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Summary
The discovery of protein-protein interactions (PPIs) is necessary to further our understanding
of disease relevant pathways and mechanisms; current technologies are largely focused on
comprehensive and rapid screens. Applications that address and delineate the specific
binding regions of protein interaction markers, especially the precise mapping of individual
binding domains, are limited, labor-intensive, or not well-developed, despite a large and unmet
need in the research community. Next Interactions, in a collaboration with Frank McCormick
(UCSF) and Pau Castel (NYU), invented and published a combinatorial technology for high
resolution PPI mapping called DoMY-Seq, for Protein Domain Mapping using Yeast 2 HybridNext Generation Sequencing. This whitepaper further elaborates on the application of DoMYSeq in two case studies: 1) a proof-of-concept study of the well-established PPI between the
CRAF kinase and its binding partner, the KRAS oncoprotein; and 2) a novel domain mapping
study of the effector protein, SIN1, with KRAS. Our proof-of-concept study confirmed the
regions of CRAF responsible for binding to its partners and also delineated the minimal
functional domain necessary for interaction. In addition, the application of DoMY-Seq in the
second study identified an atypical minimal binding domain not previously known. DoMY-Seq
is uniquely capable of systematically probing protein structures and characterizing new
functional protein domains that have been overlooked in the past.
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Introduction: Precision Mapping of Interaction Domains
A critical part of modern systems biology is the creation of comprehensive PPI networks to
further our understanding of biological pathways, disease progression, and to provide new
leads for drug discovery [1, 2]. PPI networks offer a high-level view of all interactions for a
given cell or organism and a comprehensive list of protein partners for a target protein of
interest [3]. However, PPI networks generated by different experimental strategies lack
refined interaction maps for the actual binding domains. Bioinformatic prediction tools can
help narrow down PPI regions; however, these predictions still require empirical testing by
methods such as co-immunoprecipitation coupled with mass spectrometry (MS). Most PPIs
occur through small domains or motifs, which are challenging and laborious to map by
standard biochemical approaches. Structural biology methods such as nuclear magnetic
resonance (NMR), cryo-electron microscopy (cryo-EM), or X-ray diffraction crystallography
of protein complexes can provide high-resolution information of the binding sites, but these
methods are considered expensive and require considerable efforts. These challenges
bottleneck the development of small molecule or biologic drug design, where detailed
information of the interaction interface is critical in designing efficacious inhibitors or
activators. Efficient and accessible methods that enable high resolution definition of PPIs are
therefore critical for most drug discovery and development programs.
As of today, fragment overlap analysis, using random
or predicted truncations of a protein of interest, is an
accepted standard approach for PPI motif
identification. This analysis typically involves
expression of tagged protein fragments, followed by
pull-down or co-immunoprecipitation with the
interaction partner [4]. This approach is also applied
for the confirmation of PPIs that are detected via stateof-the-art proteomics technologies, such as crosslinking MS [5]. The fragment overlap procedure is time
consuming, laborious, and because only a limited
number of fragments can be processed within
reasonable experimental effort, the mapping is low
resolution, and the position and size mapping of the
interaction interface remains imprecise.

Next Interaction offers
DoMY-Seq for the
discovery and
characterization of novel
and unexpected PPI
motifs as well as detailed
mapping of known motifs
for precise knock-out
experiments or targeted
mutagenesis.
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DoMY-Seq was created as an alternative technique to overcome the current limitations in
interaction domain mapping, providing an unbiased approach to determine minimal functional
binding domains (MFBDs) at amino acid resolution [6, 7]. MFBDs are minimal domains or
fragments that are indispensable for a protein to specifically bind to another protein in vivo.
MFBDs are not always predicted or annotated domains, although they may contain these
domains.
The DoMY-Seq platform combines the versatile Y2H method with next generation
sequencing (NGS), comprehensively mapping the PPI interaction by testing partner (bait)
protein binding with overlapping, randomized fragments of a given interaction target (prey)
protein (Figure 1A). Complex fragment cDNA libraries (which make approximately between
105 to 106 protein fragments) saturate the coding sequence of the target with multiple
copies of all potential unique fragments and fragment ends. From the overlap analysis of all
binding fragments, we can then rapidly pinpoint the MFBD at the amino-acid level (Figure
2C), without atomic-resolution structural determination or extensive domain mapping
studies. Standard Y2H screening without NGS, 1-on-1 Y2H interaction assays, and
fragment overlap via pulldown assays have been previously utilized to determine interaction
domains of PPI pairs [8, 9]. However, from using these methods, precise delineation of the
MFBD region is unknown, since the number of fragments tested per assay is limited (Figure
2D).

The DoMY-Seq workflow

Box 1
Step 1: Fragment library generation
A gene of interest is fragmented, amplified with
plasmid-homologous sequences, and incorporated
into yeast expression plasmid to generate the
yeast fragment library.
Step 2: Yeast 2-Hybrid
The yeast fragment library is mated with the PPIpartner expressing yeast and assayed for PPI
through selective growth.
Step 3: DNA preparation and NGS
DNA fragments of viable yeast are extracted,
sequenced, and aligned to reference sequence for
MFBD determination.

The DoMY-Seq workflow consists of three basic
steps (Box 1). The method is described in [7].
Starting from a designated Y2H PPI bait and
prey pair (principle of Y2H is shown in Figure
1B), the plasmid encoded sequence of the
intended prey protein is sheared into a library
with DNA fragments that can range from 200 to
1000 base pairs (bps). Each of these fragments
are then incorporated, by homologous
recombination, into a yeast expression plasmid,
and a yeast fragment library with approximately
100x sequence coverage is readily generated
(Step 1).
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Figure 1. Mapping of minimal functional binding domains (MFBDs) via fragment overlap analysis.
(A) DoMY-Seq procedure and workflow (see Box 1 for description). (B) Technical principle of the
Y2H assay. (C) DoMY-Seq allows for fragment overlap analysis with virtually unlimited number of
fragments with 100x or greater coverage of every possible fragment end, ensuring identification
of MFBDs at amino acid resolution. (D) Overlap analysis with a limited number of fragments
(Y2H, pull-down and other assays) do not show the exact position of the binding site.

In the current implementation of the DoMY-Seq technology, libraries are generated with
flanking NGS adaptors (Illumina TruSeq). The haploid yeast fragment library is then assayed
by mating with its opposite mating type expressing the PPI partner protein (bait), and the
resulting diploid yeast are transferred to auxotrophic media to select for growth (Step 2).
Yeast that flourish in selective media encode fragments that confer functional PPIs, and
enrichment of these fragments is achieved by incubating over a period of 2-3 days. After
DNA extraction, the fragments are then subjected to paired end (PE) sequencing from the
flanking TruSeq adaptors and then aligned or mapped against the reference gene (Step 3).
In an additional bioinformatics step, all out-of-frame or duplicate fragments are removed.
The remaining unique in-frame fragments enriched in the Y2H assay essentially map to and
define the MFBD.
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As is common in Y2H, false interactions can occur. We apply increased selection
stringency in the screening process and conduct negative controls to establish
background levels of fragment enrichment. The original fragment library should show a
uniform distribution of random fragments and no enrichment at particular locations. False
negative interactions cannot be handled with experimental controls and may occur due to
a number of factors, one of which is binding site occlusion by the bait or prey tags [10].
Hence, different orientations of the bait and prey tags are usually tested prior to fragment
library generation.

Case study 1: Mapping the KRAS-CRAF interaction
The serine-threonine kinase, CRAF, and GTPase, KRAS, are components of the mitogenactivated protein kinase signaling pathway involved in the regulation of cell proliferation,
differentiation, and motility, among other processes, and constitute key targets in drug
development [11, 12]. The co-crystal structure of KRAS and partial CRAF was recently
determined and revealed extensive contacts of the Ras binding domain (RBD) and
Cysteine rich domain (CRD) of CRAF with KRAS [13].We applied the DoMY-Seq platform
to this PPI pair in a proof-of-concept study by generating a CRAF fragment library
(producing polypeptides ~100-125 amino acids), and screened this library with KRAS
(variant G12V) for minimal functional fragments. The fragment library contained
approximately 106 fragments to ensure that the length of the CRAF gene was sampled
thoroughly. After Y2H, the identified unique, in-frame fragments were aligned to the CRAF
gene to map the MFBD.

DoMY-Seq is able to,
in an unbiased
manner, accurately
identify and map
novel PPI interactions

The MFBD of CRAF for KRAS
binding (Figure 2A), as defined by
the plateau of maximum overlap
enrichment of unique in-frame
fragments, exactly matches the RBD
as described in the co-crystal
structure of KRAS and CRAF [13].
The defined plateau encompasses
the region between aa positions 58128 (71 aa, see sequence below the
graph, Figure 2A), while the RBD
covers aa 56-131 (Pfam domain).
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Figure 2. MFBD mapping for KRAS G12V binding CRAF kinase. (A) Plot of enriched,
unique in-frame CRAF fragments binding to KRAS G12V and Q61L in DoMY-Seq.
Known domains in CRAF (659 aa); Ras binding domain (RBD): position 56-131;
Cysteine rich domain (CBD): position 138-184; Kinase domain: position 349-609.
Sequence of the mapped MFBDs for KRAS is displayed at the bottom of the plot.
Asymmetries in the peaks or slopes flanking the MFBD plateaus are indicated with red
pointers. (B) Structural model of CRAF (Swiss-Prot accession: P04049.1) displaying the
KRAS MFBD (in red), shown as cartoon (left side of the panel) and space fill (right side
of panel).
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Figure 2B shows the MFBD for KRAS binding (red) on the full length CRAF model.
Enrichment of CRAF fragments for KRAS binding is represented in Figure 3A by heat
coloring on the CRAF model. Fragments of CRAF were precisely enriched to the RBD,
confirming the capabilities of the DoMY-Seq platform for residue-resolution identification
of minimal binding fragments, and that the MFBD is functionally interacting with KRAS in
the yeast nucleus. These findings demonstrate that DoMY-Seq is able to, in an unbiased
manner, accurately identify and map novel interactions within a protein structure.
In the co-crystal complex of KRAS and the RBD and CRD of CRAF (Figure 3B), the PPI
interface and contact residues are predominantly located between KRAS and the RBD of
CRAF [13]. The MFBD/RBD (Figure 2, 3A) includes only the contact residues in the RBD
but not in the CRD. Since no CRD sequences are within the MFBD, DoMY-Seq
demonstrated that the CRD is not essential for binding to KRAS. This is consistent with
previous findings [13], which demonstrated that a mutated KRAS-CRD interface resulted
in only a modest decrease in binding affinity. However, the authors also demonstrated that
the KRAS-CRD interaction was important for CRAF activation [13].

Figure 3. Detailed structural display of KRAS binding to CRAF model. (A) Heat coloring
of CRAF model represents the relative fragment enrichment per aa position from no
enrichment (gray) to maximum enrichment (red). KRAS is in pale cyan (B) Co-crystal
structure of partial CRAF (RBD and CRD in gold) bound to KRAS with mapped contact
residues in both partners according to [13].
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With the DoMY-Seq platform, we repeatedly observed an asymmetry of sequences at the
shoulders of the peak where enrichment was greater at the CRD region than upstream of
the RBD, suggesting a somewhat preferential binding of CRD containing sequences
(indicated as small bump in Figure 2A).

Case study 2: An atypical Ras binding domain in the SIN1 kinase
In our initial DoMY-Seq concept study [7], we looked at two PPIs by the GTPases KRAS
(G12V and Q61L variants) and RIT1 (Ras like without CAAX1). Similar to the KRAS-CRAF
MFBD, the RIT1 MFBD is an exact match to the Ras associated domain (RA) on its
binding partner RGL3 (Ral Guanine Nucleotide Dissociation Stimulator Like 3, RALGDSlike3), with the MFBD covering positions 614-695 (82 aa) and encompassing the Pfam RH
domain at position 613-700 (88 aa). However, a recent publication by Pau Castel and
Frank McCormick found a very different scenario for the binding of KRAS to its target
SIN1 (MAPK associated protein 1) [6]. On SIN1, the MFBD identified by DoMY-Seq was
significantly larger than the known Pfam RBD (pos. 279-353, 75 aa), extending from the
C-terminus into the neighboring PH domain, covering a total of 112 aa (pos. 279-390).
The C-terminus of the MFBD is marked by a small alpha helix linker (pos. 370-379)
between the SIN1 RBD and PH domain and is missing in most canonical PH domains. The
authors confirmed this extended binding site by showing extensive contacts between
KRAS and the SIN1 linker and PH domain in a co-crystal structure and via mutagenesis of
key residues and co-IP [6].
The deletion of the MFBD resulted in the complete loss of KRAS binding whereas deletion of
the known RBD did not [6]. Without the RBD (where most of the interactions are hydrogen
bonds), there are still interactions between PH and KRAS, most of which are hydrophobic or
van der Waals interactions [6]. The binding is mediated by a number of residues, most
notably Y64, I36, E62, E63, M67, and Q70 in KRAS and S488, L378, M377, and H381 in
and around the SIN1 linker (Figure 4C). The extensive interactions observed in the linker
region may explain why binding was retained in pull down experiments. The KRAS MFBD in
SIN1 represents an ‘atypical RBD’ that had not been predicted by bioinformatics analysis or
prior evidence [6]. The discovery of this ‘atypical RBD’ solved a critical bottleneck for the
understanding of the structure of the SIN1-KRAS complex. The fact that the MFBD for KRAS
binding is not equivalent to the predicted RBD in SIN1 indicates that our current
understanding of protein domains is incomplete, and that DoMY-Seq would greatly fill this
gap.
© 2021 Next Interactions, Inc. All rights reserved.
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Figure 4 (on page 9). MFBD mapping for KRAS G12V binding SIN1 kinase. (A) Plot of enriched,
unique in-frame SIN1 fragments binding to KRAS G12V in DoMY-Seq. Known domains in SIN1 (522
aa); Ras binding domain (RBD): position 279-353; Pleckstrin homology domain (PH): position 376486; Cysteine-rich motor neuron 1 protein domain in SIN1 for substrate recognition (CRIM): position
137-266); N-terminal unstructured SIN1 domain (position 1-137). The sequence of the mapped
MFBDs for KRAS binding is underlined and displayed below the plot. Asymmetries in the peaks or
slopes flanking the MFBD plateaus are indicated with red pointers. (B) SIN1 structure displaying the
KRAS MFBD (in red), shown as cartoon (left side of the panel) and space fill (right side of panel).
Structure of PH and RBD is from PDB ID: 7LC2 [6], CRIM domain from 2RUJ [14], and NT domain
depicted as a gray oval (no structure available). Dotted gray lines represent linkers between each
domain. (C) Interaction interface between KRAS with SIN1 linker and regions surrounding the linker.
Some of the interface residues, including those making extensive van der Waals or hydrophobic
interactions, are displayed with distances represented as dotted lines and range between 3.5 to 4.5
Å (for full list of interacting residues, please see [6]).

DoMY-Seq technology: outlook and conclusions
The precise match between the MFBD and the known RBD in
the CRAF protein confirms the capabilities of the DoMY-Seq
platform for residue-resolution identification of minimal binding
fragments. The mapping data are corroborated by the known
structure of the RBD-CRAF binding complex [13], indicating that
the crystal structure likely reflects one of the functional
conformations in a cellular milieu (yeast nucleus). The MFBD can
be defined as the minimal peptide fragment that independently
supports proper folding and interaction with the partner protein.
However, we also need to consider the possibility that there are
features in proteins that may inhibit binding with a particular
fragment, or that particular fragments do not fold properly.
DoMY-Seq is able to define such refractory features, providing a
tool to effectively ’probe’ protein structures and domains.
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As of today, structural determination methods such as X-ray diffraction, cryo-EM and NMR
are the only approaches that provide an experimental, high-resolution view of PPIs. Potential
contact residues are identified in a co-complex crystal structure of the binding partners,
then further validated by targeted mutation of the candidate residues [13]. Although we can
reasonably assume that the MFBD and the PPI interface largely overlap, one needs to make
a conceptual distinction between the two. Some residues in the PPI interface mediate
weaker or redundant contacts (such as residues in CRAF CRD), while other residues may
not be located in the contact interface per se but have a structural, stabilizing, and essential
role in the function of the interaction domain. Using different fragment size libraries that also
contain targeted mutations at specific sites, we can then systematically probe MFBDs with
DoMY-Seq and explore key binding determinants in an in vivo setting.
There is great potential in combining DoMY-Seq mapping data with predicted protein
structures. Recently, the publication of Google’s AlphaFold AI program enabled a big leap in
our capability to predict protein structures [15], and specific prediction tools for PPIs are
being developed [16]. Experimentally determined MFBDs that can be correlated to these
predicted structures may result in the discovery of functional protein domains that have
been overlooked in bioinformatic predictions. In addition, sequences from large sets of
MFBDs can serve as reference datasets to make systematic predictions of protein binding
interfaces using machine learning. Validated predictions will lead to a deeper understanding
of protein interaction interfaces, more precise target interactions for scientists, and hence
improved drug design.

For more information on our services,
connect with out technical experts:
info@nextinteractions.com
www.nextinteractions.com
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Methods
DoMY-Seq
Experimental methods and analysis of NGS data for DoMY-Seq are described previously [7].
CRAF structure modeling
CRAF was modeled with RBD, CRD and Kinase domains being comparable to crystallized domains, while for the
unstructured region between CRD and Kinase domains, only low Qmean/quality is achieved using SWISSMODEL. The model of full-length human CRAF (Swiss-Prot accession: P04049.1, 648 amino acids) was built
using the structures 6XGU [13], 3OMV [17], and 6NYB [18]. Both 6XGU and 3OMV are partial structures of
CRAF (RBD/CRD and kinase domain, respectively) and 6NYB is a partial structure of BRAF (CRD/kinase
domain). Using BRAF as a template, the homology model of CRAF was generated using Swiss-Model [19]. This
model aligned well with the CRD (6XGU) and kinase domain (3OMV) with RMS of 0.669 Å over 38 Cα atoms in
the CRD and RMS of 1.200 Å over 216 Cα atoms in the kinase domain, respectively. The ~ 160-amino acid
unstructured region between the CRD and kinase domain generated by the program is likely flexible
physiologically. The 54 amino acids at the N-terminus are not present in the model due to their absence in the
crystal structures.
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