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Abstract

Highly fluorinated amino acids can stabilize proteins and complexes with proteins, via
enhanced hydrophobicity, and provide novel methods for identification of specific molecular
events in complex solutions, via selective detection by ’F NMR and the absence of native '°F
signals in biological contexts. However, the potential applications of '’F NMR in probing
biological processes are limited both by the strong propensities of most highly fluorinated amino
acids for the extended conformation and by the relatively modest sensitivity of NMR
spectroscopy, which typically constrains measurements to mid-micromolar concentrations.
Herein, we demonstrate that perfluoro-tert-butyl homoserine exhibits a propensity for compact
conformations, including o-helix and polyproline helix (PPII), that is similar to that of
methionine. Perfluoro-tert-butyl homoserine has 9 equivalent fluorines that do not couple to any
other nuclei, resulting in a sharp singlet that can be sensitively detected rapidly at low
micromolar concentrations. Perfluoro-zert-butyl homoserine was incorporated at sites of leucine
residues within the a-helical LXXLL short linear motif of estrogen receptor (ER) co-activator
peptides. A peptide containing perfluoro-fert-butyl homoserine at the i+3 position of the ER
coactivator LXXLL motif exhibited K4 = 2.2 uM for the estradiol-bound estrogen receptor,
similar to that of the native ligand. '’F NMR spectroscopy demonstrated the sensitive detection
(5 uM concentration, 128 scans) of peptide binding to ER and of inhibition of protein-protein
interaction by the native ligand or by the ER antagonist tamoxifen. These results suggest diverse
potential applications of perfluoro-fert-butyl homoserine to probe protein function and protein-

protein interfaces in complex solutions.

ACS Paragon P]zus Environment

Page 2 of 42



Page 3 of 42

©CoO~NOUTA,WNPE

Biochemistry

Introduction

Protein-protein interactions are central elements in both intracellular and extracellular
signaling. Protein-protein interactions often involve intrinsically disordered proteins (IDPs),
which frequently undergo a folding transition upon target binding.(/-6) Moreover, many protein-
protein interactions important in intracellular signaling exhibit relatively modest affinities (high
nanomolar to low micromolar dissociation constants (Kg4)). Examples include transcriptional
activation, protein kinase regulation via SH2 and SH3 domains, nuclear import and export, and
recognition of ubiquitination targets by E3 ubiquitin ligases.(7-9) Many of these sites have their
interaction strengths further modulated by post-translational modifications.(/0-/2) The modest
strengths of these interactions have significant implications on intracellular dynamics. For
example, a complex (A*B) with K4 =1 uM (10_6 M) and a kyssociation (A + B — A*B) = 10°M s
" yields Agissociation (A*B = A + B) = 1 57 (Kq = kdissociation/Kassociation) Tesulting in a complex half-
life of 0.7 seconds using these parameters (for a unimolecular dissociation, ¢, =
0.693/kdissociation). More generally, low micromolar dissociation constants (With kussociation Values

''s7") result in complex half-lives in the milliseconds to

observed ranging from 10° to 10° M~
seconds time regime.(/3-19) The rapid formation and dissociation of protein-protein complexes
enable highly dynamic interaction networks, rapid responsiveness, and limited duration of
responses to signaling. However, these interaction strengths and short lifetimes can pose
significant complications for their identification and detection, particularly in complex milieu.
Protein-protein interactions play important roles in transcription. For example, the
estrogen receptor (ER) is the central protein mediating cellular responsiveness to estrogens via

transcription of estrogen-responsive genes. ER signaling is initiated by hormone binding to the

ligand-binding domain (LBD), followed by dimerization of ER and import into the nucleus.(20,
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21) Within the nucleus, the hormone-bound ER dimer binds DNA on estrogen-response elements
(ERE). DNA binding is connected to transcription of estrogen-responsive genes via the
recruitment of co-activator proteins associated with the transcriptional machinery. Co-activator
proteins function via a transient protein-protein interaction employing a short amphipathic o-
helix of the co-activator binding to the hormone-bound ER.(2, 3, 2/-30) This protein-protein
interaction both is central to ER-mediated transcription and is a potential therapeutic target for
breast cancer.(3/-38) Therefore, we sought to develop peptides to probe binding of ligands and
of co-activator proteins to ER, and to potentially disrupt this protein-protein interaction. In
particular, we focused on ER co-activator peptides containing fluorine, due to fluorine's
combination of hydrophobicity to facilitate binding and a nucleus observable by NMR
spectroscopy and magnetic resonance imaging (MRI).

The high electronegativity, hydrophobicity, strong bonds, and small size of fluorine have
resulted in the wide incorporation of fluorine in pharmaceuticals, polymers, and materials.(39)
The electronegativity of fluorine also results in strong conformational effects associated with
fluorine substitution.(40, 41) In addition to its physical properties, fluorine's major stable isotope,
F (100% natural abundance), is a spin-1/2 nucleus that is widely used for detection by NMR
spectroscopy. ' F has sensitivity by NMR that is similar to that of the ubiquitous 'H. However, in
contrast to hydrogen, the absence of '’F in water, most organic solvents, and biological
molecules renders "°F a particularly sensitive probe due to the absence of background or
competing signals from solvent or from other molecules.(42-44) These properties, combined
with the wide (~300 ppm) chemical shift range of '°F, have caused '°F NMR, MRS, and MRI to
be particularly useful in screening and in probing molecular function in environments as

complex as cells and whole organisms.(45-68)
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Numerous fluorinated amino acids have been developed to take advantage of the diverse
structural and functional properties of fluorine (for a small subset, see Figure 1).(43, 69-76)
Early work by the groups of Kumar, Marsh, and Tirrell demonstrated that coiled coil proteins
with a fluorous hydrophobic core of trifluoroleucine or hexafluoroleucine exhibit both enhanced
stability and self-sorting behavior due to the enhanced hydrophobic effect of fluorine.(77-83)
These amino acids, as close analogues of leucine, can also be incorporated in expressed proteins,
with either native or mutant LeuRS aminoacyl tRNA synthetases, opening their applications in
protein engineering.(84, 85) Other fluorinated amino acids have been similarly employed to
enhance stability and specificity in interactions via the hydrophobic effect or via conformational
effects.(86-93) Expressed proteins containing fluorinated amino acids have also been employed
to study protein folding in living cells.(54, 65, 67, 94)

Despite these and other successes, however, the fluorinated amino acids developed to
date have two key potential limitations. First, most fluorinated amino acids strongly favor the
extended conformation and strongly disfavor a-helical secondary structures: the enhanced
stability of coiled coils with a hexafluoroleucine core occurs despite hexafluoroleucine strongly
disfavoring the a-helical conformation, emphasizing the power of the enhanced hydrophobic
effect of fluorine to overcome the strong bias against o-helix for this amino acid.(95-97)
Similarly, trifluoro-Abu and pentafluorophenylalanine (Figure 1) exhibit substantially lower a-
helix propensities than their non-fluorinated analogues (AAG = +0.77 to +1.72 kcal mol™).
Moreover, trifluorovaline, trifluoro-Abu, pentafluorophenylalanine, and fluorinated leucine
analogues significantly stabilize the B-sheet.(74, 96-99) The o-helix represents 40% of the
structure of folded proteins in the PDB; the development of highly fluorinated amino acids that

favor the a-helix could potentially lead to stabilization via the hydrophobic or fluorophobic
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effect without the destabilizing effect of low a-helix propensity. Second, routine NMR
spectroscopy is sensitive to only mid-micromolar concentrations, while many key biological
processes occur at lower concentrations. The incorporation of multiple fluorine atoms can lead to
the ability to probe interactions at substantially lower concentrations or shorter observation
times. However, the most heavily utilized highly fluorinated amino acids introduce additional
limitations, including coupling to hydrogens (reducing signal-to-noise unless decoupling pulses
are applied) and non-chemical equivalence of trifluoromethyl groups. For example, in
hexafluoroleucine, the trifluoromethyl groups are diastereotopic, and thus typically exhibit two
separate fluorine signals, each a doublet coupled to the methine hydrogen, substantially reducing
sensitivity compared to what would be observed in a singlet of 6 equivalent fluorines.

In order to overcome these potential limitations and increase the sensitivity of peptides
for detection by '’F NMR, we are developing perfluoro-ferz-butyl amino acids (Figure 1).(75,
100-104) Perfluoro-tert-butyl groups contain 9 chemically equivalent fluorines, with no coupled
hydrogens, and thus present as a singlet in the "’F NMR spectrum with a signal intensity of 9
fluorines. We previously described the synthesis of the diastereomeric amino acids 4R- and 4S5-
perfluoro-tert-butyl hydroxyproline, and demonstrated in peptides that they have divergent and
predictable conformational preferences that depend on side chain stereochemistry. A peptide
containing 4R-perfluoro-tert-butyl hydroxyproline was detected at 200 nM concentration in 5
minutes (128 scans, signal/noise = 7.2) by '’"F NMR, indicating the sensitivity gains possible
with perfluoro-tert-butyl amino acids. However, while 4R-perfluoro-tert-butyl hydroxyproline
strongly promotes polyproline helix, both amino acids were destabilizing at the N-terminus of -
helices relative to proline. Moreover, neither amino acid would be compatible with secondary

structures employing hydrogen bonds via the main chain amide NH (e.g. beyond the first turn of
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an o-helix, or within a B-strand). Thus, we sought to develop alternative perfluoro-tert-butyl
amino acids for applications in '*F-based detection and imaging. Marsh and co-workers recently
synthesized perfluoro-fert-butyl homoserine and demonstrated its compatibility with a-helices,
using this amino acid to detect and control the interactions of amphipathic, hydrophobic o-
helical peptides with membranes via its incorporation into antimicrobial peptides.(/02) This
amino acid is somewhat analogous to methionine, replacing the sulfur with an oxygen and the
terminal methyl group with a perfluoro-fert-butyl group. Given the conformational preferences
of methionine, which promotes both a-helix and polyproline helix (PPII), we sought to examine
the use of perfluoro-fert-butyl homoserine within o-helical recognition epitopes and explore its

use for the sensitive detection of protein-protein interactions by '°F NMR.

Experimental

Small molecule synthesis. Synthetic procedures for the preparation of compounds 2-6
and characterization data ("H NMR, *C NMR, and "’F NMR spectra (where appropriate); high
resolution mass spectrometry) are in the Supporting Information.

Peptide synthesis. Peptides containing perfluoro-zert-butyl homoserine were synthesized
on NovaGel PEG-polystyrene graft Rink amide resin (0.67 mmol/g, EMD Millipore) by standard
solid-phase peptide synthesis using HATU as a coupling reagent. The use of PEG-polystyrene
graft resin resulted in substantially higher crude peptide purity than standard Rink amide
polystyrene resin for the syntheses of peptides containing perfluoro-fert-butyl homoserine.
Amide coupling reactions with Fmoc-perfluoro-zerz-butyl homoserine (4 equivalents, 0.1 mmol
scale) 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
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the second coupling). The NRBoxII peptide was synthesized using Rink amide polystyrene resin
(0.7 mmol/g, 0.25 mmol, ChemImpex) with HBTU as a coupling reagent. 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. Synthesis, purification, and characterization details are in the Supporting
Information.

Fluorescein Labeling. Peptides were labeled on the N-terminal cysteine using 5-
iodoacetamidofluorescein (5-IAF) (Sigma-Aldrich). Purified peptides were dissolved in 250 mM
phosphate buffer pH 4.0 (200 pL) and mixed with 10 mg/mL 5-IAF in DMF (200 pL), and the
resultant solution incubated in the dark at room temperature for 90 minutes. The reaction
mixtures were diluted with water (approximately 600 uL) and filtered before purification by
HPLC. Purification and characterization details are in the Supporting Information

Circular dichroism. Circular dichroism (CD) experiments were completed on a Jasco
model J-810 spectropolarimeter. All data were collected using a 1 mm cell (Starna Cells,
Atascadero, CA). Data represent the average of at least 3 independent trials. Error bars indicate
standard error. Data were background-corrected but were not smoothed. Experiments in Figure 2
were conducted at 25 °C. Experiments in Figure 3 and were conducted at 0.5 °C. The
temperature for each experiment was chosen to allow direct comparison to the analogous
peptides using previous data.(/05, 106) Model peptides were also examined as a function of
concentration, and exhibited no significant concentration-dependent change in CD signal
between 6.2 uM and 50 pM (a-helical model peptide) or between 12.5 uM and 100 pM (PPII
model peptide) (8-fold range in concentration for each) (Figures S2-S3).

Expression of the ERa LBD. A plasmid encoding the human estrogen receptor ligand-

binding domain (ERa LBD) (amino acids 255-595) was obtained from the Koh lab at the
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University of Delaware. The ERa LBD expression construct was derived from pET-15b and
contained a C-terminal 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)
media containing 50 mg/L ampicillin. A single colony was selected and grown overnight at 37
°C in 100 mL LB media containing 50 mg/L ampicillin. Terrific broth expression cultures with
50 mg/L ampicillin 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 purification. ERac 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.

Fluorescence polarization. Peptides and ERa. LBD were diluted in 1x PBS buffer (140
mM NacCl, 2.7 mM KCI, 10 mM K,HPO,, 2 mM KH,PO,) pH 7.4. Peptide concentrations were
determined 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 10 uM
to 0.0098 uM, in PBS containing 0.1 mM DTT, 20 uM 17B-estradiol, 0.04 mg/mL BSA, and 100
nM fluorescein-labeled peptide. Solutions 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 (K4) were determined using a nonlinear least-

ACS Paragon P?us Environment



©CoO~NOUTA,WNPE

Biochemistry

squares curve fit (KaleidaGraph 4.1) of the K4 to the fluorescence polarization data, via a
quadratic 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.

Polarization = Prin + (Pmax - Pmin) % [ligandliota) + [proteinlyetai + Ka) - V([ligand]yotar + [Protein]yora + Kal2-4lligand]ygralprotein]iorail)

( 1 ) 2[ligand];otal

"H NMR spectroscopy. Peptides were characterized by "H NMR spectroscopy in 5 mM
phosphate buffer (pH 4) with 25 mM NaCl in 90% H,0/10% D,O and analyzed as described
previously.(100, 104-106) The coupling constant >J,y, which correlates with the ¢ torsion angle
via a parametrized Karplus equation,(/07) was calculated for perfluoro-zert-butyl homoserine in
peptides in order to directly examine the effects of this amino acid on ¢ in different peptide
contexts. Resonance assignments were obtained via TOCSY spectra. TOCSY spectra and "H-">C
HSQC spectra were also recorded in order to determine the effects of Hse(C4Fy) substitution on
conformation in the peptides NRBoxII and Leul2Hse(C4Fy), via analysis of changes in Ha,, Hp,
and "Co chemical shift, which correlate with main chain conformation.(/08-110) These
experiments indicated minimal structural perturbation within the a-helical NRBoxII peptide due
to substitution of leucine with perfluoro-zerz-butyl homoserine. See the Supporting Information
for details.

YF NMR spectroscopy. Peptide concentrations were determined by 'H NMR
spectroscopy using 1 mM maleic acid as a standard. Peptides and protein were diluted in 1x PBS
(140 mM NaCl, 2.7 mM KCI, 10 mM K,HPO,, 2 mM KH,PO4) pH 7.4 with 0.1 mM DTT and
20 uM 17B-estradiol to a final volume of 500 uL. For the peptide competition experiments,
NMR spectra were initially recorded in the absence of NRBoxII peptide. 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
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containing 4-hydroxytamoxifen (OHT), 50 uM OHT was added to the solution instead of
estradiol. The Leul2Hse(C4F9) peptide concentration in all NMR experiments was 5 pM. All
NMR samples contained 10% D,O. Solutions were allowed to incubate at room temperature for
at least 30 minutes to equilibrate. Data were recorded on a Briiker 600 MHz ("F 564.5 MHz)
NMR spectrometer equipped with a 5-mm Briiker SMART probe using a standard zg pulse
sequence without proton decoupling. A 0.8 second acquisition time was used with a 3 second
relaxation delay and a 10 ppm sweep width. NMR data were zero-filled to 64K data points and
processed with an exponential multiplication apodization function with 2.0 Hz line broadening,
unless otherwise indicated. Peak widths (full width at half height, FWHH) were calculated using

the peak analysis calculator in Mnova 10.

Results

Fmoc-perfluoro-fert-butyl homoserine was synthesized in a compact approach from the
inexpensive amino acid homoserine (Scheme 1). This synthetic route is similar to that developed
by Marsh;(/02) key differences include avoiding the use of diazomethane for methyl ester
protection, employing HCl in place of TFA for Boc deprotection, and the use of Fmoc-OSu for
Fmoc protection. The key step of the synthesis is the Mitsunobu reaction of the homoserine side
chain alcohol with perfluoro-fert-butanol, as was used previously in the synthesis of perfluoro-
tert-butyl hydroxyprolines and other described perfluoro-tert-butyl ethers.(75, 100-102, 111)

To examine the inherent conformational preferences of perfluoro-fert-butyl homoserine,
this amino acid was incorporated into a Baldwin-type a-helical model peptide used previously to
identify the effects of serine and threonine phosphorylation and O-GlcNAcylation on a-helix

stability.(106, 112, 113) At the N-terminus of a-helices, proline is helix-stabilizing due to
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conformational restriction and the absence of a requirement for hydrogen-bond donors, which
are solvent-exposed here.(//4-117) However, we previously observed that both 4R- and 4S-
perfluoro-tert-butyl hydroxyproline destabilize the a-helix at this position, relative to proline
(Table 1).(100) In contrast, perfluoro-fert-butyl homoserine exhibited a-helicity similar to that of
proline at this position (Figure 2). Previous work by Doig in a closely related model system (Ac-
XAAAAQAAAAQAAGY-NH,;) demonstrated that proline and methionine have similar o-helix
propensities at the N-terminus of a-helices.(//6) These data indicate that perfluoro-zers-butyl
homoserine has a similar propensity for a-helicity at this position as its nearest non-fluorinated
native amino acid analogue, methionine. In contrast, for all other highly fluorinated amino acids
examined to date, fluorination results in a substantial reduction in a-helix propensity.(74, 95-97)
For non-polar non-proline amino acids, a-helix propensity is typically similar at different
locations within the a-helix, (//8) although herein we did not examine the effect of perfluoro-
tert-butyl homoserine in a central position of an a-helix. The low a-helix propensity of highly
fluorinated amino acids has been previously ascribed to the presence of the solvophobic and
more sterically demanding fluorine atom(s) near the polar peptide backbone, promoting a more

extended conformation.(74, 95, 96, 98) The data herein suggest that perfluoro-zert-butyl
homoserine might find special applications as a fluorinated amino acid that stabilizes, rather than
significantly destabilizes, a-helices.

The polyproline II helix (PPII) conformation is widely recognized for its roles in globular
proteins, at protein-protein interfaces, and in the unfolded state.(//9-122) PPII exhibits a
relatively compact value of @, but a more extended value of w (average ¢, w = (-75°, +145°)),
and is considered a bridge between fully compact (e.g. a-helix) and extended (e.g. B-sheet)

conformations. Due to the possibility of a steric clash between the side chain and that of the
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subsequent residue, sterically hindered amino acids strongly disfavor PPII conformation.(/05,
123-125) While we are unaware of any examination of PPII propensities of highly fluorinated
non-proline amino acids, these observations suggest that they might disfavor PPII for similar
reasons to those causing their low a-helix propensities.

Perfluoro-tert-butyl homoserine was incorporated at the guest position (X) in a model
peptide (Ac-GPPXPPGY-NH;) context previously employed to identify the PPII propensities of
all canonical amino acids and a series of unnatural amino acids.(/05, 126) Perfluoro-tert-butyl
homoserine exhibited one of the higher PPII propensities among studied amino acids (Figure 3,
Table 2). The PPII propensity of perfluoro-tert-butyl homoserine was significantly lower than
that of proline or leucine, but was similar to that of methionine, lysine, and arginine, as well as
homoserine. Notably, the PPII propensity of perfluoro-tert-butyl homoserine was significantly
greater than that of the sterically hindered B-branched amino acids valine, threonine, isoleucine,
or tert-leucine. We previously postulated that the high PPII propensity of Leu, but low PPII
propensities of its isomers isoleucine and tert-leucine, was due to the strong rotameric
preferences (e.g. the avoidance of syn-pentane interactions) of leucine that keep the terminal
methyl groups away from the protein backbone.(/27, 128) This hypothesis also explains the high
PPII propensities of longer-chain amino acids methionine, arginine, and lysine. Combined, these
data suggest that the good propensities of perfluoro-zerz-butyl homoserine for both a-helix and
PPII might be due to strong side chain conformational preferences that keep the sterically
demanding perfluoro-fert-butyl group away from the peptide backbone. In contrast, for other
heavily fluorinated amino acids (e.g. trifluoroleucine, trifluorovaline, hexafluoroleucine,
trifluoro-Abu (Figure 1)), the steric and/or solvation energetic cost associated with the fluorines

being located near the backbone leads to a strong preference against compact conformations.(95-
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97) The data herein establish perfluoro-zert-butyl homoserine as an unusual highly fluorinated
amino acid that prefers compact conformations (o-helix, PPII).

To examine the potential application of perfluoro-fert-butyl homoserine to molecular
recognition via a-helices, and its use as a probe of relatively weak protein-protein interactions by
"F NMR, this amino acid was incorporated into the recognition a-helix of the estrogen receptor
co-activator NRBoxII peptide (Figure 4).(20-22) DNA-bound ER induces transcription via
recruitment of co-activator proteins that bind to the ligand-bound ER via short amphipathic a-
helices (indicated in red in Figure 4) that include an LXXLL short linear motif.(2, 3, 21-29)
Excess estrogen-mediated signaling has a causative role in many breast cancers. Inhibition of
estrogen signaling can be achieved through direct inhibition of hormone binding, via clinical
agents such as tamoxifen. Alternatively, estrogen signaling can additionally by inhibited by
disruption of the binding of co-activators to the ligand-bound ER, which has been achieved via
peptides and small molecules.(30-38) A peptide that binds to the ligand-bound ER and that
contains a handle for molecular detection and functional interrogation thus has bifunctional
potential in both therapeutics and in imaging/diagnostics (a so-called theranostic agent).

Peptides were synthesized based on ligands of the well-studied NRBox II coactivator
sequence (Figure 4). Examination of the crystal structure of this coactivator with ligand-bound
ERa indicated that residues Leu9 (i position of the LXXLL motif) and Leul2 (i+3 position,
LXXLL) of the coactivator might accommodate the larger perfluoro-tert-butyl homoserine
amino acid.(22) In contrast, Leul3 (i+4 position, LXXLL) is deeply buried in the co-crystal
structure and was not expected to tolerate substitution with perfluoro-zert-butyl homoserine. In
addition, Ile8 (i—1 position) makes a hydrophobic contact with ERa but is significantly solvent-

exposed, suggesting that it could also be a site of substitution. Notably, Spatola and co-workers
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had previously demonstrated substantially enhanced ERo affinity of coactivator peptides in
which either the i or i+3 leucine was replaced by the larger and more hydrophobic residue
neopentylglycine, with the highest affinity ligand resulting from substitution at the i+3
leucine.(/29)

Therefore, peptides were synthesized in which each of Ile8, Leu9, and Leul2 of NRBoxII
was replaced with perfluoro-tert-butyl homoserine (Figure 4). In addition, as a negative control,
Leu9 was replaced with 4S-perfluoro-tert-butyl hydroxyproline. This amino acid is expected to
significantly destabilize the recognition a-helix(/00) while containing the perfluoro-zert-butyl
group and still being able to be adopt an o-helix (substitution of a proline at the i+3 or i+4
residues would prevent a-helix formation). Thus, the peptide Leu9hyp(C4F9) provides a control
for the effect of the hydrophobic perfluoro-ters-butyl group on coactivator binding.(/30)

All peptides were site-specifically labeled on cysteine with 5-iodoacetamidofluorescein
and their binding affinities for the estradiol-bound ERa LBD determined by direct fluorescence
polarization assays (Figure 5).(3/) The NRBoxII peptide exhibited an affinity for ERaeestradiol
of 1.0 uM, comparable to that observed previously. The peptide Leul2Hse(C4F9) exhibited an
affinity similar to that of the native ligand (K4q = 2.2 uM), consistent with the design and
indicating the ability to incorporate perfluoro-tert-butyl homoserine at a recognition residue in a
protein-protein interface (Table 3). Notably, alanine substitution at this position results in a 19-
fold loss in ERa affinity, suggesting direct engagement of perfluoro-zerz-butyl homoserine at the
binding site.(/317) Ile8Hse(C4F9) substitution also was tolerated in the complex, with a modest
1.2 kecal mol™ loss in binding energy compared to the native ligand. In contrast, the peptide
Leu9Hse(C4Fy) exhibited a substantial loss in affinity, indicating lesser tolerance for the larger

perfluoro-tert-butyl homoserine at this position. As expected, the peptide hyp9Hse(C4Fo)
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exhibited only a weak interaction with ERaceestradiol, indicating that the interactions of other
peptides were not driven solely by the hydrophobicity of the perfluoro-tert-butyl group.
Collectively, these data indicate that perfluoro-tert-butyl homoserine can be accommodated at a
site of molecular recognition within an o-helical recognition epitope of a protein-protein
interaction.

In view of its near-native affinity for estradiol-bound ERa, the peptide Leul2Hse(C4Fy)
was further examined for the ability to detect the ERaecoactivator protein-protein interaction in
solution by F NMR. Notably, the affinity observed for this complex (low uM) is similar to that
of many affinities of protein-protein interactions involving intrinsically disordered proteins
important in cell signaling.(2, 3, 7, 28, 29, 132) At 5 uM peptide concentration in aqueous
solution, the peptide Leul2Hse(C4F9) exhibited a singlet peak (full width at half height (FWHH)
= 6 Hz) by '’F NMR (Figure 6a). This peptide could be detected with good signal-to-noise in
only 128 scans (8 minute experiment, Figure S22).(/33) Titration of the ERa. LBD resulted in
broadening of the 'F signal associated with complex formation (Figure 6b-d, FWHH = 18 Hz at
[ERa] = 15 uM), which was used to determine the Ky of this peptide-protein interaction by '°F
NMR under these solution conditions (K4 = 2.9 + 0.8 puM, similar to that observed by
fluorescence polarization; see the Supporting Information for details). This observed peak
broadening could be due to dynamic exchange or to chemical shift anisotropy (CSA) via the
large size of the ERa protein (39 kDa) increasing the rotational correlation time of the
complex.(42, 45, 49) Importantly, the broadening induced by the ERa protein is not due to non-
specific interactions: addition of bovine gamma globulin (155 kDa) at similar concentrations

resulted in no induced anisotropy in the '°’F NMR spectrum (Figure 6e).
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The observed "’F broadening due to Leul2Hse(C4F9)*ERo peptidesprotein complex
formation was reversed by the addition of the competitive native ligand NRBoxII peptide, with
reappearance of the sharp singlet of Leul2Hse(C4Fo) in the "’F NMR spectrum (Figure 6f
(FWHH = 6 Hz) versus Figure 6¢c (FWHH = 18 Hz)). These data indicate the use of a peptide
containing perfluoro-fert-butyl homoserine to interrogate the ERoecoactivator protein-protein
interaction at concentrations similar to the K4 of the complex, and suggest broader potential
application of perfluoro-tert-butyl amino acids in probing protein-protein interactions at
physiologically relevant concentrations. Moreover, addition of the estrogen receptor antagonist
tamoxifen to the ERosLeul2Hse(C4F9) complex resulted in the reduction of "’F broadening
(Figure 6¢ (15 uM ERa, no tamoxifen, FWHH = 18 Hz) versus Figure 6g (15 uM ERa plus 50
uM tamoxifen, FWHH = 9 Hz). Finally, this peptideeprotein interaction was examined in the
complex medium of HeLa cell extracts. The peptide Leul2Hse(C4F9) was observed at 5 uM as a
singlet in HeLa cell extracts in the absence of ERa (Figure 6h). Modest broadening of the peak
was observed in cell extracts (FWHH = 10 Hz) compared to buffered aqueous solution, as has
been observed previously in experiments in cell extracts and cells.(54, 65, 67, 94) An increase in
broadening was observed on the addition of ERa (Figure 6i, FWHH = 21 Hz), as had been
observed in simple buffered aqueous solutions (Figures 6a and 6c¢). These results indicate the
utility of perfluoro-fert-butyl homoserine to identify a protein-protein interaction at low
micromolar concentration by F NMR even in the highly complex media of cell extracts.
Collectively, these data suggest divergent uses of perfluoro-terz-butyl amino acids, including in
the sensitive and specific screening of peptide and small molecule inhibitors of protein function

and protein-protein interactions in complex solutions.(8, 60, 62, 134, 135)
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Discussion

Fluorinated amino acids in peptides and proteins have outstanding potential in protein
engineering, protein design, studies on protein dynamics, structure-function analysis of proteins
in solution and in cells, and biomedical imaging.(43, 44, 46, 47, 49, 54, 56, 60, 61, 64, 136-138)
Fluorinated amino acids transcend many typical challenges of NMR spectroscopy in complex
solutions via spectral simplification (eliminating challenges in assignment) and limited
background signal (no native '°F signals) compared to standard techniques that must compete
against ubiquitous 'H resonances present in proteins, metabolites, and water, and in
heteronuclear NMR against competing °C and '°N nuclei present at natural abundance.
However, most highly fluorinated amino acids described to date have two key potential
limitations, modest sensitivity and strong conformational preferences against compact
conformations.

NMR spectroscopy is inherently a technique of relatively modest sensitivity, typically
requiring mid-micromolar or higher concentrations. Sensitivity in NMR is most effectively
improved by increasing the concentrations of signals: an increase from 1 to 3 chemically
equivalent signals (a 3-fold increase in signal concentration) results in a 3-fold increase in
sensitivity and a 9-fold decrease in the experimental time required to achieve a given signal-to-
noise at a given concentration. Thus, at a given concentration, a trifluoromethyl (n = 3) group
will be observed at a given signal-to-noise in 1/9 (1/n%) the amount of experimental time as the
same molecule with only a single fluorine (n = 1). In the amino acids hexafluoroleucine or
hexafluorovaline, however, the potential benefits of signal increase are reduced because each
trifluoromethyl group is diastereotopic and exhibits a separate resonance. Moreover, each

resonance is further reduced in intensity via coupling to the methine hydrogen. Thus, while

8 :
ACS Paragon P]1us Environment

Page 18 of 42



Page 19 of 42

©CoO~NOUTA,WNPE

Biochemistry

exhibiting substantial increases in sensitivity over molecules with only a single fluorine, this
potential benefit is reduced due to stereochemical considerations and scalar coupling. In contrast,
perfluoro-tert-butyl homoserine contains 9 chemically equivalent fluorines that do not couple to
any other nuclei, and thus exhibits a singlet with a signal intensity 9x that of a single (uncoupled)
fluorine, capable of achieving comparable signal-to-noise at a given concentration in 1/81 the
amount of experimental time. The substantial increase in sensitivity has the potential to
significantly reduce the concentrations accessible for analysis by '’F NMR to those relevant for
dynamic protein-protein interactions that are central to signal transduction. This increase in
sensitivity for perfluoro-zert-butyl homoserine also suggests potential future applications in the
molecular analysis of protein function in cells and in vivo.

All highly fluorinated amino acids that have been examined previously have been found
to exhibit a strong preference against the a-helix conformation and for the extended
conformation. These conformational preferences have been exploited in the design of proteins
with stabilized B-sheets and in the development of amyloid-inducing peptide sequences via
sequential amino acid fluorination.(95-97, 99) Herein, we have demonstrated that perfluoro-tert-
butyl homoserine exhibits excellent propensity for both a-helix and polyproline helix
conformations, comparable to the related canonical amino acid methionine. These data suggest
the specific potential application of perfluoro-tert-butyl homoserine in the design of highly
stabilized helical proteins stabilized by fluorination, as well as the application of perfluoro-tert-
butyl homoserine at a-helical interfaces, to achieve increased affinity via the enhanced
hydrophobic effect of fluorine but without the previously observed energetic penalty of low a-

helical propensity of highly fluorinated amino acids.
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The propensity for more compact conformations, including polyproline helix, for
perfluoro-tert-butyl homoserine also suggests potential applications in probing function of
intrinsically disordered proteins (IDPs). IDPs have central roles in cell signaling and in protein-
protein interactions, including in transcription, often via disorder-to-order transitions on complex
formation.(4-6, 9) IDPs often exhibit protein-protein interactions with modest affinities, which
allows for rapid changes in protein function and for responsive, dynamic protein switches. These
modest affinities and dynamic interactions, however, pose challenges for the structural and
functional characterization of IDPs.(/0-12, 139, 140) The work herein suggests potential
applications of perfluoro-tert-butyl amino acids in probing function, protein-protein interactions,
and post-translational modifications of IDPs in complex environments, including cells. The
sensitivity gains of perfluoro-tert-butyl amino acids combined with their ready incorporation in
biologically active molecules also suggest their potential clinical application in magnetic

resonance spectroscopy (MRS) and magnetic resonance imaging (MRI).

Conclusion

We have synthesized Fmoc-perfluoro-tert-butyl homoserine and incorporated this amino
acid into both model peptides and into intrinsically disordered coactivator peptide ligands of the
estrogen receptor. Perfluoro-tert-butyl homoserine exhibits high propensity for both the o-helix
and polyproline helix conformations. This propensity for compact conformations stands in
contrast to all other highly fluorinated amino acids investigated to date. An a-helical estrogen
receptor coactivator peptide containing perfluoro-terz-butyl homoserine at the site of a
recognition leucine exhibited similar affinity as the native ligand for estradiol-bound estrogen

receptor, indicating the ability of perfluoro-fert-butyl homoserine to function as a mimic of
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hydrophobic aliphatic amino acids at sites where the greater size of perfluoro-tert-butyl
homoserine can be accommodated. This peptide allowed detection by 'F NMR of protein-
protein interactions and inhibition of protein function by small molecules in rapid experiments at
low micromolar concentration. These data suggest broad potential applications of perfluoro-zert-
butyl amino acids in protein design and in probing protein structure, function, and dynamics in

complex environments.
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Figure 1. Top: perfluoro-tert-butyl amino acids; bottom: selected aliphatic and aromatic

fluorinated amino acids used for '°’F NMR-based detection.
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24 Figure 2. CD spectrum of Ac-(Hse(C4F9))KAAAAKAAAAKAAGY-NH; in the Baldwin-type
27 o-helical model peptide previously employed(/00, 106) to determine the structural effects of
29 serine and threonine phosphorylation and O-GlcNAcylation on o-helix stability. Experiments
32 were conducted in 5 mM phosphate buffer with 25 mM KF at pH 7.4 at 0.5 °C. Extent of a-
34 helical structure is indicated by [0]2, = —11510 + 400 deg cm? dmol ', [0]222/[0]20s = 0.77,
37 corresponding to 36% a-helix.(/7/2, 113) Error bars are shown and indicate standard error. The
39 3Jun (Figure S5), which correlates with the ¢ torsion angle (smaller value = more compact
42 9),(107) is 6.4 Hz for Hse(C4Fy) in this peptide, similar to that of Thr (6.2 Hz) at this position in
44 this peptide context, and greater than that of the more a-helical Ser (5.1 Hz) at this position in

47 this peptide context.
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Figure 3. CD spectrum of Ac-GPP(Hse(C4F¢))PPGY-NH; in the model peptide context
previously employed(Z/00, 105, 126, 141) to determine polyproline II helix propensities of guest
amino acids at the indicated position of substitution. Experiments were conducted in 5 mM
phosphate buffer with 25 mM KF at pH 7.4 at 25 °C. Extent of PPII is indicated by [0],28 = 1500
+ 190 deg cm? dmol !, The 3J(XN for Hse(C4F9) is 7.7 Hz, compared to 3J(XN = 7.2 Hz for Met in

this position in this peptide context.
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NRBoxll LTERHKILHRLLOE
lle8Hse(C,F;) CLTERHKXLHRLLOE
Leu9Hse(C,F;) CLTERHKIXHRLLOQE
Leu12Hse(C,Fy) CLTERHKILHRXLOE
LeuShyp(C,Fy) CLTERHKIXHRLLOQE

Figure 4. (a) X-ray crystal structure (pdb 3erd)(22) of the estrogen receptor-a ligand-binding
domain (ERa LBD, residues 305-550, blue) bound to the estrogen mimic diethylstilbestrol
(green) and the GRIP1 NRBoxII co-activator peptide (HKILHRLLQDS, red). Coactivator
peptides bind to the ligand-bound estrogen receptor via one face of an o-helix containing the
LXXLL short linear motif (side chains shown). (b) 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(C4F9) (red) or 4S-
hyp(C4F9) (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 were acetylated on the
N-terminus and contain C-terminal amides. Details of the synthesis and characterization of

peptides are in the Supporting Information.
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Figure 5. Binding isotherms of estradiol-bound ERa LBD to the fluorescein-labeled peptides
NRBoxII (black squares), Leul2Hse(C4Fy) (red circles), Ile8Hse(CsF9) (magenta inverted
triangles), Leu9Hse(C4Fo) (green diamonds), and Leu9hyp(CsF9) (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 pM 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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Figure 6. "'F NMR spectroscopy of the peptide Leul2Hse(C4Fo). Experiments were conducted
with 5 uM peptide in 1x PBS (pH 7.4), 0.1 mM DTT, 20 uM estradiol (except g), and 10% D,O.
(a-e) The peptide Leul2Hse(C4F9) with (a) no added protein; (b) 5 uM ERa LBD; (¢) 15 uM
ERa LBD; (d) 30 uM ERa LBD; and (e) 30 uM bovine gamma globulin. (f) 5 uM peptide
Leul2Hse(C4F9) with 15 uM ERa LBD and 20 uM NRBox II. (g) 5 uM peptide
Leul2Hse(C4Fy) with 15 uM ERa LBD and 50 uM 4-hydroxytamoxifen (OHT), without added

estradiol. (h-1) The peptide Leul2Hse(C4F9) (h) with 200 uL HeLa cell lysates and (i) with 200
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uL HeLa cell lysates and 15 pM ERo 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. Comparable data acquired in independent experiments with 128
scans (8 minute experiment time) are in the Supporting Information (Figure S22). Figures 6a-6g

have identical scales on the y-axes.
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Schemes

Scheme 1. Synthesis of Fmoc-perfluoro-tert-butyl homoserine (6) from homoserine (1). 2 is also

©CoO~NOUTA,WNPE

commercially available.
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Tables

Table 1. 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 or —[0]190/[0]222. %0 -
Helix was determined via the method of Baldwin,(//2, 113) as described previously.(/06) Ser
and Thr are highly stabilizing to a-helices at their N-terminus due to the possibility of hydrogen

bonding with unsatisfied amide N-H hydrogen bond donors. (/74-116)

[0]222 [0]208 [0]199

0 -

X= degem'  degem’  degem’  [01/Olas  —[Olo0lm 1o

dmol™! dmol! dmol! ehx

Ser” -16620 -16430 32240 1.01 1.96  50%

Thr -14860 -15420 27160 0.96 176 45%

Pro® -12030 -13890 16190 0.87 .17 38%

Hse(C4Fo) -11510 -14960 19520 0.77 170 36%

Hyp(C4Fo)’ -6840 -11040 7380 0.67 1.08  24%

hyp(C4Fo)” -4990 -7850 5090 0.64 1.01 19%
“ Reference (106)
b Reference (100)
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Table 2. Circular dichroism data for peptides with the indicated guest residues X in the
polyproline helix model peptide host system(/05) Ac-GPPXPPGY-NH,. Extent of polyproline

helix is identified by mean residue ellipticity at 228 nm ([0],28), with more positive numbers

©CoO~NOUTA,WNPE

indicating greater extent of polyproline helix.

13 X= [0]228
deg cm’
16 dmol™

Hyp(C4Fo) 3370°

20 Pro 2950"
Leu 2230°
25 hyp(C4Fs) 1700
Hse(C4F9) 1500
30 Hse 1390
Met 1380”
35 Ser 460"
38 Val -120°

40 tert-Leu -940°

45 “ Reference (100)

47 b Reference (105)
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Table 3. Dissociation constants (Ky) for the complexes of estradiol-bound ERa LBD and the
indicated peptides. Errors indicate standard error. K4 values were determined via a non-linear

least-squares fit to the fluorescence polarization data. n.a. not applicable.

AG, kcal
peptide K4, UM error, uM mol ™!
NRBoxII 1.0 0.1 -8.2
[le8Hse(C4F9) 7.1 1.3 7.0
Leu9Hse(C4Fo9) 43 4 6.0
Leul2Hse(C4F9) 2.2 0.2 =7.7
Leu9hyp(C4Fo) >150 n.a. n.a.
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