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Abstract
Although cancer-promoting activities of extracellular proteases and peptidases in the tumor
microenvironment are well known, the disruption of individual enzymes in this environment
remains a fundamental challenge. To better understand the roles of these enzymes in cancer
progression, and to potentially begin to target them in vivo, selective inhibitors of these enzymes
are needed. Small molecules, which have proven potent inhibitors of these enzymes, are rarely
selective enough to target an individual enzyme. Antibodies can exhibit exemplary selectivity of
binding, but inhibitory clones are difficult to isolate. This work explores a novel strategy for
selective, effective inhibition of such enzymes, in which a specific protein binder is conjugated to
an inhibitory small molecule. To this end, antibodies against a model antigen, matrix
metalloproteinase-9 (MMP-9) were identified and site-specifically modified for conjugation to an
inhibitory small molecule. Candidate small molecules were also identified and evaluated for
inhibitory efficacy. Then, conditions to efficiently conjugate the two moieties were explored and
leveraged to produce candidate hybrid inhibitors. We anticipate that this strategy will provide a
robust method of producing selective inhibitors for broad classes of enzymes active in the tumor
microenvironment and in other complex diseases.
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Chapter 1: Introduction
Enzymes in the tumor microenvironment
In the United States alone, 2017 saw over 600,000 people succumb to cancer, and 1.7
million more diagnosed with it1. This disease is a pressing public health concern, and many
research groups have dedicated themselves to understanding the underlying biological and
chemical processes that contribute to disease progression. Many cellular pathways have been
implicated in cancers, such as the Wnt2 and AKT3 signaling pathways, and p53-mediated
apoptosis4. However, many processes related to tumor growth, development, and metastasis
occur not only within the cell, but also in the extracellular matrix (ECM). Enzymes in the ECM
are involved in processes including activation of growth factors and their receptors, degradation
of proteins involved in adhesion, and remodeling of the ECM, allowing migration. When these
processes are disregulated, they can promote tumorigenesis and metastasis5.
Advances have been made in elucidating the roles of enzymes whose activities may
promote cancer6,7, but many enzymes’ precise roles in cancer progression are not well
understood7. Temporal and tumor-specific activities of different enzymes can vary greatly
throughout carcinogenesis, angiogenesis, invasion, and metastasis. However, enzymes are often
secreted in their inactive forms and stored until activation8, which reduces the efficacy of gene
therapy in determining their contributions to cancer progression. Thus, selective, potent
inhibitors are necessary to elucidate the specific roles of individual enzymes in the tumor
microenvironment.
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Matrix metalloproteinases
One class of targets of historical therapeutic interest in tumor progression is matrix
metalloproteinases (MMPs), a family of 23 zinc-dependent endopeptidases found in the ECM.
These enzymes have proven difficult to selectively inhibit due to their similarities with each
other, as well as other enzymes in the ECM (such as a disintegrin and metalloproteinases)9. As
such, many of their precise roles in tumorigenesis have not been elucidated.
MMP-9, in particular, is a promising therapeutic target, as it has been implicated in
invasion, proliferation, angiogenesis, cell migration, and suppression of T-lymphocyte activity10.
However, at different stages in tumorigenesis and metastasis, this enzyme has different roles, and
in some environments, it can have anti-tumorigenic activity11. For example, MMP-9 degrades Ecadherin in the tumor microenvironment, which facilitates migration and invasion12. However,
its knockdown has also been shown to increase metastasis13,14. Similarly, although apoptosis is
generally considered a process involved in tumor suppression, MMP-9 knockdowns can lead to
lower levels of apoptosis at the necessary times in development15, and MMP-9 can induce
neuronal apoptosis16. The variety of functions of MMP-9 illustrate the complexities of ECM
biology, and its close relation to cancer progression. Understanding the different effects of this
model enzyme and others in different temporal and environmental contexts can help elucidate
the processes involved in tumor development and cell migration and develop better therapeutic
strategies. More broadly, the challenges of targeting specific MMPs are recapitulated within
many other families of enzymes, such as protein kinases17 and serine hydrolases18. Development
of a robust strategy for production of selective enzyme inhibitors is broadly applicable for use in
many different target families.
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Existing inhibitory strategies
Major challenges in selectively inhibiting individual members of these families of
enzymes have arisen due to the structural similarities between them. Small molecule inhibitors
frequently display off-target inhibition, which precludes study of the roles of individual enzymes,
and also results in serious side effects in clinical applications19–22. More selective small molecule
inhibitors23 can take months or years to develop, and are not generalizable for many enzymes;
they often require great refinement for each individual target.
Protein- and peptide-based therapies show promise in specificity of binding. Selective
protein-based binders can be identified in vitro using display technologies, in which (most
commonly) proteins are presented on the surface of a phage or microorganism. Then, these
libraries can be screened by enriching the population for binders to an immobilized antigen,
isolating individual clones, and performing more extensive characterization of positive hits. With
some display technologies, binders can also be identified by incubating the displaying organism
with antigen, fluorescently labeling the antigen, and using fluorescence-activated cell sorting
(FACS) to isolate the strongest binders of the displayed proteins. In vivo techniques can also be
employed to raise antibodies against an antigen of interest through immunization of an animal,
extraction and screening of B cells, and characterization of the antibodies raised24. However,
even using these technologies, it can still be difficult to isolate inhibitory binders25.
One inhibitory strategy that is emerging in response to the challenges of these approaches
involves chemical modification of proteins. Cyclic peptides, chains of amino acids formed into
one or multiple rings, are often produced through chemical modifications of amino acid
sidechains, and have been shown to provide specificity and strong inhibition of their targets26.
Bivalent inhibitors are also a strong emerging strategy for selective inhibition. Bivalent
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inhibitors, composed of a conjugate of two distinct elements expected to independently interact
with the target of interest, interact with the target in two distinct locations, which enhances
binding and IC50 beyond that of either component. Conjugation of peptides or proteins to lowspecificity inhibitors have been found extremely effective in this application27,28. Given the great
selectivity of antibodies and the strong, but nonselective inhibition of small molecules, the
integration of novel chemistries into antibodies for the formation of hybrid bivalent inhibitors for
selective targeting of individual enzymes has great potential. Development of a generalizable,
high-throughput technique for constructing, identifying, and evaluating such conjugates would
greatly benefit the field and lead to new classes of therapeutics.

Yeast display
Display technologies, as previously discussed, are a robust tool used to identify highaffinity binders for various targets of interest. Moreover, they can be used to determine the
affinity of displayed molecules for their target29. Yeast display is one such technology,
advantageous over other technologies for the relative stability of the constructs displayed, the
ability to post-translationally modify expressed proteins as in eukaryotic cells, tight control of
inducible promoters over construct expression, large possible library size and diversity, and
compatibility with FACS30,31. Yeast display libraries have been successfully used to identify
antibody-based binders for many therapeutically relevant antigens, including the human T-cell
receptor32, epidermal growth factor receptor, p53, and amphiregulin33. Furthermore, yeast
display can be used with flow cytometry to quantitatively assess antigen binding to a displayed
protein. Although yeast display is advantageous for isolating strong protein binders, it is difficult
to isolate inhibitory protein binders from a library34.
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Amber suppression
The rational introduction of new chemical functionality into peptides is a promising
strategy for development of new protein-based therapeutics, as it allows the production of novel
interactions between the peptide and substrate. Conjugation of a binding protein to an inhibitory
moiety has been shown to increase binding affinity and/or produce an inhibitory interaction
between the noninhibitory protein and the target35. Introduction of new chemical functionalities
into proteins can be achieved through the use of orthogonal translation machinery. Engineered
aminoacyl tRNA synthetase/tRNA pairs have been developed to allow incorporation of
noncanonical amino acids (ncAAs) with novel functional groups into proteins. These amino
acids can be encoded site-specifically in place of the amber (TAG) stop codon through amber
suppression36,37. Noncanonical amino acids may themselves possess an inhibitory functional
group, or serve as a reactive handle for conjugation of the protein to an inhibitory moiety. A vast
array of amber suppression-compatible conjugation reactions have been developed, such as
ketone condensations, Staudinger ligations, azide-alkyne cycloadditions, and palladiumcatalyzed cross-coupling38. These can be used for applications as diverse as site-specific protein
labeling39, PEGylation, glycosylation, and crosslinking40. Amber suppression-enabled reactions
have also been used to functionalize proteins in various ways, providing a redox mediator for the
study of hemes41 or allowing production of antibody-drug conjugates42.

Copper-catalyzed azide-alkyne cycloadditions
One of the applications of ncAA incorporation is bioorthogonal conjugation of the
protein to another molecule that could inhibit the target of interest. Copper-catalyzed azidealkyne cycloadditions (CuAAC, a form of “click chemistry”), is an advantageous way to do this
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on the yeast surface43. This reaction is bioorthogonal, as neither alkynes nor azides are typically
found in nature, nor are they reactive with other natural functional groups under biocompatible
conditions. CuAAC is also relatively fast44, does not require high temperatures, and produces
thermostable products are not susceptible to degradation by biological agents, nor in aqueous
environments45,46. It is also compatible with surface display technologies; reactions have been
performed on the surfaces of E. coli47, mammalian cells48, viruses49, and yeast37.

Reaction mechanism
The mechanism of the CuAAC reaction has not been conclusively elucidated. Most
proposed mechanisms involve coupling between the terminal alkyne and the Cu(I) catalyst to
form a copper acetylide, followed by coordination by the copper of the azide, which allows
attack by the nonterminal carbon on the terminal nitrogen. Then, a rearrangement occurs, as
shown in Fig. 1.1A, forming the 1,4-disubstituted 1,2,3-triazole. A proton then replaces the
copper ion, regenerating the copper catalyst so the catalytic cycle can repeat (Fig. 1.1A)50. A
more recently proposed mechanism involves the formation of a π-complex between the copper(I)
catalyst and the terminal alkyne, which acidifies the terminal alkyne and promotes the formation
of a copper acetylide with a second copper ion. Interaction of two copper-ligand complexes with
the reactants also promotes their proper coordination (Fig. 1.1B)50,51.
Figure 1.1. Proposed
CuAAC mechanisms.
A) First proposed
CuAAC mechanism. B)
More recent, better
substantiated
mechanism. Figures
from50.
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These mechanisms also illustrate the role of the Cu+ ion in catalysis. Due to the high
kinetic barrier of the uncatalyzed reaction, reaction conditions have been studied extensively to
optimize speed and product yield. The Cu(I) catalyst has been identified as a pivotal way to
increase the reaction rate. However, in aerobic conditions, Cu(I) quickly oxidizes to Cu(II),
producing reactive oxygen
species. This catalyst must
be used in anaerobic
conditions, or under
conditions that otherwise
favor the maintenance of
the ion in the +1 oxidation
state. One of the ways the

Figure 1.2. Some representative CuAAC ligands with heterocyclic donors.
TBTA = tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine; THPTA =
tris(3-hydroxypropyltriazolylmethyl)amine; BTTAA = 2-[4-({bis[(1-tertbutyl-1H-1,2,3-triazol-4-yl)methyl]amino}methyl)-1H-1,2,3-triazol-1yl]acetic acid. Reaction with BTTAA was found to result in over three times
the product of reaction with THPTA and over ten times the product of the
reaction with TBTA after half an hour53.

oxidation state is maintained is through the use of a copper-chelating ligand, which also
contributes sterically and electronically to the catalysis52. Many ligands (some examples shown
in Fig. 1.2) have been explored for use in aqueous reaction conditions, and it has been found that
ligands with more sterically hindered functional groups (such as tert-butyl groups) enhance
CuAAC reaction rate. This likely due to interference by these groups in the formation of
unreactive copper acetylides53.

12

Thesis work
The objective of this work is to validate a novel
approach of selectively inhibiting enzymes (here, MMP-9) by
introducing new chemical functionalities into proteins. We
anticipate that conjugation of a selective binding protein to a
nonspecific, effective inhibitor of these enzymes can produce
strong, specific inhibitors for a variety of targets. In this work,
previously identified MMP-9-binding proteins are conjugated
site-selectively to inhibitory small molecules (Fig. 1.3). MMP9 is a promising therapeutic target. It is also similar to MMP2, which makes it challenging to selectively inhibit, and

Figure 1.3. Proposed scheme for
protein-small molecule hybrids.
Protein-small molecule hybrids
consist of a selective binding
protein conjugated to a
nonspecific inhibitory small
molecule, which would allow
delivery of the small molecule to
the active or regulatory site and
produce selective inhibition of the
target enzyme (figure from Prof.
James Van Deventer).

provides an enzyme (MMP-2) against which to test the
specificity of the hybrids. MMP-9 is also an advantageous model system for this study due to the
availability of inhibitory small molecules and previously identified antibody sequences. MMP-9,
thus, is an appropriate target for proof-of-concept work on protein-small molecule hybrids.
After antibodies and small molecules are identified, construction and evaluation of these
protein-small molecule hybrids will be performed on the yeast surface. Amber suppression is
used to site-selectively introduce azide-containing noncanonical amino acids into the MMP-9binding proteins, and CuAAC is then employed to conjugate an MMP-inhibiting small molecule
to the scFv. Hybrid construction and MMP-9 binding are evaluated using flow cytometry.
Throughout the process of constructing and evaluating the hybrids, trends in reactivity between
small molecules and proteins, at different sites of conjugation, and with different noncanonical
amino acids and ligands are examined. Identification of strong, selective MMP-9 inhibitors could
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enable study of its temporal and contextual role in cancer progression. More broadly, this hybrid
inhibitor approach could prove to be a robust strategy for production of selective inhibitors for a
wide array of enzymes, both as therapeutics and for the study of the enzymes.
Chapter 2 details experimental procedures, including cloning of the display constructs
and experimental procedures for the assays performed. Chapter 3 investigates the binding
properties of model binding proteins to MMP-9, and the effect of introduced ncAAs on binding
properties. Chapter 4 builds on this work by describing optimization of amber suppressionenabled CuAAC for construction of the hybrids, as well as trends in reactivities. It also explores
hybrid binding to MMP-9. Chapter 5 presents conclusions from the work and suggests future
directions for hybrid design and production.
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Chapter 2: Materials and Methods
Media, buffers, and reagents
Yeast media and plates
SCAA (-Trp -Leu -Ura) dropout mix. The components in Table 2.1 were weighed out as
indicated, blended to mix homogenously, and stored at 4°C:
Table 2.1: Components of SCAA dropout mix
Amino Acid
Mass (g)
Adenine
0.5
Alanine
2
Arginine
2
Asparagine
2
Aspartic Acid
2
Cysteine
2
Glutamine
2
Glutamic acid
2
Glycine
2
Histidine
2
Inositol
2
Isoleucine
2
Lysine
2
Methionine
2
para-Aminobenzoic acid 0.2
Phenylalanine
2
Proline
2
Serine
2
Threonine
2
Tyrosine
2
Valine
2
SD-CAA. Liquid media was prepared in dH2O with 20 g/L dextrose, 6.7 g/L Yeast N2
base, 5 g/L CAA, and 4.5 pH buffer citrate buffer (10.4 g/L sodium citrate and 7.4 g/L citric acid
monohydrate), then filter-sterilized. Plates were prepared by autoclaving in 90% of the final
volume of dH2O: 15 g/L agar, 182 g/L sorbitol, and pH 6.0 phosphate buffer (5.40 g/L Na2HPO4
anhydrous and 8.56 g/L NaH2PO4·H2O). Then, in 10% of the final volume, 20 g/L dextrose (Dglucose), 6.7 g/L Yeast N2 base, and 5 g/L CAA were sterile-filtered. Autoclaved and sterile-
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filtered components were combined once autoclaved components had reached a temperature at or
below 55°C, and plates were poured.
SD-SCAA (-Trp -Leu -Ura). Liquid media was prepared as for SD-CAA, but substituting
2 g/L SCAA dropout mixture for the 5 g/L CAA. Plates were prepared as for SD-CAA, with the
substitution of 2 g/L SCAA for the 5 g/L CAA.
SG-CAA. Liquid media was prepared in dH2O with 20 g/L galactose, 2 g/L dextrose, 6.7
g/L Yeast N2 base, 5 g/L CAA, and a pH 6.0 phosphate buffer (5.40 g/L Na2HPO4 anhydrous
and 8.56 g/L NaH2PO4·H2O), then filter-sterilized.
SG-SCAA (-Trp -Leu -Ura). Liquid media was prepared as for SG-CAA, with the
substitution of 2 g/L SCAA dropout mixture for the 5 g/L CAA.

E. coli media
LB. Liquid media was prepared by dissolving 25 g/L LB in dH2O and filter-sterilizing.
Antibiotics were added at a final concentration of 50 mg/L the day of inoculation. Plates were
prepared by autoclaving 25 g/L LB and 15 g/L agar in dH2O. Antibiotics were added to a final
concentration of 100 mg/L once autoclaved components had reached a temperature at or below
55°C, and plates were poured.
SOC. Liquid media was prepared as previously described1.

Buffers
10X PBS. Prepared as previously described2.
1X PBS. Prepared by diluting 10X PBS 1:9 in dH2O, and pHing to pH 7.4.
1X PBSA. Prepared as 1X PBS, with 0.1% BSA.
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TCN. The buffer was prepared to pH 7.5 with final concentrations of 50 mM Tris-HCl, 5
mM CaCl2, and 150 mM NaCl. It was then sterile-filtered.

MMP-9 buffer exchanges, activation, and activity assays
Protein production. MMP-9 was produced in HEK293 cells3, and purified using a NiNTA column4.
Buffer exchanges. Buffer exchanges were performed to exchange the glycerol protein
stock into TCN (greater than 1,000-fold dilution into TCN was performed). Pro-MMP-9 was
stored at 4°C for up to two weeks.
Activation. 1 part pro-MMP-9 was incubated with 2 parts trypsin (0.5 mg/mL in TCN)
and 7 parts TCN for 30 minutes at room temperature. Then, 1 part 100 mM phenylmethane
sulfonyl fluoride in isopropanol was added to inactivate the trypsin, and the mixture was stored
on ice to prevent autodigestion. Activations were performed the day of the experiment. Negative
controls were treated the same, but 2 parts TCN were substituted for the 2 parts trypsin in the
activation protocol.
Activity assay. Before any assay with MMP-9, a preliminary activity assay was run to
confirm that the activation of MMP-9 was successful. 10 μL trypsin-treated MMP-9 and 10 μL
negative control were mixed with 50 μL FS-65 in a clear, flat-bottomed 96-well plate. A 5minute kinetic assay was run on the SpectraMax i3X plate reader (Molecular Devices) with an
excitation wavelength of 328 nm, emission wavelength of 393 nm.
Inhibition assay. MMP-9 was activated, and diluted to 1.33 times the desired final
concentration (25 nM) in 1X PBS. Then, 195 μL MMP-9 was mixed with 5 μL inhibitory small
molecule to the desired final concentration, and incubated on the plate shaker at 150 rpm for 30
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minutes at room temperature. Then, 50 μL FS-6 was mixed with 150 μL MMP-9, and a kinetic
assay was run on the SpectraMax plate reader for 15 minutes. The endpoint was the time point
closest to 2.5 minutes, here, 2:23.
EDTA treatment. To test the effect of partial MMP-9 inhibition on MMP-9 and c-Myc
detection, MMP-9 was activated, and incubated with 10 mM EDTA (or the equivalent volume
dH2O) at room temperature. Labeling was performed as described.

DNA and Cloning
Vector purchase
DNA sequences for M0076 and DX-2802 were obtained6 and ordered for synthesis from
GeneArt with a NheI site immediately upstream of the light chain, linker 2187 between the light
and heavy chains, and a BamHI site downstream of the heavy chain. Sequences were codonoptimized by GeneArt for S. cerevisiae.

Cloning into display construct
Digestion and ligation. DNA of each construct was miniprepped as described (E. coli
transformation and plasmid DNA isolation), and 3000 ng these constructs and pCTCON2FAPA-1.4.3 were separately digested in 50 μL 1X CutSmart, 1 μL NheI, and 1 μL BamHI at
37°C for 16 hours. After 16 hours, 0.5 μL each enzyme was added to the mixture, and DNA
incubated for 1 hour more. Then, appropriate bands were extracted from a 0.8% gel. 100 ng
double-digested M0076 and DX-2802 fragments were ligated to 100 ng double-digested
pCTCON2 at 16°C for 9 hours, then were heat inactivated for 10 minutes at 65°C. FAPB
constructs were previously cloned8.
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E. coli transformation and plasmid DNA isolation
Plasmid DNA was transformed into chemically competent DH5αZ1 by incubating cells
with plasmid DNA on ice for 30 minutes, then plating 50 μL cells directly onto prewarmed LB
plates with appropriate antibiotic. (All pCTCON2-based plasmids were grown on media with
ampicillin.)
Cloned DNA (ligation or Gibson Assembly products) was transformed into chemically
competent DH5αZ1 by incubating cells with plasmid DNA on ice for 30 minutes, heat shocking
at 42°C for 2 minutes, incubating on ice for 5 minutes, recovering in 100 μL LB media for 1
hour at 37°C, and plating on prewarmed LB plates with appropriate antibiotic.
Plates were left at 37°C for 16-17 hours, then stored at 4°C until further use.
Colonies were picked, inoculated in LB media, and grown at 37°C for 16 hours. Plasmid
DNA isolation was then performed (Epoch).

Sequencing
Sequencing of clones was performed by Eurofins Genomics or Quintara Biosciences.
Sequencing primers (Con2seqfwd and Con2seqrev) are shown in Table 2.2.

Table 2.2: Primers for sequencing and Gibson Assemblies
Name
Con2seqf
wd
Con2seqre
v
76L1fwd
76L1rev
76L93fwd

Sequence
GTTCCAGACTACGCTCTGCAGG
GATTTTGTTACATCTACACTGTTG
CGGTAGCGGAGGCGGAGGGTCGGCTAGCTAGGATATTCAAATGACCCAATCT
CCTTCTT
AAGAAGGAGATTGGGTCATTTGAATATCCTAGCTAGCCGACCCTCCGCCTCC
GCTACCG
GCTACTTACTTCTGCTTGCAACATAACTAGTTCCCATTGACTTTCGGTCAAGG
TACT
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76L93rev
DXL1fwd
DXL1rev
DXL93fw
d
DXL93rev

AGTACCTTGACCGAAAGTCAATGGGAACTAGTTATGTTGCAAGCAGAAGTAA
GTAGC
CGGTAGCGGAGGCGGAGGGTCGGCTAGCTAGTCTGCTTTGACTCAACCTAGA
TCTGTT
AACAGATCTAGGTTGAGTCAAAGCAGACTAGCTAGCCGACCCTCCGCCTCCG
CTACCG
GAAGCTGATTACTACTGTTGTTCTTACGCTTAGTCTTACACTTTGGTTTTTGGT
GGT
ACCACCAAAAACCAAAGTGTAAGACTAAGCGTAAGAACAACAGTAGTAATC
AGCTTC

Introducing TAG codons into constructs
PCR was used to amplify regions for Gibson Assemblies and introduce TAG codons.
Fragments were amplified using either con2seqrev and the forward primer corresponding to the
site of introduction of the TAG codon, or con2seqfwd and the reverse primer corresponding to
the site of introduction of the TAG codon.
Gibson assemblies were then performed using NheI/BamHI double-digested pCTCON2
and each of the two fragments for introduction of the TAG codon at the desired site in the
desired construct.
Plasmid DNA isolation and sequencing were performed as previously explained (E. coli
transformation and plasmid DNA isolation). pCTCON2-FAPB2.3.6-L1-TAG was cloned by
Haixing Kehoe.

Yeast transformations
Chemically competent RJY1009 were transformed with pCTCON2-M0076 and
pCTCON2-DX-2802 and grown on SD-CAA plates at 30°C for three days. Colonies were then
picked, inoculated in 5 mL liquid SD-CAA with 1X penicillin/streptomycin, and grown at 30°C
with shaking for 2-3 days. RJY100 were also transformed with pCTCON2-76-L1-TAG,
pCTCON2-76-L93-TAG, DX-L1-TAG, or DX-L93-TAG, along with pRS315-AcFRS. These
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cells were plated on SD-SCAA (-Trp -Leu -Ura), and grown and inoculated as above. Tubes
were then stored at 4°C, and passaged every 4-6 weeks. This procedure was repeated with
pCTCON2-76-L1-TAG, pCTCON2-76-L93-TAG, DX-L1-TAG, or DX-L93-TAG, along with
pRS315-EcLeuRS31-OE-6-6.
FAPB constructs were transformed into RJY100 by Jessica Stieglitz.

Cell culture and inductions
Prior to most experiments, 100 μL fridge stocks of yeast were inoculated in 5 mL
appropriate liquid SD media (supplemented with penicillin/streptomycin), and grown at 30°C for
16+ hours. Then, cells were diluted to OD 1 in 5 mL fresh SD media with
penicillin/streptomycin, and grown to mid-log phase. Finally, cells were induced at OD 1 in 5
mL appropriate SG media with penicillin/streptomycin, and incubated at 20°C with shaking for
16-22 hours. If induced in a noncanonical amino acid, this was supplemented to the media to a
final concentration of 1 mM. If inductions were performed with a photosensitive ncAA (AzF),
tubes were wrapped in foil.

Click Chemistry
Induced sample preparation. After induction for at least 16 hours, ODs were measured,
and cells were aliqoutted into tubes to a total of 2 million cells per tube. Cells were washed three
times in PBSA at room temperature, and left as pellets at room temperature.
Reagent preparation. Small molecules were reconstituted in DMSO to a final
concentration of 100 mM and stored at -20°C in a desiccated jar. Biotins were further diluted to a
concentration of 20 mM and stored in a desiccated jar at -20°C. Copper sulfate was reconstituted
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to a final concentration of 20 mM in sterile water and stored at 4°C. THPTA and BTTAA were
reconstituted to a final concentration of 50 mM in sterile water and stored at 4°C.
Copper-ligand, aminoguanidine, and sodium ascorbate solutions were prepared the day of
the reaction. Copper sulfate was mixed with ligand in a 1:2 ratio using the stock solutions
described above. Aminoguanidine was reconstituted in sterile water at a concentration of 11
mg/mL, and sodium ascorbate was reconstituted in sterile water at a concentration of 20 mg/mL
(adapted from10.)
Reaction. Cells were first resuspended in 220 μL 1X PBS at pH 7.4. Then, in quick
succession, reagents were added as shown in Table 2.3: first, the alkyne-containing reactant was
added, then the copper-ligand mixture, then aminoguanidine, and then sodium ascorbate. (In a
given reaction, either the small molecule or biotin-(PEG)4-alkyne were used, but never both. For
cells undergoing reaction with the small molecule followed by evaluation of the reaction, the
first reaction would be with the small molecule, and after washes, the second would be
performed with biotin-(PEG)4-alkyne.) Between addition of each reagent, tubes were vortexed
briefly. After all reactions were set up, tubes were covered in aluminum foil.

Table 2.3: Click chemistry reagent addition
Concentration
stock (mM)
Inhibitory small
100
molecule
Biotin-(PEG)4-alkyne 20
Copper-ligand
CuSO4: 20
solution
Ligand: 50
Aminoguanidine
Sodium ascorbate

Volume added (μL)
2.5
1.25
3.8
12.5
12.5

Final concentration in
reaction (mM)
1
0.10
CuSO4: 0.10
Ligand: 0.51
5
5

Washing cells. After reactions, cells were diluted in 1 mL ice-cold PBSA on ice, then
washed twice in 1 mL ice-cold PBSA on ice. If the steps of the reaction occurred on two
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different days, cells not reacted overnight were covered in foil after washing, and stored
overnight in 500 μL PBSA at 4°C, and pelleted and washed once prior to the second step.

Flow cytometry sample preparation
Labeling
Labeling of samples for flow cytometry depended on
the experiment. Samples were carefully resuspended in each
label as indicated in Table 2.4. Between each labeling step,
samples were diluted in ice-cold PBSA on ice, and washed
as indicated in the table. Samples in plates were diluted and

Figure 2.1. Display construct of
unmodified scFv with epitope tags
for labeling shown. MMP-9 would
bind the scFv for detection.

washed in 200 μL PBSA, and samples in tubes were diluted and washed in 1 mL PBSA. After
the last labeling step, samples were diluted in ice-cold PBSA on ice, and washed once, then left
as pellets on ice for flow cytometric analysis. Figure 2.1 depicts a schematic of the display
construct.

Table 2.4: Labeling conditions
Labeling for Label (diluted in
detection of
PBSA)
MMP-9
MMP-9 (desired
binding
concentration)

Time

Temperature

Details

5 min

Room
temperature

Rotary
wheel
(tubes) or
orbital
shaker
(plates)
Rotary
wheel
(tubes) or
orbital
shaker
(plates)

1:250 chicken anti- 30 min
c-Myc;
1:500 anti-6x-His

4°C

Washes
after
1
dilution,
2 or 3
washes

1
dilution,
2 or 3
washes
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Click
chemistry
reaction
detection

Color
controls

1:100 goat anti15 min
chicken
AlexaFluor 647;
1:100 goat antimouse AlexaFluor
488
1:250 chicken anti- ≥ 30 min
c-Myc

Ice

Stationary,
in dark

1
dilution,
1 or 2
washes

Room
temperature

1
dilution,
2
washes

1:100 goat anti15 min
chicken
AlexaFluor 647;
1:100 streptavidin
AlexaFluor 488
1:250 chicken anti- ≥ 30 min
c-Myc

Ice

Rotary
wheel
(tubes) or
orbital
shaker
(plates)
Stationary,
in dark

Room
temperature

Rotary
wheel

1:100 goat antichicken
AlexaFluor 647 or
488

Ice

Stationary,
in dark

1
dilution,
2
washes
1
dilution,
1 wash

15 min

1
dilution,
1 wash

Negatives and color controls
For each experiment, a negative (unlabeled) sample and two single-color controls to
ensure correct cytometer voltage settings were prepared. For each of these samples, 1-3 million
cells were used. Cells were washed thrice in PBSA, and stored as pellets on ice. Color controls
were then labeled as described in Table 2.4), and the negative and color controls were subjected
to flow cytometry.

Flow cytometry
Samples were resuspended in ice-cold PBSA on ice immediately prior to running. For
flow cytometry samples in plates, samples were resuspended in 200 μL ice-cold PBSA on ice,
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before being run in the autosampler. Samples in tubes were resuspended in 500 μL ice-cold
PBSA on ice. Samples were run on an Attune NxT flow cytometer, and data were analyzed using
FlowJo software.

Selection of sites for TAG codons
Sites for TAG codons were selected based primarily on analyses of PyMol structures
3hfm, 3k2u, and 2kh2; more details are provided in the following chapter.
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Chapter 3: Evaluating MMP-9 binding of nonsubstituted and azidesubstituted scFvs
Introduction
Antibodies, with their high specificity and favorable pharmacokinetics, have been shown
to be effective therapeutic agents in the treatment of many diseases1,2. However, the most widely
used methods of antibody production for the targeting of enzymes – immunizing an animal or
screening a display library – typically produce primarily noninhibitory clones, and rarely yield
inhibitory antibodies. Chemical modification of non- or weakly inhibitory binding proteins,
however, has been shown to create synergistic binding and enhance inhibition3–5. Protein-small
molecule conjugates are therefore a promising strategy to selectively inhibit enzymes that are
difficult to inhibit specifically. Matrix metalloproteinases, which are structurally similar and
historically have been difficult to selectively inhibit, are medically and therapeutically relevant
targets, and can provide a model system for design and characterization of hybrid inhibitors.
MMP-9 is an exemplary model target for development of protein-small molecule hybrids. One
advantage this target provides is the availability of existing antibody sequences to it. This allows
ready identification of previously characterized anti-MMP-9 scFvs, circumventing the process of
isolating protein-based binders for construction of hybrids.
Sites for noncanonical amino acid incorporation were then selected, and the DNA
constructs were modified to allow site-specific introduction of noncanonical amino acids for
conjugation of the small molecules. Binding of azide-containing scFvs was evaluated to ensure
that introduction of the ncAA did not completely abolish MMP-9 binding. This step was
important in validating this display system as a platform for constructing hybrids, as well as the
approach for conjugating the small molecules to the proteins. Constructs whose chemical
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modification still allowed MMP-9 binding would likely be best suited for production of hybrids;
retention of binding would suggest that conjugation of a small molecule at that site might not
inhibit binding. The small molecule could potentially (as hoped) improve binding of the
construct to MMP-9 above that of the unreacted clone, and (ideally) above that of the native
binding protein. Overall, investigation of MMP-9 binding to azide-substituted scFvs might help
predict the effects of such substitutions on hybrid binding, and can help determine which scFvncAA pairs should be prioritized when constructing and evaluating MMP-9-targeting hybrids.
More broadly, this information can help inform selection of sites for ncAA incorporation for
future hybrid production.

Results and discussion
Binding of unmodified scFvs to MMP-9
First, anti-MMP-9 scFvs were identified and characterized to confirm their affinity for
MMP-9 and that binding could be detected robustly using flow cytometry. Sequences of model
anti-MMP-9 antibodies6, M0076-D03 (a noninhibitory antibody with a reported Kd of 5.9 nM)
and DX-2802 (an inhibitory antibody with an IC50 in the low single-digit nM range7) were
obtained. Their activity towards MMP-9 was confirmed by incubating cells with MMP-9, then
labeling the cells for flow cytometric detection of MMP-9 and detection of the full-length scFv.
Median MMP-9 detection above baseline (fluorescent detection for the same cells not treated
with MMP-9, but labeled as if for MMP-9 detection) was used as the metric for assessment of
MMP-9 binding. In these analyses, only the displaying (c-Myc positive cells) were analyzed, as
only cells with the scFv on their surface would be expected to bind MMP-9. Median
fluorescence was utilized instead of mean fluorescence because due to the nature of fluorescent
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labeling and flow cytometric detection, outlier cells can greatly skew the mean fluorescence
values, creating artifacts in the data.
Cells displaying M0076, DX-2802, or FAPB2.3.6 (a control scFv not expected to bind
MMP-9, henceforth referred to as “FAPB”) were incubated with 35 nM pro- or active MMP-9,
then labeled to detect MMP-9 and full-length display of the construct, as described in Chapter 2.
Flow plots from the triplicate samples, where the x-axis illustrates c-Myc detection on each cell,
and the y-axis shows the corresponding MMP-9 detection, are shown in Fig. 3.1A. The two
populations of cells (those with higher c-Myc detection and those with lower) are characteristic
of yeast display flow cytometry plots, as induction efficiencies are never 100% in yeast display
systems8. A visual comparison of plots confirms high MMP-9 detection of cells displaying
M0076 and DX-2802, and extremely low detection for cells displaying FAPB. This result is
represented graphically in Fig. 3.1B, which shows average MMP-9 detection on displaying cells
from triplicate incubations (error bars indicate 1 standard deviation). Thus, it was confirmed that

Figure 3.1. MMP-9 detection of WT M0076, DX-2802, and FAPB. A) Representative flow plots of MMP-9
detection vs. full-length scFv detection for cells incubated with 35 nM active MMP-9, 35 nM pro-MMP-9, or 0
nM MMP-9. MMP-9 binding was detected for M0076 and DX-2802 incubated with active MMP-9, and for
M0076 incubated with pro-MMP-9. Full-length detection decreased when M0076-displaying cells were
incubated with active MMP-9. B) Median detection of pro- and active MMP-9 for each construct (incubated in
triplicate).
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MMP-9 can be detected on the yeast surface, and that M0076 and DX-2802 bind active MMP-9
in this display format.
This experiment also illustrates a few important trends. Binding to pro-MMP-9 was
observed for M0076 and not for DX-2802. This observation suggests that DX-2802 binds MMP9 near the active site or at an epitope whose conformation changes when the propeptide is
cleaved. Given that DX-2802 is an inhibitory antibody6, this finding also suggests that it may
bind to one of these sites on the active enzyme such that it inhibits the catalytic activity of the
enzyme. Fig. 3.1A also shows that there is significantly less fluorescent detection of full-length
M0076 in the presence of active MMP-9, as compared to pro-MMP-9. This is likely due to the
proteolytic activity of MMP-9. Based on a computational analysis of the scFv primary sequences
(CleavPredict9), there are nine putative MMP-9 cleavage sites in M0076 and eight in DX-2802.
This would suggest that in the presence of active MMP-9, the scFvs are degraded on the yeast
surface, resulting in lower scFv detection and, thus, lower MMP-9 binding by M0076.
Alternatively, it is possible that cleavage of the propeptide causes a conformational
change in MMP-9, decreasing the affinity of M0076 to the protein, and that the lower levels of
MMP-9 detection by M0076 with activated MMP-9 is due to a reduction in the affinity of
M0076 to active MMP-9. To test this, M0076 and DX-2802 were incubated with MMP-9 in the
presence and absence of EDTA, a zinc-ion chelator and weak MMP-9 inhibitor. M0076 showed
higher levels of detection of both MMP-9 and c-Myc when incubated with MMP-9/EDTA than
with just MMP-9 (Fig. 3.2). Thus, it is more likely that the reduced detection of full-length scFvs
on the surface of M0076-displaying cells explains the reduced MMP-9 binding by M0076 in the
presence of active MMP-9.
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Figure 3.2. MMP-9 and c-Myc detection of M0076, DX-2802, and FAPB incubated with and without EDTA.
A) Representative flow plots of MMP-9 detection vs. full-length scFv for cells incubated with 35 nM active
MMP-9 or no MMP-9, with or without EDTA. Full-length detection was highest on cells not incubated with
MMP-9, and was greater when cells were incubated with MMP-9 and EDTA than when they were incubated just
with MMP-9. B) Median detection of full-length readthrough under each condition (incubations performed in
triplicate).

The difference in full-length detection of DX-2802 in the presence and absence of active
MMP-9, as compared to the difference for M0076, may be due to a variety of factors. Some of
the cleavage sites on M0076 may be more accessible to the protease than those in DX-2802. It is
also possible that the inhibitory effects of DX-2802 help stifle rampant cleavage of this construct
by MMP-9. M0076, as a noninhibitory antibody, may bind MMP-9, concentrating it on the
surface of the cell and allowing it to cleave nearby constructs, while MMP-9 bound to the
inhibitory DX-2802 would not degrade neighboring constructs. Regardless, these results indicate
that MMP-9 binding can be detected on the yeast surface, and that active MMP-9 may be
involved in degradation of scFv constructs on the yeast surface.
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Selection of sites for conjugation of small molecule to scFvs
Once binding of M0076 and DX-2802 to MMP-9 was confirmed, each construct was
modified to allow incorporation of noncanonical amino acids at different sites in the scFv. Sites
were selected based on several criteria. First, it was important that they were located close to the
antigen binding site, which increases the probability that small molecules introduced will interact
with antigen. Proximity of candidate sites to the antigen was evaluated based on comparisons of
antibody-antigen crystal
structures (Fig. 3.3),
although these model
systems are not necessarily
representative of binding
geometry and interactions
in the scFvs used in this
study. Two representative
structures of antibodyantigen interactions are
shown here (Fig. 3.3), but
other structures were also

Figure 3.3. Antibodies complexed with ligands. Crystal structures were
used to help determine sites for introduction of ncAAs into scFvs. The
antigen is shown in light gray. The antibody scaffold is shown in dark gray.
CDR-L1 is shown in red, CDR-L2 in orange, CDR-L3 in yellow, CDR-H1 in
green, CDR-H2 in green-cyan, and CDR-H3 in slate blue. Positions L1 and
L93 are highlighted in magenta, with labels indicating the residues in these
model antibodies. A) Single-chain variable fragment binding to interleukin1β (adapted from PDB file 2kh2). B) Antibody fragment binding hepatocyte
growth factor activator, a serine protease (adapted from PDB file 3k2u).

used to confirm the proximity of these sites to the antigen binding site. Residues within loops,
rather than more conserved structural elements, were preferred, as they were less likely to disrupt
antibody folding and structural integrity.
Another important consideration for site selection was solvent accessibility of the
residues; this would likely facilitate reaction with the small molecules by decreasing steric
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hindrance of the reaction. Solvent accessibility of the different sites was computationally
determined by comparisons of model antibodies using the GetArea program10. In these analyses,
the L1 position was predicted to have very high solvent accessibility. Another site, the L93
position, which is often located close to the antigen binding interface, was expected to have more
moderate accessibility. The L93 position has been determined by other groups to be solventaccessible, and tolerant to mutations and subsequent chemical reactions without loss of antigen
binding. These sites are still proximal to the antigen binding site11,12. The L93 site, located in the
third complementarity-determining region of the light chain (CDR-L3), can also, therefore,
support amino acid diversity, although it is often serine or asparagine13. Thus, this site was
considered a promising location for introduction of the small molecule. Table 3.1 shows the
natural amino acids present at these sites in M0076 and DX-2802.

Table 3.1: Canonical amino acids replaced by ncAAs in MMP-9 binding scFvs.
L1

L93

M0076

Q

S

DX-2802

Q

G

Binding of azide-substituted scFvs to MMP-9
To ensure that the alteration of amino acid properties at the binding interface did not
completely inhibit the binding interaction, azide-substituted constructs were tested for MMP-9
binding. M0076 and DX-2802 were substituted at the L1 and L93 positions with two azidecontaining noncanonical amino acids, p-azidophenylalanine (“AzF” (4)) and N-epsilon-((2-
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Azidoethoxy)carbonyl)-L-lysine
(“LysN3” or “KN3” (5); Fig. 3.4).
These azide-containing ncAAs were
selected for these studies due to their
compatibility with CuAAC reactions,
which allow bioorthogonal
conjugation of small molecules to
the scFvs (see also Chapter 4).

Figure 3.4. Azide-containing noncanonical amino acids used in
this work.

Cells displaying the parent M0076 and DX-2802 constructs and each of these constructs
with LysN3 and AzF introduced at the L1 and L93 positions were incubated with 250 nM active
MMP-9 and subjected to flow cytometry for detection of MMP-9 and readthrough (Fig 3.5).
Based on these data, MMP-9 detection is low when the noncanonical amino acids are substituted
into the scFvs, although without the negative control of FAPB, which could help assess the
extent of nonspecific MMP-9 binding to the yeast surface, it is difficult to draw conclusions
about the scFv-MMP interaction. Between 1 and 6% of wild-type MMP-9 binding levels were
observed for M0076-based constructs and between 0 and 2% for DX-2802-based constructs (Fig.
3.5B). The experiment was not performed in triplicate, so error bars were omitted, and
differences in MMP binding between conditions (Fig. 3.5B and C) may not be significant.
Readthrough levels are, as expected, also lower for the ncAA-substituted constructs than for the
wild-type ones (between 4 and 16% for M0076-based constructs, and between 4 and 13% for
DX-2802-based constructs (Fig. 3.5C)). Thus, lower MMP-9 detection is likely largely due to
lower display levels, and thus, fewer scFvs on the surface of the cells to potentially bind the
antigen.
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Figure 3.5. MMP-9 detection of azide-substituted M0076 and DX-2802. A) Flow plots of MMP-9 detection vs.
full-length scFv for cells incubated with 250 nM active MMP-9. scFvs were substituted with AzF or LysN3 at
the L1 or L93 positions, as indicated. Azide-substituted constructs displayed significantly lower levels of MMP9 binding than wild-type cells. B) Percent MMP-9 detection for each construct compared to wild-type construct.
C) Percent full-length detection for each construct compared to wild-type construct (one replicate per condition).

A comparison of the percent of wild-type MMP-9 binding (Fig. 3.5B) and readthrough
(Fig. 3.5C) illustrates that normalized display levels are higher than normalized MMP-9 binding
levels for all constructs. This comparison suggests that the introduction of a ncAA at the binding
interface is interfering with MMP-9 binding. These ncAAs are much larger than the native
residues and have different chemical properties (Table 3.1). Thus, introduction of a ncAA at the
binding interface might reduce affinity for MMP-9 by sterically preventing its approach or
association with the appropriate residues. Similarly, the ncAA could introduce new interactions
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with MMP-9 that destabilize favorable ones with other residues of the scFv. Furthermore,
introduction of an amino acid with new chemical and physical properties could alter scFv
conformation, altering interactions within the loops, or perhaps even reducing the stability of the
properly folded state. Especially at the L93 position, where the native residues were S and G for
M0076 and DX-2802, respectively (Table 3.1), incorporation of a bulky amino acid (Fig. 3.4)
could disrupt the binding interface or scFv conformation. The possibility that ncAA
incorporation leads to misfolding of the scFv could be tested by comparing protein A binding to
the modified and wild-type scFvs to full-length expression14. These results suggests that
improvement in amber suppression machinery would likely greatly increase MMP-9 detection
for these azide-substituted constructs.
Another potential confounding factor in analysis of MMP-9 binding of the scFvs is that
some of the scFvs on the yeast surface may have been substituted with an amino acid other than
the supplemented ncAA. This effect could alter MMP-9 binding to the yeast surface, and future
experiments should quantify the misincorporation frequency for each aminoacyl-tRNA
synthetase/tRNA pair with each construct15 to assess the effects of these aberrantly expressed
scFvs on MMP binding and to quantify the amount of full-length scFv present to bind MMP-9.
No obvious trends in tolerance of substitution at different positions were illuminated in
this experiment, although if this experiment were performed with substitution of ncAAs into
more scFvs, perhaps some correlations could be drawn. Such an experiment could also provide
information on binding geometry with these scFvs, and could potentially produce new,
productive, interactions between the scFvs and MMP-9. Significant trends in tolerance of
disruption of binding of one construct over the other were not observed, either, although
qualitatively, it appears that M0076 is more tolerant of substitution of the ncAAs than DX-2802.
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Overall, however, some MMP-9 binding appears to have been retained for all of the azidesubstituted constructs (this would have to be confirmed through future experiments comparing
binding of the FAPB control). These findings begin to explore the effects of introduction of new
chemical functionality into proteins on their binding properties, which can inform future hybrid
design approaches.

Conclusions
Sequences for anti-MMP-9 scFvs M0076 and DX-28026 were cloned into yeast display
vectors and when expressed on the yeast surface, both were found to bind MMP-9 in this format.
M0076, the noninhibitory antibody, bound pro-MMP-9, as well as active MMP-9; DX-2802, the
inhibitory antibody, bound only active MMP-9. This finding supports the hypothesis that DX2802 binds MMP-9 very near the active site (likely an epitope blocked by the presence of the
propeptide, or an epitope whose conformation is altered by the presence of the propeptide), while
M0076 binds further away from the active site. Based on this assumption, it is likely that M0076based hybrids will require longer linkers for delivery of the inhibitory small molecule to the
active site, while DX-2802-based hybrids could target the active site using shorter linkers.
It was also observed that in both constructs, especially the M0076-based ones, there was
lower c-Myc detection in the presence of active MMP-9 than in the presence of pro-MMP-9.
This, in combination with the nine predicted cleavage sites within this construct (and the eight in
DX-2802) suggests that the constructs themselves may be degraded by active MMP-9, resulting
in lower levels of c-Myc detection, as well as MMP detection, in the presence of active MMP-9.
DX-2802’s c-Myc detection is not as greatly decreased in the presence of active MMP-9. This
may be due to its reduced number of MMP-9 cleavage sites, the accessibility of those sites to
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MMP-9, or its inhibitory effects, which could reduce the activity of MMP-9 in solution as it
incubates with cells displaying DX-2802.
MMP-9 binding to AzF- and LysN3-substituted scFvs was also measured. Two sites, the
first residue of the light chain, and the 93rd residue of the light chain, were selected for
incorporation of the ncAAs. These sites were picked based on predicted solvent accessibility,
proximity to antigen, and tolerance of introduction of the ncAA. Introduction of these ncAAs at
both the L1 and L93 sites decreased MMP detection significantly compared to wild-type, but all
constructs appeared to retain some level of MMP detection. Additionally, this decrease in
binding can be at least partially attributed to lower display levels of the azide-containing scFvs
than the unmodified constructs. Introduction of AzF at the two sites seemed to interfere less with
binding than introduction of LysN3 (although this result could also be confounded by differences
in display levels). These AzF-substituted ncAAs are therefore more promising leads for hybrid
production, because they are expressed to a great enough extent that they can be used to produce
enough hybrids for meaningful analysis of binding and inhibition. However, interference with
binding by the ncAAs suggests that additional sites could be pursued for introduction of the
ncAA. One such site that would likely be highly solvent accessible, not interfere with scFv
structure, and could place the small molecule near the site of antigen binding, is a position
towards the C-terminus of the linker between the light and heavy chains (modifications of which
were not considered in the first round of rational design). Future experiments could test the
effects on scFv binding of incorporation of an ncAA at a site in the linker.

References

44
1.

Larsson, M. et al. A Factor XIIa Inhibitory Antibody Provides Thromboprotection in

Extracorporeal Circulation Without Increasing Bleeding Risk. Sci. Transl. Med. 6, 222ra17222ra17 (2014).
2.

Park, C. C. et al. β1 Integrin Inhibitory Antibody Induces Apoptosis of Breast Cancer

Cells, Inhibits Growth, and Distinguishes Malignant from Normal Phenotype in Three
Dimensional Cultures and In vivo. Cancer Res. 66, 1526–1535 (2006).
3.

Parvatkar, P., Kato, N., Uesugi, M., Sato, S. & Ohkanda, J. Intracellular Generation of a

Diterpene-Peptide Conjugate that Inhibits 14-3-3-Mediated Interactions. J. Am. Chem. Soc. 137,
15624–15627 (2015).
4.

Profit, A. A., Lee, T. R. & Lawrence, D. S. Bivalent Inhibitors of Protein Tyrosine

Kinases. J. Am. Chem. Soc. 121, 280–283 (1999).
5.

Ng, S. et al. Genetically Encoded Fragment-Based Discovery of Glycopeptide Ligands

for Carbohydrate-Binding Proteins. J. Am. Chem. Soc. 137, 5248–5251 (2015).
6.

Nicholson, S., Wood, C. & Devy, L. Use of mmp-9 and mmp-12 binding proteins for the

treatment and prevention of systemic sclerosis. (2010).
7.

Beck, A., Reichert, J. M. & Wurch, T. 5th European Antibody Congress 2009. mAbs 2,

108–128 (2010).
8.

Stone, J. D., Chervin, A. S., Aggen, D. H. & Kranz, D. M. Chapter eight - T Cell

Receptor Engineering. in Methods in Enzymology (eds. Wittrup, K. D. & Verdine, G. L.) 503,
189–222 (Academic Press, 2012).

45
9.

Kumar, S., Ratnikov, B. I., Kazanov, M. D., Smith, J. W. & Cieplak, P. CleavPredict: A

Platform for Reasoning about Matrix Metalloproteinases Proteolytic Events. PloS One 10,
e0127877 (2015).
10.

Fraczkiewicz, R. & Braun, W. Exact and efficient analytical calculation of the accessible

surface areas and their gradients for macromolecules. J. Comput. Chem. 19, 319–333 (1998).
11.

Renard, M. et al. Knowledge-based Design of Reagentless Fluorescent Biosensors from

Recombinant Antibodies. J. Mol. Biol. 318, 429–442 (2002).
12.

Jespers, L., Bonnert, T. P. & Winter, G. Selection of optical biosensors from

chemisynthetic antibody libraries. Protein Eng. Des. Sel. PEDS 17, 709–713 (2004).
13.

Kuroda, D., Shirai, H., Kobori, M. & Nakamura, H. Systematic classification of CDR-L3

in antibodies: implications of the light chain subtypes and the VL-VH interface. Proteins 75,
139–146 (2009).
14.

Mahon, C. M. et al. Comprehensive Interrogation of a Minimalist Synthetic CDR-H3

Library and Its Ability to Generate Antibodies with Therapeutic Potential. J. Mol. Biol. 425,
1712–1730 (2013).
15.

Monk, J. W. et al. Rapid and Inexpensive Evaluation of Nonstandard Amino Acid

Incorporation in Escherichia coli. ACS Synth. Biol. 6, 45–54 (2017).

46

Chapter 4: Production and evaluation of protein-small molecule hybrids
Introduction
The copper-catalyzed azide-alkyne cycloaddition (CuAAC, or “click chemistry”) is one
of the most widely used bioorthogonal reactions1. The product of these reactions, substituted
1,2,3-triazoles, are highly stable under many chemical and biological conditions1,2. CuAAC is
advantageous for production of protein-small molecule hybrids on the yeast surface. Using
amber suppression, azide-containing noncanonical amino acids can be site-specifically
introduced into scFvs displayed on the yeast surface. Then, CuAAC can be performed by treating
the scFv with an alkyne-containing small molecule with an inhibitory functional group. Due to
the bioorthogonality of CuAAC, the small molecule reacts only with the scFv, and is not
expected to react with naturally occurring functional groups found elsewhere on the yeast
surface.
Conditions that support hybrid production on the yeast surface using CuAAC were
explored, and preliminary evaluation of MMP-9 binding to hybrids was also performed. Hybrids
were produced by introducing azide-containing ncAAs introduced at different sites in the scFv
(as determined in Chapter 3), and treating them with various MMP-targeting small molecules.
Specifically, two azide-containing ncAAs (Chapter 3) were used for these reactions, p-azido-Lphenylalanine (“AzF”; 4), and N-epsilon-((2-azidoethoxy)carbonyl)-L-lysine (“LysN3” or
“KN3”; 5). Reaction conditions were explored to promote hybrid production on the yeast
surface. An understanding of the reactivities of different sites in the scFv and the reactivities of
different small molecules will promote design and production of the next generation of hybrids.
Based on trends in MMP binding by the azide-substituted scFvs (see Chapter 3), a series of
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hybrids were constructed, and their binding to MMP-9 was evaluated at varying concentrations
of antigen.

Results and discussion
Small molecules as inhibitors
First, several small molecules with expected MMP-9 inhibitory properties were
identified. All molecules selected had a terminal alkyne for reaction with the azide-containing
noncanonical amino acid, as well as a zinc-ion-chelating functional group. It has been shown that
carboxylates and hydroxamates inhibit
MMPs nonspecifically3, so one
carboxylate-alkyne and two
hydroxamate-alkynes were purchased
(Fig. 4.1). One of the hydroxamateFigure 4.1. Inhibitory small molecules used in this study.

alkynes, CUDC-101 (6), is also a
known inhibitor of human histone deacetylases, as it chelates their catalytic zinc ion, as well as
cellular receptors activated by zinc ions4.
Given that the ultimate goal of the protein-small molecule hybrids is not just enhanced
affinity for MMP-9, but also its inhibition, it was necessary to ensure that all small molecules
used were effective MMP-9 inhibitors. This would provide evidence that the molecules could aid
in synergistic binding to MMP-9, as well as inhibiting it. MMP-9 was incubated with various
concentrations of each small molecule. After 30-minute incubations, a fluorogenic substrate was
incubated with the enzyme for 2.5 minutes, and an endpoint fluorescence assay was performed.
Fluorescence values (above autofluorescence, which was defined as the fluorescence of pro-
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MMP-9 incubated with DMSO and then the fluorogenic substrate) are shown in Fig. 4.2. Nhydroxy-10-undecynamide (7) was observed to inhibit MMP-9 to an increasing extent as its
concentration increased, as was CUDC. The negative background-subtracted fluorescence values
for these two molecules at higher concentrations is likely due to the opacity of solutions
containing the molecules in high concentrations, so these values are lower than would be
expected for even complete inhibition. (Future inhibition assays could use a separate negative
control for each concentration of each small molecule to more precisely quantify the effect of
incubation with the small molecule on MMP-9 activity.) These results qualitatively confirm the
inhibitory nature of these small molecules; a comparison of the positive fluorescence values for
these molecules to the fluorescence obtained when MMP-9 was not treated with an inhibitor still
indicates that these molecules function as potent MMP-9 inhibitors. 10-undecynoic acid (8) had
no significant effect on MMP activity until its concentration reached 2.5 mM. This result was not
unexpected, as carboxylates are typically weaker MMP inhibitors than hydroxamates3. These
findings are consistent with MMP-9 inhibition results of other lab members using these small
molecules, and validated the use of these molecules for construction of hybrids.

MMP-9 activity in presence of small molecules
Endpoint fluorescence (RFU)

8.E+07
7.E+07
6.E+07
5.E+07
4.E+07
3.E+07
2.E+07
1.E+07
0.E+00
-1.E+07

N-hydroxy

CUDC

undec

-2.E+07
0 mM

25 μM

250 μM

2.5 mM

DMSO control

Figure 4.2. MMP-9
activity in presence
of inhibitory small
molecules. MMP-9
was incubated with
varying
concentrations of
each small molecule
for 30 minutes, and
an endpoint
fluorescence assay
was performed. Then,
autofluorescence was
subtracted from raw
endpoint fluorescence
values. One replicate
was used per
condition.
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Confirming “clickability” of scFvs
Before treating the scFvs with the small molecules to produce hybrids, it was necessary to
confirm that azide-containing scFvs on the yeast surface exhibited reactivity in CuAAC. This
was evaluated by inducing display of azide-containing scFvs and treating them, under click
chemistry conditions, with a molecule detectable by flow cytometry (biotin-(PEG)4-alkyne). The
greater the extent of reaction with the alkyne, the greater the detection of biotin using flow
cytometry (Fig. 4.3A).

Figure 4.3: Detection of CuAAC reactivity of scFvs. A) To confirm the possibility of CuAAC reaction of the
azide-containing scFv with a small molecule, reaction with a detectable molecule (biotin-(PEG)4-alkyne) was
used. After treatment with this molecule, cells are labeled for flow cytometric detection of the c-Myc tag
(orange), and biotin. A representative plot of fluorescence is shown. Reactivity of B) AzF- and C) LysN3substituted clones with biotin-(PEG)4-alkyne. One replicate was used per condition; error bars indicate
coefficient of variation of fluorescence within the displaying population.

Reactions were performed with both AzF and LysN3 at the L1 and L93 positions of
M0076 and DX-2802 (Fig. 4.3B-C). Median fluorescence values of cells displaying the
unmodified constructs was then compared to median fluorescence of ncAA-containing
constructs. AzF substitution at a given site tended to yield higher reactivity than LysN3, although
these trends may not be generalizable, based on the small sample size and the lack of technical
replicates. LysN3’s longer sidechain would be predicted to make the azide more accessible for
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reaction than that of AzF. Lower levels of biotin detection observed, despite the predicted
reactivity of LysN3, are likely due to the lower levels of incorporation of this ncAA, as
previously discussed.

Enhancing hybrid construction on the yeast surface
After it was established that both sites were at least somewhat reactive with both LysN3
and AzF, reactions were performed with the small molecules to confirm the construction of
hybrids on the yeast surface. Because the small molecules used are not directly detectable using
flow cytometry, a secondary detection method was employed. In this two-step scheme, the scFv
is treated with a small molecule, then washed, and then treated with biotin and labeled for flow
cytometry (Fig. 4.4A). Thus, the lower the extent of reaction with the small molecule, the greater
the fluorescence. Figure 4.4B shows typical flow cytometry plots, where wild-type constructs
(those with no ncAA) display the lowest biotin detection, azide-containing scFvs treated with a
small molecule have intermediate biotin detection, and azide-containing scFvs treated with no
small molecule display the highest biotin detection.
Median biotin detection is then converted to the percentage of scFvs reacted. First, the
baseline fluorescence (fluorescence of the “wild-type,” non-azide-containing scFv treated under
the same conditions) is subtracted from the fluorescence of each ncAA-containing sample. Then,
the percentage of sites unreacted is calculated by dividing this difference by the fluorescence of
cells treated in the first step with 0 mM small molecule (an equivalent volume of DMSO). The
fluorescence of the “0 mM” cells is assumed to be the maximum possible for those reaction
conditions. Then, the fraction unreacted is converted to percentage reacted. This calculation
relies on the assumption that all sites that do not react in the first step are equally reactive in the
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second step, but chemically, this is a reasonable assumption, because there is no reason to
assume that the reactivity of different scFvs would change based on the amount of scFvs on the
same cell that did or did not react in the first step.
Hybrid screening would be
facilitated by high extents of reaction
between the scFv and the small molecule
(and thus, high numbers of hybrids with
which to compare binding and inhibition
with control samples). However, with
these controls, even if not all scFvs react,
the contributions of hybrids to binding
and inhibition of MMP-9 can be
determined. Preliminary results indicated
that reactions proceeded to varying
extents with the small molecules, but
there was always detection of unreacted
scFvs. In an attempt to enhance overall
hybrid production on the yeast surface,
subsequent experiments investigated the
effects of reaction time and catalytic
ligand on the extent of reaction. Due to
incomplete reaction of the AzFcontaining constructs with the small

Figure 4.4. Secondary detection scheme for CuAAC
reactions with inhibitory small molecules. A) Two-step
reaction scheme allows for detection of reaction of small
molecule with the scFv. In the first step, the scFv is treated
with the small molecule. Then, cells are washed and treated
with biotin-(PEG)4-alkyne. B) Representative results for
secondary detection of reaction with a small molecule.
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molecules using THPTA (2), it was decided that a different ligand would be used to investigate
the potential for faster reaction rates under this set of conditions. BTTAA (3) has been found to
greatly promote the rate of reaction with small molecules in solution, and thus, the extent of
CuAAC reactions within a fixed amount of time5.
M0076-L1-AzF was selected as a model system for investigation of reaction conditions
due to its high reactivity (Fig. 4.4), which would allow more precise discernment of differences
in reactivity, due to the larger expected range of fluorescent detection. Cells displaying this
construct were treated with each small molecule (10-undecynoic acid, CUDC-101, and Nhydroxy-10-undecynamide) under click conditions for 2 hours, 4.4 hours, and 20 hours, in the
presence of either THPTA or BTTAA (Fig. 4.5). These reactions were performed in triplicate,
and percentage of sites reacted was calculated as before.

Percent reacted (%)

Percent 76-L1-AzF reacted over time
with different ligands
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THPTA

undec
BTTAA

Figure 4.5: Percent 76-L1-AzF treated over time with different ligands and small molecules. Incubations under
different reaction conditions were performed in triplicate.

Results indicate that all scFvs reacted to equal or greatest extent with the small molecules
after an overnight incubation. Furthermore, reaction with 10-undecynoic acid was observed to
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increase steadily over time, and seemed to be favored by use of THPTA. No significant
difference in extent of reaction with CUDC in the presence of either ligand was observed, but
qualitatively, BTTAA seems to increase the extent of reaction of CUDC with the AzF-containing
scFv. This result is somewhat unexpected, given the sterics of the reaction of CUDC with the
scFv, as well as the comparative bulkiness of BTTAA as compared to THPTA. Thus, this finding
demonstrates the competing effects of sterics and electronics in these reactions; even a reaction
that would appear to be kinetically less favorable can proceed more quickly than an apparently
more favorable one in ways that are difficult to predict.
There were no significant differences in the extent of biotin detection on cells incubated
with N-hydroxy-10-undecynamide in the presence of THPTA or BTTAA. After overnight
incubation, 37% of scFvs treated with this molecule in the presence of THPTA had reacted, and
38% of scFvs reacted in the presence of BTTAA. Overall, this finding is unexpected, especially
given the promising enhancements in reaction rate reported for CuAAC with BTTAA5–7. Based
on this trend, it is possible that the steric hindrance of BTTAA, while predicted to enhance
reaction by reducing the polymerization of copper acetylides5, may have also made the kinetics
of association of the complex of copper, ligand, and the alkyne with the scFv less favorable, such
that these two competing factors led to similar extents of reaction over time with each ligand.
Besanceney-Webler et al.5 used reactants (propargyl alcohol, and 3-azido-7-hydroxycoumarin)
that were likely much more accessible for approach and interaction with the complex of copper,
ligand, and alkyne than AzF incorporated into the scFv on the yeast surface. Solvent accessibility
at the L1 position is expected to be fairly high based on GetArea calculations generated from
antibody crystal structures8, but the actual accessibility of AzF, whose presence may change
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expected scFv conformation, is not known. The presence of the display construct and the bulky
phenyl group of AzF may have further impeded association of BTTAA with AzF.
To evaluate this hypothesis, and to optimize reactions with LysN3-containing constructs,
reactions with more- or less-sterically hindered azide groups introduced into the same position
on the yeast surface were performed. To this end, M0076-L1-KN3 was treated with the small
molecules for two hours and overnight in the presence of THPTA and BTTAA (Fig. 4.6). After
two hours, there appear to be enhancements in extent of reaction of CUDC and N-hydroxy-10undecynamide with BTTAA, compared to THPTA. These enhancements are maintained, albeit
to a lesser extent, after 19 more hours. However, with 10-undecynoic acid, the trend seems to be
the opposite, perhaps suggesting a more favorable interaction between this reactant and THPTA
than BTTAA. This trend could be explained by repulsions between the negatively charged
reactant and the carboxylate of BTTAA at pH 7.4, but a rigorous comparison of multiple ligands
would be necessary to further support this hypothesis.

Percent 76-L1-KN3 reacted over time with
different ligands
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Figure 4.6. Percent 76-L1-KN3 treated with different ligands and small molecules over time. Incubations were
performed in triplicate.
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To determine if the extent of reaction could be increased by an increase in temperature,
76-L1-AzF was incubated with each small molecule at 4°C, 20°C, and 37°C, for 2 hours. This
length of time was selected because previous observations indicate that the reactions do not go to
completion after 2 hours (Fig. 4.5), but this amount of time should allow each reaction to
proceed enough to determine the effects of temperature on extent of reaction with the small
molecule. As evident in Fig. 4.7, changes in temperature over this range did not significantly
enhance reaction of CUDC or N-hydroxy-10-undecynamide. Gains in extent of reaction with 10undecynoic acid observed are consistent with changes in percentage reacted over time (Fig. 4.5),
so none of these enhancements were considered further here.

Percent reacted (%)

Extent of reaction of 76-L1-AzF at
different temperatures
100
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60
40
20
0

undec

CUDC
4C

20C
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37C

Figure 4.7. Extent of reaction of 76-L1-AzF at different temperatures. One incubation was performed per
condition.

Once the effects of factors such as time, ligand, and temperature on reaction of model
systems 76-L1-AzF and 76-L1-KN3 had been studied, evaluation of reaction of all the constructs
for hybrid production was performed. Reaction of AzF incorporated at the L1 and L93 positions
of M0076 and DX-2802 were performed using ligands found to be most optimal for reaction of
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76-L1-AzF with each small molecule (THPTA for 10-undecynoic acid and N-hydroxy-10undecynamide, and BTTAA for CUDC-101). Reactivity of small molecules at different positions
of the two scFvs was determined (Fig. 4.8).
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Figure 4.8. Reactivity of small molecules at different positions on the scFvs. Incubations were performed in
triplicate for CUDC and undecynoic acid, and with one replicate for N-hydroxy-10-undecynamide (error bars
omitted).

One observation recapitulated from the one-step reactions (Fig. 4.4) was that the
reactivities of the small molecules differed when the ncAAs were incorporated at different sites
on the scFv. CUDC reacted much more readily at the L1 position than at the L93 position, and
the L93 position of DX-2802 seemed more reactive than the L93 position of M0076. These
results further support the finding that reactivity depends on the local chemical and steric
environment of the site at which the reaction is taking place, and that reactivity of a small
molecule is highly dependent on these factors. These results also illuminate the apparent trend
that the L93 site of DX-2802 is more reactive (at least towards 10-undecynoic acid and Nhydroxy-10-undecynamide) than that of M0076. However, further experimentation is needed to

57
verify the reproducibility and statistical significance of these results. Explanations for these
apparent patterns could be further supported by structural characterization of the scFvs with
noncanonical amino acids incorporated. However, given the apparent differences in reactivities
of the different sites in the different constructs, as well as between the sites, data on reactivities
cannot necessarily be generalized between constructs or sites, and for comprehensive
understanding of the reactivities of these scFvs, more studies would need to be done to optimize
reaction of each small molecule in each construct and with each noncanonical amino acid (and
thus, production of hybrids).
Overall, based on all results, different reactivities were observed for each of the three
molecules under all conditions. Generally, the extent of reaction between the scFv and 10undecynoic acid was found to be greatest, regardless of the ncAA incorporated. Extent of
reaction of N-hydroxy-10-undecynamide was consistently the lowest. It is unclear why these two
molecules, which are so similar in structure (Fig. 4.2), exhibit such different reactivities. Perhaps
due to differences in their zinc-chelating groups, they interact differently with the copper
catalyst. N-hydroxy-10-undecynamide may chelate the catalytic copper ion more effectively,
sequestering it from solution and maintaining its +2 oxidation state9–11. This effect could
potentially be tested or mediated by addition of a vast excess of copper ions to the reaction such
that the reactant would be saturated, and ions would still remain in solution to catalyze the
reaction. However, a similar sequestering effect would be expected with CUDC-101, which also
possesses a hydroxamate moiety. If N-hydroxy-10-undecynamide’s low reactivity is due to its
chelating the copper ions and reducing its availability in solution, its lower reactivity compared
to CUDC-101 illustrates the effect of other important molecular factors in reactivities.
Alternatively, N-hydroxy-10-undecynamide and 10-undecynoic acid may interact differently
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with each other in solution (for example, through hydrophobic interactions), making the latter
more available in solution for reaction with the scFv.

Hybrid binding to MMP-9
After it had been established that the hybrids could be constructed on the yeast surface,
and various parameters to promote their construction had been analyzed, their binding to MMP-9
was assessed. If protein and small molecule components interact synergistically, it is expected
that introduction of the small molecule into the scFv would increase binding to MMP-9 over that
of the unreacted scFv12,13. To evaluate this hypothesis and begin to characterize the hybrids,
hybrid binding to MMP-9 was evaluated. If reaction with the small molecule enhanced binding
of the scFv to MMP-9, this would suggest synergistic binding of the two moieties, validating the
rational hybrid design strategy, and suggesting that the hybrids could be potent inhibitors of
MMP-9. If enhanced binding were observed, hybrids would be selected for testing of MMP-9
inhibition, as well.
Based on the results of Chapter 3, it was decided that hybrids should be constructed from
76-L1-AzF, DX-L1-AzF, and DX-L93-AzF. The strongest-binding azide-substituted clone (76L1-AzF) was selected to produce hybrids, as were both AzF-substituted DX-2802 clones, which
appeared to bind MMP-9 to a small extent. Based on evidence that DX-2802 may bind near the
active site of MMP-9 (Chapter 3), it was decided that these clones were especially promising
candidates for delivery of the small molecule to the active site, and thus, warranted further study.
In a preliminary experiment, these three constructs were treated with all three small
molecules, and then incubated with MMP-9 at varying concentrations (extent of production of
each hybrid shown in Fig. 4.9A). Median MMP detection of hybrids and their precursor scFvs
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(scFvs with AzF substituted in the same position, not treated with small molecule) was compared
(Fig. 4.9B). Hybrids for which MMP-9 detection was significantly greater than detection of the
unreacted construct were selected for further testing. Of the hybrids screened, DX-L93-AzFCUDC displayed greater MMP-9 detection than DX-L93-AzF at all concentrations of antigen,
and had the largest extent of binding of any modified construct (Fig. 4.9). This effect could be
nonspecific to MMP-9, given that the unreacted construct displays very low levels of MMP-9
binding, and it is possible that the installation of this group in that site of that construct allowed
its accessibility to MMP-9, such that all MMP-9 binding was due to the presence of the small
molecule, and not facilitated by the protein. This hypothesis could be tested by incubating DXL93-AzF-CUDC constructs with MMP-2 and other zinc-dependent endopeptidases and assessing
extent of hybrid binding to these antigens. Due to the comparatively high detection of DX-L93AzF-CUDC binding at all concentrations of MMP-9, this construct was selected to carry forward
with hybrid screening, as results were most consistent and promising.

Figure 4.9. A) Extent of production of each hybrid. B) Extent of MMP-9 detection over baseline fluorescence
for AzF-based hybrids. Incubations were performed in duplicate.

To investigate the reproducibility of the enhanced detection of MMP-9 after introduction
of CUDC into DX-L93-AzF, further experiments were performed. Cells with the constructs for
introduction of a ncAA at the L93 position of DX-2802 were induced in AzF and O-methyl-L-
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tyrosine (OmeY, 9; Fig. 4.10A), a ncAA unreactive in the CuAAC reaction. Cells with
constructs for introduction of a ncAA at the L1 position of FAPB were induced in AzF, and cells
with constructs for display of WT FAPB, as well as introduction of a noncanonical amino acid
(which could occur elsewhere on the yeast surface), were induced in AzF or no ncAA. Cells
were then treated with CUDC, 10-undecynoic acid, or no small molecule, washed, and treated
with varying concentrations of MMP-9 (Fig. 4.10). Unexpectedly, all samples treated with
CUDC displayed elevated MMP-9 detection, including those that were displaying an scFv that
would not bind MMP-9, and those that lacked an azide group and should not have undergone
reaction with CUDC. This finding supports the hypothesis that CUDC is interacting with the
yeast surface nonspecifically, because scFvs with no affinity for MMP-9, nor a handle for
installation of CUDC (FAPB WT, no ncAA), displayed heightened MMP-9 detection (Fig.
4.10B). Of the DX-L93-AzF-based constructs, MMP-9 detection after incubation with 250 nM
antigen was only apparent for DX-L93-AzF treated with CUDC; treatment with another small
molecule (10-undecynoic acid), or lack of reaction, did not produce MMP-9 detection. DX-L93OmeY, which also could not have reacted with CUDC, demonstrated heightened MMP-9
detection after treatment with CUDC, but no significant detection when treated with DMSO.
This finding further confirms that the presence of an aromatic ncAA at the L93 position of DX2802 does not, alone, promote MMP-9 detection, and that heightened MMP-9 detection occurs
for constructs treated with CUDC. The comparatively high levels of MMP-9 detection for DXL93-based scFvs treated with CUDC suggests that this construct interacts with CUDC with
especially high affinity, or promotes retention of CUDC on the yeast surface.
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Figure 4.10. MMP-9 detection on cells treated with or without CUDC-101. A) DX-L93-based hybrids
displayed heightened MMP-9 detection only when treated with CUDC. This trend persisted even for cells
labeled only with flow cytometry label (not MMP-9). B) FAPB-based constructs also displayed heightened
MMP-9 detection only when reacted with CUDC, including constructs without a noncanonical amino acid
present (FABP WT no ncAA CUDC). Incubations were performed in triplicate.

It is also notable that, even DX-L93-AzF and DX-L93-OmeY treated with CUDC and not
incubated with MMP-9 demonstrated heightened fluorescence detection (Fig 4.10A).
Furthermore, FAPB clones treated with CUDC, including those with no ncAA, also displayed
heightened MMP detection (Fig. 4.10B). MMP-9 should not bind to these constructs (and does
not, in the absence of CUDC), and CUDC should not have been present on the surface of cells
induced without a noncanonical amino acid. Heightened “MMP-9 detection” of the cells treated
with “0 nM MMP-9” indicates some interaction between the label and the cell or cell surface that
leads to increased fluorescence detection. In the case of the 0 nM samples’ elevated fluorescence
detection, the most likely cause of the elevated fluorescence levels would appear to be
permeabilization of the cells by CUDC, and subsequent uptake of label. CUDC alters cell
morphology, as evident in plots of forward-scatter and side-scatter of cells treated with CUDC,
all other small molecules, and unreacted cells (Fig. 4.11A). Thus, it would be reasonable to
assume that treatment with CUDC compromises cellular integrity and causes cells to uptake
fluorescent label. However, if this were the case, nondisplaying cells treated with CUDC would
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also demonstrate elevated fluorescence, regardless of MMP-9 concentration, and there should
not be significant construct-dependent differences in MMP-9 detection for cells treated with
CUDC. Median fluorescence values of nondisplaying cells treated with 250 nM MMP-9 and 0
nM MMP-9 were plotted (Fig. 4.11B). Fluorescence levels of most samples treated with CUDC
and treated with 250 nM MMP-9 are higher than those of CUDC-treated samples not treated
with MMP-9. Thus, it seems that the presence of MMP-9 usually increases the fluorescent
detection of nondisplaying cells treated with CUDC, but not those without, and that
compromised cell walls and resultant uptake of label is not a significant factor impacting
fluorescence detection of cells treated with CUDC.

Figure 4.11. CUDC’s effect on cell morphology and fluorescent label uptake. A) Cells treated with CUDC have
different morphology than cells treated with any other small molecule (undecynoic acid shown as representative
plot), which closely resemble unreacted cells. B) Non-displaying cells generally displayed similar fluorescence
intensities. CUDC-treated cells incubated with MMP-9 displayed heightened fluorescence detection compared to
those not incubated with MMP-9. Incubations were performed in triplicate.
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Another possible explanation for the high levels of MMP-9 detection on the surface of
CUDC-treated cells, even in the absence of an azide group with which CUDC could react, is
nonspecific interactions between the compound and the yeast display construct. Although
unreacted CUDC is theoretically removed through the washes performed after click chemistry
and each labeling step, it is possible that these interactions are strong enough to persist, allowing
binding of MMP-9 to CUDC anchored to the yeast surface and the display construct, and
elevating levels of MMP-9 detection on the surface of cells treated with CUDC through binding
to CUDC. Given the opacity of solutions containing CUDC, it is likely that the molecule
aggregates in solution, which could mean that incomplete removal of CUDC from the yeast
surface could lead to the presence of many molecules of CUDC on the yeast surface. This
hypothesis is supported by the heightened fluorescence detection of nondisplaying cells treated
with CUDC and incubated with MMP-9, as compared to those treated with CUDC but not
incubated with MMP-9 (Fig. 4.11B). Excess CUDC on the yeast surface could potentially
promote favorable interactions with the aromatic AlexaFluor 488 label. Interactions between
CUDC and the display construct, and then subsequent interactions between CUDC and one of
the labels, could possibly help explain the elevated fluorescent detection of cells displaying any
construct treated with CUDC (Fig. 4.10).
The hypotheses that CUDC is sticking to the surface of the yeast cells could be explored
by treating cells displaying various constructs (or no constructs) with various concentrations of
CUDC, and then washing a variable number of times, and labeling with and detecting MMP-9. It
would be expected that MMP-9 detection would be promoted by treatment of cells with higher
concentrations of CUDC, and by lower numbers of washes. The hypothesis that CUDC on the
yeast surface interacts nonspecifically with the AlexaFluor 488 label could be tested by
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incubating cells displaying various constructs with CUDC, then washing them and labeling for cMyc (to assess the quantity of constructs on the surface) and with different AlexaFluor 488
secondary labels. Heightened detection of AlexaFluor 488 for cells treated with CUDC would
suggest a nonspecific interaction between the small molecule and the label.

Conclusion
Reactivities of different scFvs and small molecules in CuAAC were investigated for the
purpose of robustly producing protein-small molecule hybrids on the yeast surface. First,
inhibitory effects of the small molecules were confirmed using a fluorogenic activity assay. Sites
selected for introduction of the small molecule into the scFv (Chapter 3) were found to be
reactive under CuAAC conditions, and some trends in reactivity were observed. The L1 position
tended to be more reactive towards alkyne-containing detectable molecules in the constructs
tested. This effect could be due to steric hindrance near the ncAA due to other parts of the
antibody structure or display construct.
Next, conditions to promote reaction with the small molecules were investigated.
Overnight reactions most enhanced the extent of reaction between the scFv and the small
molecules. Extent of reaction can also be apparently enhanced through choice of ligand for
copper chelation, although the effects of different ligands on reaction rate are specific to the
small molecule, and not always easily predicted. However, some small molecules are less
reactive under all conditions employed (N-hydroxy-10-undecynamide) than others (10undecynoic acid). Overall, reactivity of different small molecules, constructs, and noncanonical
amino acids is highly dependent on the combination of these factors. Trends discerned in
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reactivities of different combinations of constructs, ncAAs, and small molecules, can be used to
construct hybrids at high yield on the yeast surface, but are difficult to predict a priori.
Finally, hybrids were constructed and evaluated. 76-L1-AzF, DX-L1-AzF, and DX-L93AzF were selected as the scaffolds for these hybrids based on their higher levels of MMP-9
binding (Chapter 3), and the greater likelihood of delivery of the small molecule to the active site
for DX-2802-based constructs. Titrations of hybrids with varying concentrations of MMP-9
showed that DX-L93-AzF-based hybrids, especially DX-L93-AzF-CUDC, may bind MMP-9
more strongly than DX-L93-AzF. This result necessitated a follow-up experiment to ensure that
no confounding factors influenced elevated detection of binding, in which it was found that other
factors may have contributed to the apparent improvement in binding of DX-L93-AzF-CUDC
over the unreacted construct. Follow-up experiments are needed to investigate factors that may
have contributed to these artifacts before further testing of the construct’s binding can be
performed.
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Chapter 5: Conclusions and future work
The results obtained throughout this work provide some promising leads in the
development of selective, effective protein-small molecule hybrids for targeting specific
enzymes in the tumor microenvironment. Anti-MMP-9 scFvs were cloned into a display
construct and characterized. One clone (M0076) was found to bind the pro- and active forms of
the enzyme, while the other (DX-2802) bound only the active form. These constructs were then
further modified, such that azide-containing noncanonical amino acids were introduced at the
first or 93rd residues of the light chain of the scFvs. The binding of these constructs to MMP-9
was evaluated, to ensure that incorporation of ncAAs near the binding interface did not
completely abolish MMP-9 binding. It was found that several clones retained some MMP-9
binding, and these were employed in the production of hybrids.
Inhibitory small molecules were identified, and extensive investigations of the CuAAC
reaction on the yeast surface were performed to optimize hybrid production. The effects of
ncAA, scFv identity, site of ncAA incorporation, reaction time, temperature, small molecule
identity, and copper-chelating ligand, were all found to affect the extent of hybrid production.
Longer reaction times consistently increased extent of reaction, and various combinations of
these other factors can synergize to enhance the extent of reaction. Overall, for optimal
production of hybrids on the yeast surface, it is necessary to explore each model system to
determine the most appropriate conditions. Based on these findings, hybrids were then produced
using each of these clones and each of the small molecules. Their binding to MMP-9 was
evaluated, and binding of hybrids was compared to binding of the ncAA-containing scFv. DXL93-AzF-CUDC bound MMP-9 better than any other hybrid in this assay. Further investigations
employing multiple controls, however, suggested that this result may be an artifact produced by
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the presence of CUDC on the yeast surface in general and its interactions with MMP-9 and the
flow cytometry label, rather than a result of synergistic binding. Further experimentation is
needed to clarify these findings.
Investigations of click chemistry conditions and verification of low levels of MMP-9
binding even when ncAAs were introduced suggest that the discovery of hybrid inhibitors is
feasible using the strategies explored here. Future work isolating strong hybrid binders from
libraries of TAG codon-containing scFvs could provide a high-throughput method to identify
promising inhibitors for a variety of targets. Additionally, improvements in amber suppression
with LysN3 and other azide-containing ncAAs (as well as alkyne-containing ncAAs) present
further potential for design of hybrids. Using library screening approaches with more ncAAs, a
larger repertoire of small molecules with different linker lengths and properties, and more
positions for introduction of the small molecule, could further enhance the prospects of
producing and identifying viable hybrids. Finally, modification of binding proteins previously
crystallized with the target antigen could provide a strong basis for rationally developed hybrid
inhibitors. This work demonstrates the potential of some of these strategies in producing
selective, effective hybrid inhibitors for difficult-to-target enzymes.

