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Abstract

Investigating Cancer Sialylation in Embryonic Zebrafish
by
Nathan Alexander Yee
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Carolyn R. Bertozzi, Chair

Changes in glycosylation have been well-documented with regard to the
onset and progression of cancer. Pervasive amongst these is the overexpression
of cell surface sialic acid, a shared characteristic of myriad cancer types.
Hypersialylation has been noted as a defining feature of the malignant
phenotype, playing numerous functional roles in promoting cancer cell survival
and invasivity, and a great body of research has sought to unravel its
multifaceted contributions to metastatic advancement.

A complete understanding of the impact elevated sialic acid has on cancer
progression has been hindered by a lack of tools for its direct study. Glycan
biosynthesis is not genomically encoded, disqualifying commonplace molecular
biology techniques such as mutagenesis and fluorescent protein fusions. This
has motivated the development of novel chemical approaches to fill this void. In
particular, bioorthogonal chemical methods have accomplished the direct tagging
and imaging of sialylated glycans, enabling precise tracking within complex
cellular milleu. As an additional challenge, the cancer disease state comprises
intimate interactions between tumor and host cells; a comprehensive grasp of
sialic acid’s involvement in cancer must be obtained through the use of animal
models to recapture the physiological environment. Current in vivo models,
primarily mice, are severely limited in their ability to observe cancer behavior at
the cellular scale. An alternative model, the embryonic zebrafish, surmounts this
barrier and permits the real-time detailed observation of cancer cell dynamics in
vivo. Utilization of the zebrafish model’'s imaging capabilities may deepen our
mechanistic understanding of sialic acid’s role in cancer. The work presented in
this dissertation constitutes efforts to study cancer sialylation in zebrafish using
bioorthogonal chemistry and other approaches.

The first chapter reviews advancements made in the field of in vivo
bioorthogonal cancer labeling. Recent years have seen the emergence of varied
approaches to target cancer in mouse models for imaging and therapy, using
both metabolic incorporation and antibody-pretargeting strategies. This survey of
the literature highlights the potential for continually evolving bioorthogonal



technology to play a role in human health, and also illuminates the challenges
associated with bioorthogonal chemistry-based approaches within mice, creating
a framework for discussion of bioorthogonal labeling as applied to a zebrafish
model of cancer.

Chapter 2 describes the development of methods for the bioorthogonal
labeling of cancer-associated sialic acid in a zebrafish xenograft model. Through
the use of metabolic incorporation of modified sialic acid precursors and two
widely popular bioorthogonal reactions, copper-free click chemistry and the
tetrazine ligation, selective labeling of the cancer cell surface was achieved with
greater sensitivity and spatial resolution than has been demonstrated in mouse
tumor models. These efforts lay groundwork for the application of bioorthogonal
chemistry to monitor sialic acid distribution on the subcellular scale in zebrafish
throughout different stages of cancer progression.

Chapter 3 investigates the interplay between cancer cells and the innate
immune system in zebrafish. Sialic acid-mediated interactions between cancer
and immune cells have been observed previously and their biochemical basis is
beginning to be understood. How these interactions impact the behavior of
cancer and immune cells in vivo is an ongoing area of research. Embryonic
zebrafish are a powerful tool in this regard, as they enable the facile monitoring
of cancer and immune cell dynamics through real-time imaging. Through
sialidase-treatment of cancer xenografts, we examined the role sialic acid plays
in cancer cell survival and recruitment of macrophages and neutrophils. Sialic
acid was found to have a significant influence on these processes, the
mechanisms of which are currently being deciphered.

Finally, Chapter 4 represents an excursion outside the realm of zebrafish
cancer biology. Genetically encodable self-labeling protein tags are an invaluable
tool for protein imaging, and offer greater temporal control over traditional
fluorescent protein tags. However, their large size, often in excess of 20 kDa, can
interfere with native interactions. Described herein is a 10 kDa riboflavin-binding
protein rationally engineered from riboflavin synthase. This protein undergoes a
self-labeling reaction with novel acrylamide-modified flavin fluorophores, creating
a covalently bound fluorescent protein tag. Preliminary results indicate that this
system is suitable for labeling within cellular environments with a potential
application as a small, genetically encodable tag for fluorescence anisotropy
measurements of protein hydrodynamics.
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Chapter 1. Targeting Cancer In Vivo Using Bioorthogonal Chemistry

Introduction

The field of bioorthogonal chemistry is primarily focused on the
development of chemical ligation reactions that proceed selectively and efficiently
under physiologically relevant conditions. The ever-expanding catalog of
bioorthogonal reactions represents a dynamic arsenal of chemical tools that have
been used to investigate biological systems not readily amenable to well-
established genetic strategies, e.g., non-genetically encoded biomolecules such
as lipids and glycans. In a typical bioorthogonal labeling experiment, a reactive
chemical reporter group is first incorporated into a given biomolecule using a
variety of methods. A secondary step involving a covalent ligation between the
reporter and a complementarily reactive functional group equipped with a probe
or other molecular cargo, enables the imaging, enrichment, or manipulation of
the biomolecule of interest (Figure 1.1). Bioorthogonal reactive partners are
chosen to fulfill a number of chemical criteria, including stability and inertness to
endogenous biological functionalities, being non-perturbative to the system under
study, and ideally possessing fast reaction kinetics such that low concentrations
of reagents can be used.

‘—X + Y—* — ‘X'Y*
‘ = biomolecule * = probe

Figure 1.1. Bioorthogonal reaction between functional groups X and Y.

The pinnacle of bioorthogonality is often a reaction’s utility within a living
organism. To date, a number of different research groups have implemented
bioorthogonal reactions for use in live animals. In particular, there has been
special attention to using bioorthogonal approaches to the imaging of cancer in
mouse tumor models using two predominant strategies to introduce a chemical
reporter. Metabolic oligosaccharide engineering has enabled the incorporation of
unnatural azide-containing sugars onto the cancer cell surface, allowing for the
labeling of modified sialic acid residues on tumors through the use of azide-
reactive chemical probes. Due to the prevalence of sialic acid overexpression in
many different cancer types,’ tools to assay tumor sialylation in vivo may deepen
the understanding of its role in cancer progression. An alternative is a
pretargeted approach using cancer epitope-specific antibodies armed with a
reactive handle. Secondary reaction with a small molecule bioorthogonal probe



can overcome the unfavorable pharmacokinetic properties of antibodies alone
(long serum half-life resulting in high levels of background), with such methods
accomplishing the robust targeting of tumors in vivo through the delivery of
imaging probes and therapeutic agents. The clinical relevance of antibody-based
pharmaceuticals in concert with the continual development of increasingly
efficient bioorthogonal reactions carries exciting implications for cancer diagnosis
and therapy.

Along with the rapid evolution of bioorthogonal technology in recent years
has emerged a wealth of unique approaches for labeling targets in vivo. This
chapter chronicles the application of bioorthogonal chemistry in live animal
models, with a specific focus on its use to image cancer in mice. Early work
employing metabolic engineering of azidosugars to label tumors was hindered by
poor reaction kinetics and probe pharmacokinetic qualities, necessitating the
development of creative solutions to achieve selective labeling in vivo.
Pretargeted labeling, based on its compatibility with the exceptionally fast
tetrazine ligation, has experienced comparatively greater success in the
selectivity of labeling and the scope of imaging probes utilized. In addition to the
ongoing optimization of existing tumor imaging methods, current efforts involve
the use of bioorthogonal chemistry for drug delivery, with many studies showing
therapeutic efficacy in mouse tumor models.

Prevalent Bioorthogonal Reactions for Labeling in Live Animals
Staudinger Ligation

One of the earliest developed bioorthogonal reactions, the Staudinger
ligation occurs between an organic azide and a triaryl phosphine to form a stable

amide linkage via attack by an aza-ylide intermediate on an intramolecular ester
trap (Figure 1.2).2

(0]
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Figure 1.2. Mechanism of the Staudinger Ligation.



The Staudinger ligation was the first showcase of the azide as a
bioorthogonal chemical reporter, which, due to its abiotic nature and small size,
readily lends itself to facile incorporation into a variety of biomolecules.
Unfortunately, the sluggish kinetics of the reaction (second order rate constant k
=2 x 10° M" s™)® compared to subsequent generation bioorthogonal reactions
hampered its performance in complex in vivo systems. Nonetheless, there are
instances reported of the Staudinger ligation’s use in animals.*™®

Azide-Alkyne Cycloadditions

Aside from their reactivity toward phosphines, azides also undergo 1,3-
dipolar cycloadditions with alkynyl dipolarophiles for the rapid formation of
triazoles (Figure 1.3).” The prototypical reaction involving a terminal alkyne
requires the addition of a copper(l) catalyst (copper-catalyzed click reaction) to
proceed appreciably at room temperature. Copper(l) cytotoxicity has generally
relegated the copper-catalyzed click reaction to labeling of fixed cells, although
the advent of biocompatible ligands to reduce toxicity has expanded its biological
scope.®"° Still, the requisite for copper-chelating ligands as well as exogenous
reducing agents to maintain the catalytically active copper(l) oxidation state
complicates its use in live animals.

Copper-catalyzed click reaction

_N
N="N
R N. Cu(l) N-R
N MR e ST
- 1
Copper-free click reaction
_ N~ N-R2
— N _
+ N Rz ——>
R, %

Figure 1.3. Azide-alkyne cycloadditions in bioorthogonal chemistry.

The introduction of ring strain can accelerate the rate of the azide-alkyne
cycloaddition, obviating the need for a copper(l) catalyst. Bertozzi and coworkers
accomplished this by constraining the alkyne in an eight-membered ring
system."" Cyclooctynes undergo spontaneous reaction with azides to form
triazoles in a reaction termed copper-free click chemistry. Since the initial
discovery, numerous groups have increased the reactivity of cyclooalkynes



through electronic perturbation or the installation of addltlonal straln with second
order rate constants spanning the gamut from 102 to 10° M s™ (Figure 1.4).">%°
As a result of this vast rate enhancement over the Staudinger ligation,
cyclooctyne probes have seen widespread use for labeling azidosugars in live
animals and tumor models, although poor pharmacoklnetlcs and cross-reactivity
with thiol nucleophiles limits their selectivity.*?

oY O SOCRG S @ e

\,
HOZC CO.H
ALO DIMAC DIBO DIFO TMDIBO
k=13 x103 k=3.0x1073 k=5.7x102 k=7.6x10"2 k=9.8 x102
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NS
, N (L

HOV H o;g { o s

B R

“OH
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k=1.4 x10" k=3.1x10"1 k=9.6 x10" k=4.0x100

Figure 1.4. Reactivity of strained alkynes for copper-free click chemistry.
Second order rate constants for reaction with benzyl azide reported in units of
M™ s and measured in acetonitrile. DIBO and DIBAC measured in methanol.
BCN measured in 3:1 acetonitrile:water. TMDIBO measured in chloroform.

Tetrazine Ligation

N R, R P
N%N -N» ~N taut. SN
- N T NH
o U R, 2 Ry X
‘ Rs Rs

Figure 1.5. Mechanism of the tetrazine ligation with trans-cyclooctene.

The tetrazine ligation is an inverse electron-demand Diels-Alder reaction
between a 1,2,4,5-tetrazine and a strained dienophile (Figure 1.5).?2 The
tetrazine ligation is noteworthy because of its extraordinarily fast reaction rate
compared to other commonly used bioorthogonal reactions, with the second



order rate constant for the reaction between tetrazines and trans-cyclooctenes
(TCO) ranging from 10% to 10° M s depending on tetrazine and TCO
substitution, with the fastest practically usable species falling in the 10° to 10*
range.”® As well, tetrazines undergo ligation with a number of other strained
dienophiles, albeit at lower reaction rates. A potential hindrance to the reaction’s
usefulness in vivo is the inherent instability of both tetrazines (due to hydrolysis)
and trans-cyclooctenes (due to metalloenzyme-mediated isomerization to the
less reactive cis configuration)24 within the physiological environment. Despite
these drawbacks, the tetrazine ligation has been utilized for the successful high
contrast imaging of tumors in mice, particularly in pretargeted methods featuring
TCO-modified antibodies.

Metabolic Engineering of Tumors In Vivo
Metabolic Incorporation of Unnatural Sugars in Animals

The cell surface is decorated with polymers of sugars, termed glycans,
which play vital roles in modulating extracellular recognition and cell membrane
physical properties. Glycan identity and expression levels are known to fluctuate
throughout organism development and cancer progression, motivating the
advancement of tools to monitor changes in glycosylation. A prevalent chemical
technique to study cell surface glycosylation in vivo has been metabolic
oligosaccharide engineering, which takes advantage of the glycan biosynthetic
machinery’s tolerance for small structural perturbations to sugar starting
materials, allowing for the incorporation of sugars bearing reactive chemical
handles into glycans and subsequent labeling using bioorthogonal probes.
Animal models have served as a testing ground for this strategy, with
bioorthogonal reactions successfully labeling glycans in live organisms from
worms to mice.

Seminal work by Laughlin et al. demonstrating the metabolic labeling of
glycans in vivo utilized an embryonic zebrafish model.?® It was shown that, as
with cells in culture, zebrafish embryos will take up peracetylated N-
azidoacetylgalactosamine (AcsGalNAz) added to their media and incorporate this
unnatural sugar into cell surface glycans. Subsequent reaction with a
fluorophore-conjugated difluorinated cyclooctyne (DIFO) probe effected the
fluorescent labeling and tracking of GalNAz residues on the zebrafish enveloping
layer in a time-resolved fashion. Follow up studies involving microinjection of
various azidosugar analogs into embryos at the one-cell stage of development
enabled the incorporation and imaging of GalNAz, FucAz, ManNAz, and XylAzin
a similar manner (Figure 1.6).2°% Agarwal et al. expanded this approach with the
synthesis of a bicyclononyne (BCN)-modified sialic acid, which, in combination
with a tetrazine fluorescence turn-on probe reported by Devaraj et al.*° injected
intravenously (1V), accomplished the labeling and imaging of internal glycans, a
feat previously unrealized due to high background resulting from the slow
clearance rate of systemically administered fluorescent probes.®
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Figure 1.6. Microinjection of azidosugars for copper-free click labeling of
zebrafish embryos.

The copper-catalyzed click reaction has also been used to label glycans in
zebrafish. In an effort to render the copper(l) catalyst less toxic, Wu and
coworkers screened a library of analogs of tris(benzyltriazolylmethyl)amine
(TBTA), a common ligand for copper-catalyzed click chemistry, for their rate
enhancement properties and observed that a water-soluble bis(tert-
butyltriazolyl)ethanesulfonic acid (BTTES) variant dramatically accelerated the
reaction.® Copper-catalyzed click labeling with BTTES exhibited significantly less
toxicity than copper(l) alone on cells in culture, leading to its use for the labeling
of the alkynyl sugar analog GDP-FucAl with an azidofluorophore in embryonic
zebrafish. They further applied this system to image LacNAc residues in
zebrafish using an engineered fucosyltransferase that, when administered
exogenously, generates alkynyl LacNAc from GDP-FucAl.® Modifications to the
structure of the azide proved fruitful as well — an electron-donating picolyl azide
boosted the reaction kinetics by an order of magnitude, allowing for the imaging
of zebrafish as early as the two-cell stage, albeit on fixed embryos.™

The nematode Caenorhabditis elegans has also served as a platform for
metabolic bioorthogonal labeling. Laughlin et al. tested mixed-stage C. elegans
for their uptake of AcsGIcNAz, AcsGalNAz, and AcsManNAz and found robust
incorporation of GalNAz into the glycome.*? Treatment with DIFO-fluorophore
yielded azide-dependent labeling in larval to adult hermaphrodite and male
worms. Recently, copper-catalyzed click chemistry has been employed to tag
GalNAl in C. elegans using “all-in one” azides, in which the azido group is directly
linked to a copper-chelating motif, resulting in proximity-based rate
enhancement.®

Zebrafish and nematodes aside, a necessary benchmark toward the use
of metabolic bioorthogonal labeling for tumor imaging was to first establish its use
in mice, as mice continue to be the most widely used animal model for human
cancers. Chang et al. sought to apply metabolic bioorthogonal labeling tactics
within mice.® AcsManNAl or Acs;ManNAz (analogs of ManNAc, the metabolic
precursor to sialic acid) were injected intraperitoneally (IP) daily for seven days.
Copper-catalyzed click chemistry with an azide- or alkyne-biotin probe,
respectively, performed on harvested organ lysates allowed for the assessment
of unnatural sugar incorporation via anti-biotin Western blot. Indeed, it was found
that both sugars are incorporated into various organs in mice, particularly the



spleen, intestines, thymus and heart, with the alkynyl derivative showing more
robust expression.
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Figure 1.7. Copper-free click chemistry and Staudinger ligation in mice.

A) Mice were administered (IP) AcsManNAz for 7 d, followed by IP injection of
azide-reactive probe bearing FLAG tag of ex vivo analysis. B) In vivo labeling
with a panel of cyclooctyne probes. C) In vivo comparison of the fastest reacting
cyclooctyne tested, DIFO, with the Staudinger ligation. Labeling was quantified
by treatment of harvested splenocytes with FITC-anti-FLAG and flow cytometry.
Figure 1.7B-C adapted with permission from reference (4).

A follow-up study focused on conducting the bioorthogonal reaction step
within the live mouse itself. After incorporation of ManNAz as before, mice were
injected IP with FLAG peptide conjugates of a panel of azide-reactive probes
(Figure 1.7A).* Treatment of homogenized mouse splenocytes with anti-FLAG-
FITC and analysis by flow cytometry allowed for the quantitation of labeling
(Figure 1.7B). It was observed that DIMAC, despite its slower intrinsic reaction
kinetics and lower labeling efficiency in vitro compared to DIFO, nonetheless
outperformed DIFO within the mouse. This was attributed to the increased water
solubility of DIMAC imbuing it with more favorable pharmacokinetic properties.



Intriguingly, the triarylphosphine probe also exhibited better labeling than DIFO in
vivo (Figure 1.7C). It was soon found through immunoprecipitation experiments
that DIFO binds strongly to mouse serum albumin, which likely diminishes its
bioavailability and labeling potency relative to other probes. Although the analysis
was carried out ex vivo, this preliminary study established proof-of-concept for
metabolic bioorthogonal labeling in a live mammalian organism and highlights the
importance of pharmacokinetics for effectiveness in vivo.

Metabolic Bioorthogonal Labeling of Tumors

Metabolic labeling of tumors in mice has focused on the targeting of sialic
acid, primarily through the incorporation of N-azidoacetylmannosamine
(ManNAz), which is metabolized to cell surface azidosialic acid residues (Figure
1.8). Brindle and coworkers adopted this strategy in an LL2 murine Lewis lung
carcinoma subcutaneous xenograft tumor model.® Following Acs;ManNAz
incorporation (IP injection daily for 7 days), IP-injected phos-biotin was used for
Staudinger ligation labeling. IV injection of a tertiary probe, a NeutrAvidin-
fluorophore, allowed for the assessment of tumor-specific labeling. Whole animal
fluorescence imaging revealed a very modest increase in the tumor/healthy
tissue ratio of ~1.4-fold for ManNAz-treated mice relative to vehicle only controls.
This was consistent with ex vivo analysis which yielded only slightly elevated
signals. Parallel experiments using a NeutrAvidin-['"'In] probe for SPECT/CT
imaging produced similar results. This initial study was promising for the
application of the metabolic approach for tumor imaging, although the level of
contrast attained was well below the threshold for clinical relevance. The authors
surmise that this may be caused by azide-independent accumulation of
NeutrAvidin in the tumor via the enhanced permeability and retention (EPR)
effect.

Tumor-bearing
mouse

* = biotin

Figure 1.8. Metabolic bioorthogonal labeling of tumors in mice using the
Staudinger Ligation.



These results were recapitulated through use of a “double click” design in
an effort to surmount previously observed limitations.>* Tumor-bearing mice
treated with AcsGalNAz were reacted with bivalent conjugates of TMDIBO-TCO
or phos-TCO. This allowed for a clearance period to eliminate unreacted probe
prior to administration of a tetrazine-near-infrared (NIR) dye, which was expected
to have intrinsically lower background signal thanks to its fast reaction kinetics.
This hybrid metabolic labeling/pretargeted approach resulted in azide-specific
tumor labeling of 1.4-fold for phos, as before, and 2-fold for TMDIBO, as
determined in vivo. This enhancement of the copper-free click reaction over the
Staudinger ligation was likely due to TMDIBO’s superior water-solubility and
kinetics over phos. Direct reaction with TMDIBO- and phos-imaging probes did
not produce significant labeling in live mice, although it was demonstrated later
that tumor-specific signal could be detected ex vivo.*

A potential pitfall in using hydrophobic small molecules such as
cyclooctynes and phosphines within mammalian systems is that their short
serum half-lives are not properly synced to their slow reaction kinetics, the result
being clearance and excretion of the probe before the ligation has time to occur.
Several studies have tackled this barrier through the use of nanoparticles, which
due to their large size have increased serum residence times that may be more
suitable for slow-to-react probes. Additionally, nanoparticles and macromolecules
have been observed to home to solid tumors by the EPR effect, whereby large
particles accumulate in tumor tissue because of alterations to the normal
vasculature. This could increase the local concentration of reactive probe within
the tumor and lead to greater labeling efficiency, although it has been noted that
clinical cancers exhibit EPR less consistently than subcutaneous mouse tumor
models.*

Kim and coworkers attempted to take advantage of these properties
through the production of liposomal nanoparticles armed with DIBAC reactive
handles and Cy5 NIR dyes (Figure 1.9).* Subcutaneous tumors in mice were
directly loaded with azidosugar through injection of a high concentration of
AcsManNAz intratumorally. DIBAC-liposomes delivered IV preferentially
accumulated at the site of the azidosugar-injected tumor with over tumors on the
opposing flank that were injected with vehicle alone. Fluorescence imaging of
both live mice and excised tumors showed a 2-fold increase over the control.
This represented an improvement over non-liposomal DIBAC-Cy5, which showed
no discernible tumor labeling in vivo or ex vivo in the same study, but was still
insufficient from a clinical perspective.

Efforts to improve their system involved the use of AcsManNAz-loaded
glycolyl chitosan nanoparticles (CNPs) to deliver azidosugars to tumors via EPR,
as opposed to direct injection.>® Following four daily doses of AcsManNAz-CNPs,
an imaging probe consisting of CNPs carrying a Cy5 payload and surface-
modified with BCN was given. As before, the nanoparticle probe showed
accumulation within the tumor, with ex vivo measurements revealing a 1.5-2-fold
increase over the control. Despite this meager labeling, BCN-CNPs were applied
for the tumor delivery of a photosensitizing agent for photodynamic therapy.
These studies suggest that bioorthogonal labeling based on EPR effects may be
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ineffectual at increasing imaging contrast in tumors, likely to due high degrees of
nonspecific accumulation.
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Figure 1.9. Labeling mouse tumors using DIBAC-modified liposomes.

A) Azidosugar is injected directly into the tumor followed by IV injection of
fluorescent DIBAC-modified liposomes. B) Fluorescence images obtained using
DIBAC (DBCO)-Cy5 or DIBAC-liposomes, and after TCEP reduction of azides,
compared to opposite flank vehicle control tumor. Figure 1.9B adapted with
permission from reference (38), copyright 2012 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

In a similar vein to Kim, Xie et al. also utilized nanoparticles for azidosugar
delivery, this time in mice bearing B16-F10 murine melanoma subcutaneous
xenografts.*’ Rather than relying on EPR alone, they synthesized liposomes
displaying a cyclic RGD-containing peptide for targeting to integrin a3, which is
overexpressed on the surface of B16-F10 cells. The cRGD-liposomes were used
to deliver encapsulated 9-azidosialic acid to tumors through daily 1V injection for
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7 days (Figure 1.10A). In stark contrast to previous studies using small molecule
cyclooctynes, significant labeling was observed after IV injection of a DIBAC-Cy5
probe — B16-F10 tumors labeled with 6-fold intensity over an opposite flank
negative control tumor of MCF-7, which does not express integrin a3 (Figure
1.10B). This significant in vivo labeling improvement over prior attempts may be
testament to a greater efficiency of azidosugar incorporation resulting from a
targeted delivery method, although it is worth noting that the nanoparticle delivery
was accompanied by high systemic background. The tumor labeling
enhancement was found to be strictly dependent on cRGD targeting rather than
EPR, with cRGD-lacking liposomes carrying 9-azidosialic acid showing no
enhancement over the free sugar alone. This method allowed for the enrichment
of cancer-associated sialylated peptides through ex vivo reaction of azidosugar-
labeled tumors with alkyne-biotin, enabling glycoproteomic profiling at different
timepoints throughout tumor growth and progression.
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Figure 1.10. Targeted delivery of azidosugars to cancer in vivo.

A) Encapsulated 9-azidosialic acid (9-AzSia) is delivered to tumors by tumor
targeting cRGD-modified liposomes, enabling copper-free click labeling. B)
Fluorescence images of mice injected with (left to right): , cRGD-liposomal 9-
AzSia, untargeted liposomal 9-AzSia, 9-AzSia, AcsManNAz, and liposomes. C)
Fluorescence intensity ratio of positive tumor to opposite flank negative control
tumor (integrin a,B3 deficient) for each species injected. Figure 1.10B-C adapted
with permission from reference (40), copyright 2014 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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In summary, various modes of azidosugar incorporation and bioorthogonal
probe administration have been utilized for the metabolic labeling of tumors in
mice. Most strategies to augment imaging contrast (e.g., “double click” using
bioorthogonal partners with faster kinetics, nanoparticle delivery to capitalize on
EPR) have yielded little improvement. A method using a liposome bearing a
cRGD tumor-targeting motif for azidosugar delivery resulted in the highest gains.
These studies underscore the importance of both steps involved in metabolic
bioorthogonal labeling (introduction of the azidosugar and optimization of probe
administration) and also exposes the challenges to using this approach for
imaging tumors in vivo.

Bioorthogonal Pretargeted Labeling
Pretargeting with Monoclonal Antibodies

An alternative approach to introduce a reactive chemical reporter onto
cancer cells in vivo is pretargeting. Pretargeted labeling relies on the use of an
affinity tag, typically a monoclonal antibody (mAb), to recognize and accumulate
in tumor tissue with exceptionally high specificity. A significant liability with this
method is that antibodies typically have long serum half-lives, sometimes on the
order of days, resulting in high levels of background signal in imaging studies
and, in the case of nuclear imaging with radiolabeled antibodies, toxic doses of
radiation released systemically.*' Bioorthogonal chemistry provides a means to
mitigate these issues. Antibodies possessing reactive handle are injected and
allowed an appropriate amount of time to accumulate at the tumor and clear from
non-target regions. A subsequently administered bioorthogonal probe bearing a
fluorophore or radionuclide imaging probe collects at the pretargeted site, with
unreacted probe clearing quickly due to the relatively short circulation time of
small molecules, thus achieving high contrast signal and a localized radiation
dose (Figure 1.11).
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Figure 1.11. Bioorthogonal pretargeted labeling of tumors in mice.

Robillard and coworkers made efforts to deploy this strategy using the
Staudinger ligation.® Chimeric mAbs bearing azide groups were administered to
mice. Different phosphine probes appended with a variety of linkers and
radionuclides were injected shortly thereafter, with HPLC analysis of serum
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fractions showing no evidence of successful conjugation in vivo. This was
thought to be due to a combination of slow reaction kinetics, short probe serum
half-life (t12 < 15 min), and instability of the phosphines, which were found to
oxidize to the unreactive phosphine oxides in mouse serum. This was in contrast
to a previous report by Bertozzi and coworkers in a study that utilized much
higher concentrations of both azide and phosphine.4 Similar results were
obtained using a panel of cyclooctyne probes in an in vivo mAb pretargeting
assay, with little to no azide-dependent enhancement observed.*?

The shortcomings of the Staudinger ligation and copper-free click
chemistry led to a focus on faster bioorthogonal reactions for pretargeted
labeling. Devaraj et al. developed a pretargeting system based on the inverse
electron-demand Diels-Alder reaction between norbornene and tetrazine,
successfully imaging cells in culture using mAb-norbornene and a tetrazine
fluorophore.** This was later improved by using frans-cyclooctene as the
chemical reporter, which reacts with tetrazines hundreds to thousands of times
faster than does norbornene.**

Figure 1.12. Tumor pretargeted labeling using the tetrazine ligation.

(Top) SPECT/CT images of mice administered (left to right) CC49-TCO, CC49,
or Rtx-TCO (negative control) one day prior to tetrazine-['"'In] injection. (Bottom)
Transverse tumor slices of the same. Figure 1.12 adapted with permission from
reference (45), copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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In the wake of these developments, Robillard and coworkers aimed to
apply tetrazine-TCO-based pretargeting in a mouse tumor model.** Mice bearing
subcutaneous LS174T human colorectal cancer xenografts were treated with a
TCO-modified CC49 mAb against the TAG72 antigen, which is overexpressed on
solid tumors and has slow rates of internalization and shedding, creating optimal
conditions for mAb pretargeting. After a clearance interval of 24 hours, IV-
injected tetrazine-[""'In] and SPECT/CT imaging displayed tumor/muscle ratios of
13 and 0.5 for TCO-modified and unmodified mAbs, respectively, representing a
TCO-dependent labeling enhancement of 26-fold (Figure 1.12). Ex vivo
biodistribution studies confirmed this finding, with similar studies by other groups
reporting the same.*°

Even with this drastic improvement in labeling contrast over metabolic
engineering approaches, Robillard and coworkers took several opportunities to
progress their pretargeting method. As mentioned earlier, one pathway of TCO-
deactivation is isomerization to the less reactive cis-cyclooctene. This was found
to be mediated by copper-metalloproteins such as transcuprein and albumin
present in mouse serum.?* Simply shortening the linker between the TCO and
mAb mitigated this effect through steric impedance of copper-bound proteins.
Additionally, positioning the linker in an axial rather than equatorial conformation
on the TCO core boosted its reactivity with tetrazine due to increased trans-
annular interactions. Together, these modifications produced an outcome of
higher pretargeted labeling efficiency.

For antibody-drug conjugates in the clinical setting, site-specific
attachment sites are preferred to avoid heterogeneous mixtures of differentially
potent constructs. Zeglis and coworkers devised a chemoenzymatic synthesis of
site-specific mAb-TCO conjugates.*” A galactosidase was used to trim off four
terminal galactose residues on the heavy chain of humanized anti-A33 (huA33).
Next, a promiscuous galatosyltransferase, Gal-T(Y289L) was used to install
unnatural GalNAz residues. Finally, copper-free click with DIBO-TCO yielded
huA33-TCO in a site-specific fashion. Analysis revealed a loading of 2.4
TCO/mADb out of a possible 4. Nonetheless, huA33-TCO performed adequately in
tumor pretargeting experiments, although the authors note that there is no
improvement over analogous studies using non-site-specifically modified mAbs.
They later adopted this strategy to produce a modified huA33 for bimodal
imaging, with NIR dyes added chemoenzymatically by the same route and TCOs
attached nonspecifically to lysine residues via NHS-ester chemistry.*®

As discussed before, an inherent deficiency in using antibodies for
targeting is their prolonged serum residence times. This can be an obstacle even
in pretargeted labeling because circulating antibodies can sequester
bioorthogonal probes away from the region of interest. Robillard and coworkers
circumvented this issue through the development of clearing agents consisting of
a tetrazine conjugated to a galactose-coated albumin that could quench and
shuttle circulating mAbs to the liver, but would be too large to extravasate into
tumor tissue.*® Indeed, clearing agents administered shortly before the injection
of tetrazine probes accelerated the elimination of circulating antibody and
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succeeded in reducing background signal, with a 15-fold improvement in the
tumor/muscle ratio compared to the initial report (Figure 1.13). These clearing
agents enabled the use of an mAb-TCO with heightened linker hydrophilicity and
an extended serum half which allowed for greater accumulation with the tumor.*
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Figure 1.13. Clearing agent reduces circulating antibody and enhances
signal. A) Clearing agent consisting of albumin decorated with an array of
tetrazines and galactose residues. Serum residence of a radiolabeled antibody in
the B) absence or C) presence of a clearing agent. Arrow indicates the time of
clearing agent injection. D) SPECT/CT image of tumor-bearing mouse
pretargeted with CC49-TCO and labeled with tetrazine-[''"'n] after treatment with
a clearing agent. Figure 1.13B-D adapted with permission from reference (49).
This research was originally published in JNM, copyright by the Society of
Nuclear Medicine and Molecular Imaging, Inc.

While clearing agents successfully amplified labeling intensity, the
necessity for multiple injections of different species is undesirable in a clinical
setting. This motivated the development of pretargeting tags with shorter half-
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lives than those of mAbs. A TCO-modified diabody (55 kDa versus 150 kDa for a
typical mADb) proved to be effective for clearing agent-free pretargeted imaging in
tumor-bearing mice, with tumor/kidney ratios approaching those achieved in the
mAb/clearing agent system. * Likewise, an mAb- -mimicking TCO-affibody 7.5 kDa
in size performed in a similar manner, with pretargeting generatlng a more
favorable tumor/kidney ratio than a directly radiolabeled affibody.*? These results
suggest that affinity tags with more favorable pharmacokinetic properties can be
effective at reducing off-target radiation exposure using bioorthogonal
pretargeted labeling, although the advancement of these agents is still in the
nascent stage.
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Figure 1.14. Polymer-modified tetrazines label tumors in mice. A) Tetrazines
conjugated to a 10 kDa dextran polymer bearing either a near-IR dye or '°F
radionuclide. B) Fluorescence microscopy in dorsal window-chambered mice
pretargeted using a green fluorescent mAb-TCO conjugate. C) PET/CT images
in mice tagged with TCO-functionalized or unmodified mAb. Figure 1.14B-C
adapted with permission from reference (55).

Amid optimizations to the TCO-mAb component, many groups recognized
that structural changes to the tetrazine core could profoundly influence its activity
and biodistribution. Zeglis et al. noted that a tetrazine armed with an aryl
sarcophagine chelator showed exclusively renal clearance and no
gastrointestinal accumulation compared to other chelators, making it ideal for
imaging colorectal cancers.>® Koo et al. observed that altering the hydrophilicity
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and serum half-lives of tetrazine-Cy5s affected their in vivo Iabellng eff|0|en0|es
with longer-circulating probes having more robust labeling.** Similarly,
Weissleder and coworkers found that attachment of pendant tetrazines to
dextran polymers increased the serum half-life resulting in greater labeling
compared to small molecule tetrazines, with polymer-modified tetrazines (PMTs)
built using 10 kDa dextrans striking the optimal balance between increased
reaction efficiency and elevated background.”® PMTs proved useful for the
imaging of mouse tumors by fluorescence microscopy in dorsal window-
chambered mice and whole animal PET/CT using NIR fluorophore and '®F-
conjugated dextrans, respectively (Figure 1.14).

Weissleder and coworkers also expanded the portfolio of tetrazine probes
with the development of a series of fluorogenic tetrazines that undergo
fluorescence enhancement upon ligation (Figure 1.15).
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Figure 1.15. Turn-on properties of fluorogenic tetrazine probes.’®™®
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An initial report consisted of benzylaminotetrazine linked to various
commercially available fluorophores through short molecular spacers.®®
Fluorescence quenching, proposed to be through FRET by virtue of tetrazine’s
absorbance maximum of 515 nm, was alleviated upon ablation of the tetrazine
core by reaction with TCO. Probes of this nature exhibited turn-on magnitudes of
up to 20-fold and enabled the intracellular labeling of TCO-modified Taxol. The
following generation of probes utilized a through-bond energy transfer quenching
mechanism in directly conjugated tetrazine-BODIPY 1 systems to achieve turn-
on values of up to 1600-fold in aqueous media.”’ In subsequent work, a
deferoxamine moiety was appended to the BODIPY BF, core via an alkoxy-
linkage to afford tetrazine-BODIPY-DFO, and chelation of %9Zr afforded a
radiolabeled fluorescence turn-on probe which was used for multimodal
fluorescence and PET imaging in a mouse tumor model.>®

Pretargeted tumor labeling methods are primarily tested in idealized
systems where antibody internalization and antigen shedding are negligible. This
is frequently not the case in the actual disease state. CA19.9, a clinical biomarker
of pancreatic ductal adenocarcinoma, is known to be shed into circulation and
also to internalize the 5B1 mAb that recognizes it. Lewis and coworkers
conducted pretargeting experiments using 5B1-TCO in an orthotopic model of
pancreatic cancer using Capan-2 cells, which has been documented to shed
CA19.9 at physiological levels.”® PET imaging with a tetrazine-[**Cu] probe was
able to delineate tumor tissue by 6 hours post injection, albeit with less contrast
than in BxPC3 cells, which are not known to shed CA19.9 and internalize 5B1 at
a slower rate than Capan-2. Dosimetry compared with directly radiolabeled 5B1-
[39Zr] revealed a 25-fold reduction in total body radiation exposure using the
pretargeted approach. This model was further used to evaluate a novel tetrazine-
chelator Al-'8F complex for pretargeted PET imaging, thus applying
bioorthogonal labeling in a more clinically relevant situation.®®

Other Methods of Pretargeted Bioorthogonal Labeling

While antibody-based approaches have dominated the tumor imaging
arena due to precedence for their use in cancer imaging and treatment, other
avenues of pretargeting have been explored as well. Reiner and coworkers
synthesized a tetrazine conjugated to a pH low insertion peptide (pHLIP), which
undergoes a conformational change upon sensing an acidic environment, such
as that of cancer cells, and imbeds into the plasma membrane.®’ Using
intratumorally injected tetrazine-pHLIP and liposomes modified with TCO and
'8F, a 7-fold enhancement over control tumors was observed by PET amidst high
systemic signal, likely resulting from the slow serum clearance of liposomes.

In an aberration from a landscape replete with tetrazine ligations and
copper-free click reactions, Tang et al. endeavored to use an older bioorthogonal
reaction for pretargeted Iabeling — the condensation of aldehydes and aminooxy
compounds to form oximes.®? Aminooxy-modified liposomes were directly
injected into mouse flank tumors, where aminooxy uptake occurred through
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membrane fusion. [V administration of polyethyleneglycol/polylactic acid
polymers displaying surface aldehydes and carrying a radionuclide payload
allowed for assessment of labeling through PET imaging (Figure 1.16).
Compared with non-aminooxy-engineered tumors, aminooxy tumors labeled less
than 2-fold above control at various timepoints (maximum of 1.75-fold 1 hour post
injection), ostensibly the result of nonspecific accumulation of nanoparticle
probes within the tumor.
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Figure 1.16. Liposomal pretargeting for the oxime ligation in mice.

In a manner similar to Kim and coworkers’ chitosan nanoparticle delivery
of azidosugar, Hou et al. aimed to use nanoparticles to deliver TCO to tumors via
EPR.%® TCO-modified supramolecular nanoparticles were constructed through
the self-assembly of a number of dextran and lipid-based components and
administered to tumor-bearing mice. Tetrazine-[**Cu] delineated tumors in PET
imaging, but ex vivo quantification suggested labeling enhancements of only 2.2-
fold over the unfunctionalized nanoparticle control, and 6-fold over directly
radiolabeled nanoparticles, the metric being tumor/liver ratio.

Comparable labeling was obtained through EPR pretargeting with
mesoporous silica nanoparticles (MSNs). Lee et al. armed MSNs ~150 nm in size
with reactive DIBAC moieties for copper-free click chemis.try.64 MSNs were
introduced IV to mice bearing subcutaneous flank tumors prior to injection of an
"®F_azide probe. The amount of signal in the tumor for the highest amount of
MSN tested was only 2-fold over mice given '®F-azide. Curiously, MSNs seem to
exhibit inconsistent biodistribution patterns in mice. Denk at al. reported TCO-
modified MSNs injected into healthy mice accumulated almost exclusively in the
lungs within minutes, as apparent by labeling with a tetrazine-[''C] PET tracer.®
By contrast, Oikonen et al. observed MSNs distributed throughout various
organs, with preferential build-up in the spleen at early timepoints.®® Taken
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together, these studies utilizing nanoparticle delivery of chemical reporters
indicate quite clearly that, as in the case with metabolic incorporation, EPR alone
is an ineffective pretargeting method in the absence of other targeting
mechanisms.

Applications for Drug Delivery and Therapy

The bulk of the literature surrounding bioorthogonal labeling of tumors
focuses on imaging probes, but the ability to selectively tag cancer in vivo opens
the door for the delivery of other types of molecular cargo, such as agents for
therapy. Of particular interest are bioorthogonal prodrugs, in which an active
chemotherapeutic is decaged only upon contact with its bioorthogonal reaction
partner at the cancer cell surface. In this manner, a toxin can be activated
selectively in the vicinity of the tumor, reducing the noxious adverse effects
associated with traditional chemotherapies. Recent years have seen the
development of varied bioorthogonal approaches to treat cancer in cell culture
and animal models by delivery of prodrugs and agents for photodynamic and
radiation therapy, and in situ drug assembly.
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Figure 1.17. Bioorthogonal prodrug activation. Decaging of doxorubicin
triggered by the A) Staudinger ligation and B) tetrazine-TCO ligation.
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Some bioorthogonal reactions are amenable to the incorporation of self-
immolative linkers, facilitating the construction of decagable prodrugs. Based on
the Staudinger ligation’s utility in vivo, Robillard and coworkers built a drug
release system based on the classic Staudinger reduction of azides to amines.®
Their design features the cancer drug doxorubicin attached to a benzyl azide
through a carbamate linker. Upon phosphine-mediated reduction of the azide to
an amine, free doxorubicin is released via a decarboxylation-elimination
mechanism (Figure 1.17A). This proved effective at treating cancer cells in
culture, with the azido-prodrug exhibiting far less toxicity than doxorubicin. An
upgraded variant relied on the tetrazine ligation, the prodrug consisting of a
carbamate-linked doxorubicin at the allylic position of TCO.% Increased electron
density resulting from the reaction forces the traceless release of doxorubicin
(Figure 1.17B). This arrangement was combined with in vivo tumor pretargeting
using an mAb-TCO-doxorubicin conjugate in mice.®® Ex vivo analysis showed a
tetrazine-dependent release of doxorubicin into the tumor, although the authors
did not characterize the effect on tumor growth.

Oneto and coworkers sought to apply these principles in a hydrogel-based
mode of localized drug delivery. Initially, a TCO-conjugated alginate hydrogel
was synthesized and implanted into mice.”® Systemically administered tetrazine-
[""In] was observed to accumulate within the gel and surrounding tissue,
suggesting that this method might be useful for local delivery of a therapeutic
payload. A subsequent iteration exchanged the positions of the reactive partners,
with tetrazine-modified hydrogels implanted peritumorally in a mouse xenograft
model of soft-tissue sarcoma.”’ IV-injected TCO-doxorubicin was found to be
effective at halting tumor growth compared to unmodified doxorubicin and
notably averted the harmful side effects (lowered body weight and decimated
reticulocyte count) observed with the free drug (Figure 1.18).

Bioorthogonal chemistry has also been used for the targeted delivery of
therapeutic agents other than prodrugs. Kim and coworkers used their BCN-
modified chitosan nanoparticles for delivery of Ce6, a photosensitizer, to azide-
labeled tumors in mice.*® Upon irradiation, Ce6 generates toxic reactive oxygen
species that destroy tumors. Despite low levels of tumor contrast observed in
preliminary imaging studies, BCN-CNP-delivered Ce6 showed efficacy in the
photodynamic treatment of tumors over both free Ce6 and non-pretargeted BCN-
CNP-Ce6.

Along with its basis in nuclear imaging, the radiation emitted by
radionuclides is cytotoxic and can be harnessed as a means of anticancer
therapy. The long circulation times of radiolabeled antibodies result in unwanted
doses of off-target radiation, a liability that may be quelled by bioorthogonal
pretargeting. Accordingly, Lewis and Zeglis used an mAb pretargeting approach
for tumor radioimmunotherapy. Their previously developed 5B1-TCO mAb
conjugates against pancreatic adenocarcinoma were used for the pretargeted
delivery of tetrazine-['"’Lu] to subcutaneous pancreatic cancer xenografts in
mice.” In monitoring tumor size up to 51 days post-treatment, the authors
observed a dose-dependent response, with the highest radiation dose preventing
cancer growth more effectively than both the lowest tested dose and untreated
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control. While this result was promising, the study lacked a comparison to a
directly radiolabeled 5B1, which would be more reflective of current clinical
technology, as well as an evaluation of any reduction in radiation-induced side
effects.
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Figure 1.18. Bioorthogonal hydrogel for drug delivery. A) Hydrogel-modified
tetrazine (HMT) induces localized doxorubicin release. B) Tumor growth in HMT-
implanted mice after treatment with TCO-doxorubicin or free doxorubicin. C)
Reticulocyte counts after treatment with TCO-doxorubicin, doxorubicin, or vehicle
control. Figure 1.18B-C adapted with permission from reference (71). This is an
unofficial adaptation of an article that appeared in an ACS publication. ACS has
not endorsed the content of this adaptation or the context of its use.

Finally, bioorthogonal chemistry has shown promise for the in vivo
assembly of drugs to treat disease. Clavadestcher et al. reported the
incorporation of copper(l) into a TentaGel resin to produce nanoparticle catalysts
for copper-catalyzed click chemistry.”® These Cu-NPs were used for the in situ
synthesis of a cytotoxic triazole analog of Combretastatin A4 from azide and
alkyne precursors to kill cancer cells in culture (Figure 1.19). To assess
performance in vivo, Cu-NPs were implanted into the yolks of embryonic
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zebrafish, where it successfully catalyzed the assembly of a triazole containing
fluorophore from starting materials added to the media, with fluorescent signal
localized to the implantation site. While copper-catalyzed click remains unproven
in mammalian systems, this study demonstrates that more exotic applications of
bioorthogonal chemistry are still in development.
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Figure 1.19 In situ drug assembly catalyzed by a copper(l) nanoparticle.

Conclusion

A great deal of the recent work regarding bioorthogonal labeling has
focused on applications toward imaging cancer in mouse models, both as a
result of cancer’'s pervasiveness in human disease and the viewpoint of
mammalian systems as a true litmus test for illustrating bioorthogonality.
Although there currently exists a plethora of unique bioorthogonal reactions, only
a handful have seen widespread use for tumor targeting. As such, most of the
research within this realm has been in optimizing the copper-free click reaction
and tetrazine ligation for in vivo performance. A survey of the literature reveals
that both modulation of reaction kinetics and tuning of probe pharmacokinetic
properties have been employed to enhance the level of selectivity attained.

By virtue of the azide’s versatility as a metabolically incorporated chemical
reporter, the copper-free click reaction (and to a lesser degree, the Staudinger
ligation) has generally been used to label azidosialic acid on the cell surface of
metabolically engineered tumors. Originally proposed as a tool for diagnosing
and monitoring the progression of cancer based on the observed overexpression
of sialic acid by a variety of different cancers, the low levels of tumor labeling
over controls precludes its clinical relevance. As a research tool for assaying the
distribution of cancer sialylation in vivo, the copper-free click reaction also has
limitations. Again, poor azide-specific labeling efficiency (2-fold in most cases, 6-
fold optimally) may impede the detection of subtle changes in sialic acid
expression. Still, a metabolic incorporation strategy has proven useful for the in
vivo tagging of cancer-associated sialoglycoproteins, allowing for enrichment and
proteomic characterization. Approaches such as this hold promise for better
elucidating sialoglycan expression patterns and how they influence cancer

24



behavior. As well, the development of cyclooctyne probes with improved
bioavailability and continual optimization of azidosugar delivery to tumors may
upgrade the copper-free click reaction’s utility for imaging.

The fast reaction kinetics of the TCO-tetrazine ligation enables it to be
used at low, more clinically relevant concentrations of reagents, abetting its
popularity for pretargeted labeling with mAbs. As a result, a host of groups
submitted complementary additions to the tetrazine ligation pretargeting
repertoire, optimizing such factors as mAb-conjugation strategy, TCO and
tetrazine structure, and the use of clearing agents to reduce background. Indeed,
tetrazine ligation-based pretargeting has proven effective for fluorescence and
radionuclide labeling in a variety of tumor models, yielding less off-target signal
than directly tagged antibodies alone. Barriers to its use in medicine may stem
from tetrazine and TCO instability issues in vivo, which may be curtailed through
structural modification, though at cost to reactivity.

Alongside applications in imaging have been advancements to using
bioorthogonal chemistry for therapy. The most promising developments center
around new modes of prodrug delivery and activation, although the field of
bioorthogonal therapeutics is still in the emergent stage. While the clinical
presence of bioorthogonal chemistry has yet to be realized, continual innovations
on the front of drug delivery and nuclear imaging/radioimmunotherapy pave the
way, and are testament to the power of using chemical technology to navigate
biological landscapes.
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Chapter 2. Bioorthogonal Imaging of Cancer-Associated Sialic Acid in
Embryonic Zebrafish

Introduction

Sialic acid is ubiquitous on the surface of vertebrate cells, where it
typically occupies the terminal position of cell surface glycans and is well-poised
for interaction in the extracellular domain." Accordingly, sialylated glycans play
crucial roles in mediating processes such as cell adhesion, extracellular
recognition, and signaling.” These critical functions are often commandeered by
cancer cells to enhance their survival and invasivity.3‘8 It is no surprise then, that
of the many glycosylation changes that accompany cancer onset, overexpression
of cell surface sialic acid is among the most widespread.® A number of recent
reviews have documented the contribution of hypersialylation to malignant
progression.'®'? As a result, methods to target sialic acid are highly valued for
cancer research and therapeutic development.’"®

Glycan biosynthesis is not directly encoded by the genome, barring the
use of fluorescent protein tags to study sialylation.'® Historically, sialic acid-
binding lectin-based assays have been employed, though they often lack
sensitivity and are not easily translatable to complex animal models, hindering
studies in physiologically relevant environments."” Due to these shortcomings,
novel chemical approaches have been adopted for the direct targeting of sialic
acid. In particular, metabolic bioorthogonal labeling has achieved success in
tagging sialic acid residues both in cell culture and in animal models.'® Briefly, an
azide-modified variant of N-acetylmannosamine (ManNac), is administered to
cells. N-azidoacetylmannosamine (ManNAz) is converted by the cell's
biosynthetic machinery to azidosialic acid and displayed on cell surface glycans,
where it can undergo a copper-free click reaction with a fluorescent cyclooctyne
probe (Figure 2.1). This and similar strategies have enabled the imaging of sialic
acid on cancer cells in culture and even in mice."®%2

To accurately capture the cancer disease state, it is necessary to perform
studies in animal models, where interactions with the host can be recreated. As
mentioned, tumors in mice have been successfully labeled using metabolically
incorporated azidosugars and bioorthogonal imaging probes (see Chapter 1 for
an in-depth review). Unfortunately, due to a combination of low azidosugar
incorporation efficiency and poor probe pharmacokinetic properties, studies in
mice have been plagued by low selectivity and high background labeling.?*2%%*
Even more importantly, mouse models generally present obstructions to optical
imaging. Absorption and scattering of light by tissue limits imaging depth to single
millimeters and prevents sensitive imaging on the cellular scale,® which is
required to observe potentially subtle changes in sialic acid distribution on
individual cancer cells. Window chamber and intraoperative imaging techniques
can combat these limitations, but require immense expertise and less accurately
portray the natural physiological conditions.?® Two-photon excitation increases
imaging depth somewhat, but must often be employed in concert with surgical
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techniques.?” Nuclear imaging provides unlimited tissue penetrance, but lacks
the spatial resolution for studies and on the cellular and subcellular scales.?®
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Figure 2.1. Metabolic bioorthogonal labeling of sialic acid using copper-free
click chemistry.

The embryonic zebrafish provides an alternative to mouse models,
especially with regard to imaging. Zebrafish can be kept optically translucent
throughout early development, making them ideal for fluorescence microscopy.
Advantageously, naturally occurring zebrafish cancers closely resemble human
cancers on a genetic and histological level and recent years have seen
embryonic zebrafish established as an increasingly utilized model for cancer.?
Studies using both spontaneous and xenograft tumor models in zebrafish have
reported the detailed observation of various aspects of cancer progression,
including angiogenesis, migration, extravasation dynamics, and immune cell
interactions, all on the cellular level.**® To study cancer sialylation as it relates
to disease, xenograft models using human cancer cell lines are particularly
attractive, and a multitude of different cell lines have been applied for both
systemic and localized tumor models in zebrafish. In addition, zebrafish embryos
are highly amenable to study using a wide variety of fluorescent probes.*
Metabolic bioorthogonal chemistry has accomplished the labeling and imaging of
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sialic acid in zebrafish, both externally and systemically, through the
incorporation of synthetic sugar analogs.®"-%

Inspired by the tractability of the embryonic zebrafish for both
bioorthogonal labeling and investigating cancer dynamics on a cellular basis, we
sought to implement it as a model for the molecular imaging of cancer-associated
sialylation. This chapter describes the use of different bioorthogonal chemistries
to image sialic acid in a zebrafish xenograft model of cancer. This approach
enabled the imaging of cancer on the subcellular scale with greater sensitivity
than has been achieved in mice, and sets a foundation for the continued study of
cancer sialylation in embryonic zebrafish.

Results and Discussion
Evaluation of ManNAz incorporation in cancer cell lines

Our principle aim was to establish methods for the bioorthogonal labeling
of cancer-associated sialic acid in zebrafish. The ability to directly image
sialylation with high sensitivity in vivo would provide an improved understanding
of sialic acid distribution and dynamics throughout various stages of cancer
progression. In a similar application, bioorthogonal labeling could be used to
survey the overall sialic acid content of individual cells and how it impacts the
behavior of differentially sialylated tumor cell subpopulations. Our experimental
design is outlined in Figure 2.2. Cancer cells in culture are incubated with
AcsManNAz to ensure efficient incorporation into sialylated glycans. Cells are
then transplanted into zebrafish embryos at 48 hours post fertilization (hpf) using
a variety of injection sites to explore both localized and systemic xenografts.
Subsequent administration of a cyclooctyne probe at various timepoints allows
for the assessment of ManNAz-dependent labeling of cancer cells.

cancer cells

48 hpf

Figure 2.2. Copper-free click labeling of cancer-associated sialic acid in
zebrafish.

First, several different human cancer cell lines were evaluated for ManNAz
incorporation in vitro by reaction with DIBAC-Cy5 after azidosugar treatment.
Prostate cancer cell lines PC3, DU145, and LNCaP, and leukemia cell lines
Jurkat and K562, were chosen for their reported use in zebrafish xenografts.>**°
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After incubation with 50 uM AcsManNAz for three days, these cell lines were
found to significantly incorporate azidosugar to varying degrees. Data for
prostate cancer cell lines is presented in Figure 2.3.
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Figure 2.3. ManNAz incorporation in prostate cancer cell lines. Cells were
incubated in media containing 50 uM AcsManNAz or DMSO vehicle control for 3
d and labeled with DIBAC-Cy5. Errors bars represent SD (n=3).
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Figure 2.4. Cell surface residence time of ManNAz in DU145 cells. Cells were
incubated in media containing 50 uM AcsManNAz or DMSO vehicle control for 3
d prior to incubation in azidosugar-free media for 1 or 2 d, and labeled with
DIBAC-Cy5. Errors bars represent SD (n=3). *p < 0.05, **p < 0.005.
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The azidosugar duration on the cell surface was also measured to
determine suitable timepoints for administration of cyclooctyne probes. After
ManNAz-treatment, DU145 cells were incubated in azidosugar-free media for a
two-day period and assayed for reactivity with DIBAC-Cy5 (Figure 2.4). Cells
incubated at 37 °C exhibited only a modest decrease in labeling efficiency,
retaining approximately 80% of the initial signal two days after azidosugar
withdrawal, indicating that the loss of cell surface azide content is quite slow.
Because cells within a zebrafish are subject to stresses including reduced
temperature, this assay was also performed at 28 °C. Cells in this case initially
displayed a greater loss of labeling, though still retained a significant amount
ManNAz-depdendent signal over the vehicle control. Unsurprisingly, cells
incubated at 28 °C showed compromised viability, which may account for
differences in azidosugar residence time.

Bioorthogonal labeling in a systemic xenograft model of metastasis

With ManNAz-incorporation validated for several cell lines, preliminary
studies focused on the choice of transplantation site in zebrafish. For
visualization, cells were stained with CellTracker Green CMFDA immediately
prior to injection. Many different sites can be used for injection, resulting in
different distribution patterns throughout the embryo.*" It has been observed that
cancer cells injected into the yolk sac at 48 hpf can migrate to distal regions of
the fish.*? In contrast, the cell lines tested here remained restricted within the
yolk, with very few instances of invasion into surrounding tissue (Figure 2.5). A
systemic xenograft was adopted instead, in which cells injected ventral to the
yolk sac near the sinus venosus disseminated throughout the embryo. This
model was deemed more appropriate as cells within the vasculature would have
superior access to reactive probes injected into the circulation. A similar result
was noted for leukemic cells injected intravascularly into the caudal vein (Figure
2.6). To encourage cancer cell viability, zebrafish were maintained at 32 °C after
transplantation, as this temperature allows for survival of both human cells and
zebrafish in xenograft models.*® In accordance with previous reports,* the
persistence of cancer cell burden in the embryo correlated with metastatic
potential (Figure 2.7), as observed with poorly metastatic LNCaP cells being
cleared more rapidly than highly metastatic PC3 cells, and DU145 showing an
intermediate distribution. On this basis, subsequent studies primarily utilized PC3
and DU145 cells.
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Figure 2.5. Yolk injection of DU145 cells. Representative images of zebrafish
injected into the yolk at 48 hpf with DU145 cells (stained with CellTracker Green).

Images were taken at 96 hpf.

K562 Jurkat
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Figure 2.6. Caudal vein injection of leukemia cell lines. Representative
images of zebrafish injected into the caudal vein at 48 hpf with K562 and Jurkat
cells (stained with CellTracker Green). Images were taken at 96 hpf.
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Figure 2.7. Zebrafish model of metastasis through systemic administration
of prostate cancer cells. Representative images of zebrafish injected ventral to
the yolk near the sinus venosus at 48 hpf with LNCaP, DU145, or PC3 cells
(stained with CellTracker Green). Images taken at 96 hpf show cancer
distribution.

With a suitable xenograft model in hand, we sought to assess
bioorthogonal labeling in vivo. PC3 and DU145 cells were incubated with 50 yM
AcsManNAz and injected near the sinus venosus at 48 hpf, as before. After a 24
hour waiting period to ensure the clearance of cells that had died before or during
the injection procedure, 500 yM DIBAC-Cy5 was administered by caudal vein
injection. After another 24 hour interval to allow unreacted cyclooctyne probe to
clear, fluorescence imaging detected no observable ManNAz-dependent labeling
of cancer cells (Figure 2.8). Increasing or decreasing the concentration of
cyclooctyne probe did not produce any selective labeling (data not shown).
Similar results were obtained with DU145 and Jurkat cells (Figure 2.9). The lack
of labeling can likely be attributed to a combination of multiple possible factors,
e.g., insufficient azide incorporation, poor probe access to the cancer cell
surface, and high background. High intensity Cy5 fluorescence signaling
localized to the pronephric duct, the zebrafish premature kidney,43 indicates that
unreacted probe is indeed being cleared, though significant amounts remain
systemically. Background fluorescence is particularly evident in the ventral tail.
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Figure 2.8. In vivo copper-free click labeling is not observed for cancer
cells treated with 50 uM AcsManNAz. PC3 cells (488) were incubated with 50
MM AcsManNAz for 3 d prior to systemic injection at 48 hpf. DIBAC-Cy5 (647)
was injected at 72 hpf. Imaging was performed at 96 hpf.
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Figure 2.9. Copper-free click labeling in a leukemia xenograft. Jurkat cells
(488) were incubated with 50 yM AcsManNAz for 3 d prior to systemic injection at
48 hpf. DIBAC-Cy5 (647) was injected at 72 hpf. Imaging was performed at 96
hpf.
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Optimization of ManNAz concentration enables selective copper-free click
labeling in vivo

Although cells incubated with 50 yM AcsManNAz in culture label robustly
with cyclooctyne probes, high levels of nonselective background labeling appear
to be an issue in zebrafish. To determine if contrast could be enhanced through
greater azidosugar incorporation, PC3 cells treated with 200 yM AcsManNAz
were injected into zebrafish and labeled with DIBAC-Cy5 as before. Gratifyingly,
injection of 1 mM DIBAC-Cy5 immediately following cancer cell transplantation
resulted in detectable ManNAz-dependent labeling of cells in the head and tail
region, as determined by imaging within an hour of probe administration (Figure
2.10). Imaging of the same embryos performed after a 24 hour clearance time
revealed selective labeling that appeared to be higher in intensity at the cell
surface (Figure 2.11). Fluorescence intensity measurement across the length of
the cell confirms preferential labeling at the periphery (Figure 2.11B). The
observed intracellular signal may arise from internalization of labeled cell surface
sialylated proteins, as DIBAC-Cy5 itself is trisulfonated and unlikely to pass
through cell membranes. Introduction of DIBAC-Cy5 24 hours after cancer cell
injection also resulted in selective labeling, although a signal distribution
resembling cell surface localization was not observed in this case (Figure 2.12).
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Figure 2.10. Higher concentrations of ManNAz enable copper-free click
labeling in vivo. A) PC3 cells (488) treated with 200 yM AcsManNAz 3 d
injected at 48 hpf followed by DIBAC-Cy5 (647). Imaging performed immediately
after DIBAC injection at 4x magnification. B) Zoom images of samples in A (white
boxes) taken at 20x magnification.
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Figure 2.11. Copper-free click labeling in zebrafish is localized to the cell
surface. A) PC3 cells (488) treated with 200 yM AcsManNAz 3 d injected at 48
hpf followed by DIBAC-Cy5 (647). Imaging performed at 84 hpf. B) Fluorescence
intensity (y-axis) of a single Z-slice correlated with distance across the arrow
indicated in A. Green, CellTracker Green signal; red, DIBAC-Cy5 signal.
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Figure 2.12. Copper-free click enables labeling 24 h after cancer cell
introduction. PC3 cells (488) treated with 200 uM AcsManNAz 3 d injected at 48
hpf. DIBAC-Cy5 (647) injected at 72 hpf. Imaging performed at 84 hpf.

The same approach was applied to DU145 xenografts, where it was found
that 100 uM AcsManNAz was sufficient to achieve highly robust cell surface
labeling (Figure 2.13). Approximately a 20-fold enhancement in Cy5 signal was
observed for ManNAz-treated cells compared to vehicle controls in the eye and
tail regions. We noted that labeling was only observed for a small portion of total
cells present (Figure 2.14), impeding a thorough statistical analysis. High levels
of background, particularly in the caudal vein, may obfuscate labeling.

Aside from high background, we surmised that the lack of consistent
levels of labeling amongst different cells within the same embryo might also be
due to differential probe access, where certain cells might be more
advantageously positioned within the vasculature for interaction with cyclooctyne
probes. To address this concern, we pursued a localized xenograft model where
probe access should be more uniform. Cancer cells injected into the hindbrain at
48 hpf remained there for the duration of the study, where they were labeled with
systemically administered DIBAC-Cy5 (Figure 2.15). Two concentrations, 1 mM
and 0.5 mM, of DIBAC-Cy5 were tested to determine if a lower amount would
reduce background and create a more favorable signal-to-noise ratio. On the
contrary, a higher concentration yielded more robust labeling overall as well as
higher signal over background (Figure 2.15B). ManNAz incorporation enabled
the detection of apparent cell surface localized signal, and the observation of
projections stemming from individual cancer cells, the nature of which has yet to
be elucidated. Taken together, these results establish proof-of-principle for
labeling cancer cells in zebrafish using copper-free click chemistry.
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Figure 2.13. Robust cell surface labeling is observed in DU145 cells in vivo.
A) Images of the eye and tail regions for DU145 cells (488) treated with 100 uM
AcsManNAz 3 d. DIBAC-Cy5 (647) was injected at 72 hpf followed by imaging. B)
Quantification of labeling determined by the total Cy5 fluorescence localized to
cancer cells as calculated using Imaris x64.
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Figure 2.14. Copper-free click chemistry yields high background and low

labeling consistency. Tail images of embryos injected and imaged as in Figure
2.13.
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Figure 2.15. Copper-free click labeling in a hindbrain xenograft. A) Hindbrain
images of fish injected with DU145 cells incubated with 100 yM AcsManNAz.
DIBAC-Cy5 was administered systemically at 72 hpf prior to imaging. B)
Quantification of labeling determined by the total Cy5 fluorescence localized to
cancer cells as calculated using Imaris x64. Error bars represent SD (n=4-6). *p
< 0.05.
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ManNAz lowers cancer cell viability in zebrafish

While copper-free click accomplished the selective cell surface labeling of
cancer cells in a zebrafish model, this approach faces noteworthy limitations.
Aside from high levels of background observed, we noted qualitatively in various
studies that ManNAz-treated cells show attenuated viability in vivo compared to
vehicle-treated cells. To better characterize this phenomenon, the effect of
ManNAz on PC3 viability was investigated. In culture, ManNAz exhibited slight
dose-dependent toxicity, with 100 pM resulting in a 10% decrease in viability
(Figure 2.16). For a comparison with the in vivo effect, PC3 cells incubated with
100 uyM AcsManNAz were injected systemically at 48 hpf and monitored for
persistence over a 2 day period (Figure 2.17). Our findings indicate that
ManNAz-treatment induces a sizeable reduction in cell survival of about half by 1
day post injection (dpi). The difference is exacerbated by day 2. Interestingly, no
change in survival was observed for control cells between days 1 and 2. This
suggests that the initial drop in viability (control cells exhibit only 43% survival by
1 dpi) may be due to stresses experienced during the microinjection protocol. In
contrast, the observation of continued clearance through 2 dpi for ManNAz-
treated cells indicates that this cell death is mediated by a different mechanism.
In mammalian systems, sialic acid contributes to cancer cell survival both by
disrupting programmed cell death pathways and suppressing the host immune
response.>*"€4 |t is feasible that similar mechanisms exist within zebrafish, and
that azide-modifications to sialic acid residues might interfere with native sialic
acid-recognition processes. This is a topic of ongoing research. Given that cells
in culture did not display the same magnitude of viability loss, it is likely that this
effect was not caused by nonspecific ManNAz cytotoxicity alone.
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Figure 2.16. In vitro viability of ManNAz-treated PC3 cells. PC3 cells were
incubated with AcsManNAz for 3 d at the indicated concentrations. Viability was
determined by a calcein AM/ethidium homodimer-1 live/dead cell assay. **p <
0.005.
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Figure 2.17. ManNAz-dependent survival of PC3 cells in zebrafish. A)
Representative images of cancer cell distribution up to 2 dpi. Shown are DMSO
vehicle samples. B) Percent survival is relative to initial cell count at O dpi for
ManNAz and DMSO-treated cells. Error bars represent SD (n=4-6). *p < 0.05, **p
< 0.005.

BCN-sialic acid enables labeling with fluorogenic tetrazine probes

To circumvent the challenges presented by copper-free click chemistry
within the fish, other bioorthogonal reactions were explored. Agarwal et al.
recently reported a bicyclononyne-modified sialic acid (BCNSia) and its
incorporation into zebrafish embryos.® BCNSia, despite the relatively large
structural perturbation of the reactive reporter, was found to be installed onto cell
surface sialoglycans, allowing for labeling via the tetrazine ligation (Figure 2.18).
Use of a fluorogenic tetrazine probe enabled the selective labeling of glycans
inside of the fish, a feat that had not been achieved previously due to high
background resulting from systemically present unreacted cyclooctyne probes.
The probe used, tetrazine-Oregon Green, developed by Devaraj et al.,*
undergoes fluorescence turn-on upon reaction with BCN (Scheme 2.1). Thus,
background signal stemming from unreacted probe should be greatly diminished,
enhancing imaging contrast at the tumor site.
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Figure 2.18. Tetrazine ligation labeling of metabolically incorporated BCN-
sialic acid.

Tetrazine-Oregon Green

Scheme 2.1. Tetrazine ligation with a fluorogenic tetrazine probe.

The incorporation efficiency of BCNSia was evaluated in DU145 and PC3
cells. Overall incorporation, as determined by reaction with tetrazine-Cy5, was
less efficient than observed for ManNAz, necessitating higher concentrations of
BCNSia added to cell culture. Empirically, DU145 cells labeled more robustly
with BCNSia than did PC3 cells (Figure 2.19) and were therefore selected for
xenograft studies.
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Figure 2.19. BCNSia incorporation in prostate cancer cell lines. DU145 and
PC3 cells were incubated with the indicated concentrations of BCNSia for 3 d
and reacted with tetrazine-Cy5. Error bars represent SD (n=3).

DU145 cells, incubated with 500 yM BCNSia and stained with CellTracker
Deep Red, were injected into the sinus venosus as before. Immediately after
transplantation, injection of 1 mM tetrazine-Oregon Green resulted in robust
BCNSia-dependent labeling of cells throughout the embryo tail (Figure 2.20). The
contrast attained was approximately 10-fold over the control, which constitutes
an improvement over copper-free click chemistry as it represents all cells
observed, not just a sparing few. Encouragingly, the labeling distribution appears
to be cell surface-localized in many cases. Similar findings were observed in the
hindbrain (Figure 2.21), although the levels of background were higher, possibly
a result of increased cell death as determined by cell morphology. Notably,
corresponding experiments utilizing a non-fluorogenic tetrazine-Cy5 resulted in
selective labeling as well, albeit with inferior levels of contrast. (Figure 2.22).
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Figure 2.20. Fluorogenic tetrazine enables robust labeling of BCNSia-
treated cells in the caudal vein. A) Tail images of fish injected with DU145 cells
(incubated with 500 pM BCNSia) followed by tetrazine-Oregon Green
administered systemically immediately prior to imaging. B) Quantification of
labeling determined by the total 488 fluorescence localized to cancer cells as
calculated using Imaris x64. Error bars represent SD (n=3).
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Figure 2.21. Fluorogenic tetrazine labels cancer cells in the hindbrain. A)
Hindbrain images of fish injected with DU145 cells (incubated with 500 yM
BCNSia) followed by tetrazine-Oregon Green administered systemically
immediately prior to imaging. B) Quantification of labeling determined by the total
488 fluorescence localized to cancer cells as calculated using Imaris x64. Error
bars represent SD (n=3).
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Figure 2.22. Labeling of BCNSia-treated cells in zebrafish with a non-
fluorogenic tetrazine. Tail images of fish injected with DU145 cells (incubated

with 500 uM BCNSia) followed by tetrazine-Cy5 administered systemically 12 h
prior to imaging.

Conclusion

Herein is reported the development of methods for the metabolic
bioorthogonal labeling of cancer-associated sialic acid in a zebrafish model of
cancer. Selective labeling was achieved through use of the copper-click reaction
to tag azidosugars on cancer cells, although these efforts were met with
challenges including high background labeling and in vivo ManNAz-induced
toxicity. These shortcomings present many opportunities to optimize this labeling
system for future studies. The imaging of sialic acid was also accomplished using
the tetrazine ligation with a metabolically incorporated BCN-sialic acid. The
employment of a fluorogenic tetrazine probe enhanced cancer labeling
consistency and level of contrast. These methods add to the expansive tool box
of chemical approaches to study sialic acid in vivo. Future objectives focus on the
application of bioorthogonal labeling to survey and track sialic acid on the cellular
scale in real-time throughout different stages of metastatic progression. This will
aid in our understanding of sialylation dynamics and how they influence the
malignant phenotype.
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Materials and Methods
General Materials

DBCO-Cy5 (DIBAC-Cys5 in this text) and tetrazine-Cy5 were obtained from Click
Chemistry Tools. CellTracker Green CMFDA, CellTracker Deep Red, calcein AM,
and ethidium homodimer-1 were obtained from Thermo Fisher Scientific.
AcsManNAz and AcsManNAc were prepared as described previously.*® BCNSia
and tetrazine-Oregon Green were prepared as described previously.38

Tissue Culture

PC3, DU145, LNCaP, Jurkat, and K562 cells were obtained from American Type
Culture Collection. PC3 cells were cultured in Ham'’s F-12 medium. DU145 and
K562 cells were culture in Eagle's Minimum Essential Medium. LNCaP and
Jurkat cells were cultured in RPMI-1640 medium. All media was supplemented
with 10% fetal bovine serum (FBS), 100 units/mL penicillin and 100 pg/mL
streptomycin. Cells were maintained at 37 °C and 5% CO; in a water-saturated
incubator.

Evaluation of Artificial Sugar Incorporation into Cell Lines

Cells were passaged in appropriate media and solutions of AcsManNAz in
DMSO, or BCNSia in 500 mM NasPO4 pH 10 buffer were added to the final
aforementioned concentrations of sugar and 0.5% DMSO (for ManNAz) and
allowed to incubate for 3 d. Cells were lifted using a cell scraper and suspended
in 0.5 mL DBCO-Cy5 or tetrazine-Cy5 10 yM solution in PBS, and allowed to
incubate at 37 °C for 1 h. Cells were washed three times and analyzed by flow
cytometry.

Cell Surface Residence of ManNAz

DU145 cells were incubated with 50 yM AcsManNAz or 0.5% DMSO vehicle as
described. After 3 d, ManNAz or DMSO-containing media was exchanged for
normal media. For the following 2 d, cells were incubated at either 37 °C or 28
°C. Cells were reacted with DBCO-Cy5 as described at indicated timepoints and
analyzed by flow cytometry.

In Vitro Viability of ManNAz-treated Cells

PC3 cells were labeled with AcsManNAz or DMSO vehicle control as described.
Cells were stained with calcein AM and ethidium homodimer-1 according to
manufacturer instructions and analyzed by flow cytometry. Cells positive for
calcein AM staining and negative for ethidium homodimer-1 staining were
considered viable.
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Zebrafish Husbandry

Wild type AB zebrafish were obtained from Zebrafish International Resource
Center. Adult zebrafish were kept at 28.5 °C on a 14-h light/10-h dark cycle.
Embryos were obtained from natural spawning and maintained at 28.5 °C in
embryo medium (EM; 150 mM NaCl, 0.5 mM KCI, 1.0 mM CaCl;, 0.37 mM
KH2PO4, 0.05 mM Na;HPO4, 2.0 mM MgSO,, 0.71 mM NaHCOs; in deionized
water, pH 7.4) containing N-phenylthiourea (PTU; 0.2 mM). At 24 hours post
fertilization (hpf), embryos were dechorionated manually using forceps. Embryos
were developmentally staged according to Kimmel and coworkers.*” Experiments
involving zebrafish were performed in accordance with UC Berkeley Animal Care
and Use Committee under Animal Use Protocol #R234 or Stanford University
Institutional Animal Care and Use Committee under APLAC protocol #30262.

Preparation of Cells for Microinjection

Cells were labeled with artificial sugar or vehicle as above or untreated. Adherent
cells were lifted with a cell scraper and washed with PBS. Suspension cells were
washed with PBS. Cells were labeled with 25 uyM CellTracker Green CMFDA or
CellTracker Deep Red according to manufacturer instructions. Cells were
washed three times and suspended in a minimal amount of PBS for injection.

Human Cancer Cell Xenotransplantation

At 48 hpf, zebrafish embryos were anesthetized in EM containing PTU (0.2 mM)
and tricaine (2.4 mM). Cell suspensions prepared as described were loaded into
a borosilicate (yolk or hindbrain injections) or aluminosilicate (caudal vein
injections) needle and approximately 50-150 cells were injected into the
hindbrain, caudal vein, yolk, or proximal to the sinus venosus. After injection of
cells, embryos were incubated at 28.5 °C in EM containing PTU (0.2 mM) for 1 h
and subsequently transferred to an incubator maintained at 32 °C.

Microinjection of Fluorescent Probes

At 48-96 hpf, zebrafish embryos were anesthetized in EM containing PTU (0.2
mM) and tricaine (2.4 mM). A solution of fluorescent probe in PBS was loaded
into an aluminosilicate needle and approximately 3 nL were injected into the
caudal vein.

In vivo Viability of ManNAz-treated Cells
PC3 cells were labeled with AcsManNAz or DMSO vehicle control as described.
Cells were stained with CellTracker Green CMFDA and injected near the sinus

venosus of embryos at 48 hpf. Imaging was performed on both the head/trunk
and tail of each embryo immediately after injection and 1 and 2 d after.
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Confocal Microscopy and Image Analysis

Embryos were anesthetized in EM containing PTU (0.2 mM) and tricaine (2.4
mM) and mounted glass slides or glass-bottom well plates in 0.75% agarose.
Fluorescence imaging was performed using a Zeiss LSM 780 NLO
AxioExaminer, Zeiss LSM 710 AxioObserver, or Nikon A1R confocal
microscrope. For longitudinal studies, embryos were demounted after imaging
and maintained at 32 °C in EM containing PTU (0.2 mM). Subsequent imaging
was performed according to the same procedure. Fluorescence microscopy
images were analyzed using Imaris x64 v8.4.0 (Bitplane).
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Chapter 3. Elucidating the Role of Sialic Acid in Cancer Cell Survival in a
Zebrafish Model

Introduction

Changes in glycosylation with the onset and progression of cancer have
been well catalogued, with the overexpression of cell surface sialic acid observed
as a pervasive characteristic of a multitude of cancer types.1 Indeed,
hypersialylation is often considered a hallmark of the malignant phenotype and is
correlated with a poor clinical prognosis.z’3 As such, a great deal of research has
focused on illuminating the functional role of sialic acid in cancer progression,
and it has been documented that elevated levels of sialic acid contribute to the
survival and proliferation of transformed cells through various mechanisms.*®
Aberrant sialylation has been shown to disrupt native cell signaling interactions,
allowing cancerous cells to elude normal cell death pathways, thereby enhancing
persistence and dissemination within the host.” Additionally, cancer-associated
sialosides facilitate extravasation by binding to selectins on the vascular
endothelium, augmenting cell motility and invasiveness.”” Finally, and of
particular interest, cancer cells capitalize on the immunoregulatory functions of
sialic acid to escape destruction by the host immune system.

Recent years have provided detailed insight into sialic acid-mediated
cancer immune evasion. Sialic acid modulates the host immune response
through recognition by sialic acid-binding immunoglobulin-type lectins (Siglecs),
which primarily reside on the surface of cells of the immune system.""'? Through
cytosolic domains containing immunoreceptor tyrosine-based inhibitory or
activation motifs (ITIMs or ITAMs), Siglecs can dampen or heighten an immune
cell’'s response upon binding a sialylated ligand. It is believed that this tuning of
activity prevents immune cells from damaging naturally sialylated healthy cells.
This creates an opportunity for cancer cells rich in sialic acid to engage inhibitory
siglecs, e.g., Siglec-7 and Siglec-9 expressed on natural kKiller cells, suppressing
the immune response and avoiding detection.”'* This realization has led to the
development of methods to selectively desialylate cancer cells and render them
susceptible to immunorecognition.’ While the biochemical basis of sialic acid-
mediated immunomodulation is becoming deciphered, how it impacts cancer-
immune cell dynamics in vivo is less understood.

Current mouse models of cancer cell progression are limited by the
inability to observe the interactions of immune cells with cancer cells in real time.
The embryonic zebrafish, by virtue of its optical translucency, offers an optimal in
vivo model for visualizing cancer-immune cell interactions.'® Additionally,
adaptive immunity remains immature through the first several weeks of
development,17 allowing for focused studies on innate immune cells,
macrophages and neutrophils, which also display Siglec-mediated regulation of
the immune response in humans."" Interactions between cancer cells and both
macrophages and neutrophils have been observed in xenograft and spontaneous
tumor models in zebrafish embryos at the single cell level, shedding light on how
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these processes influence metastasis and neoangiogenesis.'®?? These studies
have been aided by the availability of transgenic zebrafish lines bearing
fluorescent markers of innate immune cells.**** Thus, the zebrafish model
enables focused observations not feasible in mice.

To date, cancer sialylation has yet to be examined in zebrafish. While
most of the immunoregulatory Siglecs present in humans have not been
characterized in zebrafish, the zebrafish genome does contain an ortholog of
human Siglec-15.° In mammalian systems, Siglec-15 shows binding specificity
for the sialyl Tn antigen, a glycan commonly observed in cancer, and is
expressed predominantly in macrophage subsets where it appears to be vital for
osteoclast differentiation.?>*° Siglec-15 has also been found on tumor-associated
macrophages where its binding triggers the release of immunosuppressive
cytokines.®” Though it lacks a signaling domain of its own, Siglec-15 associates
with adapter molecules bearing ITAMs. The zebrafish genome also bears a
second Siglec-like protein containing a putative ITIM, which may allude to an
immunoregulatory role for paired receptors in zebrafish.?

It is important to note that the absence of well-characterized Siglecs in
zebrafish does not preclude the existence of functionally similar modes of sialic
acid-mediated immunomodulation. As well, there are other routes by which sialic
acid contributes to cancer progression (vide supra). This chapter summarizes
efforts to understand how sialic acid influences cancer cell survival in a zebrafish
xenograft model, with primary focus on the interplay with innate immune cells.
Sialidase pretreatment reveals that sialic acid affects cancer cell survival and
immune recruitment in zebrafish, though the mechanisms by which these occur
remain ambiguous. Further optimization of the cancer model may be required to
hone in on these details.

Results and Discussion
Evaluation of sialidase from Vibrio cholerae

Given that little is known about cancer-associated sialic acid recognition in
zebrafish, an exploratory approach was adopted to determine which aspects of
cancer cell survival in vivo are influenced by sialylation. Pretreatment of cancer
cells with a sialidase to eliminate cell surface sialic acid followed by
transplantation into zebrafish embryos would allow for the empirical observation
of changes in cancer cell behavior that are dependent on sialic acid content. To
this end, a sialidase from Vibrio cholerae was selected for its ability to cleave a
variety of sialic acid linkages®*** and its demonstrated use to modulate
interaction with immune cell Siglecs.”®* V. cholerae sialidase (VCsia) was
evaluated for activity on several different human cancer cell lines: DU145 and
PC3 prostate cancer cells, and stably GFP-expressing M4A4 and CL16
melanoma cells. The degree of sialic acid reduction was surveyed by binding of a
DyLight 649-conjugated lectin from Sambucus nigra (SNA-I), which primarily
recognizes a2,6-linked sialic acid.*®> Flow cytometry analysis revealed a
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significant reduction in SNA-I binding of approximately 95% for all cell lines
tested, suggesting that sialic acid removal by VCsia is quite efficient (Figure 3.1).
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Figure 3.1. Desialylation of cancer cells with sialidase from V. cholerae.
Flow cytometry histograms for (A) PC3, (B) DU145, (C) M4A4, and (D) CL16
cells. Blue, sialidase-treated; red, DPBS control. (E) Mean fluorescence intensity
of treated and control cells after staining with DyLight 649-conjugated SNA-I
lectin. Error bars represent SD (n=3).
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M4A4 cells were chosen for subsequent experiments based on their
unimodal SNA-I binding shift and higher viability after VCsia-treatment than
DU145 or CL16 cells (data not shown). Additionally, M4A4 cells robustly
incorporate ManNAz, creating opportunities to study sialylation using metabolic
bioorthogonal labeling approaches (Figure S3.1).

The duration of sialic acid reduction was crucial to determine, as this
parameter would govern the timescale by which differential sialic acid-dependent
interactions might occur. It was observed in vitro by SNA-I binding that by 12
hours post sialidase-treatment, sialylation had been restored to native levels
(Figure 3.2A). This rapid recovery is likely due to the mobilization of intracellular
pools of sialic acid to the cell surface.®® A notable caveat is that the rate of sialic
acid restoration may be different within the environment of a zebrafish model,
where transplanted cells may experience suboptimal conditions of nutrient
availability and other stressors. Desialylation was found to have no effect on cell
viability at each timepoint investigated, suggesting that differences observed in
vivo would be host-related and not attributed to sialidase toxicity (Figure 3.2B).
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Figure 3.2. Sialic acid recovery following desialylation with V. cholerae
sialidase. (A) Mean fluorescence intensity from DyLight 649-conjugated SNA-I
lectin. Timepoint 1; p < 0.005. Timepoints 2, 3; p < 0.05. (B) Cell viability
estimated from frequency of parent (%) included in flow cytometry gate. Black
circle, sialidase-treated; white square, DPBS control. Error bars represent SD of
(n=3).

Sialidase treatment affects cancer cell survival in a myeloid differentiation
knockdown model

The interplay between cancer cells and the innate immune system,
namely macrophages and neutrophils, has been studied in cancer xenograft
models in zebrafish.’® Such interactions have been observed to play critical roles
in cancer progression, promoting early tumorigenesis and metastasis.® In light of
the ubiquity of sialic acid-mediated immunoregulation in mammalian models of
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cancer, we aimed to establish the existence of similar modes of cancer survival
within zebrafish. A myeloid differentiation knockdown model proved suitable for
this goal, whereby the survival of desialylated cancer cells was monitored in the
presence or absence of a fully functional innate immune system.
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Figure 3.3. Pu.1 morpholino knockdown dose-dependence. (A)
Representative tail images of pu.1 morphant embyros (mfap4:YFP) at 2 dpf. (B)
Macrophage count as determined by number of discrete objects detected.
Control, uninjected; low, 0.4 mM; mid, 0.8 mM; high, 1.6 mM. Error bars
represent SD (n=14-15). *p < 0.05, **p < 0.005.
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Macrophage depletion was accomplished through microinjection at the
one-cell stage of a morpholino targeting pu.1, a transcription factor for myeloid
differentiation.>” A transgenic zebrafish line expressing a fluorescent protein
marker under the macrophage-specific mfap4 promoter®* was used to determine
the appropriate dose to achieve complete macrophage knockdown while
avoiding any other observable phenotypic abnormalities (Figure 3.3), thus a
concentration of 1.6 mM morpholino was used for subsequent experiments.
While the pu.1 morpholino primarily affects macrophages, the concentration used
may also reduce neutrophil populations, though likely to a lesser extent.>®

pu.1
morpholino

N —
\) T M4A4-GFP @?

hindbrain injection

1-cell stage 48 hpf

Figure 3.4. GFP-expressing M4A4 hindbrain xenograft in a macrophage
depletion model.

Evaluation of the role of sialic acid in cancer cell survival in zebrafish
embryos was performed by treatment of GFP-expressing M4A4 cells with VCsia,
as above, immediately prior to microinjection into the hindbrain of pu.1 morphant
or untreated embryos at 48 hours post fertilization (hpf) (Figure 3.4). Cell survival
in each embryo was monitored over a two-day period by fluorescence imaging,
with the amount of viable cells calculated from the total volume of GFP
fluorescent signal. In immunocompetent embryos, VCsia-treated cells exhibited
significantly diminished viability compared to cells treated with PBS (45% versus
73% survival) by 42 hours post injection (hpi) (Figure 3.5A). This represents a
delay with respect to the measured recovery time from desialylation, suggesting
that sialic acid-dependent effects on survival take time to manifest after putative
recognition events. Parallel results from pu.1 morphant embryos indicate that
macrophage depletion rescues survival following VCsia-treatment (Figure 3.5B),
implying a macrophage-dependent pathway of cancer cell death. The survival
enhancement is vast enough that VCsia-treated cells in pu.1 morphant embryos
show greater survival than untreated cells in immunocompetent fish at all
timepoints tested (p < 0.05). An additional experimental condition examining
untreated cells with pu.1 knockdown is needed to more completely determine the
extent of survival attributable to macrophage knockdown after desialylation.
Nonetheless, the data confirms that the innate immune system contributes to
cancer cell death in zebrafish, though the degree of sialic acid involvement in
macrophage-mediated killing is unclear.
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Figure 3.5. Cancer cell survival in a macrophage knockdown model. (A) Cell
survival of GFP-expressing M4A4 cells treated with either sialidase or DPBS
control and injected at 48 hpf. Error bars represent SD (n=10 control, 5 treated).
(B) Survival of sialidase-treated M4A4 cells in pu.1 morphant embryos or
uninjected control embryos - same dataset as VCsia in (A). Error bars represent
SD (n=5 control, 4 treated). *p < 0.05, **p < 0.005, ***p < 0.0005.

Cancer desialylation alters macrophage and neutrophil recruitment to the
hindbrain

We next aimed to gain more detailed insight into the influence of cancer
sialylation on immune cell behavior in zebrafish. Zebrafish macrophages have
been shown to infiltrate tumor xenografts within hours of transplantation, where
interactions within the tumor microenvironment often favor metastatic
progression by facilitating tumor cell intravasation and angiogenesis. 20-22 \\e
surmised that desialylation might alter the distribution of macrophages in the
cancer cell vicinity as their activity shifts from protumorigenic to tumoricidal.
VCsia-treated M4A4 cells were injected into the hindbrain of transgenic zebrafish
bearing macrophages expressing the red fluorescent protein tdTomato. The total
volume of macrophages residing in the hindbrain normalized to M4A4 volume
was used as a metric for recruitment (Figure 3.6). VCsia-treated cells elicited a
greater macrophage recruitment response than control cells shortly after
injection, with a sustained increase in macrophage volume through the duration
of the study. Interestingly, this occurred within hours of cancer cell introduction,
while VCsia-dependent alterations to cell viability were not observed until 42 hpi.
This may be in accordance with a macrophage tumoricidal response, which has
been documented to take up to 24 hours.*
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Figure 3.6. Macrophage recruitment to hindbrain with sialidase treatment.
(A) GFP-expressing M4A4 cells in hindbrain of mfap4:tdTomato embryos at 17
hpi. GFP-RFP channel overlay: green, M4A4 cells; red, macrophages. (B)
Volume of macrophages in the hindbrain is calculated from fluorescence signal in
mfap4:tdTomato zebrafish embryos and normalized to the total volume of GFP-
expressing M4A4 cells present. Error bars represent SEM (n=4-5). *p < 0.05.

As with macrophages, neutrophils are rapidly recruited to tumors and have
been reported to display both pro- and antitumor activity.*® Neutrophils have
been previously examined in zebrafish cancer xenograft models where they
promote tumor invasion and metastasis through host tissue remodeling.™
Neutrophil recruitment was assayed in the same manner as macrophage
recruitment, using a zebrafish line expressing the fluorescent protein DsRed
under control of the lysozyme C promoter, which is abundantly present in
neutrophils.?® In contrast to macrophage recruitment results, VCsia-treated cells
induced increased neutrophil recruitment to the hindbrain only after 22 hours,
with no change measured at earlier timepoints (Figure 3.7A). This was somewhat
unanticipated, as neutrophils are typically the first immune cell to respond to
inflammatory stimuli, although it may reflect a lack of sialic acid-dependent
recognition by neutrophils in zebrafish. Curiously, a decrease in the viability of
VCsia-treated cells was detectable by 22 hours (Figure 3.7B), as opposed to 42
hours in our initial study. The temporal correspondence of increased cell death
and neutrophil content may suggest that recruitment is in response to dead
cellular debris rather than differential sialic acid expression. Additionally, the
differences between this and the previously discussed cancer cell viability
experiment highlight inconsistencies between studies.
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Figure 3.7. Quantitation of neutrophil recruitment and cancer cell survival
in hindbrain. (A) Neutrophil volume within hindbrain for embryos (LysC:DsRed)
implanted with GFP-expressing M4A4 cells treated with sialidase or DBPS
control. Volume is normalized to total volume of cancer cells present. (B) Survival
of sialidase-treated or DBPS-treated cells. Error bars represent SEM (n=12-16).
*p < 0.05.

Desialylation decreases cancer cell viability shortly after transplantation

It was noted during preliminary experiments employing microinjection of
GFP-expressing M4A4 cells that the initial tumor burden, as gauged by GFP
fluorescence signal, was consistently lower for cells that had undergone VCsia
treatment than for control cells. This was originally attributed to increased
sialidase-dependent cell aggregation leading to uneven injection volumes.
Adjustments made to the microinjection procedure failed to completely remedy
this issue, however. An alternate explanation was that, while the total number of
cells injected might be comparable between VCsia-treated and control groups, a
decrease in cell viability immediately following transplantation would result in
diminished GFP fluorescence and an underestimation of initial cell loading. To
investigate this hypothesis, GFP-expressing M4A4 cells were stained with a
near-IR Cy5-based CellTracker dye prior to hindbrain injection. In this manner,
GFP signal would report on viable cells and Cy5 signal would report on total
injected cellular material, including cells with compromised viability. The ratio of
GFP to Cy5 signal provided a means to judge post-injection viability. It was found
that a significant degree of cell death occurs shortly after injection in VCsia-
treated cells compared to untreated cells (Figure 3.8).
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Figure 3.8. Sialidase-treatment induces cell death shortly after
transplantation in zebrafish hindbrain. (A) Hindbrain images at 4 hpi for GFP-
expressing M4A4 cells (GFP) treated with sialidase or DPBS and strained with
CellTracker Deep Red (Cy5). (B) Ratio (vol:vol) of GFP signal to CellTracker
Deep Red signal (Cy5) at 4 hpi timepoint. Error bars represent SEM (n=12-16).
****p < 0.0005.

This observation was discouraging, as it opens the possibility that factors
such as macrophage recruitment are in response to this early cell death rather
than stemming from specific recognition events. To further pinpoint the timing of
cell death, a mock transplantation protocol was performed in which viability was
measured after cells were subjected to conditions analogous to preparation for
injection. After treatment with varying doses of VCsia, M4A4 cells were allowed
to incubate in PBS at room temperature for an hour. A subsequent viability assay
revealed only slight differences in cell survival due to sialidase treatment, of
much lesser magnitude than observed in vivo (Figure 3.9). While these results
complicate interpretation of previous experiments, they are also intriguing in that
they represent an avenue for sialic acid-dependent cancer cell death in zebrafish.
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Whether the nature of this is immunological, cell signaling, biophysical, or by
other mechanisms will be the subject of future studies.
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Figure 3.9. Cell viability with V. cholerae sialidase treatment. GFP-
expressing M4A4 cells treated with 0, 2.5, 5, or 10 ug/mL (DPBS control, low,
mid, high) V. cholerae sialidase for 1 h were stained with ethidium homodimer-1
and analyzed by flow cytometry. Cells with high FL1 signal and low FL4 signal
were considered viable. Error bars represent SD (n=3); p-values are calculated
compared to DPBS control. *p < 0.05, ** p < 0.005.

Synthetic glycopolymers to study altered glycosylation in a zebrafish model of
metastasis

An in-depth study of possible sialic acid-mediated cancer-immune
interactions in zebrafish might benefit from a model less perturbative to early
cancer cell survival. An alternative strategy is to artificially boost sialic acid levels
rather than reducing them through sialidase treatment. This can be achieved
through the use of glycoprotein-mimicking synthetic glycopolymers. We
previously applied a glycopolymer-based approach to study cancer glycosylation
in zebrafish, where mucin mimetics composed of a synthetic polymer decorated
with GalNAc residues enhanced viability when incorporated into the surface of
non-malignant cells.*' In this study, mucin mimetics bearing cholesterylamine
(CholA) anchors were imbedded into the membranes of MCF10A human breast
epithelial cells, and their survival in zebrafish embyros was monitored (Figure
3.10). To explore the role of sialylation, a similar approach can be envisioned
using sialic acid-modified polymers. Sialylated glycopolymers have been utilized
previously to modulate immune cell activity against cancer cells in vitro."
Additionally, the ability to examine the contribution of specific sialoglycan
epitopes to cancer survival through their incorporation into polymers makes this
strategy an attractive focus for future exploration.
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Figure 3.10. Survival of glycopolymer-treated cancer cells in zebrafish. (A)
Head and tail images of embryos injected at 48 hpf with GFP-H2-expressing
MCF10A cells treated with long (90 nm) or short (3 nm) glycopolymers. (B) Cell
survival at 27 hour timepoint for cells treated with long or short glycopolymers, or
PBS control. Figure 3.10 adapted with permission from reference (41), copyright
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Conclusion

In efforts to understand how cancer sialylation influences innate immune
activity, a zebrafish xenograft model has shown some promise. Sialidase
removal of cancer cell surface sialic acid correlates with lowered cell survival, as
well as increased recruitment of macrophages and neutrophils to the
transplantation site. This is indicative that, as in mammalian systems, sialic acid
confers protective benefits to cancer within zebrafish embryos, motivating further
advancement of zebrafish models to study cancer sialylation. A limitation of the
strategy employed here is that sialidase treatment induced significant and rapid
cell death within only a few hours of cancer cell introduction, raising questions as
to the mechanism of observed killing, as the greatest differences in immune cell
recruitment did not emerge until later. A more precision-based sialylated
glycopolymer approach may aid in the determination of specific cancer-immune
interactions.
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Materials and Methods
Tissue Culture

PC3, DU145, M4A4-GFP, and CL16-GFP cells were obtained from American
Type Culture Collection. PC3 cells were cultured in Ham’s F-12 medium. DU145
cells were culture in Eagle's Minimum Essential Medium. M4A4-GFP and CL16-
GFP cells were cultured in Dulbecco's Modified Eagle's Medium. All media was
supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin and
100 pg/mL streptomycin. M4A4-GFP and CL16-GFP media was supplemented
with 600 pg/mL geneticin. Cells were maintained at 37 °C and 5% CO; in a
water-saturated incubator.

Sialidase Treatment of Cancer Cell Lines

V. cholerae was obtained as described previously.”™ Adherent cells were lifted
using 2 mM EDTA in PBS and washed three times with DPBS containing Ca*
and Mg?*. Cells were suspended in 1 mL of V. cholerae sialidase solution, 10
ug/mL in DPBS containing Ca?* and Mg?*, and incubated at 37 °C for 1 h. After
washing with PBS, cells were incubated with SNA-I DyLight 649 conjugate (EY
Laboratories, San Mateo, CA) (10 ug/mL in PBS containing 0.5% FBS) at 0 °C
for 30 min. Cells were then analyzed by flow cytometry.

For injection into zebrafish embryos, cells were treated with V. cholerae
sialidase, as described above, or vehicle prior to preparation for injection.

For dose-dependent viability testing, cells were treated with V. cholerae sialidase
at 0, 2.5, 5, or 10 ug/mL in DPBS containing Ca®* and Mg?* as described above.
Cells were incubated with 8 uM ethidium homodimer-1 in PBS and analyzed by
flow cytometry.

Incorporation of ManNAz into Cell Lines

AcsManNAz or Ac;ManNAc were synthesized as described previously.*? Cells
were passaged in appropriate media and solutions AcsManNAz or AcsManNAc in
DMSO were added to a final concentration of 100 uM sugar and 0.5% DMSO
and allowed to incubate for 3 d. Cells were lifted using a cell scraper and
suspended in 0.5 mL DBCO-(PEG)s-biotin (Click Chemistry Tools), 10 uM
solution in FACS buffer (PBS with 1% FBS) and 0.1% DMSO, and allowed to
incubate at 37 °C for 1 h. Cells were washed twice and incubated 200 puL
streptavidin-APC solution (Thermo Fisher Scienfitic), 200-fold dilution in FACS
buffer, 20 min at 0 °C. Cells were washed twice and analyzed by flow cytometry.

Zebrafish Husbandry

Wild type AB zebrafish were obtained from Zebrafish International Resource
Center. Transgenic lines mfap4:YFP, mfap4:tdtomato, and lysC:dsred, were
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obtained from David Tobin, Duke University. Adult zebrafish were kept at 28.5 °C
on a 14-h light/10-h dark cycle. Embryos were obtained from natural spawning
and maintained at 28.5 °C in embryo medium (EM; 150 mM NaCl, 0.5 mM KCl,
1.0 mM CaClz, 0.37 mM KH2PO4, 0.05 mM NazHPO4, 2.0 mM MgSO,4, 0.71 mM
NaHCOg3 in deionized water, pH 7.4) containing N-phenylthiourea (PTU; 0.2 mM).
At 24 hours post fertilization (hpf), embryos were dechorionated manually using
forceps. Embryos were developmentally staged according to Kimmel and
coworkers.** Experiments involving zebrafish were performed in accordance with
Stanford University Institutional Animal Care and Use Committee under APLAC
protocol #30262.

Morpholino Injections

Pu.1 morpholino mixture was obtained from Gene Tools, LLC. Morpholino
mixture was injected into the yolk of embryos at the 1-2 cell stage at
aforementioned concentrations. Morphants were obtained as described
previously.** Morpholino mixture was composed of 0.375 mM/0.025 mM, 0.750
mM/0.050 mM, or 1.500 mM/0.100 mM initiation/exon morpholino. Phenol red
was added to a final concentration of 2 mg/mL in 0.2 M KCI and 5 nL of pu.1
morpholino mixture were injected per embryo.

CellTracker Labeling

Prior to sialidase treatment, cells were stained with 25 yM CellTracker Deep Red
(Thermo Fisher Scientific) according to manufacturer’s instructions.

Human Cancer Cell Xenotransplantation

At 48 hpf, zebrafish embryos were anesthetized in EM containing PTU (0.2 mM)
and tricaine (2.4 mM). Cells were suspended in a minimal amount of PBS and
into a borosilicate needle and approximately 50 cells were injected into each the
hindbrain. After injection of cells, embryos were incubated at 28.5 °C in EM
containing PTU (0.2 mM) for 1 h and subsequently transferred to an incubator
maintained at 32 °C.

Confocal Microscopy and Image Analysis

Embryos were anesthetized in EM containing PTU (0.2 mM) and tricaine (2.4
mM) and mounted glass slides or glass-bottom well plates in 0.75% agarose.
Fluorescence imaging was performed using a Nikon A1R confocal microscrope.
For longitudinal studies, embryos were demounted after imaging and maintained
at 32 °C in EM containing PTU (0.2 mM). Subsequent imaging was performed
according to the same procedure. Fluorescence microscopy images were
analyzed using Imaris x64 v8.4.0 (Bitplane).
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Supplementary Figures
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Figure S3.1. ManNAz incorporation in various cancer cell lines. Cells were
incubated with Ac4sManNAz or AcsManNAc (100 uM) 3 d followed by reaction
with DBCO-biotin and streptavidin-APC. Error bars represent SD (n=3).
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Chapter 4. An Engineered Riboflavin-binding Protein for Self-labeling with
Acrylamidoflavin Fluorophores

Introduction

Fluorescence-based measurements are widely used to study biological
processes over multiple scales of time, distance and molecular hierarchy.
Genetically encoded fluorescent protein tags have proven especially useful for
these studies as they allow for sensitive and selective imaging of proteins in
living cells and tissue.? In addition to the well-known green fluorescent protein,
the labeling of specific proteins with fluorescent tags has also been realized
using hybrid systems, where an extrinsic probe is coupled in situ to an encoded
self-labeling enzyme.3 The advantage of this latter labeling approach is that one
can append fluorophores and other molecular cargo to the enzyme that interact
directly with targets in the cytoplasmic milieu. Amongst these self-labeling tags
are the SNAP-tag,* CLIP-tag,” and HaloTag® that can be selectively labeled with
fluorescent suicide inhibitor-like probe molecules. A well-recognized limitation of
these enzymes is their large size (~20-42 kDa), which can cause interference
with the native activity of the tagged protein of interest.” An alternative self-
labeling platform was recently developed by Hoepker et al., in which a low
molecular weight protein, lumazine binding protein (LUMP), is engineered to bind
tightly and specifically to an endogenous small molecule fluorescent cofactor,
which is accompanied by increases in the quantum yield, lifetime and other
photophysical properties.® In this study we extend this approach to a riboflavin-
binding protein, which is engineered from the N-terminal domain of Escherichia
coli riboflavin synthase. The modified enzyme has a mass of 10.7 kDa, and is
shown to be labeled chemically by spectroscopically robust flavin-derived
fluorophores to produce one of the smallest genetically encoded fluorescent
proteins in mammalian cells.

Riboflavin synthase catalyzes the conversion of 6,7-dimethyl-8-
ribityllumazine into riboflavin in the final step of riboflavin biosynthesis.? Drawing
inspiration from existing self-labeling enzymes, we sought to engineer riboflavin
synthase as a new class of self-labeling tag, first by reducing the size of the
protein scaffold, and second by installing a reactive cysteine residue proximal to
the native binding pocket that would allow for the conjugation of a new class of
thiol-reactive riboflavin-based fluorophore. Flavins and related isoalloxazines are
ubiquitous in nature, where they serve vital roles as cofactors in oxidoreductases
and photosensory proteins.’®""  The well-characterized absorption and
fluorescence properties of flavins, coupled with excellent photostability when
bound to certain flavin-binding proteins make them ideal probes for fluorescence
imaging applications in vitro and in vivo.'"® The covalent attachment of flavins to
riboflavin synthase was realized in this study by appending an acrylamide group
to the isoalloxazine ring and by introducing a cysteine residue in the flavin-
binding pocket, whereby noncovalent association accelerates the conjugation
reaction (Figure 4.1). The acrylamide group has previously been utilized as a
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reactive handle to introduce probe molecules into proteins harboring an unnatural
amino acid (e.g., N-acryloyl-L-lysine) via Michael addition and phospha-Michael
addition reactions with thiol and phosphine probes, respectively.'*'® Additionally,
acrylamide-tethered nucleobases have been incorporated into DNA for cysteine-
mediated crosslinking with DNA-binding proteins.”® Furthermore, acrylamides
have been shown to react sluggishly with biological thiol nucleophiles including
glutathione, a key feature for reducing nonspecific background labeling."”’

o} 0] O
Ka
Riboflavin Flavin Covalently-linked
Synthase Probe Protein Tag

Figure 4.1. Covalent ligation of acrylamide-modified flavins to an
engineered riboflavin synthase.

Herein we introduce a new class of self-labeling riboflavin-binding proteins
through the rational design and modification of the binding pocket of riboflavin
synthase in order to enhance the covalent labeling efficiency of an engineered
cysteine residue with novel acrylamido-flavin probes. Spectroscopic and
biochemical characterization of the labeling reaction reveals the bioconjugation of
the acrylamide group of the flavin-analog to riboflavin synthase proceeds
selectively under biologically relevant conditions in studies that demonstrate the
suitability of this protein-labeling platform to in vitro and cellular environments.
The low molecular weight of riboflavin synthase, coupled with its long wavelength
emission (green/yellow) and excited state lifetime, increases the capabilities of
our previously described LUMP tag for anisotropy, lifetime and FRET-based
imaging and analysis of specifically tagged proteins and their complexes in vitro
and in vivo.

Results
Design of Monomeric Riboflavin Synthase as a Bioconjugation Scaffold

Native homodimeric N-terminal riboflavin synthase (RS) from E. coli
(truncated construct spanning residues 1-97) was envisaged as a protein scaffold
that through site-directed mutagenesis could be further reduced in size by
disrupting the dimerization interface. Gleaning from the available crystal structure
of homodimeric RS (PDB: 1PKV) it was readily apparent that three asparagine
residues (N45, N72, N83) created an important hydrogen-bonding network as a
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critical driving force of homodimerization. Single mutations N45G and N72D were
only partially successful in generating the monomeric species (~10%) as
evidenced by clearly resolved peaks of dimer and monomer in size exclusion
chromatography. The double mutant (N72D, N83A) resulted in complete
conversion from the dimeric to the monomeric form of RS. While native riboflavin
binds tightly to homodimeric RS within bacteria and remains bound during protein
purification, it no longer visibly binds to monomeric RS as evidenced by the
absence of riboflavin fluorescence. We surmised that the second RS subunit
contributes significantly to the binding affinity of riboflavin. We envisioned
favorable noncovalent binding of the flavin fluorophore to RS as a critical
prerequisite for an efficient self-labeling strategy because the overall rate of
conjugation would be greatly accelerated due to increased local concentration of
cysteine and reactive probe within the binding pocket. To compensate for the
loss in riboflavin binding to the monomer, we introduced mutation M64F (RS-A)
to increase hydrophobic contacts between phenylalanine and the isoalloxazine
ring system. RS-A was copurified with a small fraction of natively bound riboflavin
as evidenced by a weak riboflavin-specific spectroscopic signature. The purified
protein was confirmed to be monomeric by size exclusion chromatography.
Encouraged by the increase in riboflavin binding, we investigated other mutations
that could increase the binding by further increasing hydrophobic contacts with
the planar isoalloxazine fluorophore. Mutation S41F (RS-B) proved insightful.
Protein RS-B was isolated from E. coli with natively bound 6,7-dimethyl-8-
ribityllumazine (lumazine), the biosynthetic precursor to riboflavin, albeit as the
dimeric form of RS. Lumazine was tentatively identified as the bound cofactor
based on its characteristic fluorescence emission at 420 nm. This suggests that
Phe at position 41 must considerably increase the binding of RS to lumazine, and
moreover, that the ribityl group of lumazine assists in the dimerization. Based on
these studies, we elected to investigate both RS-A and RS-B as targets for self-
labeling proteins in combination with reactive synthetic flavin fluorophores. These
RS-flavin conjugates extend the capabilities of our previously described LUMP as
universal probe for fluorescence anisotropy (FA)-based measurements of target
proteins.

Design of Isoalloxazine Derivative with Cysteine Reactive Group

With a monomeric 10 kDa lumazine-binding protein in hand, we chose to
prepare a panel of isoalloxazine analogs with varying methyl substitutions at the
C7 and C8 positions (Scheme 4.1). Moreover, installation of a covalent binding
group was achieved through replacement of the native ribityl group with an
acrylamide group connected to N10 with either a two or three carbon linker.
Acrylamide was selected as the reactive handle as alkyl acrylamides have been
shown to be poorly reactive with glutathione and other cysteine nucleophiles
under physiological conditions' — a key attribute for fluorophore stability and
diminished nonspecific background labeling. We anticipated that while
acrylamide is generally slow to react with cysteine residues, labeling might be
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accelerated for a well-positioned cysteine residue located within the RS binding
pocket. Moreover, acrylamides have previously been incorporated into proteins
as unnatural amino acids allowing for selective labeling using various acrylamide-
reactive secondary probes."'®

Using the existing crystallographic data of RS as a starting structure, we
computationally explored potential cysteine residues that could react with the
acrylamide group via Michael addition. Native C47, C48, and mutant T67C were
identified as likely candidates to serve this role.

Finally, a survey of flavin analogs suggested that methyl substitution at the
C7 and C8 positions of the isoalloxazine core results in dramatic changes in
fluorescence quantum yield, fluorescence lifetime, and absorption/emission
wavelengths We therefore decided to synthesize all four methyl variants of
isoalloxazine with terminal acrylamide groups (Scheme 4.1).

Synthesis of Flavin Derivatives

A panel of substituted isoalloxazines bearing an acrylamide functionality
was synthesized (Scheme 4.1) for covalent linkage of the riboflavin analog to RS.
Briefly, substituted chloronitrobenzenes were reacted with diaminoalkanes
followed by reduction of the nitro group and subsequent condensation with
alloxan to yield the amine-functionalized isoalloxazine rings. Reaction of these
analogs with acryloyl chloride provided access to a panel of acrylamido-flavin
compounds.

H
cl R, HZN/@nNH2 HQN(\/)NJCEFM Hy, Pd/C, HCI QNQNJ@
n .
O:N Rz ON R MeOH HoN R

1 2 3

2

Flet (5a): Ry = H, Ry = H, n=2

F2et (5b): Ry = H, R, = CHg, n=2 ETSL

F3et (5¢): Ry = CHg, Ry = H, n=2

Fdet (5d): R; = CHg, Ry = CHj, n=2 o | O

Fipro (5€): R; =H, R, =H, n=3 NH Cl / NH2
( NaOH

F2pro (5f): Ry = H, Ry = CHa, n=3 “ 9

) , O 2 N N
10
F3pro (59): Ry = CH3, R, =H, n=3 HN\[(\[

F4pr0 (5h): R1 = CH3, R2 = CHa, n=3

Scheme 4.1. Synthesis of a panel of acrylamide-functionalized flavin
analogs.
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This synthetic route allowed us to generate isoalloxazine rings bearing a
two- or three-carbon linker denoted by suffixes -et and —pro, respectively. This
approach also allowed us to vary the methyl substitution pattern at C7 and C8 of
the isoalloxazine core (F1-F4) to assess the spectroscopic and steric properties
of the probe.

Riboflavin Synthase Bioconjugation Studies

Labeling
Ligand  Protein effizj/e)ncy Mex (NM) Mem (NM) € (M7'em™)
o
RS-A 17 439,450 (+0) 521 (+0)
Flet RS-B 22 450,468 (+12-30) 524 (+3) 5950
RS-A 37 452,470 (+1) 533 (-2)
F2et RS-B 60 452,470 (+1) 535 (+0) 7130
RS-A 59 439,450 (+0) 515 (+0)
F3et RS-B 85 439,450 (+0) 517 (+2) 14200
RS-A 11 451,469 (+1) 527 (-1)
Faet RS-B 26 451,469 (+1) 530 (+2) 2220
RS-A 62 439 (+19)° 506 (-7)
F1pro RS-B 50 439 (+19)°? 510 (-3) 11600
RS-A 90 451,469 (+1) 518 (-11)
F2pro RS-B 90 451,470 (+2) 521 (-8) 9840
RS-A 47 430 (+8)° 503 (-5)
F3pro RS-B 53 430 (+20)° 500 (+1) 11500
RS-A 36 450,468 (+0) 515 (-9)
Fapro  psp 57 451468 (+0) 518 (-6) 5940

Table 4.1. Labeling efficiencies and optical properties of RS-isoalloxazine
conjugates. The shift in excitation and emission wavelengths of the protein
conjugate relative to free ligand is reported in parentheses. Molar extinction
coefficients (e) are reported for free ligands. Generally, two excitation peaks are
observed whose relative peak heights change upon binding to ligand (see
supporting information for all spectra). ?Only one fluorescence excitation peak is
resolved.

Our initial efforts focused on establishing methods to covalently link
probes Flet-F4et to RS-A and RS-B via three potential cysteine conjugation
sites. To this end, 100 uM of purified RS was treated with a 1 mM solution of the
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probe in aqueous buffer at 37 °C for 2 hours. The product was filtered and
purified by size exclusion chromatography to remove any free probe. The identity
and labeling efficiency of the protein conjugate using each of the eight probes
was established by LC/MS. The fluorescence excitation and emission properties
of each conjugate were recorded and molar extinction coefficients were derived
from absorbance spectra at varying concentrations of the free probe (Figure
S4.3). The data are summarized in Table 4.1.

A total of eight protein conjugates were successfully labeled with varying
labeling efficiencies. Notably, RS conjugates derived from F1et-F4et were found
to exhibit lower fluorescence emission intensities than the free probes. We
presumed this to result from out-of-plane movements of N10 as a consequence
of the strained linker-to-protein connection that would compromise m-conjugation.
This hypothesis was supported by molecular dynamics (MD) simulations of the 2-
carbon linker probes (F1et-F4et) showing a distortion in the planarity at the N10
position, as well as the observation that the probes with a 2-carbon linker
exhibited dimmer emission than the corresponding 3-carbon linker probes
(F1pro-F4pro).

A B
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£) =
S L
> 0.6+ > 0.6+
= =
& &
€ 0.4+ € 0.4+
0.2+ 0.2-
0-0_| T T T T 0-0_| T T T T
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 4.2. Fluorescence spectra of RS-F2pro conjugates. Fluorescence
excitation (blue) and emission spectra (red) of protein conjugate superimposed
on excitation and emission spectra of free ligand F2pro (black) at 25 °C in
aqueous buffer (150 mM NaCl, 20 mM HEPES, pH=7.9). (A) RS-A. (B) RS-B.

The highest labeling efficiencies for the 3-carbon isoalloxazine derivatives
were achieved using ligand F2pro with monomethyl substitution at position C7 of
the isoalloxazine ring. Quantitative fluorescence analysis of free F2pro and its
conjugate with RS-A and RS-B are summarized in Figure 4.2. Upon binding to
RS-A, the fluorescence emission wavelength blue-shifts by 11 nm. The two
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fluorescence excitation maxima of the probe are unchanged at 451 nm and 469
nm (Table 4.1). The FA value for the same conjugate was measured as 0.21,
further indicating that the probe is firmly attached to the protein and exhibits little
in the way of librational motions that would decrease the FA value beyond that
expected for the tumbling of the RS protein. The fluorescence wavelength shifts
(blue shift) further support this conclusion. F2pro was selected for further testing
and characterization as it yielded the highest labeling efficiency (Table 4.1).
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f2pro (uM): 0 10 50 100 100 0 10 50 100 100

RS-A: + + + + +
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Figure 4.3. Bioconjugation of RS proteins and F2pro in human cell lysate.
(A) F2pro dose-dependent labeling of RS-A and RS-B in PC3 cell lysate; 10 uM
RS, 0 — 100 pM F2pro. Diffuse fluorescence stain at top of gel resulting from
excess F2pro ligand has been cropped for visual clarity. (B) Varying
concentrations of RS at constant F2pro concentration; 0 — 10 pM RS, 100 yM
F2pro.
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Next, we investigated the bioconjugation reaction under conditions
representative of the cellular environment. To this end, 10 yM RS-A and RS-B
were incubated with varying concentrations of F2pro at 37 °C for 1 hour in cell
lysate prepared from PC3 human prostate cancer cells. Results were obtained
through direct analysis of the reaction mixtures by SDS-PAGE without
purification. Imaging of the gel using a fluorescence scanner showed that
reactions with F2pro yielded dose-dependent labeling that was comparable
between both RS constructs tested, with a low level of observable background
labeling of lysate proteins (Figure 4.3A). This demonstrates that the reaction
proceeds selectively even in the presence of competing human cell lysate
components. Additionally, we varied the concentration of RS (RS-A and RS-B)
with a constant amount of F2pro (100 uM), and observed selective labeling with
as little as 2.5 pM of protein (Figure 4.3B). These results demonstrate this
labeling platform to be suitable for the study of protein dynamics in cell culture.

Analysis of Probe Attachment Sites in RS Mutants

Peptide mapping of the F2pro conjugates with RS-A and RS-B was
performed by denaturing the respective proteins in 6 M urea followed by
digestion with Glu-C (New England Biolabs). Subsequent tandem mass
spectrometric analysis of peptide fragments showed that the acrylamide is
conjugated exclusively to T67C in preference over the wild-type C47 and C48
residues (Figure S4.11).

Figure 4.4. Computed structure of RS-A-F2pro. Image obtained from a 50 ns
molecular mechanics simulation in a water box (Desmond) and subsequent
minimization (Macromodel, Schrodinger Inc.). The hydrogen-bonding network
largely matches the native isoalloxazine ligand-binding motif of riboflavin.
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To gain a better understanding of how the acrylamide interacts with
cysteine residues in each RS mutant, we performed a 50 ns MD simulation in a
water box (Desmond in the Maestro suite, Schrodinger Inc) starting with a
minimized structure (OPLS 2005) of RS-A linked to the F2pro ligand. The MD
simulation was tracked using the RMSD of the backbone, which was found to be
largely unchanged after 32 ns. Six structures were selected for further analysis at
time-points between 32 ns and 50 ns, and all were found to be structurally similar
including the conformations of F2pro and the binding pocket of RS-A. A
representative structure of the F2pro-RS conjugate is shown in Figure 4.4.
Notably, the 3-carbon linker points towards the interior of the protein while the
amide bond is antiparallel with its nitrogen atom directed towards the exterior.

Anisotropy Imaging

Purified RS-A-F2pro was added to aqueous buffer containing a small
amount of Ni-NTA agarose beads to be able to individually resolve them by
scanning confocal microscopy. RS-F2pro conjugates were found to be attached
to the beads via their N-terminal hexa-histidine tag as evidenced by the
appearance of fluorescence emission on the bead surface. Images were
recorded with a laser scanning confocal microscope and anisotropy images were
calculated in Igor Pro (version 6.35, Wavemetrics) using a customized procedure
as described previously.?
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Figure 4.5. Fluorescence anisotropy image of Nickel-NTA agarose beads
incubated with hexahistidine-tagged RS-A-F2pro. (A) Fluorescence image of
Ni-NTA agarose beads labeled with hexahistidine bearing RS-A conjugated to
F2pro. (B) Anisotropy image obtained from P- and S- polarized images using a
G-factor of 0.78. (C) Plot profile of horizontal selection (blue rectangle) in (B)
superimposed with smoothed line for purpose of visual clarity.

The image shown in Figure 4.5 was recorded from a cross section on the
upper hemisphere of the agarose bead — no probe was detected within the
interior of the bead. The FA values of the bead bound conjugate were as high as
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r = 0.35, which is close to that measured for the limiting (rp) value of 0.36
measured at infinite viscosity. This result suggests that the RS conjugate is firmly
attached to the bead via the His-tag and that the isoalloxazine fluorophore
experiences little librational motion. Unbound RS conjugates have FA values
(measured outside the bead) of r = 0.21.

The FA value of an appropriately labeled fluorescent protein can be used
to quantify the fluorescence lifetime of the unbound RS conjugate sensor. The
Perrin-Weber equation expressed in terms of FA is given as:

rolr=(1+71/ 1) (Egn 1)

where r is the measured FA value, rp is the limiting FA value, Tr is the excited-
state fluorescence lifetime, and T. is the rotational correlation time (time to rotate
through 1 radian).”®? T, is related to the hydrodynamic protein volume, V,
according to:

Te=nV/RT (Eqn 2)

where 1 is solvent viscosity, R is the gas constant, and T is the temperature in
Kelvin."®?° For spherical proteins, T, will increase by 1 ns for every 2.5 kD in
mass and so for RS conjugate (10 kDa) the value will be 4 ns. Thus using a
measured r of 0.21 and given ry is 0.36 the fluorescence lifetime of the probe in
RS is calculated as 2.85 ns.

Discussion

Protein tags that are self-labeled through the addition of exogenous small
molecule fluorescent ligands offer many advantages for imaging applications.
Advantages include the versatility and choice of fluorophore, the genetically
encoded nature of the protein, and the temporal control of emerging fluorescence
that is dependent on secondary addition of a fluorescent probe. Like conventional
fluorescent protein tags, however, a potential drawback lies in their size, which is
typically in excess of 20 kDa and can disrupt the native folding and function of
target proteins. We have demonstrated a new scaffold for a self-labeling tag
through rational protein engineering of riboflavin synthase to yield a 10 kDa
riboflavin-binding protein capable of efficient and selective covalent labeling with
synthetic acrylamido-flavin fluorophores. The bioconjugation reaction displays a
high degree of selectivity under conditions reflective of the cellular environment
even at a low concentration of RS, such that this approach may be readily
adapted for labeling in live cells.

The labeling efficiency was found to be tunable through modification of
amino acid residues within the binding pocket. In particular, we view the
phenylalanine substitutions in RS-A and RS-B to be critical elements for
increasing the affinity of lumazine binding to RS monomers, as our earlier studies
had indicated both riboflavin and lumazine derive most of their free energy of
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binding from interactions with residues on the outer surface of RS and could be
susceptible to competition from abundant water molecules resulting in rapid
ligand dissociation. We reasoned that shielding and encasing the cofactor using
new hydrophobic residues would result in a stronger complex and slow cofactor
dissociation from RS. Moreover, we proposed that additional hydrophobic
residues in the cofactor binding pocket would allow us to use new flavin analogs
with extended Ttr-stacking to red-shift the emission interactions of the RS
complex. As expected, the presence of an additional phenylalanine in RS-B
conjugates consistently resulted in an observable shift in emission wavelength
compared to conjugates of RS-A.

Aside from modifications to the protein scaffold, structural changes to the
flavin probes themselves, linker length and methyl substitution pattern in
particular, were also found to modulate labeling efficiency. This finding suggests
it may be possible to further enhance the reactivity of the probe through
alterations in probe design. Notably, within the RS binding pocket, residue C48 is
proximal to the arene ring of a bound isoalloxazine and, based on molecular
modeling, appears to be well-situated to undergo reaction with an acrylamide
located at this position. As such, we are currently exploring the installation of an
acrylamide moiety at positions C7 and C8 on the isoalloxazine core to evaluate
this alternative site of attachment. Additionally, we are examining other functional
groups apart from the acrylamide as reactive handles for bioconjugation. Alkyl
chlorides, for instance, can undergo covalent reaction with thiols, yet are
generally inert to other biologically relevant nucleophiles.?’ This would result in
an even further reduction of background labeling and heightened selectivity and
sensitivity.

The RS conjugate with F2pro also shows promise as a fluorescence
anisotropy-based sensor, as shown in vitro in a bead-binding assay. FA values of
0.21 and 0.35 were obtained for free and surface-immobilized RS, respectively,
which approaches the dynamic range achieved using our previously developed
LUMP tag.® Ongoing efforts are focused on the generation of genetically
encoded fusions of RS with proteins of interest. In this manner, an RS tag can
act as a self-labeling fluorescent marker and fluorescent anisotropy-based
sensor of protein hydrodynamics.
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Materials and Methods

General Synthetic Methods

Reagents and solvents were obtained commercially and used without further
purification unless otherwise noted, with the exception of anhydrous solvents
which were prepared by the method developed by Pangborn et al.?? Analytical
TLC was performed on SiliCycle glass-backed silica gel 60 A plates (thickness
250 ym) and detected by UV lamp or ninhydrin staining. Compounds were
purified by flash column chromatography using Silicycle Silica Flash P60 silica
(40-63 mm, 230-400 mesh) or a Biotage Isolera Prime purification system with
Biotage KP-Sil cartridges. Unless otherwise noted, anhydrous magnesium sulfate
was used to dry organic extracts and solutions were concentrated by rotary
evaporation followed by high vacuum. 'H and "*C-NMR spectra were obtained
using Bruker AVB-400, AVQ-400, or AV-600 instruments and shifts are reported
in ppm (8) relative to the solvent peak, while coupling constants (J) are reported
in hertz (Hz). Electrospray ionization (ESI) and electron ionization (El) high-
resolution mass spectrometry (HRMS) were performed at the University of
California, Berkeley QB3/Chemistry Mass Spectrometry Facility.

Synthesis and Characterization of Compounds

X
O,N
1-chloro-4,5-dimethyl-2-nitrobenzene (1d)
4,5-dimethyl-2-nitroaniline (5.00 g, 30.1 mmol, 1.00 eq) was dissolved in
concentrated HCI (75 mL) and cooled by the addition of ice and stirred in an ice
bath. NaNO; (2.30 g, 33.3 mmol, 1.10 eq) in H,O (7 mL) was added below the
surface of the solution over 10 min. The reaction mixture was stirred for an
additional 30 min and filtered to yield a red-brown solution of diazonium salt.
CuSO04:5H,0 was dissolved in concentrated HCI (25 mL) and cooled by the
addition of ice (51 g) and stirred in an ice bath to form a turquoise solution of
CuCl. The cold diazonium salt solution was added and the reaction mixture
stirred 30 min. The resulting dark green solution was allowed to come to room
temperature and stand for 12 h. The solution was concentrated under reduced
pressure to a brown solid, which was dissolved in CH,Cl, and washed with H,O
(2x). The organic layer was dried over MgSO,4 and the solvent removed under
reduced pressure to yield 1d which was purified by silica gel chromatography
(95:5 to 50:50 hexanes:EtOAc). 2.35 g (12.7 mmol, 42%), yellow solid. '"H NMR
(400 MHz, CDCl3) 6 7.69 (s, 1H), 7.28 (s, 1H), 2.30 (s, 3H), 2.29 (s, 3H). "*C
NMR (101 MHz, CDCl;) § 143.79, 136.89, 132.56, 130.33, 126.62, 124.23,
19.80, 19.31. EI-HRMS: Calcd for CgHgNO.CI® [M]:  185.0244; found:
185.0246.
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N-(Aminoethyl)-nitroaniline analogs (2a-h) general procedure
Ethylenediamine or 1,3-diaminopropane (76 mmol, 6.0 eq) was added to 1-
chloro-2-nitrobenzene analog 1a (2.00 g, 12.7 mmol, 1.0 eq). The reaction
mixture was stirred at 120 °C for 24 h and then allowed to come to r.t. The
resulting viscous oil was dissolved in CHCIz and washed with H,O (2x). The
organic layer was dried over MgSO4 and the solvent removed under reduced
pressure to give 2a or 2e, which were used without further purification.

H
N
HN" >

O.N
N'-(2-Nitrophenyl)ethane-1,2-diamine (2a)
1.86 g (10.3 mmol, 81%), orange oil. 'H (400 MHz, DMSO-ds) & 8.35 (s, 1H),
8.02 (dd, J= 8.6, 1.6 Hz, 1H), 7.47 (t, J= 7.1 Hz, 1H), 6.98 (d, J= 8.5 Hz, 1H),
6.62 (tof d, J= 7.1, 1.0 Hz, 1H), 3.28 (quartet, J= 5.8 Hz, 2H), 2.84 (t, J= 6.2 Hz,
2H); *C NMR (125 MHz, DMSO-dg) § 145.4, 136.4, 130.8, 126.1, 115.2, 114.9,
114.5, 44.9, 40.2; ESI-HRMS: Calcd for CgH12N3O2" [M+H]™: 182.0924; found:
182.0924.

H

HoN /\/ND\
O,N

N'-(4-Methyl-2-nitrophenyl)ethane-1,2-diamine (2b)

2.25 g (11.5 mmol, 99%), orange oil. "H (400 MHz, CDCls) § 8.15 (br, 1H), 7.93
(s, 1H), 7.23 (dd, J= 8.7, 2.0, 1H), 6.76 (d, J= 8.7, 1H), 3.34 (quartet, J= 5.8 Hz,
2H), 3.01 (t, J= 6.2, 2H), 2.23 (s, 3H); °C NMR (125 MHz, CDCl3) § 143.9,
137.8, 131.7, 126.1, 124.1, 113.9, 45.9, 41.0, 20.0; ESI-HRMS: Calcd for
CoH14N30," [M+H]™: 196.1081; found: 196.1079.

H

N
T
O.N

N'-(5-Methyl-2-nitrophenyl)ethane-1,2-diamine (2c)

2.19 g (11.2 mmol, 96%), brown oil. "H (400 MHz, CDCIs) & 8.28 (br, 1H), 8.05
(d, J= 8.7 Hz, 1H), 6.64 (s, 1H), 6.45 (d, J= 8.7 Hz, 1H), 3.37 (quartet, J= 5.8,
2H), 3.05 (t, J= 6.2 Hz, 2H), 2.34 (s, 3H); *C NMR (125 MHz, CDCl3) § 147.6,
145.4, 129.8, 126.5, 116.8, 113.2, 45.4, 40.6, 21.9; ESI-HRMS: Calcd for
CoH14N30," [M+H]™: 196.1081; found: 196.1079.
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H
N
HN~ >

O.N
N'-(4,5-Dimethyl-2-nitrophenyl)ethane-1,2-diamine (2d)
1.13 g (5.40 mmol, 99%), red oil. 'H (400 MHz, CDCls) § 8.16 (br, 1H), 7.94 (s,
1H), 6.65 (s, 1H), 3.38 (quartet, J= 5.8 Hz, 2H), 3.05 (t, J= 6.2 Hz, 2H), 2.27 (s,
3H), 2.18 (s, 3H); *C NMR (125 MHz, CDCls) § 147.4, 144.3, 130.1, 126.7,
124.7, 114.3, 46.0, 41.1, 20.9, 18.7; ESI-HRMS: Calcd for C1oH16N302" [M+H]":
210.1237; found: 210.1235.

H
HoN \/\/ND
O,5N

N'-(2-nitrophenyl)propane-1,3-diamine (2e)

2.30 g (11.8 mmol, 93%), orange oil. "H (400 MHz, CDCl3) § 8.11 (br, 1H), 8.06
(dd, J= 8.6, 1.4 Hz, 1H), 7.35 (t, J= 7.1 Hz, 1H), 6.80 (d, J= 8.6 Hz, 1H), 6.55 (t,
J= 7.4 Hz, 1H), 3.32 (quartet, J= 6.7 Hz, 2H), 2.82 (t, J= 6.7 Hz, 2H), 1.80
(pentet, J= 6.8 Hz, 2H); *C NMR (125 MHz, CDCls) § 145.5, 136.2, 131.6,
126.7, 115.0, 113.7, 40.8, 39.7, 32.3; ESI-HRMS: Calcd for CgH14N30," [M+H]":
196.1081; found: 196.1080.

H

O,N

N'-(4-methyl-2-nitrophenyl)propane-1,3-diamine (2f)

2.41 g (11.5 mmol, 98%), orange oil. "H (400 MHz, CDClIs) § 8.01 (br, 1H), 7.90
(s, 1H), 7.21 (dd, J= 8.7, 1.7 Hz, 1H), 6.74 (d, J= 8.7 Hz, 1H), 3.33 (quartet, J=
6.8, 2H), 2.84 (t, J= 6.7 Hz, 2H), 2.20 (s, 3H), 1.81 (pentet, J= 6.8 Hz, 2H); "*C
NMR (125 MHz, CDCIs) § 143.9, 137.8, 131.3, 126.0, 124.7, 113.8, 40.9, 39.8,
32.5, 20.0; ESI-HRMS: Calcd for CyoH1gN3O2" [M+H]":  210.1237; found:
210.1237.

H

HaN \/\/ND/
O.N

N'-(5-methyl-2-nitrophenyl)propane-1,3-diamine (2g)

2.44 g (11.7 mmol, 99%), brown oil. 'H (400 MHz, CDCl5) § 8.17 (br, 1H), 8.01
(d, J= 9.1 Hz, 1H), 6.63 (s, 1H), 6.43 (dd, J= 8.7, 1.2 Hz, 1H), 3.37 (quartet, J=
6.8 Hz, 2H), 2.88 (t, J= 6.8 Hz, 2H), 2.31 (s, 3H), 1.86 (pentet, J= 6.8 Hz, 2H);
®C NMR (125 MHz, CDCl3) § 147.9, 145.7, 130.1, 126.9, 117.1, 113.5, 40.9,
39.9, 32.6, 22.3; ESI-HRMS: Calcd for C1oH1gN3O2" [M+H]": 210.1237; found:
210.1237.
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N'-(4,5-dimethyl-2-nitrophenyl)propane-1,3-diamine (2h)

1.16 g (5.20 mmol, 99%), orange oil. 'H (400 MHz, CDCl3) & 8.08 (br, 1H), 7.93
(s, 1H), 6.67 (s, 1H), 3.40 (quartet, J= 6.8 Hz, 2H), 2.91 (t, J= 6.8 Hz, 2H), 2.28
(s, 3H), 2.19 (s, 3H), 1.89 (pentet, J= 6.8 Hz, 2H); "*C NMR (125 MHz, CDCl3)
6 147.4, 1443, 130.3, 126.5, 124.4, 114.2, 41.0, 39.9, 32.7, 20.9, 18.7; ESI-
HRMS: Calcd for C11H1gN3O2" [M+H]": 224.1394; found: 224.1394.

N-(Aminoethyl)-1,2-diaminobenzene analogs (3a-h) general procedure
Concentrated HCI (17 mL) and Pd/C (10% wt., 698 mg) were added to a solution
of 2a (1.01 g, 5.5 mmol) in MeOH (100 mL). The reaction mixture was purged
with H, then stirred at r.t. under an atmosphere of H, for 24 h. The suspension
was filtered and the filtrate concentrated under reduced pressure to give 3a
which was used without further purification.

H

N
A e
HoN

N'-(2-Aminoethyl)benzene-1,2-diamine hydrochloride (3a)

Crude, pink solid. 'H (400 MHz, MeOD-d,) § 7.35 (t, J= 6.8 Hz, 1H), 7.30 (d, J=
7.6 Hz, 1H), 7.00 (d, J= 7.6 Hz, 1H), 6.87 (t, J= 7.2 Hz, 1H), 3.57 (br, 2H), 3.24
(br, 2H); *C NMR (125 MHz, MeOD-d,) § 142.2, 131.3, 125.1, 119.9, 119.5,
114.8, 41.7, 39.6; ESI-HRMS: Calcd for CgH1sN3" [M+H]": 152.1188; found:
152.1184.

H

N
HoN T~ :@\
HoN

N'-(2-Aminoethyl)-4-methylbenzene-1,2-diamine hydrochloride (3b)

Crude, light brown solid. "H (400 MHz, MeOD-d,) § 7.18 (m, 2H), 6.94 (d, J= 5.2,
1H), 3.54 (br, 2H), 3.24 (br, 2H), 2.26 (s, 3H); °C NMR (125 MHz, MeOD-d,)
6 139.2, 131.5, 130.6, 125.4, 120.2, 115.8, 42.1, 40.0, 20.3; ESI-HRMS: Calcd
for CoH1eN3" [M+H]": 166.1339; found: 166.1339.

H

N
HoN I~ D/
HoN

N'-(2-Aminoethyl)-5-methylbenzene-1,2-diamine hydrochloride (3c)
Crude, light brown solid. "H (400 MHz, MeOD-d,) § 7.23 (d, J= 7.6 Hz, 1H), 6.85
(s, 1H), 6.67 (d, J= 7.6 Hz, 1H), 3.57 (br, 2H), 3.25 (br, 2H), 2.32 (s, 3H); "*C
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NMR (125 MHz, MeOD-d,) § 141.6, 141.5, 124.8, 120.7, 117.1, 115.6, 41.7,
39.6, 21.5; ESI-HRMS: Calcd for CoH1gN3" [M+H]™: 166.1339; found: 166.1338.

H

N
HoN 7> j@i
HoN

N'-(2-Aminoethyl)-4,5-dimethylbenzene-1,2-diamine hydrochloride (3d)
Crude, light brown solid. "H (400 MHz, MeOD-d,) § 7.05 (s, 1H), 6.83 (s, 1H),
3.52 (t, J= 5.6 Hz, 2H), 3.22 (t, J= 5.6 Hz, 2H), 2.26 (s, 3H), 2.19 (s, 3H); "*C
NMR (125 MHz, MeOD-d4) § 139.8, 132.0, 128.9, 125.7, 121.2, 116.7, 421,
39.7, 19.8, 18.7; ESI-HRMS: Calcd for CyoH1gN3" [M+H]": 180.1495; found:
180.1495.

H
HaN \/\/ND
HoN

N1-(3-aminopropyl)benzene-1,2-diamine hydrochloride (3e)

Crude, pink solid. 'H (400 MHz, MeOD-d,) § 6.60-6.10 (m, 4H), 2.59 (br, 2H),
2.35 (br,2H), 1.33 (br, 2H); *C NMR (125 MHz, MeOD-d,) & 139.6, 130.0, 124.4,
121.0, 120.8, 116.2, 42.9, 38.6, 27.0; ESI-HRMS: Calcd for CoH1eN3™ [M+H]":
166.1339; found: 166.1339.

H

H2N

N'-(3-aminopropyl)-4-methylbenzene-1,2-diamine hydrochloride (3f)

Crude, light brown solid. '"H (400 MHz, MeOD-d,) § 6.86-6.67 (m, 3H), 2.99 (br,
2H), 2.62 (br, 2H), 1.81 (s, 3H), 1.70 (br, 2H); ">*C NMR (125 MHz, MeOD-d.)
6137.9, 131.9, 130.8, 126.0, 124.9, 122.0, 47.2, 38.4, 26.2, 20.7; ESI-HRMS:
Calcd for C1oH1gN3" [M+H]™: 180.1495; found: 180.1494.

H

HoN \/\/N:©/
HoN

N'-(3-aminopropyl)-5-methylbenzene-1,2-diamine hydrochloride (3g)

Crude, light brown solid. 'H (400 MHz, MeOD-d,) § 6.79 (d, J= 7.6 Hz 1H), 6.62
(s, 1H), 6.46 (d, J= 8.0 Hz, 1H), 2.98 (t, J= 6.8 Hz, 2H), 2.66 (t, J= 7.6 Hz, 2H),
1.87 (s, 3H), 1.70 (pentet, J= 6.8 Hz, 2H); *C NMR (125 MHz, MeOD-d,)
6 142.0, 137.7, 125.6, 125.0, 119.8, 119.3, 45.3, 38.5, 26.8, 21.2; ESI-HRMS:
Calcd for C1oH1gN3" [M+H]™: 180.1495; found: 180.1495.
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N'-(3-aminopropyl)-4,5-dimethylbenzene-1,2-diamine hydrochloride (3h)
Crude, light brown solid. "H NMR (400 MHz, MeOD-d,) & 8.07 (br s, 1H), 7.35 (s,
1H), 7.30 (s, 1H), 3.58 (t, J = 7.2 Hz, 2H), 3.17 (t, J = 7.2 Hz, 2H), 2.35-2.21 (m,
8H); *C NMR (125 MHz, MeOD-d,) § 140.51, 137.74, 131.46, 127.01, 124.00,
121.69, 48.13, 38.22, 26.01, 19.56, 19.20; ESI-HRMS: Calcd for Cq1HxoN3"
[M+H]": 194.1652; found: 194.1652.

10-(2’-Aminoethyl)-flavin analogs (4a-h) general procedure

Alloxan monohydrate (643 mg, 4.02 mmol, 1.24 eq) was added to a solution of
3a (606 mg, 3.23 mmol, 1.00 eq) in EtOH (20 mL) and aqueous HCI (1 M, 8.0
mL). The reaction mixture was stirred at 90 °C for 1 h until a yellow precipitate
formed. The resulting solid was isolated by vacuum filtration to give 4a.

NH,

’
(0] N\ N
T

10-(2-Aminoethyl)benzo[g]pteridine-2,4(3H,10H)-dione hydrochloride (4a)
228 mg (0.78 mmol, 24%), yellow solid. 'H (400 MHz, D-0) 6 8.17 (d, J= 5.5 Hz,
1H), 8.09 (t, J= 5.3 Hz, 1H), 7.94 (d, J=5.8 Hz, 1H), 7.78 (t, J= 5.1 Hz, 1H), 5.11
(t, J= 4.2 Hz, 2H), 3.58 (t, J= 4.2 Hz, 2H); *C NMR (125 MHz, D;0) § 161.4,
158.2, 151.4, 137.6, 136.8, 136.0, 132.4, 128.2, 115.8, 100.0, 42.6, 37.2; ESI-
HRMS: Calcd for C12H12NsO2" [M+H]™: 258.0986; found: 258.0985.

NH,

’
(0] N\ N
tou el

10-(2-Aminoethyl)-7-methylbenzo[g]pteridine-2,4(3H,10H)-dione
hydrochloride (4b)

608 mg (1.98 mmol, 33%), yellow solid. "H (400 MHz, D,0) § 7.96 (d, J= 8.4 Hz,
1H), 7.93 (s, 1H), 7.84 (d, J= 8.8 Hz, 1H) 5.09 (t, J= 6.4 Hz, 2H), 3.58 (t, J= 6.8
Hz, 2H), 2.53 (s, 3H); *C NMR (101 MHz, D,0O) & 161.27, 158.07, 156.67,
150.79, 139.54, 136.31, 136.01, 131.18, 130.38, 115.46, 42.58, 37.12, 19.93;
ESI-HRMS: Calcd for C13H14N50," [M+H]": 272.1142; found: 272.1140.
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10-(2-Aminoethyl)-8-methylbenzo[g]pteridine-2,4(3H,10H)-dione
hydrochloride (4c)

265 mg (0.86 mmol, 17%), yellow solid. "H (400 MHz, D,0) § 7.98 (d, J= 8.4 Hz,
1H), 7.75 (s, 1H), 7.62 (d, J= 8.4 Hz, 1H), 5.06 (t, J= 6.4 Hz, 2H), 3.56 (t, J= 6.4
Hz, 2H), 2.62 (s, 3H); *C NMR (125 MHz, MeOD-d,) § 161.3, 158.1, 151.5,
151.1 134.9, 134.4, 132.4, 131.8, 130.8, 115.4, 42.4, 37.0, 22.2; ESI-HRMS:
Calcd for C13H14NsO," [M+H]": 272.1142; found: 272.1140.

NH,

2
O N\ N
LTI

10-(2-Aminoethyl)-7,8-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione
hydrochloride (4d)

283 mg(0.88 mmol, 18%), yellow solid. 'H (400 MHz, D,0O) § 7.66 (s, 2H), 4.98
(s, 2H), 3.52 (s, 2H), 2.52 (s, 3H), 2.37 (s, 3H); *C NMR (125 MHz, D,O)
6 160.8, 157.7, 150.2, 139.8, 135.9, 134.1, 130.9, 130.5, 115.6, 100.2, 42.3,
36.9, 20.7, 18.6; ESI-HRMS: Calcd for C14H1gNsO2" [M+H]™: 286.1299; found:
286.1298.

NH,

O._N_ N
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HN \N
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10-(3-aminopropyl)benzo[g]pteridine-2,4(3H,10H)-dione hydrochloride (4e)
499 mg (1.62 mmol, 37%), yellow solid. 'H (400 MHz, D;0) § 8.08-8.01 (m, 2H),
7.95 (d, J= 8.4 Hz, 1H), 7.73 (t, J= 7.6 Hz, 1H), 3.16 (t, J= 6.8 Hz, 2H), 2.30
(pentet, J= 7.2 Hz, 2H); *C NMR (125 MHz, D-0) § 161.1, 158.0, 150.4, 137.6,
136.4, 135.7, 132.5, 131.8, 128.4, 116.4, 42.6, 36.4, 25.1; ESI-HRMS: Calcd for
C13H14Ns02" [M+H]": 272.1142; found: 272.114.
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10-(3-aminopropyl)-7-methylbenzo[g]pteridine-2,4(3H,10H)-dione
hydrochloride (4f)

802 mg (2.49 mmol, 36%), yellow solid. '"H NMR (400 MHz, MeOD-d;) & 8.06 (s,
1H), 7.97 ? 7.87 (m, 2H), 4.84 (t, J = 6.8 Hz, 2H), 3.12 (t, J = 6.7 Hz, 2H), 2.57 (s,
3H), 2.31 (p, J = 6.6 Hz, 2H). *C NMR (101 MHz, MeOD-d,) § 161.86, 158.74,
152.16, 139.26, 139.07, 139.00, 137.54, 132.80, 131.93, 116.93, 43.24, 37.64,
26.64, 20.73. ESI-HRMS: Calcd for Cy4H1eNsO2" [M+H]™: 286.1299; found:
286.1297.

NH,

O_ _N_ N
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10-(3-aminopropyl)-8-methylbenzo[g]pteridine-2,4(3H,10H)-dione
hydrochloride (4g)

945 mg (2.94, 40%), yellow solid. 'H NMR (400 MHz, MeOD-ds) § 8.13 (d, J =
8.4 Hz, 1H), 7.86 (s, 1H), 7.61 (dd, J = 8.3, 1.5 Hz, 1H), 4.84 (t, J = 6.8 Hz, 2H),
3.13 (t, J = 6.7 Hz, 2H), 2.69 (s, 3H), 2.31 (p, J = 6.8 Hz, 2H). "*C NMR (101
MHz, MeOD d,) § 162.00, 158.81, 152.50, 150.29, 137.90, 136.05, 133.99,
133.40, 130.14, 116.74, 43.10, 37.66, 26.55, 22.74. ESI-HRMS: Calcd for
C14H16NsO2" [M+H]": 286.1299; found: 286.1298.

NH,

O_. _N_ N
L0
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10-(3-aminopropyl)-7,8-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione
hydrochloride (4h)

122 mg (0.38 mmol, 14%), yellow solid. "H (400 MHz, D,0) § 7.61 (s, 1H), 7.58
(s, 1H), 4.68 (br, 2H), 3.15 (br, 2H), 2.51 (br, 2H), 2.36 (s, 3H), 2.26 (s, 3H); "*C
NMR (101 MHz, D,0O) § 161.01, 157.77, 151.15, 149.56, 139.59, 134.58, 134.02,
130.66, 130.62, 115.84, 42.54, 36.40, 24.73, 20.67, 18.61; ESI-HRMS: Calcd for
C15H1gNsO2" [M+H]™: 300.1455; found: 300.1454.
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N-(10-(2’-Aminoethyl)-flavin)acrylamide analogs (5a-h) general procedure
Acryloyl chloride (55 pL, 0.68 mmol, 2.0 eq) was added to a solution of 4a (100
mg, 0.34 mmol, 1.0 eq) in aqueous NaOH (1 mL, 1 M, 3.0 eq) at 0 °C wrapped in
foil to protect from ambient light. The reaction mixture was allowed to warm to r.t.
slowly and stirred overnight. The resulting yellow precipitate was isolated by
vacuum filtration and purified by silica gel chromatography (95:5 to 80:20
CH3CN:MeOH) to give 5a.

@)
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N-(2-(2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-yl)ethyl)acrylamide (5a)
69 mg (0.20 mmol, 59%) yellow solid. '"H NMR (400 MHz, DMSO-ds) § 11.45 (s,
1H), 8.47 (t, J = 5.9 Hz, 1H), 8.14 (dd, J = 8.2, 1.5 Hz, 1H), 8.08 (d, J = 8.6 Hz,
1H), 7.95 (ddd, J = 8.7, 7.1, 1.6 Hz, 1H), 7.64 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H),
6.14-6.00 (m, 2H), 5.58 (dd, J = 8.3, 4.0 Hz, 1H), 4.68 (t, J = 6.9 Hz, 2H), 3.54 (q,
J = 6.6 Hz, 2H); *C NMR (101 MHz, DMSO) § 165.56, 159.69, 155.57, 150.68,
138.51, 134.94, 134.87, 132.86, 131.79, 131.19, 126.02, 125.66, 116.14, 43.15,
35.37; ESI-HRMS: Calcd for CisH13NsOsNa®™ [M+Na]™:  334.0911; found:
334.0910.

HN)v

y
(0] N\ N
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N-(2-(7-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-
yl)ethyl)acrylamide (5b)

31 mg (0.10 mmol, 31%), yellow solid. "H NMR (400 MHz, DMSO-ds) § 11.40 (s,
1H), 8.53 (t, J = 6.0 Hz, 1H), 7.97 (d, J = 8.9 Hz, 1H), 7.93-7.86 (m, 1H), 7.77
(dd, J = 8.8, 2.1 Hz, 1H), 6.15-6.00 (m, 2H), 5.57 (dd, J = 8.9, 3.3 Hz, 1H), 4.65
(t, J = 6.9 Hz, 2H), 3.53 (q, J = 6.5 Hz, 2H), 2.47 (s, 3H); "*C NMR (101 MHz,
DMSO) § 165.54, 159.73, 155.53, 150.31, 138.22, 136.53, 135.98, 134.95,
131.23, 130.87, 130.84, 125.62, 115.93, 43.27, 35.43, 20.17; ESI-HRMS: Calcd
for C16H16N503" [M+H]™: 326.1248; found: 326.1252.
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N-(2-(8-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-
yl)ethyl)acrylamide (5c)

32 mg (0.10 mg, 15%), yellow solid. '"H NMR (400 MHz, DMSO-ds) § 11.40 (s,
1H), 8.38 (t, J = 6.0 Hz, 1H), 7.99 (d, J = 8.3 Hz, 1H), 7.85 (s, 1H), 7.47 (d, J =
8.4 Hz, 1H), 6.04 (d, J = 6.1 Hz, 2H), 5.58 (q, J = 8.6, 6.2 Hz, 1H), 4.66 (t, J = 6.6
Hz, 2H), 3.55 (q, J = 6.6 Hz, 2H), 2.54 (s, 3H); "*C NMR (101 MHz, DMSO)
6 165.62, 159.80, 155.56, 150.61, 146.55, 137.13, 133.41, 132.90, 131.47,
131.16, 127.67, 125.63, 115.88, 43.15, 35.50, 22.21; (ESI-HRMS: Calcd for
C16H1sNsO3Na” [M+Na]": 348.1065; found: 348.1067.

HN)v
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N-(2-(7,8-dimethyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-
yl)ethyl)acrylamide (5d)

58 mg (0.17 mmol, 49%), yellow solid. "H NMR (400 MHz, DMSO-ds) § 11.36 (s,
1H), 8.56 (t, J = 6.0 Hz, 1H), 7.90 (s, 1H), 7.87 (s, 1H), 6.13-5.99 (m, 2H), 5.57
(dd, J = 8.0, 4.3 Hz, 1H), 4.66 (t, J = 6.8 Hz, 2H), 3.54 (q, J = 6.6 Hz, 2H), 2.47
(s, 3H), 2.38 (s, 3H); "*C NMR (101 MHz, DMSO) § 165.59, 159.86, 155.50,
150.21, 146.48, 136.87, 135.80, 133.78, 131.25, 131.19, 130.91, 125.54, 116.24,
43.30, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 35.55, 20.74, 18.77; ESI-
HRMS: Calcd for C17H1gNsO3Na” [M+Na]™: 362.1229; found: 362.1221.

103



H
N

N

0
o\\]/N\ N
HN\[g:\NIj
0

N-(3-(2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-yl)propyl)acrylamide
(Se)

48 mg (0.13 mmol, 41%), yellow solid. "H NMR (400 MHz, DMSO-ds) § 11.43 (s,
1H), 8.39 (t, J = 5.7 Hz, 1H), 8.13 (d, J = 8.1 Hz, 1H), 7.95 (dt, J = 15.6, 8.5 Hz,
2H), 7.65 (t, J = 7.5 Hz, 1H), 6.27 (dd, J = 17.1, 10.2 Hz, 1H), 6.09 (dd, J = 17.0,
2.2 Hz, 1H), 5.59 (dd, J = 10.1, 2.2 Hz, 1H), 4.63 (t, J= 7.7 Hz, 2H), 3.31 (q, J =
6.5 Hz, 2H), 1.94 (p, J = 7.0 Hz, 2H); *C NMR (101 MHz, DMSO) § 164.68,
159.78, 155.70, 150.56, 138.73, 134.95, 134.91, 132.33, 131.87, 131.80, 126.03,
125.05, 116.22, 42.42, 36.02, 26.67; ESI-HRMS: Calcd for CieH1sNsO3Na”
[M+H]": 348.1067; found: 348.1066.
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N-(3-(7-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-
yl)propyl)acrylamide (5f)

88 mg (0.27 mmol, 87%), yellow solid. "H NMR (400 MHz, DMSO-ds) § 11.38 (s,
1H), 8.38 (t, J = 5.7 Hz, 1H), 7.99-7.82 (m, 2H), 7.76 (d, J = 8.9 Hz, 2H), 6.27
(dd, J=17.1, 10.1 Hz, 1H), 6.17-6.00 (m, 1H), 5.64-5.53 (m, 1H), 4.61 (t, J=7.6
Hz, 2H), 1.92 (p, J = 7.1 Hz, 2H), 3.30 (q, J = 6.6 Hz, 2H), 2.48 (s, 3H); *C NMR
(101 MHz, DMSO) 6§ 164.70, 159.84, 155.67, 150.21, 136.54, 136.01, 135.01,
131.80, 130.98, 130.32, 125.08, 115.98, 48.61, 42.47, 40.15, 39.94, 39.73,
39.52, 39.31, 39.10, 38.90, 36.02, 26.75, 20.19; ESI-HRMS: Calcd for
Ci17H1sNsO3Na” [M+Na]": 362.1229; found: 362.1224.
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N-(3-(8-methyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-
yl)propyl)acrylamide (59)

24 mg (0.071 mmol, 23%), yellow solid. '"H NMR (400 MHz, DMSO-ds) & 11.37
(s, 1H), 8.41 (s, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.76 (s, 1H), 7.48 (d, J = 8.3 Hz,
1H), 6.28 (dd, J = 17.1, 9.9 Hz, 1H), 6.10 (d, J = 17.2 Hz, 1H), 5.60 (d, J = 10.1
Hz, 1H), 4.61 (s, 2H), 3.35-3.21 (m, 2H), 2.57 (s, 3H), 2.07-1.81 (m, 2H); *C
NMR (101 MHz, DMSO) § 164.70, 159.91, 155.71, 150.53, 146.74, 137.38,
133.47, 132.33, 131.81, 131.58, 127.72, 125.10, 115.65, 42.30, 35.98, 26.62,
22.13; ESI-HRMS: Calcd for C47H1sNsOsNa® [M+Na]™: 362.1229; found:
362.1223.
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N-(3-(7,8-dimethyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-
yl)propyl)acrylamide (5h)

22 mg (0.056 mmol, 37%), yellow solid. '"H NMR (400 MHz, DMSO-ds) & 11.33
(s, 1H), 8.41 (t, J = 5.7 Hz, 1H), 7.87 (s, 1H), 7.75 (s, 1H), 6.29 (dd, J = 17.1,
10.2 Hz, 1H), 6.10 (dd, J = 171, 2.2 Hz, 1H), 5.60 (dd, J = 10.1, 2.2 Hz, 1H),
4.60 (t, J = 7.6 Hz, 2H), 3.30 (q, J = 6.5 Hz, 2H), 2.48 (s, 3H), 2.38 (s, 3H), 1.93
(p, J = 7.0 Hz, 2H); *C NMR (101 MHz, DMSO) & 164.68, 159.96, 155.66,
150.15, 146.59, 137.15, 135.81, 133.80, 131.81, 131.05, 130.62, 125.08, 115.91,
42.33, 35.96, 26.69, 20.63, 18.78; ESI-HRMS: Calcd for CigH19NsO3Na®
[M+Na]": 376.1380; found: 376.1379.

Plasmid Preparation

The N-terminal domain of Riboflavin synthase (Escherichia coli, strain K12, gene:
ribC, accession no. POAFUS8 of the Universal Protein Resource UniProt, residue
1-97) was synthesized by Genewiz, Inc. with Nde1 and Xho1 restriction sites at
the 5" and 3' ends and was subcloned into our pSKB3 vector that is based on
Novagen’s pET-28a vector, and where the thrombin site is replaced by a tobacco
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etch virus (TEV) cleavage site. The gene insert is shown below in (A). All
sequences were verified by primer-guided sequencing.

(A) Sequence synthesized by Genewiz with N-terminal Riboflavin synthase
sequence (1-97) highlighted in green and Nde1/Xho1 sites underlined:
ATAATACATATGTTTACGGGGATTGTACAGGGCACCGCAAAACTGGTGTCG
ATTGACGAGAAACCAAATTTTCGTACGCATGTGGTGGAGTTACCCGACCAC
ATGCTGGACGGCCTGGAAACCGGTGCTTCCGTGGCGCATAACGGTTGCTG
CCTGACCGTGACGGAAATTAACGGCAACCATGTCAGTTTTGACCTGATGAA
AGAAACGTTACGCATTACCAATCTTGGCGATTTAAAAGTGGGGGATTGGGTA
AACGTTGAGCGTGCGGCGAAATTCAGTGATGAAATTGGCGGACACTGACTC
GAGATAATA

Mutations N72D and N83A were introduced to the N-terminal Riboflavin synthase
construct by two consecutive site-directed mutagenesis steps using the KAPA
HiFi HotStart ReadyMix PCR Kit (KAPA BioSystems). Mutation N72D: forward
primer: 5'- GAA ACG TTA CGC ATT ACC GAT CTT GGC GAT TTA AAA GTG-
3', and its reverse complementary primer; Mutation N83A: 5-GTG GGG GAT
TGG GTA GCC GTT GAG CGT GCG GCG-3' and reverse primer: 5-CGC CGC
ACG CTC AAC GGC TAC CCA ATC CCC CAC-3'). The final gene insert is
shown below in (B).

(B) N72D/N83A mutations of N-terminal Riboflavin synthase sequence are
highlighted in red:
ATGTTTACGGGGATTGTACAGGGCACCGCAAAACTGGTGTCGATTGACGAG
AAACCAAATTTTCGTACGCATGTGGTGGAGTTACCCGACCACATGCTGGAC
GGCCTGGAAACCGGTGCTTCCGTGGCGCATAACGGTTGCTGCCTGACCGT
GACGGAAATTAACGGCAACCATGTCAGTTTTGACCTGATGAAAGAAACGTTA
CGCATTACCGATCTTGGCGATTTAAAAGTGGGGGATTGGGTAGCCGTTGAG
CGTGCGGCGAAATTCAGTGATGAAATTGGCGGACACTGA

Mutations M64F and T67C were introduced to the above sequence by two
consecutive site-directed mutagenesis steps using the KAPA HiFi HotStart
ReadyMix PCR Kit (KAPA BioSystems) to create RS-B. Mutation M64F: forward
primer: 5'-CAT GTC AGT TTT GAC CTG TTC AAA GAA ACG TTA CGC ATT-3',
and its reverse complementary primer; Mutation T67C: 5-GTT TTG ACC TGT
TCA AAG AAT GCT TAC GCA TTA CCG ATC TTG-3', and its reverse
complementary primer. The final gene insert is shown below in (C).

(C) RS-B (M64F/T67C mutation highlighted in red):
ATGTTTACGGGGATTGTACAGGGCACCGCAAAACTGGTGTCGATTGACGAG
AAACCAAATTTTCGTACGCATGTGGTGGAGTTACCCGACCACATGCTGGAC
GGCCTGGAAACCGGTGCTTCCGTGGCGCATAACGGTTGCTGCCTGACCGT
GACGGAAATTAACGGCAACCATGTCAGTTTTGACCTGTTCAAAGAATGCTTA
CGCATTACCGATCTTGGCGATTTAAAAGTGGGGGATTGGGTAGCCGTTGAG
CGTGCGGCGAAATTCAGTGATGAAATTGGCGGACACTGA
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Mutations S41F was introduced to RS-B by site-directed mutagenesis using the
KAPA HiFi HotStart ReadyMix PCR Kit (KAPA BioSystems) to create RS-A.
Mutation S41F was introduced with following two 5-phosphorylated primers.
Forward primer: 5-GGA CGG CCT GGA AAC CGG TGC T-3'; Reverse primer:
5-P-TTT GTG GCG CAT AAC GGT TGC TGC -3. The final gene insert is shown
below in (D).

(D) RS-A (S41F mutation highlighted in red):
ATGTTTACGGGGATTGTACAGGGCACCGCAAAACTGGTGTCGATTGACGAG
AAACCAAATTTTCGTACGCATGTGGTGGAGTTACCCGACCACATGCTGGAC
GGCCTGGAAACCGGTGCTTTTGTGGCGCATAACGGTTGCTGCCTGACCGTG
ACGGAAATTAACGGCAACCATGTCAGTTTTGACCTGTTCAAAGAATGCTTAC
GCATTACCGATCTTGGCGATTTAAAAGTGGGGGATTGGGTAGCCGTTGAGC
GTGCGGCGAAATTCAGTGATGAAATTGGCGGACACTGA

Protein Expression and Purification

Plasmids were transformed into E. coli BL21 (DE3). Starter cultures (lysogeny
broth, 50 mg/L kanamycin) were inoculated from single colonies, grown at 37 °C
and used for 1:50 inoculation of 1-L cultures (terrific broth, 50 mg/L kanamycin).
Cultures were grown to an OD of around 0.5, cooled for 20 min at 16 °C, induced
with 0.5 mM isopropyl-B-d-thiogalactopyranoside, and grown overnight at 16 °C.
Cells were harvested by centrifugation for 15 min at 4,000 x g at 4 °C and either
washed with PBS and stored as a pellet at -80 °C or directly resuspended in 20
mL of lysis buffer 20 mM Hepes (pH 7.9); 300 mM NaCl; 10 mM imidazole; half
of a tablet of Pierce Protease Inhibitor Tablet, EDTA-free (ThermoScientific); 1
mM PMSF; 2 mg of lysozyme]. After incubation for 20 min at 4 °C, the cells were
lysed with an Avestin C3 homogenizer, followed by 20 min of centrifugation at
24,000 x g. The supernatant was filtered through a 40-uym Steriflip filter
(Millipore), loaded onto a 5-mL Ni-NTA column (Protino; Machery Nagel), and
washed with buffer A [20 mM Hepes (pH 7.9), 300 mM NaCl]. The column was
washed with 30 mL of washing buffer [20 mM Hepes (pH 7.9), 300 mM NaCl, 25
mM imidazole] and eluted with elution buffer [20 mM Hepes (pH 7.9), 300 mM
NaCl, 250 mM imidazole]. Imidazole was removed by exchanging against buffer
A with a 10DG desalting column (BioRad), followed by overnight incubation at 4
°C with 1:50 molar equivalents of TEV protease to remove the N-terminal His-
tag. The sample was incubated with 0.5 mL of Ni-NTA agarose for 2 h, and the
cleaved protein was eluted with 10 mM imidazole containing buffer A. After
concentrating the protein with a centrifugal spin concentrator (Millipore), a final
size exclusion chromatography run (Superdex 75 10/300 GL; GE Healthcare)
with an Akta purifier against buffer B [20 mM Hepes, 150 mM NaCl, (pH 7.9)]
yielded proteins of typically >95% purity, as characterized by SDS/PAGE and
electrospray ionization (ESI) MS to validate the mass of all proteins. MS
measurements of proteins and cofactors were performed using a Thermo LTQ-
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Orbitrap-XL mass spectrometer equipped with an ESI source. This instrument is
located in the QB3/Chemistry Mass Spectrometry Facility at the University of
California, Berkeley. Purified proteins were stored on ice for up to 1 day or frozen
in liquid nitrogen in small aliquots and stored at —80 °C.

Bioconjugation Studies

100 uM of purified riboflavin protein was treated with a 1 mM solution of the
probe in aqueous buffer (300 mM NaCl, 20 mM HEPES, pH=7.9, 5 mM TCEP) at
37 °C for 2 hours The product was filtered and purified by size exclusion
chromatography (Superdex 75, 10/300 GL) on an Akta Purifier (GE Healthcare)
to remove any free probe.

Absorbance and Fluorescence Studies

Absorbance spectra were measured using a Cary 100 Bio UV-vis
spectrophotometer (Varian). Fluorescence excitation and emission spectra of
free probes and RS-conjugates were measured using a QuantaMaster 400
spectrofluorometer (Photon Technology International) and obtained in aqueous
buffer (150 mM NaCl, 20 mM HEPES, pH=7.9) at 25 °C.

Fluorescence anisotropy properties of purified riboflavin proteins and its
conjugates were characterized by using an SLM-AB2 fluorometer (Aminco). The
excitation anisotropy spectrum was recorded in buffer (150 mM NaCl, 20 mM
HEPES, pH=7.9) at 20 °C. The emission wavelength was set at 520 nm, and the
excitation was set at 470 nm. FA measurements were recorded on dilute and
clarified protein solutions at 20 °C in buffer at the indicated excitation and
emission wavelengths.

Bioconjugation of Riboflavin Synthase in Human Cell Lysate

Cell lysate was prepared from the human prostate cancer cell line, PC3. PC3
cells were grown to confluence in 10 cm plates, lifted via cell scraper and
resuspended in 2 mL lysis buffer (20 mM HEPES, 150 mM NacCl, 1% Triton-
X100, 1X protease inhibitor) and lysed via sonication with a Misonix Sonicator
3000 (6 x 5 s pulse, 10 s interval, 2.5 power). The suspension was centrifuged
(16,000 rcf, 30 min, 4 °C) and the supernatant isolated and analyzed by BCA
assay to determine total protein concentration.

For dose-dependent labeling of F2pro, 10 yM RS-A or RS-B (1 pg protein) was
incubated with 0 — 100 pM F2pro and PC3 cell lysate (10 pg protein) in 20 mM
HEPES, 150 mM NaCl buffer at 37 °C for 1 h protected from light. SDS loading
buffer was added and samples incubated at 95 °C for 5 min followed by
electrophoresis on a precast 4-12% gradient polyacrylamide gel (Bio-Rad).
Fluorescence gel imaging was performed using a Typhoon Trio variable mode
scanner (GE Healthcare Life Sciences) using 488 nm excitation filter and 526 nm
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emission filter settings. Coomassie staining was used to visualize total protein
loading.

For titration of RS, 0 — 10 yM RS-A or RS-B was incubated with 100 uM F2pro
and PC3 cell lysate (10 ug protein) in 20 mM HEPES, 150 mM NaCl buffer at 37
°C for 1 h protected from light. SDS loading buffer was added and samples
incubated at 95 °C for 5 min followed by electrophoresis and imaging as
described previously.

Fluorescence Anisotropy Imaging

Images were recorded with a laser scanning confocal microscope (Zeiss LSM
710, inverse AxioObserver) with a plan-apochromat M27 with a magnification of
20x (N.A. = 0.8) at room temperature. An anisotropy map was created on a pixel-
by-pixel basis according to:

r=(S1-GxS2)/(S1+2GxS2),

where S1 and S2 are the P- and S-polarized images, respectively, and G is the
G-factor that is determined by referencing the image anisotropy of RS to its
known anisotropy (r = 0.21) as measured on the SLM-AB2 fluorometer. The
LSM710 confocal microscope is equipped with polarization accessories (Carl
Zeiss Microlmaging GmbH). Anisotropy images were calculated in Igor Pro
(version 6.35, Wavemetrics) using a customized procedure as described
previously.®
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Supplementary Figures
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Figure S4.1. Fluorescence spectra of RS-flavin conjugates. Fluorescence
excitation (blue) and emission spectra (red) of protein conjugate superimposed
on excitation and emission spectra of free ligand (black) at 25 °C in aqueous
buffer (150 mM NaCl, 20 mM HEPES, pH=7.9). (A) F1et, RS-A; (B) F1et, RS-B;
(C) F2et, RS-A; (D) F2et, RS-B; (E) F3et, RS-A; (F) F3et, RS-B; (G) F4et, RS-A;
(H) F4et, RS-B; (I) F1pro, RS-A; (J) F1pro, RS-B; (K) F3pro, RS-A; (L) F3pro,
RS-B; (M) F4pro, RS-A; (N) F4pro, RS-B.
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Figure S4.2. Absorption plots of free ligand. Data obtained at 25 °C in
aqueous buffer (150 mM NaCl, 20 mM HEPES, pH=7.9). (A) F1et; (B) F2et; (C)
F3et; (D) F4et; (E) F1pro; (F) F2pro; (G) F3pro; (H) F4pro.
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Figure S4.3. Molar extinction plots of free ligand. Data obtainedat 25 °C in
aqueous buffer (150 mM NaCl, 20 mM HEPES, pH=7.9). (A) F1et; (B) F2et; (C)
F3et; (D) F4et; (E) F1pro; (F) F2pro; (G) F3pro; (H) F4pro.
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unbound to bound protein. (A) RS-A; (B) RS-B.
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Figure S4.5. Deconvoluted mass spectra of RS conjugation with F2et.
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A
RS-A-f2pro Glu-C digest
Sequence? Modifications® Relative Abundance®
cLRITD C1(f2pro)
EKPNFRTHVVE
GSSHHHHHHDYDIPTTE
INGNHVSFD
INGNHVSFDLFKE
KPNFRTHVVE
LGDLKVGD
LGDLKVGDWVAVE
LKVGDWVAVE
LPDHMLD
LPDHMLDGLE
NLYFQGHMFTGIVQGTAKLVSIDEKPNFRTHVVE
RAAKFSDE
TGASVAHNGCcCcLTVTE C10(Dehydro); C11(Dehydro) 98
TGASVAHNGCcCLTVTE C10(f2pro); C11(f2pro) 2

B
RS-B-f2pro Glu-C digest
Sequence?® Modifications® Relative Abundance®
cLRITD C1(f2pro)
EKPNFRTHVVE
GSSHHHHHHDYDIPTTE
INGNHVSFD
INGNHVSFDLFKE
KPNFRTHVVE
LGDLKVGD
LGDLKVGDWVAVE
LKVGDWVAVE
LPDHMLD
LPDHmMLDGLE M5(Oxidation)
LPDHMLDGLE
NLYFQGHmMFTGIVQGTAKLVSIDE M8(Oxidation)
NLYFQGHMFTGIVQGTAKLVSIDE
NLYFQGHmMFTGIVQGTAKLVSIDEKPNFRTHVVE M8(Oxidation)
NLYFQGHMFTGIVQGTAKLVSIDEKPNFRTHVVE
NLYFQGHMFTGIVQGTAKLVSIDEKPNFRTHVVELP
DHMLDGLE
RAAKFSDE
TGAFVAHNGCcCLTVTE C10(Dehydro); C11(Dehydro) 96
TGAFVAHNGCcCLTVTE C10(f2pro); C11(f2pro) 4

Figure S4.11. Tandem MS Glu-C digest peptide list for conjugation with
F2pro. (A) RS-A-F2pro; (B) RS-B-F2pro. ®The amino acid sequence of detected
peptide. Modified residues are in lower case. "The modified residue (single letter
code), followed by the position (within the peptide) of the modified residue,
followed by the modification type (in parentheses). “Relative spectra abundances
of C10, C11 dehydro,dehydro (intramolecular disulfide) peptide and F2pro-
modified peptide.
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