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Abstract

Library display technologies have enabled the development of peptides
with affinity for a given substrate. Such affinity-capture reagents have driven
progress in many fields, from basic biochemistry to neuropharmacology [1][2]. A
major limitation in the development of neuro-pharmaceuticals has been an inability
to examine how the behavioral effects of drugs are mediated by each of the distinct
yet intermingled cell types in any given brain region. DART (Drugs Acutely
Restricted by Tethering) is the first method to overcome this technical barrier,
enabling the delivery of therapeutics to a precise genetically defined neuronal cell
type [3]. At the core of DART 6 s s p e @aicdpture oftayhemicl Rx-HTL
(HaloTag Ligand conjugated to a drug) by a genetically encoded HTP (HaloTag
protein), creating an artificial dosing window. Although the technology has already
revealed novel neurobiological insights, a narrow dosing window currently limits
DART to neurobiological questions where dose can be tightly controlled, such as
via intracranial infusion over a small brain volume.

Our goal is to adapt the principles of directed evolution and library display
to improve the dosing window of DART and enable its brain-wide delivery.
Moreover, using the same principles, we aim to develop an orthogonal DART pair
for multiplexed delivery of any combination of drugs to two distinct cell types.

The underlying principle of a library display tool is a physical linkage

between phenotype (a protein) and genotype (its corresponding nucleotide



sequence). This conjugated mRNA, encoding the displayed protein, serves as a
unique identifier for each variant. Over the past three decades, several display
systems have been developed, each with a unigue set of limitations. Typically,
there is a tradeoff between the stability of this linkage and the number of unique
variants (library size). Thus, no existing platform offers the desired trifecta of
linkage stability, library size, and product yield.

This work introduces a novel in vitro protein display technology called GRIP
Display (Gluing RNA to Its Protein) that permits the generation and simultaneous
screening of vast protein libraries (~10'4 variants) against a target of interest, with
minimal genetic cross-talk, significant selection enrichment, and one-step simple
experimental protocol. Here, we demonstrate 1) the development of GRIP Display
and its utility in the optimization of a large binding tunnel of HTP to enhance the
covalent capture of its chemical ligand; 2) the development of high-affinity
orthogonal HTP/HTL pairs with minimal cross-reactivity; 3) a rational design of a
novel peptide/RNA interaction to promote the avidity of binding [4] and create a
Asingle reado dRKPRIBlay technol ogy

GRIP Display represents a valuable resource for the protein engineering
community, and can substantially advance the range of neurobiological questions

amenable to DART.
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1. Introduction
1.1 Motivation

Protein display technologies have been successfully applied to many
different areas of research, including immunology, cancer research, infectious
diseases, and drug discovery [6]. Since the successful entry of the first
recombinant protein i insulin i into the market, numerous protein-based
therapeutics had been developed and approved for human use [7], [8]. This work
is particularly focused on the intersection of protein display and
neuropharmacology. Neurological disorders have become a great public health
concern, yet we have very little understanding of how neuro-pharmaceuticals work
or how to make them better. A major limitation has been an inability to examine
how the behavioral effects of drugs are mediated by each of the distinct yet
intermingled cell types in any given brain region. DART is the first method to
overcome this technical barrier, enabling the delivery of a pharmaceutical to a
precise genetically defined neuronal cell type [3], and making it possible to
evaluate the behavioral effects of therapeutic agentsd one cell type at a time. At
the core of DA RHEGapturs gf @ chemical ElalofTag Ligasd (HTL)
by a genetically encoded HaloTag protein (HTP) (Fig. 1). This creates a dosing
window, wherein the capture of the HTL-Rx (drug conjugated to HTL) onto HTP

positive (HTP+) cells occurs at a lower dose than needed to produce drug effects



on HT negative (HTP-) cells. For cell type-specific targeting, it is critical to stay
wi t hin a #fdod sanmgrmediata dosewat drives capture of the HTL
moiety without off-target effects from the drug moiety. Although the technology
has already revealed novel neurobiological insights, a major limitation of DART is
itds narrow dosing wi ndo wapplicatioris intwhidh ¢he
ligand can be directly infused at a known concentration over a relatively small brain

volume.

DART
Drugs Acutely Restricted by Tethering

G150

HaloTag HTL Ry

-~ $v‘ o v
? AMPAR ; AMPAR

HTP+ HTP-

Dosing Window

ECs ECs

Response

Dose

Figure 1: Schematic representation of DART.HTP (red) acutely tethers drugs
(Rx) onto genetically defined cells, producing a high local concentration of drug on HTP+
cells with negligible drug concentration felt by HTP1 cells. Receptor specificity is inherited
from the drug.



The overall motivation of this thesis is to adapt the principles of directed
evolution and library display to improve the dosing window and enable a brain-
wide delivery of DART. Achieving this goal would make a non-invasive whole-brain
delivery of DART ligands feasible, with the potential for translation in humans [9],
[10]. Moreover, using the same principles, we aim to develop an orthogonal DART
pair for multiplexed delivery of any combination of drugs to two distinct cell types.
Such technology would allow a higher-order understanding of drug interactions

and reveal fundamental insights into mechanisms underlying neurological

disorders. For example, it is important to understandh ow Par ki nsonods

mediated by alterations in excitatory (AMPA-R) and inhibitory (GABA-R) synapses
in direct vs indirect spiny projection neurons (SPN) [3]. An orthogonal DART
system would enable simultaneous manipulations of excitatory and inhibitory
receptors on any arbitrary combination of dSPN and iSPN cell types, enabling a

direct test of drug/cell-type interactions implied by single-drug targeting studies.

1.2 Methodology of Protein Library Display

How would one approach the task of building a protein with specific
attributes or functions de novo? Protein function largely depends on its global
folding that provides precisely defined structural properties [11]. One of the
possible approaches would involve the exploration of a protein sequence -
fold/function space one sequence at a time. However, any modest increase in the

protein sequence length results in an exponential increase of all possible



sequences and conformations [11]. For example, for a 10-amino-acid-long
peptide, there are 20%° or ten trillion different possible sequences, each associated
with a specific folding. It quickly becomes clear that this approach would only allow
sampling a minute fraction of the sequenceffolding space, which would be
comparable to the task of finding a needle in a haystack. Another method involves
computational protein design and machine learning, where the known structural
architectures are used as a starting point [12]. While there has been substantial
progress in the computational design of rigid structural elements, functional activity
has been limited. As such, computational design is useful for the de novo
development of a new backbone. However, substantial experimental optimization
is required thereafter.

A revolutionary approach was developed in the mid-80s termed Phage
Display, which resolved the issue on the molecular level by expressing a relatively
large number of protein variants (a million to a billion) on the surface of the
bacteriophages, while storing the encoding DNA i nsi de t he
genome [13]i [15]. The first six commercialized antibody-based therapeutics were
developed using Phage Display as of 2019, with many more in the pipeline [16].
For its contribution to the drug development field, it was awarded half of the Nobel
Prize in Chemistry in 2018 [16]. Since then, many more approaches were
introduced in an attempt to improve several issues in this powerful technique,

which will be discussed later.

bacter



The core feature of every protein-display technology is a construction of a
large library of peptide variants, where each displayed protein (phenotype) is linked
to its corresponding mMRNA (genotype). During iterative selection (panning),
selection pressure is applied to enrich a protein subpopulation based on the affinity

to the target molecule i a functional screen (Fig. 2).

Display protein variants

via GRIP %
Incubation with target é
é % Of interest
é ——

Iterative rounds
Washing

Next
Generation
Sequencing

EE——
mRNA isolation,
amplification

Figure 2: Principles of iterative panning in library display technique. The first
step is the generation of a large pool of protein variants (phenotype), each conjugated to
its encoding sequence (genotype). The pool undergoes a functional screen via incubation
with a target of interest, followed by washing to eliminate the non-binders. The genotype
of the screened pool is isolated, amplified, and identified via next-generation sequencing
(NGS). The library can undergo several iterative panning cycles to enrich the molecules
with desired functions.

of bio-panning

The strength of this technique comes from its iterative nature, leading to an
exponential increase in the isolation of the desired molecule. The capacity to
extract functional proteins from large collections of randomly generated

combinatorial libraries is highly effective in discovering rare molecules. This



~

approach can be referred tioastileng bppogitetog a fdr
the computational approach i due to its unbiased nature of the screen and the fact
that it does not require prior folding or functional knowledge to develop novel

molecules with desired functions [17].

1.3 Unique challenges in evolving large proteins

Several variants of the library display methodology have been successfully
applied for the development of high-affinity antibodies via optimization of short
peptide loops (typically 6-7 amino acids in disordered Highly Variable Region
(HVR) loops). However, technical issues have limited the success of the
application of the technology to the evolution of larger proteins. For example,
Phage Displayd the most established library-display approachd was applied to
the SNAP covalent capture protein (a competitor of HaloTag); however, this only
produced variants with poor capture efficiency [18], [19].

One reason why directed evolution may fail for large enzymatic proteins
(e.g., SNAP and HaloTag) may be understood from the classical Lock and Key
model of interaction between protein and its substrate [20], the most successful
examples of library display involved the evolution of the Key, not the Lock [21].
There are several technical limitations inherent to the evolution of a Lock that have
limited these approaches, as follows:

1) Three-dimensional folding is more essential for the proper function of a

Lock than for a Key. A short peptide (Key) can be unfolded in a free



solution and undergo induced fit upon encountering its binding site. In
contrast, HaloTag (Lock) must be fully folded before encountering its
ligand. The global energetics of HT folding depends on all 300 amino
acids, including ones lining the active pocket that we wish to mutate.
Protein misfolding greatly reduces the number of variants of a Lock that

can be explored.

2) The binding pocket of a Lock is significantly larger than a Key. For
example, the active site of HaloTag is buried deep inside the protein and

is accessed via a long tunnel lined by 25 residues.

3) The binding pocket of a Lock has more three-dimensional constraints
than a Key. A critical feature of protein designd epistasis (where the
Abest o amino acid at a particul ar pl e
amino acids)d is expected to be more prominent in the context of a
tunnel (Lock), compared to a disordered peptide loop (Key). In the
tunnel , t he Abest o amino acids ar e
neighboring residues but also by the residues across the tunnel wall.
Collectively, they specify the width, shape, and physicochemical
properties of the tunnel segment.
Thus, t he successful evolution of a f

requirements onto a library display technology: an ability to display large protein



variants in vast numbers while maintaining a stable link between the displayed

variant and its encoding genetic material, needed for protein identification.

C e

Epistasis:

» Less epistasis, can iterate 1
residue at a time

Y

Diversity = 20, + 205 +20¢ .....
20xN => iterate

Y

If N= 20 residues, the library size
is
20 x 25 =500

Folding:

» Might not need to fold at all
» Induced fit
> Avidity

» If folding is needed:
» Depends on the small
number of amino acids

Epistasis:

More pronounced: residues across the
tunnel collectively specify the width,
shape and physicochemicall properties

Diversity = 20, x 20g x 20¢ ..... =
20N => ijterate

If N = 20 residues, the library size is
20%5 = 3x10%0

Folding:
» Folding is required to function

» Too big to have induced fit

> Folding is global (depends on all

300 amino acids)
» Out of scope of any protein
display

Figure 3: The summary of the main differences between the evolution of a
key vs the evolution of a lock: since epistasis is less pronounced in a short peptide
(key), the diversity of the library is cumulative and increases linearly with increasing
peptide length. For the evolution of a deep tunnel (lock), the epistasis is extremely
pronounced, resulting in exponential library increase with the increasing number of
combinatorially mutated residues. In the evolution of the key, global folding is not required,
as the binding of one residue promotes the binding of the next one (avidity), creating a
binding-induced fit. In the evolution of the lock, the global folding of a protein is necessary

for its function and it cannot be induced.



1.4 Addressing the requirements for the evolution of large
proteins via GRIP Display

Over the past three decades, several display systems have been

developed, each with a unique set of limitations (Fig.4).

Ribosome Phage mRNA GRIP
Display Display Display Display
-1+ |+ + | Linkage Stability
+ = + + Library Size
+ | + - + | Large Proteins
days weeks | weeks days Time per Round
100 | 100 | 1-30 100 % yield after purification

Figure 4: Comparing features of GRIP to Ribosome, Phage, and mRNA
Display platforms

For example, in vivo systems such as Phage Display provide excellent
genotype-phenotype linkage stability owing to the use of an intact viral particle, but
the library size is limited to ~10° variants because of the need for bacterial
transformation [1], [2], [6], [22]. Cell-free in vitro systems overcome this batrrier,
offering a hypothetical library size on the order of ~10%, but have other
shortcomings that have hindered their utility. In particular, Ribosome Display,

which uses the ribosome itself to maintain a genotype-phenotype linkage, has not



been particularly useful owing to the marked instability of this linkage [1], [2], [22],
[23]. Finally, mMRNA Display is an in vitro system in which each mRNA is covalently
attached to its corresponding protein [1], [22], but inefficiencies in the covalent-
attachment procedure cause library-size reductions due to the low-yield procedure
[17]. Therefore, mMRNA Display is typically only used for very short peptides so that
the first, milligram-scale reaction can remain within reason, while the surviving final
library retains enough molecules to represent the desired diversity [1], [17]. Thus,
no protein display methodology to date offers the combination of large libraries,
high linkage stability, and product yield.

To address these issues, we present a new approach termed GRIP Display
(Gluing RNA to Its Protein) that leverages a high-affinity interaction between a 22
amino-acid a-peptide motif and 15-nt BoxB RNA hairpin sequence borrowed from
a virus [24], [25]. There is a precedent that the a/boxB interaction has utility in
several applications, including biochemical assays [26], live-cell imaging [25], and
efforts to map neural connectivity through mRNA barcoding [27], [28]. However,
peptide/hairpin interactions have not (to our knowledge) been used in in vitro
library displays for protein evolution applications. The closest attempt to utilize a
similar peptide/hairpin binding was to monitor and capture in vivo proteomics using
MS2 bacteriophage coat protein and its cognate RNA loop [29], [30].

Our experimental data has been very promising. We have found that the

linkage stability of GRIP Display retains at least 10,000-fold more genetic material
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than Ribosome Display, with minimal genetic cross-talk and significant selection
enrichment, without imposing any additional experimental steps. GRIP Display is
elegantly simple and easy to establish in any lab setting. We believe that GRIP
Display will represent an unrivaled alternative to the existing technologies by

eliminating the trade-off between library size, linkage stability, and ease of use.

GRIP Display:

- Gluing RNA to Its Protein

J::ox&boxs.boxaboxa-nas- A< A< A4 A -sfeFP-E—
mRNA hairpin (boxB) binds the
leading peptide (A) as the
ribosome makes Protein

% This provides a stable link
between each Protein
. ‘ and its MRNA

o Proprietary technology

o All-in-one Plug-and-Play design
o Up to 10714 unique variants

o Fast and easy library prep

o Expedited workflow

Figure 5: Schematic representation of the phenotype-genotype link
formation in GRIP Display. All the required components are located on a single mRNA
strand. The boxB tandem is located in the untranslatable region of MRNA and is folded in
a 3-dimensional conformation. As a ribosome bindstoan RBS, t he transl ated
peptide tandem binds the boxB structure, while the ribosome continues to translate the
encoded protein variant.
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1.5 Brief overview of the contents presented in this work

In the next chapter, | will discuss the development of GRIP.1 platform via
assembly of existing boxB/< modules. | will describe in detail the optimization of
the system to achieve high linkage stability and fidelity, the evaluation of its
panning enrichment capability, and the direct comparison to a similar display
system 1 Ribosome Display.

Next, | will demonstrate the use of GRIP.1 platform in the improvement of
the capture efficiency of HTL by HTP as well as the development of two orthogonal
HTP-HTL pairs, having high-affinity covalent reactions within each protein-ligand
pair, but with minimal cross-reactivity across the pairs. To mitigate the Lock
misfolding issue, Tadross lab developed_a novel super folder HaloTag (sfHTP), an
energetically stabilized HaloTag protein that permits evaluation of a larger set of
properly folded protein variants. In addition, Tadross lab has invested significant
efforts in the chemical synthesis of novel HTL ligands that have various affinities
to the sfHTP, thus allowing to perform enzymatic pocket evolution towards each
modified chemical molecule. The orthogonality of the resulting system can be
applied in the delivery of two drug payloads to two different neuronal sub-types
(Ortho-DART), in protein purification, and fluorescein labeling.

Finally, this work will highlight the development of GRIP.2 platform via a
rational design of a novel boxB/< interaction for the next-generation efficiency of

the system. We will focus on redesigning the high-affinity peptide/RNA tandems

12



[24], [26] in a way that will orient and lock their positions relative to each other to

promote avidity of binding[4Jand create a fAsingl e,wheeead 0

di

the binding event -anhibit geRé¥ation bfadditonalvprdteins s e | f

from the same mRNA [5]. A sfGFP will be used as a scaffold to display atandems
[31]i [33], creating a library of 12.5 million of different GFP-a- proteins called
CLAWSs and will employ concepts of library display and biopanning to isolate the

best binders towards an improved RNA hairpin structure called Toy.

1.6 Significance and Innovation

Conceptual Innovation: Protein display has been successful in the
directed evolution of short disordered peptide loops, but has failed to significantly
improve the function of large proteins. Here, we revisit the core principles of protein
di spl ay in the <context of a MNnNLock
framework for overcoming fundamental gaps. In particular, we propose that Locks
are more difficult to optimize owing to constraints on folding, pocket size, and
tunnel epistasis. A conceptual understanding of the difficulties associated with
evolving a Lock to fit the Key may lead to fundamental advancements in the protein
evolution field.

Technical Innovations: To overcome difficulties associated with evolving
a Lock to fit the Key, several technical innovations are combined:

(1) GRIP Display:  The technology offers significant advantages over all

previous protein-display methods, enabling the exploration of a larger

13
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library of large protein variants.

(2) Tadross lab developed a super folder HaloTag protein to address the
concern that tunnel mutations may disrupt protein folding and limit the
diversity of mutations. The folding-optimized backbone enables a larger
subset of tunnel mutants to fold properly, thus enhancing the power of the
directed evolution technology.

(3) Toy and CLAW: A novel rational design of RNA-peptide interaction with
optimized 3D structural stability and fixed orientation to promote higher
linkage avidity and stability will allow performing iterative panning in higher
temperatures and harsh washing conditions

(4) A catalog of structurally different HTLs. Screening of the modified
molecules for their affinity to the sfHT protein revealed that the covalent
interaction is sensitive to the changes in the chemical structure of the ligand.
The exploration of the different chemical structures of the ligand with
simultaneous protein tunnel evolution will maximize the chance of

successful orthogonal DART development.

Significance: this work provides a valuable resource for the library-display

community and may result in a major impact in the protein evolution field,

particularly in the development of next-generation targeted therapeutics.
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2. GRIP.1- assembling existing RNA/peptide modules to
achieve a novel protein display technology?.

2.1 Considerations for the GRIP Display design

The underlying principle of library display is a physical linkage between
phenotype (a protein) and genotype (its corresponding nucleotide sequence).
Typically, there is a tradeoff between the stability of this linkage and the number of
unique variants (library size), GRIP Display addresses this tradeoff by leveraging
a high-affinity peptide/RNA motif [24], [26] called </boxB to glue each RNA to its
protein.

In comparison to prior deployments of the a/boxB interaction (such as
biochemistry applications [26] and live-cell imaging [25]), library display poses
unique challenges in that each mRNA molecule must be glued it its own
corresponding protein; this requires linkage fidelity where each individual mRNA is
bound to its own protein, with no crosstalk or swapping with other mRNA/protein
pairs in solution. Moreover, we require linkage stability that lasts for hours under a
wide range of environmental conditions (necessary for stringent washing).

To address these challenges, two design principles were utilized:

(1) With regard to linkage stability, avidity was used to increase the

1The conceptual idea and the associated data described in this chapter was used to file a US provisional

patent application #63/ 352,458, SNoweenl aln Wiet ho dBr off e iU i
on June 15, 2022. This patent application claims the unique GRIP technology system, compositions of

matter, kits, and methods of use.
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stability of the a/boxB interaction: N tandem repeats of the boxB
hairpin, with a corresponding N tandem a-peptides, is hypothesized
to produce an essentially irreversible an/boxBn interaction, given the
low likelihood that all interactions dissociate at any instant.

(2) With regard to linkage fidelity, strategic positioning of the boxBn and
an motifs was performed, such that nascent an peptides (during
ribosome-mediated translation) are held in close proximity to the
boxBn corresponding to its mMRNA. This maximizes the likelihood that
each protein binds to the correct mRNA.

Altogether, the hypothesis is that GRIP Display will afford a convenient
system, wherein every mRNA while in the process of protein translation, binds
immediately to its corresponding protein with high fidelity, and holds on to that

protein with high stability.

2.2 Optimizing linkage stability and fidelity
2.2.1 Designing and assembling </boxB tandems of various length

To increase the avidity between the RNA hairpin and the short < peptide,
we started with the assembly of 1 through 4 boxB/< tandems. The avidity aspect
of boxB/< was explored previously [25]. However, upon closer examination, it

became clear that the secondary structure (resulting from the primary RNA

sequence) preferred a long-range collapse over the formation of the 4 boxB
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hairpins (Table 1). In fact, the collapsed structure appears in close to 85% of all

energetically possible foldings?.

Table 1: The two-dimensional RNA folding prediction based on the primary

sequence. The color bar indicated the base-pair interaction probability.

0 1
" m
Color by base-pair probability
Design | 4 boxBs Prior Art 4 boxBs 3 boxBs 2 boxBs 1 boxB
a% o
‘u@a , ; #c’
Structure % «%}
Frequency of
occurrence 84.61% 46.33% 47.63% 68.69% 98.73%
# of hairpins 0 4 3 2 1

Table 2: The color-coded 2-D folding of the modified 4 boxB tandems
compared to the prior art. The red color indicated the bases that tightlyi nt er act
peptides. The stem extensions are bright pastel colors, while the original stem is dark blue.

Prior Art

GRIP.1

Q ﬁ',‘
- WAL
e %F
u u
u ]
u u

u u
u u
A Ay
u C BNy
:‘. vy _I

Frequency: 84.61%

Frequency: 46.33%

hoxB hairpins: 0

boxB hairpins: 4

2 http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi was used to run the primary RNA sequences

and predict the 2-D folding based on minimum free energy prediction and thermodynamic emsemble

prediction
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To overcome this issue, unigue stem extensions were introduced into the
primary RNA sequence of boxB regions to favor the local stem-loop formation of
the hairpins over the long-range collapsed folding that was observed in boxB
designs in prior use (Table 1). For example, in the case of the 4 boxBs structure,
the RNA folded into the 4 proper hairpin structures 46% of the time (the rest is
attributed to another 3 different hot knot formations®). Table 2 demonstrates the
color-coded regions of the hairpin stems, as well as the properly displayed bases

of the loops (indicated n red) that directly interact with the <peptides.

2.2.2 Evaluating the degree of the genetic swapping

In order to design and evaluate GRIP Display, we took advantage of a
covalent capture reaction between HaloTag protein (HTP) and its ligand (HTL). We
labeled the ligand with biotin and used streptavidin magnetic beads to pull down
captured proteins (Fig. 6A). We started with 1 through 4 tandems of a/boxB, and
used PUREfrex in vitro protein expression kit to display two variants of HTP: active
(red) that can efficiently and irreversibly bind its ligand, and its inactive version
(blue), where the binding pocket was altered to halt the reaction. Both plasmids
contained GFP for protein expression evaluation and normalization. The two

protein versions were expressed separately and then mixed at 4C at equal

3 http://www.rnasoft.ca/cgi-bin/RNAsoft/HotKnots/hotknots.pl was used to predict the number of possible
alternative structures based on the primary RNA sequence. Dirk and Pierse model is used with temperature
fixed at 37C.
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proportions for various time points prior to pulling down with the beads. The
isolated DNA material was digested with a unique restriction site embedded into
the sequence of the inactive HTP version, which allowed me to separate the DNA

bans into active and inactive portions of the sample via agarose gel.
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Figure 6: Optimization of RNA/peptide linkage stability via several boxB-&
tandems. A. Experimental design for the genetic cross-talk evaluation. The isolated DNA
sample was digested with a unique RE within inactive HTP sequence and size-separated
on the agarose gel. Live to total ban intensity was evaluated via Matlab. B. 4boxB-o-
tandems have the most stable linkage C. Additional increase in the number of tandems
did not provide benefit. Here, the active and inactive HTP were mixed at a 1:9 ratio and a
single 55 min timepoint. D. Linkage stability evaluation of two structurally different 3boxB-
& t a n (hdéeand-on-a-string format and a planar trimer) shows the sequence-specific
relationship to the resulting avidity.
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In theory, only the active version of HTP can bind to the HTL-conjugated
beads for the pull-down. In practice, however, there is always a certain degree of
the non-specific binding present, combined with a certain degree of RNA
swapping. It is oftentimes challenging to untangle the two phenomena, as they
both manifest in a similar result. This elegant experimental design allowed to
distinguish between the non-specific binding to the surface of the beads (estimated
0 - 0.3% from extrapolation to 0 min mix time) and the genetic cross-talk, where
the rate of MRNA exchange can be evaluated as a function of time by comparing
active/total mRNA isolation (Fig 6B). From the data, it can be observed that a
single hairpin and peptide interaction is not stable and undergoes complete
unmixing within the first 10 minutes (time of the sample incubation with the beads).
Two boxB-< tandems also rapidly swap the DNA, with complete unmixing within
24 hour time period. 4boxB-< tandems exhibit a pronounced avidity, compared to
the rest of the samples. Based on this assay, 4 tandem a/boxB patterns provided
the highest genotype/phenotype linkage stability with only 10% of total mRNA
swapping within 24 hr timeframe. The genetic swapping at 4C can be fitted into a
line y =-0.0075x + 93.73 (R = 0.9993), where the slope represents half of the %
swapping per minute (since the original mix is 50% active: 50% inactive, there is a
50% chance to swap for the correct DNA). Thus, the estimated rate of genetic
cross-talk for 4boxB-<is 0.015% / min.

An even larger number of tandems was explored in search of improved
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avidity. However, it provided little benefit for active HTP enrichment, while
decreasing the efficiency of PCR steps due to repetitive DNA motifs as well as
decreasing in vitro protein production (Fig. 6C). In fact, the enrichment efficiency
had a cyclic pattern, with 4 and 8 tandems having the highest value, while 1 and 5
tandems- the lowest.

To reduce the effect of the transcription and translation inhibition due to the
highly repetitive sequence, all repetitive regions in DNA sequences (both boxB and
9) were base-pair optimized. This optimization also helped to minimize off-target
PCR product formation.

Finally, it is important to note that not all modifications in the 2-D folding that
improve the hairpin formation result in better avidity. Such modifications are not
trivial: not only that all boxB loops should fold in an energetically preferred manner,
but they should also provide a stable boxB-e-interaction. Some stem extension
variants worked better than others in the context of a library display. Fig. 6D shows
the difference in the mRNA-protein linkage stability of the 3boxB construct with two
different variations of the loop extensions: a bead-on-a-string format versus the
rigid planar trimeric structure (discussed in depth in Chapter 4). It can be observed
that the first version holds on to its genetic material better compared to the second
version. This is possibly due to an unfavorable position or orientation of the
hairpins in space relative to the <peptides that prevent the RNA-peptide complex

formation even though the hairpins are predicted to be properly folded.
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2.2.3 Exploring various arrangements and compositions of GRIP
Display components in the plasmid

In the context of library display, where billions of protein variants are
simultaneously displayed, it is critical that the GRIP display connects each mRNA
to its corresponding protein rather than to a random protein in the reaction mix. To
maximize the likelihood of correct complex formation, we systematically explored
plasmid | ocations of boxB and & tandems wi:
best position. We evaluated different positions of 4boxB within the GRIP Display
DNA construct and quickly established that the fidelity (measured via % live HTP
isolation as described in section 2.2.2) is dependent on the location of 4boxB
rel at i asaellfasoon thescomposition of the bacterial expression vector itself.
Figures 7A and C show several configurations of GRIP Display that were evaluated
for the fidelity of resulting RNA-peptide complex formation. Two different Ribosome
Binding Sites (RBS)wer e e x p | eagamghad tfhoel Iwed by t he
| e a datggctagtatgactggtggacagcaaatgo (that is designed to enhance protein
expression), and the Shine-Dalgarno (SD) sequence. The 4 boxB tandems were
placed either before the RBS or after the T7 gene 10 leader in the first
configuration; and either before the SD sequence or at the very end of the
translatable region in the second configuration. For the constructs, where 4 boxB
tandems were moved into the translatable region of the plasmid, the sequence

was base-pair optimized to remove the start and the stop codons. The location of
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the 4-<tandems was also explored (Fig. 7C, D) along the length of the construct.
Based on the results of this evaluation, the most stable RNA-peptide complex
formation was observed for the construct with SD RBS, with 4boxBs at the
beginning of the MRNA (non-translatable region), followed by the 4-<tandem after

the SD sequence.

7

T7
A .|:4boxBFsDR§s-| ax —{ 6FP HENEEE— C 4boxB - sDRBS —~ GFP - 4\ EN—

7 17

J:4box8— RBS - 9 L 4\ - GFP IR — J:4hoxB|- sores — GFP RN 4\ —
N .
J:'Ra's- sene LiaboxB H 4 A HIGFP HINIEE— SDRBS - 4\ - GFP -JJEl- 4 boxe —
=tr=38 bp before RBS ©-After RBS ©-GRIP Display 50
95
%0 O—0—0 e 40
&85 o I
Ea w 30
75| @ =
Enfe g 2
65
ag 60 *— o ® 1
55
50 0
0 200 400 600 800 1000 1200 1400 1600 4 GRIP GFP-4\ HT-4A HT-BoxB4

Time (min)

Figure 7: Exploring the effect of different locations of boxB-a« component s
on the plasmid on the fidelity of the GRIP Display. A. 4boxB tandems were placed
before and after the RBS with T7 gene 10 leader, as well as with Shine Dalgarno RBS. B.
The corresponding genetic cross-talk evaluation is based on 50:50 active: inactive HTP
variant unmixing at 4C. C. 4= t andems evaluated at di ffereri
translatable region, as well as 4 boxBs at the end on the translatable region. D. The

corresponding genetic cross-talk evaluation based on 1:9 active: inactive HTP incubation
for 55 min at 4C.
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Figure 8: Optimization of linker lengths and composition between GRIP
Display components. A. Evaluating the effect of the linker length between the bivalent

> peptides on the enrichment efficiency-

30 GGSGG linkers were mixed at a 50:50 ratio and incubated for 45 min at 16C, then
panned for 10 min with HTL beads. The resulting % active HTP isolation was determined
via previously outlined agarose gel separation. B. The 4GGSGG vs 4SSGSS linkers in
the bivalent & peptides were evaluated f
HTP versions containing the linkers were expressed, then mixed at a 50:50 ratio for

various timepoints at 4C, then panned with HTL beads. The enrichment evaluation as
described in A.

To optimize the length of the linkers connecting < peptides, we used a
bivalent version of GRIP Display (2 boxBs-2 <s). The assumption is that the

bivalent nature of the linkers can provide an avidity measure as a function of the
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length between the two <components [4]. Here, we explored constructs with 10-
30 residues between the peptides, consisting of GGSGG repeats; and evaluated
the resulting enrichment of the active HTP version out of the 50:50 active: inactive
HTP mix (Fig.8.A).

Interestingly, there is a sharp decrease in the efficiency of the system (on
average by 13%) when the linker length is below 15 residues long, indicating that
this length is probably too short for the proper bivalent 2boxB-2< complex
formation. Instead, the average enrichment for these constructs closely resembles
the average enrichment measurements for a single boxB-< construct (Fig. 6B):
62+1% vs 60+1% respectively. The length of the GGSGG linker did not have any
significant effect on the resulting enrichment starting from 16 residues and above.

Another interesting observation was made: the optimal linker length is highly
dependent on the linker composition. Two different compositions were explored
for the GRIP Display fidelity optimization: the GGSGG and the SSGSS. While 4
GGSGG blocks worked well, the same number of SSGSS blocks seemed to be
too short for the 2boxB-2< complex formation (Fig. 8B). This is consistent with the
fact that Serine residues are bulkier compared to Glycines, having less flexibility
and freedom of rotation. This most probably resulted in a more crowded space,

where bivalent boxB hairpins did not have clear access to the bivalent < peptides.

However, the disadvantage of using longer linkers, especially when applied to 4<
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tandems, is that the highly repetitive sequence regions negatively affect the mRNA
transcription and the subsequent protein translation. Moreover, the highly
repetitive regions are prone to more frequent ORF shifts during PCR. This can
pose a significant problem because iterative biopanning for the GRIP Display relies
on two PCR steps per pan cycle. Therefore, a 20-residue-long GGSGG linker was
chosen as the most optimal composition of the GRIP Display.

The increase in the linker length between the bivalent boxB hairpins showed

a slight preference towards the shorter configuration (Fig. 9).

T7
J:bch—bch- SDRBS — ) - A - GFP NI —

10 11 12 13
bp between 2 BoxBs

Figure 9: Optimization of boxB linker length. The increase of base pairs length
between 2 boxBs resulted in a slight decrease in the corresponding enrichment efficiency.
The assay is based on a 50 : 50 mix of active HTP and inactive HTP expressed separately
and mixed for 45 min at 16C, then panned for 10 min with HTL beads. The resulting %
active HTP isolation was determined via previously outlined agarose gel separation.
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2.2.4 Evaluating the effect of temperature on RNA-peptide stability

Temperature is an important parameter in the kinetics of any kind of non-
covalent interaction. Therefore, increasing the temperature during the biopanning
reaction may cause an increase in the dissociation rate between the RNA-peptide
complex. For this reason, the panning is usually performed at 4xC for most library
display platforms [34]i [36].

Thus far, we have been evaluating the stability and the fidelity of
genotype/phenotype complex formation by first expressing the active and inactive
HTP versions separately, then mixing and incubating them at low temperatures
(usually 4xC or 16xC) before the biopanning step. However, in the context of large
protein libraries, the DNA encoding for each variant is intermixed before protein
expression. Moreover, the transcription and translation reactions usually take
place at 37xC. Therefore, it is imperative to evaluate the fidelity of the system under
such conditions.

The DNA encoding for the active and inactive HTP versions containing
4boxB-< and 2boxB-< components was mixed at a 50:50 ratio. The proteins were
expressed via in vitro protein expression kit for 45 minutes at 37xC, then panned
with HTL-coated magnetic beads for 10 min at 37xC. The isolated mRNA was
amplified via PCR and digested with RE unique to the inactive protein form to

separate the two entities on the agarose gel (Fig. 10A).
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A significant drop in the efficiency of correct strand isolation was observed
going from the protein pre-mix setup at 4xC (Fig. 6B 55 min time point) to the DNA
pre-mix setup at 37xC (Fig. 10A) for both 4boxB-< and 2boxB-< tandems: 94.3%
and 88.4% vs 73.9% and 56.8% respectively. However, the effect of the avidity of
the 4boxB-a-complex becomes more apparent at 37xC. While in the former case,
there is less than a 5% difference in the fidelity of the active DNA strand isolation
between the two GRIP constructs, at 37xC DNA pre-mix case there is a statistically
significant difference of 17% between the two GRIP forms.

At this point, it was unclear what was the primary cause behind the overall
reduction in fidelity. It is possible that mMRNA swapping occurs during the
transcription/translation process when the mRNA hairpins and <peptides are being
formed, or the temperature increase during this process is the sole reason for the
acceleration of binding and unbinding kinetics, causing the mRNA swapping.

To resolve this question, we expressed separately the active and inactive
forms of HTP using 2 and 4 GRIP composition, then mixed them in equal
proportions at different temperatures for 55 min. The resulting evaluation of this
unmixing experiment (Fig. 10B) indicated that the temperature is the major factor
in the efficiency of the system. The 4 GRIP tandems had more stable
genotype/ phenotype complex, starting

very | ow temperatures and gradually
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37xC, which correlated with the % active HTP isolation at DNA mix level at the
same temperature. 2 GRIP tandems provided little stability as soon as the
temperatures started to increase from 4xC, indicating yet again the low avidity
between the tandem pair.

The in vitro protein translation kit has an optimal operating temperature of
37xC. Therefore, we decided to evaluate if reducing the translation time at this
temperature may aid in increasing the fidelity. Fig. 10C shows that decreasing the
incubation time has a big effect on the amount of the translated protein, but
resulted in minimal improvement in the isolation of the correct DNA. Next, we
explored the efficiency of the in vitro kit at lower temperatures and its subsequential
effect on fidelity improvement. Fig. 10D shows that there is a significant reduction
in the amount of the translated protein as the incubation temperature decreases.
However, again, there is no substantial improvement in fidelity. At 16xC the kit
stopped working properly.

It appears that some degree of genetic exchange is inevitable in the GRIP.1
format. In section 2.4.2 of this chapter, we will assess the enrichment coefficient
of the GRIP.1 platform. In Chapter 4, | will provide an overview of the experimental
work, which focuses on addressing stability issues associated with the formation
of the genotype-phenotype complex. This will involve the rational design of a new

hairpin-peptide interaction in the GRIP.2 format.
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2.3 GRIP vs Ribosome Display Linkage Stability

The comparison of the features between GRIP Display and other existing
protein display technologies (Fig. 4) reveals that GRIP Display aims to improve
upon the main disadvantage of the Ribosome Display i the stability of the
phenotype-to-genotype complex. Therefore, to evaluate the GRIP Display platform
further, we compared the ability to retain mRNA for both technologies. To do so,
we expressed active HTP protein tagged with GFP in the GRIP Display plasmid
and quantified protein expression using the GFP fluorescent tag. We then took
advantage of the HTP-HTL covalent reaction to isolate the mRNA/protein
complexes via HTL-conjugated magnetic beads. The same panning steps were
performed using the Ribosome Display system, where a special stalling mRNA
sequence pSecM was used to trap the ribosome with mRNA during translation
[37], [38]. We then quantified the amount of the GFP molecules on the beads and
measured the corresponding number of MRNA molecules via RT-gPCR.

To quantify the number of GFP molecules on the magnetic beads, we
utilized the HTP-HTL reaction again. The HTL was conjugated to the Cy5
fluorophore dye with far-red excitation and emission peaks, while the HTP was
tagged with GFP. First, a standard concentration curve for Cy5 was constructed
using known concentrations of HTL-Cy5 and measuring the corresponding
fluorescent signal via Olympus Ix83 inverted microscope (Fig. 11B). His-tagged

GFP-HTP was then incubated with an excess of HTL-Cy5 and purified via His Tag
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Figure 11: Genotype-to-phenotype linkage stability comparison between
GRIP and Ribosome Display technologies. A. The correlation methodology between
Cy5 and GFP fluorescence measures the number of HTP proteins bound to the beads. B.
The measured standard concentration curve of Cy5 fluorescence at 100 ms exposure. C.
The mRNA-to-protein number of molecules measured for Ribosome and GRIP Display.
The GFP signal on the beads was used to quantify the number of proteins/uL beads. The
amount of mMRNA material/uL beads was quantified via RT-gPCR. N=3, mean +/- SE; ***
p<0.001. two-tailed paired t.test; The ratio of mMRNA/protein was calculated using the data
from Fig. 5B. N=3, mean +/- SE; ** p<0.01. two-tailed paired t.test.
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After careful purification and many washed to eliminate the unbound ligand,
the concentration of the GFP and Cy5 is at 1:1 proportion: one GFP-HTP protein
per 1 HTL-Cy5 molecule The fluorescent signal of both GFP and Cy5 was
measured and the Cy5 standard curve was used to correlate the signal of GFP to
its concentration (Fig. 11A).

The RT-gPCR and protein expression data indicate that GRIP Display
retains over 10,000 times more genetic material compared to the Ribosome
display (Fig. 11C). Given that linkage stability is proportional to the ratio of RNA to
protein, this indicates that GRIP has ~10,000-fold better linkage stability than

Ribosome display.

2.4 Evaluating the biopanning enrichment capability of GRIP
Display

2.4.1 The enrichment of active HTP variants in a small protein library
To evaluate the performance of GRIP Display in the context of a protein
library, a small focused HaloTag protein pool of 20 variants with an unknown
affinity towards HTL was produced. The library was assembled via standard PCR
technique by mutating the D106# site using a degenerative NNS codon. Since
D106 is involved in covalent HTP-HTL bond formation, the expectation is to have
both active (wt) and inactive forms of HTP [39], [40] among the variants, 3% of
stop codons, and the rest- of unknown partial activity. By performing a single round

of panning against HTL, we expect to see the enrichment of the active WT HaloTag
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as well as the partially active variants. The library was in vitro expressed using
plasmid with GRIP Display components and the resulting protein-mRNA
complexes were incubated with the HTL-conjugated magnetic beads. The isolated
genetic material was cloned into the T7 plasmid for subsequent bacterial
transformation. The resulting bacteria were plated on IPTG and HTL-TMR
containing agar plates and the TMR signal was evaluated, where the magnitude
of the TMR signal per colony is directly proportional to the activity of the HTP
variant, expressed in that colony.

A single round of panning provided a successful enrichment of WT HaloTag
protein (Fig. 12 A-C). The original library was estimated to have 3.25% of WT HTP,
based on the redundancy of the NNS codon [41]. The observed percent of colonies
with WT-associated TMR signal (Fig. 12D) in the original protein library was 3.3%,
which confirmed the proper library assembly. After just one round of panning, a
pronounced bi-modal TMR signal distribution was observed, indicating the
increase in high TMR-signal colonies (Fig. 12B). The total enrichment of HTP
variants having variable HTL affinity (Log(TMR)>3) reached 50% of the total,
corresponding to a 200-fold change from the original library. Most of the
enrichment was attributed to the D106D variant (WT), which increased its

abundance from 3.3% to 35.7% (Fig. 12D).
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Figure 12: Biopanning enrichment of a small HTP library pool. A. Bacterial
colonies are expressing folding reporter GFP (green signal, indication of successful
plasmid transformation) and HT protein variant (active HT-expressing colonies appear as
purple in this image). The plates were imaged via Ix83 and TMR signal was evaluated.
N=4 plates for before and N=3 plates for after pan. B. The TMR signal of the colonies was
plotted. N=1176 colonies (before), N=827 colonies (after pan). Significant enrichment for
active HT colonies is observed, appearing as a pronounced bi-modal distribution. C. Each
plate was evaluated for the % of HaloTag-expressing colonies with various activity levels
(Log TMR > 3). A 10-fold enrichment of WT protein is achieved in a single pan. D. Each
plate was evaluated for the % of WT HaloTag-expressing colonies (Log TMR > 5.5,
estimated from positive control plates). A 10-fold enrichment of WT protein is achieved in
a single pan. N=4, N = 3, mean +1 SD; ** p < 0.01 *** p < 0.0001; two-tailed t.test, equal
variances. E. A subset of partially active colonies was sequenced to reveal a tight
association between the TMR signal and the protein variant.
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Moreover, the activity-enriched library also contained a larger
representation of partially active variants, increasing from 2% to 13%, which
corresponded to 6.5-fold enrichment Several pronounced TMR signal distributions
within the partially active colonies were observed. It was hypothesized that each
peak corresponded to a specific variant. A subset of colonies was sequenced,
revealing the highly correlated relationship between the TMR signal and the
sequence of the variant (Fig. 11E). As expected, none of the variants in the 20-
member protein pool had better HTL affinity than the WT HTP.

This experiment further substantiated the ability of GRIP Display technology

to isolate both highly active proteins as well as ones with moderate to low activity.

2.4.2 Enrichment of pseudo-libraries with known starting activity

In the library of 104 members, only a small fraction of proteins will have
improved ligand capture properties. Each panning round must be stringent enough
to isolate and enrich this small fraction. Here, we evaluated the enrichment
capability of GRIP Display in the context of large protein libraries with different
levels of active members. To do so, the DNA encoding the wild-type HTP and its
inactive version ddHTP (where the active site was mutated such that activity of the
protein was lost [39], [40]) were mixed at different proportions, creating pseudo-
libraries with known initial activity levels. The initial activity levels ranged from
0.1% to 100%. We confirmed the experimental activity levels using the method

described in the previous section via bacterial transformation and plating. For
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example, the experimentally derived percent of colonies with WT-associated TMR
signal (Fig. 12C) for the 1% theoretical activity protein library was 1.2%.

Since the inactive form of HTP has a unique restriction enzyme site, the
genetic material corresponding to either active or inactive HTP can be easily
distinguished on the agarose gel after digestion with the restriction enzyme (Fig.
13D). We expressed the DNA mix, performed one round of bio-panning and
determined active and inactive HTP fractions of the recovered genetic material.
GRIP Display was able to enrich the active form of HTP from large and mostly
inactive libraries with a single round of selection (Fig.13A-E). A pronounced bi-
modal TMR signal distribution was observed (Fig. 13B), indicating the enrichment
for active HTP- containing colonies. For the starting library of 1% activity, the
activity enrichment reached 41.5 folds (Fig. 13B, C). In a library with starting
activity of 0.1% (1:1000 active: inactive HT proteins), a single round of panning
produced ~120-fold enrichment in active HTP fraction (Fig. 13E).

Data was fit according to the following equation: logio(F1/Fo) = Ulogio(D),
where:

D = Dilution (e.g., D=1, 10, 100 corresponds to a 1:1, 1:10, 1:100 etc

ratio of active:total HTP)

Fo = Fraction of the initially lower-abundant species before panning.

F1 = Fraction of the initially lower-abundant species after panning.

U= enrichment coefficient. This is the key parameter (slope of relationship,
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Figure 13: The biopanning enrichment evaluation of GRIP Display on
pseudo-libraries. A. A plate assay for a 1:100 ratio of active to total HTP resulted in a
1% active library. B. The normalized TMR signal of the colonies was plotted. N=2982
colonies (before), N=4040 colonies (after pan). C. The ratio of colonies containing active
HTP (purple) to total colonies was calculated. N=18 plates; mean +/1 SE; **** p<0.0001,
two-tailed paired t.test.; D. The agarose gel assay for various dilutions of pseudo-libraries.
The data was normalized for the length of the band. E. The pseudo-library size (inversely
proportional to the starting activity) is plotted against the enrichment of the library after 1
pan using GRIP Display. The black line represents the maximum possible enrichment for
each corresponding library. F. Correlation between the plating assay and the agarose gel
assay performed on the same set of samples.
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as in 13E).

U= 1 is the theoretical maximum of a panning enrichment (where 100% of
the active HTP input is isolated in one panning cycle (Fig. 12E, black line).
Theoretically, any positive value for the enrichment coefficient (U> 0) can suffice
for the directed evolution to work. The higher the value, the fewer panning rounds
will be required to see the enrichment for mostly inactive and very large libraries.
In practice, we have experimentally achieved U= 0.7 (Fig 13E, magenta) for GRIP

Display.

2.4.3 Enrichment of large NNS- type libraries with unknown protein
activity levels using GRIP Display

To isolate functional protein variants from much larger libraries, we performed
saturated mutagenesis of 4 HaloTag residues (W141 F144 A145 F149), lining the
tunnel near its binding site. The introduced NNS variations resulted in a library pool
of 10° unique DNA variants with various affinities towards HT ligand. We then
performed several rounds of pans. After each round, the recovered genetic
material was transformed into T7 bacteria and plated on IPTG and HTL-fluorescent
dye-containing plates to evaluate the activity level of the isolated protein pool. The
activity of HTP variants, expressed in the colonies, was evaluated based on the
dye signal (Fig.14A). As expected, the original library had a wide distribution of

proteins with different levels of activity.
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0.66% of all imaged colonies had a TMR signal comparable with the wild-
type HTP (Fig. 14B). After a single round of panning, a substantial increase in
colonies with higher TMR signal was observed, with 22% of the total variants
having HTL affinity comparable to the WT. A total of three iterative rounds of
panning were performed, each time successfully increasing the overall activity of
the isolated protein pool. By the third pan, all non-active protein variants were
effectively eliminated from the pool, while over 75% of the entire protein variants
were now exhibiting HTL affinity comparable to WT HaloTag (Fig. 14B).

We picked the 95 brightest colonies for Sanger sequencing. The majority of
the sequences (75%) were identical to the WT HTP, 12% of the sequences
contained a single point mutation outside of the mutated region and 3% belonged
to a unique sequence W141F F144l, where two novel mutations were introduced
to the binding pocket. We re-plated several variants separately and evaluated the
corresponding TMR signal (Fig.14C). The plate assay revealed that all of the HTP
variants had TMR signals higher than WT HTP (Fig.14C). For example, 79.5% of
colonies expressing 239P HTP variant had logioTMR signal larger than 3.75 when
plated on HTL-TMR containing agar plates, as opposed to only 35% WT colonies
that had such a high TMR signal.

Next, we characterized the HTL capture kinetics of the promising variants
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in cultured neurons (Fig. 14D)*. The exact protocol for this assay is published
elsewhere [3], [42]. The HTL affinity of all variants having a single point mutation
outside of the targeted binding pocket did not significantly differ from the WT HTP.
One of the variants had a slightly improved neuronal surface trafficking, evident
from the higher saturating signal on the graph (Fig.13D). The W141F F144| variant
had two novel mutations in the binding pocket, had a slightly improved capture
kinetics, as well as better surface expression levels, compared to the WT HTP (Fig.
14D).

Overall, GRIP Display was able to enrich a large and mostly inactive protein
library of 10® uniqgue DNA sequences for its active members in under three rounds
of pans. In this particular set of introduced mutations, the active protein variant was
the WT protein itself, with several other variants having similar or slightly improved
HTL affinity. Moreover, GRIP Display technology allows us to quickly assess
whether a particular set of mutations can lead to the discovery of novel variants.
Alternatively, it will return a WT variant as the most active member, allowing us to
make informed decisions concerning the amino acids that may or may not be

important to focus on for the further optimization process.

4The neuronal cell culture and assay was performed by Brenda Shields
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Figure 14: Isolating best HTP binders from 106 member HTP library. A.
Three rounds of panning were performed on the 4NNS HTP library using GRIP Display
and HTL magnetic beads. The isolated DNA material was transformed into T7 bacteria
and plated on IPTG and HTL-fluorescent dye-containing plates. The resulting signal was
evaluated and compared to the WT HTP signal. The normalized TMR signal of the
colonies was plotted. N=10 plates before pan, N=12 plates for each pan, N=3 plates for
control plates B. Percent of colonies after each pan, having TMR signal comparable to
POS Citrl. C. Normalized TMR signal of several sequenced variants, re-plated separately.
D. Dose-response curves were evaluated by incubating the neurons expressing a
particular variant with biotinylated HTL for 15 min, followed by washing, fluorescent
labeling of biotin, and imaging.

42



2.5 Conclusion and future directions

Efficient protein display relies on a physical connection between a protein's
genetic sequence (genotype) and its observable traits (phenotype). Existing
platforms fall short of offering the desired combination of linkage stability, library
size, and product yield. Ribosome Display has been found to lack the necessary
linkage stability. Similarly, Phage Display's reliance on a live virus and bacterial
transformation results in a bottleneck of approximately one billion variants. In
contrast, mMRNA Display involves a multi-step process to link RNA and protein,
resulting in a low-yield procedure that is typically only used for short peptides
without a scaffold. GRIP achieves this link using a high-affinity bond between a
tandem array of short o peptides and
in-one design of GRIP improves the speed, efficiency, and fidelity of this linkage,
enabling the generation of an unprecedented 10'# protein variants. GRIP.1 was
tested on both "mock” libraries of varying sizes and actual large libraries of
HaloTag protein variants, demonstrating minimal genetic cross-talk and a notable

selection enrichment. US provisional

Vitro ProteinLibr ar y Di spl ay System and Met hods

claims unique compositions of matter, kits, and methods of use.
To fully showcase the potential of this new technology, it is crucial to
demonstrate its ability to optimize various types of biomolecules, such as

antibodies and short peptides, functionally. The outstanding results obtained in this
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study suggest that GRIP Display can speed up the development of clinical protein

therapeutics.

2.6 Materials and Methods

2.6.1 Assembly of GRIP Display components
The GRIP Display plasmids having 4-1boxB-« components were asser
according to the following outline:

a. Xbal__BoxB4-ShineDalgarnoStart-His6_Kpnl_G2-Lambda-
GGSGG4_Sacl_G2-Lambda-GGSGG4_Aflll_G2-Lambda-GGSGG4_Ncol_G2-
Lambda-GGSGG4__ BamHI

b. Xbal__BoxB3-ShineDalgarnoStart-His6_Kpnl_G2-Lambda-
GGSGG4 _Aflll_G2-Lambda-GGSGG4 Ncol G2-Lambda-GGSGG4__ BamHI

C. Xbal__BoxB2-ShineDalgarnoStart-His6_Kpnl_G2-Lambda-
GGSGG4_Ncol_G2-Lambda-GGSGG4__ BamHI

d. Xbal__BoxB1-ShineDalgarnoStart-His6_Kpnl_G2-Lambda-
GGSGG4___BamHI

where the entire DNA block is flanked by the unique restriction enzymes Xbal and
BamHI to be inserted into the T7 promoter- regulated protein expression plasmid.
The boxBs of variable length were ordered as an ssDNA ultramer (IDT) and
converted into the dsDNA via outer oligos ctacggtgtaaactaccgtg for the forward and

ctgaggtaccgtgatggtgatgatgatgcatg for the reverse oligo (IDT). See Appendix C for the
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boxB sequences®.

The constructs containing the various numbers of < peptides were
assembled by ordering the ssDNA ultramers encoding the codon-modified <

peptides (see Appendix C)8, and converting them into the dsDNA via the following

oligos (IDT):

a.

b.

g.

h.
where each < peptide is flanked by a unique set of restriction enzyme digestion
sequences as outlined above. This is done to assemble the final DNA strand from
the smaller pieces using standard cloning techniques.

For the constructs where the linker length and/or composition between the

ctgaggtaccggaggaggtaatgcacgtac
tcaggagctctccaccagaacctccaccac
ctgagagctcggaggaggtaatgcacgtac
tcagcttaagtccaccagaacctccaccac

ctgacttaagggaggaggtaatgcacgtac
tcagccatggtccaccagaacctccaccac
ctgaccatggggaggaggtaatgcacgtac

tcagggatcctccaccagaacctccaccac

5Provisional patent# 6 3/ 352, 458, fANovel
Sameo, Jaze 15,

6 Provisional patent#6 3/ 352, 458, fiNovel
Sameo, June 15, 202 2.
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two < peptides are modified, the same strategy is used, with the only difference of
ordering the ssDNA ultramer containing the < peptide and the linker of a specific

length or composition. This ultramer is then converted into the dsDNA and flanked

with an appropi]ate a unique set of Restriction enzymes.

2.6.2 1-NNS and 4-NNS HTP libraries preparation

The 20-mer library of HTP was constructed by performing a Site Saturated
Mutagenesis (SSM) of the residue D106 that is directly involved in the covalent
capture of the HTL by HTP. The set of all 21 amino acids at this location was
introduced via NNS codon, where N stands for A, T, C, or G and S stands for C or
G, thus containing 32 codons that encompass all standard residues. A standard
Overlap Extension PCR technique was used to introduce this change, with the
following oligos:

a. ctgaagatctaaatcagagattggcaccgag (forward)

=3

tggaatccaagggccgagccccaSNNgtggatgaccagcacgacttc (reverse)

C. gggctcggcccttggattccactgggccaagcggaaccctgagagag (forward)

d. tcagcctaggtttggagagatccagttcgc (reverse)
The final Overlap extension DNA piece was ligated into the GRIP.1 backbone
using unique RE sites and standard cloning protocols.

The 4-NNK HTP library was assembled in a similar manner outlined above,

with four SSM instead of 1: W141#, F144#, 1145#, and F149# (where # is any of
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the standard amino acids). The following oligos were used for the Overlap
Extension PCR assembly:
a. ctgaagatctgaattcaaatcagagattggcaccgag (forward)
b. cgtcttccgtacggaacgcctgSNNagtttcgcgSNNSNNctctggSNNttcgtcccaggta
gggatag (reverse)
C. caggcgttccgtacggaagacgtgggcaggaagctgatcatcgatcag (forward)

d. tcagaagcttttaaccggttttggagagatccagttcgc (reverse)

2.6.3 Panning protocol during GRIP.1 optimization
2.63.1 The unmixing panning protocol as a function of the protein mixing time.

Note: this protocol was used to collect the data in Fig. 6B, D, 7B, and 8B.

2.6.3.1.1 In vitro protein preparation

To measure the enrichment of active HTP strand from its 1:1 mix (or 1:9
mix) with its inactive HTP version as a function of time, the two constructs encoding
for the two protein variants were expressed separately via PUREfrex2.0 (COSMO
Bi o) according to the manuf act urx€rthers
stored at 4xC. The DNA used in the PUREfrex reaction of each construct was
diluted in RNAse-free water to 50 ng/uL concentration. RNAse Inhibitor (BioLabs)
was used to minimize the mRNA degradation. The 1:1 or 1:9 DNA mixture of active
to inactive HTP was also prepared and expressed via the PUREfrex kit for 45

minutes at 37xC, then panned with HTL-conjugated magnetic beads as soon as

47

nsti



the in vitro expression was completed.

2.6.3.1.2 Immobilizing the HTL on the surface of the magnetic beads

Per each sample to be tested, 5 uL of M-280 Streptavidin Dynabeads
(Invitrogen) was surface-modified with biotinylated HTL. Briefly, the needed
amount of beads was washed 3 times with 500 uL of Pierce Protein-Free Blocking
Buffer (Thermo) and isolated each time using a custom 3-D printed magnetic rack’.
The beads then are incubated with 100 uM HTL ligand, where 90% of the ligand
is PEG12-biotin (100 uM) and 10% of the ligand contained HTL-PEG12-biotin. The
volume of the ligand to add is 90% of the original volume of the beads (for example,
add 90 uL of 100 uM 10% HTL to the number of beads in 100 uL of the original
storage solution). The beads were incubated with the HTL for 60 minutes at room
temperature, on a rotator (Thermo). The beads were isolated via the magnetic
rack, and washed four times with 500 uL of Pierce buffer, followed by the fifth wash
with 500 uL of Pierce + 0.01% Triton (Sigma). The 5 uL of the recovered beads
are then diluted into 45 uL of total volume (1:9 dilution) with Pierce + 0.01% Triton
and are ready to be panned with 5 uL of protein expression mix.

2.6.3.1.3 The panning and washirand DNA recovenstefs

5 uL of PUREfrex-expressed protein mix was mixed with 5 uL of M-280

7The magnetic rack for the isolation of beads was designed and 3-D printed by Isaac Weaver
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Streptavidin Dynodeads, diluted to 45 uL with Pierce + 0.01% Triton and incubated
for 10 minutes at room temperature on the rotator. The beads are then washed 2
times with 500 ul of Pierce + 0.3% Triton (on ice), followed by the third wash in
1mL of Pierce + 0.3% Triton for 5 minutes on a rotator at 4xC. The next two 500
uL washes are with Pierce without the detergent. The isolated beads are then
resuspended in 100 uL of DNAse | reaction buffer (BioLabs). 1 uL DNAse added
(BioLabs) and incubated for 15 min at 37xC on the rotator. The beads then were
washed again with the three Pierce + 0.3% Triton washes plus two Pierce washes
as outlined earlier. The beads were isolated via the magnetic rack, and 20 uL of
Sensiscript Reverse Transcription mix (Qiagen) was added. The mix was
incubated for 60 min at 37xC on the rotator, and the supernatant containing the
cDNA was isolated and stored at -80xC for further analysis.
The isolated cDNA was converted into the double-stranded DNA using
standard PCR technigues with oligos containing the outermost sequence of HTP,
flanked by the unigue restriction sites, using Phusion Hot Start I| DNA Polymerase
kit (Thermo) accordingtothe manuf actur er 6s pr thd adbNAo | . Br i
sample was amplified via 30 PCR cycles. The DNA is column-purified using a
Zymocl ean Gel DNA Recovery kit (Zymo) accor

and eluted in 10 uL of 70xC heated TE (1:10 dilution in water). The DNA is stored

at -80xC for future analysis.

49



2.6.3.1.4 Adjustments inthe panning protocofor the GRIP.1 plasmid optimization

To investigate the effect of adjusting the positions of the GRIP Display
components on the plasmid on the efficiency of unmixing the active version of HTP
from its inactive partner (Fig. 6C, 7D, and 10C, D), the DNA corresponding to each
population was mixed either in 1:1 or 1:9 active: inactive proportion. The mix was

expressed via PUREfrex for 45 minutes at 37xC. The resulting protein mix was
panned for 60 min at 4xC on the rotator with HTL-modified magnetic beads. The
rest of the protocol is as described above.

2.63.5 Adjustments inthex EOOD OT wx UOUOEOOwI OUwUT T w?OOE O~ u

This protocol was used to collect data in Fig. 13 D-F. Briefly, the DNA of
active: inactive HTP versions are mixed in various proportions, expressed via
PUREfrex, and panned according to the protocol outlined in 2.6.3.4.

2.63.6 Temperature effect on the efficiency of unmixing.

This protocol was used to collect data in Fig. 10B. Briefly, the active and
inactive versions of HTP were expressed separately and stored at 4xC. The
expressed proteins were mixed in either 1:1 or 1:9 active: inactive proportions for
45 minutes then panned for 10 min with Dynobeads-HTL at various temperatures.

The DNA recovery steps are outlined above.
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2.6.4 Bacterial Plating Assay

The PCR isolated during the panning steps and encoding for the HTP
variants was cloned into the bacterial pPRSET T7 protein expression plasmid via
standard cloning protocol. The resulting ligation mix was then transformed into the
E.Coli cells via heat shock and grown in 5 mL LB overnight at 37xC in the shaker.
The ligated and amplified DNA was then extracted using the QIAprep Spin
Miniprep kit (Qiagen). The resulting DNA was diluted into the 0.5 ng/uL
concentration in TE (1:10 dilution in water). 1 uL of the diluted DNA is transformed
into 15 uL of T7 E.Coli bacterial cells and plated onto 15 mm Corning agar plated,
containing 1% agarose by weight, Trypan, Carbicillin, IPTG, and HTL. The cells
were plated overnight at 37xC in the incubator, then kept for 4 hours at room
temperature and dark conditions before imaging. The plates were imaged on
Olympus MVX10 channels 1 and 2 with the following specifications:

Settings:
8-bit RGB; Gamma=2; shading correction off; Gain: R=1 G=1.5 B=1; Exposure:

variable, between 50-100 ms, based on the GFPmax and TRITCmax signal.

2.6.5 Gel Imaging Assay
A 1 uL of the PCR DNA product that was isolated during a panning protocol
is digested with EcoRI and Hindlll (BioLabs) restriction enzymes for 60 minutes at

37xC according to the manufacturerd6s protoco
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into the 2 % agarose gel by weight, containing SYBR Green | Nucleic Acid Gel
stain (Thermo). Since the DNA strand of the inactive HTP form contains an extra
Hindlll restriction site within its sequence, it is digested into two DNA pieces of 706
bp and 195 bp, while the active HTP strand stays as one piece of 891 bp long. 10
uL of the digestion reaction was loaded onto the gel and ran for 25 minutes at 500
mA. The gel was imaged at 100 ms exposure and the bands' pixel intensity was

guantified using Matlab custom code.
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3. Massively parallel optimization of DART via GRIP
Display

3.1 Experimental Approach

Although the protein display approach has been successful in evolving short
disoriented peptide loops, it has not been effective in improving the function of
large proteins. In the classical Lock and Key model of protein-substrate interaction,
several technical limitations have hindered significantly the evolution of the Lock.
These limitations include a significantly larger size of the binding pocket, the
constrains of the three-dimensional global folding requirement and the pronounced
effect of epistasis between the residues lining the binding tunnel. To address the
misfolding issue with the Lock, Tadross lab has developed a super-folder HaloTag
protein [in preparation] that enables us to examine a larger subset of properly
folded variants in any saturated mutagenesis library of our choice. In addition,
GRIP Display overcomes the challenges associated with a large binding pocket
and the significant impact of epistasis by enabling the exploration of a greater
number of variants per iterative screening.

The objective of this work is to enhance the efficiency of DART ligand
capture by HaloTag protein, thus lowering the dose needed for pharmacological
effects on HTP+ cells. Moreover, we aim to enhance the versatility of DART by
enabling the simultaneous delivery of multiple drugs to multiple cell sub-types, i.e.

multiplexed delivery.
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HaloTag was engineered from a bacterial haloalkane dehalogenase [39].
The length of the commercially available HTL linker was adjusted to enable its
terminal chloride to span a tunnel that leads to the active site; relatively little other
optimization was performed. A structural model reveals poor complementarity
between the tunnel (having significant girth) and narrow HTL (Fig 15A). As a result,
DART.1 ligands were captured with poor efficiency: less than one out of 4,000
collisions leads to a covalent reaction. To improve the interaction between the
ligand and the enzymatic pocket, the Tadross lab incorporated aromatic rings and
polar groups into the HTL backbone to occupy the exterior and interior areas of the
HTP tunnel. The resulting HTL.2 ligand provides a 33-fold improvement in capture
efficiency [42] (Fig. 15A). We hypothesize that a complimentary optimization of the
HaloTag enzyme will further enhance the stability of the interaction between the
protein residues and the chemical groups of the ligand, increasing the efficiency of
DART ligand capture.

Analysis of the HaloTag crystal structure indicates that 25 residues line the
enzymatic pocket, providing enormous (202°) diversity of tunnel mutants. We will
leverage the GRIP Display technology to generate a library of >10'2 HaloTag
variants, enabling saturation mutagenesis on up to a 9-residue subset of the tunnel
in a single iteration. To increase the overall DART efficiency, we will perform
iterative rounds of mutagenesis on the deep, middle, and exterior subset of the 25

residues that line the tunnel against one of the best ligands HTL20 (see
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Figure 15: The strategy of the binding pocket optimization to increase the
capture efficiency of DART and develop a multiplexed DART platform. A. Chemical
optimization of the HTL.2 ligand via the addition of aromatic rings increased the efficiency
33-fold [42] in live-neuron biotin-PEG-HTL assay with Streptavidin-AF647 detection. On
the right, the structure-guided rational design to stabilize HTL.2 docking in the binding
pocket compared with HTL.1, and the design of inactive HTP. B. The schematics of the
iterative panning protocol for directed evolution of HTP. C. The schematic representation
of the fiZone Designo strategy to subdivide t
approximately 8 residues long. D. A catalog of HTLs with modified chemical structures
and the corresponding affinities towards sfHTP, as measured via HTL-fluorophore labeling
on neurons expressing the protein (Shields, in preparation). E. The schematics of the
orthogonal DART platform, consisting of two HT-HTL pairs that have high efficiency of
ligand capture within each pair, but minimal cross-talk between the pairs.
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Appendix A for structures). To evolve the orthogonal DART platform, we will use
GRIP Display to screen the HTP libraries against the library of chemical ligands
available at Tardoss lab (Fig. 15D, E). Finally, we will perform a next-generation
sequencing called Amplicon-EZ; and will analyze the reads to identify consensus
mutations. We will use LSPR (local surface plasmon resonance) microfluidic
device called Alto to measure the binding kinetics of the isolated variants against
the library of the chemical ligands for a high throughput screening to identify the

orthogonal pairs.

3.2 Exploring the Site Saturation Mutagenesis of 6 residues
lining the interior portion of the HTP binding tunnel

As described in the previous chapter, the 4-NNS library (W141# F144#
A145# F149%#) yielded only minor improvement in the kinetics of covalent capture
between HTP and its ligand. Expanding the sequence exploration space by
increasing the number of saturating mutagenesis residues in the binding pocket of
the protein should result in higher chances of isolating a protein variant with
significantly improved kinetics. Here, we created a 6-NNS library, where 6 residues
were mutated to contain all 21 possible amino acids. As such, this library contains
10° unique DNA sequences corresponding to roughly 86 million unique protein
variants. The 6 residues (W141 F144 A145 F149 V244 L245) were chosen based
on their proximity to the methoxy group on the inner aromatic ring of the ligand

(Fig. 15C, 16A).
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To properly evaluate the quality of the resulting library and make sure it is
uniformly mutated without overexpression of any particular residues, we performed
an NGS on the library, which revealed the distribution of the mutations to be
uniform, indicated by the predominantly blue color of the mutation rate heat map
(Fig. 16B) Most importantly, there was no overrepresentation of the WT HTP

sequence (annotated yellow).

141 144 145 149 244 245
== [ | ‘

Methoxy side
group of the
inner aromatic
ring

#mMPOD O R DT <z0ZTwIVEP<—r~ o0

HTP Library Before Pan

Figure 16 The outline and evaluation of the 6-NNS library of HTP variants. A.
3-D structural representation of the SSM residues around the methoxy group of the ligand.
The residues are outlined in a rainbow-colored mesh. B. The heat map of the Next
Generation Sequencing of the original unpanned library showed a uniform distribution of
the amino acids. Yellow rectangles represent the original residues in the WT sfHTP.

The iterative panning of this library was performed against the HTL20-
modified magnetic beads, as outlined in Figure 15B. After each round, the DNA
of the HTP variants was isolated and reassembled into a linear library with GRIP

Display components (boxB-<s).
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After 4 rounds of panning, NGS showed enrichment of several residues at
specific mutated locations (Fig. 17). Two distinct trends are observed: the tendency
to widen the binding pocked with the simultaneous introduction of several
additional interaction points. The widening of the pocket most probably affects the
kon Of the system by making the tunnel easier to access, while the introduction of
an extra possible interaction between the pocket wall and the ligand probably has
a stabilizing effect on the ligand inside the pocket, which directly affects the Ko of
the system. As a result, longer time spent inside the pocket allows the ligand a
better opportunity to create the covalent bond. Together, it is logical that these
mutations are working towards the overall optimization of the HTP-HTL kinetics.

The resulting sequencing revealed the enrichment of several residues at
specific SSM locations, annotated 1 through 6 (Fig.18). For example:

o Position 1 (W141#): revealed the three most favorable residues 1
Phenylalanine (F), Leucine (L), and Isoleucine (I)- that are different
from the original Tryptophan (W). All three mutations are very
conservative with the original residue, but the trend here is the
substitution of the bulky aromatic ring side chain group (indole) with
a smaller group, opening up the pocket for easier access to the

ligand.
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Figure 17: A heat map representing the relative abundance of each of the 21
possible residues at each mutated location before and after 4 pans. The residues of
the wild-type HTP are outlined in yellow. The emergence of several types of novel protein
families and their relative abundance is present in the list of the top 30 most frequent
sequences. Two of the most prominent variants (LGGFTG and FIVWTG) were modeled
in PyMol based on the crystal structure of the wild-type HTP and HTL. The pocket opening
as a favorable trend is suggested.
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Position 2 (F144+#): predominantly favors Glycine (G) with Isoleucine
coming second. Yet again, the overall trend here is to exchange the
bulkier aromatic ring of Phenylalanine (F) with a smaller side group.
Position 3 (A145#) introduces Glycine (G) and Valine (V) in place of
Alanine (A), both of which are conservative changes.

The original residue Phenylalanine (F149) in position 4 is preserved.
We observe the appearance of a less predominant Tryptophan (W)
here, which indicates that an aromatic ring structure is important and
is preferable at this specific location, possibly creating pi-staking
interactions with the ligand.

Threonine is predominantly favored at position 5, instead of the
original Valine (V244+#). This substitution is conservative, adding a
polar 1 OH group to the pocket, which helps in creating additional
interaction between HTL and the pocket lining.

Finally, the most abundant residue at position 6 is Glycine (G)
followed by the original Leucine (L245#), making the pocket wider by

this conservative substitution with less bulky residue.

6C



T9

Position 141 Position 144 Position 145 Position 149 Position 245 Position 246
Trp, W Phe, F 6% | | Ala, A 10% | | Phe,F 52% Val, V 7% | | Leu, L 18%
lle, | Gly, G 19% Gly, G 23% |Trp, w 22% | Thr, T 54% | | Gly, G 36%

O Non-polar hydrophobic

Q Polar hydrophilic
Phe, F 20% e 13% val,V 19% Thr, T 14%
Leu, L

Figure 18: Top most abundant residues at each position and the corresponding physicochemical attributes.
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Table 3: Top most abundant sequences from Pan 3 to Pan 4. The two families of variants increased in the NGS

Pan3
sEQ Individual Cumnlative
Reads % Reads

LLGFSTG sos 0.14

[} 0,00
IGPFSTG 533 0.13

[} 0.00
LGGFSTL 664 0.16
LGGFSAL T22 0.17
LGGFSTT 1186 0.28
IGGESTG 2159 0.51
LGGESTG 5715 1.36
FIVWSAT 522 ©.12
FIVWSTL 870 0.21
FIVWSAL 201 0.21
FIVWSTT 1482 0.35
FNVWSTG 1681 0.40
FIVWSTG 7112 1.70
IPILSAL 522 0.12
IPILSTT =14 0.1%
IPILSFWV a44 o.22
IPILSFI 1zo2 0.29
IPILSTG 2116 0.50
TCGASTT EEE] 0.24
IVGASTT 1056 0.25
ICGASTG 806 0.1%
IVGWSTG @83 0.23
FVPEFSTG 624 0.15
FGVESTG 1773 0.a2

o 0.00
FPPWSTG 771 0.18
WEAFSTT &57 0.16
WFEAFHVL 787 0.1%
WEAFSTG 1s78 0.38

count.

Pand4
sEQ Individonal Cummlative
Reads % Reads

LLGFSTG 1058 0.20
LGGFSAT 10680 0.20
IGPFSTGC 1218 0.23
IGGESTT 1253 0.23
LGGFSTL 1461 0.27
LGGFSAL 1552 0.2%
LGGFSTT 3150 0.58
IGGEFSTG 7201 1.34
LGGESTG 18704 3.47
FIVWSAT 1156 0.21
FIVWSTL 1552 0.29
FIVWSAL 1688 0.31
FIVWSTT 3zsoz 0.861
FNVWSTG 3412 0.63
FIVWSTG 18719 3.48

o 0.00
IPILSTT 1318 0.24

o 0.00
IPILSFI la94 0.28
IPILSTG 4657 0.86
TCGWSTT 1157 0.21
IVGWSTT 1491 0.28
ICGASTG 1803 0.33
IVGWSTG EREL 0.4z
FVPESTG 1125 0.21
FGVESTG 5369 1.00
FGPWSTG 1z10 0.22
FPPWSTG 1507 0.28
WEAFSTG z710 0.50
IYAWSTG 1085 0.20




Next, we evaluated the actual combinations of mutations collectively
present in the most abundant strands. We grouped the NGS data according to the
top most abundant sequences, where we could examine all six mutation positions
simultaneously. We observed the emergence of several different families of
variants, with slight variations within each family. The two leading families, based
on the overall abundance, had the first four positions as W141F F144] A145V
F149W (or FIVW for short with 8.25% of total reads or 82.5K reads per million) and
W141L F144G A145G (or LGGF for short with 8.09% or 80.9K rpm). The most
frequently observed residues in the last two positions were V244T L245G (33.9%
or 339K rpm). Considering all six positions together, FIVWTG and LGGFTG had
3.49% of total abundance each, making them the most frequently appearing
sequences in the library (Fig. 17). We have constructed a PyMol model of the
resulting proteins using the crystal structure of the wild-type HTP as a template.
The resulting models show that the opening of the pocket got significantly larger
(Fig. 17), as predicted by our analysis of the overall observed trends.

Finally, partially mutated pocket WFAFTG, where the two last positions
changed from VL to TG, had a 5K rpm abundance, compared to the 2.8K rpm of
the original wild-type sequence WFAFVL. The abundance of the wild-type
sequence decreased from bio pan 3 to bio pan 4 by over 50%, indicating that it is
no longer the best variant in this large protein pool.

The mutations V244T and L245G collectively appear in a third of the overall cases,
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and in 100% of the most abundant cases (Fig. 18 and 19D) We believe that V244T
is an important substitution because it introduces an additional hydrogen bond
interaction between the residue and the oxygen on the methoxy group of the
ligand. Meanwhile, L245G opens up the inner pocket and most probably allows for
the Chlorine to interact with the active site more freely.

The top protein variants isolated in the iterative panning of this library (Fig.
19D) are used as a mixed template for the assembly of the Open Pocket library
(discussed in Section 3.5 of this chapter). This is done to build up further the
advantages brought up by this pool of variants.

Interestingly, all six positions received a novel mutation in the FIVWTG
sequence compared to the wild-type HTP (WFAFVL), and 5 out of 6 positions got
mutated in the LGGFTG variant. Considering the plethora of possible variations in
the 6-NNS library, it would be nearly impossible to deduce these particular
combinations as the top winners solely from computational modeling of the binding

pocket.
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Figure 19: General trend of mutations in the 6NNS library. 3-D surface outline
near the pocket entrance. The mutated residues are rainbow-colored. A. Wild-type HTP
B. FIVWTG variant C. LGGFTG variant D. Residue alignment of top 8 most abundant
sequences (one per each family). E. View of the pocket with original residues of the wild-
type HTP oriented around the HTL. F. The trends seen for each position: pocket widening
with substitutions of F144, A145, and L245 with less bulky residues; additional interactions
formed with V244T and F249W.
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3.3 Evaluating the kinetics of interaction between the isolated
variants and HTL20 via Local Surface Plasmon Resonance

Localized Surface Plasmon Resonance (LSPR) data was collected on the
Nicoya Alto-16 instrument using Single-Sequence Kinetic (SSK) surface capture
titration protocol, where the surface-bound ligand (GFP-tagged HTP variant) was
presented sequentially with 3-fold increased concentration of the analyte (HTL.2
or HTL20) for 5 min per dose (Fig. 20C). The two most abundant variants i
FIVWTG with 6 accumulated mutations and LGGFTG with 5 mutations 7 were
tested against the wild-type sfHTP.

Figures 20A, and B present two interesting observations. Firstly, the
FIVWTG variant exhibits a proof-of-concept towards orthogonality of binding by
demonstrating a clear preference for the HTL20 analyte, while showing a
significantly reduced binding capability for HTL.2. This outcome is surprising, as
the iterative panning protocol used to isolate this strand did not incorporate
orthogonal selection pressure. The high conformational sensitivity of the pocket
towards any changes in the ligand structure or orientation may have made the
orthogonal feature of this pair possible. Despite the small differences between
HTL.2 and HTL20, with the only change being the location of the ether bond (see
Appendix A for the chemical structures), this difference significantly affected the
outcome. Therefore, exploring the rest of the available chemical HTLs with more

substantial structural differences could lead to the development of true non-
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Figure 20: LSPR data for the two most abundant variants isolated within the
6NNS library. A. The variant FIVWTG has higher conformational availability towards the
HTL20 and a greatly attenuated affinity towards HTL.2. This is a proof of concept for the
Orthogonal DART. B. The LGGFTG variant has a higher conformational availability
towards HTL20. C. A schematic overview of the LSPR.

* Data suggests a higher conformational
availability of the binding pocket towards a
successful covalent capture of the ligand
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Figure 21: Untangling the two conformational populations of the HaloTag protein via ligand chase experiment.
Briefly, the sfHTP and the isolated variant LGGFTG were first incubated with analyte #1 in increasing dosing (5 min per dose,
maximum concentration 1 uM) in the SSK surface capture titration protocol of the LSPR. The proteins then were incubated with
analyte #2 with a washing step between the analytes. A. The analyte in both cases is HTL20 (pink). sfHTP and LGGFTG had
maximum saturation during the first analyte application, with the variant having twice as much signal compared to the wild-type.
The second dose of HTP20 did not elicit any response. B. HTL.2 was applied to the samples during the first dosing window
(yellow). Both proteins had a similar signal response level. Chasing with the second dose of HTL20 did not affect the wild-type,
but revealed extra binding capability for the LGGFTG variant. C. The analyte in both cases is HTL.2 (yellow). Both proteins are
saturated during the first dosing application and do not have a conformational capability to bind more ligands during the second
dose application.



crossreacting pairs of protein-ligand, with the proper application of orthogonal
selection pressure. A negative panning cycle could be incorporated, where the
library of proteins is first panned against the ligand of the opposite orthogonal pair
to eliminate the part of the protein library having any binding capacity towards that
HTL; followed by the positive pan against the ligand of interest. This protocol would
minimize the chances of isolating a variant that cross-reacts with the second pair.

Secondly, both FIVWTG and LGGFTG protein variants did not exhibit an
improvement in affinity towards the ligand, which would have manifested in the
binding curve shift to the left. Instead, the two variants had their response
amplitude doubled compared to the wild-type protein, suggesting a higher
conformational availability of the protein variant population towards HTL20, but not
towards HTL.2. To test this hypothesis, a Ligand Chase experiment was
performed, where the wild-type sfHTP and its variant were exposed to a set of
ligands in a dual-incubation protocol with a washing step between the two ligand
dosing windows (see Fig. 21). When both incubations contained HTL20 only (Fig.
21A), just as we observed before, LGGFTG had twice as high of the response
signal compared to sfHTP. However, this signal had saturated during the first
ligand dosing window, wherein the second ligand application did not result in an
additional increase in the response. When both incubations contained the HTL.2
ligand, a similar saturation in signal is observed, with the lone difference of the

maximum response levels: for LGGFTG it was comparable with the sfHTP (Fig.
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21C). Finally, when HTL.2 was first applied, followed by the HTL20, a significant
increase in the binding response can be seen for LGGFTG. The maximum
response signal increases twice in value upon the additional binding of the HTLZ20.
A very similar data set was also obtained for the FIVWTG variant (data not shown).

This data set supports the hypothesis that by introducing 5 or 6 specific
mutations that opened up the entrance to the binding pocket, an additional
conformational protein sub-population was enabled to bind the ligand, wherein this
sub-population was not active in the case of the wild-type sfHTP.

This indicates a significant improvement in the HTP-HTL covalent capture
reaction, which was achieved with a mere four iterative bio-panning steps via GRIP
Display technology.

The V244T L245G mutations were one of the most abundant in the isolated
bio-panned genetic material, accounting for a third of all strands. It was therefore
interesting to see whether the presence of just these two mutations is beneficial
for the HTP-HTL binding or if the entire set of mutations is needed to produce the
benefits seen so far. We cloned the TG mutations into the wild-type sfHTP
backbone, resulting in the WFAFTG variant. Additionally, for both FIVWTG and
LGGFTG, we constructed the strand having only the first four mutations present.
These variants are called FIVWVL and LGGFVL respectively. The three types of
mutations were tested using LSPR against HTL.2 and HTL20. The resulting data

indicated that only in the presence of all 5 (for LGGFTG) or 6 (for FIVWTG)
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mutations did the increase in conformational availability and/or orthogonality
occurred (Fig. 22 and 23). When only a sub-set of mutations was present, the
maximum binding response was reduced to the levels of the wild-type protein. This
is an example of the epistasis effect, where a specific set of residue substitutions
contributes to the overall characteristics of the protein, while any change in the set
of mutations leads to the reduction or elimination of the gained property. This is
the reason why it is so important to have a protein display system that allows us to
investigate as many mutation sites as possible simultaneously, otherwise, the

improved protein version may have been overlooked.
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Figure 22: LSPR dataillustrates the effect of the combinatorial mutations on
the resulting beneficial binding kinetics for the FIVWTG variant. A. The orthogonality
and higher conformational availability occur only for the strand having 6 mutations
(FIVWTG). When either the first four mutations (B) or two last mutations (C) are present,
the variant loses both its ability to differentiate between the ligands and conformational
bioavailability.
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Figure 23: LSPR data illustrates the effect of the combinatorial mutations on
the resulting beneficial binding kinetics of the LGGFTG variant. A. The higher
conformational availability occurs only for the strand having 5 mutations (LGG and TG).
When either the first three mutations (B) or the last two mutations (C) are present, the
variant loses both its conformational bioavailability.
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3.4 Iterative panning of the Open Pocket HTP library against 8
different HTLs

3.4.1 Library preparation

The assessment of the previous HTP library of variants indicated a
preference for the wider entry of the binding tunnel. With this in mind, We opted to
investigate the impact of modifying the residues that make up the entrance directly.
Therefore, we subjected residues T148# F149# V167# E171# T172# R175# to the
Site Saturate Mutagenesis. As a side note, these residues were first changed into
EAHNLL respectively, then this template was used for the SSM. This was done to
minimize the residual overexpression of the template containing the wild-type HTP.
Furthermore, we integrated the outcomes from the previous rounds of selection by
utilizing the seven most common strands (one from each strand family) that were
isolated earlier as a blueprint in the Open Pocket pool. Therefore, all the variations
within the Open Pocket library OP#1 contain the V244T and L245G mutations,
which were present in 33% of the total sequences in the previous selection.
Residue positions 141, 144, and 145 have the 7 following variations: LGG, FIV,
IGG, FNV, IPI, IVG, and FGV. The resulting library has approximately 10%° different
DNA strands encoding 600 million unique proteins. Nonetheless, it does not utilize
the wild-type HTP as a blueprint, nor does it include the closely related WFAF-TG
variant. These templates were employed individually to construct the OP#3 and

OP#2 Open Pocket libraries, respectively. We chose to segregate the wild-type
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DNA and the wild-type-like DNA from the rest of the samples as we are curious
about the output that each of the templates will generate. Both OP#2 and OP#3

libraries contain 1079 different DNA strands encoding 85 million unique proteins.

3.4.2 Isolating the best binders of the Open Pocket libraries via GRIP
Display

All three libraries underwent panning against a combination of eight distinct
ligands with different types of the R-group around the inner aromatic ring (see
Appendix A for structures). To elaborate, each type of HTL was linked to te
magnetic beads independently. Following the surface modification process, the
different HTL-conjugated beads were blended, and the libraries were panned
against the combined HTL mix. This approach was employed to conserve the
necessary reagents for each panning experiment and minimize the overall
workload associated with sample processing. Once the best binding variants are
isolated, We intend to use an LSPR assay to determine which variant has an
affinity for which ligand. In total, five rounds of panning were performed. The
winning strands began to emerge in the third round of panning and became more

established in the fifth round of panning.

3.4.2.1 Best binders for OP#1

The NGS of each round was examined and plotted as a heat map
per each mutated position (Fig. 24). After the fifth round of panning, most of the

positions showed a clear preference for a specific residue. For instance, residue
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position 141 has Phenylalanine in 70% of the cases. Surprisingly, the first three
mutation sites (W141 F144 A145) that were based on the seven templates used
to create this library, had a 70% preference for the FFA residues instead of WFA
found in the wild-type protein. It is unexpected because none of the templates
used, namely LGG, FIV, IGG, FNV, IPI, IVG, and FGV, had this particular set of
mutations, and the library wasn &upposed to contain a wild-type sequence either.

One possible scenario that could explain the emergence of the FFA family
is that a wild-type WFA was introduced as a contaminant and then converted into
FFA either through an error-prone PCR or swapping between the templates such
as FIV or FNV with WFA during one of the PCR steps. However, during the iterative
panning, the FFA family emerged as the most prominent one.

The remaining preferred residues are as follows: T148Y is presentin 45%
of all cases, while F149W, T172V, and R175G occurred in 65% of all reads.
Additionally, the most abundant combination of the first five mutated positions is
FFAYW, which appears in 40% of all reads. The last two positions that were
examined, T172 and R175, had V and G mutations, respectively, in half of all
reads.

Figure 25 shows the 3-D model of the protein surface near the entrance of
the pocket. Comparing the wt HTP to the top DNA strand isolated (FFAYWDVVG),
it can be seen that the opening had become wider, although not to the same

degree as compared to the best strands in the 6NNS library. Here, the ligand is
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buried better inside the tunnel but has the advantage of the wider pocket entrance.

While examining the most pronounced set of mutations in the pocket (Fig.
25D), itis fascinating to see that the Tryptophan in position 141 was swapped into
a Phenylalanine, while the Phenylalanine at position 149 was substituted into a
Tryptophan. Both residues are located in proximity and therefore may have
interaction. Another interesting substitution happens at position 148: Threonine
into Tyrosine. Both have a polar 1 OH group, but Tyrosine also has an aromatic
ring, which suggests an interaction with the outer aromatic ring of the ligand to
stabilize the ligand in the pocket, thus increasing the chances of covalent reaction
going to completion at the active site. We will examine the binding kinetic profile of

this variant with LSPR in the next section.
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Figure 24: The heat map of the OP#1 library before pan, midway (Pan 3), and at the last iterative pan 5. The map
represents the abundance of each of the 21 possible amino acids at each SSM position. Yellow rectangles indicate the original
residues in the wild-type protein. Positions 141, 144, and 145 in the unpanned library show the abundance of residues due to
the incorporation of the seven different templates.
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Table 4: Top most abundant sequences from Pan 3 to Pan5in OP Library 1. Increase in the overall numbers of
the two families of variants

SEQ Individual cumulative [Pand/ SEQ Individual cumulative |[Pan5/ SEQ Individual Cumulative
Reads % Reads %Pan3 Reads % Reads %Pand Reads % Reads
FFAYWDVVG 94 0.z 779 1.67 :.7 FFAYWDVVG 6036 1.73 39020 2.8 FFAYWDVVG 10313 5.01 53459
FFAYWDIVG 110 0.24 685 1.47 &8 FFAYWDIVC 5668 1.63 32984 9.79] :. FFAYWDIVG 8857 4.30 43146
FFAYWDEFVG %6 0.21 575 1.23] s.s FFAYWDEVG 4627 1.23 27316/ B8.16] :.& FFAYWDEVG 7137 3.47 34289
FFAYWEFVG 112 0.24 479 1.02| s FFAYWEFVG 3757 1.08 22689 6.93] :z.0 FFAYWEFVG 4434 2.16 27152
FFAYWDFVH 56 0.1z 367 0.78 &8 FFAYWDFVH 2859 0.82 18932 5.85 1.4 FFAYWDEVH 4048 1.97 22718
FFAYWSVVG 89 0.1% 311 0.66 4.¢ FFAYWSVVG 3078 0.88 16073 5.03[ 1.6 FFAYWSVVG 2045 1.43 18670 9.
FFAYWDFVN 68 0.15 222 0.47 4.8 FFAYWDFVN 2556 0.73 12994 4.15 1.5 FFAYWDEVN 2858 1.39 15725 7.
FFAYWEVVCG 38 0.08 154 0.32] s.0 FFAYWEVVC 1677 Q.48 10438 3.42( ;.1 FFAYWEVVG 2127 1.03 12867 6.
FFAYWETVG 44 0.09 115 0.24) 5.5 FFAYWETVG 1858 0.53 8761 2.94 1.3 FFAYWEIVG 2080 1.02 10740 5.
0 0 71 0.15) FFAYWLLVG 1134 0.33 6903 2.41 FFAYWLLVG 1568 0.76 8650 4.
FFAYWQIVG 30 0.06 71 0.15 5.7 FFAYWQIVG 1200 0.34 5769 2.08] 1.1 FFAYWQIVG 1322 0.64 7082 3.
FFAYWDEFVE 41 0.0% 41 0.09) :.:e FFAYWDEVE 1144 Q.34 4569 1.74) 1.7 FFAYWDEVE 1163 0.57 5760 2.
0 0 0 FFAYWGVVC 1131 0.32 3425 1.4 FFAYWGVVC 1156 0.56 4597 2.
FFAYWLEVG 683 0.2 2294 1.08§ FFAYWLFVG 969 0.47 3441 1
0 0 0 FFAYWAVVG 872  0.25 1611 D.88§ FFAYWAVVG 893 0.43 2472 1
FFAYWEFVH 738 0.21 739 0.63 FFAYWEFVH 849 0.41 1579
o 0.00 o/ D.42 FFAYWDLVG 730 0.35 730
FFAYWDFVR 30 0.08 30 4.0 FFAYWDFVR 823 0.24 1444 0.42] 1. FFAYWDEVR 688 0.33 688
FFAYWVETR 621  0.18 621) 0.18| FFAYWVETR
FFATWLLVG 300 0.64 731/ 1.83 3.3 FFATWLLVC 7307 2.10 17137 5.38 1.4 FFATWLLVG 6003 2.92 14613
FFATWLEVG 166 0.36 431 1.19 =0 FFATWLEVG 3711 1.07 9830 3.28] 1.4 FFATWLEVG 2981 1.45 8610
FFATWEVVG 110 0.24 265 0.83 3.0 FFATWEVVG 2489 0.71 6119 2.21 1.4 FFATWEVVG 2051 1.00 5619
FFATWLEVH 73 0.18 155 0.59 2.7 FFATWLEFVH 1481 0.43 3630 1.5 1.2 FFATWLEVH 1074 0.52 3568
FFATWLMVG 48 0.10 82 0.43] 3.7 FFATWLMVG 1283 0.37 2139 1.07 1.2 FFATWLMVG 890 0.43 2494
FFATWFLVG 3¢ 0.07 34 0.33 3.6 FFATWFLVG B56 0.25 856 0.7 1.7 FFATWFLVG 865 0.42 1604
FFATWDVVG 0 0.00 D 0.26| sr3ee2 FFATWDVVG 0 0.00 0/ 0.45 FFATWDVVG 738 0.36 739
FFATWFIVG 38 0.08 123 0.26] z.0 FFATWFIVG 653 0.24 1578 D.45 1.4 FFATWFIVG 698 0.34 698
FFAMWLLVG 47 0.1 85 0.18 :z.: FFAMWLLVG 725 0.21 725 0.0 FFAMWLLVG
FFATWLEVR 38 0.08 38 0.08 FFATWLEVR 0 0.00 D FFATWLEVR
LFATILALTG 50 0.11 202 0.44) 3z LFATLALTG 1359 0.39 3451 D0.99 1.5 LFATLALTG 1187 0.58 1826
LFATLLLTG 62 0.13 152 0.33] 2.5 LFATLLLTG 1102  0.32 2092 0.6 1.0 LFATLLLTG 639 0.31 639
LFATLSLTG 59 0.13 90 0.2 :: LFATLSLTG 990 0.28 gguq 0.0 LFATLSLTG
LFAILVFTG 31 0.07 31
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Figure 25: The isolation of the best binder for the Open Pocket library #1. A.
3-D model of the wild-type HTP and B. the best binder (VO1 in C). The rainbow colors
outline the contribution of mutated residues to the surface of the protein. C. The residue
alignment of the top 15 best binders isolated in Pan 5 (in descending order). D. The
residues of the variant VO1 in the pocket of the HTP. E. Possible interactions between
W141F and F149W. T148Y possibly interacts with the aromatic ring of HTL.
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3.4.2.2 Best binders for Open Pocket library #2 (wild -type-like based)

This Open Pocket library is designed based on a wild-type blueprint, except
that residues 244 and 245 have been altered from VL to TG, respectively. This
was done based on the results of the previous iterative panning, where the TG
variant appeared in almost a third of the total strands. Surprisingly, the results
showed that a nearly identical family of variants dominated this panning. This
supports my previous conclusion that introducing additional variations in the
template in OP#1 pushed the library to the edge of its folding capacity, and the
trend now is to revert to the original template (WFA) as much as possible. Although
the order of the three best strands is different from OP#2 compared to OP#1, the
composition of the stands is identical.

Furthermore, the number of reads per best variants in the panning of
this library is much larger: the best strand at Pan 5 has close to 160,000 reads per
million, compared to the most abundant read in OP#1, which had 50,000 reads per
million. It is also worth noting that during Pan 3, there was a substantial enrichment
of the original residues of the wild-type HTP, but by Pan 5 this enrichment got
substantially reduced, indicating ta preference for the particular family enriched in
OP#1 and OP#2. This correlates well with the results of OP#1 panning, where a
wild-type DNA strand might have been accidentally introduced during the

experiment, and got incorporated as part of the library.
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Figure 26: The heat map of amino acid abundance per each mutated position before pan, and during pans 3
and 5 for Open Pocket library #2. ( wild-type-like template with TG variation) Yellow rectangles indicate the original residues
in the wild-type protein.
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Table 5: The families of top most abundant sequences from Pan 3 to Pan5 in OP Library 2 and its percent
overall countin NGS

Cuommla
SEQ Individoal tive pan
Read
El % Reads Bpan s
TFVETR S45712.72 6077014018 -1
TWVETR 409 0.985 620 1.44 o5
TEVETL 61 0.14 211 0.49 °°
AFVETR 40 0.0% 150 ©0.35 oo
TTVETR 38 0.09 110 ©0.2§ 00
TEVDTR 38 0.0% 72 0.17| oo
IFVETR 34 0.08 34_ 0.0
YWDEVG s1s 1.21 2944 6.86] 52
YWDWVWVG 387 0.9 2425 5.65 51
YWDIVG 372 0.87 2038 4.75 =7
YWDEVH 200 0.47 1664 3.88 21
YWDEVER 161 0.38 1464 3.41] 32
YWEEVG 182 0.42 1303 3.03| 32
AWQVVE 150 0.44 1121 2.61| 23
YWEVVG 152 0.35 931 2.17| 32
YWDFVN 112 0.28 779 1.82 30
YWDFVE 98 0.23 667 1.56 30
YWSVVE 132 0.31 569 1.33 zo
YWDLVG 56 0.2 435 1.02| z&
YWAVVG 73 0.17 349 ©0.82| 23
YWDEVQ 43 0.1 276 0.65 25
YWEEVH 46 0.11 233  0.55 25
YWDFIS o o 187 0.44
YWQTVG [} 0 187 0.44
YWDEVS 65 0.15 187 0.44| 13
IWEIVG a 0 122  0.29
YWEEVR 50 0.12 122  0.29 i3
YWDYWVG [} 0 72 0.17
YWEFVE 35 0.08 72, 0.17] 23
YWDEWVC 37 0.09 3?- 19
AWQFVC a o 0
YWVETR 271 0.3 271 0.63] 26
TFDEVG 41 0.1 116 0.28| 35
TFDVVG Q o 75 0.18|
TFDIVG o 0 75  0.18|
TEVVVG a 0 75  0.18|
TWLLVG 37 0.09 75 0.18| oo
TWLEVE 38 0.09 38, 0.08 oo

SEQ .

Individoal

Read %
TFVETR 43701 13.81
TWVETE 2245 0.48
TFVETL ] [»]
AFVETR [+] o
TTVETER [v] o
TEVDTR o o
IFVETR [+ [s)
YWDFVG 30794 6.3
YWDWVVG 22432 4.59
YWDIVG 15301 3.25
YWDEFVH 9494 1.94
YWDEVR 6310 1.28
YWEFVG €453 1.32
YWQVVE 6111 1.25
YHWEVVG 5513 1.13
YWDFVN 3746 0.77
YWDFVE 3433 0.7
YWSVVG 23990 0.81
YWDLVG 2510 0.51
YWAVVG 23508 0.47
YWDEVQ 1282 0.28
YWEFVH 1342 0.27
YWDFLS 1030 0.21
YWQTVG 1082 0.22
YWDFVS 1331 0.27
TWEIVG (4] o
YWEFVR 1138 0.23
YWDYVGE 1082 0.22
YWEFVE B72 0.18
YWDEVC 816 0.17
YWOEVG [] o
YWVETR 7965 1.83
TFDFVG 1725 0.35
TFDVVG 1136 0.23
TFDIVG B88 0.18
TEVVVG 812 0.17
TWLLVG (4] o
TWLEFVG 0 o

8.
7.
6.
5.
4.
3.
3.
2.
2.
1.
1.
1.
1.
o.
o.
o

o

sEQ . Comulativ
Individoal e
Reads % Read %

TEVETR 57028 3.86 8709 3 .86
TWVETER o o

TEVETL o o

AFVETR o s}

TTVETR o [}

TEVDTR o [}

IFVETR o s}

YWDEVG 37762 16.76

YWDVVG 2634% 11.69

YWDIVG 17560 TF.7%

YWDEVH 10847 4.72

YWDEFVR 5364 2.38

YWEEVG 5332  2.37

YWQUVGE 4615  Z.05

YWEVVG 4305  1.91

YWDFVN 2899 1.33 o
YWDFVE 2986 1.33 To
YWSVVG 1834 0.81 5.
YWD LVG 1682 0.75 4.
YWAVVG 1352 a.& 4.
YWDEVQ 1048 0.47 3.
YWEFVH 1005  0.45 3.
YWDFIS 946  0.42 2.
YWQTVG To4 0.35 2.
YWDEVS 771 0.34 1.
YWEIVG 694  0.31 1.
YWEEVR 654 0.29 1.
YWDYVE 615 0.27 0.
YWEFVE 587 0.25 0.
YWDEVC 505 0.22

YWQFVG 483 0.22

YWVETR 3565 1.58

TFDEVG 1256 0.56

TFDVVG 594 0.4

TEDIVG 569 0.25

TEVVVG o 1}

TWLLVG o o

TWLEVG o 1}




3.4.2.3 Best binders for Open Pocket library #3 (wild -type-based)

This Open Pocket library, named OP#3, was created to investigate Site
Saturated Mutatgenesis (SSM) in the same positions as in the previous two
libraries: T148#, F149#, V167#, E171#, T172#, and R175#, but using the super-
folder wild-type HaloTag protein as a template. The only difference between OP#3
and the previous library, OP#2, is that OP#2 included V244T L245G mutations,
which are not present in OP#3.

Similar to the previous libraries, five rounds of iterative biopanning were
performed against the 8 HTLs. The examination of the resulting NGS data,
however, had shown a striking difference in the isolated binders. Unlike the
previous two Open Pocket libraries where a single predominant family emerged
during the iterative panning, at least four distinct families of variants arose in OP#3,
each with a different amino acid composition. The number one most abundant
strand in OP#3 was PFGVVS, followed by LFLPGR from a different family, while
the top two most abundant strands in the previous two libraries are YWDVVG and
YWDFVG.

This finding is important because it demonstrates the role of epistasis in
determining the global composition of the protein. The PFGVVS and LFLPGR
residues were only selected when the amino acids at positions 244 and 245 were
V and L respectively. When these residues were replaced with TG, the winning

variants became YWDVVG and YWDFVG. This underscores the need to examine
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as many SSM positions as possible simultaneously, which is the rationale behind

the development of the GRIP Display platform.
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Figure 27: The isolation of the best binder for the Open Pocket library #3. A.
3-D model of the wild-type HTP and B. the best binder (V01 in C). The rainbow colors
outline the contribution of mutated residues to the surface of the protein. C. The residue
alignment of the top 15 best binders isolated in Pan 5 (in descending order).
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Figure 28: The heat map of amino acid abundance per each mutated position before pan, and during pans 3
and 5 for Open Pocket library #3 ( wild-type template). Yellow rectangles indicate the original residues in the wild-type
protein.
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Table 6: The families of top most abundant sequences from Pan 3 to Pan5 in OP Library 3 and its percent
overall count in NGS.

Pan 3 Pan 4 Pan 5
SEQ Individual Cumulatiwvepanaf SEQ Indiwvidual Cumulative |[Pans/ SEQ Individual Cumulatiwve
Reads & Reads ® jPan 3 Reads % Reads ® Pan 4 Reads % Reads ha
LFLPGR 132 D.28 710 1.52 3.6 LFLPGR 3205 1.01 e890 2.18 2.1 LFLPGR 4597 2.1 5877 2.69
LFVEPGR 45 o.1 578 1.24 3.7 LFVPGR 1161 0.37 3685 1.17 1.6 LFEFVPGR 1280 0.59 1280 0.59
TEVETR 499 1.07 533 1.14 0.6 TFVETR 2001 0.63 2524 o.80 TEVETR o o a
PFVETR 34 0D.07 24 PFVETR (0] a 523 PFVETR o o a
LFMPGR o o o LFMPGR 523 0.17 523 LFMPGR o o o
PFGHLD 49 0.1 200 D.43 4.4 PFGHLD 1399 0.44 3823 1.21 2.8 PFGHLD 2707 1.24 7924 3.63
¥FFGHLD 29 D.0D6 151 0.33 A4.5 ¥TFGHLD 842 0.27 2424 o.77 2.5 Y¥YFGHLD 1481 0.&68 5217 2.39
PEVHLD 32 0.07 122 0.27 3.9 PFVHLD 860 0.27 1582 o.50 2.1 PEFVHLD 1218 0.56 3736 1.71
PFGHVD o o S0 0.20 PFGHVD o o F22 PEFGHVD 1003 0.46 2518 1.15
PFLPGR a a Q0 0.20 PFLPGR o o TF22 PFLPGR 859 0.39 1515 0.69
HFEWRLW o o S0 0.20 FTEFWRLW T22 0.23 F22 1.3 YFWRLW 656 0.3 656
PFLLLL 54 0.12 o0 0.z20 PFLLLL o o] o PFLLLL o o o]
PFLLLS 36 0.08 36 PFLLLS o o 8] PFLLLS 8] (1] o
PFGVWVS 210 0.45 1071 4.1 PFGVWVS 5839 1.85 29420 2.3 PFGVVS 9261 4.24 45474
PFDWVHN 76 D.16 861 1.83 4.9 PFDVVN 2495 0.79 23581 | 7.46 2.5 PFDVVN 4266 1.95 36213 [16.58
PFDWVS 113 D.24 785 1.67 3.9 PFDVVS 2937 0.93 21086 6.67 2.1 PEFDVVS 4234 1.94 31947 14.63
PEGWVVHN 51 D.11 672 1.43 5.1 PFFGVVN 1782 0.56 18149 5.74 2.9 FPFGVVN 3491 1.6 277132 12.69
AFCVVH 30 0D.06 621 1.32 0.0 AFGVWVH o o 16367 b.1B AFCGVVH 2492 1.6 24222 11 .09
AFDVVN 49 0.1 591 1.26 5.5 AFDVVN 1752 0.55 16367 5.18 2.5 AFDVVN 3044 1.395 20730 9.49
AFDVVS Lol 0.14 542 1.16 3.6 AFDVWVS 1575 0.5 14615 4.63 2.1 AFDVVS 2261 1.04 17686 8.10
AFCVVE 59 0.13 475 1.02 3.1 AFCGVVS 1252 0.4 12040 4.13 2.6 AFCGVVS 2274 1.04 15425 T.086
GFDYLR a a 416 0.89 GFDYLR 1727 0.55 11788 3.73 1.6 GFDYLR 1965 0.9 13151 6.02
FFGHDWV a a 416 0.89 FFGHVD 911 0.29 lo0o061 3.18 2.2 FFGHVD 1430 0.65 11186 5.12
PFGIVS 62 0.13 416 0.89 2.5 PFGIVS 1056 0.33 9150 2.89 1.8 PFGIVS 1305 0.6 9756 4.47
AFDVVH 29 0O.06 354 0.76 3.7 AFDVVH 689 0.22 8094 2.56 2.4 AFDVVH 1134 0.52 8451 3.87
AFDVIW 42 D.0% 325 0.70 3.0 AFDVIW 851 0.27 7405 2.34 1.9 AFDVIW 1082 0.5 7317 3.35
FFGHLD a o 283 0D.61 FFGHLD o n] 6554 2.07 FFGHLD 919 0.42 6235 2.85
EFDINH o o 283 D.861 FFDINH o o 6554 2.07 FFDINH so8 0.4z 5316 2.43
AFPGVIN 45 0.1 283 D.61 2.2 AFGVIN 705 0.22 6554 2.07 1.9 AFPGVIN 897 0.41 4408 2.01
PEGWWVH o o 238 0.51 PEFGVWVH 529 0.19%9 5849 1.85 2.1 PEGVVH 859 0.39 3511 1.60
PEGWVEA 29 D.0D6 238 0.51 3.0 PEGVVEA 571 0.18 5250 1.66 1.9 PEGVVA 733 0.34 2652 1.21
GFDWVVN o o 209 D.4%5 GFDVVMN o o 4679 1.48 GEDVVMN 641 0.z29 19219 0D.87
EFDWVVH o o 209 0.45 PFDVWVH o o 4679 1.48 FFDVVH 641 o.z29 1278 D.58
AFGHDIL a a 209 0D.45 AFGHDL o o 4679 1.48 AFGHDL 637 o.29 637
BAFCVVHN 70 0D.1%5 209 D.45 4.2 AFCGVVN 2005 0.63 4679 1.48 AFCGVVN o (0] o
TEFGWVN 38 0.08 139 0.30 2.3 TEFGVVN 567 o.18 2674 0.85 TEGVVN 8] (1] o
GLDWWVWV 36 0.08 101 0.22 2.0 GLDVWVW 508 O0.16a 2107 o.a67 GLDWWW 8] (1] o
GFDWVVH 33 o.o07 a5 0.14 GFDVWVH o n] 1599 0o.51 GFDWVWVH [n ] o n]
AFDVLMN 32 0o.o07 32 AFDVLMN o o 1599 0.51 AFDVLN 8] (1] o
BAFDVVC o o o AFDVWVC 565 0.18 1599 0.51 AFDVVC o o a
PFGVVT a o o PFGVVT 532 o.17 1034 PEGVVT [n ] o n]
BAMDWVVV o o o AMDVVV 502 0.16 502 AMDVVY o o a
LLDINH 116 D.25 116 0.25 a.2 LLDINH 3294 1.04 3294 1.04 2.3 LLDINH 5277 2.42 5277 2.42




3.5 Determining the binding profiles between the isolated
variants of the Open Pocket library and each of the 8 ligands via
LSPR

The Nicoya Alto instrument was used to gather the LSPR data, using a
surface capture titration protocol known as Single-Sequence Kinetic (SSK). During
this process, a surface-bound ligand (a GFP-tagged HTP variant) was introduced
with the analyte (8 different HTLS) at increased concentrations with each dose
lasting 5 minutes.

The first variant examined was (FFA) YWDVVG (TG) T the most abundant
strand in Open Pocket library #1. This variant accumulated 9 mutations, compared
to the wt-sfHTP. Its 3-D model indicated the opening of the pocket and a slight shift
in the location of the pocket entry (Fig. 25B). Based on the LSPR data, this variant
became more promiscuous for the ligand it can bind. It binds HTL 20, 40, 29, 33,
and 29 with both higher affinity and higher availability, compared to the wild type
(Fig. 29). Its binding profile towards the HTL.2 is the same as the sfHTP, but from
the trace is evident that there are two populations of the protein: one that can
covalently bind the HTL.2, and one that can dock the ligand briefly, but does not
proceed with the covalent capture. Both populations must bind the HTL 20, 40, 29,
33, and 29 equally well, as seen from the doubling of the corresponding Response
signal. HTL 41 and 49 needed a higher concentration to fully outline the binding

kinetics.
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Figure 29: LSPR measurements of the binding kinetics between 8 different
HaloTag ligands and the most abundant variant of Open Pocket library #1
(FFA)YWDVVG(TG). The light blue color represents the trace for the variant, while the
dark blue color is the trace for the wild-type sfHTP. The shaded gray area indicates the
beginning of the analyte dosing, with 5 sequential doses administered. The y-axis displays

the Response Units (RU), measured via Alto-16.
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The binding profile of the most abundant variant isolated within Open
Pocket library #2 1 YWDFVG (TG) i is very similar to the profile of the variant
from OP #1, described earlier. YWDFVG (TG) has 8 mutations compared to the
sfHTP. Yet again, we can see the presence of two different populations with the
protein sample, only one of which can covalently bind HTL.2, while both
populations can form a covalent bond with all other HTLs, apart from HTL 49 (Fig.
30). We can observe both the shift in the affinity towards the lower concentration
as well as the increase in the overall binding signal.

Finally, the same set of measurements was performed on the most
abundant variant within the OP#3 library. This variant does not have the TG
mutation, and only accrued 5 mutations, compared to the wt-sfHTP. The binding
profile evaluation shows that in some cases it outperforms the wt protein, while in
others it does not (Fig. 31). Overall, the binding kinetics resemble the wild-type
protein more that any other variants we have tested. It seems that the V244T
L245G mutations are playing an important role in the overall kinetics of the

HaloTag protein.
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Figure 30: LSPR measurements of the binding kinetics between 8 different
HaloTag ligands and the most abundant variant of Open Pocket library #2 YWDFVG
(TG). The light blue color represents the trace for the variant, while the dark blue color is
the trace for the wild-type sfHTP. The HTP 49 dose was increased to 9 uM maximum
concentration, while the HTL 28 and HTL 41 maximum dose was increased to 3 uM
concentration.
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Figure 31: LSPR measurements of the binding kinetics between 8 different
HaloTag ligands and the most abundant variant of Open Pocket library #3 PFGVVS.
The light blue color represents the trace for the variant, while the dark blue color is the
trace for the wild-type sfHTP. The HTP 49 dose was increased to 9 uM maximum
concentration, while the HTL 28 and HTL 41 maximum dose was increased to 3 uM
concentration.
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3.6 Conclusion and future directions

GRIP Display solved a challenging protein-engineering problem involving
the reaction between HTP and HTL. The size and sensitivity of HTP made it difficult
to improve its function, but GRIP Display identified new HTP variants that achieved
the desired improvement in functionality. GRIP Display also helped develop
several HTP variants that increased the overall HTP-HTL capacity for the covalent
reaction by unlocking the binding potential of the inactive conformational state.
Additionally, GRIP Display isolated a pair of nearly orthogonal HTP-HTL that
expand the flexibility of DART for multiplexed drug delivery to different cell types.
To eliminate cross-reactivity completely, a stepwise protocol is required due to the
sensitivity of the pocket to any changes in the ligand or binding pocket. To develop
a fully non-crossreactive protein-ligand duo, a library of protein variants must be
panned with the incorporation of a negative cycle against the ligand of the other
HTP-HTL pair. Tadross lab's extensive set of ligands with variable chemical
compositions makes it possible to search for the orthogonal pairs.

One important area that needs to be addressed is the translation of in vitro
findings into practical in vivo applications. To achieve this, it is crucial to ensure
that the improved HTP variants identified through GRIP Display show improved
ligand capture while also being able to be trafficked and expressed on the neuronal
membrane. However, we encountered an issue in this regard when attempting to

achieve membrane-bound expression of the HaloTag protein in neurons or other
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mammalian cell types such as HEK cells. The C-terminus of the protein needs to
be tethered to a transmembrane anchor, such as GPI, which we believe disrupts
t he f ol di n g-helixfof thte HEP. This digruption in folding can directly
impact the formation of the binding pocket cavity, affecting the ligand binding
kinetics and resulting in poor protein trafficking to the neuronal surface and
increased protein degradation. To address this issue, the folding of the protein
variants must be s thaliblinkerextenslons cén bé utillzed#dor v o f

screen the variants for better folding stability.

3.7 Materials and Methods

3.6.1 Protein library assembly

The 6-NNS library of HTP was constructed by performing a Site Saturated
Mutagenesis (SSM) of the residues W141 F144 A145 F149 V244 L.245. The sets
of all 21 amino acids at these locations were introduced via NNS codons, where N
stands for A, T, C, or G and S stands for C or G, thus containing 32 codons that
encompass all standard residues. A 3-way Overlap Extension PCR technique was
used to introduce this change, with the following oligos for each PCR piece:

Piece 1:

a. ctgaagatctgaattcaaatcagagattggcaccgag (forward)

b. cgtcttccgtacggaacgectgSNNagtttcgcgSNNMNNctctggMNNttcgtcccaggtagggatag
(reverse)

Piece 2:
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a. caggcgttccgtacggaag (forward)
b. gccttttggcatattccggtgaaatSNNSNNgcccgggcetgccataaaac (reverse)
Piece 3:
a. atttcaccggaatatgccaaaaggctcgcaaaggaactcc (forward)
b. tcagaagcttttaaccggttttggagagatccagttcgc (reverse)
The final Overlap extension DNA piece was ligated into the GRIP.1 backbone

using unique RE sites and standard cloning protocols.

3.6.2 Iterative panning protocol
3.6.2.1 In vitro protein library expression

The linearized DNA, encoding for the HTP library and the GRIP.1
components, was adjusted to 50 ng/uL concentration. 4 uL of this sample
(containing approximately 5*101° DNA molecules) was expressed in 20 uL of
PUREfrex2.0 (COSMO Bio) reaction for 45 minutes at 37xC, according to the
manufacturerds instructions. The I ibrary w

of incubation time.

3.6.2.2 Beads preparation

Briefly, 40 uL of M-280 Streptavidin Dynabeads (Invitrogen) were washed 3
times with 500 uL of Pierce Protein-Free Blocking Buffer (Thermo) and isolated
each time using a custom 3-D printed magnetic rack. The beads then were

incubated with 36 uM of HTL20 ligand, where 90% of the ligand is PEG12-biotin
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(100 uM) and 10% of the ligand contained HTL20-PEG12-biotin (100 uM). The
beads were incubated with the HTL for 60 minutes at room temperature, on a
rotator (Thermo). The beads were isolated via the magnetic rack, and washed four
times with 500 uL of Pierce buffer, followed by the fifth wash with 500 uL of Pierce
+ 0.01% Triton (Sigma). After the last wash, the beads were diluted into 180 uL of
total volume with Pierce + 0.01% Triton and are ready to be panned with 20 uL of

protein library mix.

3.6.2.3 Panning, washing, and DNA Recovery steps

20 uL of PUREfrex-expressed protein library mix was mixed with 40 uL of
M-280 Streptavidin Dynodeads, diluted to 180 uL with Pierce + 0.01% Triton and
incubated for 2 hours minutes at 4xC on the rotator. The beads were then washed
2 times with 500 ul of Pierce + 0.3% Triton (on ice), followed by the third wash in
1mL of Pierce + 0.3% Triton for 5 minutes on the rotator at 4xC. The next two 500
uL washes used Pierce buffer without the detergent. The isolated beads were
resuspended in 100 uL of DNAse | reaction buffer (BioLabs). 1 uL DNAse was
added (BioLabs) and incubated for 15 min at 37xC on the rotator. The beads then
were washed again with the three Pierce + 0.3% Triton washes plus two Pierce
washes as outlined earlier. The beads were isolated via the magnetic rack, and 20
uL of Sensiscript Reverse Transcription mix (Qiagen) was added. The mix was

incubated for 60 min at 37xC on the rotator, and the supernatant containing the
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cDNA was isolated and stored at -80xC for further analysis.
The isolated cDNA was converted into the double-stranded DNA using
standard PCR techniques with oligos containing the outermost sequence of HTP,

flanked by the unique restriction sites, using Phusion Hot Start || DNA Polymerase

kit (Thermo) according to the matmeeDNACt ur er

sample was amplified via 30 PCR cycles. The DNA was loaded onto a 1% agarose
gel, containing the SYBR Green gel stain (Thermo) and purified using a Zymoclean
GelIDNARecovery kit (Zymo) according to

was stored at -80xC for future analysis.

3.6.2.4 Reintroduction of the library into the GRIP.1 setting for a next iterative pan

Briefly, the linearized DNA containing the previously panned recovered
library and the GRIP components was constructed via a 3-was Overlap Extension
PCR. For this reaction, the DNA PCR piece of the 4boxB-<component, containing
the T7 promoter, was prepared in advance, based on the GRIP Display plasmid
that does not have an HTP sequence. The 4boxB-< comes upfront of the HTP
library and has an overlapping nucleotide sequence with the beginning of HTP for
the Overlap Extension Reaction. The third PCR piece, which comes after the HTP
and has an overlapping sequence with the end of the HTP, encodes for the T7
MRNA termination.

The pieces are assembled via the 27 cycles of the PCR reaction, where the
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DNA extension step is increased to 1 min 30 seconds to account for the length of
the amplified piece. This reaction does not use the outer oligos and therefore does
not amplify the assembled DNA copies. The PCR reaction is then purified by
loading the 1% agarose gel and purifying the band with a Zymoclean Gel DNA

Recovery kit (Zymo). The isolated DNA is stored at -80xC for future use.

3.6.3 Next-Generation Sequencing

For the NGS sample, a shorter piece of PCR of 442 base pairs in length
was flanked with the adapters needed for the Illumina sequencing. The
corresponding oligos for the sample preparations are:

a. acactctttccctacacgacgctcttccgatctctgggccaagcggaaccce (forward)

b. gactggagttcagacgtgtgctcttccgatctacaggttcaggccaggacc (reverse)

The PCR piece was prepared via 25 cycles of PCR using 1 uL of the library sample
and the above oligos. The resulting reaction was purified via a 1% gel purification
step and eluted in RNAse-free water. Next, a total of 500 ng of the DNA is diluted
in a total of 25uL of RNAse-free water, resulting in a 20 ng/uL final concentration
of the sample. The sample was sent for NGS Amplicon-EZ (Azenta) and the unique
sequences report was obtained from Azenta, outlining the identified sequences.
This report was processed using the custom-made Matlab code, provided in

Appendix D.
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3.6.4 Localized Surface Plasmon Resonance

Localized Surface Plasmon Resonance (LSPR) data was collected on the
Nicoya Alto-16 instrument using Single-Sequence Kinetic (SSK) surface capture
titration protocol, where the surface-bound ligand (GFP-tagged HTP) was
presented with the analytes (HTLs) sequentially with 3-fold increased
concentration for 5 min per dose. A total of 3 cycles per experiment were performed
on a 16-channel Carboxyl cartridge (Nicoya). The first two cycles were void of the
HTL reagent but rather served as a surface equilibration step, where the protein-
modified surface is blocked with Streptavidin to reduce the non-specific binding of
HTL-Streptavidin during the third cycle. Surface regeneration steps between the
cycles were eliminated via the substitution of the regeneration agent with PBS
buffer. Each sample channel was coupled with a positive control reference (a wild-
type super-folder HTP) to compare the binding kinetics profiles between the GRIP-

Display-derived variant and the original protein template.

3.6.1 Protein preparation

PRSET T7 expression vectors containing GFP-""HTP/GFP-VaantHTP and
HisTag sequences were expressed via PUREfrex in vitro protein expression kits
at 37xC for 3-4 hrs. Vector concentration was normalized to 50 ng/uL and the total
volume of PUREfrex was 250 uL per construct. The fluorescent GFP tag was used
as an indicator for protein expression. The GFP-""HTP and GFP-'2@a"HTP proteins

were purified using the Capturem His-Tagged Purification Miniprep kit (Takara)
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according to the manufacturero6s prddrocol

PBS-T buffer (Nicoya) and the samples were concentrated using Amicon 10K
Centrifugal filters (Millipore). A total of 75 uL per each protein sample were

prepared in PBS-T.

3.6.4.1Surface Capture binding

VHH: GFP (Chromotek 1 g/L) was diluted 20x in 10 mM Sodium Acetate, pH 5.5,
and immobilized onto EDC/NHS-activated carboxyl sensors for 5 min, according
to Nicoya surface modification protocol. GFP-tagged HTP ligand was introduced
into the VHH: GFP modified channels for 10 min, then washed with PBS-T for 13

min.

3.6.4.2Analyte preparation

3 uL of Img/mL SA (Nicoya) was incubated with 27 uL of 30 uM biotin-PEG12-
HTL.X in PBS-T buffer for 60 min at RT. The analyte was further diluted with PBS-
T to a desired concentration, such as 9 uM, 3 uM, or 1 uM, depending on the
ligand. During the SSK titration protocol, the analyte was sequentially diluted 3-
fold into 5 concentrations. For example, for a final maximum concentration of 1

uM, the dilutions ranged from 10 nM to 1 uM, followed by PBS-T wash for 10 min.
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4. GRIP.2: rational design of a novel protein-RNA
interaction for next-generation efficiency?

4.1 Motivation and approach for the development of novel boxB-
<reagents

The objective of this work is to improve avidity by designing rigid 3D-
constrained versions of tandem BoxB and tandem & e p i tUwnlikedeaads on a
string, rigid 3D-constrained designs can maximize avidity through the principle of
entropy minimization. The result is an interlocking structure analogous to a dovetail
junction. Here, we describe the development of GRIP.2 achieved via the design of
two elements:

1. Rational design of an mMRNA sequence that folds reliably into a rigid 3D
conformation, thus orienting BoxB hairpin epitopes with minimal
flexibility.

2. Rational design, and experimental optimization of a complementary
protein, consisting of a well-folded protein scaffold that orients the
positions of > peptides i nto a
complement the mRNA designed above.

We named the stable mMRNA structur e

1The conceptual idea and the associated data described in this chapter was used to file a US provisional
patent application #63/492,180, GRIP.2: Rational Design of a Novel Protein-RNA Interaction for Next-
Generation Efficiency, 0 Maroh 24, 2023. This patent application claims the unique GRIP.2 technology
system, compositions of matter, kits, and methods of use
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The expectation is that the resulting two main components of GRIP.2,
termed Toy (a novel boxB hairpin structure) and CLAW (a protein scaffold with
displayed < peptides) will provide a more stable boxB-a-interaction. This in turn will
allow performing the bio-panning experiments under more stringent conditions,
such as higher temperature or higher detergent concentrations. More stable GRIP
will permit a more comprehensive exploration of the catalog of structurally different
HTLs with much lower starting affinities towards sfHTP to create a next-generation
orthogonal DART system that can deliver two different payloads to two distinct cell
types.
In addition to a rational structural design of the RNA hairpins, we propose
to employ the very principles of protein display and bio-panning to further improve
the avidity of boxB-a= t andems. Al though GRI P Display
the genetic material with high fidelity and stability, We suggestt hat r eor i ent i
peptides in fixed positions on a protein scaffold such as sfGFP[31]i [33] will permit
better access for RNA hairpins. We will create a libraryof GFP-a« var i ant s ( CL A
that will explore the best orientation of the short peptides on the surface of the
scaffold and will pan it against the newly redesigned nearly planar boxB hairpins
(Toy) to isolate and identify the best CLAW-Toy pair.
We hypothesize that this effort 1) will promote better linkage stability and 2)

wi || create a fAsingle reado design, -where
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Several structures were considered, however, most of them had multiple
alternative hot knots (Table 8). Nevertheless, using all the tools above, we were
able to find a unique RNA sequence that resulted in a structurally stable boxB
trimer with a single hot knot. We eliminated the linkers between the hairpins and
stabilized the RNA ends into a double-stranded structure. This trimer has a 92.3%
frequency of occurrence with a primary folding structure and a single alternative
hot knot (Table 7). This RNA sequence was the only one that provided such
features. We were not able to find a 4boxB or another 3boxB sequence to satisfy
our desired parameters.

Table 7: Rational design of Toy boxB trimer. Design, 3-D structure and the
abundance frequency of the Toy boxB compared to the prior art and the GRIP.1
4boxB component.

GRIP.1: 4boxB
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GRIP.2: Toy boxB

Prior Art
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Frequency: 84.61%

Frequency: 46.33%

Frequency: 92.26%

boxB hairpins: 0

boxB hairpins: 4

boxB hairpins: 3

Pseudo-knots: 20

Pseudo-knots: 4

Pseudo-knots: 1

The dot-bracket indicates that the primary and the alternative conformation
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of the Toy boxB trimer are the same, meaning that 3 hairpins are being formed of
the same length and composition. The 3-D model of both the primary and the hot
knot structures revealed that the 3 hairpins are oriented in slightly different spatial
directions and have a nearly planar conformation (Fig.32). Moreover, the 5 bases
in each hairpin that directly participate in the interaction with <peptide, are oriented
differently as well. It can be seen in Fig. 32, where in conformation 1 the base
marked in pink color is oriented outwards, while in conformation 2 it changes
position closer to the inner part of the loop, while another base is now pointing

outwards.

10¢



Table 8: The RNA sequences and their corresponding predicted folding in
the dot-bracket format.The desired hairpins are indicated in green, dark blue and
light blue colors. The winner sequence has a single alternative conformation.

Desired hairpin structure:

GCCCCCCGGGCCCGCCCUGARARAGGGCGGGUGGECCCUGAARARGEECCCAGGGGCCCUGARARAGGGCCCCCCCEGEEEGE

5t= ((eeeeeeeecereeot ...

e T A A P
R L (L O A AN P
e L (L T (A A N Y P
e L P Y P

Desired hairpin structure:

GCCCCCCCGGLCCGCCCUGARAARGGGLGGGEEEECCCUGARRRAGGGCCCCGEEECCCUGARRRAGGGLCCCCCEGGGGGEE

57— ((Ceeeeeeeecereeed ...

e L L L T A N AN Y P
R L (PP (O

THIS IS THE WINNER

Desired hairpin structure:

GCCCCCCGGGLCCGCCCUGARAARGGGLGGGEEEECCCUGARRRAGGGCCCCGEEECCCUGARRAAGGGLCCCCCCGGGGGEE

57— ((Ceeeeeeeecereeed ...

DI Ceeeerc

DI Ceeeerc

DI Ceeeerc

DI CCCCOO0C o330 00000000000)

DY e .o NN -3
----- NN -3
DY e .o NN .. -
RN DD (A (A (P nHNNNEMIM. -
DY e .o NN -
DY e .o NN .. -
DI Ceeeeed. ... NN -
DI Ceeeeed. ... NN .. -

(CCeCC .00 )

DI CCCCOO0C o330 00000000000)

DI Ceeeeed. ... NN -3
DI Ceeeeed. ... NN -
DI Ceeeeed. ... NN .. -
----- NN NI -
----- NN .. -

(CCeCC .00 )
(CCeCC .00 )

DI CCCCOO0C o330 00000000000)

DI Ceeeeed. ... NN -3
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Figure 32: 3-D folding prediction of two conformations for the novel Toy
boxB trimer. The RNA hairpins are colored orange, yellow, and cyan. The blue and black
fold consists of the starting and ending portions of the overall RNA.

4.3 CLAW design and library assembly

To compl ement the nearly planar boxB tr
3 & peptides into a GFP scaffold such that the orientation of the peptides was
aligned with the active site of each RNA hairpin. We called the resulting protein
i C L Afdrdts resemblance to the 3-finger claw of arcade machines. GFP protein
was previously used as a scaffold in various applications, such as a scaffold for
short peptide library display or split GFP reporter [31], [33]. Its 10 loops between
11 beta sheets were systematically evaluated for the successful insertion of extra
residues[32]. Weused | oop # 9 and | oop # 10 to ins
3" peptide was placed adjacent to the C-terminus of GFP (Fig. 33A). We varied

the number of flexible Glycine residues aslin k er s b et we ethe protdéinre & an



and introduced 1to 3-l oop hel i xes adjacent to each @&
addition, we explored the truncation of the last five GFP residues (209-213)
adjacent to the beginning of loop 10. The resulting library contained over 12,5M

different variations of CLAW (Fig. 34, 35).

A

Red: Arginine residues on the surface
of GFP exposed to boxB,,

Brown: Location of possible GFP residues
truncations

Vellow: Location of Glycine linkers of
various lengths

Light Location of the two 1-3 EAAAK loop

Green: helices

Figure 33: Overview of the library of CLAW variants. A. Schematic
representation of the GFP as a scaffold and
adjacent linkers and helices. B.A3-D r epresent ati osBavarfdthédoler- r esul t
coded locations of the variations in the CLAW library.
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jLambdat Helix1

sEQ_01
Trnsaton+1  H N

N A R T R R R E A K A A A A

(GFPn2

tgtcgagggtogcggtogaggaggaaatgcacgaacacgacgocgggagegtegagotgaaaaacaggetcaatggaaagcegeaaatggoggaggcggaggagaggetgetgocanagaggcagecgcaaaggaagetgotgotaaggaggeggetgcaaaaggaggtyggaggaggtgatggeagtgtecagety
E G G G G & R R w 6 6 6 6 E A A K E A A K G G 6 G G D G 8 L

Consensus ACATAATGTCGAGGGTGGCEGTOEARRRRE ARATGCACGAACACGACGCCGGGAGCGTCGAGE TGAAAACAGGE TCAATGGAAAGC COCARATEGCGGAGGCGR A 4244 AGGCTGCTGCCAAAGAGGTAG A TGCTGCTAAGGAGGCGGCTGCAARAGEAGGTGEAGH 4 4kE ATGGCAGTGTCCAGET
Tansiaion+si H N ¥V E G G G G XN AR TRGBRTERTET RT RATETKT QA AR QMWTKAANTG G GX XXA A A K E A A A K E A A A KE A A A K G G 6X X6 s v oo L
Coverage
Trunsla’hnn’ﬂ
Lambdat Hlixt GFRn2

SEQ_01 acataalgtcgagggtggeggtggaggaggaaalgeacgaacacgacgccgggagegtcgagetgaaaaacaggetcaatggaasageegeaaalggeggaggeggag
Tanslaon+1 H N V E 6 6 6 6 6 G N A R T R R R E R R A E K Q@ A O W K A A NG G G G 6 E A A A K E A A A K E A A

agaggctgelgecanagaggeagecgcanaggaagelgetgelaaggaggeggetgeananggaggtggaggagglgatlggeagigle

agety

A K E A A A K 6 6 6 6 6 D 6 5 V a0 L

Lambdai Helix1 (GFPn2
SEQ02 acataatgtcgagggtygeggtggaggaBBBaatgcacgaacacgacgccgggageglcgagetgaaaaacaggctcaatggaaagecgeaaatggeggaggeggagliBaggctyetgccanagaggeagecgcaaaggaagelgelgelaaggaggeggctgcananggaggtggaggaglBBatggcagiglecage ty
Transiabon+l H N V E G 6 G G G N AR TRURRTET RTERATETKT QA QWI KT AANTGTG GG GX XXA A A KE A A A KE A A A KEAAAIKTGT® GG GX XXG 5 V @ L
Lambdal Helixt (GFPn2
SEQ acataatgtcgagggtggcggtgpa REEEEE aatgcacgaacacgacgccgggagegtcgagotganaaacaggetcaatggaaagecgcaaatggcggaggcgBBEBEBBaggpctgctgecanagaggcagecgcaaaggaagetgetgctaaggaggeggetgcaaaaggaggtggagREBEEE atggcagtgtccage ty
Translation +1 H N v E G 6 6 G N A R T R R R E R R A E K Q A @ W K A A N G G G X XX A A A K E A A A K E A A A K E A A A K G G G x XX G s Q L
Lambdal Helix1 |GFPn2

SEQ(4 acataatgtcgagggtggcgg

aaatgcacgaacacgacgccgggagcgtcgagctgaaaaacaggctcaatggaaagecgeaaatggeggagh

aggctgctgccasagaggeagecgeaa

aggaagctgctgctaaggaggcggctgcaaaaggaggtEEEE

BEgatggcagtgtccagety

Translation +1 H N V E 6 6 XX XN A R T R R R ER R A E K Q A @ W K A A N G GX XX A A A K E A A A K E A A A K E A A A K G G D 6 5 vV a L
Lambdal Helix1 GFPn2
SEQ 05 acataatgtcgaggatgoBEEREERRRRER aaatgcacgaacacgacgccgggagegtcgagetga [ gecgeaaatggeg ggcty cgcaaaggaagctgctgctaaggaggeggctgeaaa atg gtgtccagety
Transiaton +1 H N VvV E 6 xx XN A R T R R R E R A E K @ A Q@ W K A A N G X XX A A A K E A A A K E A A A K E A A A K v a L
it GFPn2

SEQ 8 acataatgtcgagggl a4 - Baaatgcacgaacacgacgccgggagcglcgagctgaaaaacaggctcaatggaaagccgcaaatgll - aggcotgctlgocaaagaggcagocgcaaaggaagetgctgctaaggagge 44 e BEBatggcag
Tansiaton+1  H N ¥ E XX XN AR T R RRERU BRAETIK QA QG W K A A NX XX A A A K E A A A K E A A A K E A A XX G S
Lambdal Helixt (GFPn2
SEQ_07 agggtggcggtggaggaggaaatgeacgaacacgacgccgggagegtcgagetgaaaaacaggetcaatggasagccgoaaatlggeggaggcggaggagaggetgetgecaaagaggeagecgeaaaggaagetgctgctaaggEEEREEEREREER gaggtggaggaggtgatggeagty goty
Translation +1 6 6 6 6 6 6 N AR TRRURTEWRURATEIKQQEAQWIKAANGTGG G 6 E A A A KE A A A K E A A A KIX X6 6 6 6 D G 5 V Q@ L

Figure 34: Example of the DNA
peptide into the GFP scaffold. There is avariableinthel engt h Gl yci ne |
EAAAK helix, and a variable in the length Glycine linker after the helix.

S tcuawal ni dbsr acroympproiosli nagr otuhned st h e
and

i n&variablebndhie Emgth
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Lambdaz

agcaageacagtyg
E K QA QWEKA

SEQU stantgagaanggaggcggoggtygeggeancgecegeaccecgloglogagacgacgggecy
Tamsaton+i? N E K 6 6 6 G 6 TRRRERTPRA

Consansis i TAATGAGAAAGGAGGCGGLGG CAACGCCCGCACCCGTCOTCGAGAACGACGGEECGAAAAGCAAGCACAGTGGAAAGE TECOAACGGAGEAGGTG!

agelgcgancggaggaggtygeggagangeggcagetangyageageggeasangaggocgeageganag
AN G GG GGEAAMAEKTEHAAAEKTEHA HA A

Helix2 GFPc Lambdad

goageagecanaggeggtaglygtggtegegaccacatgglgctgcacgaatatglgaacgetgctggcatcacagglogtggaggtggaggtaatge
K EAAAKGSGGEG 6 R WV oL OHE VoW A I T 666 66 G N A

AAGCGGCAGCTAAGGA A AGCAGCCAAA-GE. ATGGTGCTGCACGAATATGTGAACGC TGCTGGCAT CACAGETGGTGGAGET -
XX A A A K E A A A K E A A A K E A A A K XX R D H MV LHETYUVHNKAAGI TGG G 6

Tansiation+t? N E K G 6 G XX XN A R T R RRERRMAEIKUG QGAQWIEKAANGEGG GX
Coverage
R
Lantdaz
SEQM:taatgagaaaggaggcogcggtaacggeascyeccgeacceglogle a6gaaa8aa4ts

gagaageggoagetaag
Tangabon+* W E K 6 6 G G 6 6 N A R TR RRERRAEIKTUCQAOQWEKA AANSGESG G G G

ageageggcasaagaggecgeagega 9 tgglgglgategegaccacalg acgaatatglgaacgetgctggealea tgatggaggt
E A A A KEAAAKTEH RAAAKTEA A AAAKTEGG GG G RDHMVY L HETYVNAAG | TGGEG66GG N A

(Lambda2 Helix GFPe Lambdad
SEQQ2:taatgagaaaggaggcgacogtgocBBascgeccaraceegtcgt gacgggccgassageaageacagtpgasagetgegaacggageaggtogeghllasgeggcagetaaggasgeageggeasaagaggecgeageganagaageageagecanagpeagtogtogtlBcgegaccacatggigetpcacgaatatgtgaacoetgetggcatcacaggtggtggaggtgalBRtaatge
Taosaon+i? N E K 6 6 6 G 6 W ARTRRRERT RATEIK® QA QWEKAANG GG GGG GX XXAAAKTEAAAEKEAAAKTEA AAAEKSGG® GG GG R D H MV LHETYVNAAGI T GGG GX XNA
Lambda2 Helix2 GFPc Lambdal
SEQW:tanigageasy cascgeoegracceglcy gacgggccgaaaageasgracagipganagetgegancggaggaagtoBEEEEN. angcggcagelanggaagcageggcasaagagyecgeageoanagaag gecanaggeagtog cgegaccacalgglgeigeacgaalatglgaacgstgclggcalcacagytogiggags | HHNE
Tansaton+i? N E K G 6 G XX XN AR TRRRETPRT RGAEIKT QA ADQWEKA ARAHNTESGG GX XKXA A A K E A AAKERAALEKEHAAAKTE GG GG®E RDHMVY LHETYVNAAGITGGG G
Lambda2 Helis2 GFPc
SEQ D :taatgagaaaggagecgac ANEREERER aacgeccgoacccgleglogagaacgacgggecgaaaagcaageacagtggaaagelgegaacggaggagl ggc agcagcggcasaagaggecgeagegaaagaagcageagecaaaggeggt HNENEER Bcgcgaccacatgglgetgoacgaatatglgaacgetgclggeatcacagglyg
Teission+i? N E K G G G N ARTRRRERRAETEKT QAU GWE KA AAHNTI GGX XA A A K E A A A KEAAAKE RDHMVY LHEYVHNAAGITE
Lambdaz (Haix2 GFPe
SEQ05:taatgagaaaggaggcHBBRRRENERRacgccegeacceptcgteg gaaaagcaageacagtggasagetgegascggagHERRRERRRREE. 23 gCRgcagetaaggasgeagogacasa gcageeasagg HNNNNNNNNRNE r ctgcacgaatatgtgaacgetgetggeatea ¢
Tansaton+i? N E K G 6 N AR T RRRERRMAEIKTU GAOQWEK A ANGH XX A A A K E A A A K E A A A K E A A A K G R D H M ¥V L HE Y V NAAGBG I TG G N A
Lambia? Hellxz GFPe Lambdad
SEQ D6 :1a geacagtggs acg geggcagetaaggasgeageggeana ccgeageg statglgaacgetgelgg

Transation+1* N A QO W K A A NIX

Lambda2

SEQ :taatgagBila
Tansaion+1? N E

gcggeggtageggeas

geacagtggaaage acggaggaggtoge

Figure 35: Exampl e of DNA
peptides into the GFP scaffold. Ther e ar e
#3, and adjacent to the helix of 1-3 loops.
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Helix2 GFPe

cgcgaccacatggty acgaatatgigascgetgctgpeatcacaggiggtggaggtaga

geagcggcaaaagaggecgeagegasaghRaaRRRRARRRER pcagtyg
G 6 G RDHMVY L HEYVHNAAG I TG GG 666G N A

E A A A KE A AAKEAAAKX XX G
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4.4 Isolating the best CLAW-Toy binders via iterative panning

4.4.1 The evaluation of the unpanned library and the first attempt at
iterative panning

First, we started to work on CLAW-Toy library panning by adopting the
original parameters that worked well for GRIP.1: expressed the library at 37xC,
panned at 4xC, and briefly washed at 4xC. This approach resulted in the
enrichment of the non-fluorescent portion of the library. Naturally, the starting pool
of CLAW variants gave rise to a mix of GFP scaffolds with a heterogeneous
fluorescent signal (Fig.36A). Mostly, the initial signal was greatly attenuated
compared to the unmodified GFP protein. After 3 iterative pans, the variants with
low to no fluorescent signal were winning over (Fig.36B).

To check if there is a correlation between the fluorescence of the scaffold
and its ability to hold on to the boxBroy, we randomly picked a subset of variants
with high, intermediate, and low GFP signals. For each variant, we measured the
GFP fluorescence, -talhkoaabedunmiexiicg osasct i ve
mix, and determined the amount of overall isolated mMRNA material via RT-gPCR.
Interestingly, there was no correlation between the GFP signal of the variant and
its efficiency of active HTP isolation (Fig.36C). There was a wide distribution of
Acr-obat ko measurement s. Remar kabl weweeemong t
able to find 3 variants that outperformed the original 3boxB-< design and were

comparable in performance to GRIP.1 (4boxB-<) (Fig. 36D-F).
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Figure 36: Evaluation of the first panning attempt of the CLAW library. A.
Plated colonies expressing the CLAW library before pan and after pan 3. The samples
were expressed at 37 C f or 4 3B.Guinulative distributioa d |, and
of the total colonies per pan as a function of the green fluorescent signal. Reduction in
green signal observed with iterative panning. C. 22 colonies with variable GFP signals
were evaluated f otraltkhce. mRCNA viiec raonsds i nacti ve HT
proportion and evaluated via gel assay. D. Colonies # 2 (4197), 11 (419W), 21 (419H),
and 22 (419P) were evaluated for the overall ability to retain mRNA (via qPCR) and for
t he ftcalolsd at 1: tactive KTP.cEf S taacttiisvtei:ctsaloknd fAtcada spoi
from D F. Statistics on mRNA isolation data points from D. The Cumming plots present
the mean difference and 95% CI between 4boxB as shared control and the rest of the
samples.
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