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ABSTRACT
Rhodium and copper: chemical approaches to biological
problems
by

Samuel Cody Martin
Often, the development of a tool in one field of study allows researchers in another
field to address questions and solve problems previously inaccessible. Chemical biology
as a field seeks to develop and use chemical tools in the study of biological processes. This
body of work was intended to develop chemical tools (synthetic procedures, chemical or
organometallic

probes,

protein-binding

design

strategy,

bioorthogonal

protein

modification reactions) which might one day achieve use toward the study of biological
systems.
The first two chapters review the history and previous developments within the
chemical biology space. The first chapter discusses techniques for the metalation of
peptides and proteins with transition metals. The second chapter reviews the role of
rhodium metal in biological catalysis, specifically in the alteration of nucleic acids and
polypeptides.
Research toward advancing scientific knowledge in this broad field is discussed in
chapters 3–5. Novel hybrid organic–inorganic protein ligands, consisting of a dirhodiummetallated aminoquinoline, are designed, prepared, and shown to confer potency and
selectivity in a challenging class of kinases in chapter 3. In chapter 4, selective dirhodium–
diazo peptide modification is developed as a tool to enable more comprehensive analysis
of protein-based systems, including purification, on-gel analysis, and exogenous ligand
binding affinity determination. Finally, in chapter 5, a copper-catalyzed peptide crosscoupling reaction is applied for use in caging and photoreleasing a full-length natural
protein.

iii

Acknowledgments
My time at Rice has been long but precious. I have many people to thank for all
their generosity and support these past few years.
The list must begin with my advisor, Dr. Zachary Ball. Since our first meeting in
2012, he has inspired me more than he knows. I have come to admire his passion for science
and the curiosity that drives him. I respect the way that he mentors his students
academically and personally. He has always been willing to talk with me about science
anything else important (or not). Dr. Ball applied pressure when it was needed, but he was
also shockingly patient with me at times, and I am very grateful for that.
I have been blessed to have a community of talented and kind colleagues around
me during this time. Farrukh, Sarah, and Matt always provided criticism informed by their
experiences a year or two ahead of mine. Much of their advice went unheeded to my
detriment, but the wisdom I applied was profoundly useful. Alicia, Haopei, and Katie gave
me opportunities to learn by teaching them things I thought I knew. One day near the end
of my tenure, the system came full circle when Alicia showed me a lab trick which I had
taught her years earlier and forgotten.
Jun Ohata was a huge part of my Rice life: my southern culture protégé, the
Japanese son my parents never had, and my brother in Christ. I expect Jun to build an
impressive academic career, and I eagerly anticipate meeting the future Mrs. Ohata and
their family. I am so grateful to have spent this time in Houston with Jun-san.
I must also thank my Sandbox church family, which has meant so much to me these
last two years. It is divine timing that they came into my life just as the pressures to graduate
were building. Their encouragement and prayers meant everything. Eric, Tymon, Katie,
Karina, and the others have transformed Houston from a temporary workplace into a home
for my family.
Through all my schooling, my parents have given me their full support, even
attending a talk I gave near their home during my third year, the topic of which I know
held none of their interest. They have always told me I would be great when I finally get
where I’m going, and I thank them for their confidence in me.

iv
Finally, I come to my beautiful wife. Halee has been my sugar mama, my
cheerleader, and my rock these past few years. I can never forget the patience and grace
she has shown me, and I will spend the rest of our lives grateful for all she has done for me
and working to deserve it.

v

Contents
Acknowledgments ............................................................................................................ iii
Contents ............................................................................................................................. v
List of Figures .................................................................................................................. vii
List of Tables .................................................................................................................... ix
List of Schemes .................................................................................................................. x
Abbreviations ................................................................................................................... xi
Bioconjugation: metalating peptides and proteins ........................................................ 1
1.1. Introduction .............................................................................................................. 1
1.2. Discussion ................................................................................................................ 4
1.2.1. Imidazole coordination: His .............................................................................. 4
1.2.2. Rhodium(II)–carboxylate complexation: Asp, Glu ........................................... 5
1.2.3. Formation of η6-arene complexes: Phe, Trp, Tyr .............................................. 7
1.2.4. Platinum coordination: Cys ............................................................................. 10
1.3. Conclusion .............................................................................................................. 11
1.4. References .............................................................................................................. 12
Rhodium catalysis in the modification of biomolecules............................................... 15
2.1. Introduction ............................................................................................................ 15
2.2. Discussion .............................................................................................................. 16
2.2.1. Catalysis on nucleic acids ................................................................................ 16
2.2.2. Catalysis on polypeptides ................................................................................ 21
2.3. Conclusion .............................................................................................................. 25
2.4. References .............................................................................................................. 26
Aminoquinoline–rhodium(II) conjugates as Src-family SH3 ligands ........................ 30
3.1. Introduction ............................................................................................................ 30
3.2. Results and discussion ............................................................................................ 33
3.2.1. Inhibitor design and synthesis ......................................................................... 33
3.2.2. Ligand assays ................................................................................................... 36
3.2.3. Docking study .................................................................................................. 38
3.3. Conclusion .............................................................................................................. 39
3.4. Experimental .......................................................................................................... 40

vi
3.5. References .............................................................................................................. 50
Expanding dirhodium protein modification utility to enable purification, gel analysis,
and binding affinity determination ............................................................................... 52
4.1. Introduction ............................................................................................................ 52
4.2. Results and discussion ............................................................................................ 54
4.2.1. Functionalized diazo reagents.......................................................................... 54
4.2.2. Inhibition–modification assays ........................................................................ 57
4.3. Conclusion .............................................................................................................. 59
4.4. Experimental .......................................................................................................... 60
4.5. References .............................................................................................................. 69
Protein backbone photocaging by Cu-catalyzed boronic acid coupling .................... 71
5.1. Introduction ............................................................................................................ 71
5.2. Results and discussion ............................................................................................ 74
5.2.1. Small molecule photocleavage model ............................................................. 74
5.2.2. Peptide studies ................................................................................................. 75
5.2.3. Protein studies .................................................................................................. 77
5.3. Conclusion .............................................................................................................. 80
5.4. Experimental .......................................................................................................... 80
5.5. References .............................................................................................................. 88
Appendix A.

Characterization data for Chapter 3 ................................................... 91

Appendix B.

Characterization data for Chapter 4 ................................................. 130

Appendix C.

Characterization data for Chapter 5 ................................................. 152

vii

List of Figures
Figure 1.1. Overview of metal-based strategies to modify natural peptides or proteins.

3

Figure 1.2. Cobalt(III) metalation at histidine.

5

Figure 1.3. Ruthenium(II) half-sandwich metalation at histidine.

5

Figure 1.4. Dirhodium(II) metalation at carboxylate side chains.

6

Figure 1.5. Ruthenium(II) and rhodium(III) sandwich metalation at aryl side chains.

8

Figure 1.6. Rhodium(III)–boronate coupling at tyrosine.

10

Figure 1.7. Platinum(II) metalation at dicysteine sites.

11

Figure 2.1. Selective photocleavage at cruciform sites.

17

Figure 2.2. Selective photocleavage at B-form major groove.

18

Figure 2.3. Selective photocleavage at base-pair mismatches.

19

Figure 2.4. Characterization of carbenoid.

20

Figure 2.5. Catalytic modification of nucleotide bases by dirhodium.

21

Figure 2.6. Selective tryptophan modification.

22

Figure 2.7. Proximity-driven selective peptide modification.

23

Figure 2.8. Ligand binding site fingerprinting.

24

Figure 2.9. Preparation of antibody–drug conjugates.

25

Figure 3.1. Cooperative binding of a hybrid organic–inorganic ligand to a protein.

31

Figure 3.2. Sequence and 3D structure highly conserved among Src family kinases.

33

Figure 3.3. Small molecule SH3 ligands.

34

Figure 3.4. Representative binding curves.

37

Figure 3.5. Proposed binding model.

39

Figure 4.1. Overview of reported dirhodium–diazo protein modification systems.

53

Figure 4.2. Limitations of ester–functionalized diazo reagents.

57

Figure 4.3. Protein modification assay for peptide binding affinity.

58

Figure 4.4. Determination of small molecule binding affinity.

59

Figure 5.1. Options for accessing backbone-modified protein or peptide structures.

72

Figure 5.2. Recent uses of photocaged peptides.

73

Figure 5.3. Vinylogous photocleavable modification of backbone N–H bonds.

74

Figure 5.4. Backbone modification and photorelease of peptides.

76

viii
Figure 5.5. Photocleavable modification of soybean trypsin inhibitor.

79

ix

List of Tables
Table 3.1. Binding affinities of selected compounds to Lyn SH3 and Fyn SH3.

37

x

List of Schemes
Scheme 3.1. Synthesis of key intermediate dihalide 3.8.

35

Scheme 3.2. Synthesis of aminoquinoline–carboxylic acid series 3.13.

35

Scheme 3.3. Synthesis of dirhodium conjugate series 3.4.

36

Scheme 4.1. Preparation of desthiobiotin-diazo reagent 4.5.

55

Scheme 4.2. Synthetic approaches to novel alkyne-diazo reagent 4.9.

56

Scheme 4.3. Preparation of novel alkyne-diazo reagent 4.9.

56

Scheme 5.1. Synthesis of photocleavable reagent 5.1a.

76

Scheme 5.2. Proposed synthesis of bifunctional boronate 5.1b.

77

Scheme 5.3. Synthesis of bifunctional boronate 5.1c.

78

xi

Abbreviations
Instrumentation
CD
ESI–MS
GC–MS
HPLC
MALDI–MS
MS/MS
NMR
SDS–PAGE

circular dichroism
electrospray ionization mass spectrometry
gas chromatography mass spectrometry
high performance liquid chromatography
matrix-assisted laser desorption ionization mass spectrometry
tandem mass spectrometry
nuclear magnetic resonance
sodium dodecyl sulfate–polyacrylamide gel electrophoresis

Chemical/functional group
ATP
Bis-Tris
Boc
bpy
cat (HBcat)
chrysi
DBU
DCC
DCM
DCU
DCE
DI water
DIBAL–H
DIEA/DIPEA
DIP
DMAP
DMF
DMSO
EDC
EDTA
FITC
GSH
HATU
HOBt
MES
MOPS
naph
NHS
NMM

adenosine triphosphate
2,2-bis(hydroxymethyl)-2,2′,2″-nitrilotriethanol
tert-butyloxycarbonyl
bipyridine
catechol
5,6-chrysenequinone diimine
1,8-diazabicyclo[5.4.0]undec-7-ene
N,N'-dicyclohexylcarbodiimide
dichloromethane
dicyclohexylurea
1,2-dichloroethylene
deionized water
diisobutylaluminum hydride
N,N-diisopropylethylamine
4,7-diphenylphenanthroline
dimethylaminopyridine
dimethylformamide
dimethylsulfoxide
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
ethylenediaminetetraacetic acid
fluorescein isothiocyanate
glutathione
hexafluorophosphate azabenzotriazole tetramethyl uronium
hydroxybenzotriazole
2-(N-morpholino)ethanesulfonic acid
3-(N-morpholino)propanesulfonic acid
naphthalene
N-hydroxylsuccinimide
N-methylmorpholine

xii
p-ABSA
PBS
PEG
Ph
phen
phi
phzi
pin (HBpin)
ppy
SDS
TBHA
TCEP
TFA
tfa
THF
Ts
Tris

4-acetamidobenzenesulfonyl azide
phosphate-buffered saline
poly(ethylene)glycol
phenyl
1,10-phenanthroline
9,10-phenanthrenequinone diimine
benzo[a]phenazine-5,6-quinone
pinacol
2-phenylpyridine
sodium dodecyl sulfate
N-tert-butylhydroxylamine
tris(2-carboxyethyl)phosphine
2,2,2-trifluoroacetic acid
2,2,2-trifluoroacetyl
tetrahydrofuran
toluenesulfonyl
tris(hydroxymethyl)aminomethane

Biological (protein/nucleic acid)
Aβ
bp
BSA
bZip
CALP
CFTR
Ci
CMP
CSP
DNA
dsDNA
Fab
Fc
GST
MBP
NHERF1
PPI
RNA
SBTI
SDF-1α
SH2
SH3
ssDNA
STAT3
UAA

amyloid beta
base pair
bovine serum albumin
basic leucine zipper
CFTR-associated ligand protein
cystic fibrosis transmembrane conductance regulator
transcription factor Cubitus interruptus
collagen mimetic peptide
chymotrypsin substrate peptide
deoxyribonucleic acid
double-stranded DNA
antigen-binding fragment
cystallizable fragment
glutathione S-transferase
maltose-binding protein
Na/H exchanger regulatory factor 1
protein–protein interaction
ribonucleic acid
soybean trypsin inhibitor
stromal cell-derived factor 1α
Src homology 2
Src homology 3
single-stranded DNA
signal transducer and activator of transcription 3
unnatural amino acid

xiii

Other
ADC
aq
calcd
CBB
concn
Da
EC50
H-bonding
hν
IC50
Ka
Kd
m/z
PDB
rt
soln
SPPS

antibody-drug conjugate
aqueous
calculated
Coomassie brilliant blue
concentration
Dalton
effective concentration, 50%
hydrogen bonding
light
inhibitory concentration, 50%
association constant
dissociation constant
mass-to-charge ratio
protein data bank
room temperature
solution
solid-phase peptide synthesis

1

Chapter 1

Bioconjugation: metalating peptides and proteins

Portions of this chapter were previously published in and are adapted from: Ohata,
J. Martin, S. C.; Ball, Z. T. Angew. Chem. Int. Ed. 2019, 58, 6176–6199.

1.1. Introduction
As the toolbox of useful bioconjugation and biofunctionalization reactions has
grown,1–7 transition-metal reactivity increasingly provides new possibilities for selective
reactivity. Transition-metal catalysis has transformed the field of organic synthesis in
recent decades, and that change has altered the possibilities and perspectives of chemists
searching8 for biological selectivity as well. Transition metal complexes exhibit unique
fundamental reactivity, rich morphological information, and diverse coordination
geometry, providing new possibilities in biological contexts to escape from the
nucleophile–electrophile and cycloaddition manifolds that dominate traditional
bioconjugation reactions. Metal-based bioconjugation methods9–12 complement other
bioconjugation and biofunctionalization methods. In addition to chemical reactions,
enzymatic processes—engineered or otherwise—provide powerful approaches to
posttranslational modification. Incorporation of unnatural amino acids in protein
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translation provides yet another broad class of methods to produce proteins either directly
with desired unnatural function or with bioorthogonal reactive handles for later
functionalization.13The task of preparing a bioconjugate6–8 often breaks down into two
separate challenges. First, primary functionalization targeting side chains of amino acids
introduces a unique reactive handle. Next, secondary bioorthogonal reactivity exploits this
handle to introduce complex functionality or build complex structures. These divisions are
not inviolate, but in general, chemical methods for bioconjugation can be divided into those
that act on natural biopolymer substrates and those that require some prior
functionalization. This review focuses on metal-based methods for primary
bioconjugation—reactions that act on natural protein or peptide substrates.
Secondary bioconjugation—reactions at previously installed bioorthogonal
functional groups—has many uses and has been employed in creative ways to solve
difficult problems.8,11 Reactions such as olefin metathesis,14–16 copper-catalyzed azide–
alkyne cycloaddition,17 and aniline oxidative coupling18,19 demonstrate the bioorthogonal
reactivity possible with metal catalysts. Indeed, azide–alkyne cycloaddition has been the
most widely used bioorthogonal conjugation technique. But one role for secondary
bioconjugation is to build structures where primary bioconjugation is not up to the task.
Specific and controlled functionalization of natural protein structure remains a fundamental
and practical problem with no perfect solution. Because chemists continue to dream of
evermore complex protein-based structures, the need for continued method development
to efficiently target natural sequences and structures remains.
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Figure 1.1. Overview of metal-based strategies to modify natural peptides or proteins.

Metal-based bioconjugation methods can coarsely be divided into two broad
categories: metal-catalyzed bioconjugation of the substrate and stoichiometric metal
incorporation into the substrate. Though transition metal-catalyzed bioconjugation reaction
development is an intensely interesting field,9–12 the latter class of bioconjugation, the
direct incorporation of metal centers into polypeptide structures, is the subject of this
chapter.
Direct incorporation of a metal complex into a protein of interest is a potentially
powerful approach. Metalation endows proteins with unique characteristics, including
distinct photochemical, redox, or catalytic properties, but transition metal conjugates of
proteins and peptides remain relatively little explored. Methods discussed here involve
inorganic reactivity to functionalize natural proteins of interest. Because this review
focuses on the chemistry of bioconjugation, I will not dwell on metalation approaches that
use traditional organic bioconjugation reagents covalently tethered to a stable metal
complex, even though these methods have a significant and important history.20–25
Additional complementary metalation approaches include unnatural amino-acid
incorporation21,26–30

of

a

metal-binding

residue

(e.g.

cyclopentadiene26–28

or

imidazolium,30,31) and de novo design of metal-binding proteins. Because most designed
metalloproteins bind free metal salts, not functionalized complexes, I limit coverage to
methods that do permit functionalization with some useful reagent or molecule. Similarly,
metal affinity-tagging technologies such as nickel/His-tag32–34 or zinc/tetraaspartate35–37
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pairs, though useful for purification and detection applications, are predominantly outside
the scope.
This chapter is organized primarily by reaction mechanism and secondarily by
amino acid target. This organizational structure effectively conveys how broad mechanistic
concepts have affected a variety of metalation targets.

1.2. Discussion
1.2.1. Imidazole coordination: His
Octahedral cobalt(III) complexes represent one of the earliest examples of metal–
side chain interactions leading to stable bioconjugation. A cobalt(III) Schiff base amine
complex undergoes irreversible axial ligand exchange with histidine side chains (Figure
1.2).38,39 Meade and co-workers further demonstrated that peptide– or oligonucleotide–
cobalt conjugates allowed sequence-specific conjugation to a protein of interest, as cobalt–
histidine bonding effectively turns peptide or oligonucleotide binding into an irreversible
event.40–42 For example, the peptide-linked inhibitor Co–pep selectively conjugates αthrombin, while control experiments with non-binding peptide sequences gave nonspecific
conjugation.40 Similar concepts were exploited with a DNA-linked inhibitor (Co–DNA) of
the transcription factor Ci. Transcription is reduced when the cobalt–DNA construct is
transfected into Drosophila embryonic cells, representing a major advance in
metallotherapeutics toward in vivo activity.41 The cobalt-histidine assembly has been
primarily studied for medicinal chemistry applications. In this context, it remains one of
the most impressive demonstrations of coordination chemistry to target a specific
molecular target in vivo. However, cobalt-histidine assembly remains surprisingly littlestudied for other applications and may represent a fruitful area of future study. While
cobalt–histidine complexes are generally exchange-inert, it was demonstrated that a
construct with a linked ruthenium photosensitizer displayed light-dependent ligandexchange kinetics, opening new possibilities for photocontrolled protein conjugation.43
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Figure 1.2. Cobalt(III) metalation at histidine. a) Irreversible bonding of a cobalt(III)–Schiff
base complex to a histidine side chain creates a stable protein linkage. b) Cobalt conjugates
containing a peptide or nucleotide targeting sequence allow selective protein labelling. c) Structure
of α-thrombin used in the study (PDB: 1WAY). Modification site is depicted in magenta.

Similar histidine-coordinated half-sandwich complexes of other metals have been
reported, though they remain uncommon. Sadler and coworkers obtained a crystal structure
of lysozyme with a histidine-linked (p-cymene)RuCl2 fragment (Figure 1.3).

Figure 1.3. Ruthenium(II) half-sandwich metalation at histidine. a) Reaction scheme of the
metalation. b) Structure of lysozyme coordinated to ruthenium (PDB 1T3P). The modification site
is depicted in magenta.

1.2.2. Rhodium(II)–carboxylate complexation: Asp, Glu
Rhodium(II) trifluoroacetate complexes undergo ligand exchange with carboxylate
side chains of peptides44–47 in a process that is essentially irreversible under physiological
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conditions (Figure 1.4a).25,48 The product metallopeptides are useful for selective catalysis,
both for asymmetric transformations of small molecules25,49–51 and for rhodium-catalyzed,
proximity-driven bioconjugation (section 6.1). In some ways, these rhodium–aspartate or
–glutamate linkages represent the full scope of unique capabilities of transition metal
bioconjugation. In addition to catalysis: (1) rhodium binding can control polypeptide
folding52,53 or serve as a linchpin to build dimeric or tetrameric polypeptide assemblies
with interesting topological consequences.44,45 (2) axial coordination of histidine or other
metal-binding side chains allows metalloinhibitor development, conceptually similar to the
cobalt case discussed above.54,53,55 In one example, a highly selective and potent (Kd = 6
nM) metallopeptide inhibitor of the Lyn SH3 domain was designed, taking advantage of
unique histidine residues (Figure 1.4c). (3) heteroleptic rhodium–fluorophore complexes
with a trifluoroacetate ligand allow preparation of metal-linked peptide–fluorophore
complexes, and the stability of this linkage is quite variable depending on the ligand
environment, allowing controlled release of peptide and fluorophore units.48 On the other
hand, rhodium(II) linkages have severe limitations. Carboxylate ligand exchange is
indiscriminant;46 no strategies for selective protein metalation have been reported. In
addition, rhodium carboxylates have limited intracellular stability and lifetime due to the
presence of high thiol concentrations.56–59 This limits biological applications, although
approaches to improve stability do exist, and glutathione-mediated breakdown of rhodium–
carboxylate linkages can but put to productive use.48

Figure 1.4. Dirhodium(II) metalation at carboxylate side chains. a) Dirhodium tetraacetate is
activated via ligand displacement with trifluoroacetic acid, then treated with a carboxylatecontaining peptide. b) Fc-binding peptide metallated at its three glutamate residues (PDB ID:
1ZDB).60 c) Computational model of dirhodium metallopeptide binding to a protein, Lyn SH3
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(yellow: native protein. Green: protein–metallopeptide complex) through coordination of two
histidine residues. Rhodium, oxygen, and nitrogen are depicted in purple, red, and blue,
respectively. Binding model reproduced with permission.53. Copyright 2015, Royal Society of
Chemistry.

1.2.3. Formation of η6-arene complexes: Phe, Trp, Tyr
Sandwich complexes and other η6-arene complexes are classically stable structures,
making the formation of η6-coordination to aromatic side chains valuable to produce robust
complexes stable in a complicated biological milieu (Figure 1.5a). The challenge in this
area has generally been the development of efficient and selective synthetic methods.
Grotjahn reported an early example: the 3-kDa peptide secretin contains a single
phenylalanine and reacts with a [CpRu(arene)]+ complex in water at elevated temperatures
to form an arene-linked metallopeptide.61 The metallopeptide could be readily isolated and
characterized, but this early work did not address selectivity among different aromatic
groups (i.e. Tyr and Trp).
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Figure 1.5. Ruthenium(II) and rhodium(III) sandwich metalation at aryl side chains. a) Arene
exchange reactions produce stable organometallic products. b) Phenylalanine, tryptophan, and
tyrosine residues are all feasible reaction products. c) Complexation of melittin at Trp19 depicted
in magentadisrupts natural tetrameric assembly and drastically decreases bioactivity (PDB: 2MLT,
2MW6). d) Structure of a ruthenium–peptide conjugate containing a radioactive gallium center.62

Kudinov developed improved reaction conditions, conducting arene complexation
under photoirradiation conditions with [(Cp)Ru(naph)]BF4 to address sluggish reaction
rates at elevated temperatures observed in earlier experiments. This study found metalation
of all three aromatic residues: phenylalanine, tyrosine, and tryptophan.63 Similarly,
metalation of tyrosine and/or phenylalanine residues in two angiotensin peptides have been
observed.64 Initial evidence suggested a three-fold kinetic preference for tyrosine
metalation over phenylalanine metalation.63 These studies were motivated, in part, by an
interest in whether metalation could impact bioactivity by disrupting the formation of the
native cytotoxic melittin tetramer (Figure 1.5c). Interestingly, the Ru(Cp) label was robust
enough to survive trypsin digestion, but could be removed via UV irradiation in the
presence of an oxidant. In contrast to the generally slow and inefficient arene exchange
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processes, a corresponding aquo complex, [(Cp*)Rh(H2O)3](OTf)2 reacts with aromatic
side chains much more rapidly, allowing reactions at ambient temperature in the dark.65
Under mildly acidic conditions (pH 5.0–5.5), selective tyrosine modification is possible,
even in the presence of tryptophan residues. Tyrosine η6-metalation of several peptides was
successfully accomplished through incorporation of Cp*Rh fragment; the authors
demonstrated that metalation of cytotoxic peptides leu-enkephalin and octreotide produced
metallopeptides that retained biological activity.65 One further report from Buglyó and
coworkers covalently linked a (Cp)Ru(peptide) fragment to a gallium center for
radioimaging applications (Figure 1.5d).62
The preparation of metal reagents to form η6-arene complexes can be challenging
and tedious. Although in principle the arene complexation methods described above are
broadly enabling tools, in practice they have been little-used to build conjugates with
complex functional handles, presumably due to synthetic limitations. The Ball lab recently
described a three-component metalation reaction that allows synthetic access to tyrosine
η6-arene complexes without the need to prepare complex inorganic precursors (Figure
1.6).66 Reaction at tyrosine residues was observed in the presence of phenylboronic acids
and a simple rhodium salt, RhCl3 (Figure 1.6a). Transmetalation and arene complexation
gave directly an arylrhodium arene complex. Selectivity for tyrosine mirrors previous
Cp*Rh conjugation described above.65 Diverse phenylboronic acids are tolerated, allowing
bioconjugation with useful handles such as fluorophores and affinity tags (Figure 1.6b).
Multiple proteins including BSA, chymotrypsinogen A, and Herceptin were amenable for
the metalation process, with the expected statistical mixtures of tyrosine modification. The
method produced a fluorescently labelled Herceptin antibody that proved suitable for
cellular imaging.
With a variety of methods for the preparation of η6-arene peptide or protein
complexes now in hand, it now seems feasible to explore how generally these complexes
can be put to productive use. In part, this will depend on whether these synthetic methods
prove general for the production of conjugate libraries. In addition, it will likely depend on
how the unique redox, photoactive, or catalytic properties of η6-arene complexes can be
harnessed.
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Figure 1.6. Rhodium(III)–boronate coupling at tyrosine. a) A three-component coupling
approach to tyrosine–rhodium complexes incorporating diverse functional-group handles. b)
Examples of functionality incorporated into reactive boronic acids. c) Structure of
chymotrypsinogen A (PDB ID: 1EX3). The location of tyrosine residues are shown in magenta.

1.2.4. Platinum coordination: Cys
In 2017, researchers introduced a novel design for antibody–drug linkages using
platinum coordination complexes to link a drug to antibodies of interest (Figure 1.7).
Platinum(II) dichloride complexes are well established to react with glutathione and other
thiol-containing biomolecules,67,68 producing quite stable adducts. Building a platinum–
diamine complex tethered to the chemotherapeutic camptothecin provided a simple reagent
that reacts with antibody disulfide dicysteine sites after disulfide reduction (Figure 1.7a).69
Complete coverage of all eight disulfide sites was possible in the presence of excess
platinum reagent. The stability, reactivity, and toxicity issues are major concerns with such
a platinum-based tether, but the vast platinum anticancer literature provides a solid footing
for stability and bioactivity questions. Significant resistance to ligand exchange with other
cysteine-containing proteins was demonstrated, and the platinum–antibody conjugates
demonstrated targeted cytotoxic behavior (Figure 1.7b). There are always concerns about
the stability and fate of coordination complexes, especially in vivo. Future work to explore
the properties of platinum–thiol complexes seems warranted before broad adoption of this
conjugation concept.
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Figure 1.7. Platinum(II) metalation at dicysteine sites. a) Platinum linkages between diamine
ligands and dicysteine sites on an antibody surface are stable in a biological environment. The
chemotherapeutic camptothecin was incorporated by disulfide reduction and selective conjugation
to the resulting thiols. b) A TUNEL assay of mouse tumor cross sections revealed the effectiveness
of the ADC in inducing apoptosis in a lung cancer model. (Red channel shows TUNEL-positive
nuclei, blue channel shows Hoechst-positive nuclei). Cell images are adapted from a prior report.
Confocal images reproduced with permission.69. Copyright 2017, Royal Society of Chemistry.

1.3. Conclusion
The polyfunctional environment of peptides and proteins is a daunting testing
ground for metal-mediated conjugation strategies. The application of metal-mediated
protein functionalization to solve problems in protein therapeutics, biomaterials, chemical
biology, and other fields lags behind that of traditional organic methods. However, the most
effective of these methods have started to find use in the broader community, adding
tremendously to the understanding of reaction scope and possibilities. Some recent
discoveries remain proof-of-concept experiments, and many of these have limited scope.
Moving forward, applying these methods to complex applications will increasingly afford
an opportunity to test reaction efficiency and to elucidate situations in which metalationbased approaches bring distinct advantages.
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Chapter 2

Rhodium catalysis in the modification of biomolecules

2.1. Introduction
Chemists and biochemists are perennially interested in the interaction of metals and
biomolecules. Studies on the classically bioactive metal ions sodium, potassium,
magnesium, iron and others (or complexes thereof) date back to the early 19th century, but
more exotic transition metals came under scrutiny around sixty years ago. These elements
were intriguing to early investigators for their properties such as multiple oxidation states,
differing coordination sites, and high reactivity. While each of these factors complicates
the study of transition metals, each likewise provides opportunities for strange new
bioapplications.
Rhodium, though an unlikely hero in the biological sciences—itself not native to
any known biological systems and with no natural biological role—garnered interest in
print for the first time in 1958.1 Previously, the biologically obscure metals cobalt,
ruthenium, platinum, and silver2 had earned some attention for their use in studying DNA
and proteins. In the last sixty years, the shadow of rhodium in biological applications has
grown due to several of its useful features, including: amenability to aqueous solvent,3,4
mild coordination to Lewis bases,5–9 functional group tolerance,10–12 redox stability, and
general synthetic ease.13,14 The interplay between these features has made this metal
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indispensable in certain niches within this field, particularly in various types of catalysis.
Though rhodium complexes have been successfully used for biomolecule metalation15–22
and exchange-inert inhibitor complexes,23–30 these applications are not covered here.
Additionally, incorporation of rhodium has aided the construction of artificial
metalloenzymes in recent years.31–37 While fascinating, this field is too broad and deep to
warrant discussion here. Instead, this chapter focuses on uses of discrete rhodium
complexes to perform catalytic modification on biomolecules, particularly nucleic acids
and polypeptides.

2.2. Discussion
2.2.1. Catalysis on nucleic acids
2.2.1.1. DNA photocleavage: cruciform sites
Though the first published interaction of rhodium with a biomolecule involved the
protein casein, most of the early biological uses of catalytic rhodium chemistry were
directed at nucleic acids. After complexes of Zn(II),38 Co(III),39,40 and Ru(II)41–43 saw
success first as simple DNA-binding tools, then as photocleavage reagents, the continued
search for conformation-specific nucleic acid tools expanded to rhodium. The Barton lab
reported the first rhodium-based DNA probe, [Rh(DIP)3]3+ (Figure 2.1a), which was
shown to intercalate and photocleave the plasmid pBR322 specifically at cruciform sites.44
Specifically probing these noncanonical DNA structures, consisting of a cross formed by
dual intrastrand pairing within a double helix (see Figure 2.1b), had not been done by other
metal complexes. This development allowed for cleavage of DNA sequences known to
assemble into cruciforms, as well as identification of unknown sequences which do
likewise.
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Figure 2.1. Selective photocleavage at cruciform sites. (a) Rhodium complex [Rh(DIP)3]3+
intercalates and photocleaves DNA specifically at cruciform sites. (b) The sequence of pBR322
cruciform site is shown with arrows indicating sites of photocleavage by [Rh(DIP)3]3+ (arrow size
indicates the prevalence of cleavage at the given site). Though multiple sites experience some
reaction, the vast majority of cleavage occurs at two sites in particular. Cruciform image adapted
with permission.45 Copyright 2012, American Chemical Society.

2.2.1.2. DNA photocleavage: B-form major groove
Barton and coworkers expanded upon this work by reporting two more structureselective probes, [Rh(phen)2(phi)]3+ and [Rh(phi)2(bpy)]3+ (Figure 2.2a).46,47 These
complexes, both featuring three N,N'-bidentate ligands surrounding an octahedral Rh(III)
center, bind and photocleave at the major groove of B-form DNA. This feat is significant
in that it illustrates the power of chiral metal complexes—not only do the Rh(III) constructs
discriminate against the left-handed Z-DNA regions, but they similarly avoid binding to
the compact A-DNA, in contrast to several other metal-based probes reported previously.
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Figure 2.2. Selective photocleavage at B-form major groove. (a) The complexes
[Rh(phen)2(phi)3+] and [Rh(phi)2(bpy)] photocleave DNA specifically at B-form major
grooves.(b) The steric demands of [Rh(phen)2(phi)]3+ require a highly open major groove for
binding, while [Rh(phi)2(bpy)]3+ is capable of intercalating and cleaving at more typical B-form
sites. 3D model representation reproduced with permission.46 Copyright 2012, American Chemical
Society.

Further, the two rhodium complexes, though structurally similar, display stark
difference in the DNA sequences at which they bind and cleave. Due to the additional steric
constraints of the diphenanthroline complex [Ru(phen)2(phi)]3+, that complex effectively
discriminates and photocleaves only the most conformationally open major groove sites,
while the slimmer, less demanding [Rh(phi)2(bpy)]3+ fits into the major groove of B-DNA
indiscriminately and photocleaves at many sites along the double helix (Figure 2.2b).
2.2.1.3. DNA photocleavage: base mismatched sites
The next family in this class of rhodium(III) probes utilizes bulkier ligands to
exploit the additional space afforded by mismatched base pairs along the DNA double
helix. The first reported complex of this group, [Rh(bpy)2(chrysi)]3+ (Figure 2.3a),
features a single 5,6-chrysenequinone diimine ligand, whose additional steric demand
generates selectivity for regions of dsDNA afflicted with base pair mismatching (Figure
2.3b).48,49 Though drastically different substrate scope is observed, this complex operates
by the same mechanism as those previously discussed—the octahedral rhodium complex
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intercalates DNA in the minor groove, where photoactivation leads to strand scission.
Work with this probe was expanded to enable single mismatch detection in a 2725-bp
variant of the plasmid pUC19.50 Later the concept generated another Rh(III) complex,
[Rh(bpy)2(phzi)]3+ (Figure 2.3a), which is able to effectively photocleave at mismatched
sites at 20× lower concentrations than [Rh(bpy)2(chrysi)]3+.51 These DNA mismatch
probes have been applied to detect single nucleotide polymorphs52 and combined with cellpenetrating peptides to introduce them into cell nuclei (Figure 2.3c).53

Figure 2.3. Selective photocleavage at base-pair mismatches. (a) The complexes
[Rh(bpy)2(chrysi)]3+ and [Rh(bpy)2(phzi)]3+ each utilize a single bulky ligand to selectively
intercalate and photocleave the DNA major groove at sites with base pair mismatches. (b) The
original authors show that the previously used phi ligand (Figure 2.2) fits snugly within the typical
correctly paired double helix—binding of the larger tetraaryl ligand requires the additional space
afforded by a base pair mismatch. (c) The biological applications of identifying base pair
mismatches were tested by designing a conjugate consisting of the bulky rhodium(III) moiety, a
fluorescein derivative, and an octaarginine linker to aid cell-permeability. Steric representation
reproduced with permission.51 Copyright 2003, National Academy of Sciences. Confocal image
reproduced with permission.53 Copyright 2006, American Chemical Society.
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2.2.1.4. Structure-selective DNA modification
The next rhodium-catalyzed breakthrough in DNA chemistry came in 2012 when
Gillingham and coworkers applied rhodium chemistry which had been honed primarily on
peptide and protein targets (see section 2.2.2) to nucleic acids.54
In contrast with the bulk of the rhodium-based advances in nucleic acid chemistry
to that point and with the first report of the interaction with casein, which all employed
octahedral Rh(III) complexes, this new report utilized dirhodium(II) paddlewheel
complexes. The prototypical dirhodium complex, Rh2(OAc)4, was first shown to catalyze
the decomposition of diazo reagents in the 1970s (see Figure 2.4), but it was not
successfully used in a biological context for another 30 years.55,56 The chemistry remains
studied,57 and the unique characteristics of the dimetallic rhodium core58–61 have been
exploited

to

perform

various

organic

transformations,62–65

most

notably

cyclopropanation,66–68 aziridination,69 and C–H activation.70–73 This last class has been
most valuable in peptide contexts.

Figure 2.4. Characterization of carbenoid.

Gillingham, et al. used multiple diazo reagents of varying structural complexity to
specifically target unpaired bases, whether overhanging at the 3' or 5' terminus or in a loop
region (Figure 2.5).54 Interestingly, the reaction even modified an unmatched adenosine in
a short hairpin RNA. As in the case of peptide modification (see Section 2.2.2 below), this
chemistry can also be used for secondary functionalization. In this report, diazo reagents
featuring terminal alkynes were installed by rhodium catalysis, then azides featuring the
fluorophore rhodamine B or the affinity handle biotin were “clicked” onto the biomolecule.
This work represented one of the earliest examples of organometallic modification of DNA
and allowed access to a broad scope of exciting, designer DNA structures not easily probed
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before. Gillingham and coworkers later extended this work to selectively modify cyclic
dinucleotides for the purpose of studying how these small signaling molecules function.74

Figure 2.5. Catalytic modification of nucleotide bases by dirhodium. (a) Diazo decomposition
occurs most readily at adenosine and guanidine bases, and exclusively at exocyclic nitrogen atoms.
(b) Paired bases undergo no reaction, but unpaired bases in a variety of nucleic acid structural
motifs are modified. (c) A variety of diazo were successfully used to modify the nucleic acid bases,
including examples featuring a secondarily reactive alkyne handle or a fluorophore. Nucleic acid
representations adapted with permission.54 Copyright 2012, Wiley.

2.2.2. Catalysis on polypeptides
2.2.2.1. First peptide/protein mod
The modern field of rhodium-catalyzed protein modification was born in the mid2000s when the Francis group published their discovery of tryptophan modification by
dirhodium–diazo chemistry (Figure 2.6a).75 These conditions optimized several aspects of
the reaction: a styryldiazoacetate core provided the diazo reagent additional stability; a
triethyleneglycol unit improved the diazo reagent solubility; and a hydroxylamine buffer
additive suggested to the metallointermediates. With all these improvements, the
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researchers were able to modify full-length myoglobin and subtilisin Carlsberg specifically
at their tryptophan residues in a rhodium-dependent manner (Figure 2.6b–c).

Figure 2.6. Selective tryptophan modification. (a) Rh2(OAc)4 catalyzes diazo decomposition to
modify tryptophan side chains in peptides and proteins. (b) The protein myoglobin contains two
tryptophan residues. (c) Mass spectrometry analysis indicates that myoglobin is modified cleanly
to give a mixture of unmodified, singly modified, and doubly modified protein, further suggesting
that reaction occurs specifically at tryptophan. Protein model and MS spectrum adapted with
permission.75 Copyright 2004, American Chemistry Society.

2.2.2.2. Selective peptide/protein mod
After Francis’s pioneering report and subsequent studies on rhodium(II)–diazo
chemistry in water,76 Ball and coworkers extended the concept by designing
complementarity into the catalyst–target pairs. First coiled coils, a well understood system
within which to design a binding interaction, were prepared such that a dirhodium core on
a metallated helical peptide was, upon binding, brought near a tryptophan side chain on the
other peptide (Figure 2.7a–b).77 This system, a synthetic mimic of an enzymatic process,
allowed efficient alkylation of the target peptide—orders of magnitude faster than with a
simple Rh2(OAc)4 catalyst. Follow-up studies (1) showed that binding/proximity-assisted
catalysis allows modification of a broad range of amino-acid side chains beyond tryptophan
(Figure 2.7c),78 (2) developed reaction conditions which allowed peptide modification in
biologically relevant media,79 (3) expanded the method’s utility by performing selective
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modification of a target peptide even in complex cell lysate (Figure 2.7d),79,80 and (4)
demonstrated catalysis on natural biological systems, including the 3,800 Da c-Fos bZip
domain78 and the 7,500 Da Fyn SH3 domain,80 rather than within a wholly designed
synthetic system.

Figure 2.7. Proximity-driven selective peptide modification. (a) A Rh2-containing coiled coil
binds and efficiently modifies a complementary coil. (b) Coiled coil binding situates the dirhodium
catalyst adjacent to one particular side chain on the complementary coil. (c) Proximity-driven
reaction allows modification of a broad range of amino acid side chains. (d) Proximity-driven
reaction allows selective modification of an intended target in complex cell lysate. Coil
representations,77,79 product table,78 and gel/membrane image80 adapted with permission. Copyright
2010, 2011, 2012, American Chemical Society. Copyright 2011, Royal Society of Chemistry.

2.2.2.3. Ligand binding site fingerprinting
These powerful developments in modification protocols allowed investigation of
more complex biological questions. For example, the human protein STAT3 is known to
be involved in various signaling pathways and as such is an attractive drug target.81
Progress toward inhibitor development has been difficult—regulation of STAT3 is
influenced by intramolecular protein–protein interactions between the STAT3 SH2 domain
and a C-terminal loop region, and protein–protein interactions are notoriously difficult to
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drug via conventional methods. To better understand the nature of the STAT3 binding
problem, Ball and coworkers exploited the catalytic properties of a dirhodium–inhibitor
complex to fingerprint the binding site of a class of previously reported STAT3 ligands.82
The natural, full-length protein was subjected to a dirhodium complex based on a known
STAT3 inhibitor (Figure 2.8a) and a diazo reagent to chemically tag the binding site.
Analysis via chemical blotting83 and tandem mass spectrometry identified the protein
residues which had been modified by the dirhodium catalyst, which showed that the class
of inhibitors previously reported as SH2-domain ligands in fact bound an allosteric site in
the coiled-coil domain (Figure 2.8b). Thus, rhodium catalysis was used, in a generalizable
protocol, to demonstrate the specific 3D site at which binding occurs.

Figure 2.8. Ligand binding site fingerprinting. (a) A dirhodium–protein ligand complex was
prepared based on a known inhibitor. (b) STAT3 was modified by the dirhodium–ligand conjugate
and a diazo reagent. Chemical blotting and MS–MS analysis allowed determination of the ligand
binding site. Structures and protein model adapted with permission.82 Copyright 2015, Wiley.

2.2.2.4. Antibody–drug conjugates
Antibody–drug conjugates have been a topic of great interest in recent years, both
from a medical/clinical perspective,84–89 as well as from a chemical perspective.90–92 Today
nearly 100 antibody–drug conjugates are in the pipeline for clinical evaluation as their
potential for anti-cancer treatment is well-recognized. But the generation of new and
improved methods by which the biochemical constructs themselves are produced is also
rightly recognized as one of organic chemistry’s most difficult problems. Drug-to-antibody
ratio, purity, batch consistency, and production cost all feature in the discussion about the
viability of a given system. Since the early heterogenous antibody–drug conjugates were
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prepared by unselective lysine alkylation by reactive NHS esters, other methods have been
developed, though no silver bullet has yet emerged.
Ball and coworkers sought to utilize their dirhodium chemistry to generate
predictably homogenous antibodies tagged with various functionality.93 A peptide known
to bind the Fc region of immunoglobulin G was mutated to allow the metalation of three
carboxylate side chains each with a dirhodium core (Figure 2.9a). Then, the wild-type, fulllength antibody was treated with the tris-Rh2–metallopeptide and a diazo reagent equipped
with a secondary reactive alkyne handle (Figure 2.9b)and the reaction pot analyzed via
chemical blotting. The antibody modification step was shown to highly specific, producing
batches with high homogeneity. The attached alkyne tags were then appended by various
imaging probes or a cytotoxic agent and observed via confocal microscopy. (Figure 2.9c)
The modified antibodies appeared to localize and function similarly to wild-type antibody,
albeit with added imaging utility or cytotoxicity conferred by the secondary tag.

Figure 2.9. Preparation of antibody–drug conjugates. (a) A tris-dirhodium metallopeptide was
prepared based on a known antibody-binding peptide. (b) The antibody was tagged with the
metallopeptide and an alkyne-containing diazo reagent, then further functionalized by azide–alkyne
cycloaddition. (c) An antibody–fluorophore conjugate was observed via confocal microscopy.
Figures adapted with permission.93 Copyright 2017, American Chemical Society.

2.3. Conclusion
Complexes of rhodium excel in catalyzing a wide array of organic reactions and
tolerate a variety of functional groups. Thus it is no surprise that such complexes have
proven useful in modifying the structures of various biomolecules as well, most notably
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DNA and proteins. Since the first reports of catalysis by rhodium complexes on DNA, the
systems chemists have designed have grown more elaborate, and have provided those
working in neighboring biological fields crucial tools with which to study various
biological systems of interest. Rhodium, though a powerful catalytic entity in its own right,
also possesses complementary features which lend it additional power as a biological
probe, including fluorescence quenching ability94 and axial Lewis base binding.5,7 Finally,
after all these qualities, complex rhodium structures are often facile to access synthetically,
allowing the preparation of many complex probes including but those discussed above. All
these factors indicate that the role of rhodium will only continue to grow at the interface of
chemistry and biology
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Chapter 3

Aminoquinoline–rhodium(II) conjugates as Src-family SH3
ligands

Portions of this chapter were previously published in and are adapted from: Martin,
S. C.; Ball, Z. T. ACS Med. Chem. Lett. 2019, 10, 1380–1385.

3.1. Introduction
Protein–protein interactions (PPIs) are ubiquitous in living systems and are
important in a wide range of disease-relevant pathways. Significant and increasing efforts
over many years have been made to “drug” PPIs, but PPI targets are especially challenging,
and successes have been quite limited.1–6 Typically lacking the deep, well-defined binding
pocket that characterizes traditional drug targets, PPIs often occur at relatively flat, exposed
binding surfaces. The total interacting surface area can be quite large, and the
hydrophobicity of these interfaces is often lower than would be expected for a deep pocket
that binds small molecules. All this combines to make potent and selective inhibition
difficult.
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New fundamental concepts may be important to address the vexing problems
presented by PPIs. The potency of small molecule ligands is inherently limited by the weak
noncovalent and H-bonding interactions that contribute to the binding energy.
Furthermore, ligand specificity among similar members of a protein family is a significant
additional challenge.
In a new approach to selective ligands for PPIs, we introduced the concept of
rhodium–small molecule conjugates as hybrid organic–inorganic inhibitors (Figure 3.1).
Conceptually, the approach aims to improve the binding energetics of a known SH3 ligand
through metal bonding to specific Lewis-basic residue(s) that flank the binding pocket.
Among the benefits of this approach, metal-ligand coordination is reasonably tolerant of
functional group positioning, and so may be more amenable to structure-driven ligand
design. We initially demonstrated proof-of-concept for this idea using peptide–rhodium
conjugates to achieve improvements in binding potency as high as 75-fold.7 Among the
potential benefits of this approach, rhodium interactions with coordinating side chains
(histidine, methionine)8 are energetically much stronger (~7 kcal/mol)9 than typical nonbonding or aqueous H-bonding interactions (≤ 1 kcal/mol),7 and thus could deliver much
larger gains in potency. Furthermore, targeting a unique peripheral Lewis-basic residue
provides a new and complementary approach to binding specificity among members of a
protein family. For example, a metallopeptide ligand for CALP could be designed on the
basis of a unique histidine residue that is not found in the homologous protein NHERF1,
which often binds natural ligands much more tightly than CALP.7,10

Figure 3.1. Cooperative binding of a hybrid organic–inorganic ligand to a protein.

In this study, we wanted to assess whether concepts could be extended from metal–
peptide conjugates to metal–small-molecule conjugates, in part to avoid cell entry and in
vivo stability concerns. Metallodrugs containing rhodium,11–14 iridium,14–17 and other
metals18–22 have been shown to effectively target a variety of systems, including PPIs. 23
We recently demonstrated that some small-molecule–rhodium conjugates are cell
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permeable and have half-lives greater than 1 hour in cells.24 Additionally, metalation with
dirhodium is relatively facile, allowing flexibility and creativity in conjugate design.25–27
We chose SH3 domains of the Src family kinases as a case study for this purpose. Src
family proteins are a large family of multidomain proteins with important applications to
human disease. Src family kinases have traditionally been targeted by ATP-competitive
ligands, which bind the kinase domain with high potency but often low selectivity. The
selectivity problem is particularly troublesome within the Src family due to the exceptional
sequence and structure homology among its members.28 In fact, even determining each
member’s precise role in various signaling processes has been difficult because of
overlapping

substrate

scope, promiscuous

inhibitors, and complex regulation

pathways.29,30 Src family SH3 domains are protein-binding domains that interact with
specific proline-rich sequences, recognizing natural substrates and regulating activity.28
These SH3 domains are highly conserved among the Src family (Figure 3.2a) and
modulating the function of these domains with selective ligands has been challenging.31
However, several medically relevant SH3 domains do contain unique metal-binding
residues near the SH3 binding pocket that might serve as an anchor point for a hybrid
organic–inorganic ligand approach.32–34 For example, Figure 3.2b shows a canonical SH3
fold, with Src family kinase histidine residues shown explicitly. In theory, each unique site
could be selectively targeted with proper design of a hybrid inhibitor, and peptide-based
ligands have demonstrated that a rhodium conjugate approach could produce unique and
specific inhibitors for multiple members of the homologous Src family of SH3 domains.32
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Figure 3.2. Sequence and 3D structure highly conserved among Src family kinases. a) The
peptide backbones align with high similarity. b) Locations of histidine residues vary within the Src
family sequences. Backbone ribbon of Src shown in yellow. Central tryptophan (see Figure 3.3b)
shown in blue. Histidine side chains displayed: Src (orange), Fyn (magenta), Hck (green), Lck
(red), Lyn (cyan). PDB entries 4rtz, 4eik, 1bu1, 2iim, 1w1f.

3.2. Results and discussion
3.2.1. Inhibitor design and synthesis
We decided to build rhodium-containing analogues of a SH3-binding scaffold to
test questions of potency and selectivity. However, few examples of well characterized
small molecule ligands for Src family SH3 domains have been reported, reflecting the
challenge of targeting SH3 domains.35–37 One study demonstrated that simple 2aminoquinolines (Figure 3.3a) have useful (micromolar) affinity for the Tec SH3 domain.37
Although Tec is part of a separate SH3 family, it seemed reasonable to suppose that 2aminoquinolines might interact with members of other SH3 families. Subsequent SAR
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studies effectively delineated permissive sites on the 2-aminoquinolines structure,
providing a useful information about where rhodium conjugation might be tolerated.38,39
We imagined preparing a series of rhodium-aminoquinoline conjugates, with varying
linker lengths (Figure 3.3b) to assess the potential for cooperative binding and to
understand the importance of the linker structure.

Figure 3.3. Small molecule SH3 ligands. a) Functionalized 2-aminoquinoline scaffolds are
reported to bind Tec SH3.40 b) Metalloconjugates consisting of a 2-aminoquinoline connected via
a variable linker to a dirhodium(II) center.

Pyke and coworkers synthesized variants of 2-aminoquinolines by coupling a
bromoquinoline with various amines at the 6-position.40 As a common intermediate for the
synthesis of the 2,6-diaminated quinolines desired, dihalide 3.8 was prepared according to
Scheme 3.1, adapted from this previous report. 4-Bromoaniline was treated with cinnamoyl
chloride to give cinnamamide 3.6, which undergoes an interesting cyclization with loss of
benzene41 in the presence of aluminum chloride, providing quinolinone 3.7. Finally
dehydrative chlorination in neat phosphoryl chloride42 gave 6-bromo-2-chloroquinoline
(3.8) in 54% overall yield.
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Scheme 3.1. Synthesis of key intermediate dihalide 3.8.

Palladium-catalyzed amination of intermediate 3.8 occurs first at the more reactive
6-position.40 For example, mono-N-Boc-piperazine reacts cleanly to give a 6-amino-2chloro product 3.9 in 44% yield with the bulky ligand, cataCXium® A.40,43 Palladiumcatalyzed installation of the key amino group was best performed with LiHMDS as an
ammonia surrogate to give the Boc-protected product 3.10. From there, a series of esters
(3.12a–c) were formed via three-step elaboration to give carboxylic acids 3.13a-c (Scheme
3.2).

Scheme 3.2. Synthesis of aminoquinoline–carboxylic acid series 3.13.

Finally, the designed rhodium conjugates 3.4a–c (Figure 3.3) were prepared by
metalation under buffered aqueous conditions with the heteroleptic rhodium species,
Rh2(OAc)3(tfa) (Scheme 3.3). We developed these metalation conditions to prepare
peptide–rhodium conjugates, but they are equally useful here, as traditional methods to
prepare rhodium(II) carboxylates in organic solvent were incompatible with the other
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functional groups present in 3.4.44,45 The rhodium conjugates 3.4a–c were purified by
reverse-phase HPLC, isolated, and characterized by NMR and mass spectrometry.

Scheme 3.3. Synthesis of dirhodium conjugate series 3.4.

3.2.2. Ligand assays
We examined affinity for two different Src-family SH3 domains. First, Lyn is a
prototypical Src family SH3 domain with two prominent histidine residues near the binding
pocket, at least one of which (His96) is completely unique within the family and is well
situated to interact with the rhodium complex when bound according to a reasonable
binding model (see below, Figure 3.5 and surrounding discussion). Separately we
examined binding to Fyn. Fyn is another Src-family protein with significant structural and
sequence similarity to Lyn. Indeed, most traditional peptide and small-molecule ligands
exhibit overlapping activity for binding these two proteins. Fyn also has a histidine near
the binding pocket (His104, ~1.4 nm from the key Asp100 in the binding pocket), but is
not well positioned to interact with rhodium in the putative bound structure. Isothermal
titration calorimetry (ITC) was used to assess the binding affinity of the rhodium
conjugates (Figure 3.4 and Table 3.1). The original Tec-binding lead compound 3.3 bound
the SH3 domain of a Src-family protein (Lyn SH3 domain) with Kd = 37 μM. This affinity
is within two-fold of that reported for Tec binding, and this instance of indiscriminate
binding reflects the severe challenges of developing truly selective SH3 small-molecule
ligands.
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Figure 3.4. Representative binding curves. ITC data were acquired by titration of medium-length
metalloligand 3.4b (275 μM) into Lyn SH3 or Fyn SH3 (18 μM). Raw data with baseline corrected
(top) and injection peak integrals (bottom).

Table 3.1. Binding affinities of selected compounds to Lyn SH3 and Fyn SH3.
Compound

Kd (μM)
Lyn SH3

Fyn SH3

3.3

37 ± 22

127 ± 75

3.4a

0.066 ± 0.023

---

3.4b

0.027 ± 0.012

9.6 ± 1.1

3.4c

0.140 ± 0.032

12.0 ± 1.8

3.12c

55 ± 17

7.2 ± 1.1

Rh2(OAc)4

>10

---

Rhodium conjugates 3.4a–c were then assayed. The methyl ester of the six-carbon
linker, 3.12c, and Rh2(OAc)4 were each tested as negative controls, and both exhibited
minimal binding. Each of the rhodium–aminoquinoline conjugates exhibited strong
nanomolar binding to the Lyn SH3. In contrast, all three compounds showed much weaker
binding to Fyn, consistent with that expected of the aminoquinoline scaffold without
enhancement due to metal coordination to a nearby Lewis base. An improvement in Kd of
roughly three orders of magnitude strongly suggests the success of the cooperativity
concept. While it might be expected that increasing linker length would lead to increasing
affinity due to nonspecific hydrophobic interactions, in fact we found that the intermediate
linker length (n = 3, 3.4b) was a “sweet spot” with optimal affinity. This finding also
suggests a specific interaction responsible for affinity gains.
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3.2.3. Docking study
Original reports of aminoquinoline SH3 ligands proposed an interesting binding
model involving specific interactions of the cationic aminoquinoline core through π–π
stacking with a conserved tryptophan residue (Lyn Trp99) and charge–charge interaction
with a neighboring carboxylate side chain (Lyn Asp81, Figure 3.5a).38,39 We wanted to
understand the extent to which rhodium conjugates fit within that binding model, and to
that end computationally docked the rhodium conjugate 3.4b with the Lyn SH3 domain
(GOLD program, CCDC, www.ccdc.cam.ac.uk/). We did indeed find many bound states
with intimate quinoline–tryptophan contacts. The most commonly occurring bound state
found the aminoquinoline occupying a shallow hydrophobic cleft above the tryptophan
(Figure 3.5b), which orients the rhodium(II) core directly toward a proximal surfaceexposed histidine. Docking programs do not correctly model rhodium interactions, yet we
wanted to develop a useful model for two-point binding to the SH3 domain. Manual
rotation of C–C bonds of the flexible alkyl linker allowed the dirhodium core to be
positioned in an ideal geometry for histidine coordination (His96) without disturbing the
aminoquinoline binding. The docking studies support the previous binding model, and the
near-perfect fit of the best linker length (3.4b) may be solid evidence of the predictive value
of this binding model.
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Figure 3.5. Proposed binding model. (a) The SH3 binding model proposed by Pyke et al mainly
features a charge interaction with a nearby carboxylate and a pi-stacking interaction with a nearby
indole.37 (b) Space-filling model of conjugate 3.4b docked to the Lyn SH3 domain, indicating the
hydrophobic cleft above Trp99. (c) An alternative view of the docked model, with key binding
residues shown explicitly. Docking studies were performed in GOLD (CCDC). The
aminoquinoline core was then locked and a reasonable binding model built through bond rotation
of the flexible alkyl linker.

3.3. Conclusion
We designed, synthesized, and evaluated a series of novel rhodium–
aminoquinoline conjugates as SH3-binding molecules. We are not aware of any nonpeptidic ligands with comparable affinity for SH3 domains. Introduction of the rhodium
center improved the Kd for Lyn binding over 1000-fold, and varying the length of the linker
between it and the organic moiety allowed some tuning of binding affinity. Docking
experiments support a binding model for 2-aminoquinolines to an SH3 fold and provide a
structural predictive framework for further optimization or for extending similar fragmentbased ideas to other SH3 domains. This work describes an alternative approach to
simultaneously achieving potency and selectivity with small-molecule ligands for SH3
domains and for PPI interactions more generally. The metalloligands reported here
overcome the typical limitations thereof by exploiting organic–inorganic cooperativity
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afforded by the dirhodium core. This cooperativity is available for use in binding any
protein surface with a nearby Lewis basic side chain. Future work in this program will
extend these preliminary results to other members of the Src family and will examine how
these or related molecules might be used to alter function in living cells.

3.4. Experimental
General information
Chemical reagents were purchased and used without further purification. All
solvents used were ACS reagent grade. Solvents used under inert atmosphere were bought
and maintained in inert packaging or purified and degassed by a solvent dispensing system
(Pure Process Technology). Large scale reactions were performed in oven-dried roundbottom flasks. Small scale reactions were performed in 4-mL vials or scintillation vials.
Air- or moisture-sensitive reactions were performed in vials sealed with septum caps.
Insensitive reactions used bulk solvent without further purification, while air- or moisturesensitive ones used solvent stored under argon or nitrogen. Reaction vessels were stirred
magnetically; flasks were heated in an oil bath and vials in an aluminum heating block.
Flash chromatography was performed with 40-63 μM particle size silica gel (Silicycle). NBoc-piperazine,46 tert-butyl 4-bromobutanoate,47 methyl 6-bromohexanoate,48 and
Rh2(OAc)3(tfa)45 and the SH3 domains of Lyn32 and Fyn49 were prepared according to
previously reported protocols.
NMR characterization
All NMR spectra were recorded either on a Bruker Avance 400 MHz, Bruker
Avance 500 MHz, or a Bruker Avance III HD 600 MHz spectrometer. 1H and 13C spectra
were referenced relative to TMS or residual solvent peaks.
ESI–MS analysis
ESI–MS analysis was performed on a Bruker Daltonics microTOF instrument.
GC–MS analysis
GC–MS analysis was performed on an Agilent 5975N MSD interfaced to an
Agilent 7890N GC system with a Restek Rtx-5Sil MS column (30 m  0.25 mm i.d., 0.1
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μm film thickness). Samples were injected from a methanol solution using split injection
(40:1). The oven temperature was initially 100 °C (held 2 min) then increased 10 °C/min
to 270 °C (held 6 min). Helium flow over the column was 0.9 mL/min. Mass spectra were
acquired with electron-impact ionization at 70 eV (280 °C ion source) over a mass range
of 50–650 Da after a 2-min solvent delay. Data analysis was performed in Chemstation
E.02.02 software.
HPLC analysis
HPLC analyses were performed on reverse phase columns using a Shimadzu CBM20A instrument monitoring at 254 and 350 nm. Mobile phase consisted of
acetonitrile/water mixtures with 0.1% trifluoroacetic acid in both constituents. Analytical
and preparative separations employed a Phenomenex Jupiter 4μ Proteo 90A (250 × 4.6
mm) column at 1 mL/min and a Phenomenex Jupiter 4μ Proteo 90A (250 × 15 mm) at 8
mL/min, respectively.
Isothermal titration calorimetry (ITC)
ITC experiments were performed using a MicroCal ITC200 instrument at 25 ˚C.
Solutions of 275 μM ligand were titrated into 18-20 μM solutions of SH3 domain. Heats
of dilution were measured independently for each experiment by titrating the ligand
solution into buffer (20 mM phosphate buffer, pH 7.0, 150 mM NaCl, 1 mM EDTA). The
linear regression for the heat of dilution and the observed baseline were subtracted from
the raw data. The experimental data were fit in Origin (MicroCal) using a one set of sites
binding model minimizing the residual sum of squared deviations.
Computational docking and model building
Docking was performed using the GOLD program (v. 5.7.2, CSD-Discovery suite).
Docking was conducting assuming protonation at both basic nitrogens of the ligand 4.2,
and the GOLD program found 10 low-energy docked structures. A promising candidate
was used as a starting point to build a two-point binding model: the ligand was locked in
place except for the 3-carbon alkyl linker. Manual manipulation of the linker torsional
angles (Swiss PDB Viewer) was then used to build a reasonable binding model based on
the docked structure.
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Chemical synthesis
Preparation of N-(4-bromophenyl)cinnamamide (3.6)

The procedure was adapted from the literature.40 A 500-mL round-bottom flask was
charged with 4-bromoaniline, 3.5, (5.3 g, 31 mmol), water (70 mL), and potassium
carbonate (60.0 g, 434 mmol). The mixture was gently heated to dissolve the solid then
held at 0 °C. With stirring, a solution of cinnamoyl chloride in acetone (7.1 g, 43 mmol in
25 mL) was added dropwise by addition funnel over 30 min. The flask was placed in the
freezer for 30 min to precipitate the product. The mixture was filtered on a glass frit,
washed with cold water (20 mL) and cold diethyl ether (15 mL), and dried under vacuum
to afford the product as a white powder (9.2 g, 99%). Spectral data was consistent with that
previously reported.50 1H NMR (500 MHz, DMSO-d6) δ 10.37 (s, 1H), 7.70–7.66 (m, 2H),
7.65–7.63 (m, 2H), 7.61 (d, 1H, J = 15.7 Hz), 7.48–7.40 (m, 3H), 6.81 (d, 1H, J = 15.7
Hz). 13C NMR (125 MHz, DMSO-d6) δ 163.7, 140.6, 138.6, 134.6, 131.6, 129.9, 129.1,
127.8, 121.9, 121.1, 115.0. GC–MS, m/z: calculated for C15H12BrNO• [M•]+ 303.0, found
302.9.
Preparation of 6-bromoquinolin-2(1H)-one (3.7)

The procedure was adapted from the literature.40 A 500-mL round-bottom flask was
charged with amide 3.6 (9.2 g, 30 mmol), chlorobenzene (150 mL), and aluminum chloride
(24.3 g, 182 mmol). The flask was fitted with a reflux condenser, and the solution was
heated at reflux, quickly turning yellow to black. After 2 h, the mixture was concentrated
by rotary evaporation to ~65 mL, then poured onto ice (900 mL). The reaction flask was
rinsed with water, and the resulting aqueous suspension was filtered on a glass frit. The
solid was dried under vacuum to afford the product as a light orange solid (3.75 g, 55%).
Spectral data were consistent with that previously reported.51 1H NMR (400 MHz, DMSOd6) δ 11.87 (br s, 1H), 7.91 (d, 1H, J = 2.3 Hz), 7.87 (d, 1H, J = 9.6 Hz), 7.63 (dd, 1H, J =
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8.7, 2.3 Hz), 7.24 (d, 1H, J = 8.8 Hz), 6.55 (d, 1H, J = 9.6 Hz).

13

C NMR (125 MHz,

DMSO-d6) δ 161.7, 139.2, 138.0, 132.9, 129.9, 123.2, 120.9, 117.3, 113.4, 39.5. GC–MS,
m/z: calculated for C9H6BrNO• [M•]+ 223.0, found 222.9.
Preparation of 6-bromo-2-chloroquinoline (3.8)

The procedure was adapted from the literature.40 To a 500-mL round-bottom flask
charged with phosphoryl chloride (20.5 g), lactam 3.7 (1.50 g, 6.69 mmol) was slowly
added. The mixture was refluxed for 75 min, then cooled to rt and quenched by slowly
pouring the solution onto ice. The flask was rinsed with cold water, and the precipitate was
collected on a glass frit and washed with cold water. The solid was dried under vacuum to
afford the product as an orange solid (1.62 g, 100%). Spectral data were consistent with
that previously reported.52 1H NMR (500 MHz, CDCl3) δ 8.02 (ddd, 1H, J = 8.6, 0.7, 0.4
Hz), 7.98 (d, 1H, J = 2.2 Hz), 7.89 (dt, 1H, J = 9, 0.6 Hz), 7.80 (dd, 1H, J = 9, 2.2 Hz), 7.41
(d, 1H, J = 8.6 Hz).
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C NMR (125 MHz, CDCl3) δ 151.1, 146.4, 137.7, 134.0, 130.3,

129.63, 127.9, 123.3, 120.9. GC–MS, m/z: calculated for C9H5BrClN• [M•]+ 242.9, found
243.0.
Preparation of tert-butyl 4-(2-chloroquinolin-6-yl)piperazine-1-carboxylate (3.9)

The procedure was adapted from the literature.40 To a 4-mL vial, charged with
bromide 3.8 (200 mg, 825 μmol), N-Boc-piperazine (154 mg, 825 μmol), Pd(OAc)2 (3.6
mg, 16 μmol), and cataCXium® A (11.8 mg, 33 μmol) and equipped with a magnetic stir
bar under nitrogen, was added sodium tert-butoxide (95 mg, 990 μmol) and toluene (1 mL).
The vial was sealed and stirred at 120 °C in an aluminum heating block for 24 h. Upon
cooling, the mixture was extracted with ethyl acetate, the combined organic phases were
washed with brine, dried over sodium sulfate, filtered, and concentrated by rotary
evaporation. Purification on silica gel column (Et2O/hexanes, 20→50% v/v) afforded the
product as a yellow-orange solid (126 mg, 44% yield). Spectral data were consistent with
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that previously reported.40 1H NMR (500 MHz, CDCl3) δ 7.93 (d, 1H, J = 8.6 Hz), 7.89 (d,
1H, J = 9.3 Hz), 7.48 (dd, 1H, J = 9.3, 2.7 Hz), 7.29 (d, 1H, J = 8.6 Hz), 7.01 (d, 1H, J =
2.7 Hz), 3.66–3.61 (m, 4H), 3.28–3.24 (m, 4H), 1.50 (s, 9H). 13C NMR (125 MHz, CDCl3)
δ 154.6, 149.5, 147.8, 143.3, 137.5, 129.3, 127.9, 123.4, 122.5, 109.4, 80.1, 49.1, 28.4.
GC–MS, m/z: calculated for C18H22ClN3O2• [M•]+ 347.1, found 347.2.
Preparation of tert-butyl 4-(2-aminoquinolin-6-yl)piperazine-1-carboxylate (3.10)

The procedure was adapted from the literature.40 To a 4-mL vial, charged with
chloride 3.9 (45 mg, 129 μmol), Pd2(dba)3 (1.8 mg, 1.9 μmol), and DavePhos (1.5 mg, 3.9
μmol) and equipped with a magnetic stir bar under nitrogen, was added anhydrous dioxane
(1.5 mL). The vial was sealed, and lithium bis(trimethylsilyl)amide (1.0 M in
tetrahydrofuran, 170 μL) was added via syringe. The vial was stirred at 100 °C in an
aluminum heating block for 20 h. Upon cooling, the mixture was quenched with 5 drops
of 2.0 M hydrochloric acid, stirred for 10 minutes, then adjusted to pH 12 with 1.0 M
potassium hydroxide. The mixture was then extracted with methylene chloride, washed
with brine, dried over sodium sulfate, filtered, and concentrated by rotary evaporation.
Purification

on

silica

gel

column

(methanol/methylene

chloride/triethylamine,

5:94:1→15:84:1 v/v) afforded the product as a yellow-orange solid (32 mg, 73% yield).
Spectral data were consistent with that previously reported.40 1H NMR (500 MHz, CDCl3)
δ 7.79 (d, 1H, J = 8.7 Hz), 7.60 (d, 1H, J = 9.1 Hz), 7.35 (dd, 1H, J = 9.2, 2.8 Hz), 6.98 (d,
1H, J = 2.7 Hz), 6.70 (d, 1H, J = 8.8 Hz), 4.78 (br s, 2H), 3.65–3.60 (m, 4H), 3.18–3.13
(m, 4H), 1.49 (s, 9H). GC–MS, m/z: calculated for C18H24N4O2• [M•]+ 328.2, found 328.2.
Preparation of 6-(piperazin-1-yl)quinolin-2-amine (3.11)

A scintillation vial was charged with Boc-amine 3.10 (260 mg, 792 μmol),
trifluoroacetic acid (4.0 mL), and methylene chloride (4.0 mL) and equipped with a
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magnetic stir bar. After 4 h, starting material was consumed, and the mixture was
concentrated by rotary evaporation, resuspended in toluene, and concentrated once more
to obtain the pure bis(trifluoroacetate) salt as a dark yellow solid (350 mg, 97%). 1H NMR
(500 MHz, CD3OD) δ 8.26 (d, 1H, J = 9.4 Hz), 7.62–7.61 (m, 2H), 7.39 (t, 1H, J = 1.3 Hz),
7.03 (d, 1H, J = 9.4 Hz), 3.53–3.50 (m, 4H), 3.44–3.41 (m, 4H).

13

C NMR (150 MHz,

CD3OD) δ 149.3, 144.5, 132.1, 125.6, 123.7, 119.3, 114.7, 114.4, 47.7, 44.7. GC–MS, m/z:
calculated for C13H16N4• [M•]+ 228.1, found 228.1.
Preparation of tert-butyl 2-(4-(2-aminoquinolin-6-yl)piperazin-1-yl)acetate (3.12a)

To a 4-mL vial was added the bis-TFA salt 3.11 (105 mg, 230 μmol), tert-butyl
bromoacetate (37 μL, 253 μmol), potassium carbonate (163 mg, 1.15 mmol), and dry N,Ndimethylformamide (1.0 mL). The vial was equipped with a magnetic stir bar and stirred
at 40 °C for 16 h. The mixture was extracted with ethyl acetate, dried over sodium sulfate,
filtered, and concentrated by rotary evaporation. Purification on silica gel column (ethyl
acetate/hexanes/triethylamine, 80:19:1→99:0:1 v/v) afforded the product as a light orange
solid (71 mg, 90% yield). 1H NMR (600 MHz, CD3OD) δ 7.83 (d, 1H, J = 8.9 Hz), 7.45
(d, 1H, J = 9.2 Hz), 7.36 (dd, 1H, J = 9.2, 2.7 Hz), 7.07 (d, 1H, J = 2.6 Hz), 6.77 (d, 1H, J
= 8.9 Hz), 3.25–3.22 (m, 4H), 3.20 (s, 2H), 2.78–2.76 (m, 4H), 1.49 (s, 9H). 13C NMR (150
MHz, CD3OD) δ 171.0, 158.3, 148.0, 143.5, 138.8, 126.2, 125.1, 124.0, 113.6, 112.8, 82.5,
60.7, 54.0, 50.9, 28.4. GC–MS, m/z: calculated for C19H26N4O2• [M•]+ 342.2, found 342.2.
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Dirhodium ligation of 2-(4-(2-aminoquinolin-6-yl)piperazin-1-yl)acetic acid (3.4a)
Two steps:

A 4-mL vial was charged with ester 3.12a (8 mg, 23 μmol), trifluoroacetic acid (1
mL), and dry methylene chloride (1 mL) and equipped with a magnetic stir bar. After 3 h
stirring at rt, the starting material was consumed, and the mixture was concentrated by
rotary evaporation, resuspended in toluene, and concentrated once more to obtain the
bis(trifluoroacetate) intermediate 3.13a as a yellow solid (12 mg, 99% yield). 1H NMR
(400 MHz, CD3OD) δ 8.25 (d, 1H, J = 9.4 Hz), 7.62 (s, 1H), 7.61 (s, 1H), 7.39 (s, 1H),
7.03 (d, 1H, J = 9.3 Hz), 4.17 (s, 2H), 3.61 (br s, 8H). ESI–MS, m/z: calculated for
C15H19N4O2 [M+H]+ 287.2, found 287.0.
A 4-mL vial was charged with acid 3.13a as the bis(trifluoroacetate) salt (2.0 mg,
3.9 μmol), Rh2(OAc)3(tfa) (4.2 mg, 8.7 μmol), and MES buffer (1.4 mL, 25 mg/mL, pH =
4.5) and equipped with a magnetic stir bar. The vial was stirred at rt, and the reaction was
monitored by analytical HPLC. After 24 h, the mixture was purified by preparative HPLC.
Fractions were combined, concentrated by rotary evaporation, and dried by lyophilization
to afford the product as the bis(trifluoroacetate) salt as a light green solid (3.0 mg, 86%).
ESI–MS, m/z: calculated for C21H27N4O8Rh2 [M+H]+ 669.0, found 668.8.
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Preparation of 4-(4-(2-aminoquinolin-6-yl)piperazin-1-yl)butanoic acid (3.13b)
Two steps:

To a 4-mL vial was added the bis-TFA salt 3.11 (81 mg, 178 μmol), tert-butyl 4bromobutyrate (50 mg, 213 μmol), potassium carbonate (120 mg, 888 mmol), and dry N,Ndimethylformamide (1.0 mL) and equipped with a magnetic stir bar. The vial was stirred
at 40 °C for 16 h. The mixture was extracted with ethyl acetate, dried over sodium sulfate,
filtered, and concentrated by rotary evaporation. Purification on silica gel column
(methanol/methylene chloride/triethylamine, 0:99:1→10:89:1 v/v) afforded the ester
intermediate 3.12b as a light orange solid (52 mg, 78%). 1H NMR (500 MHz, CD3OD) δ
7.85 (d, 1H, J = 8.9 Hz), 7.45 (d, 1H, J = 9.2 Hz), 7.37 (dd, 1H, J = 9.2, 2.7 Hz), 7.08 (d,
1H, J = 2.7 Hz), 6.77 (d, 1H, J = 8.9 Hz), 3.24–3.21 (m, 4H), 2.70–2.66 (m, 4H), 2.47–
2.42 (m, 2H), 2.30 (t, 2H, J = 7.3 Hz), 1.86–1.79 (m, 2H), 1.46 (s, 9H). 13C NMR (125
MHz, CD3OD) δ 174.5, 158.3, 148.0, 143.3, 138.9, 126.1, 125.1, 123.9, 113.6, 112.8, 81.5,
58.8, 54.3, 51.0, 34.2, 28.4, 23.0.
A 4-mL vial was charged with ester 3.12b (24 mg, 60 μmol), trifluoroacetic acid
(0.5 mL), and dry methylene chloride (0.5 mL) and equipped with a magnetic stir bar. After
stirring at rt for 4.5 h, the starting material was consumed, and the mixture was concentrated
by rotary evaporation. Purification was performed by preparative HPLC. Fractions were
combined, concentrated by rotary evaporation, and dried by lyophilization to obtain the
pure bis(trifluoroacetate) salt as a yellow solid (12 mg, 38%). 1H NMR (600 MHz, CD3OD)
δ 8.25 (d, 1H, J = 9.4 Hz), 7.63–7.61 (m, 2H), 7.38 (d, 1H, J = 2.0 Hz), 7.03 (d, 1H, J =
9.4 Hz), 3.53 (br s, 1H), 3.30–3.27 (m, 2H), 2.50 (t, 2H, J = 6.9 Hz), 2.11–2.05 (m, 2H).
C NMR (150 MHz, CD3OD) δ 175.8, 155.2, 148.8, 144.5, 132.1, 125.5, 123.7, 119.4,
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114.8, 114.4, 57.4, 53.0, 47.9, 31.4, 20.4. ESI–MS, m/z: calculated for C17H23N4O2 [M+H]+
315.2, found 315.1.
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Dirhodium ligation of 4-(4-(2-aminoquinolin-6-yl)piperazin-1-yl)butanoic acid (3.4b)

A 4-mL vial was charged with acid 3.13b as the bis(trifluoroacetate) salt (3.3 mg,
6.1 μmol), Rh2(OAc)3(tfa) (6.3 mg, 9.1 μmol), and MES buffer (1.2 mL, 25 mg/mL, pH =
4.5) and equipped with a magnetic stir bar. The vial was stirred at 40 °C and monitored by
analytical HPLC. After 24 h, the mixture was purified by preparative HPLC. Fractions
were combined, concentrated by rotary evaporation, and dried by lyophilization to afford
the product as the bis(trifluoroacetate) salt as a light green solid (5.5 mg, 98%). ESI–MS,
m/z: calculated for C23H31N4O8Rh2 [M+H]+ 697.0, found 696.8; calculated for [M+2H]2+
349.0, found 348.9; calculated for [M+2H+MeOH]2+ 365.0, found 364.9.
Preparation of 6-(4-(2-aminoquinolin-6-yl)piperazin-1-yl)hexanoic acid (3.13c)
Two steps:

A 4-mL vial was charged with 3.11 as the free amine (55 mg, 240 μmol), methyl
6-bromohexanoate (64 mg, 290 μmol), potassium carbonate (167 mg, 1.21 mmol), and dry
N,N-dimethylformamide (1.0 mL) and equipped with a magnetic stir bar. After 25 h stirring
at rt, N,N-diisopropylethylamine (42 μL, 240 μmol) was added to speed the reaction. After
an additional 19 h, 6-bromohexanoate (30 mg, 140 μmol) was added. After 3 h, the mixture
was extracted with ethyl acetate, dried over sodium sulfate, filtered, and concentrated by
rotary

evaporation.

Purification

on

silica

gel

column

(methanol/ethyl

acetate/hexanes/triethylamine, 0:80:19:1→0:99:0:1→2:97:0:1 v/v) afforded the ester
intermediate 3.12c as a light orange solid (42 mg, 30%). 1H NMR (600 MHz, CD3OD) δ
7.85 (d, 1H, J = 8.9 Hz), 7.46 (d, 1H, J = 9.2 Hz), 7.38 (dd, 1H, J = 9.2, 2.7 Hz), 7.08 (d,
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1H, J = 2.7 Hz), 6.78 (d, 1H, J = 8.9 Hz), 3.66 (s, 3H), 3.25–3.22 (m, 4H), 2.71–2.67 (m,
4H), 2.47–2.43 (m, 2H), 2.36 (t, 2H, J = 7.4 Hz), 1.70–1.63 (m, 2H), 1.63–1.56 (m, 2H),
1.41–1.35 (m, 2H).

13

C NMR (150 MHz, CD3OD) δ 175.9, 158.3, 148.0, 143.3, 138.9,

126.1, 125.1, 123.9, 113.6, 112.8, 59.5, 54.3, 52.0, 50.9, 34.7, 28.1, 27.2, 25.9.
A 4-mL vial was charged with ester 3.12c (20 mg, 56 μmol), lithium hydroxide (5.2
mg, 224 μmol), methanol (1.7 mL), water (0.5 mL), and tetrahydrofuran (0.2 mL) and
equipped with a magnetic stir bar. After stirring at 40 °C for 20 h, the starting material was
consumed, and the mixture was dried under a gentle stream of nitrogen, resuspended in
methanol, and filtered. Purification was performed by preparative HPLC. Fractions were
combined, concentrated by rotary evaporation, and dried by lyophilization to obtain the
pure bis(trifluoroacetate) salt as a yellow solid (9.0 mg, 28%). 1H NMR (600 MHz,
CD3OD) δ 8.26 (d, 1H, J = 9.4 Hz), 7.62 (d, 2H, J = 1.3 Hz), 7.39 (s, 1H), 7.04 (d, 1H, J =
9.4 Hz), 3.51 (br s, 8H), 3.26–3.21 (m, 2H), 2.36 (t, 2H, J = 7.3 Hz), 1.86–1.79 (m, 2H),
1.73–1.67 (m, 2H), 1.51–1.44 (m, 2H).
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C NMR (150 MHz, CD3OD) δ 177.2, 155.1,

148.8, 144.5, 132.1, 125.5, 123.7, 119.4, 114.8, 114.4, 57.8, 52.9, 47.8, 34.4, 27.0, 25.3,
24.8. ESI–MS, m/z: calculated for C19H27N4O2 [M+H]+ 343.2, found 343.1.
Dirhodium ligation of 6-(4-(2-aminoquinolin-6-yl)piperazin-1-yl)hexanoic acid (3.4c)

A 4-mL vial was charged with acid 3.13c as the bis(trifluoroacetate) salt (3.2 mg,
5.6 μmol), Rh2(OAc)3(tfa) (4.2 mg, 8.4 μmol), and MES buffer (1.2 mL, 25 mg/mL, pH =
4.5) and equipped with a magnetic stir bar. The vial was stirred at 40 °C, and the reaction
was monitored by analytical HPLC. After 36 h, the mixture was purified by preparative
HPLC. Fractions were combined, concentrated by rotary evaporation, and dried by
lyophilization, to afford the product as the bis(trifluoroacetate) salt as a light green solid
(5.1 mg, 95%). ESI–MS, m/z: calculated for C25H35N4O8Rh2 [M+H]+ 725.1, found 724.9;
calculated for [M+2H]2+ 363.0, found 362.9; calculated for [M+2H+MeOH]2+ 379.0, found
378.9.
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Chapter 4

Expanding dirhodium protein modification utility to enable
purification, gel analysis, and binding affinity determination

Portions of this chapter were previously published in and are adapted from: Martin,
S. C.; Vohidov, F.; Wang, H.; Knudsen, S. E.; Marzec, A. A.; Ball, Z. T. Bioconjugate
Chem. 2017, 28, 659. Desthiobiotin-diazo synthesis (Scheme 4.1) was performed by
Haopei Wang. Protein modification assays (Figure 4.3 and Figure 4.4) were performed by
Sarah Knudsen.

4.1. Introduction
Selective modification, functionalization, or conjugation of natural proteins
remains a daunting challenge. Like related efforts to perform selective chemistry on nucleic
acids1–5 or secondary metabolites,6–9 modified proteins are broadly useful in chemical
biology, as therapeutics, and as building blocks for biomaterials. Among other challenges,
biopolymers lack unique reactive handles, and so new selectivity concepts are required.
Ideal methods should enable modification of specific individual sites on a target protein
and should discriminate among even highly similar proteins. Finally, simple and versatile

53
reagents should allow flexible modification with various functional handles under
biologically relevant conditions.
While protein modification has often focused on engineered substrates or residuespecific chemistry, ligand–catalyst conjugates are an emerging approach to site-specific
protein modification.10–15 Proximity-driven modification by transition-metal or
organocatalysts has numerous advantages, including access to unique, bioorthogonal
chemistries. In contrast to reactive probes, a catalytic approach separates the molecular
recognition motif (“ligand”) on the catalyst from the stoichiometric reactive group and
functional tag (Figure 4.1). The concentration of ligand in the ligand–catalyst conjugate
can be kept to sub-stoichiometric, biologically-relevant levels. In preliminary efforts we
discovered rhodium(II) conjugates that act as efficient catalysts for modification at specific
side chains based on molecular recognition.15 Single-protein modification was possible
even in complex environments such as cell lysate.
Our investigations into these promising reactions, however, have demonstrated the
need for specialized diazo reagents for various tasks including purification of modified
protein, and gel-based analysis. Two new diazo reagents were designed and synthesized to
address these limitations, then validated experimentally. Finally, we showed that the
quantification of modification efficiency can be a fast and efficient method for measuring
the potency of protein–protein interaction inhibitors.

Figure 4.1. Overview of reported dirhodium–diazo protein modification systems. (a) Protein
modification reactions proceed via metallocarbene and subsequent formation of functionalized
protein. (b) α-Styryl-α-diazoacetate derivatives are most common for aqueous protein modification
reactions.
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4.2. Results and discussion
4.2.1. Functionalized diazo reagents
To accommodate a variety of modification and functionalization needs, broadly
effective reactivity that tolerates a variety of functionalized reagents is desirable, and we
have developed a set of simple diazoacetate reagents for protein modification. (Figure 4.1,
4.1–4.4). The highly stabilized nature of α-styryl-α-diazoacetate derivatives makes them
optimal for protein modification,16–18 where stabilization of the metallocarbene
intermediate improves reaction efficiency and minimizes the non-productive O–H
insertion of water, a common pathway for rhodium metallocarbene intermediates.19 The
Francis lab showed,20 and we have subsequently verified, that some simpler diazo esters
(α-phenyl-α-diazoacetates or even ethyl α-diazoacetate) succeed to some extent in
polypeptide modification, but α-styryl-α-diazoacetates are significantly more efficient. On
the other hand, changes to the ester –OR group are generally tolerated. Due to the
hydrophobicity of the α-styryl-α-diazoacetate moiety, an oligo-ethylene glycol linker has
been included for solubility in water.
For affinity pull-down and related tasks, biotin is perhaps the most commonly used
group in biological applications.21 For applications with rhodium(II) catalysts, biotin–diazo
conjugate 4.3 (Figure 4.1) is readily prepared from styrylacetic acid.13 However, unique—
and at times deleterious—reactivity was observed with biotin–diazo 4.3, especially in more
demanding modification reactions with full-length protein substrates.22 Limitations of the
biotin conjugate, together with an interest in developing more flexible and diverse
functionalized diazo reagents, led to the preparation and study of other diazo reagents.13,23–
25

The synthesis of desthiobiotin-containing compound 4.5 (Scheme 4.2) avoids reactivity

problems of the biotin probe 4.3 and also allows for improved release of bound protein in
affinity purification applications.26–28 The synthesis of desthiobiotin–diazo 4.5 is
illustrative of many α-styryl-α-diazoacetate derivatives, requiring late-stage esterification
of a functionalized alcohol with styrylacetic acid, followed by diazo transfer with 4acetamidobenzenesulfonyl azide (p-ABSA). (See experimental for preparation of
analogous compounds, 4.1–4.4.)
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Scheme 4.1. Preparation of desthiobiotin-diazo reagent 4.5.

A significant weakness of first-generation α-styryl-α-diazoacetate derivatives is the
ester linkage in reagents 4.1–4.5 (Figure 4.1), which is susceptible to chemical or
enzymatic hydrolysis. We encountered some applications and conditions for which this
was a substantial limitation. Thus, probe 4.9 (Scheme 4.3) was designed to abrogate these
concerns. The most important design features of this probe are (1) that it preserves the αstyryl-α-diazoester core known to provide optimal reactivity and (2) that the function
handle (alkyne) is linked via a stable amine linker, rather than via the ester linkage. As an
added benefit, the newly-installed amine would be charged under physiological conditions,
aiding probe solubility. A new synthetic route was required to produce a probe with a site
of functionalization that would remain intact after ester cleavage (Scheme 4.2). We
assumed access to diazo 4.9 from acid 4.10. Initially, we planned access to acid 4.10 by
Wittig olefination of aldehyde 4.11, which is readily available by alkylation of
bromoaldehyde 4.12, but in our hands, the subsequent Wittig transformation with the
unique phosphonium salt 4.1329 was not effective. Alternatively, desymmetrizing
olefination with phosphonium 4.1430,31 and the dialdehyde 4.15 afforded an aldehyde
intermediate, and the alkyne group was subsequently introduced by reductive amination,
providing alkyne 4.16. However, we were unsuccessful at late-stage oxidation to the
potentially unstable β,γ-unsaturated carboxylic acid 4.10, in spite of some limited
precedent for similar transformations.32–35 In the end, a new approach (Scheme 2) produced
the desired target compound by late-stage one-carbon homologation via cyanide alkylation
to alkyne 4.17, followed by hydrolysis to the styrylacetic acid derivative, which obviated
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the need for late-stage oxidation. The route takes advantage of a recent preparation of
aldehyde 4.18 by DIBAL–H reduction of cyano-ester 4.19.36

Scheme 4.2. Synthetic approaches to novel alkyne-diazo reagent 4.9.

Scheme 4.3. Preparation of novel alkyne-diazo reagent 4.9.

The new linkage in diazo 4.9 does prevent hydrolysis-based loss of the functional
handle (Figure 4.2a). For example, under some modification and purification conditions,
we see extensive transesterification of the modification product by the buffer N-tertbutylhydroxylamine (TBHA, found to most effectively support protein modification).16,17
In the case of diazo 4.2 (Figure 4.1), this transesterification results in the loss of the alkyne
handle, while transesterification of the product derived from diazo 4.9 retains the alkyne
handle (Figure 4.2b–c).
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Figure 4.2. Limitations of ester–functionalized diazo reagents. (a) Protein–mod construct
formed by transesterification with TBHA buffer or by hydrolysis. In either case, any functionality
incorporated into the diazo reagent through an ester linkage is removed, preventing further
manipulation. (b–c) Reaction conditions: Fyn SH3 (2 μM), R5DRh (1 μM), diazo (100 mM), TBHA
buffer (100 mM, pH = 6.2), rt, 4 h. MALDI–MS data demonstrates the tendency of the ester linkage
to transesterify. Protein modified by diazo 4.2 no longer features the alkyne handle; protein
modified by diazo 4.9 retains its incorporated alkyne. R5DRh = Ac–VSLADRhRPLPPLPP–NH2.15

4.2.2. Inhibition–modification assays
Conceptually, proximity-driven protein modification correlates a non-covalent
protein–ligand assembly with a covalently-modified protein product. This correlation can
be used to identify competitive ligand-binding behavior in the presence of another ligand.14
Extending this concept, quantitative information about protein–peptide interactions can be
gleaned from modification reactions in the presence of varying inhibitor levels (Figure 4.3).
Varied concentrations of a simple peptide inhibitor of Src-family SH3 interactions (S2E37)
displayed characteristic sigmoidal plots of modification vs. log[inhibitor]. The IC50 values
from modification reactions—stopped at short reaction times to approximate initial rates—
correlated well with Kd values derived from isothermal titration calorimetry.
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Figure 4.3. Protein modification assay for peptide binding affinity. (a) MALDI–MS spectra of
modification of the Lck SH3 domain in the presence of increasing amounts of S2E peptide,37 which
competes with the 11LRh catalyst15 for the binding site. Reaction conditions: Lck SH3 (4 μM),
11LRh (2.5 μM), diazo 4.2 (2 mM), Tris buffer (100 mM, pH = 7.4), rt, 2 h. (b) A general scheme
of the interactions taking place during the assay; inhibitor (blue) and rhodium(II)-catalyst (green)
compete for the same binding site, with modification blocking further inhibitor binding events. (c)
Structures of metallopeptide catalyst 11LRh and peptide inhibitor S2E. (d) Data from (a) plotted
with a logistic fit yielding an IC50 of 15 µM, in line with the reported value for VSL12-derived
peptides and Src-family SH3 domains.

A similar analysis can be conducted to probe the affinity of a small-molecule
inhibitor of Src-family SH3 interactions (Figure 4.4). (See Chapter 3 for details regarding
aminoquinoline SH3 inhibitors.) As with the peptide inhibitors, quantification of
modification by MALDI–MS as a function of inhibitor concentration allows a
measurement of competitive inhibition. Relative modification levels are also sufficient to
extract affinity measurements. Additionally, chemical blot visualization of modified
proteins enabled us to extract IC50 values after quantification of blot image intensity. Thus,
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proximity-driven modification provides a simple way to assess binding affinity of protein
ligands for protein–protein interactions.

Figure 4.4. Determination of small molecule binding affinity. (a) Reported SH3 domain
inhibitor 4.23.38 (b) Addition of inhibitor 4.23 slows modification (red arrow) of Yes SH3–MBP
fusion protein by metallopeptide R5DRh. Reaction conditions: protein (4 μM), R5DRh (2.5 μM),
diazo 4.2 (2 mM), TBHA buffer (100 mM, pH = 6.2), rt, 2 h. (c) Quantification of Fyn SH3
modification after 2 h by MALDI–MS. The observed IC50 value is consistent with the Kd measured
independently by isothermal titration calorimetry (Kd = 43 µM) (d) As an alternative analytical
method, modification reactions from (b) can be visualized with a fluorogenic probe (via chemical
blotting protocol).39 R5DRh = Ac–VSLADRhRPLPPLPP–NH2.15

4.3. Conclusion
Our rhodium(II) conjugates exhibit many properties of natural enzymatic systems,
despite being completely designed, non-biological constructs. The system allows
modification of residues, such as histidine or tryptophan, that are largely inaccessible to
other chemical methods, and provides a general strategy for tag-free chemical
modification.14 One major source of potential limitations of the system is the nature of the
diazo reagent used for the modification. The synthesis of specialized new diazo reagents
to allow purification and gel analysis can further expand the method’s versatility.
Additionally, the modification dose-response behavior in the presence of competing
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protein ligands provides a fundamentally new assay of inhibition potency, in analogy to
enzyme-based assays. This assay format succeeds with small amounts of material (~5
nmol/well) and is experimentally simple. As such, it provides an alternative to more timeconsuming and material-intensive assays that are sometimes required to assess protein–
peptide binding.

4.4. Experimental
General information
Chemical reagents were purchased and used without further purification. All
solvents used were ACS reagent grade. Solvents used under inert atmosphere were bought
and maintained in inert packaging or purified and degassed by a solvent dispensing system
(Pure Process Technology). Compounds 4.1,17 4.2,15 4.3,13 4.4,22 and 4.23,38 peptides
S2E,37 R5DRh,15 and 11LRh,15 and the SH3 domains of Fyn,37 Lck,15 and Yes15 were
produced as previously reported. Silica purification was performed with under air pressure
with 40-63-μm particle size silica gel (Silicycle).
NMR characterization
All NMR spectra were recorded either on a Bruker Avance 400 MHz, Bruker
Avance 500 MHz, or a Bruker Avance III HD 600 MHz spectrometer. 1H and 13C spectra
were referenced relative to TMS or residual solvent peaks.
ESI–MS analysis
ESI–MS analysis was performed on a Bruker Daltonics microTOF instrument.
MALDI–MS analysis
All MALDI spectra were acquired on a Bruker Autoflex MALDI–ToF instrument.
Samples were prepared by spotting 1 μL of the sample (directly from reaction mixture)
onto the MALDI plate, then mixing with 1 μL of sinapic acid matrix (Fluka, >20 mg/mL
in 50% MeCN (aq.) with 0.1% trifluoroacetic acid, Millipore). Peak areas for modified and
unmodified protein were used to determine modification conversions.
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GC–MS analysis
GC–MS analysis was performed on an Agilent 5975N MSD interfaced to an
Agilent 7890N GC system with a Restek Rtx-5Sil MS column (30 m  0.25 mm i.d., 0.1
μm film thickness). Samples were injected from a methanol solution using split injection
(40:1). The oven temperature was initially 100 °C (held 2 min) then increased 10 °C/min
to 270 °C (held 6 min). Helium flow over the column was 0.9 mL/min. Mass spectra were
acquired with electron-impact ionization at 70 eV (280 °C ion source) over a mass range
of 50–650 Da after a 2-min solvent delay. Data analysis was performed in Chemstation
E.02.02 software.
Isothermal titration calorimetry (ITC)
Ligand binding parameters were determined using a VP–ITC instrument
(MicroCal). Titrations were performed at 25 °C by titrating 275 μM ligand into an 18 μM
protein solution. Analyses were performed with NanoAnalyze software (MicroCal) using
non-linear regression analysis.
Representative protein modification reaction
Aq. solutions of SH3 domain protein (275 µM), inhibitor 4.23 (1 mM), and
metallopeptide R5DRh catalyst (125 µM) were prepared. A t-BuOH solution of diazo
reagent (50 mM) was also prepared. In a 0.6-mL Eppendorf tube, protein, inhibitor,
catalyst, and finally the diazo reagent were added to 100 mM TBHA buffer pH 6.2 (total
reaction volume: 30 µL, final concentrations: protein, 4 µM; inhibitor, 0–460 µM;
metallopeptide, 2.5 µM; diazo, 2 mM). The contents of the reaction tube were mixed by
pipetting in between addition of each reagent then vortexed for 15 s with a bench-top mixer
after addition of the final reagent. The reactions incubated for 2 h at rt in the dark before
spotting the reaction mixture for direct MALDI–MS analysis (1 µL, mixed on the plate
with 1 µL sinapic acid matrix).
Gel separation and transfer
7.5 µL of reaction mixture was mixed with 2.5 µL 4x SDS loading buffer (Life
Technologies) and loaded directly onto a Bis-Tris minigel (Life Technologies) and run at
200 V for 45 minutes in 1x MOPS buffer.
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Chemical blotting
Following transfer, an on-membrane click reaction was performed according to a
reported protocol.39 Briefly, the membrane was rinsed with methanol 2× for 5 min, rinsed
2× with DI water, then shaken at rt for 2 h to overnight in 20 mL of 1:1 DI water/DMSO
with 5 mM sodium ascorbate, 15 µM TBTA, 250 µM CuSO4, 5 µM 3-azido-7hydroxycoumarin. Following the click reaction, the membrane was rinsed with methanol
until opaque, then soaked 2× 5 min in 20 mL 50:50 methanol/DMSO, rinsed with methanol,
then rinsed with 70% ethanol and shaken in fresh 70% ethanol for 10 minutes.
Imaging and quantification of chemical blots
Blot membranes were imaged using an epi-UV light source (370 nm LED) and a
longpass filter at 515 nm on a Fujifilm LAS-4000 instrument. Data were saved as RAW
files and exported as TIFF images for further analysis in ImageJ using the built-in gel
analysis tool.40 Briefly, image files were opened in ImageJ and converted to 8-bit format,
and lanes drawn using the gel analysis tool. The resulting histograms were integrated, and
values were either compared across a single gel, or normalized to a protein loading control
lane on each membrane. Following fluorescence imaging, membranes were treated with
Coomassie blue to check the quality of protein transfer.
Determination of IC50 values
Values obtained from analysis of MALDI–MS or ImageJ in Excel were plotted as
a function of inhibitor concentration, and IC50 values obtained by fitting with a 4-parameter
logistic fit of the form:
y = A2 +

A1 − A2
x p
1 + (x )
0

Chemical synthesis
Preparation of desthiobiotin (4.7)

Adapting from a published procedure,41 biotin, 4.6, (1000 mg, 4.093 mmol) and
Raney Nickel (24.56 g) were stirred in 0.5% w/v aqueous Na2CO3 at 75 °C for 2 h. Raney

63
Nickel was removed by filtering through Celite and frit. The solution was acidified to pH
4 using HCl. The solvent was removed in vacuo. The crude product was recrystallized from
hot water to provide white crystals (531.3 mg, 61%). Obtained characterization data
supplement previously reported data.42–44 1H NMR (600 MHz, DMSO-d6) δ 11.97 (s, 1H),
6.30 (s, 1H), 6.11 (s, 1H), 3.60 (m, 1H), 3.52–3.44 (m, 1H), 2.19 (t, J = 7.4 Hz, 2H), 1.48
(quin, J = 7.5 Hz, 2H), 1.40–1.22 (m, 5H), 1.21–1.13 (m, 1H), 0.95 (d, J = 6.5 Hz, 3H).
C NMR (150 MHz, DMSO-d6) δ 174.48, 162.80, 54.95, 50.20, 33.55, 29.48, 28.58,

13

25.51, 24.38, 15.48. IR (thin film): 3344, 2998, 2927, 2901, 2852, 2567, 2535, 2507, 1705,
1614, 1461, 1423, 1410, 1329, 1296, 1257, 1218, 1189, 1165, 1091, 953, 900, 770, 733,
714, 667 cm–1. ESI–MS m/z: calculated for [M–H]–: 213.3; observed: 213.3.
Preparation of desthiobiotin–PEG (4.24)

Desthiobiotin, 4.7, (50.4 mg, 0.235 mmol) and HATU (126.4 mg, 0.332 mmol, 1.4
equiv) were dissolved in DMF (500 μL). Diisopropylethylamine (162.6μL, 0.933 mmol,
4.0 equiv) was added to the solution at 0 °C and the solution incubated for 10 min at 0 °C.
The non-symmetrical PEG–amine13,45 (56.9 mg, 0.294 mmol, 1.3 equiv) was dissolved in
DMF (500 μL), and the resulting solution was added to the reaction mixture. The mixture
was allowed to warm to rt and was stirred for 4 h. The solvent was removed with a stream
of N2 gas, and the residue was purified by silica column (10% MeOH/CH2Cl2) to provide
a light yellow oil (64.8 mg, 71%). 1H NMR (600 MHz, CDCl3) δ 7.17 (s, 1H), 5.40 (s, 1H),
4.81 (s, 1H), 3.87–3.81 (m, 1H), 3.75–3.68 (m, 5H), 3.68–3.60 (m, 8H), 3.56–3.53 (m, 2H),
3.47–3.42 (m, 2H), 2.20 (t, J = 7.4 Hz, 2H), 1.66 (q, J = 7.2 Hz, 2H), 1.54–1.23 (m, 6H),
1.13 (d, J = 6.5 Hz, 3H).
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C NMR (600 MHz, CDCl3) δ 173.63, 163.87, 72.73, 70.73,

70.55, 70.12, 61.63, 56.27, 51.67, 39.30, 36.15, 29.66, 29.00, 26.16, 25.52, 15.94. IR (thin
film): 3284, 2933, 2864,2242, 1692,1649, 1548, 1442, 1378, 1348, 1256, 1096, 911, 844,
803, 771 cm–1. ESI–MS m/z: calculated for [M+H]+: 390.5; observed 390.6.
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Preparation of styryl–PEG–desthiobiotin (4.8)

The alcohol 4.24 (44.5 mg, 0.114 mmol), styrylacetic acid (25.7 mg, 0.158 mmol,
1.4 equiv), DCC (55.2 mg, 0.268 mmol, 2.4 equiv) and DMAP (1.59 mg, 0.013 mmol, 0.1
equiv) were stirred in dry MeCN (2.2 mL) for 4 h at rt. DCU side product was filtered. The
solvent was removed in vacuo. The residue was purified by silica column (5%
MeOH/CH2Cl2) to provide the ester as a yellow oil (22.3 mg, 37%). 1H NMR (600 MHz,
CDCl3) δ 7.37 (d, J = 7.5 Hz, 2H), 7.32–7.29 (m, 2H), 7.23 (t, J = 7.3 Hz, 1H), 6.50 (d, J
= 15.9 Hz, 1H), 6.47 (s, 1H), 6.31 (dt, J = 15.9, 7.2 Hz, 1H), 5.25 (s, 1H), 4.63 (s, 1H),
4.28 (t, J = 4.8 Hz, 2H), 3.85–3.81 (m, 1H), 3.72 (t, J = 4.8 Hz, 2H), 3.68–3.58 (m, 9H),
3.54 (t, J = 5.0 Hz, 2H), 3.46–3.41 (m, 2H), 3.28 (dd, J = 7.1, 1.4 Hz, 2H), 2.18 (t, J = 7.4
Hz, 2H), 1.65 (quin, J = 7.3 Hz, 2H), 1.53–1.20 (m, 6H), 1.11 (d, J = 6.5 Hz, 3H).
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C

NMR (600 MHz, CDCl3) δ 173.26, 171.78, 163.72, 136.98, 133.77, 128.75, 127.80,
126.48, 121.73, 70.78, 70.68, 70.33, 70.21, 69.29, 64.03, 56.22, 51.59, 39.34, 38.43, 36.21,
29.66, 28.92, 26.16, 25.43, 15.97. IR (thin film): 3279, 3082, 2933, 2864, 1731, 1694,
1649, 1541, 1448, 1349, 1294, 1251, 1097, 1037, 966, 843, 730, 693 cm–1. ESI–MS m/z:
calculated for [M+H]+: 534.7; observed 534.8.
Preparation of desthiobiotin–azide (4.5)

The ester 4.8 (13.67 mg, 0.0256 mmol), DBU (5.36 μL, 0.0359 mmol, 1.4 equiv),
and p-ABSA (9.85 mg, 0.0410 mmol, 1.6 equiv) were dissolved in dry MeCN (264 μL) at
0 °C. The reaction mixture was allowed to warm to rt with stirring for 4 h. The solvent was
removed in vacuo, and the residue was purified by silica gel column (eluent: 100% acetone)
to provide an orange oil (7.25 mg, 51%). 1H NMR (600 MHz, CDCl3) δ 7.35 (d, J = 7.5
Hz, 2H), 7.33–7.30 (m, 2H), 7.21 (t, J = 7.3 Hz, 1H), 6.47 (d, J = 16.3 Hz, 1H), 6.33 (s,
1H) 6.21 (d, J = 16.3 Hz, 1H), 5.11 (s, 1H), 4.55 (s, 1H), 4.42 (t, J = 4.8 Hz, 2H), 3.87–
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3.79 (m, 1H), 3.76 (t, J = 4.8 Hz, 2H), 3.71–3.60 (m, 9H), 3.55 (t, J = 5. 0 Hz, 2H), 3.46–
3.42 (m, 2H), 2.20-2.16 (m, 2H), 1.65 (quin, J = 7.3 Hz, 2H), 1.53–1.26 (m, 6H), 1.12 (d,
J = 6.5 Hz, 3H). IR (thin film): 3302, 2969, 2934, 2869, 2081, 1692, 1653, 1548, 1449,
1378, 1363, 1300, 1240, 1204, 1098, 1023, 946, 912, 800, 767, 749, 735, 692 cm–1. ESI–
MS m/z: calculated for [M+H]+: 560.7; observed 560.8.
Preparation of cyanoester (4.19)

A 250-mL round-bottom flask was put under nitrogen and charged with
phosphonate 4.2046 (4.70 g, 22.4 mmol), THF (90 mL), and NaH (540 mg, 22.4 mmol). 3formylbenzonitrile (1.97 g, 15.0 mmol) was dissolved in THF (10 mL) and added. The
flask was sealed and shaken at rt for 2 h, during which time a viscous orange oil separated
from the solution. The mixture was diluted with heptane (100 mL), washed with H2O (3×40
mL), dried over Na2SO4, filtered, and dried in vacuo to yield the pure product as a white
solid (2.72 g, 98%). mp 79–83 °C (THF/heptane). 1H NMR (600 MHz, CDCl3) δ 7.79 (s,
1H), 7.74 (d, J = 8.0 Hz, 1H), 7.68–7.62 (m, 2H), 7.54–7.50 (m, 1H), 6.49 (d, J = 16.0 Hz,
1H), 3.83 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 166.6, 142.1, 135.7, 133.2, 131.9, 131.3,
129.8, 120.6, 118.1, 113.4, 52.0. GC–MS tR 9.8 min (≥99% purity), m/z calculated for [M]+:
187.1; observed: 187.0.
Preparation of aldehyde (4.18)

A 3-neck 500-mL round-bottom flask was charged with nitrile 4.19 (3.60 g, 19.2
mmol), equipped with a magnetic stir bar, and put under a nitrogen atmosphere. Dry
toluene (125 mL) was added, and the solution was cooled to –78 °C. DIBAL–H (11.0 mL,
61.6 mmol) was then added dropwise via addition funnel over 15 min. The mixture was
stirred at 0 °C for 4 h. The reaction was quenched by addition of sat. sodium tartrate (50
mL), H2O (20 mL), and Et2O (60 mL) and stirred for 16 h. More H2O was added (200 mL)
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and the whole was extracted with Et2O (3×100 mL). The combined organic layers were
washed with brine (3×100 mL), dried over Na2SO4. The crude was purified by silica
column (50% EtOAc/hexanes) to yield the product as a light orange oil which crystallized
after dry for 48 h (1.20 g, 39%). mp 64–67 °C (EtOAc/hexanes). 1H NMR (600 MHz,
CDCl3) δ 10.02 (s, 1H), 7.89 (s, 1H), 7.76 (d, J = 7.6 Hz, 1H), 7.64 (d, J = 7.7 Hz, 1H),
7.50 (d, J = 7.7 Hz, 1H), 6.69 (d, J = 15.9 Hz, 1H), 6.48 (dt, J = 16.0, 5.9 Hz, 1H), 4.38
(td, J = 5.5, 1.2 Hz, 2H). 13C NMR (150 MHz, CDCl3) δ 192.34, 137.78, 136.73, 132.27,
130.61, 129.31, 129.30, 128.93, 127.33, 63.34. GC–MS tR 9.0 min (≥99% purity), m/z
calculated for [M]+: 162.1; observed: 162.0.
Preparation of aminoalcohol (4.16)

A 100-mL round-bottom flask was charged with aldehyde 4.18 (830 mg, 5.12
mmol) and NaBH(OAc)3 (1.52 g, 7.16 mmol), equipped with a magnetic stir bar, and put
under

a

nitrogen

atmosphere.

Dry

1,2-dichloroethane

(21

mL)

and

N-

methylpropargylamine (475 uL, 5.62 mmol) were added. The mixture was stirred at rt for
16 h. The reaction was quenched with 1M NaOH (5 mL) and stirred for 20 min. H2O (75
mL) was added and the pH adjusted to 12. The mixture was extracted with Et2O (3×50 mL)
and dried over Na2SO4. The crude was purified by silica column (90–100%
EtOAc/hexanes) with 1% NEt3 to yield the product as a light orange oil (916 mg, 83%). 1H
NMR (600 MHz, CDCl3) δ 7.37 (s, 1H), 7.31–7.25 (m, 2H), 7.22 (d, J = 6.7 Hz, 1H), 6.60
(d, J = 15.9 Hz, 1H), 6.38 (dt, J = 15.8, 5.7 Hz, 1H), 4.31 (d, J = 5.7 Hz, 2H), 3.56 (s, 2H),
3.31 (d, J = 2.3 Hz, 2H),. 2.34 (s, 3H), 2.28 (t, J = 2.4 Hz, 1H).

13

C NMR (150 MHz,

CDCl3) δ 138.64, 136.80, 131.00, 128.72, 128.60, 127.27, 125.45, 78.45, 73.47, 63.69,
59.86, 44.86, 41.78. ESI–MS m/z: calculated for [M+H]+: 216.3; observed: 216.2.
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Preparation of acetate (4.21-OAc)

A 20-mL vial was charged with alcohol 4.21 (325 mg, 1.51 mmol), CH2Cl2 (3 mL),
pyridine (3 mL), Ac2O (180 uL, 1.90 mmol), DMAP (18.4 mg, 0.151 mmol), and a
magnetic stir bar. The mixture was stirred at rt for 20 h. The reaction was quenched with
1M HCl (6 mL) and stirred for 10 minutes. K2CO3 was added to adjust the pH to 11. The
mixture was diluted with H2O (20 mL), then extracted with 1:1 EtOAc/Et2O (3×10 mL),
and dried over Na2SO4. The crude was purified by silica column (25% EtOAc/hexanes with
1% NEt3) to yield the product as a yellow oil (360 mg, 93%). 1H NMR (600 MHz, CDCl3)
δ 7.38 (s, 1H), 7.31–7.25 (m, 2H), 7.25–7.22 (m, 1H), 6.65 (d, J = 15.9 Hz, 1H), 6.31 (dt,
J = 15.9, 6.5 Hz, 1H), 4.72 (dd, J = 6.4, 1.2 Hz, 2H), 3.56 (s, 2H), 3.31 (d, J = 2.4 Hz, 2H),
2.34 (s, 3H), 2.28 (t, J = 2.4 Hz, 1H), 2.10 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 170.84,
138.83, 136.31, 134.10, 128.94, 128.61, 127.34, 125.59, 123.28, 78.48, 73.42, 65.08,
59.85, 44.92, 41.77, 21.00. ESI–MS m/z: calculated for [M+H]+: 258.1; observed: 258.4.
Preparation of nitrile (4.17)

A 10-mL round-bottom flask was charged with 4.21-OAc (305 mg, 1.19 mmol),
EtOH (690 uL, 11.7 mmol), and a magnetic stir bar. Acetyl chloride (840 uL, 11.7 mmol)
was then added dropwise with stirring while heating at 60 °C. After 2 h, the mixture was
concentrated in vacuo to yield the HCl salt as a yellow oil. ESI–MS m/z: calculated for
[M+H]+: 234.1; observed: 234.4.
A 50-mL round-bottom flask was charged with crude 4.21-Cl (300 mg, 1.12 mmol),
CuCN (501 mg, 5.60 mmol), KI (37 mg, 0.22 mmol), and a magnetic stir bar and put under
a nitrogen atmosphere. Dry MeCN (5.6 mL) was added, and the mixture was stirred at 50
°C for 18 h. The mixture was diluted with H2O (50 mL), extracted with Et2O (3×30 mL).
The combined organic layers were washed with brine (3×25 mL) and dried over Mg2SO4.
The crude was purified by silica column (20–25% EtOAc/hexanes with 1% NEt3) to yield
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the product as a yellow oil (145 mg, 54% over two steps). 1H NMR (600 MHz, CDCl3) δ
7.36 (s, 1H), 7.31–7.24 (m, 3H), 6.73 (d, J = 16.0 Hz, 1H), 6.07 (dt, J = 15.8, 6.7 Hz, 1H),
3.56 (s, 1H), 3.31 (d, J = 2.3 Hz, 2H), 3.28 (dd, J = 5.7, 1.7 Hz, 2H), 2.34 (s, 3H), 2.28 (t,
J = 2.3 Hz, 1H).13C NMR (150 MHz, CDCl3) δ 139.00, 135.78, 134.63, 129.15, 128.73,
127.18, 125.46, 117.27, 116.79, 78.42, 73.46, 59.78, 44.92, 41.79, 20.80. ESI–MS m/z:
calculated for [M+H]+: 225.1; observed: 225.2.
Preparation of ester (4.22)

A 4-mL vial was charged with nitrile 4.17 (70 mg, 0.31 mmol), MeOH (1 mL), and
a magnetic stir bar. Thionyl chloride (500 μL, 7.49 mmol) was added dropwise. The
mixture was stirred at 50 °C for 3 h, then concentrated in vacuo. The crude was purified by
silica column (20–25% EtOAc/hexanes) to yield the product as a colorless oil (37 mg,
47%).1H NMR (600 MHz, CDCl3) δ 7.39 (s, 1H), 7.32–7.21 (m, 3H), 6.65 (d, J = 15.9 Hz,
1H), 6.30 (dt, J = 15.9, 6.5 Hz, 1H), 4.72 (d, J = 6.4 Hz, 2H), 3.56 (s, 2H), 3.31 (d, J = 2.2
Hz, 2H), 2.34 (s, 3H), 2.28 (t, J = 2.2 Hz, 1H), 2.10 (s, 3H). 13C NMR (150 MHz, CDCl3)
δ 172.00, 138.69, 136.90, 133.42, 128.53, 128.45, 127.04, 125.28, 121.73, 78.52, 73.41,
59.89, 51.93, 44.91. ESI–MS m/z: calculated for [M+H]+: 258.1; observed: 258.2.
Preparation of alkyne–diazo (4.9)

A 2-mL vial was charged with 4.22 (5.0 mg, 0.019 mmol), p-ABSA (8.0 mg, 0.033
mmol), MeCN (0.5 mL), and a magnetic stir bar. The vessel was cooled to 0 °C, DBU (5.0
μL, 0.033 mmol) was added, and the mixture was stirred for 2 h, then concentrated in
vacuo. The crude was purified by silica column (10% EtOAc/hexanes with 1% NEt3) to
yield the product as an orange oil (4.6 mg, 84%). 1H NMR (600 MHz, CDCl3) δ 7.41 (s,
1H), 7.35–7.28 (m, 2H), 7.20 (d, J = 7.2 Hz, 1H), 6.56 (d, J = 16.3 Hz, 1H), 6.38 (dt, J =
16.4 Hz, 1H), 3.87 (s, 3H), 3.62 (s, 2H), 3.31 (d, J = 2.3 Hz, 2H), 2.73 (t, J = 2.4 Hz, 1H),
2.35 (s, 3H). ESI–MS m/z: calculated for [M+H]+: 284.1; observed: 284.2.
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Chapter 5

Protein backbone photocaging by Cu-catalyzed boronic acid
coupling

Portions of this chapter were previously published in and are adapted from:
Mangubat-Medina, A. E.; Martin, S. C.; Hanaya, K.; Ball, Z. T. J. Am. Chem. Soc. 2018,
140, 8401. Reagent 5.1a synthesis and peptide modification examples were performed by
A. E. Mangubat-Medina. Reagent 5.1b synthesis was performed jointly by K. Hanaya and
S. C. Martin. All protein work was performed by S. C. Martin.

5.1. Introduction
Protein structure is highly dependent on the interactions involving the peptide
backbone—side-chain mutation can dramatically alter a local environment, but secondary
folding and three-dimensional shape are mostly governed by the amide backbone. Several
natural systems showcase the power of backbone modifications: sulfenyl–amide S–N bond
formation reversibly inactivates protein tyrosine phosphatase 1B,1 and N-methylation of
nonribosomal cyclic peptides alters conformation, proteolytic stability, and other
attributes.2 Since backbone interactions are so vital to the folding and function of proteins,
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backbone modification is a highly sought tool. Unfortunately, research progress toward
direct modification strategies has been slow until recently.
The state of the art for generating proteins with backbone modification mostly
consists of incorporation of unnatural amino acids into peptides either by manual synthesis
or by genetic mutation and protein expression (Figure 5.1a). When the Ohata and Ball
reported a copper-catalyzed peptide modification reaction, they introduced a powerful new
tool which allowed access to peptides modified by N–alkenylation/arylation at an amino
acid preceding a histidine residue (Figure 5.1b).3,4 We sought to expand the utility of this
tool’s selectivity and substrate tolerance by creating a new generation of easily removable
peptide handles. Various peptide modifications respond to external stimuli such as pH5,6 or
added nucleophile7–9 or reductant,10 but we were especially interested in adapting
photocaging technology to our system.

Figure 5.1. Options for accessing backbone-modified protein or peptide structures. The most
commonly used methods are (a) manual incorporation of an unnatural amino acid into a fragment,
followed by chemical ligation to another peptide fragment, or (not shown) genetic incorporation of
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the desired unnatural amino acid. (b) A copper-catalyzed reaction takes place to allow direct
modification of full-length protein.

Many examples of photocaged polypeptides exist in the literature, including intein
caging,11 side-chain caging approaches,12–17 and entire photoresponsive protein
domains.18,19 Active-site side-chain photocaging has been used for generating
photoswitchable systems.20–22 Because access to modified peptide backbones has been so
limited, the photocaging thereof has been little studied. Some examples using native
chemical ligation22 or expressed protein ligation23 have been reported. Recently, a
photocaged backbone approach was used for photocontrol of β-sheet formation, a result
conveying both the significant potential of backbone photocontrol and the significant
limitations of current methods (Figure 5.2).24

Figure 5.2. Recent uses of photocaged peptides. Photocaged peptide structures have recently
been used (a) to study the light-induced rearrangement of SDF-1α analogs to regain biological
activity upon uncaging,23 and (b) to control the oligomerization states of Aβ analogs.24
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5.2. Results and discussion
5.2.1. Small molecule photocleavage model
This chapter describes a photocleavable backbone N–H modification that allows
efficient photomodulation of folding and function (Figure 5.3a). This work builds upon the
recent discovery of predictable access to backbone N–H alkenylation and arylation with
boronic acid reagents, directed by a neighboring histidine residue in the i + 1 position.3,4
We predicted that a well-designed boronic acid could conceivably deliver a backbone
modification capable of traceless photochemical cleavage.

Figure 5.3. Vinylogous photocleavable modification of backbone N–H bonds. (a) Schematic
depicting of structural perturbation with a photoremoveable reagent. (b) A model photocleavage
reaction releasing N-methylacetamide (5.4) through the presumed intermediacy of C–H abstraction
product 5.3. (inset) 1H NMR spectra demonstrating release of amide 5.4 upon photoirradiation,
following peaks attributed to the N-methyl resonances (a) and (b) Conditions: irradiation at 365 nm
of a 35-mM triethylamine/triethylamine HCl in 2:3 CD3OD/D2O soln.
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However, traceless photochemical cleavage, in biological contexts, typically
involves cleavage of a C(sp3)–X of a chromophore derivative.25 In contrast, histidinedirected backbone modification requires alkenyl- or arylboronic acids, delivering Nalkenyl or N-aryl polypeptide products, and thus necessitating photocleavage at a C(sp2)–
N bond. Despite extensive literature on photocleavage and photodeprotection,25 there is
limited precedent for C–X cleavage at sp2 carbon atoms, typically involving cleavage of
N–acyl bonds producing (formally) hydrolysis products.26,27 In a new approach to this
problem, we chose to examine a vinylogous28–30 analogue of 2-nitrobenzyl cleavage
(Figure 5.3b). In this case, putative benzylic hydrogen atom abstraction would provide an
extended conjugated system (5.3). We hypothesized that, among several possible
pathways, nucleophilic attack by water on the -carbon of 5.3 would release a "traceless"
polypeptide product, together with an unsaturated aldehyde or decomposition product
thereof. To explore this proposed pathway, a model vinylogous 2-nitrobenzyl amide (5.2)
was prepared by analogy to a reported condensation.31 Upon treatment with 365-nm light
in water in the presence of triethylamine as a scavenger, the conversion of caged amide 5.2
to N-methylacetamide (5.4) was detected by 1H NMR, based on the N-methyl resonance
shift from 3.16 ppm to 2.68 ppm upon photocleavage. The clean and efficient
photocleavage observed provides a sufficient foundation for a vinylogous approach to sp2
C–N bond cleavage in complex polypeptides.
5.2.2. Peptide studies
In preparing an appropriate and effective boronic acid photocaging reagent, we
incorporated a 3,4-dimethoxy-(6-nitroveratryl) core for red-shifted absorption and
improved photocleavage efficiency,32 which ultimately led to the design of photocleavable
reagent 5.1a (Scheme 5.1). Boronate 5.1a was effectively prepared by reduction of alcohol
5.6 under acidic conditions, followed by zirconium-catalyzed hydroboration.
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Scheme 5.1. Synthesis of photocleavable reagent 5.1a.

We next evaluated the photocaging of a variety of peptides with boronic acid 5.1a
(Figure 5.4). Upon treatment with boronic acid 5.1a in the presence of a copper(II) salt,
clean conversion of peptide to a backbone-modified product was observed for angiotensin
I, a chymotrypsin substrate peptide (CSP), leuprolide, and a collagen mimetic peptide
(CMP) (Figure 5.4b–e, blue spectra). Gratifyingly, in each case the initial, uncaged peptide
could be regenerated upon irradiation with 365-nm light to remove the modification (red
spectra).

Figure 5.4. Backbone modification and photorelease of peptides. (a) Schematic depiction of
modification and photocleavage reaction, (b–e) MALDI–MS analysis of various peptides before
(top, black) and after (middle, blue) N–H modification with boronate 5.1a, and subsequent analysis
after photocleavage (bottom, red). Peptide modification conditions: 100 μM peptide, 1 mM

77
boronate 5.1a, 10 mM buffer (varied pH); angiotensin I: 500 μM Cu(OAc)2, pH 8.5; CSP: 100 μM
Cu(OAc)2, pH 6.5; leuprolide: 500 μM Cu(OAc)2, pH 8.5; CMP: 100 μM Cu(OAc)2, pH 8.5.

5.2.3. Protein studies
To facilitate work with larger proteins, we found it necessary to develop a
bifunctional boronic acid reagent incorporating desthiobiotin33 as a convenient handle for
purification and analysis. In designing this bifunctional probe, the core 6-nitroveratryl
photoactive component was preserved.
Originally, a target structure was designed wherein a desthiobiotin–PEG moiety
was directly linked to the photolabile 6-nitroveratryl core via the phenol group. The
synthesis of this compound was attempted starting from vanillin as shown in Scheme 5.2.
This route utilizes known reactions to protect the vanillin phenol and selectively nitrate the
aryl ring,34,35 followed by ethynylation and alcohol reduction steps in which we had high
confidence. After a phenol deprotection, only simple alkylation and amide coupling steps
preceded the final potentially difficult borylation. In fact, this strategy was routed by the
assumedly facile phenol alkylation with the PEG–OTs linker. Indeed, when compound 5.9
was treated to any of a variety of alkylation conditions, only decomposition resulted. Thus
we realized that the 2-propargylnitrobenzene structure, as in alkynes 5.6 and 5.9, is
sensitive to basic conditions, necessitating careful reaction sequencing.

Scheme 5.2. Proposed synthesis of bifunctional boronate 5.1b.

A new synthetic target was designed which enabled use of a convergent synthesis
involving the coupling of readily available precursors 5.11 and 5.12 (Scheme 5.3). This
route was carried out, allowing formation of the target structure 5.1c through a reduction–
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hydroboration route analogous to that used to prepare photocaging agent 5.1a (Scheme
5.1). In this case Zr-catalyzed hydroboration failed, so uncatalyzed hydroboration with
catecholborane furnished the alkenylboronic acid 5.1c, albeit with significant diminution
in yield.

Scheme 5.3. Synthesis of bifunctional boronate 5.1c.

Finally, we examined modification and uncaging of a model protein, soybean
trypsin inhibitor (SBTI). This protein boasts several features which made it an interesting
target on which to showcase this technology. SBTI contains only one histidine residue,
indicating that only single modification should occur. Additionally, the lone histidine is
preceeded by the most reactive amino acid, glycine, improving the prospects for efficient
reaction. Further, the crystal structure of SBTI shows that the Gly–His sequence is located
in a disordered loop (Figure 5.5a), thus the backbone N–H should be more available for
reaction than if it were in an area of ordered secondary structure, such as an α-helix or βsheet. And finally, a crystal structure of SBTI in complex with porcine trypsin shows that
the Gly–His site is located directly on the surface of the inhibitor interaction near the
trypsin cleavage site (Figure 5.5a–b). This suggests that activity toward trypsin should be
drastically altered upon SBTI backbone modification, providing a convenient readout for
modification effect.
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Figure 5.5. Photocleavable modification of soybean trypsin inhibitor. (a) SBTI structure
showing the proximity of the modification site (Gly70–His71, red) to the trypsin cleavage (Arg63–
Ile64, magenta). (b) Crystal structure of trypsin–SBTI complex. Modification site, red; cleavage
site, magenta. (c) MALDI–MS analysis of modified STBI before and after irradiation. (inset) Antibiotin western blot indicated loss of signal following photocleavage. Protein modification
conditions: 20 μM SBTI, 500 μM Cu(OAc)2, 500 μM boronate 5.1c, 10 mM NMM buffer, pH 8.
PDB entries 1BA7 and 1AVW.

SBTI was modified with boronate 5.1c at Gly70. Affinity purification produced
modified protein of sufficient purity to test photocleavage, and single modification was
established by anti-biotin western blot and by mass spectrometry. Gratifyingly, irradiation
at 365 nm for 30 minutes led to near complete removal of the photocaging agent, as judged
by anti-biotin western blot and mass spectrometry (Figure 5.5b).
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5.3. Conclusion
Vinylogous 2-nitrobenzylboronic acid derivatives enable, for the first time, access
to photocaged backbone N–H bonds by direct backbone modification of natural
polypeptide structures. In contrast to side chain modifications, backbone modification
presents a more direct, general, and easily designed approach to caging the function of a
protein or polypeptide. Incorporation of a photocaging group is predictable and can work
on natural substrates without sequence engineering, provided only that the peptide
sequence and/or protein secondary structure is amenable to the Cu-catalyzed reactivity.
Multiple peptide substrates were successfully photocaged and released, and the concept
was extended to the natural protein SBTI. The designed photorelease is clean and fast,
requiring only ~30 min even in a full-length protein example.

5.4. Experimental
General information
Chemical reagents were purchased and used without further purification. All
solvents used were ACS reagent grade. Solvents used under inert atmosphere were bought
and maintained in inert packaging or purified and degassed by a solvent dispensing system
(Pure Process Technology). A commercial nail curing lamp with four 9W UV light bulbs
(365 nm) was purchased and used for all irradiation reactions. N-methylmorpholine
(NMM, 10 mM, pH 8.0 and pH 6.5) buffers were prepared by dissolving NMM in 18 mΩ
water and adjusting the pH by addition of HCl (2 M) or NaOH (2 M). Silica purification
was performed with under air pressure with 40–63-μm particle size silica gel (Silicycle).
NMR characterization
All NMR spectra were recorded either on a Bruker Avance 500 MHz or a Bruker
Avance III HD 600 MHz spectrometer. 1H and 13C spectra were referenced relative to TMS
or residual solvent peaks.
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Mass spectrometry
ESI–MS analysis was performed on a Bruker Daltonics microTOF instrument. All
MALDI spectra were acquired on a Bruker Autoflex MALDI–ToF instrument. Samples
were prepared by spotting 1 μL of the sample (directly from reaction mixture) onto the
MALDI plate, then mixing with 1 μL of sinapic acid matrix (Fluka, >20 mg/mL in 50%
MeCN (aq.) with 0.1% trifluoroacetic acid, Millipore). Peak areas for modified and
unmodified protein were used to determine modification conversions.
General procedure for MALDI analysis: Sample aliquots (1 L) of the crude
reaction mixture were diluted 1:1 with water. 1 L of this solution was spotted on the
MALDI target. The saturated matrix solution (1 L) was spotted and mixed with sample
on the MALDI target for analysis. All MS/MS experiments were performed on the MALDI
spectrometer.
HPLC
Reverse-phase HPLC was performed on Shimadzu CBM-20A instrument with
Phenomenex Jupiter 4 Proteo 90A (250 x 4.6 mm analytical) and Phenomenex Jupiter 4
Proteo 90A (250 x 15 mm preparative) columns. The columns were eluted with a gradient
of acetonitrile in water (20–65%) with 0.1% v/v trifluoroacetic acid using a flow rate of 1
mL/min and 8 mL/min for analytical and preparative columns, respectively. Eluent was
analyzed at 220 nm and 254 nm.
Peptide synthesis
Peptides, CMP (sequence: Ac–(POG)4HOG(POG)3–NH2) and CSP (sequence: Ac–
SIINFGHKL–NH2), were synthesized using standard solid phase peptide synthesis
methods using rink amide AM resin (P3Biosystems, #52001) and Fmoc-amino acids
purchased from NovaBiochem. Peptides were purified by reverse phase HPLC, and
characterized by MALDI–MS and circular dichroism.
Circular dichroism
CD spectral measurements were taken on a JASCO spectropolarimeter (J-815150S) using a 1 mm cuvette (200 L, 50–150 M peptide). Samples were scanned 5 times
(250––190 nm). CD thermal melt measurements were taken using a 1-mm cuvette (200
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L, 50––150 M peptide). Samples were cooled to 5 C for 10 minutes before starting the
melt. Samples were scanned from 250–190 nm.
NMR analysis of compound 5.2 irradiation
To a solution of 3:2 D2O/CD3OD (500 μL) in an NMR tube was added vinylogous
2-nitrobenzyl amide 5.2 (0.5 mg, 2 mol) and triethylamine (0.2 mg, 2 mol)/triethylamine
hydrochloride (0.3 mg, 2 mol) as a scavenger. After measuring a zero time point, the tube
was irradiated using 365 nm light. After 25 minutes, the conversion of 2-nitrobenzyl amide
5.2 to N-methylacetamide 5.4 was complete.
Experimental procedure for modification reactions
Modification of angiotensin I
Angiotensin I (100 μM) was incubated with boronate 5.1a (1 mM) and Cu(NO3)2
(500 μM) in NMM buffer (10 mM, pH 8.5) at rt overnight. Specifically, angiotensin I (2
μL, 5 nmol of 2.5 mM aq soln), boronate 5.1a (1 μL, 50 nmol of 50 mM DMSO soln),and
Cu(NO3)2 (0.5 μL, 25 nmol of 50 mM aq soln) were added to solution of NMM buffer (pH
8.5, 46.5 μL). The crude reaction mixture was analyzed according to the general procedure
for MALDI–MS analysis, which indicated >70% conversion to the modified product.
Modification of chymotrypsin substrate peptide (CSP)
CSP (200 μM) was incubated with boronate 5.1a (2 mM) and Cu(NO3)2 (200 μM)
in NMM buffer (10 mM, pH 6.8) at rt overnight. Specifically, CSP (2 μL, 10 nmol of 5.0
mM aq soln), boronate 5.1a (2 μL, 100 nmol of 50 mM DMSO soln), and Cu(NO3)2 (0.5
μL, 10 nmol of 20 mM aq soln)were added to a solution of NMM buffer (pH 6.5, 45.5 μL).
The crude reaction mixture was analyzed according to the general procedure for MALDI–
MS analysis, which indicated >90% conversion to the modified product.
Modification of leuprolide
Leuprolide (100 μM) was incubated with boronate 5.1a (1 mM) and Cu(NO3)2 (500
μM) in NMM buffer (10 mM, pH 8.5) at rt overnight. Specifically, leuprolide (2 μL, 5
nmol of 2.5 mM aq soln), boronate 5.1a (1 μL, 50 nmol of 50 mM DMSO soln), and
Cu(NO3)2 (0.5 μL, 25 nmol of 50 mM aq soln were added to a solution of NMM buffer
(pH 8.5, 46.5 μL). The crude reaction mixture was analyzed according to the general
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procedure for MALDI–MS analysis, which indicated >90% conversion to the modified
product.
Modification of collagen mimetic peptide (CMP)
CMP (100 μM) was incubated with boronate 5.1a (1 mM) and Cu(NO3)2 (100 μM)
in NMM buffer (10 mM, pH 8.0) at rt overnight. Specifically, CMP (1 μL, 5 nmol of 5.0
mM aq soln), boronate 5.1a (1 μL, 50 nmol of 50 mM DMSO soln), and Cu(NO3)2 (0.5
μL, 5 nmol of 10 mM aq soln) were added to a solution of NMM buffer (pH 8.5, 46.5 μL).
The crude reaction mixture was analyzed according to the general procedure for MALDI–
MS analysis, which indicated >90% conversion to the modified product.
Chemical synthesis
Preparation of (E)-N-methyl-N-(3-(2-nitrophenyl)prop-1-en-1-yl)acetamide (5.2)

A 5-mL round bottom flask was charged with dry toluene (1.5 mL), 3-(2nitrophenyl)propanal36 (75.7 mg, 0.422 mmol), tosylic acid (2.4 mg, 0.012 mmol), and Nmethylacetamide (5.4, 144 μL, 1.89 mmol). The colorless reaction was refluxed in a Dean–
Stark apparatus for 48 h. The toluene was removed in vacuo, and the resulting residue was
purified by flash chromatography (ethyl acetate/hexanes, 1:5→2:5), producing a yellow
solid, 5.2 as a 1:2 mixture of amide rotamers, (70.5 mg, 79%). 1H NMR (600 MHz, CDCl3)
 7.94 – 7.89 (m, 1H), 7.56 (td, J = 7.5, 1.3 Hz, 0.7H), 7.53 (td, J = 7.5, 1.3 Hz, 0.3H), 7.49
(dt, J = 14.5, 1.4 Hz, 0.3H), 7.43–7.32 (m, 2H), 6.76 (dt, J = 13.8, 1.3 Hz, 0.7H), 5.16 (dt,
J = 14.4, 7.2 Hz, 0.3H), 5.09 (dt, J = 14.0, 7.2 Hz, 0.7H), 3.73 – 3.65 (m, 2H), 3.08 (s, 1H),
3.05 (s, 2H), 2.21 (s, 2H), 2.20 (s, 1H). 13C NMR (151 MHz, CDCl3)  169.3, 169.1, 149.4,
136.2, 135.6, 133.3, 133.3, 132.1, 131.7, 131.3, 129.1, 127.7, 127.5, 125.0, 124.8, 107.8,
107.5, 34.0, 33.9, 33.2, 29.6, 22.7, 22.1. ESI–MS calcd for C12H14N2O3 [M+H]+: 235.1
found 235.1.
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Preparation of 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-ol (5.6)

A

250-mL

round-bottom

flask

was

charged

with

4,5-dimethoxy-2-

nitrobenzaldehyde37 (2.06 g, 9.47 mmol) and purged with nitrogen. To the flask was added
dry tetrahydrofuran (6 mL), and the flask was cooled to –78 °C bath. Ethynyl magnesium
bromide (30 mL, 15.2 mmol) was then added dropwise over 5 min. The mixture was
allowed to warm to rt and was stirred for 4 h. The reaction was quenched with methanol
(10 mL) and the solvent removed in vacuo before adding aq HCl (100 mL, 1 M) and ethyl
acetate (200 mL). The aqueous layer was extracted three times with ethyl acetate. Organic
layers were collected, washed with brine, and dried over sodium sulfate. The solution was
then concentrated under reduced pressure, and the resulting crude material was purified
using flash chromatography (diethyl ether/hexanes, 1:1), affording a yellow solid, 5.6,
1.78g, 79%. 1H NMR (600 MHz, CDCl3)  7.63 (s, 1H), 7.45 (s, 1H), 6.09 (dd, J = 5.5, 2.2
Hz, 1H), 4.02 (s, 3H), 3.96 (s, 3H), 3.26 (d, J = 5.5 Hz, 1H), 2.64 (d, J = 2.3 Hz, 1H). 13C
NMR (151 MHz, CDCl3)  153.8, 148.9, 130.2, 110.8, 108.5, 81.9, 74.9, 61.3, 56.7, 56.6.
ESI–MS calcd for C11H11NO5 [M+Na]+: 260.1 found 260.1.
Preparation of 1,2-dimethoxy-4-nitro-5-(prop-2-yn-1-yl)benzene (5.7)

A 25-mL vial was charged with 5.6 (516 mg, 2.11 mmol) and purged with nitrogen.
To the vial was added dry CH2Cl2 (2.5 mL), and the vial was placed in an ice bath. After 5
min on ice, triethylsilane (1.02 mL, 6.39 mmol) was added dropwise over 2 min.
Trifluoroacetic acid (1.5 mL, 19 mmol) was added, and the reaction was stirred on ice for
15 min then was allowed to warm to rt. The reaction was stirred for 20 h. Solvents were
removed in vacuo and the resulting residue was purified using flash chromatography
(diethyl ether/hexanes, 1:5), affording a yellow solid, 5.7, 312 mg, 67%. 1H NMR (600
MHz, CDCl3)  7.70 (s, 1H), 7.33 (s, 1H), 4.06 (d, J = 2.6 Hz, 2H), 4.01 (s, 3H), 3.95 (s,
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3H), 2.31 (t, J = 2.6 Hz, 1H). 13C NMR (151 MHz, CDCl3)  153.5, 147.8, 140.3, 126.7,
112.4, 108.5, 80.4, 72.5, 56.6, 56.5, 23.6. ESI–MS calcd for C11H11NO4 [M+Na]+: 244.1
found 244.1.
Preparation of (E)-2-(3-(4,5-dimethoxy-2-nitrophenyl)prop-1-en-1-yl)-boronic acid
pinacol ester (5.1a)

A 2 mL vial was charged with 5.7 (129 mg, 0.59 mmol) and placed under inert
atmosphere. To the vial was added Cp2ZrHCl (15 mg, 0.059 mmol), pinacolborane (500
μL, 3.4 mmol), and triethylamine (8 μL, 0.059 mmol). The mixture was stirred at rt for 18
h. The reaction was quenched with methanol, and the solvents were removed in vacuo. The
resulting residue was purified using flash chromatography (diethyl ether/hexanes, 1:5),
affording 5.1a as a green oil, 94.0 mg, 46%. 1H NMR (600 MHz, CDCl3)  7.63 (s, 1H),
6.77 (dt, J = 18.0, 5.9 Hz, 1H), 6.68 (s, 1H), 5.39 (dt, J = 17.9, 1.6 Hz, 1H), 3.94 (s, 3H),
3.93 (s, 3H), 3.82 (dd, J = 5.9, 1.7 Hz, 2H). 13C NMR (151 MHz, CDCl3)  153.3, 150.3,
147.6, 141.2, 129.6, 113.8, 108.4, 83.4, 56.5, 39.8, 24.9. ESI–MS calcd for C17H24BNO6
[M+H]+: 350.2 found 350.2.
Preparation

of

2-(4-(1-hydroxyprop-2-yn-1-yl)-2-methoxy-5-nitrophenoxy)acetic

acid (5.12)

To a solution of the aldehyde38 (1100 mg, 4.32 mmol) in dry THF (10 mL) at −78
°C was added ethynylmagnesium chloride solution in THF and toluene (9.5 mmol, 0.6 M,
15.8 mL). The resulting soln was gradually warmed to 0 °C over 2 h. After work-up with
aq HCl (2 M, 20 mL), the organic materials were extracted with CH2Cl2 (50 mL). Acidic
compounds were extracted with aq NaOH (1 M). The combined aq. layers were washed
with CH2Cl2 (2×10 mL) then acidified with conc. aq HCl to give a precipitate. After gentle
heating, the mixture was cooled in ice bath and filtered. The solids were washed with cold
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H2O and dried in vacuo to obtain 5.12 as a brown solid (849 mg, 70%). 1H NMR (600
MHz, DMSO-d6) δ 7.56 (s, 1H), 7.45 (s, 1H), 6.47 (br s, 1H), 5.94 (d, J = 1.9 Hz, 1H), 4.85
(s, 2H), 3.93 (s, 3H), 3.42 (d, J = 1.9 Hz, 1H). 13C NMR (151 MHz, DMSO-d6) δ 170.1,
153.5, 146.5, 139.2, 132.7, 110.1, 110.0, 84.3, 75.5, 65.7, 59.0, 56.7. ESI–MS calcd for
C12H10NO7 [M−H]−: 280.1 found 280.1.
Preparation of azido-PEG–desthiobiotin (5.14)

To a solution of the amino–PEG–azide39 (958 mg, 3.76 mmol) in DMF (5 mL) was
added a solution of desthiobiotin40 (644 mg, 3.01 mmol), EDC·HCl (721 mg, 3.76 mmol),
HOBt (506 mg, 3.74 mmol), and N.N-diisopropylethylamine (1240 µL, 7.12 mmol) in
DMF (6 mL). After stirring overnight at rt, the solvent was removed under reduced
pressure. The resulting residue was purified by silica gel column chromatography
(CH2Cl2/MeOH, 20:1→10:1) to obtain a yellow oil. The yellow oil was dissolved in
CH2Cl2 (100 mL) and washed with sat. KHSO4 (10 mL), sat. NaHCO3 (10 mL) and brine
(10 mL). The organic layer was dried over Na2SO4, filtered, and evaporated to obtain 5.14
as yellow oil (1192 mg, 88%).1H NMR (600 MHz, CDCl3) δ 6.75 (s, 1H), 5.85 (s, 1H),
5.08 (s, 1H), 3.83 (dq, J = 6.9, 6.5 Hz, 1H), 3.71–3.65 (m, 17H), 2.20 (t, J = 7.3 Hz, 2H),
1.69–1.64 (m, 2H), 1.51–1.26 (m, 6H), 1.12 (d, J = 6.5 Hz, 3H).

13

C NMR (151 MHz,

CDCl3) δ 173.3, 164.0, 70.7, 70.53, 70.49, 70.12, 70.05, 70.0, 56.1, 51.4, 50.7, 39.2, 35.9,
29.5, 28.6, 25.9, 25.2, 15.7. ESI–MS calcd for C18H35N6O5 [M+H]+: 415.3, found 415.3.
Preparation of amino-PEG–desthiobiotin (5.11)

To a solution of azide 5.14 (1093 mg, 2.64 mmol) in THF (10 mL) was added 20%
Pd(OH)2 on carbon (50% wet, 108 mg). The slurry was stirred under H2 atmosphere at rt
for 5 h and was filtered through Celite. The filtrate was evaporated to afford 5.11 as a
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colorless oil (1186 mg, quant.), which was used for the next reaction without further
purification. 1H NMR (500 MHz, CDCl3) δ 8.17 (t, J = 5.7 Hz, 1H), 6.98 (s, 1H), 4.56 (s,
1H), 4.18–3.45 (m, 16H), 3.44–3.26 (m, 1H), 3.16 (t, J = 5.0 Hz, 2H), 2.48 (m, 1H), 2.35
(dt, 1H), 1.92–1.60 (m, 3H), 1.56–1.20 (m, 6H), 1.13 (d, J = 6.5 Hz, 3H). 13C NMR (151
MHz, CDCl3) δ 174.1, 164.1, 70.4, 70.0, 69.8, 69.4, 67.3, 56.2, 51.6, 39.5, 39.0, 34.4, 30.0,
29.7, 27.4, 24.8, 24.8, 15.8. ESI–MS calcd for C18H37N4O5 [M+H]+: 389.3, found 389.3.
Preparation of bifunctional boronic acid (5.1c)
Three steps:

To a solution of 5.11 (370 mg, 0.952 mmol) in DMF (1 mL) was added a solution
of 5.12 (242 mg, 0.861 mmol), HATU (415 mg, 1.09 mmol), and N,Ndiisopropylethylamine (189 μL, 1.09 mmol) in DMF (2 mL). The reaction mixture was
stirred at rt for 16 h and diluted with CH2Cl2 (100 mL). The soln was washed with sat. aq.
KHSO4 (2×10 mL) and brine (20 mL). The organic layer was dried over Na2SO4, filtered,
and concentrated in vacuo. The resulting residue was purified by silica gel column
chromatography (CH2Cl2/MeOH, 20:1→10:1) to afford 5.13 as yellow amorphous solid
(204 mg, 33%). 1H NMR (600 MHz, CDCl3) δ 7.65 (s, 1H), 7.56 (s, 1H), 7.42 (br s, 1H),
6.84 (br s, 1H), 6.17 (d, J = 1.4 Hz, 1H), 5.76 (s, 1H), 5.06 (s, 1H), 4.60 (s, 2H), 4.02 (s,
3H), 3.82 (dq, J = 6.5, 6.9 Hz, 1H), 3.68–3.37 (m, 17H), 2.59 (d, J = 1.4 Hz, 1H), 2.17 (t,
J = 7.4 Hz, 2H), 1.64–1.59 (m, 2H), 1.46–1.21 (m, 6H), 1.10 (d, J = 6.5 Hz, 3H). 13C NMR
(151 MHz, CDCl3) δ 173.7, 167.7, 164.0, 154.1, 146.1, 139.4, 133.3, 111.8, 110.9, 82.8,
73.7, 70.37, 70.35, 70.2, 70.03, 69.93, 69.7, 69.1, 60.0, 56.6, 56.1, 51.5, 39.2, 39.0, 35.9,
29.4, 28.6, 25.8, 25.3, 15.7. ESI–MS calcd for C30H46N5O11 [M+H]+: 652.32, found 652.3
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To a solution of 5.13 (139 mg, 0.213 mmol) in trifluoroacetic acid (1 mL) was
added triethylsilane (102 μL, 0.638 mmol). The reaction mixture was stirred at rt for 8 h
and evaporated in vacuo. The resulting residue was purified by silica gel column
chromatography (CH2Cl2/MeOH, 15:1) to afford 5.15 as a green amorphous solid (81 mg,
59 %). 1H NMR (600 MHz, CDCl3) δ 7.72 (s, 1H), 7.38 (s, 1H), 7.31 (s, 1H), 6.52 (s, 1H),
4.60 (s, 2H), 4.05 (s, 2H), 4.01 (s, 3H), 3.86–3.35 (m, 18H), 2.34 (s, 1H), 2.18 (br s, 2H),
1.63–1.26 (m, 8H), 1.10 (br s, 3H). 13C NMR (151 MHz, CDCl3) δ 173.5, 168.0, 164.1,
154.0, 145.5, 140.1, 128.4, 113.0, 112.3, 79.9, 72.7, 70.4, 70.2, 70.1, 70.0, 69.8, 69.1, 56.4,
56.2, 51.7, 39.1, 39.0, 36.0, 29.7, 29.3, 28.7, 25.8, 25.2, 23.5, 15.4. ESI–MS calcd for
C30H46N5O10 [M+H]+: 636.3, found 636.3.

To a solution of 5.15 (35 mg, 0.055 mmol) in THF (0.1 mL) was added a solution
of catecholborane in THF (1 M, 0.11 mL, 0.11 mmol). After stirring at 75 °C for 1 h, an
additional portion of catecholborane in THF (1 M, 0.11 mL, 0.11 mmol) was added and
the reaction mixture was stirred at 75 °C for an additional 3 h. The reaction mixture was
diluted with THF (0.5 mL) and H2O (0.5 mL) and was purified by reverse-phase HPLC
(35–45% MeCN over 15 min). Lyophilization of the collected fractions afforded boronic
acid 5.1c as a white powder (2.8 mg, 8%). ESI–MS calcd for C34H48BN5O12 [M+H]+:
682.3, found 682.4.
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Appendix A. Characterization data for Chapter 3
1H

NMR spectrum of compound 3.6 in DMSO-d6.
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13C

NMR spectrum of compound 3.6 in DMSO-d6.

93
GC–MS spectrum of compound 3.6.
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1H

NMR spectrum of compound 3.7 in DMSO-d6.
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13C

NMR spectrum of compound 3.7 in DMSO-d6.

96
GC–MS spectrum of compound 3.7.
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1H

NMR spectrum of compound 3.8 in CDCl3.
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13C

NMR spectrum of compound 3.8 in CDCl3.

99
GC–MS spectrum of compound 3.8.
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1H

NMR spectrum of compound 3.9 in CDCl3.
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13C

NMR spectrum of compound 3.9 in CDCl3.

102
GC–MS spectrum of compound 3.9.
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1H

NMR spectrum of compound 3.10 in CDCl3.

104
GC–MS spectrum of compound 3.10.
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1H

NMR spectrum of compound 3.11 in CD3OD.
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13C

NMR spectrum of compound 3.11 in CD3OD.

107
GC–MS spectrum of compound 3.11.
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1H

NMR spectrum of compound 3.12a in CD3OD.
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13C

NMR spectrum of compound 3.12a in CD3OD.

110
GC–MS spectrum of compound 3.12a.
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1H

NMR spectrum of compound 3.13a in CD3OD.

112
ESI–MS spectrum of compound 3.13a.

113
ESI–MS spectrum of compound 3.4a.

HPLC chromatogram of compound 3.4a.

114
1H

NMR spectrum of compound 3.12b in CD3OD.

115
13C

NMR spectrum of compound 3.12b in CD3OD.

116
1H

NMR spectrum of compound 3.13b in CD3OD.

117
13C

NMR spectrum of compound 3.13b in CD3OD.

118
ESI–MS spectrum of compound 3.13b.

119
ESI–MS spectrum of compound 3.4b.

HPLC chromatogram of compound 3.4b.

120
1H

NMR spectrum of compound 3.12c in CD3OD.

121
13C

NMR spectrum of compound 3.12c in CD3OD.

122
1H

NMR spectrum of compound 3.13c in CD3OD.

123
13C

NMR spectrum of compound 3.13c in CD3OD.

124
ESI–MS spectrum of compound 3.13c.

125
ESI–MS spectrum of compound 3.4c.

HPLC chromatogram of compound 3.4c.

126
ITC binding data

127

128

Computational docking
Overlay of the top 10 docked conformations identified by GOLD:

129
Individual images of the top 10 docked conformations identified by Gold:

Detailed atomic coordinates and other data for docked structures are omitted here
for space but can be found in supplementary information of the original publication.1
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Appendix B. Characterization data for Chapter 4
1H

NMR spectrum of 4.7 in DMSO-d6

131
13C

NMR spectrum of 4.7 in DMSO-d6

132
1H

NMR spectrum of 4.24 in CDCl3

133
13C

NMR spectrum of 4.24 in CDCl3

134
1H

NMR spectrum of 4.8 in CDCl3

135
13C

NMR spectrum of 4.8 in CDCl3

136
1H

NMR spectrum of 4.5 in CDCl3

137
1H

NMR spectrum of 4.19 in CDCl3

138
13C

NMR spectrum of 4.19 in CDCl3

139
1H

NMR spectrum of 4.18 in CDCl3

140
13C

NMR spectrum of 4.18 in CDCl3

141
1H

NMR spectrum of 4.21 in CDCl3

142
13C

NMR spectrum of 4.21 in CDCl3

143
1H

NMR spectrum of 4.21-OAc in CDCl3

144
13C

NMR spectrum of 4.21-OAc in CDCl3

145
1H

NMR spectrum of 4.17 in CDCl3

146
13C

NMR spectrum of 4.17 in CDCl3

147
1H

NMR spectrum of 4.22 in CDCl3

148
13C

NMR spectrum of 4.22 in CDCl3

149
1H

NMR spectrum of 4.9 in MeOD-d4

150
1H

NMR spectrum of 4.9 in MeCN-d3

151
13C

NMR spectrum of 4.9 in MeOD-d4
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Appendix C. Characterization data for Chapter 5
1H

NMR spectrum of compound 5.2 in D2O/CD3OD, NEt3/HCl buffer, 0 min

irradiation.

153
1H

NMR spectrum of compound 5.2 in D2O/CD3OD, NEt3/HCl buffer, 25 min

irradiation.

154
1H

NMR spectrum of compound 5.2 in CDCl3.

155
13C

NMR spectrum of compound 5.2 in CDCl3.

156
1H

NMR spectrum of compound 5.6 in CDCl3.

157
13C

NMR spectrum of compound 5.6 in CDCl3.

158
1H

NMR spectrum of compound 5.7 in CDCl3.

159
13C

NMR spectrum of compound 5.7 in CDCl3.

160
1H

NMR spectrum of compound 5.1a in CDCl3.

161
13C

NMR spectrum of compound 5.1a in CDCl3.

162
1H

NMR spectrum of compound 5.14 in CDCl3.

163
13C

NMR spectrum of compound 5.14 in CDCl3.

164
1H

NMR spectrum of compound 5.11 in CDCl3.

165
13C

NMR spectrum of compound 5.11 in CDCl3.

166
1H

NMR spectrum of compound 5.13 in CDCl3.

167
13C

NMR spectrum of compound 5.13 in CDCl3.

168
1H

NMR spectrum of compound 5.15 in CDCl3.

169
13C

NMR spectrum of compound 5.15 in CDCl3.

170
ESI–MS spectrum of compound 5.2.

ESI–MS spectrum of compound 5.6.

ESI–MS spectrum of compound 5.7.

171
ESI–MS spectrum of compound 5.1a.

ESI–MS spectrum of compound 5.14.

ESI–MS spectrum of compound 5.11.

172
ESI–MS spectrum of compound 5.13.

ESI–MS spectrum of compound 5.15.

ESI–MS spectrum of compound 5.1c.

173
HPLC chromatogram of compound 5.1c.

SDS-PAGE and Western blot of SBTI

Uncropped SDS-PAGE and western blot of photodeprotection of soybean trypsin inhibitor (SBTI)
after modification with 5.1c and purification. (a) Coomassie brilliant blue (CBB) stained SDSPAGE of wild-type SBTI with protein ladder. (b) CBB SDS-PAGE and (c) western blot of modified
(lane 1) and photodeprotected (lane 3) SBTI with lysozyme (lane 2) as a western blot negative
control.

