two models,
containing either the extended or the compact HER2 ECD, show
considerable clashes between the TZB moiety and the tethered
form of HER3 (figs. S7, D and E, and S8, D and E), anticipating
a steric hindrance in the HER2-HER3 association when HER3
adopts its tethered conformation, regardless of the conformation of
HER2 ECD.
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Fig. 3. Comparison of atomic models of the two conformations of the HER2-TZB complex. (A) Overlay of backbones of atomic models of Apo and extHER2 ECDs. For
RMSD, the Apo model was used as a reference. (B) Overlay of backbones of atomic models of extended and compact TZB-bound HER2 ECDs, aligned on subdomain Ill.
Left: Front view. Right: Side view (subdomain Il is hidden for clarity). For RMSD, either the Apo or the extHER2 model was used as a reference, as indicated by the subscript.
(C€) Comparison of individual subdomains of extHER2-TZB and compHER2-TZB. Insets show the subdomain being compared and the direction of view. Left: Subdomain
I. Middle: Subdomain II. Right: Subdomain Ill. For RMSD, the extHER2-TZB model was used as a reference. (D and E). Ca-Ca distance between pairs of selected residues from
subdomains |, Il, and Ill at the crevice in the extended and compact models, respectively.

DISCUSSION
HER2 ECD exhibits conformational variability upon
TZB binding
The present work explores the influence of TZB (the full antibody) on
the ECD head of monomeric HER2 using a near full-length construct
(instead of the ECD only) in solution by cryo-EM. In particular, it focuses
on the flexibility of the ECD head (composed of subdomains I to III).
This is not the first time that flexibility of the HER2 receptor
(Apo or TZB bound) has been addressed, either experimentally or
with molecular dynamics (37, 39, 53), although all previous studies
were using constructs of the ECD only. However, these studies have
focused their research on characterizing the flexibility of the TZB-
bound subdomain IV relative to the ECD head via a hinge move-
ment at the interface of subdomains III and IV (39). Other authors
have even suggested contacts between the Fab and subdomains II
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and IIT in molecular dynamic simulations (37, 54). In line with these
findings, we observed a similar behavior in SPA, where the subdo-
main IV oscillates from an almost perpendicular position with re-
spect to the ECD head to a totally bent pose, with TZB apparently in
contact with the ECD head (fig. S1A, right).

However, the potential rearrangements occurring within the ECD
head upon TZB binding, which could affect the dimerization arm-
binding pocket, had not been deeply explored so far. In this work, we
present three structures of HER2 ECD, two of them are very similar
to those already described (Apo and extHER2-TZB; fig. S3C and
Fig. 1C) and a so far unobserved one, where the ECD head undergoes
a compaction that moves subdomain I closer to subdomain III, medi-
ated by the subdomain II (Fig. 1D). Molecular dynamic simulations
conducted by Fuentes et al. (54) with HER2-TZB complex reported
that fluctuations in subdomain II increase when TZB binds.
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A HER2-HER3-NRG1B
(from 7MN8)

extHER2-TZB compHER2-TZB

Fig. 4. Superposition of the monomeric compact and extended conformations
of the HER2 ECD-TZB complex on the cryo-EM HER2-HER3-NRG1f-TZB com-
plex. (A) Dimerization interface of several HER2 ECD models interacting with the
HER3 dimerization arm. The specific HER2 model used in the figure is indicated in
the text above it; in all cases, models were aligned on subdomain Il to visualize a
hypothetical position of the HER3 dimerization arm in the dimerization arm-
binding pocket. In orange, ribbon depiction of HER3 subdomain Il. In dark blue,
surface representation of the HER2 ECD head as it is in the model from the study of
Diwaniji et al. (30) (left) and after being substituted by the extHER2-TZB model
(middle). In cyan, the HER2 model from (30) was substituted by the compHER2-TZB
model (right) from this study. Residues with steric clashes are highlighted in red.
(B) Detail of the dimerization arm-binding pockets from the insets in (A), with HER2
in ribbon depiction. In red, residues of HER2 involved in steric clashes. For clarity,
only clashes between backbone atoms are displayed (dashed lines in light green).

To highlight how different this previously undescribed compact
conformation was, we compared our models with those already pub-
lished. Structures of HER2 and HER2-TZB have been obtained be-
fore, using x-ray crystallography with constructs comprising the ECD
only (5). In these cases, the interdomain distance, measured as the
distance between centroids of subdomains I and III (see Materials
and Methods for more details) was similar, being 28.4 (PDB 1N8Y)
and 27.9 (1IN8Z) A, respectively (Table 2 and Fig. 2B). The interdo-
main distance in our Apo and extHER2 ECD models reported in
this work is also similar to the previous cases, being 28.0 and 27.1 A,
respectively. In both cases, the unbound HER2 presents a slightly
larger interdomain distance than the extended TZB-bound structure,
although this difference is not enough to ascertain that they constitute
distinct conformations, especially when their RMSD is around 1 A. In
other HER?2 x-ray studies performed so far with monomeric HER2
in complex with different binding macromolecules (affibodies, nano-
bodies, and antibodies), the interdomain distance ranges from 27.9
t0 28.9 A (55-59).

However, the interdomain distance in the compact model (com-
pHER2-TZB, 23.0 A) is the shortest reported so far. Likewise, its
RMSD (3.8 A; Fig. 2A), measured against the Apo model, confirms
that it is the most distinct conformation of all the HER2 models con-
sidered in this analysis. The use of truncated constructs and limita-
tionsofthex-raytechnique, whereonlythemostprone-to-crystallization
conformation can be solved, could explain why this conformation
has remained elusive in the past, although it is highly populated in
our sample.

Other structural studies including HER2-TZB have been carried
out before in solution with cryo-EM. However, they all included at
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least a third protein bound to HER2 in the complex: HER1 (60),
HERS3 (30), HER4 (45), or PZB (31, 39). This could have potentially
precluded the detection of a compact-like confirmation due to steric
clashes with other HER monomers or reduced the mobility in the
ECD head induced by PZB (epitope in subdomain II). The longest
interdomain distance was measured in complexes containing PZB
(29.6 A in 60GE and 8PWH).

The structural differences of the compact conformation are also
noticeable on the basis of the relative rotation of the subdomain III.
Figure S9A shows a comparison of a set of HER2 structures with a
variety of interacting partners. The largest rotation is observed in the
compact conformation bound to TZB. In contrast, HER2 remains in
its extended conformation when bound to other partners in interac-
tions that involve the subdomain II. The comparison also reveals a
slightly more extended ECD in the HER2-PZB-TZB complex.

Together, this study and its comparison with other structures
published elsewhere demonstrate that the HER2 ECD head is more
flexible than traditionally regarded, being able to adopt a range of
conformational changes as a function of the binding partner. This
work expands the spectrum of conformations and contributes with
the most compact conformation reported so far.

Implications of the HER2 compact conformation in the
HER2-HER3 heterodimer

Recently, Diwaniji et al. (30) proposed a correlation between the de-
gree of opening of the dimerization arm-binding pocket upon li-
gand binding and the engagement of the dimerization arm from the
opposite monomer. They described a spectrum of states, ranging
from a closed dimerization arm-binding pocket, where the ligand is
fully wedged by subdomains I and III (as is the case for HER1 and
HERS3 with ligands EGF and NRG1p, respectively) (fig. S9B); a par-
tially closed dimerization arm-binding pocket [induced by epiregulin
(EREG), which is partially wedged by HER1]; and an open pocket, as
it occurs for nonwedged orphan HER2. This opening of the dimer-
ization arm-binding pocket would be responsible for the dynamic
nature of the HER3 dimerization arm and thus its ability to bind to
HER?2. The dimerization arm was resolved only in complex with the
oncogenic S310F HER2 mutant, which fixes the HER3 dimerization
arm and with NRG1f complexed to HER3. Otherwise, in wild-type
HER?2, this dimerization arm of HER3 interacts dynamically with
the HER2 arm-binding pocket and may not seem essential for het-
erodimerization (30).

The compact conformation of HER2 described here adds a previ-
ously undescribed point to the spectrum of ECD conformations
found in the EGFR family, which can be compared on the basis of its
arm-binding pocket opening and interdomain distance. In this con-
text, compHER2-TZB subdomain III presents a rotation somewhere
in between the partially and not wedged structures (fig. S9B, right).
At the same time, its interdomain distance is the shortest among the
HERs structures (fig. SOC). Together, these changes reduce the ac-
cessibility of potential partners to the arm-binding pocket. The pos-
sible functional implications in dimerization are discussed here, using
the HER2-HER3 heterodimer as an example. A superposition of the
extHER2 and compHER2 models on the dimerization interface of
the HER2-HERS3 heterodimer (Fig. 4, A and B) anticipates steric clash-
es in the HER2 dimerization arm-binding pocket, especially severe for
the compact conformation.

We hypothesize that a narrower pocket would negatively affect
the engagement of the HER3 dimerization arm. These contacts
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Table 2. Comparison of Apo, extHER2-TZB, and compHER2-TZB models with other HER2 models.
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would force the dimerization arm of HER3 to adopt a presumably
less energetically favorable position that could hinder, or even pre-
vent, the interaction at the dimerization interface with a hypotheti-
cal transient, extended-like ligand-less HER3.

Therefore, our results contribute to a conceptual model that may
explain the differential effect of TZB on HER3 phosphorylation, de-
pending on the presence of HER3 ligands (38). In every case, for
phosphorylation to occur, the kinase domains must be within di-
merization distance of each other, thus requiring the ECD to also be
within the dimerization distance of each other, even if they are not
tightly interacting. Conformational variation has been observed in
cryo-EM structures of EGFR homodimers (44, 61); it is thus very
well possible that also HER3 is not necessarily in a permanently
tethered conformation when not liganded. When bound to an anti-
body such as LJM716, which traps HER3 in an inactive state, phos-
phorylation of HER3 is inhibited even when HER2 is overexpressed
(62). However, when the receptor is not bound to such an antibody,
phosphorylation of HER3 occurs when HER2 is overexpressed,
even in the absence of ligand (38). It is therefore plausible that HER3
may exhibit a variety of conformational states in the absence of li-
gand. Some of these states may be partially active, albeit present in
insufficient quantities for any detectable association with HER2 at
its normal expression level. However, upon overexpression of HER2

Vacca et al., Sci. Adv. 11, eadu9945 (2025) 25 July 2025

as in aggressive tumors, such partially active states of HER3 could
have a larger probability of interacting with the HER2 ECD, in turn
shifting the conformational equilibrium of HER3, and eventually
stabilizing a fully active conformation in the heterodimer, even in
the absence of HER3 ligands.

Ligand-free HER3 is expected to interact more weakly with HER2,
compared to the ligand-bound HER3. In this context, the narrower
binding pocket in compact HER2 may be sufficient to weaken the in-
teraction between the receptors in a similar albeit weaker way as de-
scribed in Fig. 4 for the ligand-bound heterodimer. However, in a case
where HER3 associates with overexpressed HER2 while in a tethered
conformation rather than a transiently active one, TZB would obstruct
the HER2-HER3 interaction via steric clashes. This would constitute a
dual inhibitory effect of TZB on ligand-independent heterodimeriza-
tion: on the one hand, steric clashes of HER3 with the TZB itself and,
on the other hand, steric clashes of the HER3 dimerization arm with
the narrowed dimerization arm-binding pocket of HER2. Thus, TZB is
expected to diminish HER3 phosphorylation in the absence of HER3
ligand, consistent with a pivotal study by Junttila et al. (38).

In contrast, in the presence of a HER3 ligand, the interaction be-
tween the HER3 and HER2 ECDs is stabilized (30), leading to the
clash between TZB and HER3 being alleviated by adaptation within
HER?2, such that TZB is no longer a sufficiently strong inhibitor.
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Again, this is consistent with the lack of signaling inhibitory effect
by TZB in the presence of HER3 ligand (38).

Another factor contributing to the influence of dimerization by
TZB has been proposed by Ruedas et al. (39), in that the loop 581-
590 may be closer to the corresponding loop of HER3 in the HER2-
HER3 complex, although this is not well resolved, and somewhat
further away in the HER2-HER3-TZB complex (30, 39). This study,
however, did not consider the contribution of the dimerization loop.

Besides investigations on the inhibition of signaling, previous
studies have already examined the effect of TZB on HER2-HER3 het-
erodimer formation in experiments with cancer cell lines that overex-
pressHER2 (SKBR3and BT474-M1) (38). Whenimmunoprecipitating
HER2, HER3 was coimmunoprecipitated in the absence of antibod-
ies, but this was greatly diminished in the presence of TZB and PZB,
which binds to the HER2 dimerization arm in subdomain II (63). In
contrast, in the presence of the ligand heregulin, TZB lost its ability
to diminish HER3 coimmunoprecipitation, while PZB maintained
it. These coimmunoprecipitation data correlated well with the phos-
phorylation of HER3: Both TZB and PZB inhibit it in the absence of
heregulin (TZB even more strongly), while addition of heregulin
leads to a strong increase of pHER3. Other experiments have directly
measured HER2-HER3 heterodimerization in HER2-overexpressing
SKOV-3 cells with time-resolved Forster resonance energy transfer
(FRET), using antibodies that bind to epitopes not involved in the
interaction (64). These experiments directly showed an inhibitory
effect of TZB on HER2-HER3 heterodimer formation in the ab-
sence of a ligand.

In summary, our structural results propose a mechanism as to
why TZB may only have a minor inhibitory effect in ligand-dependent
HER2-HER3 heterodimers while exerting a substantial effect in
ligand-independent HER2-HER3 heterodimerization. The fact that
only a limited fraction of the HER2-TZB particles is in the compact
conformation (Fig. 1A) would explain why the presence of TZB is
not enough by itself to prevent ligand-dependent heterodimeriza-
tion. Further experimental evidence will be required to support this
hypothesis. To produce desirable therapeutic effects, a valuable goal
would be to target the ligand-binding pocket more specifically, so as
to mimic the compact conformation in a more efficient manner than
TZB does. This would be particularly interesting in S310F mutant
HER2, which stabilizes the interaction with the dimerization arm of
HER3. Such a molecule might act synergistically with PZB, which
targets the dimerization arm of HER2, and could also form the basis
of an ADC with multiple modes of action. Nonetheless, additional
work is needed to fully characterize the molecular mechanism of the
effect of TZB on HER2 ECD and its consequences on its heterodi-
merization capabilities. Together, the present work constitutes an
important contribution to our understanding of the dynamics of the
HER?2 receptor.

MATERIALS AND METHODS

Experimental design

The objective of the study was to gain insights into the structural
effects of full-length TZB on the near full-length HER2 receptor,
particularly on its ECD head, composed of subdomains I, II, and III.
For that purpose, cryo-EM datasets of HER?2, either alone or in
complex with TZB, were collected, analyzed, and compared, with
the aim of revealing structural differences that could be attributed to
the binding of the mAb.
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Expression of HER2

The HER2 construct used was cloned into a modified pFL vector
(MultiBac system, Geneva Biotech), resulting in an expression con-
struct with an N-terminal melittin signal sequence, followed by a
FLAG-tag, a His;o-tag, a human rhinovirus 3C protease cleavage site,
and an hemagglutinin (HA)-tag. Following the HA-tag was the se-
quence of native human HER2 (Gene name: ERBB2; UniProt: P04626-1)
with an N-terminal truncation of its native signal sequence (A1-22)
and a C-terminal truncation (A1030-1255) which is directly fol-
lowed by a human rhinovirus 3C protease cleavage site and the su-
perfolder Green Fluorescent Protein (sfGFP) sequence. Three point
mutations in the HER2 kinase domain (C789S, C805S, and C965S)
were also introduced (fig. S1A).

The expression cassette was integrated into the DHI0EMBacY
baculovirus genome, and the resulting bacmid was transfected into
Sf9 insect cells in six-well tissue culture plates (2 ml of cell suspen-
sion at a density of 4 X 10° cells/ml) using 8 pl of Cellfectin IT Re-
agent (Thermo Fisher Scientific) and 200 pl of Sf-900 II serum-free
medium (SFM) (Thermo Fisher Scientific). After a 5-hour incuba-
tion in a humidified 27°C incubator, the transfection medium was
replaced by 2 ml of SF-900 II SFM supplemented with 1% (v/v)
penicillin-streptomycin solution (100 ml; Sigma-Aldrich, P0781).
After a 5-day incubation, viral V0 stocks were harvested and subse-
quently amplified to obtain viral V1 stocks by adding 20 pl of VO
stocks to 50 ml of cell suspension (cell density, 1 X 10° cells/ml) in
SE-900 II SFM supplemented with 1% (v/v) penicillin-streptomycin
solution. After a 72-hour incubation at 27°C under constant shak-
ing, the viral V1 stocks were harvested by centrifugation at 7000g for
10 min at 4°C. V1 stocks were further amplified to obtain high-titer
viral V2 stocks by adding 125 pl of V1 stocks to 250 ml of cell sus-
pension (density, 1 X 10° cells/ml) in SF-900 II SFM supplemented
with 1% (v/v) penicillin-streptomycin solution. After a 72-hour in-
cubation at 27°C under constant shaking, the viral V2 stocks were
harvested by centrifugation at 7000g for 10 min at 4°C.

For expression, 5 liters of Sf9 insect cells in SF-900 IT SFM me-
dium supplemented with 1% (v/v) penicillin-streptomycin was in-
fected with V2 virus at a cell density of 4 X 10° cells/ml and a
multiplicity of infection of 5. After a 72-hour incubation at 27°C
under constant shaking, the cells were harvested by centrifugation
at 1200g for 10 min at 4°C. The cells were washed with phosphate-
buffered saline, frozen in liquid nitrogen, and stored at —80°C.

Purification of HER2

Insect cells expressing the human HER2 construct were lysed by
sonication on ice for 15 min using a Sonifier 250 (Branson) at a duty
cycle of 30% and output 5, with a 3-min cooldown after 1 min of
sonification. Receptor-containing membranes were then isolated by
repeated Dounce homogenization in hypotonic buffer [10 mM
Hepes (pH 7.5), 20 mM KCl, 10 mM MgCl,, Pefabloc SC (0.1 mg/
ml; Roche), and pepstatin A (2 pg/ml; Carl Roth)], followed by hy-
pertonic buffer [10 mM Hepes (pH 7.5), 20 mM KCl, 10 mM MgCl,,
1.0 M NaCl, Pefabloc SC (0.1 mg/ml; Roche), and pepstatin A (2 pg/ml;
Carl Roth)] in the presence of 10 pM lapatinib (Cayman Chemical,
Cay11493) and deoxyribonuclease I (DNase I; 90 pg/ml; Roche).
Washed membranes were collected by ultracentrifugation at 95,800g
for 30 min at 4°C. Purified membranes were then resuspended in
hypotonic buffer in the presence of 20 pM lapatinib and DNase I (90 pg/
ml) and then incubated for 2 hours at 4°C while turning on a wheel.
The receptor was subsequently extracted from the membrane by
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incubating with solubilization buffer [12 mM Hepes (pH 7.5), 800 mM
NaCl, and 0.5% (w/v) Fos-choline-16 (FC16; Anatrace)] at 4°C for
5 hours. Insoluble material was removed by centrifugation at 95,800g
for 30 min at 4°C. The supernatant was incubated with TALON IMAC
resin (Cytiva) at 4°C overnight to bind the receptor to the resin.

The receptor-bound resin was washed with 20 column volumes
(CVs) of wash buffer I [50 mM Hepes (pH 7.5), 800 mM NaCl, 10 mM
MgCl,, 8 pM lapatinib, 25 mM imidazole, 10% (v/v) glycerol, and
0.05% (w/v) FC16], followed by 20 CVs of wash bufter II [50 mM
Hepes (pH 7.5), 600 mM NaCl, 1 pM lapatinib, 25 mM imidazole,
and 0.0016% (w/v) FC16]. The receptor was then eluted stepwise
with 3 CVs of elution buffer [50 mM Hepes (pH 7.5), 400 mM NaCl,
1 pM lapatinib, 250 mM imidazole, and 0.0016% (w/v) FC16]. The
protein was concentrated to ~1 to 2 mg/ml using a 100-kDa molecu-
lar weight cutoft Vivaspin 20 concentrator (Sartorius Stedim).

Reconstitution in amphipols and HER2-TZB

complex formation

The purified HER2 construct at ~1 to 2 mg/ml was mixed with
Amphipol A8-35 (Anatrace) in a 1:50 molar ratio in a maximum
volume of 200 pl and incubated for 30 min with shaking at 4°C.
BioBeads SM-2 resin (Bio-Rad) were added to the mix (50%, v/v) and
incubated for 16 hours with shaking at 4°C, after which the BioBeads
were removed. Up to 10 X 200 pl reconstitution mixtures were pre-
pared and combined after the 16-hour incubation with BioBeads.
The HER2-amphipol mix was centrifuged at 22,000¢ at for 5 min at
4°C. The supernatant was then fractionated on a Superose 6 Increase
10/300 GL (Cytiva) equilibrated with gel filtration buffer [40 mM
tris-Cl (pH 7.5) and 300 mM NaCl].

For the formation of the HER2-TZB complex, the purified receptor
was first mixed with TZB (Holzel-Diagnostika) in a 1:3 (HER2:TZB)
molar ratio. The mixture was incubated overnight at 4°C while turning
on a wheel. The mixture was subsequently centrifuged at 22,000g
for 5 min at 4°C and then fractionated on a Superose 6 Increase
10/300 GL equilibrated with gel filtration buffer.

Sample preparation of cryo-EM and image acquisition

For cryo-EM grid preparation, 3 pl of purified amphipol-reconstituted
HER2-TZB complex was applied on glow-discharged holey carbon
gold grids (200 mesh, R 1.2/1.3; Quantifoil) and subsequently vitri-
fied using a Vitrobot Mark IV (Thermo Fisher Scientific) operated at
100% humidity and 4°C. Cryo-EM images were acquired on a Titan
Krios G3i (Thermo Fisher Scientific), operated at 300 kV, at a nomi-
nal magnification of 130,000 using a K3 direct electron detector
(Gatan) in super-resolution mode, corresponding to a pixel size of
0.325 A. A BioQuantum energy filter (Gatan) was operated with an
energy slit width of 20 eV. A total of 24,624 movies were obtained,
with an exposure rate of ~25.5 electrons/pixel per second and a defo-
cus range of —0.8 to —2.4 pm using automatic data acquisition with
the EPU software (Thermo Fisher Scientific). The total exposure time
was 1.2 s with an accumulated dose of ~72.3 electrons/A* and a total
of 89 frames per micrograph, dose-fractionated to 45 fractions.

The same conditions and parameters were also applied for the data
collection of amphipol-reconstituted HER2 in the absence of TZB
(first set collected 11,360 movies and second set with 27,148 movies),
for the purified HER?2 reconstituted into MSP1D1AH5-based nano-
discs (10,116 movies), and for the purified HER2 reconstituted into
nanodiscs produced with saposin A (8750 movies). See Supplemen-
tary Methods for nanodisc preparation.
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Cryo-EM data processing

HER2-TZB dataset (TZB dataset)

Raw movies were binned to generate a pixel size of 0.65 A, followed
by motion correction and dose weighting using MotionCor2 (65). A
total of 19,196 aligned micrographs were imported into Scipion (66)
for further processing inside this platform. Contrast Transfer Func-
tion (CTF) estimations from Ctffind4 (67) and “xmipp - ctf estima-
tion” were compared through “xmipp - ctf consensus” (43) for micrograph
curation based on resolution, defocus, astigmatism, and ice thick-
ness, yielding a subset of 16,521 micrographs for further analysis. A
total of 4,207,722 coordinates were initially picked with crYOLO
(68). Particles were extracted at a sampling rate of 3.91 A/pixel and
were subjected to several rounds of 2D classifications and ab initio
reconstructions with posterior 3D heterogeneous refinements in
eight classes with cryoSPARC (69) to further clean the particle set.
Particles (483,064) from output classes that reached Nyquist resolu-
tion were reextracted at 1.302 A/pixel and 300 pixel box size, fol-
lowed by two parallel 3D heterogeneous refinement runs. Output
classes from these two classifications were compared with the “xmipp -
consensus clustering 3D” protocol (43) to find subsets of particles
that remained together in two independent runs.

The top five most populated subsets of this consensus were then
refined with cryoSPARC nonuniform refinement (70), masking the
densities of HER2 ECD and Fab from TZB and excluding the re-
maining noisy densities of the antibody. At this stage, classes corre-
sponding to the extended (77,784 particles; Fig. 1A) and compact
(50,497 particles; Fig. 1A) conformations were identified.

To increase the number of particles of the compact conforma-

tion, projections of a map in this conformation were used to pick
particles with gautomatch (71), resulting in 2,757,666 coordinates.
Particles were classified following the same workflow described
above and merged with other existing subsets of particles enriched
in the compact conformation, removing duplicates and gathering a
total of 191,934 particles. At this stage, particles were windowed to
200 pixels and subjected to additional rounds of 2D and 3D hetero-
geneous refinements and consensus clustering 3D. The final particle
subset of particles (91,370) in the compact conformation was sub-
jected to another round of nonuniform refinement. The gold stan-
dard FSC reported a global resolution of 4.1 A. A final round of
focused refinement with mask on the ECD head was run with cryo-
SPARC local refinement for the extHER2-TZB and compHER2-
TZB particles for the final resolutions of 3.6 and 3.8 A, respectively.
HER2 without TZB (Apo dataset)
The dataset corresponding to HER2 in the absence of TZB was ana-
lyzed following an essentially identical workflow as for the HER2-
TZB dataset: All image stacks were binned to generate a pixel size of
0.65 A followed by motion correction and dose weighting using Mo-
tionCor2 (65). A curated set of 15,271 micrographs was picked with
crYOLO. A set of 5,437,963 particles at 2.44 A/pixel and 80 pixel box
size was subjected to several rounds of 2D classifications with cryo-
SPARC, reducing the number of particles to 2,387,638. Then, several
rounds of 3D heterogeneous refinement were carried out, keeping
only classes that resembled ECDs of HER2, ending with 547,685
particles. At this point, particles were reextracted at 1.302 A/pixel in
a 250 pixel box size and subjected to two independent 3D heteroge-
neous refinement runs (eight classes), followed by a consensus 3D
clustering. The top 10 most populated subsets of particles from the
3D consensus underwent nonuniform refinement and sharpening
with deepEMhancer (72).
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The set of 547,685 particles was subjected to the following work-
flow: windowing to 200 pixels, followed by an angular consensus,
keeping particles whose angular assignments disagree no more than
4° after two independent nonuniform refinement runs for a final
number of 364,430 particles. Next, local refinement with a mask fo-
cused on the ECD head yielded a final map at a resolution of 3.8 A.

All the refined maps (from Apo and TZB datasets) were sharpened
with RELION-5 Postprocessing (73) or deepEMhancer. Global reso-
lution was calculated following the gold standard FSC at 0.143, and
local resolution maps were estimated using MonoRes (74). 3D-FSC,
FSO, and directional resolution plots were calculated with “xmipp -
resolution fso” (46).

HER2 in saposin A discs and HER2 in MSP nanodiscs

Both datasets were processed similarly as described above, giving as
a result maps of truncated HER2 showing the ECD only (fig. S5, A
and B). The workflow to obtain low-resolution near full-length HER2
maps, with the saposin A dataset (7291 movies) as an example, was as
follows: A set of coordinates of saposin discs (300,410) was merged to
a set of coordinates that yielded a high-resolution ECD map (74,457).
Using the protocol “xmipp - picking consensus,” we selected pairs of
coordinates within a distance compatible with the receptor being em-
bedded in the disc (150 A). For each pair fulfilling this condition, the
new coordinate of the presumably disc-associated HER2 was at the
midpoint between the coordinates of the pair members. A total of
26,655 particles met this condition and were subjected to 2D classifi-
cation with cryoSPARC, obtaining a gallery of 2D averages with blurry
density under the ECD (fig. S5C). These averages were used as tem-
plates for picking with gautomatch. After consecutive rounds of 2D
classifications with cryoSPARC and 3D classifications with RELION-
5 (73), with a T value of 10, a low-resolution map displaying the ECD
with extra densities below was obtained (fig. S5, D and E).

Model building and refinement

The high-resolution crystal structure of HER2 chain in PDB 5MY6
was used as the starting model to dock into the cryo-EM maps. Over-
all, similar procedures were followed for atomic model refinements
against Apo HER2, extHER2-TZB, and compHER2-TZB reconstruc-
tions. The structure was initially relaxed with all-heavy-atoms con-
straints before refining it into the full map using Rosetta. Rigid-body
fitting of relaxed models into the cryo-EM maps was performed in
Chimera v1.15 (75). The starting model was subjected to a first round
of refinement against the full map with the Rosetta Relax protocol
(76). The density map was assigned a scoring function weight of 35.0,
with a resolution limit of 4.5 A. Output models were then re-refined
against the full map in Phenix, maintaining the same resolution limit.
Secondary structure restraints were calculated from the starting crys-
tal structures, using phenix.secondary_structure_restraints as im-
plemented in Phenix v1.20.1-4487 (77). These extra restraints were
included in the first real-space refinement cycles with Phenix, using
also Ramachandran restraints (77) with global minimization, with
simulated annealing and Atomic Displacement Parameters (ADP) op-
tions enabled. The output model was subjected to an additional round
of refinement against the full map with Rosetta Relax. Further fitting of
Ramachandran and other geometry outliers was done with Coot
v0.9.8.95 (78), using also full maps sharpened with RELION-5 Post-
processing protocol or deepEMhancer. Model validation was performed
continuously within Coot and Phenix against the full map. Per-residue
and average Q score metrics (79) were calculated with MapQ (v2.9.7;
https://github.com/gregdp/mapq). The resolution parameters for atomic
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Q score calculation in Apo, extHER2-TZB, and compHER2-TZB
were 3.8, 3.6, and 4.5 A, respectively, with a default sigma of 0.4. Per-
residue resolution values were derived from per-residue Q scores by
solving the third-order regression equation that relates Q score to map
resolution in MapQ.

Structural analyses

Volume and model illustrations were created using ChimeraX (75),
as well as alignment of models and Ca-Ca distance measurements.
RMSDs were calculated with the “matchmaker” tool in ChimeraX,
considering only Ca-Ca distances between pairs of residues being
aligned. Relative intersubdomain rotation was calculated by mea-
suring the angle formed by axes fitted in the subdomains under
study with the “define axis” tool in ChimeraX. For interdomain dis-
tances, residues from Q24-D118 and L137-L161 were considered to
calculate the centroid of the subdomain I (excluding the flexible
loop and the upper part of subdomain I due to poorer resolution in
this region), and residues from K368-L377 and Q393-P500 were
considered to calculate for the centroid of subdomain III (excluding
a flexible loop to avoid contribution of local differences). Residues
in equivalent positions were considered for centroid calculation in
models of other HER family members.

For the 2D classes of the extended and compact conformations
shown in Fig. 1B, front views were obtained as follows: A 3D recon-
struction of the compact HER2-TZB was aligned to a map of the
extended conformation. The transformation matrix calculated for
the alignment was then applied to the compact particles accordingly
using the “xmipp - align volumes and particles” protocol. Next, par-
ticles were filtered on the basis of their tilt and rot angles, obtaining
~1000 particles of each conformation and averaged with a 2D clas-
sification protocol with cryoSPARC.

Measurements of ECD head length on 2D averages (Fig. 1, C and
D) was done as follows: The signal from subdomain IV and TZB Fab
was subtracted from the raw particles with the “xmipp - subtract
projection” protocol (80). A locally refined map focused on the sub-
domain IV-TZB subregion of HER2-TZB was used as a projection
reference. Subtracted particles were subjected to 2D classification in
RELION-5 (73), with a T = 10. Averages presenting a clear front view
of the ECD were binarized with automatic thresholding with Image]J
to obtain uniform measurements.
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