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Abstract: With increasing structural information on proteins, the opportunity to understand physical
forces governing protein folding is also expanding. One of the significant non-covalent forces
between the protein side chains is aromatic-aromatic interactions. Aromatic interactions have
been widely exploited and thoroughly investigated in the context of folding, stability, molecular
recognition, and self-assembly processes. Through this review, we discuss the contribution of
aromatic interactions to the activity and stability of thermophilic, mesophilic, and psychrophilic
proteins. Being hydrophobic, aromatic amino acids tend to reside in the protein hydrophobic
interior or transmembrane segments of proteins. In such positions, it can play a diverse role in
soluble and membrane proteins, and in a-helix and B-sheet stabilization. We also highlight here
some excellent investigations made using peptide models and several approaches involving aryl-
aryl interactions, as an increasingly popular strategy in protein and peptide engineering. A recent
survey described the existence of aromatic clusters (trimer, tetramer, pentamer, and higher order
assemblies), revealing the self-associating property of aryl groups, even in folded protein
structures. The application of this self-assembly of aromatics in the generation of modern

bionanomaterials is also discussed.
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Introduction

The fundamental principle of how a linear polypep-
tide folds into a compact three-dimensional structure
is a central question that has become paramount
with its increasing correlation to several diseases
caused by protein misfolding.»? With the develop-
ment of advanced tools and techniques, such as
high-resolution NMR spectroscopy, molecular imag-
ing, single molecule spectroscopy, improved crystalli-
zation methods for difficult biomolecules including
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membrane proteins, the understanding of protein
dynamics and functions through structural informa-
tion is rapidly expanding. The eventual goal is to
understand the physical forces that govern protein
folding and function, and which can then be utilized
in modeling de novo biomolecular structures for
medical applications. One such non-covalent force is
aromatic interactions.

Aryl interaction geometries are not only under
active investigation but are also mostly exploited in
biomolecule folding, stability, recognition, and molec-
ular self-assembly. Since the first report highlighting
the potential significance of aromatic-aromatic inter-
actions in proteins was recognized in 1985,> numer-
ous investigations have drawn attention to the
importance of m—n interactions involving phenylala-
nine, tyrosine, and tryptophan. Through this review,
we recapitulate various facets of aromatic interac-
tions, their contribution to the structural stability of
proteins and peptides, and finally discuss the appli-
cation of aromatics in synthetic biomolecules.

Noncovalent Interactions Involving Aromatic
Amino Acids

Non-covalent interactions involving aromatic amino
acids are ubiquitous in nature, and facilitate most of
the chemical and biological processes. For example,
the interactions of aromatic amino acids with nucle-
obases, forming protein/DNA or protein/RNA com-
plexes, are crucial in many processes, particularly
transcription and translation.* A statistical analysis
by Baker and Grant revealed that the interaction
involving phenylalanine in protein-DNA complexes
and tryptophan in protein-RNA complexes are essen-
tial for initiation of transcription.® It was purported
that this difference in the choice of aromatic amino
acid also allows the protein to differentiate the two
nucleic acid types.

Carbohydrate-protein interactions are another
class of non-covalent interactions through which one
cell communicate with another cell. With consider-
able evidence for the occurrence of aromatic amino
acids in the carbohydrate binding sites of proteins,
the significance of C-H---7 interaction in sugar recog-
nition is now widely acknowledged.® This knowledge
can be exploited in the design of novel carbohydrate
receptors. Excellent articles and reviews have dis-
cussed carbohydrate-pi interactions in detail.®®

Pioneering work on cation-pi interaction by the
Dougherty group has led to its recognition as a sig-
nificant non-covalent force by which proteins medi-
ate functional activities, such as ligand-receptor
interactions.”™'! For instance, nicotine binds to ace-
tylcholine receptor through cation-pi interactions.
Multiple cation-pi interactions also provide stability
to protein structures.!® While the role of cation-pi
interaction is well established, with our increasing
understanding of anion receptors and transporters,
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anion-pi interactions are also being considered as
key players. An excellent tutorial review on anion-pi
interaction has been written by Dunbar and co-
workers.'?

Sulfur-pi interactions are yet another class of
non-covalent interaction involving aromatic resi-
dues. They are prevalent in protein structures and
contribute significantly to protein stability and rec-
ognition. A recent survey by Valley et al., using a 7
A distance cut-off, reported that 33% of protein
structures had at least one Met sulfur-aromatic
motif.'® The stabilizing contribution of this interac-
tion is comparable with that of a salt bridge. Most
importantly, however, sulfur-aromatic interactions
can also occur at a distance much larger than the
salt bridge. The geometric modes and role of sulfur-
aromatic interactions have been extensively
discussed. 15

CH---m interactions involving aromatic residues
are increasingly being identified in proteins.
Although small and weak in magnitude, these inter-
actions can act together to contribute in the folding
and stability of proteins, and have a significant addi-
tive effect. Using NMR spectroscopy, Boisbouvier
and co-workers'® provided direct evidence of CH---xt
interaction between the side chains of aliphatic
methyl group and aromatic residues in proteins.
Using the general peptide sequence Ac-TXPN-NH,
and Ac-PPX-NHy; (where X =aromatic residue),
Basu'” and Zondlo'®, respectively, reported the
extensive investigation of CH---m interactions
between proline and aromatic residues. They pro-
vided direct evidence for the existence of CH--n
interaction in these peptides, and their importance
in stabilizing Pro-cisPro peptide bonds. A recent
study from our laboratory using NMR spectroscopy
of de novo designed peptides also supported the
structure stabilizing role of CH--r interactions.'®
Figure 1 illustrates representative CH---m interac-
tions seen in model systems.

The striking feature that makes aromatic-
aromatic interactions unique candidates for investi-
gation is the geometrical ways in which aromatic
rings can interact with each other. Such stereospe-
cific interactions can provide specificity to the pro-
tein in its folding, stability and recognition. An early
survey of aromatic pairs by Burley and Petsko in
1985 reported that “phenyl ring centroids are sepa-
rated by a preferential distance of between 4.5-7.0
A, and dihedral angles approaching 90° are most
common”.? Later in the same year, Singh and Thorn-
ton also found from the survey of protein structures
that the geometry of Phe-Phe interaction has a pref-
erence for the perpendicular arrangement.?’ But
they also concluded that “interaction with other side
chains can interfere with and obviously overcome
the preference for perpendicular interaction between

the aromatic rings”.2°
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(b)

Figure 1. CH.--rt interactions as a class of non-covalent inter-
action seen in proteins. CH---t interactions contribute to
three-dimensional structure, stability and in biomolecular
functioning of the protein. Reprinted (adapted) with permis-
sion from Zondlo, Acc Chem Res, 2013, 46, 1039-1049,

© ACS Publications'® for (a). Reprinted (adapted) with per-
mission from Ganguly et al., J Am Chem Soc, 2012, 134,
4661-4669, © ACS Publications'” for (b). Reprinted (adapted)
with permission from Makwana and Mahalakshmi, J Phys
Chem B, 2015, 119, 5376-5385, © ACS Publications'® for (c).

Hunter et al.,>"?? found a good correlation when
comparing the electrostatic interaction between ben-
zene molecules as a function of orientation, with the
experimental geometries of the Phe-Phe interaction
in proteins surveyed by Singh and Thornton (Fig. 2).
Completely stacked arrangements resulting in repul-
sive interactions were found to be unfavorable, while
a full range of edge-to-face and offset stacked orien-
tation resulting in attractive interactions were seen
as favorable.2"*2 Not surprisingly, Sun and Bern-
stein discussed from theoretical work on the benzene
dimer that aromatic dimers are better viewed as
dynamic systems, and should not be represented as
well-defined structures.??

From Psychrophilic to Thermophilic Proteins

Psychrophilic and thermophilic microorganisms pre-
dominantly inhabit cold and hot environments on
earth, respectively. Their ability to survive in such
extreme conditions is attributed to their repertoire of
proteins.?* In general, when the structures of a pro-
tein homolog from thermophilic, mesophilic, and psy-
chrophilic microorganisms are superposed, we find
that a similarly folded conformation is retained across
the three proteins. A closer examination of the struc-
tures, however, reveals interesting differences on
structural features that thermophilic proteins have
evolved to function at high temperatures. A greater
number of interactions, such as salt bridges, disul-
fides, hydrophobic interactions etc., tight packing,
greater structural content and shorter loops, etc., are
seen in these proteins.?®?% A study compiled by
Siddiqui and Cavicchioli?” and Feller?® suggested the
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optimization to low-temperature is evolutionary
achieved by adopting structural features that result in
the weakening of almost all types of interactions, par-
ticularly aromatic-aromatic interactions, for improved
structural flexibility in the cold-adapted enzymes.?®
The number and strengths of covalent and non-
covalent interactions vary between proteins of ther-
mophilic, mesophilic, and psychrophilic origins, and
all of these interactions are important in achieving
the observed characteristics (structure, stability and
dynamicity, and function) of these proteins. How-
ever, in keeping with the focus of this review, we
only compare the role of aromatic interactions across
these three classes of proteins. For example, in the
case of cold-adapted subtilisin, a non-specific serine
protease, the protein lacks 11 aromatic-aromatic
interactions when compared with its thermophilic
homolog.?° Figure 3 highlights one such cluster com-
paring aromatic interactions across thermophilic,
mesophilic and psychrophilic subtilisin. Feller and

(a)

Angle/®

(b)

90

Figure 2. Benzene and Phe interaction geometries. (a) Varia-
tion of the electrostatic interaction calculated for a benzene
dimer as a function of orientation and distance. The shaded
region corresponds to favorable or attractive forces and the
unshaded regions are unfavorable or repulsive. (b) Phe-Phe
geometries in proteins, as observed by Singh and Thornton?°.
Reproduced with permission from Hunter, J Mol Biol, 1991,
218, 837-846, © Elsivier.?’
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Tyr Tyr Tyr
Tyr Subtilisin
— Thermophilic (1THM)
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Tyr = Pyschrophilic (2GKO)

Figure 3. Aromatic-aromatic interactions observed across
thermophilic, mesophilic, and psychrophilic subtilisin struc-
tures. A representative cluster comparing aromatic interac-
tions is shown. PDB IDs are provided in the legend.

co-workers substituted specific amino acids in psy-
chrophilic a-amylase with the corresponding resi-
dues found in its thermophilic homolog. They found
that these substitutions resulted in increased ther-
modynamic stability, compactness, and resistance
towards chemical denaturation, at the expense of
kinetic (functional) optimization to low temperature
activity.>! Another study on T4 lysozyme (of meso-
philic origin) showed that the introduction of an aro-
matic amino acid increased protein stability at
the expense of function,®®> but this is context-
dependent, as demonstrated in another study where
the incorporation of an aromatic amino acid was
destabilizing.®3

Many studies have been carried out with the
aim of increasing the thermostability of enzymes,
owing to their greater industrial applications.
Kannan and Vishveshwara systematically investi-
gated the role of aromatic interactions in thermo-
stability of thermophilic proteins.?* They analyzed
24 protein families and compared the number of aro-
matic clusters in thermophiles to its mesophilic
homologs. They found that 17 of the 24 thermophilic
protein families showed an increase in aromatic resi-
dues. Ten protein families had greater aromatic clus-
ters in thermophiles, and these additional clusters
were found to be surface exposed. An additional
seven of the thermophilic proteins had a larger num-
ber of aromatic residues in the cluster, which
resulted in expanded aromatic clusters. Three had
equal number of aromatic residues in protein fami-
lies from thermophiles and mesophiles. Mesophilic
proteins had more aromatic clusters in only four
families. They attributed the high thermophilic
nature of these proteins to the possession of at least
one additional aromatic cluster, situated proximal to
the active site of the thermophile.

These investigations, therefore, suggest the
analogous contributions of aromatic—aromatic inter-
actions: thermodynamically favorable for stability
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and kinetically adjusted for functionality. However,
as mentioned earlier, other non-covalent interactions
and disulfide bonds, are also very important in sta-
bilizing thermophilic proteins,?>?43% and these inter-
actions cannot be ignored. Overall, an optimal
balance of aromatic-aromatic interactions would,
therefore, help in the rational design of peptide or
protein with
properties.

structures temperature-sensitive

Similarities and Differences in Aromatics of
Soluble and Membrane Proteins

The process of sequestering apolar residues from the
outer environment, termed as the hydrophobic
effect, is the fundamental principle by which most of
the proteins achieve the final compactly folded
three-dimensional structure.?®3” The environment
in which soluble protein exist (aqueous medium) is
significantly different from where the membrane
proteins reside (lipid system). Thus, while the over-
all hydrophobicities of the membrane and water-
soluble proteins may be quite similar, the difference
arises from the surface-exposed residues (Fig. 4).38
The membrane-exposed residues in membrane pro-
teins are more hydrophobic than the buried interior
and the aqueous-exposed residues in water soluble
proteins are more hydrophilic than buried interiors.
This observation had led to the belief that mem-
brane proteins are “inside-out”. However, studies on
membrane protein structures that share similar
scaffolds with soluble proteins indicate that optimal

— hydrophobic
— hydrophilic
— neutral
Soluble protein Membrane protein
(1IWMA) (1C3w)

Figure 4. Differential arrangement of hydrophobic and hydro-
philic residues in soluble versus membrane proteins. Shown,
as an example, are human carbonyl reductase 1 as a repre-
sentative of soluble proteins, and bacteriorhodopsin from
Halobacterium salinarum as a representative of membrane
proteins. Hydrophobic residues, shown in red, are situated
towards the protein exterior in membrane proteins, and favor
its accommodation in the lipid milieu. Hydrophilic residues
are present on the exterior in soluble proteins or in the
solvent-exposed interior in membrane proteins, and are
depicted here in blue. Redrawn with permission from Fiedler
et al., Cell Mol Life Sci, 2010, 67:1779-1798, © Springer
Basel.*°
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Figure 5. A highly conserved phenylalanine cluster forms a
hydrophobic core in the autonomously folding villin head-
piece subdomain. Figure generated from PDB ID: 1VII using
PyMOL,*? and adapted with permission from Frank et al.,
Protein Sci, 2002, 11:680-687, © Wiley-Blackwell.*'

van der Waal’s forces, and not hydrophobic exclu-
sion, are better descriptors of these interactions.?%4°

In soluble proteins, phenylalanine, tyrosine, and
tryptophan, owing to their hydrophobic nature, tend
to pack tightly within hydrophobic protein interior,
and play a significant role in driving rapid protein
folding and scaffold stability.>” In an excellent inves-
tigation into the role of aromatic-aromatic interac-
tions in the hydrophobic core, for determining
folding and stability, the McKnight group examined
the autonomously folding small 35-residue villin
headpiece subdomain.*’ The aromatic cluster con-
tains three highly conserved phenylalanine residues
F47, F51, and F58, which form the hydrophobic core
of this protein (Fig. 5). When individually substi-
tuted with Leu, the native fold of the protein was
retained. However, all the substitutions resulted in
destabilization, wherein the mid-point of thermal
denaturation drops from ~70°C to ~35-50°C. The
studies also revealed that F58 was important to
attain the native fold. The authors concluded that
residue rearrangement in the protein core can com-
pensate for the substitution of an aromatic amino
acid whereas aromatic clusters are essential for
stability.

Another interesting finding that emerged from
the Gierasch group involves aromatic-aromatic inter-
actions in B-sheets in the cellular retinoic acid-
binding protein 1 (CRABP1).** The 10-stranded
B-barrel contains three Phe residues forming an
array of two aromatic pairs: F50-F65 across strands
3 and 4, and F65-F71 across the 4" and 5 strands.
By substituting Phe to Met (an aliphatic with
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similar hydropathy and side chain size as Phe), they
dissected the differential contribution of the two aro-
matic pairs. They observed that F50-F65 involved in
hydrophobic interactions, while aromatic interaction
plays a significant role in the F65-F71 pair. This
finding also emphasizes the fact that proximal aro-
matic pairs do not necessarily engage only in aro-
matic interactions. Their kinetic analysis also
revealed that aromatic interactions are formed late
in the protein folding process, and thus they play a
role in stabilizing the folded state.*3

In the case of membrane proteins, aromatic resi-
dues show preferential occupancy toward the ends of
transmembrane segments or at lipid-facing surfa-
ces.**6 Aromatics determine the precise position of
the transmembrane protein region in lipid mem-
branes and contribute to lipid-protein or protein-
protein interactions.*’” Aromatic residues are also
over-represented near the ends of transmembrane
helices,?® where they serve as anchors to stabilize
the transmembrane regions, through interaction
with other transmembrane segments or with the
lipid head groups.*”*® Tryptophan, in particular,
also acts as stop-transfer sequences during co-
translational folding of these proteins in the mem-
brane.*® The position of aromatic residues in the hel-
ices is also a rate-limiting step in membrane
insertion: they are considered less favorable when
placed centrally and become energetically favorable
when moved apart.?°53

Tamm, Kleinschmidt, and co-workers were the
first to investigate the role of aromatic interactions
in the folding and stability of integral B-barrel mem-
brane proteins.’* 7 Using the bacterial outer mem-
brane protein A as their model, the Tamm group
observed that aromatic side chains can form a girdle
and interact with each other even if they are 7 A
apart (Fig. 6). Tyrosine imparts the strongest contri-
bution to the stability of OmpA. From the survey of
three «-helical and three B-barrel membrane pro-
teins they also found that the number of lipid-facing
aromatic clusters is higher in B-barrel membrane
proteins. On the contrary, a-helical membrane pro-
teins have more protein-facing aromatic clusters
that significantly involve in helix packing in these
proteins.’” Studies from our group also support
these observations that aromatics, particularly tryp-
tophan, play a key role in the refolding and stability
of transmembrane B-barrels.?36°

Overall, aromatic interactions in soluble pro-
teins can assist in the early folding event, stabilize
the protein core, and engage in various interactions
including aromatic geometries and hydrophobic
forces. They contribute significantly to the observed
stability of proteins while they generally bear a
lesser influence on the protein activity. In the case
of membrane proteins, aromatic amino acids perform
the dual function of defining the solvent-membrane

Aromatic Interactions in Protein Structures



Figure 6. Aromatic girdle in the outer membrane protein OmpA, highlighting the arrangement of Phe, Tyr and Trp side chains
around the B-barrel. Most of the aromatic side chain face outside and are localized at the solvent-membrane interface, so that
it can form favorable contacts with the surrounding lipid chain, headgroup, and solvent. Reprinted (adapted) with permission
from Hong et al., J Am Chem Soc, 2007, 129:8320-8327, © ACS Publications.®”

interface and act as stop-transfer sequences during
the coupled membrane protein synthesis and folding.
Additionally, aromatic networks seen at the membrane
interface add to scaffold stability in these proteins, sim-
ilar to their role in the soluble counterparts.

Aromatic Interactions in Scaffold Stabilization:
From p-Sheets to a-Helices

The chemical structure of the amino acid plays a
critical role in determining the propensities towards
a particular secondary structure. Being B-branched,
the aromatic amino acids Phe and Tyr (and Trp; dis-
cussed separately later in this section) have a higher
intrinsic tendency to occur in B-rich structures than
a-helices. Indeed, in a dataset of 593 proteins,®!
Thomas et al. observed that “74% of the aromatic
pairs are between residues separated by a difference
of > 5 residues and of that one-third aromatic pairs
exist in B-structure”. Similarly, the Gierasch group
supported the interesting idea through experimental
and bioinformatics analysis that nature employs
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aromatic interactions as a substitute for interstrand
hydrogen bonds in B-strand pairing.*3

B-Hairpins, the simplest unit of B-sheets, consist
of alternating hydrogen bonding and non-hydrogen
bonding sites across the two anti-parallel strands.
The side-chain residues at the non-hydrogen bond-
ing position face opposite to each other and are
spatially proximal. Aromatic pairs, when placed at
the non-hydrogen bonding position, usually result in
stabilizing such scaffolds. The geometrical angle
between the two rings approaching close to 90°
(T-shaped) is the most common and preferred mode
of interaction. Experimental studies using isolated
peptide systems from our work has yielded an asym-
metric contribution (stabilizing/destabilizing) for a
pair of interacting aromatics in B-strands and
sheets.'®%2 Such differential contributions arise
from a distinct preference of one aromatic ring to
interact with another via only its “face” or
“edge” 196263

«-Helices are the other, more ubiquitous, class
of structural motifs, in which aromatic interactions

PROTEIN SCIENCE ‘ VOL 24:1920-1933 1925



Figure 7. Solution NMR structure of a de novo designed
native-like protein a,D, highlighting the role of aromatic-
aromatic interactions in stability and in the packing of helices
to form a four helix bundle. Figure rendered from PDB ID
1QP6%4 using PyMOL.*? Re-drawn with inspiration from Hill
and DeGrado.®*

are shown to be prevalent for providing helical fold
stability and in helical bundle assembly.’* The
Chakrabarti group first reported, from extensive
investigation using a dataset of 434 proteins, that
the geometry of aromatic-aromatic interaction in «-
helices is dependent on the sequence difference (A)
between two residues. The preferred geometry was
found to be edge-to-face when A =1 and the geome-
try is tilted offset when A=4 having nearest
contact.5

Chakrabarti group further examined the specific
interaction and packing preferences of tryptophan
with other aromatic amino acids.®®> From the survey
of protein structures, they found that a Trp interact-
ing with Phe in a face-to-edge (FtE) geometry was
more stable as compared to when the Trp edge
points to the Phe face (EtF geometry). However,
Trp-Trp pairs were still found to adopt a T-shaped
geometry, with no difference in FtE or EtF interac-
tions. The bulky indole side chain of this amino acid
is capable of establishing multiple interactions,
including 7w, C-H---n, and N-H---n, in which the
indole nitrogen can also act as a hydrogen bond
donor.?®® In an investigation of indole side chain
interactions, the Balaram group reported structures
of several short peptide helices containing trypto-
phans.546769 Their results revealed critical intermo-
lecular interactions mediated by the indole side
chain: aromatic-amide and aromatic-aromatic inter-
actions, which stabilized and promoted self-assembly
of a-helices.5®

One of the significant roles of aromatic-aromatic
interactions is in the assembly and stability of the
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helical bundle proteins. DeGrado and co-workers
reported the solution NMR structure of a de novo
designed 35-residue peptide osD.%* This peptide
adopts a helix-loop-helix scaffold that dimerizes to
form a 4-helix bundle.®* In this case, the packing of
helices takes place due to Phe-Phe stacking interac-
tions as illustrated in the solution NMR structure of
this peptide in Figure 7, and the interaction between
Phe-Trp provides stability to the protein. A similar
contribution of aromatic interactions in helical scaf-
folds is also seen for transmembrane helix assembly
(discussed earlier).

Experimental and structural analyses suggest a
secondary structure-dependent contribution of aro-
matic interactions to protein scaffolds. Local, intra-
structure interactions are more predominant in (-
sheets whereas aromatic interactions in «-helices
facilitate supersecondary structure assemblies. Such
understanding of the differential roles, modes and
geometries of aromatic interactions in the two sec-
ondary structure elements have led to improved
design of peptide mimetics and stable protein
scaffolds.

Aromatic Interactions: Peptide Models to
Protein Engineering

In the past few decades, numerous groups have
investigated aromatic-aromatic interactions using
peptide model systems.®¢7687990 Thege investiga-
tions have led to a better insight in the context of
fundamental forces driving protein folding, stability
and in biomolecular recognition. On the basis of sec-
ondary structure, the interaction between the aro-
matic rings has been thoroughly investigated in
both isolated «-helix and B-hairpin model peptide
systems.

Waters and co-workers investigated the incorpo-
ration of Phe residues at i and i+4 positions of
designed helical peptides and provided experimental
evidence for the stabilizing role of aromatic interac-
tions.” They also showed that this interaction is
stronger when placed near the C-terminus than in
the center of a helix. Balaram and co-workers also
reported several short helical peptides containing
Trp or Phe residues involved in intra- and interhelix
aromatic interactions.®%¢7"® They observed that pep-
tides in which Phe side chains were on the same
face of the helix showed both intrahelix and interhe-
lix aromatic interactions [Fig. 8(a)l.”® However, the
peptides in which Phe side chains were placed on
opposite faces of the helix resulted in only inter-
helix aromatic interactions. Their studies using pep-
tide models showed that “the energy landscape for a
pair of interacting phenyl rings consists of a broad,
relatively flat minimum, which appears to be some-
what rugged, with several local minima separated
by small energy barriers”.”® Supramolecular assem-
bly is also possible in peptide structures. One such

Aromatic Interactions in Protein Structures



(b)

x+1,y, 2-1

Figure 8. Aromatic interactions in peptide models. (a) A short helical synthetic peptide (Boc-Aib-Ala-Phe-Aib-Phe-Ala-Val-
Aib-OMe) displays strong inter-helix aromatic interactions in the crystal. Reprinted (adapted) with permission from Aravinda
et al., J Am Chem Soc, 2003, 125:5308-5315, © ACS Publications.”® (b) Designed p-hairpin Trpzip peptide with high thermo-
stability, due to the incorporation of two pairs of Trp-Trp interactions at the non-hydrogen bonding position. Figure rendered
from PDB ID 1LEO%® using MolMol.®"

example from the DeGrado group of a peptide dimer
of ayD%* has already been discussed earlier.

Since the first report of Trpzip B-hairpin pep-
tides, shown in Figure 8(b), by the Cochran group,®®
Trp-Trp pairs at the non-hydrogen bonding position
has proved to be excellent hairpin stabilizing ele-
ments.®® Numerous hairpin scaffolds incorporating
Trp-Trp, Trp-non-Trp and other aromatic pairs have

investigations using peptide models have led us to a
thorough understanding of aromatic-aromatic inter-
actions. Excellent reviews have been published
recently in this area.5®"5

Aromatic interactions have also proved as useful
structure stabilizing elements in protein engineer-
ing. The Kelly group has shown that the incorpora-
tion of a single cross-strand Trp-Trp pair at the non-

hydrogen bonding position in an autonomously
folded protein hPinl WW domain significantly
increased its thermodynamic stability.’® However,

since been designed by us,'®%%%39 and groups of
Andersen,®*8% Jimenez,5882849 Keiderling, 8879097
Kelly,®®% Waters™®®® and others. These extensive

H H F F H F
>
?& }H — >F E% }N
i
H=CE > < =
4| -7 Stacking
r
H F F F
?*@ %—F —C > F
Wi F + FiF
F_ i H H § H
o
F H H H /

Figure 9. Schematic representation of a,D, a de novo designed model system that forms a four helix bundle. This system has
been widely exploited to study aryl-perflouroaryl interaction as an attractive strategy in protein engineering. Reprinted (adapted)
with permission from Pace and Gao, Acc Chem Res, 2013, 46:907-915, © ACS Publications.'’
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{Z Aromatic Tetramer
(3BPM)

w1 &4

Aromatic Tetramer
(1AQ8)

Higher order aromatic cluster
(1XZW)

Figure 10. Higher order aromatic clusters in proteins.
Aromatic tetramer in linear arrangement can involve in 3
interactions (top left). An aromatic tetramer found in circular
symmetry can, however, establish a total of 6 interactions
(top right). Larger aromatic clusters can show preferred
occurrence in helical structures. Reprinted (adapted) with
permission from Lanzarotti et al., J Chem Inf Model, 2011
51:1623-1633, © ACS Publications.'®®

the protein lost its function due to restricted back-
bone motion caused by highly stabilizing Trp-Trp
interaction, suggesting that proteins have evolved to
balance stability against functional demands in vari-
ous cases.

In a designed three-stranded peptide PB-sheet
nucleated by PPro-Gly segment, Balaram and co-
workers incorporated B-phenylalanine at positions
facing each other.®® The structural fold of the pB-
sheet promoted the N-terminal and C-terminal B-
phenylalanines to participate in long-range aro-
matic-aromatic interactions. Such strategies incorpo-
rating backbone modified B- and y- aromatic amino
acid residues has gathered substantial interest in
the de novo design of proteolytically resistant bioac-
tive peptides and proteins. Aromatic residues fur-
ther stabilize such scaffolds through cross-strand
interactions.

Fluorination of aromatic amino acids is also now
widely exploited in protein engineering; excellent
work1%° 101 i1 this area has been reported
by the Gao group. In general terms, fluorination
increases the hydrophobicity of the molecule, thus
favoring a “hydrophobic effect” in protein folding
and stability. The Gellman group probed the effect of
substituting Phe-Phe interactions in a small protein
villin headpiece subdomain with perfluoro phenylal-
anine.'® They found that the substitution of aryl
side chains with fluoro-aryl side chains could result
in stabilizing the folded conformation of proteins;
however the effect cannot be generalized. Figure 9
illustrates one such successful example using asD.%*
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Tatko and Waters also reported that the halogen
substituent in aromatic amino acid side chains can
enhance edge-to-face aromatic interactions, resulting
in increased strand stability.”®

The incorporation of aromatic pairs is therefore
increasingly attracting attention in protein engineer-
ing and the design of peptide-based bio-nanomateri-
als (see next sections).

Prevalence of Higher Order Aromatic Clusters
The early survey of aromatic pairs in proteins by
Burley and Petsko revealed that “on an average 60%
of aromatic side chain in proteins are involved in
aromatic pairing and 80% of that forms a network of
three or more interacting aromatic side chains”.® A
more recent survey by Turjanski and co-workers
reported that almost half of the proteins crystallized
so far have higher order aromatic clusters (trimer,
tetramer, and even larger).!%® This survey also high-
lighted the preference of aromatic trimers to be in
helical structures and usually reside in the protein
interior, forming a part of the hydrophobic core.

Thus, apart from n-n dimer pairing, aromatic
residues also involve in forming extended =n-m net-
works. Such a network with larger aromatic clusters
is proposed to arise from pre-existing smaller clus-
ters, and can exist in various geometrical conforma-
tions. As shown in Figure 10, an aromatic tetramer
with chain-like conformation can form three aro-
matic interactions while, in another highly synergic
conformation, it can involve in a total of six aromatic
interactions.'%®

It is important to understand how aromatic
amino acids in a cluster coordinate among them-
selves as well as with the structural fold to achieve
a globally favorable conformation with preferred
modes of aromatic interactions. If this coordination
is erroneous, it is vital to deduce how it affects the
structural fold and stability of the molecule. We
have designed and studied several B-hairpin pep-
tides incorporating one or two aromatic pairs with
the combination of Phe, Trp, and Tyr residues. Our
investigation reveals the existence of an asymmetric
contribution of aromatic interactions.'®%? This asym-
metry stems from spatial positioning of aromatic
pairs in B-strands and side chain positioning of indi-
vidual aromatic residues in pairs plays a significant
role in the overall structural stability of a B-hairpin
scaffolds. Such asymmetry can exist in nature. Less
favorable aryl geometries can be supplemented with
additional neighboring interactions to offset their
destabilizing effect.

The observation of higher order aromatic clus-
ters even in folded protein conformations reveals its
natural self-associating property, and suggests that
the protein can adopt its structure to exploit the
maximum benefit from aromatic residues. In a very
recent survey of protein structures by Gray and
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Winkler, they revealed that a precise positioning of
Tyr and Trp side chain can protect proteins from oxi-
dative damage, through a ’hole hopping’ mecha-
nism.'°* They also found that one-third of all
proteins in the protein database have extended Tyr/
Trp chains even in proteins that do not perform
redox reactions. Thus, Gray and Winkler propose
that the property of redox-active Tyr/Trp to protect
from oxidative damage may be useful even for pro-
teins that are not directly involved in redox

reactions.'®*

Future Prospects

With our progress in understanding the cause of
several brain diseases including Alzheimer’s, it is
becoming apparent that aromatic residues do play a
role in biomolecular self-association. The Gazit
group was the first to report the self-assembly of
diphenylalanine, which can itself form well-ordered
structures.'%® Gazit suggested that “restricted geom-
etry and the attractive forces of aromatic moieties
provide order and directionality”.}%® As exceptions to
this generalization, there are studies which indicate
that aromatic interactions are dispensable for amy-
loidogenesis of some proteins, for example, the islet
amyloid polypeptide.'°41%” However, the presence of

Makwana and Mahalakshmi

aromatic amino acids in such sequences considerably
augments aggregation of the amyloid fibrils.%”

A recent computational analysis of all 8000 pos-
sible tripeptides by Uljin and co-workers was used
to identify aggregating prone sequences.'’® They
found out that all highly aggregating peptides
sequences contained a pair of aromatic residues, and
at least one phenylalanine. Furthermore, they found
that the order of arrangement of the aromatic resi-
dues also had an impact on the outcome, by influ-
encing the aggregation propensity and the rate of
amyloid formation. These findings can have high
biomedical significance, as it provides insight on
amyloidogenesis, and may find its use in identifying
aggregation-prone regions in proteins. Further stud-
ies in this direction can help us design small mole-
cule inhibitors for diseases caused by protein
aggregation. Attempts in this direction have yielded
promising results.10%-11!

A recent study by Pellach et al. reported the
ingenious design of peptides that form bioinspired
self-assembled nanostructures.!*? The design of such
decapeptides was based on architectures of phospho-
lipids with a hydrophilic head consisting of charged
residues and phosphoserine, and the hydrophobic
tail containing valine and phenylalanine residues.
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Aromatic residues were placed at both hydrogen and
non-hydrogen bonding positions of the pB-strands
(hydrophobic tail) resulting in inter- and intramolec-
ular aromatic interactions, respectively. The study
showed that such a design provided the driving force
for peptide self-assembly and stability. Similarly,
designed nanostructures can find diverse application
in nanotechnology and biomedical fields.

In another functional aspect using aromatic
interactions, Mahajan and Bhattacharjya reported a
de novo design of membrane active B-hairpin and «-
helical scaffolds stabilized by aromatic interac-
tions. 13114 Tryptophan and histidine residues were
also utilized to anchor the scaffold into lipid micelles
and bind heme. This study was the first report of
designed membrane active scaffolds that showed
porphyrin binding and performing peroxidase activ-
ity. Such strategies can be readily utilized to build
novel membrane active enzymes, bearing potential
application in electron transport and energy produc-
tion across the membranes. They can also be
extended to the design and development of peptide-
based enzyme mimetics, which can now be engi-
neered with increased catalytic efficiency to produce
novel drug libraries.

The self-associating property of aromatic resi-
dues is now believed to find extensive use in modern
nanostructures research and the generation of
robust hydrogels, catalytic antibodies, etc. (Fig. 11).
Through this review, we have discussed a few out-
standing examples wherein our understanding of
aromatic interactions has successfully been trans-
lated to biomaterial design and peptide engineering.
Our increasing realization of the benefits of aromatic
interactions can be exploited in bionanomaterials,
for modern tissue engineering and plastic surgery.''®
Examples of applications of aromatic interactions for
diverse processes are growing rapidly, and we sur-
mise that this can be used in the successful design
of several small molecule next generation drugs and
drug delivery cargoes.
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