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Abstract

Development and Application of Oxidative Coupling Bioconjugation Reactions
with ortho-Aminophenols

by
Allie Caitlin Obermeyer

Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Matthew B. Francis, Chair

The synthetic modification of proteins plays an important role in the fields of chemical biology
and biomaterials science. As applications of protein-based materials continue to become more
complex, improved methods for the covalent modification of proteins are needed. Although many
methods for the modification of native and artificial amino acids exist, they often require long re-
action times or lengthy syntheses of reactive substrates. This work describes the development and
application of a suite of bioconjugation reactions that utilize ortho-aminophenols. The oxidative
coupling of aniline residues with o-aminophenol substrates was optimized. Potassium ferricyanide
was identified as an alternative, mild oxidant for this coupling. These new conditions enabled the
use of the oxidative coupling reaction in the presence of free cysteines and glycoslated substrates.
Aminophenols were also discovered to react with native residues on protein substrates in addition
to artificial aniline moieties. Cysteine and the N-terminus were identified as the reactive residues.
The oxidative coupling of o-aminophenols with the N-terminus was optimized to achieve high
levels of modification on peptide and protein substrates. The oxidative coupling of anilines and
o-aminophenols was applied to the synthesis of a targeted, virus-like particle and to the detection
of protein tyrosine-nitration. Overall, these updated and novel oxidative coupling methods expand
the utility ortho-aminophenols for the modification of proteins.



Dedicated to my family, without whom I am nowhere.
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Chapter 1
Site-specific protein modification

Abstract

The synthetic modification of proteins plays an important role in the fields of materials science and
chemical biology. Conjugation of synthetic molecules to proteins enables the incredible diversity
of protein structure and function to be harnessed in new protein-based materials. These protein
bioconjugates have been used for varied applications from the investigation of biological function
to use in new biomaterials such as targeted therapeutics. The synthesis of these materials requires
well-defined protein bioconjugation reactions. However, these reactions must take place in water,
at ambient temperature, near neutral pH and in the presence of a wide array of functional groups.
Methods for the modification of both natural and artificial amino acids are reviewed herein. Site-
specific modification using enzymatic tags, non-canonical amino acids, and the N-terminus are

highlighted.



1.1 Importance of protein-based materials

The modification of proteins plays an important role in the fields of chemical biology and ma-
terials science. The introduction of synthetic components to proteins enables the study of native
protein function,' the modulation of the inherent properties of the protein,* and the construction
of novel protein-based materials (Figure 1.1).> For example, modification of proteins with fluoro-
phores enables tracking of their location within cells or even organs."**> Conjugation of a second,
spectrally unique fluorophore enables fluorescence resonance energy transfer (FRET) to monitor
protein folding®’ or protein-protein interactions.** In addition, synthetic modification of proteins
with small molecule drugs or polymers can be used to create potent biologic therapeutics with
improved pharmacokinetics.'™'! Attachment of polymers to proteins combines the well-defined
materials properties of the polymer with the structure and function of the protein. These protein-
polymer materials based on elastin, cellulase, and metallothionein, have found use in tissue engi-
neering, enzyme recycling,'” and water remediation, respectively."

a
; * —
protein of interest synthetic molecules protein-based materials
diverse biomolecular variety of applications
structure and function
b fluorophores cellularimaging,
o ' _—> biophysical studies,
antibodies, quantum dots liaht harvestin
antibody fragments, 9 9
structural proteins, drugs
i i ! drug delivery,
viral capsids, + imaging agents, —_—> 9 . y
enzymes, : targeted imaging
. . . targeting groups
signaling proteins,
receptors, etc. water remediation,

polymers > tissue engineering,
enzyme recycling,

improving pharmacokinetics

Figure 1.1. (a) The attachment of synthetic components to proteins of interest allows for the synthesis of
protein-based materials. (b) The resulting materials take advantage of the diverse biomolecular structure and function
of proteins and can be used for a variety of useful and promising applications.

A unique class of proteins, antibodies, have the ability to bind nearly any target antigen. This
makes them of great interest for synthetic modification (Figure 1.2a). Attachment of fluorophores
to antibodies enables their use in immunofluorescence; these chemically modified antibodies have
become essential tools for the investigation of cellular biology. The advancement of these biomol-
ecules as therapeutics has opened up new opportunities for “magic bullet” therapies using syn-
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thetically modified antibodies. Combination of the targeting and pharmacokinetic properties of
antibodies with the potent cytotoxic nature of small molecule drugs can create highly effective an-
tibody-drug conjugates (ADCs).!" The first ADC was approved by the FDA in 2011 (Adcetris) and
there are currently over 20 ADCs in clinical trials."* Additionally, the attachment of poly(ethylene
glycol) (PEG) chains to antibodies and antibody fragments has been shown to decrease their im-
munogenicity and increase their circulation time."”” This modification results in improved thera-
peutic properties and even greater potential for these hybrid materials.

Work in the Francis group relies on the synthetic modification of proteins with interesting,
defined structure for a variety of applications. As one example, we have created an artificial light
harvesting complex by conjugation of donor and acceptor chromophores to the rod-like tobacco
mosaic virus.'®"” Utilizing the hollow, spherical bacteriophage MS2 viral capsid, we have construct-
ed an array of targeted imaging agents by selectively attaching imaging agents to the interior surface
of the capsid and targeting groups to the exterior surface.'® In addition, we have utilized proteins
with unique native function for applications in enzyme recycling'? and water remediation."” Using
a protein (metallothionein) to cross-link hydrogels allowed for both the detection and removal of
heavy metal toxins in water."

light harvesting targeted imaging water remediation

Figure 1.2. Examples of applications of synthetically modified proteins. (a) Antibodies can be modified with fluoro-
phores for cellular imaging (immunofluorescence), with drug molecules to create antibody-drug congjuate therapeu-
tics, or with poly(ethylene glycol) chains for enhanced pharmacokinetics. (b) Within the Francis group, proteins are
modified for a variety of applications. Tobacco mosaic virus (TMV) is modified with fluorophores for light harvesting,
bacteriophage MS2 is modified with imaging agents and targeting groups for targeted imaging, and toxin-binding
enzymes (metalloproteins) are modified with polymers for water remediation. Images from: rockland-inc.com, Ornes,
S. Proc. Natl. Acad. Sci. U.S.A. 2013, 110, 13695, and www.peg-drug.com.
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As demonstrated by these examples, the incredible diversity of protein structure and function
can be utilized to create novel, highly functional materials, provided the protein can be readily
modified with synthetic components. Specific, protein-compatible chemical reactions are needed
to attach proteins to synthetic molecules, polymeric materials, and surfaces. Therefore, the im-
provement of existing methods and development of new methodology for well-defined protein
modification can facilitate the synthesis of these protein-based materials.

1.2 Modification of native amino acids

Several methods exist for the modification of native amino acids (Figure 1.3). These methods
typically target the nucleophilic side chains of lysine and cysteine. At high pH (~8.0), the side-chain
amino group of lysine can be modified with activated esters (e.g. NHS esters), sulfonyl chlorides,
and iso(thio)cyanates to form amides, sulfonamides, or (thio)ureas.’*"** Additionally, imine forma-
tion between lysine and functionalized aldehydes followed by reductive amination forms a stable
linkage to lysine.?” This approach results in a secondary amine, which minimally perturbs the iso-
electric point (pI) of the protein. The high abundance of lysine** on protein surfaces ensures that
nearly any protein can be modified using these methods. However, the location and number of
modifications are hard to control given this high abundance. In addition, these conditions are typi-
cally not selective for lysine as they can also modify the N-terminal amine.

The carboxylic acid side chains of aspartate and glutamate are also highly abundant on protein
surfaces. These acids can be coupled to amines using water soluble activating agents, such as 1-eth-
yl-3-(3-dimethylaminopropyl)carbodiimide (EDC).?*->* As amino groups are also natively present
on the surface of proteins, this method can also result in the undesired cross-linking of proteins.

The relatively low abundance of cysteine on protein surfaces allows for better control over the
level and location of modification. The thiolate side chain can be modified using disulfide exchange
to form a mixed disulfide. This strategy creates a labile modification that can be reversed upon
addition of common reductants such as dithiothreitol, B-mercaptoethanol, tris(2-carboxyethyl)
phosphine (TCEP), or glutathione. Cysteines can be alkylated with alkylhalides (such as iodoacet-
amides) or via Michael addition with a,p-unsaturated carbonyl compounds (such as maleimides).
Recently, several new methods for the modification of cysteine have been developed. Mono- and
dibromomaleimides have been developed as reagents for reversible cysteine modification.”® The
dibromo reagents can be inserted into disulfide bonds to modify the protein without disrupting
the contribution of the disulfide bond to the protein structure. At high pH (10-11) cysteine can
be transformed into dehydroalanine using O-mesitylenesulfonylhydroxylamine.?® This new a,p-
unsaturated carbonyl moiety can then be modified with thiol reagents giving a thioether linkage.
The introduction of a C-C double bond on the protein surface, followed by thiol-ene chemistry has
gained popularity as the genetic introduction of alkenes has become facile.?””® However, the modi-
fication of native cysteines via thiol-ene chemistry has also been demonstrated.?” Cysteines have
also been converted to allyl sulfides for their subsequent use in cross-metathesis.***!

More recently, methods have been developed for the modification of the low-abundant aro-
matic amino acids tyrosine and tryptophan. Early methods for the modification of tyrosine relied
on electrophilic aromatic substitution with reagents such as iodine and nitrous acid. At low tem-
perature, diazonium salts can be used to modify the phenolic side chain of tyrosine resulting in
an azo linkage. Expanding on this electrophilic aromatic substitution chemistry, our group has
developed a three-component Mannich reaction between tyrosine, aldehydes and anilines.* Cyclic
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diazodicarboxamides have also been advanced for the selective modification of tyrosine.*** Transi-
tion metal and lanthanide based methods have been developed for the modification of tyrosine and
tryptophan. Tyrosine can be modified with palladium through n-allyl chemistry.”> The phenolic
side chain of tyrosine can be cross-linked with other phenols using a Ni(II) catalyst and co-oxidant.
Recent work in our group has also shown that in the presence of ceric ammonium nitrate (CAN)
tyrosine can be coupled to electron-rich aromatic rings, such as N,N-dialkyl-p-anisidines.** Ce(IV)
can also be used to couple N,N-dialkyl-p-phenylenediamines to both tyrosine and tryptophan resi-
dues.’® Tryptophan residues can be selectively modified with rhodium carbenoids generated in situ
from diazo compounds and [Rh,(OAc),].” Addition of N-(tert-butyl)hydroxylamine allows the
reaction to be carried out at near neutral conditions.*®

These methods collectively provide means for residue-specific modification and allow for rela-
tively facile modification of native proteins. However, to achieve site-selectivity it is often necessary
to genetically introduce a uniquely reactive residue. Recent work in the field has focused on the
development of alternative methods to site-selectively modify proteins. Three general approaches
have been explored for site-selective modification and will be discussed in the following sections.

1.3  Enzymatic methods for site-selective modification of proteins

Many enzymes have the native function of attaching small molecules to protein substrates. By
harnessing the capability of these enzymes, they can be used to artificially label proteins of inter-
est.”” Elucidation of the enzyme’s recognition sequence allows for the genetic introduction of this
sequence as an artificial peptide (or small protein) tag to the protein of interest. Additional under-
standing of the enzyme’s tolerance of perturbations to its natural substrate enables the attachment
of functionalized small molecules to the tagged protein of interest. Depending on the tolerance
of the enzyme, synthetic (or biological) molecules of interest can be directly conjugated to tagged
proteins or the enzymes can be used to attach a small reactive probe for secondary conjugation with
the desired synthetic molecule (Figure 1.4).

A commonly used method for enzymatic labeling relies on the enzyme transglutaminase.
Transglutaminase natively catalyzes the cross-linking of lysine and glutamine residues to form an
isopeptide bond. The enzyme, however, is capable of coupling non-peptidic alkyl amines to glu-
tamine residues located in flexible loops. This has been used to modify proteins in vitro and more
recently on the surface of cells.***" To obtain site-selective modification, a transglutaminase from
guinea pig was paired with “Q-tagged” proteins.* This particular enzyme demonstrates specificity
for the glutamine substrate (peptide recognition sequences PNPQLPE, PKPQQFM, GQQQLG)
but is highly promiscuous with regard to the amine substrate.

Another method for site-selective enzymatic modification relies on bacterial sortases, com-
monly Sortase A derived from S. aureus.” This enzyme catalyzes the cleavage of the Thr-Gly amide
bond in the sequence LPXTG and then subsequently catalyzes the formation of a new amide bond
between the C-terminal threonine and the N-terminus of an oligoglycine peptide. This method
has been used to perform ligations of peptides, proteins, and carbohydrates.**** In addition, this
enzymatic method has been used for labeling ex vivo, on cell surfaces, and in both yeast and mam-
malian cells.*~*

An alternative method for enzymatic tagging of protein substrates relies on the fusion of the
protein of interest with an enzyme that is covalently modified by its substrate. Johnsson and co-
workers developed a method termed “SNAP tag” that fuses a human DNA repair protein (O°-al-
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kylguanine-DNA alkyltransferase, hAGT) with the protein of interest.*>** The DNA repair protein
normally repairs 6-oxo-alkylated guanosine DNA lesions by transferring the alkyl group to a cys-
teine residue. Co-opting this reactivity and incubating the protein fusion with O°-benzylguanosine
derivatives results in effective transfer of the benzyl group to the protein fusion. A similar, or-
thogonal method (“CLIP tag”) has been developed for alkylated cytosine residues.”’ Additionally,
Promega has developed an engineered enzyme termed “HaloTag” that is covalently modified with
alkyl chlorides.”” Mutations introduced to the active site of a haloalkane dehalogenase (DhaA) pre-
vent catalytic turnover. The reactive intermediate is trapped to form a covalent linkage between the
alkyl chloride and the enzyme.

Phosphopantetheinyl transferases (PPTases, Sfp and AcpS) naturally catalyze the transfer of a
phosphopantetheinyl (Ppant) group from Coenzyme A (CoASH) to a serine residue on acyl car-
rier protein (ACP) or peptide carrier protein (PCP). It was discovered that the PPTases accept a
wide variety of modifications at the thiol moiety of Coenzyme A and this promiscuity can be used
to attach synthetic molecules to ACP or PCP tagged proteins.”>** One shortcoming of this method
was the relatively large size of ACP/PCP (80-100 amino acids). To address this fact, Walsh and co-
workers used phage display to identify a series of small peptide tags (11-17 amino acids) that are
still recognized by PPTases.””*® These peptide fragments can be inserted at the N- or C-terminus or
in flexible loops and be site-selectively modified with CoA derivatives.

Ting and co-workers repurposed biotin ligase from E. coli (BirA) to biotinylate proteins con-
taining a 15-residue acceptor peptide.” After biotinylation, the modification can be probed with
streptavidin-labeled quantum dots for fluorescence detection. It was also determined that BirA ac-
cepts a ketone-containing analogue of biotin, allowing for secondary labeling with aminooxy or hy-
drazide molecules (Section 1.4). To incorporate biotin analogues with other reactive handles, Ting
and co-workers screened a panel of biotin ligases and identified one from P. horikoshii that could
incorporate azide and alkyne-containing biotin substrates.®” This allows for further modification
using robust bioorthogonal chemistries (see Section 1.4).

Lipoic acid ligase from E. coli (LplA) has also been developed by the Ting group for non-native
modification of proteins.® LplA normally catalyzes the acylation of lysine with lipoic acid. An azide
bearing short-chain fatty acid was found to be accepted as a substrate for LplA. This azide could
be modified in a secondary conjugation reaction with triarylphosphines or alkynes (see Section
1.4). Investigation of a natively lipoylated protein, enabled the identification of a small peptide (22
amino acids) that was sufficient for effective labeling by LplA. In addition, lipoic acid ligase was
shown to be orthogonal to biotin ligase by the concurrent labeling of two independent proteins in
the same cell.®!

Another method for the site-selective modification of proteins relies on farnesyltransferase.
Many proteins are natively farnesylated at a C-terminal cysteine, within a “CaaX-box” (where a
is an aliphatic amino acid and X is one of a variety of amino acids). Many different isoprenoid
pyrophosphate analogs are accepted as farnesyltransferase substrates, including alkyne,®* azide,***
aldehyde,*>% and biotin® functionalized farnesyl pyrophosphate mimetics.

Formylglycine-generating enzyme (FGE) catalyzes the conversion of a cysteine residue to for-
mylglycine. The enzyme recognizes a cysteine within the six residues CXPXR, but inclusion of a
longer 13 amino acid sequence results in improved levels of conversion to the aldehyde.*®**® Over-
expression of FGE with the tagged protein results in direct production of the aldehyde labeled
protein.”’! The resulting aldehyde can be modified with alkoxyamine or hydrazide reagents (see
Section 1.4). These enzymatic methods provide means to selectively modify protein substrates.
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However, many of these methods rely on bioorthogonal reactions to attach synthetic components
to the protein of interest.

1.4  Unnatural amino acids for site-selective protein modification

The ability to introduce unnatural amino acids into proteins has dramatically expanded modes
of reactivity for proteins. Several methods have been developed for the in vivo incorporation of
artificial amino acids in E. coli as well as in mammalian cells. Many modified analogs of amino
acids are tolerated by the translational machinery in E. coli.”* Simple addition of a non-canonical
amino acid to the growth media allows for its non-selective incorporation into proteins. Yields can
be dramatically improved by using E. coli that are auxotrophic for the amino acid being targeted for
replacement.”7® Additionally, over-expression of the aminoacyl-tRNA synthetase (aaRS) for the
amino acid being replaced can help improve incorporation of the unnatural amino acid.

Methods for the site-selective incorporation of non-canonical amino acids have also been de-
veloped. These methods utilize the amber stop codon (UAG) to incorporate a 21st amino acid.
Schultz and co-workers have evolved orthogonal aaRSs and tRNAs that recognize the artificial ami-
no acid and the amber stop codon, respectively.””””” Orthogonal pairs have been selected for doz-
ens of unnatural amino acids. The acylated tRNA is accepted by the translational machinery and
selectively incorporates the unnatural amino acid in response to the UAG codon. Co-expression
of the aaRS, tRNA, and the gene of interest containing the amber mutation results in production
of the protein of interest with the unnatural amino acid incorporated.®® The artificial amino acid is
generally supplemented in the growth medium, although a strain of E. coli has been engineered that
can both biosynthesize and incorporate the unnatural amino acid p-aminophenylalanine.*’ More
recent reports of site-selective unnatural amino acid incorporation rely on the aaRS and tRNA for
pyrrolysine, enabling the incorporation of pyrrolysine analogs.””***” The aaRS seems to tolerate
relatively large perturbations to the amino acid without requiring re-engineering, allowing for the
incorporation of larger unnatural moieties into proteins.

Now that proteins containing unnatural functionality are readily biosynthesized, reactions that
are orthogonal to the native reactivity are rapidly being developed (Figure 1.5). One of the earli-
est methods for bioorthogonal labeling of proteins involved reaction with the carbonyl group of
ketones and aldehydes.*® Introduction of a ketone or aldehyde to a protein generates a uniquely
electrophilic site for modification as most of the native amino acids react as nucleophiles. While
the carbonyl moiety reacts with amines to form imines, the equilibrium for this reaction lies on the
side of the carbonyl in water.”” However, reaction with a-effect amines, such as alkoxyamines and
hydrazides, results in the formation of a stable product in water.”*> Further improving the stability
of these products, Bertozzi and co-workers have developed an aminooxy reagent that first under-
goes oxime formation followed by a Pictet-Spengler type reaction to form a product that is stable
to acid and dilute conditions.”

One of the most commonly used reagents for biomolecule modification is the azide. The azide
is both inert and relatively small in size, facilitating its wide adoption as a bioorthogonal functional
group. Critical to this adoption was the development of mild reactions that covalently modify the
azide. In seminal work, Bertozzi et al. demonstrated the utility of the organic azide as a bioorthogo-
nal functional group by reaction with modified triphenylphosphines.** By altering the well-known
Staudinger reduction to trap the aza-ylide intermediate, they were able to form an amide bond be-
tween the reduced azide and the oxidized phosphine.”” This Bertozzi-Staudinger ligation has been
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used to label proteins in vitro, on live cells, and even in live mice.” The azide was also long known
to react with alkynes in a 1,3-dipolar cycloaddition, however only at elevated temperatures.” Mel-
dal®® and Sharpless® concurrently discovered that Cu(I) catalyzes this cycloaddition (named by
Sharpless and now referred to generally as a “click” reaction) dramatically expanding the biocom-
patibility of the reaction. Since this discovery, the copper catalyzed azide-alkyne click reaction has
been widely adopted and has been used in varied applications from organic and polymer synthe-
sis,'® to construction of pharmacophore libraries,'” and biomolecule labeling.'”® Given the toxic
nature of Cu(I), the copper catalyzed cycloaddition has limitations for reactions with live cells.*
Bertozzi and co-workers developed a variant of the azide-alkyne cycloaddition that proceeds under
biological conditions without the addition of Cu(I) as a catalyst.'”® Building on an earlier report of
“explosive” reactivity between cyclooctyne and benzyl azide,' they were able to label cell surface
azides by a strain-promoted cycloaddition with cyclooctyne. Since this initial report, many other
strained alkynes have been developed for the selective labeling of azides.'®>!* However, some of
these strained alkynes lose selectivity for the azide and show background reactivity with thiols."*”!%

Recent work has dramatically expanded the use of strained hydrocarbons in bioconjugation
reactions. Concurrent reports from Fox and Hildebrand of an inverse-electron demand Diels Alder
reaction between tetrazines and strained alkenes (trans-cyclooctene or norbornene) revealed the
utility of tetrazines for rapid, bioconjugation reactions.'”'"® The reaction of tetrazines has since
been expanded to include other strained alkenes, such as 1,3-disubstituted cyclopropenes,'' as well
as unstrained alkenes."? Lin and co-workers first reported the 1,3-dipolar cycloaddition between
alkenes and photochemically generated nitrile imines.'"> A combination of computational and ex-
perimental work has shown that this cycloaddition also occurs with 3,3-disubstituted cyclopro-
penes.'"*!"> The highly strained quadricyclane was recently reported to undergo selective ligation
with Ni bis(dithiolene) reagents in aqueous conditions as well as in the presence of cell lysate.''s
After the initial development of these strain-promoted bioorthogonal reactions, site-selective ge-
netic incorporation of many of these reactive pairs was accomplished allowing for the synthesis of
well-defined bioconjugates with these techniques.!'*!7-120
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Figure 1.6. Strategies for the modification of aniline residues. Introduced p-aminophenylalanine residues can be
modified with various electron rich aromatic rings in the presence of sodium periodate.
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Our group has developed bioorthogonal reactions for the selective modification of anilines
with electron-rich aromatic rings (Figure 1.6). A well-defined one-to-one coupling of N,N-dial-
kyl-p-phenylenediamine and aniline was accomplished with sodium periodate in just 60 min."*"'*
The coupling could be used to attach peptides, DNA, and PEG to aniline containing proteins.
N,N-dialkyl-p-anisidines were also found to undergo a similar coupling in the presence of sodium
periodate, but with faster reaction rates. More recently, an even faster variant of the reaction was
identified. Anilines were found to rapidly couple to o-aminophenols using sodium periodate as
an oxidant.'” While this reaction was originally reported as a hetero-Diels Alder reaction with an
acrylamide-functionalized aniline,'** recent characterization with small molecule analogs revealed
that the reaction forms a mixture of two products. These products arise from the 1,4-addition of
aniline to the oxidized aminophenol. Further oxidation results in the minor iminoquinone product
and the major ring-contracted butenolide product. This reaction was used to attach PEG, peptides
and radionuclides to proteins.

Collectively, these methods offer a powerful way to selectively modify proteins. However, some
applications, such as the modification of isolated, native proteins for tissue engineering, are not
compatible with the introduction of an artificial amino acid. These limitations have led to the re-
cent development of methods to site-selectively modify native positions on proteins.

1.5 Modification of the N-terminus for site-selective bioconjugation

Perhaps the easiest way to achieve site-selective modification is to target a unique position on a
protein. The N-terminus occurs only once on all proteins and has reactivity that can be differenti-
ated from the side-chain amino group of lysine. The pKa of the N-terminal amine is lower than
that of the average lysine side-chain amine. This enables selective modification of the N-terminus
by control of the reaction pH. However, achieving site-selective modification this way is difficult.
More selective reactions have been developed that take advantage of the N-terminal amine and its
proximity to the a-carbon and side-chain functionality of certain amino acids (Figure 1.7).

The most general method for selective N-terminal modification involves a biomimetic oxida-
tion of the N-terminus via transamination. Transamination of the N-terminus was first reported in
1956 using pyridoxal at elevated temperatures (100 °C).'*> A subsequent report by Dixon improved
the biocompatibility of the reaction by performing it at room temperature using glyoxylate, acetate,
and Cu(I)."* Further improvements were made to the reaction by our group, allowing the reaction
to proceed under physiological conditions without the addition of a metal catalyst. Both pyridox-
al-5’-phosphate and N-methylpyridinium-4-carboxaldehyde (Rapoport’s salt) have been identified
by our group as reagents capable of transforming the N-terminal amine into a reactive aldehyde or
ketone.'””'*® Each of these reagents show an inherent preference for particular N-termini; however
conditions can be screened to achieve acceptable levels of modification for nearly any N-terminal
residue.'”" The resulting transaminated terminus can be modified with aminooxy reagents or
other a-effect amines.

N-terminal Ser and Thr can also be converted to reactive aldehydes by sodium periodate oxi-
dation.” When at the N-terminus these residues present a unique 1,2-aminoalcohol. Treatment
with sodium periodate results in cleavage of the aminoalcohol and the resulting glyoxamide can
be treated with alkoxyamine reagents to selectively label the N-terminus. Both of these methods
require initial oxidation of the N-terminus to a reactive carbonyl moiety followed by reaction with
a second, functionalized reagent.
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Figure 1.7. Methods for the site-selective modification of the N-terminus. (a) Oxidation of the N-terminus results in
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As an alternative to these two-step procedures several single-step modification strategies for
the N-terminus have been developed. N-terminal Trp can be modified with aldehydes via a Pictet-
Spengler reaction.'** While the initial formation of the imine at the N-terminus is readily reversible,
the neighboring nucleophilic indole side chain irreversibly intercepts the electrophile. This method
provides a route for direct modification of the N-terminus. However, for proteins heterologously
expressed in E. coli the N-terminal Met is not cleaved when Trp is the penultimate residue. Several
other N-termini form stable products with aldehyde probes. Asn, His, Cys, Ser, Thr, and Trp have
been shown to form stable N-acyl heterocycles or bicyclic lactams.'** Inclusion of an acyl group on
the aldehyde probe allows for formation of N-acyl heterocyclic or bicyclic lactam products with the
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acyl group transferred to the N-terminal nitrogen.

A notable method for the modification of N-terminal cysteines is via reaction with thioester re-
agents in a process known as native chemical ligation."** Thioesterification between the N-terminal
Cys and the thioester reagent followed by irreversible S-N acyl transfer to the N-terminal amine
results in formation of a native amide bond. The specificity of this ligation method has allowed
for its use in not only the modification of proteins but also in the total and semisynthesis of pro-
teins.”>** Recent work in the Danishefsky group has used iterative native chemical ligation steps
to synthesize the glycoprotein erythropoietin.'*

1.6 Conclusions and thesis overview

Recent work has dramatically expanded the number of methods to modify biomolecules. Pow-
erful, new methods for the modification of native and artificial amino acids have been developed.
In conjunction, improved strategies for the incorporation of non-canonical functionality into pro-
teins have also been developed facilitating the use of bioorthogonal chemistries. However, many
of these new bioorthogonal strategies rely on substrates that are relatively unstable and require
lengthy syntheses. We sought to advance alternative methods for selective protein modification.
These methods would be reliant on oxidation to generate reactive, bioorthogonal substrates.

This work focuses on the development and improvement of site-selective bioconjugation re-
actions as well as the application of these reactions to protein-based materials and detection of
post-translational modification. Briefly, an oxidative coupling reaction between anilines and o-
aminophenols was optimized to increase compatibility with cysteine-containing and glycosylated
protein substrates. We also found conditions that allowed the efficient coupling of 0o-aminophenols
and native amino acids, including cysteine and N-terminal proline. These oxidative coupling re-
actions were used to construct a protein-based material for the optical detection of fibrous clots.
Additionally, it was shown that the aniline-based oxidative coupling could be accomplished in cell
lysate. This enabled the application of this reaction to the detection of post-translational tyrosine-
nitration.
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Chapter 2
Oxidative coupling to anilines on proteins

Abstract

This chapter describes the development of an alternative oxidative coupling strategy for the modi-
fication of aniline residues. Using a small molecule based screen, ferricyanide was identified as a
mild and efficient oxidant for the coupling of anilines and o-aminophenols on protein substrates.
This reaction is compatible with thiols and 1,2-diols, allowing its use in the creation of complex
bioconjugates for use in biotechnology and materials applications. This methodology was applied
to the dual modification of a viral capsid. The coupling reaction was also demonstrated on a gly-
coprotein substrate.

Portions of the work described in this chapter have been reported in a separate publication.
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2.1 Importance of site-selective bioconjugation reactions

The synthetic modification of proteins is a critical aspect of chemical biology and biomate-
rials science. Synthetically modified proteins are used to study biochemical function,' modulate
pharmacokinetics,” and construct new materials with applications in drug-delivery’~ and targeted
imaging.®” Many of these applications require consistent, well-defined modifications that do not
perturb the native protein structure or function. The precise modification of proteins, however,
presents a significant chemical challenge as the modification must occur at ambient temperature,
near neutral pH and in the presence of a wide variety of unprotected functional groups.

As discussed in the Chapter 1, several methods for the site-selective modification of proteins
have been developed.®'° These methods either rely on natural amino acids found in low abundance,
typically targeting the nucleophilic thiolate side chain of cysteine,*'"'* or they rely on engineered
artificial amino acids.'’ The latter approach can result in completely site selective modification, but
it depends critically on bioorthogonal'? chemical reactions that can modify the functional groups
with exquisite selectivity. Ketones,'*'* azides,'®"” strained alkenes,'®" alkynes,” and anilines* are
commonly targeted in these reactions. These strategies are particularly useful for preparing pro-
teins that are modified in multiple locations for use in biophysical and materials applications. In
our own work,* the modification of proteins at two distinct locations is required for varied applica-
tions from light harvesting®** to drug-delivery** and water remediation.” Each of the complex bio-
molecule targets in these studies requires bioorthogonal methods that are compatible with cysteine
chemistry.

Recent work in our group has explored the oxidative coupling reaction of aniline side chains
with electron-rich aromatic coupling partners, such as o-aminophenols.?****” These reactions pro-
ceed with high coupling rates even when low concentrations of reactants are used. Previous studies
demonstrated the use of sodium periodate as an oxidant for highly efficient coupling. However the
ability of periodate to oxidize other moieties on proteins, notably cysteines and 1,2-diols found
in glycans, may limit the scope of these coupling reactions. Additionally, the periodate-mediated
coupling forms a mixture of two products, which complicates analysis and may prevent its use in
applications such as antibody-drug conjugates that require well-defined linkages. In this work, we
report a substantially milder oxidant, potassium ferricyanide, that is capable of coupling anilines
and o-aminophenols on protein substrates without oxidizing thiols or 1,2-diols (Figure 2.1). Most
notably, a single, stable reaction product is obtained with this oxidant. We demonstrate the use of
this reaction in conjunction with thiol-maleimide chemistry as well as on a complex glycoprotein
substrate. These optimized conditions should allow for the wide adoption of this coupling chem-
istry to virtually any bioconjugation target. In addition, the ease of substrate synthesis, as well as
the low cost and facile removal of potassium ferricyanide, provide an opportunity for using this
chemistry on larger scale.

2.2 Identification of alternative oxidants with a small molecule screen

Our efforts to identify milder reaction conditions began with an HPLC-based assay to screen
the efficiency of different oxidants to couple p-toluidine to electron-rich coupling partners, such as
2-amino-p-cresol. Reactions were run with 0.1 mM of each coupling partner and 1 mM oxidant at
near neutral pH (6.5-7.2) to mimic the conditions compatible for use on most biomolecules. Reac-
tions were quenched with excess tris(2-carboxyethyl)phosphine (TCEP, 5-10 mM), and an internal
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standard, p-toluenesulfonic acid (p-TsOH, 0.2 mM), was added for reliable quantitation. Many
oxidants screened (Figure 2.1) were capable of coupling the small molecules, and more importantly
generated compound 1 as the sole product. The oxidants formed the [A+B] product with varying
levels of conversion, requiring anywhere from 15 min to 18 h to reach completion (Figure 2.1). We
found Ag(I), Ce(IV), Cu(Il), and Fe(III) were particularly promising and potentially suitable for
protein substrates.
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Figure 2.1. (a) Schematic for the oxidative coupling of anilines and o0-aminophenols. (b) Reverse-phase HPLC traces
of the reactions with alternative oxidants. Oxidants were screened by HPLC to determine suitable alternatives to
NalO,. The reaction was quenched by the addition of TCEP, which results in the reduction of iminoquinone product 1
to the corresponding hydroquinone 3. The asterisk denotes a peak that corresponds to the reduced oxidant. (c) Conver-
sion was calculated using p-TsOH as an internal standard. (d) The same oxidants as in (b) were tested for their ability
to mediate the coupling reaction on proteins using T19pAF MS2 and o-aminophenol 5k-PEG as model substrates. (e)
LC-MS analysis of MS2 monomers modified with 2-amino-p-cresol shows that only one product is formed when
ferricyanide is used as the oxidant, whereas the use of periodate resulted in a mixture of two different products.

2.3 Application to proteins

We next determined the applicability and biocompatibility of these oxidants on a protein sub-
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strate containing one aniline side chain (p-aminophenylalanine, pAF) in the primary sequence
(Figure 2.1). The aniline side chain (T19pAF) was introduced into the coat protein of the MS2 viral
capsid using amber stop codon suppression (Figure 2.2a).2**° The MS2 capsid self assembles from
180 sequence identical monomers to form a hollow spherical structure.’*** The capsid provides
a scaffold for the construction of targeted imaging agents or drug delivery vehicles. Use of the
capsids in this capacity for applications in cardiovascular imaging will be discussed in Chapter 4.
For this methodology development, reactions were performed on the assembled capsid, but analy-
sis was carried out on the monomers after disassembly. K.Fe(CN), and Ce(NH,),(NO,), (CAN)
maintained high reactivity on the protein substrate, whereas AgCO,CF, and CuSO, showed poor
reactivity on proteins. This was likely due to precipitation and slower reaction rates, respectively.
While Ag(I) was found to be compatible with some buffers (such as HEPES), the strict requirement
to remove all chloride ions limits the potential of this oxidant. Cu(II) exhibited the lowest levels of
conversion for both the small molecule and protein substrates. Of the oxidants tested, Cu(II) had
the lowest oxidation potential, and appeared to be unable to oxidize the o-aminophenol coupling
partner efficiently.

Ferricyanide (K,Fe(CN),) was chosen for further development, as it was a mild oxidant and
was compatible with proteins and most buffers.””*¢ Coupling a small molecule, 2-amino-p-cresol
(80 uM) to the protein substrate (20 uM) with ferricyanide (1 mM) for 20 min showed complete
modification to a single product by LC-MS (Figure 2.1c). When the reaction was run under the
same conditions with periodate, an equal mixture of two products was observed.

Initial observations from the HPLC reactivity screen indicated that ferricyanide formed the
same iminoquinone minor product (1) as the periodate reaction. When using K ,Fe(CN),, HPLC
analysis of the reactivity of both 2-amino-p-cresol and 4-methylcatechol with p-toluidine identi-
fied the same product. Two dimensional NMR analyses and high-resolution mass spectrometry
were used to confirm that ferricyanide formed product 1 (Figure 2.11). Iminoquinone 1 could be
reduced to corresponding hydroquinone 3 by TCEP, as was the case with the NalO, associated
product.* This reduction was observed on small molecule and protein substrates; however, over
time the hydroquinone was observed to re-oxidize to the iminoquinone in air.

a ’7res19 res19 b 37 kDa =«
exterior 25 = | ;
7|;1t7e|7'|6r7.g}q{m (\,% 20 - e — —
el
res 87 res 87
10 =
,:st 129-dT'mr protein pAF pAF pAF wt Y pAF pAF
Y (T19Y), pAF(T19pAF) 5k-PEG  + _ + + 4 + +
res 87 : N (wt) «
C (N87C) K,Fe(CN), - + +  + + + NalO,

* prequenched with loading buffer

Figure 2.2. (a) Representation of the MS2 coat protein dimer, indicating the location of residues 19 and 87 based on
PDB ID: 2MS2. MS2 substrates tested contained a Thr, Tyr, or pAF residue at position 19 and an Asn or Cys at position
87. (b) The coupling reaction was quenched by the addition of loading buffer (with DTT) and analyzed by SDS-PAGE.
The lower band corresponds to unmodified MS2 monomers and the upper band corresponds to MS2 monomers modi-
fied with 5k-PEG. The coupling only took place when all three components were present.

The selectivity of the reaction was tested using several mutants of the MS2 coat protein: wild-
type (wt), T19Y, and T19pAF (Figure 2.2). Coupling was only observed when the oxidant, o-ami-
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nophenol, and aniline all were present (Figure 2.2b). In addition, the yield was comparable to the
reaction mediated by periodate. At higher pH, some background reactivity with native amino acids
was observed. However, the coupling was selective for the pAF residue when the reaction pH was
held between 6.0 and 6.5. This is likely because anilines are deprotonated under these conditions,
rendering them uniquely nucleophilic. Additionally, it was found that addition of 1-10 mM imid-
azole could further prevent any undesired non-specific reactivity (Figure 2.3). The nature of this
side reactivity will be discussed in detail in Chapter 3 as we have optimized conditions for efficient
coupling to native amino acids.
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Figure 2.3. Background reactivity with native amino acids was observed. (a) SDS-PAGE analysis of pAF MS2 and
myoglobin modified with o-aminophenol 5k-PEG at either pH 6.5 or 7.2 revealed low levels of background reactivity.
Imidazole was added to inhibit the background reactivity. (b) Graph of the background reactivity shows that 1-10 mM
imidazole impedes the reaction with native amino acids while allowing the desired oxidative coupling to occur.

2.4  Optimization of the reaction conditions on proteins

Other iron(III) sources were evaluated for their ability to perform the coupling (Figure 2.4).
Most ferric salts tested were poorly soluble in water or rapidly formed insoluble iron oxides. Fer-
rocenium ion was also able to couple aminophenols and anilines, albeit with lower yield, because it
was only temporarily stable in water.”” Optimization of the equivalents, time, pH and bufter of the
coupling reaction revealed that high levels of conversion (>75%) could be achieved with only 2.5-5
equiv of the aminophenol substrate in 15-20 min. In addition, neither the reaction pH nor the buf-
fer salt was found to have an effect on the efficiency of the reaction (Figure 2.5). However, caution
should be taken when running the reaction at higher pH as the reaction may lose selectivity for
the aniline side chain under more basic conditions. Under the optimized conditions, a high level
of modification (~85%, 150 modifications per capsid) could be achieved when 20 uM protein and
100 uM o-aminophenol polyethylene glycol (PEG) were incubated with 1 mM K,Fe(CN), at pH
6.0 for 20 min. To reach these high levels of conversion, it was critical to purify the o-aminophenol
substrate thoroughly as well as store the purified substrate at -20 °C before use (see the Materials
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Figure 2.4. Several iron(III) sources were tested for their ability to couple 0-aminophenols and anilines. Most Fe(III)
sources were either poorly soluble or unstable in water. Only ferricyanide and ferrocenium were competent oxidants

for the coupling.

and Methods section for details on purification).

Despite the mild nature of ferricyanide, we wanted to confirm that excess oxidant could be
completely removed from the bioconjugation reaction.’***** Using standard biomolecule purifica-
tion techniques, such as gel filtration and ion exchange, it was possible to remove all detectable
iron (< 0.1 uM, Figure 2.6). Chelex resin, which is commonly used to remove divalent cations from
aqueous solutions, did not remove excess ferricyanide. This is likely due to the inability of the car-
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Figure 2.5. Gel analyses of reaction optimization screens on model substrate pAF MS2. (a) A screen of the reaction
time indicated that the reaction reaches completion within 20-30 min at pH 6.5. (b) Additionally, a screen of common
buffer salts showed that the coupling reaction is insensitive to the buffer salt (1 = phosphate, 2 = HEPES, 3 = MOPS, 4
= Tris, 5 = TEA). (c) Optimization of the equiv of o-aminophenol revealed that high levels of conversion could be
achieved with 2.5-5 equiv o-aminophenol. (d) A screen of the buffer pH (from 5.5-8.5) demonstrated that the reaction
is not sensitive to pH. The varying levels of conversion between the screens can be attributed to the different levels of
purity of the o-aminophenol PEG.
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Figure 2.6. (a) ICP-OES analysis of iron removal after the reaction. Standard methods of biomolecule purification
sufficiently removed excess iron. Chelex resin, however, was not effective as it was not able to bind Fe** that remain
coordinated to the cyanide ligands. (b) SDS-PAGE analysis of the samples subjected to ICP-OES.

boxylic acid groups on the resin to displace the strongly coordinating cyanide ligands.
2.5 Computational studies

Computational studies of 1 indicated a strong preference (~10 kcal/mol) for the iminoquinone
tautomer shown relative to the o-quinone structure (Figure 2.7a). This was confirmed by NMR,
as only 1 was observed. Despite the presence of the imine moiety, iminoquinone 1 was found to
be resistant to hydrolysis and relatively stable with respect to nucleophilic attack. We attribute this
stability to a combination of two factors: (1) the imine carbon is rendered poorly electrophilic by
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Figure 2.7. (a) Computational studies and NMR analysis indicated that product 1 has a strong preference for the
tautomer shown. (b,c,d,e) The stability of the product was tested on MS2 after modification with o-aminophenol
5k-PEG. The capsids were treated with 10 mM additive for 18 h. SDS-PAGE, followed by Coomassie staining and
densitometry analysis (+5% accuracy), indicated a high degree of stability in the presence of reducing agents, acidic
and basic pH, and high temperature. Treatment with nucleophilic amines, however, resulted in signifcant reversal of
the addition.
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a high degree of electron donation from the alcohol lone pairs and (2) DFT calculations indicated
that the aromatic ring of the aniline is oriented perpendicular to the rest of the structure, which
aligns the sp*-hybridized nitrogen lone pair with the m-system. This latter effect results in a signifi-
cant reduction in the nitrogen atom basicity, and thus protonation of the imine group is disfavored.
The stability of the product was assayed by subjecting purified, modified protein (~80% modified)
to a range of nucleophilic and reducing additives, as well as acidic and basic pH (10 mM for 18 h
at room temperature) and increased temperature. Only in the presence of competing nucleophilic
amines, such as hydrazine, p-anisidine, and p-toluidine, was appreciable loss of product observed
(Figure 2.7). Exposure to a wide range of physiologically relevant pH values (4.0-10.0), glutathione,
or increased temperature (37 and 50 °C) for 18 h did not result in product loss, indicating the rela-
tive stability of the product (Figure 2.7). Additionally, no loss in product was observed after 7 days
of storage at room temperature at neutral pH.

2.6  Compatibility of ferricyanide coupling with cysteine

The ferricyanide-mediated coupling was also evaluated for its compatibility with cysteine
chemistry. In addition to the important biological role of cysteine, it is frequently a target for pro-
tein modification.'"'> We tested the ability of the ferricyanide-mediated coupling to be used in
conjunction with cysteine-maleimide chemistry following the scheme outlined in Figure 2.8a. A
cysteine introduced to the interior surface of bacteriophage MS2 capsids” was first modified with
a fluorescent maleimide (Alexa Fluor 488 C_-maleimide) and then subjected to the oxidative cou-
pling conditions. PEG and DNA o-aminophenol containing substrates were coupled to the fluores-
cently labeled viral capsid (Figure 2.8b,c). In 20 min, up to 150 copies of the aminophenol substrate
could be attached to the capsids while using only 5 equiv of the coupling partner.

We also confirmed that unmodified cysteines were still reactive after the oxidative coupling
step. T19pAF N87C MS2 capsids were first reacted with o-aminophenol 5k-PEG using either po-
tassium ferricyanide or sodium periodate, and were subsequently treated with a fluorescent ma-
leimide. After exposure to periodate, the cysteine no longer reacted with the maleimide; however,
after oxidative coupling with ferricyanide, the cysteine was successfully labeled with the fluoro-
phore (Figure 2.8d). To rule out the possibility that this reactivity was seen because the 5k-PEG
substrate was too large to diffuse into the interior of the capsids, we also verified that the cysteine
maintained reactivity after oxidative coupling with a small molecule aminophenol (Figure 2.8e). A
fluorescent rhodamine aminophenol substrate (7) was synthesized and reacted with T19pAF N87C
MS2 capsids. A spectrally separated fluorescent maleimide (Alexa Fluor 680 C -maleimide) was
then used to assay the reactivity of the cysteine. The modified protein was analyzed by SDS-PAGE
with two-color fluorescence detection. Only when ferricyanide was used as the oxidant was the
thiol moiety still reactive after the oxidative coupling step (Figure 2.8e).

2.7  Compatibility of ferricyanide oxidative coupling with 1,2-diols

The mild nature of ferricyanide increases the compatibility of the oxidative coupling reaction
with a broader scope of protein targets. Glycosylated proteins are attractive targets for modifica-
tion with synthetic molecules, with antibody-drug conjugates serving as a prominent example.>*>*!
While sodium periodate can be used to modify glycoproteins, it is also known to oxidize the 1,2-di-
ols found in sugars.** To test the ability of ferricyanide to modify glycosylated proteins with-
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Figure 2.8. (a) Schematic for the modification of both cysteine and pAF residues on the interior and exterior surfaces
of bacteriophage MS2 capsids, respectively. (b) Aminophenol coupling partners tested with the ferricyanide-mediated
oxidative coupling. (c) Coomassie-stained and fluorescent images of SDS-PAGE gels of functionalized MS2. The MS2
capsids were first labeled with Alexa Fluor 488 C.-maleimide followed by modification with the o-aminophenol
substrates shown in (b). The shifts in apparent molecular weight correspond to the addition of PEG or DNA. (d) MS2
capsids were first treated with a fluorescent maleimide for cysteine alkylation (a) or o-aminophenol PEG for oxidative
coupling (B). The modified proteins were then subjected to the other conditions (either a or §). The modified proteins
were analyzed by SDS-PAGE. The cysteine was not reactive if it was first treated with periodate. (¢) Coomassie-stained
and fluorescent images of SDS-PAGE gels of MS2 modified with a fluorescent maleimide (a) and a fluorescent o0-amin-
ophenol (B) under various conditions. The oxidative coupling reaction was carried out with K Fe(CN), or NalO,.

out this side reaction, an aniline moiety was first site-selectively introduced on the N-terminus of
an engineered antibody fragment (Fc). The Fc was transaminated using pyrodixal-5’-phosphate
(PLP), generating a uniquely reactive ketone at each N-terminus (Figure 2.9a).** This ketone
was then modified with an alkoxyamine-functionalized aniline for subsequent oxidative coupling.
The aniline-Fc, 10, was successfully PEGylated with a 5 kDa-PEG. The Fc was approximately 40%
modified when either periodate or ferricyanide was used to couple the o-aminophenol PEG to the
Fc (Figure 2.9b). The lower level of modification was likely due to increased sterics as the N-termini
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Figure 2.9. (a) Schematic for the modification of anilines introduced via transamination of the N-terminus. The
terminus was first converted to a ketone with pyridoxal-5’-phosphate (PLP). This ketone was modified with an alkoxy-
amine-functionalized aniline. The aniline then underwent oxidative coupling with o-aminophenol subtrates. (b) An
engineered antibody fragment (Fc) was subjected to the conditions shown in (a). Analysis of the modification with
o-aminophenol 5k-PEG by SDS-PAGE demonstrated the ability of ferricyanide to modify a complex glycoprotein
substrate. (c) The Fc sample was treated with either periodate or ferricyanide followed by a fluorescent alkoxyamine to
probe for reactive, oxidized sugars.

of the two Fc chains are in close proximity to each other.

The undesired glycan oxidation was probed by treating the Fc with either NaIO, or K,Fe(CN),
followed by a fluorescent alkoxyamine (Figure 2.9c).* After the oxidants were quenched with
TCEP at the indicated time, the oxidant treated protein was incubated with an aminooxy dye to
probe for reactive aldehydes formed as a byproduct of sugar oxidation. Exposure to periodate for 2
min resulted in a slight amount of oxidation of the glycan, with extensive oxidation observed after
1 h of exposure. No oxidation of the Fc was observed after treatment with ferricyanide even after
1 h of incubation. Glycopeptide standards were also used to assess the reactivity of periodate and
ferricyanide toward glycosylated substrates. Treatment of a glycosylated erythropoietin fragment
(EPO, 117-131) with K,Fe(CN), (1 mM) resulted in no oxidation of the GalNAc residue over the
course of 1 h (Figure 2.10a). Incubation of NalO, (1 mM) with glycosylated-EPO, however, resulted
in rapid oxidation of the O-linked sugar with complete oxidation observed in 1 h. To investigate
the compatibility of ferricyanide with 1,2-diols further, several additives were screened for their
effect on reactivity. Mannose, glucose, and glycerol had little to no effect on the ferricyanide-me-
diated coupling even at concentrations of 1 M (Figure 2.10b). Periodate reactivity was significantly
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Figure 2.11. (a) Time course of glycopeptide oxidation with periodate and ferricyanide. MALDI-TOF MS shows that
ferricyanide does not oxidize the glycopeptide standard over a period of 1 h. Exposure to NalO, results in sugar oxida-
tion after 5 min, with complete oxidation observed after 1 h. (b) The effect of 1,2-diols on both the ferricyanide and
periodate-mediated oxidative couplings was analyzed by SDS-PAGE. Ferricyanide is compatibile with mannose,
glucose, and glycerol, whereas the periodate-mediated reaction is inhibited at high concentrations of all three additives.

quenched in the presence of a vast excess of 1,2-diols. However, at lower concentrations (10 mM)
these additives could be used to protect glycoproteins from over-oxidation by periodate while still
allowing the desired oxidative coupling to take place, as previously reported.*

To optimize this oxidative coupling methodology, we used a small molecule based screen to
identify alternative oxidants for the coupling of o-aminophenols and anilines. Ferricyanide effi-
ciently performed the coupling on both small molecules and proteins. The updated coupling re-
action formed a single product with excellent conversion using only a few equivalents of the o-
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aminophenol coupling partner. The biomolecule compatibility of this reaction was demonstrated
with several protein and aminophenol substrates. Importantly, the ferricyanide-mediated coupling
of o-aminophenols and anilines was completely orthogonal to both thiol and 1,2-diol moieties,
facilitating its use with cysteine chemistry and glycosylated substrates. These attributes make the
reaction particularly appropriate for applications that require installation of two synthetic compo-
nents onto a protein. As an example, we demonstrated the dual modification of a viral capsid using
both cysteine-maleimide chemistry as well as the ferricyanide-mediated coupling. The oxidative
coupling reaction can also now reliably be used on glycoproteins, such as antibodies or antibody
fragments, without any undesired oxidation of the glycan. While the periodate-mediated coupling
is both unfailing and useful, the ferricyanide-mediated reaction can successfully be used in situ-
ations when NalO, is not compatible with the substrate. Taken together, both oxidative coupling
strategies offer valuable new ways to create nearly any complex bioconjugation target.

2.8 Materials and methods

General methods

Unless otherwise noted, the chemicals and solvents used were of analytical grade and were used
as received from commercial sources. K,Fe(CN)  was purchased from Sigma Aldrich and used
without further purification. Analytical thin layer chromatography (TLC) was performed on EM
Reagent 0.25 mm silica gel 60-F _, plates with visualization by ultraviolet (UV) irradiation at 254
nm and/or potassium permanganate stain. Purifications by flash chromatography were performed
using EM silica gel 60 (230-400 mesh). The eluting system for each purification was determined by
TLC analysis. Chromatography solvents were used without distillation. All organic solvents were
removed under reduced pressure using a rotary evaporator. Water (dd-H,0) used as reaction sol-
vent was deionized using a Barnstead NANOpure purification system (ThermoFisher, Waltham,
MA). Centrifugations were performed with an Eppendorf Mini Spin Plus (Eppendorf, Hauppauge,
NY).

Instrumentation and sample analysis

NMR. 'H and "*C spectra were measured with a Bruker AVB-400 (400 MHz, 100 MHz) or a Bruker
AV-600 (600 MHz, 150 MHz) spectrometer, as noted. 'H NMR chemical shifts are reported as 6
in units of parts per million (ppm) relative to CDCI, (8 7.26, singlet). Multiplicities are reported
as follows: s (singlet), d (doublet), t (triplet), dd (doublet of doublets), br (broad) or m (multiplet).
Coupling constants are reported as a J value in Hertz (Hz). The number of protons (n) for a given
resonance is indicated as nH and is based on spectral integration values. *C NMR chemical shifts
are reported as 6 in units of parts per million (ppm) relative to CDCI, (8 77.2, triplet).

Inductively Coupled Plasma Optical Emission Spectroscopy. ICP-OES was performed on a Perkin
Elmer 5300 DV optical emission ICP with a standard nebulizer system in the College of Natural
Resources at UC Berkeley. Scandium was used as an internal standard for each sample. Each sam-
ple was measured 3 times.

Mass Spectrometry. Matrix assisted laser desorption-ionization time-of-flight mass spectrometry
(MALDI-TOF MS) was performed on a Voyager-DE system (PerSeptive Biosystems, USA) and data
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were analyzed using Data Explorer software. Peptide samples were co-crystallized with a-cyano-
4-hydroxycinnamic acid in 1:1 acetonitrile (MeCN) to H,O with 0.1% trifluoroacetic acid (TFA).
Protein bioconjugates were analyzed using an Agilent 1200 series liquid chromatograph (Agilent
Technologies, USA) that was connected in-line with an Agilent 6224 Time-of-Flight (TOF) LC/MS
system equipped with a Turbospray ion source.

High Performance Liquid Chromatography. HPLC was performed on Agilent 1100 Series HPLC
Systems (Agilent, USA). Sample analysis for all HPLC experiments was achieved with an in-line
diode array detector (DAD) and in-line fluorescence detector (FLD). Analytical reverse-phase
HPLC of small molecules was accomplished using a C18 stationary phase and a H,O/ MeCN with
0.1% TFA gradient mobile phase. Quantitation was accomplished using calibration curves for p--
toluenesulfonic acid, purified reduced hydroquinone product 3, and purified butenolide product 2.

Gel Analyses. For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out on a Mini-Protean apparatus (Bio-Rad, Hercules, CA), using a 10-
20% precast linear gradient polyacrylamide gel (Bio-Rad). The sample and electrode buffers were
prepared according to Laemmli.*® All protein electrophoresis samples were heated for 5-10 min
at 95 °C in the presence of 1,4-dithiothreitol (DTT) to ensure reduction of disulfide bonds. Gels
were run for 75-90 minutes at 120 V to separate the bands. Commercially available markers (Bio-
Rad) were applied to at least one lane of each gel for assignment of apparent molecular masses.
Visualization of protein bands was accomplished by staining with Coomassie Brilliant Blue R-250
(Bio-Rad). For fluorescent protein conjugates, visualization was accomplished on Typhoon 9410
variable mode imager (Amersham Biosciences) prior to gel staining. Gel imaging was performed
on an EpiChem3 Darkroom system (UVP, USA). Image] was used to determine the level of modi-
fication by optical densitometry.

Small molecule synthesis

OH Synthesis of small molecule coupled product (1). To 90 mL of 10 mM phos-

o phate buffer, pH 6.5 was added 2-amino-p-cresol (12.4 mg, 0.1 mmol, purified

\©\N by sublimation and recrystallization from toluene) in 200 pL of MeCN and p-
toluidine (10.7 mg, 0.1 mmol, purified by sublimation) in 200 pL of MeCN. To

the stirred solution was added potassium ferricyanide (330 mg, 1 mmol, as a

solution in 10 mL dd-H,O). The reaction mixture was stirred at rt for 30 min, after which the
solvent was removed in vacuo and the resulting solid was taken up in CDCI, for characteriza-
tion. 'H NMR (600 MHz, CDCI,): § 7.20 (d, 2H, J = 8.2), 6.75 (d, 2H, ] = 8.0), 6.63 (s, 1H), 6.36
(s, 1H), 2.37 (s, 3H), 2.35 (s, 3H). "C NMR (150 MHz, CDCL,): 6 182.96, 158.70, 153.29, 151.55,
147.93, 135.41, 129.67, 127.44, 120.43, 101.16, 20.98, 18.49. HRMS (ESI) calculated for C ,H ,O.N

([M+H]*) 228.1019, found 228.1018 m/z.
Scheme 1. Synthesis of o-nitrophenol NHS ester 13.

OH
HN03 NO, NHS EDC
(o] ACOH CH2C|2
15°C
48% 94%
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OH Synthesis of nitrophenol acid (12). To a solution of 3-(4-hydroxyphenyl)propionic acid

NO; (5 g,30.1 mmol) in 25 mL acetic acid at 15 °C was added a solution of fuming nitric acid

o (1.6 mL, 33.8 mmol) in acetic acid (4 mL). The solution immediately turned orange.

After 15 min the reaction was quenched by addition to ice water. The precipitate was

filtered and dried. The yellow precipitate was recrystallized from 1:1 ethanol:water to

afford 3.07 g of a yellow powder (48% yield). 'H NMR (400 MHz, CDCL,): 6 10.47 (br s, 1H), 7.94

(d, 1H, ] = 1.9), 7.45 (dd, 1H, ] = 8.6, 1.9), 7.09 (d, 1H, J = 8.6), 2.94 (t, 2H, J = 7.4), 2.68 (t, 2H, ] =

7.4). P*C NMR (100 MHz, CDCL,): 6 178.22, 153.86, 138.11, 133.47, 132.60, 124.22, 120.27, 35.19,
29.37. HRMS (ESI) calculated for CCH,O.N ([M-H]) 210.0408, found 210.0410 m/z.

OH Synthesis of nitrophenol NHS ester (13). To a solution of 3-(4-hydroxy-3-nitro-
NO, phenyl)propionic acid (12) (1 g, 4.7 mmol) and N-hydroxysuccinimide (0.65 g, 5.7

o & mmol) in CH,Cl, at 0 °C was added N-(3-dimethylaminopropyl)-N"-ethylcarbodi-
oﬁn‘? imide hydrochloride (1.09 g, 5.7 mmol). The reaction mixture was stirred for 2 h

o and then diluted with CH,Cl, and washed with water. The combined organic layers

were dried over sodium sulfate and the solvent was removed in vacuo. The reaction

afforded 1.38 g of a yellow solid (94% yield). 'H NMR (400 MHz, CDCL,): § 10.49 (s, 1H), 7.98 (d,
1H,J=2.1),7.48 (dd, 1H, ] = 8.6, 2.1), 7.12 (d, 1H, J = 8.6), 3.05 (t, 2H, ] = 7.3), 2.93 (t, 2H, ] =
7.3), 2.83 (s, 4H). "C NMR (100 MHz, CDCL,): § 169.06, 167.56, 154.09, 138.00, 133.54, 131.40,

124.52, 120.49, 32.48, 29.43, 25.70. HRMS (ESI) calculated for C_H, O.N, ([M-H]") 307.0572,
found 307.0568 m/z.

NH, Synthesis of aniline alkoxyamine (14). The alkoxyamine was synthesized as pre-
viously reported.*’ To a solution of (Boc-aminooxy)acetic acid (280 mg, 1.5 mmol)
y and N-hydroxysuccinimide (168 mg, 1.5 mmol) in CH,CI, was added N,N-dicy-
N\n/\ONH2 clohexylcarbodiimide (363 mg, 1.7 mmol). The reaction mixture was stirred at
0 rt for 15 min and then was filtered through Celite and a 0.22 micron PVDF sy-
ringe filter. To the filtered solution was added triethylamine (550 pL, 4 mmol) and
2-(4-aminophenyl)ethylamine (430 mg, 3.1 mmol). After 1 h of stirring the solvent was removed in
vacuo. Purification on silica gel with ethyl acetate as the mobile phase yielded 294 mg (65% yield) of
the product. 'H NMR (600 MHz, CDCL,): 6 6.94 (d, 2H, ] = 8.2), 6.56 (d, 2H, ] = 8.2), 4.19 (s, 2H),
3.40 (m, 2H), 2.68 (m, 2H), 1.41 (s, 9H). *C NMR (150 MHz, CDCIl,): 6 169.06, 157.78, 144.75,
129.41, 128.60, 115.29, 82.41, 75.73, 40.77, 34.62, 28.04. HRMS (ESI) calculated for C_H_O,N,
([M+H]*) 310.1761, found 310.1765 m/z. The Boc group was removed by exposure to a 1:1 mixture
of trifluoroacetic acid (TFA):CH,CI, for 10 min. The solvent was removed under a stream of N,
and the resulting oil was put under vacuum overnight to remove residual TFA. The alkoxyamine
was stored as a 200 mM solution in water. Before use with proteins, the solution was diluted with
phosphate buffer to adjust the pH to 4.0-6.0.

Aminophenol substrate synthesis

Synthesis of 0-aminophenol PEG (4: 2k-PEG, 5: 5k-PEG). Toa solution of mPEG-NH, (MW=5000,
115 mg, 0.023 mmol) in CH,Cl, (1 mL) was added triethylamine (7 uL, 0.05 mmol) and 13 (99 mg,
0.32 mmol as a 0.4 M solution in DMSO). The solution was stirred for 2 h at rt and then the solvent
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was removed in vacuo. Excess 13 was precipitated by the addition of water. The resulting solution
was filtered through a 0.22 micron filter and three Sephadex size exclusion columns (one NAP-10
and two NAP-25, GE Healthcare) according to the manufacturer’s instructions. The modified PEG
was further purified by precipitation from CH,Cl, with Et O three times. Reduction of the nitro-
phenol was accomplished with sodium dithionite. To a 1 mM solution of the modified PEG was
added an equal volume of a freshly prepared 120 mM solution of sodium dithionite in 100 mM
phosphate buffer, pH 6.5. Excess dithionite was removed by purification with three Sephadex size
exclusion columns. The purified aminophenol PEG was lyophilized and resuspended in 10 mM
phosphate buffer, pH 7.2. The concentration was adjusted to 1 mM by measuring the aminophenol
absorbance at 290 nm. The final solution of 0-aminophenol PEG was stored in single-use aliquots
at -20 °C until use. An analogous procedure was followed for the synthesis of a 2k version of the

Scheme 2. Synthesis of o-aminophenol substrates.
OH OH

NO, Na,S,0,4 NH,
—
o) o)
N/\/°~[./\01'\/°\ N/\/°~[/\o‘l'\/°\
R n H n

mPEG-NH,
4 and 5

Rhodamine B
piperazine amide

o-aminophenol PEG.

Synthesis of o-aminophenol DNA aptamer (6). To a solution of 5 amine modified DNA (se-
quence : 5(NH,) - ATCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGA - 3’) in 50
mM phosphate buffer, pH 8.0 (312 uM, 4 mg/mL) was added an equal volume of 13 (38.4 mM, in
4:1 DMF:DMSO). The reaction mixture was briefly vortexed and incubated at rt for 1.5 h. The reac-
tion mixture was filtered through a 0.22 micron filter to remove any precipitate. Excess small mol-
ecule was removed by filtration through a Sephadex size exclusion NAP-5 column, pre-equilibrated
with 10 mM phosphate buffer, pH 6.5. The nitrophenol was reduced by the addition of sodium
dithionite (5.3 pmol, 53 pL of a freshly prepared 100 mM solution in 100 mM phos buffer pH 6.5)
with an incubation at rt for 20 min. Removal of the dithionite and any remaining small molecule
was accomplished by two successive filtrations on Sephadex columns. The purified o-aminophenol
DNA was lyophilized and resuspended in 30 puL of 10 mM phosphate buffer, pH 7.2 to an approxi-
mate concentration of 1 mM o-aminophenol. The modified DNA was stored at -20 °C until use.

34



Synthesis of o-aminophenol rhodamine (7). To a solution of Rhodamine B piperazine amide*
(50 mg, 0.1 mmol) in DMF (1 mL) was added diisopropylethylamine (35 pL, 0.2 mmol) followed
by 13 (30 mg, 0.1 mmol). After stirring for 2 h the solvent was removed in vacuo. The product was
purified on silica gel with a gradient of CH,Cl,:CH,OH (0 to 10% CH,OH). HRMS (ESI) calculated
for C, H,ON, ([M+H]*) 704.3433, found 704.3436 m/z. To a 1 mg portion of 7 in 100 uL of 100
mM phosphate buffer, pH 6.5 was added an equal volume of a freshly prepared 100 mM solution
of sodium dithionite in 100 mM phosphate buffer, pH 6.5. After 20 min, the excess dithionite was
removed by purification on a C18 Sep-Pak (Waters) according to the manufacturer’s instructions.
The eluent was concentrated to dryness. The rhodamine aminophenol was resuspended in DMF
and stored frozen as a 50 mM solution.

Protein expression and purification

Expression and purification of wt and T19Y MS2. The empty capsids were expressed and purified
as previously reported.*® Briefly, the DNA for the wild type and T19Y MS2 coat protein were cloned
into pBAD/myc plasmids. The plasmids were transformed into DH10B cells for expression. The
cells were grown in 1 L LB with 100 pg/L ampicillin with 0.05% arabinose for 18 h at 37 °C. The cells
were collected by centrifugation and resuspended in 20 mM taurine buffer, pH 9.0 supplemented
with 200 ug DNase I and RNase A and 24 mg MgCl,. The cells were lysed by sonication. The cell de-
bris was removed by centrifugation. The clarified lysate was applied to a DEAE-Sephadex column
(GE Healthcare). Fractions containing MS2 were combined and precipitated with 10% w/v PEG-6k
with 0.5 M NaCl at 4 °C overnight. The precipitated protein was collected by centrifugation, resus-
pended in 10 mM phosphate buffer, pH 7.2, and further purified on a Sephacryl-500 gel filtration
column (GE Healthcare).

Expression and purification of T19pAF and T19pAF N87C MS2. The MS2 capsids with the un-
natural amino acid were expressed and purified as previously reported.”® The plasmid containing
the amber stop codon mutation in the MS2 coat protein was co-tranformed into DH10B cells with
the pDULE plasmid containing the pAF aminoacyl tRNA synthetase and tRNA. The expression
was carried out in minimal media, following the published protocol.* The purification was as de-
scribed above for the wt and T19Y mutants; however the purification procedure was completed
two times to afford pure capsids. Approximately 10-15 mg of purified protein was recovered per L
of expression culture.

Expression and purification of AKT-Fc. The antibody fragment, AKT-Fc, was expressed in HEK-
293 cells and purified as previously reported.*

Protein modification

Transamination and oxime formation of AKT-Fc. To a solution of AKT-Fc in 25 mM phosphate
buffer, pH 6.5 (50 pL, 50 ug) was added an equal volume of a 200 mM solution of pyridoxal-5’-
phosphate (PLP) in phosphate buffer, pH 6.5. The resulting solution was incubated for 1 h at 37
°C. Excess PLP was removed by a NAP-5 Sephadex size exclusion column (GE Healthcare). The
transaminated protein was exchanged into 25 mM phosphate buffer, pH 5.0 by repeated centrifugal
filtration against a 10 kDa MWCO membrane. To the transaminated Fc was added an equal volume
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of a 50 mM solution of aniline alkoxyamine 14. The solution was incubated at rt for 48 h.

Disulfide exchange with Ellman’s reagent. Free cysteines were protected from potential oxida-
tion by disulfide formation with Ellman’s reagent (5,5 -dithiobis-(2-nitrobenzoic acid), DTNB). To
a solution of T19pAF N87C MS2 (100 pL of a 50 uM solution) was added DTNB (100 pL of a 10
mM solution in 100 mM phosphate buffer, pH 7.2 with 1 mM EDTA). The reaction mixture was
incubated at rt for 1 h and then the excess DTNB was removed by repeated (3-6 times) centrifugal
filtration against a 100 kDa MWCO membrane. To reduce the disulfide, 1 pL of a 0.5 M solution of
TCEP, pH 7.0 was added to the protein sample.

General procedure for oxidative coupling on proteins. To a solution of aniline containing pro-
tein (pAF MS2, aniline-Fc, 5-20 uM) in 10 mM phosphate bufter, pH 6.5 was added 5-10 equiv of
the o-aminophenol coupling partner (50-100 uM). The solution was briefly vortexed and then 5-10
equiv (relative to the o-aminophenol) of potassium ferricyanide (as a 10 mM solution in 10 mM
phosphate buffer, pH 6.5) was added. After 20 min, the reaction mixture was purified on a NAP-5
Sephadex size exclusion column (GE Healthcare) according to the manufacturer’s instructions and
eluted in 10 mM phosphate buffer, pH 7.2. Any remaining ferricyanide and unreacted o-aminophe-
nol coupling partner were removed using a 0.5 mL centrifugal filter with an appropriate molecular
weight cut oft (MWCO, Millipore). The samples were concentrated to 50 pL and then diluted 10-
fold with 10 mM phosphate buffer, pH 7.2. This process was repeated 5-10 times depending on the
concentration of o-aminophenol used. Modification was monitored by SDS-PAGE or LC-MS.

Cysteine alkylation with fluorescent maleimides. A solution of T19pAF N87C MS2 (100 uM) in
10 mM phosphate bufter, pH 8.0 was incubated with 1 equiv of an Alexa Fluor maleimide (Alexa
Fluor 680 C -maleimide or Alexa Fluor 488 C,-maleimide, 20 mM in DMSO) for 2 h. Unreacted
dye was removed with a NAP-10 Sephadex size exclusion column (GE Healthcare) and by repeated
centrifugal filtration against a 100 kDa MWCO membrane.

Fc oxidation and oxime formation. To a solution of AKT-Fc (9 uL, 3 pg) in 10 mM phosphate buf-
fer was added either sodium periodate or potassium ferricyanide (1 uL of a 10 mM solution). The
reaction mixture was incubated for 2-60 min before the addition of 1 pL of 0.5 M TCEP, pH 7.0.
After quenching the oxidant, 1 uL of a 6 mM solution of Alexa Fluor 488 C,-aminooxyacetamide
was added. The oxime formation reaction was incubated at rt for 4 h before analysis by SDS-PAGE.

Other procedures

Glycopeptide oxidation. To a solution of glycosylated peptides (9 uL of a 3 uM solution of glyco-
sylated erythropoietin, MUC5AC 3, and carcinoembryonic antigen CGM2, Protea Biosciences,
USA) was added either sodium periodate or potassium ferricyanide (1 pL of a 10 mM solution).
The reaction mixtures were incubated for 5-60 min and were then co-crystallized with matrix on a
MALDI plate for analysis. Signal was only observed for glycosylated erythropoietin (Figure 2.11).

Removal of ferricyanide and quantification with ICP-OES. To a solution of T19pAF N87C MS2
(1.2 mL, 120 nmol) in 10 mM phosphate bufter, pH 7.2 (4.68 mL) was added 2-amino-p-cresol (60
uL, 0.6 umol) followed by potassium ferricyanide (60 pL, 6 umol). The reaction mixture was incu-
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bated for 15 min at rt and then divided in to 6 portions. The first portion was not subjected to any
purification. The second portion was purified by repeated centrifugal filtration (8 times) against
a 0.5 mL 100 kDa MWCO membrane. The third portion was purified by using a Sephadex NAP-
25 size exclusion column. The fourth portion was purified by a 1 h incubation with 0.5 g of anion
exchange resin (Amberlite” IRA-900 chloride form, Sigma Aldrich) pre-rinsed with dd-H,O. The
fifth portion was purified in the same manner as the fourth portion with the exception that Chelex®
100 resin (Bio-Rad) was used instead of the anion exchange resin. The sixth and final portion was
purified by HPLC using a Yarra gel filtration column (Phenomenex). After purification, all of the
samples were diluted to 5 mL for analysis by ICP-OES. A reaction was also run without ferricyanide
as a negative control.

DFT calculations. Jaguar (Maestro v. 9.3.5) was used to calculate the gas phase Gibbs free energies
of the two tautomers of the small molecule product 1. The basis set used was B3LYP/6-311G***.
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Chapter 3
Oxidative Coupling to Native Amino Acids

Abstract

The oxidative coupling of electron-rich aromatic molecules, such as o-aminophenols, to aniline
residues has been used to site-selectively modify proteins for a variety of applications (as discussed
in Chapter 2). However, these methods all require introduction of an artificial amino acid, p-amin-
ophenylalanine. This chapter describes the discovery and optimization of oxidative coupling condi-
tions for the modification of native amino acids. The N-terminal amino group was identified as the
reactive functional group on peptide and protein substrates. The effect of the N-terminal residue on
reactivity was assessed and the secondary amine of N-terminal proline was identified as the most
reactive residue. The reaction was characterized on small molecule, peptide, and protein substrates.
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3.1  Site-specific modification of proteins

As outlined in the previous two chapters, the synthetic modification of proteins enables the con-
struction of hybrid materials that can be used in applications from the study of protein function' to
the development of potent, targeted therapeutics.? The synthesis of these materials requires a suite
of bioconjugation reactions suited for the application at hand. These reactions must take place in
mild, aqueous conditions in the presence of the native functional groups present on the protein
surface. Common methods for protein modification target the nucleophilic side-chains of lysine
and cysteine.’> However, these strategies can result in complex product mixtures, as lysine is often
found in high abundance on the protein surface,® and cysteine is often critical for native structure
and function. While these limitations may be acceptable for some applications, often site-selective
modification of the protein is required.

As discussed in Chapter 2, one approach for the site-selective modification of proteins relies
on the introduction of an artificial amino acid with reactivity that is orthogonal to the native ami-
no acids. A number of powerful methods have been developed for the selective modification of
azide,”" alkyne,’'*alkene,'*""” carbonyl,'" and aniline***! moieties. However, the difficulty of in-
troducing a non-canonical amino acid can limit the application of these methods. Complementary
approaches rely on site-selective modification of native amino acids by enzymes*~*” or by targeting
the protein termini.*** A robust method for the modification of C-terminal thioesters with N-
terminal cysteines, termed “native chemical ligation” was developed by Kent and co-workers. This
method has been used for the semi- and total synthesis of complex protein substrates, including the
synthesis of a single glycoform of human erythropoietin. As an alternative approach, we and others
have developed methods for the selective modification of the N-terminal amino group.”*~ These
methods, however, typically require long reaction times, large excesses of reagent, and at least two
steps for the conjugation of synthetic molecules. We have long sought a method that both targets
the N-terminus and directly modifies the terminus in one step.

The oxidative coupling reaction described in the previous chapter features rapid addition of
anilines to iminoquinone intermediates generated by NalO, or K,Fe(CN), (Scheme 1). The che-
moselectivity of the coupling most likely derives from the ability of aniline to act as a nucleophile
at pH values (6.0-6.5) that leave other protein residues protonated, and thus non-nucleophilic.’ In
the course of developing the reaction with K Fe(CN),, we discovered that native amino acids can
participate in the reaction at elevated pH. Additionally, the addition of o-aminophenols and cat-
echols to native amino acids was known dat-
ing back to 1948.-** Based on these reports Scheme 1. Oxidative coupling with 0-aminophenols.
and our success with aniline-based couplings,

we sought to develop a robust method for the f\@\ e‘\@ Lo
modification of native amino acids with o- y Nﬁ;f
aminophenols. 0 L
Covered in this chapter, we examined the S fJ\L,/E\NHZ N
reactivity of o-aminophenols with native ami- @ -—> ¢ s g\n/\N,C;é
no acids.We found that at pH 7.5 N-terminal e e °
amino groups can be selectively targeted for \ 2
oxidative coupling to o-aminophenols and o- a)l\(_“} i Mo
catechols. We identified conditions that pref- pH7S ENK‘;'(
erentially modify the N-terminus with fast sec- -
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ond order kinetics. Peptide substrates were used to screen reaction conditions and identify the site
of modification. A panel of N-terminal variant peptides was screened to determine the sequence
specificity of the reaction and proline was identified as the optimal N-terminal amino acid. The
reaction was applied to protein substrates and showed high levels of conversion with an N-terminal
proline residue. This new bioconjugation reaction enables the facile, rapid modification of proteins
creating a well-defined, stable linkage.

3.2  Discovery of native amino acid reactivity

We have previously identi-
fied o-aminophenols and o-
catechols as efficient coupling
partners for the oxidative
modification of aniline resi-
dues as covered in Chapter 2.*!
The mild oxidant, K,Fe(CN),,
reported there expands the
scope, convenience, and scal-
ability of the reaction. In
the course of optimizing the
oxidative coupling, we ob-
served low amounts of back-
ground reactivity with native
amino acids. This side reac-
tivity could be prevented by
performing the bioconjuga-
tion at pH 6.0-6.5 (Figure 2.3).
Addition of imidazole to the
reaction also inhibited the re-
activity with native amino ac-
ids. While we had previously
identified conditions that en-
abled the selective modifica-
tion of aniline side chains, we
hypothesized that conditions
could also be found to modify
native residues.

3.3  Screening reactivity
on peptide substrates

The ability of native ami-
no acids to undergo oxidative
coupling with o-aminophe-
nols was first assayed using
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Figure 3.1. The effect of pH on the reactivity of the N-terminus with
o-aminophenols was tested. Angiotensin I (100 pM) was reacted with
2-amino-p-cresol (100 uM) in the presence of K,Fe(CN), (1 mM) in 10
mM phosphate buffer at a pH range of 5.5-8.5 (expected mass addition =
+120).

42



peptide substrates. Angiotensin I and melittin were chosen initially as they contained many poten-
tially reactive amino acids, including Lys, Arg, His, Trp, and Tyr. The peptides were reacted with
2-amino-p-cresol using K Fe(CN), as the oxidant. The reaction pH was varied from 5.5 to 8.5 and
the reactions were analyzed by MALDI-TOF MS (Figure 3.1). The level of modification increased
with the basicity of the reaction, with near quantitative modification of angiotensin I at pH 7.5 and
higher. Throughout these initial investigations it was noted that angiotensin and melittin showed
significant differences in reactivity, with angiotensin consistently demonstrating better conversion.
MS/MS analysis of modified angiotensin was used to identify the reactive functional group and
revealed that the N-terminal residue was responsible for the observed reactivity (Figure 3.2). As
further confirmation of the site-selectivity, several peptide substrates were screened for reactivity
(Figure 3.3). The only peptide that did not react had a blocked, pyroglutamate N-terminus.
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the a ions (with neutral losses of ammonia) are shown in purple. The analysis is consistent with modification at the

N-terminus.
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Figure 3.3. Several peptides were screened for their ability to react with o-aminophenols in the presence of ferricya-
nide. Reactions were run with approximately 0.1 mM peptide, 0.1 mM o-aminophenol and 1 mM ferricyanide in phos-
phate buffer, pH 7.5. All of the peptides showed some degree of modification (expected mass addition = +120), with

the exception of the hypertrehalosemic neuropeptide. Potassium adducts were frequently observed (+38). The only
consistent functional group amongst the peptides that modified but was not present in the peptide that did not was a

free N-terminus.
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Figure 3.4. Peptides were screened in several different buffers at pH 7.5 to determine the buffer salt compatibility of
the reaction. Most buffers showed no effect on the reaction, however a few buffers inhibited the reaction. The buffers
that diminished reactivity generally contained a morpholino or piperazine moiety. Reactions were run with approxi-
mately 0.1 mM peptide, 0.1 mM o-aminophenol, and 1 mM ferricyanide at pH 7.5 for 30 minutes.

The oxidative coupling conditions were then optimized on peptide substrates. Several buffer
salts were screened for compatibility with the reaction. While most buffers did not effect the reac-
tion, imidazole and buffers containing a morpholine or piperazine ring (PIPES, HEPES, HEPPS,
and MOPS) significantly impeded the reaction (Figure 3.4). This is possibly due to buffer impu-
rities (such as secondary amines) that inhibit reactivity or competitively react with the oxidized
aminophenol. In addition, it was shown that the peptides could be modified using NalO, as the oxi-
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1294 reaction pH % modified 1294 M+120 reaction pH % modified
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Figure 3.5. The effect of pH on oxidative coupling to the N-terminus was tested. (a) Angiotensin I (100 pM) was
reacted with 2-amino-p-cresol (100 uM) in the presence of NaIO, (1 mM) in 10 mM phosphate buffer at a pH range of
5.5-8.5. (b) Angiotensin I (100 uM) was reacted with 4-methylcatechol (100 uM) in the presence of K,Fe(CN), (1 mM)
in 10 mM phosphate buffer at a pH range of 5.5-8.5 (expected mass addition = +120).
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Pty > 56 (Figure 3.6). The reaction reached
“’221120 completion after only 20 min. We
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1294 1451 10 84 of the N-terminal residue on reac-
M+120 tivity.
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M+H
1294 1451 s 83 3.4 Positional scanning
M+120
1414 Given the differential reactiv-
M+H ity observed on peptide substrates,
1294 1451 . . . .
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N::}ff N-terminal residues (XADSWAG)
M+H to determine the specificity of the
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1414 increase the mass of the peptide and
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were synthesized on the solid phase
using standard Fmoc synthesis,
cleaved from the resin and purified
by HPLC. After purification, the

conditions : 100 uM peptide, 100 uM aminophenol,
1 mM ferricyanide, 10 mM phosphate buffer pH 7.5

Figure 3.6. The time course of the reaction was assayed using angio- peptides were resuspended in phos-
tensin [ as a substrate. The reactions were co-crystallized with matrix phate buffer, pH 7.5, adjusted to a
on a MALDI plate at the indicated time (expected mass addition = concentration of 1 mM. and stored
+120).

at -20 °C until use. To assess the ef-
fect of the N-terminal residue on
reactivity, the peptides (100 uM) were treated with 2 equiv of a small molecule 0-aminophenol,
2-amino-p-cresol (200 uM) in the presence of K,Fe(CN) (5 mM) in phosphate buffer, pH 7.5
(Figure 3.7a). The reactions were performed in triplicate and the modification was monitored by
LC-MS (see Figure 3.7b for representative MS data for the modified peptides). Most N-terminal
amino acids showed high levels of conversion (60-90%), but proline stood out as the only residue
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that reached nearly complete modification (90-100%).

Optimization of the equivalents of o-aminophenol demonstrated that conversion was highest
when using 2-5 equiv of the coupling partner (Figure 3.7¢c). Using more than 5 equiv of the amino-
phenol resulted in lower levels of modification of the peptide. This is most likely due to the ability
of the aminophenol to react with itself at higher concentrations (appx. 1 mM). When using 10
equiv of the o-aminophenol we observed a product with a mass that corresponded to the condensa-
tion of 3 aminophenols (344 Da).

We also investigated possible differences in rates of reactivity between N-termini. The reac-
tion of 2-amino-p-cresol with three different peptides was monitored over the course of 1 h (Fig-
ure 3.7d). The peptides (100 pM) were treated with 2 equiv of the o-aminophenol (200 uM) in
the presence of ferricyanide (5 mM) and aliquots were quenched with excess tris(2-carboxyethyl)
phosphine (TCEP) at the indicated time points. The proline terminal peptide not only reached the
highest conversion, but also did so in a significantly shorter time than the other termini. Despite ef-
forts to optimize conditions for all N-termini, proline still stood out as the most reactive terminus.
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Figure 3.7. (a) A positional scan of the N-terminal amino acid was evaluated. Peptides with the sequence XADSWAG
were tested for reactivity with 2-amino-p-cresol. The reactions were run with 100 uM peptide, 200 uM aminophenol,
and 5 mM ferricyanide at pH 7.5 and analyzed by LC-MS. The same peptides were used for (c) and (d). (b) Representa-
tive MS traces used to quantify the percent modification. (c) Reactivity was highest when 2-5 equiv of 0-aminophenol
were used. When more equiv were used, trimerization of the aminophenol predominated. (d) The reaction on peptides
required 15-60 min to reach completion, depending on the N-terminal amino acid. (e) The stability of the proline
product was assayed by LC-MS. Modified PADSWAG was treated with 10 mM additive (reductant or nucleophile) or
buffer (acidic or basic pH) for 8-18 h.
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3.5 Reaction characterization with small molecule mimics

The reaction of N-terminal amines with o-aminophenols was characterized using small mol-
ecule mimics. The methyl esters of phenylalanine (H-Phe-OMe) and proline (H-Pro-OMe) were
coupled to 2-amino-p-cresol using ferricyanide at pH 7.5. The crude products were characterized
by two-dimensional NMR analyses and high-resolution mass spectrometry. Crude '"H NMR spec-
tra revealed that the products were formed with very high and clean conversion (Figure 3.14). The
primary amine of H-Phe-OMe formed an iminoquinone product analogous to the one formed
with aniline coupling partners (Figure 3.15). The secondary amine of proline prevents the forma-
tion of the p-iminoquinone, and thus forms o-quinone product 3 (Scheme 1, Figure 3.16). Given
the different linkage obtained with proline, we verified the stability of the product to a variety of
conditions. The proline terminal peptide, PADSWAG, was first modified with 2-amino-p-cresol.
After purification, the modified peptide (100 uM) was exposed to reductants, nucleophiles and
acidic and basic pH (10 mM additive or buffer). After 8-18 h of treatment the peptides were ana-
lyzed by LC-MS. No loss of product was observed under any of the conditions tested, demonstrat-
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Figure 3.8. Characterization of the oxidative coupling reactions using small molecules. (a) Amine coupling partners
were reacted with 4-methylcatechol as a model substrate. The reaction was followed by monitoring the product absor-
bance at 520 nm. Reactions were run under pseudo-first order conditions with 100 uM catechol, 1 mM amine, 100
mM ferricyanide, in 50 mM phosphate buffer. (b) A peptide containing both an N-terminal proline as well as a p-amin-
ophenylalanine residue (PAD(pAF)SWAG) was tested for reactivity with 2 equiv of 2-amino-p-cresol at pH 6. An
aliquot of the reaction was quenched and analyzed by LC-MS. The remainder of the reaction was purified and then
reacted with 2 equiv of the aminophenol at pH 7.5 and then analyzed by LC-MS. (c) The relative reactivity of pAF
residues and N-terminal residues was evaluated under several conditions. Proteins (20 tM) were reacted with 4 equiv
of 2-amino-p-cresol (80 uM) with 1 mM ferricyanide in 10 mM buffer at the indicated pH for 30 min (reactions with
imidazole contained 10 mM of the additive). Reactions with myoglobin are shown on the left and reactions with
AG-TMV are shown on the right.
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ing the hydrolytic stability of the product (Figure 3.7¢).
In the process of characterizing the reaction products, it was observed that upon addition of
ferricyanide the reaction mixture quickly turned a deep red. This provided means to monitor the
progress of reaction. The different amine coupling partners — p-toluidine, H-Pro-OMe, and H-
Phe-OMe - were reacted with 4-methylcatechol and the absorbance of the resulting solution was
monitored at 520 nm to determine their relative rates of
reactivity (Figure 3.8). The catechol substrate was used 1201
for these studies to simplify the rate law by eliminating ]

—_
o
o

. . . 80 Trial 1
the imine hydrolysis step. The reactions were run un- Trial 2
der pseudo-first order conditions with 0.1 mM catechol 0 Trial 3

[aminophenol, uM]
o
o

and 1 mM amine coupling partner in the presence of 20 K=aaxaMTs

10 mM ferricyanide. When the reaction was carried out o+

at pH 6.0, only the aniline coupling partner underwent 0 500 15?_0 2500 3500
ime, s

rapid coupling with the catechol. However, at pH 7.5
all three amines reacted efficiently with the catechol.
The aniline coupling partner demonstrated the fastest

Figure 3.9. Plot of calculated aminophenol
concentration vs. time used to determine the
second-order rate constant.

coupling (< 30 s). The reaction with the proline analog

reached completion nearly as rapidly (appx. 2 min), while the reaction with the primary aliphatic
amine of phenylalanine required slightly longer reaction times (appx. 10 min). This demonstrates
that the reaction can exhibit very high selectivity for aniline residues when it is carried out at low
pH or for short reaction times.

In addition by quantifying the formation of product by absorbance, we were able to measure
the second-order rate constant for the proline-based coupling (Figure 3.9). Reaction of 1 equiv of
H-Pro-OMe (0.1 mM) and 1 equiv of 4-methylcatechol (0.1 mM) with 100 equiv of K Fe(CN), (10
mM) was performed in triplicate at 25 °C. The second order rate constant for the coupling of H-
Pro-OMe and 4-methylcatechol with ferricyanide was determined to be 44 + 4 M' s'. While pro-
line reacted rapidly with the electron-rich coupling partner, the small molecule studies indicated
that aniline should react faster. The rate for the aniline reaction was too fast under these conditions
to determine the second-order rate constant accurately. We next tested the relative reactivity of ani-
lines and N-terminal amines on peptide and protein substrates to verify this preferential reactivity.
3.6  Preferential reactivity with aniline
Given the differences in reactivity observed at pH 6.0 and 7.5, we hypothesized that it was pos-
sible to modify the aniline side chain of p-aminophenylalanine (pAF) and the N-terminal proline
amine sequentially. To test this hypothesis we synthesized a peptide containing both reactive moi-
eties (PAD(pAF)SWAG). Only one modification was observed when the peptide was treated with
2-amino-p-cresol at pH 6.0 (Figure 3.8b). After modification at pH 6.0, the peptide was purified
and subsequently treated with 2-amino-p-cresol at pH 7.5. Reaction at higher pH enabled a second
modification of the peptide substrate.

The preferential reactivity with aniline side chains was also probed using protein substrates.
The differential reactivity was investigated by comparing the reactivity of a protein containing a
PAF residue to proteins without the artificial amino acid. The pAF residue was introduced into
the coat protein of bacteriophage MS2, as described in the prior chapter. Myoglobin and a mu-
tant of the tobacco mosaic virus (TMV) coat protein were used as native protein substrates. Reac-
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Figure 3.10. Protein modification with o-aminophenols. (a) The N-terminus of proteins was PEGylated using
o-aminophenol-functionalized 5 kDa PEG and ferricyanide. Modification of wild type proteins with 5 kDa o-amino-
phenol-PEG was monitored by SDS-PAGE. (b) A proline was introduced to the N-terminus of GFP. Reactivity with
o-aminophenol-PEG was monitored by SDS-PAGE. The proline terminal variant showed much higher levels of modifi-
cation than the wild-type protein. No modification of N-terminal proline-GFP occurred at pH 6.0. (c) Mutants of TMV
were reacted with 5 equiv of 2-amino-p-cresol with 1 mM K,Fe(CN), for 30 min and analyzed by LC-MS.

tions with 2-amino-p-cresol were either performed on the isolated, individual proteins or with the
aniline containing protein mixed with the native protein substrate (Figure 3.8¢c). Addition of the
aniline containing protein to the native protein decreased the N-terminal reactivity. In addition,
MS2 showed significantly higher reactivity at all of the pHs tested, confirming that the oxidative
coupling with o-aminophenols reacts preferentially with aniline residues.

3.7  Application of N-terminal oxidative coupling to proteins

The oxidative coupling reaction was first tested on proteins with native N-termini. Several pro-
tein substrates were reacted with o-aminophenol-functionalized 5 kDa PEG to evaluate the reac-
tion on proteins (Figure 3.10a). The native proteins showed moderate levels of reactivity, which
could be attributed to non-accessible N-termini or simply to the less reactive N-terminal residues.
To test if proline-terminal proteins were more reactive, a proline residue was introduced to the N-
terminus of GFP and the TMV coat protein. The N-termini were also slightly extended from the
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Figure 3.11. Optimization of the oxidative coupling on proteins was quantified by SDS-PAGE. The reactivity was
assayed on a protein with the optimized proline terminus (proline-GFP) and one with its native terminus (myoglobin).
Reactions were run with 20 uM protein, 200 uM o-aminophenol PEG and 5 mM oxidant and were quenched by the
addition of loading buffer after 30 min. Both (a) ferricyanide and (b) periodate were tested as oxidants for this reaction.
(c) Several buffer salts were tested for their effect on the reactivity (1 = MOPS, 2 = phosphate, 3 = TES, 4 = HEPES, 5
= Tris, 6 = bicine). (d) The reaction was monitored at various time points to determine the time course of the reaction.
Aliquots of the reaction were taken out at the indicated time point and quenched by the addition of loading buffer.

native sequences to improve the accessibility of the N-termini (addition of PKT for GFP and PAG
for TMV). The N-terminal extensions were chosen based on prior work on the optimization of
pyrdoxial-5’-phosphate (PLP) mediated transamination.”?* The proline-GFP was treated with a
variety of conditions to determine the specificity of the reaction (Figure 3.10b). Only at basic pH in
the presence of both the o-aminophenol substrate and the oxidant was modification observed. Ad-
ditionally, the proline-terminal variant showed significantly improved reactivity compared to that
of the wild-type N-terminus. These high levels of modification were maintained even when only
1-2 equiv of the o-aminophenol PEG were used.

Reaction conditions for both native and proline terminal proteins were optimized by screening
reactivity on myoglobin and proline-GFP. The reaction time, buffer, and pH were screened (Fig-
ure 3.11). Similar to the results obtained with peptide substrates, the reaction reached completion
after appx. 15-30 min. In addition, most buffer salts tested were compatible with the reaction with
the exception of buffers containing morpholine (MOPS) or piperazine moieties (HEPES) as was
observed with peptide substrates. These buffers decreased the level of modification slightly, but did
not completely inhibit reactivity. The effect of reaction pH was tested using both K,Fe(CN)_ and
NalO, as oxidants. Little reactivity was observed at acidic pH, and reactivity increased between pH
7.0 and 8.0.

N-terminal mutants of TMV were also evaluated for their reactivity with o-aminophenols. Two
N-terminal mutants (PAG and AG) were treated with 5 equiv of 2-amino-p-cresol (0.1 mM) with
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Figure 3.12. Compatibility with cysteine residues. (a) PAG S123C TMV was reacted with either 1 or 5 equiv of 2-ami-
no-p-cresol in the presence of ferricyanide and analyzed by LC-MS. (b) PAG S123C TMV was reacted with small mole-
cule substrates and analyzed by LC-MS. Cysteine residues were protected as a disulfide using Ellman’s reagent (DTNB)
before oxidative coupling. Subsequent reduction of the disulfide resulted in selective modification of the N-terminus.
(c) PAG S123C TMV was labeled with two fluorophores. The cysteine was first alkylated with an Alexa Fluor maleim-
ide. The N-terminal proline was then modified with a rhodamine-functionalized 0-aminophenol.

1 mM K,Fe(CN), for 30 min. Analysis by LC-MS demonstrated that the proline-terminal mutant
reached near complete modification while the alanine-terminal mutant showed low levels of con-
version under these coupling conditions (Figure 3.10c). The compatibility of the reaction with
cysteine residues was also tested using TMV. A single cysteine residue (S123C) was introduced into
the TMV coat protein with a proline N-terminus (PAG S123C TMV). This mutant was reacted with
2-amino-p-cresol and analyzed by LC-MS (Figure 3.12). The cysteine residue also reacted with the
o-aminophenol resulting in two modifications. The N-terminal proline could be selectively modi-
tied if the cysteine was first capped (Figure 3.12). The cysteine residue was protected in a disulfide
bond by reaction with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB, Ellman’s reagent). After the
oxidative coupling step the disulfide bond was readily reduced by TCEP, leaving the free cysteine
and the modified N-terminus. This modification strategy allowed for the efficient modification of
the N-terminus while maintaining a free cysteine residue. Alternatively, the cysteine residue was
modified with a maleimide reagent, followed by modification at the N-terminus with an o-amin-
ophenol reagent. This strategy allowed for direct, dual modification of the protein at both the cys-
teine residue and the N-terminus. Two fluorophores paired for Forster resonance energy transfer

52



(FRET, Alexa Fluor 488 C_-maleimide and o- aminophenol PEG NHS PEG

aminophenol functionalized rhodamine B) ~ "*'>~ ]
were conjugated to TMV using this strategy 75- o 5 - é
to create a templated array of chromophores 0= : onp e ;;;; i
for light harvesting applications. 7
The oxidative coupling reaction was also %=
compared to the reaction of protein amino ~ €uvPEG -1 25 - 12550
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groups with activated esters. This acylation
methodology is commonly employed and
can be targeted to the N-terminus by con- Figure 3.13. Modification of the N-terminus of creatine
trolling the reaction pH. The reactions were kipase by aminophenol PEG was compared to the reaction
. . . . with NHS PEG and analyzed by SDS-PAGE.

compared on creatine kinase, a protein with

a native proline N-terminus. Reaction with 1-5 equiv of 0-aminophenol PEG resulted in high levels
of modification of creatine kinase (~50-60%) while reaction with 1-5 equiv of N-hydroxysuccin-
imide (NHS) PEG resulted in low levels of modification (5-15%, Figure 3.13). Only when a vast
excess of the NHS PEG was used were high levels of modification achieved. These conditions also
tended to result in multiple additions of the PEG substrate. Some over-modification was observed
under the oxidative coupling conditions, but lowering the reaction pH slightly or using fewer
equivalents of the o-aminophenol substrate prevented the over-modification while still maintain-
ing high levels of single modification.

In this chapter we identified conditions for the oxidative coupling of 0-aminophenols to native
amino acids. This method for site-selective bioconjugation serves as a complementary approach to
the methodology outlined in Chapter 2. Peptides were initially screened to determine the reactive
amino acids and optimize the reaction conditions. The N-terminus was identified as the primary
target of modification. A positional scan of N-terminal residues revealed that proline N-termini
showed improved levels of modification. The kinetics of the oxidative coupling of amines and o-
catechols was probed using small molecule mimics of the coupling partners. The reaction was
applied to protein substrates with native N-termini as well as engineered proline termini. Native
termini could be modified with low yield, but the proline-terminal proteins showed high levels of
modification. The oxidative coupling reaction discussed in this chapter was also used to modify
TMV in conjunction with cysteine-maleimide chemistry to create a light harvesting array. This
reaction allows for the rapid, facile attachment of o-aminophenol-functionalized molecules to any
protein of interest. This variant of the oxidative coupling reaction expands the utility of the meth-
odology as it can be applied to any protein substrate with a free N-terminus.

% 2 mod. 0 0 0 12 0 0 0 0 8

3.8 Materials and methods

Unless otherwise noted, the chemicals and solvents used were of analytical grade and were used
as received from commercial sources. Analytical thin layer chromatography (TLC) was performed
on EM Reagent 0.25 mm silica gel 60-F,,, plates with visualization by ultraviolet (UV) irradia-
tion at 254 nm and/or potassium permanganate stain. Purifications by flash chromatography were
performed using EM silica gel 60 (230-400 mesh). The eluting system for each purification was
determined by TLC analysis. Chromatography solvents were used without distillation. All organic
solvents were removed under reduced pressure using a rotary evaporator. Water (dd-H,O) used as
reaction solvent was deionized using a Barnstead NANOpure purification system (ThermoFisher,
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Waltham, MA). Centrifugations were performed with an Eppendorf Mini Spin Plus (Eppendorf,
Hauppauge, NY).

Instrumentation and sample analysis

NMR. 'H and “C spectra were measured with a Bruker AVB-400 (400 MHz, 100 MHz) or a Bruker
AV-600 (600 MHz, 150 MHz) spectrometer, as noted. '"H NMR chemical shifts are reported as &
in units of parts per million (ppm) relative to CDCI, (8 7.26, singlet) or CD,CN (6 1.94, quintet).
Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), dd (doublet of doublets), br
(broad) or m (multiplet). Coupling constants are reported as a ] value in Hertz (Hz). The number
of protons (n) for a given resonance is indicated as nH, and is based on spectral integration values.
C NMR chemical shifts are reported as § in units of parts per million (ppm) relative to CDCI, (8
77.2, triplet) or CD,CN (8 118.26, singlet).

Mass Spectrometry. High-resolution electrospray ionization (ESI) and liquid chromatography with
tandem mass spectrometry detection (LC-MS/MS) mass spectra were obtained at the UC Berkeley
QB3/Chemistry Mass Spectrometry Ficlity. Matrix assisted laser desorption-ionization time-of-
flight mass spectrometry (MALDI-TOF MS) was performed on a Voyager-DE system (PerSeptive
Biosystems, USA) and data were analyzed using Data Explorer software. Peptide samples were co-
crystallized with a-cyano-4-hydroxycinnamic acid in 1:1 acetonitrile (MeCN) to H,O with 0.1%
trifluoroacetic acid (TFA). Synthetic peptides and protein bioconjugates were analyzed using an
Agilent 1200 series liquid chromatograph (Agilent Technologies, USA) that was connected in-line
with an Agilent 6224 Time-of-Flight (TOF) LC/MS system equipped with a Turbospray ion source.

High Performance Liquid Chromatography. HPLC was performed on Agilent 1100 Series HPLC
Systems (Agilent Technologies, USA) outfitted with an Agilent 1200 series automatic fraction col-
lector. Sample analysis for all HPLC experiments was achieved with an inline diode array detector
(DAD) and inline fluorescence detector (FLD). Semi-preparative reverse-phase HPLC of peptides
was accomplished using a C18 stationary phase and a H,O/ MeCN with 0.1% TFA gradient mobile
phase.

Gel Analyses. For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out on a Mini-Protean apparatus (Bio-Rad, Hercules, CA), using a 10-
20% precast linear gradient polyacrylamide gel (Bio-Rad). The sample and electrode buffers were
prepared according to Laemmli.* All protein electrophoresis samples were heated for 5-10 min at
95 °C in the presence of 1,4-dithiothreitol (DTT) to ensure reduction of disulfide bonds. Gels were
run for 75-90 minutes at 120 V to separate the bands. Commercially available markers (Bio-Rad)
were applied to at least one lane of each gel for assignment of apparent molecular masses. Visualiza-
tion of protein bands was accomplished by staining with Coomassie Brilliant Blue R-250 (Bio-Rad).
Gel imaging was performed on an EpiChem3 Darkroom system (UVP, USA). Image] was used to
determine the level of modification by optical densitometry.

Peptide synthesis
General procedure for solid-phase peptide synthesis. Peptides were synthesized using standard
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Fmoc-based chemistry on Tentagel S-OH resin (Advanced ChemTech, Louisville, KY). The base
peptide sequence (ADSWAG) was synthesized on 1 g of resin and split into 20 x 50 mg aliquots
for the addition of the final amino acid. The side chain protecting groups used were: Asn(Trt),
Cys(Trt), Asp(tBu), Glu(tBu), His(Trt), Lys(Boc), pAF(Boc), GIn(Trt), Arg(Pbf), Ser(tBu),
Thr(tBu), Trp(Boc), Tyr(tBu). The C-terminal amino acid (10 equiv) was preactivated at 0 °C with
5 equivalents of diisopropylcarbodiimide (DIC) and then coupled to the resin with 0.1 equivalents
of N,N-dimethylaminopyridine (DMAP) as a catalyst. Deprotection of the Fmoc groups was per-
formed with a 20 min incubation in a 20% v/v piperidine in dimethylformamide (DMF) solution.
Coupling reactions were carried out using 20 equivalents of amino acid with 10 equivalents of
2-(6-chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU)*
and 20 equivalents of N,N-diisopropylethylamine (DIPEA) in DMF for 20 min. Side-chain deprot-
ection was accomplished using a 1-2 h incubation with a 95:2.5:2.5 ratio of TFA to H,O to triisopro-
pylsilane (TIPS). Peptides were cleaved from the resin by a 30-45 min incubation with a 100 mM
sodium hydroxide solution. The resulting basic solution was neutralized with 100 mM phosphate
buffer, pH 6.5. The cleaved peptides were purified using reverse-phase HPLC with a gradient of
water/CH,CN with 0.1% TFA. The organic solvent was removed on a vacuum centrifuge courtesy
of Prof. Carolyn Bertozzi and the remaining water was removed by lyophilization. The lyophilized
peptides were dissolved in 10 mM phosphate buffer, pH 7.5 and the concentration was adjusted to
1 mM based on absorbance.

Peptide modification

General methods. The small molecule coupling partners (2-amino-p-cresol and 4-methylcatechol)
were purchased from Sigma Aldrich and purified by sublimation. The purified small molecules
were stored frozen (at -80 °C) as a 500 mM solution in CH,CN and diluted to 1 mM before use.
K,Fe(CN), was purchased from Sigma Aldrich and used without further purification. Commercial
peptides were dissolved in dd-H,O to an approximate concentration of 1 mM. The dissolved pep-
tides were stored between 4 °C and -20 °C to prevent degradation. When using high ionic strength
buffers, peptide solutions were purified using Millipore ZipTip C18 Pipette Tips as specified by the
supplier before analysis by MALDI-TOF MS.

General method for the modification of commercial peptides. To a solution of peptide (1 nmol,
final concentration 100 pM) in buffer was added 2-amino-p-cresol or 4-methylcatechol (1-5 nmol,
from a 1 mM stock containing 0.2% CH,CN, final concentration 100-500 uM). To these reagents
was added 1 pL of a solution of K,Fe(CN), (10 or 50 mM stock solution, final concentration 1-5
mM) to start the reaction. The reaction mixture was immediately vortexed and allowed to incubate
at room temperature for the indicated time. The peptides were either purified or co-crystallized
with matrix on the MALDI plate at the indicated time to stop the reaction. The percent modifica-
tion was determined using MALDI-TOF MS. Given the high variability in signal in MALDI-TOF
MS these values were used only for comparison.

Angiotensin modification for MS/MS analysis. To a solution of angiotensin (10 nmol, final con-
centration 100 uM) in 50 mM phosphate buffer, pH 7.5 was added 2-amino-p-cresol (10 nmol,
final concentration 100 uM). K,Fe(CN), was added (10 uL of a 10 mM solution, final concentra-
tion 1 mM) to start the reaction. After 30 min, the reaction mixture was purified on a C18 Sep-Pak
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(Waters, conditioned with CH,OH, equilibrated and washed with H,O with 0.1% TFA, and eluted
with CH,CN). The solvent was removed under reduced pressure and the peptide was redissolved
in dd-H,O for analysis.

General method for the modification of synthetic peptides. To a solution of peptide (2 nmol,
final concentration 100 pM) in buffer was added 2 equiv of 2-amino-p-cresol (4 nmol, final con-
centration 200 uM) followed by addition of 100 nmol of K,Fe(CN).. The solution was immediately
mixed after addition of the oxidant. Reactions were incubated at room temperature for the indi-
cated time. The reactions were quenched by addition of buffered tris(2-carboxyethyl)phosphine
hydrochloride (0.5 M solution of TCEP pH 7.0, 1 umol) and analyzed by LC-MS.

Method for the sequential modification of PAD(pAF)SWAG. To a solution of peptide (20 nmol,
final concentration 100 pM) in phosphate buffer, pH 6.0 was added 2-amino-p-cresol (40 nmol,
final concentration 200 uM) followed by K.Fe(CN), (1 umol, 5 mM final concentration). The reac-
tion mixture was vortexed immediately following addition of the oxidant. After 30 min of incuba-
tion at room temperature the reaction mixture was purified on a C18 Sep-Pak (conditioned with
CH,OH, equilibrated and washed with H O with 0.1% TFA, and eluted with CH,CN). The solvent
was removed under reduced pressure and the peptide was redissolved in 10 mM phosphate buf-
fer, pH 7.5. The purified peptide was modified for a second time following the general method
described above.

Small molecule synthesis

0 Synthesis of proline product (3). To 150 mL of buffered dd-H,O (10 mM phos-
b O phate buffer, pH 7.5) was added 4-methylcatechol (24.2 mg, 0.2 mmol, purified by
éN»i;/r sublimation and recrystallization from toluene) in 400 uL of MeCN and L-proline
methyl ester hydrochloride (33.1 mg, 0.2 mmol) in 1 mL 100 mM phosphate buf-

ter pH 9.0. To the stirred solution was added potassium ferricyanide (690 mg, 2.1

mmol, as a solution in 50 mL of buffer). The reaction mixture was stirred at rt for

20 min. The reaction mixture was extracted with 3 portions of 100 mL 30% 2-propanol in CHCI..
The combined organic layers were dried over sodium sulfate and the solvent was removed in vacuo.
Over 95% of the material was recovered by mass. The resulting deep purple solid was taken up in
CDC, for characterization 'H NMR (600 MHz, CDCL,): 6 6.21 (s, 1H), 5.49 (s, 1H), 4.55 (m, 1H),
3.80 (m, 1H), 3.77 (s, 3H), 3.71 (m, 1H) 2.43 (m, 1H), 2.33 (s, 3H), 2.04 (m, 1H), 2.12 (m, 2H). °C
NMR (150 MHz, CDCI,): 6 24.06, 24.57, 30.62, 53.11, 53.60, 63.81, 103.45, 132.12, 146.41, 157.62,
171.53, 176.37, 182.16. HRMS (ESI) calculated for C H _NO, ([M+H]*) 250.1074, found 250.1073.

Synthesis of phenylalanine product (2). To 90 mL of buffered dd-H,O (10 mM

@\ OH o phosphate buffer, pH 7.5) was added 4-methylcatechol (12.4 mg, 0.1 mmol, pu-
rified by sublimation and recrystallization from toluene) in 200 uL of MeCN

- o‘n/.\N and L-phenylalanine methyl ester hydrochloride (21.6 mg, 0.1 mmol) in 1 mL of
° 100 mM phosphate buffer pH 9.0. To the stirred solution was added potassium
ferricyanide (330 mg, 1 mmol, as a solution in 10 mL dd-H,O). The reaction

mixture was stirred at rt for 30 min. The solvent was then removed in vacuo and the resulting solid
was taken up in CD,CN for characterization. 'H NMR (600 MHz, CD,CN): 6 7.31 (m, 2H, ] = 8.2),
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7.26 (m, 1H) 7.21 (m, 2H, J = 8.0), 6.21 (s, 1H), 5.37 (s, 1H), 4.55 (m, 1H), 3.73 (s, 3H), 3.32 (m,
1H), 3.19 (m, 1H), 2.09 (s, 3H). *C NMR (150 MHz, CD,CN): & 183.48, 171.74, 155.24, 146.88,
136.88, 130.73, 130.10, 129.81, 128.95, 98.07, 57.67, 53.43, 37.34, 18.17.

OH Synthesis of nitrophenol acid (4). The nitrophenol was synthesized as previously re-

No, ported.*” Briefly, to a solution of 3-(4-hydroxyphenyl)propionic acid (5 g, 30.1 mmol)
in 25 mL acetic acid at 15 °C was added a solution of fuming nitric acid (1.6 mL, 33.8
mmol) in acetic acid (4 mL). The solution immediately turned orange. After 15 min the
reaction was quenched by addition to ice water. The precipitate was filtered and dried.
The yellow precipitate was recrystallized from 1:1 ethanol:water to afford 3.07 g of a yellow powder
(48% yield). "H NMR (400 MHz, CDCL,): § 10.47 (br s, 1H), 7.94 (d, 1H, ] = 1.9), 7.45 (dd, 1H, ] =
8.6,1.9),7.09 (d, 1H, ] = 8.6), 2.94 (t, 2H, ] = 7.4), 2.68 (t, 2H, J = 7.4). *C NMR (100 MHz, CDCL):
0 178.22, 153.86, 138.11, 133.47, 132.60, 124.22, 120.27, 35.19, 29.37. HRMS (ESI) calculated for
C,H,O.N ([M]) 210.0408, found 210.0410 m/z.

o
OH

OH Synthesis of nitrophenol NHS ester (5). The nitrophenol NHS ester was synthesized
NO, as previously reported.* To a solution of 4 (1 g, 4.7 mmol) and N-hydroxysuccin-

o ° imide (0.65 g, 5.7 mmol) in CH,Cl, at 0 °C was added N-(3-dimethylaminopropyl)-
OD N’-ethylcarbodiimide hydrochloride (1.09 g, 5.7 mmol). The reaction mixture was

o stirred for 2 h and then diluted with CH,Cl, and washed with water. The combined

organic layers were dried over sodium sulfate and the solvent was removed in vacuo.

The reaction afforded 1.38 g of a yellow solid (94% yield). 'H NMR (400 MHz, CDCL,): 6 10.49
(s, 1H), 7.98 (d, 1H, ] = 2.1), 7.48 (dd, 1H, ] = 8.6, 2.1), 7.12 (d, 1H, J = 8.6), 3.05 (t, 2H, ] = 7.3),
2.93 (t, 2H, ] = 7.3), 2.83 (s, 4H). "C NMR (100 MHz, CDCl,): 8 169.06, 167.56, 154.09, 138.00,

133.54, 131.40, 124.52, 120.49, 32.48, 29.43, 25.70. HRMS (ESI) calculated for C, ;H ,O N, ((M-H]")
307.0572, found 307.0568 m/z.

Analysis of kinetics using UV-Vis spectroscopy

Pseudo-first order reactions. To 50 mM phosphate buffer (either pH 6.0 or 7.5) was added 10
uL of a 10 mM solution of 4-methylcatechol (final concentration 100 uM) and 100 pL of a 10 mM
solution of the coupling partner (p-toluidine, H-Pro-OMe, or H-Phe-OMe, final concentration 1
mM) for a volume of 900 pL. This solution was used as a blank before measurement. The absor-
bance at 520 nm was monitored every 1 s for 3600 s using a Cary 50 spectrophotometer. Within the
first 1 s of measurement, 100 uL of a 100 mM solution of K,Fe(CN), (final concentration 10 mM)
was added for a final reaction volume of 1 mL. A control reaction was run that excluded the amine
coupling partner to verify the increase in absorbance at 520 nm did not arise from simple oxidation
of the catechol substrate. The data were normalized to account for differences in extinction coet-
ficients of the products.

Second order reactions. To 50 mM phosphate buffer pH 7.5 was added 10 pL of a 10 mM solution
of 4-methylcatechol (final concentration 100 uM) and 10 pL of a 10 mM solution of H-Pro-OMe
(final concentration 100 uM) for a final volume of 900 pL. This solution was used as a blank be-
fore measurement. The absorbance at 520 nm was monitored every 0.1 s for 3600 s at 25 °C using
a Cary 50 spectrophotometer outfitted with a temperature control unit (courtesy of Prof. Carolyn
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Bertozzi). Within the first 5 s of measurement, 100 uL of a 100 mM solution of K Fe(CN), (final
concentration 10 mM) was added. The reactions were performed in triplicate. A calibration curve
was constructed by measuring the absorbance of reactions set up under pseudo-first order condi-
tions with 10, 25, 50, 100, 250, 500 and 1000 uM catechol. The second order rate constants were
calculated using the Cary software.

Aminophenol substrate synthesis

Synthesis of 0-aminophenol rhodamine (6). To a solution of rhodamine B piperazine amide* (50
mg, 0.1 mmol) in DMF (1 mL) was added diisopropylethylamine (35 pL, 0.2 mmol) followed by 5
(30 mg, 0.1 mmol). After stirring for 2 h the solvent was removed in vacuo. The product was puri-
fied on silica gel with a gradient of CH,Cl,:CH,OH (0 to 10% CH,OH). HRMS (ESI) calculated for
C, H,,ON, ([M+H]") 704.3433, found 704.3436 m/z. To a 1 mg portion of the nitrophenol-func-
tionalized rhodamine in 100 pL of 100 mM phosphate buffer, pH 6.5 was added an equal volume
of a freshly prepared 100 mM solution of sodium dithionite in 100 mM phosphate buffer, pH 6.5.
After 20 min, the excess dithionite was removed by purification on a C18 Sep-Pak according to the
manufacturer’s instructions. The eluent was concentrated to dryness. The rhodamine aminophenol
was resuspended in DMF and stored frozen as a 50 mM solution.

Synthesis of o-aminophenol 5k-PEG. The o-aminophenol PEG substrate was synthesized as fol-
lowing a previously published protocol.* Briefly, to a solution of mPEG-NH, (MW=5000, 115 mg,
0.023 mmol) in CH,Cl, (1 mL) was added triethylamine (7 pL, 0.05 mmol) and 5 (99 mg, 0.32
mmol as a 0.4 M solution in DMSQO). The solution was stirred for 2 h at rt and then the solvent was
removed in vacuo. Excess 5 was precipitated by the addition of water. The resulting solution was
filtered through a 0.22 micron filter and three Sephadex size exclusion columns (one NAP-10 and
two NAP-25, GE Healthcare) according to the manufacturer’s instructions. The modified PEG was
further purified by precipitation from CH,Cl, with Et,O three times. Reduction of the nitrophenol
was accomplished with sodium dithionite. To a 1 mM solution of the modified PEG was added an
equal volume of a freshly prepared 120 mM solution of sodium dithionite in 100 mM phosphate
buffer, pH 6.5. Excess dithionite was removed by purification with three Sephadex size exclusion
columns. The purified aminophenol PEG was lyophilized and resuspended in 10 mM phosphate
buffer, pH 7.2. The concentration was adjusted to 1 mM by measuring the aminophenol absor-
bance at 290 nm. The final solution of 0-aminophenol PEG was stored in single use aliquots at -20
°C until use.

Protein expression and purification

Generation of the proline terminal mutants. The QuikChange II Site Directed Mutagenesis Kit
(Stratagene, La Jolla, CA) was used to introduce mutations to GFP and TMV.

The N-terminus of a previously generated GFP mutant was changed from alanine to proline using
the primers :

sense : 5" - GATATACATATGCCCAAAACGGGCGAGGAGCTGTCCACC - 3
antisense : 5 - GGTGAACAGCTCCTCGCCCGTTTTGGGCATATGTATATC - 3
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The N-terminus of TMV mutants was extended from the native N-terminus of SYS to PAGSYS
using the primers :

sense : 5 - GAAGGAGATATACATATGCCTGCCGGCAGCTATAGCATTACC -3’
antisense : 5 - TGCTATAGCTGCCGGCAGGCATATGTATATCTCCTTCTTAAG - 3’

The TMV coat protein already had the following mutations : K53R, K68R (RR-TMV) and either
S123C or T104K.

Expression and purification of TMV. The plasmids were transformed into BL21 DE3 RIL Co-
don+ cells for expression. The cells were grown in 1 L of LB with 100 pg/L of ampicillin at 37 °C
until induction, at which point the temperature was lowered to 30 °C. The cells were induced by
addition of 100 pL of 0.3 M isopropyl p-D-1-thiogalactopyranoside (IPTG) at an OD600 of ca.
0.6. The cells were collected by centrifugation at 7000 rpm for 20 min. The cells were resuspended
in lysis buffer (20 mM TEA, pH 7.2) supplemented with 0.2 mg DNase and RNase A and 25 mg
of MgClL,. The cells were lysed by sonication and the cell debris was removed by centrifugation at
14000 rpm for 45 min. The clarified lysate was treated with an equal volume of 100% (NH,),SO,
and rotated at 4 °C for 10 min to precipitate the protein. The precipitated protein was collected by
centrifugation at 16000 g for 45 min and then resuspended in 10 mL lysis buffer. The resuspended
protein was applied to a DEAE-Sephadex column and purified using the following gradient (buffer
A:20 mM TEA, pH 7.2, buffer B: 20 mM TEA, pH 7.2 with 1 M NaCl): 0 min (0% B), 60 min (30%
B), 61 min (100% B), 90 min (100% B), 91 min (0% B), 120 min (0 %B) with a flow rate of 3 mL/
min. The fractions containing pure TMV were combined and then buffer exchanged into 10 mM
phosphate buffer, pH 7.5 using spin concentrators with a 100 kDa MWCO.

Expression and purification of wt-GFP and Pro-GFP. The plasmids were transformed into T7
Express lysY/I cells for expression. The cells were grown in 1 L of LB with 100 pg/L of ampicillin
at 37 °C until induction, at which point the temperature was lowered to 16-25 °C. The cells were
induced by addition of 1 mL of 0.3 M IPTG and grown for ~18 h post induction. The cells were col-
lected by centrifugation at 8000 rpm for 15 min and then resuspended in 10-15 mL lysis buffer (20
mM Tris, 150 mM NaCl, 5 mM EDTA, pH 8.0). The cells were lysed by sonication. The lysate was
clarified by centrifugation at 9000 rpm for 1 h. The lysate was applied to 5-7 mL of chitin resin pre-
rinsed with 100 mL of lysis buffer. The resin was rinsed with 100 mL wash buffer (20 mM Tris, 500
mM NaCl 1 mM EDTA, pH 8.0) and then incubated with 20 mL cleavage buffer (wash buffer with
50 mM sodium 2-mercaptoethanesulfonate (MESNa)) for 48 h. The cleaved protein was eluted
with an additional 20 mL wash buffer and then buffer exchanged into 10 mM phosphate buffer, pH
7.5 using spin concentrators with a 10 kDa molecular weight cutoff (MWCO).

Protein Modification

Disulfide exchange with Ellman’s reagent. Free cysteines were protected from potential modifica-
tion by disulfide formation with Ellman’s reagent (5,5 -dithiobis-(2-nitrobenzoic acid), DTNB). To
a solution of PAG S123C TMV (780 pL of a 100 pM solution) was added DTNB (20 pL of a 20 mM
solution in 100 mM phosphate buffer, pH 7.2 with 1 mM EDTA). The reaction mixture was incu-
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bated at rt for 15 min and then the excess DTNB was removed by repeated (3-6 times) centrifugal
filtration against a 100 kDa MWCO membrane. To reduce the disulfide, approximately 25 equiv of
TCEP (as a 0.5 M solution, pH 7.0) was added to the protein sample.

General procedure for oxidative coupling on proteins. To a solution of proline terminal protein
(PAG TMYV, Pro-GFP, creatine kinase, 5-20 uM) in 10 mM phosphate buffer, pH 7.5 was added 2-10
equiv of the o-aminophenol coupling partner (20-100 uM). The solution was briefly vortexed and
then 10-20 equiv (relative to the 0-aminophenol) of K,Fe(CN), (as a 50 mM solution in 10 mM
phosphate buffer, pH 7.5) was added. After 20-30 min, the reaction mixture was purified using a
Sephadex size exclusion column (GE Healthcare) according to the manufacturer’s instructions or
using a 0.5 mL centrifugal filter with an appropriate molecular weight cut off (MWCO, Millipore).
Modification was monitored by SDS-PAGE or LC-MS.

Cysteine alkylation with fluorescent maleimides. A solution of PAG S123C TMV (100 uM) in 10
mM phosphate buffer, pH 8.0 was incubated with 1 equivalent of an Alexa Fluor maleimide (Alexa
Fluor 488 C.-maleimide, 20 mM in DMSO) for 2 h. Unreacted dye was removed with a NAP-10
Sephadex size exclusion column (GE Healthcare) and by repeated centrifugal filtration against a
100 kDa MWCO membrane.

Modification with NHS PEG. A solution of creatine kinase (100 uM) in 10 mM phosphate buf-
ter, pH 7.5 was incubated with NHS-functionalized PEG (tBoc-PEG-succinimidyl carboxymethyl,
MW = 5000, Laysan Bio., Inc) for 2 h at room temperature. The PEG was dissolved in dd-H,O
immediately prior to use. The reaction mixture was analyzed by SDS-PAGE without any prior pu-
rification.
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Chapter 4
MS2-based agents for detection of atherosclerosis

Abstract

Cardiovascular diseases present a serious threat to human health, with nearly one in three deaths in
the United States attributable to these afflictions. The development of atherosclerosis targeted im-
aging agents has the capability to provide molecular information about pathological clots, poten-
tially improving detection, risk stratification, and therapy of cardiovascular diseases. Nanocarriers
are a promising platform for the development of molecular imaging agents as they can be modified
to have external targeting ligands and internal functional cargo. In this chapter, we report the syn-
thesis and use of chemically functionalized bacteriophage MS2 capsids as protein-based nanopar-
ticles for fibrin imaging and initial studies for vascular cellular adhesion molecule 1 (VCAMI)
imaging. The capsids were modified using an oxidative coupling reaction, conjugating ~90 copies
of targeting peptides to the exterior of each protein shell. The ability of the multivalent, targeted
capsids to bind fibrin was first demonstrated by determining the impact on thrombin-mediated
clot formation. The modified capsids out-performed the free peptides and were shown to inhibit
clot formation at effective concentrations over ten-fold lower than the monomeric peptide alone.
The installation of near-infrared fluorophores on the interior surface of the capsids enabled optical
detection of binding to fibrin clots. The targeted capsids bound to fibrin, exhibiting higher signal-
to-background than control, non-targeted MS2-based nanoagents. The VCAMI1 peptide was suc-
cessfully attached to the capsid, however the modified capsids did not bind to endothelial cells
over-expressing VCAMI.
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4.1  Targeted imaging of cardiovascular disease

Cardiovascular diseases are the leading cause of mortality in the United States, currently ac-
counting for one in three deaths overall.! The noninvasive identification and molecular character-
ization of atherosclerosis could lead to improved detection of many of these conditions, and could
provide a useful means to monitor the effectiveness of different treatment methods (Figure 4.1).>
A set of targeted agents that can specifically associate with markers of various disease stages would
enable the delivery of PET radiotracers, MRI contrast enhancement agents, or long wavelength
responsive chromophores for molecular imaging. Two molecular markers were selected for the
development of these targeted imaging agents. Vascular cellular adhesion molecule 1 (VCAM1)
was chosen for the detection of early stage endothelial cell activation and fibrin was chosen for the
detection of thrombi present in advanced atherosclerosis.

Nanomaterials could have several distinct advantages for the targeting and imaging of molecu-
lar markers of cardiovascular disease (Figure 4.1). Chief among them is their large surface area, rel-
ative to small molecule diagnostic agents, which could allow the presentation of multiple copies of
the targeting groups for enhanced binding avidity. Nanoscale carriers can also be tailored to house
multiple copies of the reporter moieties, allowing greater signal-to-noise ratios to be achieved.
With these concepts in mind, many synthetic nanoparticles have been developed for the purpose
of targeted imaging,” including synthetic polymers,® liposomes,” dendrimers,'*'" and inorganic
nanoparticles.'"® Another approach to preparing nanocarrier platforms relies on functionalized
biomolecular assemblies, such as viruses and virus-like particles (VLPs),"*'” as well as mammalian
protein cages including heat shock cages,'® ferritins,'”*' and vaults.”> These protein-based nanopar-
ticles have the natural advantage of being monodisperse, non-toxic, and biodegradable.

Recent work has shown the utility of biomolecular assemblies, such as VLPs, for targeted de-
livery to cancer”* and sites of inflammation.'*!'®!*2¢ In these examples, target binding peptide se-
quences have been incorporated directly into the protein monomers,'® or synthetic targeting agents
have been installed using chemical bioconjugation techniques.” Although both strategies can be
quite effective, the latter approach has the advantage of increased modularity, and it can be used
with virtually any targeting agent, including aptamers,”** peptoids,”** and engineered protein
binders, such as single-chain antibody fragments.”*** Our group has previously used this strategy
to functionalize bacteriophage MS2 VLPs for targeted delivery.**

Prior work on MS2-based delivery agents has shown that MS2 capsids can be heterologously ex-
pressed in E. coli, where they self-assemble from 180 sequence-identical monomers to form 27 nm
diameter icosahedral capsids. The genomic material can be removed, yielding hollow capsids that
are stable toward a wide range of temperature, pH, and ionic strength conditions, and are amenable
to genetic mutation and sequence insertions.”*° The assembled capsids contain 32 pores (~ 2 nm)
that permit the diffusion of small molecules to the interior of the VLPs. These pores, in conjunction
with the mutation of a residue on the interior surface of the capsid to a uniquely reactive cysteine,
have been used for the conjugation of up to 180 maleimide-functionalized cargo molecules in-
side each carrier.** The subsequent attachment of targeting groups to the exterior surface has been
accomplished with high efficiency by targeting an unnatural amino acid, p-aminophenylalanine
(pAF).** The side chain aniline group of this amino acid can be modified with o-aminophenol-con-
taining targeting groups using the periodate or ferricyanide-mediated oxidative coupling.’®* Other
strategies for preparing targeted MS2-based carriers have relied on the attachment of synthetic
peptides to exterior lysine residues.**
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Figure 4.1. Construction of nanoscale diagnostic imaging agents using viral capsids. (a) Schematic for the construc-
tion of the imaging agents using virus-like particles based on bacteriophage MS2. (b) Work discussed in this chapter
targets two molecular markers of atherosclerosis, adhesion molecules and thrombi. Targets from both early and
late-stages of the disease were selected (figure adapted from reference 3). Advantages of virus-like particle based imag-
ing agents are summarized in (c).
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In this chapter, the use of this oxidative coupling strategy to synthesize bacteriophage MS2-
based VLPs that are conjugated to protein and peptide-based targeting groups is described. These
structures also contain multiple copies of fluorescent dyes for facile detection in imaging experi-
ments. The fibrin-targeted capsids were found to inhibit fibrin clot formation at a concentration
significantly lower than the free peptide targeting group, demonstrating the benefits of using multi-
valent nanoscale structures for target binding. Additionally, functionalized MS2 capsids were used
for the in vitro optical imaging of fibrin clots. The VCAM1-targeted capsids did not bind to their
cellular target in initial experiments and were not pursued further.

4.2  Fibrin targeting using single chain antibody fragments

Our first attempt at targeting fibrin relied on single chain antibody fragments (scFvs). Anti-
body fragments are promising targeting agents because they maintain the selectivity of their parent
antibodies, are not highly charged, are readily expressed in E. coli, and can be generated by phage
display to bind nearly any target. A single chain antibody fragment derived from a fibrin-binding
antibody (59D8) was previously reported to successfully target fibrin clots in vitro.*®* We investigat-
ed the use of this scFv as a targeting group for fibrin imaging. The gene for the scFv was synthesized
from overlapping primers using PCR and then subsequently cloned into the pET 22b (+) vector.

a

growth T (°C) 16 25 37
OD of induction 0.2 0.5 0.8 0.2 0.5 0.8 0.2 0.5 0.8

[IPTGla bcd abcdabcd abcdabcdabcd abcdabcdabcd
Y V=12

a=1uM b=10puM €=100 M d =500 uM
b c
periplasmic FT wash elution

extract 1 1 2 3 4 1 2 3 4 5 6

75 kDa =

Figure 4.2. Expression and purification of scFv constructs. (a) Conditions for the expression of the scFv in E. coli
were optimized and analyzed SDS-PAGE of the total cell lysate. (b) The scFv was partially purified by extraction from
the periplasm. (c) Purification using Ni-NTA was not successful. The His-tagged protein did not bind to the resin
under any native conditions.
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The protein was designed to include a pelB leader at the N-terminus for export to the periplasm
and a His -tag at the C-terminus for purification with Ni-NTA. Expression of the scFv in E. coli was
optimized by screening expression temperature, optical density (OD) of induction, and concentra-
tion of inducer (IPTG). Several expression conditions were identified for the over-expression of
the scFv in the total cell lysate (Figure 4.2a), but expression at 37 °C with induction of protein ex-
pression in early log phase (OD = 0.2) using 100 uM IPTG was selected for all future experiments.
The scFv was successfully expressed in E. coli and the periplasmic proteins were extracted by cold
osmotic shock (Figure 4.2b). However, we were unable to purify the scFv using the affinity of the
His -tag for Ni-NTA. The scFv did not bind to the Ni-NTA resin under native conditions (Figure
4.2¢c). The scFv was purified using Ni-NTA under denaturing conditions, but we were unable to
refold the protein. Several protein sequences were evaluated, but none were successfully purified.
Due to these difficulties with the protein-based targeting group, we identified an alternative fibrin-
binding targeting group for the synthesis of the MS2-based imaging agents.

4.3 Fibrin binding pep-
tide design and synthesis

cysteine oxidative We next turned to a peptide

Tioparngzc  alkylation coupling binding targeting group (GPR) with an

M52 capsids deliveryvehicle " affinity for fibrin to create the

b thrombus targeted VLP.*® The
peptide sequence’ target GPR peptide was derived from
GPR H,N-GPRPPGGSKGY(C)-CO,H fibrin the N-terminus of the a-chain

GPS H,N-GPSPPGGSKGY(C)-CO,H non-binding control ~ of fibrin (Gly-Pro-Arg), and
VCAM1  H.N-VHPKQHRGGSKGY-COH  VCAMI was discovered to bind to a

pocket in the C-terminal re-
gion of the y-chain.** The
originally discovered peptide
¢ Ar was shown to inhibit throm-

*The C-terminal residue was varied depending on the desired application
and required modification.

4-nitrobenzene- N

diazonium N* NH; T : ) R :

"o ' o . "o bin-mediated fibrin clotting by
tetrafluoro i. NaOH . i .

borate rt, 30 min competitively binding to the
peptide <, 4°C peptide., i.Na,5,0, peptide., on fibrin polymerization pocket.
N 30 min N rt, 10 min N Sub S fth
o) ) ubsequent optimization of the

original peptide has identified
an extended peptide with im-
proved fibrin-binding and in-
creased proteolytic resistance
(Gly-Pro-Arg-Pro-Pro).** This
updated peptide has been used

TentaGel S-OH (130 pm)

Figure 4.3. Design of a viral capsid-based targeting system. (a) A scheme is
shown for the synthesis of multivalent viral capsids for cardiovascular
disease imaging. (b) Peptides used for attachment to MS2 or binding to
fibrin or VCAMLI. Peptides with a cysteine at the C-terminus were modified
with a fluorescent dye and used for direct binding, while peptides with a

C-terminal tyrosine were coupled to MS2 and tested for binding. (c) Scheme
for o-aminophenol peptide synthesis. The peptides were synthesized using
standard Fmoc chemistry using a base-labile linkage to the resin. After
side-chain deprotection, the C-terminal tyrosine residue was coupled to
4-nitrobenzenediazonium tetrafluoroborate. The azo peptide was then
cleaved from the resin and reduced to the o-aminophenol by sodium
dithionite.
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rescence reflectance imaging.*>** The GPR peptide-based targeting strategy was chosen because
this peptide has been used successfully for in vivo imaging of thrombi and was synthetically trac-
table.43_45’38’46’47

The scheme for the synthesis of the fibrin targeted delivery vehicle consisted of the selective
modification of the interior of MS2 with optical imaging agents, followed by the coupling of the
targeting peptide to the exterior surface (Figure 4.3). A GPR peptide bearing an o-aminophenol for
coupling to MS2 was prepared using solid phase peptide synthesis (Figure 4.3).*® The sequence Gly-
Gly-Ser-Lys-Gly-Tyr was added to the peptide to increase the spacing between the binding residues
and the capsid, as well as provide a functional handle for modification (Tyr). For peptide samples
used in optical imaging experiments, a cysteine residue was also included at the C-terminus to al-
low modification with the same near-infrared maleimide dye that was introduced in the VLPs (see
below). This allowed the binding behavior of the free peptides and the peptide-MS2 conjugates to
be compared directly. A non-binding peptide analog was also synthesized as a negative control.
It has been reported that a single amino acid change in the GPR peptide (Arg to Ser) drastically
decreases its affinity for fibrin.*® This peptide (GPS) was used as a negative control both as a free
peptide and after conjugation to MS2 (GPS-MS2).

4.4  Coupling fibrin binding peptides to the MS2 capsid

To attach the peptide targeting groups to the MS2 capsids, we used a previously described
double mutant of the capsid protein, Thr19pAF/Asn87Cys (T19pAF/N87C) and the NalO,-medi-
ated oxidative coupling of anilines and o-aminophenols (Figure 4.4).***® The aniline functionality
was introduced onto the exterior surface of the capsids using the amber stop codon suppression
method developed by the Schultz group.***° The o-aminophenol functionality was then incorpo-
rated into the peptide targeting group by chemically modifying a tyrosine residue after synthesis on
the solid phase using standard Fmoc chemistry.* Removal of the side-chain protecting groups, azo
coupling, and subsequent reduction with Na_§ O, afforded the desired 0-aminophenol-containing
peptides (Figure 4.5). The peptide modification was confirmed by mass spectrometry (MS), and
the site of modification was verified through MS/MS analysis (Figure 4.5).

NalO,

rt, 2-5 min

Figure 4.4. The periodate-mediated oxidative coupling reaction takes place between o-aminophenol peptides and
aniline containing MS2 capsids.

The ability of the modified peptides to participate in the periodate-mediated oxidative coupling
was confirmed by reacting the o-aminophenol-containing peptides with 1 equiv of p-toluidine and
10 equiv of NalO,, followed by MS characterization. The o-aminophenol containing peptides were
then coupled to aniline-containing MS2 capsids using the periodate-mediated oxidative coupling
shown in Figure 4.4. This bioconjugation strategy was chosen because it is fast, chemoselective
and has been used successfully on complex biomolecular assemblies.** Additionally, this work was
started before the discovery of ferricyanide as an alternative oxidant for the coupling. By altering
the reaction time from 30 s to 10 min and the number of peptide equivalents from 1 to 40, the
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Figure 4.5. Conversion of (a) GPR and (b) GPS peptide C-terminal tyrosine to an o-aminophenol. MALDI-TOF MS
was used to monitor the modification of (top) the unmodified peptide to (middle) the azo-peptide with 4-nitroben-
zenediazonium tetrafluoroborate, and then subsequent sodium dithionite reduction to (bottom) the o-aminophenol
peptide. (c) MS/MS analysis of o-aminophenol modified GPR peptide. Fragments shown in blue are y ions (modified
fragments), fragments shown in red are b ions (unmodified fragments), fragments shown in green are imminium ions
(both modified and unmodified fragments), and fragments shown in purple are a ions (unmodified fragments). Prod-
ucts of neutral losses of molecules of water or ammonia are denoted by asterisks. The analysis is consistent with the
modification of the C-terminal tyrosine.
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Figure 4.6. Oxidative coupling optimization screen with GPR peptide. (a) Coupling of varying concentrations of GPR
peptide with 25 pM T19pAF N87C MS2 in the presence of 1 mM sodium periodate in 10 mM phosphate buffer, pH 7.2
for 10 min. Varying the peptide concentration allowed for control over the level of modification. The secondary modifi-
cation is presumed to be due to a second addition of the o-aminophenol to the exterior aniline as this has occasionally
been observed with small molecules or to the N-terminus of MS2 as discussed in Chapter 3. (b) A time course experi-
ment with 25 uM T19pAF N87C MS2, 100 uM GPR peptide, and 1 mM sodium periodate in 10 mM phosphate buffer,
pH 7.2. Each time point was quenched by the addition of 5 pL of loading buffer. The reaction reached maximum
conversion after 2.5-5 min. (c) Negative controls confirm the specificity of the reaction for the aniline side-chain. Addi-
tionally, both coupling partners and periodate were necessary for modification to be observed.

extent of peptide labeling could be varied from 18 to 150 peptides/capsid (Figure 4.6). Some back-
ground reactivity was observed (+2 peptide modifications) when a large excess of peptide was used.
The reactions were carried out at pH 7.2, which could account for some of the second addition
observed. The periodate-mediated coupling was optimized to install approximately 90 peptides
on the surface of each capsid in 5 min, corresponding to ~50% modification of MS2 monomers
as determined using optical densitometry of SDS-PAGE gels (Figure 4.7). This reaction used 10
equiv of the 0o-aminophenol peptide and 100 equiv of NalO,. No coupling was observed for control
reactions with capsids lacking the pAF groups (both wt-MS2 and T19Y MS2), confirming the che-
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Figure 4.7. Characterization of MS2 conjugates. (a) Alexa Fluor 680 and peptide-MS2 conjugates were analyzed by
SDS-PAGE, with visualization of fluorescent and Coomassie-stained bands (shown). Lanes 2-4 were disassembled MS2
monomers labeled with Alexa Fluor 680 (lane 1 is unmodified MS2 monomers). In lane 3, the GPR peptide was added
and in lane 4 the GPS peptide was added. The upper bands represent the fraction of the MS2 monomers conjugated to
the peptides. (b) dynamic light scattering, (c) size-exclusion chromatography (fluorescence: A =280 nm, A _ =330 nm)
and (d) transmission electron micrographs (left close-up and right wide-field) of MS2, GPR-MS2, and GPS-MS2
confirmed that the capsids remained intact after modification.

moselectivity of the method (Figure 4.6). The coupling reactions were terminated by removal of the
NalO, via gel filtration through Nap 5 Sephadex columns. After modification, the assembly state of
the capsids was confirmed by transmission electron microscopy (TEM), dynamic light scattering
(DLS), and size-exclusion chromatography (SEC, Figure 4.7). Unmodified MS2 capsids were mea-
sured to have a diameter of 27.7 + 1.1 nm using DLS, while the modified capsids were determined
to have diameters of 29.1 + 0.2 nm and 28.0 + 0.6 nm for GPR-MS2 and GPS-MS2, respectively.
DLS also confirmed that the capsids had a normal size distribution.**!

4.5 Binding to fibrin

The ability of the peptides to bind to fibrin, both before and after conjugation to MS2, was first
verified through the use of a clotting inhibition assay (Figure 4.8). Agents capable of binding to
fibrin were expected to slow thrombin-mediated clotting because the GPR peptide competitively
binds to fibrin at the site necessary for initial fibrin aggregation. Fibrin clotting times in the pres-
ence of each of the agents were determined by measuring the extent of light scattering at 350 nm.>
In agreement with previously published reports, free GPR was found to inhibit thrombin induced
clotting at high concentrations (= 300 pM), but free GPS did not do so at any of the concentrations
assayed (Figure 4.8b).”** Unmodified MS2 capsids and capsids labeled with ~50% peptide (GPR-
MS2 and GPS-MS2) were also assayed for their ability to inhibit clotting. At 222 nM MS2 capsid
(40 puM in MS2 monomer and ~20 uM in peptide), GPR-MS2 slowed aggregation, while none of
the other agents showed an effect (Figure 4.8c). Clotting times more than doubled when treated
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with GPR-MS2 (51 + 29 min), whereas they remained unchanged when treated with free GPR (18
+ 13 min), free GPS (13 + 6 min), MS2 (16 + 9 min) or GPS-MS2 (16 + 6 min). GPR-MS2 slowed
fibrin polymerization at a peptide concentration approximately ten-fold less than that observed for
the free peptide. We found that the multivalent display of the binding moiety resulted in increased
avidity of the targeting peptide. While others have observed varying effects with a multivalent
display of similar peptides (GPRP), perhaps both the spacing between the peptides and the size
of the multivalent object play a role in the interaction of fibrin/fibrinogen with these peptides in
multivalent displays.>*** Similar increases in avidity have been observed with different multivalent
objects.”>8
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Figure 4.8. Fibrin targeting with GPR-MS2 conjugates. (a) Five different agents were tested for fibrin binding proper-
ties. (b) Inhibition of thrombin induced fibrin clotting with varying concentrations of free GPR and GPS peptides.
Only at high concentrations (= ~ 300 uM) of GPR peptide was an effect observed. The concentrations used in part (c)
(10-60 uM) showed no effect for either peptide. (c) Binding to fibrin monomers was confirmed with a clotting inhibi-
tion assay. Clotting times are plotted as the average of several trials (n=4-6), shown with the standard error. The grey
bar indicates the 95% confidence interval for the water control. At a concentration of 20 uM peptide, (222 nM MS2
capsid), only GPR-MS2 increased the thrombin induced clotting time of fibrin (Welch’s t-test, p < 0.05). (d) A represen-
tative near-infrared fluorescence image of fibrin clots in a 96-well plate indicated the in vitro binding of agents to the
clots. (e) Binding was quantified, showing that the differences in relative spot intensity (normalized to the MS2 capsid
intensity) between the agents were statistically significant (* p < 0.05; ** p < 0.01). Normalized intensities are shown
with the standard error. (f) Alexa Fluor 680 labeled peptides and Alexa Fluor 680 were assayed for their binding to
fibrin clots. At all concentrations tested (10, 1, and 0.1 uM) the two peptides showed no difference in binding. Addi-
tionally, the free dye associated non-specifically to the clots as well as, or better than, the peptides modified with the
fluorescent dye.
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Figure 4.9. Modification of (a) GPR and (b) GPS peptide C-terminal cysteine with Alexa Fluor 680 C,-maleimide.
ESI-MS confirmed the mass of the unmodified peptide (top) and showed the mass of Alexa Fluor 680 modification of
the peptide (bottom). MS/MS analysis of Alexa Fluor 680 modified GPR (c) and GPS (d) peptide. Fragments shown in
blue are y ions (modified fragments), fragments shown in red are b ions (unmodified fragments), fragments shown in
green are imminium ions (both modified and unmodified fragments), and fragments shown in purple are a ions
(unmodified fragments). The analysis is consistent with the modification of the C-terminal cysteine.

4.6  Imaging fibrin clots in vitro

The potential for MS2 VLPs to image fibrous clots was also tested in vitro. The introduction
of a reactive cysteine to the interior surface of MS2 allowed for the conjugation of maleimide func-
tionalized imaging agents. Previous work has shown that the capsids can be labeled with fluores-
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cent dyes for optical imaging, Gd** and '*Xe for MRI, and *Cu for PET using this strategy.****-¢' For
this work, MS2 capsids were modified with ~60 copies of Alexa Fluor 680 to create near-infrared
optical imaging agents. GPR or GPS peptides were then installed on the exterior surface using
the oxidative coupling strategy described above.* This resulted in ~45-55% labeling for GPR-MS2
(~100 peptides/capsid) and GPS-MS2 (~80 peptides/capsid).

To prepare well-defined clots for use in the binding assays, purified bovine fibrinogen was add-
ed to a series of Eppendorf tubes. Thrombin and CaCl, were added to induce aggregation. After 1
h, the MS2-based agents were added to the fibrin clots at a capsid concentration of 111 nM (20 uM
in MS2 monomer, approximately 10 uM in targeting peptide). After 3 h of exposure at room tem-
perature, the clots were rinsed three times with tris-buffered saline (TBS) and then transferred to a
96-well plate. The samples were imaged with an optical scanner using the 700 nm channel (Figure
4.8d). Clots treated with the fibrin-targeted MS2 capsids (GPR-MS2) showed greater signal than
clots incubated with control agents (GPS-MS2 and MS2, Figure 4.8e). The signal intensity was nor-
malized to the unmodified MS2 capsids to allow for comparison between experiments. While the
MS?2 capsids showed some background interaction with the clot, conjugation of the non-binding
peptide to the exterior (GPS-MS2) greatly diminished the binding of the capsids. When the fibrin
binding peptide was displayed on the exterior of MS2 (GPR-MS2), however, the capsids showed
some enhanced binding relative to both the unmodified (MS2) and non-binding (GPS-MS2) cap-
sids. The ability to bind at such low concentrations parallels results using single-chain antibody
fragments, antibodies and other peptides.’®***62% However, in this case, significant amounts of
imaging cargo can be simultaneously delivered for improved signal-to-noise ratios.

The free peptides were also labeled with Alexa Fluor 680 and tested for comparison. Before use,
the modified peptides were HPLC purified and characterized by MS and MS/MS analysis (Figure
4.9). The binding of the GPR and GPS peptides was compared to that of the Alexa Fluor 680 dye at
concentrations ranging from 0.1 to 10 uM (Figure 4.8f). At all concentrations tested, the peptides
and dye non-specifically bound the fibrin clots. Additionally, the quantified signal-to-background
ratio revealed that the free dye associated with the clots as well as, or better than, the free peptides.
The binding of the free peptides was expected to be drastically perturbed by the Alexa Fluor 680
dye because the unlabeled peptides and dye have similar molecular weights. This did not affect the
MS2-based agents, however, because the optical imaging agent was sequestered inside the capsid
where it could not interact with fibrin.

4.7  VCAM1 binding peptide synthesis and conjugation to MS2

While MS2 capsids labeled with the GPR peptide were capable of binding to fibrin, found in
advanced atherosclerotic lesions, we also sought to develop VLPs targeted to molecular markers
present in the early stages of cardiovascular diseases. The activation of endothelial cells and the
over-expression of adhesion molecules occurs early in the development of atherosclerotic lesions
(Figure 4.1). A peptide known to bind to the adhesion molecule VCAMI1 was used to construct
a VLP targeted to early stage atherosclerosis. The peptide (VHPKQHR) was initially identified
from an in vivo phage display screen in apoE”" mice.*** The same peptide design was used for the
VCAMLI peptide and the fibrin targeted peptide; the solubilizing linker (GGSKG) and reactive han-
dle (Y) were appended to the C-terminus of the peptide to enable attachment to MS2 capsids. The
C-terminal tyrosine was converted to an o-aminophenol using an azo intermediate (Figure 4.10).
To construct the targeted imaging agent, a fluorescent maleimide (Alexa Fluor 488 C,-maleimide)
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Figure 4.10. Conversion of (a) VCAM-1 peptide C-terminal tyrosine to an o-aminophenol. MALDI-TOF MS was
used to monitor the modification of (top) the unmodified peptide to (bottom) the azo-peptide with 4-nitrobenzenedi-
azonium tetrafluoroborate. (b) Size exclusion chromatography of MS2 capsids modified with the VCAM-1 peptide
before and after purification. (c) Dynamic light scattering measurements of the peptide modified capsids showed
assembled capsids with an increased hydrodynamic volume.

was first conjugated to the interior cysteine of T19pAF N87C MS2 capsids. The peptide was at-
tached to the fluorescent capsids using the NalO,-mediated oxidative coupling of 0-aminophenols
and anilines. The purity of the modified samples was evaluated using size exclusion chromatogra-
phy (Figure 4.10). In addition, the assembly state was verified using size exclusion chromatography
and dynamic light scattering. After modification the capsids remained assembled and showed a
slight increase in hydrodynamic volume (Figure 4.10).

4.8  Evaluation of binding to VCAM1

The work on VCAMI1 binding was carried out in collaboration with an undergraduate, Bryce
Jarman. The ability of the modified capsids to bind to VCAM1 was evaluated using flow cytometry
(Figure 4.11a). Human umbilical vein endothelial cells (HUVECs) were cultured and VCAM1 ex-
pression was stimulated by the addition of TNF-a 8-24 h before the experiment, and non-stimulat-
ed cells were used as a negative control. After stimulation, the cells were harvested and divided into
500,000 cell aliquots for each binding experiment. The cells were then incubated with the agents:
VCAMI-peptide labeled MS2, VCAM1-peptide, and an a-VCAM1 antibody, at 4 °C for 1 h. The
peptide and peptide labeled capsids were directly fluorescently labeled. Binding of the a-VCAM1
antibody was detected by incubation with a fluorescent secondary antibody. After binding, the cells
were washed and then analyzed by flow cytometry. The a-VCAM1 antibody showed selective bind-
ing to the stimulated cells, but the free peptide and peptide-modified MS2 showed only low levels
of non-specific binding to the cells (Figure 4.11b). The inability of the peptide-modified MS2 to
selectively bind even at relatively high concentrations (10 pM) prevented us from pursuing these
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agents further.
In this work, we describe the synthesis of new VLPs for the targeted imaging of cardiovascular

disease. A multivalent scaffold was used to achieve increased binding of a fibrin-binding peptide.
An efficient oxidative coupling strategy was used to install many copies of a given functional group
in a short period of time. The VCAM1 targeted capsids were not capable of binding to the adhe-
sion molecule. However, the MS2-based delivery vehicle was shown to bind fibrin, a key molecular
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Figure 4.11. (a) Schemactic for evaluation of binding to VCAMI expressing cells. (b) Flow-cytometry of untreated
HUVEC cells and HUVEC cells stimulated with TNF-a.

78



target in blood clots, with greater efficiency than that of free peptides evaluated at the same concen-
tration. The multivalent display of the peptide on the MS2 capsid improved the ability of the GPR
peptide to inhibit thrombin-mediated clotting. The attachment of near-infrared dyes allowed for in
vitro optical detection of fibrin binding.

4.9 Materials and Methods

Unless otherwise noted, the chemicals and solvents used were of analytical grade and were used
as received from commercial sources. Water (dd-H,O) used as reaction solvent and in biologi-
cal procedures was deionized using a Barnstead NANOpure purification system (ThermoFisher,
Waltham, MA).

Instrumentation and sample analysis

Mass Spectrometry. Matrix assisted laser desorption-ionization time-of-flight mass spectrometry
(MALDI-TOF MS) was performed on a Voyager-DE system (PerSeptive Biosystems, USA) and data
were analyzed using Data Explorer software. Peptide samples were co-crystallized with a-cyano-
4-hydroxycinnamic acid in 1:1 acetonitrile (MeCN) to H,O with 0.1% trifluoroacetic acid (TFA).
Electrospray ionization mass spectrometry (ESI-MS) of peptides was performed using an Agilent
1100 series LC pump outfitted with either an Agilent 6224 Time-of-Flight (TOF) LC/MS system
or an API 150EX system (Applied Biosystems, USA) equipped with a Turbospray ion source. LC-
ESI-MS of proteins and tandem mass spectrometry (MS/MS) of peptides were obtained from the
UC Berkeley QB3/Chemistry Mass Spectrometry Facility. Protein bioconjugates were analyzed us-
ing an Agilent 1200 series liquid chromatograph (Agilent Technologies, USA) that was connected
in-line with an LTQ Orbitrap XL hybrid mass spectrometer equipped with an Ion Max electro-
spray ionization source (ESI; Thermo Fisher Scientific, Waltham, MA). MS/MS analysis was ac-
complished with a using a Waters nanoAcquity ultra performance liquid chromatograph (UPLC)/
quadrupole time-of-flight (Q-TOF) Premier instrument.

High Performance Liquid Chromatography. HPLC was performed on Agilent 1100 Series HPLC
Systems (Agilent Technologies, USA). Sample analysis for all HPLC experiments was achieved with
an inline diode array detector (DAD) and inline fluorescence detector (FLD). Analytical and pre-
parative reverse-phase HPLC of peptides and proteins was accomplished using a C18 stationary
phase and a MeCN/H,O with 0.1% TFA gradient mobile phase. Analytical size exclusion chroma-
tography of peptides and proteins was accomplished using a BioSep 4000S stationary phase with
isocratic flow of aqueous buffer (10 mM phosphate buffer, pH 7.2).

Gel Analyses. For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out on a Mini-Protean apparatus (Bio-Rad, Hercules, CA), using a 10-
20% precast linear gradient polyacrylamide gel (Bio-Rad). The sample and electrode buffers were
prepared according to Laemmli. All protein electrophoresis samples were heated for 5-10 min at
95 °C in the presence of 1,4-dithiothreitol (DTT) to ensure reduction of disulfide bonds. Gels were
run for 75-90 minutes at 120 V to separate the bands. Commercially available markers (Bio-Rad)
were applied to at least one lane of each gel for assignment of apparent molecular masses. Visualiza-
tion of protein bands was accomplished by staining with Coomassie Brilliant Blue R-250 (Bio-Rad).
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For fluorescent protein conjugates, visualization was accomplished on a Typhoon 9410 variable
mode imager (Amersham Biosciences) courtesy of Prof. Carolyn Bertozzi prior to gel staining.
Coomassie stained protein gels were imaged on an EpiChem3 Darkroom system (UVP, USA).

Dynamic Light Scattering. DLS measurements were obtained using a Malvern Instruments Zeta-
sizer Nano ZS. Data plots were calculated from an average of three measurements, each of which
consisted of 12 runs of 45 s each. Measurement data are presented as a volume plot, which weights
larger dimensions by a factor of 10° more than smaller dimensions. Samples were measured in 10
mM phosphate buffer, pH 7.2.

Transmission Electron Microscopy. TEM images were obtained at the UC Berkeley Electron Mi-
croscope Lab (www.em-lab.berkeley.edu) using a FEI Tecnai 12 transmission electron microscope
with 120 kV accelerating voltage. Protein samples were prepared for TEM analysis by pipetting 5
uL of the samples onto Formvar-coated copper mesh grids (400 mesh, Ted Pella, Redding, CA),
after 3 min of equilibration the samples were then wicked with filter paper. The samples were then
rinsed with dd-H,O. Subsequently, the grids were exposed to 8 uL of a 1% (w/v) aqueous solution
of uranyl acetate for 90 s as a negative stain. After excess stain was removed, the grids were allowed
to dry in air.

Peptide synthesis and modification

General procedure for solid-phase peptide synthesis. Peptides were synthesized using standard
Fmoc-based chemistry on Tentagel S-OH resin (Advanced ChemTech, Louisville, KY). The side
chain protecting groups used were: Arg(Pbf), Cys(Trt), Lys(Boc), Ser(tBu), Tyr(tBu). The C-termi-
nal amino acid (10 equiv) was preactivated at 0 °C with 5 equivalents of diisopropylcarbodiimide
(DIC) and then coupled to the resin with 0.1 equivalents of N,N-dimethylaminopyridine (DMAP)
as a catalyst. Deprotection of the Fmoc groups was performed with a 20 min incubation in a 20%
v/v piperidine in dimethylformamide (DMF) solution. Coupling reactions were carried out using
20 equivalents of amino acid with 10 equivalents of 2-(6-chloro-1-H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate (HCTU)* and 20 equivalents of N,N-diisopropylethyl-
amine (DIPEA) in DMF for 20 min. Side-chain deprotection was accomplished using a 1-2 h incu-
bation with either a 95:2.5:2.5 ratio of TFA to H,O to triisopropylsilane (TIPS) (peptides without
cysteine) or a 90:5:2.5:2.5 ratio of TFA to phenol to H,O to TIPS (peptides containing cysteine).
Peptides were cleaved from the resin by a 30-45 min incubation with a 100 mM sodium hydroxide
solution. The resulting basic solution was neutralized with 100 mM phosphate buffer, pH 6.5.

General procedure for azo coupling to peptides. To a portion of resin-bound peptide (appx. 20
mg) in 900 uL of 100 mM phosphate buffer, pH 9.0 was added 100 uL of a saturated solution of
4-nitrobenzenediazonium tetrafluoroborate (300 mM, Sigma-Aldrich) in MeCN at 4 °C. After ro-
tation for 30 min at 4 °C, the resin was rinsed with MeCN and DMF until no color remained in
solution. The peptides were then cleaved from the resin, and the modification was confirmed by
MALDI-TOF MS (Figure 4.5 and 4.10).

General procedure for dithionite reduction of azo peptides. To a solution of azo-modified pep-
tide (appx. 1 mM) in 100 mM phosphate buffer, pH 6.5 was added an equal volume of a freshly
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prepared solution of sodium dithionite (115 mM) in 100 mM phosphate buffer, pH 7.2. After 10
min, the solution was applied to a C18 Sep-Pak pre-conditioned with methanol then 0.1% aque-
ous TFA. After washing with aqueous 0.1% TFA and 5% MeCN in aqueous 0.1% TFA, the peptide
was eluted with MeCN. After removing the MeCN under reduced pressure the solid peptide was
dissolved in 100 uL of 10 mM phosphate buffer, pH 6.5. The o-aminophenol peptide was character-
ized by MALDI-TOF or LC-ESI MS (Figure 4.5) and stored at 4 °C. The site of modification was
confirmed for the GPR peptide by MS/MS analysis (Figure 4.5).

General procedure for maleimide modification of peptides. To a 1.75 mM solution of cleaved
peptide in 10 mM phosphate buffer, pH 8.0 was added 1.1 equivalents of tris(2-carboxyethyl)phos-
phine hydrochloride (0.5 M solution, pH 7.0). After 15 min, 0.6 equivalents of maleimide (Alexa
Fluor 680 C -maleimide, 20 mM in DMSO) was added and the solution was briefly vortexed. The
peptides were incubated in the dark at room temperature overnight. The peptides were then puri-
tied by HPLC using a C18 Gemini column (5 micron, 250 x 7.8 mm, Phenomenex, Torrance, CA).
The purified peptides were characterized by LC-ESI-MS and MS/MS (Figure 4.9).

Protein expression, purification and modification

Cloning, expression and purification of fibrin binding scFv. The following primers were used to
synthesize the gene for the scFv. The gene was stitched together using 10 nM of each primer except
the FO and F798 primers, which were used at a concentration of 400 nM.

RO  TGGacatgacgcggacg

FO  cgtccgegtcatgt CCATGGCAAGTACAACTGCAAC

R17 CCAGATCACCACCGGATTGTTGCAGTTGTACTTGCCA

F36 AATCCGGTGGTGATCTGGTTAAGCCAGGTGGCTCTC

R54 CGGCGCAAGACAGTTTCAGAGAGCCACCTGGCTTAA

F72  TGAAACTGTCTTGCGCCGCGTCTGGTTTCTCTTTCTCTTC
R90 CACCCAGCTCATACCGTAAGAAGAGAAAGAGAAACCAGACG
F112 TTACGGTATGAGCTGGGTGCGTCAGACCCCGGATAAA

R131 CCACCCATTCCAGGCGTTTATCCGGGGTCTGACG

F149 CGCCTGGAATGGGTGGCGTCTATCTCTTCCGGTGG

R165 GGATAGTACGTGTGGCGGCCACCGGAAGAGATAGACG

F184 CCGCCACACGTACTATCCGGACAGCGTGAAGGGC

R202 ACGGCTGATCGTGAAACGGCCCTTCACGCTGTCC

F218 CGTTTCACGATCAGCCGTGACAACGCTAAAAACACCCT
R236 AGAGAAGACATCTGCAGGTACAGGGTGTTTTTAGCGTTGTC
F256 GTACCTGCAGATGTCTTCTCTGAAATCCGAAGACACTGCG
R277 GGCGTGCACAAAAGTACATCGCAGTGTCTTCGGATTTC
F296 ATGTACTTTTGTGCACGCCAGGAAGGTGATTACGATGATTGG
R315 CGGTGGTACCCTGACCCCAATCATCGTAATCACCTTCCT
F338 GGTCAGGGTACCACCGTGACCGTGTCCTCCGG

R354 GCCAGAACCACCGCCACCGGAGGACACGGTCA

F370 TGGCGGTGGTTCTGGCGGTGGCGGCTCTGGTG

R386 TCGATATCGCTACCACCACCACCAGAGCCGCCACC
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F402 GTGGTGGTAGCGATATCGAACTGACCCAGTCTCCTCT

R421 CCAATAATCACGGACAGGGTCAGAGGAGACTGGGTCAGT
F439 GACCCTGTCCGTGATTATTGGTCAGCCTGCCTCCATTT

R460 GAGACTGGGAGGATTTGCAAGAAATGGAGGCAGGCTGA
F477 CTTGCAAATCCTCCCAGTCTCTGCTGTATTCTGACGGTACTAC
R498 CAGCAGCCAGTTCAGGTAGGTAGTACCGTCAGAATACAGCA
F520 CTACCTGAACTGGCTGCTGCAGCGTCCGGGTCAGTC

R539 AGATCAGACGCTTCGGGGACTGACCCGGACGCTG

F556 CCCGAAGCGTCTGATCTATCTGGTATCCAAAGTTGATTCTG
R573 TGAAGCGATCTGGCACACCAGAATCAACTTTGGATACCAGAT
F597 GTGTGCCAGATCGCTTCACCGGTTCTGGTAGCGGC

R615 CTAATTTTCAGGGTGAAGTCAGTGCCGCTACCAGAACCGG
F632 ACTGACTTCACCCTGAAAATTAGCCGCGTGGAGGCGGAA
R655 CAGTAGTAAACGCCCAGGTCTTCCGCCTCCACGCGG

F671 GACCTGGGCGTTTACTACTGCTGGCAGGGCACGCAT

R691 GGAACCGAAAGTAAACGGGAAATGCGTGCCCTGCCAG

F707 TTCCCGTTTACTTTCGGTTCCGGCACCAAACTGGAACTG
R728 CAGCCGCTGCACGTTTCAGTTCCAGTTTGGTGCC

F746 AAACGTGCAGCGGCTGGTTCTTGTATCGAAGGCCGC

R762 CGAGGCCGCCAGAGGAGCGGCCTTCGATACAAGAAC

F782 TCCTCTGGCGGCCTCGAGgatcccactgggcet

F798 agcccagtgggatcCT

The isolated gene insert was cloned into the pET22b(+) vector using Ncol and Xhol restriction
sites. The scFv was transformed into T7 Express lysY/I4 E. coli and the expression was optimized
in 5 mL cultures. The cells were grown in 1 L LB with 100 pg/L ampicillin with 100 uM IPTG for
18 h at 37 °C. The periplasmic proteins were extracted and purified following the Qiagen protocol.
Briefly, the cells were collected by centrifugation and resuspended in 30 mM Tris-Cl, 20% sucrose,
pH 8.0 at appx. 80 mL per gram of wet E. coli. The cells were kept on ice and EDTA (as a 500 mM
solution) was added to a final concentration of 1 mM. The cells were gently agitated for 5-10 min.
The cell suspension was centrifuged at 8000 g for 20 min and the pellet was resuspended in an
equal volume of ice-cold 5 mM MgSO,. Following 10 min of gentle stirring the suspension was
centrifuged at 8000 g for 20 min again. The supernatant was collected and buffer exchanged into
lysis buffer (50 mM NaH_PO,, 300 mM NaCl, 10 mM imidazole, pH 8.0). The periplasmic extract
was applied to pre-equilibrated Ni-NTA resin (Qiagen). The resin was washed with wash buffer (50
mM NaH PO,, 300 mM NaCl, 20 mM imidazole, pH 8.0) and then protein was eluted with elution
buffer (50 mM NaH_PO,, 300 mM NaCl, 250 mM imidazole, pH 8.0). However the scFv eluted in
the flow-through or the wash steps.

Expression and purification of T19pAF N87C MS2. The protein was expressed and purified fol-
lowing a previously published protocol.** After purification, approximately 10 mg of protein were
obtained per L of culture.

General procedure for oxidative coupling of o-aminophenol peptides to pAF MS2. To a solution
of T1I9pAF N87C MS2 (10 uM) in 10 mM phosphate buffer, pH 6.5 was added 5-10 equivalents of
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o-aminophenol peptide (50-100 uM). The solution was briefly vortexed and then 10 equivalents
(relative to the o-aminophenol) of sodium periodate was added. After 5 min, the reaction mixture
was purified on a Nap 5 Sephadex size exclusion column (GE Healthcare) according to the manu-
facturer’s instructions and eluted in 10 mM phosphate buffer, pH 7.2. Any remaining periodate
and free peptide were removed using a 0.5 mL centrifugal filter with a molecular weight cut off
(MWCO) of 100 kDa (Millipore). The samples were concentrated to 50 uL and then diluted 10-
fold with 10 mM phosphate buffer, pH 7.2. This process was repeated 5-10 times depending on the
concentration of peptide used. Modification was monitored by SDS-PAGE and quantified using
optical densitometry (Figure 4.6).

General procedure for dual modification of TI9pAF N87C MS2. Dual modification always start-
ed with maleimide modification of the interior cysteine. A solution of T19pAF N87C MS2 (100
uM) in 10 mM phosphate buffer, pH 7.2 was incubated with 1 equivalent of Alexa Fluor 680 C,-
maleimide (38 mM in DMSO) for 2 h. Unreacted dye was removed with a Nap 10 Sephadex size
exclusion column (GE Healthcare) and by repeated centrifugal filtration against a 100 kDa MWCO
membrane. Exterior modification with an o-aminophenol peptide was performed as described
above. Modification was monitored by SDS-PAGE (Figure 4.6).

Other procedures

Inhibition of fibrin clot formation. Bovine fibrinogen (=75% clottable, Sigma Aldrich, USA) was
dissolved in 0.9% saline solution at 37 °C at a concentration of 12 mg/mL. Bovine thrombin (100 U/
mL) was dissolved in phosphate buffered saline (PBS) and added into wells of a 96-well polystyrene
half area plate (Costar, Corning, NY) to a final concentration of 0.25 U/well. Assayed agents (H,O
(control), GPR peptide, GPS peptide, MS2, GPR-MS2, and GPS-MS2) were added to the wells (72.5
uL/well, n=4-6) to a final concentration of 20 uM peptide (40 pM in MS2 monomer for MS2, GPR-
MS2, and GPS-MS2 for an effective peptide concentration of 20 uM and capsid concentration of
222 nM). Immediately preceding absorbance measurements, 25 uL of the fibrinogen solution was
added to each well (0.3 pg/well). The absorbance at 350 nm was monitored once a minute for 75
min using a SpectraMax M3 microplate reader (Molecular Devices, Sunnyvale, CA), courtesy of
Prof. Carolyn Bertozzi. Additional concentrations of peptide (10 uM to 1.7 mM) were evaluated
for their ability to inhibit fibrin clot formation in a similar manner (Figure 4.8). The clotting time
was determined to be the time at which the absorbance first approached the horizontal asymptote.
Statistical significance was evaluated by a one-tailed Student’s t-test with unequal variance.

Binding to fibrin clots. Bovine fibrinogen (>75% clottable, Sigma Aldrich, USA) was dissolved in
50 mM Tris, pH 7.4, 150 mM sodium chloride (TBS) and dialyzed against TBS with 5 mM sodium
citrate (TBS-citrate). The resulting fibrinogen solution was adjusted to 4 mg/mL by measuring the
absorbance at 280 nm (a 1 mg/mL fibrinogen solution has an absorbance of 1.512 OD units).* The
fibrinogen solution (50 uL) was aliquoted into Eppendorf tubes. Subsequently, calcium chloride
(10 pL of a 70 mM solution) and 0.4 U of bovine thrombin (10 U/mL in TBS) were added to each
tube to initiate clotting. After incubation at room temperature for 1 h, 100 pL of Alexa Fluor 680
labeled agent (MS2, GPR-MS2 or GPS-MS2) was added to each clot (n=3, with 4-6 replicates per
experiment) for a final concentration of 20 uM MS2 monomer (111 nM MS2 capsid and approxi-
mately 10 uM peptide). The agents were allowed to bind for 3 h at room temperature and then the
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clots were washed 3 times with 200 uL TBS. The clots were transferred to a 96-well polystyrene
plate (Costar, Corning, NY) and centrifuged at 4000 rpm for 10 min. The plate was imaged using
an Odyssey CLx infrared imaging system (Li-Cor, Lincoln, NE) courtesy of Prof. Jay Groves. The
resulting images were quantified using Image] 1.42q software (NIH) using the Microarray Profile
plugin to select regions-of-interest. The image was pseudo-colored in Image]. Additionally, Alexa-
Fluor 680 labeled peptide and free AlexaFluor 680 C, -maleimide (10, 1, and 0.1 uM) were tested
for their binding to fibrin clots (Figure 4.8). Statistical significance was evaluated by a one-tailed
Student’s t-test with unequal variance.

Culturing of human umbilical vein endothelial cells (HUVECsS). The cells were purchased from
ATCC and grown in Medium 200 supplemented with low serum growth supplement and 1% peni-
cillin and streptomycin. To passage the cells, the cells were first rinsed with phosphate buffered
saline (PBS) and then treated with trypsin and incubated at room temperature for approximately
3-5 min. The cells were collected, counted and plated at a density of 2,500 cells/cm? in culture flasks
pre-treated with gelatin. The cells were grown at 37 °C with an atmosphere of 95% air and 5% CO.,.

Flow cytometry. A FACSCalibur flow cytometer (BD Biosciences, USA) equipped with a 488 laser
was used for all flow cytometry measurements, usage courtesy of Prof. Carolyn Bertozzi. Following
the harvesting and counting of cells as above, cells were resuspended in flow cytometry buffer (1%
FBS in DPBS). The cells were aliquotted into Eppendorf tubes at 100 uL (500,000 cells) per tube
and kept on ice. 100 pL of agent in flow cytometry buffer (FCB) was added and incubated at 4 °C.
After 1 h, each sample was diluted to 1 mL with FCB, and the tubes were centrifuged at 2,000 rpm
for 5 min. The supernatant was removed, and the cells were washed two times with 1 mL of FCB.
The cells were resuspended in 200 pL of FCB. Data were analyzed using Flow]Jo analysis software
(Tree Star Inc.). Gating was performed by applying the autogating tool in FlowJo onto the major
population of cells in the FSC x SSC (forward versus side scatter plots) of untreated samples; treated
samples were subject to the same gating as the untreated population.
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Chapter 5
Oxidative coupling for the detection of protein tyrosine-nitration

Abstract

Tyrosine residues are occassionally post-translationally nitrated. A new method to detect this post-
translational modification is outlined in this chapter. The ferricyanide-mediated oxidative coupling
reaction described in Chapter 2 was used to detect nitrotyrosine residues. The reaction was demon-
strated to be selective for the reduced amino-tyrosine species. Additionally, both reduction of the
nitrophenol moeity and oxidative coupling to the resulting aminophenol moiety were successfully
demonstrated in cellular lysate.
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5.1 Post-translational tyrosine nitration

As discussed in the previous chapters, bioconjugation reactions can be used to construct pro-
tein-based materials. However, bioconjugation reactions can also be used to detect and monitor
biological processes. In this Chapter, application of the ferricyanide-mediated oxidative coupling
reaction (described in Chapter 2) to the detection of tyrosine nitration is explored.

The nitration of tyrosine residues is mediated by reactive nitrogen species, such as peroxynitrite
anion (OONO") and nitrogen dioxide (-NO2).! Nitration of tyrosine lowers the phenolic pK_by
2-3 units and adds a bulky substituent ortho to the hydroxyl. Both of these effects can alter pro-
tein function and conformation. The biological effect of this nitration can be a gain-of-function,
loss of activity, sensitivity to proteolytic degradation, or interference with tyrosine phosphorylation
(Scheme 5.1).2 For example, after nitration of a tyrosine in cytochrome c, it gains strong peroxidase
activity. While tyrosine nitration is known to alter biological properties of proteins, there is debate
over whether tyrosine nitration is merely a biological marker of oxidative stress or if the nitration
mediates the downstream biological effects.” Nitrotyrosine, either as a free amino acid or within
a protein, has been detected in many diseases (>50). In particular, there is a strong association
between nitrotyrosine levels and coronary artery disease risk.! In addition, nitrotyrosine has been
observed in association with lung disease, diabetes, and neurodegenerative diseases.* Improved
methods of detection of tyrosine nitration could lead to a better understanding of the biological
effects and disease implications of this post-translational modification.

5.2  Methods for detection of 3-nitro-tyrosine

Most studies of tyrosine nitration have relied on commercially available anti-NO,-Tyr anti-

Scheme 5.1. Mediators and effects of tyrosine nitration

k‘! OH

mediators of nitration effect on proteins implications for disease
- oxidative stress - increased proteolysis - strong association with incidence of
coronary artery disease
- reactive nitrogen species - decreased phosphorylation
« linked to diabetes
+ 'NO/O," —» OONO « enzyme activation

- implicated in age-related diseases
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bodies with detection via western blot after 1D or 2D electrophoretic separation (Figure 5.1a).’
To control for potential non-specific binding of the antibody, parallel experiments are run with
a dithionite-medated reduction of the nitro-tyrosine to the corresponding amino-tyrosine. This
dithionite-mediated reduction has also been utilized to chemically detect nitrated proteins (Figure
5.1b). The amino-tyrosine residue can be selectively labeled by first capping the native amines of
lysines and the N-terminus followed by reduction of nitro-tyrosine residues and a second acylation
step.® The selectivity of this method relies on the complete modification of native amino groups in
the first step. More recently, an alternative chemical detection method was developed that relies on
the unique reactivity the o-aminophenol functionality of reduced nitro-tyrosine.” Reaction of the
amino-tyrosine with salicylaldehyde and aqueous AICI, results in a fluorescent complex (A_ = 412
nm, A__ = 520 nm). While the imine formation with salicylaldehyde is not selective for the amine
of amino-tyrosine, coordination of AI’*, and thus fluorescent signal, relies on the o-hydroxyl found
only in the amino-tyrosine group.

The success of these chemical detection methods, coupled with our discovery of the relatively
mild conditions for the oxidative coupling of o-aminophenols (discussed in Chapter 2), led us to
investigate the use of ferricyanide-mediated oxidative coupling of anilines and o-aminophenols for
the detection of tyrosine nitration.® Reduction of the nitro-tyrosine to the corresponding amino-ty-
rosine (0-aminophenol), followed by oxidative coupling with a functionalized aniline probe would

a b
NO, NO,
R OH OH
@Hzvav\&vcoze @Hst\o\o\&vcoz@
1.amine acylation
l 2.Na,5.0, lNazSz@
NH, NH,
OH OH
250 kDa — i
150 — )LN coze @HJN coze
H
100 : acylation at aq. AICI,
[l _ pH 4.5 salicylaldehyde
50 —|
= ) Q.
02 NH S--Al
25 —| OH (o]
20 —| o5 3 o]
15 —| £ )LN co® Oun co®
= H 2 3 2
lane 1 2 3 4 R = -SH, -biotin, -Ni chelator A, =412nm
sample BHM BHM BSA BSA A, =520nm
nitration - + -+

BHM = bovine heart mitrochondria

Figure 5.1. (a) Antibody based detection of tyrosine nitration. (b) Chemical methods for the detection of tyrosine
nitration.
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fluoresceinamine biotin-aniline
isomer | (1 synthetic step)
(commercially available)

Figure 5.2. Schematic for an oxidative coupling based method for the detection of tyrosine nitration. Fluorescent or
biotinylated aniline probes enable detection by fluorescence or western blot.

allow for the rapid, selective detection of 3-nitro-tyrosine (Figure 5.2). To avoid background reac-
tivity with native amino acids, the reduction and oxidative coupling reactions were run at pH 6.0.
Two aniline probes were utilized for these studies for detection by either fluorescence imaging or
western blot. Initial studies were carried out with a commercially available fluorescent aniline sub-
strate, fluoresceinamine isomer I, and subsequent studies relied on a synthetic biotinylated aniline
substrate. The experiments discussed in the next sections were carried out in collaboration with an
undergraduate, Bryce Jarman, and a rotation student, Rapeepat Sangsuwan.

5.3 Introduction of artificial nitro-tyrosine residues
a

unmodified

To test the ability of 14305
the ferricyanide-medi-
ated oxidative coupling “\/\/\
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trophenol moiety was /o
first introduced to pro- 2 N“OJ\/\@N%
tein substrates. Tyrosine oH 8 OH
residues can be directly 2h
nitrated with tetranitro- +3mod.

methane; however, for
these initial investiga-
tions surface accessible
lysine residues were ac-
ylated with an activated
ester to introduce the

+2mod. | +4mod.
14691\ | /15078
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) ) Figure 5.3. (a) Schematic for the introduction of nitro-tyrosine like residues on
nitrophenol functional- protein substrates. (b) LC-MS analysis of unmodified lysozyme (top) and lysozyme
ity (Figure 5.3a). This modified with the nitrophenol functionality (bottom).
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method was chosen as the level of modification could easily be controlled by varying the equiv
of activated ester. Additionally, the mass addition was large enough to monitor by LC-MS (Figure
5.3b). Several proteins — lysozyme, a-chymotrypsinogen A, and bovine serum albumin — were
acylated for use as model substrates for the detection of nitro-tyrosine.

5.4  Specificity and sensitivity of the oxidative coupling reaction

The specificity of the oxidative coupling reaction for the aminophenol modified protein was
first verified. The nitrophenol modified proteins were treated with Na_S O, to generate aminophe-
nol modified proteins. The resulting aminophenol proteins were purified to remove excess reduc-
tant. Unmodified, nitrophenol modified, and aminophenol modified proteins were then treated
with 10 equiv of fluoresceinamine (100 uM) in the presence of 1 mM ferricyanide (Figure 5.4).
Slightly longer reaction times, 1 h, were used to maximize the level of modification. The reaction
mixtures were purified to remove excess, unreacted fluorophore. The purified reactions were then
analyzed by SDS-PAGE and labeling was monitored by fluorescence detection. Only the amino-
phenol modified proteins were successfully labeled with the fluorescent aniline, demonstrating the
feasibility of using this reaction to selectively detect native tyrosine nitration.

While the oxidative coupling with fluoresceinamine was specific to the aminophenol function-
alized protein, the reactions were run with relatively high concentrations (10 uM) of protein. In
biological samples, nitrated proteins are more likely to be present at nanomolar concentrations. To
determine if the reaction would be sensitive enough to detect nitro-tyrosine residues at biologically
relevant concentrations, varying concentrations of aminophenol lysozyme were subjected to the

a
protein X a =lysozyme
unmodified H b = chymotrypsinogen
nitrophenol NO, c=BSA
aminophenol NH, d=a+b+c
b ) c )
Coomassie Fluorescence Coomassie Fluorescence
150kl3::- ’ w
50= | e——
37= L w——
25—
20— ':.-—
15= t;
10— 2
lane 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 1 2 3
protein  a a a b b b c ¢ ¢ a a a b b b c ¢ ¢ d d d d d d
X= H NO,NH, H NO,NH, H NO,NH, H NO,NH, H NO,NH, H NO,NH, H NO,NH, H NO,NH,

conditions : 10 uM lysozyme, 100 uM aniline, T mM ferricyanide, 100 mM phosphate buffer, pH 6.0, 60 min

Figure 5.4. (a) Schematic for testing the selectivity of the oxidative coupling for o-aminophenol residues. (b,c)
Unmodified, nitrophenol, and aminophenol proteins were reacted with 10 equiv of fluoresceinamine in the presence
of ferricyanide at pH 6.0 for 60 min and then analyzed by SDS-PAGE. Fluorescent and Coomassie-stained images show
that the reaction is selective for the aminophenol functional group.
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Figure 5.5. (a) Schematic for the oxidative coupling reaction on
aminophenol containing proteins. (b) The detection limit was probed
on purified, aminophenol modified lysozyme. Reactions were
analyzed by SDS-PAGE with fluorescence detection. (c) The detection
limit was also evaluated in the prescence of cell lysate. Reduction of
nitrophenol modified lysozyme and the oxidative coupling were
performed in ‘one-pot’ and then analyzed by SDS-PAGE with fluores-
cence and Coomassie detection.

nol lysozyme was modified with the fluorophore.

reaction conditions. Aminophenol
functionalized lysozyme could be
detected even with only a few pmol
of protein substrate, equating to
concentrations in the nanomolar
range (Figure 5.5a).

5.5 Detection of artificial ni-
tro-tyrosine in cell lysate

The oxidative coupling reaction
was able to modify proteins selec-
tively, even at low concentrations;
however, the reaction would need
to maintain selectivity and sensi-
tivity for aminophenol functional-
ized proteins in a complex mixture
of cellular components in order to
serve as a useful detection method.
To assess the viability of detecting
nitrated proteins in complex cel-
lular milieu, nitrophenol modified
lysozyme was added to cell lysate.
The Na,S O,-mediated reduction
was then carried out in the protein
mixture. The reduced lysate was
then treated with fluoresceinamine
and K Fe(CN),. No purification was
performed between the reduction
and oxidation steps to minimize the
number of steps and thus minimize
the loss of the biological sample.
After the oxidative coupling step
the small molecule reactants were
removed by precipitation of the
protein samples. The precipitated
proteins were then resuspended in
buffer and analyzed by SDS-PAGE.
Excitingly, the exogenous nitrophe-

Conditions for the reduction and oxidative coupling steps in cell lysate were then optimized.
The concentration of dithionite, ferricyanide, and fluoresceinamine were varied, as was the time
of the oxidative coupling step. Signal-to-background was optimized when 10 pg of cell lysate was
treated with 2 mM Na,S O, for 1 h followed by reaction with 20 uM fluoresceinamine and 20 mM
K,Fe(CN), for 2 h. Using these conditions, as little as 6-30 pmol of nitro-tyrosine modified lyso-
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India ink a-biotin western blot

in buffer in lysate in buffer in lysate
lane 1 2 3 4 5 6 7 8 9 10 11 12 lane 1 2 3 4 5 6 7 8 9 10 11 12
pmol 3 6 30 60 130330 3 6 30 60 130 330 pmol 3 6 30 60130330 3 6 30 60 130 330

conditions : varying [nitrophenol lysozyme], 40 uM aniline, 40 mM ferricyanide, 100 mM phosphate buffer, pH 6.0, 120 min

Figure 5.6. Detection of nitrophenol lysozyme via an anti-biotin western blot. The nitrophenol protein was reduced
with 4 mM Na_§ O, for 1 h and then treated with 40 uM biotin-aniline and 40 mM K Fe(CN), for 2 h either in the

presence (in lysate) or absence (in buffer) of 20 ug cell lysate. After purification, the reactions were analyzed by western
blot.

zyme could be detected (Figure 5.5). However, some background non-specific association of the
fluorophore with the cellular lysate was also observed.

To avoid this background association as well as possibly improve the detection limit, a bioti-
nylated aniline substrate was tested. The aniline substrate was synthesized in one step from com-
mercially available starting materials and was used without further purification. Detection of nitro-
phenol modified lysozyme was tested both in buffer and cell lysate using the optimized conditions
described above. The modification was analyzed by western blot (Figure 5.6). In these initial studies
the detection limit with the biotin aniline matched that of the fluorescent aniline, but optimization of
the western blot conditions could improve the detection limit. Additionally, the selectivity for nitro-
phenol-containing proteins in a complex mixture was confirmed. Both unmodified and nitrophenol
modified lysozyme were added to cell lysate and then subjected to the optimized conditions. Only
the reactions containing the nitrophenol modified lysozyme were detected by the anti-biotin west-
ern blot (Figure o o
5.7). India ink —b|t|n esern blot

The use of the i
ferricyanide-me-
diated oxidative
coupling reaction
for the detection
of post-transla-

tional  tyrosine NO, H NO, H
nitration was pre- lane 1 2 3 4 5 6 7 8 lane 1 2 3 4 5 6 7 8
hmlnarlly inves- pmol 3 6 30 60 3 6 30 60 pmol 3 6 30 60 3 6 30 60
tigated. Several conditions : varying [nitrophenol lysozymel, 40 uM aniline, 40 mM ferricyanide,
protein substrates 100 mM phosphate buffer, pH 6, 120 min

were modified to Figure 5.7. Detection of nitrophenol lysozyme via an anti-biotin western blot. Lysozyme,

introduce artifi- ejther modified with a nitrophenol moiety (NO,) or unmodified (H) was reduced with 4 mM

cial nitrophenol Na$ 0, for 1hand then treated with 40 uM biotin-aniline and 40 mM K Fe(CN), for 2 h in

moieties. The ni- the presence of 20 pg cell lysate. After purification, the reactions were analyzed by western
blot.
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trophenol functional group was selectively detected by reduction to the corresponding aminophe-
nol and then oxidative coupling to an aniline probe. The reduction and oxidative coupling reac-
tions were also successfully carried out in cell lysate.

5.6 Materials and methods

General methods

Unless otherwise noted, the chemicals and solvents used were of analytical grade and were used
as received from commercial sources. K,Fe(CN)  was purchased from Sigma Aldrich and used
without further purification. Analytical thin layer chromatography (TLC) was performed on EM
Reagent 0.25 mm silica gel 60-F _, plates with visualization by ultraviolet (UV) irradiation at 254
nm and/or potassium permanganate stain. Purifications by flash chromatography were performed
using EM silica gel 60 (230-400 mesh). The eluting system for each purification was determined by
TLC analysis. Chromatography solvents were used without distillation. All organic solvents were
removed under reduced pressure using a rotary evaporator. Water (dd-H,O) used as reaction sol-
vent was deionized using a Barnstead NANOpure purification system (ThermoFisher, Waltham,
MA). Centrifugations were performed with an Eppendorf Mini Spin Plus (Eppendorf, Hauppauge,
NY).

Instrumentation and sample analysis

NMR. 'H and "*C spectra were measured with a Bruker AVB-400 (400 MHz, 100 MHz) or a Bruker
AV-600 (600 MHz, 150 MHz) spectrometer, as noted. 'H NMR chemical shifts are reported as 6
in units of parts per million (ppm) relative to CDCI, (8 7.26, singlet). Multiplicities are reported
as follows: s (singlet), d (doublet), t (triplet), dd (doublet of doublets), br (broad) or m (multiplet).
Coupling constants are reported as a J value in Hertz (Hz). The number of protons (n) for a given
resonance is indicated as nH and is based on spectral integration values. *C NMR chemical shifts
are reported as 6 in units of parts per million (ppm) relative to CDCI, (8 77.2, triplet).

Mass Spectrometry. Protein bioconjugates were analyzed using an Agilent 1200 series liquid chro-
matograph (Agilent Technologies, USA) that was connected in-line with an Agilent 6224 Time-of-
Flight (TOF) LC/MS system equipped with a Turbospray ion source.

Gel Analyses. For protein analysis, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out on a Mini-Protean apparatus (Bio-Rad, Hercules, CA), using a 10-
20% precast linear gradient polyacrylamide gel (Bio-Rad). The sample and electrode buffers were
prepared according to Laemmli.’ All protein electrophoresis samples were heated for 5-10 min at 95
°C in the presence of 1,4-dithiothreitol (DTT) to ensure reduction of disulfide bonds. Gels were run
for 75-90 minutes at 120 V to separate the bands. Commercially available markers (Bio-Rad) were
applied to at least one lane of each gel for assignment of apparent molecular masses. Visualization
of protein bands was accomplished by staining with Coomassie Brilliant Blue R-250 (Bio-Rad). For
fluorescent protein conjugates, visualization was accomplished on Typhoon 9410 variable mode
imager (Amersham Biosciences) prior to gel staining. Gel imaging was performed on an EpiChem3
Darkroom system (UVP, USA). Image] was used to determine the level of modification by optical
densitometry.
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Small molecule synthesis

OH Synthesis of nitrophenol acid (1). To a solution of 3-(4-hydroxyphenyl)propionic acid

No, (5g,30.1 mmol) in 25 mL acetic acid at 15 °C was added a solution of fuming nitric acid

(1.6 mL, 33.8 mmol) in acetic acid (4 mL). The solution immediately turned orange. Af-

ter 15 min the reaction was quenched by addition to ice water. The precipitate was filtered

°"and dried. The yellow precipitate was recrystallized from 1:1 ethanol:water to afford 3.07

g of a yellow powder (48% yield). "H NMR (400 MHz, CDCIl,): § 10.47 (br s, 1H), 7.94 (d, 1H, ] =

1.9), 7.45 (dd, 1H, ] = 8.6, 1.9), 7.09 (d, 1H, J = 8.6), 2.94 (t, 2H, ] = 7.4), 2.68 (t, 2H, ] = 7.4). °C

NMR (100 MHz, CDCl,): 6 178.22, 153.86, 138.11, 133.47, 132.60, 124.22, 120.27, 35.19, 29.37.
HRMS (ESI) calculated for C;H,O.N ([M-H]) 210.0408, found 210.0410 m/z.

OH Synthesis of nitrophenol NHS ester (2). To a solution of 3-(4-hydroxy-3-nitrophe-
NO, nyl)propionic acid (1) (1 g, 4.7 mmol) and N-hydroxysuccinimide (0.65 g, 5.7 mmol)

o ° in CH,Cl, at 0 °C was added N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hy-
Ddrocbloride (1.09 g, 5.7 mmol). The reaction mixture was stirred for 2 h and then

© o diluted with CH,Cl, and washed with water. The combined organic layers were dried

over sodium sulfate and the solvent was removed in vacuo. The reaction afforded

1.38 g of a yellow solid (94% yield). 'H NMR (400 MHz, CDCL,): § 10.49 (s, 1H), 7.98 (d, 1H, ] =
2.1),7.48 (dd, 1H, J = 8.6, 2.1), 7.12 (d, 1H, ] = 8.6), 3.05 (t, 2H, ] = 7.3), 2.93 (t, 2H, ] = 7.3), 2.83 (s,
4H). "C NMR (100 MHz, CDCL,): 8 169.06, 167.56, 154.09, 138.00, 133.54, 131.40, 124.52, 120.49,

32.48, 29.43, 25.70. HRMS (ESI) calculated for C H, O.N, ([M-H]’) 307.0572, found 307.0568
m/z.

o Synthesis of aniline-biotin substrate
- (3). To a solution of EZ-Link NHS-PEG -
d o o /\@/"Hz Biotin (25 mg, 0.042 mmol, Thermo Sci-

s '(,QJLN/\/O\/\O/\/O\/\O/\)LN entific) in CH,Cl, was added 2-(4-amino-

¢ H H phenyl)ethylamine (6.1 pL, 0.046 mmol)

and triethylamine (12 uL, 0.084 mmol). The reaction mixture was stirred for 4 h and then diluted

with CH,Cl, and washed with water. The combined organic layers were dried over sodium sulfate

and the solvent was removed in vacuo. The reaction afforded 25 mg of a pale yellow oil (quantitative
yield). HRMS (ESI) calculated for C_ H, O_N.S ([M+H]*) 610.3274, found 610.3275 m/z.

297748 775

Protein modification

General procedure for lysine acylation. To 200 pL of 50 uM protein in 50 mM phosphate buffer
pH 8.0 was added 0.5 pL nitrophenol NHS-ester as a 100 mM solution in DMSO. The rection was
incubated at room temperature for 1 h and then purified by repeated centrifugal filtration using a
0.5 spin filter with the appropriate molecular weight cut oftf (MWCO, Millipore).

General procedure for oxidative coupling in buffer. To a solution of nitrophenol modified pro-
tein (lysozyme, chymotrypsinogen, or BSA, 1-10 uM) in 72 pL 10 mM phosphate buffer, pH 6.0
was added 4 uL of a 100 mM solution of Na,S O, in 100 mM phosphate buffer, pH 6.0. The solu-
tion was briefly vortexed and incubated at room temperature for 1 h. To the solution of reduced
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protein was added 4 pL of a 1 mM solution of aniline probe (fluoresceinamine I or 3) and 20 pL of
a 200 mM solution of K,Fe(CN),. The solution was briefly vortexed and then incubated at room
temperature for 2 h. The reaction mixtures were purified by using a 0.5 mL centrifugal filter with
the appropriate MWCO. The samples were concentrated to 50 pL and then diluted 10-fold with 10
mM phosphate buffer, pH 6.0. This process was repeated 3-6 times. After purification the reactions
were analyzed by SDS-PAGE.

Oxidative coupling in cell lysate. The procedure outlined above for the oxidative coupling in buf-
fer was performed in the presence of 20 pg mammalian cell lysate (untreated Jurkat or Ramos cell
lysate). Reaction mixtures were purified by precipitation with MeOH/CHCI, instead of centrifugal
filtration.

Other procedures

Preparation of cell lysate. Cells were collected and then washed twice in 10 mL of DPBS (with
centrifugation in between each wash step to pellet cells at 1300 rpms for 3 min). The cell pellet was
resuspended in lysis buffer (1% NP-40, 150 mM NaCl, 20 mM Tris pH 7.4, and protease inhibitors
(Calbiochem, set III, diluted 1:100 or EDTA-free complete tablets)) and then disrupted by sonica-
tion (5 s on, 5 s off, for 1 min of sonication); the volume of lysis buffer was two times the volume
of the cell pellet or 200 uL, whichever was larger. Insoluble material was removed by centrifugation
(12000 rpms for 10 min at 4 °C). Protein concentration was determined using a BCA assay (Piece).

Precipitation of proteins. To a sample of protein in 100 uL buffer was added 400 uL cold MeOH
followed by 100 uL cold CHCI,. The sample was vortexed after addition of each portion of organic
solvent. The solution was diluted to 1 mL with 300 uL of cold dd-H,O and then vortexed. The
aqueous and organic layers were separated by centrifugation at 14,000 g for 2 min. The aqueous
layer was removed by pipet. To the remaining CHCI, was added 400 uL. MeOH and the solution
was vortexed. The protein was pelleted by centrifugation at 14,000 g for 3 min. The organic solvent
was removed by pipet and the residual solvent was allowed to evaporate at room temperature. The
protein was resuspended in 1% Triton-X before analysis.

Synthesis of peroxynitrite. To a stirring solution of 1.8 mL of 0.55 M NaOH in 2 mL isopropanol
was sequentially added 0.093 mL 30% H,O, and 7 uL isoamyl nitrite. The reaction was incubated
at room temperature for 10 min. The peroxynitrite was extracted with 4 x 2 volumes of CH,Cl,
and then treated with appx. 0.5 g of MnO,. The solution was stirred for 5 min and then filtered to
remove the MnO,. After purging the solution with N, the concentration was determined by mea-
suring the absorbance at 302 nm (e = 1670 M' cm™).

Western blot protocol. Protein samples were run on a SDS-PAGE gel and then the contents of the
gel were wet-transferred to nitrocellulose membranes in tris-glycine buffer (120 min, 60 V). The
blots were blocked overnight at 4 °C in 20 mL tris-buffered saline with 0.1% Tween-20 (TBST) con-
taining bovine serum albumin (5% w/v). To the blot in blocking solution was added 0.2 pL a-biotin
antibody conjugated to horse-radish peroxidase (1:100,000 dilution). The antibody was incubated
with the blot for 30 min at room temperature. The blot was then washed with TBST (3 x 15 min)
followed by detection using chemiluminescence using SuperSignal West Pico Chemiluminescent
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Substrate (Pierce).
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