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Protein screening and detection method

The present invention relates to a method of attaching detection tags to a protein library and to
subsequently use the tags to Iidentify and quantify proteins that fulfil defined biophysical or

pharmacological criteria.

Description

Background

Protein screens and protein display methods are state of the art methods to identify or enrich proteins

that exhibit certain characteristics (e.g. high affinity binding to a target molecule).

In screens, proteins are analyzed one by one. This Is very laborious and limited to a comparatively low
number of tests. In a screen for binding proteins for example, Iindividual binder candidates are
identified by ELISA, and positive ELISA hits are characterized further, e.g. they are biophysically
characterized by size exclusion chromatography, unfolding experiments and their therapeutic potential

IS tested /n vivo In animal models.

In display methods, entire protein pools (originating from libraries) are enriched over several selection
rounds. Processing of pools allows for an enormous throughput without much labour. Display methods
such as phage, ribosome or yeast display, however, require a physical linkage between the phenotype
(the protein) and the genotype (its encoding nucleic acids). This Is a severe limitation for most
analyses, because the physical entities required for conducting the display (i.e. the phage, the
ribosome and the encoding DNA or RNA) are typically more than 100-fold larger than the actual
binding molecule (e.g. an antibody fragment). This inevitably causes selection bias and restricts the
possible selection pressures to a small subset of imaginable selections pressures — only selection
pressures that are not critically affected by the enormous size of the display particle can be applied

currently (e.g. binding).

Based on the above mentioned state of the art, the objective of the present invention Is to provide
means and methods for the identification of individual proteins fulfilling defined biophysical or
pharmacological criteria from entire protein libraries in the absence of a physical genotype-phenotype

linkage. This objective Is attained by the claims of the present specification.
Terms and definitions

The skilled person is aware that within the present specification, a number indicating the size of a
library relates to the diversity of library members. A library | that is larger than a library |l corresponds
to a library | that comprises a higher number of unique library members than library Il. A nucleic acid
library with 100.000 members may comprise several millions of nucleic acid molecules, but only
100.000 distinct library members each characterized by a nucleic acid sequence unique within said
library. Similarly, a polypeptide library with 1.000 members may comprise millions of polypeptide
molecules, but only 1.000 unique polypeptide library members. The expression "one member of a

library” relates to one particular library member which may be present in a plurality of identical copies.
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Within the context of the present specification, the expression "two nucleic acid sequences are In
frame"” means that the number of base pairs between the last codon of the first nucleic acid sequence

and the first codon of the second nucleic acid sequence is divisible by three.

Within the context of the present specification, the expressions "polypeptide Is associated with
detection tag", respectively "polypeptide/detection tag is associated with affinity tag” means that both
aforementioned members are comprised within one primary amino acid sequence, i.e. one confinuous
polypeptide chain. Particularly, said detection tag and said polypeptide may be separated by one or
more amino acids). Said detection tag and said affinity tag may also be separated by one or more

amino acids.

Within the context of the present specification, the term "severable element” relates to a peptide
sequence amenable to severing by chemical agents or by enzymatic means, e.g. by proteases. The
proteases may be sequence specific (e.g. thrombin) or have limited sequence specificity (e.g. trypsin).
The severable elements | and Il may also be comprised within the amino acid sequence of the
detection tag or the polypeptide, particularly in instances where the last amino acid of the detection tag

or the polypeptide is a K or R.

Within the context of the present specification, the term "affinity tag"” relates to a moiety attached to a
polypeptide to enable purification of said polypeptide from a biochemical mixture. The purification
(affinity purification) Iis based on a highly specific interaction (with a dissociation constant < 10 E -5)
between the affinity tag and a binding partner of the affinity tag. Affinity tags may consist of an amino
acld sequence, or may comprise an amino acid sequence to which a chemical moiety is attached by
posttranslational modification. By way of non-limiting example, the affinity tag is selected from the
group comprising a His-tag, a CBP-tag (CBP: calmodulin binding protein), a CYD-tag (CYD: covalent
yet dissociable NorpD peptide) , a Strep-tag, a Strepll-tag, a FLAG-tag, a HPC-tag (HPC: heavy chain
of protein C), a GST-tag (GST: glutathione S transferase), an Avi-tag, a biotinylation tag, a Myc-tag, a
3XFLAG tag and a MBP-tag (MBP: maltose binding protein). Further examples of affinity tags can be
found in Kimple et al., Curr Protoc Protein Sci. 2013 Sep 24;73:Unit 9.9.

Within the context of the present specification, the term "deep sequencing" relates to parallel
sequencing of several thousand different nucleic acid molecules with a coverage of 2 5x, In particular
= 40x. The term "coverage" relates to the number of times a given nucleotide is read during the deep

sequencing Process on average.

In the context of the present specification, the term antibody Is used In its meaning known in the art of
cell biology and immunology. A whole antibody iIs a glycoprotein comprising at least two heavy (H)
chains and two light (L) chains inter-connected by disulfide bonds. Each heavy chain is comprised of a
heavy chain variable region (VH) and a heavy chain constant region (CH). Each light chain Is
comprised of a light chain variable region (abbreviated herein as VL) and a light chain constant region
(CL). The variable regions of the heavy and light chains contain a binding domain that interacts with
an antigen. The constant regions of the antibodies may mediate the binding of the immunoglobulin to
host tissues or factors, including various cells of the immune system (e.g., effector cells) and the first

component of the classical complement system.
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Within the context of the present specification, the term "nanobody” relates to a "single domain
antibody"”, 1.e. an antibody fragment consisting of a single variable antibody domain. A nanobody is
able to bind selectively to a specific antigen. It has a molecular weight of only 12—15 kDa (Harmsen et
al., Appl. Microbiol. Biotechnol. 77 (1). 13-22). Usually, nanobodies are obtained by immunization of
dromedaries, camels, llamas, alpacas or sharks with the desired antigen and subsequent isolation of
the mMRNA coding for heavy-chain antibodies. Nanobodies can be also be derived from common

murine or human IgG with four chains.

Within the context of the present specification, the term "sybody" relates to a synthetic nanobody.

Sybodies are not obtained via immunization with an antigen but selected in vitro from a synthetic

library.

Within the context of the present specification, the term "enrichment” relates to a process of increasing

the relative amount of a certain compound within a mixture of compounds.

Within the context of the present specification, the term "Flycode library” relates to an amino acid

sequence library according to the invention, comprising a plurality of sequence variants.

Within the context of the present specification, the term "NestLink” relates to a method Iin which
detection tags are attached to a protein library. Subsequently, the tags are used to identify and
quantify individual proteins that fulfil defined biophysical or pharmacological criteria within the library.

NestLink combines key benefits of screens and display procedures.

Within the context of the present specification, the term "hydrophobicity value” relates to a predicted
value characterizing a peptide. The hydrophobicity value iIs calculated by the method described In
Krokhin et al., Mol Cell Proteomics. 2004 Sep;3(9):908-19, according to the formulas:

H=K*O>R; + 0.42R" s + 0.22R%n + 0.05R> ) if H < 38
and

H = K*GR: + 0.42R " + 0.22R%nt 0.05R’ ) — 0.3(K *(FR. + 0.42R " + 0.22R%n + 0.05R’ ) —
38) if H = 38;

If H < 38, Hﬁnal — H;
if H= 38, Hing = H—0.3*(H — 38);

where Hs,, IS the hydrophobicity value and R, are retention coefficients characteristic for amino acid

types according to the following table:

Rc
Trp 11
Phe 10.5
Leu 9.6
lle 8.4
Met 5.8
Val o
Tyr 4
Ala 0.8
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Thr 0.4
Pro 0.2
Glu 0
Asp —-0.5
Cys -0.8
Ser -0.8
Gln -0.9
Gly -0.9
Asn -1.2
Arg -1.3
His -1.3
Lys -1.9

Rt Of an amino acid X Is defined as:

RXcN’c — (ZRC/20) - Rxc

N corresponds to the residue number of the detection tag starting with 1 from the N-terminus. K, Is

defined as:

if N < 10, K_ = 1-0.027*(10 — N)

if N > 20, K, = 1-0.014*(N — 20)

otherwise K, = 1.

Amino acid sequences are given from amino to carboxyl terminus. Capital letters for sequence

positions refer to L-amino acids in the one-letter code (Stryer, Biochemistry, 3rd ed. p. 21).

Detailed description of the invention

Method for selecting a polypeptide from a library of polypeptides

According to a first aspect, a method for selecting a polypeptide from a library of polypeptides is

provided. The method comprises the following steps:

a. A first nucleic acid library is provided. Each member of the first nucleic acid library comprises

a polypeptide-encoding sequence encoding a member of a first polypeptide library. Each

member of the first nucleic acid library is different from any other member of the first nucleic

acid library.

b. A second nucleic acid library is provided. The second library comprises a plurality of

members. Each member comprises a tag-encoding sequence encoding a detection tag. Each

detection tag has the following characteristics:

The tag Is characterized by an amino acid sequence different from the amino acid

sequence of any other detection tag encoded by the second nucleic acid library.

The tag is characterized by a molecular mass of between 200 and 5000 Da. In certain

embodiments, the tag is characterized by a molecular mass of between 500 and 2500

A
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Da. In certain embodiments, the tag Is characterized by a molecular mass of between

900 and 2200 Da. In certain embodiments, the tag is characterized by a molecular
mass of between 903 and 2180 Da.

.  The tag comprises a first severable element.

The mass specification given In I relates to the mass of the tag after it has been isolated, I.e.

after severing of the first severable element.

. The polypeptide-encoding sequence comprised in the member of the first nucleic acid library

IS Inserted Iinto a member of said second nucleic acid library. Thereby, a tagged nucleic acid
library encoding a tagged polypeptide library is created. Each member of the tagged
polypeptide library comprises a polypeptide and a detection tag. The detection tag Is

separated from the polypeptide by the first severable element.

The tagged polypeptide library i1s a "nested library”, because the polypeptide-encoding
sequences of the first nucleic acid library are "nested"” within members of the second nucleic
acid library. The second nucleic acid library Is several times larger than the tagged nucleic
acid library. The tagged nucleic acid library is several times larger than the first nucleic acid

library.

Within the tagged nucleic acid library, each polypeptide-encoding sequence of the first nucleic
acid library Is associated with a tag-encoding sequence of the second nucleic acid library. The
association occurs In frame. The polypeptide-encoding sequence Is Iinserted at a position
where it will be subject to transcription and subsequent translation in a suitable host after the
member of a tagged nucleic acid library is introduced into a suitable host. Introduction into
bacterial cells can be accomplished by transformation. Introduction into non-bacterial cells can
be accomplished by transfection. The skilled person is aware that a host is not necessarily
required for translation: in vifro translation techniques may also be employed. For reviews on
cell-free expression systems see Rosenblum, FEBS Lett. 2014 Jan21; 588(2):261-8 and
Zemella, Chembiochem. 2015 Nov; 16(17):2420-31. The polypeptide-encoding sequence and

the tag-encoding sequence will be transcribed within the same expressed sequence.

The tagged nucleic acid library comprises all polypeptide-encoding sequences of the first
nucleic acid library, but only a subset of the tag-encoding sequences of the second nucleic
acid library. Each member of the tagged nucleic acid library comprises only one polypeptide-
encoding sequence and one tag-encoding sequence. Each tag encoding- sequence Is
comprised In only one member of the tagged nucleic acid library. In other words, each tag-
encoding sequence Is unique within the tagged nucleic acid library. Each polypeptide-
encoding sequence may however be comprised In several members of the tagged nucleic
acid library (redundant tagging). In certain embodiments, each polypeptide-encoding
sequence of the first nucleic acid library Is associated with at least one tag-encoding sequence
of the second nucleic acid library. In certain embodiments, each polypeptide-encoding
sequence of the first nucleic acid library Is associated with at least two tag-encoding

sequences of the second nucleic acid library. In certain embodiments, each polypeptide-

o
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encoding sequence of the first nucleic acid library is associated with at least five different tag-
encoding sequences of the second nucleic acid library. In certain embodiments, each
polypeptide-encoding sequence of the first nucleic acid library is associated with at least ten
different tag-encoding sequences of the second nucleic acid library. In certain embodiments,
each polypeptide-encoding sequence of the first nucleic acid library Is associated on average
with 10-30 different tag-encoding sequences of the second nucleic acid library. In certain
embodiments, each polypeptide-encoding sequence of the first nucleic acid library Is
associated on average with approximately twenty different tag-encoding sequences of the

second nucleic acid library.

. A plurality of nucleic acid sequences is obtained from the tagged nucleic acid library. In

particular, a nucleic acid sequence Is obtained for every member of the tagged nucleic acid
library. Each of said plurality of nucleic acid sequences comprises a polypeptide-encoding

sequence and a tag-encoding sequence.

Based on the sequencing information obtained in step d, a database Is created. The database
comprises the sequences of all polypeptides and all detection tags comprised in the tagged
polypeptide library. The skilled person is aware that the database may not comprise every
single member of the tagged nucleic acid library, due to technical reasons. The sequences
may be In the form of nucleic acid sequences and/or amino acid sequences. The database
comprises the information which subset of the tag-encoding sequences of the second nucleic
acid library is comprised in the tagged nucleic acid library. The database also comprises the
iInformation which tag-encoding sequence, or respectively, which tag-encoding sequences are

associlated with a given polypeptide-encoding sequence.

. A mass spectrometry fragmentation pattern is predicted for each detection tag encoded by a

tag-encoding sequence obtained in step d. The skilled person is aware that the fragmentation
pattern is predicted for the isolated detection tag, that is for a detection tag that has been freed
from Iits associated polypeptide by severing of the first severable element. The skilled person
IS aware that predicting the fragmentation pattern also comprises predicting the total mass of

the isolated detection tag.

The tagged polypeptide library is expressed from the tagged nucleic acid library. As a
consequence of the redundant tagging approach described in step c, the tagged polypeptide
library may comprise a given member of said first polypeptide library tagged with several
different detection tags (but only one tag per molecule). Redundant tagging is preferred,
because It facilitates the unambiguous detection of a member of the first polypeptide library
via multiple detection tags and minimizes potential influences of the detection tags on the
biophysical properties of members of the tagged polypeptide library. The redundancy Is In
addition required for technical reasons:. some detection tags may not be detected because
they reduce expression levels, they are lost during sample preparation or they do not elute
within the hydrophobicity window of the reversed phase column, which is analyzed by mass

spectrometry.
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polypeptide. This selection step comprises isolating those members of the tagged polypeptide
library that fulfil defined biochemical criteria. In other words, a selection pressure is applied to
the tagged polypeptide library. This selection pressure must lead to a physical separation of
the proteins, so that physically separated sub-pools are generated and collected. A key
advantage of the method according to the invention is that range of possible selection criteria
IS much higher than in protein display methods. By way of non-limiting example, the criteria
may be selected from the group of criteria comprising the ability to bind to a target molecule
with a defined affinity, stability of a polypeptide at defined conditions, a certain aggregation
behaviour (e.g. predominant occurrence as a monomer) at defined conditions, resistance
towards proteases, tissue penetration abilities, fast or slow clearance from the blood stream,

the abllity to penetrate the blood-brain-barrier, and the ability to accumulate in tumors.

. The first severable element Is severed. Thereby, the detection tag Is separated from the

selected polypeptide and an isolated detection tag is yielded.
The isolated detection tag is identified and quantified in the following way:

. The fragmentation pattern of the isolated detection tag Is recorded by mass
spectrometry. The fragmentation pattern provides Information about mass and
hydrophobicity of fragments of the isolated detection tag. The fragmentation pattern

vields information about the amino acid sequence of the isolated detection tag.

. The mass and fragmentation pattern obtained in step I Is matched with the mass and
fragmentation patterns predicted Iin step e. Thereby, the isolated detection tag is
iIdentified. The combination of the information obtained by mass spectrometry with the
iInformation obtained by sequencing of the tagged nucleic acid library allows the

unambiguous identification of a given detection tag.

The matching precision of predicted and recorded fragmentation patterns can be scored and
allows ranking of polypeptide library members. Comparison of polypeptide rankings between
different selection conditions can be used as a relative measure of various characteristics of
polypeptides (e.g. off-rate, tissue distribution, conformation-specific binding, etc.). The
comparison IS most accurate for redundantly tagged polypeptide library members, where

differences In fragmentation pattern recording efficiencies of individual tags are averaged out.

The score of the matching precision of predicted and recorded fragmentation patterns can be
used as a measure of relative quantities of polypeptide library members after selection. The
relative quantities are most accurate for redundantly tagged polypeptide library members,
where differences In fragmentation pattern recording efficiencies of individual tags are

averaged out.

The nucleic acid sequence comprising the tag-encoding sequence encoding the detection tag
iIdentified in step I Is selected from the plurality of nucleic acid sequences obtained in step d.
Thereby, the member of the tagged polypeptide library associated with the detection tag

Identified in step I is identified.
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The skilled person Is aware that steps g to | are performed for a number of different members of said
tagged polypeptide library in parallel. A pool of several polypeptides displaying the defined criteria is
selected In step g, and all of these polypeptides are identified via mass spectrometry analysis of their
detection tags. The skilled person is aware that due to technical reasons, not every single polypeptide

may be identified in this step.

The mass spectrometry analysis performed in step I is quantitative, thus the method according to the
invention allows not only to identify a polypeptide but also to quantify the amount of this polypeptide In

a sample.
To ensure redundant and unique tagging, it is important that

) the first library has a limited, defined size. In certain embodiments, the first nucleic acid
library has a size of 5 to 100.000. In certain embodiments, the first nucleic acid library has
a size of 100 to 50.000. In certain embodiments, the first nucleic acid library has a size of
500 to 5.000.

1) the second nucleic acid library has a size of 10° to 10", particularly 10> to 10", more
particularly 10° to 10°, even more particularly approximately 10° before the insertion step
of the first library

i) after the insertion step, the chosen subset of the plurality of polypeptide/tag combination
plasmids Is at least 3x, particularly at least 5x, more particularly at least 15x, even more
particularly at least 25x the number of members of said first nucleic acid library.

V) the chosen subset of the plurality of polypeptide/tag combination plasmids is less than
50%, particularly less than 5%, more particularly less than 0,5%, even more particularly

less than 0,05% of the number of members of said second nucleic acid library.

The size of the library can be controlled by a diversity restriction step prior to step a, in which the first

library Is selected as a subset from a larger pre-library.

The method according to the invention allows the analysis of protein libraries in the absence of the
physical genotype-phenotype linkage required for protein display methods. This eliminates the
disadvantage of having large physical entities (e.g. a phage or a ribosome and the encoding DNA or
RNA) attached to the members of the protein library. Entire protein libraries can be screened as a pool
for criteria of choice, instead of testing individual proteins as it Is usually the case for protein screens.
However, even though entire protein pools are processed, the readout Is similarly to screens as every
single protein Is characterized Individually. This is of particular relevance In the field of the
development of binding proteins (drugs, diagnostics, research tools etfc.). A range of protein
characteristics can be analyzed in thousands of candidates at once. An exemplary question would be:

Which binder candidates are stable, soluble and monomeric?

The method according to the invention allows addressing the relevant question right at the beginning
of the protein therapeutic development chain: "Which binder has the largest therapeutic potential /n

vivo?” Questions regarding the therapeutic potential are: Which binder survives the harsh condition In

the gut upon oral administration”? Which binder crosses the blood-brain-barrier? Which binder displays
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the optimal renal clearance property from the blood? Which binder, among thousands, displays a good

tissue penetration at the relevant tissue?

In certain embodiments, the detection tag is characterized by a hydrophobicity value of between -27
and 128. In certain embodiments, the detection tag Is characterized by a hydrophobicity value of
between -1 and 70. The hydrophobicity value relates to the mass of the detection tag after it has been
Isolated, I.e. after severing of the first severable element. The hydrophobicity value does not include

the associated affinity tag.

In certain embodiments, the member of the tagged polypeptide library Is associated with an affinity
tag. Such affinity tag may simplify purification of the selected member of the tagged polypeptide library
and/or of the detection tag itself prior to mass spectrometry. The affinity tag and the member of the
tagged polypeptide library are comprised within one primary amino acid sequence. Each member of
the tagged polypeptide library comprises a polypeptide and a detection tag. The affinity tag may be

associated with either the polypeptide or with the detection tag.

In certain embodiments, the affinity tag is selected from the group comprising a His-tag, a CBP-tag, a
CYD-tag, a Strep-tag, a Strepll-tag, a FLAG-tag, a HPC-tag, a GST-tag, an Avi-tag, a biotinylation tag,
a Myc-tag, a 3xFLAG tag and a MBP-tag.

In certain embodiments, the detection tag Is associated with an affinity tag. In these instances, the
affinity tag Is located at the C-terminus of the detection tag. This arrangement has the further
advantage that the detection tag is protected from degradation by peptidases and it ensures that only
non-degraded polypeptides associated with complete detection tags are isolated during protein
purification. The skilled person Is aware that the expression "affinity tag is located at C-terminus of
detection tag" does not necessarily imply that the affinity tag is located immediately C-terminal of the
detection tag, but that there may be a linker of several amino acids separating the affinity tag and the

detection tag.

In certain embodiments, the affinity tag is separated from said detection tag by a second severable
element, and said second severable element Is severed prior to step I. Thus, only the detection tag

without the associated affinity tag is analysed by mass spectrometry.

The mass and fragmentation pattern specifications of the detection tag relate to the mass and
fragmentation pattern of the tag after it has been separated from the associated polypeptide and the
affinity tag, I1.e. after severing of the first and second severable elements. The skilled person is aware
that in instances where the detection tag Is not freed from an associated affinity tag prior to mass
spectrometry, this will influence the results of the mass spectrometry analysis. If all detection tags are
assoclated with the same affinity tag, the changes In mass and fragmentation pattern can be
accounted for, therefore it will still be possible to identify the detection tag, although not as efficient
and clear-cut as In instances where the detection tag has been separated from the affinity tag by

severing of the second severable element.

In certain embodiments, the affinity tag is a His-tag.
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In certain embodiments, step h comprises analysing the Iisolated detection tag via liquid
chromatography coupled to electrospray Ionization mass spectrometry (LC-MS). In certain
embodiments, this step comprises liquid reverse-phase chromatography. The isolated detection tags
are separated according to their hydrophobicity by reversed phase chromatography to reduce sample
complexity. Subsequently, their mass and peptide fragmentation pattern is recorded by mass

spectrometry.

In certain embodiments, step d comprises sequencing of the complete tagged expression library with
a coverage of 2 5x. In certain embodiments, step d comprises deep sequencing of the tagged

expression library.

In certain embodiments, step d comprises inserting the polypeptide-encoding sequence and the tag-
encoding sequence comprised in the tagged nucleic acid library together into a sequencing vector.
Deep sequencing usually comprises a PCR amplification step. The inventors noticed that PCR
amplification leads to a significant number of recombination events between gene segments of the
tagged library members. Thus, they constructed a set of deep sequencing plasmids, which permit the
attachment of sequence elements required for deep sequencing by restriction digest and ligation,

thereby eliminating the need for PCR amplification of the nested library prior to deep sequencing.

In certain embodiments, the isolated detection tag consists of 5 to 30 contiguous amino acids and
comprises one and only one amino acid having a positively charged side chain. In certain
embodiments, the isolated detection tag consists of 7 to 21 contiguous amino acids and comprises
one and only one amino acid having a positively charged side chain. In certain embodiments, the
Isolated detection tag consists of 11 to 15 contiguous amino acids and comprises one and only one

amino acid having a positively charged side chain.

In certain embodiments, the amino acid having a positively charged side chain is located at the C-
terminus of the Isolated detection tag. In certain embodiments, the amino acid having a positively
charged side chain is selected from arginine (R) and lysine (K). In certain embodiments, the amino
acid having a positively charged side chain is an arginine (R) located at the C-terminus of the isolated

detection tag.

The skilled person Is aware that in addition to the amino acid having a positively charged side chain,
the Isolated detection tag carries another positive charge at neutral pH, which is the primary amine at

the N terminus of the isolated detection tag.

In certain embodiments, the Isolated detection tag comprises a sequence element | selected from a

collection of sequence elements |, wherein said sequence element | consists of 5 to 10, particularly 7
amino acids, independently of each other selected from A, S, T,N,Q,D,E, V,L, |, F, Y, W, Gand P.

In certain embodiments, the one and only one amino acid having a positively charged side chain Is
located at the C-terminus of the Isolated detection tag and the remaining amino acids are
independently selected from A, S, T, N, Q,D,E, V,L, |, F, Y, W, G and P. In certain embodiments, the
one and only one amino acid having a positively charged side chain Is a R located at the C-terminus of

the isolated detection tag.
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The Isolated detection tags are optimally detectable by mass spectrometry, in particular by LC-MS
(liquid reverse-phase chromatography coupled to ESI-MS). Amino acids C and M were omitted in the
design of the detection tag because they are prone to oxidation. Amino acids K, R and H were omitted
In the sequence element |, because they would add an additional amino acid with a positively charged
side chain to the tag, which was not desired because the tag would carry an additional charge during
ESI-MS detection and fall outside of the optimal detection range. K and R would add additional trypsin

cleavage sites into the tag sequence, which was not desired.

Adding a K to the amino acid sequence of the detection tag would add another primary amine, which
would complicate labelling of the detection tag by isobaric tags for relative and absolute quantitation

by mass spectrometry using NHS chemistry.
In certain embodiments, the isolated detection tag comprises

a. sequence element |, wherein sequence element | consists of 5 to 10, particularly 7
contiguous amino acids, independently of each other selected from A, S, T, N, Q, D, E, V, L,
LF, Y, W, GandP; and

b. sequence element Il selected from SEQ ID NO 01 (WR), SEQ ID NO 02 (WLR), SEQ ID NO
03 (WQSR), SEQ ID NO 04 (WLTVR) and SEQ ID NO 05 (WQEGGR).

In certain embodiments, the isolated detection tag consists of

a. sequence element lll: GS;

b. sequence element |, wherein sequence element | consists of 5 to 10, particularly 7
contiguous amino acids, independently of each other selected from A, S, T, N, Q, D, E, V, L,
L F, Y, W, GandP; and

c. sequence element |l selected from SEQ ID NO 01 (WR), SEQ ID NO 02 (WLR), SEQ ID NO
03 (WQSR), SEQ ID NO 04 (WLTVR) and SEQ ID NO 05 (WQEGGR).

The order of the sequence elements from N-terminus to C-terminus Is: sequence element |ll,
sequence element |, sequence element |l. These detection tags fall within a mass range between 903
and 2180 Da, which is optimal for sensitive detection by ESI-MS. The isolated tags carry two positive
charges at physiological pH and below, namely an R at the C-terminus and the N-terminal primary
amine. The positive charge at the C-terminus of the isolated detection tag facilitates ionization of the
tag for mass spectrometry detection and acts as unique trypsin cleavage site. Peptides with C-terminal
arginines or lysines are particularly well detectable by mass spectrometry (favorable ionization
properties). In each Isolated detection tag the N-terminal amine Is the only primary amine, which is
used for amine coupling through NHS chemistry. This permits to attach labels for quantitative mass
spectrometry to perform for example ITRAQ (isobaric tags for relative and absolute quantification).
The detection tags were engineered to display a range of hydrophobicities ideally suited for peptide

separation by standard reversed-phase chromatography columns.

In certain embodiments, all sequence elements | comprised In the first nucleic acid library together
constitute a collection of sequence elements I. Within the collection of sequence elements |, each

amino acid occurs with a frequency specified in table 1.
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Table 1

A |S |T N |Q|D |E |V (L |F |Y [W|G |P |Total
i8 |6 (12 (1 |1 |11 (11 |12 (2 |1 |4 (1 |& |12 (100

In certain embodiments, one of said first and/or said second severable element Is or comprises a
protease recognition sequence. In certain embodiments, both said first and said second severable

elements are or comprise a protease recognition sequence.

In certain embodiments, the first severable element is or comprises a thrombin recognition sequence

and/or the second severable element Is or comprises a trypsin recognition sequence.

Collection of polypepfides

According to a second aspect, a collection of polypeptides Is provided. Each member of the collection
of polypeptides Is associated with a detection tag. In certain embodiments, each member of the
collection of polypeptides is associated with at least one detection tag. The expression "associated
with at least one detection tag"” refers to the fact that each member of the collection of polypeptides
can be associated with more than one detection tag, but only one tag per polypeptide molecule. In
other words, the collection of polypeptides may comprise a polypeptide A associated with detection
tag X and a polypeptide A associated with detection tag Y, but not a polypeptide A associated with
both detection tags X and Y. In certain embodiments, each member of the collection of polypeptides is
associlated with at least two detection tags. In certain embodiments, each member of the collection of
polypeptides Is associated with at least five detection tags. In certain embodiments, each member of
the collection of polypeptides Is associated with at least ten detection tags. In certain embodiments,
each member of the collection of polypeptides Is associated with approximately twenty detection tags.

Each detection tag has the following characteristics:

a. The tag Is characterized by an amino acid tag sequence different from the amino acid
sequence of any other detection tag encoded by the plurality of expression vectors.

b. The tag Is characterized by a molecular mass of between 200 and 5000 Da. In certain
embodiments, the tag Is characterized by a molecular mass of between 500 and 2500 Da. In
certain embodiments, the tag Is characterized by a molecular mass of between
approximately 900 and approximately 2200 Da. In certain embodiments, the tag Is
characterized by a molecular mass of between 903 and 2180 Da.

c. The tag is separated from said member of said collection of polypeptides by a first severable

element.

In certain embodiments of the second aspect of the invention, the detection tag Is characterized by a
hydrophobicity value of between -27 and 128. In certain embodiments, the detection tag Is

characterized by a hydrophobicity value of between -1 and 70.

In certain embodiments of the second aspect of the Iinvention, the member of the collection of

polypeptides is associated with an affinity tag.
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In certain embodiments of the second aspect of the invention, the detection tag Is associated with an
affinity tag. The affinity tag and the detection tag are comprised within the same primary amino acid
sequence. The affinity tag is separated from the detection tag by a second severable element. The
detection tag can be freed from the affinity tag via severing of the second severable element. In
certain embodiments, the affinity tag is selected from the group comprising a His-tag, a CBP-tag, a
CYD-tag, a Strep-tag, a Strepll-tag, a FLAG-tag, a HPC-tag, a GST-tag, an Avi-tag, a biotinylation tag,
a Myc-tag, a 3xFLAG tag and a MBP-tag. In certain embodiments, the affinity tag is a His-tag.

In certain embodiments of the second aspect of the invention, the isolated detection tag consists of 5
to 30 contiguous amino acids and comprises one and only one amino acid having a positively charged
side chain. In certain embodiments, the isolated detection tag consists of 7 to 21 contiguous amino
acids and comprises one and only one amino acid having a positively charged side chain. In certain
embodiments, the isolated detection tag consists of 11 to 15 contiguous amino acids and comprises

one and only one amino acid having a positively charged side chain.

In certain embodiments, the amino acid having a positively charged side chain is located at the C-
terminus of the isolated detection tag. In certain embodiments, the amino acid having a positively
charged side chain is selected from arginine (R) and lysine (K). In certain embodiments, the amino
acid having a positively charged side chain is an arginine (R) located at the C-terminus of the isolated

detection tag.
In certain embodiments of the second aspect of the invention, the detection tag comprises

a. sequence element |, wherein sequence element | consists of 5 to 10, particularly 7
contiguous amino acids, independently of each other selected from A, S, T, N, Q, D, E, V, L,
LF, Y, W, GandP; and

b. sequence element |l selected from SEQ ID NO 01 (WR), SEQ ID NO 02 (WLR), SEQ ID NO
03 (WQSR), SEQ ID NO 04 (WLTVR) and SEQ ID NO 05 (WQEGGR).

Detection tag

According to a third aspect, a peptide detection tag Is provided, which is designed for optimal
detection by mass spectrometry. The detection tag consists of 4 to 20 amino acids and has the

following features:

a. The detection tag comprises only one amino acid having a positively charged side chain.

b. The detection tag Is characterized by a molecular mass of between 200 and 5000 Da. In
certain embodiments, the detection tag Is characterized by a molecular mass of between 500
and 2500 Da. In certain embodiments, the detection tag is characterized by a molecular mass

of between 900 and 2200 Da. In certain embodiments, the tag i1s characterized by a molecular
mass of between 903 and 2180 Da.

In certain embodiments of the third aspect of the invention, the detection tag consists of 7 to 18 amino
acids. In certain embodiments of the third aspect of the invention, the detection tag consists of 11 to

15 amino acids.

In certain embodiments of the third aspect of the invention, the detection tag essentially consists of
13
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a. a sequence element |, wherein said sequence element | consists of 5 to 10, particularly 7
contiguous amino acids, independently of each other selected from A, S, T, N, Q,D, E, V, L, |,
F. Y, W, GandP; and

b. asequence element |l selected from SEQ ID NO 01 (WR), SEQ ID NO 02 (WLR), SEQ ID NO
03 (WQSR), SEQ ID NO 04 (WLTVR) and SEQ ID NO 05 (WQEGGR).

Collection of detection tags

According to another aspect, a collection of peptide tags Is provided. The collection of peptide tags
comprises the peptide tags according to the third aspect of the invention. Each detection tag
comprised in the collection of peptide tags consists of 4 to 20 amino acids and is characterized by an
amino acid sequence different from the amino acid sequence of any other detection tag comprised In
said collection of detection tags. In certain embodiments, each detection tag consists of 7 to 18 amino
acids. In certain embodiments, each detection tag consists of 11 to 15 amino acids. In certain
embodiments, the collection of peptide tags comprises at least 96 peptide tags. In certain
embodiments, the collection of peptide tags comprises at least 500.000 peptide tags. In certain
embodiments, the collection of peptide tags comprises at least 10’ peptide tags. In certain

embodiments, the collection of peptide tags comprises approximately 10° peptide tags.

In certain embodiments of this aspect of the invention, the detection tag comprises only one amino

acld having a positively charged side chain and the remaining amino acids are selected from A, S, T,
N,QDEVLLFY W GandP.

In certain embodiments of this aspect of the invention, the tag Is characterized by a hydrophobicity
value of between between -27 and 128. In certain embodiments, the detection tag is characterized by

a hydrophobicity value between -1 and 70.

In certain embodiments of this aspect of the invention, the detection tag is associated with an affinity
tag. In certain embodiments, the affinity tag is selected from the group comprising a His-tag, a CBP-
tag, a CYD-tag, a Strep-tag, a Strepll-tag, a FLAG-tag, a HPC-tag, a GST-tag, an Avi-tag, a
biotinylation tag, a Myc-tag, a 3XxFLAG tag and a MBP-tag. In certain embodiments the affinity tag is a
His-tag. The affinity tag and the detection tag are comprised within the same primary amino acid

sequence. The affinity tag is separated from the detection tag by a severable element.
In certain embodiments of this aspect of the invention, the detection tag essentially consists of

a. a sequence element |, wherein said sequence element | consists of 5 to 10, particularly 7
contiguous amino acids, independently of each other selected from A, S, T, N, Q, D, E, V, L, |,
F.Y, W, GandP; and

b. a sequence element Il selected from SEQ ID NO 01 (WR), SEQ ID NO 02 (WLR), SEQ ID NO
03 (WQSR), SEQ ID NO 04 (WLTVR) and SEQ ID NO 05 (WQEGGR).

Collection of plasmid vectors

According to yet another aspect, a collection of plasmid vectors Is provided. Each member of said

collection of plasmid vectors comprises a nucleic acid sequence encoding a detection tag. Each
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detection tag consists of 4 to 20 amino acids and is characterized by an amino acid sequence different
from the amino acid sequence of any other detection tag encoded by said collection of plasmid
vectors. In certain embodiments, each detection tag consists of 7 to 18 amino acids. In certain
embodiments, each detection tag consists of 11 to 15 amino acids. In certain embodiments, the
collection of plasmid vectors comprises at least 96 plasmid vectors. In certain embodiments, the
collection of plasmid vectors comprises at least 500.000 plasmid vectors. In certain embodiments, the
collection of plasmid vectors comprises at least 10’ plasmid vectors. In certain embodiments, the

collection of plasmid vectors comprises approximately 10° plasmid vectors.

In certain embodiments of this aspect of the invention, the detection tag comprises only one amino

acid having a positively charged side chain.

In certain embodiments of this aspect of the invention, the detection tag is characterized by a
molecular mass of between 200 and 5000 Da. In certain embodiments, the detection tag is
characterized by a molecular mass of between 500 and 2500 Da. In certain embodiments, the
detection tag Is characterized by a molecular mass of between 900 and 2200 Da. In certain

embodiments, the detection tag Is characterized by a molecular mass of between 903 and 2180 Da.

In certain embodiments of this aspect of the invention, the tag is characterized by a hydrophobicity
value of between between -27 and 128. In certain embodiments, the detection tag Is characterized by

a hydrophobicity value between -1 and 70.

In certain embodiments of this aspect of the invention, the detection tag Is associated with an affinity
tag. In certain embodiments, the affinity tag is selected from the group comprising a His-tag, a CBP-
tag, a CYD-tag, a Strep-tag, a Strepll-tag, a FLAG-tag, a HPC-tag, a GST-tag, an Avi-tag, a
biotinylation tag, a Myc-tag, a 3xFLAG tag and a MBP-tag. In certain embodiments the affinity tag is a
His-tag. The affinity tag and the detection tag are comprised within the same primary amino acid

sequence. The affinity tag Is separated from the detection tag by a second severable element.
In certain embodiments of this aspect of the invention, the detection tag essentially consists of

a. a sequence element |, wherein said sequence element | consists of 5 to 10, particularly 7
contiguous amino acids, independently of each other selected from A, S, T, N, Q,D, E, V, L, |,
F. Y, W, GandP; and

b. asequence element Il selected from SEQ ID NO 01 (WR), SEQ ID NO 02 (WLR), SEQ ID NO
03 (WQSR), SEQ ID NO 04 (WLTVR) and SEQ ID NO 05 (WQEGGR).

In certain embodiments of this aspect of the invention, each member of the collection of plasmid

vectors comprises

a. a negative selection cassette flanked 5' with a first endonuclease restriction site and 3' with a
second endonuclease restriction site;

b. a promotor located 5' of the first endonuclease restriction site;

c. the nucleic acid tag sequence encoding the detection tag, located 3' of the second
endonuclease restriction site. In certain embodiments, the nucleic acid sequence encoding the

detection tag and the second endonuclease restriction site are separated by less than 100
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base pairs. In certain embodiments, the nucleic acid sequence encoding the detection tag and
the second endonuclease restriction site are separated by less than 50 base pairs. In certain
embodiments, the nucleic acid sequence encoding the detection tag and the second
endonuclease restriction site are separated by approximately 20 base pairs. In certain
embodiments, the base pairs located between the nucleic acid sequence encoding the

detection tag and the second endonuclease resftriction site encode a first severable element.

In certain embodiments of this aspect of the invention, each member of the collection of plasmid

vectors comprises

d.

~ 0 a o

the nucleic acid tag sequence encoding the detection tag, associated within the same reading
frame with a nucleic acid sequence encoding a polypeptide;

a diversity element comprising non-identical bases to prevent signal overload during
sequencing;

a primer binding site for binding of sequencing primers;

an index element comprising one of several defined nucleic acid sequences for multiplexing;
an adapter element to immobilize the DNA molecule during sequencing and

two endonuclease restriction sites flanking elements a-e to release the DNA fragment from the

plasmid vector prior to sequencing.

The plasmid vectors described In the previous embodiment serve as deep sequencing plasmids.

Preferentially, these vectors do not comprise the affinity tag in order to reduce the length of the

fragment to be sequenced.

Method of protein detection

According to another aspect, a method of protein detection Is provided. The method comprises the

following steps:

d.

A nucleic acid library encoding a polypeptide library Is provided. Each polypeptide comprised
In the polypeptide library Is associated with a detection tag. Polypeptide and detection tag are
comprised within the same primary amino acid sequence. Each detection tag has the following

characteristics:

. The tag is characterized by an amino acid sequence different from the amino acid
sequence of any other detection tag encoded by the nucleic acid library.

il.  The tag is characterized by a molecular mass of between 200 and 5000 Da. In certain
embodiments, the tag is characterized by a molecular mass of between 500 and 2500
Da. In certain embodiments, the tag Is characterized by a molecular mass of between
approximately 900 and approximately 2200 Da. In certain embodiments, the tag Is
characterized by a molecular mass of between 903 and 2180 Da.

.  The tag Is separated from the associated polypeptide by a first severable element.

Each detection tag encoded by the nucleic acid library I1s unique with respect to any other
detection tag encoded by the nucleic acid library. Each polypeptide comprised in the

polypeptide library is associated with at least one detection tag. In certain embodiments, each
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polypeptide comprised in the polypeptide library Is associated with at least two detection tags.
In certain embodiments, each polypeptide comprised in the polypeptide library is associated
with at least five detection tags. In certain embodiments, each polypeptide comprised in the
polypeptide library is associated with at least ten detection tags. In certain embodiments, each
polypeptide comprised Iin the polypeptide library Is associated with approximately twenty

detection tags. Each polypeptide molecule comprises only one detection tag.

b. A database is provided. The database comprises the following information:

. A plurality of nucleic acid and/or amino acid sequences. The plurality of sequences
comprises the sequences of all members of the nucleic acid library. Each of the
sequences comprises a sequence specifying a polypeptide and a sequence specifying
a detection tag.

. A mass spectrometry fragmentation pattern for each detection tag encoded by the
nucleic acid library.

c. The polypeptide library is expressed from the nucleic acid library.

d. A member of the polypeptide library is selected in a selection step, vielding a selected
polypeptide.

e. The first severable element Is severed. Thereby, the detection tag is separated from the
selected polypeptide and an isolated detection tag Is yielded.

f. The isolated detection tag is identified in the following way:

.  The fragmentation pattern of the Isolated detection tag Is recorded by mass
spectrometry.

i. The fragmentation pattern obtained In step | IS matched with the predicted
fragmentation pattern in the provided database. Thereby, the isolated detection tag is
iIdentified. The combination of the information obtained by mass spectrometry with the
information obtained by sequencing of the tagged nucleic acid library allows the
unambiguous identification of a given detection tag.

g. The sequence specifying the detection tag identified in step f is selected from the plurality of
sequences comprised In the database. Thereby, the member of the polypeptide library

associlated with the detection tag identified in step f is identified.
In certain embodiments, each member of said polypeptide library is associated with an affinity tag.
In certain embodiments, each detection tag is associated with an affinity tag.

In certain embodiments, the affinity tag is selected from the group comprising a His-tag, a CBP-tag, a
CYD-tag, a Strep-tag, a Strepll-tag, a FLAG-tag, a HPC-tag, a GST-tag, an Avi-tag, a biotinylation tag,
a Myc-tag, a 3xFLAG tag and a MBP-tag.

In certain embodiments, the affinity tag is separated from said detection tag by a second severable
element, and said second severable element is severed prior to step f. Thus, only the detection tag

without the associated affinity tag is analysed by mass spectrometry.

The mass and fragmentation pattern specifications of the detection tag relate to the mass and

fragmentation pattern of the tag after it has been separated from the associated polypeptide and the
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affinity tag, I.e. after severing of the first and second severable elements. The skilled person is aware
that in instances where the detection tag is not freed from an associated affinity tag prior to mass
spectrometry, this will influence the results of the mass spectrometry analysis. As all detection tags
are associated with the same affinity tag, the changes in mass and fragmentation pattern can be
accounted for, therefore it will still be possible to identify the detection tag, although not as efficient
and clear-cut as In instances where the detection tag has been separated from the affinity tag by

severing of the second severable element.
In certain embodiments, the affinity tag is a His-tag.

The skilled person is aware that steps d to g are performed for a number of different members of the
polypeptide library in parallel. A pool of several polypeptides is selected in step g, and all of these
polypeptides are identified via mass spectrometry analysis of their detection tags. The skilled person Is

aware that due to technical reasons, not every single polypeptide may be identified in this step.

The mass spectrometry analysis performed In step f Is quantitative, thus the method according to the
iInvention allows not only to identify a polypeptide but also to quantify the amount of this polypeptide In

a sample.

Method of associating a polypeptide with a unique detection tag

According to yet another aspect, a method of associating a polypeptide with a unique detection tag Is

provided. The method comprises the following steps:

a. A first nucleic acid library Is provided. Each member of the first nucleic acid library comprises
a polypeptide-encoding sequence encoding a member of a first polypeptide library;
b. A second nucleic acid library is provided. Each member of the second nucleic acid library

comprises a tag-encoding sequence encoding a detection tag. Each detection tag has the

following characteristics:
. The tag Is characterized by an amino acid sequence different from the amino acid
sequence of any other detection tag encoded by the second nucleic acid library;
Il.  The tag is characterized by a molecular mass of between 200 and 5000 Da. In certain
embodiments, the tag is characterized by a molecular mass of between 500 and 2500
Da. In certain embodiments, the tag Is characterized by a molecular mass of between
approximately 900 and approximately 2200 Da. In certain embodiments, the tag Is
characterized by a molecular mass of between 903 and 2180 Da.
c. The polypeptide-encoding sequence comprised in the member of the first nucleic acid library
IS inserted Iinto a member of the second nucleic acid library. Thereby, a plurality of

polypeptide-tag combination plasmids is generated.

The first nucleic acid library has a size of 5 to 100.000. In certain embodiments, the first
nucleic acid library has a size of 100 to 50.000. In certain embodiments, the first nucleic acid
library has a size of 500 to 5.000.

The second nucleic acid library has a size of 10° to 10"". In certain embodiments, the second

nucleic acid library has a size of 10° to 10™. In certain embodiments, the second nucleic acid
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library has a size of 10° to 10°. In certain embodiments, the second nucleic acid library has a

size of approximately 10°.

Within the plurality of polypeptide/tag combination plasmids, each polypeptide-encoding
sequence of the first nucleic acid library Is associated with a tag-encoding sequence of the

second nucleic acid library. The association occurs within the same reading frame.

d. A subset of the plurality of polypeptide-tag combination plasmids Is selected. This selection
step comprises selecting a defined number of clones, wherein each clone comprises one
member of the plurality of polypeptide-tag combination plasmids. Thereby, a tagged nucleic
acid library encoding a tagged polypeptide library Is generated. Each member of the tagged
polypeptide library comprises a polypeptide and a detection tag. Each tag is comprised in only
one member of the tagged polypeptide library. In other words, each detection tag is unique
within the tagged polypeptide library. Each polypeptide may however be comprised in several
members of the tagged polypeptide library (redundant tagging).

In certain embodiments, each polypeptide Is associated with at least one detection tag. In
certain embodiments, each polypeptide Is associated with at least two detection tags. In
certain embodiments, each polypeptide Is associated with at least five detection tags. In
certain embodiments, each polypeptide is associated with at least ten detection tags. In
certain embodiments, each polypeptide is associated with approximately twenty detection

fags.

In certain embodiments of this aspect of the invention, the selected subset of the plurality of
polypeptide-tag combination plasmids is at least 10x the number of members of the first nucleic acid
library. In certain embodiments, the selected subset of the plurality of polypeptide-tag combination

plasmids is at least 20x the number of members of the first nucleic acid library.

In certain embodiments of this aspect of the invention, the selected subset of the plurality of
polypeptide-tag combination plasmids is less than 50% of the number of members of the second
nucleic acid library. In certain embodiments of this aspect of the invention, the selected subset of the
plurality of polypeptide-tag combination plasmids is less than 5% of the number of members of the
second nucleic acid library. In certain embodiments of this aspect of the invention, the selected subset
of the plurality of polypeptide-tag combination plasmids is less than 0,05% of the number of members

of the second nucleic acid library.

By choosing the optimal size of the selected subset of the plurality of polypeptide-tag combination
plasmids, it is ensured that in the tagged polypeptide library, each detection tag is unique (present
only once), but each polypeptide is present several times, each time associated with a different

detection tag.

Wherever alternatives for single separable features are laid out herein as "embodiments”, it is to be
understood that such alternatives may be combined freely to form discrete embodiments of the

Invention disclosed herein.
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The Invention is further illustrated by the following examples and figures, from which further
embodiments and advantages can be drawn. These examples are meant to illustrate the invention but

not to limit its scope.

Brief description of the figures

Figure 1 shows an overview of the NestLink technology. A) A nanobody library Is nested within a
Flycode library encoded on the expression vector pNLx. Subsequently, the flycoded nanobody
sequences are excised via restriction digest and inserted into pNLs, which results in the attachment of
the required adapter sequences for deepsequencing. The adapters linked to the flycoded nanobodies
are then excised via restriction digest and subjected to deepsequencing in the linear form. B) The
nested library encoded in pNLXx Is expressed and purified. A selection pressure is applied (in this
particular case, proteins with an apparent molecular weight of a nanobody monomer are selected via
size-exclusion chromatography) and the Flycodes of the selected nanobodies are isolated via
protease cleavage. C) The deepsequencing data allows generation of a database that assigns all
Flycodes to their corresponding nanobody. The Flycodes of each nanobody are concatenated. The
previously isolated Flycodes (see B) are subjected to LC-MS and peak lists of the recorded MS/MS
data are generated. The MS/MS data is searched against the database containing the concatenated

Flycodes, which allows identification and relative quantification of selected nanobodies.

Figure 2 shows the relevant plasmid designs for the NestLink technology before (upper strings) and
after library insertion (lower strings). A) The phagemid used for phage display selections of
nanobodies against target molecules. The phagemid carries two Sapl restriction sites that allow
iInsertion of nanobody libraries and their efficient transfer to the NestLink expression vector pNLx after
enrichment by phage display. B) the NestLink expression vector pNLx harboring the Flycode diversity
of approximately 10° variants. The Sapl sites are designed to vanish upon nanobody library insertion.
The flycoded nanobodies can be specifically excised from the expression vector via Sfil restriction.
The placement of the Sfi-sites ensures deepsequencing of the entire nanobodies attached to their
corresponding Flycodes, but minimizes the deepsequencing read length by exclusion of redundant
sequences, such as PelB and the His-tag. C) A set of deepsequencing vectors (pLNs) with various
iIndices were generated each harboring all necessary sequences for lllumina MiSeq sequencing. The
flycoded nanobodies are inserted into this vector via Sfi restriction and ligation. Subsequently, they are
released as a linear fragment containing all MiSeq adapter regions by BseRI restriction. In this
manner, no PCR is required to generate DNA fragments for MiSeq analysis, which would result in
recombination events in the nanobody-Flycode sequences and thereby destroy the linkage between
Flycode and nanobody sequence. D) Deepsequencing adaptors can also be attached via synthetic
double-stranded adaptor oligonucleotides via appropriate single-strand overhangs complementary to

the Sfil restriction site encoded in pNLXx.

Figure 3 shows absolute quantification of PLOI-members via Flycodes using LC-MS. Seven known
quantities (x-axis) of flycoded sybodies were spiked into two different samples containing either lysate

from E. coli or M. smegmatis, respectively (background). The flycoded sybodies were spiked at 0.2,
04,13, 4.1, 8.5, 18.0 and 27.5 absorbance units (280nm) and contained 28, 56, 112, 56, 112, 84 and
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112 Flycodes as determined by deep sequencing. Isolated Flycodes were analyzed by LC-MS. The

MS1 intensities from all Flycodes of each sybody were summed using the software Progenesis.

Figure 4 shows identification of sybodies exhibiting the best off-rates from 1080 candidate binders via
NestLink. A: Monomeric sybodies co-eluting with the biotinylated target protein in solution (SEC) were
Immobilized on two equivalent streptavidin sepharose columns. One column was washed with buffer,
the other column was washed by an excess of non-biotinylated target for 3 min. Subsequently, the
Flycodes of the remaining bound sybodies were isolated and quantified via LC-MS1 intensities. B: the
LC-MS1 Iintensities (sum over all flycodes) were determined for each pool member and the ratio
between the two columns was plotted on the y-axis for each individual sybody (x-axis). Sybodies,
which were not expressed, not monomeric or not binding to the target in solution were not detectable
on either of the columns, as they were removed as a result of the pre-selection pressures described In
the proof of principle experiment (sybodies 320 — 1'080). Weakly binding sybodies were only
detectable after the buffer wash, but not under competition with excess target (sybodies 187 — 320).
Sybodies 1-186 were detected on both columns and were ranked according to their off-rate. The most
promising sybodies for downstream applications are the ones with the slowest off-rates resulting in a
ratio close to 1. C: Correlation of NestLink readout and SPR experiments of individually picked
sybodies. DNA sequences of 11 sybodies analyzed in B) were synthesized (gene synthesis) and the
corresponding binders were expressed, purified and analyzed by surface plasmon resonance one-by-
one. The SPR data are plotted as the residual binding signal after 3 minutes of washing (as a measure
of the off-rate) on the x-axis versus the sybody ratio determined by NestLink as shown in B) on the y-

axis.

Figure 5: Analysis of 3'469 nanobodies from an immunized alpaca and identification of those, which
exhibit the strongest antigen binding Iin solution. After eliminating those pool members with poor
expression levels (step 1) and solubllity (step 2, selection of monomeric nanobodies), the monomeric
fraction of the pool was incubated with the membrane protein antigen at three different stoichiometric
ratios and analyzed via SEC. LC-MS samples were collected after step 1 (reporting on the expression
level of each Individual pool member), at step 2 (reporting on the solubility or each individual pool
member) and from all target/complex peaks at step 3. The pie charts represent the relative amount of
each nanobody in the pool (non-binders or weak binders collectively colored light gray, total amount of
pool members corresponds to 100%) at the different stages of the selection procedure, as determined
by the sum of all MS1 intensities for each nanobody (100 % = sum of all MS1 intensities of all flycodes
of all nanobodies). As expected for step 3, an increase of the pool to antigen ratio leads to an increase
In Internal competition of the many binding pool members for the limited amount of antigen. The
fraction of pool members with the strongest affinity therefore increases at higher competition for the

limited epitopes.

Figure 6: A: Analysis of 1'456 sybodies from a pool generated by /n vitro selections (step 1) against a
purified outer membrane protein target, for cell surface binding at Gram-negative bacteria of interest
(step 2). In step 2 (NestLink), those pool members with poor expression levels and solubllity were first
eliminated from the ensemble, followed by 4 different pull-down experiments using 4 different bacterial

strains of interest. After removal of pool members by washing that did not bind with high affinity to the
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cells, all Flycodes of the pool were Isolated and analyzed by LC-MS. The sum of all MS1 intensities of
all Flycodes per sybody could then be used as a measure for the relative concentration of each
individual sybody Iin the pool at each of the target cells. This allowed for an unambiguous cell-
specificity readout (B) reporting for each sybody (x-axis) its relative concentration (compared to the
entire pool) at each of the 4 cell types. For clarity reasons, only 25 % of all analysed sybodies are

shown In B.
Examples

The flycode sequence library

A randomized library of short DNA-encoded peptides was designed to be optimally detectable by
mass spectrometry (MS), in particular by LC-MS (liquid reverse-phase chromatography coupled to
ESI-MS). The peptides fall within a mass range between 903 and 2180 Da, which is optimal for
sensitive detection by ESI-MS. Flycodes carry two positive charges at physiological pH and below,
namely an R at the C-terminus and the N-terminal primary amine. The positive charge at the C-
terminus of the flycode facilitates ionization of the peptide for mass spectrometry detection and acts as
unique frypsin cleavage site. In each flycode the N-terminal amine is the only primary amine, which is
used for amine coupling through simple NHS chemistry. This permits to attach labels for quantitative
mass spectrometry to perform for example ITRAQ (isobaric tags for relative and absolute
quantification). The flycodes were engineered to display a range of hydrophobicities ideally suited for

peptide separation by standard reversed-phase chromatography columns.

The flycode library consists of two parts plus flanking amino acids that are constant, namely GS at the
N-terminus and R at the C-terminus. The N-terminal "GS” sequence Is part of the thrombin protease

cleavage site, which remains at the flycode after cleavage.

Part 1. The barcode region encompasses 7 consecutive randomized amino acid positions. The

average frequency of amino acids is given in the table 1 above (in %).

Not all twenty natural amino acids are present in the barcode (C, M, K, R, H and | are missing). C and
M were omitted because they are prone to oxidation. K, R and H were omitted because they would
add an additional positive charge to the flycode sequence, which was not desired because the peptide
would In such a case carry an additional charge during ESI-MS detection and fall outside of the
optimal detection range. K and R would add additional trypsin cleavage sites into the flycode
sequence, which was not desired. K would add another primary amine, which would complicate
peptide labelling by NHS chemistry. Isoleucine was omitted because it cannot be distinguished by

mass from Leucine.

Part 2. The C-terminus was constructed in 5 different variants, which are equally frequent in the
flycode library and which all end with an R. They are as well devoid of C, M, K, H and |. The flycodes
consist therefore minimally of 11 amino acids and maximally of 15 amino acids (GS + 7 randomized

residues + 2-6 C-terminal residues). The 5 different C-terminal endings are listed here:

SEQ ID NO 01 (WR), SEQ ID NO 02 (WLR), SEQ ID NO 03 (WQSR), SEQ ID NO 04 (WLTVR), SEQ
ID NO 05 (WQEGGR).
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The NestLink expression vector pLNx containing the flycode library.

The NestLink expression vector pLNx harbors the flycode library with a diversity of 10° sequence
variants (figure 2) and allows introducing a protein library of interest (PLOI) in frame with the flycodes.
The result of this step is a “nested library” since two libraries (PLOI and flycode library) are nested into
each other. The expression vector also allows restriction enzyme-mediated excision of the nested
library (PLOI fused to flycodes), so that it can either be inserted into the deepsequencing plasmid or
that direct lllumina MiSeq adaptor ligation can be performed using double-stranded oligonucleotides

(adaptors). Note that the PLOI can be any genetically encoded library.

The PLOI is introduced into the expression vector by restriction digesting a source DNA that encodes
the library, followed by ligation into the expression vector. The inventors use a type IS restriction
enzyme (Sapl) for this purpose. The source DNA typically stems from a phagemid obtained after
phage display selections, containing the Sapl sites oriented such that the PLOI can be sub-cloned into
the NestLink expression vector without PCR amplification (description of this vector, see below). When
the PLOI Is Inserted, it replaces a negative selection cassette (ccdB), which greatly improves the

efficiency of the insertion step.

The flycode Is cleaved away from the PLOI by thrombin and the His-tag is removed from the flycode
by trypsin. These cleavages ensure that peptides with optimal mass, optimal hydrophobicity and
optimal charge are isolated for mass spectrometry (see flycode description above). It is also

conceivable that any other combinations of proteases may be used for the same purpose.

Of note, the C-terminal arginine (R) of the flycode plays an important role: first, it is the only positively
charged amino acid of the flycode, as lysines or other arginines are omitted in the flycode library. For
this reason, trypsin — a protease that cleaves after positively charged residues and Is therefore
considered to be rather unspecific — can be used to specifically cleave the peptide bond between the
arginine and the His-tag (the flycode would be rather too heavy with the His-tag for mass spectrometry
analysis and the His-tag would reduce the separation in reverse-phase chromatography prior to mass
spectrometry). Second, it iIs known that peptides with C-terminal arginines are particularly well
detectable by mass spectrometry (favorable ionization properties). And third, because of this single
positively charged amino acid present in the flycode, the total charge is consistently 2+ (N-terminus +

arginine, all other residues are neutral at the low pH of the detection), which facilitates data analysis.

An iImportant aspect of the technology is the fact that it is possible (and necessary) to attach several
unique flycodes to the same member of the protein library of interest. For example, to analyze a pool
of 100 different proteins, 2000 flycodes are attached to these 100 proteins so that in average, each
protein of the pool is linked 20 times to a different flycode (the ratio between pool members and
flycodes can In fact be varied as desired). Redundant tagging facilitates the unambiguous detection of
pool members through multiple flycode sequences and averages out potential influences of the
flycode sequence to the biophysical properties of the analyzed proteins of interest. Redundant tagging
also enables determination of relative quantities of different protein library members within a selected
sample or of the same protein library member within differently selected samples. The redundancy is

In addition required for technical reasons: although the flycodes are designed for optimal detection by

23



10

15

20

25

30

39

CA 03041406 2015-04-23

WO 2018/078167 PCT/EP2017/077816

mass spectrometry, some flycodes will not be detected because they will either be lost during sample
preparation or not elute within the hydrophobicity window of the reversed phase column which Is

analyzed by mass spectrometry.

In addition the NestLink expression vector contains two Sfil restriction sites that allow excision of the
nested library (PLOI fused to flycodes), so that it can either be inserted into the deepsequencing
plasmid or that lllumina MiSeq adaptors can be ligated directly using double-stranded oligonucleotides

(adaptors). The rationale for this crucial step is provided below.

Of note Is that the Sfil restriction sites and\or other restrictions sites either within the PLOI or In
between the PLOI and the flycode can be used to add additional sequences to the nested library.
These additional sequences can hence be expressed as a fusion to the nested library (in between the
flycode and the PLOIl or adjacent to the nested library). Importantly, such sequences are not
iIncreasing the deepsequencing read length (which is limited due to technical reasons) as the transfer
to the deepsequencing plasmid (or the direct deepsequencing adapter ligation via oligonucleotides) is
performed before introducing these additional sequences. Furthermore, adding additional sequences
in this way maintains the physical linkage between the flycode and the PLOI, which is absolutely

crucial for a correct assignment o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>