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Apoptosis-inducing anti-HER2 agents operate
through oligomerization-induced receptor
immobilization
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Overexpression of the receptor tyrosine kinase HER2 plays a critical role in the development
of various tumors. Biparatopic designed ankyrin repeat proteins (bipDARPins) potently
induce apoptosis in HER2-addicted breast cancer cell lines. Here, we have investigated how
the spatiotemporal receptor organization at the cell surface is modulated by these agents and
is distinguished from other molecules, which do not elicit apoptosis. Binding of conventional
antibodies is accompanied by moderate reduction of receptor mobility, in agreement with
HER2 being dimerized by the bivalent IgG. In contrast, the most potent apoptosis-inducing
bipDARPins lead to a dramatic arrest of HER2. Dual-color single-molecule tracking revealed
that the HER2 “lockdown” by these bipDARPiIns is caused by the formation of HER2-DARPin
oligomer chains, which are trapped in nanoscopic membrane domains. Our findings establish
that efficient neutralization of receptor tyrosine kinase signaling can be achieved through
intermolecular bipDARPin crosslinking alone, resulting in inactivated, locked-down bipDAR-
Pin-HER2 complexes.

TDepartment of Biochemistry, University of Zurich, Zurich, Switzerland. 2 Department of Biology/Chemistry and Center for Cellular Nanoanalytics, Osnabriick
University, Osnabriick, Germany. >Present address: Roche Pharma Research & Early Development, Large Molecule Research, Roche Innovation Center
Munich, Penzberg, Germany. *Present address: Roche Diagnostics Int. AG, Rotkreuz, Switzerland. *These authors contributed equally: Jakob C. Stiiber,
Christian P. Richter. ®email: piehler@uos.de; plueckthun@bioc.uzh.ch

COMMUNICATIONS BIOLOGY | (2021)4:762 | https://doi.org/10.1038/s42003-021-02253-4 | www.nature.com/commsbio 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-021-02253-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-021-02253-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-021-02253-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-021-02253-4&domain=pdf
http://orcid.org/0000-0002-3406-0664
http://orcid.org/0000-0002-3406-0664
http://orcid.org/0000-0002-3406-0664
http://orcid.org/0000-0002-3406-0664
http://orcid.org/0000-0002-3406-0664
http://orcid.org/0000-0002-2798-5490
http://orcid.org/0000-0002-2798-5490
http://orcid.org/0000-0002-2798-5490
http://orcid.org/0000-0002-2798-5490
http://orcid.org/0000-0002-2798-5490
http://orcid.org/0000-0002-1195-5131
http://orcid.org/0000-0002-1195-5131
http://orcid.org/0000-0002-1195-5131
http://orcid.org/0000-0002-1195-5131
http://orcid.org/0000-0002-1195-5131
http://orcid.org/0000-0002-5970-4251
http://orcid.org/0000-0002-5970-4251
http://orcid.org/0000-0002-5970-4251
http://orcid.org/0000-0002-5970-4251
http://orcid.org/0000-0002-5970-4251
http://orcid.org/0000-0002-2143-2270
http://orcid.org/0000-0002-2143-2270
http://orcid.org/0000-0002-2143-2270
http://orcid.org/0000-0002-2143-2270
http://orcid.org/0000-0002-2143-2270
http://orcid.org/0000-0003-4191-5306
http://orcid.org/0000-0003-4191-5306
http://orcid.org/0000-0003-4191-5306
http://orcid.org/0000-0003-4191-5306
http://orcid.org/0000-0003-4191-5306
mailto:piehler@uos.de
mailto:plueckthun@bioc.uzh.ch
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02253-4

neu) has gained tremendous importance as a biomarker
in diagnostics and a target in the therapy of breast can-
cers, but also in gastric and gastroesophageal cancers, over the
past decade!. This receptor tyrosine kinase has a distinct role
within the ErbB family of receptors, in that it has no ligand.
Deduced from the rigidity seen in all crystal structures, in
molecular dynamics, and binding experiments, HER2 has there-
fore been assumed to always be in a dimerization-competent
state?. Under physiological conditions, HER2 likely does not
homodimerize, and thus its role is restricted to that of a signal-
amplifying co-receptor for other, ligand-activated members of its
family>. Upon malignant overexpression, however, spontaneous
formation of homodimers and heterodimers, even in the absence
of ligands of the other ErbB family member, enables sustained
proliferation and survival signaling*. This stimulus, in turn, fre-
quently transforms the cancer cell signaling architecture towards
singular dependence on HER2 signaling®. Such HER2-addicted
cancers are more aggressive but, at the same time, also susceptible
to targeted therapies. Therefore, HER2 overexpression, previously
merely a correlate of bad prognosis, nowadays generally also
implies the availability of several targeted treatment options.
Among these, monoclonal antibodies (mAbs) have been suc-
cessfully developed that bind to the HER2 extracellular domain
and thus block activity. Prominent examples that have been
approved for therapy are the humanized mouse mAbs trastuzu-
mab (TZB) and pertuzumab (PZB)!. Interestingly, the mechan-
isms of HER2 inhibition by TZB and PZB are complementary
(targeting complexes with the non-liganded and liganded states of
HER3, respectively), and therefore most efficacious therapies
employ the combination of both mAbs®7. Of note, subtle changes
in the relative orientation of the Fab domains can transform F
(ab’),-like molecules derived from TZB into active pro-
proliferative agents, underlining the importance of binding geo-
metry for the modulation of HER2 activity by affinity reagents®.
Recently, we have reported a novel strategy based on designed
ankyrin repeat proteins (DARPins)? to inhibit HER2 activity in
breast cancer cells!®!l. To this end, we engineered biparatopic
antitumor DARPins (bipDARPins) consisting of two binding
moieties, which recognize the extracellular subdomains I and IV
of HER2, respectively (Fig. la). These binding moieties are

I I uman epidermal growth factor receptor 2 (HER2/ErbB2/

(@)

connected by a short linker (see Supplementary Fig. 1 for a
detailed overview), with the aim to trap and stabilize an inactive
conformation!!. Compared to TZB and PZB, bipDARPins much
more efficaciously promote apoptosis in HER2-dependent tumor
cell lines!? by dephosphorylating HER2 (and not only HER3) and
subsequently preventing re-activation of phosphoinositide-3
kinase through RAS!0, While the signaling pathways underlying
this effect have been characterized in detaill?, the exact
mechanism responsible for the potent inhibitory function of
bipDARPins, in contrast to less active molecules, has so far
remained largely unclear. Less active molecules not only include
the antibodies TZB and PZB but also the same DARPin units
with longer linker in between or in different orientation!%11,

X-ray structures of single DARPin moieties in complex with
the isolated, soluble extracellular subdomains of HER2!! led to
the conclusion that the most active bipDARPins cannot bind both
epitopes in an intramolecular fashion, implying that rather two
neighboring HER2 molecules are engaged (Fig. 1c, d). In contrast,
intramolecular trapping would be possible for the less active
molecules with longer linkers. Possible mechanisms of action
considered had initially included locking an inactive HER2 con-
formation similar to the tethered conformation seen in the other
ErbB receptors, but we have shown subsequently that the extra-
cellular domain is very rigid, making such a conformation highly
unlikely?. This suggests that inhibition is instead achieved via
restrained dimerization (Fig.1c, d), in which interactions between
the cytosolic tyrosine kinase domains required for allosteric
activation are prevented!2. However, this binding mode also may
allow elongation into daisy chain-like arrangements (Fig.1d),
which we have previously proposed to cause efficient inhibition of
HER? signaling!!

To delineate the mechanism responsible for HER2 inhibition by
bipDARPins, we explored here their effects on the spatiotemporal
organization and dynamics of HER2 in the plasma membrane.
Chemical crosslinking in combination with immunoprecipitation
revealed oligomerization induced by active bipDARPins, but not
by TZB and PZB. Making use of cell surface-specific post-
translational labeling techniques, we quantified the diffusion
properties of HER2 in the plasma membrane of living cells by
fluorescence recovery after photobleaching (FRAP) and by single-
molecule localization microscopy (SMLM). Efficient arrest of

Fig. 1 Concept of bipDARPins and possible modes of binding to HER2. a Monovalent, monoparatopic DARPins (9.26 binding to extracellular subdomain |,
vermillion; G3 binding to extracellular subdomain IV, yellow) and design of bipDARPin 6L1G (right), connecting 9.26 and G3 through a short linker.

b Ligand-activated (e.g., by heregulin, mint) HER2:HER3 (sky blue, blue) heterodimers are able to stimulate proliferation and survival. ¢, d Bivalent
intermolecular binding of bipDARPins may induce the formation of (¢) inactive dimers or (d) oligomerization into daisy chains. In both cases, the kinase
domains are separated and thus inactive. HRG heregulin, TM transmembrane helix, KD kinase domain.
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HER? diffusion was observed upon treatment with bipDARPins,
while control experiments with TZB and PZB yielded only a slight
reduction in mobility. Dual-color single-molecule tracking (SMT)
and co-tracking demonstrate that bipDARPins induce clustering
and immobilization of HER?2 at the cell surface. Detailed analyses
of local diffusion properties uncovered transient nanoscale
immobilization, potentially caused by entrapment in plasma
membrane subcompartments. These findings presented here
strongly suggest that the signaling-incompetent states of HER2,
induced by bipDARPin binding, are signaling-inactive oligomers
formed directly through crosslinking. In addicted cell lines, this
state leads to pan-HER inhibition!?.

Results

Chemical crosslinking suggests that bipDARPins induce HER2
oligomer formation. To characterize the stoichiometries of
HER2 complexes formed with bipDARPins, we performed che-
mical crosslinking analyses with bis[sulfosuccinimidyl]suberate
(BS3) using BT474 cells, a model for HER2-addicted breast
cancer!? with a highly elevated expression level of approximately
9 x 10° copies of HER2 per cell!3. In the absence of treatment, as
well as after addition of the HER3-binding ligand HRG, we pri-
marily detected non-crosslinked (monomeric) HER2, and only
minor nonspecific crosslinking adducts (Fig. 2a). As expected, the
homo-bivalent monoparatopic control DARPin GL4G (Supple-
mentary Fig. 1) led to a band at the expected size of two cross-
linked HER2 molecules. Remarkably, the high-potency
bipDARPin 6L1G not only yielded a similar band but also an
additional band staining for both HER2 and DARPin at a size
corresponding to complexes of 3-4 HER2 molecules. Control
treatments, either with the monovalent moieties contained within
6L1G, DARPins 9.26 and G3, the combination of these mono-
valent DARPins, or with the non-HER2-binding control DARPin
OL1O (that binds bacterial maltose binding protein) did not alter
the band pattern observed for HER2 alone.

We also investigated HER2 crosslinking with BS3 after
incubation with TZB or PZB (Fig. 2b). As previously described!4,
TZB seemed to be preferably crosslinked, forming a ternary
complex with two HER2 molecules, running at a higher apparent
size than the presumed HER2 dimer without TZB. In contrast,
PZB seemed not to lead to an increase in crosslinked species that
would contain two or more HER2 molecules. Instead, HER2 and
PZB appeared to be preferably interconnected in a 1:1 ratio.
Together, these results suggested that bipDARPins not only
dimerized HER?2 in an inactive state but also induced daisy chain
formation as depicted in Fig. 1f.
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FRAP measurements reveal immobilization of HER2 by bip-
DARPins. To further explore bipDARPin-induced oligomeriza-
tion of HER2 suggested by these crosslinking experiments, we
probed receptor diffusion dynamics at the surface of live cells by
single-molecule and ensemble fluorescence imaging techniques.
To ensure selective labeling of proteins at the cell surface with
photostable fluorophores, we fused HER2 to an N-terminal
HaloTag!> (HT-HER2), which was reacted with membrane-
impermeable, negatively charged dyes conjugated to the HaloTag
ligand (HTL). Thus, the variation of labeling density and optimal
dual-color labeling was readily achieved by adjusting the labeling
conditions, which allowed us to apply and compare different
imaging techniques using the same HER2 expression construct
and total cell-surface expression levels. As we included a long,
flexible linker between the receptor’s N-terminus and the Halo-
Tag, interference with any receptor function is minimized!®.

To obtain an overall picture of receptor mobility in the plasma
membrane, we used the classic FRAP technique!” with densely
labeled HT-HER2. For this purpose, we stably transfected
HEK293-derived T-Rex cells, which are based on the Flp-In
system for inducible overexpression, with HT-HER2. To exclude
a bias from receptor endocytosis and recycling, FRAP experi-
ments were typically performed under conditions of ATP
depletion!8. Photobleaching was applied to a circular spot of 2
pm in diameter. We measured in the equatorial plane rather than
at the basal membranel?, because a better signal-to-noise ratio
could be achieved due to spatial integration over more molecules
in the z-dimension (Fig. 3a, b). Photobleaching was performed in
a single scan, yielding a decrease by 40-60% compared to the pre-
bleach fluorescence intensity, while photobleaching during
subsequent acquisition of fluorescence recovery was negligible.
As the resulting distorted geometry of the photobleached volume
within the membrane precludes application of established
analytical models for fitting the recovery curves20-21, we directly
compared the FRAP curves obtained under different conditions,
as suggested elsewhere!®.

In the absence of treatment, we consistently observed only
40-50% maximum recovery of photobleached HER2 within the
observation time of 30-50 s that was sufficient to reach a plateau
of the FRAP curve (Figs. 3-5). Strikingly, dramatic reduction of
HER2 mobility was observed upon treatment with active
bipDARPins, with maximum recovery levels of <10% reached
within the observation time (Fig. 3a, c). This “lockdown” of HER2
mobility by bipDARPins was also observed for FRAP experiments
at the basal cell membrane (Fig. 3b, c). The homo-bivalent
antibodies TZB and PZB, which presumably dimerize HER2, each
reduced the rate and maximum level of HER2 recovery by ~50%.

o
R
+ + + +
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— 460
— 268
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Fig. 2 Oligomerization of HER2 (~180 kDa) by bipDARPins and antibodies on BT474 cells analyzed by chemical crosslinking and two-color western
blot. a Comparison of the size of HER2 complexes after treatment with the bipDARPin 6L1G (32 kDa) with those obtained with growth factor heregulin
(HRG, 27 kDa), monovalent DARPins (9.26 and G3, ~12 kDa each) or a bivalent, monoparatopic DARPin (GL4G, ~30 kDa). Primary antibodies against HER2
and DARPins were used. b Crosslinked HER2 complexes upon treatment with antibodies trastuzumab (TZB, ~145 kDa) and pertuzumab (PZB, ~145 kDa),
detected by primary antibodies against HER2 and human IgG.
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Fig. 3 Changes in the mobility of Halo-tagged HER2 on the surface of HEK293 cells upon treatment with DARPins and mAbs, quantified by FRAP.
a, b Confocal images from a representative FRAP experiment of HT-HER?2 labeled with Alexa Fluor 660, by photobleaching either a in the equatorial (eq.) or
b basal (bs.) membrane plane. The arrow indicates the location of the bleach spot (2 um diameter). ¢, d FRAP curves (bleach-corrected, normalized mean

fluorescence intensities in the bleached ROI after subtraction of residual intensity at t = 0) for various DARPin and antibody treatments and controls. ¢ Massive
reduction of mobility upon treatment with DARPin 6L1G. Data from the basal membrane are shown in addition to those obtained by regular measurements in
the equatorial plane. d Slight reduction in mobility is seen upon treatment with the therapeutic mAbs PZB and TZB individually but complete immobilization by

their combination (PZB + TZB). Untr., untreated.

Remarkably, the combination of TZB and PZB also induced
complete HER2 immobilization (Fig. 3d), in line with oligomer-
ization that can be caused by alternating crosslinking with two
mAbs of non-overlapping epitopes!®.

Efficient lockdown of endogenous HER2 by bipDARPins in
breast cancer cells. To confirm the biological relevance of
bipDARPin-induced lockdown of HER2, we employed the small
(6 kDa) affibody Zuer2 (ref. 22) for labeling endogenous, untag-
ged HER2 in breast cancer cells. ZHER2 binds epitopes that are
non-overlapping with any of the wused DARPins or
antibodies!®!1123, thus ensuring minimum interference. We
applied ZuER2 for probing the receptor dynamics at the surface of
BT-474 cells. FRAP experiments confirmed similar diffusion
dynamics of ZHER2-labeled HER?2 in the plasma membrane of BT-
474 cells as observed for HT-HER2 in TREx-HEK293 cells
(Fig. 4a). Strikingly, strong lockdown of HER2 upon treatment
with the biologically most active DARPin 6L1G was confirmed
for the endogenous receptor (Fig. 4a), in a clearly dose-dependent
manner (Fig. 4b).

In comparison, the monoparatopic, homo-bivalent controls
6L46 and GL4G both led to a similar, moderate reduction in
mobility when applied individually. By contrast, a mixture of
these two binders abolished HER2 mobility completely, in
agreement with receptor oligomerization by crosslinking (Fig.
4b). Similarly, as seen for HT-HER2 on TREx-HEK cells, TZB or
PZB slightly reduced the mobility of HER2, while their
combination lead to immobilization. Thus, the HER2 complexes
formed upon binding of the single bipDARPin 6L1G resemble
those resulting from mixtures of two homo-bivalent,

monoparatopic agents (DARPins or antibodies) with non-
overlapping epitopes, rather than the single agents.

BipDARPin-HER2 complex formation suffices for immobili-
zation. HER2 immobilization occurred rapidly upon bipDARPin
binding, as illustrated by several consecutive FRAP measurements
before and after 6L1G addition (Fig. 5a). No significant increase
in HER2 mobility was observed even 6 h after treatment (Fig. 5b),
demonstrating that immobilization is not a transient effect based
on an immediate cellular response to DARPin binding, but that it
persists as long as 6L1G is present. This suggests that bipDAR-
Pins and HER2 rapidly (within the dead time of the experiment,
~160s) form complexes, which remain at the cell surface for
extended periods, in line with the long internalization half-life of
HER2 (ref. 24) and stable surface and internal HER2 levels upon
6L1G treatment®>.

To test whether the cortical membrane cytoskeleton contributed
to HER2 lockdown, we performed FRAP experiments in the
presence of Latrunculin B (LatB), which depolymerizes actin.
However, LatB treatment neither affected HER2 mobility in
untreated cells nor when added before or after treatment with
6L1G (Fig. 5c¢). Furthermore, treatment with a HER2-specific
kinase inhibitor neither impacted the mobility of HER2 alone nor
the ability of 6L1G to cause HER2 lockdown (Fig. 5d). This
confirms that phosphorylation is not involved in HER2 immobi-
lization. To test whether the high baseline fraction of intrinsically
immobile HER2 was restricted to cell lines with extremely strong
HER2 expression, we compared the results from BT-474 breast
cancer cells (which strongly overexpress HER2) to those obtained
from our TREx-HEK293 cell line without induction of HER2
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Fig. 4 Mobility changes of endogenous HER2 on the surface of BT-474 cells (labeled via the affibody ZHER2) upon treatment with DARPins and mAbs
as quantified by FRAP. a Dramatic loss of mobility upon treatment with bipDARPin 6L1G compared to untreated cells (Untr.). b Concentration dependence
of the mobility reduction as illustrated by the relative fluorescence recovery after 48 s. ¢ Homo-bivalent, monoparatopic DARPins 6L46 and GL4G reduce
HER2 mobility only slightly, while a mixture of both (GL4G + 6L46) fully immobilizes HER2 through crosslinking. d Similarly, moderate mobility changes
are observed upon treatment with therapeutic mAbs PZB and TZB but almost complete immobilization by their combination (PZB + TZB).

overexpression, which results in intermediate expression levels
(Supplementary Table 1 and Supplementary Fig. 2). The recovery
curves appear virtually identical, again showing ~40% of HER2
being immobile on a ~50 s timescale (Fig. 5e).

BipDARPins induce immobilization of HER2 at the single-
molecule level. The strong loss of HER2 mobility identified by the
FRAP experiments clearly supported our model that bipDARPins
induce HER?2 clustering into daisy chains. To further investigate
the local diffusion properties of HER2, we used single-molecule
techniques. First, we probed fluorescence fluctuations within a
diffraction-limited confocal volume positioned on the apical
plasma membrane, using low-density dual-color labeling of HT-
HER?2 with Cy3 and AlexaFluor 647 (AF647), respectively. In the
absence of bipDARPins, distinct fluorescence bursts originating
from fluorescently labeled HER2 molecules diffusing through the
focus were observed after an initial bleaching phase to reach a
steady state (Supplementary Fig. 3a, b). Strikingly, the number of
observed bursts dramatically decreased after adding the biologi-
cally active bipDARPin 9L1G but not after adding the monovalent
control DARPin OL1G (Supplementary Fig. 3b). Quantitative
burst detection?® confirmed the loss of HER2 mobility upon
treatment with bipDARPins (Supplementary Fig. 3c).

The strongly reduced number of bursts suggested that HER2
lockdown by bipDARPins reduces mobility at length scales on the
order of the size of the confocal volume. To explore the
spatiotemporal re-organization of HER2 by bipDARPins with
sub-diffraction resolution and to directly visualize immobile
HER2-DARPin complexes, we turned to SMLM. For this
purpose, we transiently expressed HER2 fused to an N-terminal
SNAP; tag?” in Hela cells. After simultaneous labeling with DY-
549P1 and DY-649P1, we performed time-lapse dual-color total
internal reflection fluorescence microscopy (TIRFM) for tracking
and co-tracking individual HER2 in the basal plasma membrane
of living cells. To ensure reliable single-molecule localization and
tracking, cells with an observable particle density <1 um™2 in

each channel were selected (see below). Given an estimated
labeling degree of 40% for the SNAP; tag?® and the expected level
of endogenous HER2 in HeLa cells (Supplementary Table 1 and
Supplementary Fig. 2), the fraction of labeled HER2 was <10% in
these experiments.

To assess the spatiotemporal organization and dynamics of
HER2, super-resolution images were rendered from single-
molecule localizations obtained within 500 consecutive frames.
These images revealed a strikingly speckled appearance for cells
treated with the active bipDARPin 6L1G, compared to a
monovalent control (Supplementary Movie 1, Supplementary
Movie 2, and Fig. 6a). Since negligible photobleaching or
photoblinking can be assumed during the observation time, the
observed characteristics for HER2 in the presence of the active
bipDARPin can be attributed to a dramatic loss in mobility,
leading to repeated detection of the same molecule at the same
location over time. By contrast, a much more spatially
homogeneous distribution is observed in the negative control
experiment in cells treated with the monovalent DARPin OL4G.
Only few speckles were observed under these conditions,
indicating largely unhindered diffusion.

We therefore analyzed in more detail the diffusion properties of
HER2 molecules after treatment with different DARPins and
mAbs, by SMT performed at comparable particle density to
minimize bias (Fig. 6b, Supplementary Fig. 6b, and Supplementary
Table 2). Immobile molecules were identified by a spatiotemporal
clustering algorithm to quantify the immobile fraction (Fig. 6¢ and
Supplementary Table 2). For the mobile fraction, an average
diffusion constant was determined by mean squared displacement
(MSD) analysis (Fig. 6d, Supplementary Fig. 5, and Supplementary
Table 2). Comparison of these two parameters identified three
distinct groups among the agents (Fig. 6¢, d): (i) only a small
immobile fraction (<10%) and high diffusion constant of the
mobile fraction was found in the absence of treatment as well as for
the monovalent control DARPin OL4G (cf. Supplementary Fig. 1);
(i) a slightly increased immobile fraction (15-20%) and a
somewhat reduced mobility was found for homo-bivalent
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Fig. 5 Immediate and sustained immobilization of HER2 (labeled by the abody ZHER2) on the surface of BT-474 cells is mediated through
DARPiIn—receptor interactions. alndividual FRAP curves (no averaging) before and after addition of DARPin 6L1G, colored according to the starting time
relative to DARPIn addition, show immediate immobilizatidnHER?2 immobilization is similar after 5 min and 6 h of treatment=RAP experiments in cells
treated with Latrunculin B in the absence of DARPins (LatB), and cells treated with LatB before (LatB, 6L1G) or after (6L1G, LatB) bipDARPIn addition
indicate that cytoskeleton interactions are not directly involved in HER2 immobilization upon DARPIn treatrddPte-treatment with a HER2-speat

HER?2 kinase inhibitor (Selleckchem S2752, an analog of ARRY 380) does not affect immobilization, suggesting that immobilization is independd#t2 of H
kinase activatione HER2 immobilization occurs at a wide range of expression levels, as indicated by FRAP measurements on HER2-overexpressing BT-474
cells and non-induced HEK cells stably transfected with HaloTagged HER2. Note that the sensitivity of the FRAP method limits the cell lines that can be
investigated to those with at least intermediate expression levels (Supplementary Table 1 and Supplementary Fig. 2). Data for untreated ce)lsfidntr

6L1G inc are identical to those shown in Figic.

(monoparatopic) controls GLAG and 6L46 (Supplementary Fig.thpse experiments (<10%), however, these numbers cannot be
and (likewise homo-bivalent, monoparatopic) antibodies TZB awlitectly converted into fractions of dimers and oligomers. Based
PZB, all of which are expected to dimerize HERZ2; (iii) a markedin the relative numbers observed for different HER2 binders,
higher immobile fraction (>50%) was found for the biparatopicowever, their propensity to dimerize and oligomerize HER2 can
DARPIn 6L1G, accompanied by a further decrease in the averagecompared. Similar co-locomotion levels around 0.5% were
diffusion constant of the mobile fraction. observed for the homo-bivalent, monoparatopic DARPins 6L46
and GL4G as well as for TZB and PZB, all of which presumably
dimerize HER2. A signcantly higher value of 1.04% was
HER2 immobilization correlates with oligomerization These observed for the bipDARPIn 6L1G, indicating higher oligomer-
observations suggested that diffusion behavior directhcts the ization levels, with an average of ~4 molecules/oligomer estimated
differential oligomerization properties. To verify this correlatioifom the ~2-fold increased dual-labeled fraction. Substantially
we exploited simultaneous dual-color detection for analyzistronger differences were observed for the immobile fraction.
dimerization and oligomerization of HER2 by DARPins and#flere, the dual-labeled fractions for dimerizing agents were
mADbs with sub-diffraction resolution. To this end, co-tracking adimilar as for the mobile fractions, while it increased by a factor of
molecules localized in both spectral channels was performed-tfor 6L1G (Figef and Supplementary Table 2). In line with this
unambiguously identify HER2 complexes comprising two @bservation, we found a strong correlation of immobile and dual-
more molecules. The fraction of such co-trajectories obsentaleled fraction size (Figg). Taken together, these results sug-
after treatment with different binders are compared in Big. gest that the bipDARPIn 6L1G crosslinks HER2 into oligomers of
Only negligible dimerization levels (<0.05%) were detected different sizes (~4L0 copies), which is accompanied by a severe
control experiments without any agent and in cells treated witbss in mobility.
the monovalent DARPin OL4G, thus caming a limited To con rm this hypothesis, we performed single-molecule
intrinsic tendency of HER2 to homodimer#e By contrast, all localization, tracking, and co-tracking experiments with HER2 in
other DARPins and mAbs sigréantly increased the fraction ofthe presence of the crosslinking mixture of 6L46 and GL4G.
co-locomoting HER2 molecules (Fige and Supplementary Under these conditions, largely identical spatiotemporal
Table 2). Owing to the relatively low degree of labeling useddgnamics and diffusion of HER2 as compared to treatment with
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Fig. 6 Lockdown and oligomerization of HER2 diffusion as resolved by single-molecule localization microscopyRapresentative SMLM super-
resolution images rendered from 500 consecutive frames (localization precision ~20 nm) with localization densities encoded as gray values.aBcale b
10pm. Magni ed center regions are shown as insets (scale banuf). b Particle densities in the DY-649 channel observed in different single-molecule
experiments.c, d Comparison of the immobile fraction idented by spatiotemporal clustering analysi€) and the diffusion coefcient within the mobile
fraction (d) for HER2 for different treatmentse, f Colocalized HER2 molecules in the mobile) @nd the immobile fraction f) quanti ed by dual-color co-
tracking.g Correlation of the total fraction of co-localized molecules with the immobile fraction and linear regressién=(R.97, Pearsofs r= 0.99, p=

3.5 x 10 ). Different colors (cyan, control or monovalent; red, homo-bivalent; green, biparatopid)-g indicate the three distinct groups of agents as
referenced in the main text. The DARPIns are shown schematically in Supplementary Fig. 1c8igre values fob—f are provided in Supplementary Fig. 4.

6L1G were observed (Supplementary Figs. 6a, b and 7a).whi&h was applied to cells with very low cell surface expression
expected, the crosslinking mixture of 6L46 and GL4G alkvels to ensure high trackingdelity. Connement analysis
induced a comparable increase of the immobile fraction, as wellealed characteristic short-term arrests of mobile HER2, which
as a decrease of the average diffusion caft of the remaining was occasionally observed even for untreated cells or after incu-
mobile particles (Supplementary Figs. 6¢, d and 7b, c). Likewisstjon with the monovalent OLAG (Figa—c, Supplementary
very similar levels of dual-labeled mobile and immobile fractiofdovies 3 and 4, and Supplementary Table 2). Upon treatment
were found in the presence of the 6:L@.4G combination and with  mAbs and homo-bivalent DARPins that presumably
6L1G (Supplementary Figs. 6e, f and 7d, e), corroborating thanerize HER2, an enhanced occurrence of such transient arrest
similar levels of oligomerization are induced by these treatmer@sents was observed, while the dwell times of the arrested state
remained rather constant (Figd—f, Supplementary Fig. 9a, b,

HER2 lockdown is caused by increased trapping in membranganOI Supplementary Table 2). Treatment with the apoptosis-

nanodomains Given the high mobility of HER2 in the absence Opducmg bipDARPIN 6L1G strongly further enhanced the
occurrence of HER2 transient arrest events but only moderately

DARPIns, the dramatic effect of dimerization and oligomerizatiq ' .
on the diffusion remains surprising. We therefore more careful‘ﬁc{fasﬁd tge (_jweI]I( time ?f r:he arrestgd state. Thu1s|, E’Ob'"tyd
analyzed the diffusion properties of HER2 by unbiased S t in the 32-s time frame of these experiments was sill observe

COMMUNICATIONS BIOLOGY (2021) 4:762 | https://doi.org/10.1038/s42003-021-02253-4 | www.nature.com/commsbio 7



ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02253-4

Fig. 7 Lockdown is related to transient arrest of HER2. b, ¢ Transient arrest events (highlighted in red) within individual HER2 trajectories (top)
determined from the connement index calculated along a representative trajectory (bottom) upon treatment with OL&J5 GL4AG (), and 6L1G€). The
threshold de ning transient arrest events is indicated by the red lingldenti ed fraction of conned particles.e Probability of transitioning into state of
arrested diffusionf Probability of mobilization out of arrested diffusion. Different colorsdrf indicate the three distinct groups of agents as described in
Fig.6 and referenced in the main text. The DARPins are shown schematically in Supplementary Fig. 1c&igei values fold—f are provided in
Supplementary Fig. 8.

for most HER2 molecules even after treatment with 6L1G, wighsurprisingly effective inhibition of downstream signaling path-
HER2 essentialfdropping’ from one connement zone into the ways, leading to apoptosis in addicted cell lines and iniim

next (Supplementary Movie 4 and Supplementary Fig. 9e). Singlepoint the mechanism responsible for HER2 inhibition, we
molecule trajectories of transiently immobilized particles revealealve investigated here the properties of the HERIDARPIN
residual, highly comed diffusion (Supplementary Movies/ complexes in the plasma membrane. We were particularly intri-
and Supplementary Fig. 9e), suggesting transient trappinggimed by the possibility that bipDARPins may inhibit HER2 at the
nanoscopic membrane domains with a diameter of ~35nmlasma membrane by the formation of daisy chains (cf.1eig.
Upon treatment with 6L1G, characteristic successive transienwWhile chemical crosslinking cormed that active bipDARPIns
immobilization of HER2 was observed (Fiig, Supplementary crosslink HER2 into oligomers, the8copies of HER2 we found
Movie 4, and Supplementary Fig. 9e). Taken together, thé@sdhese oligomers was surprisingly low. To resolve this con-
results suggest that the efent “lockdowrf of HER2 by bip- undrum, we focused on the spatiotemporal organization and
DARPIns does not involve irreversible immobilization but rathetynamics of HER2 in the plasma membrane of live cells and its
can be ascribed to a strongly increased propensity for beittanges upon treatment with different binders. Remarkably, even
trapped within nanoscopic conement zones. in untreated cells, a substantial fraction of HER2-686) was
immobile within the time and length scale of our FRAP experi-
ments. Similar levels of immobile fractions have been previously
erved in FRAP experiments with HER2, epidermal growth
or receptor (EGFR), and ErbB3 in a variety of cell t1é3

Discussion
Blocking the activity of cell surface receptor tyrosine kinases%

mAbs and other binders has emerged as a highly succes . ) .
strategy in cancer therapy, and frequently these agents bigHggesting that this may be a fundamental feature of ErbB family

; . . 2 -
ligand-binding-mediated activation. Molecular mechanisn]§CEPLOrS: In line with previous repoft§? depolymerizing the

effective for inhibiting constitutive activation, however, hagrical actin cytoskeleton did not lead to any sigant changes
largely remained unclear. We have previously introduced bi | mobility (Fig.5c), suggesting that the HER2 immobilization is

DARPIns that bind HER2 via two distinct epitopes, which yield t caused by the membrane skeleton. SMT, however, revealed
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characteristics point to transient partitioning into membrane
nanodomains rather than simply the oligomerization-induced
decreased hopping probability across the picket fence of the cor-
tical actin cytoskeleton (membrane skeleton (MSK)) as the fun-
damental basis of heterogeneous diffusion in the plasma
membrane (Figga)3%40 Nanodomains in the mammalian plasma
membrane have been related to cooperative interactions of lipids
and proteind®. Thus, rather than partitioning, HER2 dimerization
and oligomerization could increase the propensity of nanodomain
formation. Our observations are in line with the concept of a
hierarchical organization of the plasma membrane, with lipids and
proteins transiently segregating into nanodomains within the fra-
mework of the MSR441,

While the molecular basis responsible for HER2-speci
nanodomain partitioning/formation remains speculative, the
intrinsic propensity of HER2 for transient arrest in the absence
of crosslinking agents is evident. The drastic increase in parti-
tioning propensity with increasing oligomerization level is in line
with the cooperativity required for nanodomain formation and
partitioning*l. Based on MSD analysis, we estimate the size of the
nanodomains to be below 50 nm, with residual mobility within
the nanodomain (or even of the entire nanodomain). These zones
do not seem to be related to endocytosis, as no increased endo-
cytosis has been observed for bipDARPIn-treated HEERer-

Fig. 8 Putative mechanisms of HER2 lockdown and inhibition in the thermore, partitioning and transient arrest, which are unaffected
plasma membrane. aCharacteristic diffusion modes of HER2 monomers DY extensive treatment with potent inhibitors of the HER2 kinase,
(cyan), dimers (red), and oligomers (green) induced by different agents ared0 Not appear to be related to signaling, as previously described
due to differential propensity of partitioning into membrane nanodomains. for other receptor4243,
Schematic trajectories and transiently forming nanodomains integrated On the contrary, our data implicate the possibility that tran-
over time. Trajectory time resolution: ~5 ms; hop diffusion icted by the  Sient arrest of HER2 obstructs downstream signaling, asid/e
membrane skeleton omitted for clarity. Scale bar: 50 ninEf cient inhibition ~ correlation between diffusional lockdown (i.e., uptake into
of HER2 by bipDARPIns caused by arrest in an inactive conformation upoR@nodomains) and neutralization of signaling activity. However,
formation of daisy chains and by strongly enhanced partitioning of HER2 Mixtures of TZB and PZB (the approved combination for clinical
daisy chains into membrane nanodomains. Scale bar: 20 nm. therapy) or of homo-bivalent DARPins 6L46 and GL4G yielded
strong lockdown of HER2 diffusion to a similar level as bip-
DARPIns. Yet, the clinical benchmark combination of TZB and
high local mobility of HER2 and residual diffusion even in thezB neither potently neutralizes downstream signaling nor cau-
presence of bipDARPins. Rather, we idesdi transient immo- ses apoptosis in the absence of cellular cytotoxicity, as has been
bilization even in the absence of any binder as a characterigtiown previoushP4445 Therefore, lockdown is necessary but
feature of HER2 diffusion in the plasma membrane. Such shafibt suf cient for inducing apoptosis.
term immobilization has been related to receptor trapping in This highlights that the sped binding geometry of 6L1G is
nanoscopic plasma membrane sub-compartn¥nit§ which required for complete kinase inhibiti&® via formation of
have been reported for several cell surface receptors includingdig@aling-inactive oligomers (Fig8b), which also preclude
ErbB family members EGER’ and HER22 Our results suggestinteraction with EGFR and HER8 As we nd that immobili-
that such transient immobilization of HER2 may result int@ation also occurs on cell lines resistant to HER2-targeted
apparent local comement when observed on the much largetreatment®, diffusional arrest is a feature of a novel mechanism
length scale probed by FRAP. of action, in which loss of mobility precedeand is a pre-
Treatment with DARPins and mAbs that dimerize or oligorequisite forsignaling inhibitiot%. In therapeutic applications,
merize HER2 substantially enhanced the frequency of transign attractive to increase plasma exposure either through con-
immobilization events, leading to a dramatic loss in overall HER#ation to polymers to increase the molecular size above the
mobility as observed by FRAP. Dimerizing DARPins and mAlsnal lItration threshold or exploiting FcRn-mediated salvage
already increased the HER2 immobilization propensity by a fggathways through albumin-binding domain or Fc region-
tor of ~4. Transient immobilization was even much more prceontaining moleculéd. Of note, the mechanism of action
nounced for the bipDARPIn 6L1G that also showed highelescribed here is compatible with both approaches: PEGylation
oligomerization levels of-40 copies of HER2 as estimated fromglightly affects the in vitro potency but not the edicy of
dual-color single-molecule co-localization analysis. These oligipDARPingC and the biparatopic targeting mechanism could be
mer sizes are well in line with the expected daisy chain formatisiiccessfully transferred to IgG-based antibody constfucts
as depicted in Figld. The substantially higher oligomerizationTaken together, these insights suggest that deliberate daisy
levels as compared to theBHER2 copies idented in chemi- chaining of HER2 potently downregulates its activity by a com-
cally crosslinked oligomers could be explained by the limitgthation of conformational and diffusional arrest and thus may
crosslinking efciency manifested by crosslinking of mainlyepresent a generic strategy to achieve pan-receptor inhibition.
DARPIn-dimerized HER2.
Strikingly, 6L1G-cross-linked HER2 still showed residual
mobility with a strongly increased propensity for transient arregfiethods _ .
In conjunction with the largely unaltered dwell time in the arreste&ftem production and labeling DARPIn constructs for treatment were expressed

h . - > d puri ed as previously descridéd3 PZB (Perjetd was a kind gift from Pro-
state as compared to monomeric and dimeric states, these diffusé@&br uwe zangemeister-ittke and TZB (Hercetimas obtained from
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Kantonsapotheke Zich. Af body Z4er2 (ref.2?) containing a C-terminal cysteine medium was removed, and the cells were carefully washed twice with Digbecco
was coupled to maleimide-containing dyes, either Oregon Green 488 (Thermo phosphate-buffered saline (PBS) supplemented with 50 mM sodium azide (Sigma-
Fisher, cat. no. 06034) or DY-647P1 (Dyomics, cat. no. 647P1-03) as previousAidrich, cat. no. 71290) and 10 mM 2-deoxglucose (Sigma-Aldrich, cat. no.
describetf. D8375) to yield PBSA50D. Cells were then treated by addition of the respective
agent diluted to 100 nM in 200 ul PBSA50D, unless noted otherwise.
) ) ) ) ) ) ) BT474 cells (ATCC) were seeded at a density ®h02 in RPMI 1640

Generation of inducible HT-HER2 cell lineStable cell lines for inducible medium supplemented with 10% (v/v) fetal calf serum and 1% (v/v)
expression of the HT-HER2 fusion were generated using the FIpin TREX systgghicillin-streptomycin in p-slides with glass bottom (lbidi, cat. no. 80827) 1 day
(Thermo Fisher, cat. no. K650001). First, the human HER2 cDNA (Mammalia@rior to the experiment. For FRAP experiments, BT-474 cells were inactivated for
Gene Collection, GenBank accession number BC156755.1) without the signalj g min in 100 pl PBSA50D, then labeled by adding 200 pl solutiores@2Z0G488
peptide was ampled by PCR. The amplicons were subcloned into a derivative §f z,er2-DY-647P1 (prepared as described previd§sin PBSA50D to yield a
the pcDNAS/FRT/TO plasmid, which contains the following features:B8@site  nal concentration of 100 nM. Afterwards, cells were ATP-depleted by washing
in the bla gene was removed by a silent mutation; in the expression cassette, @yice carefully with 300 ul PBSA50D, and 250 pl (125 pl each for sequential
consensus Kozak sequence containing the start codon is followed by a muringeatments) solution of the respective binding agent was added.
light chain signal peptide, followed by the HaloTag7 seqiéntse coding For the time-dependent observation of immediate immobilization, cells were
sequence of mature HER2 was inserted ublot and Xhd downstream of the  |apeled as above and measured before and repeatedly directly after addition of
HaloTag7, connected through a short glycine-serine linker, yielding an N- bipDARPIN 6L1G.
terminally HaloTagged HER?2 targeted to the cell surface. For the observation of the long-term effects of treatment, 6L1G was added to

Sub-conuent cultures of Flp-In T-REx 293 cells (Thermo Fisher, cat. no. the cells in complete medium and incubated for 5 h or 5 min, while labeling the
R78007) were then co-transfected with the pcDNA5/FRT/TO-derived plasmid ¢g|is at the same time by addingeE2-DY-647P1 30 min before the wash step.
containing HaloTag-HER2 and the Flp recombinase vector pOG44 using Transtlgl|s were then washed with PBSA50D as above.
293 (Mirus Bio, cat. no. 2700), following instructions provided by the ~ For specic kinase inhibition, cells were pre-treated in complete medium for ~3
manufacturers. In all, 150 ug mi hygromycin B (Invitrogen, cat. no. 10687-10) inpy with 12.5 uM HER2-speat kinase inhibitor (Selleckchem, cat. no. S2752, an
complete medium was used to select for stably transfected clones. After isolaiplog of ARRY-380) or dimethyl sulfoxide. Afterwards, 6L1G was added to the
using cloning discs (Sigma-Aldrich, cat. no. Z374431), single clones were expapgi@skctive samples and incubated for 10 miErZ-DY-647P1 was then added to
and analyzed byow cytometry for inducible expression of HaloTag-HER2 to 5| samples and allowed to bind for 30 min, anally the cells were ATP-depleted
obtain the HEK-TREx_HT-HER2 cell line. by washing three times with PBSA50D before the measurement.

Crosslinking analysis Semi-conuent BT474 cells were detached by Accutase Fluorescence recovery after photobleachingExperiments were performed at
treatment (Thermo Fisher, cat. no. AT104) for 5min at 37 °C, washed with  room temperature, unless noted otherwise. We bleached a circular spot with 2 um
RPMI1640 medium containing 10% (v/v) fetal calf serum, and afterwards waslggsneter, typically located in the equatorial pfhécquisition and bleach set-
three times with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  tings were optimized such that bleaching during acquisition was minimized
(HEPES) at pH 7.5 containing 150 mM NacCl. Cells were counted on a CASY cél{pically <5% of the initial uorescence intensity was lost during the whole
counter (modef'TT,” Omni Life Science), and 2 x4@ells per sample were acquisition as determined by pre-bleach measurements) and to enable bleaching in
transferred to 2001 HEPES buffer containing 10 nM of each DARPIn or IgG. Cella single step. If, for a single cell, <40% of initisrescence intensity was bleached
were incubated for 1 h at 37 °C. Afterwards, cells were placed on ice, washedwittsin one single step (e.g., due to low level of labeled receptor for this cell, or a
times with 1 ml HEPES buffer, and resuspended in 26EPES containing 2.5 bleach spot not precisely centered on the membrane, or drift), this cell was
mM bis[sulfosuccinimidyl]suberate (BS3) (Pierce, cat. no. 21580). Crosslinking wasuded from analysis. Because cell death can be accompanied by a dramatic loss
performed for 1 h at room temperature; afterwards the reaction was quenchedobyateral HER2 mobility (Supplementary Fig. 10), we cored at the end of all
washing twice with 1 ml of a 50 mM tris(hydroxymethyl)aminomethane (Tris) measurement periods (within ~1 h) that the mobility of untreated cells was
buffer at pH= 7.5 containing 150 mM NaCl. Cells were lysed for 15 min in 50 mMssentially unaltered.
Tris buffer containing 1% Triton X-100 and protease and phosphatase inhibitors atimage data including metadata were extracted from the proprietary Leica image
4 °C. The following protease inhibitors were used at the indicataticon- le format (.lif) container, as put out by the instrument, with Rijising the
centrations: 1 mM pefabloc SC (4-(2-aminoethyl)-benzolsulfayld-hydro- BioFormats importé2 We used a custom ImageJ script (available from the
chloride, Merck, cat. no. 124839), 0.02 mM leupeptin (Serva, cat. no. 51867), @@thors), which extracts the bleach region of interest (ROI) coordinates from the
mM pepstatin A (Serva, cat. no. 52682), and 0.02 mM marimastat (Calbiochermetadata, then allows manual positioning of a control ROI at a distant spot on the
cat. no. 444289). The following phosphatase inhibitors were obtained from Siggagne cell (to correct for acquisition photobleaching), and exports the mean
Aldrich and used at the indicatechal concentrations: 1 mM sodium orthovana- intensity values of bleach and control ROI. Data were scaled on a per-cell basis
date (cat. no. 220590), 1 mM sodium metavanadate (cat. no. 72060), 10mM according to F(t) F(0)) + (<Fore>  F(0)), whereH(t) is the mean uorescence in
sodium molybdate (cat. no. 331058), 50 mM sodiuglycerol phosphate (cat. no. the ROI, witht = 0 de ned at the rst frame after the bleach frame, anB,%> is
G9422), and 50 mM sodiumuoride (cat. no. 71519). the (spatial and temporal) meamiorescence before the bleach step. Assuming a
Lysates were kept on ice, cleared by centrifugation for 10 min at 20¢000 x constant offset, the low backgroundorescence cancels out in the linear
at 4 °C, and supernatants were prepared for sodium dodecy! sulfate (SDS)- transformation applied for normalizati6? Afterwards, we corrected for the minor
polyacrylamide gel electrophoresis (PAGE) in non-reducing SDS sample buffasleaching remaining under optimized settings by averaging single exponéstial
(Invitrogen) and boiled for 3 min. Samples were loaded on NuPAGR% to the mean uorescence intensity of the control R®IUnless noted otherwise,
gradient gels (Invitrogen) and afterwards blotted at 100 V for 75 min onto activatgfbtted lines indicate mean values of at least cells per condition.
PVDF-FL membrane (Millipore, cat. no. IPFLO0010) using NuPAGE transfer
buffer (cat. no. NPO0061, Invitrogen) containing 10% MeOH. . L . . L
The following antibodies were used for western blot analysis: anti-ErbB2 fronpingle-molecule localization microscopyFor single-molecule localization
mouse (Ventana, clone 4B5, cat. no.-~21), anti-mouse from goat conjugated to€Xperiments, an N-terminal fusion of the SNA&g to HER2 (SNAP-HER2), _
IRDye800 (Rockland, cat. no. 610-732-124), anti-rabbit from goat conjugated to AlRRStructed analogously to the HT-HER? fusion (see above), was used for transient
Fluor 680 (Invitrogen, cat. no. A21076), anti-GAPDH from mouse (Santa Cruz, clgigPression in Hela cells. To this end, Hela cells were seeded in dishes (6 cm
6C5, cat. no. sc-32233), anti-ErbB2 from rabbit mAb (Santa Cruz, clone C-18, catdigineter). On the next day, 2.5 ug of plasmid in a volume of 2.5 ul was mixed with
sc-284), and anti-human IgG (heavy and light chain) from goat (Jackson CaC} in sterile water to yield anal concentration of 250 mM Cagih a total
ImmunoResearch). The anti-DARPIN polyclonal serum was obtained by rabbit volume of 500 ul. The resulting solution was slowly added to 500 ul of 2x HBSS
immunization (Dreier et al., unpublished). TZB (Hercefiliand PZB (Perje® for ~ solution (280 mM NaCl, 50 mM HEPES, 1.5 mMN&0O,, pH= 6.95-7.05,

crosslinking experiments were obtained from Kantonsapotheke Zirich. sterile- ltered) with agitation and incubated for 10 min at room temperature.
Afterwards, the suspension was evenly added to the cell dish, and the cells culti-

vated for ~7 h at 37 °C in a humidéd 3% CQ atmosphere, then detached and
HER?2 labeling and treatments for FRAPHEK-TREx_HT-HER2 cells were plated overnight onto No. 1.5 coverslips that were pre-treated with a 1 mig ml
seeded at a density of 4>*n 2 in Dulbeccés modi ed Eagls medium PLL-PEG-RGD solution, which was synthesized as described pre¥iptsly
(DMEM) without phenol red (Sigma-Aldrich, cat. no. D1145) supplemented witininimize non-specic binding of dye molecules to the coverslip suféce
10% (v/v)“tetracycline-frekfetal calf serum (Bioconcept, cat. no. 2-01F28-1), 4  SNAR-HER2 was labeled by incubation with a mixture of 80 nM SNAP-Surface
mM L-glutamine (Sigma-Aldrich, cat. no. G7513), 1 mM sodium pyruvate (Sigmé49 (DY-649P1, NEB) and 8 nM SNAP-Surface 549 (DY-549P1, NEB) in 1 ml
Aldrich, cat. no. S8636), 1% (v/v) penicillgtreptomycin solution (Sigma-Aldrich, phenol red-free medium (DMEM) for 10 min at 37 °C, and the cells were
cat. no. P0781), and 150 pg mihygromycin B in p-slides pre-coated with poly-L- afterwards washed twice with DulbescBBS. These concentrations of SNAP
lysine (lbidi, cat. no. 80824) 2 days before a FRAP experiment. One day beforesthustrates ensured similar labelingaigncies in both channels. All imaging
measurement, expression was induced by addition of a doxycycline (Applicheexperiments were carried out at room temperature (to minimize endocytosis of
cat. no. A2951) solution to anal concentration of 1 ug mk. Directly prior to HER?2) in phenol red-free medium (DMEM) supplemented with an oxygen
FRAP data acquisition, HT-HER2 was labeled by addition of 400 nM HTL-AF6686avenger and a redox-active photoprotectant (0.5 mg/ml glucose oxidase (Sigma-
(Promega, cat. no. G8472) and incubation for 15 min at 37 °C. Afterwards, theAldrich), 0.04 mg/ml catalase (Roche), 5% w/v glucos®| dscorbic acid, and
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1 M methyl viologen) to reduce blinking and photobleaching of the
uorophore8®. Treatments (DARPIns and antibodies) were added toa
concentration of 100 nM.
Dual-color single-molecule imaging was performed using TIRFM with an
inverted microscope (Olympus 1X71) equipped with a triple-line total internal
re ection illumination condenser (Olympus) and a back-illuminated electron

Received: 18 November 2020; Accepted: 21 May 2021;

multiplying charge-coupled device (EMCCD) camera (iXon DU897D, 512 x 5l§eferences

pixels, Andor Technology) operated a80 °C. A 150x magncation objective

with a numerical aperture of 1.45 (UAPO x150/1.45 TIRFM, Olympus) was
employed for sample illumination andiorescence collection. For dual-color
acquisition, DY-549P1 was excited by a 561 nm diode-pumped solid-state lasér
(CL-561-200; CrystaLaser) at 0.95 mW and DY-649P1 was excited by a 642 nm

Roskoski, R. Jr The ErbB/HER family of protein-tyrosine kinases and cancer.
Pharmacol. Re39, 34-74 (2014).

Jost, C. et al. Rigidity of the extracellular part of HER2: Evidence from
engineering subdomain interfaces and shared-helix DARPin-DARPIn fusions.

laser diode (LuxX 642-140, Omicron) at 0.65 MW (power output after passage of Protein Sci26, 17961806 (2017).
the objective). Fluorescence was detected using a spectral image splitter (DualWiewCitri, A & Yarden, Y. EGF-ERBB signalling: towards the systemsNewel.

Optical Insight) with a 640 DCXR dichroic beam splitter (Chroma Technology
Corporation) in combination with a 585/40 band-padter (Semrock) for 4.
detection of DY-549P1 and a 690/70 band-pdts (Chroma Technology Corp)

Rev. Mol. Cell Bioll, 505516 (2006).
Junttila, T. T. et al. Ligand-independent HER2/HER3/PI3K complex is
disrupted by trastuzumab and is effectively inhibited by the PI3K inhibitor

for detection of DY-649P1, projecting the respective spectral channels on the upper GDC-0941 Cancer Cell5, 429-440 (2009). _
and lower half of the EMCCD chip. Time series of 2000 images were recorded \ith Carey, L. A. HER2a good addictionNat. Rev. Clin. Onco#, 196 (2012).

a time resolution of 32 ms per frame. 6.

Single-molecule analysesSingle-molecule localization was achieved using the

multiple-target tracing algorithm (MTP$. Brie y, individual signals wererst 8
identi ed with a xed false-positive rate of 19using pixel-wise hypothesis-testing ©"

against the local background noise (9 x 9 pixel evaluation box) and then Iocaliéed

with sub-pixel precision (typically 20 nm) approximating the microstopeint-
spread function with a two-dimensional Gaussian favith predetermined xed
radius. Spatiotemporal super-resolution images were rendered by placing all

localization within the rst 500 frames on an upsampled pixel grid blurred with the0-

average localization precision as described in detail previdusly
Diffusion properties were determined only from the DY-649 channel because

particle densities were more homogeneous. Prior to tracking, the data set wad-1-

scanned for transient immobilization events (>640 ms or 20 frames) within a 120

Lee-Hoeich, S. T. et al. A central role for HER3 in HER2-amgti breast
cancer: implications for targeted thera@ancer Re$8, 58785887 (2008).
Swain, S. M. et al. Pertuzumab, trastuzumab, and docetaxel in HER2-positive
metastatic breast cancét. Engl. J. Med372 724-734 (2015).

Scheer, J. M. et al. Reorienting the Fab domains of trastuzumab results in
potent HER2 activator2LoS ONE, €51817 (2012).

Pliickthun, A. Designed ankyrin repeat proteins (DARPIns): binding proteins
for research, diagnostics, and therafignu. Rev. Pharmacol. Toxicbb,

489-511 (2015).

Tamaskovic, R. et al. Intermolecular biparatopic trapping of ErbB2 prevents
compensatory activation of PI3K/AKT via RAS-p110 crosdidk. Commun.

7, 11672 (2016).

Jost, C. et al. Structural basis for eliciting a cytotoxic effect in HER2-
overexpressing cancer cells via binding to the extracellular domain of HER2.

nm search radius around each localization using an adapted version of the density- Structure21, 1979-1991 (2013).

based spatial clustering of applications with noise princigle described earlfé
Individual positions of mobile particles were subsequently connected into

12.

Kovacs, E., Zorn, J. A, Huang, Y., Barros, T. & Kuriyan, J. A structural
perspective on the regulation of the EGF recepionu. Rev. Biocherg4,

trajectories (allowing for a three-frame-long observation gap) based on their locally 739-764 (2015).

characteristic displacement statistics calculated along each molecule tiéfectory3.

MSDs of the tracked particles (>320 ms or 10 frames) wieel according to
MSD= 4D  4/3D t+ 4 2 where is the time lag (duration of displacement},

is the camera exposure time, anis the localization precisi6h weighted by their 14,

expected inverse variances in order to obtain the instantaneous diffusionienef
D ( <160 ms or 5 frames). Crosslinked receptors were idethidy dual-color
single-molecule co-tracking as described in detail previgugyie y, spectral
channels wererst aligned spatially with sub-pixel accuracy based on a prior
calibration measurement with multicolouorescent beads (TetraSpeck

15.

16.

Zahnd, C. et al. Efient tumor targeting with high-ahity designed ankyrin
repeat proteins: effects of afty and molecular sizeCancer Re§0,

1595-1605 (2010).

Maadi, H., Nami, B., Tong, J., Li, G. & Wang, Z. The effects of trastuzumab on
HER2-mediated cell signaling in CHO cells expressing human HERE.
Cancerl8, 238 (2018).

Los, G. V. et al. HaloTag: a novel protein labeling technology for cell imaging
and protein analysisACS Chem. BioB, 373-382 (2008).

Liu, P. et al. Investigation of the dimerization of proteins from the epidermal

microspheres, 100 nm, Invitrogen). The fraction of mobile points was subsequently growth factor receptor family by single wavelengtiorescence cross-

probed for co-locomotion (consecutive co-localization within 150 nm for at least

correlation spectroscopfiophys. 103, 684698 (2007).

320 ms or 10 frames). Fractions (immobile as well as dual-labeled) are calculgted gprague, B. L. & McNally, J. G. FRAP analysis of binding: propettirg

for each frame respective to the observed number of total localizations and
reported as their average over time.

Alternation between mobile and immobile periods within individual trajectories

was quantied by connement analysis, as described previddsigon nement
was probed with a time resolution of 320 ms (10 frames) along individual
trajectories (>3.2s or 100 frames) against unrestricted motion of the HER2
monomer with an expected diffusion coeient of 0.19 prds 1 (OL4G). A
controlled threshold to discriminate coned versus unhindered periods of
diffusion was established based on simulation of free Brownian motion witada
false positive rate of 18. Finally, maximum-likelihood estimates of the transition
probabilities were calculated from the obtained state sequiettps:{/www.cs.ubc.
ca/~murphyk/Software/HMM/hmm_.htnl

In all box plots showing data derived from single-molecule localization and

tracking experiments, the center line indicates the median, the box limits indicate

23.

upper and lower quartiles, the whiskers show the 1.5x interquartile range.

Reporting summary Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Source data sets underlying Figs? are provided in Supplementary Data 1. The
extensive raw data sets generated during the current study are available from the

corresponding author on reasonable request. All derived data and analyses suppor@t@g

the ndings of this study are included in this manuscript and its supplementary
information les.

28.

Code availability

19.

20.

21.

24.

25.

Trends Cell Bioll5, 84-91 (2005).

Sprague, B. L., Pego, R. L., Stavreva, D. A. & McNally, J. G. Analysis of binding

reactions by uorescence recovery after photobleachBigphys. J86,

3473-3495 (2004).

Dorsch, S., Klotz, K.-N., Engelhardt, S., Lohse, M. J. & Biinemann, M. Analysis of

receptor oligomerization by FRAP microscdidgat. Method$, 225-230 (2009).
Axelrod, D., Koppel, D. E., Schlessinger, J., Elson, E. & Webb, W. W. Mobility

measurement by analysis aforescence photobleaching recovery kinetics.

Biophys. J16, 10551069 (1976).

Kang, M., Day, C. A., Kenworthy, A. K. & DiBenedetto, E. Siegkquation

to extract diffusion coetients from confocal FRAP daféraf ¢ 13,

1589-1600 (2012).

Orlova, A. et al. Tumor imaging using a picomolamé HER2 binding

af body moleculeCancer Re$6, 43394348 (2006).

Eigenbrot, C., Ultsch, M., Dubnovitsky, A., Abrahmsén, L. & Hard, T.

Structural basis for high-afity HER2 receptor binding by an engineered

protein. Proc. Natl Acad. Sci. US®7, 1503915044 (2010).

Bertelsen, V. & Stang, E. The mysterious ways of ErbB2/HEREKinaf

Membraned, 424446 (2014).

Stiber, J. C., Kast, F. & Plickthun, A. High-throughput queatiion of

surface protein internalization and degradati&«€S Chem. BiolL4,

11541163 (2019).

Kdnig, I. et al. Single-molecule spectroscopy of protein conformational

dynamics in live eukaryotic celldat. Methodsl2, 773-779 (2015).

Sun, X. et al. Development of SNAP-tagrogenic probes for wash-free
uorescence imagin@GhemBioCheni2, 22172226 (2011).

Wilmes, S. et al. Receptor dimerization dynamics as a regulatory valve for

plasticity of type I interferon signaling. Cell Biol209, 579-593 (2015).

Unless previously published and referenced in the text, all software is available fromghe varadi, T. et al. Homo- and heteroassociations drive activation of ErbB3.

authors upon reasonable request.

COMMUNICATIONS BIOLOGY

(2021) 4:762 | https://doi.org/10.1038/s42003-021-02253-4 | www.nature.com/commsbio

Biophys. J117, 19351947 (2019).

11



ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02253-4

30. Lerdrup, M., Hommelgaard, A. M., Grandal, M. & van Deurs, B. 57. Wilmes, S. et al. Triple-color super-resolution imaging of live cells: resolving
Geldanamycin stimulates internalization of ErbB2 in a proteasome-dependent submicroscopic receptor organization in the plasma membrangew.
way.J. Cell Scil19 85-95 (2006). Chem. Int. Ed51, 48684871 (2012).

31. Asp, N., Kvalvaag, A., Sandvig, K. & Pust, S. Regulation of ErbB2 localiz&&n Ester, M., Kriegel, H.-P., Sander, J. & Xu, X. A density-based algorithm for
and function in breast cancer cells by ERM protedscotarge, discovering clusters in large spatial databases with noig¥otn Second
2544325460 (2016). International Conference on Knowledge Discovery and Data MiRGg31

32. Orr, G. et al. Cholesterol dictates the freedom of EGF receptors and HER2 in (AAAI Press, 1996).
the plane of the membran8iophys. 39, 13621373 (2005). 59. Niewidok, B. et al. Single-molecule imaging reveals dynamic biphasic partition

33. Livneh, E. et al. Large deletions in the cytoplasmic kinase domain of the of RNA-binding proteins in stress granuldsCell Biol217, 13031318 (2018).
epidermal growth factor receptor do not affect its laternal mobditZell Biol. 60. Jagaman, K. et al. Robust single-particle tracking in live-cell time-lapse
103 327331 (1986). sequencedNat. Methods, 695-702 (2008).

34. Kusumi, A., Shirai, Y. M., Koyama-Honda, I., Suzuki, K. G. N. & Fujiwara,@1. Michalet, X. Mean square displacement analysis of single-particle trajectories
K. Hierarchical organization of the plasma membrane: investigations by with localization error: Brownian motion in an isotropic mediurhys. Rev. E
single-molecule tracking vsuorescence correlation spectroscdgiyBS Lett. 82, 041914 (2010).

584, 18141823 (2010). 62. Wilmes, S. et al. Mechanism of homodimeric cytokine receptor activation and

35. Kusumi, A. et al. Membrane mechanisms for signal transduction: the coupling dysregulation by oncogenic mutatior®cienc@67, 643-652 (2020).
of the meso-scale raft domains to membrane-skeleton-induced compartmess Meilhac, N., Le Guyader, L., Salome, L. & Destainville, N. Detection néomnt
and dynamic protein complexeSemin. Cell Dev. Bid3, 126-144 (2012). and jumps in single-molecule membrane trajectdfigs. Rev. B3, 011915 (2006).

36. Sezgin, E., Levental, I., Mayor, S. & Eggeling, C. The mystery of membrane
organization: composition, regulation and roles of lipid raftat. Rev. Mol.

Cell Biol.18, 361-374 (2017). Acknowledgements

37. Low-Nam, S. T. et al. ErbB1 dimerization is promoted by domain co- ~ We thank Dr. Christoph Klenk for support during the initial set-up of FRAP microscopy
con nement and stabilized by ligand bindirfgat. Struct. Mol. Biol18, and Dr. Daniel Nettels for help with confocal instrumentation and data analysis. Dr.
12441249 (2011). Christian Jost and Florian Kast are acknowledged for providing and helping with the

38. Fujiwara, T. K. et al. Coned diffusion of transmembrane proteins and lipidspuri cation of some DARPIn constructs, respectively, and Lukas Becker for helping with
induced by the same actin meshwork lining the plasma membkdole Biol. ~ sample shipments. Flow cytometry and imaging were performed with equipment
Cell27, 11031119 (2016). maintained by the Flow Cytometry Facility (FCF) and the Center for Microscopy and

39. Morone, N. et al. Three-dimensional reconstruction of the membrane skeletty@ge Analysis (ZMB) of the University of Zurich. Single-molecule TIRF microscopy
at the plasma membrane interface by electron tomograph@ell Biol174, ~ and image analysis was performed with support of the DFG-funded Integrated Bioi-
851862 (2006). maging Facility Osnabriick iBiOs (Pl 405/14-1). This work was supported by the Swiss

40. Kusumi, A., Ike, H., Nakada, C., Murase Ikujiwara, T. Single-molecule tracking National Science Foundation to B.S and by grant 310030_192689 (to A.P.) and by the
of membrane molecules: plasma membrane compartmentalization and dynami@eutsche Forschungsgemeinschaft (SFB 944, Z) to J.P.
assembly of raft-philic signaling molecusmin. Immunol17, 3-21 (2005).

41. Kusumi, A etal. Dynamip o.rganizing princjples of the plasma membrane “ﬁ&thor contributions
regulate signal transduction: commemorating the Fortieth Anniversary of ; - g "¢ p R 'B.S., J.P., and A.P. designed research; J.C.S., C.P.R., J.S.B., M.S., and I.K.

Singer and Nicolsda Fluid-Mosaic ModelAnnu. Rev. Cell Dev. Bid@s, performed experiments; J.C.S., C.P.R., M.S,, and |.K. analyzed the data; J.C.S., J.P., and

215-250 (2012). AP h int with ibutions f Il auth
2. Suzukiy K.G N.' Fujiwara’ T K” Ed|d|n1 M. & Kusumi, A DynamiC .P. wrote the manuscrlpt with contributions from all authors.

recruitment of phospholipase C gamma at transiently immobilized GPI- ) .
anchored receptor clusters induces IP3-€aynaling: single-molecule Competing interests

tracking study 2J. Cell Biol177, 73%742 (2007). The authors J.C.S., M.S., and Aled the following patents relating to the described
43. Marchetti, L. et al. Ligand signature in the membrane dynamics of single Tri8pecic antibodies: Bispea HER2 Ligands for Cancer Therapy [US20190127481A1;
receptor molecules. Cell Scil26, 44454456 (2013). published]; Inventors: Andreas Pliickthun, Florian Kast, Martin Schwill, Annemarie Hon-

44, Sims, A. H. et al. Deing the molecular response to trastuzumab, pertuzumadgger, Rastislav Tamaskovic, Christian Jost; Current Assignee: University of Zurich Her2-
and combination therapy in ovarian cand@r. J. Cancet06 17791789 (2012). binding tetrameric polypeptides [EP3733714; published]; Inventors: Florian Kast, Martin
45. Collins, D. M. et al. Effects of HER famibrgeting tyrosine kinase inhibitors Schwill, Annemarie Honegger, Jakob Stiiber, Rastislav Tamaskovic, Andreas Pliickthun;
on antibody-dependent cell-mediated cytotoxicity in HER2-expressing bre@sirent Assignee: University of Zurich. The University of Zurich has licensed out the
cancerClin. Cancer Re&7, 807818 (2021). invention to Innovent Biologics, Inc. The remaining authors declare no competing interests.
46. Schwill, M. et al. Systemic analysis of tyrosine kinase signaling reveals a
common adaptive response program in a HER2-positive breast c&oter. Additional information

Signal 12, eaau2875 (2019). Suool tary inf tionTh i . ai | " terial
47. Kontermann, R. E. Half-life extended biotherapeufigpert Opin. Biol. Ther. uppiementary information fhe oniine version contains supplementary materia

16, 903-915 (2016). available ahttps://doi.org/10.1038/s42003-021-02253-4

48. Kast, F. et al. Engineering an anti-HER2 biparatopic antibody with a
multimodal mechanism of actiotNat. Commun(in the press, 2021ttps://
doi.org/10.1038/s41467-021-23948-6

49. Hansen, S. et al. Design and applications of a clamp for gueeescent
protein with picomolar afnity. Sci. Rep7, 16292 (2017).

50. Ohana, R. F. et al. HaloTag7: a genetically engineered tag that enhances = ) ) ) o o
bacterial expression of soluble proteins and improves protein qation. Pub|.ISheI"S noteSprlnger lNaFure relmaiuns neutral with regard to jurisdictional claims in
Protein Expr. Purif68, 116-120 (2009). published maps and institutional adfations.

51. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.

Nat. Method®, 676-682 (2012).

52. Linkert, M. et al. Metadata matters: access to image data in the realJA/orI Open AccessThis article is licensed under a Creative Commons
Cell Biol.189, 777782 (2010). BY Attribution 4.0 International License, which permits use, sharing,

53. Kang, M., Andreani, M. & Kenworthy, A. K. Validation of normalizations, adaptation, distribution and reproduction in any medium or format, as long as you give
scaling, and photofading corrections for FRAP data analjkisS ONELO,  appropriate credit to the original author(s) and the source, provide a link to the Creative
€0127966 (2015). Commons license, and indicate if changes were made. The images or other third party

54. You, C., Richter, C. P, Lochte, S., Wilmes, S. & Piehler, J. Dynamic  material in this article are included in the artisleCreative Commons license, unless
submicroscopic signaling zones revealed by pair correlation tracking and indicated otherwise in a credit line to the material. If material is not included in the

Correspondenceand requests for materials should be addressed to J.P. or A.Plc.

Reprints and permission informationis available ahttp://www.nature.com/reprints
Primary handling editors: Janesh Kumar and Anam Akhtar.

localization microscopyAnal. Chem86, 85938602 (2014). articlés Creative Commons license and your intended use is not permitted by statutory

55. Vogelsang, J. et al. A reducing and oxidizing system minimizes regulation or exceeds the permitted use, you will need to obtain permission directly from
photobleaching and blinking ofuorescent dyesingew. Chem. Int. Ed7, ¢ copyright holder. To view a copy of this license, Vii://creativecommons.org/
54655469 (2008). licenses/by/4.0/

56. Sergé, A., Bertaux, N., Rigneault, H. & Marguet, D. Dynamic multiple-target
tracing to probe spatiotemporal cartography of cell membraats.Methods
5, 687 (2008). © The Author(s) 2021

12 COMMUNICATIONS BIOLOGY (2021) 4:762 | https://doi.org/10.1038/s42003-021-02253-4 | www.nature.com/commsbio



	s42003-021-02253-4
	Apoptosis-inducing anti-HER2 agents operate through oligomerization-induced receptor immobilization
	Results
	Chemical crosslinking suggests that bipDARPins induce HER2 oligomer formation
	FRAP measurements reveal immobilization of HER2 by bipDARPins
	Efficient lockdown of endogenous HER2 by bipDARPins in breast cancer cells
	BipDARPin-HER2 complex formation suffices for immobilization
	BipDARPins induce immobilization of HER2 at the single-molecule level
	HER2 immobilization correlates with oligomerization
	HER2 lockdown is caused by increased trapping in membrane nanodomains

	Discussion
	Methods
	Protein production and labeling
	Generation of inducible HT-HER2 cell line
	Crosslinking analysis
	HER2 labeling and treatments for FRAP
	Fluorescence recovery after photobleaching
	Single-molecule localization microscopy
	Single-molecule analyses

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


	42003_2021_2253_MOESM12_ESM

