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Abstract

Developing a library of recognition proteins using FimH as a protein scaffold.

By Rochelle B.L. Nguyen

High specificity recognition proteins, like antibodies, are important biological tools with
many applications, including diagnostics, therapeutics, and imaging. However, there are many
challenges with antibody recognition proteins, including cost of manufacturing and limited tissue
penetration due to antibody size. Alternative protein scaffolds solve many of the problems
associated with antibodies, but none have activatable binding affinity. Activatable binding
would increase specificity by allowing tunable binding and release for therapeutic, diagnostic,
and imaging applications. Bacterial adhesion protein FimH switches from high- to low-affinity
binding of its ligand mannose by mechanical activation, and the binding of FimH may be altered
without affecting the allosteric regulation of binding, making FimH a potential activatable
protein scaffold.

In this work, the main hypothesis tested was that the binding domain of high-affinity FimH
could be mutated without altering the conformation. To test this, I randomized 9 consecutive
amino acids in one of the binding loops of FimH-Hi, which is locked into the high-affinity
conformation by a single point mutation. I created a highly diverse bacterial display library of

4.4x10°-2.0x10" variants with incidence of stop codons and frame-shifts not significantly higher

www.manaraa.com



than expected. A significant percentage of the library is expressed and maintained in the high-
affinity conformation despite extensive randomization, suggesting that FimH may be a good
protein scaffold. The results presented here demonstrate that these methods can be used to

randomize all three CDR loops on the FimH-Hi lectin domain.

Chair of the Supervisory Committee:
Professor Wendy Thomas

Department of Bioengineering
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2 Background and Introduction

2.1 Recognition proteins: Antibodies and alternative scaffolds

High specificity recognition proteins, like antibodies, are important biological tools with
many applications, including diagnostics' , therapeutics, protein separation®’, and imaging®.
For most of these applications, antibodies have dominated the field because they are nature’s
prime example of engineering diverse specificity within a single structural scaffold.>” However,
there are many challenges with antibodies. Antibodies are large, with a molecular weight of
about 150kDa, which results in poor tissue penetration. Furthermore, antibodies are
cumbersome to produce; they are made of multiple subunits connected by disulfide bonds, which
makes recombinant expression in bacteria more difficult. Any glycosylation on antibodies
necessitates production in mammalian cells, making antibodies expensive to manufacture as
well. And for non-therapeutic applications, where there is no need for activating an adaptive
immune response, the antibody scaffold may not even be relevant. Finally, the intellectual
property landscape presents unique challenges for recombinant production of new antibodies >’
"2 These many challenges with antibodies have driven the field towards using alternative
protein scaffolds.

Alternative protein scaffolds solve many of the problems posed by antibodies > '*. Most
are monomeric and are extremely thermodynamically stable in fold yet tolerant to mutation in
the binding interface. Scaffolds that lack disulfide bonds or glycosylation allow ease of
expression in bacteria. For therapeutics, the small size of alternative scaffolds enables better
tissue penetration. For diagnostics, higher stability and expression in bacteria would increase
shelf life and lower manufacturing costs. Another advantage of using small alternative scaffolds

is that multivalency can easily be achieved by simply stringing monovalent domains together >’
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There are many alternative scaffolds with different structural characteristics:
immunoglobulin-like, loop-displaying scaffolds, secondary structure binding interfaces, and

. . . 3,7,11
oligomeric domain structures™”'".

Figure 1 shows several examples of alternative scaffolds.
The human Type III Fibronectin domain (Fn3) has been an attractive choice of alternative
scaffold because it is monomeric and has no disulfide bonds, yet its Ig-like structure gives it

3,7,13

structural homology to antibodies™" ~. Two or three of the binding loops in Fn3 have been

randomized to create diversity libraries in Fn3, and Fn3 binders have been isolated against TNF-
o', avB3 integrin'’, and the SH3 domain of the human c-Src protein'®, among other targets”"”,
From the 3-helix domain Z from staphylococcal protein A, the “affibody” was developed by
randomizing helix residues on the binding area®”'”'®, While the binding surface of the affibody
is more ideal for protein-binding, the loop-binding of fibronectin may be more ideal for peptide
or small molecule binding applications®’. “Anticalins”, derived from small, b-barrel proteins
called lipocalins, have been re-engineered to bind small molecules, including for applications in

19-21

cancer therapy, but these alternative scaffolds have disulfide bonds ™. Pluckthun ef al. used

223 " as well as picomolar binding to the

ankyrin repeat proteins to engineer modular binding
HER?2 receptor’®. Ankyrin repeat proteins, like the affibody, are more suitable for protein-
binding than for small molecule binding. For each of these examples, the potential scaffold was
tested by creating a diversity library by randomizing sequences in the putative binding region,
followed by identification of binders to new targets. A suitable protein scaffold must be able
change its specificity without compromising structural stability, and the aforementioned protein

scaffolds, among others, have demonstrated this quality. However, neither antibodies nor these

alternative scaffolds are activatable.
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Fibronectin . Lipocalin .
Natural ligand: Natural ligand:

ECM vitamins, steroids

Engineered binding: Engineered binding:

integrins, EGFR, fluorescein,

IGFR, ubiquitin digoxigenin
Ankyrin repeat protein Affibody

Natural ligand:
cytosolic, ECM

Natural ligand:
Fc and VHIII of IgG

(é\ e Engineered binding:
Her2, MBP

Engineered binding:
Her2, IgA, insulin

Figure 1: Examples of non-antibody alternative scaffolds, their natural ligands, and non-natural targets to
which binding was engineered by library screening. Adapted from Binz et al.’

2.2 The need for activatable recognition proteins

There are many potential applications for recognition proteins with activatable or
regulatable binding. For bioseparation, directed activation and deactivation of binding could
more specifically release antigen for further study without contaminating the captured antigen
with modifications or tagging probes. For imaging, there is a need for higher signal-to-noise
ratio, which could be improved if the contrast agent could be activated to bind only at the target
tissue. Targeted drug delivery may be more efficient if both a molecular target as well as an
activating mechanism were required. In general, in all of these potential applications, activatable
binding would increase specificity by allowing tunable binding and release.
2.3 Current strategies for activatable protein binding

In general, the most highly specific imaging probes need to combine imaging agents
(fluorophores, radionuclides, etc.) with a targeting molecule (antibodies, receptor-specific
ligands, etc.), and the mode of activation is specific to the imaging agent, not the targeting

mechanism®. Current strategies for activating fluorescent optical imaging probes include using
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enzymes or relying on lysosomal internalization by target cells**°

. However, the use of
enzymes requires specific substrate, which limits broad applicability of this activation strategy,
and lysosomal internalization has the difficulty of low signal amplification®.

The monoclonal antibody HPC4 is activated to bind by Ca2+ interaction with target
Protein C*’, but this mode of binding activation is specific to the binding epitope rather than the
antibody, limiting the broad applicability of this strategy. There have been attempts to develop
photochemical methods to activate cyclodextrin binding®®, but these methods require the use of
organic solvents, which render it infeasible for any potential in vivo application. Inactivation and
subsequent activation of antibody-antigen binding has been shown by Self ef al. using UV
irradiation®, but this method requires chemical modification of the antibody using diphosgene,
which is extremely toxic®’. Furthermore, only 25% of antibody binding was recovered after
15minutes of UV irradiation, and 30 minutes of UV radiation resulted in antibody damage®.
These studies were performed in plate-based assays with purified protein, and UV has limited
tissue penetration, rendering this method of activation useless for deeper tissue in vivo
applications. For diagnostic protein antigen recovery, Lewandowski et al. proposed a capture
and release method based on enzymes and stimuli-responsive chitosan, but release methods
resulted in either His-tag or residual sugar contamination of recovered protein®'?.

The overall goal of this work is to develop a new protein scaffold for potential
therapeutic application, by engineering activatability under in vivo conditions, and for potential
diagnostic or biotechnology application, by engineering binding and release without

contamination of desired protein isolates. We may be able to achieve regulatable high-affinity

binding by using an allosteric protein scaffold.
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2.4 FimH as a protein scaffold

FimH is an allosteric bacterial adhesion protein expressed on the tips of Type 1 fimbria in
E. coli. Fimbriated E. coli display FimH by expression of genomic fim operon, which contains
genes fimSBEAICDFGH. Fimbriae are made up of many subunits of FimA, with FimH
expressed only at the tip of each fimbria.> FimA is the major subunit of fimbriae, and although
fimA lies upstream of FimH, piligenesis is activated by FimH expression. Expression of the fim
operon is initiated by transcription factors encoded by fimB and fimE, which control orientation
of promoter sequence fimsS upstream of fimA. The orientation of the invertible fimS sequence
determines whether or not piligenesis occurs; fimsS in the “phase-ON” position results in FimH
expression and thus the fimbriated phenotype, whereas fimsS in the “phase-OFF” inversion results
in non-fimbriated bacteria. The binding of FimB to fimsS slightly favors switching to the phase-
ON position, and the binding of FimE strongly favors the phase-OFF inversion. It is important
to note that even exogenous fimB can initiate switching of endogenous fimS and therefore initiate
endogenous FimH expression. FimC is a chaperone protein that guides Fim proteins through the
periplasm to the membrane, where usher protein FimD localizes Fim proteins in preparation for
piligenesis. FimF and FimG control the elongation of the fimbria as they extend through the
membrane to display FimHextracellularly.”

FimH consists of a ligand-binding lectin domain, which binds mannose via three
complementarity-determining regions (CDRs), and a regulatory pilin domain®**°. FimH exhibits
“catch bond” behavior, where it allosterically switches between low and high affinity with
changes in shear stress under in vivo conditions. When the pilin domain is bound to the lectin
domain, FimH is locked in the low-affinity conformation, but when the pilin and lectin domains

are pulled apart by mechanical force, a 3-sheet twisting mechanism opens up a binding pocket

www.manaraa.com



for its ligand mannose to bind the CDRs (Figure 2). Several mutations in FimH have been
identified that stabilize the protein in one conformation. The A188D variant of FimH, which
from here on will be referred to as FimH-Hi, is stabilized in the high-affinity state by a single
amino acid mutation in the pilin domain. Crystal structures of FimH bound to mannose show
that the interactions of mannose with CDR2, specifically residues N46, D47, and N54, are

36-39

critical for mannose binding due to hydrogen bonding™ ™. Because the binding site on the lectin

3 the specificity and regulatability of a FimH-

domain is far from the regulatory pilin domain
based scaffold may be decoupled. FimH may therefore be an ideal protein scaffold from which
to generate activatable recognition proteins. If we can engineer the lectin domain to bind
different targets, thus changing specificity of FimH binding, while retaining the allosteric
regulation of the pilin domain, this would result in a library of activatable recognition proteins,
called “actibodies”, using FimH as a protein scaffold. Here, I tested the hypothesis that the lectin

domain of FimH could be mutated without altering the allosteric regulation of binding, by

randomizing 9 consecutive amino acids in the CDR2 loop of FimH-Hi (Figure 3).
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A. low affinity B. high affinity

inhibitory
— (pilin)
domain

Figure 2: FimH structure. (A) FimH is locked in the low-affinity state by the inhibitory pilin domain. (B)
When the pilin domain is no longer docked to the lectin domain, FimH changes conformation, forming a
pocket for mannose to bind the CDR loops.

Specificity

Randomize
CDR2 loop in

Identify

binders to
target

high affinity
FimH

Activatability

Revert pilin domain
back to wild-type

Activatable
recognition protein

Figure 3: Flow-chart of the overall “actibody” strategy. If binding and regulation of FimH can be decoupled,
screening a pre-activated FimH-A188D library against a new target, followed by reversion to activatable
FimH by the single point mutation D188A, would theoretically yield activatable recognition proteins. The red
high-lighted step is what is presented in this thesis.

3 Methods

3.1 Brief review of library construction methods
There are three main categories of introducing diversity into loop regions (Figure 4):

randomization along an entire gene, targeted randomization, or rearrangement of existing

7
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40,41

diversity "". Random mutagenesis along an entire gene (Figure 4A) consists of doing error-

prone PCR (epPCR) with low-fidelity DNA polymerases to introduce mutations randomly along
a gene’*'. This method is easy, fast, and appropriate for affinity maturation of a protein of
interest. However, epPCR does not generate high enough diversity for a naive library*.
Recombination methods (Figure 4B) imitate homologous recombination in nature, where two
related starting sequences recombine by exchanging homologous regions. But recombination
requires homology, and less homologous templates may fail to recombine, limiting library
diversity®'. If information is known, either from a crystal structure or from sequence alignments,
about a specific region of interest, targeted randomization (Figure 4) is ideal for library
construction because it allows for more control over mutagenesis***'.

One method of introducing targeted randomization is by incorporating trinucleotide
phosphoramidites, where each trinucleotide encodes an amino acid, allowing control over the

41-43

mixture of codons for each position™ . While this helps reduce library bias, the complex

synthesis of trinucleotides and the high cost limit their use in the construction of diversity

40,41

libraries™"". Furthermore, codon bias may even be beneficial since codon degeneracy evolved

to favor certain amino acids.

" There are two main types of libraries: diversity libraries and libraries for directed evolution. Diversity libraries,
also called naive libraries and primary libraries, refer to large libraries that are used for identifying binders to novel
targets. Secondary libraries for directed evolution or affinity maturation are smaller and are used to identify the
same target with increased activity or binding. Diversity libraries are not usually able to be fully sampled by
screenin4g1 grsl%hods, whereas complete sampling is often required or highly desired for directed evolution

libraries™ ">
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Figure 4: Schematic representation for the three main categories of library creation methods: (A) random
mutagenesis along an entire gene, (B) recombination, and (C) targeted randomization. Adapted from
Lipovsek et al.’

The most common method of creating libraries is oligonucleotide-based randomization
with degenerate oligonucleotides (Figure 5), where a mixture of synthetic oligos with any of the

404144 variations on this

4 nucleotide bases occupy each position of codons of interest NNN
include limiting the last nucleotide of the codon to minimize the introduction of a stop codon into
the mutated sequence. Whereas NNN has a 3/64 rate of stop codon addition, NNK, where K
can only be a G or a T, and NNS, where S can only be C or G, reduce the rate to 1/32.*%*"* In
all cases, there are 32" possible combinations of codons, were n is the number of residues
randomized. Although there is a higher risk of library bias with degenerate oligos, degenerate
oligos allow for high diversity in a sequence of interest, do not rely on homologous sequences,
are readily available from commercial entities such as IDT, all at a low cost, making this method

ideal for the construction of naive libraries in protein scaffolds***'.
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Trinucleotide

NNN NNK Phosphoramidites

ACTG GT ALA
cYs

ASP

.

N — G/ T e .

TRP
ACTG% ACTG%

ALA—
NN NG/T
CYS—
ACTG ACTG ASP m—
.
.

NNN NN G/ T s— TR P —
64 sequences 32 sequences 20 sequences
20 amino acids 20 amino acids 20 amino acids
3 Stop codons 1 stop codon No stop codons

Figure 5: Strategies for degenerate oligonucleotide-based randomization. NNN randomization makes 64
possible sequences with a 3/64 chance in encoding a stop codon. NNK randomization makes 32 possible
sequences with only a 1/64 chance of encoding a stop codon. Trinucleotide phosphoramidites encode codons
as trinucleotides and eliminates the possibility of introducing a stop codon. Adapted from Lipovsek et al.*

Degenerate oligos have been used to create many examples of diversity libraries using
methods that fall into three main categories depicted in: QuikChange®-based mutagenesis,
Kunkel-based mutagenesis, or gene assembly (also known as assembly PCR or recursive PCR).
Stratagene’s QuikChange® Site-Directed Mutagenesis kit uses complementary primers to
introduce a mutation into a plasmid vector®, but saturation mutagenesis using degenerate oligos

44,45
. not for several

using this method has primarily been optimized for single-site mutagenesis
consecutive residues, limiting the use of this method to creating very small libraries. Thomas
Kunkel developed a method of site-specific mutagenesis utilizing DNA template containing
uracil instead of thymine, followed by PCR with a primer containing the desired mutation*®. The
advantage of this method is that it only requires a single-stranded template for mutation
incorporation, and the uracil-containing wild-type sequence can more easily be degraded by
bacteria*®™*. Some challenges of the Kunkel method include the potential of having wild-type

sequence remaining in the final library, compromising library quality, as well as necessity of

using M 13 bacteriophage and certain bacterial strains, which limits the applicability of the

10
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method. For example, the Kunkel method requires plasmids with antibiotic resistance
incompatible with our FimH expression plasmids.

Gene assembly utilizes a series of overlapping oligos with degenerate sequences in the
gap regions between overlaps to fully synthesize a randomized gene of interest™ . This method
is widely used in generating libraries in alterative scaffolds. Affibody libraries were generated
by using this method to randomize a total of 13 amino acids spanning 2 helices on the

171834 Binz et al. used gene assembly to randomize 7 residues in ankyrin repeat

protein
proteins”. An Avimer library was created by gene assembly to randomize non-conserved

. 55
residues’.

PCR extension
of seed oligonucleotides

Co—— s 0+ e da— ¢ 000 00 . ‘e

Insert primers
unique to ends

A 4
_.-...+ ...... e e
Crrrrnne + P ¢ S— 44 % 4 .

PCR amplification
of target sequence

A 4

Figure 6: Gene assembly. Overlapping oligonucleotides with degenerate codons (indicated by red X’s) in the
gap regions are used to synthesize full-length genes of interest by PCR.

Since we encountered problems with overlapping antibiotic resistance genes with the
Kunkel method, and since 9 consecutive amino acids is too long to randomize by QuikChange®-
based complementary primers (data not shown), I decided to use gene assembly to generate

CDR2 library in FimH-Hi.

11
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3.2 Oligo design for gene assembly

To design our overlapping oligos, I used an online resource called DN Aworks developed
by Helix Systems at the NIH™. I designed oligos to synthesize FimH lectin domain gene from
residues 2-163 (471bp total in length) while requiring that the randomized regions remain in the
gaps between complementary overlapping regions of oligos. NNK randomization was used
instead of NNN to reduce the probability of introducing a stop codon. Input parameters: E. coli
class II organism; annealing temperature 58°-70°C; oligonucleotide length 45-80nt; restriction
site exclusion Kpnl and Xcml; fixed CDR sequences in gaps. DNAworks returned genetic
sequences of dozens of possible sets of oligos, from which we chose one set that met all of our
requirements. This was a set of 8 oligos of length of 48-79nt, with complementary overlapping
regions of 15-22bps and the NNK regions in the gaps.
3.3 Gene assembly and library amplification

To synthesize the FimH gene, a gene assembly reaction was made using 1.6uM oligo
mixture, 0.24mM dNTPs, and Pfu Turbo DNA polymerase (NEB) in 25pul total. The reaction
was run with 25 cycles of 94°C for 30s, 55°C for 30s, 68°C for 1min. For our positive control,
we used wild-type oligos instead of NNK oligos. The product was run on a gel, and the
remainder was purified using PCR clean-up (Qiagen). Full-length product was amplified by
PCR using short end primers, followed by PCR clean-up (Qiagen). To check sequences, the
gene mixture was cloned into pCR®-Blunt by Zero Blunt® PCR Cloning Kit (Invitrogen) and
transformed into TOP10 competent cells for blue/white selection. Six wild-type and six CDR2
mutants were sequenced. After verification of diversification of CDR2, the gene assembly
product as well as wild-type control were inserted into FimH plasmid pGB224-A188D using the

Gibson assembly kit (NEB). 0.12 pmol of either wild-type or CDR2 mutant insert was added to

12
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0.06 pmol of PCR-generated pGB224-A188D vector and incubated with Gibson buffer for 50°C
for 1 hour. To check for successful incorporation of insert into vector, Gibson product was
transformed into XL1b chemically competent cells. Ten mutants were sequenced. The Gibson
product was transformed into MegaX DH510b electrocompetent cells (Invitrogen) in order to
amplify the FimH plasmid library. Again, wild-type and 10 CDR2 mutants were sequenced.
3.4 Competent cell preparation

Electrocompetent cells (AFliC or MegaX-derived) were prepared by growing up 1ml of
overnight starter culture in 100ml of LB with appropriate antibiotic for 3-4 hours until OD600 of
0.35-0.4 was observed. Cells were then cooled on ice, pelleted, and washed with ice-cold sterile
dH20, concentrated 1000x, and stored as 50ul aliquots in 10% glycerol.

Chemically competent cells (DH5a-derived) were prepared by growing up 1ml of
overnight starter culture in 100ml of LB with appropriate antibiotic for 3-4 hours until OD600 of
0.35-0.4 was observed. Cells were then cooled on ice, pelleted, and washed with ice-cold 0.1M
MgCl, followed by 0.1M CaCl,. Cells were concentrated 1000x in CaCl,, and stored as 50pl
aliquots in 0.1M CaCl,, 15% glycerol.

3.5 Transformation into expression library

Constitutive FimH expression consists of a two-plasmid system: fimH-A188D library
pGB224 plasmid, and either pPKL114 (fimB) or pFimAH (fimAICDFG).

Heat shock: 1-2ul of DNA was added to chemically competent cells thawed on ice.
Reaction was incubated on ice for 15-20min, then subjected to 42°C for 45 seconds, then
immediately returned to ice for 2 minutes. Pre-warmed SOC media was added to dilute 10-fold,
and then reactions were incubated for 1 hour at 37°C shaking at 200rpm. Transformations were

then diluted and plated in 50ul volumes.

13
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Electroporation: Up to 1ul of DNA was added to electrocompetent cells thawed on ice.
Cells were then electroporated under the following conditions: 25uFd, 200Q, 1.7kV
(pFimAH/AFIIC) or 2.0kV (MegaX) using the BioRad GenePulser II in the Sokurenko lab.
BioRad 0.1mm cuvettes work optimally. Immediately after electroporation, cells were
resuspended in 1ml of room temperature SB media, transferred to round-bottom culture tubes,
and incubated for 1 hour at 37°C shaking at 200rpm. Transformations were then diluted and
plated in 50ul volumes.
3.6 Colony PCR

To amplify fim(fgh),10x buffer, 1.5ul of 1:10 dilution of “Fim op” primers (James
Gleixner), 1ul 2mM dNTPs, water, and Taq polymerase were combined to a total of 50ul. The
cycling reaction: 95°C for 30s; 95°C for 1min, 55°C for Imin, 68°C for 1.5min for 25 cycles;
68°C for 7min, 4°C forever.
3.7 Crystal violet assay for FimH-RNAseB binding

Bacteria were grown up overnight in 5Sml SB with antibiotics, at 37°C with shaking. The
next day, cells were prepared by centrifuging at 4500 RPM for 10min and washing with 1ml of
PBS 3x. RNAseB was immobilized to wells of 96-well plate (Immulon HBX, Thermo) at
20pg/ml in NaHCOs for 1 hour at 37°C. Wells were then washed 4x with PBS and blocked with
0.2% BSA-PBS. After washing twice with PBS, residual buffer was aspirated and bacteria were
added to a final OD of 2 in 0.2%BSA-PBS at 37°C for 40min. After washing 6x with PBS, cells
were fixed at 60°C for Smin, and a 1:4 dilution of crystal violet stain was added to each well and
incubated for 15min at room temperature. Wells were washed 5 times with water, and 50%
ethanol was added to wells. Absorbance at 600nm was measured with 1 second mixing using the

Woodrow lab’s TECAN plate reader.

14
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3.8 Analysis of library quality by flow cytometry

FimH expression or conformation was verified using flow cytometry with either aPD or
Mab21 primary antibody. An overnight culture of colonies were pelleted and washed with PBS
twice, followed by resuspension into PBS for a final OD of 2. Cells were pelleted and washed
once more in PBS and then blocked with 0.2% BSA-PBS for 30 minutes at room temperature
with inversion. Cells were then pelleted and washed with PBS, followed by resuspension in
1:500 oPD or 1:200 Mab21 in 0.2% BSA-PBS for 1 hour at room temperature. Following
incubation, cells were pelleted and washed 2 times in PBS, and then incubated for 1 hour in the
dark at room temperature in secondary antibody (goat anti-rabbit for aPD and goat anti-mouse
for Mab21) diluted to 1:2000 in 0.2% BSA-PBS. Unstained cells were not incubated with
secondary antibody. Cells were pelleted and washed 3 times, and then resuspended in PBS at
about 10°-10° cells per ml into a BD round-bottom tube for flow cytometry. Samples were run
on FACS Canto 3 at the Cell Analysis Facility in the UW Immunology Department. Laser
settings: FSC sensitivity 550, SSC 597, Alexa Fluor-488 431, with threshold FSC and SSC at

10,000. 100,000 events were collected for each sample, and data was analyzed with FloJo 10.0.

4 Results

4.1 Gene assembly oligo design output

The set of oligonucleotides chosen from DNAWorks output contained 8 oligonucleotides
encoding residues 2-163 of the FimH lectin domain, with CDRs completely constrained to the
gap regions (Figure 7). Oligonucleotide lengths ranged from 48-79 nucleotides, the melting

temperatures were 57-58°C, and the overlap lengths ranged from 14-22 bp.
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All 9 amino acids of the CDR2 loop were randomized by NNK oligonucleotides.
Therefore, theoretically, the maximum library size for randomizing 9 amino acids

simultaneously using NNK oligonucleotides is 20° = 5.1x10'" variants.
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Figure 7: DNAWorks overlapping oligonucleotides for gene assembled synthesis of FimH lectin domain.
Highlighted sections denote the CDRs. Each of these oligonucleotides was ordered from IDT, and
oligonucleotide #3 containing CDR2 was ordered with NNK codons for CDR2.
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4.2 Gene assembly

A mixture of the 8 overlapping oligonucleotides was used to generate a gene fragment of
the FimH lectin domain with randomized CDR2 by gene assembly. The product was run on an
agarose gel and a smear was observed, which is consistent with what is expected for gene

. 50,52
assembly reactions”

(Figure 8). There was a faint band at ~470bp, indicated in Figure 8 by
the white arrow, as well as a very bright band at the bottom, indicative of short, <100bp

fragments of DNA.

500bp

Figure 8: Gene assembly product. Eight overlapping oligonucleotides were mixed and allowed to anneal in a
thermal cycler. For the wild-type sample, all oligonucleotides contained wild-type FimH CDR2 sequences.
CDR2mut included a mixture of one of the oligonucleotides to randomize all 9 residues of CDR2. The white
arrow is pointing to the faint band at ~470bp indicative of full-length product.

Since the oligonucleotides were the limiting reagent in the gene assembly reaction, the
upper limit of the library size is 2.4x10"°, which is 100-fold higher than the theoretical library
size based on NNK randomization. Since only a faint band at ~470bp was observed in Figure 8
(estimated to be about 5ng of DNA), the estimated library diversity at this point is 9.3x10°
variants.

Amplification of the gene assembly reaction is shown in Figure 9. For both the wild-type

and randomized samples, a bright ~470-bp fragment was observed, and there was also slight
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amplification of one band ~700bp in length in the CDR2 mutants. The library size in this step
was only limited by the amount of gene assembly product used as template; therefore, the

diversity represented in 0.5l of gene assembly product was 1.9x10® variants.

500bp PR <— ~470bp expected length

Figure 9: PCR amplification of full-length gene assembly product. Full-length (~470bp) gene assembly
product was amplified using outside primers.

To verify randomization in the CDR2 region of the FimH lectin domain gene, amplified
gene assembly product was cloned into pCR®-Blunt and transformed into TOP10 competent
cells. Five clones were sequenced, and all 5 had non-wild type sequences in CDR2 (Table 1).
One clone had mutations in the first few residues of CDR1, and another clone had mutations in
CDR3. The incidence of stop codons was only 20%, which is not significantly different from the
25% expected frequency of stop codons (p>0.1). The incidence of frame-shift observed was
40%. According to Bessette ef al., the frequency of frame-shifts arising from a single nucleotide
deletion is between 0.4-1.3 per kilobase. So the expected incidence of frame-shifts for this
470bp gene assembled product is 20-65%. Finally, one clone was missing CDR3, leaving 20%
theoretically functional (lacks stop codons and frame-shifts). Each randomized CDR2 sequence

was non-wild type, and no two sequences were identical, suggesting that this method
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successfully introduced high diversity. Clones transformed with wild-type oligonucleotides

retained wild-type sequences.

Variant |CDR2 sequence
Wild-type | NDYPETITD
Mutl GGXKHGGAG
Mut?2 GLVSMLGLL
Mut3 FSRWGVLSE
Mut4 HEMGFLHAQ
Mutb LISTVVVCWG

Table 1: Sequencing results for CDR2 mutants. Amplified gene assembly product was cloned into pCR®-
Blunt and transformed into TOP10 competent cells. Five clones were sequenced. The red X represents a stop
codon.

4.3 Gibson assembly

The amplified gene assembly fragment was inserted into a PCR-generated plasmid vector
by Gibson Assembly® Cloning Kit (New England Biolabs). To verify insertion of gene
assembly product into plasmid vector, Gibson assembly product was transformed into XL1b
chemically competent cells, and 10 clones were sequenced. 100% were positive for the gene
assembly insert (Table 2). 90% of clones sequenced contained unique, non-wild type CDR2
sequences, 30% contained a stop codon, and 30% contained frame-shifts, leaving 40%
theoretically functional. Gibson assembly did not alter the frequency of stop codons or frame-
shifts arising from the prior gene assembly reaction with NNK primers. The overlap regions for
Gibson assembly retained wild-type sequences with no frame-shifts. Gibson assembly product
was not run on a gel, so it is not possible to estimate the efficiency of insertion into the plasmid

vector.
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Variant |CDR2 sequence

Wild-type | NDYPETITD
Mutl QVAVTPFLC
Mut?2 GAGGDSAWG
Mut3 NDYPETITD
Mut4 GGAISGYXF
Mutb RSRWCRVEL
Mut6 YSLSDWXLA
Mut7 XADTGFGRR
Mut8 VRGRSGPLV
Mut9 AGTSGRHQV
MutlO GPARGGARA

Table 2: Sequencing results after Gibson assembly. Gibson assembly product was transformed into TOP10
for sequencing. Red X’s denote stop codons.

4.4 Amplification of plasmid library by transformation in MegaX DH10b

In order to amplify the plasmid library while maintaining the number of unique
sequences, the Gibson assembly product was transformed into MegaX DH10b (Invitrogen). The
mass of Gibson product to be used for transformation was optimized for maximum
transformation efficiency, and I observed the highest efficiency on the order of 10° CFU/pg
DNA with 43.1ng of Gibson product (Figure 10). This corresponds to 4.4 x 10"

transformants/ml (95% CI=3.9 x 10* — 5.1 x 10%).
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Figure 10: Optimization of transformation of plasmid library into MegaX DH10b. All transformations were
done with an electric field potential of 20kV/cm, 25uF, and 200Q. All data was taken from a single plate, and
confidence intervals were calculated based on Poisson statistics.

Ten clones were sequenced to verify that diversity was maintained after amplification by
MegaX DH10b cells (Table 3). 80% contained unique, non-wild-type CDR2 sequences, 0%
contained frame-shifts, 20% contained a stop codon, leaving 60% of clones sequenced to encode
theoretically functional protein. I did not expect any change in frequency of stop codons or
frame-shifts, but due to the small sample size of only 10 clones sequenced, observing 0% with
frame-shifts is not significantly different. Since I did not observe any significant deviation from
the expected frequencies of stop codons or frame-shifts, I calculated the expected loss of library
size from stop codons and frame-shifts to be between 45%-90%, resulting in a total functional

library size after transformation to be 4.4x10’ - 2.0x10*.
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Variant |CDR2 sequence

Wild-type NDYPETITD
Mutl YSGSEEAAG
Mut?2 NDYPETITD
Mut3 FailedRxn
Mut4 MGACGAHRW
Mutb GYGSSQASV
Mut6 VCXNTIESN
Mut7 PCYHVTQGG
Mut8 VMIOXATIGG
Mut9 NDYPETITD
MutlO RLAWSGSSR

Table 3: Sequencing verification of plasmid library amplified by MegaX DH10b. Gibson assembly product
was transformed into MegaX DH10b (Invitrogen), and 10 clones were sequenced to check that diversity is
maintained. Red X’s represent stop codons.

4.5 Transformation of plasmid library into expression library
Expression of my FimH library on the tips of bacterial fimbriae requires other components

of the fim operon®®’

, which our lab carries on either pPKL114 (containing fimB) or pFimAH
(containing fimAICDFG), depending on the cell strain. A description of each of the fim
components can be found in Section 2.4. The K12 derivative E. coli strain AAEC191A has been
used by our lab and our collaborators in the Sokurenko lab (Dept. of Microbiology, University of
Washington) for testing fimbrial expression systems because the strain has been engineered to
completely lack the fim operon, allowing complete control over fimbrial expression with our
two-plasmid system. Our lab modified the strain by knocking out the f/iC gene to prevent
expression of flagella, which confounds certain experiments. This improved fim null strain,
called AFIiC, was initially chosen as the host strain for expression of my FimH library.

After I prepared electrocompetent AFIiC cells containing pFimAH, I optimized the voltage
conditions for transformation into pFimAH/AFLiC by using library template plasmid (no

randomization). I found an electric field strength of 17kV/cm yielded the optimum

transformation efficiency at about 9 x 10* CFU/ml (Figure 11).
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Figure 11: Optimizing voltage conditions for electroporation of pGB224-A188D control plasmid into
pFimAH/AFIiC. Each data point was taken from a single plate, and bars indicate 95% confidence intervals
calculated using Poisson statistics.

However, I observed significant batch-to-batch variation in pFimAH/AFILiC competent
cell preps, as well as low number of transformants with my plasmid library or commercial parent
plasmid pACYC184. I made many attempts to transform (by electroporation and heat shock)
pACYC184 into pFimAH/AFIiC, but I was not able to achieve as high of CFU/ml as with
commercially-derived MegaX or DH5a competent cells (Figure 12). This prompted me to

consider using a strain of E. coli that has been commercially optimized for high DNA uptake.
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Figure 12: Transformation of control plasmid pACYC184 into different competent cells. * = transformation
by electroporation. All others transformed by heat shock.

CFU/ml

Our lab frequently uses chemically competent DH5a (Invitrogen), and when transforming
the library into chemically competentized pPKL114/DHS5a, I observed an increase in CFU per
reaction by about 3 orders of magnitude over transformation into AFIiC. Similarly, I obtained an
increase to 102,000 transformants (95% CI = 86,500 — 120,000 transformants) in
pFimAH/MegaX, prepared from commercially electrocompetent MegaX (Invitrogen). With
these numbers of transformants more than 10-fold greater than the current library size, a
diversity of 4.4x10° - 2.0x10" total variants was maintained.

For complete control over fimbrial expression with our two-plasmid system, the host cell
strain must be fim null. In order to determine whether DH5a and MegaX cells contain
endogenous fimH and express it, I performed colony PCR to amplify any (if at all) genomic fimH

present in each cell strain containing no exogenous plasmids, as well as a crystal violet assay to
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detect any FimH binding to highly mannosylated RNAseB. fimH null K12 derivative
AAECI191A was used as a negative control, and fim+ wild-type K12 strain MG1655 was used as
a positive control. MG1655 does not require use of the two-plasmid system since it is known to
already be fim+.

In the colony PCR, both DH5a and MG1655 exhibit a bright 1kb band (Figure 13),
indicating that DH5a contains endogenous fimH. MegaX and AAEC191A do not show
amplification of a 1kb band, suggesting that MegaX does not contain endogenous fimH.
Additionally, comparison of MG1655 and MegaX genomes (available on NCBI), both by
manual search for fimH on each genome and by BLAST alignment of the two strains, confirms

that MegaX DH10b lacks endogenous fimH.

1kb <— 1kb expected
0.5kb size of
fim(fgh)

Figure 13: MegaX does not contain endogenous fimH. Colony PCR was done on several different cell strains
using primers that amplify fim(fgh) in order to detect endogenous fimh in DHS5a or MegaX.

The crystal violet assay was used as an indirect test of FimH expression by measuring
cell binding to mannosylated RNAseB. Again, DH5a exhibited RNAseB binding comparable to
MG1655, and addition of either pFimAH or pPKL 114 to initiate fimbrial expression significantly
increased RNAseB binding (Figure 14). These results strongly suggest that DHS5a express

endogenous FimH. On the other hand, MegaX cells, regardless of whether they contained a
26

www.manaraa.com



second plasmid, showed negligible RN AseB binding, comparable to negative controls and to
background signal. Based on both the colony PCR and RN AseB-binding assays, I concluded
that DH5a contains endogenous fimH and expresses FimH comparably to wild-type MG1655,
and therefore DH5a cannot be used for expression of my FimH library due to contamination of

my library with wild-type, endogenous FimH.

Crystal violet staining for FimH-RNAseB binding in different
E. coli strains

MG1655 H
AAEC191A
DH5¢,
pPKL114/DH5¢,
pPKL114+A188D/DH5¢,
MegaX
pFimAH/MegaX
pPKL114/MegaX
BSA only
pPKL114+A188D/DH5u, no RNAseB | K

o® oY Ny o°

AGOO

Figure 14: Crystal violet staining assay to detect FimH-RNAseB binding. Different E. coli strains
transformed with various plasmids were incubated on plates functionalized with RNAseB and fixed for
crystal violet staining. Absorbance at 600nm was measured. Error bars represent standard deviation of
triplicate wells.

4.6 Analysis of library quality by flow cytometry
Since transformations into both pFimAH/AFIiC and pFimAH/MegaX both maintained an
estimated library size of 4.4x10°-2.0x10" variants (albeit pFimAH/AFIiC library may only be

able to support the lower limit of potential library size), both libraries were carried through flow
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cytometry assays to assess the degree of library expression as well as what percentage of
expressors retained their high-affinity conformation.
4.6.1 Assessing library expression using aPD

To quantitate what fraction of my library was folded and expressed on the fimbrial tips of
E. coli, 1 performed flow cytometry with anti-pilin domain (aPD) antibody. Since the entire
CDR2 loop was randomized such that any antibody that bound to the lectin domain of FimH may
no longer recognize the expressed protein, I used aPD, which is a polyclonal antibody that binds
to the pilin domain of FimH, to detect FimH expression. In the formation of the fimbrial tip and
the expression of FimH, the pilin domain is expressed after the lectin domain, so the use of aPD
rather than an anti-lectin domain antibody gave the added advantage of not falsely detecting any
truncated FimH variants. However, results of my experiments using aPD suggested that aPD
was cross-reacting with proteins other than FimH, confounding the measurement of library
expression. Although it is known that neither AF1iC nor MegaX contain endogenous FimH,
there was a clear aPD-positive population in cells containing only pFimAH, suggesting some
cross-reactivity of the antibody (Figure 15). Therefore, I concluded that aPD could no longer be

used to measure the expression of my library.
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Figure 15: oPD exhibits cross-reactivity. Amplified plasmid library was transformed into (A) pFimAH/AFIiC
or (B) pFimAH/MegaX and stained with aPD. 100,000 events were measured per sample, and histograms
were normalized to mode for easier comparison of mean fluorescence.

4.6.2 Flow cytometry for library conformation using Mab21

Although the cross-reactivity of aPD prevented accurate measurement of percent library
expression, Mab21 was used to gain information about the fraction my library that expressed and
retained high-affinity conformation. Mab21 is a monoclonal antibody specific for the high-
affinity conformation of FimH and whose epitope is buried in the interdomain space between the
lectin and pilin domains, far from the binding loops®®. Flow cytometry results with Mab21
suggested that both libraries showed some expression of the high-affinity conformation: 26.5%
of AFIiC library transformants and 15.8% of MegaX library transformants were positive for
Mab21 binding (Figure 16 and Table 4). 100,000 events were collected for each sample, which
oversamples each library 50-500-fold, so there is a >95% probability that every member of each

library was sampled®”’.
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Figure 16: Mab21 binds to CDR2-randomized FimH-Hi library expressed in the high-affinity conformation.
Amplified plasmid library was transformed into (A) pFimAH/AFIiC or (B) pFimAH/MegaX and stained with
Mab21. Brackets indicate threshold for distinguishing Mab21- and Mab21+ populations. 100,000 events

were measured per sample, and histograms were normalized to mode for easier comparison of mean
fluorescence.

Cell strain % Library Mab21+ % A188D Mab21+ % Library Mab21+
% A188D Mab21+
AFIiC 17.7 66.7 26.5
MegaX 13.8 87.5 15.8

Table 4: Fraction of Mab21+ library normalized to Mab21+ A188D control. Normalized percentage is

indicative of the fraction of the CDR2-randomized FimH-Hi library that is expressed and is maintained in the
high-affinity conformation.

5 Discussion

Overall, I achieved a functional library size of about 4.4x10°-2.0x10" variants in AF1iC
and MegaX DH10b cell strains, with high diversity. The critical step in optimizing library size is
transformation efficiency, but once optimized, the principles behind these methods (gene

assembly and Gibson assembly) could be applied to construct library randomizing all three CDR

loops of FimH.
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5.1 Library construction and transformation into expression library

Gene assembly with degenerate oligonucleotides successfully generated a library of high
diversity with incidence of stop codons and frame-shifts not significantly higher than expected.
The source of wild-type contamination is likely the PCR-amplified vector for Gibson assembly.
The vector into which the CDR2 library fragment was inserted was derived from PCR
amplification of the pGB224-A188D plasmid, which contains wild-type CDR2. Rather than
simple PCR clean-up, which only eliminates primers and fragments of DNA <100nt, a gel
purification should be done to prevent contamination of Gibson assembly product with wild-type
CDR2 plasmid. Even though PCR amplification should have generated exponentially greater
amounts of linear vector than wild-type CDR2 plasmid, any wild-type plasmid is likely to taken

48,61
01763 Therefore,

up preferentially over ligation product by bacteria at the transformation step
limiting contamination by wild-type CDR2 plasmids will further increase library diversity. That
said, no other two sequences were alike, so gene assembly successfully generated high diversity
in CDR2.

Gene assembly has been reported to have elevated incidence of non-targeted mutation
compared to routine PCR?, which may explain the non-wild-type CDR1/3 loops observed in two
clones. KOD Hot Start Polymerase (Novagen) is recommended to decrease the incidence of
non-targeted mutations™. In the future, it is necessary to sequence the entire vector to calculate
the rate of unintended mutation. That said, according to Bessette et al., only a four-fold increase
in degeneracy should ensure all intended randomized sequences are present in the gene
assembled fragment library. Since the original gene assembly reaction used enough dNTPs to

cover the potential library size 50-fold, incidence of unintended mutations should not limit my

library size. Overall this method of genetic mutation to randomize all nine residues of CDR2 can
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be applied to generating a plasmid library containing all three randomized CDR loops of the
FimH lectin domain (see Future Work).

The main limiting steps in maintaining library size were the transformations. To amplify
the plasmid library, the transformation of Gibson assembly into MegaX DH10b achieved 4.4x10*
transformants corresponding to transformation efficiency on the order of 10° CFU/ug of DNA.
The positive control (pUC19) had a transformation efficiency of 8.2x10°, which is almost 1.5-
fold lower than the lower bound of the manufacturer’s reported efficiency®, suggesting that there
is some room for improvement of this transformation. Although one needs to calculate
transformation efficiency (CFU/ug DNA) to compare the results to the manufacturer’s claims,
this is not the best measurement of success for library construction. Instead, number of
transformants should be optimized, and this generally increases with increasing concentrations of
DNA, which is not always the case with transformation efficiency®*®’. For example, in one of
the earliest attempts to transform Gibson product into MegaX, 43.1ng of Gibson assembly
transformed with highest efficiency into electrocompetent MegaX, but 431ng of Gibson
assembly product actually resulted in 5-fold higher number of transformants (data not shown).
Unfortunately, at that time, it was not known to optimize number of transformants, and
subsequent transformations used a maximum of 43.1ng of Gibson assembly. Therefore, for
repeating these methods in creating a 3-loop diversity library, transformation efficiency,
frequency (transformants/survivors), and most importantly number of transformants should be
considered when evaluating optimum transformation conditions. Another possible point of
improvement is to inactivate any ligases in the Gibson assembly reaction that may be interfering
with transformation®"**®. A bulletin from BioRad reports that heat inactivation of ligase for

15min at 65°C increases transformation efficiency 2-5-fold®'. Although it remains to be seen
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whether this would optimize our transformation, if DNA concentration and cell concentration
were held constant, an increase in transformation efficiency would correspond to an equivalent
increase in the number of transformants.

For the second transformation of the amplified plasmid library into electrocompetent
pFimAH/AFIC or pFimAH/MegaX, I believe that the main limitation to number of
transformants achieved was the competent cell preparation. I cannot evaluate my competent cell
preparations with pUC19 control plasmid because pUC19 contains the same antibiotic resistance
gene as pFimAH, making it impossible to distinguish between transformants and non-
transformants. But when comparing my maximum transformation efficiency to others
electrocompetentizing MegaX, there may be room for improvement. Wu et al. reported a
maximum transformation efficiency of 1.5x10° CFU/ug DNA in MegaX DH10b using several
optimizations: (1) starting preparation with cells grown to early log phase OD600 = 0.15 rather
than 0.35-0.4; (2) concentrating cells by three washes with 10% glycerol rather than two washes
with water and one wash with 10% glycerol; (3) final concentration of electrocompetent cells
should be 0.5-0.6x10'" cell/m1®. Importantly, all of their experiments electroporated using a
field strength of 12.5kV/cm rather than 20kV/cm, which is recommended by BioRad for
commercially prepared MegaX DH10b, so perhaps these conditions would not be optimum for a
higher electroporation field strength. Also, these conditions were optimized for maximum
transformation efficiency, which may not actually improve total number of transformants, but
these suggestions may provide insight on what conditions can be considered for optimization of
electrocompetent MegaX cell preparation.

The BioRad Gene Pulser II Manual and should be consulted for general principles of

electroporation’®, and Dower et al. (1988) present a thorough analysis of how electroporation
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conditions affect transformation efficiency, transformation frequency, and number of
transformants®®. Based on my current knowledge and experience, I hypothesize that increasing
the competent cell concentrations and DNA concentrations will increase the number of
transformants (and potentially decrease the transformation efficiency), thereby increasing the
library size.

One last suggestion for competent cell preparation is to prepare large batches of
electrocompetent cells, because there is considerable variability between cell batches®, so some
re-optimization may be required for each batch of competent cells. Finally, it should be noted
that Lucigen can prepare custom competent cells for library applications’', price upon request.
5.2 Characterization of library expression and conformation

Based on the library construction methods used, I expected that 10-55% of the CDR2
variants generated would not contain stop codons or frame-shifts and could theoretically fold and
express on the fimbrial tips. My flow cytometry experiments indicated that 26.5% of my
pFimAH/AFIiC library and 15.8% of my pFimAH/MegaX library were expressed in the high-
affinity conformation. Since these observed percentages are within the range of expected
expression based on library construction methods, it is possible that all functional variants in my
library were successfully expressed and remained locked in the high-affinity conformation
despite having the entire CDR2 loop randomized. However, it is impossible to know whether
the high-affinity variants detected constitute a minority or a majority of the total expressed
library. To parse the problem, I attempted to measure the percentage of the library expressed,
regardless of conformation, using aPD. Unfortunately, polyclonal antibody aPD bound to cells
containing pFimAH without fimH of any form, suggesting that aPD may be cross-reacting with

something encoded on pFimAH (such as FimA), or induced to express by pFimAH. Our lab is
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investigating monoclonal antibodies that bind FimH in a conformation-independent manner to

probe expression of the library.
6 Conclusions and Future Work

In summary, I created a highly diverse library of 4.4x10°-2.0x10* variants by
randomizing 9 amino acids in the CDR2 loop of FimH-Hi. The gene assembly and Gibson
methods were successful in generating high diversity with incidence of stop codons and frame-
shifts not significantly higher than expected. The results presented here demonstrate that these
methods can be used to randomize all three CDR loops on the FimH-Hi lectin domain (see
Future Work), and a clear strategy exists for optimizing library creation through the
improvement of transformations. A significant percentage of the library is expressed and
maintained in the high-affinity conformation, suggesting that FimH-Hi is a good protein scaffold
because it retains its high-affinity conformation despite randomization in the lectin domain.
Moreover, a single point mutation can revert FimH-Hi to the wild-type, activatable
conformation, generating a theoretically activatable protein scaffold. Next steps include sorting
the library using FACS with Mab21 to isolate and grow up only the fraction of the library that
expresses a FimH variant in the high-affinity conformation. Further conditioning of this library
includes depleting non-specific binders and mannose-binders to obtain a bacterial display library
of high-affinity FimH mutants that no longer bind mannose.

6.1 Proposed molecular biology strategies for randomizing all three CDR loops

To achieve randomization of all three CDR loops, there are many molecular biology
options. The strategies presented here are based on the methods and results reported in this
thesis. The best strategy will maximize diversity, minimize stop codons, have a high probability

of success, and be cost- and time-efficient. Here, I propose several strategies that I think best fit
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these requirements, and discuss the advantages and disadvantages of each method as well as
alternatives.

The initial strategy for generating a library randomizing all CDR loops utilized gene
assembly to fully synthesize a 471bp sequence encoding the FimH lectin domain using 8
overlapping oligonucleotides. Of these 8 oligonucleotides, 3 contained NNK regions (3
corresponding wild-type oligonucleotides are also available). The first attempt at generating a
library using gene assembly with these 8 oligonucleotides yielded a high incidence of stop
codons; 10 codons were sequenced, and all 10 contained at least one stop codon in any of the
CDR regions (data not shown). Although 100% of clones sequenced contained a stop codon,
this percentage is not significantly higher than the expected occurrence of 56% (p>0.1).
Nonetheless, in light of this preliminary data, it may be optimum to use the existing CDR2
library developed in this thesis, after conditioning by several assays including fluorescence
activated cell sorting (FACS) to eliminate non-expressing clones, as a starting point from which
to generate randomization into CDRs 1 and 3. This would decrease the expected incidence of
stop codons from 56% to 42%.

The first option, and the one I believe is optimal based on my experience with these
methods, is to use the gene assembly oligonucleotides previously ordered to generate short
fragments of randomized CDR1 and CDR3 separately, followed by insertion into FimH vector
pGB224-A188D with CDR2 library fragment (subcloned from conditioned CDR2 library
reported in this thesis) via Gibson assembly. Important design criteria include ensuring that the
oligonucleotides used will synthesize fragments that overlap by 16-40bp for subsequent Gibson
assembly. The amplification step done after gene assembly in this thesis may not be necessary

here if initial gene assembly product results in a single, clear band at expected length. However,
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a smear on the gel is expected with gene assembly reactions with multiple overlapping
oligonucleotides, since not all oligonucleotides will anneal into full-length product with 100%
efficiency’”. Therefore, the advantage of the amplification step is (1) to amplify any full-length
product formed in the initial reaction, and (2) to allow a second chance for oligonucleotides to
anneal into full-length product. The reason this is accomplished with two PCR reactions rather
than a single reaction with more cycles is to minimize library bias resulting from amplification of
only a few variants. After generation of CDR2 fragment library by PCR, all three CDR fragment
libraries can be combined with PCR-generated pGB224-A188D vector by Gibson assembly.
Traditional restriction enzyme cloning may also be used if unique restriction cut sites exist
between CDRs, although NNK randomization may introduce restriction cut sites impossible to
predict. That said, to prepare for either strategy, amplification primers should be designed to
accommodate restriction enzyme cloning (if possible) and Gibson assembly. To allow for either
strategy, the Gibson assembly overlap regions should span each restriction enzyme cut site. If no
cut site exists, only Gibson assembly specifications need to be considered. Gibson assembly
necessitates 16-40bp overlap, with a melting point greater than 48°C to ensure specificity®.

The advantages of using this first method is that CDRs 1 and 3 are randomized and
combined with CDR2 mixture that has no stop codons, decreasing the frequency of stop codons
in the total 3-loop library. This method also uses existing oligonucleotides (although a few
additional amplification primers may be necessary), saving time and cost. However, there are
two major differences between this method and the one used in this thesis for generating the
CDR?2 library: (1) subcloning the CDR2 library fragment, and (2) using Gibson to assembly four
fragments together rather than just two. The latter is not expected to cause any problems since

the Gibson Assembly kit is designed for ligating up to 6 fragments regardless of fragment
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length®">" But in the event that Gibson assembly does not successfully ligate all 4 fragments,
there are several different GeneArt® fragment assembly kits available from Life Technologies
that may serve as alternative methods for about $15-$43 per reaction’*. Subcloning of the CDR2
library fragment from the library described in this thesis may present several challenges that
could potentially decrease library size. First, the probability of any variant in the original
plasmid library being present in a sub-cloned library is decreased such that ensuring propogation
of total diversity may require the number of transformants to be far greater than the number of
transformants in the original library”. A more detailed discussion on improving transformations
can be found in the Discussion of this thesis. Second, if the CDR2 fragment library is PCR-
generated for Gibson assembly, this additional PCR may result in library bias.

To avoid having to ligate 4 fragments simultaneously, sequential insertion of CDR1 and
CDR3 into PCR-generated CDR2-containing vectors can be used to obtain fully randomized
library. The potential disadvantage of this method is that multiple CDR2-containing vectors will
need to be PCR-generated.

Gene shuffling is a potential alternative to avoid the need to excise or sub-clone CDR2
out of its plasmid. One possible strategy employing gene shuffling is to synthesize the full-
length (471bp) sequence with CDRs 1 and 3 randomized simultaneously (leaving CDR2 wild-
type), insert the mixture of 471bp sequences into pGB224-A188D, and employ gene shuffling
with CDR2 plasmid library. This eliminates the need for sub-cloning sub-cloning the CDR2
fragment library out of its plasmid. Gene shuffling consists of digestion by DNAse followed by
a PCR reaction to allow crossover between templates. The goal is to basically have entire CDR
regions swap from plasmid to plasmid in order to obtain a plasmid library with all three CDR

loops randomized. Whereas this is obtained by careful cloning or Gibson assembly in previously
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mentioned methods, gene shuffling is quick and requires little library construction

#4151 However, gene shuffling does not allow the same extent of control over

expertise
shuffling, and one of the main disadvantages of gene shuffling is the potential for no
recombination to occur and therefore significant incidence of wild-type sequences. To address
both of these challenges, the rate of recombination is controlled mainly by the choice of what
size fragments to isolate and recombine after DNAse digestion*'.

The last potential strategy discussed here is to repeat all of the methods presented in this
thesis with CDR1 and CDR3 separately, followed by conditioning of the library to achieve three
separate libraries, each with a different CDR randomized, and each one conditioned such that
only variants expressed in the high-affinity conformation and lack mannose- and non-specific
binding are retained. At this point, each plasmid library can be isolated and combined together
by gene shuffling, cloning, or any of the previously mentioned methods. The advantage of this
strategy is that by the time the three randomized CDR loops are combined, none of the variants
have stop codons or frame-shifts, and all of the variants can be expressed and retain their high-
affinity conformation. The disadvantage of this method is that having to do all of the
transformations for each library in parallel is not only time consuming and resource-intensive,

but if not all transformations are of high enough efficiency, this method could also provide many

more bottle-necks in library size.
7 Appendix

Table 5: Cell strains used in this thesis.

Cell strain Jfim genotype Antibiotic resistance | Uses in this thesis
AFLiC fim- Kanamycin Library expression
MegaX DH10b | fim- - Plasmid library amplification
Library expression
DH5a Wild-type fim+ | - Attempted library expression
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XL1b N/A Tetracycline Testing Gibson assembly by
blue/white selection

TOP10 N/A - Testing gene assembly

Table 6: Plasmids used in this thesis. MCS = multiple cloning site

Plasmid name MCS Genotype Antibiotic resistance Use in this thesis
pGB224-A188D fimH-A188D Chloramphenicol Library randomization
pFimAH fim(AICDFG) Ampicillin, kanamycin Fimbrial expression
pPKL114 fimB Ampicillin Fimbrial expression
pCR®-Blunt Used as a vector Kanamycin, zeocin Gibson check

Table 7: Antibodies used in this thesis.

Antibody Type Target Raised against

aPD Rabbit polyclonal | Pilin domain Periplasmic pilin domain isolate

Mab21 Mouse monoclonal | High affinity Purified high-affinity FimH
conformation FimH
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