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ARTICLE

Structural and functional dissection of the DH and
PH domains of oncogenic Bcr-Abl tyrosine kinase
Sina Reckel1, Charlotte Gehin 2, Delphine Tardivon1, Sandrine Georgeon1, Tim Kükenshöner1, Frank Löhr3,

Akiko Koide4,5,6, Lena Buchner3, Alejandro Panjkovich7, Aline Reynaud8, Sara Pinho1, Barbara Gerig1,

Dmitri Svergun7, Florence Pojer8, Peter Güntert3,9,10, Volker Dötsch3, Shohei Koide 4,5,6, Anne-Claude Gavin2

& Oliver Hantschel 1

The two isoforms of the Bcr-Abl tyrosine kinase, p210 and p190, are associated with different

leukemias and have a dramatically different signaling network, despite similar kinase activity.

To provide a molecular rationale for these observations, we study the Dbl-homology (DH)

and Pleckstrin-homology (PH) domains of Bcr-Abl p210, which constitute the only structural

differences to p190. Here we report high-resolution structures of the DH and PH domains and

characterize conformations of the DH–PH unit in solution. Our structural and functional

analyses show no evidence that the DH domain acts as a guanine nucleotide exchange factor,

whereas the PH domain binds to various phosphatidylinositol-phosphates. PH-domain

mutants alter subcellular localization and result in decreased interactions with p210-selective

interaction partners. Hence, the PH domain, but not the DH domain, plays an important role

in the formation of the differential p210 and p190 Bcr-Abl signaling networks.
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The Bcr-Abl oncoprotein is expressed from the Philadelphia
(Ph) chromosome, which is formed upon the t(9;22)
reciprocal chromosomal translocation that fuses the

breakpoint cluster region (BCR) gene with the Abelson tyrosine
kinase (ABL1)1. Bcr-Abl is a constitutively active tyrosine kinase
and is selectively inhibited by imatinib (Gleevec), which became a
paradigm for targeted cancer therapy2. Different Bcr-Abl protein
isoforms are expressed, all of which contain exons 2–11 of the
ABL1 gene, but, depending on the location of the translocation
breakpoint in BCR, include different portions of the BCR gene3.
The most common Bcr-Abl isoforms are p210 and p190. p190
lacks residues 427–927 of Bcr, and thus is 501 amino acids (i.e.,
~25%) shorter than p210, but otherwise contains the same
domains with identical sequences (Fig. 1)4. Bcr-Abl p210 is the
molecular hallmark of chronic myelogenous leukemia (CML)3. In
addition, 20–30% of adult B-cell acute lymphoblastic leukemias
(B-ALL) are Bcr-Abl-positive, of which approximately 1/4 of
cases express p210, whereas 3/4 express Bcr-Abl p190. The
treatment of CML patients with the Bcr-Abl tyrosine kinase
inhibitor (TKI) imatinib results in deep remissions and long-term
survival5. Although TKIs prolong survival in Bcr-Abl-positive B-
ALL, acquired TKI resistance is frequent and overall survival is
still dramatically low6, 7. Therefore, a deeper understanding of
Bcr-Abl p210 and p190 signaling may guide the identification of
additional drug targets for combinatorial therapy in B-ALL.

We have recently performed a quantitative comparative pro-
teomics study of Bcr-Abl p210 and p190 in parallel to a second
laboratory8, 9. Unexpectedly large differences in the interactome
and tyrosine phosphoproteome were found, with more than a
dozen proteins that preferentially interact with either p210 or
p190 and ~100 differential phosphotyrosine (pY) sites indicating
activation of distinct signaling pathways by the two Bcr-Abl
isoforms8, 9. In contrast, no difference in degree and sites of p210
and p190 autophosphorylation or in vitro kinase activity of Bcr-
Abl was detected that could have rationalized the observed sig-
naling differences. These observations suggested that the func-
tional disparities of p210 and p190 arise from regions outside the
kinase domain. Hence we decided to study the differences in
structure of the two isoforms. Due to the different translocation
breakpoints, p210 contains a predicted Dbl-homology (DH) and
Pleckstrin-homology (PH) tandem domain that p190 lacks
(Fig. 1). These two domains constitute the only structurally
uncharacterized domains of Bcr-Abl and their functions have not
been characterized in detail.

DH–PH tandem domains are the canonical structural motifs of
the Dbl-family guanine nucleotide exchange factors for Rho
GTPases (RhoGEF), with the DH domain mediating GEF activ-
ity10. Previous work has indicated differential activation of Rho
GTPases RhoA, Rac1 and Cdc42 in Bcr-Abl p210-, as well as in
p190-expressing cells11, 12. In this context, Rac1 and Cdc42
activation was proposed to be dependent on the RhoGEF Vav,

which is activated downstream of both p210 and p19012. It has
also been shown that a point mutation in the predicted Bcr-Abl
DH domain (S509A) that was proposed to lack GEF activity was
able to induce leukemia with shorter latency as compared to wild-
type p210 in a mouse model13. Thus far, the activity and selec-
tivity of the Bcr-Abl DH domain remains unclear and no con-
vincing direct link between Rho GTPase activation and the Bcr-
Abl DH domain could be made.

PH domains are well-characterized lipid-binding domains
found in a variety of proteins, in which they mediate interactions
with phosphoinositide lipids in biological membranes14. As part
of the DH–PH unit, the PH domain has been implicated in
multiple functions, including membrane localization, allosteric
modulation of GEF activity, and in certain cases direct con-
tributions to DH GEF activity15. Deletion of the entire PH
domain from Bcr-Abl p210 slightly increased transformation and
mildly decreased survival in mouse bone marrow transplantation
models, showing a disease phenotype that resembles p190-driven
B-ALL16.

In contrast to the DH and PH domains, the other domains of
Bcr-Abl have been structurally well characterized, including the
central SH3-SH2-kinase domain unit in both the autoinhibited
form17–19 (reviewed in ref. 20, Fig. 1) and the active form19, 21–24

revealing critical and targetable mechanisms for allosteric reg-
ulation of the kinase (reviewed in ref. 25). Crystallographic ana-
lysis of the N-terminus of Bcr-Abl showed that a coiled-coil
domain forms antiparallel homo-tetramers26 and the very
C-terminus of Bcr-Abl contains an F-actin binding domain that
has been studied in solution by NMR27.

In summary, the absence of a structural model and poorly
defined biochemical specificity and regulation of the Bcr-Abl DH
and PH domains, in combination with conflicting data on the role
of both domains in Bcr-Abl-dependent leukemogenesis and sig-
naling necessitates an in-depth structural and functional char-
acterization. Here we provide high-resolution structures of the
DH and PH domains that unravel unique structural features.
Detailed functional characterization give no evidence for RhoGEF
activity of the DH domain. In contrast, we characterize in detail
PH-mediated phosphoinositide binding that affects cellular
localization and the signaling network of Bcr-Abl p210.

Results
Structure of DH domain by NMR and X-ray crystallography.
The DH and PH domains constitute the only predicted folded
domains of Bcr-Abl whose structure remains undetermined.
Therefore, we set out to structurally characterize them by crys-
tallography. Among several constructs, the Bcr-Abl DH- (residues
487–702) and DH–PH-domain (residues 487–893) constructs
expressed in high yields and showed good biophysical behavior
(Supplementary Fig. 1). However, we were unable to obtain

kinaseSH2SH3 FABDDH PHCC

Bcr-Abl p210

Bcr-Abl p190

Bcr aa 1–927 Abl aa 46–1149

2030 aa

kinaseSH2SH3 FABDCC

Bcr aa 1–426 Abl aa 46–1149

1529 aa

Fig. 1 Domain organization of Bcr-Abl. The two isoforms of the fusion protein Bcr-Abl, p210, and p190, are shown with their sizes and domain arrangement.
The breakpoint between Bcr and Abl is indicated with a dotted line. CC coiled-coil, DH Dbl-homology, PH Pleckstrin-homology, SH3/SH2 Src-homology
3/2, FABD F-actin binding domain
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crystals for any of our constructs, so we turned to nuclear mag-
netic resonance (NMR) spectroscopy in order to get a better idea
about the folding and flexibility of these proteins. The [15N,1H]-
TROSY spectrum of the DH domain was clearly resolved and was
indicative of a well-folded protein. We therefore embarked on the
structure determination of this domain by NMR. Given the
considerable size of the DH–PH tandem domain (410 residues,
47 kDa) and poor behavior of the isolated PH domain, we first
concentrated on the DH domain (219 residues, 25 kDa).

The Bcr-Abl DH domain NMR structure was based on 4298
NOE upper distance limits, of which 845 were long-range
(Supplementary Table 1, BMRB entry 34101). The 20 structures
with the lowest target function nicely overlay with an average
backbone atom root-mean-square deviation (RMSD) of 0.85 Å in
the folded regions (PDB ID 5N6R, Fig. 2a). The DH domain forms
a six-helix bundle arranged with a kink toward one side similar to
the ‘seat-back of a chaise longue’ in line with the canonical fold of
DH domains (Fig. 2b, Supplementary Table 1, Supplementary
Fig. 2)28. An interesting feature that is specific to the Bcr-Abl DH
domain is the extended 18-residue-long loop region between
α-helices 4 and 5 covering residues 622–638, which is 10–13
residues longer than in most other DH domains. The α4–α5 loop
of the Bcr-Abl DH domain is very dynamic and does not adopt a
preferred conformation (Fig. 2a). Apart from this loop, only the
N-terminal and C-termini of the protein are disordered.

To increase the crystallization probability of the DH–PH
tandem domain, we generated monobodies, synthetic binding

proteins based on the fibronectin type III domain that bind to the
DH–PH domain29, 30 (Supplementary Fig. 1). Monobodies tightly
bind to the target protein in a conformation-specific manner and
are often effective crystallization chaperones that stabilize a low-
energy state among the native conformational ensemble and
create productive crystal contacts31, 32. Initial screening of
monobodies generated using the DH–PH tandem domain as
the target yielded only clones (termed Mb(Bcr-DH_1–4)) that
bound to the DH domain with low nanomolar dissociation
constants (Kd, Supplementary Fig. 3). Crystallization trials using
these monobodies in complex with the DH domain readily gave
crystals for the DH/Mb(Bcr-DH_4) complex that diffracted to
1.65 Å and enabled the structure determination (PDB ID 5N7E,
Supplementary Table 2).

The crystal structure of the DH domain includes the six major
α-helices in accordance with the NMR structure (Fig. 2). No
electron density was observed for the extended flexible α4–α5
loop region seen in the NMR structure, so this loop was not
included in the crystallographic model. Overall the comparison of
the DH NMR- and crystal-structures revealed an identical overall
fold with some variation in helix orientations (Supplementary
Fig. 2). The monobody bound, as expected, via diversified
positions in the FG loop and the βC/βD strands, to the tip of the
DH domain proximal to the N-terminus (Fig. 2c, Supplementary
Figs. 2,3). To investigate the impact of monobody binding on the
DH domain structure, we compared the NMR chemical shift
changes upon formation of a complex between the unlabeled
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monobody and the 15N-labeled DH domain. We observed large
chemical shift changes throughout the N-terminal half of the DH
domain, whereas the most distal region relative to the monobody
binding epitope remained largely unperturbed (Supplementary
Fig. 4). In summary, the solution and crystal structures of the Bcr-
Abl DH domain showed the canonical six helix-fold, but with a
long α4–α5 loop.

PH domain has canonical fold with large insertion. The Bcr-
Abl PH domain exhibited limited stability at room temperature
despite extensive optimization efforts. Homology modeling
indicated the presence of a unique insertion of 59 amino acids
(residues 770–829) between predicted strands β5 and β6 con-
stituting almost a third of the entire Bcr-Abl PH domain. Since
the presence of such a large, putatively flexible element can
dramatically interfere with any structure determination approa-
ches, we deleted this part of the PH domain. Still, we were not
able to obtain crystals. Encouraged by our success with the DH
domain, we generated additional monobodies that bound to the
PH domain. Here we made use of the phage-display pool of

monobodies originally enriched with the Bcr-Abl DH–PH tan-
dem domain, but performed the secondary yeast-display screen-
ing using the PH domain as the target (Supplementary Fig. 1). We
obtained three different monobodies with low nanomolar Kd

values (termed Mb(Bcr-PH_2–4), Supplementary Fig. 3). These
monobodies bound both the full-length and the shortened PH
domain (PHΔ770–829) with equal efficiency (Supplementary
Fig. 3). With these new constructs and tools in hand, we obtained
crystals for the full-length PH domain in complex with mono-
body Mb(Bcr-PH_4), but we could not optimize these crystals
beyond a resolution of 8 Å. In contrast, crystals of PHΔ770–829
in complex with the same monobody diffracted up to 1.65 Å and
allowed structure determination of this complex (Fig. 2d).

The structure of the PH domain comprises the canonical PH
domain fold with a β-sandwich, in which four β-strands at the N-
terminal part of the protein pack against a 3-stranded C-terminal
β-sheet, and a long C-terminal α-helix (Fig. 2e), displaying high
structural similarity for example to the PH domain of Sos1
(Supplementary Fig. 2). In addition, our construct further
includes a C-terminal helical linker that was required for the
stability of the PH domain. This linker leads toward the fusion
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breakpoint with the Abl kinase and connects it to the remaining
Cap region and SH3 domain in Abl20, whereas in the full-length
Bcr protein this linker would connect the PH domain to a C2
domain. Based on our biochemical data, the PH domain forms a
1:1 complex with the monobody, which binds to the β4–β5 loop
and the αC helix of the PH domain via its variable FG loop
(Supplementary Fig. 3).

SAXS analysis of DH and PH domains. To obtain a better
understanding of the interplay of the DH and PH domains, we
used small-angle X-ray scattering (SAXS). In other DH–PH units,
the PH domain may regulate GEF activity either via intramole-
cular interactions with the DH domain, which could block
GTPase binding or by forming an additional interface with the
GTPases to facilitate nucleotide exchange28, 33.
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SAXS data for the DH, PH and DH–PH domains allowed a
detailed analysis of the conformations of the constructs in
solution (Supplementary Table 3, Supplementary Fig. 5).
As a control, SAXS data of the isolated DH domain agreed well
with the NMR and X-ray structure (Fig. 3a). Since the SAXS
data of the PH domain were obtained for the full-length PH
construct, fitting with the PH crystal structure with the deleted
β5–β6-insertion was unsatisfactory (Fig. 3b). We therefore
made a homology model for the full-length PH domain and
fitted it with the SAXS data using SREFLEX34. The resulting
model indicated that residues 770–829 of the Bcr-Abl PH domain
protrude away from the core of the globular PH domain and add
a significant volume to the overall shape of the domain (Fig. 3b).
The insertion therefore does not seem to affect the PH fold nor
does it interact extensively with the core PH domain. It could
possibly provide an additional surface for protein–protein
interactions.

The DH–PH tandem domain data were fitted using the NMR
structure of the DH domain and the crystal structure of the PH
domain and further analyzed using the ensemble optimization
approach (EOM)35 to evaluate the inter-domain flexibility of the
two domains (Fig. 3c, Supplementary Table 3, Supplementary
Fig. 5). The scattering profile of the DH–PH tandem domain in
solution fitted best to an ensemble of four different conformations
with a flexibility of 75% (Rflex = 0.75, discrepancy χ2 = 1.0, Fig. 3c),
where 100% corresponds to maximum flexibility. This high
flexibility between the DH and PH domains argues for a balls-on-
a-string model with rather independent behavior without specific
domain–domain interaction interfaces. These findings are also in
agreement with results from an NMR experiment, in which only
minimal chemical shift perturbations of 15N-labeled DH domain
were observed upon addition of unlabeled PH domain in trans
(Supplementary Fig. 4). We therefore conclude that the DH and
PH domains function as independent units and have only
minimal influence on each other.

The DH–PH domain has no detectable RhoGEF activity. For
classical Rho GEF family members, the interaction with GTPases
is mediated by two conserved regions, CR1 and CR3, which are
part of the helical core of the DH domain, as well as the C-
terminal α-helix 6 (Supplementary Fig. 2)36. In particular a glu-
tamate residue in CR1 and a lysine residue in CR3 are important
for catalytic activity36–38. Furthermore, residues in the ‘seat-back-
region’ of the DH domains, comprising α-helix 4, α4-α5 loop and
α-helix 5, determine GTPase specificity15. Notably, these residue
that are important for GTPase interaction, catalysis, and selec-
tivity are not conserved in the Bcr-Abl DH domain. Furthermore,
the extended α4–α5 loop points directly into the GTPase binding
interface, where it would sterically clash with binding of a Rho
GTPase (Fig. 4a, Supplementary Fig. 2).

To probe our structural predictions, we first measured the
interaction of the Bcr-Abl DH–PH tandem domain with the three
canonical Rho GTPases RhoA, Rac1, and Cdc42. To account for a
possible regulatory effect of the PH domain, all experiments were
conducted with the DH domain alone, as well as the DH–PH
tandem. As a positive control, we included the well-characterized
RhoA- and Cdc42-selective DH–PH domain of Dbs15.

Since a number of DH–PH domains, such as Dbs, Intersectin,
Tiam1, Trio, and LARG have been shown to form stable
complexes with GTPases and have been co-crystallized, we first
tested the interaction with recombinant RhoA, Rac1, and Cdc42
using in vitro pull-down experiments and co-migration on a size-
exclusion column (Fig. 4b, c, Supplementary Fig. 6). As expected,
the Dbs DH–PH domain showed very efficient pull-down of and
co-elution with its cognate GTPases RhoA and Cdc42, and to a
lesser extent Rac1 (Fig. 4b, c, Supplementary Fig. 6). In contrast,
the Bcr-Abl DH or DH–PH domain constructs did not display
detectable interactions with any of the three Rho GTPases
(Fig. 4b, c, Supplementary Fig. 6). We concluded that there is no
high-affinity interaction between the Bcr-Abl DH domain and the
tested Rho GTPases. These observations are in line with our
previous proteomics study, in which we did not detect Rho
GTPases as interactors with Bcr-Abl p2108. We also conducted
tandem-affinity purifications (TAP) mass spectrometry experi-
ments in the Bcr-Abl p210-expressing cell line K562 using the
isolated DH–PH tandem domain to assess direct interactors of
this fragment, but we found no Rho GTPase captured with the
Bcr DH–PH tandem domain (Supplementary Data 1).

To exert the function of a GEF, however, a weaker or more
transient interaction of the DH–PH domain with Rho GTPases
may suffice. To explore this possibility, we conducted NMR
titration experiments, in which we titrated RhoA, Rac1 or Cdc42
to the 15N-labelled DH domain (Fig. 4d, e, Supplementary Fig. 7).
Overall, chemical shift perturbations were rather small and visible
only upon addition of excess GTPase, excluding large conforma-
tional changes in the DH domain upon interaction with the
respective GTPase. Additionally, line broadening at higher
GTPase concentrations challenged the analysis. Nonetheless,
about 10 peaks for each experiment showed concentration-
dependent chemical shift perturbations throughout the titration
series, which were employed for Kd determination. We obtained
mean Kd values of 600 μM for the interaction with RhoA, 800 μM
for Rac1 and 1900 μM for Cdc42 (Fig. 4e). We furthermore
mapped the chemical shift perturbations on the DH domain
structure (Supplementary Fig. 7). Interestingly, all three GTPases
induced a similar pattern of chemical shift perturbation with an
accumulation around the putative GTPase binding site. Collec-
tively, these experiments indicated that the interactions with the
three Rho GTPases are specific, but of much lower affinity than
other GTPase-GEF interactions, which are typically in the low-
micromolar range. Although the physiological significance of

Fig. 4 Functional characterization of the DH domain. a Model for a complex of RhoA with the DH domain of Bcr-Abl. The GTPase binding model was
inferred from the co-crystal structure of Dbs and RhoA (PDB ID 1LB1) upon alignment of the Bcr-Abl DH domain with the Dbs DH domain. The α4–α5 loop
in Bcr-Abl sterically clashes with RhoA in this model. b Representative SDS-PAGE analysis of the Ni-affinity pull-down experiment using His-tagged DH–PH
or DH constructs and RhoA. The prey pull-down efficiency is calculated from signal quantification normalized to the input and shown below the respective
lane. I input, FT flow-through, W wash, E elution. c Summary of the pull-down efficiency using either His-tagged DH–PH constructs or GST-tagged
GTPases. d Chemical shift perturbation of E510 backbone NH during the NMR titration of the 15N-labeled DH domain with increasing amounts of RhoA. e
Binding affinities for interaction of the three GTPases RhoA, Rac1 and Cdc42 with the DH domain derived from fitting the chemical shift changes with
increasing GTPase concentration (Supplementary Fig. 6). Mean Kd values± s.d. are indicated. f Nucleotide exchange experiment for mant-GDP-loaded
RhoA. The decrease of the fluorescence was monitored in the presence of different Bcr-Abl DH–PH constructs and the Dbs DH–PH as a positive control.
Experiments were done in duplicates at two different concentrations of the Bcr-Abl DH and DH–PH constructs. g Acceleration of the RhoA nucleotide
exchange, i.e., the rate constant in the presence of a DH–PH construct compared to the RhoA intrinsic nucleotide exchange rate, plotted for the different
DH–PH constructs at the respective concentrations. h, i Acceleration of Rac1 h and Cdc42 i nucleotide exchange for the different DH–PH constructs at the
respective concentrations. Raw data are shown in Supplementary Fig. 8
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these weak interactions is not clear, the observations encouraged
us to probe the catalytic GEF function of the Bcr-Abl DH–PH
domain in nucleotide exchange experiments. Using fluorophore-
labeled GDP, the GDP to GTP exchange was monitored in the
presence of the Bcr-Abl DH or DH–PH domains, the Dbs
DH–PH fragment as the positive control, and we further included
a Bcr-Abl DH loop-deletion mutant into our experiments, in
which we shortened the long unstructured α4–α5 loop by 8
residues (DHΔ621–628) to assess a possible steric hindrance of
this long loop region (Fig. 4a, f, Supplementary Fig. 8). While the

Dbs DH–PH lead to a strong acceleration of nucleotide exchange
of RhoA and Cdc42 and to lesser extent for Rac1 at
concentrations as low as 0.1 μM, none of the Bcr-Abl DH,
DH–PH and DHΔ621–628 constructs used in these experiments
showed an enhancement of the nucleotide exchange rate for any
of the three GTPases, even at 10–100-fold higher concentration
than in the experiment with the Dbs control (Fig. 4f–h,
Supplementary Fig. 8).

Collectively, our results show that even though the Bcr-Abl
DH–PH fragment interacts with very low affinity with the three

PH wt R723A/
K724A

R726A DH

S-1-P

PI(3,4)P2

PI(3,5)P2

PI(4,5)P2

PI(3,4,5)P3

PA

PS

blank

LPA

lysoPC

PI

PI(3)P

PI(4)P

PI(5)P

PE

PC

a

d

c

PI5P

Bcr PH

0.1

PC PA PE PI PS LPA LPC S1PPI3P PI4P PI(3,4)P2 PI(3,5)P2 PI(4,5)P2 PI(3,4,5)P3

0.5

1

2

0.5

1

2

Bcr DH

0.5

1

2

Bcr DHPH

0.5

1

2

Dbs DHPH

Bcr PH_R726A

0.1

0.5

1

2

Bcr PH_R723A/
 K724A

0.1

0.5

1

2

Protein (μM)

*
*
*

*
*

*

* * * * * * * *

*

*

*

10 %mol

0

0.6

NBI
1.2

102 4 8Signaling lipid 

K724

R726

K739

K754

b

%mol

Fig. 5 Characterization of PIP binding to the PH domain. a Structure-based identification of the PIP-binding motif. The electrostatic surface representation
indicates that the PIP-binding motif (black arrow) forms a positively charged patch on the PH surface. b The PIP-binding site is shown enlarged together
with a D-myo-inositiol-4,5-bisphosphate (IP2) ligand fitted in the 2Fo–Fc electron-density map, contoured at 1.0 sigma. Critical residues in the binding
motif are shown in sticks representation and colored by element. c PIP strips comparing the PIP-binding properties of PH wt, the PH R723A/K724A and
R726A mutants, as well as the DH domain as a negative control. Individual signals on the strip were quantified relative to PH wild-type protein. d Binding of
Bcr-Abl domains to surrogates of biological membranes in the liposome microarray (LiMA) assay. 0.1, 0.5, 1, and 2 μM of purified sfGFP-tagged Bcr-Abl
DH, PH, DH–PH or Dbs DH–PH domains were incubated together with giant unilamellar liposomes containing the indicated concentrations of signaling lipid
(in mol % of total lipids). PI3P, PI4P, PI5P, PI(3,4)P2, PI(3,5)P2, PI(4,5)P2, and PI(3,4,5)P3 are phosphoinositides (Supplementary Data 2, 3). PC
phosphatidylcholine, PA phosphatidic acid, PE phosphatidylethanolamine, PI phosphatidylinositol PS phosphatidylserine, LPA lyso PA, LPC lyso PC, S1P
sphingosine-1-phosphate, NBI normalized binding intensity. Not determined values are indicated with a star (*). Values are means (n= 3)

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02313-6 ARTICLE

NATURE COMMUNICATIONS |8:  2101 |DOI: 10.1038/s41467-017-02313-6 |www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


a

DNA

HA-Bcr-Abl
+Actin

HA-Bcr-Abl

Actin

p210 p190 F1100ER726AR723A/K724A R726A/F1100E
R723A/K724A

/F1100E

c d

b
100

80

60

40

20

p210 p190 F1100ER726AR723A/K724A
R723A/K724A

/F1100E

A
ct

in
 c

o-
lo

ca
liz

at
io

n 
(%

)

0

R726A/F1100E

72

180

wt R72
3A

/K
72

4A

R72
6A

F11
00

E

R72
3A

/K
72

3A
/

   
 F

11
00

E

R72
6A

/F
11

00
E

p1
90

p210
p190

Sts1

p210

wt

R72
3A

/K
72

4A

R72
6A

F11
00

E

R72
3A

/K
72

3A
/

   F
11

00
E

R72
6A

/F
11

00
E

p1
90

0.0

0.5

1.0

N
or

m
al

iz
ed

 in
te

ns
iti

es

p210

p210

p210

HA-Abl

Fig. 6 Localization and signaling network of Bcr-Abl p210, p190, FABD and PH mutant proteins. a Cellular localization of Bcr-Abl p210 and p190, p210 with
the PH mutations R723A/K724A or R726A, with the FABD mutant F1100E, as well as a combination of PH and FABD mutation. Cells were fixed and
immunostained with an anti-HA antibody (HA-Bcr-Abl). F-actin (actin) and nuclei (DNA) were stained with rhodamine-conjugated phalloidin and Hoechst,
respectively. The white scale bar in the upper left image corresponds to 10 µm. b Quantification of co-localization of Bcr-Abl with actin fibers using ImageJ.
The box-and-whisker plots show the median, lower/upper quartile, and minimum/maximum of % Actin co-localization for at least six quantified cells per
Bcr-Abl mutant. c Representative immunoblot analysis of anti-Bcr-Abl/Abl immunoprecipitates from BaF3 cells stably transduced with the indicated Bcr-
Abl variants. Fractions of the immunoprecipitates were immunoblotted for Bcr-Abl and its interaction partner Sts1. d Quantification of the
co-immunoprecipitation of Sts1 with Bcr-Abl. The quantified amount of co-immunoprecipitated Sts1 after correction for the Bcr-Abl amounts is shown.
Means± s.d. of two biological replicates analyzed in two technical replicates

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02313-6

8 NATURE COMMUNICATIONS | 8:  2101 |DOI: 10.1038/s41467-017-02313-6 |www.nature.com/naturecommunications

www.nature.com/naturecommunications


canonical Rho GTPases RhoA, Rac1 and Cdc42, it does not show
nucleotide exchange activity, confirming the structural inter-
pretation that this DH–PH domain is not a classical RhoGEF
family member, but rather resembles a pseudo-GEF.

PH domain binds phosphoinositides with high affinity. To test
for PH domain function, we first aimed to define the
phosphatidylinositol-phosphate (PIP)-binding site, which is
formed by a positively charged patch of amino acids (arginine
and lysine) in the β2–β3 hairpin of PH domains39. In the Bcr-Abl
PH structure residues K724 and R726 in the β1–β2 hairpin, in
addition to K739 and K754 in the β3–β4 hairpin may qualify for
the PIP-binding interface (Fig. 5a, b, Supplementary Fig. 9). To
identify the PIP-binding site of the Bcr-Abl PH domain experi-
mentally, we soaked the PH domain crystals with a soluble PI(4,5)
P2 derivative and found additional electron density at the
expected site (Fig. 5b, Supplementary Fig. 9). This density par-
tially fits the PI(4,5)P2 headgroup, although minor sterical clashes
remain with the surrounding residues.

We next investigated the PIP-binding selectivity in solution
using PIP strips (Fig. 5c). We found that the Bcr-Abl PH domain
bound to a wide range of mono, bis- and tris-phosphorylated
PIPs, as well as phosphatidylserine, while no lipid binding was
observed with the DH domain (Fig. 5c). Mutations in the PIP-
binding motif, R723A/K724A or R726A, reduced binding to all
interacting PIPs by 60–80% on the PIP strips (Fig. 5a–c). To
further quantify these interactions and measure preferences for
specific lipids, we employed a more physiological liposome
microarray-based assay (LiMA)40. In this context, we observed
that the Bcr-Abl PH domain bound preferentially to bis- and tris-
phosphorylated PIPs over mono-phosphorylated PIPs, as well as
preferentially to PS-containing liposomes over other phospho-
and sphingo-lipids (Fig. 5d, Supplementary Fig. 9, Supplementary
Data 2 and 3). The estimated Kd values for binding to all bis- and
tris-phosphorylated PIPs were in the range of 1–5 μM, similar to
those reported for other PH domains (Supplementary Fig. 9)41.
Again, no significant binding was observed for the DH domain
alone. Interestingly, the Bcr-Abl DH–PH domain showed the
same binding specificity as that of the PH domain alone, but with
lower affinity. Finally, the affinity for membranes containing PIPs

was strongly reduced for R726A and almost absent for R723A/
K724A (Fig. 5b, d). Overall, these results indicated that the Bcr-
Abl PH domain binds to several PIPs with comparable affinity,
but broader specificity as compared to other PH domains.

PH mutations affect Bcr-Abl localization and interactions. In
cells, PH domains are commonly involved in targeting proteins to
membranes. Given the high binding affinity of the Bcr-Abl PH
domain to PI(4,5)P2, this domain could contribute to Bcr-Abl
p210 subcellular localization to the plasma membrane. To test
this hypothesis, we investigated Bcr-Abl localization by confocal
immunofluorescence microscopy. We analyzed the localization of
different Bcr-Abl constructs, including Bcr-Abl p210, PIP-
binding-deficient mutants of p210 (R723A/K724A and R726A),
as well as p190. Additionally, we combined the PH domain
mutations with a mutation disrupting the binding of the F-actin
binding domain (FABD; Fig. 1) in the very C-terminus of Bcr-Abl
to F-actin (F1100E), which previously was shown to result in
strongly reduced co-localization of Bcr-Abl p210 with cortical F-
actin27.

Bcr-Abl p210 showed diffuse, predominantly cytosolic, stain-
ing, and quantitative image analysis additionally revealed a strong
co-localization with F-actin (Fig. 6a). Both mutations of the PH
domain (R723A/K724A and R726A) lead to a small reduction in
F-actin co-localization and showed a very similar localization
pattern to that of p190 lacking the PH domain. In line with
previous results, the FABD mutant F1100E strongly reduced
F-actin co-localization. In this context, no additional effect of the
PH domain mutations was observed (Fig. 6a, b).

In an independent line of investigation, we assessed the role of
the PH domain in p210 protein–protein interaction. We focused
on the tyrosine phosphatase Sts1, which we previously found as a
prominent p210 interactor that interacted much more weakly
with p1908. Bcr-Abl immunoprecipitation experiments showed a
strongly reduced amount of Sts1 with both PH mutants, as
compared to wild-type p210, almost reaching a similar level of
Sts1 interacting with p190 that lacks this domain (Fig. 6c, d,
Supplementary Fig. 10). Interestingly, the F1100E mutation of the
FABD also reduced Sts1 interaction with p210, whereas, in
combination with the PH mutation, no additional decrease was
observed in line with our immunofluorescence data.

These data show that PH-mediated PIP binding contributes to
Bcr-Abl p210 membrane localization, thereby facilitating the
incorporation of Sts1 into the Bcr-Abl p210 complex and thus
influencing the p210-signaling network. Our findings indicate
that PIP binding may contribute to differential signaling networks
between the p210 and p190 isoform.

Discussion
We have performed an extensive structural and functional
characterization of the Bcr-Abl DH–PH domain. With the
structures of the DH and the PH domain, the only missing
domains of Bcr-Abl were finally structurally characterized and
enabled us to study the molecular basis for the signaling con-
tributions of these domains and to construct a preliminary model
of the overall Bcr-Abl structure (Fig. 7).

Our structural data show that with its extended α4–α5 loop
blocking the DH-GTPase interface and lack of conserved catalytic
residues, the Bcr-Abl DH domain may not act as a GEF. In line
with these findings, the Bcr-Abl DH domain did not interact with
or directly activate the three GTPases RhoA, Rac1, and Cdc42 in
our functional experiments. Importantly, in contrast to previous
studies11, 12, our experimental set-up using the isolated and
purified DH–PH fragment, together with purified Rho GTPases,
allowed us to directly address possible GEF activity of the
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SH2SH3

PH

DH
CC

Sts-1

Fig. 7 Model of the structural organization of Bcr-Abl p210 and
contributions to cellular localization and signaling. Domain CC coiled-coil,
DH Dbl-homology, PH Pleckstrin-homology, SH3/SH2 Src-homology 3/2,
FABD F-actin binding domain. High-resolution structures of the individual
domains were solved in this study (DH: PDB ID 5NR6, PH: PDB ID 5OC7)
and in previous studies (CC: PDB ID 1K1F, SH3: PDB ID 1OPK, SH2-Kinase:
PDB ID 1OPL chain B, FABD: 1ZZP)
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DH–PH domains and to exclude possible indirect effects by other
GEFs in cells, as well as downstream signaling pathways regulated
by any of the other Bcr-Abl domains. We consider GEF activity
on other members of the Rho family unlikely, although we cannot
fully exclude it at this point. While the Rho GTPase family
comprises up to 25 members, RhoA, Rac1, and Cdc42 represent
the most studied members of the Rho family and have also been
used in previous studies on RhoGTPase activation in Bcr-Abl-
expressing cells10, 42. In addition recent functional proteomics
studies on six Rho GTPases (including RhoA, Rac1, and Cdc42),
as well as on the Bcr-Abl interactome from others and us, did not
indicate that Rho GTPase directly interact with Bcr-Abl8, 9, 43. We
also carefully checked the structural location and possible func-
tional role of the S509A mutation that was previously proposed to
modulate leukemogenesis in a mouse model13, but found no
supporting evidence for these findings, as the DH domain
structure or binding remains unaltered (Supplementary Fig. 2F).

Diverse mechanisms for the regulation of DH-mediated GEF
activity have been described, including direct intramolecular
interactions with adjacent linkers of the PH domain, allosteric
regulation via phospholipid binding to the PH domain, as well as
post-translational modifications of the DH domain, such as
phosphorylation10. Our results do not support any of these reg-
ulation mechanisms in the case of the Bcr-Abl DH–PH domain.
The high degree of inter-domain flexibility as observed by SAXS
speaks against a regulatory impact of the PH domain on the GEF
function of the DH domain. Shortening of the α4–α5 loop of the
DH domain was not activating in our GEF assays, excluding a
possible inhibitory role of this loop that could block the DH-
GTPase interaction surface, in addition to the lack of conserva-
tion of residues that are important for GTPase interaction in
other GEF proteins. Finally, three tyrosine phosphorylation sites
in the DH domain, Y554, Y591, and Y644, were repeatedly
mapped in the Bcr-Abl DH domain8, 44, 45. Whereas Y544 and
Y591 are conserved among other DH domains, Y644 is not, but
forms part of the conserved region 3 (CR3) that builds part of the
GTPase-interaction interface. The biological impact of the
phosphorylation of these tyrosines may merit deeper analysis.
However, in cases where the regulation upon DH domain
phosphorylation has been studied46, GEF activity was only mildly
modulated upon phosphorylation. Collectively, based on our
detailed study, there is no evidence that the Bcr-Abl DH domain
acts as a RhoGEF. Hence, it may therefore be dubbed ‘pseudo-
GEF’, along with six other Dbl family members that lack key
catalytic residues47. Still, the DH domain may play a possible
important role for the overall structural organization and integ-
rity of Bcr-Abl p210. We postulate that the activation of RhoA
that had been observed for Bcr-Abl p210, but not for the Bcr-Abl
p190 isoform in two previous studies11, 12, may be the con-
sequence of the drastically altered signaling networks between the
two isoforms rather than the presence of the DH–PH domain in
p210.

Our results indicate that the PH domain contributes to the
signaling network of Bcr-Abl through PIP-binding. While Bcr-
Abl has been studied for decades, and interaction domains with
both unmodified (e.g., SH3 and FABD) and post-translationally
modified (SH2) protein partners were shown to be critical for
localization and signaling, the PIP binding of the PH domain has
not been implicated in Bcr-Abl signaling thus far. Here, we show
that PIP binding of the Bcr-Abl PH domain has important
consequences on the Bcr-Abl signaling network. Given that Bcr-
Abl oligomerizes via its N-terminal coiled-coil domain, the lipid-
binding affinity of the isolated PH domain determined here likely
additionally profits from an avidity contribution of multiple PH
domains in the Bcr-Abl tetramer (Fig. 7). Regarding the cellular
localization of Bcr-Abl, our microscopy experiments indicated, in

agreement with previous results, that cortical actin binding
mediated via the FABD is a dominant factor in Bcr-Abl locali-
zation27. In line with this observation, the localization of the Bcr-
Abl p210 and p190 isoforms does also not differ drastically, as
both forms of Bcr-Abl contain the FABD. Consequently, the
membrane targeting of the PH domain is not as evident as might
be expected and compared to other PH domain examples, such as
Btk. Still, given the complex spatial organization and dynamics of
signaling complexes in mammalian cells, even globally small
differences in protein subcellular localization can have strong
consequences in signaling. Moreover, as demonstrated here for
the Bcr-Abl/Sts1 interaction, even small differences in the
‘microenvironment’ of the two Bcr-Abl isoforms lead to a dif-
ferent subset of interacting or substrate proteins modifying the
entire signaling network.

Finally, the overall architecture of Bcr-Abl is another important
aspect to consider with regard to cellular localization and
recruitment of interaction partners. The presence of the DH–PH
tandem domain in the p210 isoform contributes a quarter of the
size of the whole protein and it is not unlikely that these addi-
tional domains strongly affect the overall structural organization
of this multi-domain oncoprotein. Currently it is not well
understood whether and how the DH–PH module interacts with
its neighboring domains or if, in the context of higher oligomers,
the DH domain could dimerize or simply act as a long spacer
separating the coiled-coil domain from the kinase domain. Fur-
thermore, as monobodies tend to target functional surfaces, it is
not unconceivable that the epitopes for the DH and PH mono-
bodies might represent sites of yet undiscovered functional
importance30.

Our study closes the last gap of high-resolution structural data
on individual Bcr-Abl domains that have been studied over the
past 20 years. The structures of the DH and PH domains now
enable future structural on higher order structural organization of
multi-domain constructs and full-length Bcr-Abl p210 by SAXS,
cryo-EM and crystallography. The results of these studies will be
essential to understand the structural differences between Bcr-Abl
p210 and p190 and relate them to the Bcr-Abl signaling networks
and its interactors.

Methods
Protein expression and purification. The DH–PH (residues 487–893) and DH
(residues 487–702) constructs were cloned with an N-terminal His-tag and TEV
cleavage site into pETM-11, the PH domain (residues 704–893) and all GTPases
were cloned with an N-terminal GST-tag and TEV-cleavage site into the pETM-30
vector. Primer sequences are shown in Supplementary Data 4. Monobodies were
cloned into the pHBT1 vector with an N-terminal His- and Avi-tag, followed by a
TEV cleavage site48. Similarly, the DH–PH and PH constructs for monobody
generation were cloned in the pHBT1 vector with an N-terminal Avi-tag for
biotinylation. Expression of the DH–PH, DH and PH constructs was conducted
overnight in Rosetta(DE3) (Novagen/Merck Millipore catalog no. 70954) in LB
medium after induction with 0.5 mM IPTG at an optical density of ~1.0. The
temperature during the expression was reduced to 18 °C. Biotinylation of the
DH–PH and PH constructs with Avi-tag was achieved upon co-expression with the
biotinylase BirA in BL21(DE3) in the presence of 50 μM biotin49. The monobodies
were expressed in BL21(DE3) using auto-induction medium (Formedium catalog
no. AIMLB0210). During overnight expression the temperature was lowered to 20 °
C. Finally, the GTPases were expressed overnight at 18 °C in BL21(DE3) using
Terrific Broth (TB) medium and 0.5 mM IPTG for induction. The purification
buffer consisted of 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 5% glycerol, and 1 mM
DTT. For purification of the GTPases the buffers additionally included 10 mM
MgCl2. Lysis of all samples was conducted on an EmulsiFlex-C5 homogenizer
(Avestin) using 18,000 PSI output pressure and three lysis cycles. The cleared
supernatants were in a first step purified by gravity flow Ni-NTA Agarose (Qiagen)
prior TEV cleavage during overnight dialysis (25 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 5% glycerol, and 1 mM DTT). For the formation of the monobody com-
plexes (DH/Mb(Bcr-DH_4) and PH/Mb(Bcr-PH_4)), the proteins were mixed
after affinity purification with a twofold excess of monobody prior the dialysis and
TEV cleavage. TEV protease, the His-tag and un-cleaved protein were removed by
a reverse Ni-affinity step. The final purification step for all constructs was a size-
exclusion-chromatography step depending on the size of the constructs either on a
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Superdex75 or Superdex200 16/600 column (25 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 5% glycerol, and 1 mM DTT). The samples were concentrated for the
subsequent downstream application by Amicon-Ultra centrifugal filters (Millipore)
and all proteins could be stored at −80 °C.

Monobody generation and initial characterization. The general approach for
monobody generation have been previously reported29. Two different monobody
phage-display libraries were screened, the loop only library50 and the loop and side
library29. A biotinylated DH–PH domain sample in the presence of 25 µg ml−1 poly
lysine51 was used for sorting of phage-display libraries. Four rounds of phage-
display library selection were performed at concentrations of 100, 100, 50, and 20
nM of biotinylated DH–PH domain for the first, second, third, and fourth rounds,
respectively. After amplification of the cDNA encoding the resulting pool of
enriched clones, the sub-library was transferred to the yeast display format, as
described previously29 and selection performed at 20 nM DH–PH or 100 nM of PH
domain. Clones were analyzed for target protein binding in the yeast-display
format and sequenced. Binding assays in the yeast display format were performed
as previously described29 with a concentrations range of the biotinylated targets
from 10 nM to 1 μM in Tris-buffered saline (TBS) with 0.1% BSA. Incubation of
target protein, yeast cells, and a mouse anti-V5 antibody were for 30 min at RT.
Streptavidin-DyLight650 and a FITC-coupled antimouse IgG was added after two
washing steps and incubated for 30 min at RT. Samples were analyzed on a Gallios
(Beckman Coulter) or BD Accuri C6 (BD Bioscience) flow cytometer. Plots of the
mean fluorescence intensity vs. target concentration and fitting a 1:1 binding model
to the data using Prism (GraphPad) was used to determine the apparent Kd values.
We have established that the apparent Kd values determined using this method
generally agrees with those determined from biophysical measurements of purified
proteins29.

Isothermal titration calorimetry. Isothermal titration calorimetry (ITC) mea-
surements were performed on a MicroCal iTC200 (GE) instrument. All proteins
were degassed after extensive dialysis against 25 mM HEPES (pH 7.5), 150 mM
NaCl, 0.5 mM TCEP. Protein concentrations were determined by measuring UV
absorbance at 280 nm. The titrations were performed in 16 steps with 0.49 μL
injections for the first and 2.49 μL for the other injections. Concentrations were
selected based on assumed affinities and the signal strength of the interaction. The
MicroCal software was used for data analysis.

NMR spectroscopy. For NMR structural studies, the DH domain was expressed in
minimal M9 medium supplemented with 1 g L−1 15NH4Cl and either 2 g L−1 13C-
glucose (Cambridge Isotope Laboratories) or 4 g L−1 unlabeled glucose. Finally, the
samples were dialyzed into an NMR compatible buffer containing 50 mM HEPES,
pH 7, 50 mM NaCl, 1 mM DTT. For GTPase titration experiments, the buffer
additionally contained 1 mM imidazole and 2 mM EDTA.

For the NMR structure determination, uniformly 15N, 13C-labelled DH domain
(487–702) was prepared at a concentration of 850 μM. Measurements for the
assignment were carried out at 303 K on Bruker Avance spectrometers equipped
with cryogenic 1H{13C,15N} probes operating at proton resonance frequencies of
600–950MHz. Backbone assignment was achieved using TROSY-type52, 53 BEST54,
55 versions of HNCO, HN(CA)CO, HNCACB, HN(CO)CACB, and HN(CA)HA
triple resonance experiments. Side chain resonances were assigned based on three-
dimensional, TROSY-type versions of the H(CCCO)NH-TOCSY and (H)C(CCO)
NH-TOCSY, a 3D 13C-start CCH-TOCSY, as well as 3D 13C-separated NOESY
experiments. Aromatic side chains were assigned by the following 2D experiments:
H(N)CD (Trp), H(NCDCG)CB (Trp), (HB)CB(CGCD)HD, (HB)CB(CGCC-
TOCSY)Har. NOE distance restraints were derived from 15N and 13C-separated
NOESY spectra. In addition to the manual assignment strategy, we employed the
FLYA automated resonance assignment algorithm for backbone and side chain
assignment56. The 1H/13C/15N resonance assignments were complete for all CH_n
groups and the backbone NH groups. About 90% of these assignments (from
FLYA) were verified manually. Automated NOE assignment and structure
calculation was conducted in CYANA57. The structure calculation was based on
4298 NOE upper distance limits, of which 845 were long-range. Structure
calculations with torsion angle dynamics were started from 200 random
conformers58. A consensus structure bundle of 20 conformers was subjected to
restrained energy minimization in explicit solvent against the AMBER force field
with OPALp59–61. RMSD values were calculated for the well-defined regions of the
protein, residues 496–619, 638–693, as determined with CYRANGE62.

The interaction studies with the GTPases were done using a uniformly 15N-
labeled DH domain at a concentration of 50 μM. GTPase stock solutions ranged
between 600 and 900 μM. All proteins were dialyzed into the same buffer prior the
experiment. Chemical shift changes were monitored using [15N,1H]-TROSY
experiments recorded on a Bruker Avance spectrometer with cryogenic 1H
{13C,15N} probe operating at a proton resonance frequencies of 800MHz. The
composite 15N and 1H chemical shift perturbation was calculated with a scaling
factor for the 15N shift changes of 0.1463. Binding constants were fitted in Prism
(GraphPad) according to a 1:1 binding model.

X-ray crystallography. Samples for crystallization trials were concentrated to ~10
mgmL−1. Initial screenings were set-up in a 96-well plate with sitting drop crys-
tallization using the Mosquito robot (TTP Labtech). Drops were composed of a
mixture of protein and buffer in a 1:1 ratio (v/v) and crystals grown at 291 K. The
DH/Mb(Bcr-DH_4) complex crystallized in condition F5 of the Morpheus HT
screen (MD1-47, Molecular Dimensions) corresponding to 0.12 M mono-
saccharides (0.2 M D-glucose; 0.2 M D-mannose; 0.2 M D-galactose; 0.2 M L-fucose;
0.2 M D-xylose; 0.2 M N-acetyl-D-glucosamine), 0.1 M buffer system 2 pH 7.5
(sodium HEPES; MOPS (acid)) and 50% precipitant mix 1 (40% v/v PEG 500
MME; 20% w/v PEG 20000). The PH/Mb(Bcr-PH_4) complex crystallized in
condition 81 of the JCSG+ suite (Qiagen) that contained 0.1 M potassium thio-
cyanate and 30% (w/v) PEG MME 2000. PH/Mb(Bcr-PH_4) crystals could be
improved in the presence of 20% glycerol.

X-ray diffraction data were collected at the synchrotron SLS (Swiss Lightsource,
Villingen, Switzerland), beamline ×06DA using a single wavelength at 100 K. The
diffraction data were processed with the X-ray Detector Software (XDS, http://xds.
mpimf-heidelberg.mpg.de/). Phasing was achieved by molecular replacement in
Phaser using homology models created in SwissModel64, 65. The homology model
for the DH and the PH domain was based on the template with PDB ID 2Z0Q, the
monobody was modeled based on template PDB ID 3TEU. Manual model
building, solvent addition and refinement employed phenix.refine in the Phenix
software suite66.

Small-angle X-ray scattering. Proteins for SAXS analysis were concentrated to
10–15 mgmL−1 and dialyzed into a SAXS compatible buffer (25 mM Tris-HCl pH
7.5, 150 mM NaCl, 5% glycerol, 1 mM DTT). SAXS data were collected at EMBL
P12 beamline, DESY, Hamburg, Germany with protein concentration ranges of
1.6–14.4 mgmL−1. The data were cropped from the first point of the Guinier region
until the end of the useful range defined by SHANUM67. High- and low- con-
centration curves were merged to counter concentration effects, such as inter-
particle interference using the program PRIMUS from the ATSAS package68.
GNOM was used to obtain the p(r) and determine the corresponding Dmax and Rg
values69. SREFLEX was used to generate and refine high-resolution hybrid models
using high-resolution structures as the starting point34. EOM was used to generate
an ensemble of conformations and to assess the inter-domain flexibility of the
DH–PH domain35. The scattering curves from the high-resolution models were
calculated using CRYSOL70. SAXS figures were prepared using PyMOL (www.
pymol.org) and SASpy71.

Bioinformatics tools. Sequence and secondary structure analysis relied on web-
servers for BLAST (blast.ncbi.nlm.nih.gov), PSIPRED (bioinf.cs.ucl.ac.uk/psipred)
and HHpred (toolkit.tuebingen.mpg.de/#/tools/hhpred)72–74. Homology models
were created using SwissModel (swissmodel.expasy.org)64. Structural analysis and
figure preparation was conducted in PyMOL (www.pymol.org).

GTPase interaction studies. DH–PH and DH constructs were mixed with
GTPases in a 1:2 molar ratio and dialyzed into either EDTA- or MgCl2-containing
buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM DTT, and 1 mM EDTA or
10 mM MgCl2) overnight at 4 °C. Half of the sample was then directly loaded onto
an analytical Superdex75 10/300 size-exclusion column. For pull-down analysis, the
samples were twofold diluted with binding buffer (25 mM Tris-HCl, pH 7.5, and
150 mM NaCl), mixed with Ni-NTA Sepharose (GE Healthcare) and incubated for
2 h at 4 °C. The slurry was transferred into a micro spin column and the unbound
fraction was collected by centrifugation at 500×g for 1 min. The resin was washed
with a total of 10 column-volumes buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl,
1 mM DTT, 10 mM imidazole) prior to elution of the bound proteins in 3 column-
volumes buffer (25 mM Tris-HCL, pH 7.5, 150 mM NaCl, 1 mM DTT, and 500
mM imidazole). The samples were analyzed on Coomassie-stained SDS-PAGE.
Equal amounts of input, flow-through, wash and elution fractions were analyzed on
SDS-PAGE, scanned with the Odyssey imager (Li-Cor) and quantified using the
Image Studio Software (Li-Cor). The percentage of untagged protein in the
respective gel lane normalized to the input fraction was calculated.

Nucleotide exchange assay. GTPases were dialyzed in loading buffer (20 mM
Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 1 mM DTT, 5% glycerol) overnight
at 4 °C to remove bound nucleotide. The nucleotide-free GTPases were then mixed
with a fivefold excess of mant-GDP (Thermo Fisher Scientific) and incubated for
90 min on ice. The mant-GDP-loaded GTPases were stabilized upon addition of 10
mM MgCl2 with an additional incubation time of 30 min on ice. Excess nucleotide
was then removed with a PD-10 Desalting column (GE Healthcare) and the protein
concentration determined by absorbance measurement.

Nucleotide exchange reactions were set-up in a black 96-well plate with 1 μM
GTPase/mant-GDP and 10mM GTP in reaction buffer (20 mM Tris-HCl, pH 7.5,
100 mM NaCl, 1 mM DTT, 5% glycerol). The exchange reaction was started upon
addition of 20 mM EDTA or 0.5 μM Dbs DH–PH as positive controls, and 5 μM or
50 μM Bcr-Abl DH–PH and DH domains and immediately measured at the
SpectraMax M5 plate reader (Molecular Devices). The single-wavelength
measurement was done at 25 °C with an excitation at 360 nm and emission at 445
nm. The decrease of the fluorescence upon GDP-to-GTP exchange was monitored
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up to 20 min, when the intrinsic exchange reached the baseline. The exchange rate
constants were fitted in Prism (GraphPad) and the enhancement factor was
calculated in comparison to the intrinsic exchange rate without addition of EDTA
or GEF protein.

PIP strips lipid-binding assay. PIP strips (Echelon Biosciences) were blocked in
PBS-T + 3% BSA for 1 h at room temperature before adding 20 nM of the target
proteins for another 1 h at room temperature. Membranes were then washed three
times in PBS-T and incubated with an anti-His antibody (Qiagen) in PBS-T + 3%
BSA overnight at 4 °C. After washing again three times in PBS-T, detection was
achieved with a secondary antimouse antibody coupled to an IRDye800 (1 h, room
temperature) on the Li-Cor Odyssey imaging system (Li-Cor Biosciences) and
quantification was done in the Image Studio software (Li-Cor Biosciences).

LiMA experimental procedure. The fabrication of liposome microarrays, the
experimental procedure of protein-liposome interaction assay, the image analysis,
and the calculation of normalized binding intensities (NBIs) values were described
previously40. Briefly, liposomes were formed in the assay buffer (10 mM HEPES,
pH 7.4, 150 mM NaCl) from lipid mixtures containing various combinations of
17 signaling lipids (Supplementary Data 2). The liposomes were incubated 20 min
with different concentrations of purified sfGFP-tagged proteins or cell extracts
containing sfGFP-tagged proteins with known lipid-binding preferences (control
proteins), prepared as described previously (Supplementary Fig. 8)40. Subsequently,
the unbound material was washed and the interactions were monitored by auto-
mated microscopy. Fluorescence intensities from pixels matching liposomal
membranes were extracted and used for calculation of normalized binding inten-
sities (NBI).

Immunofluorescence microscopy. HeLa cells were transfected with vectors
encoding p210, mutants thereof or p190 under the control of an SV40 promoter by
using PEI transfection reagent (polyethylenimine, Polysciences). After 48 h of
incubation, the medium of transfected cells was removed and the cells were quickly
washed with phosphate buffer saline (PBS) equilibrated at 37 °C. Coverslips were
then incubated in 3% paraformaldehyde (PFA). After 15 min incubation on ice, the
cells were washed three times 5 min with PBS. The cells were permeabilized for 10
min at room temperature with PBS + 0.5% Triton X-100 and blocked with a
commercial 10% normal goat serum blocking solution (Invitrogen 50-197Z) for 10
min. Incubation with the primary antibody solution (pAb mouse anti-HA.11,
Covance, dilution 1:1000 in PBS or pAb mouse anti-myc, Cell Signaling, dilution
1:8000 in PBS) was performed for 1 h and followed by three washes with PBS +
0.1% Triton X-100. Then, the secondary antibody solution (goat antimouse Alexa-
488 from Thermo Scientific, R37120, dilution 1:1000 in PBS) was applied for 30
min. After application of the secondary antibody, all incubation steps were per-
formed protected from light. After washing, the actin cytoskeleton was stained by
incubation of the cells with phalloidin-rhodamin for 20 min according to supplier
instructions (Thermo scientific, R415, phalloidin-rhodamin resuspended in
methanol and dilution: 5 μL methanolic stock solution into 200 μL PBS + 1% BSA).
After three times 5 min washes in PBS + 0.1% Triton X-100, DNA was stained with
Hoechst for 10 min (dilution 1 μg mL−1 in PBS). Finally, three times 5 min washes
in PBS + 0.1% Triton X-100, coverslips were mounted on a microscopic slide using
Mowiol. Images were obtained on a Zeiss LSM780 confocal microscope using a
Plan-Apochromat 63x/1.40 Oil DIC M27.

Actin co-localization. All images were acquired with the same confocal micro-
scope settings (74 nm pixel size, 355 nm z-plane spacing, 489 nm laser excitation
and 533 nm detection band for Alexa-488 immunostained constructs, 566 nm laser
excitation and 634 nm detection band for phalloidin-rhodamin stained actin, with
same laser powers and detector gains for all samples). Cells with similar shape and
actin morphology were selected for all conditions. For co-localization of Bcr-Abl
with actin, we computed the Manders coefficient of co-localization75 using the
ImageJ software, as follows: we background-corrected the Bcr-Abl channel (Bcr-
Abl total) and applied a threshold on the actin channel; next we used the thre-
sholded actin image to mask the background-corrected Bcr-Abl channel (Bcr-Abl
actin); image stacks from ‘Bcr-Abl total’ and ‘Bcr-Abl actin’ were sum-projected
along the z-axis. The fraction of Bcr-Abl co-localizing with actin was calculated by
dividing the sum intensity of ‘Bcr-Abl actin’ by the sum intensity of ‘Bcr-Abl total’
in a manually drawn ROI around each cell in the projected images.

Bcr-Abl immunoprecipitation. A detailed description of the Bcr-Abl immuno-
precipitation was described previously8. Bcr-Abl isoforms and mutants were
expressed in murine BaF3 cells (DSMZ no. ACC-300) and cell lysis and purifica-
tion was performed in TAP buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5%
glycerol, 0.2% (w/v) NP-40 Alternative) containing protease and phosphatase
inhibitors (25 mM sodium fluoride, 1 mM vanadate, 1 mM PMSF, 10 μg mL–1

TPCK, 1X Complete protease inhibitor (Roche). Normal mouse IgG antibody
(Thermo Scientific, catalog no. 10400C) and the monoclonal Abl antibody (clone
24–21)76 were covalently coupled to NHS-activated sepharose (GE Healthcare).
The lysates were pre-cleared for 1 h at 4 °C with the IgG-NHS resin and the

supernatant then transferred to the Abl-NHS resin for another 3 h at 4 °C. Elution
fractions containing Bcr-Abl were pooled.

Data availability. Coordinates have been deposited in the Protein Data Bank with
the accession codes: 5N6R (DH NMR structure), 5N7E (DH/Mb(Bcr-DH_4) and
5OC7 (PH/Mb(Bcr-PH_4)). NMR chemical shift assignments are deposited in
BMRB entry 34101. The collected SAXS data and the generated high-resolution
hybrid models have been deposited at SASBDB (entry SASDC26, SASDC36,
SASDC46)77. Other data are available from the corresponding author upon rea-
sonable request.

Received: 4 August 2017 Accepted: 20 November 2017

References
1. Wong, S. & Witte, O. N. The BCR-ABL story: bench to bedside and back.

Annu. Rev. Immunol. 22, 247–306 (2004).
2. O’Hare, T., Zabriskie, M. S., Eiring, A. M. & Deininger, M. W. Pushing the

limits of targeted therapy in chronic myeloid leukaemia. Nat. Rev. Cancer 12,
513–526 (2012).

3. Deininger, M. W., Goldman, J. M. & Melo, J. V. The molecular biology of
chronic myeloid leukemia. Blood 96, 3343–3356 (2000).

4. Hantschel, O. Structure, regulation, signaling, and targeting of abl kinases in
cancer. Genes Cancer 3, 436–446 (2012).

5. Gambacorti-Passerini, C. et al. Multicenter independent assessment of
outcomes in chronic myeloid leukemia patients treated with imatinib. J. Natl
Cancer Inst. 103, 553–561 (2011).

6. Fielding, A. K. How I treat Philadelphia chromosome positive acute
lymphoblastic leukaemia. Blood 116, 3409–3417 (2010).

7. Rousselot, P. et al. Dasatinib and low-intensity chemotherapy in elderly patients
with Philadelphia chromosome-positive ALL. Blood 128, 774–782 (2016).

8. Reckel, S. et al. Differential signaling networks of Bcr-Abl p210 and p190
kinases in leukemia cells defined by functional proteomics. Leukemia 31,
1502–1512 (2017).

9. Cutler, J. A. et al. Differential signaling through p190 and p210 BCR-ABL
fusion proteins revealed by interactome and phosphoproteome analysis.
Leukemia 31, 1513–1524 (2017).

10. Rossman, K. L., Der, C. J. & Sondek, J. GEF means go: turning on RHO
GTPases with guanine nucleotide-exchange factors. Nat. Rev. Mol. Cell Biol. 6,
167–180 (2005).

11. Sahay, S. et al. The RhoGEF domain of p210 Bcr-Abl activates RhoA and is
required for transformation. Oncogene 27, 2064–2071 (2007).

12. Harnois, T. et al. Differential interaction and activation of Rho family GTPases
by p210bcr-abl and p190bcr-abl. Oncogene 22, 6445–6454 (2003).

13. Tala, I. et al. Contributions of the RhoGEF activity of p210 BCR/ABL to disease
progression. Leukemia 27, 1080–1089 (2013).

14. Lemmon, M. A. Membrane recognition by phospholipid-binding domains. Nat.
Rev. Mol. Cell Biol. 9, 99–111 (2008).

15. Snyder, J. T. et al. Structural basis for the selective activation of Rho GTPases by
Dbl exchange factors. Nat. Struct. Biol. 9, 468–475 (2002).

16. Demehri, S. et al. The function of the pleckstrin homology domain in
BCR–ABL-mediated leukemogenesis. Leukemia 24, 226–229 (2010).

17. Nagar, B. et al. Structural basis for the autoinhibition of c-Abl tyrosine kinase.
Cell 112, 859–871 (2003).

18. Hantschel, O. et al. A myristoyl/phosphotyrosine switch regulates c-Abl. Cell
112, 845–857 (2003).

19. Nagar, B. et al. Organization of the SH3-SH2 unit in active and inactive forms
of the c-Abl tyrosine kinase. Mol. Cell 21, 787–798 (2006).

20. Hantschel, O. & Superti-Furga, G. Regulation of the c-Abl and Bcr-Abl
Tyrosine Kinases. Nat. Rev. Mol. Cell Biol. 5, 33–44 (2004).

21. Filippakopoulos, P. et al. Structural coupling of SH2-kinase domains links Fes
and Abl substrate recognition and kinase activation. Cell 134, 793–803 (2008).

22. Grebien, F. et al. Targeting the SH2-Kinase interface in Bcr-Abl inhibits
leukemogenesis. Cell 147, 306–319 (2011).

23. Lamontanara, A. J., Georgeon, S., Tria, G., Svergun, D. I. & Hantschel, O. The
SH2 domain of Abl kinases regulates kinase autophosphorylation by
controlling activation loop accessibility. Nat. Commun. 5, 5470 (2014).

24. Lorenz, S., Deng, P., Hantschel, O., Superti-Furga, G. & Kuriyan, J. Crystal
structure of an SH2-kinase construct of c-Abl and effect of the SH2 domain on
kinase activity. Biochem. J. 468, 283–291 (2015).

25. Hantschel, O., Grebien, F. & Superti-Furga, G. The growing arsenal of ATP-
competitive and allosteric inhibitors of BCR-ABL. Cancer Res. 72, 4890–4895
(2012).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02313-6

12 NATURE COMMUNICATIONS | 8:  2101 |DOI: 10.1038/s41467-017-02313-6 |www.nature.com/naturecommunications

www.nature.com/naturecommunications


26. Zhao, X., Ghaffari, S., Lodish, H., Malashkevich, V. N. & Kim, P. S. Structure of
the Bcr-Abl oncoprotein oligomerization domain. Nat. Struct. Biol. 7, 117–120
(2002).

27. Hantschel, O. et al. Structural basis for the cytoskeletal association of Bcr-Abl/c-
Abl. Mol. Cell 19, 461–473 (2005).

28. Rossman, K. L. et al. A crystallographic view of interactions between Dbs and
Cdc42: PH domain-assisted guanine nucleotide exchange. EMBO J. 21,
1315–1326 (2002).

29. Koide, A., Wojcik, J., Gilbreth, R. N., Hoey, R. J. & Koide, S. Teaching an old
scaffold new tricks: monobodies constructed using alternative surfaces of the
FN3 scaffold. J. Mol. Biol. 415, 393–405 (2012).

30. Sha, F., Salzman, G., Gupta, A. & Koide, S. Monobodies and other synthetic
binding proteins for expanding protein science. Protein Sci. 26, 910–924 (2017).

31. Koide, S. Engineering of recombinant crystallization chaperones. Curr. Opin.
Struct. Biol. 19, 449–457 (2009).

32. Stockbridge, R. B. et al. Crystal structures of a double-barrelled fluoride ion
channel. Nature 525, 548–551 (2015).

33. Xiang, S. et al. The crystal structure of Cdc42 in complex with collybistin II, a
gephyrin-interacting guanine nucleotide exchange factor. J. Mol. Biol. 359,
35–46 (2006).

34. Panjkovich, A. & Svergun, D. I. Deciphering conformational transitions of
proteins by small angle X-ray scattering and normal mode analysis. Phys.
Chem. Chem. Phys. 18, 5707–5719 (2016).

35. Tria, G., Mertens, H. D., Kachala, M. & Svergun, D. I. Advanced ensemble
modelling of flexible macromolecules using X-ray solution scattering. IUCrJ 2,
207–217 (2015).

36. Zheng, Y. Dbl family guanine nucleotide exchange factors. Trends Biochem. Sci.
26, 724–732 (2001).

37. Hoffman, G. R. & Cerione, R. A. Signaling to the Rho GTPases: networking
with the DH domain. FEBS Lett. 513, 85–91 (2002).

38. Worthylake, D. K., Rossman, K. L. & Sondek, J. Crystal structure of Rac1 in
complex with the guanine nucleotide exchange region of Tiam1. Nature 408,
682–688 (2000).

39. Baraldi, E. et al. Structure of the PH domain from Bruton’s tyrosine kinase in
complex with inositol 1,3,4,5-tetrakisphosphate. Structure 7, 449–460 (1999).

40. Saliba, A. E. et al. A quantitative liposome microarray to systematically
characterize protein-lipid interactions. Nat. Methods 11, 47–50 (2014).

41. Vonkova, I. et al. Lipid cooperativity as a general membrane-recruitment
principle for PH domains. Cell Rep. 12, 1519–1530 (2015).

42. Wennerberg, K. & Der, C. J. Rho-family GTPases: it’s not only Rac and Rho
(and I like it). J. Cell Sci. 117, 1301–1312 (2004).

43. Paul, F. et al. Quantitative GTPase affinity purification identifies Rho family
protein interaction partners. Mol. Cell Proteom. 16, 73–85 (2017).

44. Preisinger, C. et al. Imatinib-dependent tyrosine phosphorylation profiling of
Bcr-Abl-positive chronic myeloid leukemia cells. Leukemia 27, 743–746 (2013).

45. Goss, V. L. et al. A common phosphotyrosine signature for the Bcr-Abl kinase.
Blood 107, 4888–4897 (2006).

46. Gupta, M., Qi, X., Thakur, V. & Manor, D. Tyrosine phosphorylation of Dbl
regulates GTPase signaling. J. Biol. Chem. 289, 17195–17202 (2014).

47. Jaiswal, M., Dvorsky, R. & Ahmadian, M. R. Deciphering the molecular and
functional basis of Dbl family proteins: a novel systematic approach toward
classification of selective activation of the Rho family proteins. J. Biol. Chem.
288, 4486–4500 (2013).

48. Sha, F. et al. Dissection of the BCR-ABL signaling network using highly specific
monobody inhibitors to the SHP2 SH2 domains. Proc. Natl Acad. Sci. USA 110,
14924–14929 (2013).

49. Kukenshoner, T. et al. Selective targeting of SH2 domain-phosphotyrosine
interactions of Src family tyrosine kinases with monobodies. J. Mol. Biol. 429,
1364–1380 (2017).

50. Wojcik, J. et al. A potent and highly specific FN3 monobody inhibitor of the
Abl SH2 domain. Nat. Struct. Mol. Biol. 17, 519–527 (2010).

51. Lamboy, J. A. et al. Chemical and genetic wrappers for improved phage and
RNA display. Chembiochem 9, 2846–2852 (2008).

52. Pervushin, K., Riek, R., Wider, G. & Wuthrich, K. Attenuated T2 relaxation by
mutual cancellation of dipole-dipole coupling and chemical shift anisotropy
indicates an avenue to NMR structures of very large biological macromolecules
in solution. Proc. Natl Acad. Sci. USA 94, 12366–12371 (1997).

53. Salzmann, M., Pervushin, K., Wider, G., Senn, H. & Wuthrich, K. TROSY in
triple-resonance experiments: new perspectives for sequential NMR assignment
of large proteins. Proc. Natl Acad. Sci. USA 95, 13585–13590 (1998).

54. Lescop, E., Kern, T. & Brutscher, B. Guidelines for the use of band-selective
radiofrequency pulses in hetero-nuclear NMR: example of longitudinal-
relaxation-enhanced BEST-type 1H-15N correlation experiments. J. Magn.
Reson. 203, 190–198 (2010).

55. Schanda, P., Van Melckebeke, H. & Brutscher, B. Speeding up three-
dimensional protein NMR experiments to a few minutes. J. Am. Chem. Soc.
128, 9042–9043 (2006).

56. Schmidt, E. & Güntert, P. A new algorithm for reliable and general NMR
resonance assignment. J. Am. Chem. Soc. 134, 12817–12829 (2012).

57. Güntert, P. & Buchner, L. Combined automated NOE assignment and structure
calculation with CYANA. J. Biomol. NMR 62, 453–471 (2015).

58. Güntert, P., Mumenthaler, C. & Wüthrich, K. Torsion angle dynamics for NMR
structure calculation with the new program DYANA. J. Mol. Biol. 273, 283–298
(1997).

59. Buchner, L. & Güntert, P. Increased reliability of nuclear magnetic resonance
protein structures by consensus structure bundles. Structure 23, 425–434
(2015).

60. Koradi, R., Billeter, M. & Güntert, P. Point-centered domain decomposition for
parallel molecular dynamics simulation. Comput. Phys. Commun. 124, 9
(2000).

61. Ponder, J. W. & Case, D. A. Force fields for protein simulations. Adv. Protein
Chem. 66, 27–85 (2003).

62. Kirchner, D. K. & Güntert, P. Objective identification of residue ranges for
the superposition of protein structures. BMC Bioinformatics 12, 170
(2011).

63. Williamson, M. P. Using chemical shift perturbation to characterise ligand
binding. Prog. Nucl. Magn. Reson. Spectrosc. 73, 1–16 (2013).

64. Biasini, M. et al. SWISS-MODEL: modelling protein tertiary and quaternary
structure using evolutionary information. Nucleic Acids Res. 42, W252–W258
(2014).

65. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40,
658–674 (2007).

66. Adams, P. D. et al PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. Section D, Biol.
Crystallogr. 66, 213–221 (2010).

67. Konarev, P. V. & Svergun, D. I. A posteriori determination of the useful data
range for small-angle scattering experiments on dilute monodisperse systems.
IUCrJ 2, 352–360 (2015).

68. Franke, D. et al. ATSAS 2.8: a comprehensive data analysis suite for small-angle
scattering from macromolecular solutions. J. Appl. Crystallogr. 50, 1212–1225
(2017).

69. Svergun, D. I. Determination of the regularization parameter in indirect-
transform methods using perceptual criteria. J. Appl. Crystallogr. 25, 495–503
(1992).

70. Svergun, D., Barberato, C. & Koch, M. H. J. CRYSOL - a program to evaluate X-
ray solution scattering of biological macromolecules from atomic coordinates.
J. Appl. Crystallogr. 28, 768–773 (1995).

71. Panjkovich, A. & Svergun, D. I. SASpy: a PyMOL plugin for manipulation and
refinement of hybrid models against small angle X-ray scattering data.
Bioinformatics 32, 2062–2064 (2016).

72. Alva, V., Nam, S. Z., Soding, J. & Lupas, A. N. The MPI bioinformatics Toolkit
as an integrative platform for advanced protein sequence and structure analysis.
Nucleic Acids Res. 44, W410–W415 (2016).

73. Boratyn, G. M. et al. BLAST: a more efficient report with usability
improvements. Nucleic Acids Res. 41, W29–W33 (2013).

74. Buchan, D. W., Minneci, F., Nugent, T. C., Bryson, K. & Jones, D. T. Scalable
web services for the PSIPRED Protein Analysis Workbench. Nucleic Acids Res.
41, W349–W357 (2013).

75. Manders, E. M. M., Verbeek, F. J. & Aten, J. A. Measurement of co-localization
of objects in dual-colour confocal images. J. Microsc. 169, 375–382 (1993).

76. Schiff-Maker, L. et al. Monoclonal antibodies specific for v-abl- and c-abl-
encoded molecules. J. Virol. 57, 1182–1186 (1986).

77. Valentini, E., Kikhney, A. G., Previtali, G., Jeffries, C. M. & Svergun, D. I.
SASBDB, a repository for biological small-angle scattering data. Nucleic Acids
Res. 43, D357–D363 (2015).

Acknowledgements
This work was supported by the ISREC Foundation (S.R., T.K., S.G., S.P., and O.H.), Swiss
National Science Foundation (grant 31003A_140913; S.R. and O.H.), National Center of
Competence in Research (NCCR) in Chemical Biology (O.H. and T.K.), European
Research Council (Grant ERC-2016-CoG 682311-ONCOINTRABODY to O.H.), the US
National Institutes of Health (R01-GM090324 to S.K.). C.G. and A.P. were supported by
the EMBL Interdisciplinary Postdoc Programme under Marie Curie COFUND Actions.
The NMR projects were supported by BioNMR (contract no. 261863) and iNEXT
(contract no. 653706). We thank the PSI, Villigen, Switzerland for synchrotron radiation
beamtime at beamline ×06DA of the Swiss Light Source, as well as the EMBL BioSAXS
P12 beamline and acknowledge their support with data collection. We thank A.
Lamontanara and D. Duarte for their support with SAXS measurements, C. Tischer from
the Advanced Light Microscopy Facility (ALMF) at the European Molecular Biology
Laboratory (EMBL) in Heidelberg for support in microscopy and image analysis. We also
thank G. Mann and T. Reichart for their critical input on the manuscript, and all members
of the Hantschel lab for continuous support and discussions.

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02313-6 ARTICLE

NATURE COMMUNICATIONS |8:  2101 |DOI: 10.1038/s41467-017-02313-6 |www.nature.com/naturecommunications 13

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Author contributions
S.R., F.L., A.R., V.D., and F.P. conducted and analyzed experiments in Fig. 2. A.P. and
D.S. conducted and analyzed experiments in Fig. 3. S.R., C.G., and A.-C.G. conducted
and analyzed the experiments in Figs. 5, 6. S.R. and D.H. conducted and analyzed
experiments in Fig. 4. S.G. and S.P. contributed experiments to Fig. 6. B.G. contributed
experiments in Fig. 5b. S.G. provided technical assistance and vital tools for all experi-
ments. L.B. and P.G. provided important bioinformatics support for NMR structural data
analysis. T.K., A.K., and S.K. designed and conducted monobody generation and analysis.
S.R. and O.H. coordinated this study, designed the experiments, interpreted the data and
wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02313-6.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02313-6

14 NATURE COMMUNICATIONS | 8:  2101 |DOI: 10.1038/s41467-017-02313-6 |www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-017-02313-6
https://doi.org/10.1038/s41467-017-02313-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

