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CONSPECTUS

luorination has become an increasingly attrac-

tive strategy in protein engineering for both
basic research and biomedical applications. Thus
researchers would like to understand the conse-
quences of fluorination to the structure, stability,
and function of target proteins. Although a sub-
stantial amount of work has focused on under-
standing the properties of fluorinated aliphatic
amino acids, much less is known about fluorinated
aromatic residues. In addition, polar—x interac-
tions, often referred to as aromatic interactions,
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may play a significant role in protein folding and protein—protein interactions. Fluorination of aromatic residues presents an ideal

strategy for probing polar—z interactions in proteins.

This Account summarizes the recent studies of the incorporation of fluorinated aromatic amino acids into proteins. Herein we
discuss the effects of fluorinating aromatic residues and rationalize them in the context of polar— interactions. The results
strongly support the proposal that polar—. interactions are energetically significant to protein folding and function. For example,
an edge—face interaction of a pair of phenylalanines contributes as much as —1 kcal/mol to protein stability, while cation—z
interactions can be much stronger. Furthermore, this new knowledge provides guidelines for protein engineering with fluorination.
Importantly, incorporating perfluorinated aromatic residues into proteins enables novel mechanisms of molecular recognition that
do not exist in native proteins, such as arene-perfluoroarene stacking. Such novel mechanisms can be used for programming
protein folding specificity and engineering peptide-based materials.

Introduction: Fluorinating Proteins

Fluorination has become an increasingly popular strategy
in protein biochemistry.' ~3 Site-specific incorporation of
fluorinated residues can now be accomplished through
chemical synthesis and semisynthesis of proteins,* as well
as molecular biology techniques.>® Fluorinated residues
serve as ideal probes of protein structure and function for
several reasons: (1) Although a C—F bond (1.34 A for an sp?
carbon) is ~20% longer than a C—H bond (1.09 A), fluorina-
tion has been shown to be well tolerated by a variety of
proteins without introducing much steric perturbation to
the parent structure.”’® (2) Fluorination usually increases the
hydrophobicity of the amino acid and thus favors protein
folding and stability.® (3) Fluorine is essentially nonexistent
in biology, so fluorinated residues can be tracked in complex
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biological systems with zero background. The stable and
naturally abundant isotope of fluorine, '°F, is almost as sensi-
tive (83%) as a proton in NMR spectroscopy. It can therefore be
tracked with NMR even in living cells.? (4) Fluorination affords
novel mechanisms of molecular recognition that can be used
for programming protein folding and assembly. This will be
further discussed in later sections. In order to realize the full
potential of fluorination in protein biochemistry, it is necessary
to understand the structural and functional perturbations
caused by introducing fluorinated amino acids.

Fluorination and Polar—x Interactions in
Proteins

Earlier work on fluorinated proteins largely concentrated
on using fluorinated aliphatic amino acids to create
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A Benzene Perfluorobenzene
Cc
Aromatic Ring LogP  Surface Polarizability = Quadrupole
Area (A3) Moment
(A?) (Cm?)
Benzene 2.03 115.07 49.37 -29.9 x 1040
Perfluorobenzene 2.98 150.26 51.28 +31.7 x 1040
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FIGURE 1. Influence of fluorination on an aromatic ring. (A) Electrostatic potential maps showing the reversed electron distribution upon
perfluorination of benzene. (B) Partial charges of benzene and perfluorobenzene calculated by using the PM3 semi empirical model in Spartan '08
(Wave function, Inc.). (C) Comparison of the physical properties of benzene and perfluorobenzene. (D) lllustration of three packing modes of benzene
dimers. The electrostatic potential of benzene favors edge-face and offset-stacked geometries, while disfavoring the face—face stacked geometry.
(E) Face—face stacking of benzene and perfluorobenzene revealed by the cocrystal structure (image adapted from ref 16).

Teflon-like proteins.'®~'3 This line of research was initially
inspired by the “fluorous effect’, which refers to the phase
separating behavior of fluorocarbons from both aqueous
and hydrocarbon solvents. The fluorous effect has been
successfully utilized for product separation in organic synthe-
sis. By fluorinating all the core residues of coiled-coil model
proteins, Kumar and co-workers demonstrated self-sorting
behavior when the fluorinated and nonfluorinated peptides
were mixed.'*'> Thefluorous effect, however, does not apply to
fluorinated aromatics. For example, benzene and perfluoro-
benzene have similar solubility in hexanes and they mix
readily with each other with a favorable enthalpy.'® The
cocrystal structure of benzene and perfluorobenzene re-
vealed an alternating arrangement with benzene and per-
fluorobenzene in a face—face stacked geometry (Figure 1).'”

The distinct behavior of fluorinated aromatics from ali-
phatics can be attributed at least partially to the electrostatic
interactions of aromatic rings.'®'® For example, an aromatic
structure such as benzene displays an uneven electron
distribution even though it does not have a net dipole
(Figure 1). Because an sp? carbon is more electronegative
than hydrogen, benzene exhibits a negative potential on the
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o face and positive potential around the periphery. This
electron distribution, referred to as a quadrupole, allows
aromatic moieties to engage in electrostatic interactions
with a charge (e.g., cation—x interaction), a partial charge,
a dipole, or another quadrupole. Such polar—s interactions
explain why benzene molecules pack in the edge-face
(T-shaped) or offset-stacked geometries in crystal structures.
In the case of benzene-perfluorobenzene stacking, perfluori-
nation reverses the quadrupole of benzene to give a nega-
tive potential on the periphery and consequently a positive
potential on the aromatic ring (Figure 1). Recent theoretical
studies have suggested that the shift of electron density
upon fluorination is more localized to the carbon skeleton
than the z-clouds.?%?' Nevertheless, the charge distribution
of benzene and perfluorobenzene complement each other,
driving them to associate in the face-to-face fashion.

A structural survey of the Protein Data Bank revealed a
large abundance of potentially important polar—s interac-
tions. In particular, there appears to be one energetically
significant cation—s contact every 77 residues, where aro-
matic side chains (Trp, Tyr, Phe) pack against a lysine or an
arginine.?? On the other hand, ~60% of aromatic side chains



are found to form close contact with another aromatic
residue, suggesting the significance of 7—x interactions.?®
Although polar—x interactions have been a subject of in-
vestigation for several decades, their significance had not
been directly examined in protein systems until relatively
recently.?* Fluorination of aromatic residues presents an
ideal way of probing polar—x interactions due to the small
steric yet large electronic perturbations (Figure 1). Pioneering
work by Dougherty and co-workers has demonstrated
the power of fluorination in investigating cation—zx inter-
actions.?® This account will concentrate on site-specific
fluorination of aromatic residues in the context of n—x
interactions. Biophysical analysis of these fluorinated pro-
teins has generated further insights into the role of polar—x
interactions in protein folding and stability. Of equal impor-
tance, it has provided guidelines for using fluorination as a
tool in protein engineering.

Fluorinating Aromatic Residues Involved in
7—x Interactions
Experimental and theoretical studies have shown that the
edge-face and offset-stacked geometries (Figure 1) are pre-
ferred between two interacting benzene molecules.'® In
contrast, face—face stacking between two benzene mole-
cules is somewhat unfavorable and usually avoided. This
again can be explained by the electrostatic potential of
benzene: positive edge and negative center. Consistent with
the structural preference of benzene dimers, aromatic side
chains of proteins predominantly interact in the edge-face or
offset-stacked fashion, while the face—face stacked geome-
try is rarely seen.?32°

a. Edge—Face or Offset—Stacked Aromatic Pairs. It is
important to point out that aromatic pairs in protein struc-
tures display a continuous distribution of cross angles from 0
to 90°, instead of being strictly parallel (offset-stacked) or
perpendicular (edge—face) as seen in benzene crystal struc-
tures. Therefore, we discuss these geometries of aromatic
interactions together. In the early 2000s, Waters and co-
workers examined the role of 7— interactions in stabilizing
the secondary structures of proteins.?” By incorporating
aromatic pairs into a host Ala-Lys peptide, Waters et al.
show that a phenylalanine-phenylalanine pair at i and i+4
positions (in comparison to i and i+5) stabilizes the a-helix
by —0.27 to —0.8 kcal/mol. Interestingly, a phenylalanine-
perfluorophenylalanine (Z) pair stabilizes the a-helix to aless
extent (—0.27 to —0.55 kcal/mol). Given the side chain of Z is
more hydrophobic than that of F, the F—F pair being more
stabilizing than F—Z indicates that the F—F interaction is
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primarily electrostatic instead of hydrophobic. Molecular
modeling shows that the phenylalanine side chains can
interact with each other either in the edge—face or offset—
stacked geometries. The face—face-stacked geometry is
not feasible with aromatic pairs at the i and i+4 posi-
tions of an o-helix. It is worth noting that perfluorophenylal-
anine displays lower helical propensity than the native
counterpart.?”?® However, the physical origin of this effect
remains poorly understood. Fortunately, by adopting the
double mutant cycle analysis,*® the enigmatic reduction of
helical propensity by fluorination can be corrected, thus
causing no complications to the assessment of pairwise
interaction between aromatic residues. Similar to the stabi-
lization of a-helices, the Waters group found that an F—F pair
in the edge—face geometry could stabilize a s-hairpin by

—0.55 kcal/mol.>°
To probe the energetic significance of aromatic packing
inside a protein core, the Gellman group,®' as well as our
own,? incorporated perfluorophenylalanine into the core
of the villin headpiece subdomain (HP35), one of smallest
globular domains with a stable structure.®® This 35-residue
polypeptide folds into three helices, which wrap around
each other to give an aromatic core (Figure 2A).343° The
three core Phe residues pack against each other with the
edge—face geometry: the edge of F10 contacts the s-face of
F6 with a dihedral angle of 61°, while the edge of F6 packs
against the face of F17 with a cross angle of 92°. Interest-
ingly, individual F-to-Z mutations at these three positions
have distinct effects on the stability of HP35: while F10Z
stabilizes the protein structure, both F6Z and F17Z are
actually destabilizing. Because all three Phe residues in
HP35 are largely buried, the hydrophobicity difference for
the three F-to-Z mutations is expected to be minimal. In
addition, since all three Phe residues are in helical conforma-
tion, helical propensity is also irrelevant in the stabilities of
these mutants. We hypothesized that perfluorination of
a Phe side chain disturbed the edge—face interaction be-
tween the aromatic residues, which resulted in the position-
dependent stabilization by an F-to-Z mutation. This hypoth-
esis was tested by using a set of tetrafluorinated phenylala-
nines that we named as Z,, where x could be o, m or p and
denotes the position of the remaining hydrogen (relative to
the main chain) on the phenyl ring (Figure 2B). The tetra-
fluorophenylalanines were obtained in high yields and
enantiopurity through a facile four-step synthesis using the
Seebach or Schollkopf chiral auxiliary.3**3 Our results show
that F10Z, is more stable than F10Z by —1.1 kcal/mol,
presumably because the F10—F6 edge—face interaction is
Vol. 46, No. 4 = 2013
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FIGURE 2. Fluorinating aromatic residues involved in edge-face inter-
actions. (A) Cartoon representation of HP35 structure (PDB: 1YRF)
showing the aromatic residues in the hydrophobic core (F6, F10, F17).
Hydrogen atoms thought to be engaging in edge-face interactions are
colored cyan, with all others in white. (B) Structure of the Phe side chain
and the fluorinated mutants Z, Z,, and Z, with calculated partial charges
and electrostatic potential maps (generated using Spartan). (C) Graph
summarizing the influence of edge—face interactions on the unfolding
free energy of HP35 variants. In comparison to F10Z, the F10Z, muta-
tion yields a free energy gain of —1.1 kcal/mol through retaining the
edge—face contact with the z cloud of F6.

retained by the F10Z, (Figure 2C) mutant but not by F10Z.
Similarly, by retaining the F6—F17 edge—face interaction,
F6Z, affords an improved stability in compatison to F6Z,
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albeit by a smaller margin (—0.3 Kcal/mol). The different
magnitude of stabilization is perhaps not surprising given
that the F6 position is more solvent exposed than F10. In
other words, these results suggest that edge-face aromatic
interactions can be stronger when located in a protein core
than more solvent exposed positions.?”3° They also show-
case the potential of using the Z, series to stabilize protein
structures, as these novel amino acids may simultaneously
recruit hydrophobic and aromatic edge—face interactions to
favor protein folding. Importantly, heavy fluorination also
renders the remaining protons on the Z, side chains to be
more acidic, as indicated by the increased partial charges on
the aromatic hydrogens (Figure 2B). These more “activated”
hydrogens are expected to strengthen the edge-face inter-
action between the aromatic rings.

b. Face—Face Stacked Aromatic Pairs. Previous studies
using small molecule model systems have convincingly
shown that face—face stacking of benzene molecules is
unfavorable.'®3® This is presumably why the face—face
stacked geometry is scarce in protein structures. However,
aromatic moieties of reversed quadrupoles prefer to interact
with each other in face—face stacked geometries. A well-
known example is the stacking of benzene and perfluoro-
benzene (Figure 1), which displays nearly identical magni-
tudes in their quadrupole moments, but with opposite
signs.3” The phenyl—perfluorophenyl pair has been utilized
as a supramolecular synthon to program molecular packing
in crystals,®3° as well as to control the stereoselectivity of
polymerization reactions.*®*! Although face—face stacked
aromatic pairs are rare in native protein structures, thismode
of association may be used to program protein—protein
interactions and self-assembled peptide materials.

To quantitatively assess aromatic stacking in proteins,
our group has been utilizing the model system a,D, a de
novo designed polypeptide that folds into a dimeric helix
bundle (Figure 3A).*? Similar to HP35, the core of o,D
primarily consists of aromatic residues. In the folded a,D
dimer, the F10 side chains of each monomer stack with
those of F29 from the other in the face-to-face fashion; the
potential repulsion between the stacked Phe side chains is
compensated by the folding free energy of a,D. This unique
structure makes oD an ideal system to probe face—face
stacking of aromatic residues. For ease of discussion, we
named each o, D variant based on residues 10 and 29. For
instance, the wild type a,D has a phenylalanine at both
positions; we named it as (F, F). To probe the physical origin
of aromatic stacking, we have incorporated a series of
fluorinated Phe analogues into the a,D core structure
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FIGURE 3. Investigating the energetics of face—face stacking using fluorinated Phe analogues. (A) Cartoon representation of the o,D dimer (PDB

1QP6) highlighting the two face—face stacked pairs in the hydrophobic core (inset). The monomers are shown in gray and cyan. Residues 10 and 29
are highlighted in red and blue, respectively, in the structure and sequence. (B) Plot of all o,D double mutants showing correlation between AG; and
hydrophobicity (calculated log P) of the core residues. (C) Plot of all o,D double mutants showing correlation between AG¢and net dipole moment. (D)
Plot of all oD double mutants showing excellent correlation between AGrand a synthetic parameter that takes into account both hydrophobicity and

dipole moment.

(Figure 3A) at positions 10 and/or 29.** Our experiments
show that, despite the size increase, fluorination of the core
Phe residues is well accommodated by the a,D fold. In fact,
fluorination of all core Phe residues dramatically improved
the o,D structural stability (by ~—6 kcal/mol), with the
melting temperatures increasing from 29 °C for (F, F) to
80 °C for (Z, Z). This is perhaps not surprising considering
the enhanced hydrophobicity and the small steric perturba-
tion caused by fluorination. An F-to-Z mutation appears to
contribute ~—1.5 kcal/mol to protein stability by the en-
hanced hydrophobicity alone. The hydrophobic contribution

of an Fto-Z mutation has been further validated in other
model protein systems (Pace and Gao, unpublished results).

Varying the degree and pattern of Phe fluorination
affords a wide distribution in the physical properties of the
side chains, including hydrophobicity, dipole and quadru-
pole moments. A double mutant of a,D, (X, X), would have
two stacked X—X pairs in the protein core, where X denotes
Phe or its fluorinated analogues (Figure 3A). Thermody-
namic analysis of the (X, X) series allowed us to correlate
the folding free energy of the a,D variants with the phy-
sical properties of each Phe analogue. Interestingly, the
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FIGURE 4. Self-sorting of the oD variants induced by aromatic stack-
ing. Shown is an LC trace of a disulfide cross-linking experiment with a
three-component mixture of (F, F), (Z, Z), and (Fz45F, F345F). Peptides are
mixed as reduced monomer and allowed to cross-link in an oxidized
glutathione buffer. The six possible dimers are shown in boxes, and the
two primary products, the (F, F)-(Z, Z) heterodimer and the (Fz4sF,
F345F)-(F345F, F345F) homodimer are highlighted in yellow. The third
observable peak, denoted by an asterisk (*), is composed of mono-
mer—glutathione adducts for (Z, Z) and (Fz4sF, Fz45F), which are side
products of the cross-linking reaction.

homodimer stability displays a positive but moderate corre-
lation (R?> = 0.67) with the log P value of the Phe analogues,
indicating that factors other than hydrophobicity must play
an important role in stabilizing the a,D fold (Figure 3B).
Indeed, a positive correlation (R*=0.51) was also observed
between the protein stability and the dipole moment of the
side chain analogs, indicating that dipole—dipole interac-
tions contribute significantly to a,D folding (Figure 3Q).
Consequently, (Fz4sF, F345F) exhibits the most favorable
folding free energy possibly because Fz45sF has the largest
dipole (3.5 D; see structure in Figure 4) among this group of
Phe analogues. More interestingly, a synthetic parameter
combining hydrophobicity and dipole moment yielded an
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excellent correlation with the stability of the a,D variants
(R? = 0.93, Figure 3D). On the other hand, the experiments
with the single mutant (F, X) series show that dipole—
induced dipole interactions can be quite significant as well.
Among the single mutant series, (F, Z,) gives the most stable
homodimer; it is even more stable than (F, Z), which carries a
more hydrophobic core residue. This is presumably because
(F, Z,) benefits from both hydrophobicity of fluorination and
the larger dipole of Z, (3.1 D) in comparison to Z (2.1 D).
However, as previously noted, these highly fluorinated aro-
matic rings (e.g., Fs4sF and Z,) exhibit more acidic protons
(Figure 2B), which could potentially serve as stronger hydrogen
bond donotrs. The structural and energetic significance of such
hydrogen bonds remains to be examined in greater detail.
Nevertheless, the series of o,D mutants presented here high-
light the inherent complexities of aromatic interactions.

We further evaluated the dimerization specificity of the
oD variants, to which the hydrophobicity of the core
residues (Phe or its fluorinated analogues) is no longer a
significant contributor because they are completely buried in
both homo and heterodimers of o;D. Rather, the electro-
static interactions of aromatic stacking are expected to
dictate the dimerization preference of the oD variants. For
example, (F, F) and (Z, Z) both fold into stable homodimers,
yet upon mixing they exchange completely to give hetero-
dimers.** Since the homodimer—heterodimer equilibrium is
not driven by the hydrophobic effect, the preference of
dimerization is presumably a result of the favorable face—
face stacking between the quadrupoles of F and Z. Using
double mutant cycle analysis, a useful strategy for estimat-
ing the energetic scale of pairwise interactions,?® we esti-
mated the F—Z cross affinity to be ~ —1.0 kcal/mol, which is
comparable to the strength of weak hydrogen bonds.
Furthermore, by capitalizing on both quadrupole stacking
(F-2) and dipole—dipole interactions (Fz45F—F3z45F), we de-
monstrate that self-sorting behavior can be afforded by
stacked aromatic pairs (Figure 4).*3 Specifically, equilibration
of a mixture of (F, F), (Z, Z) and (F34sF, F345F) gives primarily
two dimeric species: the heterodimer (F, F)—(Z, Z) and the
homodimer of (Fz4sF, Fz45F). These two dimers emerge
exclusively out of six possible dimers presumably due to
the synergy of the two favorable stacking pairs (F—Z and
F345F—F345F).

Exploiting Polar—x Interactions in Peptide
Design

The arene-fluoroarene stacking interaction is beginning to
be exploited in the design of peptide-based materials. For
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FIGURE 5. Expanding the repertoire of fluorinated aromatic amino acids via Syar chemistry. (A) Regioselectivity of the Sya, reaction on
perfluorophenylalanine. (B) Scope of the Sy,, reaction of Boc-Z to obtain ZpX derivatives with diverse functionality. These novel fluorinated amino
acids may serve as probes of protein structure and function; they may also introduce novel mechanisms of molecular recognition to protein designers.

example, conjugation of a phenylalanine (F) and a perfluo-
rophenylalanine (Z) onto the N- and C-termini of a short
30-residue collagen peptide afforded self-assembly to give
micrometer-scale fibrils, which induced platelet aggregation
as effectively as natural collagen does.*>*® Computational
modeling suggested a critical role of F—Z stacking in the
organized assembly of this system. Specifically, intermolec-
ular F—Z stacking at the assembly interface gave an asso-
ciation energy more favorable (by —6 kcal/mol) than that
of F—F stacking of the control peptide. Similarly, Fmoc-
protected perfluorophenylalanine (Fmoc-Z) was reported
by Nilsson et al. to undergo rapid self-assembly to give rigid
supramolecular gels.*’ In contrast, the nonfluorinated coun-
terpart (Fmoc-F) failed to form hydrogels under the same
conditions. This comparison indicates the importance of the
reversed quadrupole of Z, which could potentially stack with
the Fmoc moiety. Interestingly, the Nilsson group also found
that Fmoc-F and Fmoc-Z readily coassembled to form two-
component fibrils under conditions that Fmoc-F alone did
not form fibrils at all.*® However, Fmoc-F was found to
coassemble with several side-chain monohalogenated (F,
Cl, Br) derivatives as well. Without detailed structural infor-
mation of these fibrillization products, it is difficult to deter-
mine whether F—Z stacking contributes to the specificity of
the coassembly or not.

Synthesis of Fluorinated Aromatic Amino
Acids

As discussed above, fluorinated aromatic amino acids serve
as powerful tools for exploring polar—z interactions in
proteins and enabling novel recognition mechanisms for
protein design. Synthesis of fluorinated aromatic amino
acids is nontrivial, with only a handful available from com-
mercial sources. It has been particularly difficult to obtain
heavily fluorinated aromatic residues; yet such residues are
most desirable to probe aromatic interactions as multifluor-
ination gives maximum electronic perturbation of aromatic
rings. Recent work from our group has expanded the scope
of heavily fluorinated aromatic amino acids. Due to the
electron withdrawing nature of fluorine substitution, heavily
fluorinated aromatic rings are subject to nucleophilic aro-
matic substitution (Sya,) reactions.*® Because of the counter-
balance between the inductive and conjugation effect of
fluorine substitution, the Sya, reaction on an aromatic ring is
dramatically accelerated by meta-fluorination, slightly less
so by ortho-fluorination. A fluorine substituent on the para-
position actually decelerates the Sya, reaction. Collectively,
for a pentafluorophenyl moiety (like the side chain of Z), the
Snar reaction exhibits remarkable regioselectivity, with the
para-fluorine substituted exclusively (Figure 5A). Impor-
tantly, the reactivity of the resulting tetrafluorophenyl
907-915
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moiety is greatly reduced, preventing further substitution.
Earlier work from the Ghadiri group shows that racemic para-
azido-tetrafluorophenylalanine can be synthesized through
the Syar reaction of perfluorophenylalanine in its properly
protected form.>° Recent research from our group has
shown that Sy, chemistry can be carried out with enantio-
merically pure starting material and full retention of the
stereochemistry.51'52 Further exploration of the Sya, chem-
istry of L-perfluorophenylalanine with Boc protection (Boc-Z)
has resulted in a series of para-substituted tetrafluoro-
phenylalanines. We name a member of this class of un-
natural amino acids as ZpX, with X denoting the para
substituent. Specifically, by using an alcohol or thiol
as a nucleophile, one can synthesize tetrafluorotyrosine
(ZpOH) or tetrafluorothiotyrosine (ZpSH), respectively.
Chemoselective reduction of ZpNs readily gives ZpNH,,
which can be further converted into para-halogenated
tetrafluorophenylalanines (Figure 5B). Preliminary studies
of this expanded repertoire of fluoroaromatic building
blocks have already shown appealing characteristics such
as their highly dispersed '°F-NMR resonances.>? Further-
more, we expect novel mechanisms of polar—z inter-
actions to be enabled with these new fluoroaromatic
residues. For instance, the Zp-halide series may allow
halogen bonding®3>* to be used as a specificity element
to control peptide assemblies.

Conclusion and Future Perspectives

The research summarized here on fluorinated proteins
demonstrates the energetic significance of polar—zx interac-
tions in protein folding, assembly, and ligand recognition.
The strength of polar—x interactions estimated in the con-
text of proteins appears to be quite consistent with the
results from some small molecule model systems.'83¢-5>
By studying incrementally fluorinated phenylalanines, we
have found aromatic stacking to be mechanistically com-
plex, embodying a combination of quadrupole, dipole—
dipole, and dipole—induced dipole interactions, with no
single factor overwhelming others. This improved under-
standing enables strategic application of fluoroaromatic
amino acids in protein design endeavors. For example,
tetrafluorophenylalanines (Z,) can be advantageous over
their perfluororinated counterpart (Z) because they allow
retention of favorable edge—face interactions. On the
other hand, cross affinity between arenes and fluoroarenes
allows one to program protein dimetization and assembly
into higher order structures. With the expanding pool of
fluoroaromatic amino acids, we expect additional novel
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mechanisms of polar—zx interactions (e.g., halogen bonding)
to be realized to enrich protein chemistry.
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