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ABSTRACT

We have developed a series of four novel amino acids containing perfluoro-
tert-butyl ethers for use in detection of protein and cellular activities by °F magnetic
resonance. All four amino acids were synthesized, as monomers, for introduction into
peptides. These amino acids contain nine equivalent fluorine atoms which display as a
single peak by °F NMR and are detectable in nanomolar concentrations in five
minutes. Each amino acid was characterized to determine its structural preferences, in
order to design potential applications for each designed amino acid.

Perfluoro-tert-butyl homoserine demonstrated the ability to form a-helical
structures within a peptide context, and was designed into a series of Estrogen
Receptor binding peptides to target the EReco-activator protein-protein interaction.
We were able to design a peptide containing perfluoro-tert-butyl homoserine which
bound with similar affinity to the native co-activator ligand. We were also able to
observe the EReco-activator protein-protein interaction by °F NMR.

Perfluoro-tert-butyl tyrosine was designed into a series of peptides based on a
high affinity p53 chimeric peptide due to the presence of aromatic residues within the
target binding sequence. While these peptides did not bind with affinity near that of
the native peptide, we were able to detection the perfluoro-tert-butyl tyrosine in 30
seconds by *°F NMR in nanomolar quantities. This amino acid is also being explored

as a potential expressible *°F NMR-based sensor.
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4R-Perfluoro-tert-butyl hydroxyproline and 4S-perfluoro-tert-butyl
hydroxyproline demonstrated opposite conformational preferences, leading to
divergent applications in kinase-sensing activity. Both amino acids were introduced
into kinase recognition motifs and phosphorylation was successfully detected by °F
NMR. Furthermore, PKA and Akt kinases showed different stereochemical
preferences between the two amino acids, indicating the potential of these amino acids
to differentiate between similar protein kinases. PKA substrates containing 4R-
perfluoro-tert-butyl hydroxyproline were also subjected to phosphorylation in HelLa
cell lysates, which was detectable by °F NMR, indicating the potential for this
technology to be used in live cell imaging.

Finally, 4,4-difluoroproline was synthesized and examined in proline
oligomers to determine this amino acid’s potential to be used as a probe for cis-trans
isomerization within peptides. 4,4-Difluoroproline was introduced at the beginning,
middle, and end of a nine residue proline oligomer and the interconversion between
PPI and PPII helices was examined by circular dichroism and °F NMR. These
experiments allowed us to develop a model of PPI helix stabilization as well as a
mechanism of PPI and PPII helix interconversion based on favorable reverse n—m*
and n—mt* interactions respectively. These data are also indicative of the potential of
4 4-difluoroproline to be used as a '°F probe of cis-trans isomerization within peptides

and proteins.
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Chapter 1

SYNTHESIS AND CHARACTERIZATION OF AMINO ACIDS CONTAINING
PERFLUORO-TERT-BUTYL GROUPS

1.1 Introduction

Fluorine is a unique atom with distinct electronic properties, which is currently
being used as a magnetic resonance probe.>? Fluorine is the most electronegative
element and is similar in size to a hydrogen atom.! *°F is 100% naturally abundant and
has favorable magnetic properties due to a spin-¥2 nucleus.® Fluorine also has a
gyromagetic ratio similar to *H and much higher than other spin-¥2 nuclei. Fluorine’s
magnetic and electronic properties have led to an interest in development in drug
molecules, for peptide and protein stability, and as magnetic resonance probes for

NMR and MRI applications.*!

1.1.1 Fluorine in Biological Systems, Pharmaceuticals, and Medical Imaging
With the exception of a few rare cases, biological systems do not utilize
organofluorine. However, fluorine is not inherently toxic.* Fluorine is only present
within biological systems as fluoride in tissues such as bone, which is not visible by
F MRI due to the lack of free rotation of the fluorine atoms. This immobilized
fluorine has an extremely short spin-spin relaxation time which prevents detection by
current technology, preventing these fluorine atoms from contributing to background
%F signal.2 However, fluorine has been used since the 1950’s by the pharmaceutical

industry to modulate properties of drug molecules.*? Fluorine increases the



hydrophobicity of a molecule over hydrogen without adding significant steric bulk.
This change can be beneficial in drug molecules that have to pass through a membrane
and/or the blood-brain barrier.!® The addition of C-F bonds in place of C-H bonds also
leads to increased metabolic stability of drug molecules. Furthermore, introduction of
a fluorine atom or multiple fluorine atoms can potentially greatly alter the electronic
properties of a drug molecule.'® For example, a common modification includes the
replacement of a phenyl ring with a pentafluorophenyl ring or a single hydrogen with
a fluorine.*1° In the case of the pentafluorophenyl group, the addition of mutliple
fluorine atoms in place of hydrogen atoms leads to an extremely electron-deficient
aromatic system. The substitution of a single hydrogen with fluorine is less dramatic,
but still leads to substantial electronic changes within the system due to the
electronegative nature of fluorine. Substitution to a fluorine also slightly increases
bond length (C-F bond length ~1.35 A vs C-H bond length ~ 1.09 A). Despite the
similar size to 'H, the increased electronegativity means the electronics of a system
can be altered without additional steric components. For example, it can increase a
drug’s binding affinity to its target through increased hydrophobicity as well as
redistribute the electronic properties of the system making it more electron-rich in
some parts of the molecule and less electron-rich in other parts of the molecule.?
Altering these properties allows for tuning of drug molecules for increased or
decreased specificity, increased or decreased affinity, and changes in lipophilicity.
Furthermore, C-F bonds are very stable (around 116 kcal/mol) and alter a drug’s
metabolism profile due to the strength of this bond.*®

It is estimated that 20% of drugs with FDA approval contain fluorine, and that

number is expected to rise considerably in the future.l® Furthermore, of the top five



selling drugs in 2011, three contained fluorine.*? A number of highly successful drug
molecules currently on the market, including lanzoprazole (regulating gastric acid),
fluoxetine (a common anti-depressant), and ciprofloxacin (an antibiotic), contain
fluorine atoms (Figure 1.1).2° Many drugs which act on the central nervous system,
such as anti-depressants, utilize fluorine to increase hydrophobicity in order to cross
the blood-brain barrier. Antibiotics containing fluorine often show increased oral
bioavailability over non-fluorinated molecules.'® Other areas of drug use and
development include anti-retroviral drugs for the treatment of HIVV/AIDs,

chemotherapies for the treatment of cancer, and protein kinase inhibitors.?
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Figure 1.1 A selection of FDA approved, commonly described drugs containing
fluorine. Fluorinated drugs span many different drug classes and serve
many roles in drugs including increased lipophilicity, increased
metabolic stability, and modulation of electronics.

Another common medical application of fluorine is positron emission
tomography (PET) imaging. PET imaging utilizes radioactive tracers, such as ‘®F, to
monitor cellular activity through uptake of the tracers. One example is the use of ‘8F

labeled glucose, fludeoxyglucose (*3F-FDG) to detect tumors via PET imaging (Figure



1.2).1* Tumors have an increased glucose metabolism relative to other cells, and
therefore take up the glucose-based tracer at a much faster rate, increasing the
concentration of *8F in the tumor. While very effective, the use of 8F and PET
imaging is very expensive, in part due to the very short half-life of 8F which is around
110 minutes.!* The short half-life of 18F requires all PET imaging agents to be
prepared on site prior to use. In order to facilitate the shortened half-life and the
preparation near or on site also greatly limits the chemistry that can be used to prepare
PET imaging agents to fast, robust reactions to install the 8F atoms. Furthermore,
radioactive materials are hazardous and pose potential health risks to both patients and
medical personal.}* Despite all of these drawbacks, PET imaging is a commonly used
technique. We would like to design new probes for use in clinical imaging which do
not require the use of radioactive materials to complement current imaging

technologies.
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Figure 1.2 The structure of fludeoxyglucose which is used to detect tumor growth
due to upregulated glucose metabolism in cancer cells.



While *H MRl is currently one of the most used clinical imaging techniques,
there is significant interest in developing °F-based magnetic resonance imaging for
use in the clinic.2 *H MRI suffers from a low signal-to-noise ratio due to the large
volume of *H found within biological systems. Traditional magnetic resonance
imaging measures the changes in relaxation rates of water molecules in different types
of tissue. While solid structures can be imaged, contrast agents, often caged
gadolinium (I11) -based molecules, are used to increase the relaxation rate of water to
improve images.® It is important to note, however, that current MRI technology does
not typically image cellular processes, but rather anatomical structures. There is
significant interest in using **F MRI for imaging of solid structures as well as specific
cellular processes. There are a few known examples of using '°F MRI in pre-clinical
and clinical settings.

A few examples of early °F-based MRI probles include lung imaging using
biologically inert fluorine-containing gases which was used in the 1980’s.2 These early
studies were completed using sulfur hexafluoride, hexafluoromethane,
tetrafluoromethane, and fluoropropane mixed with oxygen to obtain images of the
lungs. More recently, perfluorocarbons (PFC) are being explored for detection of
cellular activity and cell tracking by *°F MRI.® Some recent studies in animal models
have demonstrated that 1°F MRI from PFCs or macrophages modified with perfluoro-
15-crown-5-ether can be used to track inflammatory responses and cellular damage
during myocardial infarction.® Unlike H, the only signal obtained by °F MRI is from
the PFC probe which was introduced into the system. In most animal studies, PFCs
were injected via the tail vein of the rats and the PFCs collected in the damaged tissue

of interest which then showed an increased ‘°F signal upon imaging. This shows the



potential power of 1°F MRI for use within the clinic. We believe the current state of
the art can be improved upon to give even more specific cellular information
exploiting pathways and proteins that are known to be overexpressed in disease states
such as cancers, Alzheimer’s disease, and diabetes. While these methods are effective
for imaging damage, they lack the ability to provide cellular and pathway specific
information. We want to specifically target interactions, post-translational

modifications, and pathways which are known to be involved in disease states.

1.1.2 Fluorinated Amino Acids Have Been Used To Increase Stability and
Modulate Biological Activity in Proteins

Our goal is the direct incorporation of fluorinated amino acids into peptides
and proteins for applications in molecular imaging. There are a large number of
fluorinated amino acids found in the literature (Figure 1.3).1® These amino acids span
multiple classes of amino acids (aliphatic, aromatic, cyclic, etc.) with many different
fluorine modifications, from a single fluorine atom to six fluorine atoms in various
configurations. Fluorinated amino acids have been used for a multitude of different
applications including as magnetic resonance probes within biological systems.®
Fluorinated amino acids have been exploited in protein engineering to increase
stability due to the fluorophobic effect, which is the self-association of fluorinated
molecules.” One example of increased fluorophobic stabilizing structure is the use of
trifluoroleucine and hexafluorleucine into coiled coil peptides.'®22 The fluorinated
leucine derivatives all align on the same face of the coiled coils, allowing them to pack
together creating a fluorophobic core, stabilizing the structure. Fluorine has also been
used to study protein folding in living cells. Trifluorovaline and

pentafluorophenylalanine have been used to study the kinetics of folding in proteins



and increasing stability via burying the fluorinated amino acids in the hydrophobic
core of the protein.?® Trifluorovaline has been used to study folding in the NTL9
protein which is a globular a-R protein.?* Pentafluorophenylalanine has been used to
study folding in the chicken Villian Headpiece protein and in 4-helix bundles.?>2°
Fluorinated amino acids can also be used to modulate protein activity within cells by
increasing lipophilicity of a protein, similar to the effects seen in small molecules. One
example of increased lipophilicity can be seen by the introduction of
hexafluoroleucine into a bee venom protein, melittin, which increased partitioning of

this protein into liposomes.?
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Figure 1.3 A subset of previously described fluorinated amino acids.

1.1.3 Fluorinated Amino Acids Impact Structure
When a large number of fluorine atoms are introduced into folded peptides and

proteins with hydrophobic cores, increased stability is observed due to the



fluorophobic effect.!” The fluorophobic effect is similar to the hydrophobic effect, but
employs fluorine rather than simple non-polar atoms and molecules. The fluorophobic
effect can be observed in both synthetic polymers and peptides. There are numerous
examples of leucine-based fluorinated amino acids, including trifluoroleucine and
hexafluoroleucine, stabilizing coiled coil proteins via a fluorinated core.%162 One
example of fluorinated amino acids stabilizing coiled coil proteins via a fluorinated
core is the incorporation of hexafluoroleucine into the synthetic leucine zipper Al
protein. The protein with all leucines replaced with hexafluoroleucine showed
significantly increased stability under denaturing conditions including thermal stability
(m.p. =76 °C compared to wildtype m.p. = 54 °C) and increased stability in 8 M urea
(less than 50% denaturation vs 100% denaturation for wildtype).?? These proteins
showed increased stability over their hydrocarbon-based counterparts due to the
increased hydrophobicity observed with fluorine atoms. Furthermore, these amino
acids have been incorporated into proteins using bacterial expression systems.®

Despite increased stability due to the fluorophobic effect, proteins containing
multiple substitution of a single fluorinated amino acid favor extended conformations,
strongly disfavoring a-helices.?” Stability in coiled coil systems is due to a large
hydrophobic core consisting of multiple fluorinated amino acids. When single
fluorinated amino acids are substituted into a peptide sequences, helical structures are
strongly disfavored, leading to a reduction in a-helical structure.?” Reduction in o-
helical structure has been demonstrated using the same fluorinated amino acids that
have been used to stabilize protein structures. A number of fluorinated amino acids
and their non-fluorinated equivalents were examined in the peptide Ac-

YGGKAAAAKAXAAKAAAAK-NH,, where X is the site of modification.?” Both



alanine and 2-amino-butryic acid demonstrate a strong preference for a-helical
structure (fhelix = 0.594 and 0.522, respectively) compared to the fluorinated analog, 2-
amino-4-trifluorobutryic acid (fheiix = 0.208). Similarly, hexafluoroleucine (fheiix =
0.251) shows a significant reduction in a-helicity relative to leucine (fhelix = 0.502).
While aromatic amino acids are less a-helical than some aliphatic amino acids,
phenylalanine is more a-helical (freiix = 0.426) than pentafluorophenylalanine (freiix =
0.264). The strong preference of fluorinated amino acids to disfavor a-helical structure
is problematic for design of fluorinated peptide and protein probes, because many 40%
of protein structures within the PDB are a-helical. Furthermore, helical structures
including a-helices and polyproline helices are often found at protein-protein
interfaces.?®2° Given that fluorinated amino acids can have such a strong impact on
structural features within proteins and peptides, it is key to determine the secondary
structure preferences, which greatly impacts the systems in which fluorinated can be

incorporated.

1.1.4 Fluorine Is Superior to Other Heteroatoms For Magnetic Resonance
Applications

Currently, a number of nuclei are being explored for imaging in biological
systems and complex mixtures. 3C and °N have both been used to image proteins and
in cells.3%-23 Both of these atoms have a very low natural abundance (Table 1.1) and
must be enriched to produce high enough concentrations for NMR, at great expense.
Furthermore, the gyromagnetic ratios of 1*C and *°N are significantly lower than those
of 'H and °F. The gyromagnetic ratio of an atom is directly proportional to the NMR
signal sensitivity. The gyromagnetic ratio of each atom is proportional to the magnetic

moment of the atom as well as the angular spin momentum. The only nuclei that has a



gyromagetic ratio similar to tH is °F, with the gyromagnetic ratio of both 3C and *N
being significantly lower (Table 1.1). The low gyromagnetic ratio significantly
decreases sensitivity of these atoms, even when enriched to contain more than the
natural abundance. In turn, much longer acquisition times (hours to days) are required
for proteins, even for samples containing enriched $3C and °N either in vitro or in
vivo, for high resolution data.®® In many cases, complex two-dimensional NMR
experiments are required for structural information about proteins.®**® Finally, both
13C and N are found throughout biological systems, leading to background signal
associated with endogenous carbon and nitrogen atoms. °F suffers from none of these
problems as it is 100% naturally abundant and has a gyromagnetic ratio similar to *H.2
This similarity to *H means that no special equipment is required to detect *°F, unlike
13¢C and N, for MRI applications. °F is also absent from biological systems, leading
to no competing background signal. Simple experiments can be used to detect changes
by °F NMR due to chemical shift changes and chemical shift anisotropy due to the
large chemical shift range for 1°F.1:257.936-38 Eor these reasons, there is significant
interest in developing *°F-based magnetic resonance sensors for use within biological

systems.
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Nuclei  Nuclear Spin  Gyromagentic Ratio  Natural Abundance

(rad st T7) (%)
H Ya 267.522 ~100
¢ Y 251.815 ~100
3¢ Y2 67.238 1.1
N Ya 19.338 0.37

Table 1.1  Spin, gyromagnetic ratio, and natural abundance of discussed nuclei. *°F
is the most similar to *H which is commonly used for medical imaging.

1.1.5 Design of Highly Sensitive Fluorinated Magnetic Resonance Probes.
While a number fluorinated amino acids have been synthesized, there are still
substantial improvements that can be made.®3® Many of these amino acids require
high concentrations, in the mid-micromolar range, for fast data acquisition times at
high signal-to-noise ratios due to the use of a single fluorine or three equivalent
fluorines.2>911.19363840 Aming acids containing more than three fluorines, rarely have
more than three equivalent fluorines. Fluorine atoms couple to other fluorines as well
as to protons, which can lead to complex patterns, many of which produce spectral
overlap which complicates analysis.®?*?2340 Eigure 1.3 shows a selection of
previously described fluorinated amino acids, many of which suffer from some or all
of the problems described. 4R- and 4S-fluoroproline all demonstrate complex pattersn
due to both coupling with protons as well as cis-trans isomerization which will be
addressed later. 2-Fluoro-Phe also demonstrates coupling with neighboring protons. In

all three of these cases, detection of a single fluorine requires at least mid-micromolar
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concentrations and proton-coupling leads to a loss in sensitivity, requiring increased
concentrations or the use of proton decoupling. Pentafluoro-Phe has more fluorine
atoms; however, they are non-equivalent fluorines, which also leads to complex
patterns by °F NMR, reducing the signal-to-noise ratio. Some of the more successful
probes incorporate three chemically equivalent fluorines, including 4-CFs-Phe. Dalvit
et al. demonstrated that 4-CF4Phe could be used to detect both phosphorylation events
and proteolysis of peptides in solution at mid-micromolar concentrations.*!
Furthermore, 4-CFs-Phe has successfully been incorporated into protein via the Amber
suppression method and was successfully detected by °F NMR in both nitroreductase
and histidinol dehydrogenase to monitor protein folding and in vivo activity.*? While
no concentration is reported for these protein systems, significant broadening of the
19F peaks are observed and the °F-labeled proteins were not always visible by 1°F
NMR. These data demonstrate a need for different and more sensitive *°F probes.

Our design addresses issues described above by incorporating a perfluoro-tert-
butyl moiety onto amino acids via an ether linkage (Figure 1.4). The perfluoro-tert-
butyl moiety contains nine equivalent fluorines which produces a single peak by *°F
NMR, which is detectable at nanomolar concentrations.**** Compounds containing a
perfluoro-tert-butyl group are commercially available as the alcohol and the halides (I,
Br, CI). Previously, perfluoro-tert-butanol has been installed as an ether on primary
alcohols using the Mitsunobu reaction and on aromatic rings using diazonium
coupling.*®>* The first example of the Mitsunobu reaction being used to install a
perfluoro-tert-butyl ether was in 1996 to synthesize both a benzodioxane and a
geraniol with a perfluoro-tert-butyl ether moiety. More recently, perfluoro-tert-butyl

ethers have been introduced into aromatic systems, specifically bis-styrylbenezenes,
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for the detection of R-amyloids in Alzheimer’s disease mouse models. Prior to the
work by Pandey et al. this chemistry had never been used to fluorinate alpha-amino
acids. The Mitsunobu reaction has been used to install a perfluoro-tert-butyl ether into
R-amino acids which were successfully introduced into tripeptides.*” A large singlet
peak was observed by *F NMR when incorporated into 4R-perfluoro-tert-butyl
hydroxyproline. In the case of 4S-perfluoro-tert-butyl hydroxyproline, two peaks were
visible due to cis-trans isomerization at the amide bond. *°F NMR spectra showed 2
peaks, representing the cis and trans conformations in slow exchange.*® These data
indicate that °F NMR with a perfluoro-tert-butyl ether moiety can allow detection of

backbone structure.

CFs CFs r,
o._CF
0—~CF, 0—CF, O)<CF3 “ep
CF, R Crot
HN HN
OH OH
H,N HoN
o~ OH o~ OH 0 o)

Hyp(C4Fg)  hyp(C4Fg)  Hse(CyFg)  Tyr(C4Fg)

Figure 1.4  Proposed amino acids to be synthesized containg a perfluoro-tert-butyl
ether.

The primary goal of this work is to develop novel amino acids containing
perfluoro-tert-butyl ethers which will access different applications. This can be done
by installing the perfluoro-tert-butyl ether on a variety of different classes of amino

acids, including cyclic, aliphatic, and aromatic amino acids. Each of these amino acids
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can then be introduced into appropriate peptide-based model systems to exploit their
unique characteristics. For example, there are many instances in biology of recognition
sequences specifically selecting for proline due to its unique ability to access
polyproline helices and turn structures.?®48->0 Alternatively, aliphatic amino acids more
readily adopt a-helical structures.>>2 Aromatic amino acids are often used in
recognition sequences due to their large size and hydrophobic nature. Another benefit
to installing the perfluoro-tert-butyl on multiple amino acids is it accesses a variety of
sizes of amino acid. The proposed hydroxyproline derivatives are smaller in size than
the tyrosine or the homoserine derivative. The hydroxyproline derivatives are also
potentially more sensitive to perturbations to nearby amino acids due to the cyclic
nature of proline as demonstrated by the detection of cis and trans amide bonds

described by Pandey et al.

1.1.6 Peptide-Based Model Systems to Determine Structural Effects of Novel
Amino Acids

As discussed in the last section, perfluoro-tert-butyl alpha-amino acids have
not previously been synthesized and fully characterized to determine potential effects
on structure. In order to properly design applications for the designed amino acids,
characterization of how the addition of the perfluoro-tert-butyl ether impacts structure
was necessary. While fluorine atoms generally disfavor compact secondary structure,
the incorporation of the perfluoro-tert-butyl group via an ether linkage has the
potential to minimize the effect of the fluorine atoms on secondary structure. The first
example of alpha-amino acids containing a perfluoro-tert-butyl ether was published by
Pandey et al. in the Ac-TYXN-NH: peptide model system (Figure 1.5). This system

was derived from the peptide Ac-TYPN-NH: to examine the cis amide bond
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propensity in type VI 3-turns. Aromatic-proline sequences play a key role in protein
folding events, with these specific sequences showing a higher propensity for cis
amide bond formation. The Ac-TYPN-NH: context was developed to maximize the
amount of cis amide bond formation. Tyr-Pro sequences form more stable cis amide
bonds due to a favorable C-H/= interaction between the proline H, and the tyrosine
aromatic ring. All twenty conical amino acids were screened at the first and fourth
position in the peptide amide bond propensity was determined by measuring the
Kiransicis. The Ktransrcis 1S @ measurement of the equilibrium between the trans and cis
amide bonds, which are in slow exchange. The slow exchange can be observed by *H
NMR where both cis and trans peaks are visible in the NMR spectrum of the peptide.
In the case of unsubstituted proline the Kiransicis = 2.7 (AAG = 0.00 kcal mol™). The
trans amide bonds are stabilized by the exo ring pucker of the proline ring while the
cis amide bonds are stabilized by the endo ring pucker. This system is ideal for
examining both the effects of proline and aromatic derivatives on peptide structure.
4R and 4S perfluoro-tert-butyl hydroxyproline were originally synthesized on
solid phase in the Ac-TYXN-NH: peptide via a method termed “proline editing”.
Proline editing allows quick and easy access to a large number of 4-substituted
prolines for various applications including bio-orthogonal chemistry, novel sensors,
and reactive handles. The full length peptide Ac-TYHypN-NH:, where Hyp = 4R-
hydroxyproline, is synthesized with a trityl-protected hydroxyproline. The trityl
protecting group can be cleanly and easily removed using 2% TES and 2% TFA in
CH:ClI without cleavage from resin or deprotection of other residues in the peptide.
The hydroxyproline can then be converted into a large number of derivatives using the

alcohol as a reactive handle. All 123 4-subtitued derivatives synthesized were
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characterized by *H NMR to determine the cis amide bond propensity. In general, 4R-
derivatives favor trans amide bonds due to a preference for exo ring pucker, while 4S-
derivatives of proline favor cis amide bonds due to a preference for endo ring pucker.
This preference is observed in the 4R-hydroxyproline (Ktransrcis = 5.6, AAG = -0.43
kcal/mol™) and 4S-hydroxyproline (Kiransicis = 2.7, AAG = 0.00 kcal/mol™). The same
trend is observed in with the simple modification of the alcohol to a single fluorine
modification 4R-fluoroproline is significantly more trans favoring (Ktransicis = 7.0,
AAG = -0.56 kcal/mol™?) than 4S-fluoroproline (Kiransicis = 1.5, AAG = +0.35 kcal/mol-
1. In the case of perfluoro-tert-butyl ethers, the same trend is seen. 4R-Perfluoro-tert-
butyl hydroxyproline favors the exo ring leading to compact dihedral angles and trans
amide bonds (Kransicis = 4.0, AAG = —0.23 kcal/mol™) while the 4S-perfluoro-tert-butyl
hydroxyproline favors an endo ring pucker leading to extended dihedral angles and cis
amide bonds (Kransicis = 1.2, AAG = +0.48 kcal/mol™?) (Figure 1.5). The 4R-perfluoro-
tert-butyl hydroxyproline is unremarkable in terms of its cis amide bond propensity,
following the trend of other electron-withdrawing 4R-subsitituted proline derivatives.
The 4S-perfluoro-tert-butly hydroxyproline, however, was the most cis favoring
derivative synthesized, demonstrating these two amino acids to not only be
conformationally different amino acids, but may also have the ability to modulate
protein structure. Furthermore, both cis and trans peaks were visible by °F NMR. The
Kiransicis measured from *H NMR was identical to that calculated from the *F NMR.
The F NMR demonstrates the potential of these probes to be used to detect backbone

conformation by '°F NMR.
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Figure 1.5 (2S,4R)- and (2S,4S)-Perfluoro-tert-butyl 4-hydroxyprolines and their
expected conformational preferences, in which the 4-substituents are in a
pseudoaxial position on the pyrrolidine ring due to stereoelectronic
effects of the 4-substitution, based on data in Ac-TYXN-NH: peptides (X
= 4-substituted proline).*® Hyp = 4R-substituted (trans relative
stereochemistry) hydroxyproline, indicated by use of capitalized three-
letter code and red color; hyp = 4S-substituted (cis relative
stereochemistry) hydroxyproline, indicated by lower-case three-letter
code and blue color. Proline exhibits a mixture of exo and endo ring
puckers. RN and R indicate the N-terminal and C-terminal peptide
sequences, respectively.

The Ac-TYPN-NH2 model system can also be used to analyze the electronic
effects of aromatic residues by modifying the Tyr to other amino acids.>® The C-H/r
interaction between the aromatic proline H, and the aromatic ring can be modulated
by introducing electron-donating or electron-withdrawing modifications to the
aromatic ring. Electron-withdrawing groups favor trans amide bonds by weakening
the C-H/r interaction between the proline H, and the aromatic ring by removing
electron density from the aromatic ring (Figure 1.6). The electron-poor aromatic
system has a significant reduction in driving force for the C-H/x interaction. Electron-

donating groups favor cis amide bonds by strengthening the C-H/x interaction
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between the proline H, and the aromatic ring (Figure 1.6). The electron-donating
substitution increases the electron density in the aromatic ring, leading to increased
driving force for the C-H/x interaction. A subset of unnatural 4-substituted aromatic
derivatives have been examined in the Ac-TXPN-NH: peptide model system. For
example, a classic example of electron-withdrawing substituents is the addition of a
nitro-group. When 4-NO2-Phe was introduced into the Ac-TXPN-NH2 peptide model
system Kiransicis = 5.5 (AG = —1.00 kcal mol™) which is significantly more trans
favoring than Tyr Kiransicis = 2.7 (AG = —0.58 kcal mol™). In comparison, a classic
example of electron-donating substituents is the addition of an amino-group. In the
case of 4-NHp-Phe, the Kiransicis = 2.1 (AG = —0.44 kcal mol™) which is significantly
more cis favoring than Tyr. Furthermore, a linear free energy relationship was
determined between the Kiransicis and the Hammett sigma constant (o). The Hammett
constant for substituents which have not previously been measured, can be calculated
using the linear free energy relationship which was determined by Thomas et al. Prior
to the work presented herein, there was only one published example of a perfluoro-
tert-butyl ether, which did not include any characterization of the electronic effects of
the perfluoro-tert-butyl ether modification on the aromatic system. Due to the nine
fluorines, it is critical we understand the electronic effects of the designed 4-perfluoro-
tert-butyl Tyr prior to incorporation into proteins for potential applications, which will

be discussed further in the results and discussion sections of this chapter.
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Figure 1.6  Cis-trans isomerism of the aromatic-proline amide bond (red) in Ac-
TXPN-NH: peptides (X = aromatic amino acid) can be used to quantify
aromatic electronic effects, via Kiansicis and via the 8 of proline Ha when
in the cis conformation (with smaller Kiransicis and more upfield Procis Ho 8
indicating a more electron-rich aromatic and a stronger C-H/n
interaction).

Despite the importance of aromatic-proline interactions in protein folding, this
system is not applicable to all amino acids. In exploring potential applications for the
designed perfluoro-tert-butyl amino acids, it is important to consider applications
which incorporate important secondary structures within proteins. Two common
compact secondary structures including a-helices and polyproline 11 (PPI1I) helices.
Both of these structures are common within proteins and are often found at the
interfaces of protein-protein interactions. As noted in Section 1.1.3, fluorine
negatively impacts propensity for a-helical structure; thus it is important to understand
how the perfluoro-tert-butyl ether modification will impact both a-helical and
polyproline helix structure.

Some aliphatic amino acids as well as proline are found in a-helical structures

within proteins. a-Helical propensity of an amino acid can be measured using alanine-
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rich Baldwin-type helical peptides.®® This is a well-established system which has been
used to measure helical propensities at various points throughout the helix (beginning,
middle, and end) of all canonical amino acids as well as a large set of unnatural amino
acids.>2°* In general, aliphatic amino acids such as Ala, Leu, and Lys readily form
a-helices while aromatics, such as His and Trp, as well as Gly and Pro, less readily
form a-helices. a-Helix propensity is measured using circular dichroism by minima at
222 and 208 nm. Proline is known to disrupt or stop a-helices when introduced in the
middle or end of an a-helical sequence, but it is also able to signal the start of the
helix.>? Given the extensive amount of characterization of amino acids within Baldwin
model a-helical peptides to determine a-helical propensity, this approach will be used
to examine the perfluoro-tert-butyl hydroxyproline and the perfluoro-tert-butyl
homoserine derivatives proposed in Figure 1.4.

PPII helix propensity can be measured using the Ac-GPPXPPGY-NH: peptide
model system.>>°® This system was developed by Brown and Zondlo and used to
measure the polyproline helical propensity of all the canonical amino acids as well as
a large subset of unnatural amino acids. The PPII helix is characterized using circular
dichroism with a maximum at 228 nm. Unsurprisingly, Pro is the most PPII helix
promoting of the canonical amino acids. Long chain aliphatic amino acids such as
Leu, Arg, and Lys are also highly PPII helix promoting. Alternatively, 3-branched
amino acids, such as Ile and Val, as well as aromatic amino acids significantly less
PPII helix promoting. The Ac-GPPXPPGY-NH> peptide model system will be used to
characterize the PPII helix propensity for the perfluoro-tert-butyl hydroxyproline and

the perfluoro-tert-butyl homoserine derivatives proposed in Figure 1.4,
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Both a-helix and PPII helix peptide model systems will be used to characterize
aliphatic perfluoro-tert-butyl amino acids to determine their propensity for compact
secondary structures. Utilizing this series of unnatural amino acids will allow us to
understand how the perfluoro-tert-butyl ether modification will affect secondary
structure of peptides incorporating the designed amino acids. This approach will also
allow us to appropriately design applications for these unique amino acids based on

the structural impact.
1.2 Results

1.2.1 Synthesis of (2S,4R)-Perfluoro-tert-butyl-4-hydroxyproline

4R-Perfluoro-tert-butyl-4-hydroxyproline (Hyp(CsFg)) has been synthesized on
solid-phase within a peptide. Briefly, 4R-Hydroxyproline was incorporated by solid
phase peptide synthesis into Ac-TYXN-NHo>, utilizing a trityl protecting group on the
hydroxyproline.*® The trityl group was selectively removed using 2% TFA before
subjecting the peptide on resin to a Mitsunobu reaction to install the perfluoro-tert-
butyl group. While this reaction did result in product, it was the lowest yielding
reaction of the over 100 hydroxyproline derivatives synthesized.

When this reaction chemistry was applied on the larger peptides described in
Chapter 3 (twelve residue Abltide peptide), it was unsuccessful, resulting in very low
yields or no product observed, most likely due to the large steric demand of the
perfluoro-tert-butyl group. While installation of the perfluoro-tert-butyl ether by the
Mitsunobu reaction has previously been established, there are a significant number of
challenges with the reaction chemistry. The reaction mechanism requires a phosphine,

in this case triphenylphosphine, to react with the azo reagent, DIAD. The DIAD
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intermediate is a zwitterion which can then deprotonate the acidic nucleophile, in this
case perfluoro-tert-butanol. The protonated DIAD intermediate can in turn react with
the primary or secondary alcohol of the substrate, in this case hydroxyproline, can add
to, forming a leaving group. A nucleophile, such as perfluoro-tert-butanol, can then
perform an Sn2 reaction, displacing triphenylphosine oxide to form the product.
Perfluoro-tert-butanol, despite having a relatively low pKa, ~ 5, is large and sterically
demanding, leading to lower yields than better nucleophiles.*>>” Furthermore,
hydroxyproline is a secondary alcohol which is sterically more demanding than
aliphatic primary alcohols. A common side reaction as a result of this mechanism is
elimination of the triphenylphosphine oxide, without successful nucleophilic attack
leading to dehydroproline.>® The mechanism of the Mitsunobu reaction requires
attack, of the nucleophile in an Sn2 manner on the substrate. In the case of 4R-
perfluoro-tert-butyl hydroxyproline, the starting material is in the 4S configuration
leading to an endo ring pucker and relatively higher amounts of cis amide bonds than
the 4R configuration. The 4S conformation of the starting material makes it less
accessible to the nucleophile, especially in the case of a very large, sterically
demanding nucleophile such as perfluoro-tert-butanol. There is also a possibility that
the sequence of the peptide (Ac-KKGEAIYAA(Hyp(CsF9))FA-NH: prevented the
solid-phase Mitsunobu reaction from preceding. The nearby Phe residue potentially
prevented the reaction from proceeding due to the steric demand on resin. In order to
quickly and cleanly access a number of peptides to examine both the structural effects
of the perfluoro-tert-butyl group as well as the ability to screen peptides for potential
applications, a solution-phase synthesis to the Fmoc-protected amino acid was

developed.
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The solution-phase synthesis of Fmoc-4R-perfluoro-tert-butyl hydroxyproline
utilized the same chemistry as Pandey et al. on the hydroxyproline monomer (Figure
1.7). 4R-Perfluoro-tert-butyl hydroxyproline was synthesized from commercially
available 4R-hydroxyproline, which is inexpensive due to its isolation from collagen
found in chicken feathers. The free amine was Boc protected and the carboxylic acid
was methyl protected by well-established protocols.>® Due to the inversion of the
stereocenter upon instillation of the perfluoro-tert-butyl ether via the Mitsunobu
reaction, the stereocenter must first be inverted to the 4S configuration via a
Mitsunobu reaction with para-nitrobenzoic acid to generate compound 2. The para-
nitrobenzoic acid protecting group was then removed via sodium azide cleavage to
generate Boc-4S-hydroxyproline-OMe (compound 3). Compound 3 was then
subjected to a second Mitsunobu reaction to install the perfluoro-tert-butyl ether,
generating compound 4 in 25% yield. This compound is particularly problematic for
purification as it has a similar Rr value to the desired product. In order to maximize the
amount of desired product, a base was added to the reaction to catalyze the formation
of the DIAD-adduct and to generate perfluoro-tert-butoxide more readily as the
nucleophile. Compound 4 was then deprotected on the C-terminus via LiOH cleavage
of the O-methyl ester to generate Boc-4R-perfluoro-tert-butyl-hydroxyproline (5)
which is compatible with Boc solid-phase peptide synthesis. Alternatively, a global
deprotection was used to generate the free amino acid (6) using 2 M HCI. compound 6

was then Fmoc-protected using previously established conditions.*®
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Figure 1.7  Synthesis of (2S,4R)-perfluoro-tert-butyl 4-hydroxyproline as free, Boc,

and Fmoc-amino acid.

1.2.2 Synthesis of (2S,4S)-Perfluoro-tert-butyl-4-hydroxyproline

Due to the failed attempt at synthesizing the 4R-perfluoro-tert-butyl

hydroxyproline on solid phase, no solid phase chemistry was attempted in the

preparation of peptides with this derivative. 4S-Perfluoro-tert-butyl hydroxyproline

was originally synthesized on solid phase as reported by Pandey et al. 4S-Perfluoro-

tert-butyl-hydroxyproline was synthesized from commercially available 4R-

hydroxyproline (Figure 1.8). The free amine was Boc protected and the carboxylic
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acid was methyl protected by well-established protocols to generate compound 1.°
The perfluoro-tert-butyl group was installed via Mitsunobu reaction with inversion of
the stereocenter to produce protected Boc-4S-perfluoro-tert-butyl hydroxproline (8).
Compound 8 was either be selectively deprotected with LiOH to produce the Boc free
acid (9) or globally deprotected using 2 M HCI to generate compound 10. The free
amino acid was then Fmoc-protected (11) for use in solid phase peptide synthesis

using previously established protocols.*®
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Figure 1.8  Synthesis of (2S,4S)-perfluoro-tert-butyl 4-hydroxproline as free, Boc,
and Fmoc amino acids.

Fmoc-4S-perfluoro-tert-butyl hydroxyproline was synthesized in five steps,
with the critical Mitsunobu reaction installing the perfluoro-tert-butyl ether resulting

in the same challenges as discussed in the previous section. The exception here was
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the overall higher yield (35%, compared to 25% for the 4R configuration) due to the
confiiguration of the hydroxyproline. The increased yield was also observed when

these amino acids were synthesized in a peptide on solid phase.*

1.2.3 Synthesis of Perfluoro-tert-butyl Homoserine

While the hydroxyproline derivatives are useful due to the unique structure of
proline, which will be addressed in Chapter 3, there are many applications where
proline and proline derivatives are not accommodated. To address biological
applications of perfluoro-tert-butyl amino acids which do not accommodate proline,
perfluoro-tert-butyl homoserine was synthesized. Perfluoro-tert-butyl-homoserine was
synthesized via the Mitsunobu reaction as described by Bauer and Marsh (Figure
1.9).%% The reported synthesis, however, used diazomethane to methyl protect the
carboxylic acid. The protecting group chemistry used was changed due to the
explosive nature of diazomethane. This reaction would have introduced unnecessary
danger in the synthesis of the amino acid. The Boc and methyl groups used to protect
the amine and carboxylic acid, respectively, were installed to generate compound 14.%*
The perfluoro-tert-butyl group was installed using the Mitsunobu reaction under reflux
conditions to generate compound 15. The Mitsunobu conditions for the installation of
the perfluoro-tert-butyl ether differ slightly from the hydroxyproline derivative
syntheses. A base was not required for the reaction and THF was used as the solvent
for the reaction. Instillation of the perfluoro-tert-butyl group onto the homoserine side
chain is a less sterically demanding reaction due to the use of a primary alcohol over a
secondary alcohol. The homoserine alcohol is less sterically congested than the
hydroxyproline, leading to higher yields than either hydroxyproline derivative.

Toluene and THF have similar reactivity in Mitsunobu reaction. Toluene was not used
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for this synthesis due to the literature precedent utilizing THF.#558606263 The methyl
ester and Boc protecting groups were then removed using LiOH and HCI in succession
to generate compound 16. Global deprotection using 2 M HCI was unsuccessful on
perfluoro-tert-butyl homoserine, so a stepwise deprotection of ester hydrolysis
followed by Boc deprotection was used. Finally, the amine was protected using Fmoc-

OSu to generate compound 17 to be compatible with Fmoc solid-phase peptide

synthesis.
CF3
OH  HO—CFs
Boc,0, Et3N Mel CF3
_—— > —_—
OH HyO/acetone  Boc.. oH DMF Boc.. o. DIAD, PhsP
HzN N 15% over 2 steps N > THF
(@) 0°Cto50°C
12 13 14 54%
CFs4 CF,4 CF,
_LCF4 PR _<CF3
O" "CF3 1. LioH 0" “CFg 0~ “CF,
THF/H,O Fmoc-OSu
Boc. (@) 2.2 M HCI OH KgCOg Fmoc. OH
N > 1 4-dioxane HaoN H,O N
o (0] 1,4-dioxane e}
15 16 48% over 3 steps 17

Figure 1.9 Synthesis of perfluoro-tert-butyl homoserine as Boc, free, and Fmoc
amino acids.

Synthesis of perfluoro-tert-butyl serine was also attempted unsuccessfully.
Serine is a particularly difficult substrate for the Mitsunobu reaction despite being a
primary alcohol.>® A number of different N-terminal protecting groups was screened,
including Boc, Benzyl, and Cbz, but no product was observed in any case. Solvents
including toluene, tetrahydrofuran, and dichloromethane were also screened without
any successful product formation. Finally, a number of organic bases including

DIPEA, triethylamine, and 2,6-lutidine, as well as different reaction temperatures were
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screened. None of these reactions ultimately yielded product. The most common side
product from these reactions was dehydroalanine. While Mitsunobu reactions are
known to occur on serine, they are often very low yielding and require more robust
reagents such as ADDP or TMAD.%? Mitsunobu conditions are primarily used to
produce dehydroalanine and as for intramolecular reactions to create lactones.®* After
a series of test reactions, serine was abandoned in favor of homoserine. The
combination of a poor substrate with a poor nucleophile indicate a different synthetic

route will most likely be required to obtain a perfluoro-tert-butyl serine derivative.

1.2.4 Synthesis of Perfluoro-tert-butyl Tyrosine

To synthesize 4-perfluoro-tert-butyl tyrosine, diazonium coupling chemistry
was used, due to tyrosine being an unsuitable substrate for the Mitsunobu reaction.
The Mitsunobu reaction requires the use of a primary or secondary sp® hybridized
alcohol as a substrate. While there are some examples of generating aryl ethers using
the Mitsunobu reaction, the reaction would require the use of perfluoro-tert-butanol as
the substrate, and there is poor precedent for Mitsunobu reactions on tertiary carbons.
Previously, diazonium coupling has been reported on an aromatic system with
perfluoro-tert-butanol.*® Diazonium couplings have been reported in the literature with
4-aminophenylalanine to synthesize 4-chloro-, 4-azido-, 4-tetrazole-, 4-thiol-, and 4-
selenol-phenylalanine derivatives, as well as phenylalanine derivatives containing
nitrogen and sulfur mustards..%5-"3 While this work focuses on the incorporation of the
perfluoro-tert-butyl ether, 4-diazonium-Phe is potentially a very useful reactive handle
which can be exploited for quick access to a variety of unique unnatural amino acids
using . This reaction was also demonstrated on the peptide in solution phase. This

amino acid was synthesized from the commercially available Fmoc-4-NH2-Phe using
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sodium nitrite and tetrafluoroboric acid using literature protocols (Figure 1.10). The
tetrafluoroborate salt was used as it is more stable than other diazonium salts.
Diazonium salts, however, should be handled with care, and this intermediate was not
characterized to minimize potential hazards. The Fmoc-4-(N2-BF4)-Phe was extracted
and the solvent was removed but it was not dried completely. The product was also
used immediately in the next reaction. Compound 19 was subjected to reflux overnight
in neat perfluoro-tert-butanol with an open reflux condenser to prevent explosion.
Fmoc-perfluoro-tert-butyl tyrosine (Compound 20) was also deprotected to produce
the free amino acid. The synthetic route to this amino acid for peptide use is one of the
highest yielding syntheses to an amino acid containing a perfluoro-tert-butyl ether.
The higher yield is, in part, due to the installation of the perfluoro-tert-butyl ether via
diazonium coupling over the Mitsunobu reaction, leading to higher yields, and the use
of Fmoc-protected starting materials, preventing the need for extra synthetic steps. The
Fmoc-perfluoro-tert-butyl tyrosine is synthetically accessible in less than 24 hours due
to the short synthetic route. All other derivatives require at least five days to

synthesize due to the number of synthetic steps required.
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Figure 1.10 Synthesis of perfluoro-tert-butyl tyrosine as Fmoc and free amino acid.

Due to the potential for epimerization of compound 21, the other enantiomer
was also synthesized and both amino acids were subjected to chiral HPLC. Chiral
columns were used which can separate enantiomers unlike standard HPLC columns.
Both the L-Fmoc-perfluoro-tert-butyl tyrosine and the o-Fmoc-perfluoro-tert-butyl
tyrosine were dissolved in methanol and subjected to chiral HPLC individually (Figure
1.11, top and middle). The two solutions of L-Fmoc-perfluoro-tert-butyl tyrosine and
p-Fmoc-perfluoro-tert-butyl tyrosine were also co-injected to verify the chiral HPLC

results (Figure 1.11, bottom).
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Figure 1.11 Analytical chiral HPLC chromatograms of purified 20 Fmoc-L-
Tyr(C4Fg)-OH (top), Fmoc-p-Tyr(C4Fe)-OH (middle), and co-injection
(bottom) (UV detection at 254 nm) using isocratic 20% isopropanol in
hexanes over 30 minutes on a Daicel ChiralPak 1A column (250 x 4.6
mm, 5 um particle, 1.0 mL/min). Compound 20 exhibited greater than
98% ee by integration.

The perfluoro-tert-butyl Tyr was also synthesized in solution on a fully
synthesized peptide (Figure 1.12). Purified Ac-T(4-NH2-Phe)PN-NH. was subjected
to diazonium salt formation as described above. The solvent was then removed and the
peptide was redissolved in perfluoro-tert-butanol. The solution was heated to 45 °C
for 18 hours. The peptide was then purified by HPLC to yield Ac-T(Tyr(CsFg))PN-
NH: (Figure 1.13). While this reaction was easily accomplished on a four residue
peptide, it was not a viable method for installing the perfluoro-tert-butyl tyrosine on
larger peptides. This reaction chemistry was also attempted on the MDM2 binding
peptide discussed in Chapter 2. No product was isolated by HPLC yielding peptide
containing perfluoro-tert-butyl tyrosine. This may be, in part, due to the steric demand
of the larger peptides preventing the perfluoro-tert-butanol from reacting with the
diazonium salt. Another potential explanation is these larger peptides may potentially
be self-associating, preventing access of the perfluoro-tert-butanol which may be

addressed using different peptides.
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Figure 1.12 Solution-Phase diazotization and synthesis of Tyr(C4F9) within peptides
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Figure 1.13 Purified Ac-T(4-NH2-Phe)PN-NH> (top) was converted to Ac-
T(Tyr(C4F9))PN-NH: via diazonium formation followed by heating at 45
°C with perfluoro-tert-butyl alcohol (middle, HPLC chromatogram,
absorbance at 215 nm). Diode array analysis (bottom) of this
chromatogram indicates that the other peaks visible in the HPLC
chromatogram lack the UV signature of peptides (maximum absorbance
below 220 nm) and thus are likely not the result of side reactions leading
to other peptide products. As observed, Ac-T(Tyr(C4Fg))PN-NH? has a
Amax below 230 nm, associated with absorbance of the amide bonds.
Thus, any compounds with a maximum absorbance greater than 230 nm
are not associated with the peptide, and are likely due to small molecule
impurities.

Other chemistries were explored also for the synthesis of this amino acid, but
these attempts were unsuccessful. A number of conditions were examined for use with
palladium and copper-catalyzed reactions to install the perfluoro-tert-butyl ether
(Figure 1.14. Parameters including temperature, solvent, and ligands were explored to
optimize reaction conditions all of which resulted in little (less than 5%) or no yield of
product. Reactions were screened by mass spectrometry and **F NMR to determine
the presence of product. The basis for exploring metal-catalyzed reaction chemistry
was due to the precedent for cross coupling tert-butanol to substituted benzene rings,
which are sterically similar to aromatic amino acids.”*"” While palladium- and copper-
catalyzed cross coupling can be incredibly robust systems, it is important to note that
the pKa of tert-butanol is 17 while the pKa of perfluoro-tert-butanol is around 5.7
This very large change in electronics is most likely the source of the lack of reactivity
in the case of perfluoro-tert-butanol. The reaction chemistry is dependent on the
basicity of tert-butoxide. Conversion of perfluoro-tert-butanol to the perfluoro-tert-

butoxide sodium salt, as is often used in tert-butanol coupling, did not result in
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substantial yield. This challenge was easily avoided by the use of diazonium coupling,

which resulted in 61% yield under atmospheric conditions.

OH CF, O._CF;
~0—CF, ngFs
CF;
Boc..,, OMe  Pdorcu > Boc.. OMe
H Ligand H
O Solvent O

No product observed

Figure 1.14 Attempts to generate perfluoro-tert-butyl tyrosine utilizing metal-
catalyzed reaction chemistry were unsuccessful. Both palladium and
copper were screened as potential catalysts, along with a number of
ligands, solvents, and temperatures.

1.2.5 Incorporation of Amino Acids Containing Perfluoro-tert-butyl Groups
into Peptides by Solid-Phase Peptide Synthesis

The addition of the perfluoro-tert-butyl ether adds significant steric bulk and
hydrophobicity to the amino acids synthesized. Under typical amide coupling
conditions (i.e. 8% DIPEA in DMF for 1 hr with HBTU) on Rink amide resin, no or
minimal coupling was observed with the perfluoro-tert-butyl hydroxyproline
derivatives while synthesizing peptides discussed in Chapter 3 (Abltide peptides). In
short, the purified Fmoc-perfluoro-tert-butyl hydroxyproline derivatives were coupled
using 2 equivalents of amino acid and HBTU. These coupling reactions led to very
little coupling as observed by HPLC and mass spectrometry. A number of conditions
were screened to optimize amide coupling reactions with these amino acids, including
variations of coupling reagents, coupling times, and resin. Both HBTU and HATU

were insufficient for coupling of the perflouro-tert-butyl hydroxyproline derivatives.
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This low reactivity was believed to be, at least in part, due to the hydrophobic nature
of these derivatives, as well as the steric demand of the derivatives. COMU has been
demonstrated to be a superior coupling reagent, especially for difficult to couple
amino acids such as Aib and Abu.” For this reason, it was used to couple both
hydroxyproline derivatives containing perfluoro-tert-butyl ethers. Amide coupling
reactions were carried out for 24 hr. While some coupling was observed after 12 hr, to
maximize yield, reactions were allowed to proceed at room temperature for 24 hr.
Despite better coupling reagents and increased reaction times, amide coupling
reactions were still problematic. Therefore, to increase peptide yield, NovaGel PEG-
polystyrene graft Rink amide resin (EMD Millipore) was used in place of Rink amide
resin.®% Solvation is key for difficult coupling reactions and allowing larger, more
hydrophobic amino acids. The introduction of polyethylene glycol increases solvation
leading to more access for sterically hindered amino acids. It should also be noted that
smaller peptides (i.e. tetramers) could potentially be synthesized as efficiently on Rink
amide resin; however, most of the peptides of interest were at least ten or more
residues, including helical model peptide systems and peptides for applications
discussed in Chapters 3. Furthermore, the amino acids containing the perfluoro-tert-
butyl ether can also affect coupling of later amino acids producing incomplete
sequences which can be difficult to purify by HPLC. To address this issue, which was
commonly observed in longer peptide sequences, HATU was used as a coupling
reagent after the perfluoro-tert-butyl amino acids were coupled and particularly at 3
branched amino acids and aromatics.

Amide coupling reactions with perfluoro-tert-butyl homoserine and perfluoro-

tert-butyl tyrosine were not as rigorously screened as the perfluoro-tert-butyl
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hydroxyproline derivatives. Both of these amino acids were incorporated into peptides
described in Chapter 2. Utilizing the experience of the perfluoro-tert-butyl
hydroxyproline derivatives, the PEG-polystyrene graft Rink amide resin was used
without exploring the use of Rink amide resin. Longer coupling times (12 to 24 hours)
were also used without examining shorter coupling times. Due to the less strained
nature of the homoserine and tyrosine derivatives, however, HATU was examined,
rather than COMU. Both perfluoro-tert-butyl homoserine and perfluoro-tert-butyl
tyrosine were coupled into peptides described in Chapter 2 as well as model peptide
systems discussed in later sections of this chapter utilizing HATU, as sufficient

coupling was observed via HPLC.

1.2.6 Purification of Peptides Containing Perfluoro-tert-butyl ethers

Peptides synthesized on solid phase are typically cleaved from resin and
deprotected, precipitated in cold ether, redissolved in aqueous solvent (e.g. buffer,
methanol, etc.), filtered, and then purified by HPLC. In peptides containing perfluoro-
tert-butyl ethers, however, ether precipitation was problematic. The purpose of ether
precipitation is to remove the organic impurities generated by deprotection of the
amino acids. Ether precipitation was first attempted with hydroxyproline derivatives in
the Abltide peptides discussed in Chapter 3 and model peptide systems. Upon HPLC
of these peptides, very little product was observed, even with the optimization of
amide bond couplings previously discussed. For these peptides, the ether layer used to
precipitate the peptide was dried and injected on the HPLC. A significant amount of
peptide product was observed by HPLC and confirmed by mass spectrometry. In many
cases, namely peptides discussed in Chapters 2 and 3, the peptides did not fully

precipitate, leaving a significant amount of material in the ether layer (as observed by
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HPLC) which is usually discarded. Precipitation was attempted in other solvents
utilizing the MDM2-binding peptides discussed in Chapter 2, including hexanes and
pentane; however, the problem of incomplete precipitation persisted. One possible
explanation for this low extent of precipitation is the presence of residual TFA, which
can interact with the perfluoro-tert-butyl group preventing ether precipitation. Another
potential explanation is that the perfluoro-tert-butyl group is non-specifically
associating with organic impurities in the mixture due to hydrophobic interactions.
Unless otherwise noted, peptides were not precipitated with ether prior to injection on

the HPLC.

1.2.7 Stability of Perfluoro-tert-butyl Ethers

There are very few compounds containing perfluoro-tert-butyl ethers in the
literature and little is known about their stability. While ethers are fairly robust in their
stability, the nine fluorines do introduce a significant electron withdrawing effect on
the C-O bond, potentially acting as a leaving group to reform perfluoro-tert-butanol
under acidic conditions. Decomposition of the perfluoro-tert-butyl ether was not
observed under any conditions with either hydroxyproline derivative or with
perfluoro-tert-butyl homoserine in any of the peptides synthesized throughout this
body of work.

In contrast, perfluoro-tert-butyl tyrosine was stable under most conditions,
with the exception of certain cleavage and deprotection conditions. Substituted
aromatic amino acids have the potential to decompose under TFA cleavage and
deprotection conditions. Upon subjection to cleavage and deprotection in 95% TFA
with 2.5% thioanisole and 2.5% water for 90 min, the product Ac-T(Tyr(CaF9))PN-

NH2 was afforded in good yield (Figure 1.15). Cleavage and deprotection in 90% TFA
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with 5% triisopropyl silane (TIS) and 5% water, however, led to elimination of the
perfluoro-tert-butyl ether (Figure 1.15). This product decomposition is most likely due
to hydride delivery via the TIS, allowing reaction with the perfluoro-tert-butyl alcohol
as a leaving group. The peptide side-product Ac-TFPN-NH> was isolated from the
cleavage and deprotection reactions utilizing TIS. The elimination product was
purified and characterized by HPLC, mass spectrometry, and *H and TOCSY NMR
spectroscopy, with the observed product identical to the previously synthesized
peptide Ac-TFPN-NH: (Figure 1.16). These results indicate that TIS should be
avoided during TFA cleavage and deprotection reactions with perfluoro-tert-butyl

tyrosine.
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Figure 1.15 HPLC chromatograms of cleavage and deprotection reactions of Ac-
T(Tyr(C4Fg))PN-NH2 in 95% TFA with 2.5% thioanisole and 2.5% water
for 90 min (top) and in 90% TFA with 5% TIS and 5% water for 3 hours
(bottom). No ether precipitation was used after TFA cleavage and
deprotection, which results in additional products derived from the
cleavage/deprotection reagent cocktail being observed by HPLC.

40



A RTORY L

10.0 8.0 60 40 20 0.0
3, ppm

Figure 1.16 *H NMR spectrum of the peptide Ac-TFPN-NH; in 90% H.0/10%D,0
with 5 mM phosphate buffer (pH 4) and 25 mM NaCl that was isolated
by HPLC at tr = 19.2 min from the cleavage and deprotection reaction of
Ac-T(Tyr(CaFo))PN-NH:2 with 90% TFA, 5% TIS, and 5% H-O for three
hours.

Due to the instability of the perfluoro-tert-butyl tyrosine under some cleavage
and deprotection conditions, we verified that the peptide was stable under optimized
cleavage and deprotection conditions as well as standard peptide synthesis conditions.
Purified Ac-T(Tyr(C4Fg))PN-NH2 was subjected to the optimized cleavage and
deprotection conditions as well as the cleavage conditions that promote elimination of
the perfluoro-tert-butyl group. After three hours in 90% TFA with 5% TIS and 5%
water, Ac-TFPN-NH2 was observed by HPLC (Figure 1.15). When subjected to
optimized TFA cleavage/deprotection conditions (95% TFA with 2.5% thioanisole
and 2.5% water), no elimination was observed after six hours (Figure 1.17). The
peptide was also stable for 24 hours under standard amide coupling (8% DIPEA in
DMF) (Figure 1.18) and standard Fmoc deprotection (20% piperidine in DMF)
(Figure 1.19), with no identifiable side products observed by HPLC. Collectively,

these results indicate perfluoro-tert-butyl tyrosine is stable under standard peptide
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synthesis conditions, with the exception of certain cleavage and deprotection

conditions, specifically utilizing TIS as a scavenger.
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Figure 1.17 HPLC chromatograms of cleavage and deprotection reactions on the
purified peptide Ac-T(Tyr(CsFg))PN-NH> (top) and peptide in 95% TFA
with 2.5% thioanisole and 2.5% water at 0 hours (to) (second) and 6
hours (third) (HPLC conditions: 0-60% buffer B in buffer A over 60 min
at 1 mL/min). Peptide and p-nitrobenzoic acid (internal standard) peaks
were integrated and indicated that minimal side reaction had occurred
over 6 hours. (bottom) Peptide in 90% TFA with 5% TIS and 5% water
for 3 hours (HPLC conditions: 0-60% buffer B in buffer A over 60 min at
4 mL/min).
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Figure 1.18 Ac-T(Tyr(CsF9))PN-NH> is stable in DMF with 8% DIPEA for a
minimum of 24 hours at room tempearture. Purified Ac-
T(Tyr(CsF9))PN-NH: (top) was subjected to a solution of 8% DIPEA in
DMF with p-nitrobenzoic acid as a standard. HPLC chromatograms were
recorded at time = 0 (center) and 24 hours (bottom) using a 60 minute
linear gradient of 0 to 70% buffer B (20% H»0, 80% acetonitrile, 0.05%
TFA) in buffer A (98% H20, 2% acetonitrile, 0.06% TFA). Integration of
the standard and the peptide peaks, as well as the absence of new peak
formation, demonstrate that the peptide Ac-T(Tyr(C4F9))PN-NH: is
stable under these conditions.
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Figure 1.19 Ac-T(Tyr(CaF9))PN-NH> is stable in DMF with 20% piperidine for a
minimum of 24 hours at room temperature. Purified Ac-
T(Tyr(CaF9))PN-NH: (top) was subjected to a solution of 20% piperidine
in DMF with p-nitrobenzoic acid as a standard. HPLC chromatograms
were recorded at time = 0 (center) and 24 hours (bottom) using a 60
minute linear gradient of 0 to 70% buffer B (20% H20, 80% acetonitrile,
0.05% TFA) in buffer A (98% H»0, 2% acetonitrile, 0.06% TFA).
Integration of the standard and the peptide peaks, as well as the absence
of new peak formation, demonstrate that the peptide Ac-
T(Tyr(C4F9))PN-NH: is stable under these conditions.

1.2.8 Detection Limit of Peptides Containing a Perfluoro-tert-butyl Group via

BENMR

In order to demonstrate that peptides containing perfluoro-tert-butyl ethers
might be effective 1°F-based probes, we examined two synthesized peptides to
determine the detection limit of these systems. The designed amino acids exhibit a
significant advantage, allowing for detection at much lower concentration than other
fluorinated probes. Many other fluorinated probes require at least mid-micromolar
levels or long acquisition times for detection by '°F NMR. All °F NMR data were
collected without the use of a proton decoupler. The 4R-perfluoro-tert-butyl
hydroxyproline in the peptide Ac-((Hyp(CaF9)) KAAAAKAAAAKAAGY-NH: was
examined by °F NMR. The peptide was diluted to 200 nM in 5 mM phosphate buffer
at pH 4 with 25 mM NaCl and 10% D-O. The °F NMR experiment was performed
with a 7 ppm sweep width and 128 scans (5 minutes and 23 seconds) (Figure 1.20).
The °F NMR spectrum shows a single, narrow peak at -70.6 ppm, clearly
demonstrating that this peptide can be detected in approximately 5 minutes with good

signal-to-noise (S/NR = 7).
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Figure 1.20 200 nM of Ac-((2S,4R)-Hyp(CaF9)) KAAAAKAAAAKAAGY-NHzin
water with 5 mM phosphate buffer (pH 4) with 25 mM NaCl and D20.
Data were collected in 5 minutes and 23 seconds with 128 scans with 7
ppm sweep width. The data was collected with 7228 points (AQ = 0.91)
and zero filled to 8192 points. Data were processed with an exponential
multiplier and a line broadening of 2 Hz. Signal to noise ratio was
calculated by the SNR peak calculator in MestReNova version 8.

The peptide containing perfluoro-tert-butyl tyrosine was also examined under
the same conditions as described above. The peptide Ac-T(Tyr(C4F9))PN-NH2 was
diluted to either 200 or 500 nM under the same conditions and subjected to the same
F NMR experiment described above. Again, a sharp singlet was visible by °F NMR
in 5 minutes with good signal-to-noise (S/NR = 7) (Figure 1.21). To further expand on
the detection limit, this peptide was also examined by *°F NMR spectrum at 500 nM in
5 mM phosphate buffer at pH 4 with 25 mM NaCl and 10% D-O, in order to
determine the minimum amount of time required for detection in the nanomolar
regime (Figure 1.22). Three different NMR experiments were performed using 4
dummy scans, 0.8 second acquisition time, and 3.0 second relaxation delay with
decreasing number of scans (time). The first experiment was completed with 32 scans

(2 minutes 18 seconds) which produced a large singlet with signal-to-noise = 19.6.
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The second experiment was completed with 16 scans (1 minute 16 seconds) which
produced a large singlet with signal-to-noise = 14.3. The final experiment was
completed with 8 scans (46 seconds) and produced a large singlet with a signal-to-
noise = 8.9. One final experiment was used to determine the minimum amount of time
that could be used to detect the Ac-T(Tyr(CaFe))PN-NH; peptide at 500 nM. The °F
NMR spectrum was completed with 8 scans, with, only 2 dummy scans used, and a
2.0 second relaxation delay, in order to reduce experiment time down to 28 seconds
(Figure 1.23). A singlet was visible by *°F NMR with signal-to-noise = 10.1 These
data demonstrate that the perfluoro-tert-butyl ether is easily detectable at 500 nM in 30
seconds by F NMR.

WMMNMMWWW I Al i

J
-68.8 -68.9 -69.0 -69.1 -69.2 -69.3 -69.4
6, ppm

Figure 1.21 °F NMR spectrum of the peptide Ac-T(Tyr(CaFs))PN-NH2 in 90%
H20/10% D20 with 5 mM phosphate buffer (pH 4) and 25 mM NaCl at
200 nM peptide concentration. Data were collected in 5 minutes and 23
seconds with 128 scans, S/N = 7.4. The data were collected with 0.91
seconds acquisition time and a 3.0 second relaxation delay. Data were
processed with exponential multiplication and a line broadening of 2 Hz.
Signal-to-noise ratio was calculated by the SNR peak calculator in
MestReNova version 10.
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Figure 1.22 °F NMR spectrum of the peptide Ac-T(Tyr(CsFs))PN-NH; in 90%
H20/10% D20 with 5 mM phosphate buffer (pH 4) and 25 mM NaCl at
500 nM peptide concentration. Data were collected as above using 8
scans (28 sec), S/N = 10.1. Experiments were conducted with 2 dummy
scans, 0.8 sec acquisition time, and a 2.0 sec relaxation delay. Signal-to-
noise ratio was calculated by the SNR peak calculator in MestReNova
version 10.
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Figure 1.23 °F NMR spectra of the peptide Ac-T(Tyr(CaFs))PN-NH2 in 90%
H20/10% D20 with 5 mM phosphate buffer (pH 4) and 25 mM NaCl at
500 nM peptide concentration. Data were collected as above using 32
scans (2 min, 18 sec), signal-to-noise ratio (S/N) = 19.6 (top); 16 scans (1
min, 16 sec), S/N = 14.3 (middle); or 8 scans (46 sec), S/IN = 8.9
(bottom). Experiments were conducted with 4 dummy scans, 0.8 sec
acquisition time, and a 3.0 sec relaxation delay. Signal-to-noise ratio was
calculated by the SNR peak calculator in MestReNova version 10.
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One notable characteristic of the °F NMR spectra is the presence of only one
peak (Figures 1.21 to 1.23). In the case of both perfluoro-tert-butyl hydroxyproline
derivatives in the Ac-TYXN-NH: peptide system, two peaks were visible
corresponding to the cis and trans conformations. In the Ac-TXPN-NH2 system where
X = Tyr(C4Fo), only one peak is visible. This single peak is most likely a result of the
cis and trans peaks being magnetically equivalent. The chemical shift dispersion
between the cis and trans peaks is less than the peak width leading to a single peak by
F NMR. While being able to differentiate between cis and trans populations can be
useful, the two peaks being magnetically equivalent will simply the spectrum when the
perfluoro-tert-butyl tyrosine is applied to various biological systems.

These F NMR experiments demonstrate the power of the perfluoro-tert-butyl
ether to be used as a °F NMR or MRI probe. While all the experiments presented here
are NMR-based, these probes can be used directly with °F MRI experiments. One
common application for F MRI is as a tracer in which higher concentrations of
fluorinated probes collect in targeted areas. One example of this is the use of
fluorinated curcumin derivatives which associate with 3-amyloid structures in
Alzheimer’s Disease mouse models (Figure 1.24). Utilizing trifluoromethyl groups,
these structures could be detected at 100 mg/kg when injected into the mouse tail
vein.8! Using a perfluoro-tert-butyl group would allow detection at less than a third of
that concentration as the perfluoro-tert-butyl ether contains nine equivalent fluorines
rather than three. This improvement to the probe would potentially significantly
reduce the cost required for **F MRI due to a significant decrease in the amount of
material required and the amount of instrument time required to collect the data with

the same signal-to-noise. This approach also would greatly increase the sensitivity of
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1%F MRI. In the previous example using *°F labeled curcumin derivatives, experiments
were performed at higher concentrations (200 mg/kg) resulting in much sharper
images showing a greater area of R-amyloid formation than lower concentrations. The
perfluoro-tert-butyl ether would be detectable faster at lower concentration, resulting

in potentially superior images.

Figure 1.24 Previously synthesized curcumin derivatives utilizing trifluoromethyl
groups could potentially benefit from improved detection utilizing
perfluoro-tert-butyl ether groups.

1.2.9 Determination of the Conformational Preferences of Amino Acids
Containing Perfluoro-tert-Butyl Ethers within an a-Helical Model Peptide
Context

The a-helix constitutes 40% of folded structures within the protein data bank.
These a-helices are known to be involved in recognition at protein-protein interfaces,
tertiary structure of proteins, and in trans-membrane segments of membrane
proteins.?8% One of the major drawbacks to incorporating fluorine into amino acids is
that the a-helical propensity is greatly decreased compared to non-fluorinated
analogs.'®?’ The reduction in a-helical propensity is problematic, especially for
protein engineering, as it can prevent proper folding of proteins or preventing proper
binding to a protein target. In order to consider applications involving compact
secondary structures like a-helices, we need to quantify a-helical propensity for the

perfluoro-tert-butyl hydroxyproline and homoserine derivatives. Aromatic amino
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acids such as Phe and Tyr, generally have similar propensities for a-helical structures.
® The perfluoro-tert-butyl tyrosine was not examined because the perfluoro-tert-butyl
ether is sufficiently far from the peptide backbone that it most likely would not impact
a-helical structure.

Aliphatic amino acids are known to promote a-helical structure. Leu, lle, Lys,
and Ala are commonly found in a-helical segments in proteins. While proline usually
disrupts a-helices when found in the middle of the helix, proline can also signal the
start of a helix.>>2 There is a substantial body of work looking at model systems
utilizing alanine-rich peptides. All of the canonical amino acids have been examined at
various points in the helix, as have a large number of unnatural amino acids. Amino
acids which favor a-helices in decreasing order as follows: Ala, Leu, Arg, Met, Lys,
Glu, lle, Trp, Ser, Tyr, Phe, Val, His Asn, Thr, Cys, Asp, Gly.82 Using this scale, we
can quantify the propensity of our designed amino acids to determine if a-helical
based applications are possible using amino acids containing a perfluoro-tert-butyl
ether. 4S-Perfluoro-tert-butyl hydroxyproline, 4R-perfluoro-tert-butyl hydroxyproline,
and perfluoro-tert-butyl homoserine were all incorporated into the Baldwin model
peptide Ac-XKAAAAKAAAAKAAGY-NH: and examined by CD (Figure 1.25).
This peptide model system has previously been used by the Zondlo lab to explore the
effect of phosphorylation and OGIcNAcylation on a-helical structure. We found that a
full range of a-helical propensities was possible with the three perfluoro-tert-butyl
containing amino acids examined. The perfluoro-tert-butyl homoserine (36% helical),
while not as helix promoting as some of the more helix-promoting residues such as
Ala, was very similar to proline (38% helical) at the N-terminus (Table 1.2).5

Furthermore, in very similar peptides, perfluoro-tert-butyl homoserine has a similar a-
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helical propensity to Met, demonstrating the potential of this particular amino acid
being used as a Met mimic. The perfluoro-tert-butyl homoserine, based on these data,
may potentially be used as a fluorinated amino acid that can stabilize, rather than
destabilize, a-helical structure. The perfluoro-tert-butyl hydroxyproline derivatives
were less a-helical than proline, 24% for the 4R- and 19% for the 4S-perfluoro-tert-
butyl hydroxyproline, but interestingly these amino acids were not the same (Table
1.2). These data, while interesting, are unsurprising. The preferences of 4R- and 4S-
substituted proline residues have been established. As stated previously in Figure 1.5,
4R-substitued proline derivatives favor the exo ring pucker and more compact
structures while 4S-subsititued proline derivatives favor the endo ring pucker and
more extended structures. Based on this analysis, we expect, and observe, that 4S-
perfluoro-tert-butyl hydroxyproline is less a-helical promoting. In contrast, the 4R-
perfluoro-tert-butyl hydroxyproline is more a-helix promiting relative to the 4S. Both
hydroxyproline derivatives, however, are less a-helix promoting than Pro. In fact,
these amino acids are less a-helical than any of the canonical amino acids examined
within this context and similar peptides. The reduction in a-helical propensity is
similar to previous data indicating fluorine destabilizes a-helices. There is also
potential for the side chain, which in the case of the perfluoro-tert-butyl
hydroxyproline derivatives but not the perfluoro-tert-butyl homoserine, to project
forward or back, interacting with neighboring residues. While these data demonstrate
that perfluoro-tert-butyl homoserine can be used in an a-helix, the hydroxyproline data
shows these two amino acids to be unique from each other despite their structural

similarities as per previous observations in Pandey et al. previous observations.*?
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Figure 1.25 CD spectra of peptides with (2S,4R)-Hyp(CaFo) (red circles), (2S,2S)-
hyp(C4Fo) (blue squares), Hse(CsFo) (green diamonds) as the guest (X)
residue Ac-XKAAAAKAAAAKAAGY-NH2 model a-helical peptides.
Population of a-helix is indicated by the magnitude of the negative band
at 222 nm or the ratio [0]222/[0]208.
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[0]222 [0]208 [0]190

X = deg cm? deg cm? deg cm?  [0]222/[0]208  —[0]190/[0]222 ‘;ﬁﬁ;
dmol! dmol! dmol!
Ser? -16621 -16434 32243 1.01 1.96 50%
Thr” -14863 -15423 27161 0.96 1.76 45%
Pro* -12030 -13891 16191 0.87 1.17 38%
Hse(CaFo) -11513 -14962 19519 0.77 1.70 36%
Hyp(C4Fo)" -6840 11042 7380 0.67 1.08  24%
hyp(CaFo)” -4990 7846 5088 0.64 101 19%
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Table 1.2  Circular dichroism data for peptides with the indicated guest residues X
in the a-helical model peptide host system Ac-
XKAAAAKAAAAKAAGY-NH:. Extent of a-helix is identified by
mean residue ellipticity at 222 nm ([0]222) or via the ratios [0]222/[0]208 OF
—[0]190/[0]222. % a-Helix was determined via the method of Baldwin, as
described previously. Ser and Thr are highly stabilizing to a-helices at
their N-terminus due to the hydrogen bonding with the unsatisfied amide
N-H hydrogen bond donors.

1.2.10 Determination of Conformational Preferences within a Polyproline Il
Helical Context

Another common compact secondary structure observed in proteins, especially
at protein-protein interfaces, is the polyproline 11 (PP1I) helix. PPII helices are defined
by all trans amide bonds, with 3 residues per turn in an extended left-handed helix.®®
These structures are more common in proline-rich sequences such as in the tau protein
and in SH3 binding domains.*3848 We chose to examine all three of the aliphatic
amino acids within this system. Previous data from Brown and Zondlo demonstrate
that some aliphatic amino acids aside from proline, most notably Leu, readily form a
stable PPII helix as observed in the Ac-GPPXPPGY -NH; peptide model system.*® In
contrast, B-branched aliphatic amino acids, such lle, Val, and tert-Leu, strongly
disfavor PPII helices, most likely due steric clash between the side chain and the side
chain of the following residue. To date, there are no data on the propensities of highly
fluorinated amino acids in PPII helices. Based on data in sterically demanding amino
acids, however, highly fluorinated amino acids would be expected to destabilize PP1I
structures. We examined both hydroxyproline derivatives as well as perfluoro-tert-
butyl homoserine in the Ac-GPPXPPGY-NH2 peptide model system to determine the
PPII helix propensities of these amino acids. 4R-Perfluoro-tert-butyl hydroxyproline
has a higher propensity for PPII helices than proline, while 4S-perfluoro-tert-butyl

hydroxyproline has a significantly lower propensity than proline (Figure 1.26). These
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data are again consistent with the data observed by Pandey et al. which demonstrated
that 4R-perfluoro-tert-butyl hydroxyproline favors compact structures and trans amide
bonds while 4S-perfluoro-tert-butyl hydroxyproline favors more extended structures
and cis amide bonds. These data are consistent with the PPII helix-promoting trends of
4R- and 4S-fluoroproline, where 4R-fluoroproline is more PPII helix-promoting than
Pro, and 4S-fluoroproline is less PPII helix-promoting than Pro. The perfluoro-tert-
butyl homoserine is significantly less PPII favoring than Leu; however, it is in the
same range as other similar aliphatic amino acids, including Met and unmodified
homoserine (Table 1.3). These data indicate the perfluoro-tert-butyl ether
modification, in the case of homoserine, is having little impact on the ability of the
amino acid to adopt a PPII helix structure. Despite the sterically demanding nature of
the perfluoro-tert-butyl ether modification, this amino acid is far more PPII helix
promoting than Val, Thr, and lle. These data again support that perfluoro-tert-butyl
homoserine could potentially be used as a highly fluorinated amino acid that stabilizes
compact secondary structures and could potentially act as a structural Met mimic
within applied systems. All of these data taken together demonstrate that a large range

of helical propensities are accessible via the designed perfluoro-tert-butyl amino acids.
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Figure 1.26 CD spectra of peptides with (2S,4R)-Hyp(CsFo) (red circles), (2S,4S)-
hyp(C4Fo) (blue diamonds), Hse(CaFo) (green squares) as the guest (X)
residue in Ac-GPPXPPGY-NH: peptides. Polyproline helix (PPII) is
indicated by the magnitude of the positive band at ~228 nm. The peptide
with X=Pro exhibits an intermediate structure between the perfluoro-tert-
butyl hydroxyprolines.
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Table 1.3

X= [0]228
deg cm?

dmol!

Hyp(C4Fo) 3370¢
Pro 2950°
Leu 2230°
hyp(C4Fo) 1700¢
Hse(C4Fo) 1496
Hse 1390°
Met 1380°
Ser 460°
Val -120°
tert-Leu -940°

Circular dichroism data for peptides with the indicated guest residues X
in the polyproline helix model peptide host system®® Ac-GPPXPPGY -

NHo.. Extent of polyproline helix is identified by mean residue ellipticity
at 228 nm ([0]228), with more positive numbers indicating greater extent
of polyproline helix.

1.2.11 Aromatic Electronic Effects of a Perfluoro-tert-butyl Ether

The perfluoro-tert-butyl ether

has the potential

to

impact cis-trans

isomerization, which is critical in protein folding, due to an electronic change of an

aromatic system, as discussed in Section 1.1.6. In the case of the perfluoro-tert-butyl
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tyrosine, we set out to quantify the effect of the perfluoro-tert-butyl group on the
aromatic electronics. Fluorinated amino acids are known to favor beta structure within
a protein context, often disrupting other types of secondary structures. Fluorine is a
highly electronegative atom which can affect the conformational preferences within an
aromatic-proline sequence, which can be observed in an increase in the Kgransscis ratio.
Perfluoro-tert-butyl tyrosine was introduced into the Ac-TXPN-NH peptide model
system. All canonical aromatic amino acids as well as a large set of unnatural aromatic
amino acids have previously been examined within this context.?® 'H NMR
spectroscopy of the amide region was used to quantify the Kiranscis of 4.1 (AG = -0.83
kcal mol™?) for perfluoro-tert-butyl tyrosine, compared to Ac-TYPN-NH; which has a
Kiransicis of 2.7 (AG = -0.59 kcal mol?) (Figure 1.27). Compared to the other
fluorinated examples, such as 4-CFs-Phe (Kiransicis of 4.7; AG = -0.92 kcal mol™?), the
perfluoro-tert-butyl ether is intermediate electronically between tyrosine and the
fluorinated analogs.

Comparison of the *H and TOCSY spectra of the peptides peptides Ac-TYPN-
NH2 and Ac-T(Tyr(CaF9))PN-NH: also indicates minimal changes as a result of the
addition of the perfluoro-tert-butyl group (Figure 1.28-1.35). The protons on the
aromatic ring are modestly shifted downfield, as a result of the perfluoro-tert-butyl
modification. There is also minimal change in chemical shift in the amide region,
which is consistent with a modestly electron-withdrawing substitution on the aromatic
ring (Table 1.5 and 1.6). Full analysis of the TOCSY spectra also indicates similar

chemical shifts for all non-aromatic amino acids.

63



9.0 8.5 8.0 7.5 7.0 6.5
5, ppm

Figure 1.27 'H NMR spectra (amide-aromatic region, 90% H>0/10% D;0, 25 mM
NaCl, 5 mM phosphate pH 4) of peptides with X = Tyr (blue) and X =
Tyr(C4Fo) (red). Chemical shift comparisons can be found in Tables 1.5

and 1.6
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0, Tyr(CsFo), trans  6,Tyr(C4Fo), cis 0, Tyr, trans o, Tyr, cis
Hn~ 8.40 8.39 8.31 8.39
Ha 4.92 4.62 4.90 4.90
Hp1 2.93 3.03 2.86 291
Hp2 3.20 3.20 3.12 3.03
Ring 7.33,7.29 7.33,7.28 7.17,6.89 7.14, 6.88
Pro Ha 4.40 4.00 4.42 1.83
Table 1.4  Chemical shift comparisons for Tyr(CasFe) and Tyr protons within the

peptides Ac-T(Tyr(CaFo))PN-NH2 and Ac-TYPN-NH: in 90% H20/10%
D>0 with 5 mM phosphate buffer (pH 4) and 25 mM NacCl.
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Tyr(CsFo)  3Jon, Tyr 3N,  Tyr(CaFo)  Jun,  Tyr 3 JaNs

trans, ppm Hz trans, ppm Hz cis, ppm Hz cis,ppm Hz
Thr | 7.96 8.0 8.20 8.0 8.07 8.0 8.13 8.1
Tyr | 8.40 8.4 8.29 8.3 8.39 nd. 837 8.4
Asn | 8.49 7.3 8.40 8.4 8.68 7.2 8.61 8.6
Table 1.5  Chemical shift and coupling constant comparisons for amide protons of

the peptides Ac-T(Tyr(CaFg))PN-NH and Ac-TYPN-NH:z in 90%

H20/10% D>0 with 5 mM phosphate buffer (pH 4) and 25 mM NaCl.

The Tyr(C4Fs) cis 2Jun coupling constant was not determined due to

spectral overlap with Tyr(CsFo) trans peak.
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d, ppm

Figure 1.28 'H NMR spectrum of the peptide Ac-T(Tyr(CsFs))PN-NH; in 90%
H20/10% D>0 with 5 mM phosphate buffer (pH 4) and 25 mM NaCl.

10.0 8.0 60 40 20 0.0
o, ppm

Figure 1.29 H NMR spectrum of the peptide Ac-TYPN-NH: in 90% H,0/10% D,0
with 5 mM phosphate buffer (pH 4) and 25 mM NacCl.
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"H (ppm)

Figure 1.30 TOCSY spectrum of the peptide Ac-T(Tyr(C4Fg))PN-NH: in 90%

H20/10% D>0 with 5 mM phosphate buffer (pH 4) and 25 mM NaCl.
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Figure 1.31 TOCSY spectrum of the peptide Ac-TYPN-NH: in 90% H>0/10%D-0
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with 5 mM phosphate buffer (pH 4) and 25 mM NacCl.

69



8 6 0
04 i O
»
21 -2
.
’!
0
€
o
\% 4 ..ol —4
z
' of
3 0t
6 -6
nr
At
4 N
: ] [
8- - -8
ﬂ"
5 & 0

Figure 1.32 Superposition of the TOCSY spectra of the peptides Ac-
T(Tyr(C4F9))PN-NH: (red) and Ac-TYPN-NH; (blue) in 90% H>0/10%
D.0O with 5 mM phosphate buffer (pH 4) and 25 mM NacCl.
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Figure 1.33 Fingerprint region of the TOCSY spectrum of the peptide Ac-
T(Tyr(CaF9))PN-NH: in 90% H.0/10% D-O with 5 mM phosphate
buffer (pH 4) and 25 mM NaCl.
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Figure 1.34 Fingerprint region of the TOCSY spectrum of the peptide Ac-TYPN-NH>
in 90% H20/10% D>0 with 5 mM phosphate buffer (pH 4) and 25 mM
NaCl.
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Figure 1.35 Superposition of the fingerprint region of the TOCSY spectra of the
peptides Ac-T(Tyr(CsFgo))PN-NH> (red) and Ac-TYPN-NH (blue) in
90% H20/10% D>0 with 5 mM phosphate buffer (pH 4) and 25 mM
NaCl.
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1.2.12 Calculation of the Hammett Sigma Constant of a Perfluoro-tert-butyl
Ether

Hammett constants (o) are a measure of electron-donating or electron-
withdrawing effects of functional groups on an aromatic system.}” The o value is
determined by measuring the pKa of substituted benzoic acids. The location of the
substituent on the aromatic ring gives rise to differing o values, where Opara 1S a
measure of both resonance and inductive effects, while Gmeta is primarily a measure of
the inductive effects Currently, there is no measured value for the perfluoro-tert-butyl
ether group. In order to understand the electronic properties of the synthesized amino
acid, the o value for the perfluoro-fert-butyl ether was calculated. Previously in the
Zondlo lab, a linear free energy relationship between the log(Kirans/cis) in Ac-T(4-Z-
Phe)PN-NH:; peptides and ¢ value of Z of 4-Z-Phe amino acids was established. A
series of peptides was synthesized with known o values of the 4-substituent (Z).% The
Kirans/cis was calculated by measuring the ratio of trans and cis amide bond populations
by '"H NMR. The series of peptides covered both a large range of Kians/cis values, and
the data were fit to both Opara and Ometa values. The calculated Opara value for the 4-
perfluoro-tert-butyl ether is 0.30 using equation (1) with p=0.295.%8 The Gpara value is
seemingly low for a derivative containing nine fluorine atoms; however, it has
previously been demonstrated that both distance from the ring and ether linkages
minimize the electron-withdrawing effect of multiple fluorines.®” In this case, all nine
fluorines are four bonds separated from the aromatic ring. As seen in Table 1.7, the
addition of an ether linkage significantly reduces the electron-withdrawing effect in all
previously examined cases. This observation can be attributed to the electron-donating
nature of oxygen. Furthermore, as the fluorines move further away from the ring

system, they have less of an electron-withdrawing effect on the ring system (Table
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1.8). The Omea value for a perfluoro-tert-butyl ether substitution is 0.31 calculated

using equation (2) with p=0.328.%°

(1) log(Airans/cis) = 0.2954Gpar, + 0.523
2) log(Airans/cis) = 0.32856meta + 0.511

Substituent Gpara Ometa | Substituent Gpara  Ometa
CH3 -0.17 | -0.07 | CF3 0.54 |0.43
OCH3 -0.27 1 0.12 | OCF; 0.35 | 0.38
O-tBu -0.29 O(C4Fy) 0.07 [0.23

Table 1.6 Trends in both Gpara and ometa Values for ether substitutions show similar
trends.

Substituent | ¢ para Ometa

CHF; 0.32 |0.29
OCHF, 0.18 |0.31
CF2CF3 0.52 |047

OCF2CF3 | 0.28 |0.48

Table 1.7 The perfluoro-tert-butyl butyl ether follows similar trends to other
fluorinated substitutions. As the fluorine atoms move further away from
the ring, less electron withdrawing nature is observed.
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1.3 Summary and Discussion

We have demonstrated the synthesis of four unique highly fluorinated amino
acids via the incorporation of a perfluoro-tert-butyl ether into multiple classes of
amino acids, including cyclic (proline), aliphatic, and aromatic amino acids. This
modification was made via the Mitsunobu reaction in the case of the hydroxyproline
derivatives and the homoserine derivatives, or via diazonium coupling for the tyrosine
derivatives, using the commercially available perfluoro-tert-butanol. All four amino
acids were synthesized as Fmoc-protected monomers for incorporation into peptides
via solid phase peptide synthesis. In synthesizing peptides with these amino acids, we
found amide bond coupling reactions with these amino acids are slow. These amino
acids can easily be incorporated utilizing longer reaction times, superior coupling
reagents, and PEG-polystyrene graft resin for solid-phase peptide synthesis.
Furthermore, the perfluoro-tert-butyl group can also be installed directly on the
peptide as was demonstrated on solid phase by Pandey et al. with the hydroxyproline
derivatives and in solution with the tyrosine derivative. Due to the sterically
demanding nature of the perfluoro-tert-butanol and the sterics of incorporation into
peptides, it may not be possible to utilize this chemistry on peptides in all cases.

All four amino acids containing perfluoro-tert-butyl were placed into
previously established peptide model systems to determine their conformational
preferences. Both hydroxyproline derivatives and the homoserine derivative were
incorporated into the model peptide contexts Ac-GPPXPPGY-NH: and Ac-
XKAAAAKAAAAKAAGY-NH2, which were used to quantify PPII and a-helix
propensity, respectively. These data demonstrated that the designed amino acids all
contain unique propensities for secondary structures. The 4R-perfluoro-tert-butyl

hydroxyproline strongly favors PPII helices, but relative to other amino acids,
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disfavors a-helices. The 4S-perfluoro-tert-butyl hydroxyproline, relatively disfavors
any compact structure compared to 4R-perfluoro-tert-butyl hydroxyproline, but is
more PPII favoring than many amino acids. The perfluoro-tert-butyl homoserine
relatively favors a-helical structure and favorably adopts PPII helix structures, making
it a unique highly fluorinated amino acid which can be introduced into more compact
secondary structures without destabilizing them. These data, taken together,
demonstrate a wide range of conformation preferences and, in turn, the potential for a
wide range of potential applications.

Perfluoro-tert-butyl tyrosine was examined in the Ac-TXPN-NH2 model
system, which allowed for characterization of the electronic effect of the perfluoro-
tert-butyl ether, which has not been previously established. Only one other example of
a perfluoro-tert-butyl aryl ether was previously synthesized. Through NMR analysis,
we have demonstrated that the perfluoro-tert-butyl ether modification to an aromatic
system is electronically conservative relative to other electron-withdrawing groups,
despite the steric bulk associated with the perfluoro-tert-butyl ether. We were able to
calculate Hammett constants for the perfluoro-tert-butyl ether, which was previously
not measured due to the lack of perfluoro-tert-butyl ethers previously synthesized.
These data imply that the perfluoro-tert-butyl tyrosine could potentially be used as a
mimic for aromatic amino acids and large hydrophobic residues such as Tyr and Trp.

Having characterized all of these amino acids, we would like to design
applications for each derivative, emphasizing the unique nature of each amino acid.
One potential application for all of these amino acids is protein engineering via
incorporation by expression of unnatural amino acids. While the technology for

incorporating proline-based unnatural amino acids is currently in development, other
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aliphatic amino acids and aromatic amino acids are commonly expressed using a
variety of techniques such as expression in auxotrophic bacterial or the Amber
suppression method, which utilizes a redundant stop codon and mutant tRNA
synthestases to incorporate unnatural amino acids. This approach has been
demonstrated for various Met and Leu derivatives, as well as a large subset of Phe and
Tyr derivatives, including 4-trifluoromethyl-Phe. These amino acids could potentially
be expressed within proteins as tracers/trackers, probes for protein folding, structural
sensors, localization probes, posttranslational modification sensors, and protein-
protein interaction sensors.

The most likely encodable probe is the perfluoro-tert-butyl tyrosine. Based on
previous work in other labs, nearly 30 different aromatic amino acids have been
expressed, including fluorinated amino acids as well as tert-butyl tyrosine.%-%
Sterically, tert-butyl tyrosine and perfluoro-tert-butyl tyrosine are very similar. Both
of these amino acids have free rotation around the tert-butyl ether, which make them
ideal magnetic resonance probes (Figure 1.36). Chen et al. demonstrated that tert-
butyl tyrosine could be expressed in DnaB helicase and Sortase A utilizing p-
cyanophenylalanyl-tRNA synthetase for site specific incorporation in bacterial cells.%
The protein containing tert-butyl tyrosine was subjected to analysis by *H NMR. The
tert-butyl tyrosine displays a large singlet by *H NMR around 1.2 ppm, which is not
present in the wildtype protein. The sortase A was also expressed and observed by ‘H
NMR. The 'H NMR spectrum of the sortase A also displayed a large singlet around 1
ppm. Sortase A, however, natively binds calcium ions. Upon addition of calcium to
the apo-protein, a small chemical shift change is observed. Despite being the largest

peak by *H NMR, both proteins contain a large amount of hydrogen atoms, all of
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which are visible by *H NMR leading to a large of number of peaks in the spectrum.
Perfluoro-tert-butyl tyrosine is similar enough to tert-butyl tyrosine that it could
potentially be expressed using the same system without the drawback of competing

signals.

O +CHs O CF;
CH
CH; ° CcFors

OH OH
H2N HzN

O
tert-butyl Tyr perfluoro-tert-butyl Tyr
(Tby) (Tyr(C4Fo))

Figure 1.36 tert-Butyl tyrosine (Thy) and its fluorinated analogue. Arrows indicate
bond rotations that result in isotropic averaging of the NMRactive 1 H
nuclei in Thy, even in large proteins

One particularly interesting application of these amino acids in expressed
proteins is using antibodies to detect extracellular markers. There are many examples
of expression or overexpression of extracellular, membrane associated-receptors in
cancer. One of these such examples is the overexpression of nuclear hormone
receptors in certain types of cancer including breast cancer and prostate cancer.®® In
some types of breast cancer either or both the estrogen receptor and the receptor
tyrosine-protein kinase ErbB-2 (Her2) proteins are overexpressed, leading to an
increase in transcription and unchecked proliferation of cells.® In the case of prostate
cancer, the androgen receptor is overexpressed, also leading to increased

transcription.®” Current therapeutics target these receptors to specifically target cancer
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cells. Herceptin is an antibody used for the treatment of Her2-positive breast cancers,
and is currently being used very successfully to treat all stages of breast cancer.%%
There are also new, very promising immunotherapies both recently approved and
currently in development or clinical trials for cancer treatment.*® The future of many
cancer treatments are utilizing antibody-based immunotherapy. We believe that these
therapies could be improved with the use of fluorinated amino acids. Current
immunotherapies cannot be imaged during treatment. Incorporation of amino acids
containing perfluoro-tert-butyl groups into these antibodies could be used to detect
cancer or track the growth and/or death of cancer cells during immunotherapy
treatment. The high signal-to-noise ratio of the perfluoro-tert-butyl amino acids would
greatly benefit imaging of cancer cells, allowing even small groups of cells to appear
on an image where traditional imaging could potentially fail.

Another potential application for expressed amino acids containing perfluoro-
tert-butyl groups is in the detection of tumor metastasis. Tumor invasion and
metastasis is known to activate extracellular matrix metalloproteinases (MMP), which
are used in tissue remodeling.1°® MMPs break down proteins to clear space and allow
for healthy cell growth, but these pathways are activated by tumor cells as the cells
prepare to invade the surrounding tissues. Currently, metastatic cancers are dectected
by MRI or PET imaging when solid tumors form throughout the body, away from the
original tumor site. The probes containing perfluoro-tert-butyl groups could be
expressed and delivered to a tumor site. Upon cleavage of the expressed protein, a
chemical shift change would be observable indicating active MMPs and potential
metastatic cancer before actual tumors would be detectable in other regions of the

body.
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Another key potential application for these amino acids is in the emerging field
of theranostics. Theranostics refers to the development of tools which can be used to
both diagnose and treat diseases. These molecules require high specificity to potential
targets, as well as some sort of diagnostic probe. These amino acids are perfectly
designed to be used as theranotics in the clinic. The perfluoro-tert-butyl ether can
potentially be designed into recognition sequences and used to increase hydrophobic
contacts often required for protein-protein interactions. As already demonstrated, these
amino acids can rapidly be detected in the high nanomolar concentration range by *°F
NMR, and will also be detectable by °F MRI. The perfluoro-tert-butyl ether could
also be incorporated into a small theranostic agent using the same chemistry described
above which would gain the same benefits (high signal-to-noise, low concentration
detection, potentially increased specificity, and increased hydrophobics), while
utilizing a small molecule scaffold which has the potential to be more stable and target
different interactions than a peptide. There are a large number of protein kinases
which are currently high profile targets for the pharmaceutical industry in the
prevention and treatment of disease. The first example of a protein kinase drug target
was Gleevec which was approved for treatment of chronic myelogenous leukemia
(CML). Gleevec kills cancer cells by binding to Abl kinase, a tyrosine protein kinase,
which activates a cascade upon phosphorylation which is required for cell survival.
Gleevec “turns off” Abl kinase, causing tumor cell death. The success of this drug
demonstrated the power of small molecule-based kinase inhibitor therapeutics, but
much like immunotherapies, there is no method by which to image the effectiveness of
these treatments. Incorporation of a perfluoro-tert-butyl group into a small molecule

would increase lipophilicity, potentially increase binding to the protein of interest, and
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allow for imaging by '°F magnetic resonance similar to the antibody-based
theranostics described above.

Our interest is in placing the designed amino acids into peptide systems that
will allow for specific cellular information, which can indicate disease states via '°F
NMR. The goal is to design perfluoro-tert-butyl amino acids to demonstrate their
ability to be designed into specific recognition sequences for 1°F imaging within
biological systems. Due to the large hydrophobic handle created by the addition of the
perfluoro-tert-butyl moiety, its ability to be incorporated into recognition sequences
needs to be demonstrated. While these amino acids can potentially be expressed in
proteins and be used as tracers, the real innovation behind this work is demonstrating
that these amino acids can be tolerated within biological systems in key locations. We
have explored these amino acids being tolerated by proteins and enzymes which will
be demonstrated through biologically relevant systems (to be explored in Chapters 2
and 3), which were designed based on the structural preferences of each amino acid.
Perfluoro-tert-butyl tyrosine was found to be electronically and conformationally
similar to tyrosine and other aromatic amino acids, despite an increase in steric bulk
and electron-withdrawing capability. Perfluoro-tert-butyl homoserine is
conformationally similar to other aliphatic amino acids such as leucine/isoleucine
respectively based on structural data. We intend to use these amino acids in
recognition sequences for protein-protein interactions which accommodate large
hydrophobic amino acids including aromatic and aliphatic side chains. These systems
include the estrogen receptor coactivator binding site and the p53eMDM2 binding
interaction. Perfluoro-tert-butyl homoserine is ideal for the estrogen receptor

coactivator binding motif due to its a-helical propensity. The coactivator binds to the
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estrogen receptor through the a-helical binding motif LXXLL where X is any amino
acid. Perfluoro-tert-butyl tyrosine will be incorporated in p53-based peptides which
bind to MDM2 via an FXX®W motif. This motif is a-helical in nature and depends on
the increased hydrophobicity of aromatic amino acids for binding. The perfluoro-tert-
butyl hydroxproline derivatives will be incorporated into protein kinase recognition
sequences. While these amino acids could theoretically be applied to protein-protein
interactions, the proline ring is unique in that it is cyclized with the backbone of the
peptide. The cyclic nature of proline allows the perfluoro-tert-butyl group to “feel” the
cis-trans isomerization at the amide bond in the Ac-TYXN-NH2 model system. Our
design exploits this unique property of proline-based amino acids to potentially detect
post-translational modifications whose electronic properties could potentially be felt
through the peptide backbone structure. We will incorporate 4R- and 4S-perfluoro-
tert-butyl hydroxyproline into recognition sequences for two well studied protein
kinases: Protein Kinase A (PKA) and Protein Kinase B (Akt). The recognition
sequences for protein kinases are based on specific amino acid site chains rather than
secondary structure, making the hydroxyproline derivatives ideal for this application.
In this chapter, we have demonstrated the synthesis and key characterization of
four novel amino acids containing a perfluoro-tert-butyl ether moiety. These amino
acids will be further explored in chapters 2 and 3 for potential applications as '°F

based imaging probes for detection within biological systems.
1.4 Experimental

1.4.1 Synthesis of (2S, 4S)-Perfluoro-tert-butyl-4-hydroxyproline
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Boc-(2S,4S)-perfluoro-tert-butyl-4-hydroxyproline methyl ester (8). Compound 1
(3.09 g, 12.6 mmol) and PhsP (3.96 g, 15.1 mmol) were dissolved in toluene (126 mL)
under a nitrogen atmosphere. The solution was cooled to 0 °C and stirred on ice for 10
minutes. DIAD (3.05 g, 2.98 mL, 15.1 mmol) was added dropwise to the solution over
15 minutes. Perfluoro-tert-butanol (5.95 g, 3.52 mL, 25.2 mmol) and DIPEA (3.18 g,
4.38 mL, 25.2 mmol) were added to the solution, which was stirred on ice for another
5 minutes. The solution was removed from the ice bath, warmed to 45 °C in an oil
bath, and stirred for 24 hours. The solvent was removed under reduced pressure, and
the crude product was dissolved in ethyl acetate (50 mL). The crude product was
washed with brine (2 x 75 mL) and dried over sodium sulfate. The solvent was
removed under reduced pressure and the crude product was redissolved in CH2Cl; (50
mL). The crude product was purified via column chromatography (0-7% ethyl acetate
in hexanes v/v) to obtain compound 8 (2.07 g, 4.47 mmol) as a colorless oil in 36%
yield. 'H NMR (400 MHz, CDCls) & 4.84 (br s, 1H), 4.52-4.50 (dd, J = 8.3, 3.7 Hz,
0.4H, minor), 4.41-4.38 (dd, J = 9.0, 3.1 Hz, 0.6H, major), 3.84-3.78 (dd, J = 12.5, 5.6
Hz, 0.6H, major), 3.76-3.75 (d, J = 6.5 Hz, 0.4H, minor), 3.72 (s, 3H), 3.68-3.65 (d, J
= 13.0 Hz, 0.6H, major), 3.58-3.55 (d, J = 13.0 Hz, 0.4H, minor), 2.53-2.38 (m, 2H),
1.48 (s, 4H, major), 1.43 (s, 5H, minor). 3C NMR (150.8 MHz, CDCls) & 172.9,
172.8, 154.2, 154.0, 129.4, 129.3, 124.8, 124.6, 124.5, 120.1 (g, J = 293 Hz), 105.1,

80.9, 80.8, 66.6, 66.2, 57.5, 57.1, 52.3, 37.6, 36.6, 28.3, 28.2. 1%F NMR (376.3 MHz,
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CDCI3) 6 —70.42 (minor), —70.44 (major). HRMS (LIFDI-TOF) m/z: [M]* calcd for

C15H18F9eNOs 463.1041, found 463.1042.

Boc-(2S,4S)-perfluoro-tert-butyl-4-hydroxyproline (9). Compound 8 (1.75 g, 3.78
mmol) and LiOH (0.1086 g, 4.53 mmol) were dissolved in a solution of water (20 mL)
and 1,4-dioxane (20 mL). The solution was stirred at room temperature for 14 hours.
The reaction mixture was acidified to pH 2 with dilute HCI and extracted with ethyl
acetate (2 x 75 mL). The solvent was removed under reduced pressure and the crude
product redissolved in CH2Cl,. The crude product was purified via column
chromatography (0 to 2% methanol in CH2Cl v/v) to obtain compound 9 (1.05 g, 2.34
mmol) as an off-white solid in 62% yield. *H (600 MHz, CDCls) & 4.86 (s, 1H), 4.51-
450 (d, J = 6.7 Hz, 0.4H, minor), 4.44-4.42 (d, J = 7.8 Hz, 0.6H, major), 3.82-3.76
(m, 1H), 3.72-3.67 (m, 0.6H, major), 3.56-3.55 (m, 0.4H, minor), 2.52-2.44 (m, 2H),
1.49 (s, 3.6H), 1.44 (s, 5.4H). 3C NMR (150.8 MHz, CDCls) & 177.4, 175.5, 154.7,
153.5, 120.1 (g, J = 293 Hz), 80.9, 57.5, 57.1, 52.9, 52.7, 52.1, 37.7, 37.6, 36.1, 28.1.
19F NMR (564.5 MHz, CDCl3) & —70.38 (major), —70.44 (minor). HRMS (LIFDI-

TOF) m/z: [M+H]* calcd for C14H17F9NOs 450.0963, found 450.0958.

(2S,4S)-Perfluoro-tert-butyl-4-hydroxyproline hydrochloride (10). Compound 8
(2.0 g, 4.3 mmol) was dissolved in 1,4-dioxane (15 mL) and 4 M HCI (15 mL) was

added. The solution was allowed to stir at reflux for 6 hours. The solvent was removed
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under reduced pressure. Compound 10 (1.5 g, 4.3 mmol) obtained was used as a crude
reagent in the next step. Alternatively, compound 8 could be subjected to the same
conditions to yield compound 10. *H NMR (600 MHz, MeOD-d4) 6 5.20 (s, 1H), 4.62-
4.60 (dd, J = 9.6, 3.4 Hz, 1H), 3.74-3.71 (dd, J = 13.4, 4.6 Hz, 1H), 3.56-3.53 (d, J =
13.9 Hz, 1H), 2.74-2.68 (ddd, J = 14.6, 10.0, 5.0 Hz, 1H), 2.54-2.51 (d, J = 14.6 Hz,
1H). 13C NMR (150.8 MHz, MeOD-d4) § 169.3, 120.0 (J = 293 Hz), 78.9, 58.3, 52.1,
36.1. °F NMR (564.5 MHz, MeOD-ds) 8 —71.65. HRMS (LIFDI-TOF) m/z: [M]*

calcd for CogHgF9gNO3 350.0439, found 350.0413.

Fmoc-(2S,4S)-perfluoro-tert-butyl-4-hydroxyproline (11). Crude compound 9 (0.50
g, 1.4 mmol) was dissolved in 1,4-dioxane (7 mL). Fmoc-OSu (0.50 g, 1.4 mmol) and
K2COs (0.39 g, 2.9 mmol) were added and the resultant solution was stirred for 14
hours at room temperature. The 1,4-dioxane was removed under reduced pressure and
the crude product was acidified with 2 M HCI (10 mL). The crude product was
extracted with ethyl acetate (2 x 20 mL). The solvent was removed and the crude
product was redissolved in CH2Cl,. The crude mixture (0.40 g, 0.72 mmol) was
purified via column chromatography (0-4% methanol in CH.Cl, v/v) to obtain
compound 11 (0.38 g, 0.70 mmol) as a white solid in 50% yield. *H (600 MHz,
CDCl3) 8 7.77-7.69 (d, J = 7.6 Hz, 2H), 7.60-7.51 (m, 2H), 7.42-7.28 (m, 4H), 4.92 (s,
0.5H), 4.88 (s, 0.5H), 4.61-4.56 (m, 1H), 4.53-4.49 (m, 0.5H), 4.43-4.31 (m, 2H),

4.16-4.13 (dd, J = 6.3, 6.1 Hz, 0.5H), 3.90-3.86 (m, 1H), 3.76-3.63 (M, 1H), 3.74 (s,
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1H), 2.57-2.41 (m, 2H). *C NMR (150.8 MHz, CDCl3) & 176.3, 175.7, 154.7, 154.3,
143.9, 143.8, 143.60, 143.58, 141.4, 141.3, 127.8, 127.74, 127.70, 127.13, 127.10,
127.0, 125.1, 125.0, 124.8, 121.1, 119.97 (J = 293 Hz), 119.96, 78.2, 67.9, 67.8, 67.0,
57.3,57.0, 53.4, 52.9, 47.1, 37.7, 36.5, 21.9. °F NMR (564.5 MHz, CDCl3) & —70.42,
~70.49. HRMS (LIFDI-TOF) m/z: [M]* calcd for CasHisFoNOs 571.1041, found

571.1038.

1.4.2 Synthesis of (2S, 4R)-Perfluoro-tert-butyl-4-hydroxyproline

Boc-(2S,4S)-p-nitrobenzoate-4-hydroxyproline methyl ester (2). Compound 1 (3.90
g, 15.7 mmol), triphenylphosphine (PhsP) (7.40 g, 28.3 mmol), and p-nitrobenzoic
acid (3.10 g, 18.8 mmol) were dissolved in anhydrous THF (157 mL). The reaction
was conducted under a nitrogen atmosphere. The solution was cooled to 0 °C.
Diisopropylazodicarboxylate (DIAD) (6.35 g, 6.20 mL, 31.4 mmol) was added
dropwise over 30 minutes. The solution was removed from the ice bath, allowed to
warm to room temperature, and stirred for an additional 6 hours. The solvent was
removed under reduced pressure. The crude product was dissolved in ethyl acetate
(100 mL) and washed with brine (2 x 200 mL). The solvent was removed and the
crude product was redissolved in CH2Cl, (75 mL). The crude product was purified via
column chromatography (CH2Cl,) to yield compound 2 (4.7 g, 12.0 mmol) as a

colorless oil in 76% yield. The NMR data corresponded to the literature values.>>?
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Boc-(2S,4S)-4-hydroxyproline methyl ester (3). Compound 2 (2.0 g, 5.0 mmol) was
dissolved in acetone (50 mL). Sodium azide (0.49 g, 7.5 mmol) was added and the
solution was heated at reflux for 14 hours. The solution was allowed to cool to room
temperature and solvent was removed under reduced pressure. The crude product was
dissolved in ethyl acetate (50 mL) and washed with distilled water (2 x 50 mL). The
solvent was removed and the crude product was redissolved in CH.Cl, for
purification. Compound 3 (0.80 g, 3.3 mmol) was purified via column
chromatography in (2% methanol in CH2Cl, v/v) to obtain a colorless oil in 65% yield.

The NMR data corresponded to the literature values.®>2

Boc-(2S,4R)-perfluoro-tert-butyl-4-hydroxyproline methyl ester (4). Compound 3
(2.23 g, 9.10 mmol) and PhsP (2.86 g, 10.9 mmol) were dissolved in toluene (91 mL)
under a nitrogen atmosphere. The solution was cooled to 0 °C and stirred on ice for 10
minutes. DIAD (2.20 g, 2.15 mL, 10.9 mmol) was added dropwise to the solution over
15 minutes. Perfluoro-tert-butanol (4.30 g, 2.54 mL, 18.2 mmol) and DIPEA (2.35 g,
3.16 mL, 18.2 mmol) were added to the solution, which was then stirred on ice for
another 5 minutes. The solution was removed from the ice bath, warmed to 45 °C in
an oil bath, and stirred for 24 hours. The solvent was removed under reduced pressure
and the crude product was dissolved in ethyl acetate (50 mL). The crude product was
washed with brine (2 x 75 mL) and dried over sodium sulfate. The solvent was
removed under reduced pressure and the crude product was redissolved in CH2Cl> (50

mL). The crude product was purified via column chromatography (0-7% ethyl acetate
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in hexanes v/v) to obtain compound 4 (0.790 g, 2.28 mmol) as a colorless oil in 25%
yield. 'TH NMR (400 MHz, CDCls) & 4.91 (s, 1H), 4.49-4.47 (dd, J = 8.6, 6.4 Hz,
0.4H, cis), 4.40-4.36 (dd, J = 7.8, 7.8 Hz, 0.6H, trans), 3.84-3.75 (m, 1H), 3.75 (s,
3H), 3.69-3.66 (d, J = 12.5 Hz, 0.6H, trans), 3.60-3.58 (d, J = 12.3 Hz, 0.4H, cis),
2.47-2.44 (m, 1H), 2.28-2.23 (m, 1H), 1.46 (s, 4H, cis), 1.42 (s, 5H, trans). 3C NMR
(150.8 MHz, CDCls) 6 171.9, 171.7, 153.1, 152.4, 119.1 (g, J = 293 Hz), 79.8, 77.1,
56.5, 56.1, 51.5, 51.4, 51.2, 36.6, 35.6, 27.2. °F NMR (376.3 MHz, CDCls) § —70.47
(trans conformation), —70.53 (cis conformation). HRMS (LIFDI-TOF) m/z: [M]*

calcd for C15H1sF9NOs 463.1041, found 463.1051.

Boc-(2S,4R)-perfluoro-tert-butyl-4-hydroxyproline (5). Compound 4 (0.36 g, 0.78
mmol) and LiOH (0.22 g, 0.93 mmol) were dissolved in a solution of water (4 mL)
and 1,4-dioxane (4 mL). The solution was stirred at room temperature for 14 hours.
The mixture was acidified to pH 2 with dilute HCI and extracted with ethyl acetate (2
x 10 mL). The solvent was removed under reduced pressure and redissolved in
CH2Cl,. The crude product was purified via column chromatography (0 to 2%
methanol in CH2Cl, v/v) to obtain compound 5 (0.22 g, 0.49 mmol) as an off-white
solid in 63% vyield. 'H (600 MHz, CDCls) & 4.92 (s, 1H), 4.53-4.51 (dd, J = 7.7, 7.0
Hz, 0.6H), 4.42-4.39 (dd, J = 7.4, 7.4 Hz, 0.4H), 3.83-3.80 (m, 0.4H), 3.74-3.66 (m,
1.6H), 2.51-2.48 (m, 1H), 2.44-2.40 (m, 0.6H), 2.35-2.32 (M, 0.4H), 1.48 (s, 5H), 1.43

(s, 4H). 13C NMR (150.8 MHz, CDCls) § 177.7, 174.7, 155.9, 153.4, 120.1 (g, J = 293
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Hz), 82.3, 81.3, 57.4, 52.6, 37.4, 35.7, 28.2. 'F NMR (564.5 MHz, CDCls3) § —70.49
(trans conformation), —70.55 (cis conformation). HRMS (LIFDI-TOF) m/z: [M+H]*

calcd for C14H17F9gNOs 450.0963, found 450.0946.

(2S,4R)-Perfluoro-tert-butyl-4-hydroxyproline hydrochloride (6). Compound 4
(1.3 g, 2.2 mmol) was dissolved in a solution of 1,4-dioxane (15 mL) and 4 M HCI (15
mL). The solution was allowed to stir at reflux for 6 hours. The solvent was removed
under reduced pressure. Compound 6 (0.78 g, 2.2 mmol) was used as a crude reagent
in the next step without purification. Alternatively, compound 5 could be subjected to
identical conditions to yield compound 6. *H NMR (600 MHz, MeOD-da) § 5.22 (br s,
1H), 4.55-4.51 (dd, J = 9.6, 8.8 Hz, 1H), 3.81-3.79 (dd, J = 13.5, 5.0 Hz, 1H), 3.46-
3.44 (d, J = 13.5 Hz, 1H), 2.53-2.52 (m, 1H), 2.51-2.50 (m, 1H). C NMR (150.8
MHz, MeOD-d4) § 168.7, 120.0 (J = 293 Hz), 79.0, 58.1, 51.8, 35.7. *°F NMR (376.3
MHz, MeOD-ds) 6 —71.56. HRMS (LIFDI-TOF) m/z: [M]* calcd for CgHgF9NOs

350.0439, found 350.0420.

Fmoc-(2S,4R)-perfluoro-tert-butyl-4-hydroxyproline (7). Crude compound 6 (1.01
g, 2.90 mmol) was dissolved in a solution of 1,4-dioxane (15 mL) and H2O (15 mL).
Fmoc-OSu (1.17 g, 3.48 mmol) and K>COs (0.80 g, 5.80 mmol) were added to the
solution and the resultant mixture stirred for 14 hours at room temperature. The 1,4-

dioxane was removed under reduced pressure and the crude product was acidified with
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2 M HCI (10 mL). The crude product was extracted with ethyl acetate (2 x 20 mL).
The solvent was removed and the crude product was redissolved in CH2Cl. The
product was purified via column chromatography (0-4% methanol in CH,Cl, v/v) to
obtain the compound 7 as a white solid (0.83 g, 1.45 mmol) in 50% yield. *H (600
MHz, CDCls) & 7.77-7.76 (d, J = 7.5 Hz, 1.3H, trans), 7.74-7.73 (d, J = 7.6 Hz, 0.7H,
cis) 7.55-7.52 (dd, J = 12.4, 7.6 Hz, 2H), 7.42-7.38 (m, 2H), 7.32-7.29 (dd, J = 7.4, 7.3
Hz, 2H), 4.92 (s, 0.7H, trans), 4.89 (s, 0.3H, cis), 4.59-4.57 (dd, J = 7.8, 7.4 Hz, 0.7H,
trans), 4.52-4.43 (m, 2H), 4.38-4.37 (dd, J = 7.4, 7.4 Hz, 0.3H, cis), 4.30-4.27 (dd, J =
7.0, 6.6 Hz, 0.7H, trans), 4.17-4.16 (dd, J = 6.6, 6.6 Hz, 0.3H, cis), 3.83-3.73 (m, 1H),
3.71 (s, 1H), 2.49-2.45 (m, 1.7H, mixture of cis and trans), 2.32-2.29 (m, 0.3H, cis).
13C NMR (150.8 MHz, CDCl3) § 173.1, 156.1, 143.5, 143.4, 141.4, 127.9, 127.2,
124.9, 124.8, 120.12 (g, J = 293 Hz), 120.09, 77.9, 68.6, 67.6, 57.6, 56.7, 53.0, 52.7,
47.2, 47.0, 37.6, 35.8. %F NMR (564.5 MHz, CDCl3) § —70.38 (trans conformation),
—70.43 (cis conformation). HRMS (CI-TOF) m/z: [M]* calcd for Ca2s4H18F9NOs

571.1041, found 571.1027.

1.4.3 Synthesis of Perfluoro-tert-butyl Homoserine

Boc-L-homoserine (13). L-Homoserine (5.00 g, 42.0 mmol) was dissolved in 25 mL
acetone and 25 mL water. Boc anhydride (10.10 g, 46.2 mmol) and triethylamine (6.4
g, 8.8 mL, 63 mmol) were added, and the resultant solution was allowed to stir at

room temperature for 14 hours. The solvent was removed under reduced pressure and
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the product was used in the next step without purification. The NMR data

corresponded with previous literature data.’

Boc-L-homoserine methyl ester (14). Compound 13 (9.10 g, 42.0 mmol) was
dissolved in 90 mL DMF. The reaction mixture was cooled to 0 °C in an ice bath prior
to the addition of methyl iodide (8.9 g, 3.9 mL, 63.0 mmol). The solution was allowed
to warm to room temperature, protected from light, and allowed to stir for 14 hours.
The crude reaction mixture was diluted with water (100 mL) and the product was
extracted with ethyl acetate (2 x 100 mL). Excess ethyl acetate was removed under
reduced pressure. The crude product was washed with 1 M HCI (2 x 50 mL), water (2
x 50 mL), saturated sodium bisulfite (2 x 50 mL), saturated sodium bicarbonate (2 x
50 mL), and saturated sodium chloride (2 x 50 mL). The ethyl acetate was removed
under reduced pressure to yield compound 14 (1.67 g, 6.30 mmol) as a colorless oil in

15% yield over 2 steps. The NMR data corresponded with previous literature data.*

Boc-perfluoro-tert-butyl-nomoserine methyl ester (15). Compound 14 (1.67 g, 7.17
mmol) and PhsP (2.82 g, 10.8 mmol) were dissolved in 50 mL THF in a three-neck
round bottom flask with a condenser under a nitrogen atmosphere. The solution was
cooled to 0 °C before DIAD (2.17 g, 2.11 mL, 10.8 mmol) was added dropwise over
15 minutes. The solution was allowed to stir on ice for 5 minutes before the dropwise
addition of perfluoro-tert-butanol (3.39 g, 2.00 mL, 14.3 mmol) over 5 minutes. The
reaction mixture was allowed to stir on ice for another 5 minutes before heating to 50
°C for 24 hours. Upon completion, solvent was removed under reduced pressure. The

crude reaction mixture was purified via column chromatography (0 to 10% ethyl
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acetate in hexanes) to obtain compound 15 as a white solid in 54% yield. H (600
MHz, CDCl3) § 5.41 (d, J = 6.1 Hz, 1 H), 4.33 (dd, J = 6.8, 6.8 Hz, 1H), 4.06 (dd, J =
6.0, 5.9 Hz, 2H), 3.65 (s, 3H), 2.22-2.20 (m, 1H), 2.05-2.03 (m, 1H), 1.35 (s, 9H). 13C
NMR (150.8 MHz, CDCl3) & 172.2, 167.7, 154.3, 150.4, 119.1 (g, J = 293 Hz), 71.3,
65.2, 51.4, 49.6, 31.2, 27.2, 24.0, 20.6, 20.5. F NMR (376.3 MHz, CDCl3) § —70.91.
HRMS (ESI-ORBI) m/z: [M + Na]* calcd for CisHisFgNOsNa expected mass,
474.09335, observed mass, 474.09122.

Perfluoro-tert-butyl-homoserine hydrochloride (16). Compound 15 (1.74 g, 3.86
mmol) and LiOH (0.231 g, 9.65 mmol) were dissolved in 35 mL THF and 15 mL
H20. The solution was allowed to stir at room temperature for 12 hours. The mixture
was acidified to pH 2 using HCI, followed by removal of the THF under reduced
pressure. The remaining solution was extracted with ethyl acetate (3 x 20 mL). The
organic layers were combined and concentrated under reduced pressure as crude Boc-
perfluoro-tert-butyl-homoserine. The product was redissolved in 10 mL 2 M HCI and
10 mL 1,4-dioxane. The solution was allowed to stir for 6 hours. The solvent was
removed under reduced pressure. No purification was performed on compound 4 (1.30
g crude product). Compound 16 was used as a crude reagent in the next step. *H (600
MHz, D20) & 4.33-4.30 (m, 2H), 4.21-4.19 (dd, J = 6.2, 6.1 Hz, 1H), 2.38-2.36 (m,
2H). C NMR (150.8 MHz, D20) & 171.2, 119.1 (g, J = 293 Hz), 65.8, 50.0, 30.0. 1°F
NMR (376.3 MHz, D20O) 6-70.61. HRMS (ESI-ORBI) m/z: [M + H]* calcd for
CgHgoF9NO3 expected mass, 338.04332, observed mass, 338.04178.
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Fmoc-perfluoro-tert-butyl-homoserine (17). Compound 16 (1.30 g, 3.86 mmol) as a
crude product from the prior reaction was dissolved in 20 mL H2O and 20 mL 1,4-
dioxane. Fmoc-OSu (1.69 g, 5.02 mmol) and K>COz3 (0.80 g, 5.79 mmol) were added,
and the resultant solution was allowed to stir for 14 hours at room temperature. The
reaction mixture was acidified to pH 1 and extracted with ethyl acetate (3 x 20 mL).
The organic layers were combined and the solvent was removed under reduced
pressure. The crude reaction mixture was dissolved in CH2Cl. and purified via column
chromatography (0 to 2% methanol in CH2Cl2). Compound 17 was obtained as a white
solid in 48% yield. *H (600 MHz, CDCls) § 7.76 (d, J = 7.6 Hz, 2H), 7.57 (dd, J = 7.0,
6.8 Hz, 2H), 7.40 (dd, J = 7.2, 7.2 Hz, 2H), 7.31 (dd, J = 7.4, 7.3 Hz 2H), 5.45 (d, J =
6.7 Hz, 1H), 4.51 (d, J = 6.0 Hz, 1H), 4.42 (d, J = 6.6 Hz, 2H), 4.22 (dd, J = 6.9, 6.8
Hz, 1H), 4.16 (s, 1H), 2.37-2.32 (m, 1H), 2.30-2.25 (m, 1H). 1*C NMR (150.8 MHz,
CDCls) & 143.5, 141.3, 127.7, 127.0, 125.0, 120.0, 67.2, 66.0, 50.8, 47.1, 31.4. °F
NMR (376.3 MHz, CDCls) &-70.29. HRMS (LIFDI-TOF) m/z: [M]* calcd for
C23H18F9NOs 559.1041, found 559.1053.

1.4.4 Synthesis of Perfluoro-tert-butyl Tyrosine
Fmoc-L-4-diazonium-phenylalanine tetrafluoroborate (18) Fmoc-L-4-amino-
phenylalanine (0.306 g, 0.761 mmol) was dissolved in a 1:1 solution of
tetrafluoroboric acid in water (0.2 mL, 48% to 50% w/w) and methanol (0.2 mL) in an
open glass vial. The solution was placed in an ice bath before the dropwise addition of
aqueous sodium nitrite (0.053 g, 76 mmol in 0.05 mL H.0O, 1.5 M) over two minutes.
The reaction was allowed to warm to room temperature over the course of two hours.
The crude product was diluted with water (1 mL) and extracted with ethyl acetate (2 x

1 mL). The crude product was dried under vacuum on a rotary evaporator to produce
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an orange-red solid (0.483 g, 0.761 mmol) which was used without further purification
in the next step. > Warning: diazonium salts are inherently prone to rapid generation
of nitrogen gas. It is critical to use an open reaction vessel and low temperature to
prevent accidental explosion. It is critical to immediately use the diazonium

tetrafluoroborate to prevent complete drying and possible detonation.

Fmoc-L-perfluoro-zert-butyl-tyrosine (19) Crude compound 18 (0.483 g, 0.761
mmol) was dissolved in perfluoro-fert-butanol (5 mL) in a round-bottom flask with a
reflux condenser open to the atmosphere, and the resultant solution was stirred at
reflux (bp of perfluoro-tert-butanol: 45 °C) for 18 hours. The excess solvent was
removed under vacuum. The crude product was dissolved in ethyl acetate (15 mL) and
washed with 1 M HCI (15 mL) and water (15 mL). The ethyl acetate was removed
under vacuum. The crude product was purified via column chromatography (0 to 2%
methanol in CH2Cl,) to yield a yellowish solid (0.289 g, 0.465 mmol) in 61% yield.?
'H NMR (400 MHz, CDs0D) § 7.81-7.79 (d, J = 7.6 Hz, 2H), 7.64-7.60 (dd, J = 7.1,
7.1 Hz, 2H), 7.41-7.38 (dd, J= 7.5 Hz, 7.4 Hz, 2H), 7.32-7.28 (m, 4H), 7.15-7.13 (d, J
= 8.4, 2H), 4.45-4.41 (m, 1H), 4.30-4.27 (m, 2H), 4.18-4.16 (m, 2H), 3.03-2.97 (m,
1H), 2.99-2.93 (m, 1H) *C NMR (150.8 MHz, CD30D) § 173.4, 156.9, 151.4, 143.9,
143.7, 141.2, 136.8, 130.4, 127.3, 126.7, 124.8, 122.1, 121.4, 119.5, 118.5, 66.5, 55.2,
36.4. F NMR (376.3 MHz, CD30D) & -70.41. HRMS (LIFDI-TOF) m/z: [M]* calcd
for C28H20F9NOs 621.1198, found 621.1211.

L-Perfluoro-tert-butyl-tyrosine (20) Fmoc-perfluoro-tert-butyl-tyrosine (0.100 g,
0.16 mmol) was dissolved in 20% piperidine in acetonitrile (10 mL) and stirred at

room temperature for 30 min. The solvent was removed before redissolving in ethyl
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acetate. The crude product was extracted from the solvent with water (1 x 5 mL) and 1
M HCI (1 x 5 mL). The solvent was removed under vacuum and dried to produce the
product as off-white solid (0.042 g, 0.11 mmol) in 63% yield. 'H NMR (400 MHz,
CD;0D) 6 7.35-7.32 (dd, J = 5.5 Hz, 5.2 Hz, 2H), 7.11-7.06 (dd, J = 8.7 Hz, 8.7 Hz,
2H), 3.78-3.75 (dd, J = 6.4 Hz, 6.1 Hz, 1H), 3.28-3.27 (d, J = 4.4 Hz, 1H), 3.06-3.00
(m, 1H). 3C NMR (150.8 MHz, CD;0OD) & 169.7, 163.7, 161.2, 131.1, 131.0, 130.8,

130.2, 123.5, 115.5, 115.3, 53.7, 35.0. '”F NMR (376.3 MHz, CD;OD) § -70.27.

HRMS (HESI) m/z: [M]" calcd for C13H11FoNO3 400.05998, found 400.05897.

1.4.5 Peptide Synthesis and Purification

All peptides were synthesized using standard Fmoc solid phase peptide
synthesis (SPPS) on Novagel Rink amide resin (EMD Millipore), using HBTU,
HATU, or COMU as a coupling reagent. Perfluoro-tert-butyl hydroxyproline
derivatives were coupled in four equivalent excess of amino acid and COMU for 36
hours. Perfluoro-tert-butyl homoserine and perfluoro-ztert-butyl tyrosine were coupled
in four equivalent excess of amino and HATU for 24 hours. All amino acids coupled
after the perfluoro-tert-butyl hydroxyproline were double coupled (2 hours for first
coupling, 1 hour for second coupling) using HATU. All amino acids prior to the
perfluoro-tert-butyl amino acid derivatives were coupled in four equivalent excess for
2 hours. Peptides were synthesized by hand or on a Rainin PS3 (Rainin Instruments,
Woburn, MA). All peptides were acetylated on the N-terminus (5% acetic anhydride

in pyridine, 3 mL, 3 X 5 min) and contained a C-terminal amide.
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Peptides were cleaved from the resin and deprotected for 3 hours using 1 mL
reaction volume of 5% H>0, 5% triisopropylsilane, and 90% TFA, except peptides
containing perfluoro-tert-butyl tyrosine. Peptides containing perfluoro-zert-butyl
tyrosine were deprotected for 90 min using 2 mL reaction volume of 2.5% H»0, 2.5%
thioanisole and 95% TFA. TFA was removed by evaporation and the peptides were
dissolved in 1 mL 500 mM phosphate buffer (pH 7.2). Crude peptides were filtered
using 0.45 uM syringe filters before injection on HPLC. Peptides were purified by
reverse phase HPLC (Vydac semipreparative C18, 10 x 250 mm, 5 um particle size,
300 A pore) using a 60 minute linear gradient of 0 to 60% buffer B (20% H-0, 80%
acetonitrile, 0.05% TFA) in buffer A (98% H>O, 2% acetonitrile, 0.06% TFA) except
for Ac-T(4-NH2-Phe)PN-NH; which was purified on a 60 minute linear gradient of 0
to 20% buffer B in buffer A. Peptides purity was verified by reinjection on a 60
minute linear gradient of 0 to 70% buffer A and buffer B. Analytical data for peptides:
Ac-GPP((2S,4R)-Hyp(C4F9))PPGY-NH; [retention time by HPLC (zr, 37.8 min;
expected mass, 1056.4, observed mass, 1078.4 (M + Na)'], Ac-GPP((2S,4S5)-
hyp(C4F9))PPGY-NH; [retention time by HPLC (#r, 36.8 min; expected mass, 1056.4,
observed mass, 1078.4 M + Na)*], Ac-((2S,4R)-
Hyp(C4F9)) KAAAAKAAAAKAAGY-NH: [retention time by HPLC (#, 41.9 min;
expected mass, 1706.7, observed mass, 853.5 (M)*"], Ac-((25,4R)-
Hyp(C4F9)) KAAAAKAAAAKAAGY-NH: [retention time by HPLC (#, 40.8 min;
expected mass, 1706.7, observed mass, 853.6 (M)*']; Ac-T(Tyr(C4F9))PN-NH; [tr,
46.7 min; expected mass, 752.5, observed mass, 753.5 (M + H)"], Ac-T(4-NHz-

Phe)PN-NH: [#r, 8.2 min; expected mass, 533.2, observed mass, 534.3 (M + H")].
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1.4.6 NMR Spectroscopy of Peptides

Peptide NMR experiments were performed on a Briiker 600 MHz (*°F 564.5
MHz) NMR spectrometer equipped with a 5-mm Briiker SMART probe in 90% H>O
with 5 mM phosphate buffer (pH 4), 25 mM NaCl, and 10% D>O. TSP was used for
referencing in '"H NMR. Residual TFA was used for referencing in '°F NMR. All 1-D
"H NMR spectra were collected with a Briiker w5 watergate pulse sequence with a 2
to 3 second relaxation delay. TOCSY spectra were collected using a watergate
TOCSY pulse sequence. 'F NMR data were collected on a Briiker 600 MHz (*°F
564.5 MHz) NMR spectrometer equipped with a 5-mm Briikker SMART probe without
the use of proton decoupling. A 0.8 second acquisition time was used with a 200 ppm

or an 8 ppm sweep width unless otherwise noted.

1.4.7 Circular Dichroism of Peptides

Circular dichroism (CD) experiments were performed in water with 5 mM
phosphate buffer (pH 7.4) with 25 mM KF. All experiments were completed on a
Jasco model J-810 spectropolarimeter. All data represents at least three background-
corrected independent trials. All data were collected using a 0.1 cm cell (Starna Cells,
Atascadero, CA). Ac-((2S,4R)-Hyp(C4F9))KAAAAKAAAAKAAGY-NH2 peptide
data was collected using 10 uM peptide. Ac-((2S,4R)-
Hyp(CsF9)) KAAAAKAAAAKAAGY-NH: peptide data were collected using 50 pM
peptide. (Ac-(Hse(C4F9)) KAAAAKAAAAKAAGY-NH: peptide data were collected
using 25 puM peptide. Ac-GPP((2S,4R)-Hyp(C4F9))PPGY-NH> peptide data were
collected using 20 uM peptide. Ac-GPP((2S5,45)-hyp(C4F9))PPGY-NH; peptide data
were collected using 50 uM peptide. Ac-GPP(Hse(C4F9))PPGY-NH> peptide data

were collected using 50 uM peptide.
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Chapter 2

DETECTION OF PROTEIN-PROTEIN INTERACTIONS VIA 19F NMR
UTLIZING PERFLUORO-TERT-BUTYL HOMOSERINE AND
PERFLUORO-TERT-BUTYL TYROSINE

2.1 Introduction

Cells communicate internally as well as with other cells via complex signaling
pathways. These pathways are composed of interactions between signaling molecules
and proteins to propagate signals from one cell to another to control cellular activity.
Protein-protein interactions are key components of signaling pathways used for
cellular communication both inside the cell and with other cells, but are often the
hardest to study due to the transient nature of these interactions. Protein-protein
interactions are often short-lived, hydrophobic-driven interactions at protein-protein
interfaces, with additional contributions and specificity from electrostatic interactions.
Aliphatic amino acids, such as Leu and lle, and aromatics, such as Tyr and Trp, are
often utilized at protein-protein interfaces. A large number of protein-protein
interactions have been identified as important interactions in cell signaling pathways
involved in disease, such as the estrogen receptor/coactivator binding interaction to
increase transcription and the MDM2ep53 interaction, which are both important in

some cancer pathways. There are also many unidentified protein-protein interactions,
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as they are difficult to investigate due to the fact that they are easily reversible and
easily disrupted. New tools are needed to identify protein-protein interactions as well

as potential theranostic agents for cancer detection, monitoring, and treatment.

2.1.1 Protein-Protein Interactions Are High Profile Targets for Therapeutics
Protein-protein interactions have long held interest as drug targets for the
pharmaceutical industry.'®* Nearly every cell signaling pathway has critical protein-
protein interactions, which means nearly every misregulation event in cellular
pathways involved in disease states are potential targets. Protein-protein interactions
are, however, much more difficult to target than protein-small molecule interactions,
such as hormones binding to nuclear hormone receptors.® Protein-protein interactions
are more difficult to target because a much larger surface area is involved in the
interaction and increased flexibility associated with increased degrees of freedom with
peptides/proteins.1®:1% Many protein-protein interactions utilize intrinsically
disordered proteins (IDPs) at protein-protein interfaces. IDPs are inherently
conformationally dynamic and often undergo structural changes as a result of binding
at a protein-protein interface.'% These interactions are generally modest in affinity, in
part due to the entropic cost of transitioning from an unfolded to a folded state of the
IDP. Many of these interactions exhibit binding affinities in the high nanomolar to mid
micromolar regime, leading to very short half-lives, on the order of milliseconds to
seconds. Furthermore, there are a large number of undiscovered protein-protein
interactions.?® There are currently efforts to characterize the so-called “interactome”
which will potentially uncover a large number of previously undiscovered protein-

protein interactions which are key in disease pathways.
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Despite the challenges, there have been several breakthroughs in targeting
protein-protein interactions.'* Many of these breakthroughs are involved in cancer
signaling pathways, especially in apoptosis pathways whose disruption is a hallmark
of cancer cells. Normal cells, upon irreversible damage will undergo apoptosis, also
known as programmed cell death, using a series of complex pathways. Cancer cells
pathways show increased expression of both anti- and pro-apoptosis proteins, which
makes these specific proteins targets in specifically disrupting cancer cell pathways.
One example of this is the Bcl-2 family of proteins, which are natively involved in
apoptosis pathways.% The Bcl-2 family comprises a series of proteins all containing
the Bcl-2 homology domains, also known as BH domains, which interact with other
proteins leading to cell survival or apoptosis. There are four known BH domains,
known as BH1, BH2, BH3, and BH4.1% Bcl-2, Mcl-2, and A-1 are all similar proteins
in this family that lead to cell survival.X®” While the exact mechanisms for these
pathways is incompletely understood, mutagenesis studies have shown disruption of
the protein-protein interface leads to defective cell signaling pathways.® Pro-
apoptotic members of the Bcl-2 family contain one more BH domains. Anti-apoptotic
members always contain a BH3 domain, but some anti-apoptotic also contain a BH3
domain.1% Pro-apoptotic members of the Bcl-2 family include Bim, Bid, and Bad,
which are all known to lead to apoptosis via a protein-protein interaction with the anti-
apoptotic members of the Bcl-2 family. The BH3 domain of the anti-apoptotic Bcl-2
family members interacts other BH domains via protein-protein interactions with other
BH domains to form heterodimers, preventing apoptotsis. These proteins are
overexpressed, binding to proteins like Bcl-2, ultimately activating programmed cell

death.2% These proteins use o-helical recognition sequences which are approximately
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20 residues long.1%’ Furthermore, these proteins are often upregulated in cancers which
are chemotherapy resistant, making them more attractive targets.%* There are a
number of small molecules which are being studied target the Bcl-2 family of proteins
via protein-protein interactions as potential therapeutics.'% These proteins act by
binding to the anti-apoptotic proteins, such as Bcl-2, deactivating the protein,
promoting apoptosis pathways. One example of these small molecules is HA14-1
which induces apoptosis in human acute myeloid leukemia cells, which are known to

overexpress Bcl-2.1%

2.1.2 Fluorine Has the Potential to Enhance Protein-Protein Interactions

As increasingly more protein-protein interactions are being targeted for
potential therapeutics, one can imagine the use of fluorine in small molecules,
peptides, and proteins/antibodies for both the detection and treatment of disease such
as cancer. As discussed in Chapter 1, the addition of fluorine has been demonstrated to
increase the hydrophobicity of molecules.?® Many protein-protein interfaces utilize
hydrophobic interactions between aromatic and aliphatic amino acids. The addition of
fluorine atoms in place of hydrogens thus has the potential to increase favorable
interactions via the enhanced hydrophobic effects of fluorine. As previously discussed,
fluorine can also increase the stability of proteins via enhanced hydrophobic effects,
leading to more stable protein-based therapeutics.*® Furthermore, the addition of
fluorine atoms would allow for imaging of therapeutic agents via °F magnetic
resonance. Thus, if fluorine is introduced into an antibody, the antibody could be

traced to its target cells by MRI.
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2.1.3 Methods to Detect Protein-Protein Interactions

There are a number of techniques currently used to identify protein-protein
interactions. Co-immunoprecipitation (ColP) and pull-down assays can be used to
identify stronger protein-protein interactions against a protein in complex mixtures.'
In ColP, a protein of interest is identified and an antibody is developed or applied. The
antibody can either be fixed to a solid support or free in solution. The antibody is
incubated with the cell lysate, in which the targeted protein binds to other proteins of
interest. All of the other cellular components and proteins are removed leaving only
the antibody, the protein of interest, and any proteins bound to it (Figure 2.1). Pull-
down assays are similar, but a known binding protein is used in place of an antibody.
In many cases, however, these assays are unsuccessful in identifying weak or transient

interactions due to rapid dissociation of the complex.
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Figure 2.1 A schematic representation of Co-IP assays utilizing antibody technology
to isolate interacting proteins. In short, cell lysates are incubated with
antibodies which bind to a protein of interest. Unbound proteins and cell
debris is washed away, leaving only the protein bound to the antibody
and any binding partners. These proteins can be analyzed using Western
blot and mass spectrometry.

Weaker interactions can be identified using cross-linking assays and affinity

techniques. Cross-linking requires the use of a linker, such as a disulfide bond, which
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will link when two proteins come together at an interface.'® When the protein of
interest and its binding partner interact, the linker will attach to the binding partner,
covalently linking the two proteins together. Other linkers include photo-inducible
linkers and linkers which can pass through a membrane, which allows for cross-
linking to occur in living cells. There are multiple groups which can be used in cross
linking, including but not limited to primary amines, sulfhydryls, and carbonyls. Many
of these functional groups are found on amino acid side chains which can be utilized
for crosslinking.!! In the case of in vivo cross linking, however, the cells must be
lysed for analysis to isolate cross-linked protein complexes. While both in vivo and in
vitro cross linking are effective methods, proteins of interest must be altered with a
cross linker.11%11! Fyrthermore, purification methods are still required once the protein
of interest is cross-linked with a binding partner.

Affinity techniques utilize a protein of interest fixed to a solid support, with
which cell lysates can be incubated to identify potential binding partners. The main
issue with this technique is that proteins that bind the protein of interest may or may
not be biologically relevant binding partners. While both of these methods have
proven effective, there is also a limit to their usefulness.

Another useful technique for the identification of protein-protein interactions is
phage display, which was first described in 1985.11° Phase display incorporates a gene
of interest into a bacteriophage fusion protein, which is expressed and displayed on the
surface of the membrane of the bacteriophage. The protein of interest is expressed on
the surface of a bacteriophage and fixed to a plate. Proteins can then be exposed the
expressed protein of interest. Large libraries of proteins can be screened quickly and

easily using phage display and is a common technique used to identify potential drug

104



molecules.*2 Much like the other techniques described, phage display has proven to
be an effective technique but requires destruction of the cells of interest. Phage display
cannot be used to detect protein-protein interactions in real time. Furthermore, none of
these techniques can be used for pre-clinical or clinical imaging.

Finally, a widely-used paradigm in the discovery and characterization of
protein-protein interactions is the use of yeast two-hybrid (Y2H) systems.1!2 This
system utilizes genetically modified yeast which are transformed with a protein of
interest (termed the “bait” protein) fused with a DNA-binding protein. A library of
“prey” proteins, or potential binding partners, are transformed into a separate plasmid
which are fused to a protien activation domain. When the “bait” protein and the “prey”
protein come in close proximity, they form a protein-protein interaction, and
transcription is activated (Figure 2.2). Common reporter genes for this method include
the lac repressor system coupled with fluorescent proteins like GFP to produce a
fluorescent readout.!!® This method has led to over 60,000 publications as of 2016.1
Although improvements have been made in the last ten years, false positives continue
to be an issue with Y2H systems.!*2 Furthermore, Y2H systems do not account for the
stoichiometry of protein-protein interactions, which is not always one to one. All
current technologies, while commonly used, each come with unique advantages and

unique challenges which can potentially be addressed with new techniques.
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Figure 2.2 A schematic representation of yeast two-hybrid assays to detect protein-
protein interactions. A bait protein fused to a DNA binding domain
interacts with a prey protein fused to an activation domain via a protein-
protein interaction. The activation domain turns on transcription of a
reporter gene leading to a fluorescent or colorimetric readout.'*3

2.1.4 Methods of Detection of Protein-Protein Interactions by 1°F NMR

There are multiple types of signals which can be obtained by °F NMR to
detect changes in chemical environment. As previously stated in Chapter 1, *°F NMR
is very sensitive to changes in chemical environment, due to the nature of the fluorine
atom and the large (>200 ppm) chemical shift range. The large chemical shift range
allows for detection of changes in the NMR spectrum due to changes in temperature,
pH, solvent, etc.> When placed into a biological context, there are a number of
different potential readouts to gain information about the system.

The first potential readout by **F magnetic resonance is a change in relaxation
rate (T1 and T2), as is observed with *H magnetic resonance as used for MRI.11 In
magnetic resonance experiments, these parameters describe how the signal changes
over time. Ty is the longitudinal relaxation time, which is the amount of time required
for the signal to decay over time. When the magnetic field is applied to a system for

magnetic resonance, proton nuclei are excited by the radio frequency. The T1is a
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measurement of how long it takes for the protons in the system to go from the excited
state back to equilibrium. The Ty is the parameter for proton MRI that is changed by
the addition of contrast agents, with drastically different Ty in liquids (around 1500 to
2000 ms) compared to tissue (water-based tissues around 400 to 1200 ms, fat-based
tissues 100 to 150 ms).1!* T1-weighed MRI is used to image anatomical structures.

The second method used to detect changes in magnetic resonance images is To.
T2 is the transverse relaxation, which measures how long it takes the excited nuclei to
reach equilibrium, or fall out of phase, after a pulse in the transverse direction, which
is generally less dependent on the magnetic field than T1. T>-weighted images are used
to identify pathologies such as lesions. °F magnetic resonance can also exhibit
changes in relaxation as a result in changes in the chemical environment.!*® There are
a number of examples demonstrating gadolinium contrast agents can also be used to
drastically decrease the relaxation times of nearby fluorine nuclei due to the unpaired
electrons of gadolunium.® Large, fluorinated polymers have also shown relaxation
delay changes for imaging tissue in vivo.!'® These probes have the potential to be used
in current MRI technology in the clinic with increased sensitivity.

¢ chemical shift is also highly dependent on chemical environment. Due to
the high prevalence protons within biological systems, it is nearly impossible to look
at a single proton signal. Furthermore, due to the relatively small *H chemical shift
range (approximately 15 ppm), significant spectral overlap is seen in complex
solutions, preventing observations of small chemical shift changes as a result of
changes in the chemical environment. Fluorine chemical shift, however, is
documented to respond to small changes in environment with changes in the chemical

shift.384% Chemical shift changes are a direct readout of small changes in the chemical
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environment of the fluorine atoms. These small chemical shift changes can be used to
monitor the chemical environment in complex mixtures such as cell lysates and living
cells. One potential application of this approach is changes in the redox environment
of a cell. Many cancer cells exist in a state of oxidative stress due to reactive oxygen
species (ROS) as a result of deregulation of cellular pathways. The increase of ROS
leads to an overall change in the oxidation state of cells.!}” This change could
potentially be monitored by °F containing molecules by chemical shift changes as a
result of a change in redox potential of cancer cells compared to healthy cells. These
types of applications are ideal for imaging in a pre-clinical and clinical setting.
Fluorinated molecules can be injected to the potential site of a tumor and based on
small chemical shift changes due to the redox potential of the cells, a tumor could be
identified. This application is just one example of the potential use of °F chemical
shift changes to monitor cellular activity. This topic will be discussed further in
Chapter 3.

Another method of detection by *°F magnetic resonance is chemical shift
anisotropy (CSA).118119 Flyorine atoms which can freely rotate in solution and
relaxation rates are not affected due to unrestricted movement. Fluorine atoms found
within bones and teeth are bound in a matrix which prevents free rotation, shortening
the relaxation time dramatically, preventing a signal by *F NMR/MRI.2 Without free
rotation, signals will broaden due to shortened T> relaxation. The same phenomenon
can be see when a fluorine atom is bound within a protein structure. Larger molecules,
such as proteins, rotate more slowly through space, leading to shorter T» relaxation
times and, in turn, increased chemical shift anisotropy. Similarly, fluorines which are

interfaced with proteins in a hydrophobic pocket, will prevent free rotation, causing
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the signal to broaden.'® The amount of broadening can be quantified by measuring the
full width at half height (FWHH) of the peak by °F NMR. In the case of protein-
protein interactions when a fluorine-containing peptide is free in solution, the fluorine
atoms can rotate freely, producing a single sharp peak. As the peptide binds to a
protein interface, the fluorine atoms are buried at the interface, causing the peaks to
broaden. This phenomenon has been used to study the kinetics of protein folding by
1F NMR. Fluorinated amino acids, such as 4-F-Phe, have been introduced into the
ligand binding domain of the chemotaxis aspartate receptor in order to study
dimerization of this protein by °F NMR.1%° In short, the 4-F-Phe was introduced into
the binding site where it would interface upon dimerization. Dimerization in this
system led to the broadening of fluorine signals associated with the 4-F-Phe residue.
Finally, when fluorine is used in imaging applications, 1°F signals can be used
as tracers.? This is one of the most common applications for °F MRI to date.
Expressed proteins containing fluorine atoms or fluorinated small molecules which
bind to specific targets can be injected into animal models and imaged as discussed in
Chapter 1.681121122 A flyorinated molecules collect in the targeted area, a strong
signal is produced. This spectrum can be superimposed with traditional *H MRI

images to gain both cell-specific and anatomical information.!

2.1.5 Secondary Structure is Often Critical For Protein-Protein Interactions
Protein-protein interactions often interface through helical interfaces such as
polyproline II helices and a-helices.102104123124 Some notable protein-protein
interactions include leucine zippers, SH3 domains, nuclear hormone receptors, and E3
ubiquitin ligases.*°0.849597.125 Many of these interactions can be modified by the

presence and absence of post-translational modifications.'%? Protein-protein
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interactions are utilized by biological systems because they are rapidly reversible, due
to the fact that they are noncovalent interactions, which allows for transient
interactions. Protein-protein interactions often take place on the timescale of seconds,
which makes them very short-lived.%21%4123 These short-lived interactions lead to
limited duration of signaling as a result of protein-protein interactions. In short, two
proteins interface for a matter of seconds, and then dissociated, having sent a short-
lived signal activating pathways for a very short period.

In the case of SH3 domains, which are found in a number of notable protein
kinases including Abl and Src tyrosine kinases, utilize protein-protein interactions via
a polyproline Il helix. Both of these kinases contain an SH3 (Src-homology 3) domain,
an SH2 domain (Src-homology 2) domain, and a kinase domain. Both the SH3 and the
SH2 domains are regulatory domains that control kinase activity.'?® In the Src protein
kinase, upon phosphorylation, the SH3 domain is interfaced with the kinase domain
due to interaction of the SH2 domain with the kinase, blocking the SH3 domain-
mediated protein-protein interaction interface, inactivating the kinase.!?” Upon
dephosphorylation, the SH3 domain is exposed allowing for protein-protein
interactions with polyproline I1 helices. The protein-protein interface binds via a
PXXP motif, where X is any amino acid.'?” This interaction is key in both Abl and Src
kinase activities, which control cell proliferation.1?*128 Src is just one example of an
enzyme which uses SH3 domains and binds through polyproline 11 helix
structures.®+128:129 Qver 300 known proteins in the human genome utilize SH3
domains, many of which are involved in regulation of cellular pathways including
those involved in cancer, diabetes, and neurological disorders making SH3 domains

high profile targets via the protein-protein interface.!?8
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Similarly, a number of protein-protein interactions interface through a-helices.
A few notable examples include the nuclear hormone receptors such the estrogen
receptor and the androgen receptor.®971% Both receptors are known to control cell
proliferation and growth in cancer cells via co-activator protein interactions as an a-
helix. These interactions require the recognition sequence to align on one face of the
helix to form favorable hydrophobic contacts with the interface, utilizing hydrophobic
residues such as Leu, lle, Tyr, and Phe.29213! The amino acids which can be
accommodated are dependent on the size of the binding pocket. In the case of the
estrogen receptor, aromatic amino acids are too large to be accommodated, favoring
Leu and lle in the binding pocket.!3213% The androgen receptor, however, has a larger
binding pocket, preferring the use of aromatic amino acids in the FXXLF binding

motif 134

2.1.6 The Estrogen Receptor Promotes Transcription In Cancer Pathways via a
Protein-Protein Interaction with an a-Helical Coactivator

The estrogen receptor (ER) is a nuclear hormone receptor which controls cell
proliferation via transcriptional activation (Figure 2.3).1* When estrogen binds to the
estrogen receptor via the ligand-binding domain, the receptor dimerizes and enters the
nucleus of the cell. Inside the nucleus, the receptor can bind to the estrogen responsive
elements (ERE) via the DNA binding domain on the DNA inside the nucleus. Once
bound to the DNA, the co-activator binding pocket is exposed via a change in protein
structure. The co-activator binding is a shallow hydrophobic pocket, separate from the
ligand binding pocket, which binds through an LXXLL motif.1* Co-activator proteins
are associated with the recruitment of the transcriptional machinery, which upregulates

transcription (Figure 2.3).1%136 Some of the proteins which can bind to the estrogen
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receptor via a co-activator and upregulate transcription include the steroid receptor co-
activator 1 (SRC-1), the glucocorticoid receptor interacting protein 1 (GRIP1), and
steroid receptor RNA activator (SRA).'®" These proteins all bind through the same
hydrophobic interface to upregulate transcription. In estrogen receptor-positive breast
cancer, this pathway is upregulated, leading to uncontrolled cell growth and

proliferation.t®®

Cytoplasm

s

E
e Transcnpﬂan
@) — Sl

Figure 2.3 A schematic representation of estrogen receptor signaling in cells,
demonstrating upregulation of transcription as a result of estrogen (E)
binding to the estrogen receptor (ER). Upon dimerization, the estrogen
receptor can bind to the estrogen responsive elements (ERE) on the
DNA. The co-activator (CoA) can bind in the co-activator binding pocket
which allows for the recruitment of the transcription machinery, leading
to an increase in transcription inside the nucleus of the cell.

Traditional treatments for breast cancer include the use of estrogen antagonists,

which bind to the estrogen receptor in place of estrogens. These drugs are known as
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selective estrogen receptor modulators (SERMSs). One commonly prescribed SERM is
tamoxifen (Figure 2.5).1% SERMs bind in the ligand-binding pocket, causing
structural changes within the ligand-binding domain, preventing estrogen-dependent
transcription. Binding of the SERM, as the metabolically active form 4-
hydroxytamoxifen, causes a shift in helix 12 of the estrogen receptor, effectively
blocking the co-activator binding pocket (Figure 2.4).1* While SERMS are effective
in treating breast cancer, there are a number of issues with the use of drugs like
tamoxifen. One of the biggest problems is that some cancers may become tamoxifen
resistant; cancers still express the estrogen receptor, but it is often mutated in such a
way that prevents tamoxifen from binding to the estrogen receptor.'*® In some cases,
mutations can also lead to tamoxifen acting as an estrogen, leading to the upregulation
of transcription as a result of tamoxifen binding, resulting in tamoxifen functioning as
an ER agonist, rather than an ER antagonist.*13 We would like to directly target the
estrogen receptoreco-activator interaction as a potential imaging and therapeutic site
that can function in a different manner than current traditional methods, such as
SERMs. The co-activator binding pocket has great potential as a target for alternative
therapies for the treatment of breast cancer and SERM-resistant breast cancer. In
addition, demonstration of inhibition at this site would demonstrate the potential of
peptides containing perfluoro-tert-butyl ethers could be utilized in an a-helical context

to target protein-protein interactions to target nuclear hormone receptors.
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Figure 2.4 The estrogen receptor ligand-binding domain highlighting the two
separate binding sites for the ligand (red) and a model co-activator
peptide (purple) binding through the LXXLL binding motif (left) and the
estrogen receptor ligand binding domain bound to 4-hydroxytamoxifen,
preventing co-activator binding (right).

Tamoxifen 4-Hydroxytamoxifen

Figure 2.5 The structures of tamoxifen, a commonly prescribed anti-estrogen for the
treatment of estrogen receptor-positive breast cancer, and 4-
hydroxytamoxifen, the metabolic product and biologically active form of
tamoxifen.
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2.1.7 MDM2 Binds to p53 in Oncogenic Pathways

Another example of an important biologically active a-helical protein-protein
interaction involves MDM2, a E3 ubiquitin-protein ligase. MDM2 is a proto-
oncoprotein which is involved in the negative feedback loop for p53. p53 is a
regulatory transcription factor which controls genes critical to DNA repair
pathways.**° When cells undergo DNA damage, p53 is activated and can bind to p53-
responsive elements, which upregulates adjacent genes on the DNA repair pathways
or apoptosis pathways. One of the genes activated upon p53-dependent transcription is
MDM2. MDM2, in turn, binds to p53, leading to ubiquitination and destruction of p53
(Figure 2.6).24%1%2 Furthermore, expression of p53 directly results in the upregulation
of MDM2, exhibiting a tightly regulated negative feedback loop. In more than 50% of
cancers, mutations of p53 are seen which can lead to a reduction in the rate of
transcription rather than DNA repair and apoptosis pathways, via mechanisms

including the upregulation of MDM2.14
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Figure 2.6 A schematic representation of p53eMDM2 negative feedback loop. Upon
cell damage, p53 is activated, binding to p53 responsive elements
(p53RE) leading to an upregulation in transcription of adjacent genes
including MDM2. MDMZ2 binds to p53, leading to ubiquitination
destruction of p53.

Similar to the nuclear hormone receptors, p53 binds to MDM2 via an a-helical
binding motif FXX®WXX® (Figure 2.7), and this interaction is key in controlling
p53 activity.43144 In cancerous cells, p53 is often mutated, leading to loss of function.
Furthermore, in 5 to 10% of cancers, MDM2 is overexpressed, leading to
downregulation of tumor suppressor pathways.'#? Due to the importance of
p53e¢MDM2 interactions, it has become a well-studied model system of protein-
protein interactions in cancer pathways as well as an important therapeutic target for

the treatment of cancer.
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Figure 2.7 The MDM2 crystal structure with a small a-helical peptide bound
containing the FXXLW.

2.1.8 Small Molecule and Peptide Targeting of a-Helical Protein-Protein
Interactions

There are a number of examples in the literature utilizing both small molecules
and synthetic peptides to target protein-protein interactions that form via a-helical
interfaces like p53¢MDMZ2 and the estrogen receptoreco-activator interaction. The key
is to mimic the orientation of the side chains of an a-helix. The orientation of an a-
helix aligns residues at the i, i+3, and i+4 positions along the protein-protein interface
via hydrogen bonding between the i CO and the i+4 NH leading to the characteristic
3.6 residues per turn and the 5.5 A pitch (Figure 2.8).24 In the case of the estrogen
receptor co-activators, the recognition motif commonly incorporates Leu at all of these

positions. In the case of p53, Phe is utilized at the i position and Trp is utilized at
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the i+4 position for recognition.!*® The key to successfully designing either small
molecule or peptide-based a-helical mimics is to effectively mimic the geometry and
the side chain orientation of the binding protein. There has been a significant effort to
target both the p53eMDMZ2 interaction and the estrogen receptorecoactivator

interaction using both small molecules and peptides.

i i+4
LXXLL
i+3

Figure 2.8  Critical binding residues (shown in red) align along one face of the a-
helix at the i, i+3, and i+4 positions.

There are a few examples of small molecule inhibitors for the estrogen
receptoreco-activator utilizing aromatic scaffolds to attempt to mimic the a-helical
geometry (Figure 2.9). One notable example is the development of pyrimidine-based
ligands.®*” These molecules are less successful at targeting the estrogen receptor due to
the lack of three-dimensional structure, preventing mimicking of a-helical geometry

(Figure 2.9). A more successful approach from the Hamilton lab is the biphenyl
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scaffold which targeted the estrogen receptor with Ki = 4.2 pM.*® Overall, these
compounds suffer from high hydrophobicity, which can lead to non-specific binding.
Both of these classes of scaffolds were only assayed against the estrogen receptor, so

there is no evidence for the specificity of this interaction.

SO YN
O NHN/N
U BN

1 2 3
Benzene and Pyrimidine-Based Estrogen Receptor Binding
Compounds

Kgq = 30 uM (Compound 3)

I (0]

OH

Biphenyl-Based Estrogen Receptor Binding Compounds
Kq =4.2 uM

Figure 2.9 Small molecule a-helical mimetic compounds targeting the
ERecoactivator interaction. 37146
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There has been a substantial effort to identify small molecules which bind to
MDM2, blocking the p53 binding site, with varying degrees of success.*"*>! Similar
to the estrogen receptor, a few designed scaffolds have been developed including
chalcone and terphenyl, which range from mid-micromolar to high nanomolar
affinities (Figure 2.10).14%1! There are also a large number of drugs currently in
development by pharmaceutical industry currently in clinical trials. One of the most
promising class of compounds currently being explored for their disruption of the
p53eMDM?2 interaction are the Nutlins (2.11).24” These compounds mimic the short o-
helical segment of p53 binding to MDM2 via substituted aromatic rings. Furthermore,
these compounds bind with low to mid-nanomolar affinity to MDM2. As of 2014, at
least seven different small molecules were in clinical trials for use as anti-cancer

agents targeting MDM2,148
Q 0
Clj‘/vj\‘\
¢ o oL
Cl o/}]/OH o
o)

HO

Chalcone Scaffold Terphenyl Scaffold
Kq = 150 uM K; = 0.182 uM

Figure 2.10 Designed a-helical scaffolds to target p53eMDMZ2 interaction.
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Figure 2.11 The original nutlin compounds discovered in 2004 which have led to a
series compounds to target p53eMDM?2 which are currently undergoing
clinical trials for use as anti-cancer agents.

Peptides have also been used to target the estrogen receptoreco-activator
interaction. The estrogen receptor has multiple natural co-activator ligands which
could be used to bind to the protein, preventing binding of the natural co-activator
proteins in vivo. Some of these co-activator sequences have been made as small,
synthetic peptides including the SRC Box, NRBox, and TiF-2 Box peptides.>®?°
These all incorporate the relevant LXXLL binding motif in a small peptide. These
peptides bind with low micromolar affinity, anywhere from 1 uM in the case of the
NRBoxI| peptide to 10 pM for the Tif-2 BoxlI (Figure 2.12).5%?% These peptides can
be introduced into cells via cell penetrating peptides (CPPs) and are shown to localize
in the nucleus of the cell, binding to the estrogen receptor. Another example of
synthetic peptides used to target the estrogen receptor are the cyclic peptides
developed by Galande et al., who developed a series of cyclic peptides incorporating
unnatural amino acids to obtain low nanomolar binding. These sequences were based
on the PERM-1 sequence and utilized a Cys disulfide bridge to lock the cyclic
peptides into an a-helix, obtaining a Ki = 25 nM binding peptide using simply the

native LXXLL motif (Figure 2.12).146 These peptides went a step further,
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incorporating a neopentylglycine derivative at the critical Leu positions within the
LXXLL binding motif. The neopentylglycine led to increased binding at all three
positions over the native PERM-1 sequence; however, the i+3 position within the
helix was significantly superior to the others, with Ki = 7 pM.1*® These data point to
the potential power of small synthetic peptides utilizing unnatural amino acids to

target protein-protein interactions.

SRC-1 Box1 YSQTSHKLVQLLTTTAQQ

NRBoxII LTERHKLLHRLLQE
Tif-2 Box2  LKEKHKILHRLLQDSSPV
PERM1 K-cyclo (p-CILC)ALLQ

Figure 2.12 Synthetic peptide sequences based on natural estrogen receptor co-
activator sequences. Key Leu resides are underlined.

MDMZ2 can also be targeted by small peptides based on the native p53 sequence.
The p53-based peptide, utilizing the sequence shown in Figure 2.13, binds with Kq =
121 nM.2* Zondlo et al. examined a series of chimeric peptides to understand the
differential binding of p53 and the related p65 transcription factor, which binds with
much lower affinity at K¢ = 5.7 uM. A series of peptides was synthesized, substituting
key residues from the p65 binding motif into the p53 peptides to understand how each
residue was contributing to the overall binding of the peptide. In the course of this
work, one peptide known as p53-P27S was demonstrated to bind with Kg = 4.7 nM,

which is the highest affinity of any encodable peptide-based ligand.** Much like the
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estrogen receptor, these data demonstrate that high affinity binding in protein-protein

interactions can be obtained using small synthetic peptides.

p53 CPPLSQETFSDLWKLLPENN
P65 CSSIADMDFSALLQISS

D21A  CPPLSQETFSALWKLLPENN
K24S  CPPLSQETFSDLWSLLPENN
L261 CPPLSQETFSDLWKILPENN
P27S  CPPLSQETFSDLWKLLSENN

Figure 2.13 MDMZ2-binding peptides based on the native p53 sequence, with
mutations from the lower affinity p65 sequence. These peptides were
examined to determine the site-specific residues which lead to difference

in binding affinity of these two native ligands. The FXX®® binding
motif is underlined and the mutated residues are shown in red. P27S is
the highest affinity encodable peptide-based ligand indentified to date.!**

While a number of both small molecule and peptide-based examples have been
provided here, there is still room for improvement targeting a-helical protein-protein
interactions. High binding affinity has been demonstrated in both small molecules and
peptides, but we would like to develop a series of peptides which have the potential to
not only act as high affinity ligands, and possibly potent therapeutics, but also function
as potential imagining agents that would allow imaging of these interactions in real
time to gain a greater understanding of these protein-protein interactions and their

impact in cell signaling pathways.
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2.2 Results

2.2.1 Design of MDM2 Binding Peptides Containing Perfluoro-tert-butyl
Tyrosine

Based on the successful design of the p53- P27S peptide, in order to target the
MDM2ep53 interaction utilizing the perfluro-tert-butyl group, a series of peptides was
designed incorporating perfluoro-tert-butyl tyrosine into the FXX®® recognition
motif. In the P27S peptide, the critical recognition motif is FSDLW (Figure 2.14).
Based on crystal structure analysis, we hypothesized there was sufficient space to
accommaodate the perfluoro-tert-butyl tyrosine at both the Phe (i position within the
helix) and the Trp (i+4 position within the helix) residues. As a first approximation,
perfluoro-tert-butyl tyrosine is only slightly larger than Trp and could potentially
mimic any of the aromatic amino acids in a hydrophobic binding motif (Figure 2.15).
These peptides could potentially show increased binding affinity due to the increased
hydrophobicity of the perfluoro-tert-butyl group. It is also possible that the
modification to the perfluoro-tert-butyl tyrosine will result in a loss of binding affinity.
In addition, the P27S peptide has a much higher affinity (Kq = 4.7 nM) over the p537-36
peptide (Kq = 121 nM), such that a loss of binding as a result of the perfluoro-tert-
butyl modification could still potentially yield a useful *°F NMR/MRI probe for

examining the MDM2ep53 interaction.

124



P27S Ac-CPPLSQETFSDLWKLLSENN-NH,
F19Tyr(C,Fy) Ac-CPPLSQETXSDLWKLLSENN-NH,
W23Tyr(C4Fg) Ac-CPPLSQETFSDLXKLLSENN-NH,

Figure 2.14 Designed MDM2 binding substrates containing perfluoro-tert-butyl

tyrosine.
OH O.__CFy
. NH \gngs
HoN OH HoN OH HoN OH HaN OH
o] o] 0 o]
Phe Tyr Trp | Tyr(C4Fy)

Figure 2.15 Tyr(CasFo) is similar in size to Trp and could potentially act as a mimic of
one of the aromatic amino acids including Phe, Tyr, or Trp.

2.2.2 Determination of Dissociation Constants for Desighned MDMZ2 Binding
p53-Based Peptides

In order to evaluate the interaction between MDMZ2 and the designed peptides,
the dissociation constant was measured using established assay protocols.* Peptides
were synthesized on solid phase utilizing Fmoc-Tyr(CaFg)-OH. Synthesis of the
perfluoro-tert-butyl tyrosine was attempted on the peptide in solution, as was
demonstrated in the Ac-T(Tyr(CaFe))PN-NH: peptide, but this reaction was
unsuccessful. Peptides were cleaved from resin and purified without precipitation with

diethyl ether. The peptides containing perfluoro-tert-butyl tyrosine are extremely
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hydrophobic and do not precipitate in ether, potentially due to fluorophobic
interactions with residual TFA in ether. Peptides were purified via HPLC and identity
was verified via mass spectrometry. Purified peptides were labeled on the free thiol of
the Cys with 5-iodoacetamidofluorescein. Purified MDM225.117 was obtained from
bacterial expression by established protocols. MDM2 was expressed in E. coli in
terrific broth from a pET14b plasmid containing a hexa-histidine tag.** The protein
was purified via Ni-NTA affinity chromatography, eluted with imidazole, and
dialyzed to obtain purified MDM2.

Dissociation constants were measured using fluorescence polarization assays,
which are a direct measure of the peptide binding to MDM2. While the perfluoro-tert-
butyl tyrosine peptides were based on the P27S design, P27S was not used as a control
for this assay. In this assay, p5312-30 was synthesized and used as a control. The P27S
peptide, due to its extremely high affinity, requires the use of significantly less peptide
(5 nM) compared to lower affinity binding peptides such as p5312-30 (210 nM).1** The
measured Kq for this purpose matched previously measured values. The Kq for this
peptide was calculated based on a fit not utilizing the two highest MDM2
concentrations as it appears to potentially be a higher order binding process at higher
concentrations of MDMZ2. The peptide Phe19Tyr(CaFg) was measured to have a
dissociation constant of K¢ = 7.4 £ 0.3 uM and the peptide Trp23Tyr(C4F9) was
measured to have a dissociation constant Kq = 9.1 + 0.9 uM (Figure 2.16, Table 2.1).
Both of these peptides were a full order of magnitude lower in affinity than the p531».
30 peptide, demonstrating that the perfluoro-tert-butyl tyrosine could not be fully
accommodated at either position with the binding motif. Significant loss of binding

has previously been observed with substitutions at the position 23 Trp. The peptide
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W?23L showed a substantial loss in binding (Kq = 43 £ 2 uM) with the modification of
the Trp to a Leu.** While sterically, perfluoro-tert-butyl tyrosine is more similar to
Trp than Leu, in free energy terms, the loss of binding is similar to W23L. These data
demonstrate the importance of Trp at position 23 within the MDM2-binding peptide.
There are multiple potential reasons as to why these designs led to a large
decrease in binding of the peptide to MDM2. The first reason is the size of the
perfluoro-tert-butyl tyrosine. While it is approximately the same size as Trp, the shape
is significantly different, and the amino acid may orient differently in the binding
pocket than the Phe or Trp. Crystal structure analysis also shows the side chains of the
Phe and Trp pointing towards each other. It is possible that the peptide cannot adopt
the proper a-helical conformation upon binding due to the perfluoro-tert-butyl group.
It is also known that the Trp makes as many as 10 contacts with residues within
MDM2 making it a critical recognition residue.*>%2 The perfluoro-tert-butyl group is
likely disrupting many of these contacts, preventing necessary specificity from the

Trp.

127



300 T T T T

o
£
c L i
5 250
el
o
M
E 200 | -
o
o
L1} ]
@ 150 f -
=
i1 ]
& ]
® 100t -
| ==
o
3
TH
50 Ll Ll Ll Ll L
10°® 107 10° 10°
[MDM2], M

Figure 2.16 Binding isotherms of MDMZ2 to the fluorescein-labeled peptides p5312-30
(black squares), W-Tyr(CaFg) (red circles), F-Tyr(CsFg) (blue diamonds),
Assays were conducted using 100 nM fluorescein-labeled peptides in 1x
PBS buffer (pH 7.4) with 0.1 mM DTT, and 0.04 mg/mL BSA. MDM?2
was diluted using two-fold serial dilutions to final protein concentrations
of 30 uM to 0.0045 uM. Fluorescence polarization data represent the
average of at least 3 independent trials. Polarization data are in
millipolarization units (mP). Each data point is indicative of at least three
independent trials. Error bars indicate standard error.
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AG, kcal AAG, kcal

peptide Kq, uM  error, uM mol! mol*!
P5312-30 0.21 0.07 -9.4 0.0
Phe19Tyr(CsFo) 7.4 0.3 7.0 2.4
Trp23Tyr(C4Fo) 9.1 0.9 -6.9 2.5
W23L 43 2 -6.0 3.4

Table 2.1  Dissociation constants (Kq) for the complexes of MDM2 and the
indicated peptides. Error bars indicate standard error. Kq values were
determined via a non-linear least-squares fit to the fluorescence
polarization data.

2.2.3 Design of Estrogen Receptor Coactivator Peptides Containing Perfluoro-
tert-butyl Homoserine

As demonstrated in Chapter 1, perfluoro-tert-butyl homoserine has the
potential to be used as a mimic of aliphatic amino acids such as Leu, lle, and Met
(Figure 2.17).51°254 perfluoro-tert-butyl homoserine had the most a-helical propensity
of any of the perfluoro-tert-butyl amino acids examined. In order to examine the
potential applications of perfluoro-tert-butyl homoserine as a *°F imaging probe for
protein-protein interactions, we designed a series of peptides which would probe the
estrogen receptoreco-activator interaction described previously. The estrogen receptor
co-activator binding pocket accommodates the LXXLL binding motif where X = any
amino acid and the Leu align along one face of the co-activator binding region making

hydrophobic contacts with the estrogen receptor.*?
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Figure 2.17 Perfluoro-tert-butyl homoserine could potentially act as a mimic of Leu,
lle, or Met at a protein-protein interface due to similar size, but with
enhanced hydrophobic effect due to the fluorine atoms.

The co-activator binding motif contains three potential Leu residues which can
be mutated to the perfluoro-tert-butyl homoserine. The native NRBoxII peptide, which
was the basis for the design, contains a position 9 Leu (i position within the helix) as
well as a position 12 Leu (i+3 position within the helix) which were mutated to
perfluoro-tert-butyl homoserine (Figure 2.8). Based on both crystal structure analysis
as well as the previous data demonstrating that neopentylglycine could not be
accommodated at the position 13 Leu, perfluoro-tert-butyl homoserine was not
examined at the position 13 Leu (i+4 position within the helix).1*® While not explicitly
part of the LXXLL binding motif, examination of the crystal structure demonstrates a
partial hydrophobic contact of the position 8 lle (i-1 position within the helix), which
may also benefit the binding of designed peptides (Figure 2.18). As demonstrated in
Chapter 1, Leu is significantly more a-helix-promoting than Ile or perfluoro-tert-butyl
homoserine. The mutation from lle to perfluoro-tert-butyl homoserine is a structurally
more conservative mutation, with the potential to preserve the native structure.
Finally, due to the increased hydrophobic effect associated with fluorine, there was a

concern there would be a significant increase in non-specific binding of perfluoro-tert-
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butyl group. To verify the specificity of binding, the position 9 Leu (i position within
the helix) was mutated to 4S-perfluoro-tert-butyl hydroxyproline, which was the least
a-helix promoting perfluoro-tert-butyl amino acid designed (Figure 2.18).%* This
amino acid should reduce the stability of the a-helix formation, inhibiting a-helix
mediated binding to the estrogen receptor, while retaining the perfluoro-tert-butyl
ether group. This peptide functions as a control for the inherent effects of
hydrophobicity of the perfluoro-tert-butyl ether on binding. Position 9 was chosen
over position 12 to reduce a-helical character of the peptide at the beginning of the a-
helix.>21%% All peptides were also designed with an N-terminal Cys for modification

with a fluorophore to evaluate binding to the estrogen receptor.

NRBoxlI LTERHKILHRLLOE
lle8Hse(C4F) LTERHKXLHRLLQE
Leu9Hse(C4Fy) CLTERHKIXHRLLQE
Leu12Hse(C4Fy) CLTERHKILHRXLOE
LeuShyp(C4F9) CLTERHKIXHRLLOE

Figure 2.18 Peptide designs for the incorporation of perfluoro-tert-butyl amino acids
into estrogen receptor coactivator peptides. X indicates the site of
modification with a perfluoro-tert-butyl amino acid, with either
Hse(CaFy) (red) or 4S-hyp(CaF9) (blue) substitution at the indicated
residue. All peptides for fluorescence polarization experiments were
labeled with 5-iodoacetamidofluorescein on Cys (green). Peptides used in
NMR spectroscopy experiments lacked the N-terminal Cys. All peptides
are acetylated on the N-terminus and contain C-terminal amides.
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2.2.4 Determination of Dissociation Constants for Designed Estrogen Receptor
Binding Peptides Containing Perfluoro-tert-butyl Ethers

In order to quantitatively examine peptides designed in Figure 2.18 as potential
binding partners for the estrogen receptor, peptides were evaluated by determining the
dissociation constants. While there are a number of different method to determine
binding constants, fluorescence polarization was chosen, which allows for a direct
measurement of the peptides binding to the protein of interest.®* Briefly, this assay
measures peptide-protein binding interactions by measuring depolarization of plane-
polarized light. When the fluorescently labeled peptide is unbound in solution, the
fluorophore can absorb light, and due to the small size and rapid rotation in space,
emission from the fluorophore depolarizes the light. When the fluorescently labeled
peptide is bound to a large protein, in this case the estrogen receptor, the rotational
time is much slower, leading to less depolarization of the light upon emission.*>®
These types of assays can be used in a direct or indirect manner. Peptides can be
evaluated by adding a fluorescent label, such as fluorescein or rhodamine to the
peptide and measure binding directly.*>* Peptides and small molecules can also be
measured indirectly via a competition assay with a fluorescently labeled peptide.*>®
These types of assays have been used to evaluate NRBoxIleER binding successfully,
meaning there were established conditions on which the assay and the designed
peptides could be evaluated. 37146

To evaluate binding, peptides were synthesized on solid phase incorporating an
N-terminal Cys for fluorescein labeling. The control peptide (Ac-
CLTERHKILHRLLQE-NH?>), containing only canonical amino acids, was used as it
had a known binding constant, to determine the validity of the assay as well as to

verify that the fluorophore, fluorescein, would not lead to increased binding due to the
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hydrophobic interactions of the protein with the fluorophore.1#¢ All other peptides
were also synthesized on solid phase, with the incorporation of the perfluoro-tert-butyl
homoserine at the specified positions as denoted in Figure 2.18. Finally, 4S-perfluoro-
tert-butyl hydroxyproline was incorporated into one of the NRBoxII peptides at the
Leug position to determine that if the perfluoro-tert-butyl group was not leading to an
increase in affinity via non-specific binding interactions. All peptides were purified
and identity verified using mass spectrometry. All peptides were fluorescein labeled
using 5-iodoacetamidofluorescein, which conjugates to the free thiol of the Cys and
purified via HPLC.

The protein used for all assays was the estrogen receptor alpha ligand binding
domainass.ses. While the estrogen receptor exists in multiple isoforms, not all isoforms
are equally expressed in all tissues. Due to our interest in using these probes to detect
breast cancer, the estrogen receptor alpha was chosen, as this is the isoform that is
overexpressed in breast cancer cells.32 This protein was expressed from a pET15b
plasmid with a hexahistidine tag in BL21 cells using IPTG in terrific broth. Protein
was isolated using his-tag resin according to the manufacture’s protocols (EMD
Millipore) for use in all assays.

All peptides were incubated at 100 nM concentration, with a serial dilution of
the purified estrogen receptor protein in buffer. The Kq was measured for each peptide
construct (Figure 2.19, Table 2.2) by fluorescence polarization using a fluorescence
plate reader. The control NRBoxII peptide, containing no modifications, bound to the
estrogen receptor with the previously reported dissociation constant (Kq = 1.0 uM).146
As expected the Leu9hyp(CasFg) showed weak binding (K4 > 150 uM), which is most

likely due to non-specific binding with the protein as this amino acid co-activator
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peptide as well as some residual a-helix formation. This peptide should demonstrate a
significant reduction in binding to the estrogen receptor due to the 4S-perfluoro-tert-
butyl hydroxyproline disrupting the necessary a-helical structure required for binding,
although, a small amount of a-helix can still form. These data demonstrate that the
perfluoro-tert-butyl ether does not inherently lead to an increase in binding due to
hydrophobicity. The peptide Leu9Hse(C4Fo) also showed reduced binding to the
estrogen receptor (Kq = 43 uM) compared to the other peptides containing perfluoro-
tert-butyl homoserine. These data indicate that, despite the increased hydrophobic
effect introduced with fluorine atoms, the perfluoro-tert-butyl homoserine may be too
large at the initial (i) Leu position. The peptide Ile8Hse(C4F9), however, was relatively
well tolerated (Kq = 7.1). At the Ile position, this side chain is partially solvent
exposed, so the primary driving force for binding is most likely the hydrophobic
effect, as seen in the crystal structure (Figure 2.4).

Among peptides in this series, the peptide Leul2Hse(CsF9) had the highest
binding affinity (Kq = 2.2 uM), which was similar to the native peptide. These results
are unsurprising as both the crystal structure and the data demonstrating high affinity
binding with neopentylglycine had previously indicated that this site has the largest
space in the hydrophobic binding pocket to accommodate the increased size of the
perfluoro-tert-butyl group. Due to the high affinity of the Leul2Hse(C4Fo) peptide,
this peptide was further characterized and used in '°F binding experiments to
demonstrate the potential of this peptide to be used as a fluorine-based probe of
protein-protein interactions. These data indicate the ability to substitute perfluoro-zert-
butyl homoserine into a recognition motif, in place of Leu, at a protein-binding

interface.
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Figure 2.19 Binding isotherms of estradiol-bound ERa LBD to the fluorescein-
labeled peptides NRBoxlII (black squares), Leul2Hse(CasF9) (red circles),
Ile8Hse(C4F9) (magenta inverted triangles), Leu9Hse(CasF9) (green
diamonds), and Leu9hyp(CsFo) (blue triangles). Assays were conducted
using 100 nM fluorescein-labeled peptides in 1x PBS buffer (pH 7.4)
with 20 uM estradiol, 0.1 mM DTT, and 0.04 mg/mL BSA. ERa LBD
was diluted using two-fold serial dilutions to final protein concentrations
of 10 uM to 0.0098 uM. Fluorescence polarization data represent the
average of at least 3 independent trials. Polarization data are in
millipolarization units (mP). Each data point is indicative of at least three
independent trials. Error bars indicate standard error.
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AG, kcal

peptide K4, UM error, uM mol !
NRBoxII 1.0 0.1 -8.2
Ile8Hse(C4F9) 7.1 1.3 -7.0
Leu9Hse(C4Fo) 43 4 -6.0
Leul2Hse(C4Fo) 2.2 0.2 =1.7
Leu9hyp(CsFo) >150 n.a. n.a.

Table 2.2 Dissociation constants (Kq) for the complexes of estradiol-bound ERa
LBD and the indicated peptides. Errors indicate standard error. Kq values
were determined via a non-linear least-squares fit to the fluorescence
polarization data. n.a. not applicable.

2.2.5 Structural Implications of the Perfluoro-tert-butyl Ether Group in
Estrogen Receptor Binding Proteins

Due to the importance of the a-helical structure upon binding to the estrogen
receptor, it is important to characterize changes within the peptide structure due to the
perfluoro-tert-butyl homoserine modification. While perfluoro-tert-butyl homoserine
is a-helix promoting at the N-terminus of a peptide, not all amino acids have the same
o-helical propensities at all positions within an a-helix.*? For this reason, we decided
to examine the a-helical character of both the NRBoxII control peptide and the
Leul2HseC4F9 peptide. As seen in Chapter 1, circular dichroism can be used to
determine a-helical structure.>! Peptides were dissolved in buffered water to determine
their secondary structure. Unsurprisingly, neither peptide demonstrated any a-helical
character by CD. Short peptides are often disordered, and these structures are known
to have binding-induced folding to adopt the a-helix upon binding to the estrogen
receptor.>® While short peptides are not necessarily stable o-helices in water,

trifluoroethanol (TFE) solutions is known to induce o-helical secondary structure.*®
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Both the NRBoxII control peptide and the Leul2Hse(CaF9) were examined in 30%
TFE solutions (Figure 2.20). Both peptides formed a-helical structures, as indicated by
minima at 222 and 208 nm with the NRBoxII control peptide demonstrating more
helical character than the peptide containing a perfluoro-tert-butyl group (Table 2.3).
The NRBoxII peptide was more a-helical (46 % helical) compared to the peptide
Leul2Hse(CsF9) (27% helical). As previously noted, Leu is one of the most a-helix
promoting amino acids, while perfluoro-tert-butyl homoserine is similar to Met and
Pro in terms of a-helix promoting character when placed at the N-terminus of a
peptide.>>>* Leu (frelix = 0.546) and, to a lesser degree, Met (freiix = 0.507) are both -
helix promoting in the interior of a peptide, however, Pro (frelix = 0.000) disrupts the a-
helix at the interior of a peptide as demonstrated in the Ac-
YGGKAAAAKAXAAKAAAAK-COOH peptide.’> In most cases, Perfluoro-tert-
butyl homoserine, unsurprisingly, is not as a-helix promoting as Leu in any context
but can mimic other aliphatic amino acids in an a-helical context, both at the N-
terminus as well as in the interior of a-helical peptides. Furthermore, the perfluoro-
tert-butyl homoserine is a fluorinated amino acid which does not inherently disfavor
a-helical structures, unlike most highly fluorinated amino acids.'® These data
demonstrate the perfluoro-tert-butyl homoserine can be introduced at any position
within an a-helical context, while maintaining the ability of the peptide to form an a-

helix.
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Figure 2.20 CD spectra of NRBoxII (black squares) and Leul2Hse(CsFo) (red circles)
in 30% TFE with 5 mM phosphate buffer and 25 mM KF at pH 7.4 at 25

°C.
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[0]222

[0]208

[0]190

0 -

Peptide deg cm? deg cm?  deg cm?  [0]222/[0]208 —[0]190/[0]222 }f) l‘?‘
dmol! dmol! dmol! ehix

NRBoxII -16133 -19367 41810 0.83 2.59 46%
Leul2Hse(C4Fo) -10719 -14998 28378 0.71 2.65 28%

Table 2.3 Circular dichroism data for NRBoxII and Leul2Hse(C4F9) peptides in
30% TFE. Extent of a-helix is identified by mean residue ellipticity at
222 nm ([0]222) or via the ratios [0]222/[0]208 or —[0]190/[0]222. % a-Helix
was determined via the method of Baldwin, as described previously. Ser
and Thr are highly stabilizing to a-helices at their N-terminus due to the
hydrogen bonding with the unsatisfied amide N-H hydrogen bond

donors.

Both peptides were also examined by NMR to determine any potential

perturbations to the peptide structure due to the perfluoro-tert-butyl homoserine.

Peptides were synthesized without the N-terminal Cys, as the fluorophore label was

unnecessary for NMR and CD experiments, and free thiols can potentially form

disulfides. All NMR data were recorded at pH 4.0 to slow hydrogen exchange,

allowing the amide protons to be observable by *H NMR. Simple *H NMR spectrum

analysis of both the NRBoxII peptide and the Leul2HseCasF9 peptides showed nearly

identical spectra (Figure 2.21). Small changes were observed in the amide region with

a peak around 8.5 ppm becoming visible with the substitution of one Leu to perfluoro-

tert-butyl homoserine. In addition, an additional peaks were observed in the aliphatic
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region, around 2 ppm, as a result of the extra methylenes from the perfluoro-tert-butyl
homoserine.

TOCSY correlation spectra were used to examine through bond coupling of
protons in both peptides. Again these spectra were strikingly similar (Figure 2.25,
2.26, 2.27). Superpositions of the fingerprint region of the TOCSY spectra shows a
cross peak at 8.5 ppm correlating to a peak at 4.45 ppm as observed in the *H NMR
spectra as a result of the perfluoro-tert-butyl homoserine (Figure 2.22, 2.23, 2.24).
This peak correlates the perfluoro-tert-butyl homoserine amide proton with the H,
proton. Additionally, new cross peaks are visible at 2.0 and 2.4 ppm, corresponding to
the Hp and Hy protons. Examination of the superposition of the full TOCSY spectra
show all other regions to be nearly identical between the two peptides. Due to the
strong similarities, HSQC correlation spectra were also collected for both peptides
which allows for observation of carbon atoms and the corresponding attached protons.
Chemical shift index has been correlated to secondary structure, where a-helical
secondary structure exhibit an upfield shift relative to unfolded peptides, in the Co-Hq
region.® In the event that the perfluoro-tert-butyl homoserine is disrupting the o-helix
structure of the peptide, we would expect to see a downfield shift in H, and an upfield
shift in C, associated with the helical residues. Once again, the spectra of the NRBoxI|
and Leul2Hse(C4F9) peptides were nearly identical (Figure 2.28, 2.29, 2.30).
Superposition of the two peptides shows new cross peaks associated with the
perfluoro-tert-butyl homoserine, however, no substantial shifting is observed in the
other residues including those which participate in the a-helix (Figure 2.33). As
expected, the perfluoro-tert-butyl homoserine residue causes shifting of the C, and the

corresponding protons (Figure 2.29). All of these data taken together demonstrate that
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these peptides, in an aqueous environment, have very similar structure, demonstrating
that perfluoro-tert-butyl homoserine has no substantial effect on peptide structure. The
NMR data, taken with the CD data in 30% TFE show that the perfluoro-tert-butyl

ether has a minimal impact on peptide structure.
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Figure 2.21 H NMR spectra of the peptides NRBoxII (top) and Leul2Hse(CsFo)
(bottom) in 5 mM phosphate buffer with 25 mM NaCl.
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Figure 2.22 Fingerprint region of the TOCSY spectrum of the NRBoxII peptide in 5
mM phosphate buffer with 25 mM NaCl.
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Figure 2.23 Fingerprint region of the TOCSY spectrum of the peptide
Leul2Hse(CaF9) in 5 mM phosphate buffer with 25 mM NacCl.
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Figure 2.24 Superposition of the fingerprint regions of the TOCSY spectra of the

peptides NRBoxlII (red) Leul2Hse(CsF9) (blue) in 5 mM phosphate
buffer with 25 mM NacCl.

145



-H (ppm)

(O F

10 8 4 2
]
0- L0
!
! I ‘gt i
i : O . L
21 R o I 2
§e !' 2 rd M-"'
b ‘ i # o
4 , P , L4
oh . & W oo OH- P
,. ”ﬁ
I'
6 i_ -6
I
f
8- . L -8
¢ L A T
10 : : : 10
10 8 4 2
®, - 'H (ppm)

Figure 2.25 Full TOCSY spectrum of the peptide NRBoxII in 5 mM phosphate buffer

with 25 mM NaCl.
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Figure 2.26 Full TOCSY spectrum of the peptide Leul2Hse(CsF9) in 5 mM
phosphate buffer with 25 mM NaCl.
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Figure 2.27 Superposition of the full TOCSY spectra of the peptides NRBoxlIlI (red)
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Figure 2.28 Ha-Ca region of the *H-*C HSQC spectrum of the peptide NRBoxIl in 5
mM phosphate buffer with 25 mM NaCl.
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Figure 2.29 Ha-Ca region of the *H-*C HSQC spectrum of the peptide

Leul2Hse(C4F9) in 5 mM phosphate buffer with 25 mM NaCl.
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Figure 2.30 Superposition of the Ha-Ca regions of the *H-*C HSQC spectra of the
peptides NRBoxII (red) and Leul2Hse(CsFo) (blue) in 5 mM phosphate
buffer with 25 mM NacCl.
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Figure 2.31 Full *H-13C HSQC spectrum of the peptide NRBoxIl in 5 mM phosphate

buffer with 25 mM NacCl.
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Figure 2.32 Full *H-13C HSQC spectrum of the peptide Leul2Hse(CsFo) in 5 mM

phosphate buffer with 25 mM NaCl.
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Figure 2.33  Superposition of the full *H-*C HSQC spectra of the peptides NRBoxI|
(red) Leul2Hse(CaFg) (blue). The similarities in the NMR spectra of both
peptides are consistent with similar structures being adopted by both
peptides, and with data indicating that Hse(C4Fg) has good propensity for

the a-helical conformation.
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2.2.6 °F Detection of Estrogen Receptor-Peptide Binding via Chemical Shift
Anistropy or Exchange Broadening

Having demonstrated that the peptide Leul2Hse(CsFg) binds to ERa LBD with
near-native affinity and is structurally nearly identical the NRBoxII co-activator
peptide, we set out to demonstrate that this peptide could be used to detect estrogen
receptoreco-activator binding by °F NMR. The peptide Leul2Hse(C4Fs) was diluted
to 5 UM in buffer and the **F NMR spectrum was collected (128 scans, 5 mins) which,
as expected, exhibited a single, sharp peak (Figure 2.34). Based on the fluorescence
polarization data, as ERa LBD is titrated into the solution, Leul2Hse(CsFg) binds to
the protein. This interaction was also observed by °F NMR; as ERo. LBD was titrated
into a buffer solution with 5 uM peptide, chemical shift anisotropy was observed
(Column 1, Figure 2.34). While there is a possibility that a chemical shift change is
happening as a result of Leul2Hse(CsFo) binding to the protein, this potential change
is not observable due to chemical shift anisotropy (CSA). As the peptide binds to the
protein, the increase in size (ERo LBD = 39 kDa), two dynamic regimes are expected:
in the free peptide, rapid rotation results in a single sharp peak. In constrast, in the
peptideeprotein complex, slow tumbling combined with the lack of free rotation of the
perfluoro-tert-butyl group, which is interfacing with the protein, leads to increasing
CSA of the singlet observed by *F NMR. To demonstrate that this interaction is a
result of the Leul2Hse(C4F9) peptide binding to the protein at the co-activator binding
pocket, 10 uM NRBoxII peptide was added to the NMR samples (< 5 pL) which can
displace the Leu12Hse(Ca4Fo), recovering the sharp singlet by °F NMR (Column 2,
Figure 2.34). In all cases, the Leul2Hse(Ca4Fo) *°F signal was restored to a sharp
singlet upon incubation with the NRBoxII peptide. These competition data

demonstrate that the NRBoxII peptide is displacing the Leul2Hse(C4F9) peptide in the
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co-activator binding pocket. If the Leul2Hse(CsFo) peptide was binding elsewhere on
the protein, it would not be displaced by the NRBoxlII peptide, which is known to bind
in the co-activator binding pocket.50:125:132.133

Similarly, 4-hydroxytamoxifen (OHT), a commonly used SERM, is known to
alter the estrogen receptor, preventing binding of the co-activator to the estrogen
receptor.t*>138 We expect no observable CSA of the peptide Leul2Hse(C4Fo) as a
result of incubation with OHT-bound ERa LBD. The titration of estrogen receptor
with 5 pM Leul2Hse(C4F9) was repeated with 50 UM OHT instead of 17(3-estradiol.
In fact, no CSA was observed even at the highest concentration of ERa LBD (30 uM)
(Column 3, Figure 2.34). There are small satellite peaks visible in the presence 50 uM
OHT. These peaks are most likely chemical shift changes associated with hydrophobic
interactions with OHT, which is a large, hydrophobic molecule which, while free in
solution, could interact with the perfluoro-tert-butyl group of the Leul2Hse(C4Fo) at

high concentration, leading to the observed chemical shift change.
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Figure 2.34 19F NMR titration of the peptide Leul2Hse(CsFg) with the ERo. LBD. All
NMR samples contain 5 uM Leul2Hse(CaFo) in PBS with 0.1 mM DTT
and 10% D0 for NMR lock. All samples contain 20 puM estradiol,
except for experiments with tamoxifen (OHT), which contain 50 uM
tamoxifen instead of estradiol. Competition experiments were conducted
by adding 10 uM NRBoxII peptide (< 5 pL volume added). All samples
were incubated at room temperature for a minimum of 30 minutes before
the NMR experiment. All experiments were conducted on a 564.5 MHz
NMR spectrometer with 128 scans, a 10 ppm sweep width, an acquisition
time of 0.8 seconds, and relaxation delay of 3.0 seconds (8 minutes total
experiment time).

Having established conditions under which we could observe the protein-
protein interaction between the ERa LBD and the peptide Leul2Hse(CaFo), we
optimized the **F NMR experiments to examine binding. The titration of
Leul2Hse(CaFo) was repeated at 5 UM peptide with the addition of 0 to 30 uM ERa
LBD (Figure 2.35, panels a-d) using 1-hour acquisition times (1024 scans) for

enhanced signal-to-noise. These data demonstrate an equilibrium of Leul2Hse(CasFo)
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binding to ERa LBD via broadening in the presence of ERo. LBD. The CSA in these
data can be quantified using the full width, half height (FWHH) measurement
performed in MNova (version 10). The FWHH is a measurement of the peak width.
As anisotropy occurs, broadening is observed, leading to an increase in the measured
FWHH. In Figure 2.35a, the FWHH measurement of the free Leul2Hse(CsFo) peak is
6 Hz. As the ERa LBD is titrated into the solution, the peak broadens to FWHH = 17
Hz at ERo-LBD =5 pM vs FWHH = 18 Hz (Figure 2.35, panels ¢ and d) at ERa. LBD
=15and 30 uM. At 5 uM ERa LBD, the Leul2Hse(CsFog) is not fully bound to the
protein, based on Kq = 2.2 uM, and we therefore, expect, more CSA at higher
concentrations of protein, when more Leul2Hse(C4Fo) is bound. We can also quantify
the rescued °F signal as a result of competition with the NRBoxII peptide (Figure
2.35, panel f) which has a FWHH = 8 Hz. Similary, OHT also rescues the °F signal
by displacing the peptide as measured by (Figure 2.35, panel g) FWHH =9 Hz. These
data indicate the signal is nearly completely recovered as the Leul2Hse(CasFo) is
displaced from the ERa LBD protein using either the control NRBoxII peptide (20
pMM) or OHT (50 puM). We also demonstrate the specificity of this interaction by
incubation of the Leul2Hse(C4Fo) peptide with Bovine Gamma Globulin (BGG).
BGG is a 155 kDa protein which does not have a protein-protein interaction interface.
If non-specific interactions were the basis of the broadening observed by °F NMR, we
would expect to see CSA as a result of incubation with the Leu12Hse(C4Fo) peptide.
In contrast, a sharp singlet was observed by **F NMR upon incubation with 30 uM
BGG ,with FWHH = 6 Hz, similar to that observed in the free peptide.

Ultimately, the goal of this work is to apply perfluoro-tert-butyl amino acids in

more complex solutions, including detection of protein function living cells. In order
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to demonstrate the potential of Leul2Hse(C4Fo) to detect protein-protein interactions
in more complex systems, such as cells, the peptide was incubated in HeLa cell
lysates, both in the presence and absence of the estrogen receptor. HeLa cells do not
express the estrogen receptor, so purified ERa LBD was added to the HeLa cell
lysates.™® In more complex mixtures, such as cell lysates, the possibility for non-
specific interactions increases substantially due to the increased number of proteins in
solution. The Leul2Hse(CsFo) peptide in HeLa cell lysates did demonstrate some CSA
as a result of non-specific interactions (FWHH = 10 Hz) compared to the peptide in
buffer (FWHH = 6 Hz) (Figure 2.35, panel a and h). This broadening is more than was
observed with the BGG (FWHH = 6 Hz), but still significantly less than observed with
ERa LBD (FWHH = 18 Hz). Upon addition of 15 uM ERa LBD in HeLa cell lysates
with 5 uM Leul2Hse(C4Fy), significantly more CSA is observed (FWHH = 21 Hz).
These data demonstrate that, despite a small amount of CSA as a result of more
complex mixtures, most likely due to an increase in hydrophobic proteins in solution,
ERa LBDeco-activator protein-protein interactions are detectable utilizing the

Leul2Hse(CsFo) peptide in complex mixtures.
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1%F NMR spectroscopy of the peptide Leul2Hse(CsFs). Experiments
were conducted with 5 uM peptide in 1x PBS (pH 7.4), 0.1 mM DTT, 20
UM estradiol (except g), and 10% D20. (a-€) The peptide
Leul2Hse(CaF9) with (a) no added protein; (b) 5 uM ERa LBD; (c) 15
MM ERa LBD; (d) 30 uM ERa LBD; and (e) 30 M bovine gamma
globulin. (f) 5 uM peptide Leul2Hse(CsF9) with 15 uM ERa LBD and
20 UM NRBox II. (g) 5 uM peptide Leul2Hse(CaFg) with 15 uM ERa.
LBD and 50 uM 4-hydroxytamoxifen (OHT), without added estradiol.
(h-i) The peptide Leul2Hse(CaFo) (h) with 200 pL HelLa cell lysates and
(i) with 200 pL Hela cell lysates and 15 pM ERa LBD (final
concentration). All *°F NMR spectra were acquired with a 10 ppm sweep
width, acquisition time = 0.8 seconds, 1024 scans, and a relaxation delay
of 3.0 seconds. Figures 2.35a-2.35¢g have identical scales on the y-axes.
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2.3 Summary and Discussion

Protein-protein interactions are key steps in cell signaling pathways and are
used to regulate protein activity; however, they are very difficult to detect and monitor
in real time in complex mixtures. Despite the large number of methods developed to
detect protein-protein interactions, new tools are needed to understand the complex
role of these interactions in cell signaling pathways.?31%112 To begin to address this
problem, we have developed novel amino acids to detect protein-protein interactions
in complex mixtures by **F NMR. We have chosen to use both perfluoro-tert-butyl
tyrosine and perfluoro-tert-butyl homoserine in key recognition motifs in the
MDM2ep53 and estrogen receptoreco-activator protein-protein
interfaces.50'133'136'143'152

Perfluoro-tert-butyl tyrosine was introduced at the Phe (i position within the
recognition a-helix) and the Trp (i+4 position within the recognition a-helix) within
the p53-P27S peptide to determine the ability of the MDM2 hydrophobic binding
pocket to accommaodate the perfluoro-tert-butyl group. The P27S peptide is the highest
affinity encodable peptide-based ligand for MDM2 known, with a K¢ = 4.7 nM.144
Substitution of the key hydrophobic residues, Phe and Trp, led to a substantial loss of
binding (K4 = 7.4 UM, AAG = 2.4 kcal mol™ and K¢ = 9.1 uM, AAG = 2.5 kcal mol?
respectively). These data demonstrate that perfluoro-tert-butyl tyrosine was
accommodated with a substantial loss in affinity within the binding pocket of MDM2.
There are a number of reasons this amino acid, despite being similar in size to Trp,
cannot be incorporated into the P27S sequence while maintaining nanomolar binding
affinity. Despite fluorine’s superior hydrophobic character, both Phe and Trp are key
recognition resides within the p53 sequence. In the case of Phe to Tyr(CsFg), the

perfluoro-tert-butyl tyrosine is most likely too large to be fully accommodated within
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the binding pocket without substantial reordering of MDM2. Examination of the
crystal structure shows very little space in the binding pocket to accommodate a larger
amino acid.*® Furthermore, the side chains of both the Phe and the Trp point towards
each other, with less than a 3 A distance between the side chains of the two residues.
This small distance may hint towards disruption of the a-helix, due to steric clash
between the residues, required for binding at the interface. In the case of Trp, contacts
are made with 10 different residues in the binding pocket.**® Perfluoro-tert-butyl
tyrosine is potentially disrupting many of these interactions, preventing high affinity
binding. Furthermore, the shape and geometry of perfluoro-tert-butyl tyrosine may be
sufficiently different from Trp that it is poorly accommodated at this position. Indeed,
energy minimization suggests that the perfluoro-tert-butyl ether is substantially out of
the plane of the aromatic ring.

While a new high affinity ligand was not successfully designed to target the
MDM2ep53 protein-protein interaction, there is still potential, moving forward, for
perfluoro-tert-butyl tyrosine to be useful in identifying protein-protein interactions.
MDM2ep53 is just one model system utilizes large aromatic amino acid residues as
recognition residues in protein-protein interactions. Another example is the androgen
receptor, which binds to a co-activator through an FXXL/(F/W) motif.**1% One
potential reason the perfluoro-tert-butyl tyrosine was not accommodated within the
MDM2ep53 interaction was due to two large aromatic amino acids being utilized in
the binding pocket. While we briefly pursued the androgen receptor, insufficient
quantities of protein were produced in tests of expression of the androgen receptor, to
measure binding dissociation constants, preventing evaluation of peptides containing

perfluoro-tert-butyl tyrosine in this system.
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While we were unable to design high affinity ligands for the MDM2ep53
interaction, we were able to develop an estrogen receptor binding peptide containing
perfluoro-tert-butyl homoserine. We examined a series of peptides which incorporated
perfluoro-tert-butyl homoserine at the i-1, i, and i+3 positions within the ILXXLL a-
helical binding motif. We were able to demonstrate that substitution was accepted at
the i+3 position (K¢ = 2.2 uM) with near-native binding affinity when compared to the
NRBoxII peptide control peptide (Kq = 1.0 uM).132136.137 These data, combined with
both CD and NMR analysis, showed very little perturbation to the native peptide
structure with the perfluoro-tert-butyl homoserine modification. The native co-
activator binding sequence is intrinsically disordered, only adopting the recognition a-
helix while binding to the estrogen receptor. Despite the disordered nature of the
peptide, a-helical structures can be adopted by the perfluoro-tert-butyl homoserine, as
demonstrated by CD data in 30% TFE as well as in the high affinity binding
demonstrated by the Leul2Hse(C4Fo) peptide.

Furthermore, we were able to successfully demonstrate detection of the
protein-protein interaction between Leul2Hse(C4Fq) and the estrogen receptor by °F
NMR. Chemical shift anisotropy (CSA) was observed as the estrogen receptor was
titrated into a solution of 5 UM Leu12Hse(CaFo) peptide by °F NMR. The CSA was
quantified using FWHH measurements to quantify the amount of broadening
observed. We also demonstrated upon competitive inhibition of binding, by either the
NRBoxII peptide or OHT, that the °F signal associated with the peptide
Leul2Hse(C4Fo) was recovered, demonstrating that the observed broadening is a

direct result of peptide binding to the estrogen receptor. This interaction was also
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demonstrated to be specific to the estrogen receptor, as no CSA was observed upon
incubation with bovine gamma globulin.

Finally, we were able to demonstrate the potential to detect the estrogen
receptoreco-activator interaction in complex solutions by observing the same °F
signal broadening phenomenon in simple aqueous buffered solutions and more
complex mixtures. The peptide Leul2Hse(CsFo) was incubated in HeLa cell lysates,
both in the presence and absence of the estrogen receptor. While more CSA was
observed in the HelLa cell lysates without the estrogen receptor than in aqueous buffer
(FWHH = 10 Hz vs FWHH = 6 Hz, respectively), demonstrating an increased amount
of non-specific binding in complex solutions, binding was still clearly visible by 1°F
NMR CSA in the presence of 15 uM estrogen receptor (FWHH = 21 Hz). These data
suggest the possibility of perfluoro-tert-butyl homoserine to be used to detect protein-
protein interactions in real time in live cells.

The next logical step for the Leul2Hse(C4Fg) sensor peptide is to introduce it
into cells to determine the activity in a living system, for both imaging and therapeutic
potential. Short term goals for this work include demonstrating the potential to image
the estrogen receptoreco-activator interaction in live cells by *F NMR. The
Leul2Hse(C4Fo) peptide could be introduced into cells via conjugation with poly-
arginine cell penetrating peptides.®® The Leul2Hse(C4Fo) could be conjugated to the
poly-Arg sequence via a disulfide bond which would transport the Leul2Hse(C4Fo)
peptide into the cell.*® The disulfide bond would be reduced inside the cell, leaving
the Leu12Hse(Ca4Fo) peptide inside the cell. The cells could then be imaged by ‘°F
magnetic resonance to determine if CSA could be used to image binding to the

estrogen receptor inside cells. Fluorescence microscopy could also be used to
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determine localization of the Leul2Hse(CaFo) peptide inside the cells. Most of the
estrogen receptor protein is found within the nucleus of the cell, and other studies with
small synthetic LXXLL motif-containing peptides have demonstrated these small
peptides localize into the nucleus as they bind to the estrogen receptor, down-
regulating transcription.> These experiments would be carried out with the
Leul2Hse(CsFo) peptide to determine localization of the peptide within the cell.

We would also like to demonstrate down-regulation of transcription due to
binding within the cell. While we have demonstrated that peptides containing
perfluoro-tert-butyl homoserine can bind to the estrogen receptor and *°F magnetic
resonance can be used to detect this interaction, we would also like to demonstrate its
usefulness as a potential therapeutic agent. The Leul2Hse(C4Fo) peptide bound to the
estrogen receptor would block the binding pocket, preventing the co-activator from
binding, downregulating transcription. Estrogen receptor-mediated transcription can
be monitored via transcription assays.>® In short, the peptide is introduced into the cell
and transcription is measured using a reporter gene assay to quantify the amount of
transcription observed as a result of estrogen receptor-mediated transcription. We
expect to see less estrogen receptor-mediated transcription as a result of the
Leul2Hse(C4Fo) peptide, which has been seen with other synthetic peptides.

Another potential future direction for this work is the adaptation of the
perfluoro-tert-butyl moiety in small molecule drug design to target protein-protein
interactions. There is significant interest in targeting protein-protein interactions of the
estrogen receptor as a potential therapeutic for the treatment of breast cancer. There
are a large number of designed small molecules in the literature which demonstrate

binding to protein-protein interfaces via mimicry of a-helical structures,37:146.147.161
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These small molecule scaffolds utilize hydrophobic cores, like aromatics, with
modifications to mimic side chains in the same geometry as an a-helix. The perfluoro-
tert-butyl ether could potentially be introduced into one of these molecules to mimic
the i+3 position of an a-helix to target the estrogen receptor co-activator binding
pocket. The introduction of the perfluoro-tert-butyl ether into small molecules
increases not only their hydrophobicity, which would be beneficial for binding, but
also could be tracked by '°F magnetic resonance.

There are also multiple directions to improve upon the peptide
Leul2Hse(C4Fo) design for higher affinity binding and biological activity of this
peptide when interacting with the estrogen receptor. While Leul2Hse(CasFg) was the
highest affinity binding peptide, there is potential for improvement of this peptide by
utilizing the perfluoro-tert-butyl homoserine at the Ileg position. Previous work
demonstrates higher affinity binding with the addition of a neopentylglycine at the i+3
position.® The data presented in Figure 2.19 demonstrate that the perfluoro-tert-butyl
homoserine is well tolerated at the i-1 position, which would allow for modification
with both the perfluoro-tert-butyl homoserine as a *°F imaging handle, while still
gaining increased binding affinity due to the i+3 neopentylglycine modification.
Alternatively, the estrogen receptor binds to the ERE on the DNA to upregulate
transcription as a dimer, allowing for binding of two co-activators.3%12513 The dimer
could be targeted in a bidentate by linking two of the Leul2Hse(C4F9) peptides
together via flexible linkers such as polyethylene glycol linkers. These types of
systems, utilizing two linked peptides, would allow for binding in a bimolecular
fashion, utilizing synthetic peptides. These types of bimolecular systems are also

possible via expression. Utilizing unnatural amino acid expression of the perfluoro-
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tert-butyl homoserine, peptide-based linkers could be used, such as a Gly-based linker,
to create expressible fusion proteins which could target the estrogen receptor in a
bidentate fashion.!6?

Finally, there is potential for amino acid containing perfluoro-tert-butyl group
to be used broadly in the detection of protein-protein interactions. While this work
specifically targeted a select few a-helical sequences, there are a large number of key
protein-protein interactions which could be addressed in this fashion. One potential
target are the SH3 domains, which utilize a PPII helical recognition sequence PXXP
for protein-protein interactions (Figure 2.38).8412612" These interactions are
particularly difficult to target because the binding pocket is very shallow and utilizes
small aliphatic amino acids for recognition. Furthermore, SH3 domains are critical in a
number of cell signaling pathways, acting as key regulatory domains for important
proteins such as proto-oncogene tyrosine-protein kinase Src (Src), the growth factor
receptor-bound protein 2 (Grb2), and the proto-oncogene c-Crk (Crk).84124.126.128
These sequences could potentially utilize perfluoro-tert-butyl homoserine or 4R-
perfluoro-tert-butly hydroxyproline at one of the critical recognition sites. Both of
these amino acids readily undergo formation of a PPII helix (Figure 1.26). A potential
ligand for these interactions includes the mSOS ligand, which has a known sequence
and known low to mid-micromolar binding to SH3 domains, including Src, Grb, and
Crk (Figure 2.39).124183 These interactions are based on the hydrophobic nature of Pro
and Val, with the SH3 domain utilizing a shallow hydrophobic binding pocket.'?® We
believe we can gain increased specificity for specific SH3 domains, such as Src over
Crk, utilizing perfluoro-tert-butyl amino acids in the binding motif due to improved

hydrophobic interactions via the perfluoro-tert-butyl ether. By utilizing a number of
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substrates with mutations to an amino acid containing a perfluoro-tert-butyl ether at
different locations, we may be able to achieve increased specificity for certain SH3

domains over others due to small variations in the binding pocket.

Figure 2.36 (a) Solution NMR structure of Grb2 (green) complexed with the mSOS-
derived ligand (red) (LGBQ). (b) Spacefill model of Grb2 complexed
with the mSOS ligand demonstrating the hydrophobic binding pocket

interacting with proline residues.'%
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mSOS YEVPPVPPRA
Pro5Hyp(C4Fy) YEVPPVPPRA
Pro8Hyp(C,Fy) YEVPPVPPRA
Val3Hse(C4Fy) YEVEPVEPRA
Val6Hse(C,F,) YEVEPVEPRA

Figure 2.37 Proposed mSOS-based ligands for targeting SH3 domain protein-protein
interactions via amino acids containing perfluoro-tert-butyl ether.

2.4 Experimental

2.4.1 Peptide Synthesis and Purification

Peptides containing perfluoro-fert-butyl homoserine (Hse(CsF9)) were
synthesized on NovaGel PEG-polystyrene graft Rink amide resin (EMD Millipore,
0.67 mmol/g) by standard solid-phase peptide synthesis using HATU as a coupling
reagent on 0.1 mmol scale. Control NRBoxII peptides were synthesized on Rink
amide resin (0.70 mmol/g) on 0.1 or 0.25 mmol scale using HBTU as a coupling
reagent. Amide coupling reactions with perfluoro-tert-butyl homoserine (4 equiv.)
were allowed to proceed for 24 hours at room temperature. Subsequent amide
coupling reactions were conducted as double coupling reactions (2 hours for the first
coupling, 1 hour for the second coupling). All peptides were acetylated on the N-
terminus (5% acetic anhydride in pyridine, 3 mL, 3 x 5 min) and contained a C-
terminal amide. Peptides were subjected to cleavage from the resin and deprotection

for 3 hours using 1 mL reaction volume of 90% TFA with 5% H>O and 5%
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triisopropylsilane. TFA was removed by evaporation, and the peptides were
subsequently dissolved in 1 mL 500 mM phosphate buffer (pH 7.2). Peptides
containing a cysteine were maintained in a reduced state by addition of approximately
2 mg DTT. Crude peptide solutions were filtered using a 0.45 um syringe filter before
injection on the HPLC. Peptides were purified by reverse phase HPLC (Vydac
semipreparative C18, 10 x 250 mm, 5 um particle size, 300 A pore) using a 60 minute
linear gradient of 0 to 60% buffer B (20% H>O, 80% acetonitrile, 0.05% TFA) in
buffer A (98% H>0, 2% acetonitrile, 0.06% TFA). Peptide purity was determined by
the presence of a single peak by reinjection on analytical HPLC. Analytical data for
peptides: Ac-CLTERHKILHRLLQE-NH> [fr 35.4 min; expected mass, 1929.1,
observed mass, 1930.9 (M + H)"]; Ac-CLTERHK (Hse(C4F9))LHRLLQE-NH; [r 37.9
min; expected mass, 2137.0, observed mass, 1068.8 (M + H)*]; Ac-
CLTERHKI(Hse(C4F9))HRLLQE-NH: [r 45.7 min; expected mass, 2137.0, observed
mass, 1068.8 (M + H)**]; Ac-CLTERHKILHR(Hse(C4F9))LQE-NH> [fr 42.7 min;
expected mass, 2137.0, observed mass, 1068.8 (M + H)*']; Ac-
CLTERHKI(hyp(C4F9))HRLLQE-NH:> [#r 39.9 min; expected mass, 2148.0, observed
mass, 1075.0 (M + H)**] Ac-LTERHKILHRLLQE-NH; [z 32.7 min; expected mass,
1826.1, observed mass, 914.4 (M + H)**]; Ac-LTERHKILHR (Hse(C4F9))LQE-NH,

[tr 41.5 min; expected mass, 2032.0, observed mass, 1017.4 (M + H)**].

2.4.2 Fluorescein Labeling of Peptides

Peptides were labeled on the N-terminal cysteine wusing 5-
iodoacetamidofluorescein (5-IAF) (Sigma-Aldrich). Purified peptides were dissolved
in 250 mM phosphate buffer pH 4.0 (200 pL) and 10 mg/mL 5-IAF in DMF (200 pL)

and incubated in the dark at room temperature for 90 minutes. The reaction mixture
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was diluted with water and filtered before purification by HPLC. Peptides were
purified by reverse phase HPLC (Vydac semipreparative C18, 10 x 250 mm, 5 pm
particle size, 300 A pore) using a 60 minute linear gradient of 0 to 60% buffer B (20%
H>0, 80% acetonitrile, 0.05% TFA) in buffer A (98% H>O, 2% acetonitrile, 0.06%
TFA) for fAc-CLTERHKILHRLLQE-NH> and a 60 minute linear gradient of 15 to
65% buffer B in buffer for all peptides containing perfluoro-fert-butyl homoserine.
Peptide purity was determined by the presence of a single peak by reinjection on
analytical HPLC. Analytical data for peptides: fAc-CLTERHKILHRLLQE-NH> [#r
423 min; expected mass, 2316.4, observed mass, 1159.4 (M + H)*']; fAc-
CLTERHK(Hse(C4F9))LHRLLQE-NH> [fr 37.8 min; expected mass, 2524.3,
observed mass, 1262.3 (M + Na)*']; fAc-CLTERHKI(Hse(C4F9))HRLLQE-NH> [tr
41.6 min; expected mass, 2524.3, observed mass, 1262.3 (M + Na)*']; fAc-
CLTERHKILHR (Hse(C4F9))LQE-NH: [#r 40.2 min; expected mass, 2524.3, observed
mass, 1262.3 (M + Na)*']; fAc-CLTERHKI(hyp(C4F9))HRLLQE-NH> [¢r 39.6 min;
expected mass, 2536.3, observed mass, 1268.4 (M + H)**].

2.4.3 Circular Dichroism of Peptides

Circular dichroism (CD) experiments were conducted on a Jasco model J-810
spectropolarimeter. NRBoxII and Leul2Hse(CsF9) peptides were dissolved in 30%
TFE with 5 mM phosphate buffer and 25 mM KF at pH 7.4. Data represent the
average of at least 3 independent trials. Error bars indicate standard error. Data were

background-corrected but were not smoothed.
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2.4.4 NMR Characterization of Peptides

Peptide NMR experiments were performed on a Briiker 600 MHz ('°F 564.5
MHz) NMR spectrometer equipped with a 5-mm Briikker SMART probe in water with
5 mM phosphate buffer (pH 4), 25 mM NaCl, and 10% D;0O. TSP was used as a
standard for referencing in 'H NMR. All 1-D NMR spectra were recorded with a
Briiker w5 watergate pulse sequence with a 2 to 3 second relaxation delay. TOCSY
spectra were recorded using a watergate TOCSY pulse sequence. 'H-'*C HSQC
spectra were recorded in DO with 512 ¢1 increments with 4096 data points and 16
scans in each ¢1 increment. The data were acquired in phase-sensitive mode using
echo/antiecho-TPPI gradient selection with decoupling during acquisition. HSQC
spectra were acquired with a 1.75 second relaxation delay. All NMR spectra were

recorded at 298 K.

2.4.5 Protein Expression and Purification

Plasmid encoding the human estrogen receptor ligand-binding domain (ERa
LBD) (amino acids 255-595) was obtained from the Koh lab at the University of
Delaware. The ERa LBD expression construct was derived from pET-15b and
contained a Hexa-Histidine tag. The plasmid was transformed into BL21(DE3) pLysS
competent cells (Novagen) using heat shock and grown overnight at 37 °C on luria
broth (LB) containing 50 mg/L ampicillin (Amp) media. A single colony was selected
and grown overnight at 37 °C in a 100 mL LB/Amp culture. Terrific broth expression
cultures were inoculated with 25-30 mL of the overnight culture and grown to an
optical density of 0.6 to 0.8. Cultures were induced with 1 mM IPTG for 5 hours

before centrifugation. Bacterial cell pellets were frozen at —20 °C until protein
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purification. ERa LBD was purified using His-Bind resin (EMD Millipore) according
to the manufacturer's directions, with 200 uM PMSF and 10 uM estradiol added to the
binding buffer. Protein identity was verified by SDS-PAGE and MALDI MS. Protein
eluents were dialyzed into phosphate-buffered saline (PBS) at pH 7.4 with 5 mM

EDTA and 0.5 mM DTT, and protein concentration determined via Bradford assay.

2.4.6 Fluorescence Polarization Assays

Peptides and ERa. LBD were diluted in 1x PBS buffer (140 mM NaCl, 2.7 mM
KCl, 10 mM KoHPO4, 2 mM KH2POy4). Peptides were quantified by absorbance at 492
nm using a fluorescein extinction coefficient of 83,000. Fluorescence polarization
assays were conducted in 96 well round-bottom black opaque plates (Costar) using
two-fold serial dilutions of ERa. LBD, to final protein concentrations from 0.0098 uM
to 10 uM, in PBS containing 0.1 mM DTT, 20 uM 17B-estradiol, 0.04 mg/mL BSA,
and 100 nM fluorescein-labeled peptide. Plates were incubated in the dark for 30
minutes at room temperature before reading on a Perkin-Elmer Fusion plate reader
using a 485 nm fluorescein excitation filter and a 535 nm emission filter with
polarizer. All data are the average of at least three independent trials. All dissociation
constants (Kq4) were determined using a nonlinear least-squares curve fit
(KaleidaGraph 4.1) of the Kq to the fluorescence polarization data, via a binding
equation for 1:1 complex formation. All data were fit using equation 1, where pmin =
the polarization value without protein present, pmax = polarization at saturation, and the

data fit to calculate Kg.

(D

polarization = P + (Pmax - Prin) * [ligandligia) + [protein] e + Kg) - {(lligand] ) + [proteinlige + Kg)2-4lligand] oralprotein] gral)
2[ligandliota
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2.4.7 °F NMR Spectroscopy of Peptides Bind with the Estrogen Receptor
Peptide concentrations were quantified by NMR using 1 mM maleic acid as a
standard. Peptides and protein were diluted in 1x PBS (140 mM NacCl, 2.7 mM KClI,
10 mM KoHPO4, 2 mM KH2POs) pH 7.4 with 0.1 mM DTT and 20 uM 17B-estradiol.
For peptide competition experiments, NMR spectra were recorded in the absence of
the NRBoxII peptide. The NRBoxII peptide was added (< 5 pL) and the resultant
solution was allowed to equilibrate for a minimum of 30 minutes at room temperature
before the NMR experiment was conducted. For experiments using 4-
hydroxytamoxifen (OHT), 50 uM OHT was used instead of estradiol. The fluorinated
peptide concentration in all NMR experiments was 5 puM. All NMR samples contained
10% D>0. Solutions were incubated at room temperature for at least 30 minutes to
allow for equilibration. Data were collected on a Briiker 600 MHz (*°F 564.5 MHz)
NMR spectrometer equipped with a 5-mm Briiker SMART probe without the use of a

proton decoupler. A 0.8 second acquisition time was used with a 10 ppm sweep width.
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Chapter 3

DETECTION OF POST-TRANSLATIONAL MODIFICATIONS VIA 19F NMR

3.1 Introduction

Post-translational modifications are made to proteins to alter their structure and
function after the protein has been expressed within a cell. There are many different
types of post-translational modifications; however, they generally all involve a
covalent modification to the protein and often require an enzyme to install the post-
translational modifications.'® A few examples of post-translational modifications
include phosphorylation, glycosylation, and proteolysis. %615 Post-translational
modifications are generally longer lived than the protein-protein interactions discussed
in Chapter 2; however, like protein-protein interactions they are involved in cell
signaling pathways, often regulating a protein’s ability to participate in cell signaling
pathways. While not all post-translational modifications are permanent, as is
proteolysis for example; they do often require an enzyme to reverse the
modification.'®® Currently, most post-translational modifications are identified through
indirect methods.*®17%-176 In order to gain a full picture of cell signaling pathways,
direct probes are needed to study enzymes in real time.

One common, well-studied example of post-translational modifications is
phosphorylation. There are over 500 known protein Kinases within the human genome,
accounting for approximately 2% of mammalian genomes, which are critical in
regulation of cell signaling pathways.®® Proteins are phosphorylated on a Ser, Thr, or

Tyr residues by protein kinases, and can be dephosphorylated by phosphatases (Figure
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3.1). Kinases are generally divided into two classes: Tyr kinases and Ser/Thr kinases
based on the amino acids which they phosphorylate.!”® These post-translational
modifications are key steps in cell signaling pathways which control cell growth,
death, metabolism, and cellular activity.'®” Misregulation of phosphorylation events
are often seen in cancer pathways, diabetes, and neurological diseases such as
Alzheimer’s disease.®® New tools to study phosphorylation events are necessary to
understand these pathways and how they are regulated in both healthy and unhealthy
cells. Furthermore, imaging probes which detect kinase activity can give cell specific

information for disease diagnostics.
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Figure 3.1  Serine (shown here), threonine, and tyrosine can all be phosphorylated by
kinases and dephosphorylated by phosphatases.

3.1.1 Methods for the Detection of Post-translational Modifications

There are a number of methods to detect post-translational modifications;
however, the vast majority of them are indirect methods. One of the most common
techniques for detecting post-translational modifications is Western blotting.167:173177-
180 Cells are lysed for Western blot analysis and gel electrophoresis is performed on
cell lysates. The separated cell lysates are then transferred to a blotting membrane. The
membrane is then incubated with a primary antibody which binds to the protein of
interest containing the post-translational modification of interest. A secondary

antibody is then used to bind to the primary antibody, which is bound to the target
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protein. The secondary antibody contains a detection method, such as horseradish
peroxidase, which allows visualization of the protein of interest.!8! Despite Western
blotting being a standard technique for the detection of kinase activity, it can be
problematic. Due to the very small epitope, often a single phosphorylated residue,
being detected by the antibody, false positives are common. The high rate of false
positives is a result of the detection of a single residue epitope; however, detection at a
single residue to necessary, especially in proteins which can contain multiple
phosphorylation sites. While the detection limit of a Western blot is in the nanogram
regime, it is difficult to quantify the amount of phosphorylation from one Western blot
to another. Furthermore, samples must be processed via lysis prior to gel
electrophoresis, which can lead to dephsophorylation of the protein of interest, as not
all phosphorylation sites are stable under cell lysis and denaturing conditions. 82
Similar to Western blot analysis, enzyme-linked immunosorbent assays
(ELISA) can be used to identify phosphorylation of a target protein. This method
utilizes similar antibodies to Western blotting; however, they are adsorbed to a surface
which the cell lysate is washed over.171173.183-185 There are multiple different detection
methods for ELISA, the most common of which are fluorescent or colorimetric. A few
common fluorescent dyes utilized are 4-methylumbelliferone, hydroxyphenylacetic
acid, and 3-p-hydroxyphenylproprionic acid. A few common colorimetric dyes include
3,3',5,5' tetramethylbenzidine, 3,3',4,4' diaminobenzidine, and 4-chloro-1-naphthol.
The dyes react with the bound antibodies to produce either a fluorescent or
colorimetric readout, demonstrating the presence of the phosphorylation event on the
protein of interest. These types of assays can be calibrated with a standard, leading to

more quantitative data than Western blotting; however, samples still require
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processing which can result in a loss of phosphorylation.!8 Furthermore, neither of
these techniques can be used in real time to monitor kinase activity directly in living
systems.

Another common technique for studying kinase activity, as well as post-
translational modifications in general, is mass spectrometry.170:175182186 pogt.
translational modifications lead to a change in mass of a protein which makes
monitoring changes in mass an excellent method to detect Post-translational
modifications; however not all post-translational modifications are easily detected. For
example, this technique is commonly used to identify phosphorylated proteins via
digestion and analysis of the resultant peptides. Often an enrichment step is required to
remove fragments which do not contain any post-translational modifications.
Furthermore, this enrichment step can often prove to be unreproducible and can
compromise the integrity of the sample.'®:18 This analysis, however, can be complex
due to poor ionization of phosphorylated peptides using electrospray ionization as well
the phosphate group ionizing with a negative charge rather than a positive charge.'82
This technique also can result in the loss of phosphorylation and can also be
problematic for identifying multiple sites of post-translational modifications.1%
Phosphoproteomics is one of the more quantitative methods of detection for
phosphorylation. There are a number of techniques including isotope enrichment,
chemical labeling, as well as label-free methods which can be used for sample
quantification, 8

Alternatively, a few different methods for detecting kinase activity in living
cells have been identified.1%18%1% One such example uses fluorescent proteins and

FRET due to phosphorylation to identify kinase activity (Figure 3.2). In this case, cyan
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fluorescent protein (CFP) with a PKA phosphorylation site was expressed as a fusion
protein with a yellow fluorescent protein (YFP) connected with a phosphate binding
protein, 14-3-3t. Upon phosphorylation, the 14-3-3t domain would bind to the
phosphate binding protein, which brought the CFP close enough to the YFP for a
Forster resonance energy transfer to occur, increasing the fluorescent signal by
approximately 20 to 50% (Figure 3.2).1%* A similar probe was developed for Akt, with
FHA2 utilized as the phosphate-binding protein.'®> The Akt sensor showed smaller
fluorescence changes than the PKA sensor, with only a 10% to 30% fluorescence
change. Tyrosine kinases can also be detected utilizing these types of FRET-based
sensors. Src, Abl, and EGF receptor sensors were all developed utilizing the same
fluorescent proteins and the phosphotyrosine binding protein.t’* The tyrosine kinase
sensors demonstrated a 20% to 35% change in fluorescence. While the tyrosine kinase
probes have been demonstrated both in vitro and in vivo to detect tyrosine
phosphorylation, they require the expression and use of large proteins. These sensors
have successfully been expressed in cell culture for fluorescence imaging of live cells.
The benefit of these sensors is they are able to address questions in the lab to
determine the location of signaling and the compartmentalization of kinase activity.'’*
Furthermore, some of these sensors, specifically the tyrosine kinase sensors, have been
utilized in living cells to detect kinase activity in real time. There are, however, a
number of drawbacks to this technology. Fluorescence changes as a result of these
proteins are very small, leading to minimal changes in fluorescence which are difficult
to detect. Both CFP and YFP will absorb and emit light, independent of the FRET
signal. The amount of background fluorescence produced by this system leads to very

small changes, approximately 10 to 50%, depending on the exact system used, in
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fluorescence because of the FRET signal, making detection difficult. Furthermore, it
cannot be used within animal models and in a clinical setting. Ideally, new smaller
probes which are applicable to cells, pre-clinical, and clinical imaging for detection of

kinase activity are in development.
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Figure 3.2 A schematic representation of fluorescent protein-based
sensors for kinase activity. The phosphate-binding protein
(PBP) contains a known recognition sequence for a kinase,
which upon phosphorylation can bind to the phosphate
binding protein (PBP). This brings the tethered YFP into the
Forster radius to produce a FRET interaction between the
two fluorescent proteins.

Another example of a fluorescent kinase sensor are the protein-kinase
inducible domains (pKIDs) were developed by Balakrishnan and Zondlo to detect
protein kinase activity via small peptides.'8%1%% These peptides are modeled after EF-
hand proteins, which are naturally occurring small calcium-binding proteins.*®* These
proteins were exploited by the Imperiali group in the form of lanthanide binding tags
(LBTSs) which utilize the same recognition sequence to bind lanthanides instead of
calcium, which have a similar atomic radius as calcium (Figure 3.3).1°® The key design

element utilized in LBTs is the incorporation of a position 7 Trp. The Trp residue
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binds the lanthanide metal via the backbone carbonyl, allowing for a resonance energy
transfer between the Trp and the metal, which produces a stronger fluorescent signal
than the lanthanide metal alone. The pKID design incorporates these metal-binding
residues while also incorporating recognition sequences for protein kinases. Critical
amino acids for terbium binding include the Asp residues at positions 1, 5, and 9, as
well as the Asn residue at position 3, which bind the terbium via the residue side
chain. There are two other important design features found in the pKID peptides. The
first is a Trp residue in place of the Tyr which allows for a resonance energy transfer
with terbium when bound via the backbone carbonyl. The other is the mutation of the
critical Glu at residue 12 to a Ser. When the Ser is not phosphorylated, it is a poor Glu
mimic, preventing effective binding of the terbium. Upon phosphorylation by a protein
kinase, in this example PKA, phosphoserine makes an excellent Glu mimic, allowing
for binding of the terbium (Figure 3.4). This places the Trp close enough to the
terbium for a resonance energy transfer. When the Trp is excited at 280 nm, it emits at
350 nm, which overlaps with terbium’s excitation wavelength. In turn, the terbium
emits luminescence at 544 nm.1%® While this system is small and potentially
genetically encodable, imaging of live cells can be problematic. Most notably, the
cells with the pKID sensor must be soaked in terbium solutions and irradiated with
350 nm light, which can cause substantial damage to the cells. Even utilizing
multiphoton imaging to mimic 280 nm light, the laser required causes substantial
cellular damage. Furthermore, this system also cannot be applied in pre-clinical or

clinical settings due to the requirement for 280 nm light.
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EF Hand DKNADGY IDAAELL
LBT TYIDTNNDGWYEGDELLA
pKID-PKA  DRNADGWIDRASLA

Figure 3.3 pKID-PKA sensor peptide based on the EF Hand peptide. The crystal
structure of the LBT (PDB: 1T1J) demonstrates the important Glu residue
side chain interactions with the lanthanide binding interaction. The pKID
design mutates one of these Glu residues to a Ser/phosphoSer to mimic
Glu upon phosphorylation by PKA.
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Figure 3.4 pKID sensors utilize the similar size and charge of phosphoserine to
mimic Glu8 in peptides upon phosphorylation. Ser, however, is a poor
Glu mimic so upon dephosphorylation, no luminescence is observed, as
terbium binding is disrupted.

3.1.2 '°F-Based Detection of Enzymatic Activity
While there are a large number of methods to detect enzymatic activity, such
as many of the examples provided in the last section, we are interested in developing

F-based sensors for magnetic resonance detection of enzymatic activity. There are a
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few examples of 1°F-based sensors which have previously been developed. These
sensors span a large range of sizes from small molecules to large proteins to detect
various enzymatic activities and post-translational modifications. One example of a
small molecule-based °F sensor is 2-fluoro-ATP.1%" ATP, as previously discussed, is
the currency of energy transfer within the cell. ATP is utilized by kinases as both an
energy source and as a source of inorganic phosphate.!%® Stockman took advantage of
the conversion of ATP to ADP to develop a small molecule-based '°F sensors as
shown in Figure 3.5. The chemical shift change from 2-fluoro-ATP to 2-fluoro-ADP is
approximately 0.1 ppm.t” The 2-fluoro-ATP was utilized by 3-phosphoinositide
dependent kinase 1 for this specific example but is known to be accepted in a wide
range of enzymes.®® There are a number of drawbacks for this sensor. It cannot be
used in complex media which contain more than one potential enzyme of interest, as a
large number of enzymes utilize ATP. The sensor also only utilizes a single fluorine
modification, requiring a high micromolar amounts of the fluorinated ATP, decoupled
pulse sequences, and long acquisition times (8 to 16 mins). Finally, as demonstrated
by Stockman, not all enzymes that utilize ATP as a substrate will accept 2-fluoro-

ATP.
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Figure 3.5  2-fluoro-ATP was utilized as a small-molecule °F-based sensor of kinase
activity. A 0.1 ppm chemical shift change was observed by *F NMR
upon enzymatic conversion from 2-fluoro-ATP to 2-fluoro-ADP.*¢’
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Peptides have also been utilized as '°F-based sensors of enzymatic activity.
Dalvit et al. introduced both an N-terminal trifluoro-acetyl group and a 3-trifluoro-Phe
into a peptide substrate for both Akt and trypsin (Figure 3.6).** When both substrates
were subjected to phosphorylation by ATP, the N-terminal label showed a 0.02 ppm
chemical shift change from non-phosphorylated to phosphorylated. The substrate
containing 3-trifluoromethyl-Phe, however, showed a 0.04 ppm chemical shift change
upon phosphorylation. These results are unsurprising as the 3-trifluoromethyl-Phe is
one position away from the phosphorylation site, while the N-terminal CF3
modification is eight residues away from the phosphorylation site. Furthermore, the
substrate containing 3-trifluoromethyl-Phe was subject to trypsin digestion. Upon
cleavage with trypsin, the peptide showed a nearly 0.1 ppm chemical shift change by
F NMR. These data are encouraging; however, there is significant room for
improvement. This system only utilizes three equivalent fluorines, which requires
mid-micromolar concentrations and longer acquisition times (at least 6 mins).*
Furthermore, 3-trifluoromethyl-Phe can only be introduced in positions which accept
large aromatic amino acids. We hope to improve upon this design by introducing new
probes which will be more sensitive as well as access a wider array of amino acid

types (aromatic, aliphatic, and cyclic) for the use in enzyme substrates.

CF3-CO-ARKRERAYSFGHHA

ARKRERA(3-CF3-F)SFGHHA

Figure 3.6 The °F-based kinase and protease sensor peptides developed by Dalvit et
al.** The fluorine modifications are shown in red and the phosphorylation
site is shown in green.
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3.1.3 Miisregulation of Cell Signaling Pathways via Phosphorylation Events
There are a number of known phosphorylation events which are important in
misregulation of cell signaling pathways leading to disease states. A few of these
include cancers, neurodegenerative conditions including Alzheimer’s Disease, and
diabetes,167:177:179.180,200.201 K ey jn understanding and treating these diseases are novel
tools to study misregulation as well as imaging agents to detect specific cellular
pathways, potentially leading to earlier detection than clinical symptoms would
develop such as cognitive disturbances due to Alzheimer’s Disease or solid mass
tumors in cancers.?! Although it is known that there are 500 genes which encode
protein kinases, many of these enzymes are uncharacterized or minimally
characterized, preventing a full understanding of the role of kinases and
phosphorylation in many disease pathways. There is currently a large-scale effort to
characterize the full human “kinome” in order to determine the full extent of
phosphorylation within cellular pathways.*’® New tools are needed in order to fully

understand the extent of phosphorylation within cellular pathways.

3.1.4 Protein Kinases are Therapeutic Targets for the Treatment of Diseases
Since misregulation of cell signaling due to phosphorylation events is known
to be involved in disease pathways, it is unsurprising that kinases have become targets
for the pharmaceutical industry.?°2 One success story is that of Gleevec, which targets
Abl kinase.?® Abl kinase is a tyrosine kinase which is involved in cell proliferation.
Some individuals carry a mutation which expresses Abl kinase as a fusion protein that
makes it constitutively active, causing cells to grow and divide uncontrollably.?%® This
pathway leads to chronic myelogenous leukemia (CML). 95% of patients with CML

are known to have this mutation. Gleevec was introduced by Novartis in 2001 for
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treatment of CML, which has revolutionized the treatment of CML, as well as
introduced a new paradigm in cancer treatment by targeting protein kinases for
treatment of cancer.??® Gleevec is known to bind to the active site of Abl kinase,
blocking any substrate from entering, preventing phosphorylation (Figure 3.7).2% This
drug is leading the way in developing novel therapeutic agents which disrupt cancer
cell signaling pathways via targeting of kinase activity. The first step in this process,
however, was identifying the roll of Abl kinase in CML proliferation pathways. In
order to develop new therapeutics for the treatment of misregulated pathways in
diseases, new tools are needed to study and understand cell signaling pathways

including phosphorylation and other post-translational modifications.
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Figure 3.7 The x-ray crystal structure (3GVU) of Abl kinase bound to
Gleevec (red), a potent inhibitor of kinase activity.29420%
Gleevec binds to Abl kinase via the catalytic binding pocket
blocking the substrate from entering the pocket, preventing
phosphorylation by blocking the substrate from entering the
Kinase.

3.1.5 Protein Kinase A is a Well Documented System for Studying Protein
Kinases

Protein Kinase A (PKA), also known as cCAMP-dependent Protein Kinase, is
one of the most thoroughly studied protein kinases. It is known to have a variety of

targets within biological systems, involved in many different cellular pathways.’®
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PKA has been used as a model to study protein kinases as a class due to its simplicity
and ease of handling. PKA contains one of four possible regulatory subunits and a
catalytic subunit.2% The regulatory subunits bind to cAMP, also known as adenosine
3’,5’-cyclic monophosphate, which is a metabolic side product of ATP degradation
and an important signaling molecule. The catalytic subunit docks to one of the
regulatory subunits, which inactivates the kinase in the absence of CAMP. ATP is the
primary “currency” of energy transfer within the cell.}®® Many different cellular
processes utilize ATP and, in turn, cCAMP to propagate signals intracellularly. PKA is
found in nearly all organisms and is highly conserved which indicates it is potentially
extremely important in cell signaling. PKA is also believed to be important in cell
signaling, as it is controlled by cAMP, which is found in every cell.?” PKA was also
the first characterized mammalian second messenger system, but there are still many
aspects of PKA signaling which have not been studied, including fully mapping PKA
activities and phosphorylation sites within cellular pathways.?®’ PKA is a robust
system which can be studied in vitro in the absence of the regulatory domain (i.e.
constitutively active) as well as ease of expression which has led to several crystal
structures including apo and substrate-bound.

Unsurprisingly, there are many known targets in a cell signaling pathways
which PKA phosphorylate. Some of these targets include pyruvate kinase, glycogen
synthase kinase 3 (GSK-3), and various histone proteins, but there have been hundreds
of identified targets since the discovery of PKA.2%" The recognition sequence for PKA
phosphorylation has been well studied, examining all twenty amino acids as well as
phosphoserine and phosphothreonine at all positions five residues prior to the

phosphorylation site and four residues after the phosphorylation site. PKA utilizes a
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recognition sequence containing basic residues, specifically strongly favoring
arginine, at the -2 and -3 positions upstream from the phosphorylation site, either a
serine or threonine.?®® PKA also favors an aliphatic residue at the +1 position from the
phosphorylation site. Early studies on the PKA catalytic subunit led to the
development of a small peptide substrate, deemed the Kemptide peptide, with the
sequence Ac-LRRASLGAK-NH,, which was optimized for PKA recognition and
phosphorylation, to study PKA phosphorylation.2®® The Kemptide peptide is an ideal
starting place to examine fluorinated amino acids for the detection of kinase activity

by °F NMR.

3.1.6 Protein Kinase B Signaling Regulates Cell Survival and Proliferation

Akt is involved in apoptosis pathways, which regulate cell survival and
proliferation. It is commonly invoked in cancer pathways as well as diabetes and
neurodegenerative diseases.?” There are three known isoforms of Akt which are found
in different parts of the cell. Each isoform is involved in different signaling pathways;
however, they all utilize the same recognition motif. Akt must be phosphorylated for
activation, but once it is activated it has a large number of targets all throughout the
cell which control metabolism, proliferation, and survival.?!® Much like the
MDM2ep53 interaction, Akt upregulation is seen in a variety of cancers including
pancreatic, ovarian, and colorectal cancers, leading to an increase in cell
proliferation.2%°21.212 One potential mechanism for this is the disruption of the tumor
suppressor, PTEN, pathways. Upon loss of activity of PTEN, due to mutation in
cancerous cells, PI3K pathways are activated, a downstream target of which is Akt,
leading to an increase in Akt activity due to upregulation. This pathway ultimately

leads to cell growth and proliferation due to increased Akt activity.?*® Akt is also
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involved in diabetes via the insulin signaling pathway.?° Glucose uptake is, in part,
regulated by Akt via the activation and translocation of the GLUT4 glucose receptor.
Deregulation of Akt is associated with clinical insulin resistance often observed in
type 11 diabetes.?! Insulin resistance is also observed via Akt pathways via P13 kinase
pathways leading to kidney and heart disease as a result of diabetes.?!* Akt also, in
part, controls neuronal cell death in neurological diseases. In Parkinson’s disease,
constitutively active, overexpressed Akt leads to neuronal cell death during the
progression of the disease.?'® With all of the clinical pathologies as a result of Akt
misregulation, it is unsurprising that it is a high-profile drug target for the
pharmaceutical industry. To date, no Akt inhibitors have been approved by the FDA,
however, as of 2016, 13 different Akt inhibitors were in clinical trials.?'® Furthermore,
new probes are needed to study Akt activity to understand the full extent of Akt

misregulation in disease.
3.2 Results

3.2.1 Design of Abl Kinase Substrates Containing Perfluoro-tert-butyl Ether

We sought to incorporate a perfluoro-tert-butyl amino acid near the
phosphorylation site of a kinase substrate in order to allow for the detection of
phosphorylation via 1°F NMR. Due to the cyclic nature of proline and proline
derivatives, we decided to examine the perfluoro-tert-butyl hydroxyproline
derivatives. These derivatives will be most receptive to changes in backbone structure
and electronics. Furthermore, the hydroxyproline derivatives favor extended

conformations. Kinase substrates do not usually adopt compact secondary structures
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such as a-helices, but rather favor loops and extended R structures, when bound to
enzyme.

Due to the historical significance and a strong understanding of Abl kinase
activity, Abl kinase is an excellent model system to begin the development of new
tools to study kinase activity.?%° Abl kinase has a known recognition sequence,
realized in the optimal peptide sequence of Abltide, which makes an excellent starting
point for a °F-based phosphorylation sensor for tyrosine kinases.'®® The Abltide
peptide contains the key Abl kinase recognition residues EAI (-3, -2, and -1 relative to
the phosphorylation site respectively) directly upstream of the phosphorylation site
(Figure 3.8). Furthermore, the Abltide peptide contains a proline at the +3 position
relative to the phosphorylation site. While perfluoro-tert-butyl hydroxyproline is
significantly larger than proline, in this case, previous data show that all of the
aromatic amino acids (Phe, Tyr, Trp) are also accepted at the +3 position,
demonstrating larger, more hydrophobic amino acids can be accepted at this
position.?*® While there is a Phe at the +4 position, this site does not readily accept
proline, minimizing the likelihood that perfluoro-tert-butyl hydroxyproline would be
accepted at this position. Our goal was the observation of a single '°F signal for

phosphorylated and non-phosphorylated peptides.
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Abltide RKG AAPFA
4 R-FADblide KRG AAPFA

Figure 3.8  Abl kinase substrate containing Hyp(CasFg) based on the Abltide peptide.
Residues required for enzyme recognition (cyan) are upstream of the
phosphorylation site (green). Hyp(C4Fo) (red) will be mutated at the +3
proline site in the sequence which is not part of the recognition motif.

3.2.2 First Generation Abl Kinase Substrate: 4R-FAblide Phosphorylation
Peptides in Figure 3.8 were synthesized on solid phase according to established
protocols for the incorporation of amino acids containing perfluoro-tert-butyl groups
as discussed in Chapter 1. In order to demonstrate that the detection of kinase activity
is possible by °F NMR, peptides were chemically phosphorylated on solid phase
utilizing established chemistry (Figure 3.9). Both phosphorylated and non-
phosphorylated peptides were cleaved under standard conditions and purified by
HPLC. Peptides were subjected to 1°F NMR upon verification by mass spectrometry.
No significant change in chemical shift (A5 < 0.01 ppm) was observed by **F NMR
between the phosphorylated and non-phosphorylated peptides. The lack of change
may be a result of an interaction between the perfluoro-tert-butyl hydroxyproline and
the following Phe (Figure 3.10). Both the perfluoro-tert-butyl group and the Phe side
chain can freely rotate, allowing them to form a hydrophobic interaction between the
fluorine atoms and the aromatic ring. Furthermore, Pro-aromatic sequences are known
to stabilize cis amide bond formation which would increase interaction between the
aromatic ring and the perfluoro-tert-butyl ether, as well as potentially prevent the
substrate from entering the enzyme active site.> This interaction maybe attributed to

the lack of chemical shift change associated with this peptide due to the side chain
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interactions preventing a noticeable chemical shift change due to changes in backbone

conformation and electronics.
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Figure 3.9  First-generation Abl kinase sensor was phosphorylated on solid phase
and purified (top). *°F NMR spectra of purified non-phosphorylated and
phosphorylated FAbltideR in 1x reaction buffer (50 mM HEPES buffer
(pH 7.5)) at room temperature. NMR spectrum was taken with a 10 ppm
sweep width and 128 scans (5 min).
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Figure 3.10 Free rotation of the side chains on both the perfluoro-tert-butyl
hydroxyproline and the Phe potentially allow for a strong hydrophobic
interaction between the two side chains, preventing detection of the
phosphorylation event by **F NMR.

3.2.3 Second Generation Abl Kinase Substrate

A second generation Abl kinase substrate was developed replacing the Phe
with Arg at the +4 position. Previous data shows that a Phe is not required at the +4
position, as the +4 position is not part of the Abl kinase recognition sequence.?*” Arg
was chosen to minimize hydrophobic interactions with the neighboring 4R-perfluoro-
tert-butyl hydroxyproline. Microarray analysis of all 20 canonical amino acids at the
+4 position relative to the phosphorylation site indicate that Arg is well tolerated at the
+4 position, as well as Phe and Trp, both of which could potentially interact with the
perfluoro-tert-butyl group via the hydrophobic effect (Figure 3.11).18 The second
generation Abl kinase sensor peptide was synthesized, cleaved from resin and
deprotected, and purified by HPLC. Peptides were verified by mass spectrometry
(Figure 3.12).
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Figure 3.11 Abl kinase accepts Phe, Trp, and Arg at the +4 position from the
phosphorylation site. Of these amino acids, Arg was chosen due to
minimal potential hydrophobic interaction with Hyp(CasFo) in sensor
peptides.

Abltide KKG AAPFA
4 A-FAblide KKG AAPFA
4A-FAblideR  KKG AAPRA

Figure 3.12 The second generation Abl kinase substrate design substituting Arg for
Phe at the +4 position from the phosphorylation site (green). Recognition
residues are cyan and Hyp(CaFy) in red.

This substrate was also subjected to chemical phosphorylation on solid phase
to verify a change in chemical shift by °F NMR upon phosphorylation. Upon
cleavage from resin, deprotection and purification, both the phosphorylated and non-
phosphorylated peptides were analyzed by °F NMR (Figure 3.13). Unlike the
previous design, this peptide did demonstrate a 0.01 ppm chemical shift change upon

phosphorylation. While this is an incredibly small chemical shift change, it is similar
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to previous results using tifluoromethylphenylalanine to detect phosphorylation on the
following Ser phosphorylation site.*® The improvement over previous systems is the
presence of nine equivalent fluorines, compared to three equivalent fluorines, leading
to an improvement in signal-to-noise. Also, previous systems have only detected
phosphorylation in Ser/Thr-containing substrates, which upon phosphorylation,
propagate the signal through the backbone moreso than Tyr. Ser and Thr undergo
structural changes in backbone conformation upon phosphorylation, which can more
easily be detected than Tyr phosphorylation.?!8 The aromatic ring of the Tyr side chain
minimizes the effects of the phosphorylation on the backbone, despite electronic

changes to the aromatic system of the Tyr ring.
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Figure 3.13 Second-generation Abl kinase sensor was phosphorylated on solid phase
and purified. *°F NMR spectra of purified non-phosphorylated and
phosphorylated FAbltideR in 1x reaction buffer (50 mM Tris-HCI (pH
7.5), 10 mM MgCl,, 0.1 mM EDTA, 2 mM DTT ) at room temperature.
NMR spectrum was taken with a 10 ppm sweep width and 128 scans (5
min).

Having demonstrated a chemical shift change upon phosphorylation, the
peptide was subjected to phosphorylation by Abl kinase in vitro to demonstrate that
4R-perfluoro-tert-butyl hydroxyproline could be accommodated within the recognition
site of Abl kinase. Non-phosphorylated peptide was incubated with purified Abl
kinase for one hour at 37 °C to determine both if phosphorylation by the enzyme was
possible and if it could be detected by *°F NMR (Figure 3.14). The reaction mixture

was heated to 100 °C to heat inactivate the kinase and stop the reaction, before
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diluting the solution with 10% D0 in H,0 for °F NMR analysis. While the
phosphorylated and non-phosphorylated peaks do not completely resolve by *°F NMR
spectra, making integration of the phosphorylated and non-phosphorylated peaks
difficult, HPLC demonstrated 60% phosphorylation after an hour incubation at 37 °C
(Figure 3.14 and 3.15). This change is similar to the phosphorylation rates seen with
the Abl kinase pKID sensor developed by Zondlo et al.'®® These data demonstrate 4R-
perfluoro-tert-butyl hydroxyproline can be accommodated within the recognition site
of the Abl kinase substrate peptide. Furthermore, these data demonstrate that these
sensors can easily be detected at 5 uM concentration in approximately five minutes.
Similar systems which utilize 1°F sensors to detect kinase activity required 30 M

concentrations to obtain similar results.*!
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Figure 3.14 Second-generation Abl kinase sensor was phosphorylated via Abl kinase
over 60 min at 30 °C. °F NMR spectra of purified non-phosphorylated
and enzymatically phosphorylated FAbItideR in 1x reaction buffer (50
mM Tris-HCI (pH 7.5), 10 mM MgCl,, 0.1 mM EDTA, 2 mM DTT ) at
room temperature. NMR spectrum was taken with a 10 ppm sweep width
and 128 scans (5 min) and 5 uM peptide.
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Figure 3.15 HPLC chromatogram of 4R-FADlItideR reinject (top) and enzymatically
phosphorylated 4R-FADbltideR (bottom). The non-phosphorylated peptide
was incubated for 60 min with Abl kinase before 1°F NMR and injection
on the HPLC. HPLC chromatogram was collected over 60 min on a O-
70% ramp of buffer B in buffer A.

One of the benefits of a °F kinase sensor is the ability to detect
phosphorylation events by °F NMR in complex solutions. In order to demonstrate the
ability to detect phosphorylation in biological systems, the peptide substrate was
subjected to Abl kinase phosphorylation in HeLa cell lysates. HeLa cells were grown
in the presence of or absence of Epidermal Growth Factor (EGF), which is a known
activator of Abl kinase activity. The activation of Abl kinase activity by EGF should
lead to an increased amount of phosphorylation over the unstimulated lysates. In both

EGF-stimulated and unstimulated lysates, however, a new peak was observed by *°F
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NMR, independent of either the phosphorylated or non-phosphorylated peptide
(Figure 3.16). HPLC and mass spectral analysis of this peptide was demonstrated to be
Ac-KKGEAIYAAHyp(CsFo), indicating cleavage of the RA-NH. on the C-terminus
of the peptide (Figure 3.17). These data are consistent with results seen by Dalvit and
coworkers who also reported chemical shift changes as a result of proteolysis by
trypsin.t8 Furthermore, in EGF-stimulated lysates, both phosphorylated and non-
phosphorylated proteolysis products could be observed by °F NMR. Any of the
Aspartyl proteases are potentially acting on the peptide substrate, using the Arg for
recognition. Utilizing the EXPASYy PeptideCutter software, Arg-C was identified as a
potential protease acting on the substrate.?'® While not the desired product of these
experiments, they demonstrate the capability of this system to detect other post-

translational modifications and enzymatic activities, including protease activity.
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Figure 3.16 Second-generation Abl kinase sensor was phosphorylated via Abl kinase
in EGF-stimulated HeLa cell lysates over 60 min at 30 °C. *F NMR
spectra of purified non-phosphorylated and enzymatically phosphorylated
FADbItideR in 1x reaction buffer (50 mM Tris-HCI (pH 7.5), 10 mM
MgCl,, 0.1 mM EDTA, 2 mM DTT) with 175 pL HeLa cell lysates at
room temperature. The NMR spectrum was taken with a 10 ppm sweep
width and 128 scans (5 min) and 5 uM peptide.
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Figure 3.17 HPLC chromatogram of 4R-FADbItideR reinject (top) and enzymatically
phosphorylated 4R-FAbltideR in HeLa cell lysates (bottom). The non-
phosphorylated peptide was incubated for 60 min with EGF-stimulated
HeLa cell lysates before **F NMR and injection on the HPLC. HPLC
chromatogram was collected over 60 min on a 0-70% ramp of buffer B in
buffer A.

3.2.4 Third Generation Abl Kinase Substrate

A third generation Abl kinase sensor was developed to remove the proteolysis
site from the designed substrate. This design replaced the Arg residue, which was most
likely acting as a recognition residue for proteases, with an Asn residue, which was

included to reduce proteolysis, while still minimizing potential hydrophobic
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interactions with the perfluoro-tert-butyl group (Figure 3.18). Again, based on peptide

microarray data, Abl kinase is known to accept Asn at the +4 position.*®

Abltide RKG AAPFA
4 R-FAblide KRG AAPFA
4 A-FAblideR KKG AAPRA
4 A-FADblideN KKG AAPNA

Figure 3.18 The third generation Abl kinase substrate replacing Arg with Asn to
prevent proteolysis. Recognition residues are shown in cyan and the
phosphorylation site is shown in green. Hyp(CaFo) is shown in red.

The third-generation Abl kinase substrate also demonstrated a 0.01 ppm
chemical shift change upon phosphorylation by chemical means on solid phase. When
this peptide was subjected to phosphorylation by Abl kinase in vitro, only 40%
phosphorylation was observed by *F NMR, indicating that the +4 Asn is less
favorable for phosphorylation, but kinase activity was still detectable by °F NMR
(Figure 3.19). Percent phosphorylation measured by **F NMR was confirmed by
HPLC (Figure 3.20).
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Figure 3.19 Third-generation Abl kinase sensor was phosphorylated via Abl kinase
over 60 min at 30 °C. °F NMR spectra of purified non-phosphorylated
and enzymatically phosphorylated FAbltideN in 1x reaction buffer (50
mM Tris-HCI (pH 7.5), 10 mM MgCl,, 0.1 mM EDTA, 2 mM DTT ) at
room temperature. The NMR spectrum was taken with a 10 ppm sweep
width and 128 scans (5 min) and 5 uM peptide.
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Figure 3.20 HPLC chromatograms of non-phosphorylated 4R-FAbltideN (top) and
enzymatically phosphorylated peptide after 60 min incubation with Abl
kinase and °F NMR experiment (bottom).

Furthermore, this substrate was subjected to phosphorylation by Abl kinase in
HelLa cell lysates. In EGF-stimulated HelLa cell lysates, phosphorylation was
observed. However, this peptide was inconsistently phosphorylated upon replication
and the percent phosphorylation as integrated by °F NMR and HPLC were not
consistent. This inconsistency is most likely due to insufficient separation by *°F
NMR. Based on these substrate challenges, we turned our attention to Ser/Thr kinases

to investigate other potential systems for °F-based detection of kinase activity.
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3.2.5 Design of PKA Peptide Substrates Containing a Perfluoro-tert-butyl Ether
In order to demonstrate that perfluoro-tert-butyl hydroxyproline derivative can
be used to universally detect phosphorylation, we also sought to detect Ser/Thr protein
kinase activity. In order to circumvent the challenges of fluorescence sensors to study
PKA activity, a sensor was designed containing a perfluoro-tert-butyl ether group to
detect kinase activity by 1°F NMR. Since there is an optimized recognition sequence
for PKA and tools, such as the fluorescent protein or Trp/Th-based sensor peptides
discussed in section 3.1.1, for fluorescence are not required, the design of a '°F peptide
sensor was based on the Kemptide. As previously mentioned, all the positions
surrounding the phosphorylation site have been examined with all twenty natural
amino acids plus phosphoserine and phosphothreonine. These data indicate that PKA
will accept any amino acid, including large, hydrophobic, aromatic amino acids, at the
-1 position, relative to the phosphorylation site, as well as proline (Figure 3.21). The
perfluoro-tert-butyl hydroxyproline derivatives were chosen to probe this system for
two primary reasons. The first reason is that no secondary structure is required for the
Kemptide substrate to be recognized by PKA. The second reason is that the °F NMR
of both the 4R and 4S perfluoro-tert-butyl hydroxyproline derivatives in the Ac-
TYXN-NH2 model system clearly showed peaks corresponding to the cis and trans
conformations of the peptide. These data indicate this amino acid will have a stronger
propensity to sense changes in conformation as well as changes in electronics of
nearby amino acids due to post-translational modifications. When examining the
perfluoro-tert-butyl tyrosine in the Ac-TXPN-NH2 system, only one peak was seen in
the 1°F NMR spectrum, despite the clearly visible cis peaks in the *H NMR spectrum.
The single peak observed by *°F NMR is most likely due to the cis and trans peaks

being magnetically equivalent, indicating the perfluoro-tert-butyl tyrosine may not be
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useful in this application. The perfluoro-tert-butyl homoserine was considered.
However, early studies showed that the perfluoro-tert-butyl was most likely too far
away from the backbone to sense any sort of modification to neighboring resides. Both
4R and 4S perfluoro-tert-butyl hydroxyproline were introduced at the -1 position
within the Kemptide peptide. No other modifications were made to this peptide from

the known Kemptide peptide sequence.

Kemptide L-2RASLGAK
4R-FKemptide 1,-nps1.GAKR

4S-FKemptlde LEREPST.GAK

Figure 3.21 PKA substrate design based on the Kemptide peptide with modification
at the -1 position to either 4R or 4S perfluoro-tert-butyl hydroxyproline
(red). The recognition residues are shown in cyan and the
phosphorylation site is shown in green.

3.2.6 Phosphorylation of PKA Substrates Containing Perfluoro-tert-buyl
Groups

As previously mentioned, kinases generally either phosphorylate Tyr or
Ser/Thr. In order to demonstrate the generality of amino acids containing perfluoro-
tert-butyl ether as '°F probes for phosphorylation, both 4R and 4S perfluoro-tert-butyl
hydroxyproline were introduced, at the -1 position relative to the phosphorylation site,
into the Kemptide peptide. Both peptides were chemically phosphorylated on solid
phase to determine if a chemical shift change was visible upon phosphorylation by °F
NMR. In this case, the chemical shift change upon phosphorylation was much greater

than previously observed. The substrate containing the 4R-perfluoro-tert-butyl
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hydroxyproline showed a 0.04 ppm downfield chemical shift change upon
phosphorylation while the substrate containing 4S-perfluoro-tert-butyl hydroxyproline
showed a 0.07 ppm upfield chemical shift change upon phosphorylation (Figure 3.22).
This chemical shift change is a significant improvement over previous literature
sensors and the Abl kinase sensor previously developed. This improvement in
chemical shift change is most likely due to structural changes of the Ser upon
phosphorylation which can be propagated through the backbone to the perfluoro-tert-
butyl hydroxyproline. Proline conformation is known to be linked to backbone
conformation.??221 Both of the introduced amino acids strongly favor either the exo
(4R-perfluoro-tert-butyl hydroxyproline) or endo (4S-perfluoro-tert-butyl
hydroxyproline) ring pucker. The ring pucker inherent in the proline derivatives
dictates the direction of the chemical shift change. Also worth noting, the magnitude
of the chemical shift change and the direction of the chemical shift change were not
the same for the 4R and the 4S derivatives. This proof of concept demonstrates that a
chemical shift change is observable by °F NMR upon phosphorylation.

Both peptides were also subjected to enzymatic phosphorylation by PKA in
vitro to determine their effectiveness as kinase substrates (Figure 3.21). Both peptides
were incubated with purified PKA for five minutes before dilution and subjection to
F NMR and HPLC (Figure 3.22, 3.23, and 3.24). Previously, optimized pKID-based
sensors developed by Zondlo et al. demonstrated 100% phosphorylation by PKA in
five minutes. Similar results were obtained for the substrates containing 4R-perfluoro-
tert-butyl hydroxyproline, where 100% phosphorylation was observed in five minutes
by both *°F NMR and HPLC. Interestingly, the substrate containing 4S-perfluoro-tert-
butyl hydroxyproline was only 60% phosphorylated in five minutes by PKA. These
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data indicate a stereochemical preference for the substrate 4R-perfluoro-tert-butyl

hydroxyproline.
LGAK-NH, PKA LGAK-NH, LGAK-NH, PKA LGAK-NH;,
FiC 0, 0.4 mM ATP FiC_ o, ) FiC__0o _/ 0.4 mM ATP FiC__o i/
F:CF(; MN %oH 50 mM Tris Fg] D_%N —o o F:%i( m"‘ - somMTis FBQ?.; I%N o o
: N © 10 mM Mgclz- ¥ N © c—)fp\; 3 N © 10 mM MgCl, 3 N o é)p\\'
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Figure 3.22 19F NMR spectra for enzymatic assays of both the 4R-FKemptide and the
4S-Kemptide peptides demonstrating a chemical shift change as a result
of enzymatic phosphorylation. In both cases 100 uM non-phosphorylated
peptide was incubated with purified PKA kinase in 1x reaction buffer
with 400 uM ATP at 37 °C for 5 min prior to 1°F NMR experiment.
NMR spectra were taken with a 10 ppm sweep width and 128 scans (5
min) and 5 uM peptide.
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HPLC chromatograms of non-phosphorylated 4R-Kemptide (top) and
enzymatically phosphorylated peptide after 5 min incubation with PKA
kinase and °F NMR experiment (bottom). HPLC chromatograms were
measured over 60 min on a 0-70% gradient of buffer B in buffer A.
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Figure 3.24 HPLC chromatograms of non-phosphorylated 4S-Kemptide (top) and
enzymatically phosphorylated peptide after 5 min incubation with PKA
kinase and °F NMR experiment (bottom). HPLC chromatograms were
measured over 60 min on a 0-70% gradient of buffer B in buffer A.
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3.2.7 Design of Akt Peptide Substrates Containing a Perfluoro-tert-butyl Ether
Much like PKA, Akt is a well-studied kinase which has a known recognition
sequence and an optimized peptide substrate.??? This substrate is known at the Aktide
peptide. This peptide incorporates the necessary recognition Arg residues at the -5 and
-3 position from the phosphorylation site as well as a large hydrophobic Phe at the +1

position. Also, similar to PKA, all twenty amino acids plus phosphoserine and
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phosphothreonine have been exampled at all positions surrounding the
phosphorylation site.*® These data indicate that hydrophobic amino acids such as His,
Phe, and Trp are accepted at the -1 position relative to the phosphorylation site, as well
as proline (Figure 3.25). These data are unsurprising as PKA and Akt are closely
related kinases, both members of the AGC kinase family, with similar recognition
sequences.??® This similarity leads to a significant amount of cross talk between
substrates. Again, both the 4R and the 4S perfluoro-tert-butyl hydroxyproline
derivatives were introduced at the -1 position. The hydroxyproline derivatives were
chosen because they favor extended structures, relative to the other amino acids
containing perfluoro-tert-butyl ether, and proline conformation is linked to backbone

structure, 220221

Aktide ARKRERTYSFGHHA
4 A-FAktide ARK-ERTPSFGHHA
4 S-FAktide ARKRERTPSFGHHA

Figure 3.25 Designed Akt substrates based on the Aktide peptide incorporating both
the 4R and the 4S perfluoro-tert-butyl hydroxyproline derivatives (red or
blue, respectively). The recognition residues are shown in cyan and the
phosphorylation site is shown in green.

3.2.8 Phosphorylation of Akt Substrates Containing a Perfluoro-tert-butyl
Ether

The designed Akt substrate peptides were synthesized on solid phase and
purified via HPLC. These peptides were also subjected to chemical phosphorylation

on solid phase to determine the extent of change in chemical shift as a result of
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phosphorylation. Much like the PKA substrates, a large chemical shift change was
visible by °F NMR for both the 4R and the 4S perfluoro-tert-butyl hydroxyproline
derivative. The substrate containing 4R-perfluoro-tert-butyl hydroxyproline showed a
0.05 ppm downfield chemical shift change upon phosphorylation, while the substrate
containing 4S-perfluoro-tert-butyl hydroxyproline showed a 0.06 ppm upfield
chemical shift change upon phosphorylation (Figure 3.26). These peptides followed
the same pattern as observed with the PKA substrates in which the 4S perfluoro-tert-
butyl hydroxyproline substrate produced a larger chemical shift change than the 4R
perfluoro-tert-butyl hydroxyproline.

Having demonstrated a significant 1°F chemical shift change upon
phosphorylation, it was demonstrated that these peptides could be phosphorylated by
Akt. Both peptides were incubated with purified Akt at 37 °C for an hour (Figure
3.26). The Aktide peptide containing 4R-perfluoro-tert-butyl was only 40%
phosphorylated after one hour. Conversely, the peptide containing 4S-perfluoro-tert-
butyl hydroxyproline was 95% phosphorylated in one hour, as determined by both *°F
NMR and HPLC (Figure 3.26, 3.27 and 3.28).
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Figure 3.26 °F NMR spectra for enzymatic assays of both the 4R-FAktide and the
4S-Aktide peptides demonstrating a chemical shift change as a result of
enzymatic phosphorylation. In both cases 100 pM non-phosphorylated
peptide was incubated with purified Akt kinase in 1x reaction buffer with
400 pM ATP at 37 °C for 60 min prior to 1°F NMR experiment. NMR
spectra were taken with a 10 ppm sweep width and 128 scans (5 min) and
5 UM peptide.
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Figure 3.27 HPLC chromatograms of non-phosphorylated 4R-FAktide (top) and
enzymatically phosphorylated peptide after 60 min incubation with Akt
kinase and °F NMR experiment (bottom). HPLC chromatograms were
measured over 60 min on a 0-70% gradient of buffer B in buffer A.
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Figure 3.28 HPLC chromatograms of non-phosphorylated 4S-FAktide (top) and
enzymatically phosphorylated peptide after 60 min incubation with Akt
kinase and °F NMR experiment (bottom). HPLC chromatograms were
measured over 60 min on a 0-70% gradient of buffer B in buffer A.

3.2.9 PKA and Akt Exhibit Differing Stereochemical Preferences in Substrates
Containing Perfluoro-tert-butyl Hydroxyproline Derivatves

PKA and Akt are similar kinases with very similar recognition sequences,
requiring basic residues upstream of the phosphorylation site. These kinases belong to
the AGC kinases and can potentially phosphorylate similar targets due to the similarity
of recognition motifs for both PKA and Akt.??® For this reason, the designed substrates

are particularly interesting, as PKA and Akt demonstrate differing stereochemical
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preferences in the substrates with perfluoro-tert-butyl hydroxyproline. While there are
a number of potential explanations for this distinction, based on modeling of the
substrates within the kinase binding pockets, the stereochemical preference is most
likely due to solvation of the perfluoro-tert-butyl group in the substrate. In the case of
PKA, the 4R-perfluoro-tert-butyl group is buried within the kinase while in the active
site, minimizing solvation of the fluorine atoms (Figure 3.29). A similar interaction is
observed for Akt upon modeling of the substrate containing 4S-perfluoro-tert-butyl
(Figure 3.30). The orientation of perfluoro-tert-butyl ether, in both cases, maximizes
the hydrophobic interactions with the binding pocket of the enzyme. Alternatively, in
both cases, the opposite diastereomer is more solvent exposed, leading to increased

interaction with bulk water.
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Figure 3.29 (a) crystal structure (1JLU) of PKA bound with substrate which has been
mutated to 4R-perfluoro-tert-butyl hydroxyproline to demonstrate
potentially beneficial hydrophobic interactions with the kinase
demonstrating a preference for the substrate containing 4R-perfluoro-tert-
butyl hydroxyproline.??* (b) Close-up of the substrate binding pocket
with the mutated 4R-perfluoro-tert-butyl hydroxyproline demonstrating
the perfluoro-tert-butyl ether is buried within the hydrophobic cleft of the
enzyme.
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Figure 3.30 (a) crystal structure of Akt (3CQU) bound with substrate which has been
mutated to 4S-perfluoro-tert-butyl hydroxyproline to demonstrate the
potentially beneficial hydrophobic interactions with the kinase,
demonstrating a preference for the substrate containing 4S-perfluoro-tert-
butyl hydroxyproline.??® (b) Close-up of the substrate binding pocket
with the mutated 4S-perfluoro-tert-butyl hydroxyproline, demonstrating
the orientation of the perfluoro-tert-butyl ether in the binding pocket to
maximize hydrophobic contacts.

3.2.10 Real Time Detection of Phosphorylation of PKA Substrate Containing 4R-
Perfluoro-tert-butyl Hydroxyproline by °F NMR

Ultimately, these systems have the potential to be used as a real-time probe to
monitor phosphorylation in live cells and animals. To demonstrate the ability to detect
phosphorylation in real time, in vitro kinase assays were performed by °F NMR. The
Kemptide substrate containing4R-perfluoro-tert-butyl hydroxyproline was subjected to
phosphorylation by PKA (Figure 3.31). °F NMR experiments were used to monitor
the phosphorylation over the course of thirty minutes. Each experiment consisted of
128 scans, totaling five minutes. Over the time course of this experiment, the °F NMR

peak corresponding to the non-phosphorylated peptide decreased, while the
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corresponding phosphorylated peak increased over the experiment. At the end of the
time-course, the NMR sample was injected on the HPLC to verify the amount of

phosphorylation (Figure 3.32)

| LGAKNH PKA | LGAKNH,
0.4 mM ATP
F30>r m 50 mM Tris acﬁ/
F3C > F3C
10 mM MgCl,
/Eo 0.5 mM DTT /&o o
Ac-LRR 37 °C, 5 min Ac-LRR

SF NMR
Time = 0 to 30 min (5 min exp.)

-704 -70.5 -70.5 -706 -70.7 -70.7 -70.8
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Figure 3.31 Real time *®F NMR monitoring of phosphorylation of 4R-Kemptide over
30 min. Peptide was diluted to 20 uM in 1x buffer with 400 uM ATP to a
final volume of 500 pL. Data were collected at 0 min (black), 5 min
(red), 15=0 min (blue), 15 min (pink), 20 min (green), 25 min (yellow),
and 30 min (cyan).
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Figure 3.32 HPLC chromatograms of non-phosphorylated 4R-Kemptide (top) and
enzymatically phosphorylated peptide after 30 min incubation with PKA
kinase and °F NMR experiment (bottom). HPLC chromatograms were
measured over 60 min on a 0-70% gradient of buffer B in buffer A.

3.2.11 Real-Time Detection of Phosphorylation of PKA Substrate Containing 4R-
Perfluoro-tert-butyl Hydroxyproline by *°F NMR in HeLa Cell Lysates

Ultimately, this system would ideally be applied to the imaging of kinase

activity in real time in live cells. The next step towards that goal was to collect real-

time data in complex mixtures, such as HeLa cell lysates. PKA is endogenously

expressed in HeLa cell lysates, so no stimulation was required, unlike prior work with
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Abl kinase. The Kemptide substrate containing 4R-perfluoro-tert-butyl was subject to
PKA phosphorylation in HeLa cell lysates. This work was done by incubating the non-
phosphorylated peptide with HeLa cell lysates in an NMR tube. An initial *°F NMR
experiment was taken before the addition of ATP to the reaction mixture, to verify that
no initial phosphorylation or other modifications had occured to the peptide. The ATP
was added to the NMR tube, and a series of five minute °F NMR experiments was
taken over the course of an hour (Figure 3.33). This experiment was done in the
presence of phosphatase inhibitors to prevent dephosphorylation of the sensor peptide.
Over the course of an hour, the peak corresponding to the non-phosphorylated peptide
disappeared, while the peak corresponding to the phosphorylated peptide
proportionately appeared. These data indicate sensor peptides containing perfluoro-
tert-butyl groups can be used to monitor phosphorylation events in real time by °F

NMR in complex mixtures.
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Figure 3.33 One hour real time phosphorylation of 4R-Kemptide peptide by HelLa
cell lysates. Peptide was diluted to 20 uM in 1x buffer with 175 pL HelLa
cell lysates with 160 uM ATP 400 pL B-glycerophosphate, and 200 pM
NasVOs to a final volume of 500 pL. Data were collected at 0 min
(black), 5 min (red), 10 min (blue), 15 min (pink), 20 min (green), 25 min
(cyan), 30 min (yellow), 35 min (orange), 40 min (light blue), 45 min
(grey), 50 min (purple), 55 min (yellow).
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Figure 3.34 Enzymatically phosphorylated peptide after 60 min incubation with HeLa
cell lysates in the presence of protease inhibitors and **F NMR
experiment. HPLC chromatograms were measured over 60 min on a 0O-
70% gradient of buffer B in buffer A.

The above experiment was repeated in the absence of the phosphatase
inhibitors (BGP and NasVOg) to determine the amount of dephosphorylation that
could potentially occur (Figure 3.35). The data from this experiment demonstrate
almost no effect from dephoshorylation, despite the lack of phosphatase inhibitors.
These data are encouraging as phosphatase inhibitors can be problematic when used
with live cells. The phosphatase inhibitors used in the previous experiment are f3-
glycerophosphate and sodium orthovanadate. B-Glycerophosphate is a broad-spectrum
Ser/Thr phosphatase inhibitor, which inhibits a large range of Ser/Thr phosphatases.??
Sodium orthovanadate is a tyrosine phosphatase inhibitor, which inhibits most

tyrosine phosphatase.??’
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Figure 3.35 One hour real time phosphorylation of 4R-Kemptide peptide by HeLa
cell lysates without the presence of phosphatase inhibitors. Peptide was
diluted to 20 uM in 1x buffer with 175 pL HeLa cell lysates with 160
UM ATP 400 pL to a final volume of 500 pL. Data were collected at 0
min (black), 5 min (red), 10 min (blue), 15 min (pink), 20 min (green), 25
min (cyan), 30 min (yellow), 35 min (orange), 40 min (light blue), 45
min (grey), 50 min (purple), 55 min (yellow).
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Figure 3.36 Enzymatically phosphorylated peptide after 60 min incubation with HeLa
cell lysates in the absence of protease inhibitors and °F NMR
experiment. HPLC chromatograms were measured over 60 min on a 0-
70% gradient of buffer B in buffer A.

Finally, to verify that phosphorylation is a result of PKA activity, this
experiment was repeated in the presence of H-89, a known PKA inhibitor (Figure
3.37).228 Over the course of an hour, less than 20% phosphorylation was observed.
This change in the extent of phosphorylation is due to the H-89 inhibiting PKA
activity. H89 binding to PKA has a Ki = 48 nM.?? There is still a small amount of
phosphorylation because H-89 does have some cross reactivity with related kinases,
including Akta, MSKI, AMPK, and CHK 1, meaning there may be a small amount of

active PKA or a small amount of phosphorylation from another kinase. 2%
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Figure 3.37 Less than 20% phosphorylation is observed in HeLa cell lysates over the
course of an hour by **F NMR with H-89 (200 uM) inhibition. Peptide
was diluted to 20 uM in 1x buffer with 175 puL HelLa cell lysates with
160 uM ATP 400 pL B-glycerophosphate, and 200 pM NazVOs to a final
volume of 500 pL. Data were collected at 0 min (black), 5 min (red), 10
min (blue), 15 min (pink), 20 min (green), 25 min (cyan), 30 min
(yellow), 35 min (orange), 40 min (light blue), 45 min (grey), 50 min
(purple), 55 min (yellow).
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Figure 3.38 Enzymatically phosphorylated peptide after 60 min incubation with HeLa
cell lysates in the presence of H89, a PKA inhibitor, and **F NMR
experiment. HPLC chromatograms were measured over 60 min on a 0-
70% gradient of buffer B in buffer A.

All of these data can be quantified based on the extent of phosphorylation over
time (Figure 3.39). While these data are not a true measure of the kinetics of
phosphorylation, they do point to this system’s potential to be used in measuring
enzyme Kinetics by *°F NMR which has previously been demonstrated in other
systems. '8 Kinetic analysis of phosphorylation requires significantly more rigor than
the data presented here. Quantitative analysis of the phosphatase-inhibited and the
non-inhibited experiments demonstrate very little difference in the extent of
phosphorylation between the conditions, confirming little or no dephosphorylation as a

result of phosphatases under these solution conditions.
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Figure 3.39 Quantification of real time °F NMR data in HeLa cell lysates for
phosphate-inhibited (green squares), non-inhibited (blue diamonds), and
H-89 inhibited (red diamonds) of the 4R-Kemptide peptide. Data
represent three independent trials, and error bars indicate standard error.

3.3 Summary and Discussion

In this work, we demonstrated that perfluoro-tert-butyl hydroxyprolines could
be used to detect protein kinase activity in complex mixtures. The 4R-perfluoro-tert-
butyl hydroxyproline was introduced into Abl, PKA, and Akt kinase recognition
motifs, and successfully allowed detection of phosphorylation on all three substrates.
A chemical shift change by **F NMR was detected upon phosphorylation in all
substrates. A 0.01 ppm chemical shift change was observed in the Abl kinase
substrates containing 4R-perfluoro-tert-butyl hydroxyproline, while a 0.05 ppm

chemical shift change was observed for both the PKA and the Akt sensor peptides.
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The 4S-perfluoro-tert-butyl hydroxyproline was introduced into PKA and Akt kinase
recognition motifs and successfully detected phosphorylation on both substrates.
Similarly, a 0.06 ppm chemical shift change by **F NMR was detected upon
phosphorylation in all substrates. Despite the similarity between PKA and Akt,
different stereochemical preferences between the 4R and the 4S perfluoro-tert-butyl
hydroxyprolines. These data indicate a potential mechanism to differentiate related
kinases with similar recognition sequences. Significant cross-talk is observed for PKA
and Akt substrates both in sensors and in biological systems due to the similarity is
substrate recognition sequences.?® This similarity is problematic in designing sensors
specific to an individual protein kinase. Both Abl and PKA kinase substrates exhibited
phosphorylation in HeLa cell lysates which was detectable by °F NMR. Furthermore,
the extent of phosphorylation could be quantified based on integration of *F NMR
peaks, demonstrating these substrates containing the perfluoro-tert-butyl moiety to be
potential probes for enzymatic kinetics by NMR as was previously done by Dalvit et
a|.38,41

While there are examples of using °F labelled amino acids in the literature for
kinase, proteolysis, and kinetic probes by NMR, a number of improvements have been
made over prior systems.®®4%4! The first is increased sensitivity due to the nine
equivalent fluorines compared to one or three equivalent fluorines. Probes developed
for this work were easily detected at 5 UM in five minutes, while other systems require
30 UM or higher quantities for similar assays with ten minute or longer acquisition
times, as is seen in work by Dalvit et al. with the Akt sensor ARKRERAF(3-
CF3)SFGHHA under similar assay conditions (buffers, temperatures, etc).

Furthermore, less than 0.02 ppm chemical shift change was observed in the Dalvit et
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al. system, as compared to our 4S-perfluoro-tert-hydroxyproline substrate, which has a
0.06 ppm chemical shift change upon phosphorylation. In the course of this work; it
was also demonstrated that kinases not only tolerate these amino acids in the active
site, but phosphorylate with similar rates to other kinase sensors containing all
canonical amino acids. While this technology may not be applicable to all kinases, in
properly designed substrates, kinases which utilize proline and large hydrophobic
residues near the phosphorylation site (within a few residues) should be able to be
monitored by °F NMR. Furthermore, these sensors were able to demonstrate a larger
chemical shift change than previously observed with other fluorinated amino acids in
the detection of Ser/Thr phosphorylation. Finally, by utilizing both synthesized
diastereometers, different phosphorylation rates were observed with similar kinases,
demonstrating the potential for these amino acids to differentiate kinase activity by
closely related kinases.

We have clearly demonstrated substrates containing perfluoro-tert-butyl amino
acids can be used to detect enzyme activity in complex media, including HelLa cell
lysates. These data indicate the potential for these '°F-based peptide sensors could be
utilized to detect enzyme activity in live cells in real-time. Due to the amount of
background signal, standard *H NMR experiments cannot easily detect enzyme
activity. A number of groups have explored monitoring phosphorylation by 3P
NMR.23123 While possible, 3P suffers from similar problems as 3C and ©*N as
discussed in Chapter 1. Furthermore, ATP cannot be used in mixtures containing more
than one enzyme which utilized ATP. Multidimensional NMR has often been used,
including 3C/*N and *H/**N 2D experiments, have been used to examine Ser/Thr

phosphorylation,30:32:3435234.235 1n many cases, downfield chemical shift changes are
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observed upon phosphorylation.?42** However, these techniques require complex
pulse sequences and long acquisition times, which may or may not be compatible with
live cells. Data interpretation can also be complex. °F NMR has the greatest potential
for monitoring enzyme activity by NMR; however, the field is still in its infancy.
While work by Dalvit et al. and Stockman demonstrate the ability to detect enzyme
activity, they do not move beyond assays employing purified enzymes, 384041197
Furthermore, there is a significant body of work utilizing *°F NMR and MRI as tracers
or as structural probes in live cells,1-35620404281,121236-239 Qr system is a significant
improvement over previous NMR-based methods of kinase activity detection. The
HelLa cell lysate data demonstrate that, not only can kinase activity be detected
quickly, in real-time, but the data are also quantitative, which can be used to monitor
kinetics of enzymes in live cells.

Moving forward, there are a number of applications for these particular amino
acids in the detection of post-translational modifications. While proteolysis was
detected in HelLa cell lysates, it was an undesired side product. As detection of
proteolysis has already been demonstrated, one logical application is the detection of
proteolysis in cells and animals. Matrix metalloproteins, as previously mentioned, are
extracellular proteases which are activated in metastatic cancers.'® These probes
could potentially be introduced into MMP substrates to image pathways relating to
metastatic cancers for both study and pre-clinical imaging. MMP-9 is one of the most
well studied of the matrix metalloproteins, which has a known recognition sequence of
PxxHy, where Hy is a hydrophobic amino acid.?*° 4R-perfluoro-tert-butyl
hydroxyproline could potentially be introduced at either the Pro or the hydrophobic
residue in the peptide SGPLFYSVTA for detection of MMP-9 activity. The
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hydrophobic residue could also be replaced with either perfluoro-tert-butyl tyrosine or
perfluoro-tert-butyl homoserine if the hydroxyproline is not accepted. The chemical
shift change previously observed due to proteolysis was 0.04 ppm. These data indicate
the introduced perfluoro-tert-butyl hydroxyproline should be close, within a few
amino acids, to the site of proteolysis. Furthermore, the 4S-perfluoro-tert-butyl
hydroxyproline consistently showed a larger chemical shift change, which could
potentially be exploited in this context.

Another potential application is imaging the dynamics between glycosylation
and phosphorylation. There are a number of phosphorylation sites in various proteins
which are known to also be glycosylation sites.8>17017% These probes could potentially
be used to study the interplay between phosphorylation and glycosylation. One
example is studying phosphorylation and O-GIcNAcylation in the tau protein. Tau is
known to be hyperphosphorylated in Alzheimer’s Disease. Furthermore, it has been
demonstrated that phosphorylation and O-GIcNAcylation have opposing structural
effects in tau peptide model systems.® Perfluoro-tert-butyl hydroxyproline derivatives
could potentially be introduced into this system to study the interplay of
phosphorylation and O-GIcNAcylation in the tau system to examine the mechanism of
tau misfolding in Alzheimer’s Disease. Initially, the 4R-perfluoro-tert-butyl
hydroxyproline could be introduced into the model peptide Ac-KTPP-NH2 and Ac-
KSPP-NH: to determine chemical shift changes with Ser/Thr, OGIcNAcylation, and
phosphosphorylation. These experiments will determine if and how the chemical shift
changes as a result of OGIcNAcylation and phosphorylation. Both Pro sites should be
examined to determine if both sites are viable for the perfluoro-tert-butyl

hydroxyproline, which will allow for more sites which could be examined to
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potentially allow for enzyme recognition. Numerous sites in the tau protein are known
to be phosphorylated by GSK-3B. To determine if the 4R-perfluoro-tert-butyl
hydroxyproline is tolerated by GSK-3p, it would be introduced into Ac-
KRREILSRRPpSYR-NH: peptide at the Pro position and subjected to enzymatic
phosphorylation.

There is also potential to use perfluoro-tert-butyl hydroxyproline derivatives as
oxidation sensors within cells. Oxidative stress is seen in cells due to pathologies
including diabetes, cancer, and neurodegenerative diseases.?*12* These pathways are
often poorly understood, due to non-enzymatic post-translational modifications like
nitration and oxidation events. Nitration, for example, often takes place on exposed
Tyr residues. When nitration occurs, the electronics of the Tyr ring change due to the
extremely electron-withdrawing nature of the nitro group. Furthermore, many sites of
tyrosine nitration occur in extended loop structures.?*424 Proline residues are also
often found in loop structures.>® These oxidative changes should be detectable by °F
NMR and, in the case of non-enzymatic modifications, no recognition sequence would

be required to detect modifications (Figure 3.40).
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Figure 3.40 4R-perfluoro-tert-butyl hydroxyproline could potentially be introduced
into a small B-turn peptide adjacent to a tyrosine as a tyrosine nitration
sensor.

Beyond detection of post-translational modifications, these substrates
demonstrate that substrates containing perfluoro-tert-butyl hydroxyproline could be
used to study kinetics and potential therapeutic agents. As already demonstrated, not
only are kinases high profile drug targets, but these sensors can be used to detect and
quantify phosphorylation events in complex mixtures, including cell lysates. There is
significant interest in developing new screening methods to examine new potential
drugs more accurately and faster than current methods. These sensor peptides could
potentially be exploited to detect kinase inhibitors in cell lysates as potential drug
targets by *°F NMR. Furthermore, these peptides could be introduced into live cells,
via cell-penetrating peptides, to examine kinase inhibition in live cells. There is also
potential for these probes to be used to study the mechanism of action of drugs in
various systems. Having kinase-specific probes allows for the study of specific
pathways which can be monitored for upregulation or suppression of signaling

pathways upon which drugs may act.
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3.4 Experimental

3.4.1 Peptide Synthesis, Purification, and Characterization

All peptides were synthesized using standard Fmoc solid phase peptide
synthesis (SPPS) on Rink amide resin, using HATU, or COMU as a coupling reagent.
Perfluorinated amino acids were coupled in four equivalent excess with COMU for 12
hours. All other amino acids were coupled in four equivalent excess for two hours
with HBTU or HATU as a coupling reagent. All peptides were synthesized by hand or
on a Rainin PS3 (Rainin Instruments, Woburn, MA). All peptides were acetylated on
the N-terminus (5% acetic anhydride in pyridine, 3 mL, 3 x 5 min) and contained a C-
terminal amide.

Peptides to be phosphorylated were synthesized with a trityl-protected serine
residue. In a fritted tube the trityl group was removed after synthesis and acetylation
with 2% trifluoroacetic acid (TFA) and 5% triethylsilane (TES) in CH2Cl> (3 mL, 3 x
1 min). Following trityl deprotection the resin was washed with CH2Cl> (3 mL, 3 x 1
min). The phosphitylation was performed by the addition of tetrazole (1.35 mmol; 3
mL of 3% tetrazole in  acetonitrile) and O, O’-dibenzyl-N,N-
diisopropylphosphoramitdite (1.52 mmol, 500 pL). The reaction was allowed to stir at
room temperature for 4 to 5 hours. The solution was removed and the resin was
washed with DMF (3 mL, 3 x 1 min) and CH2Cl2 (3 mL, 3 x 1 min). Oxidation was
performed with #-butyl hydroperoxide (3 mL, 3 M solution in CH2Clz) for 1 hour at
room temperature. The solution was removed and the resin was washed with CH>Cl»
(3 mL, 3 x 1 min) and diethyl ether (3 mL, 3 x 1 min).

Peptides were cleaved from the resin and deprotected for 3 to 4 hours using 5%

H>0, 5% triisopropylsilane, and 90% TFA in 1 mL. TFA was removed by evaporation
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and the peptides were precipitated with diethyl ether. Ether was removed by
decantation, and the peptide was dissolved in water and filtered before HPLC.
Peptides were purified by reverse phase HPLC (Vydac semipreparative C18, 10 x 250
mm, 5 um particle size, 300 A pore). Analytical data for peptides: 4R-FAbletide
[retention time by HPLC (&, 37.1 min; expected mass, 1539.7, observed mass, 1562.3
(M + Na)*], p4R-FAbletide [retention time by HPLC (&, 43.1 min; expected mass,
1619.7, observed mass, 1642.4 (M + Na)*], 4R-FAbletideR [retention time by HPLC
(tr, 41.2 min; expected mass, 1548.7, observed mass, 1571.4 (M + Na)*], p4R-
FAbletideR [retention time by HPLC (zr, 43.2 min; expected mass, 1628.7, observed
mass, 1651.9 (M + Na)*], 4R-FAbletideN [retention time by HPLC (zr, 37.8 min;
expected mass, 1507.4, observed mass, 1530.7 (M + Na)*], pAR-FAbletideN [retention
time by HPLC (&, 34.2 min; expected mass, 1597.4, observed mass, 1620.7 (M +
Na)*], 4R-FKemptide [retention time by HPLC (#r, 47.7 min; expected mass, 1271.2,
observed mass, 1272.7 (M + H)*], p4R-FKemptide [retention time by HPLC (&, 43.4
min; expected mass, 1351.4, observed mass, 1351.7 (M + H)*], 4S-FKemptide
[retention time by HPLC (#g, 45.5 min; expected mass, 1271.2, observed mass, 1272.7
(M + H)*], p4S-FKemptide [retention time by HPLC (zr, 42.8 min; expected mass,
1351.4, observed mass, 1351.7 (M + H)*], 4R-FAktide [retention time by HPLC (#,
41.5 min; expected mass, 1925.6, observed mass, 963.3 (M + H)**], p4R-FAktide
[retention time by HPLC (#&, 38.8 min; expected mass, 2007.6, observed mass, 1004.3
(M + H)*], 4S-FAktide [retention time by HPLC (zr, 38.3 min; expected mass,
1925.6, observed mass, 963.3 (M + H)**], and p4S-FAktide [retention time by HPLC

(tr, 42.6 min; expected mass, 2007.6, observed mass, 1004.3 (M + H)**],
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3.4.2 4R-FKemptide phosphorylation by PKA

cAMP-dependent Protein Kinase catalytic subunit (PKA) was purchased from
New England BioLabs (Cat. # P6000S). Reaction mixtures were prepared to a final
volume of 25 pL with 50 mM Tris-HCI (pH 7.5), 10 mM MgClz, 2 mM DTT, 100 uM
non-phosphorylated peptide, 400 uM ATP, and 1 pL enzyme solution (2,500 units).
After incubation at 37 °C for 5 mins, the reaction mixture was heated to 100 °C for 15
minutes to inactivate the enzyme. The solution was then centrifuged for 30 seconds
and diluted with 425 pL autoclaved water and 50 pL. D>O before transferring the
resultant solution to an NMR tube. Upon completion of NMR experiments, the

solution was injected on the HPLC to verify the extent of phosphorylation.

3.4.3 4S-FKemptide phosphorylation by PKA

cAMP-dependent Protein Kinase catalytic subunit (PKA) was purchased from
New England BioLabs (Cat. # P6000S). Reaction mixtures were prepared to a final
volume of 25 pL with 50 mM Tris-HCI (pH 7.5), 10 mM MgClz, 2 mM DTT, 100 uM
non-phosphorylated peptide, 400 uM ATP, and 1 pL enzyme solution (2,500 units).
After incubation at 37 °C for 5 mins, the reaction mixture was heated to 100 °C for 15
minutes to inactivate the enzyme. The solution was then centrifuged for 30 seconds

and diluted with 425 pL autoclaved water and 50 uL D>O before transferring the

239



resultant solution to an NMR tube. Upon completion of NMR experiments, the

solution was injected on the HPLC to verify the extent of phosphorylation.

3.4.4 4R-FAktide phosphorylation by Akt

Protein Kinase B (Akt) was purchased from Signal Chem. Reaction mixtures
were prepared to a final volume of 25 puL with 50 mM Tris-HCI (pH 7.5), 10 mM
MgCl;, 5 mM DTT, 200 uM B-glycerophosphate, 100 uM non-phosphorylated
peptide, 400 uM ATP, and 2 pL enzyme solution (2 ng). After incubation at 37 °C for
60 mins, the reaction mixture was heated to 100 °C for 15 minutes to inactivate the
enzyme. The solution was then centrifuged for 30 seconds and diluted with 425 pL.
autoclaved water and 50 uLL D>O before transferring the resultant solution to an NMR
tube. Upon completion of NMR experiments, the solution was injected on the HPLC

to verify the extent of phosphorylation.

3.4.5 4S-FAktide phosphorylation by Akt

Protein Kinase B (Akt) was purchased from Signal Chem. Reaction mixtures
were prepared to a final volume of 25 pL with 50 mM Tris-HCI (pH 7.5), 10 mM
MgCh, 5 mM DTT, 200 uM B-glycerophosphate, 100 puM non-phosphorylated
peptide, 400 uM ATP, and 2 uLL enzyme solution (2 ng). After incubation at 37 °C for
60 mins, the reaction mixture was heated to 100 °C for 15 minutes to inactivate the
enzyme. The solution was then centrifuged for 30 seconds and diluted with 425 uL

autoclaved water and 50 uL D»>O before transferring the resultant solution to an NMR
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tube. Upon completion of NMR experiments, the solution was injected on the HPLC

to verify the extent of phosphorylation.

3.4.6 4R-FADbItide phosphorylation by Abl Kinase

Abl Tyrosine Kinase (Abl) was purchased from New England BioLabs (Cat. #
P6050S). Reaction mixtures were prepared to a final volume of 25 uL. with 50 mM
Tris-HC1 (pH 7.5), 10 mM MgCl;, 0.1 mM EDTA, 2 mM DTT, 100 uM non-
phosphorylated peptide, 400 uM ATP, and 2.5 uL enzyme solution (12.5 units). After
incubation at 30 °C for 60 mins, the reaction mixture was heated to 100 °C for 15
minutes to inactivate the enzyme. The solution was then centrifuged for 30 seconds
and diluted with 425 pL autoclaved water and 50 pL D>O before transferring the
resultant solution to an NMR tube. Upon completion of NMR experiments, the

solution was injected on the HPLC to verify the extent of phosphorylation.

3.4.7 4R-FAbltideR phosphorylation by Abl Kinase

Abl Tyrosine Kinase (Abl) was purchased from New England BioLabs (Cat. #
P6050S). Reaction mixtures were prepared to a final volume of 25 uL. with 50 mM
Tris-HC1 (pH 7.5), 10 mM MgCl;, 0.1 mM EDTA, 2 mM DTT, 100 uM non-
phosphorylated peptide, 400 uM ATP, and 2.5 uL enzyme solution (12.5 units). After
incubation at 30 °C for 60 mins, the reaction mixture was heated to 100 °C for 15
minutes to inactivate the enzyme. The solution was then centrifuged for 30 seconds

and diluted with 425 pL autoclaved water and 50 uL D>O before transferring the
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resultant solution to an NMR tube. Upon completion of NMR experiments, the

solution was injected on the HPLC to verify the extent of phosphorylation.

3.4.8 4R-FADItideN phosphorylation by Abl Kinase

Abl Tyrosine Kinase (Abl) was purchased from New England BioLabs (Cat. #
P6050S). Reaction mixtures were prepared to a final volume of 25 puL with 50 mM
Tris-HCI (pH 7.5), 10 mM MgCl;, 0.1 mM EDTA, 2 mM DTT, 100 uM non-
phosphorylated peptide, 400 uM ATP, and 2.5 puL enzyme solution (12.5 units). After
incubation at 30 °C for 60 mins, the reaction mixture was heated to 100 °C for 15
minutes to inactivate the enzyme. The solution was then centrifuged for 30 seconds
and diluted with 425 puL autoclaved water and 50 uLL D>O before transferring the
resultant to an NMR tube. Upon completion of NMR experiments, the solution was

injected on the HPLC to verify the extent of phosphorylation.

3.4.9 Real Time NMR of 4R-FKemptide phosphorylation by PKA

PKA (1 pL, New England BioLabs) was diluted in buffer containing 50 mM
Tris-HCI (pH 7.5) and 10 mM MgCl, (39 uL). Reaction mixtures were prepared to a
final volume of 500 pL with 10 uM non-phosphorylated peptide, 80 uM ATP, 50 mM
Tris-HCI1 (pH 7.5), 10 mM MgCl;, 5 mM DTT, and 10% D-O. Experiments were
conducted at 310 K. One NMR experiment was taken before enzyme was added as ¢ =
0. The tube was removed from the NMR and 5 pL (313 U) of the diluted enzyme was
added. A total of six more experiments were completed without removing the sample

from the NMR. Each experiment was 5 mins and 14 seconds for a total time of 31.4
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mins. Upon completion of NMR experiments, the solution was injected on the HPLC

to verify the extent of phosphorylation.

3.4.10 Cell Culture and cell extracts

HeLa cells were cultured at 37 °C humidified environment containing 5% CO»
with Dulbecco’s Modified Eagle Medium (DMEM) with 10% heat-inactivated fetal
bovine serum (FBS), r-Glutamine (2 mM), penicillin (100 units/mL), and
streptomycin (100 pg/mL). Twenty hours before lysate preparation, cells were starved
with DMEM containing 0.5% FBS. The media was removed and the cells were
washed with 4 mL 1x DPBS. The cells were trypsinized and centrifuged (3.5 rpm, 1
min). The pellet was resuspended in 2 mL 1x DPBS and centrifuged (3.5 rpm, 1 min).
The pellet was resuspended in 1 mL Buffer A (0.4 M HEPES (pH 7.9), 60 mM MgClo,
400 mM KCI, 20 mM DTT, and 8 mM PMSF) and centrifuged (3.5 rpm, 1 min). The
pellet was resuspended in Buffer A and incubated on ice for 10 minutes. The solution
was then vortexed for 30 second, centrifuged (3.5 rpm, 1 min), and resuspended in
Buffer B (100 mM HEPES (pH 7.9), 4.1 M NaCl, 14.7 mM MgCl,, 200 uM EDTA, 5
mM DTT, 5 mM PMSF, and 2.5% gylcerol). The solution was incubated on ice for 15
minutes and then centrifuged (3.5 rpm, 5 min). The supernantant was divided into

aliquots and frozen at -80 °C.

3.4.11 4R- FADbItideR phosphorylation by HelLa Cell Lysates
The reaction mixtures of peptide in HeLa cell extracts were prepared to a final
volume of 100 uL with stock solutions were mixed to yield final concentrations of 160

uM ATP, 200 puM B-glycerophosphate, 200 uM sodium orthovanadate (Na3VOs), 50

243



mM Tris-HCI, 10 mM MgCl,, 100 uM non-phosphorylated peptide, and 70 pL cell
extracts. After incubation at 37 °C for two hours, the reaction mixture was diluted with
350 uL autoclaved water and 50 pL. DO before transferring the resultant solution to
an NMR tube. Upon completion of NMR experiments, the solution was injected on the

HPLC to verify the extent of phosphorylation.

3.4.12 4R-FADbItideN phosphorylation by HeLa Cell Lysates

The reaction mixtures of peptide in HeLa cell extracts were prepared to a final
volume of 100 puL with stock solutions were mixed to yield final concentrations of 160
uM ATP, 200 puM B-glycerophosphate, 200 uM sodium orthovanadate (Na3VOs), 50
mM Tris-HCI1, 10 mM MgCl,, 100 uM non-phosphorylated peptide, and 70 pL cell
extracts. After incubation at 37 °C for two hours, the reaction mixture was diluted with
350 pL autoclaved water and 50 uL. D>O before transferring the resultant solution to
an NMR tube. Upon completion of NMR experiments, the solution was injected on the

HPLC to verify the extent of phosphorylation.

3.4.13 Real Time NMR of 2S, 4R-FKemptide phosphorylation by HelLa Cell
Lysates

The reaction mixtures of peptide in HeLa cell extracts were prepared to a final
volume of 500 pL as follows: stock solutions were mixed to yield final concentrations
of 160 uM ATP, 200 puM pB-glycerophosphate, 200 uM sodium orthovanadate
(Na3VOa), 50 mM Tris-HCI, 10 mM MgCl, 20 uM non-phosphorylated peptide, 10%
D>0O and 175 uL cell extracts. Experiments were conducted at 310 K. Peptide, ATP,

and inhibitors, were dissolved in D,O and buffer. The cell lysates were added and the
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entire reaction mixture was transferred to an NMR tube. A total of twelve experiments
were completed, removing the sample after the sixth to add supplemental ATP (80
puM, 10 puL). NMR experiments (128 scans, 5.14 mins) were run as per real time in
vitro assays for a total of 62.8 mins. Reactions were then diluted with 500 pL of

distilled water and injected on the HPLC to verify extent of phosphorylation.
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Chapter 4

MECHANISTIC INTERROGATION OF POLYPROLINE
HELICIES VIA 19F NMR UTLIZING 4,4-DIFLUOROPROLINE
AS A SITE SPECIFIC PROBE

4.1 Introduction

Proline is a unique amino acid which, due to the rigid, cyclic side chain, is
conformationally restricted, leading to unique structural elements within proteins.
Proline residues are most commonly found in turns and at the beginning or ending of
predominant secondary structures such as a-helices and p sheets.* Proline cis-trans
isomerization is well documented in proteins, peptides, and even as monomers with
protecting groups due to the decreased steric differences between the cis and trans
isomers of proline versus other amino acids.?*6?% In all other canonical amino acids,
cis-trans isomerization is unfavored due to steric clash in the cis conformation. The ®
dihedral angle in the cis conformation is 0 ° which leads to the C, of the two amino
acids to occupy the same space, leading to unfavorable steric interactions.?%® In the
case of Xaa-Pro sequences, the cyclic nature of proline does not have the same steric
demands as other amino acids, allowing for the required m = 0 °C without the steric
class observed in Xaa-Xaa sequences. The similar steric demands in both the cis and
trans conformation for Xaa-Pro sequences, the free energy change between the two
conformations is 1.8 kcal mol™, 3 kcal mol™? less than that of Xaa-Xaa sequences (4.8

kcal mol™). This reduction in energy barriers between the cis and trans isomers leads
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to higher populations of cis amide bond conformations in Xaa-Pro sequences than
sequences without proline.

In some cases of Xaa-Pro sequences the trans amide bonds can, with certain
torsion angles, be stabilized an n—n* interaction between the preceding carbonyl
oxygen and the following carbonyl carbon.?42%" The trans conformation is
characterized by the » = 180° dihedral angle.?® The cis conformation is characterized
by the ® = 0°, and is not capable of the n—>=* interaction due to the orientation of the
carbonyls.?®® Proline can undergo cis-trans isomerization, depending on local
structure, on a time scale of seconds spontaneously. Cis-trans isomerization of a

simple Ac-Pro-OMe in water has an energy barrier of 20 kcal mol* (Figure 4.1).%°

AG? ~ 20 keal/mol (H,0)

O N

RC
frans amide c/s amide
o= 180° =02

Figure 4.1 cis-trans isomerism of the proline amide bond. The energy barriers

(activation free energies, AG?) for trans-to-cis and cis-to-trans amide
bond rotation in water for Ac-Pro-OMe are 21.1 kcal/mol and 20.2
kcal/mol, respectively.?® The magnitude of activation barrier is lower in
more non-polar solvents, due to the reduced polarity of the transition
state compared to the ground state.?*¢2% The activation barrier is also
reduced by proline isomerases.%°

Approximately 5% of proline residues are in the cis amide bond conformation,
compared to less than 0.03% of other residues, according to surveys of prolines in the

PDB.%0261 proline cis-trans isomerization is often a key step in protein folding.
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Despite the lower free energy difference to cis-trans isomerization relative to other
amino acids, it is still a rate limiting step in protein folding due to the 20 kcal mol*
activation barrier. Small globular proteins can fold on the micro- to millisecond time
scale.?? Cis-trans isomerization can occur spontaneously (1 to 100 s. timescale),
which is primarily dependent on local structure. All protein residues are incorporated
into proteins as trans amide bonds, however, cis-trans isomerization event can be
catalyzed by isomerases to increase the rate of isomerization. Isomerases do not alter
the equilibrium of isomerization but simply alter the kinetics to increase the rate of
isomerization. These isomerases, termed prolyl isomerases, are integral to increasing
the rate of proper protein folding.260:263.264

Peptidyl prolyl isomerases are also implicated in cell signaling events, where
the proline cis-trans isomerization is a key step in cell signaling. Fischer et al.
demonstrated the conformation of a proline in a protease substrate can greatly
influence reaction rates of enzymes.?*” In short, they demonstrated that the proline-
dependent proteases, dipeptidyl peptidase 1V, could only cleave an Ala-Pro amide
bond in the trans conformation. When an additional proline was added to the substrate
(Ala-Pro-Pro), approximately 10% cis amide bond was observed in the substrate,
which led to much slower reaction rates for dipeptidyl peptidase IV cleavage. These
data demonstrate cis-trans isomerization can be the rate-limiting step in proteolysis of
proteins.

Proteolysis is not the only post-translational modification affected by proline
conformation within a protein substrate. There is a class of kinases, known as proline-
directed kinases, which utilize proline in the recognition sequence. A few examples of

proline-directed kinases include the cyclin-dependent kinase (CDKSs), the mitogen-
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activated protein kinases (MAPKSs), and glycogen synthase kinase 3 (GSK3).2%° The
regulation of these kinases is directly linked to the conformation of the proline within
the substrate. Peptidyl prolyl isomerases are responsible for interconversion of cis and
trans amide bonds.?%® When proteins are synthesized within the cell, prolines are
incorporated as trans amide bonds.?%* For proteins that require cis amide bonds for
proper folding, peptidyl prolyl isomerases catalyze the conversion of the trans amide
bond to the cis amide bond, increasing the rate of protein folding. More recently,
however, cis-trans isomerization has been shown to be a key step in regulating
phosphorylation events.?*® One example of cis-trans isomerization playing a key role
in phosphorylation events is the activity of Pinl, a peptidyl prolyl isomerase.?* Pin1 is
known to catalyze isomerization events at phosphorylated Ser/Thr-Pro sequences.
Pinl catalyzes a change in conformation leading to dephosphorylation of the nearby
phosphoserine or phosphotheronine. In the case of Cdc25c, a Cdc2-directed
phosphatase, is dephosphorylated by Protein Phosphatase 2A (PP2A) after the key cis
amide bond is converted to a trans amide bond by Pin1.2*® This dephosphorylation
event alters Cdc25c activity, preventing dephosphorylation of downstream targets.
Cdc25c is a key phosphatase in mitosis ultimately, at least in part, controlling cell
proliferation and growth.?%® Furthermore, Pin1, while not entirely understood, is
known to be overexpressed in certain cancers, including Her2+ breast cancer. The
overexpression of Pinl in cancer is unsurprising given its importance in helping to
control phosphorylation events and control of cell signaling pathways.?4

Given the apparent importance of cis-trans isomerization within proteins, new
tools are needed to study proline isomerization and the conformation of prolines

within proteins. As will be discussed, current methods in determining the
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configuration of prolines within proteins are technically difficult. Developing new
tools, which can be used not only to determine the conformation but monitor protein
folding events, ideally in complex mixtures such as cell lysates or in live cells, is
necessary to fully explore the impact of proline conformation on protein structure.
This new tool should impart minimal effect on cis-trans isomerization in a peptide or
protein context, it should be sterically similar in size to proline, and ideally, be

expressible for straightforward integration into proteins.

4.1.1 Detection of Cis-Trans Isomerization and Polyproline Helices

Polyproline helices were originally identified in 1963 by powder extra
diffraction.?®® These powder diffraction patterns were key in establishing the presence
of the two unique structures of polyproline helices. Since these original powder
diffraction, only PPII helical structures have been observed in single crystal x-ray
diffraction structures. Notably, PPII helices are seen in protein crystal structures in the
PDB in globular proteins as well as in natively disorder proteins.?%%6” There is no
single crystal x-ray structure of a PPI helix structure. Crystal structures are important
for characterizing the structures of PPI and PPII helices, but x-ray crystallography
cannot be used to examine the kinetics of interconversion between PPI and PPII helix
formation. Other methods detection of PP and PPII helices are circular dichroism, **C
chemical shift analysis, and more recently mass spectrometry.

Both PPI and PPII helices are often examined by circular dichroism,55:56:254.267-
274 PP helices have a characteristic maximum at 215 nm, while PPII helices have a
maximum at 228 nm.2"® CD is very effective for observation of polyproline helix
structure and has provided key information about induction of PPl and PPI11 helix

structure. The CD spectrum indicates the global structure of the peptide. This method
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has been used to examine the formation of PPl and PPII helices as well as the
interconversion from one structure to the other.248272273.275276 C D has been one of the
primary methods to study the formation of PPI helices, including establishing the
number of residues required to form a PPI helix and determining solvent effects on
PPI formation (non-polar organic solvents more readily induce the PPI helix)?”°. CD
has also been key in interrogating the mechanism of the polyproline interconversion
including the Kinetics of interconversion and potential cooperativity associated with
PPI helix formation.?”® Despite the volume of work and the importance of CD in
studying proline oligomers, new methods are needed to develop a full mechanistic
understanding of polyproline helix interconversion. One of the primary drawbacks of
utilizing CD is it only reports on global structure of the peptides in solution. The CD
spectrum averages all of the various conformations in solution, preventing local, site-
specific information from being obtained by this method. CD spectroscopy continues
to be a valuable tool for studying polyproline helix structure; however, other
supplementary methods are needed along with CD to develop an understanding of PPI
and PPII helices and their interconversion.

PPI and PPII helices can also be identified by *C chemical shift analysis.?’"278
In trans conformations, *3C chemical shift for the proline CB and Cy are similar (1 to 4
ppm). In contrast the cis conformation exhibits a larger chemical shift dispersion for
the proline Cp and Cy (5 to 10 ppm). This method is very effective for determining
cis-trans isomerization in small systems, like single residues with protecting groups or
dipeptides. However, it is problematic for peptides and proteins due to overlapping
signals and requires a full sequence assignment for the entire protein or peptide.

Furthermore, a large amount of material is required, or alternatively *C enrichment is
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required, as was discussed in Chapter 1.3 While this method can be effective and does
allow for residue-specific information, it is time consuming, in both analysis and

experiment time. Alternatively, NOE experiments can be used to gain better resolution
and to make residue specific assignments, however, spectral overlap is still a problem,

especially in proline-rich sequences.?’®

4.1.2 Polyproline I and Polyproline 11 Helices Have Different Organized
Structures Which Interconvert From One Ordered Structure to the Other

In order to begin developing a new tool for studying cis-trans isomerization in
proteins, potential probes must be studied in simplified systems as a proof of concept
before introduction into more complex systems. One example of these model systems
are proline oligomers which are known to undergo cis-trans isomerization.?’
Oligomers of proline are known to fold into two unique secondary structures based on
proline’s ability to more readily adopt cis amide bonds than other amino acids (Figure
4.2). Polyproline I (PPI) helices contain all cis amide bonds (¢ =-83, w= +158, =
0) in a compact right-handed helix. PP1 helices exhibit 5.6 A per turn (3.3 residues per
turn) and are induced for oligomers of proline in organic solvents such as methanol,
isopropanol, and acetonitrile.?%® Alternatively, polyproline I1 (PPII) helices contain all
trans amide bonds (¢ = —75, = +145, » = 180) in an extended left-handed helix.?"
PPII helices are induced in aqueous solutions and can be found in protein structures.
Both PPI and PPII structures were solved by powder x-ray diffraction over 50 years
ago.2%® However, the mechanism of interconversion between PPI and PPII helices and

also what allows for the stabilization of PPI helices are not fully understood.
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3.1 A rise/residue

3 residues/turn

polyproline Il helix (PPII) 9.3 A rise/turn

¢=—75" y=+145° no helix dipole
w = +180° (all frans amide bonds)

H,O || organic solvent

4 1.7 A rise/residue

_ _ 3.3 residues/turn
poly_prollnoe | h_ellx1 (PIODI) 5.7 A rise/turn
¢=-83°, y=+158 large helix dipole

w = 0° (all cis amide bonds)

Figure 4.2  Polyproline I helix and polyproline 11 helix structure. (a) Proline
oligomers can undergo an ordered-to-ordered transition between left-
handed polyproline 11 helix (PPII) and right-handed polyproline I helix
(PPI) as a function of solvent, with water favoring PP1I and non-polar
solvents favoring PPI. Structures are based on models based on the
indicated ideal (canonical) torsion angles.

PPII helices are seen in structures in the PDB and are known to be stable in
aqueous solutions.?®%%8 Due to the stability and prevalence in protein structure, PPII
helices are well-studied structures. PPII helices are, in part, stabilized by n—r*
interactions between consecutive carbonyls. This interaction is due to the p-like

orbitals of the lone pair on the first oxygen (n) overlapping with the #* molecular
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orbital of the following carbonyl.?” The geometry of this interaction results in the
Burgi-Dunitz trajectory of 109° from the donor carbonyl to the acceptor carbonyl.?’
These interactions demonstrate sub-van der Waals radii (less than 3.22 A) as seen in
Figure 4.3a. This favorable interaction restricts both ¢ and y as is visible in crystal

structures of PPII sequences in the PDB.

Figure 4.3 (a) Polyproline 11 helix from pdb 4gb3 (0.94 A resolution, Brd4
bromodomain, residues 45-48). n —n* interactions (red dashed lines)
and O...C=0 distances are indicated. (b) Polyproline I helices form in
organic solvents, but 2-residue PPl segments may be observed within
proteins in the PBD (from pdb 3a72, residues Pro71 (¢, =-72°, +166°,
endo ring pucker) and Pro72 (¢,w=-76°, +175°; endo ring pucker), a-
arabinase, 1.04 A resolution). Notably, close intraresidue interactions
(below the 3.07 A sum of the van der Waals radii of oxygen and nitrogen,
indicated by dashed lines) are observed between the carbonyl oxygen and
the prior amide nitrogen (the nitrogen from the same residue, but from
the previous amide bond).

Alternatively, very little is known about the mechanism of stabilization PPI
helices despite the original powder diffraction structure being solved in 1956.2% PP|
helices are stabilized in organic solvent, but to date have not been found in a protein

crystal structure. There are no single crystal structures of PPI helices, but they have
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been studied in solution to determine key characteristics beyond the original powder
diffraction pattern. There are also small, two reside-sequences in the PDB found in
protein structures that occupy the same Ramachandran space as PPI helices (Figure
4.3b), indicating the PPI helices may have some biological relavence.

PPI helices have been examined in a number of organic solvents including
methanol, 1-propanol, 1,4-dioxane, and n-butanol 2827327 |_ower solvent polarity is
shown to promote PPI structure. Kakinoki et al. demonstrated that PP more readily
forms in 1-propanol (14 days to equilibrium at 5 °C) than in methanol (21 days to
equilibrium at 5 °C) for a thirteen residue proline oligomer when monitored by
circular dichroism.?”® These data are particularly interesting considering that PPI
helices exhibit a helix dipole not observed in PPII helices. The dipole is opposite of
that observed in a a-helix, with the positive charge on the C-terminus and the negative
charge on the N-terminus.?®? Furthermore, PPI helices are promoted by increased
length in oligomer.2’® Very little PPI structure is observed at equilibrium in in 1-
propanol with a 6-residue proline oligomer compared to a 13-residue proline oligomer.
No PPI structure is observed in 1-propanol with a 4-residue proline oligomer at
equilibrium. These data are also inconsistent with increased PPI structure in non-polar
solvents. The increased size of the oligomer also increases the strength of the helix
dipole, which would be disfavored in non-polar solvents. These data demonstrate a
need for new tools to study PPI structure as well as the PPI/PPII interconversion to
understand the interactions that promote PPI structure.

Proline oligomers can reversibly interconvert between PPI and PPII structures
with changes in solvent.?® The interconversion between PPI and PPII was first

described in 1953, but the exact mechanism of interconversion is not well understood.
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This interconversion is particularly interesting considering it is an “ordered to
ordered” transition state rather than an “ordered to disordered” transition such as
protein unfolding as a result of heating.*! The interconversion between PP1 and PPII
has been observed by CD and is completely reversible. The interconversion between
the two structures requires the isomerization of each proline reside from trans to cis
for PPII to PPI and from cis to trans for PPI to PPII. The isomerization of each proline
residue has an energy barrier of 20 kcal mol™ as seen in Figure 4.1.%° The exact
mechanism of the interconversion is not well understood, with a few studies
examining the directionality and cooperativity of interconversion. Lin and Brandts
examined the rate of hydrolysis of polyproline sequences by aminopeptidase D, which
is a proline-directed protease which will only act on the trans conformation.?”283
They examined both PPI and PPII helices interconverting in different solvents and
measured the rate of proteolysis. Based on the rates of proteolysis, they proposed PPI
helices form from the N-to-C terminus and PPII helices form from the C-to-N
terminus. Early studies also examined cooperativity in the formation of PPI and PPII
helix structures. Both Gornick et al. and Holzwarth and Chandrasekaren proposed
cooperativity in the formation of polyproline helix structures. Gornick et al. examined
the transition rates by specific rotation and x-ray crystallography, which led to sharp
transition barriers rather than individual transition barriers for each residue.?
Holzwarth and Chandrasekaren used calculations to propose cooperativity based on
intramolecular electrostatics and intermolecular polymer-solvent interactions.?3® More
recently, however, Beausoleil and Lubell have challenged the idea that the transition is
cooperative.?® They introduced 5-tert-butylproline, which has inherent steric effects

which favor the cis conformation. They did not observe cooperativity with the
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introduction of the 5-tert-butylproline, i.e. there was no increase in cis conformation,
aside from the amide bond where the mutation was made. Given the work that has
been done, there is still significant work to be done to determine the exact mechanism

of interconversion.

4.1.3 4,4-Difluoroproline As A '°F Probe for cis trans Isomerization

Fluorine is ideal as a site-specific probe for cis-trans isomerization. Prior
chapters addressed the use of amino acids containing perfluoro-tert-butyl amino acids
as probes for protein function. While very effective for detecting protein-protein
interactions and post-translational modifications, the size and inherent structural
preferences of the perfluoro-tert-butyl ether make it inappropriate to examine cis-trans
isomerization in proline oligomers and protein structure. Single fluorine substitutions
do not substantially increase the size of the proline, while still introducing fluorine
atoms into the system for 1°F NMR. Renner et al. proposed the use of fluoroprolines in
protein engineering based on the thermodynamics and equilibrium of cis-trans
isomerization in the simple Ac-X-OMe model system.?>° 4R-fluoroproline, 4S-
fluoroproline, and 4,4-difluoroproline were all examined in this context as well as
unmodified proline. 4.4-Difluoroproline was found to have a lower activation barrier
(AG* = 19 kcal mol™) to cis-trans isomerization than proline (AG* = 20 kcal mol™?),
leading to systems containing 4,4-difluoroproline equilibrating faster than systems
containing proline. 4,4-Difluoroproline, however, did not alter the thermodynamics of
cis-trans isomerization, unlike the 4R- and 4S-fluoroprolines, leading to similar
populations of cis and trans as in proline. Others have found similar observations
when examining fluoroprolines in other contexts. Single fluorine modification (4R-

fluoroproline (Flp) or 4S-fluoroproline (flp)) contain inherent structural

257



preferences.?®>?87 For example in the Ac-TYXN-NH; peptide model system, Flp and
flp have a significant impact on the Kiransicis observed relative to Pro (Table 4.1).2%3
These data are unsurprising due to the electronegative nature of fluorine and the
inherent structural effects of 4R and 4S substitutions, as discussed in Chapter 1.
Alternatively, the introduction of two fluorine atoms, despite the electronic changes to
the system, lead to similar structure as that of Pro as observed in Table 4.10.2%
Similarly, Shoulders et al. demonstrated 4,4-difluoroproline showed similar stability
to proline in collagen model peptides.?®® Using the host-guest system Ac-(PXG)10-NH;
where X was Dfp, Pro, or Flp, which readily form the characteristic collagen triple
helix, stability was measured by thermal denaturation via CD. All three peptides
demonstrated a maxima at 225 nm; however, there was a stark contrast in the melting
of the triple helix. Both the peptides containing proline and the 4,4-difluoroproline
melted at similar temperatures (43 °C and 42 °C, respectively) compared to the 4R-
fluoroproline (48 °C), indicating significant stabilization as a result of a single fluorine

modification.
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Ac-TYXN-NH: | Ktransicis ~ AAG

X= kcal mol’!
Flp 7.0 -0.56

Pro 2.7 0.00

Dfp 2.6 +0.02

flp 1.5 +0.35

Table 4.1  Kiransicis measurements and AAG calculations for Flp, Pro, Dfp, and flp at
the X position in the Ac-TYXN-NHz model peptide.?® Kiransrcis is defined
as the ratio of the population of trans and cis as measured by *H NMR.

4,4-Difluoroproline has also been examined in synthetic proteins by Yu et al.,
who introduced not only 4,4-difluoropline but also 4R-fluoroproline and 4S-
fluoroproline into B2-microglobulin.?>* R2-microglobulin is a small soluble protein
which is known to form insoluble plaques in patients on long-term hemodialysis. The
solubility is, at least in part, dependent on the cis-trans isomerization of the proline at
position 32 in the protein. The R2-microglobulin was synthesized via solid-phase
peptide synthesis with either proline or one of the fluoroproline derivatives, and native
chemical ligation was used to synthesize the full length protein, which is a total of 99
residues long. Cis-trans isomerization is known to be the rate-limiting step of protein
folding and denaturation in the wildtype protein. Upon the introduction of 4,4-
difluoroproline at Prosz, the cis-trans isomerization is no longer the rate limiting step
for denaturation due to the decreased energy barrier associated with 4,4-

difluoroproline. The mutant containing 4,4-difluoroproline showed reduced stability
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under denaturing conditions, most notably a decreased melting temperature (Dfp Tm =
56 °C compared to Pro Tm = 61.5 °C).%>* The °F NMR spectra was also examined for
the mutant containing the fluoroprolines. Interesting, even at high concentrations and
long acquisition times, neither the 4R or the 4S-fluoroproline mutants were visible by
1%F NMR. The mutant containing 4,4-difluoroproline, however, was visible by °F
NMR. Under non-denaturing conditions (pH 7.1), two sets of cis peaks were visible at
-97 ppm and -112 ppm in the F NMR spectra, indicating the 4,4-difluoroproline at
residue 32 was in the cis conformation. Upon denaturation at pH 2.5, the cis peaks
disappeared and a new peak appeared at -101 ppm indicated isomerization had
occurred to the trans conformation. These data indicate 4,4-difluoroproline can be

used to probe cis-trans isomerization in peptides and proteins.
4.2 Results

4.2.1 Synthesis and Characterization of 4,4-Difluoroproline

4,4-Difluoroproline has been synthesized previously both in solution as a
monomer and on solid phase in a peptide context.?>>?%° As demonstrated in Chapter 1,
hydroxyproline is an inexpensive, readily available starting material from which 4-
hydroxyproline derivatives can be synthesized. Demange et al. demonstrated the
synthesis of 4,4-difluoroproline from 4R-hydroxyproline, as seen in Figure 4.4, in
good yield in 1998 as the fully protected Boc amino acid.?® This synthetic route
requires Boc protection of the amine and methyl protection of the carbonyl as seen in
Chapter 1. The alcohol is then oxidized using pyridinium dichromate (PDC) to form
the ketone. The ketone is then converted into the geminal difluoride via

diethylaminosulfur trifluoride. Having obtained the Boc and methyl protected 4,4-
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difluoroproline, it can easily be deprotected and Fmoc protected, as seen in Figure 4.4.
This same chemistry has also been applied by Thomas et al. on the Ac-TYXN-NH>
model system on solid phase using “proline editing”.?°* In short, Fmoc-hydroxyproline
IS incorporated into the peptide on solid phase. The alcohol on the 4-hydroxyproline is
trityl protected on solid phase to complete the peptide synthesis. The trityl group can
then be removed using 2% TES and 2% TFA in CHCl_, allowing for PDC oxidation,

followed by conversion of the ketone to the difluoride via DAST.

OH 0
\ PDC v
Bog” N » Boc N DAST Boo- N TFA
oc CtH20|2 ocC Dry CH,Cl, CH,Cl,
~ Lt ~ 78°C - 95%
0”0 1% 070" Lo o~ ©
1 2 3
F F
IF -
HN Fmoc-OSu FmOC/N
EtsN
OH MeOH OH
© 93% o
4 5

Figure 4.4  Solution phase synthesis of Fmoc-4,4-difluoroproline as described by
Demange et al. This chemistry has also been applied on solid phase in a
peptide by Pandey et al.

Both of these methods are useful synthetic routes. However, in the time
between the publication of these papers and the work described herein, 4,4-
difluoroproline became commercially available as the Boc amino acid. PDC
oxidations, while high yielding and effective, are challenging to purify. The chromium
metal oxidizes over the course of the reaction, resulting in a large amount of residual

oxidized PDC which can be difficult to remove. Furthmore, PDC is toxic, introducing
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unnecessary hazards to the synthetic route. Solid-phase chemistry was also considered
for this application; however, ultimately we would like to use this amino acid in
expressed proteins which requires the free monomer which can be dissolved in
expression media for incorporation into proteins. For these reasons, the Boc-4,4-
difluoroproline was purchased. The Boc-4,4-difluoroproline was deprotected using 2
M HCI to produce the free amino acid. The free amino acid was then Fmoc protected
using standard conditions described in Chapter 1 without purification, as seen in
Figure 4.5.2%° The Fmoc-4,4-difluoroproline can readily be incorporated into peptides.
This route minimized synthetic steps while readily accessing 4,4-difluoroproline as

both the free and Fmoc amino acid for either protein expression or peptide synthesis.

'I':'F _F Fmoc-OSu ‘l':'F
2 M HCI KGO
Boc- N 1 .4-dioxane > HN 14-dioxane ~ Fmoc™\
6 h, reflux 12 h, rt
o~ "OH 07 TOH 46% over 2 steps o~ OH
3 4 5

Figure 4.5 Fmoc-4,4-difluoroproline was synthesized from the commercially
available Boc-4,4-difluoroproline in two steps.

Fmoc-4,4-difluoroproline (5) readily crystalized from CDCl3 leading to a
single-crystal structure which was solved by x-ray diffraction (Figure 4.6). The crystal
was examined to determine potential structural preferences as well as potential
interactions, such as ring pucker and n—m* interactions. We expect, based on solution
data in the Ac-TYXN-NH: peptide, for the 4,4-difluoroproline (Kiransrcis = 2.6, AAG =

+0.02 kcal mol™) to have similar conformations to that of proline (Kiransicis = 2.7, AAG
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= 0.00 kcal mol™).2%3 In fact, Fmoc-4,4-difluoroproline crystalized with a trans amide
bond (@ = +173) and an exo ring pucker. The ¢ and w measured from the crystal
structure were also consistent with a trans amide bond, with the y being in a slightly
more extended confirmation than expected (¢ =—61, w= +176) (Figure 4.6).
Furthermore, a weak n—=* interaction is visible between the consecutive carbonyls
with 3.04 A bond distance and a O...CO bond angle of 77°. The bond distance and
angle are not ideal (> 3.00 A bond distance, 109° bond angle) indicating a weakened
n—n* interaction, potentially as a result of the fluorine substitutions which are known
to significantly reduce the ammonium pKa of the free amino acid (pKa = 7.2)
compared to Pro (pKa = 10.8) due to the inductive effects of fluorine.*® The crystal
structure data, along with solution data from prior work, indicate that 4,4-

difluoroproline might make an ideal probe for cis-trans isomerization by °F NMR.
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Figure 4.6  X-ray crystal structure (resolution 0.76 A) of Fmoc-4,4-difluoroproline
(5), which crystallized from CDCls. 5 exhibited a compact value of ¢ but
an extended value of w (p =61, y = +176), a trans amide bond (v =
+173°%), and a Cy—exo ring pucker. In addition, a close interaction was
observed between the carboxylic acid carbonyl oxygen and the carbamate
nitrogen (O...N distance 2.78 A). A weak n—* interaction was observed
between consecutive carbonyls (O...C=0 distance 3.04 A, < OCO 77°
(ideal 109°)). Crystal assembly was mediated by a close hydrogen bond
between the carboxylic acid OH and the carbamate carbonyl (O-H...0=C
distance 1.86 A, indicated in red). In addition, a close C-H...O interaction
was observed between the C-D of chloroform and the acid carbonyl
(D...0=C 2.32 A (2.22 A with normalized C-D bond lengths), indicated
in blue).
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4.,4-Difluoroproline had previously been incorporated into the Ac-TYXN-NH:
and the Ac-TAXN-NH2 peptide model systems by Pandey et al. and the peptide was
examined by 'H and °F NMR to determine the cis amide bond population; however,
no other characterization was reported.*® These data were the first reported °F NMR
spectra of 4,4-difluoroproline in a peptide or protein context, so in order to verify that
the same species was synthesized and to verify previous results, the synthesized Fmoc-
4,4-difluoroproline was incorporated into the Ac-TYXN-NH> peptide model system
and was examined by **F NMR (Figure 4.7). These data are consistent with the
previously observed °F NMR spectra. The decoupled °F NMR spectrum appears as a
trans peak at -101 ppm with two sets of peaks at least 2 ppm away which are
representative of the pro-4S and the pro-4R fluorines (Figure 4.7a). The trans
conformation appears as one peak, indicating that the pro-4R and pro-4S are
magnetically equivalent, meaning the chemical shift of the two fluorine atoms is less
than the 2Jrr coupling constant. The pro-4S and the pro-4R cis peaks, however, are not
magnetically equivalent and therefore appear as two separate peaks in both cases
where 2Jgr = 252 Hz. The °F NMR was also measured without decoupling. Due to the
proximity of the fluorine atoms to each other as well as the protons on the prolyl ring,
the fluorine atoms can couple to each other leading to the more complex splitting
pattern observed in Figure 4.7b. These data suggest the potential application of 4,4-
difluoroproline as a probe of cis-trans isomerization, with a large chemical shift
change for the cis population, and a small chemical shift change for the trans

population.
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Figure 4.7 °F NMR spectra (376 MHz) of the peptide Ac-TYDfpN-NH2 at 25 °C in
D,0 with 5 mM phosphate pH 4 and 25 mM NacCl. (a) H-decoupled
NMR spectrum. (b) *H-coupled NMR spectrum. Peaks associated with
cis and trans amide bonds are indicated. Only 1 fluorine peak is observed
in the trans conformation due to magnetic equivalence of the fluorines
(AS < 2Jee).

While the NMR characterization of the Ac-TAXN-NH2 peptide was not
repeated, it demonstrates the potential of the 4,4-difluoroproline to be utilized as a cis-
trans isomerization probe. The Ac-TAXN-NH. model peptide system is utilized like
the Ac-TYXN-NH: system but shows a significant reduction in the amount of cis
amide bond formation due to the lack of an aromatic-Pro sequence. The decoupled *°F
NMR spectrum of the Ac-TA(4,4-Dfp)N-NH2 showed a similar pattern as the Ac-

TY (4,4-Dfp)N-NH2 peptide, with a large chemical shift dispersion of the cis peaks (A
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=8 to 10 ppm) and 2Jgr = 252 Hz (Figure 4.8) . The trans peaks, however, exhibited
strong second order effects, unlike the Ac-TY (4,4-Dfp)N-NH2 peptide, due to similar

chemical shifts (A8 = 2Jr).

trans
cis cis
A Wi ok
L 1 1 | | 1 ]
-94 -96 -98 -100 -102 -104 -106
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Figure 4.8 Decoupled °F NMR (376 MHz) spectrum of the Ac-TA(4,4-Dfp)N-NH,
model peptide at 25 °C in 10% D20/90% H-O with 5 mM phosphate
buffer (pH 4) and 25 mM NaCl.*3

4.2.2 4,4-Difluoroproline Promotes PPII Helices Similarly to Proline
Fmoc-4,4-difluoroproline was incorporated into the Ac-GPPXPPGY-NH:
model system to examine the impact of 4,4-difluoroproline on PPII structure. As
described in Chapter 1, the Ac-GPPXPPGY-NH2 model system is used to determine
PPII propensity. Fmoc-4,4-difluoroproline was introduced into the peptide at the X

position using standard amide bonding coupling (2 equiv amino acid with HATU in
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8% DIPEA in DMF). The peptide was purified via reverse phase HPLC before CD
experiments were performed. The peptide was subjected to CD under the previously
described conditions (5 mM phosphate buffer, pH 7, with 25 mM KF at 25 °C) (Figure
4.9). 4,4-Difluoroproline exhibits a strong PPII propensity ([6]220 = 2030
degecm?edmol™?), but somewnhat less than Pro ([0]22s = 2950 degecm?edmol™). These
data might be indicative of a modestly greater preference for the extended
conformation, which was observed in the y torsion angle in the x-ray crystal

structure.>®
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Figure 4.9 CD spectrum of Ac-GPP(Dfp)PPGY-NH: in 5 mM phosphate buffer (pH
7) with 25 mM KF at 25 °C. PPII is indicated by the magnitude of the
positive band at 228 nm. Data is representative of three independent trials
and error bars indicate standard error.
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Despite only having five consecutive proline residues, and thus unlikely to
adopt a PP1 helix, the Ac-GPP(Dfp)PPGY-NH: was also examined by CD in
acetonitrile (Figure 4.9). The purpose of this experiment was to determine if the
organic solvent inherently disfavors PPII structure and to verify the modification to
4.,4-difluoroproline does not promote PPI structure in short proline oligomers. When
subjected to CD in deuterated acetonitrile, a modest blue shift was observed (Amax =
227 compared to Amax = 229 in buffer). While there is no comparison of this peptide in
organic solvent, we expect a possible decrease in PPII structure, but little to no PPI
structure to be visible in this peptide. In fact, we do observe a reduction in PPII
structure ([0]227 = 1522 degecm?edmol?) indicating a potential increase in the amount
of cis amide bond formation at equilibrium. However, these data broadly indicate that

PPII is not inherently greatly destabilized by organic solvent.
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Figure 4.10 CD spectrum of Ac-GPP(Dfp)PPGY-NH: in deuterated acetonitrile at 25
°C. PPIl is indicated by the magnitude of the positive band at 228 nm.
Data is representative of three independent trials and error bars indicate
standard error.

As was demonstrated in the peptide Ac-TY (Dfp)N-NH>, the potential increase
in population of species with cis amide bonds should be visible by °F NMR in the
peptide Ac-GPP(Dfp)PPGY-NH,. As seen in Figure 4.10, the 1°F NMR spectrum of
the peptide Ac-TY(Dfp)N-NH in 5 mM phosphate buffer (pH 4) with 25 mM NaCl
showed distinct cis peaks at -94 and -104 ppm and a trans peak at -100 ppm. A similar
pattern was expected in the Ac-GPP(Dfp)PPGY-NH: peptide °F NMR spectra. The
peptide Ac-GPP(Dfp)PPGY-NH; was subjected to °F NMR in both buffered water (5
mM phosphate, pH 4 with 25 mM NaCl) and deuterated acetonitrile. The *°F NMR
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spectrum, shown in Figure 4.11, in buffered water shows a similar pattern to the Ac-
TA(Dfp)N-NH: peptide, with four visible peaks as a result of second order effects.?>*
Minor species due to minor conformational heterogeneity are visible by *F NMR in
buffer, which is expected as the peptide promotes PPII structure which contains all
trans amide bonds, but some conformation heterogeneity is observed. In the same
system, Brown and Zondlo observed as much as 5 to 10% cis amide bond formation in
all cases.®® In contrast, the °F NMR spectrum, shown in Figure 4.12, in deuterated
acetonitrile shows a similar pattern, indicating second order effects for the trans
conformation as well as the previously observed cis peaks at -96 and -101 ppm. The
trans conformation displays a larger chemical shift dispersion as a result of the change
in solvent. Fluorine is well documented, as demonstrated in previous chapters, to
display chemical shift changes as a result of a change in the chemical environment,
including solvent. It is not unexpected that a change in chemical shift is observed with
the change from buffered water to acetonitrile. There are a significant number of other
species clearly visible in the °F NMR spectrum in Figure 4.12. This peptide contains
5 proline residues, each of which is capable of cis-trans isomerization leading to 32
different combinations of cis and trans amide bonds at each X-Pro amide. These
smaller species visible are most likely a result of combinations cis-trans isomerization
events at all proline sites within the peptide. These data are consistent with the
observed modest decrease in PPII structure observed by CD in acetonitrile. Together,
the CD and '°F NMR data demonstrate that 4,4-difluoroproline promotes PPII
structure, similar to but somewhat less than unmodified proline, but is capable of

detection of cis-trans isomerization in both water and organic solvent.
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Figure 4.11 °F NMR spectrum of Ac-GPP(Dfp)PPGY-NH; in 5 mM phosphate
buffer (pH 4) with 25 mM NaCl and 10% D>0.
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Figure 4.12 °F NMR spectrum of Ac-GPP(Dfp)PPGY-NH: in deuterated
acetonitrile.

4.2.3 Design of Peptides Containing 4,4-Difluoroproline to Interrogate
Polyproline Helix Structure and Interconversion

In order to probe polyproline helix structure and the interconversion between
PPI and PPII, we designed a series of peptides to probe the local structure within
proline oligomers. As previously described in Section 4.1.2, at least six consecutive
proline residues are required to form a stable PPI helix in solution.?48275:276

Conversely, long proline oligomers can be difficult to synthesize and purify due to
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inefficient coupling and cis-trans isomerization leading to multiple peaks by reverse
phase HPLC. For these reasons, we chose to synthesize and examine a 9 residue
proline oligomer as a model system to explore PPI, PPII, and polyproline helix
interconversion (Figure 4.13). A control peptide containing nine proline residues was
synthesized. All peptides were synthesized with an N-terminal acetylation and a C-
terminal amide. A series of peptides containing 4,4-difluoroproline was synthesized.
4.,4-Difluoroproline was introduced at the 2, 5, or 8 positions within the 9 residue
proline oligomer. The purpose of these modifications was to examine the local
structure at the beginning, middle, and end of the proline oligomer. For the
examination of local structure at the beginning and end of the peptide, we did not
examine the first and last positions, to examine 4,4-difluoroproline always in a Pro-
Dfp-Pro context, minimizing terminus effects on the °F NMR. Furthermore, as was
already demonstrated, the energy barrier for cis-trans isomerization is slightly reduced
from that of proline due to the inductive effects of the fluorine modification. Increased
cis-trans isomerization at the termini of the proline oligomer may potentially influence
the kinetics of interconversion of the polyproline helices. All of the peptides
containing 4,4-difluoroproline were synthesized using standard solid-phase peptide
synthesis and purified by reverse phase HPLC. Peptide identities were verified by

mass spectrometry.
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Prog Ac-PPPPPPPPP-NH, F
Prog-P2Dfp Ac-PXPPPPPPP-NH, X=R"

Prog-P5Dfp Ac-PPPPXPPPP-NH, o7 "R
Proy-P8Dfp Ac-PPPPPPPXP-NH, Dfp

Figure 4.13 Polyproline helix model peptides containing 4,4-difluoroproline (Dfp) at
the 2, 5, and 8 position within the 9 residue proline oligomer. All
peptides were acetylated on the N-terminus and contained a C-terminal
amine.

4.2.4 Polyproline 11 to Polyproline I Interconversion

The most common method for observing the interconversion from PPII to PPI
is following the interconversion by CD. PPII helices have a characteristic CD
signature indicated by a maximum at 228 nm and PPI helices have a characteristic CD
signature indicated by a maximum at 215 nm.?48275282 For this reason, we chose to
examine each peptide by CD to determine the ideal solvent, which would be both CD
and NMR compatible, and the time and temperature required. Furthermore, CD
experiments allow us to obtain global information as to how the 4,4-difluoroproline
impacts structure. Previous experiments show PPI effectively forms in methanol, 1-
propanol, 1-butanl, 1,4-dixane, chloroform and acetonitrile?*3275276 While this list of
solvents is not exhaustive, they are well documented to form a PP1 helix. Due to the
nature of experiments, utilizing both CD and NMR to examine the interconversion of
PPI and PPII helices, deuterated acetonitrile was chosen. Deuterated acetonitrile is
compatible with both CD and NMR while promoting PPI helix formation.
Furthermore, acetonitrile is miscible with water, allowing mixtures of solvents to be

used to examine the kinetics of interconversion. All peptides were equilibrated to PPII
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in water for at least 12 hours before the water was removed. The dried peptide was
redissolved in deuterated acetonitrile (CD3CN) and examined by CD. Data were
recorded at 5 mins, 15 mins, 30 mins, 1 hour, 2, hours, 4 hours, and 6 hours, and the

sample was held at 25 °C for the entire experiment.
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Figure 4.14 Circular dichroism spectra indicating the transition from PPII to PPI (a)
in CD3CN for Prog (b), Prog-P2Dfp (c), Prog-P5Dfp (d), and Prog-P8Dfp
(e). All peptides were incubated in CD3CN for six hours. Data were
recorded at 5 mins (purple), 15 mins (blue), 30 mins (cyan), 1 hour
(green), 2 hours (yellow), 4 hours (orange), and 6 hours (red) at 25 °C.
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The control peptide (Prog) was fully equilibrated to PPI in 6 hours (Figure
4.14b). The Prog experiment was used as a basis to examine the effect of modifications
in peptides containing 4,4-difluoroproline. Within the first 5 mins, there was already a
significant reduction in the amount of PPII helix formation. The interconversion
proceeds as is visible with the decrease in the magnitude of the mean residue
ellipticity at 228 nm and the increase in the magnitude of the mean residue ellipticity
at 215 nm.

The three peptides containing 4,4-difluoroproline at the 2, 5, or 8 position were
also examined in the same manner as described above. Peptides were incubated in
water to equilibrate them to PPII before the water was removed. The peptides were
then re-dissolved in deuterated acetonitrile and monitored by CD over 6 hours to
observe the interconversion from PPII to PPI. In all three cases, the peptides reached
equilibrium in 6 hours, as with the control Prog peptide. The similar rate of
interconversion indicates that 4,4-difluoroproline does not have a dramatic effect on
the formation of PPI structure, demonstrating that it can be used in place of proline in
proline oligomers without dramatic structural effects. The rate of interconversion is
similar to that of the control Prog peptide. However, there is an important trend within
the data. Prog-P8Dfp equilibrates to PPI more rapidly than the other two peptides
containing 4,4-difluoroproline (Figure 4.14e). Prog-P2Dfp equilibrates to PPI the
slowest of the three peptides containing 4,4-difluoroproline (Figure 4.14c).

In order to quantify the rate at which the peptides converted from PPII to PPI,
the ratio of [@]215/[®]223, where [®]215 is the maximum indicative of PPI structure and
[®]223 is the isodichroic point, by circular dichroism, was plotted versus time (Figure

4.15). This ratio was chosen because it measures the appearance of PPI structure,
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independent of concentration. It is important to note that all four peptides are starting
from approximately the same amount of PPI structure. Since the first time point was
not measured until five minutes, the starting point for these data are not necessarily all
PPII structure; however, all of the peptides are starting from approximately the same
percentage of PPI helical structure. All four peptides were plotted and the data were
fit to a linear regression, where the slope of the line is indicative of the rate of
appearance of PPI structure over time assuming a pseudo-first order rate law.
Comparison of the slope of each fit reveals the trend of interconversion from fastest to
slowest as follows: Prog-P2Dfp (slope = 2.90 s1), Prog (slope = 2.69 s + 0.98), Pros-
P5Dfp (slope = 2.31 s1), Prog-P8Dfp (slope = 1.92 s1). These data are indicative of
the directionality of the formation of PPI helix. As previously mentioned, 4,4-
difluoroproline has a reduced free energy barrier compared to proline. If all four
peptides, or all three of the peptides containing 4,4-difluoroproline, equilibrated at the
same rate, these data would not indicate directionality of the propagation of the helix.
However, if the Prog-P2Dfp equilibrates faster than the Proo-P5Dfp and Proge-P8Dfp, it
would indicate the helix is forming at the N-terminus and propagating towards the C
terminus. In fact, the trend observed is Prog-P2Dfp equilibrates the fastest followed by
Proo-P5Dfp and Prog-P8Dfp, indicating the polyproline I helix is forming from the N
terminus and propagating towards the C terminus. These data are consistent with the

observations made by Lin and Brandts.?3
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Figure 4.15 Analysis of the appearance of PPI over time, at [@]215/[@]223, where
[®]215 is the maximum indicative of PPI structure and [®]223is the
isodichroic point, by circular dichroism for Prog (black circles) Pro-
P2Dfp (red triangles), Pro-P5Dfp (green squares), and Pro-P8Dfp (blue
triangles). All curve fits were completed using KaleidaGraph using a
logarithmic regression (y = mx + b).

The CD data report on overall global structure; however, the introduction of
the 4,4-difluoroproline allows for the observation of site-specific structural
information, via °F NMR. Due to the proximity of the two fluorines and the

neighboring protons on the prolyl ring, all NMR spectrum were measured with proton
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decoupling. Peptides were again fully equilibrated to PPII structure in water before
removing the water and re-dissolving in deuterated acetonitrile for NMR experiments.
Peptides were dissolved in deuterated acetonitrile and data were collected at 5 mins,
15 mins, 30 mins, 1 hour, 2 hours, 4 hours, and 6 hours at 25 °C. NMR experiments.
All NMR experiments were performed with a 10 ppm sweep width, 128 scans, and an
acquisition time of 0.8 seconds. The NMR parameters were optimized to minimize the

amount of time required to acquire the NMR spectrum for each experiment.
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Figure 4.16 !°F NMR spectra indicating the transition from PPII to PPl in CDsCN for
Prog-P2Dfp (left), Prog-P5Dfp (middle), and Prog-P8Dfp (right). All
peptides were incubated in CD3CN for six hours with data recorded at 5
mins, 15 mins, 30 mins, 1 hour, 2 hours, 4 hours, and 6 hours at 25 °C.
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To gain site-specific information, all three peptides containing 4,4-
difluoroproline were subjected to °F NMR to examine the interconversion from PPII
to PPI in deuterated acetonitrile. These data demonstrate a different pattern by °F
NMR than was previously observed in water. Notably, the trans amide peaks have a
large chemical shift change (AS = 4 to 5 ppm), while the cis amide peaks have a
smaller chemical shift change (Ad < 5 ppm) in deuterated acetonitrile (Figure 4.16).
This pattern was seen for all peptides containing 4,4-difluoroproline in all of the
examined organic solvents (CH.Cl, Figure 4.16).

The interconversion of Prog-P2Dfp was followed over the course of 6 hours by
1%F NMR (Figure 4.16, right column). At 5 mins, a small amount of cis conformation
is visible by °F NMR, indicating that even at 5 mins, there is some heterogeneity in
local structure within the proline oligomer. While there appear to be multiple species
containing some quantity of cis amide bonds, there is one major species and one minor
species. The heterogeneity of the proline oligomer is not visible by CD, because CD
only reports on the overall global structure. As the interconversion proceeds over Six
hours, an increasing amount of cis amide bonds are visible. Due to the nine proline
residues in the peptide, there are multiple different cis amide bonds that appear over
the course of the six hours. Within one hour, a significant amount of cis amide bonds
are visible by F NMR, leading to as many as four to five different substantial minor
species. Interestingly, despite the large amount of PP1 visible by CD at the end of six
hours, a significant amount of trans amide bonds are still visible by °F NMR at six
hours. The amount of heterogeneity observed at six hours gives valuable, previously

unattainable information about the local structure. Noteably, there is one major
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species, corresponding with the assigned trans peaks in the 5 min time point. There
are at least four to five significant minor species visible in the six hour time point,
indicating a substantial population of cis amide bonds within the peptide after six
hours.

The °F NMR data, when compared to the CD data over the same time-course,
support the same trends observed globally. In both cases, the structure is not
completely PPIl at 5 minutes. There is a small amount of PPI character (cis amide
bond) visible at the first time point. Also, both the CD spectrum and the °F NMR
show little change after two hours, indicating the peptide is mostly PPI structure at two
hours. Finally, the six hour time point demonstrates a significant amount of
heterogeneity even when the peptide has fully equilibrated to PPI as observed by CD.
These data taken together demonstrate that, while both global and local structure
indicate a significant population of cis amide bond formation, the global structure is
not necessarily indicative of local structure at all positions.

The Prog-P5Dfp interconversion from PPI1I to PPI was also examined by '°F
NMR (Figure 4.16, middle column). At five minutes, there is one major species and
two to three minor species, indicating primarily PPII structure. More cis amide bond
formation is visible by 30 mins, with greater than five different minor species present,
relative to Prog-P2Dfp, which is consistent with the CD results. Again, a significant
amount of trans amide bond is visible even at six hours, despite the full equilibration
to PPI observed by CD, however there are at least five minor species present,
indicating a substantial quantity of cis amide bond formation. The other notable
difference between the Prog-P5Dfp and the Proo-P2Dfp is the different in the peak

pattern for the cis amide peaks. This change is, at least in part, due to the different
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position of the 4,4-difluoroproline. We speculate that the chemical environment in the
center of the helix is significantly different than that of the termini. Cis-trans
isomerization is possible at each amide bond, leading to 512 combinations of cis and
trans amides, within the peptide. At the center of the helix (ProgP5Dfp), there are four
amide bonds in either direction, each of which will have populations of cis and trans
peaks, while at the termini (ProsP2Dfp), only two amide bonds are on one side of the
4,4-difluoroproline. The 4,4-difluoroproline, based on distance, will not sense all
conformations at all positions equally.

Finally, Prog-P8Dfp interconversion from PPII to PP1 was examined by °F
NMR. As with Prog-P2Dfp and Prog-P5Dfp, a small percentage of cis amide bond is
visible even at 5 mins with one major species and two to three minor species visible.
More species containing cis amide bonds appear to be visible at 30 mins than in Prog-
P2Dfp or Prog-P5Dfp. These data are consistent with the CD indicating that the PPI
helix propagates from the C-terminus to the N-terminus. The large population of cis
amide bonds belonging to multiple different species visible at six hours is indicative of
“fraying” at the C-terminus of the peptide. These data are further indicative of the PPI
helix propagating from the C-terminus to the N-terminus. If the PPI helix were
forming in the opposite direction, we would expect to see a lower trans amide bond
population in the fluorine NMR. These data also confirm the potential of 4,4-
difluoroproline can be used to monitor local structure in proline oligomers.

Finally, all three peptides containing 4,4-difluoroproline were examined by °F
NMR in CDClIs (Figure 4.17). PPI helices, as previously mentioned, are more favored
in non-polar organic solvents. While CDCls is not compatible with CD at 210-230 nm

due to high dynode voltage values due to absorbance of CDCls, the solvent is
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compatible with NMR. The NMR spectra of the peptides containing 4,4-
difluoroproline should fully equilibrate to PPI in CDCl3, allowing us to observe the
PPI endpoint. In fact, we observe a similar trend in these °F NMR data as was
observed in the 6 hour time points in deuterated acetonitrile, with some notable
differences. The Prog-P2Dfp peptide shows primarily a single species in CDClIs, with
only the cis conformation observed demonstrating that the local structure at the N-
terminus of the peptide is entirely PPI. In contrast, a mixture of cis and trans peaks,
with two major species and one to three minor species, are visible in the Prog-P5Dfp
peptide in CDCl3, demonstrating that the local structure is more flexible in the middle
of the peptide than at the N-terminus. Finally, a higher percentage of trans amide
bonds, with two to three major species visible, is visible in Prog-P8Dfp in CDCls,
demonstrating a larger amount of interconversion at the C-terminus of the peptide.
These data are consistent with the observations made in examining the °F NMR
spectra of these peptides in deuterated acetonitrile, demonstrating the PPI helix is

formed initially from the C-terminus and propagated to the N-terminus.
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Figure 4.17 F NMR spectra of the peptides Prog-P2Dfp (a), Prog-P5Dfp (b), and
Proe-P8Dfp (c) incubated in CDCl3 overnight at room temperature.
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4.2.5 Polyproline | to Polyproline Il Interconversion

Interconversion from PPI to PPII helices was also examined by CD to help
develop a mechanism of interconversion, not only from PPII to PPI but also in the
reverse direction of the “ordered to ordered” transition of proline oligomers.?>* Again,
due to the extensive number of previous examples of monitoring the interconversion
from PPI to PPII, we began examining the system by CD. As previously demonstrated
in the Ac-GPPXPPGY-NH: peptide model system, 4,4-difluoroproline does not
impede the formation of PPII helices. To verify these results in the Prog system and
also to explore the directionality of PPII helix formation the Prog, Prog-P2Dfp, Proe-
P5Dfp, Prog-P6Dfp were examined by CD and *°F NMR to monitor the
interconversion from PPI to PPII helix.

The Prog peptide was subjected to CD experiments to monitor the
interconversion from PPI to PPII (Figure 4.18a). The Prog peptide was equilibrated for
a minimum of six hours in 50 pL deuterated acetonitrile. Prior to CD measurements,
50 pL D20 and 400 pL H20 were added to a final volume of 500 pL. These
conditions were chosen, in contrast to the alternative approach of removal of solvent
by evaporation and redilution in H2O, due to an observed reduction in PPI helix
formation with the removal of the deuterated acetonitrile prior to redissolving in 10%
D20 in water for CD measurements, presumably due to small amounts of residual
water that evaporate last. The presence of 10% deuterated acetonitrile does not
substantially inhibit PPII formation as reported previously. The Prog peptide was fully
equilibrated to PPII in 2 hours at 15 °C. CD spectra were recorded at the following
time points: 5 mins, 15 mins, 30 mins, 45 mins, 1 hour, 1.5 hours, and 2 hours. The
Prog peptide model system shows a significant amount of PPI helix formation at 5

mins and complete equilibration to PPII helix in 2 hours (Figure 4.18b). Other
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temperatures were examined, including 0.5 °C, 5 °C, and 10 °C, and 25 °C. The 15 °C
temperature was chosen because the CD instrument could maintain 15 °C and the
interconversion of the Prog peptide could be measured on a reasonable time scale (i.e.

hours rather than days at lower temperatures or mins in the case of 25 °C).
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Figure 4.18 Circular dichroism spectra indicating the transition from PPII to PPI (a)
in CD3CN for Prog (b), Prog-P2Dfp (), Pros-P5Dfp (d), and Prog-P8Dfp
(e). All peptides were incubated in 10% CD3CN, 10% D,0, and 80%
H2O for two hours. CD spectra were recorded at the following time
points: 5 mins (red), 15 mins (orange), 30 mins (yellow), 45 mins
(green), 60 mins (cyan), 90 mins (blue), 120 mins (purple) at 15 °C. Data
represents three independent trials and error bars indicate standard error.
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The peptides containing 4,4-difluoroproline were also examined in the same
manner as the Prog peptide. All three peptides were independently equilibrated in 50
ML deuterated acetonitrile at room temperature (Figure 4.18a). After a minimum of six
hours, 50 puL D20 and 400 pL H>O were added prior to CD measurements. The
peptide Proo-P2Dfp equilibrated to entirely PPII structure much faster than any of the
other peptides examined (Figure 4.18c). Even at 5 mins, almost no PPI structure is
observable globally by CD. Within 30 mins, the peptide Prog-P2Dfp had fully
equilibrated to PPII, as observed by CD. This observation is particularly noteworthy
because the Prog-P2Dfp had the highest PPI population of the fluorinated peptides. In
contrast, Prog-P5Dfp demonstrated equilibration to PPII helix structure more slowly
than Prog-P2Dfp, with a substantial amount of PPI helix visible at both 5 and 15 mins
(Figure 4.18d). A full hour was required before the equilibrium shifted towards visible
quantities of PPII structure visible by CD, and the Prog-P5Dfp peptide is fully
equilibrated in 2 hours, similar to the Prog peptide. Similarly, the Proo-P8Dfp peptide
exhibits a substantial population of PPI helix structure at 5 and 15 mins. The Proe-
P8Dfp peptide also demonstrates a similar rate of equilibration to the Prog and the
Proo-P5Dfp, which is significantly slower than the Prog-P2Dfp. These data indicate the
PPII helix is forming in the opposite direction of PPI helices, beginning at the N-
terminus and propagating to the C-terminus. The directionality of PPII helix formation
is the same directionality observed in a-helices.

The CD data for each peptide was again analyzed for the rate of
interconversion by plotting the ratio of [@]228/[®]226, Where [@]22g is the maximum
observed for PPII helices and [®]226 is the isodichroic point, versus time. (Figure 4.19)

Unlike the time course discussed in the previous section, the interconversion from PPI
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to PPII happens much fast and at five minutes, each peptide demonstrates very
different amounts of PPII structure. Even at five minutes, the Prog-P2Dfp (red
triangles) is almost entirely PPII. The Prog-P5Dfp (green squares) starts from the
lowest amount of PPII structure of the four peptides but the rate (m = 0.53 s2) is the
second fastest, leading to more PPII structure at the end of two hours. The Prog and
Proo-P8Dfp have similar both similar starting points and similar rates (Proom = 0.35 "
! Prog-P8Dfp m = 0.39 s1). As with the previous section, we expect the rate of
interconversion, due to the decreased free energy barrier associated with 4,4-
difluoroproline to give an indication of directionality. The Prog-P2Dfp is
interconverting much faster than the other peptides, followed by Prog-P5Dfp, and then
Prog-P8Dfp, clearly indicated the PPII helix is forming from the N terminus and
propagating towards the C terminus. These data are again consistent with the

observations of Lin and Brandts.28
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Figure 4.19 Analysis of the appearance of PPI over time, as a ratio of [@]228/[©]22s,
where [®]22s is the maximum indicative of PPII structure and [@]226 is
the isodichroic point, by circular dichroism for Prog (black circles) Pro-
P2Dfp (red triangles), Pro-P5Dfp (green squares), and Pro-P8Dfp (blue

triangles). All curve fits were completed using KaleidaGraph using a
linear regression (y = mx + b).

Given the compelling CD data indicating the directionality of PPII helix
formation, all the peptides containing 4,4-difluoroproline were also examined by *°F
NMR. The peptides were again equilibrated in 50 pL deuterated acetonitrile for a

minimum of six hours prior to NMR experiments (Figure 4.20). After equilibration,
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cold (approximately 0 °C) 50 pL D20 and 400 pL H>O were added to the peptide
before the NMR experiments. The Prog-P2Dfp peptide showed a substantial amount of
cis amide bond conformation at 5 mins by F NMR, despite the CD data showing a
substantial amount of PPII helix formation (Figure 4.20, first column). These data
indicate that despite the rapid interconversion from PPI to PPII observed in the global
structure, the local structure at the N-terminus of the peptide shows a substantial
amount of cis-trans isomerization. Over the course of two hours, the majority of
species containing cis amide bonds disappear from the °F NMR. However, even after
the full two hours, a significant amount of species with cis amide bonds is still visible.
Much like the Prog-P8Dfp interconverting from PPII to PPI, a significant amount of
“fraying” is visible due to continued interconversion between cis and trans is visible at
the terminus of the peptide. Alternatively, the Prog-P5Dfp peptide showed
significantly fewer species, 1 major and 3 minor species, containing cis amide bonds
at 5 mins relative to the Prog-P5Dfp peptide at the same timepoint (Figure 4.20 middle
column). The data demonstrate the 4,4-difluoroproline at the 5 position within the
peptide locally experiences fewer species containing cis amide bonds than the N-
termini. Nearly no species containing cis amide bonds are visible by °F NMR by 45
mins in the Prog-P5Dfp peptide under these conditions which is consistent with the
CD data. Similarly, the Prog-P8Dfp °F NMR spectrum shows a significant amount of
trans amide bond conformation even at 5 mins (Figure 4.20 left column). Much like
the Prog-P5Dfp peptide, nearly all cis peaks have disappeared from the 1°F NMR
spectrum by 45 mins, showing one major species and only trace minor species. These
NMR data demonstrate the local structure at the termini of the peptide as well as the

center of the peptide. Given the amount of heterogeneity visible at the N-terminus of
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the peptide and the minimal amount of heterogeneity visible at the center and C-
terminus of the peptide, these data are consistent with the CD data. These data, taken
together with the CD data, demonstrate the PPII helix forms from N to C terminus of

the peptide, opposite of the PPI helix.
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Figure 4.20 °F NMR spectra indicating the transition from PPII to PP1 in CDsCN for
Proe-P2Dfp (left), Proo-P5Dfp (middle), and Proo-P8Dfp (right). All
peptides were incubated in CD3CN for six hours with data recorded at 5
mins, 15 mins, 30 mins, 1 hour, 2 hours, 4 hours, and 6 hours at 25 °C.
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The CD and °F data are consistent in indicating the PPII helix forms from the
N-terminus to the C-terminus. Both the rate of interconversion, as a result of the
reduced free energy of interconversion, as measured by CD and the amount of
heterogeneity observed by °F NMR, indicate the Prog-P2Dfp peptide forms a PPII
helix much faster than any of the other peptides. Proline residues can be stabilized, in
the trans conformation vian to " interactions, where the oxygen carbonyl can interact
with the following carbonyl, stabilizing the PPII helix and indicating potential

cooperativity in the formation of the PPII helix (Figure 4.21).

Figure 4.21 Crystal structure of a PPII helix (PDB: 4QB3), where potential nto "
interactions are shown by the red dotted lines.

4.3 Summary and Discussion

In this work, we have demonstrated that 4,4-difluoroproline can be used to
detect cis-trans isomerization within a peptide context by examining polyproline helix
interconversion in Prog oligomer peptides. Fmoc-4,4-difluoroproline was synthesized
from Boc-4,4-difluoroproline and crystalized. 4,4-Difluoroproline was also examined

in a series of peptide model systems including Ac-TYXN-NH: for re-analysis of the
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1%F NMR spectra and to determine absolute stereochemistry of the fluorine atoms. 4,4-
Difluoroproline was also examined in the PP1l model system Ac-GPPXPPGY-NH: in
buffer (5 mM phosphate buffer, pH 7, with 25 mM KF at 25 °C) demonstrating
slightly less PPII helix propensity than Pro, most likely due to the enhanced steric
effects of fluorine versus hydrogen, promoting a somewhat more extended
conformation. The peptide Ac-GPP(Dfp)PPGY-NH> was also examined in deuterated
acetonitrile, which showed further reduction in PPII structure relative to buffer;
however, no PPI helix structure was observed by CD, indicating that organic solvents
do not inherently disfavor PPII helix structure. These data are also consistent with
previous observations that at least six proline residues are required for PP1 helix
formation in peptides. Furthermore, the peptide Ac-GPP(Dfp)PPGY-NH: was
examined by °F NMR in both buffer and deuterated acetonitrile. The major species
observed in both °F NMR spectra represented the trans conformation, which is
expected based on the observed CD spectra, although, a higher percentage of cis
conformation was observed by °F NMR in deuterated acetonitrile. These NMR data
are consistent with the reduced PPII helix observed by CD in deuterated acetonitrile.
4,4-Difluoroproline was then introduced into proline oligomers, containing
nine proline residues, at the 2, 5, or 8 position in order to examine the interconversion
from PPII helix to PPI helix. Peptides were equilibrated in water to adopt PPII prior to
re-dissolving in deuterated acetonitrile and monitoring the interconversion from PPII
to PPI over the course of six hours at room temperature by CD and **F NMR. The
Prog-P8Dfp peptide equilibrated to PP1 more rapidly than the Prog-P5Dfp or the Prog-
P2Dfp based on CD analysis. The Prog-P2Dfp equilibrated the slowest of the three

peptides. °F NMR analysis of the three peptides containing 4,4-difluoroproline
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interconverting from PPII to PPI in deuterated acetonitrile demonstrated a significant
amount of heterogeneity in the Prog-P8Dfp peptide when compared to Pros-P5Dfp and
Prog-P2Dfp. Both the CD and *°F NMR experiments demonstrate that the PPI helix
forms from the C-terminus of the peptide and propagates to the N-terminus, in the
opposite direction of a-helix and PPII helix. The increased heterogeneity is observed
by F NMR due to the decreased energy barrier associated with 4,4-difluoroproline,
allowing for isomerization at the terminus of the peptide. In the cases of the Prog-
P5Dfp and Prog-P2Dfp peptides, the other proline residues subsequent to the 2 and 5
position are initiating the PPI helix, preventing heterogeneity at later residues. All
three peptides were also examined in CDCls which should induce more PPI helix than
acetonitrile, as PPI helices are most favored in nonpolar organic solvents. The same
trend of increased heterogeneity was observed, indicating that the PPI helix is being
generated from the C-terminus. Based on both crystallographic data (Figure 4.3b) and
experimental data, we believe PPI helices are propagated from the C-terminus to the
N-terminus through a series of reverse n—x" interactions where the carbonyls interact
with the preceding amide nitrogen. The reverse n—m" interaction is currently being
explored via computational experiments.

The Prog-P2Dfp, Prog-P5Dfp, and Prog-P8Dfp peptides were also examined to
explore the interconversion from PPI to PPII over the course of two hours at 15 °C.
Peptides were equilibrated in deuterated acetonitrile and then diluted with 10% D>0O
and 80% H.0 and monitored by both CD and '°F NMR. The Pros-P2Dfp equilibrated
to PPII faster than Prog-P5Dfp and Prog-P8Dfp. The Prog-P8Dfp equilibrated to PPII
the slowest of the three peptides containing 4,4-difluoroproline, indicating the PPII

helix forms from the N-terminus and propagates to the C-terminus which is the same
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directionality as an a-helix and the opposite of a PP helix. The peptides were also
minored by °F NMR to explore the local structure at the 2, 5, and 8 positions in the
peptide while equilibrating from PPI to PPII. The Prog-P2Dfp peptide showed the
most heterogeneity of the three peptides, indicating more cis-trans isomerization at the
2 position than the 5 and 8 position. After two hours, almost no heterogeneity is
observed in either the Prog-P5Dfp or Prog-P8Dfp peptides. These data are consistent
with the observations by CD indicating the PPII helix forming at the N-terminus and
propagating to the C-terminus. We believe the directionality of the formation of a PPII
helix is a result of the n—>" interactions where the nitrogen amide interacts with the
carbonyl of the following residue. The n—=" interactions are known in both PPIl and
a-helices so it is unsurprising that this interaction would be a major driving force for
the formation of PPII helices.

The experiments presented here, utilizing 4,4-difluoroproline to monitor local
structure in proline oligomers, demonstrates the potential of this amino acid to act as a
probe for cis-trans isomerization in peptides and proteins. There are a number of
different future directions which can be explored utilizing 4,4-difluoroproline. There
are a number of experiments which could potentially add to our understanding of PPI
and PPII helices. Not currently addressed in this body of work is the length of the
proline oligomer required to form PPI helices. Based on the Ac-GPP(Dfp)PPGY-NH>
data as well as data from other labs, we know that at least six residues are required to
form a stable PPI helix, despite the PPI helix-like structure observed in a few PDB
structures consisting of only two residues.?*®2” The length requirement could
potentially be addressed by introducing 4,4-difluoroproline into proline oligomers of

increasing length and monitoring how local structure is impacted within increasing
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lengths as well as how multiple positions within longer helices Furthermore, we did
not explore the termini, i.e. the first and last position within the peptide, due to
potential termini effects on 1°F NMR. Having developed a potential mechanism for
PP1 stabilization and polyproline helix, we could begin to address any potential
termini effects by introducing 4,4-difluoroproline at the first and last position within a
proline oligomer.

We also expect that 4,4-difluoroproline can be used as a probe of cis-trans
isomerization in proteins. 4,4-Difluoroproline has been incorporated into proteins, via
expression with proline auxotrophic bacteria.?®s2% The elastin-1 and barstar proteins
have both been successfully expressed with 4,4-difluoroproline incorporated via the
proline auxotrophic cell lines. Both of these proteins contain proline residues which
are known to undergo cis-trans isomerization. Interestingly, neither report of
expressed proteins containing 4,4-difluoroproline provide a **F NMR spectrum of the
protein. As mentioned in the introduction, Yu and Hilvert synthetically produced a
small 99-residue protein containing 4,4-difluoroproline and did indeed successfully
demonstrate detection of cis-trans isomerization in their protein.?>* We expect this
work could be expanded to expressed proteins. This would be especially beneficial in
determining the conformation of prolines in the absence of protein crystal structures.
Many protein crystal structures do not have good enough resolution (sub-2.0 A) to
determine the conformation of proline residues. Without improved resolution, these
proline residues are often identified as trans, due to the higher population of trans
amide bonds within proteins. Incorporation of 4,4-difluoroproline would allow for
identification of the proline conformation via quick and simple °F NMR experiments.

As seen in Yu and Hilvert’s *F NMR spectrum as well as peptide models presented
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here, the cis conformation has a larger Adrr while the trans conformation has a much
smaller ASer which allows for identification via a simple 1-dimentional 1°F NMR
spectrum.?®* Furthermore, the lack of fluorine atoms in proteins means there are no
competing signals like *H and 1*C NMR experiments.

Expressed proteins containing 4,4-difluoroproline also have the ability to
report on cis-trans isomerization in real time via *°F NMR. Even in the highest
resolution crystal structures, no kinetic information can be obtained via x-ray
crystallography. As demonstrated in the 1°F experiments reported in the Prog oligomers
containing 4,4-difluoroproline, we can obtain kinetic information as cis-trans
isomerization occurs within peptides and proteins. Similar to Yu and Hilvert’s
experiment, denaturation of proteins as well as protein folding could be monitored by
F NMR. While Yu and Hilvert measured pH-dependent denaturation by °F NMR, a
number of other denaturing conditions could be explored including increasing
concentrations of denaturing agents (such as urea or surfactants) as well as parameters
such as melting®“. Proteins which can spontaneously fold, such as barstar which has
previously been expressed with 4,4-difluoroproline, could be observed not only
denaturing but also refolding after denaturation. Barstar is a well characterized protein
which has been used extensively to study protein folding and is expressible in gram
quantities.**2% Furthermore, barstar has a known thermostability, approximately 70
°C.2% Utilizing barstar expressed with 4,4-difluoroproline, thermal denaturation can
be monitored by '°F NMR simply by increasing the temperature on the NMR
instrument. The spontaneous refolding can also be monitored by decreasing the
temperature on the NMR instrument. These experiments would be a good proof-of-

principle of monitoring protein denaturation and folding by *°F NMR in real time.
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Another potential application of this work is the ability to monitor cis-trans
isomerization of prolyl isomerases by °F NMR. As mentioned previously, prolyl
isomerases catalyze cis-trans isomerization in proteins to allow proteins to fold faster,
as cis-trans isomerization is often the rate-limiting step in protein folding.?* Prolyl
isomerases are known to be activated in cellular growth and proliferation pathways
and certain cancer phenotype including Her2+ breast cancers.?*° Using simple and
straightforward °F NMR experiments, over-expression of prolyl isomerases in cancer
cell lines could be identified. 4,4-Difluoroproline could potentially also be used to
measure the Kinetics of prolyl isomerase enzymes by *°F NMR. Furthermore, 4,4-
difluoroproline could potentially be used to image prolyl isomerases in live cells by
F NMR. Utilizing expressed proteins containing 4,4-difluoroproline or synthetic
substrates containing 4,4-difluoroproline which can be introduced into cells via cell
penetrating peptides, prolyl isomerase activity could be measured within cells via °F

NMR.
4.4 Experimental

4.4.1 Synthesis of Fmoc-4,4-Difluoroproline

L-4,4-difluoroproline (2) Boc-4,4-difluoroproline (0.50 g, 2.00 mmol) was dissolved
in 4 HCI (10 mL) and 1,4-dixoane (10 mL). The solution was heated to reflux and
allowed to stir for six hours. Upon completion of the reaction, the solution was
neutralized with 1 M NaOH to pH 7 and the solvent was removed under reduced
pressure. Crude product was used in the next reaction without further purification. 'H

(400 MHz, MeOD) 6 4.82-4.78 (t, J=8.7, 8.6 Hz, 1H), 3.92-3.77 (m, 2H), 3.07-2.95
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(m, 1H), 2.86-2.73 (m, 1H). 3C NMR (150.8 MHz, MeOD) & 167.9, 128.7, 126.2,
123.8, 62.9. 9F NMR (376.3 MHz, MeOD) 5 —98.80 (dd, J = 240, 240 Hz).

Fmoc-1-4,4-difluoroproline (3) Crude compound 2 (0.17 g, 2.00 mmol) was
dissolved in 1,4-dioxane (13 mL). Fmoc-OSu (0.81 g, 2.39 mmol) and K>.CO3 (0.33 g,
2.39 mmol) were added, and the resultant solution was stirred for 14 hours at room
temperature. The 1,4-dioxane was removed under reduced pressure, and the crude
product was acidified with 2 M HCl to pH 2. The crude product was extracted with
ethyl acetate (2 x 50 mL). The solvent was removed, and the crude product was
redissolved in CH2Cl,. The crude mixture was purified via column chromatography
(0—4% methanol in CH>Cl; v/v) to obtain compound 3 (0.34 g, 0.91 mmol) as a white
solid in 46% yield over two steps. 'H (400 MHz, MeOD) & 7.81-7.79 (d, J= 7.6 Hz,
2H, major), 7.77-7.75 (d, J= 8.7 Hz, 1H, minor), 7.71-7.63 (m, 0.6H, minor), 7.61-
7.53 (m, 3H), 7.48-7.40 (m, 3H), 7.37-7.32 (m, 3H), 4.67-4.64 (dd, J= 5.6, 5.5 Hz,
1H), 4.59-4.50 (m, 2H), 4.49-4.44 (m, 1H, minor) 4.40-4.37 (m, 0.6H, minor), 4.30-
4.27 (dd, J=6.9, 6.9 Hz, 1H, major), 4.30-4.27 (dd, J= 5.8, 5.6 Hz, 0.6H, minor)
4.10-3.91 (m, 1H, minor), 3.90-3.77 (m, 3H, major), 2.81-2.67 (m, 3H, major), 2.59-
2.48 (m, 0.6H, minor). *C NMR (150.8 MHz, MeOD) & 174.1, 173.1, 155.2, 143.7,
143.4,143.3,141.4, 127.9,127.8, 127.2, 127.1, 124.9, 124.9, 124.8, 124.7, 120.1,
120.0, 68.4, 67.7, 57.0, 56.4, 53.1, 47.0, 37.3, 37.0. ’F NMR (376.3 MHz, MeOD) § -
97.9, -98.0, -98.3, -98.5, -98.6, -98.7, -98.9, -98.9, -99.4 (J = 24 Hz), -99.9, -100.0, -
100.1, -100.5, -100.7.
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4.4.2 Peptide Synthesis and Purification

All peptides were synthesized using standard Fmoc solid phase peptide
synthesis with MBHA Rink amide resin (0.1 or 0.25 mmol). Before the first amino
acid coupling, resin was swelled in DMF (15 min). Each amino acid coupling was
performed using Fmoc amino acids (0.4 or 1.0 mmol, 4 equiv) and HATU (0.4 or 0.8
mmol, 4 equiv). Each coupling cycle consisted of the removal of the Fmoc group
(20% piperidine in DMF, 3 x 15 min) and the amide coupling (Fmoc amino acid,
HBTU, 8% DIPEA in DMF, 90 min) except Fmoc-4,4-dilfluoroproline which was
coupled for 14 hours. After addition of the last residue, the N-terminal Fmoc group
was removed (20% piperidine in DMF, 3 x 15 min) and the amino terminus was
acetylated (5% acetic anhydride in pyridine, 3 % 5 min). The resin was washed with
DMF and CH2CI2 and dried with ethyl ether. Peptides were cleaved and deprotected
from the resin in a solution of 5% H20, 5% triisopropylsilane (TIS), and 90% TFA.
Cleavage reactions were allowed to stir for 90 minutes at room temperature. TFA was
removed by evaporation and the peptides were precipitated with ether. Ether was
removed and the peptide was dissolved in water and filtered before HPLC. All
peptides were purified using reverse phase HPLC on a Vydac 300 A pore C18 semi-
preparative column (10 x 250 nm, 5 pm particle size) or on a Varian Microsorb MV
100 A pore C18 analytical column (10 x 250 nm, 5 um particle size. Peptides were
purified by a linear gradient of 0 — 50% buffer B (20% water, 80% acetonitrile, 0.05%
TFA) in buffer A (98% water, 2% acetonitrile, 0.06% TFA) over 60 minutes. Purity
was demonstrated by reinjection of peptide on the HPLC. HPLCs were conducted
under the parameters described earlier on a Varian Microsorb MV 100 A pore C18
analytical column. Ac-PPPPPPPPP-NH>: t R = 40.4 min, expected 933.1, found 955.7
(M + Na). Ac-P(Dfp)PPPPPPP-NH;: tr = 44.3, expected 968.1, found 991.8 (M +
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Na"). Ac-PPPP(Dfp)PPPP-NH,: tr = 46.7 min, expected 968.1, found 991.8 (M +
Na"). Ac-PPPPPPP(Dfp)P-NH,: tr = 45.1 min, expected 968.1, found 991.7 (M +
Na"). Ac-GPP(Dfp)PPGY-NH;: tr = 31.0 min, expected 857.9, found 880.6 (M +
Na").

4.4.3 Circular Dichromism (CD)

Circular dichroism (CD) experiments were completed on a Jasco model J-810
spectropolarimeter. All data were collected using a 0.1 cm cell (Starna Cells,
Atascadero, CA) Data in Figure 3 were collected in either deuterated acetonitrile or 5
mM phosphate buffer pH 7.4 and 25 mM KF and collected at 25 °C. Peptides were
dissolved in solvent and allowed to equilibrate for a minimum of six hours at room
temperature prior to data collection. Data in Figure 4 were collected in deuterated
acetonitrile. Peptides were equilibrated to PPII in water for at least two hours at room
temperature. The water was lyophilized prior to use. Peptides were dissolved in
deuterated acetonitrile at room temperature. Data was collected at 25 °C over six
hours. Data in Figure 6 were collected in 10% deuterated acetonitrile, 10% D0, and
80% water. Peptides were equilibrated for a minimum of six hours in 50 pL deuterated
acetonitrile. Peptides, D>O and water stocks were chilled to zero degrees in ice prior to
the start of the experiment. D>O (50 puL) and water (400 pL) were added to peptide
stocks and CD experiments were taken at 15 °C. Data represent the average of at least
three independent trials. Error bars indicate standard error. Data were background-

corrected but were not smoothed.
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4.44 'H NMR Spectroscopy of Peptides

All peptide NMR experiments were performed on a a Briikker 600 MHz (°F
564.5 MHz) NMR spectrometer equipped with a 5-mm Briikker SMART probe in
water with 5 mM phosphate buffer (pH 4) with 25 mM NaCl and 10% D>O. TSP was
used as a standard for 'H NMR.

4.45 °F NMR Spectroscopy of Peptides

Peptides were equilibrated to PPII in water for at least two hours at room
temperature. The water was lyophilized prior to use. Peptides were dissolved in
deuterated acetonitrile at room temperature. Data in Figure 5 was collected at 25 °C
over six hours on a 600 mHz NMR equipped with an autosampler. Data in Figure 7
were collected in 10% deuterated acetonitrile, 10% D-0, and 80% water. Peptides
were equilibrated for a minimum of six hours in 50 pL deuterated acetonitrile.
Peptides, D>O and water stocks were chilled to zero degrees in ice prior to the start of
the experiment. D>O (50 pL) and water (400 pL) were added to peptide stocks and
NMR experiments were taken at 15 °C on a 400 mHz NMR. All "°F experiments were
completed with a 10 ppm sweep width, 128 scans, and an acquisition time of 0.8

seconds.
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4.4.6 X-ray Crystallography

Crystals were mounted using viscous oil onto a plastic mesh and cooled to the
data collection temperature. Data were collected on a Bruker-AXS APEX II DUO
CCD diffractometer with Mo-Ka radiation (A = 0.71073 A) monochromated with
graphite. Unit cell parameters were obtained from 36 data frames, 0.5° ®, from three
different sections of the Ewald sphere. The systematic absences in the diffraction data
are consistent for P2 1 and P2 1 /m. The absence of a molecular mirror, occupancy of
two, and the synthetic method are consistent with the noncentrosymmetric space group
option. The data-set was treated with multi-scan absorption corrections (Apex3
software suite, Madison, W1, 2015). The structure was solved using direct methods
and refined with full-matrix, least-squares procedures on F 2 (Sheldrick, G.M. 2008.
Acta Cryst. A64, 112-122). Refinement of the absolute structure parameter yielded nil
indicating the true hand of the data has been determined. All non-hydrogen atoms
were refined with anisotropic displacement parameters. H-atoms were placed in
calculated positions with U iso equal to 1.2 U eq of the attached atom. Atomic
scattering factors are contained in the SHELXTL program library (Sheldrick, G., op.

cit.).
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Empirical formula C21 H18 CI3 F2 N O4

Formula weight 492.71

Temperature 200(2) K

Wavelength 0.71073 A

Crystal system, space group ~ Monoclinic, P2(1)

Unit cell dimensions a=11.1277(16) A alpha =90 deg.

b =5.8944(8) A beta=100.464(7) deg.
c=16.870(2) A gamma = 90 deg.

Volume 1088.1(3) A™3

Z, Calculated density 2, 1.504 Mg/m"3

Absorption coefficient 0.467 mm~*-1

F(000) 504

Crystal size 0.489 x 0.159 x 0.094 mm

Theta range for data collection 1.861 to 27.713 deg.

Limiting indices -14<=h<=13, -7<=k<=7, -21<=1<=22

Reflections collected / unique 16808 / 5042 [R(int) = 0.0583]
Completeness to theta = 25.242 99.9 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7456 and 0.5611

Refinement method Full-matrix least-squares on F"2
Data / restraints / parameters 5042 /1 /281

Goodness-of-fit on F*2 1.015

Final R indices [[>2sigma(I)] R1=0.0511, wR2 =0.1227

R indices (all data) R1=0.0731, wR2 =0.1349
Absolute structure parameter  -0.10(5)

Extinction coefficient n/a

Largest diff. peak and hole 0.331 and -0.311 e.A"-3

Table 4.1. Crystal data and structure refinement for Fmoc-4,4-difluoroproline

307



X y z U(eq)
C(1) 3620(4) 1438(8) 6527(2) 48(1)
C(2) 4115(4) 486(10) 5824(3) 55(1)
C@3) 3112(4) 713(10) 5099(2) 54(1)
C4) 2404(4) 2838(8) 5277(2) 43(1)
C(5) 1028(4) 2417(7) 5081(2) 38(1)
C(6) 2381(4) 4939(7) 6517(2) 41(1)
C(7) 2240(4) 6435(8) 7802(2) 44(1)
C(8) 3137(3) 6712(7) 8594(2) 37(1)
C(9) 4263(3) 8082(7) 8511(2) 34(1)
C(10) 5162(4) 7621(8) 8070(2) 42(1)
c(n 6110(4) 9175(8) 8082(3) 48(1)
C(12) 6134(4) 11180(9) 8521(3) 49(1)
C(13) 5246(4) 11647(8) 8968(2) 43(1)
C(14) 4294(4) 10102(7) 8963(2) 36(1)
C(15) 3253(4) 10118(7) 9383(2) 36(1)
C(16) 2917(4) 11653(8) 9933(2) 43(1)
c(17) 1892(4) 11177(9) 10262(2) 50(1)
C(18) 1222(4) 9216(9) 10052(3) 52(1)
C(19) 1558(4) 7685(8) 9507(2) 47(1)
C(20) 2566(4) 8139(7) 9176(2) 37(1)
C(21) 9131(4) 2988(8) 7116(3) 48(1)
CI(1) 7804(1) 1601(3) 6652(1) 69(1)
Cl(2) 8776(1) 5513(2) 7563(1) 73(1)
CI(3) 10012(2) 1278(3) 7851(1) 90(1)
F(1) 4511(4) -1696(7) 5967(2) 84(1)
F(2) 5117(3) 1664(9) 5717(2) 89(1)
N(1) 2817(3) 3214(6) 6144(2) 42(1)
O(1) 1736(3) 6459(6) 6181(2) 50(1)
0O(2) 2778(3) 4831(5) 7319(2) 46(1)
0(3) 377(3) 2233(6) 5561(2) 52(1)
04) 680(3) 2236(6) 4288(2) 49(1)
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Table 4.2.  Atomic coordinates ( x 10”4) and equivalent isotropic displacement
parameters (A2 x 1073) for Fmoc-4,4-difluoroproline. U(eq) is defined as one third

of the trace of the orthogonalized Uij tensor.

Bond Lengths

C(1)-N(1) 1.450(5) C(9)-C(14) 1.411(6)
C(1)-C(2) 1.505(6) C(10)-C(11) 1.394(6)
C(1)-H(1A) 0.99 C(10)-H(10) 0.95

C(1)-H(1B) 0.99 C(11)-C(12) 1.392(7)
C(2)-F(2) 1.353(6) C(11)-H(11) 0.95

C(2)-F(1) 1.367(7) C(12)-C(13) 1.376(6)
C(2)-C(3) 1.504(6) C(12)-H(12) 0.95

C(3)-C4) 1.538(7) C(13)-C(14) 1.396(6)
C(3)-H(3A) 0.99 C(13)-H(13) 0.95

C(3)-H(3B) 0.99 C(14)-C(15) 1.464(6)
C(4)-N(1) 1.469(5) C(15)-C(16) 1.394(6)
C(4)-C(5) 1.527(6) C(15)-C(20) 1.403(6)
C(4)-H(4) 1 C(16)-C(17) 1.385(6)
C(5)-0(3) 1.186(5) C(16)-H(16) 0.95

C(5)-0(4) 1.328(4) C(17)-C(18) 1.387(7)
C(6)-0(1) 1.221(5) C(17)-H(17) 0.95

C(6)-N(1) 1.333(6) C(18)-C(19) 1.387(7)
C(6)-0(2) 1.346(4) C(18)-H(18) 0.95

C(7)-0(2) 1.447(5) C(19)-C(20) 1.368(6)
C(7)-C(8) 1.525(5) C(19)-H(19) 0.95

C(7)-H(7A) 0.99 C21)-CI(1) 1.744(5)
C(7)-H(7B) 0.99 C(21)-C1(2) 1.746(5)
C(8)-C(20) 1.517(5) C(21)-C1(3) 1.753(5)
C(8)-C(9) 1.518(6) C@21)-H21) 1

C(8)-H(8) 1 O(4)-H(4A) 0.84

C(9)-C(10) 1.378(6)

Bond Angles

N(1)-C(1)-C(2) 101.7(3) C(9)-C(10)-C(11) 119.0(4)
N(1)-C(1)-H(1A) 1114 C(9)-C(10)-H(10) 120.5
C(2)-C(1)-H(1A) 111.4 C(11)-C(10)-H(10)  120.5
N(1)-C(1)-H(1B) 111.4 C(12)-C(11)-C(10) 120.5(4)
C(2)-C(1)-H(1B) 1114 C(12)-C(11)-H(11) 119.8
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H(1A)-C(1)-H(1B)
F(2)-C(2)-F(1)
F(2)-C(2)-C(3)
F(D-C(2)-C(3)
F(2)-C(2)-C(1)
F(D-C(2)-C(1)
C(3)-C2)-C(1)
C(2)-CB3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(D-CH-CO)
N(D-C4)-CG)
C(5)-C(4)-CB)
N(1)-C(4)-H#)
C(5)-C(4)-H4)
C(3)-C(4)-H4)
0(3)-C(5)-0(4)
0(3)-C(5)-C(4)
0(4)-C(5)-C(4)
O(1)-C(6)-N(1)
O(1)-C(6)-0(2)
N(1)-C(6)-0(2)
0(2)-C(7)-C(8)
0(2)-C(7)-H(7A)
C(8)-C(7)-H(7A)
0(2)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(20)-C(8)-C(9)
C(20)-C(8)-C(7)
C(9)-C(8)-C(7)
C(20)-C(8)-H(8)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)

109.3
105.1(4)
110.7(4)
113.3(4)
110.0(4)
111.3(4)
106.4(4)
104.2(4)
110.9
110.9
110.9
110.9
108.9
111.1(3)
103.8(3)
110.7(4)
110.4
110.4
110.4
125.3(4)
125.5(3)
109.2(3)
125.1(4)
124.0(4)
110.9(3)
106.9(3)
110.3
110.3
110.3
110.3
108.6
102.4(3)
110.0(3)
113.3(3)
110.3
110.3
110.3

C(10)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-C(9)
C(13)-C(14)-C(15)
C(9)-C(14)-C(15)
C(16)-C(15)-C(20)
C(16)-C(15)-C(14)
C(20)-C(15)-C(14)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(15)
C(19)-C(20)-C(8)
C(15)-C(20)-C(8)
CI(1)-C(21)-Cl(2)
CI(1)-C(21)-CI(3)
C1(2)-C(21)-CI(3)
CI(1)-C(21)-H(21)
CI(2)-C(21)-H(21)
CI(3)-C(21)-H(21)
C(6)-N(1)-C(1)
C(6)-N(1)-C(4)
C(1)-N(1)-C(4)

119.8
121.0(4)
119.5
119.5
119.1(4)
120.5
120.5
119.9(4)
131.3(4)
108.8(3)
120.4(4)
131.1(4)
108.5(3)
118.4(4)
120.8
120.8
120.7(4)
119.6
119.6
120.9(4)
119.5
119.5
118.9(4)
120.5
120.5
120.7(4)
128.8(4)
110.4(3)
110.7(3)
111.5(3)
109.0(2)
108.5
108.5
108.5
126.1(3)
120.7(3)
113.0(3)



C(10)-C(9)-C(14) 120.6(4) C(6)-0(2)-C(7) 116.2(3)
C(10)-C(9)-C(8) 129.6(4) C(5)-0(4)-H(4A) 109.5
C(14)-C(9)-C(8) 109.8(3)

Symmetry transformations used to generate equivalent atoms:

Table 4.3. Bond lengths [A] and angles [deg] for Fmoc-4,4-difluoroproline.
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Table S4. Anisotropic displacement parameters (A2 x 1073) for neal026. The
anisotropic displacement factor exponent takes the form: -2 pi*2 [ h*2 a**2 U11 + ...
+2hka*b*Ul2]

Ull U22 U33 U23 Ul3

C(l)  603) 48(2) 332) 1(2) 0(2)
C2) 523) 733) 382 -42)  2(2)
C3) 513) 75(4) 352) -112) 42
C@) 46(2) 522) 2722 1(2) -4(2)
C5) 442) 372) 322 -1 1)
C(6) 39(2) 402) 37(2) -22) -7(2)
C(7)  43Q2) 442) 392) -7 -2
C(8) 402) 392) 302 -32)  1(1)
CO)  352) 372) 292) 4(2) “1(1)
C(10) 46(2) 46(2) 33(2) 4(2) 3(2)
C(11)  40Q2) 593) 44(2) 12Q2)  9(Q2)
C(12) 39Q2) 543) 51(2) 16(2)  1(2)

C(13) 432) 42(2) 38Q2) 4(2) -4(2)
C(14) 392) 38Q2) 26Q2) 2(2) -6(1)
C(15) 432) 37(2) 242) 2(1) 7(1)

C(16) 53(2) 41Q2) 312) -22) -4
C(17) 542) 57(3) 372) -42) 502
C(18) 45(3) 66(3) 46(2) 2(2) 14(2)
C(19) 46(2) S51(3) 442) -2 82
C20) 412) 392) 292) 3(2) 0(2)
C2l) 512) 49(3) 44Q2) 4(2) 10(2)

CI(1) 68(1) 85(1) S51(1) -1(1)  3(D)
CI(2) 84(1) 58(1) 76(1) -11(1)  10(1)
CI(3) 96(1) 64(1) 95(1) 10(1)  -26(1)
F(1)  1002) 913) 57(2) -11Q2) 1(2)
FQ2)  492) 149(4) 66(2) 0(2) 4(1)
N(1)  492) 40(2) 30(2) -41)  -9(1)
O(l)  492) 47(2) 442) -2(1)  -13(1)
0@2) 572) 422) 34(1) -1 -7

0(3) 502) 67(2) 40Q2) -12(2) 12(1)
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04) 44(2)  68(2) 30(1) -8(1) -3(1)

Table SS5. Hydrogen coordinates ( x 10"4) and isotropic displacement parameters
(A2 x 10"3) for Fmoc-4,4-difluoroproline.

X y z U(eq)

H(1A) 3163 276 6775 57
H(IB) 4281 2062 6943 57
HG3A) 2576  -640 5038 65
H(3B) 3453 914 4601 65
H@4) 2627 4163 4963 52
H(7A) 1446 5860 7903 52
H(7B) 2102 7911 7519 52
H(8) 3381 5193 8835 44
H(10) 5137 6266 7763 51
H(11) 6744 8364 7789 57
H(12) 6773 12242 8511 59
H(13) 5280 13002 9276 51
H(16) 3380 12993 10077 52
H(17) 1646 12205 10636 59
H(18) 522 8916 10285 62
H(19) 1095 6343 9367 56
H(21) 9628 3360 6695 58
H(@4A) -71 1947 4179 73
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Torsion angles [deg] for Fmoc-4,4-difluoroproline.

N(1)-C(1)-C(2)-F(2)

N(1)-C(1)-C(2)-F(1)
N(D-C(1)-C(2)-C(3)
F(2)-C(2)-C(3)-C(4)
F(1)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(2)-C3)-C(4)-N(1)

C(2)-C(3)-C(4)-C(5)
N(D-C(H-C(5)-0(3)
C(3)-C(4)-C(5)-0(3)
N(D-C(H-C(5)-0(4)
C(3)-C(4)-C(5)-0(4)

0(2)-C(7)-C(8)-C(20)
0(2)-C(7)-C(8)-C(9)
C(20)-C(8)-C(9)-C(10)
C(7)-C(8)-C(9)-C(10)
C(20)-C(8)-C(9)-C(14)
C(7)-C(8)-C(9)-C(14)
C(14)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-
C(13)
C(11)-C(12)-C(13)-
C(14)
C(12)-C(13)-C(14)-C(9)
C(12)-C(13)-C(14)-
C(15)
C(10)-C(9)-C(14)-C(13)

C(8)-C(9)-C(14)-C(13)
C(10)-C(9)-C(14)-C(15)

C(8)-C(9)-C(14)-C(15)
C(13)-C(14)-C(15)-

87.3(4)

156.6(4)
-32.7(5)
-89.0(5)
153.3(4)
30.6(6)

-15.8(5)

135.1(4)
-5.5(7)

109.2(5)
175.9(4)
-69.3(4)

172.8(3)
73.3(4)
178.7(4)
-62.9(5)
-2.5(4)
115.9(4)
0.4(5)
179.2(4)
-1.2(6)

1.7(6)

-1.5(6)
0.8(5)

178.7(4)
-0.2(5)

_179.2(3)
-178.6(3)

2.4(4)
2.1(7)
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C(13)-C(14)-C(15)-C(20)

C(9)-C(14)-C(15)-C(20)
C(20)-C(15)-C(16)-C(17)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)

C(18)-C(19)-C(20)-C(15)
C(18)-C(19)-C(20)-C(8)
C(16)-C(15)-C(20)-C(19)
C(14)-C(15)-C(20)-C(19)
C(16)-C(15)-C(20)-C(8)

C(14)-C(15)-C(20)-C(8)
C(9)-C(8)-C(20)-C(19)
C(7)-C(8)-C(20)-C(19)
C(9)-C(8)-C(20)-C(15)
C(7)-C(8)-C(20)-C(15)
O(1)-C(6)-N(1)-C(1)
0(2)-C(6)-N(1)-C(1)
O(1)-C(6)-N(1)-C(4)
0(2)-C(6)-N(1)-C(4)

C(2)-C(1)-N(1)-C(6)

C(2)-C(1)-N(1)-C(4)
C(5)-C(4)-N(1)-C(6)

C(3)-C(4)-N(1)-C(6)
C(5)-C(4)-N(1)-C(1)

C(3)-C(4)-N(1)-C(1)
0(1)-C(6)-0(2)-C(7)

N(1)-C(6)-0(2)-C(7)
C(8)-C(7)-0(2)-C(6)

-179.4(4)

-1.3(4)
-0.3(5)
-177.4(4)
0.3(6)
-0.1(7)
0.1(7)

0.1(6)
177.8(4)
0.1(6)
177.8(4)
-178.0(3)

-0.3(4)
-176.3(4)
63.0(6)
1.7(4)
_119.1(4)
177.6(4)
-0.5(6)
-8.5(7)
173.5(4)

-162.4(4)

23.3(5)
-60.6(5)

-179.6(4)
114.1(4)

-4.9(5)
9.9(6)

-172.1(4)
_157.0(4)



C(16)
C(9)-C(14)-C(15)-C(16) 176.1(4)

Table 4.4. Torsion angles [deg] for Fmoc-4,4-difluoroproline.
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Chapter 5Standard ACS AuthorsChoice/Editors’ Choice Usage Agreement

This ACS article is provided to You under the terms of this Standard ACS
AuthorChoice/Editors’ Choice usage agreement between You and the American Chemical
Society (“ACS”), a federally-chartered nonprofit located at 1155 16th Street NW, Washington
DC 20036. Your access and use of this ACS article means that you have accepted and
agreed to the Terms and Conditions of this Agreement. ACS and You are collectively referred
to in this Agreement as “the Parties”).

5.1.1 1. SCOPE OF GRANT
ACS grants You non-exclusive and nontransferable permission to access and use this ACS
article subject to the terms and conditions set forth in this Agreement.

5.1.2 2. PERMITTED USES

a. For non-commercial research and education purposes only, You may access, download,
copy, display and redistribute articles as well as adapt, translate, text and data mine content
contained in articles, subject to the following conditions:

i. The authors' moral right to the integrity of their work under the Berne Convention (Article
6bis) is not compromised.

ii. Where content in the article is identified as belonging to a third party, it is your responsibility
to ensure that any reuse complies with copyright policies of the owner.

iii. Copyright notices or the display of unique Digital Object Identifiers (DOI's), ACS or journal
logos, bibliographic (e.g. authors, journal, article title, volume, issue, page numbers) or other
references to ACS journal titles, web links, and any other journal-specific “branding” or notices
that are included in the article or that are provided by the ACS with instructions that such
should accompany its display, should not be removed or tampered with in any way. The
display of ACS AuthorChoice or ACS Editors’ Choice articles on non-ACS websites must be
accompanied by prominently displayed links to the definitive published versions of those
articles on the ACS website.

iv. Any adaptations for non-commercial purposes must prominently link to the definitive
published version on the ACS website and prominently display the statement: “This is an
unofficial adaptation of an article that appeared in an ACS publication. ACS has not endorsed
the content of this adaptation or the context of its use.”

v. Any translations for non-commercial purposes, for which a prior translation agreement with
ACS has not been established, must prominently link to the definitive published version on the
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ACS website and prominently display the statement: “This is an unofficial translation of an
article that appeared in an ACS publication. ACS has not endorsed the content of this
translation or the context of its use.”

b. Each time You distribute this ACS article or an adaptation, ACS offers to the recipient a
license to this ACS article on the same terms and conditions as the license granted to You
under this License.

c. For permission to use ACS copyrighted articles beyond that permitted here,
visit: http://pubs.acs.org/copyright/permissions.html

5.1.3 3. PROHIBITED USES

a. Use of this ACS article for commercial purposes is prohibited. Examples of such prohibited
commercial purposes include but are not limited to:

i. Copying or downloading of articles, or linking to such postings, for further distribution, sale or
licensing, for a fee;

ii. Copying, downloading or posting by a site or service that incorporates advertising with such
content;

iii. The inclusion or incorporation of article content in other works or services (other than
normal quotations with an appropriate citation) that is then available for sale or licensing, for a
fee;

iv. Use of articles or article content (other than normal quotations with appropriate citation) by
a for-profit organizations for promotional purposes, whether for a fee or otherwise;

v. Sale of translated versions of the article that have not been authorized by license or other
permission from the ACS

5.1.4 4. TERMINATION

ACS reserves the right to limit, suspend, or terminate your access to and use of the ACS
Publications Division website and/or all ACS articles immediately upon detecting a breach of
this License.

5.1.5 5. COPYRIGHTS; OTHER INTELLECTUAL PROPERTY RIGHTS
Except as otherwise specifically noted, ACS is the owner of all right, title and interest in the
content of this ACS article, including, without limitations, graphs, charts, tables illustrations,
and copyrightable supporting information. This ACS article is protected under the Copyright
Laws of the United States Codified in Title 17 of the U.S. Code and subject to the Universal
Copyright Convention and the Berne Copyright Convention. You agree not to remove or
obscure copyright notices. You acknowledge that You have no claim to ownership of any part
of this ACS article or other proprietary information accessed under this Agreement.

The names “American Chemical Society,” “ACS” and the titles of the journals and other ACS
products are trademarks of ACS.
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5.1.6 6. DISCLAIMER OF WARRANTIES; LIMITATION OF LIABILITY
ACS warrants that it is entitled to grant this Agreement.

EXCEPT AS SET FORTH IN THE PRECEDING SENTENCE, ACS MAKES NO WARRANTY
OR REPRESENTATION OF ANY KIND, EXPRESS OR IMPLIED, WITH RESPECT TO THIS
ACS ARTICLE INCLUDING, BUT NOT LIMITED TO WARRANTIES AS TO THE ACCURACY
OR COMPLETENESS OF THE ACS ARTICLE, ITS QUALITY, ORIGINALITY, SUITABILITY,
SEARCHABILITY, OPERATION, PERFORMANCE, COMPLIANCE WITH ANY
COMPUTATIONAL PROCESS, MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE.

ACS SHALL NOT BE LIABLE FOR: EXEMPLARY, SPECIAL, INDIRECT, INCIDENTAL,
CONSEQUENTIAL OR OTHER DAMAGES ARISING OUT OF OR IN CONNECTION WITH
THE AGREEMENT GRANTED HEREUNDER, THE USE OR INABILITY TO USE ANY ACS
PRODUCT, ACS’S PERFORMANCE UNDER THIS AGREEMENT, TERMINATION OF THIS
AGREEMENT BY ACS OR THE LOSS OF DATA, BUSINESS OR GOODWILL EVEN IF ACS
IS ADVISED OR AWARE OF THE POSSIBILITY OF SUCH DAMAGES. IN NO EVENT
SHALL THE TOTAL AGGREGATE LIABILITY OF ACS OUT OF ANY BREACH OR
TERMINATION OF THIS AGREEMENT EXCEED THE TOTAL AMOUNT PAID BY YOU TO
ACS FOR ACCESS TO THIS ACS ARTICLE FOR THE CURRENT YEAR IN WHICH SUCH
CLAIM, LOSS OR DAMAGE OCCURRED, WHETHER IN CONTRACT, TORT OR
OTHERWISE, INCLUDING, WITHOUT LIMITATION, DUE TO NEGLIGENCE.

The foregoing limitations and exclusions of certain damages shall apply regardless of the
success or effectiveness of other remedies. No claim may be made against ACS unless suit is
filed within one (1) year after the event giving rise to the claim.

5.1.7 7. GENERAL

This Agreement sets forth the entire understanding of the Parties. The validity, construction
and performance of this Agreement shall be governed by and construed in accordance with
the laws of the District of Columbia, USA without reference to its conflicts of laws principles.
You acknowledge that the delivery of the ACS article will occur in the District of Columbia,
USA. You shall pay any taxes lawfully due from it, other than taxes on ACS's net income,
arising out of your use of this ACS article and/or other rights granted under this Agreement.
You may not assign or transfer its rights under this Agreement without the express written
consent of ACS.

5.1.8 8. ACCEPTANCE

You warrant that You have read, understand, and accept the terms and conditions of this
Agreement. ACS reserves the right to modify this Agreement at any time by posting the
modified terms and conditions on the ACS Publications Web site. Any use of this ACS article
after such posting shall constitute acceptance of the terms and conditions as modified.
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