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Abstract

Developing a massively parallel yeast two-hybrid assay to characterize thousands to millions of
pairwise protein-protein interactions in a single pot

Alexandr Baryshev

Chair of the Supervisory Committee:
Georg Seelig

Department of Electrical & Computer Engineering

The interaction between proteins drives nearly all important processes inside living cells.
The mechanisms underlying protein-protein interactions remain not fully understood, which
necessitates experimental verification of functional de novo designed binders for the purposes of
synthetic biology and therapeutics. This, in turn, necessitates a technology to measure lots of
protein-protein interactions in parallel. While existing massively parallel approaches have
already been implemented to generate interactome-size datasets, they are still either labor
intensive or too sophisticated and expensive to be implemented by most labs. We have
developed and extensively characterized an easy-to-use high-throughput method to measure

binary protein-protein interactions (PPIs). In our approach, we can measure all pairwise



interactions between a library of proteins in a single one-pot experiment. We make use of the
conventional yeast two-hybrid assay’s genetic selection principle in which the expression level
of a growth-essential gene is determined by the strength of interaction between two proteins of
interest; one protein is fused to the DNA binding domain and the other one is fused to the
transcriptional activation domain of a split transcription factor driving the expression of growth-
essential gene and thus a growth selection can be used to differentiate stronger interacting protein
pairs from weaker ones. We construct a population of yeast cells where in each cell only one
distinct pair of proteins from a protein library is expressed in the form of fusions to the binding
and activation domains. This is achieved by expressing both fusion proteins from the same yeast
centromere plasmid maintained at a single copy inside each yeast cell. This cell population is
then subjected to the growth selection to differentiate cells with stronger interacting proteins
from the weaker ones. By integrating unique DNA barcodes into distinct plasmids and
comparing the abundance of each distinct barcode before and after the selection process by
means of next-generation sequencing, a fitness score for every protein pair is calculated and used
as a proxy for the interaction strength. We show that measured fitness scores exhibit log-linear
correlation with independently measured dissociation constants reported in literature, ranging
from R?=0.55 for a set pro-survival BCL2 protein family and their de novo designed inhibitors to

R2=0.95 for a set of parallel heterodimeric alpha-helical coiled coils with variable length.
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Chapter 1. Literature review

Uncovering interactomes to improve understanding of underlying mechanisms of protein-
protein interactions (PPIs) and advancing the design of de novo protein-protein interaction requires
a method to detect and characterize PPIs in parallel.

Until the advent of next-generation sequencing (NGS), high-throughput characterization of
PPIs relied on in-vitro mass spectrometry (Richards et al., 2021) and array based methods
(Walhout & Vidal, 2001) which are often expensive, hard to use or require expensive and laborious
proteins purification step.

Surface-based in vitro methods like yeast- or phage-display have embraced next-generation
sequencing technologies to increase throughput but are limited to “several-versus-many” types of
screening due to limiting resolution of existing fluorescent reporters and require purification of
target proteins. Another high-throughput surface-based method that enabled “library-against-
library” screening is AlphaSeq (Younger et al., 2017) a proprietary technology that is not readily
available to any lab. The authors mention that the approach is ill-suited for screening of homodimer
libraries. Proteins that might bear a nuclear localization signal might be poorly expressed on the
yeast surface when using AlphaSeq.

In vivo two-hybrid based systems have been a powerful tool in discovering novel interactions
in the last 30 years. The idea of the method is to fuse a pair of proteins of interest to the DNA
binding- and transcriptional activation domains of a split transcription factor to reconstitute its
transcriptional activity that is driving some reporter, usually a growth essential enzyme (Fields &

Song, 1989). While there has been a number of high-throughput yeast and bacterial two-hybrid



methods, such as eY2H, Smart-pooling Y2H, Y2H-Seq, Stitch-Seq Y2H, BFG-Y2H, CrY2H-seq,
RLL-Y2H, PPISeq, developed recently, all of them have some limitations that leave room for
further improvement in terms of cost, labor and simplicity.

Earlier developed methods such as eY2H, Smart-pooling Y2H, Y2H-Seq, Stitch-Seq Y2H,
BFG-Y2H, while expanding protein interaction screening capabilities, suffer from being expensive
and labor intensive. For example, the most advanced of the above methods, BFG-Y2H (Yachie et
al., 2016), requires individual treatment of positive colonies followed by PCR of each successful
colony. Moreover, every protein requires individual barcoding which can get costly when the
library size is big.

While CrY2H-seq (Trigg et al., 2017) is also a cre-recombination based high-throughput
version of classical Y2H, unlike BFG-Y2H it doesn’t barcode proteins. Instead, it uses
recombination to integrate bait and prey cassettes into one plasmid. Fragment containing
sequences of both proteins is then amplified in a PCR reaction, tagmented and sequenced using
[llumina sequencing platforms. Due to tagmentation only 2.4% of all reads contain the identity of
both proteins, which means that very deep sequencing is needed for large libraries.

RLL-Y2H (Yang et al., 2018) is similar to CrY2H-seq and uses recombination to integrate
bait and prey cassettes into one plasmid followed by amplification of the fragment containing
proteins’ sequences via PCR. But instead of using tagmention, like in CrY2H-seq, RLL-Y2H uses
type I restriction enzymes to cut the amplified fragment and produce an approximately 110nt long
fragment that contains 20nt of 3’ sequence of each protein thus allowing it to maintain interaction
identity. Only this short fragment is sequenced afterwards using high-throughput sequencing
avoiding the need for a deep sequencing inherent to CrY2H. While RLL-Y2H is probably the

easiest method to use for most libraries, it comes short for certain types of libraries, in particular,



libraries of de novo designed synthetic proteins whose amino acid sequence differs in just a few
positions (Younger et al., 2017) making it impossible to reliably identify proteins since only 20nt
of the 3’ end is sequenced.

AVA Seq (Andrews et al., 2019) is a bacterial two-hybrid method in which both hybrid
proteins are expressed from the same plasmid. To achieve the uptake of only one plasmid per cell
one has to limit the amount of transformed plasmids, which might limit the maximal size of
screened libraries.

In (Johnson et al., 2021) the transcriptome of input cells is converted into a library of RNA-
barcoded proteins using a modified mRNA-display technology called SMART-display. In
particular, mRNAs of input cells are first reverse transcribed to create single stranded
complementary DNA strands (cDNA). Then, in a template switching reaction cDNA strands are
turned into double stranded DNA (dsDNA) and a template switching oligo is added to the newly
synthesized strands. In a subsequent polymerase chain reaction (PCR) a T7 promoter and a
ribosome binding sequence (RBS) are added to the above dsDNA library. The formation of the
dsDNA library is completed by adding an amino acid analog puromycin at the 3’ end of the dsDNA
strands. The resulting dsDNA library is subjected to in vitro transcription to create an intermediate
mRNA library which is then translated into a library of proteins. During translation, when
ribosome’s site A encounters puromycin it prematurely terminates the translation so that protein’s
mRNA is left attached to the protein thus creating an RNA-barcoded protein. Since PROPER-seq
is an in vitro technique it might not capture interactions between proteins that rely on post
translational modifications or in vivo localization. Moreover, out of more than 200.000 reported
previously uncharacterized interactions, only a handful of them were validated using separate

techniques thus implying that other independent massively parallel techniques are welcome in the



field to cross-validate each other. Authors also mention that they have not investigated whether
DNA-tags of proteins interfere with any protein-protein interactions. Additionally, they have not
investigated how prone the method is to false positive interactions resulting from simple
abundance of some proteins or protein-DNA interactions.

In recent years a significant progress has been made in using machine learning, and deep
learning in particular, to predict proteins’ structures resulting in algorithms like AlphaFold (Jumper
etal.,2021) and RoseTTAFold (Baek et al., 2021). AlphaFold has recently been reported to predict
the shape of nearly all of 200 million known proteins (Callaway, 2022). Despite these advances,
these algorithms are not yet able to predict the effects of missense mutations on the three-
dimensional structure of proteins, let alone on the protein-protein interactions (Buel & Walters,
2022). These algorithms could learn from vast amounts of experimental data characterizing the
effects of missense mutations on protein-protein interactions if such data existed. In one of the first
attempts to generate an experimental data set exploring the effect of missense mutation on PPIs
was attempted in (Diss & Lehner, 2018) by developing a high-throughput NGS-based protein
interaction assay called deepPCA to quantify how more than 120,000 pairs of point mutations
affect the binding between the FOS and JUN proto-oncoproteins that forms the AP-1 transcription
factor complex. The method is based on the two-hybrid principle called protein fragment
complementation assay (PCA) in which two proteins of interest are fused to complementary halves
of a methotrexate-resistant variant of murine dihydrofolate reductase and expressed in yeast to
reconstitute the activity of the enzyme allowing growth in the presence of methotrexate. The
method was further improved in (Faure et al., 2022) by using two separate selection assays that
are both based on the PCA to globally map the energetic and allosteric landscapes of SH3 and PDZ

protein interaction domains.






Chapter 2. Introduction to conventional yeast two-

hybrid and our approach to scale it up.

Basics of the conventional yeast two-hybrid approach
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Figure 1. Conventional yeast two-hybrid. To screen a pair of proteins A and A’ for interaction, they are fused
to DNA binding and transcriptional activation domain of a split transcription factor (TF). The reconstituted
transcriptional activity of the TF drives the expression of a growth essential enzyme HIS3. When yeast cells
containing the circuit are grown in a growth media lacking histidine amino acid, the growth curve can be served as
a proxy for interaction.

The yeast two-hybrid method (Y2H) is used as a main tool for detecting protein-protein
interactions in this project. The Y2H method was invented almost 30 years ago (Fields & Song,
1989), but it’s still extensively used to discover protein-protein interactions. The idea of the Y2H
method is based on reconstituting the transcriptional activity of a split transcription factor (TF),
by fusing a pair of interacting proteins A and A’ to the DNA binding domain (BD) and

transcriptional activation domain (AD) of the transcription factor. Thus formed fusion proteins



BD — A and AD — A', termed hybrid proteins, can physically bind each other and activate the
expression of a target gene that is driven by a promoter that has an upstream activation sites
(UAS) to which the binding domain binds (Figure 1).

When an enzyme essential for growth is used as the target protein, e.g. HIS3 enzyme, the
interaction between a random pair of proteins A and A’ can be detected by growing yeast cells,
expressing both hybrid proteins BD — A and AD — A’, in a growth selective media lacking an
amino acid catalyzed the enzyme (histidine amino acid in the case when HIS3 gene is used as the
target gene). The interaction between proteins A and A" results in the expression of the growth
essential enzyme which catalyzes the production of the lacking amino acid. The stronger the
interaction the more amino acid is produced which results in the faster cell culture growth (i.e.
faster increase of the optical density of the cell culture). Thus, the maximal slope of the growth

curve can be used as a proxy for the interaction strength (Figure 1).

Scaling up

Our approach to make the Y2H method high-throughput is to pair up the use of the low-
copy centromeric plasmid (CEN) and the Next-generation sequencing (NGS). This will allow us
to measure the pairwise interactions of a library of hybrid proteins in a massively parallel way.

We encode each possible combinatorial pair of hybrid proteins BD — A; and AD — A’;, i = 1, N,

Jj = 1, M, on the same CEN plasmid. We assume a library-against-library screening where we

have N proteins A;, i = 1, N, in the first library, and M proteins A’;, j = 1, M, in the second

library. One possible configuration of promoters expressing both hybrid proteins is depicted in
Figure 2. Since CEN plasmid is a single-copy plasmid, typically found at single copy in cells,

only one distinct pair of proteins BD — A; and AD — A’; can interact in each cell.
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Figure 2. One possible orientation of promoters, or expression cassettes, on the centromeric plasmid to
express both hybrid proteins from the same plasmid.

The library of CEN plasmids carrying all possible combinatorial pairs of hybrid proteins can
then either be assembled directly in yeast cells (Saccharomyces Cerevisiae) by transforming
linear double stranded DNA fragments encoding all the necessary sequences, or can first be
assembled in Escherichia Coli (E.coli) cells, purified from E.coli and then transformed into yeast
cells. Upon the transformation yeast cells are grown for at least 36 hours in a synthetic complete
media lacking histidine (SC-TRP). Since TRP gene is knocked out from EBY 100 yeast strain,
the use of a TRP expressing cassette in the CEN-containing plasmid allows to only select those
cells that have assembled or incorporated the plasmid after 36 hours of outgrowth. Moreover,
although yeast cells can have a relatively high transformation rates, an average of just one CEN-
containing plasmid is found after 36 hours of outgrown. After the 36h of outgrowth, the yeast
cell culture is divided into two batches. The first batch, dubbed “pre-selection” batch, is
subjected to plasmid extraction. The second batch, dubbed “post-selection” batch, is then diluted
to approximately 1000 cells per S0uL and subjected to selective growth in a synthetic complete
media lacking tryptophan and histidine amino acids for approximately 24-48 hours (depends on a
particular kind of proteins being screened) to select for strongly interacting pairs. The selection
process in stopped upon reaching mid-log phase, or approximately OD600=1.0, and the cells

from this batch are then subjected to plasmid extraction. The pre-selection and post-selection



plasmid aliquots are then sequenced to determine relative population frequency of each distinct
plasmid. Then, the post-selection frequency of every distinct plasmid is divided by the pre-
selection one to obtain the enrichment fold change of the relative frequency, dubbed “HT-Y2H
enrichment score”. A heatmap of enrichment score for all possible pairs in the library can then be

plotted. The summary of the approach is shown in Figure 3.
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Figure 3. Scaling up of the Y2H method. All possible pairwise combinatorial combinations of hybrid proteins
are expressed from the same single copy centromeric (CEN) plasmid so that only one specific pair of proteins can
be expressed and can interact inside a single yeast cell. The fold change of relative population frequency of every

distinct plasmid before and after the selection in histidine deficient media serves as a proxy for interaction.



Testing cassettes orientations

We hypothesize that for the Y2H to work, the expression levels of both hybrid proteins
should be at around the same level. So, we decided to investigate the impact of promoter
orientation and layout on protein production. To that end we created a set of plasmids where two
fluorescent proteins (GFP and mCherry) were put under control of different promoters and
arranged differently. Specifically, we created five different plasmids using a total of five
different promoters (Figure 4). We tested arranging promoters back to back (Figure 4a), facing in
the same direction (Figure 4b,c,d) and opposing one another (Figure 4Figure 5¢). We then
performed flow cytometry experiments to quantify expression of both fluorescent proteins for all
five panels (Figure 5). Based on these results we chose to orient promoters facing each other in
the following experiments. Moreover, we selected pCYC1 (red bar, Figure 5A) to drive GFP and
pTEF1 (blue bar, Figure 5A) to drive mCherry. Although we did not test this particular
combination initially, our data suggest that these promoters should result in similar expression
levels of the two proteins, given that the fluorescence levels are similar when normalized to the

control.
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Figure 4. Testing different orientations and expression levels of two expression cassettes located on the same
CEN plasmid. Green (GFP) and red (mCherry) fluorescent proteins are used to evaluate expression levels under
different promoters in comparison to the base strain that lacks both fluorescent proteins. We hypothesized that the
optimal expression conditions will be achieved when the change in fluorescent levels is approximately the same for
both red and green channels when compared to the base strain.
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Figure 5. Green (4) and red (B) fluorescent channels for different orientations and combinations of promoters
driving the expression of GFP and mCherry encoded on the same CEN plasmid. The left panel shows only the GFP
levels for each distinct combination and orientation of promoters on the plasmid. Similarly, the right panel shows
only the mCherry levels for those same combinations and orientation of promoters on the plasmid. “Control”
corresponds to the strain without any plasmids expressing fluorescent proteins. The ratio of the GFP signal in the
red bar (pCYC1 promoter) on the left panel to the GFP signal in the “control” strain is approximately the same as
the ratio of mCherry signal in the cyan bar (pTEF I promoter) on the right panel to the mCherry signal in the
“control” strain. Hereby, pCYC1 and pTEF1 promoters facing each other were used to drive the expression of
hybrid proteins BD-X; and AD-Y; in our HT-Y2H assay.

Selecting binding- and activation- domain for high-throughput yeast two-

hybrid

The original yeast two-hybrid method uses the transcription factor (TF) Gal4p as an
expression system to modulate the levels of the target fusion gene GAL1-lacZ (Fields & Song,
1989). Galdp expression system is a nutritional perturbation system that affects cell physiology.
GAL1-lacZ gene placed under the control of a promoter containing Gal4p upstream activation
sites (UASGar4) can be induced in the presence of galactose. Since Gal4p activity is attenuated in
glucose, the expression system requires growing yeast cells on an alternative carbon source like
raffinose or glycerol. Moreover, the DNA-binding domain of Gal4p has only 6bp of specificity

and has many potential off-target sites in the yeast genome.



An expression system with no detectable residual off-target effects and inducible with an
inert hormone beta-estradiol that is not affecting cellular physiology has been introduced in
(Mclsaac et al., 2013). This system uses an artificial transcription factor (ATF) that contains
modular and designable Cys2His?2 zinc-finger DNA-binding domain of mouse transcription
factor Zif268, the human estrogen receptor and VP16 activation domain. Each of the three zinc-
fingers comprising the binding domain of the mouse transcription factor Zif268 has a 3bp of
specificity resulting in the total of 9bp of specificity for this binding domain.

We thus selected the binding domain of mouse transcription factor Zif268 and VP16
activation domain as the binding- and activation- domains for our high-throughput yeast two-

hybrid assay to drive the expression of the growth essential enzyme HIS3.

Selecting transcriptional terminators

To express functional proteins, we also need to include transcriptional terminator sequences
into the 3’UTR of the expressed proteins. In the optimization experiment described above, we
used tCYC1 terminator for GFP and tSyn27 for mCherry characterized in (Curran et al., 2015).
As these choices seemed to work reliably, we decided to move ahead with the same terminators

for the HT-Y2H experiment.






Chapter 3. Pilot experiments.

Contributions: De novo protein sequences in L14, 138, L39 experiments were designed by
Zibo Chen, Scott Boyken. De novo protein sequences in L.43 were designed by Ajasja Ljubetic
and Ryan Kibler. High-throughput experiments L14, L33, L39, 142, 143, L44, including data

analysis and figures preparation for this chapter were made by Alexandr Baryshev.

Experiment L14: screening a small set of de novo designed homo multimers.

In our pilot experiment we decided to characterize all pairwise interactions in an all-against-
all fashion between 10 de novo designed homo-multimers composed of modular arrays of
hydrogen-bond containing networks designed by Scott Boyken and Zibo Chen in Professor
David Baker’s lab at the University of Washington (Boyken et al., 2016). Those interactions has
been previously experimentally characterized by Post-Doctoral scholar Benjamin Groves using a
low-throughput Y2H assay and thus provide a good reference. The low throughput assay used
LexA binding and activation domains which are different from Z3EV and VP16 used in the HT-
Y2H described here.

It was previously mentioned in Chapter 2 that plasmids extracted from pre- and post-
selection samples are sequenced to calculate HT-Y2H enrichment score but no detailed yet have
been provided what part of the plasmids is sequenced. To identify a pair of proteins expressed
from the same plasmid it would be logical to sequence the region that contains both proteins’
sequences (see Figure 6). Often, the length of this region is greater than 1kb and is not amenable
to Illumina NGS technology that can reliably sequence short DNA strands up to 1kb. To avoid

this obstacle, a unique random DNA barcode sequence needs to be introduced in each CEN



plasmid, in the middle of the sequence separating two expression cassettes (highlighted by
different colors in Figure 6). This way, each possible combinatorial pair of hybrid proteins is
uniquely linked to its unique barcode. Enrichment of the barcodes defines the strength of the
interaction between distinct pairs of proteins. Pairs of interacting proteins are identified from the
sequencing data by their unique barcodes.

After deciding to introduce a random unique DNA barcode on every plasmid, a library of
plasmids encoding all possible combinations of the above homo-multimers was assembled
directly in yeast cells using homologous recombination. In particular, the transformation mixture
contained the following linear fragments:

e A linear backbone fragment bearing binding- and activation- domain sequences along
with centromere signal sequence which ensures that only one plasmid is found per cell on
average.

e Two sets of linear fragments containing homo-multimers’ sequences and corresponding
5’ and 3’ sequences homologous to the backbone fragment. The first fragment contains
binder 1 and is homologous to the end of the backbone containing the AD. The other
fragment contains binder 2 and is homologous to the end of the backbone containing the
DBD. Homology regions were chosen to be around 30nt.

e Linear fragment containing tCYC1 and tSynth27 terminators with a random 20nt
sequence between the terminators that serve as a barcode and will be used in the data
processing stage to identify which pair of proteins was expressed in each yeast cell
(Figure 6). The fragment is generated by PCR from a plasmid containing the tCYC1
terminator using a primer that contains a random 20nt sequence as well as the tSynth27

short synthetic terminator.
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Figure 6. Since the amplicon containing both proteins’ sequences is often too long (>1kb) for lllumina
sequencing platforms, we can introduce a unique random barcode in the middle between the expression cassettes
and sequence two shorter amplicons (<1kb) and keep the initial association using the barcode.

Briefly, we transformed fragments into cells, performed outgrowth of the cell culture for 36
hours in tryptophan deficient media to drop excessive copies of plasmids and ensure that each
cell carries just one plasmid. DNA was then extracted from a fraction of the cell culture and
prepared for sequencing. Another cell aliquot was subjected to selection in histidine and
tryptophan deficient media to select for strongly interacting pairs. After approximately 24 hours
of selection, cells were lysed and extracted plasmid DNA was prepared for sequencing as
detailed below. To quantify fitness, barcode counts after selection were compared to those
before selection.

Results of this experiment are shown in the left panel of Figure 7 and compared to
previously published low-throughput Y2H data (the middle panel of Figure 7). The ideal
expected interaction outcome is shown in the right most panel of Figure 7. Visual inspection of

the experimental interaction heat maps obtained with the high- and low-throughput Y2H



approaches shows reasonable agreement. In particular, good agreement is found in the
highlighted regions (upper left corner and diagonal).

Although promising, a major concern with this first experiment was a high rate of barcode
collisions wherein a single barcode mapped to multiple protein pairs. We hypothesize that since
barcodes were added during a PCR reaction these collisions are an artifact of PCR over-
amplification. It is likely that collisions could be avoided if barcodes were instead added through
a Klenow extension or directly during assembly in yeast.

Experimental data
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Figure 7. Comparing high- and low-throughput yeast two-hybrid methods. The heatmap of log enrichment
scores of the HT-Y2H is plotted on the left panel after discarding colliding barcodes. The heatmap of the maximal
change in cell culture optical density is plotted in the middle panel (data published in 2016 Science paper). Visual
inspection of the interaction heat maps obtained with the high and low throughput Y2H approaches shows
reasonable agreement. In particular, a good agreement is found in the highlighted regions (upper left corner and
diagonal). The ideal expected outcome of the interaction between these de novo designed binders is plotted on the
right panel. Darker color denotes stronger interaction.

Design update: Each binder is individually barcoded.

To address this concern, we decided to update our design and assembly strategy.

Specifically, the single barcode design was abandoned in favor of an alternative approach where



each protein binder was assigned a predefined DNA barcode sequence during DNA synthesis. In
each fragment, the barcodes is 3’ of the binder and separated from the sequence encoding the
binder by a constant sequence used for PCR (dubbed PCR handles H1 and H2, see Figure 8B).
While this strategy is bit more costly and less flexible because the barcodes need to be
synthesized on the same oligo that also encodes the binder, it ensures that barcode collision
cannot occur and it also ensures that all barcodes have a sufficient edit distance.

With this new design plasmid assembly in yeast still requires four fragments as shown in
Figure 8A. However, the fragment containing the terminators now has a fixed sequence and no
barcode.

Importantly, the sequencing amplicon used to read out the protein pair identity now spans
the two barcodes (Figure 8B). PCR with primers using the constant PCR handles H1 and H2 is
used to amplify the barcode pairs.
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Figure 8. (4) Fragments used in the plasmid assembly. (B) Organization of the assembled plasmid highlighting
the sequencing amplicon carrying the barcodes. PCR handles HI1 and H2 are used to add Illumina sequencing
primer regions, lllumina P5 and P7 flow cell adaptor sequences, and Illumina N7XX and N5XX indexes.

Experiment L33. Testing our HT-Y2H assay on previously characterized set of

human pro-survival BCL2 family proteins and their de novo designed inhibitors.

To make our HT-Y2H assay semi-quantitative in the future and allow for quantitative

characterization of protein-protein interactions in terms of dissociation constant Kd would



require a benchmark set of proteins which have already been characterized and for which
dissociation constants Kd have been measured and published. Unfortunately, the previously used
set of de novo designed homo-multimers have been characterized using conventional low-
throughput yeast two-hybrid incapable of identifying dissociation constants. Our search for a
such benchmark set ended by selecting a set of binders from (Berger et al., 2016). Specifically, in
that work a set of de novo designed three-helix bundle protein inhibitors was designed to
specifically bind to six human pro-survival BCL2 family proteins. The interactions between all
designed binders and their targets were characterized quantitatively using biolayer interferometry
(Berger et al., 2016) and later using a proprietary Alpha-seq technology (Younger et al., 2017).
Following (Berger et al., 2016), we selected six BCL2 homologues and nine synthetic
binders for them resulting in a total of 15 distinct proteins. We decided to test each of these 15
proteins in either orientation (i.e. fused to the AD or fused to the BD) resulting in a total of 225
possible PPIs. We performed two replicates of this experiment over a month or so and found
good agreement (R?=0.58) with previously published results where applicable. Figure 9 shows

interaction heatmaps for our method as well as Alpha-seq and correlation between the two

approaches.
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We also found good agreement between independent replicates (R?>=0.74, Figure 10). We

note that one binder-AD pair failed to assemble in the first replicate and was excluded from the

correlation analysis.
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Finally, we also investigated the correlation between orientations (Figure 11). That is, each
pair occurs twice in the data because a given protein can be fused either to the AD or BD.
Ideally, interactions would not be impacted by the orientation but in practice different protein
fusions can result in different expression levels. We find that for this set of interaction domains

the measured interactions largely agree between orientations (R?>=0.74).
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Figure 12. Comparing linear (under the diagonal line) and log (above the diagonal line) values of HT-Y2H
enrichment scores of L33 library selected under different (0.5, 1, 2, 4 mM) concentrations of HIS-3 inhibitor 3-
amino-1 2 4-triazole also called 3-AT.

To understand whether our results are sensitive to the strengths of the selective pressure we
performed the experiment with the BCL binders in the presence of varying amounts of 3-AT
(Figure 12). 3-AT binds His3 which increases the selective pressure because more His3 has to be

produced to enable growth. We tested 0.5, 1, 2 and 4 mM 3-AT. Overall, we found that for this



range of 3-At concentrations, results were very similar. Still, we found that concentrations

around 1-2mM 3-AT resulted in the best correlation with previously published data.

Experiment L38. Characterizing interaction between 52 pairs of de novo

hydrogen bond network containing heterodimers.
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Figure 13. (A) HT-Y2H linear enrichment scores for newly designed hydrogen bond network heterodimers. In
this experiment, one partner in each pair (“A binder”) was fused to the BD and the other partner (“B” binder) was

fused to the AD resulting in a total or 104x104=10,816 interactions tested in a single experiment. Only 40 out 100

newly designed pairs had linear enrichment score >1 and were deemed successful on-target designs. Those 40 pairs
are highlighted by yellow squares in the heatmap (so called “diagonal interactions”). (B) “Control” heterodimers
previously characterized in [(Z. Chen et al., 2019)] (upper heatmap) were added to the newly designed hetero-
dimers and we found a good visual agreement between our assay’s results for this binders and the published data.

After validating our HT-Y2H approach using published reference data, we next turned to

characterizing interactions between a large set of de novo designed hydrogen bonding

heterodimers. These heterodimers were computationally designed to have strong pairwise

interactions, but we also note that the design approach cannot account for off-target interactions.



Therefore, heterodimer interactions are not necessarily orthogonal. As additional experimental
controls we thus also added four heterodimer pairs that had been previously characterized and
published.

In this experiment, one partner in each pair (“A binder”) was fused to the DBD and the other
partner (“B” binder) was fused to the AD resulting in a total or 104x104=10,816 interactions
tested in a single experiment. It is worth noting that we identified 99.5% of all possible
combinatorial pairs in the input sample implying that nearly all possible pairs have assembled
during the transformation.

Overall, we found good agreement between the four control pairs in our experiment and
previously reported data (Figure 13B). In particular, the results agreed for all on-target
interactions (diagonal entries). However, each assay found one strong off-target interaction not
observed with the other assay.

Among the newly designed 100 pairs, we detected strong on-target interactions (linear
enrichment score >1) for 40 of them (Figure 13A) representing a 40% design success rate.
However, we also note a large number of off-target interactions. In the entire pool of 10,000
possible interactions we observe 13% to have an enrichment score >1. One binder,

A HT DHD 33 fused to the BD, either binds strongly to all possible partners or activates gene

expression constitutively through an unknown mechanism.

Experiment L39. Characterizing interaction between 52 pairs of de novo

hydrogen bond network containing heterodimers in all-against-all manner.

Having successfully assembled 99.5% of all possible pairs in the previous L38 experiment

we decided to increase the library size and test how many pairs we can assemble in a single



experiment. In particular, in this experiment we were still working with 100 newly designed
heterodimers characterized in L38 experiment. But unlike in L38 experiment, where one partner
in each pair (“A binder”) was fused to the BD and the other partner (“B” binder) was fused to the
AD resulting in a total or 104x104=10,816 interactions tested in a single experiment, in this
experiment all binders were fused to both the AD and BD resulting in an all-against-all
screening. The number of possible heterodimers in this experiment is thus 200x200=40,000.
Moreover, we added 5 more previously characterized hetero-dimer pairs in addition to the 4
control pairs already used in L38, resulting in 218x218=47,524 possible pairs.

Once again, we were able to identify almost 99.5% of all possible pairs in the assembled
library before subjecting it to a selection process. The transformation efficiency was about 1M
transformants.

We performed three replicates of this experiment, each separated by about a month in time.
Each time the replicate started with a fresh transformation but using the same stocks of
transformed fragments.

Out of 40 successful on-target interactions revealed in L38 library 34, 33, and 34 had a
linear enrichment score greater than 1 in the replicates #1, #2 and #3 of L39 library, which

amounts to 85, 82.5 and 85% implying high degree of reproducibility (Figure 14).
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Figure 14. 33 out of 40 pairs that were deemed successful on-target interactions in L38 experiment were found
to interact in both orientations in replicate #2 of L39 experiment. Log values of enrichment scores of “high-quality
pairs” that had at least 400 reads in the “input” sample, were found to have a high degree of correlation of about
R’=0.7 in three replicates of the experiment.

We found high degree of correlation between the linear (R?=0.39-0.53) and log (R?>=0.63-
0.83) enrichment values of the control ZCON heterodimers in the three replicates of the
experiment (Figure 15). There was also good agreement between our data and the data
characterizing the interactions between these binders using low-throughput Y2H published in (Z.

Chen et al., 2019).
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Figure 15. We found high degree of correlation between the linear and log enrichment values of the control
ZCON heterodimers in the three replicates of the experiment. There was also good agreement between our data and
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Experiment L42. Testing our assay using previously characterized ZCON

heterodimers.

Albeit good overall agreement between L38 and L.39 library screens, and in particular good
correlations between the enrichment values for the “control” ZCON hetero-dimer binders in the
three replicates of the L39 experiment, we decided to screen that control set of just 9 ZCON
heterodimer pairs in a separate experiment. We hoped that smaller library size would diminish
potential noise in the data and allow us to get a much higher number of reads per each pair in a
single Illumina sequencing run, thus ensuring the achievement of the “true” interaction picture
between the binders.

The resulting interaction strength heatmap is shown in Figure 16. As can be seen in the
figure, our high-throughput data coincide with the previously published low-throughput Y2H
data in correctly identifying 3 out of 7 interacting pairs (ZCON13, ZCON154, ZCONI155) and
one non-interacting one (ZCONG6). The remaining 4 pairs identified as interacting by the low-
throughput assay (ZCON37, ZCON150, ZCON37 3, ZCON15) were not confirmed by our high-

throughput screening.



L42 HT-Y2H Heatmap

Low-throughput yeast two-hybrid (Chen et al, 2019)
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Figure 16. Interaction strength heatmap obtained using our HT-Y2H assay (left panel) and previously
published low-throughput Y2H data (right panel). While there is a good agreement between the assays for
ZCONG6/13/154/155 pairs, our assay could not confirm four pairs ZCON15/37/37 3/150 as interacting ones.
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Figure 17. A good visual agreement can be seen between the interaction strength heatmap of separately
screened L42 library of ZCON binders (A) and the interaction heatmap for those same binders obtained in either
replicate of larger L39 library (B). Although the Pearson correlation coefficients (C) are moderately good, our HT-
Y2H assay correctly picks the same on-target interactions in all the above experiments separating them from non-

interacting binders.



Since the selection time in this experiment was relatively short at about 18 hours potentially
revealing only the strongly interacting pairs, we decided to repeat the experiment using different
amounts of HIS3 inhibitor called 3-AT (3-Amino-1,2,4-triazole) to extend the dynamics and
selection time range of the experiment. We previously found that ImM to 2mM of 3-AT was the
ideal concentration of 3-AT to add to the selection media to achieve best correlation with already
published results for BCL2 family proteins. But since the paper in which ZCON proteins have
been characterized uses 100mM 3-AT added to the selection media, we decided to check
whether that high concentration would reveal missing interactions (ZCON37, ZCON150,
ZCON37 3, ZCONI15), so we used 10mM, 20mM and 80mM of 3-AT in the next experiment.
As can be seen in the Figure 18, significantly increasing the concentration of 3-AT did not reveal
missing interactions but rather worsened the interaction picture by introducing more off-target
interactions with increasing concentration of 3-AT. It is important to note that at 80mM 3-AT
there were fewer on-target interactions than at 0mM whereas the amount of off-target
interactions increased significantly. Moreover, from the Figure 18 it can be seen that even 10mM
of 3-AT already significantly distorts the interaction picture. The results of this experiment
conclude that previously identified optimal concentration of ImM to 2mM of 3-AT is ideal for
our assay. The discrepancy between 3-AT concentrations ideal for our assay (1-2mM 3-AT) and
that in the published low-throughput Y2H (100mM 3-AT) can be explained by using different
yeast strains and different expression systems used to drive the target HIS3 gene, including

different constitutive promoters used to express hybrid proteins.
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Figure 18. Testing whether increasing the amount of HIS3 inhibitor called 3-AT (3-Amino-1,2,4-amino
triazole) in the selection media which increases the selection pressure, would reveal more on-target interactions
among ZCON heterodimers. In particular, 80mM of 3-AT is close to 100mM of 3-AT used in the paper (Chen et al.,
2019) where these binders were characterized. As can be seen from the heatmaps, higher concentrations of 3-AT
introduce many off-target interactions confirming our previous finding that 1-2mM 3-AT concentration is optimal
Jor our HT-Y2H assay. Almost an order of magnitude discrepancy between optimal 3-AT conditions in our assay (1-
2mM 3-AT) and low-throughput Y2H (100mM 3-AT) can be explained by using different expression systems and
yeast strains.

Experiment L43. 104x104 library of additionally re-designed hydrogen bond

network containing binders.

Since we observed high degree of reproducibility applying our method to characterize de
novo designed heterodimers, we collaborated with Postdoctoral scholar Ajasja Ljubetic from the
Baker lab to characterize a new set of heterodimers with shorter redesigned backbone. The
library contained 52 pairs of on-target binders. 9 pairs of previously characterized ZCON binders
were added to this library resulting in the overall library size of 122x122=14,884 possible
combinatorial pairs.

We performed two technical replicates of the experiment where the selection for interaction
in the histidine deficient media was performed in two different flasks using two aliquots of cells
taken from the same transformed library, i.e. from the same “input” sample. Input (pre-selection)

and output (post-selection) samples of Replicate #1 received approximately 22 and 18 million



reads. Replicate’s #2 input and output samples had approximately 25 and 20 million reads. So,
each sample had more than 1000 reads per pair considered to be deep enough sequencing
coverage.

The number of pairs with linear enrichment score greater than 1 in Replicate #1 equals 1677
corresponding to 11.3% of all interactions being positive. Excluding 9 control ZCON pairs, or 18
proteins in total, the library is 104x104, or 52 pairs. Out of 52 pairs 14 pairs interact in both
orientations, or 27% success rate (see Figure 19).

We also found good correlation between the enrichment scores of control ZCON binders in
both replicates of this experiment and the scores obtained in the previous L42 experiment (see

Figure 20).
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Figure 19. Characterizing interactions between redesigned heterodimers. Shown are only successful on-target
interactions that had approximately 27% success rate (14 pairs out of 52 on-target pairs were found to interact)
whereas 11.3% of all pairs were found to interact in the experiment, which includes off-target interactions.
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Figure 20. Comparing the interaction strength heatmaps for ZCON heterodimers in L42 and L43 experiments.
A good visual and quantitative agreement can be seen in the figures. Lower left corner scatter plots exhibit good
linear correlation between both the replicates of L43 experiment as well as between both replicates and L42
experiment. The upper right corner plots the same correlations in the log scale.

Experiment L44. Combining binders from libraries L33, .39 and L43 together
and screening them in an all-against-all manner in a single experiment.
Following our success in the L39 experiment assembling nearly 99.5% of all possible

protein pairs during the transformation, we decided to investigate whether we can successfully

assemble even larger libraries. For that purpose, we combined all previously made stocks of



double stranded DNA fragments encoding proteins from L33, L39 and L43 libraries, mixed them
with three linear fragments composing the backbone of the plasmid and transformed them into
our base y777 yeast strain. The resulting library size is 337*337=113569 protein pairs. The
transformation efficiency was 1 million transformants when the standard electroporation protocol
was used. The library was subjected to the standard selection process and the “input” and
“output” sequencing samples were prepared using the standard procedure. The analysis of the
sequencing data revealed that nearly 99% of all the pairs assembled successfully.

Most of the successful on-target interactions found in all three replicates in the previous L39
experiment were found to interact in the current experiment in at least one orientation confirming
consistency of our assay (see Figure 21). Log enrichment scores of binders in this subset of
successful designs calculated in this L44 experiment have a good Pearson correlation of

R?=0.54-0.56 with the values in either of the three replicates of L39 experiment.
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Figure 21. On-target designs that were found to interact in all three replicates of L39 experiment are shown in
this interaction strength heatmap. Scatterplots show good correlation between the log values of enrichment score of
the L44 experiment and those of either of the three replicates of the L39 experiment for high-quality pairs that had
at least 400 reads in the “input” sample (before the selection).
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Figure 22. On-target designs that were found to be successful in both replicates of the L43 experiment were
Jfound to interact in the L44 experiment, as shown in this heatmap. Scatterplots show good correlation between the
log values of enrichment score of the L44 experiment and those of either of the two replicates of the L43 experiment
Jfor high-quality pairs that had at least 400 reads in the “input” sample (before the selection).

Experiment L45. Characterizing interaction between BCL2 homologs and their

de novo designed inhibitors under different conditions to investigate consistency of

our HT-Y2H assay.

To test the consistency of the plasmid extraction protocol and the robustness and

reproducibility of the HT-Y2H protocol, the following experiment was performed. A library of

six BCL-2 homologous and their 9 de novo designed inhibitors, previously tested in L33

experiment, was transformed into the base yeast strain and outgrown for 36 hours in SC-TRP

media (Flask#1) to achieve a single plasmid in each yeast cell. At this point, when the OD of the

cell culture has reached 1.0, a fraction of the cells was frozen in ZymoResearch Solution1 buffer




for subsequent plasmid extraction and NGS sequencing (Sample#1) and the remaining cells were
used to inoculate another SC-TRP flask (Flask#2) and SC-HIS-TRP flask (Flask#3). Flask#3 was
grown for 24 hours till reaching OD=0.5 at which point a fraction of cells was collected and
frozen (Sample#3) and 250uL of the remaining cells were inoculated in a fresh 50mL of SC-
HIS-TRP media (Flask#4) to continue the selection for interaction process for another 16 hours
until reaching OD=1.0 at which point all the cells were collected, split into two aliquots of 100
million cells each and frozen (Samples #4 and #5).

Meanwhile, Flask#2 (SC-TRP) was grown for 12 hours until reaching OD=1.0 at which
point a fraction of cells (Sample#2) was frozen and 125uL. and 250uL from the remaining cell
culture were used to inoculate another SC-HIS-TRP Flask#5 and Flask#6. Upon reaching
OD=1.0 cells from Flasks #5 and #6 were split into two aliquots and frozen (Samples #6 and #7,
and #8 and #9 correspondingly).

The experiment layout can is depicted in Figure 23.
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Figure 23. L45 experiment layout. A backbone lacking SH3 domain and both fluorescent proteins is used in
this experiment in hope to eliminate any potential misfolding of proteins to achieve better agreement with the

published data.
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Figure 24. Investigating whether the number of reads per each distinct pair would change if the library would
be selected for additional 12 hours following regular 36 hours upon the transformation. We found that passaging
cells for 36 and 48 hours upon electroporating the cells does not affect the number of read counts per pair, i.e. the
population phenotype stayed the same. One outlier has been detected in the sample #2. The high correlation
coefficient also implies consistency of performing plasmids extractions and qPCR.
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Figure 25. Comparison of samples S3 and S4 investigates whether subjecting cells to additional selection time
by diluting down the sample S3 would affect the interaction pictures. The high degree of correlation between
enrichment scores of samples S3 and S4 confirms that additional selection time is not necessary. Moreover, this also
implies consistency of performing plasmid extractions and gPCR. The high degree of correlation between the
enrichment scores of samples S4 and S5 that were made from the same batch of cells additionally confirms
consistency of performing plasmid extractions and qPCR.
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Figure 26. The high degree of correlation between the enrichment scores of samples S6 and S7 that were made
from the same batch of cells additionally confirms consistency of performing plasmid extractions and qPCR. The
R°=0.9 and R*=0.95 Pearson correlation between linear and log enrichment scores of samples S8 and S9 is an
example of slight variability in the plasmid extraction process and subsequent gPCR. The high degree of correlation
between the enrichment scores of samples S6 and S8 shows that using different amount of cells to start the selection
process does not affect the interaction outcome too much.

Experiment L48. Using truncating plasmid backbone to characterizing

interaction between BCL2 homologs and their de novo designed inhibitors.

Still trying to figure out whether higher agreement with already published data for ZCON
hetero-dimers and BCL2 family binders can be achieved using our assay, we further
hypothesized that truncating the hybrid proteins sequences by removing the fluorescent and SH3
domain proteins sequences from them might eliminate potential misfolding of hybrid proteins
and improve the results. We decided to test this hypothesis on the BCL2 family of proteins tested

previously. After removing the above-mentioned sequences, the hybrid proteins’ constructs



looked like the following: DBD-linker1-SV40NLS-linker2-Proteinl and SV40NLS-AD-linker3-

Protein2.
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Figure 27. Comparing the main and reciprocal orientations’ interaction strength heatmap obtained using
truncated backbone in our HT-Y2H assay (A) with the data obtained using Biolayer Interferometry (B) in (Berger et
al., 2016). A modest visual correlation can be observed. Highlighted orange region encircles interactions from the
main figure published in (Berger et al., 2016) containing de novo designed inhibitors that bind their targets the most

specifically.
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Figure 28. Modest correlation between our HT-Y2H assay’s results and Biolayer Interferometry data can be
observed (A). (B) Consistency of our HT-Y2H assay is confirmed by good correlation between the main and
reciprocal orientations’ enrichment score.

Experiment L49. Screening 337x337 library with truncated backbone design.

The run is under sequenced with 4M Reads for TRP.



The library includes all the hydrogen bonds containing proteins A DHD XXX and

B DHD XXX and 15 proteins previously screened by David Younger and Stephanie Berger.



Chapter 4. Achieving success in optimizing our assay.

Contributions: Proteins in experiments L50, L52, L55, L65 were designed by Ph.D. student
Johannes Linder (Professor Georg Seelig’s lab); Proteins in experiment L67 were designed by
postdoctoral scholars Ajasja Ljubetic and Basil Wicky. Proteins in experiment L70 were
designed by postdoctoral scholars Ajasja Ljubetic. All low- and high-throughput Y2H
experiments in this chapter, data analysis, figure preparations were performed by Alexandr

Baryshev.

Swapping barcodes and terminators revealed previously missing interactions.

In RLL-Y2H assay both hybrid proteins are encoded on the same plasmid with two
expression cassettes facing each other similar to our system with two terminators between the
two coding regions. The RLL-Y2H assay uses mMel restriction enzyme site between the stop
codons and the terminators allowing to cut a double stranded fragment containing the last 18nt of
each protein on its ends. Those 18nt of proteins’ sequences remaining on the fragment after
restriction allow to identify interacting proteins provided that those last 18nt are diverse enough.

Inspired by the paper, we were interested in whether replacing barcodes and their PCR
handles in our system with 6nt long Mmel restriction enzyme site would lead to the same results.
In particular, we were interested how the system would behave when applied to the control
ZCON heterodimers, in particular to ZCON37 pair which has been confirmed to interact using
cryo-EM imaging.

We decided to perform a low-throughput chemical transformation of our base yeast strain
using approximately the same amounts of transformed linear fragments DNA. The

transformation mixture was plated on yeast SC-HIS agar media that allowed selection for the



interaction. To our surprise, two days after the transformation there were significantly more
transformed colonies on the plate corresponding to the design without barcodes and PCR handles
compared to the design previously used in all our high-throughput experiments. This discovery
led us to believe that a PCR handle and a barcode put right after the stop codon and before the
terminator was disrupting the termination process in some cases, like in the plasmid encoding the
ZCON37 with PCR handles and barcodes. It is important to note that this design apparently still
worked for other protein pairs, like for example (ZCON13/154/155).

We then decided to introduce this change, and put terminators before the PCR handles and

barcodes in our future experiments.

Figure 29. Low-throughput chemical transformation of two strains. The strain on the left plate has no barcode
and its corresponding PCR handle, instead the stop codon is followed by a GTCGGA sequence which is a reverse
complement sequence to Mmel restriction enzyme’s recognition sequence TCCGAC. The straight on the right plate
has a PCR handle and a 20nt barcode between the stop codon and the terminator. The truncated version of the
backbone is used in both strains and carries no fluorescent proteins or SH3 domain.

We further successfully used this design lacking a barcode and its PCR handle to screen one
interacting (P3-P4) and one non-interacting (P1-P4) pair of coiled coils from (Lebar et al., 2020).
As can be seen in the Figure 30, the on-target pair P3-P4 had a significantly higher amount of
yeast colonies on the histidine lacking plate that selects for interaction than the not-on-target pair

P1-P4.



This pilot experiment with P1-P4 coiled coils encouraged us to consider screening the
remaining coiled coils P5-P12 in the next experiments in hope to achieve agreement between our

HT-Y2H assay’s results and the published data (Lebar et al., 2020).

Figure 30. Low-throughput transformation of two strains, one of which encodes on-target pair of coiled coils
P3-P4 (left plate) and the other encodes a non-interacting pair of coiled coils P1-P4 (right plate). Approximately
the same amount of transformed DNA fragments was used for the both strains which allows us to state that assay
correctly pick up interactions between just these two cases of interacting and non-interacting coiled coils.

Revised Plasmid Design Part

A new plasmid design is used in the subsequent libraries. Each binder’s sequence is
followed by a stop codon which in turn is followed by a synthetic terminator from (Curran et al.,
2015). Tsynth23 and Tsynth27 are used correspondingly to terminate the transcription of DBD
and AD fusion proteins. The terminators are followed by PCR handles named RL3 and RL4
which are followed by predetermined 20nt long DNA barcode sequences that are usually
synthesized along with binder sequences. 22nt long insulation sequence dubbed TS separates the
barcode sequences. TS sequence is used as a homology sequence during the plasmids assembly

in yeast.
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Figure 31. (A) Revised plasmid assembly. Barcodes are following terminators. (B) Sequencing amplicon
contains just the PCR handles H1 and H2 and pre-defined barcode sequences BC1 and BC2.

Choosing P1-P12 coiled coils as another control set.

A coiled coil is a structural motif found in some proteins and it usually consists of 2-7 alpha
helices that are coiled together. Coiled coils are usually part of transcriptional factors and thus
are involved in various biological processes such as transcriptional regulation. While the general
problem of predicting the folded structure of a protein given its amino acid sequence has not
been solved, coiled coil is one of the few motifs for which the relationship between the sequence
and final folded structure is relatively well understood. Coiled coils usually contain a repeated
pattern of 7 amino acids, called heptad repeat, ~xxhcxc where 4 is a hydrophobic and ¢ is a
charged amino-acid residue. The composition of a coiled coil is sometimes represented as a 7-
register sequence abcdefg where positions a and d are occupied by a hydrophobic amino-acid
residue (usually leucine, iso-leucine or valine).

In (Lebar et al., 2020) Lebar et al. have successfully designed a set of orthogonal 4-heptad
long coiled coils that we thought could be used as another benchmark set of proteins that we can
use to optimize our assay. The interaction between these peptides was characterized using split

luciferase assay in the original paper (see Figure 32).
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Figure 32. An orthogonal set of 4-heptad long coiled coils characterized using split luciferase assay. The gray
bar scale indicates fold change in luminescence.

Experiment L50. Characterizing interactions between 10-heptad long coiled

coils designed by a deep exploration network (DEN) computational algorithm.

Large amounts of collected experimental knowledge about the interaction between coiled
coils allowed (Potapov et al., 2015) and (Fong et al., 2004) to come up with machine learning
algorithms to predict the interaction outcome for any two provided coiled coil pairs.

In collaboration with another PhD student Johannes Linder from the Seelig lab, we designed
4 pairs of 8-heptad long and 4 pairs of 10-heptad long coiled coils, that we designed to maximize
their interaction strength with just one other coiled coil in the set and minimize the interaction
strength with all the remaining coils, thus forming an orthogonal 8-pairs coiled coil system.

The sequences were ordered using the new “barcode following terminator” design and
ordered in a double stranded DNA gene fragment from Twist Bioscience. The order also
included coiled coils P1-P4 were added to the transformation mixture for the control purposes to

see how P1-P4 coiled coils interact in the library context.



Although, as can be seen in Figure 33, a few on-target designs exhibited desired interaction

in at least one orientation, a significant number of strong unanticipated off-target interactions can

be seen in the interaction heatmap, mainly among 10-heptad long coiled coils fused to the

activation domain and other shorter coils fused to the binding domain. From the discussion with

Postdoctoral scholar Ajasja Ljubetic from the Baker lab it was hypothesized that the longer coils

are sticker and thus lead to stronger interactions. It can also be seen from the figure that although

the log enrichment score for on-target pairs P1-P2 and P3-P4 is negative, which corresponds to

overall decrease in relative frequency representation in the population, the interaction between

these on-target pairs is still visually much stronger than between other not-on-target

combinations of P1-P4 binders, which gives that that had P1-P4 peptides been screened

separately by themselves they would clearly have positive log enrichment scores.
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Figure 33. (A) The heatmap of the number of reads per pair for the “input” sample (i.e. before the selection
for interaction) characterizing the homogeneity of the library assembly. As can be seen from the figure some binders
fused to activation domain and binding domain assembled with lower efficiency which is indicated by lighter color
in the figure. (B) From this subfigure showing the interaction strength heatmap it can first be seen that DEN coils
were interacting with each other and P1-P4 coiled coils. Second, the interaction strength between short coiled coils
P1-P4 and almost any other binder is noticeably weaker than the interaction between DEN coiled coils. It can also
be seen that the interactions between 10-heptad long coils, in particular S34, S3B, S54, S5B and other binders in
the library are stronger than between shorter 8-heptad long coils and especially 4-heptad coils P1-P4, which might
be attributed to longer coils being “stickier” than the shorter ones. (C) Symmetry of interactions is moderate with
the Pearson correlation coefficient between the upper and lower triangular heatmaps equal to R*=0.22.



Experiment L51. Characterizing interactions between orthogonal coiled coil
peptides P1-P12 from (Lebar et al., 2020) using IDT DNA Technologies as a DNA

supplier.

Since previously our assay had successfully picked up the on-target interaction between P3-
P4 coiled coils and didn’t identify interaction between not-on-target P1-P4 pair, and since the
interaction between the on-target pairs P1-P2 and P3-P4 was clearly stronger than the not-on-
target interactions between other combinations of P1-P4 binders, we decided to screen the full
library of P1-P12 peptides. Thus, a library of P1-P12 orthogonal coiled coil peptides was ordered
in a form of a pool of single-stranded oligonucleotides synthesized by IDT DNA. An 80% GC-
rich sequence used as a linker separating DNA-binding domain on one end of the plasmid
backbone from one of the binders required us to use an additional PCR handle to amplify binderl
gene fragment. That PCR handle has no homology to the plasmid backbone and as a result is
chewed away by yeast internal machinery (Figure 34A).

In the resulting interaction strength heatmap (Figure 34B) it can be seen our assay correctly
identifies on-target interactions that have a linear enrichment score greater than 1.0 in all six
pairs in at least one orientation, although significant amount of unanticipated interactions is
present in the heatmap, which makes the whole heatmap look not as neat as the luciferase
heatmap from the original paper (Lebar et al., 2020).

We then performed another independent replicate of the experiment starting from the yeast
transformation. After the transformed library was passaged in a flask for 36 hours to drop
redundant plasmids from yeast cell and maintain only one plasmid per yeast cell on average, two
aliquots from this flask were inoculated in two separate flasks with media lacking histidine

amino acid to start the protein-protein interaction selection. Thus we performed two technical



replicates of this experiment this time. The resulting interaction heatmaps are shown in Figure 35
and labeled as Replicate #2 and #3. Very high correlation between linear and log enrichment
values of these technical replicates can be observed in Figure 35. Moderate correlation was

observed between either of these two technical replicates and the first independent replicate of

the experiment.

A i B i C PP errrss 55a
II:J_': L51._Repl|cate #1, L agag L >>>
PCR \ Selection at OmM 3-AT o Y I e 3 ds
?aqldtlze P1- W 5 é P1
hewed —_— linker2 P2 - - B f P2
wrty ) = " T B S =P n
away by ) /. e £ pa- T | g 4 .
yeast) ! j £ - [ | a5 i
- Pé = i
80% GC-rich o P7- [ Em £ 6
linker 5 P8- . -2 E E:P7
£ P9- || [ ¢
@ P10 - o | = E-P9
P11 ] | I P10
P12 a P11
e =
= P12

EREIARERESCSY

Activation domain

Figure 34. (A) Since the truncated backbone of the plasmid ends with an 80% GC-rich sequence that serves as
a homology region during plasmid assembly and since this sequence is poorly amenable to PCR, an extra PCR
handle needs to be added 5’ of this GC-rich sequence on all oligos in the pool that encode P1-P12 peptides that will
be fused to the binding domain. This PCR handle has no homology to any sequence on the backbone and thus will
be chewed away by yeast machinery during homologous recombination. (B) Our HT-Y2H assay’s interaction
strength heatmap shows that our assay correctly identifies on-target interactions that have a linear enrichment
score greater than 1.0 in all six pairs in at least one orientation, although significant amount of unanticipated
interactions is present in the heatmap, which makes the whole heatmap look not as neat as the luciferase heatmap

from the original paper (C)
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Figure 35. Interaction strength heatmap of the first independent replicate is shown in the left lower corner
(labeled as Replicate #1). The second independent replicate is in turn split into two technical replicates labeled as
Replicate#2 and #3 which are shown in the center and in the right upper corner. Very high correlation between
linear and log enrichment values of these technical replicates can be observed in the corresponding scatterplots.
Moderate correlation was observed between either of these two technical replicates and the first independent
replicate of the experiment.
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Figure 36. The interaction strength heatmaps for the third technical replicate of the experiment that was
started from the glycerol stock made previously. The experiment was conducted at three different concentrations of
3-AT: 2mM, SmM and 10mM of 3-AT. Both qualitative and quantitative comparisons show great agreement between
different concentrations of 3-AT. It can be seen that our HT-Y2H assay correctly picks up almost on-target
interactions in at least one orientation. It can also be noticed that, with one exception, only the on-target
interactions have higher enrichment score than non-target interactions, although admittedly the number of
unanticipated off-target interactions is present in the heatmap.

We hypothesized that the off-target interactions might have appeared due to some artifacts

in IDT’s oligo pool synthesis process. To investigate this hypothesis we decided to use a few



remaining aliquots of cells obtained before and after the selection process, and prepare and
sequence amplicons that contained the full sequence of the coiled coils. Thanks to the short
length of 33 amino acids of the coiled coils this longer sequencing amplicon was well shorter

than 1000nt and thus amenable to Illumina sequencing.

Experiment L52. Characterizing interactions between shorter 4-heptad long

DEN-designed coiled coils.

After discovering in L50 experiment that 10-heptad long coiled coils exhibited much
stronger interaction than the shorter coils with reduced degree of specificity, Johannes Linder’s
DEN algorithms was adjusted to design a new set of 16 4-heptad long coiled coils, that we
designed to maximize their interaction strength with just one other coiled coil in the set and
minimize the interaction strength with all the remaining coils, thus forming an orthogonal 8-pairs
coiled coil system.

Similarly to L51 experiment, to reduce the cost of the experiment the DEN designed coiled
coils’ sequences were ordered in the form of oligo pools from IDT Biosciences with
approximately 30% accuracy rate for every sequence in the pool. Similarly to L51 experiment,
an extra PCR handle is added 5’ of the 80% GC-rich sequence on all oligos in one of the pools.
Double stranded stock of L51 P1-P12 binders was added to the transformation mixture for the
control purposes to have another look at P1-P12 interaction.

The resulting interaction strength heatmap for P1-P12 coiled coils and DEN designed coiled
coils is shown in Figure 37. Similarly to L51 experiment, while our assay picks up all on-target

interaction between P1-P12 coiled coils in at least one orientation, a significant number of



unanticipated interactions is present in the heatmap. Out of all DEN signed coiled coils only one

pair S2A-S2B exhibited interaction.
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Figure 37. Interaction strength heatmap for P1-P12 coiled coils and DEN designed coiled coils. Similarly to
L51 experiment, while our assay picks up all on-target interaction between P1-P12 coiled coils in at least one
orientation, a significant number of unanticipated interactions is present in the heatmap. Out of all DEN signed
coiled coils only one pair S24-S2B exhibited interaction.

Experiment L54. Revising a protein linker between the binding domain and its
fused protein, and using this revised design to screen P1-P12 coiled coils again.
The “input” sample in this experiment was sequenced with a good sequencing depth, i.e. it

received approximately 400000 reads overall which translates to approximately 2800 reads per

pair at library size of 144 pairs.



To simplify the previous design and remove the extra PCR handle, we used different codons
in the 80% GC-rich protein linker reducing the GC content to 63% which was more amenable to
PCR (Figure 38).

Although the resulting interaction heatmap (Figure 39A) shows that our assay still correctly
identifies on-target interactions in at least one orientation in the current L54 experiment after
codon-optimizing the 80% GC-rich linker, a significant amount of unanticipated interactions is
observed. Low correlation with L51 experiment seen in the scatterplots is mainly due to different
off-target interactions appearing in this L54 experiment compared to L51 experiment.

We also performed three technical replicates of L54 experiment at three (2/10/20mM)
concentrations of 3-AT. Consistent with previous findings, our method’s results exhibit very

high correlation between different technical replicates of the experiment (Figure 40).
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Figure 38. Optimizing codons of the 80% GC-rich sequence transformed this sequence to 63% GC-rich which
was amenable to PCR and thus allowed to drop the use of the extra PCR handle.
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Figure 39. Comparing the results of L54 experiment that used codon optimized linker with the results of L51
experiment that used an extra PCR handle during plasmid assembly. Although in this current L54 experiment our
assay correctly identifies on-target interactions in at least one orientation, a significant amount of unanticipated
interactions is observed. Low correlation with L51 experiment seen in the scatterplots is mainly due to different off-
target interactions appearing in this L54 experiment compared to L51 experiment.
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Figure 40. Technical replicates of L54 experiment performed at three (2/10/20mM) concentrations of 3-AT.
Consistent with previous findings, our method’s results correlate really great between different technical replicates
of the experiment.
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Experiment L55. Characterizing interactions between 4-heptad long DEN-
designed coiled coils from experiment L52 using revised protein linker between

the binding domain and its fused protein.

In a separate experiment we decided to use the codon-optimized linker to again screen the
library DEN generated coiled coils. We again used IDT DNA synthesized oligo pools to prepare
double stranded DNA fragments encoding the peptides. We sequenced the “input” and the
“output” samples with a good sequencing depth of approximate 3000 reads per pair in each
sample (772K reads for the “input” sample at library size of 16*16=256 combinatorial pairs).

As can be seen in the resulting interaction heatmap in Figure 41, a few on-target pairs have
been confirmed by the experiment, including S2A-S2B pair previously identified as interacting

in L52 experiment in the same orientation.
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Figure 41. Interaction strength heatmap for 4-heptad long DEN generated coiled coils from experiment L52.
The colorbar indicates the linear enrichment score.



L61. Characterizing interactions between orthogonal coiled coils P1-P12 using
the revised protein linker and using Twist Biosciences as a supplier for double

stranded DNA gene fragments encoding P1-P12 sequences.

Hypothesizing that the high error ratio during the IDT’s synthesis process of single-stranded
oligonucleotide pool could be responsible for the unanticipated off-target interaction appearing
in the L51, L52, L54 experiments, we decided to order every coiled coil sequence (P1-P12) from
a different vendor (Twist Bioscience) in the form of a double stranded DNA fragment with more
>98% of synthesized sequences promised to be correct. The fragments were then individually
amplified in separate tubes in PCR reactions which were subsequently analyzed on a Qiagen
QIAxcel capillary electrophoresis fragment analyzer to ensure correct length of the PCR product.
The resulting PCR aliquots were then pooled together in a single 1.5mL Eppendorf tube and
were cleaned using Kapa Magnetic Beads. The purified mixture was then combined with the
three linear fragments composing the backbone and transformed into the base y777 yeast strain.
The standard selection process was applied to the transformed library. The resulting interaction
strength heatmap is shown in Figure 42 along with the published data. As can be seen in the
figure, after revisiting the design by placing the barcode and its PCR handle after the terminator
and ordering accurately synthesized gene fragments for P1-P12 binders, our assay achieves
nearly ideal agreement with the published data.

Figure 43 and Figure 44 show how significantly reads counts change for the on-target pairs.



63% GC-rich
codon reworked

linker

B L61, Selection at 2mM 3-AT

PL-

P3-
[
s -
P6 -
P7 -
P8 -
PO -
P10 -
P11 -
P12 -

‘\S linker2

Binding domain

Pz -l

|
|
|
O

m
|

I98ree

Activation domain

=
-
-4
a

P12 -

~N w = w

—
HT-Y2H Linear Enrichment Score

C

TALE:P1
TALE:P2
TALE:P3
TALE:P4
TALE:P5
TALE:P6
TALE:P7
TALE:P8
TALE:P9
TALE:P10
TALE:P11
TALE:P12

P16

P10:V
P11:VP16

)

P12:VP1¢

1,591

UONBAOR PIO4

Figure 42. (A)this L61 library uses codon-optimized linker that doesn’t require an extra PCR handle like. (B)
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In [9]: his_2mM_3AT df
Out[9]:
Jerala P1 Jerala P2 Jerala P3 Jerala P4 Jerala P5 Jerala P6 Jerala P7 Jerala P8 Jerala P9 Jerala P10 Jerala P11 Jerala P12
Binder1

Jerala_P1 9.0 | 629340 2150 129.0 251.0 381.0 281.0 171.0 951.0 250.0 1440 1334.0
Jerala P2 10.0 599.0 21.0 1073.0 1184.0 341.0 363.0 138.0 253.0 247.0 349.0
Jerala P3 117.0 2410 158.0 192.0 1100 1410 120.0 175.0 256.0 95.0 116.0
Jerala P4 1740 713.0 3.0 341.0 347.0 236.0 193.0 360.0 966.0 1524.0 268.0
Jerala_P5 221.0 280.0 230.0 191.0 204.0 347.0 196.0 257.0 135.0 871.0 283.0
Jerala_P6 166.0 1363.0 230.0 118.0 6.0 2440 193.0 2437.0 159.0 196.0 140.0
Jerala_P7 1220 1170 135.0 80.0 2210 157.0 1440 141.0 1240 1348.0 201.0
Jerala_P8 238.0 276.0 189.0 171.0 2430 259.0 | 29996.0 NaN 260.0 1096.0 176.0 370.0
Jerala_P9 1140.0 B66.0 308.0 102.0 450.0 196.0 2462.0 906.0 15.0 137.0 219.0
Jerala_P10 326.0 415.0 1021.0 160.0 73140 25440 4180 280.0 8.0 2000.0 604.0
Jerala P11 190.0 383.0 201.0 262.0 258.0 259.0 478.0 2730 2780 2162.0 231.0
Jerala P12 264.0 289.0 284.0 1130 255.0 220.0 461.0 217.0 144.0 496.0 353.0

Figure 44. Number of sequencing reads mapping to each pair in the “output” sample (after the completion of
selection). Highlighted numbers indicate on-target interactions and are noticeably higher other numbers

corresponding to non-interacting pairs.
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Figure 45. (A) Heatmap of activation fold change values obtained using luciferase assay, linear scale, data
taken from (Lebar et al., 2020). (B) Heatmap of HT-Y2H enrichment scores, linear scale. (C) Pearson correlation
between luciferase assay’s activation fold change values and HT-Y2H enrichment values, log scale.

Since L61 is similar to L54 library and uses the same codon optimized glycine-serine linker

but is synthesized in the form of a double stranded DNA gene fragment by Twist Bioscience

whereas L54 is synthesized as an oligo pool by IDT DNA Technologies, it would be interesting

to compare how two experiments correlate with each other. In the Figure 46 It can be seen that

there’s moderate correlation (R°=0.29 in the log scale) between the two experiments although

L61 has significantly less unanticipated interactions.
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Figure 46. Comparing interaction heatmaps of L61 (A) and L54 (B) libraries that use the same codon-
optimized linker but different types and suppliers of DNA to prepare the fragments encoding the proteins in the
library (Twist Bioscience’s dounble stranded gene fragments vs IDT DNA's single stranded oligo pools). (C) There
is still moderate correlation between log enrichment values of these libraries.

Experiment L62. Characterizing interactions between orthogonal coiled coils
P1-P12 using the previous version of the protein linker between the binding
domain and its fused protein, and using Twist Biosciences as a supplier for double

stranded DNA gene fragments encoding P1-P12 sequences.

Having achieved great success using high accuracy double stranded DNA gene fragments
synthesized by Twist Biosciences in combination with codon-optimized linker, we decided to
test whether we would still achieve great agreement with the published data when we use double
stranded gene fragments from Twist Biosciences and the older 80% GC-rich linker that requires
an additional PCR handle.

For this experiment we ordered a set of double stranded gene fragments from Twist
Biosciences encoding proteins that will be fused to the 80% GC-rich linker, containing that

linker (Figure 47A) and performed the experiment starting from the transformation stage.



The resulting heatmap revealed anticipated on-target interactions in at least one orientation
(Figure 47B) and still exhibited good visual agreement with the published luciferase assay data.
Compared to L61 experiment there were stronger unanticipated interactions present, albeit

compared to the IDT DNA based experiment L51, there were fewer such interactions.
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Figure 47. (A)this L62 library uses the 80% GC-rich linker that requires an extra PCR handle like in L51
libraries. (B) There is still very good visual agreement between Interaction strength heatmaps obtained using our
assay and using luciferase assay in (Lebar et al., 2020).

Going forward, we decided to use codon-optimized 63% GC-rich linker that doesn’t require
additional PCR handles in all the subsequent experiments. We also use Twist Biosciences double

stranded gene fragments in all the subsequent experiments due to better results achieved using

their DNA compared to IDT DNA products.

Experiment L63. Screening intraviral SARS-CoV2 PPIs.

SARS-CoV2 virus has upended and ravaged our society in the last two years. Tremendous
amounts of effort were devoted to the characterization of the mechanism of action of the virus

including characterization of protein-protein interactions between the viral proteins. Several



papers have been published applying different methods such as low-throughput Y2H, co-
immuno precipitation to study the intraviral PPIs (Springstein et al., 2021), (Jiang et al., 2021),
(Liu et al., 2021), (Gordon et al., 2020), (M. Chen et al., 2021), (Xu et al., 2021). Since some of
the later published paper were revealing previously unknown interactions, it is really important
to characterize the intraviral interactions using a few different methods independently, that’s why
we decided to select a few SARS-CoV?2 proteins for which interactions have been characterized
using low-throughput Y2H and co-immunoprecipitation in (Li et al., 2021) and use our assay to
characterize the interactions between those proteins in a all-against-all manner. The resulting
interaction heatmap can be seen in Figure 48 does not quite agree with the published data besides
in the case of ORF9 homodimer. Since some of the interaction revealed in the original paper
using LT-Y2H method have not been confirmed by CO-IP method and vice versa, additional
characterization of those interactions might be needed using other methods. Another explanation
for the disagreement between our assay’s results and that in the paper might be due to the fact
that that interaction that HT-Y2H reveals might be too strong and just eclipse other interactions
that are deemed as non-interacting due to having linear enrichment score lower than 1.0, but in
screened using low-throughput version of our assay they might be exhibiting good interaction.
The latter issue might be resolved by adding a set of control proteins with a different range of
dissociation constants Kd which will be done in the subsequent L68 library.

Performing another technical replicate of the experiment at 10mM of 3-AT (Figure 49)
confirmed the same interactions revealed by the first technical replicate at 2mM 3-AT, assuring

that there were no artifacts in the first technical replicate of the experiment.
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Figure 49. Heatmap of the depth of sequencing shows that besides poorly assembled homo-dimers almost all
other pairs have successfully assembled during the transformation and had more than 1000 reads per pair in the
sequencing run which deems them “high-quality” pairs. The selection was performed at two different
concentrations of 3-AT (2mM and 10mM), and good visual agreement is seen between the two resulting interaction
heatmaps which implies that our assay was performed consistently.



Experiment L64. Screening previously characterized control ZCON
heterodimers using the revised design and TwistBioscience’s double stranded

DNA gene fragments.

Having achieved nearly ideal agreement between the results of screening of coiled coils P1-
P12 designed in the Jerala lab, we decided to go back and use the revised “barcode following
terminator” design to screen previously characterized and published 9 pairs of control ZCON
hydrogen bond network hetero-dimers. This set of proteins has already been screened before
using “barcode preceding terminator” plasmid design (L42) but our assay failed to confirm four
pairs ZCON15/37/37 3/150 as interacting ones.

In this current L64 experiment binders’ sequences with pre-defined 20nt long DNA
barcodes were ordered from Twist Bioscience in the form of gene fragments. They were then
individually amplified in separate tubes in PCR reactions which were subsequently analyzed on a
Qiagen QIAxcel capillary electrophoresis fragment analyzer to ensure correct length of the PCR
product. The resulting PCR aliquots were then pooled together in a single 1.5mL Eppendorf tube
and were cleaned using Kapa Magnetic Beads. The purified mixture was then combined with the
three linear fragments composing the backbone and transformed into the base y777 yeast strain.
The standard selection process was applied to the transformed library. The resulting interaction
strength heatmap is shown in Figure 50 and Figure 51 along with the previously obtained results
in L42 experiment using “barcode preceding terminator” design and the published low-
throughput Y2H data. As can be seen in the figures, after revisiting the design and placing the
barcode and its PCR handle after the terminator our assay achieves nearly ideal agreement with
the published data predicting the same interacting pairs in at least one orientation

(ZCON15/37/150/155/) or both orientations (ZCON13/37 3/154/162).
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Figure 50. Comparing the new “barcode following terminator” design and the old “barcode preceding
terminator” design. As can be seen from the L64 heatmap (left) the revised design allows to correctly identify all on-
target ZCON interactions in at least one orientation significantly improving the performance of our assay compared
with the previous “barcode preceding terminator” design used in L42 experiment (right).
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Figure 51. Comparing interaction strength heatmaps obtained using the revised “barcode following
terminator” design of our HT-Y2H and using low-throughput Y2H assay from (Z. Chen et al., 2019). Nearly ideal
agreement between these two methods can be observed.



Experiment L65. Characterizing interactions between 4-heptad long DEN-
designed coiled coils from L52 experiment using the revised design and

TwistBioscience’s double stranded DNA gene fragments.

This library was sequenced with a good sequencing depth with each of the “input” and
“output” samples received ab