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Halogenation, generally introduced on aromatic amino acids, is
becoming a key supramolecular tool in peptides. Herein, we
report the crystal structures and DFT study of two bis-
halogenated tyrosines showing the subtle relationship between
hydrogen and halogen bonds in promoting their supramolecular
self-assembly.

Contrary to popular belief, halogenated biomolecules are
quite common in Nature and function as fundamental
molecular units in many bio-processes." Specifically, bio-
halogenation consists of a complex set of reactions, catalyzed
by different enzymes such as haloperoxidases®> and halo-
genases,’ for the biosynthesis of metabolites and essential
products.”

The thyroid hormones T3 and T4, which are produced by
the thyroid gland® starting from tyrosine and iodine as pre-
cursors, are relevant examples of halogenated molecules hav-
ing a key role in organisms; they exert their function binding
to specific receptors by means of halogen bonds (XBs), ie.,
noncovalent interactions wherein halogen atoms act as elec-
trophilic species.®”

In other cases, halogenation is a post-translational modifi-
cation potentially harmful to organisms, often related to in-
flammatory responses.®® In this regard, halogenated tyro-
sines (Fig. 1) are typical biomarkers of the damage caused by
oxidative stress."”

Nowadays it is widely accepted that halogenation may ex-
ert an important role in enhancing the self-assembly of the
amyloid beta (AB) peptide, whose accumulation in the form
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of insoluble aggregates is a typical feature of Alzheimer's
disease.""

The AP N-term region is often implicated in amino acid
mutations and post-translational modifications, and the pres-
ence of a tyrosine residue in this fragment is a factor to be
taken into consideration.

Due to their peculiar structural features, amyloids are
flourishing as a matter of interest in the field of
nanomaterials'>™** In this context, in addition to systematic
amino acid sequence variation,'® also small point mutations
such as halogenation were investigated in amyloid derivatives
to tailor their supramolecular behavior.'®"® Here, halogen
atoms were introduced on aromatic residues (Phe or Tyr),
and all the modified sequences displayed a more pronounced
aggregation propensity compared to the unmodified
ones."”?° Notably, very recently the same effect was observed
also with halogenated aliphatic residues.**

The single crystal X-ray structure of these peptides re-
vealed that halogens displayed an active role in the enhanced
self-assembly, namely forming halogen bonds that amplify
the ordinary interaction pattern of these systems.>*

The presence of XBs is not uncommon in biological
systems.>*> However, in structures featuring high complex-
ity like peptides or proteins the role of hydrogen bonds (HBs)
is of primary importance. The similarity of XBs and HBs>®
makes their relationship nontrivial; indeed, according to the
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Fig. 1 Chemical structure of 3,5-dibromo-L-tyrosine (la) and
3,5-dichloro-L-tyrosine (1b).
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peculiarity of the studied biosystem this relationship can be
both competitive and synergistic.>”

In this view, considering the known potential of some ha-
logenated amino acids to form XBs and with the purpose of
assessing some of them as potential building blocks for su-
pramolecular design, herein we report a combined crystallo-
graphic and computational study on di-halogenated tyrosines
(Fig. 1), focusing our attention on the subtle relationship be-
tween HBs and XBs.

First, the ability of halogenated tyrosine-like small mole-
cules to form XBs was statistically evaluated by means of a fo-
cused survey in the Cambridge Structural Database (CSD).>®
Specifically, crystal structures endowed with a 3,5-dihalo phe-
nol group featuring a carbon atom in the 4-position were
considered (Fig. 2), in order to select scaffolds as close as
possible to the structure of tyrosine. As of 2021, in the CSD
there are 52 structures containing the 3,5-dibromo phenol
moiety and 29 containing the same chlorinated motif. A good
number of these structures display a close contact involving
the halogen atoms and nucleophilic atoms (C, N, P, O, S, Se,
F, Cl, Br, and I were considered), with geometrical features
typical of a halogen bond (Nu---X-C angle >150°).

In detail, among the 52 brominated structures, 29 (56%)
present halogen bonds, while considering the chlorinated
scaffold, only 9 crystal structures (31%) show this interaction.
Although 3,5-diiodo phenols are less abundant (22 struc-
tures), a relevant percentage of these structures (41%) dis-
plays XBs. These numbers, although relatively small for a rig-
orous statistical analysis, are consistent with the higher
propensity of iodine and bromine atoms to function as effi-
cient XB donors, due to their higher polarizability. Notably,
the percentage of XB-containing crystal structures for these
selected moieties is not irrelevant, especially considering the
strong competition of HBs, due to the presence of the -OH
group.

Given these results and considering the higher abundance
of chlorinated and brominated tyrosine-like units, we focused

X  Hits Nu--X—C angle > 150°
1 22 9
OH (41%)
X X
Br 52 29
(56%)
¢ cl 29 9
(31%)

Fig. 2 Statistics of the CSD survey regarding the occurrence of XBs in
scaffolds similar to 3,5-dihalo-tyrosines. The considered nucleophilic
speciesare C, N, P, O, S, Se, F, Cl, Br, and I.
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our attention on the structural characterization of zwitter-
ionic 3,5-dibromo-i-tyrosine (1a) and 3,5-dichloro-i-tyrosine
(1b) (Fig. 1) with the goal of obtaining a deep and generalized
understanding of the interaction pattern of these haloge-
nated residues. In addition, DFT calculations (see the ESI}
for details) have been also performed to rationalize from an
energetic point of view some of the assemblies observed in
the solid state of both compounds.

Compound 1a crystallized from water in the monoclinic
P2, space group, with a single amino acid residue and two
water molecules in the asymmetric unit. Both bromine atoms
in 1a are involved in halogen bonds (Fig. 3). Specifically, Br1
forms a short contact (3.197 A) with a water molecule. This
distance corresponds to a normalized contact (Nc¢) of 0.95,

175.58°;
0.95 |

160.82°

Fig. 3 Crystal structure of compound 1a, showing the halogen bonds
(in dashed light blue lines) involving the Br atoms of the tyrosine ring.
Angles and Nc are given. The hydrogen bonds (in dashed black lines)
stabilizing the T-shape arrangement of nearby amino acid units are
also represented. Color code: grey, carbon; red, oxygen; violet, nitro-
gen; bromine, orange; hydrogen, whitish.

This journal is © The Royal Society of Chemistry 2022
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i.e., 5% shorter than the sum of the van der Waals radii of
the involved atoms, and the linearity of the C-Br:--O angle
(160.82°) confirms that this is a typical o-hole interaction be-
tween the electropositive region of bromine and the electron
density of a nucleophile (oxygen). The second bromine atom
gives rise to halogen---n XBs, where the halogen c-hole lo-
cated on the elongation of the C-Br bond interacts with the
electron-rich © cloud of the phenol ring of a nearby amino
acid unit. In detail, Br2 interacts with two carbon atoms of
the aromatic moiety, with distances Br2---CD1 of 3.367 A (Nc
0.95) and Br2---CE1 of 3.298 A (Nc 0.93). The C-Br---C angles,
the most linear being 175.58°, support the nature of these in-
teractions as halogen bonds, in addition to the almost ideal
T-shape arrangement of the involved tyrosine rings (CG-
CD1---Br2 angle 97.01°). Of note, this orthogonal packing is
further stabilized by means of a strong hydrogen bond be-
tween the phenol hydroxyl group and the carboxylate of the
involved amino acid moieties. Hydrogen bonds between the
charged termini lead to infinite stacks of the tyrosine resi-
dues, growing along the same direction and interacting with
each other thanks to the same XBs described above. The im-
portance of the synergy between XBs and HBs in determining
the crystal packing emerges by comparing 1a with the crystal
structure of N-acetyl-3,5-dibromo-i-tyrosine, previously re-
ported.”® In the latter, the protection on the amino group
prevents the formation of the infinite stacks hence the
T-shape orientation of the rings, in favor of parallel layers
that are weakly stabilized by type I Br--*Br contacts and -7
interactions.

Compound 1b crystallized from water in an orthorhombic
unit cell (P2,2,2, space group), with a single amino acid resi-
due and one water molecule in the asymmetric unit. Differ-
ent from 1a, the supramolecular packing of this chlorinated
amino acid is heavily affected by a robust network of hydro-
gen bonds, which partially hides the role of chlorine atoms
(Fig. 4). Specifically, infinite chains of tyrosine units grow
along the ¢ axis by means of head-to-tail HBs, occurring be-
tween the -OH phenol group and the -OH carboxyl oxygen of
flanking amino acids. These infinite chains run parallel,
interacting with each other and resulting in a continuous
layer thanks to the contribution of both hydrogen and halo-
gen bonds. In detail, Cl1 weakly interacts with the electron
density of the tyrosine ring of a parallel chain (Cl1---Cé,
3.425 A, Nc 0.99; Cl1---C7 3.410 A, Nc 0.99). Of note, the C-
Cl---C angles are quite distorted - the closest to linearity is
143.15° - confirming that this force, although attractive, may
occur as a possible consequence of the crystal packing effect,
in addition to various electronic contributions including elec-
trostatics, dispersion and exchange repulsion.*® Indeed, the
occurrence of a strong HB involving the phenol -OH and the
ammonium group of the same units forming the Cl---n con-
tacts firmly fixes the orientation among the interacting rings,
hence determining the pronounced distortion of the XBs.
Moreover, Cl1 forms a HB with the same ammonium group
mentioned above, further hindering any possible alternative
arrangement of the Cl--x interaction (Fig. 4). As a confirma-
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Fig. 4 Crystal structure of compound 1b, showing the halogen---n XBs
(in dashed light blue lines) involving one of the Cl atoms of the
tyrosine ring. The hydrogen bonds (in dashed black lines) driving the
crystal packing are also represented. Color code: grey, carbon; red,
oxygen; violet, nitrogen; chlorine, green; hydrogen, whitish.

tion of the anisotropic distribution of the electron density as-
sociated with the chlorine atom, the C6-Cl1:--N1 angle is
103.54°.

The interaction pattern related to the second chlorine
atom consists of a strong, intramolecular HB with the phenol
OH group, in addition to a short, intermolecular CI---O con-
tact involving the C-terminus of a nearby amino acid
molecule.

The simulated powder pattern of 1b (Fig. S117) closely
matches with the experimental diffraction pattern of the bulk
commercial powders, suggesting i) the intrinsic crystallinity
of this compound before crystallization and ii) the un-
changed packing features after crystallization. Of note, in 1a
the simulated and experimental powder patterns present
some differences, indicating that after crystallization some
differences in the self-assembly occurred. Here, a possible
change of the hydration level can explain this variation.

The molecular electrostatic potential (MEP) - a real physi-
cal observable - calculated over the 0.001 au electron density
surface of 1a and 1b using their crystallographic coordinates,
reveals the presence of local regions of positive potentials, i.e.
c-holes, along the extension of the C-Br and C-Cl bonds
(Fig. 5). Specifically, in 1a the Vjmax on Brl is +12.5 kcal
mol™ and for Cl1 it is +21.3 keal mol™. This result is in ap-
parent contradiction with the expected trend for halogen
atoms since bromine is more polarizable than chlorine. Here

CrystEngComm, 2022, 24, 7255-7260 | 7257
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Fig. 5 Molecular electrostatic potential (MEP) surfaces calculated over
the 0.001 au electron density surface of 1a (a), 1a’ (b), 1b’ (c) and 1b
(d). On the left are reported molecules with the ammonium group in
anti. On the right are reported molecules with the ammonium group in
syn. See the ESIt for computational details. The scale used in the
encircled regions is -15 to +30 kcal mol™.

the reason is the different locations of the protonated amino
group in both structures. In fact, in 1a the ammonium group
is in anti with respect to the aromatic ring while in 1b the
carboxylate group is in anti (instead of the ammonium
group). Therefore, in 1a the carboxylate group donates charge
(through space) to the ring (see Fig. 5a), diminishing the
c-hole positive potential value. In contrast, in 1b the ammo-
nium group withdraws charge (through space) from the ring
(see Fig. 5d), thus increasing the positive charge at the
c-hole. To further support this explanation, we have also
computed the MEP of two hypothetical molecules 1a’ and
1b'. The former is a rotamer of 1a where the carboxylate
group is in anti with respect to the aromatic ring (see
Fig. 5b). Using this conformation the Vj n.x at the Brl o-hole
increases from +12.5 to +26.4 kcal mol™", which is more posi-
tive than the chlorine c-hole in 1b. Similarly, in 1b’ (a
rotamer of 1b) the ammonium group is in anti with respect
to the aromatic ring (see Fig. 5¢) and consequently, the Vg nax
at the chlorine c-hole decreases from +21.3 to +6.9 kcal
mol ™", which is less positive than the Br c-hole in 1a.

Taken together, these results confirm the higher ability of
bromine to participate in halogen bonding contacts. It
should also be emphasized that the MEP analysis shown in
Fig. 5 has been performed using the isolated molecules. In
the crystal, both the ammonium and carboxylate groups form
charge assisted HBs (CAHBs, see Fig. 3 and 4) with the adja-
cent molecules. Therefore, their huge influence on the elec-
trostatic potential associated with the o-hole depending on
their orientation (as shown in Fig. 5) is most likely to be
much smaller in the solid state.

Table 1 lists the MEP values at the halogen atoms, the
phenolic H-atom and the carboxylate and ammonium groups.
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Table 1 MEP values (V., kcal mol™) at several groups in compounds 1a
and 1b

Compound Vs (COO") Vs (NH3) Vs (X1 & X5) Vs (OH)
1a (X = Br) -69.0 89.1 12.5 & 8.5 37.7
1a’ (X = Br) -69.7 79.7 26.4 & 20.7 50.2
1b (X =Cl) —69.5 79.7 21.3 & 15.7 53.3
1b' (X = Cl) -69.0 89.1 6.9 & 4.6 38.3

As expected, the global minimum and maximum Vy values
are located at the carboxylate (-69.0 kcal mol™* for 1a and
-69.5 kecal mol™ for 1b) and ammonium (89.1 kcal mol ™ for
1a and 79.7 kecal mol ™ for 1b) groups, respectively. Therefore,
the MEP study anticipates that the most favored interaction
should be between the ammonium and carboxylate groups.

Remarkably, both compounds form 1D supramolecular
polymers that propagate via CAHBs (see Fig. 6) in the solid
state. For each compound, we have extracted a dimer from
this 1D assembly and computed the dimerization energy.
Moreover, we have also performed a combined QTAIM/
NCIplot analysis (see the ESIT for details) for each dimer. Both
computational tools combined are very useful to reveal
noncovalent forces in real space, as recently reported for other
c-hole interactions.*** The binding energy of the dimer of
1a is large (-30.4 kcal mol™) due to the strong electrostatic at-
traction between the ammonium and carboxylate groups, con-
firming the dominant role of the CAHBs. The HB is character-
ized by a bond critical point (CP, represented as a small red
sphere in Fig. 6), a bond path and a small and blue NCIplot
isosurface coincident with the location of the bond CP.

The QTAIM/NCIPlot analysis also reveals a weak interac-
tion (green isosurface) between the Br-atom and the

1b ¢

—22.6 kcal/mol

Fig. 6 (a) 1D supramolecular chain of compound 1a (distance in A).
Combined QTAIM/NClplot of a dimer extracted from this 1D chain.
Only intermolecular interactions are represented. (b) 1D
supramolecular chain of compound 1b (distance in A). Combined
QTAIM/NClplot of a dimer extracted from this 1D chain. Only
intermolecular interactions are represented.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Combined QTAIM/NClplot of an assembly extracted from the
solid state of compound 1a. Only intermolecular interactions are
represented.

n-system, characterized by a bond CP and a bond path
connecting the Br-atom to one C-atom of the aromatic ring.
In 1b, the CAHB is also very strong, —22.6 kcal mol ™, also re-
vealing its dominant role in the X-ray packing of 1b. The di-
merization energy of 1b is smaller (in absolute value) than
that of 1a, although the NH--O HB distance is slightly
shorter, likely due to the absence of any secondary interac-
tion in the dimer of 1b.

Finally, for compound 1a we have also studied the interac-
tions represented in Fig. 3 (top) theoretically with the pur-
pose of evaluating the strength of hydrogen and halogen
bonding interactions. The QTAIM/NCIplot and energetic anal-
yses are gathered in Fig. 7. The energies represented in black
were calculated using the supramolecular approach by con-
sidering the corresponding dimers. The energies of the HBs
were also calculated using the expression proposed by
Espinosa et al.*® (E = 1/2 x V;), where V; is the energy density
value measured at the bond CP that characterizes the HB
(values in red). The strength of the Br---O halogen bond with
the water molecule is modest (-1.2 kecal mol™) in line with
the long distance and modest c-hole value (8.5 kcal mol™,
see Table 1). The OH---O(water) HB is stronger (-3.7 kcal
mol™") than the halogen bond in agreement with the larger
MEP value observed for the phenolic proton (37.7 keal mol™,
see Table 1). Remarkably, the HB energy derived from the
QTAIM parameter is almost identical (-3.8 keal mol™), giving
reliability to the V, energy predictor. The interaction energy
of the OH---O(carboxylate) HB is stronger (-5.7 kcal mol™)
than that of the OH'--O(water) because of the anionic nature
of the electron donor. Finally, the Br---n halogen bond has
been estimated by difference (value in blue in Fig. 7). That is,
we have taken the interaction energy derived from the calcu-
lation of a dimer of 1a (-8.7 kcal mol™) that accounts for

This journal is © The Royal Society of Chemistry 2022
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both the HB and Br---n contacts and subtracted the energy of
the OH---O(carboxylate) HB derived from the QTAIM energy
predictor (-5.7 kcal mol™). By doing so, the estimated energy
of the Br---n halogen bond is —3.0 kecal mol™*, which is stron-
ger than that of the Br---OH, halogen bond and confirms the
relevant role of this interaction in the solid state of 1a.

All contacts are characterized by the corresponding bond
CPs, bond paths and NCIplot isosurfaces. It is worth
commenting that the Br---n is characterized by a green iso-
surface that embraces the whole n-system of 3,5-dibromo-ty-
rosine, thus confirming the participation of most of the
n-cloud of the arene as an electron donor.

In conclusion we reported a complete structural descrip-
tion of two 3,5-dihalogenated derivatives (dibromo and
dichloro) of tyrosine by single crystal X-ray diffraction. Al-
though the two amino acids differ only in the nature of the
halogen atoms bound to the aromatic system, significant
structural differences have been identified in their solid-state
self-assembly. In detail, in 3,5-dibromo tyrosine (1a) both hal-
ogen atoms engage in XBs, and the resulting interaction pat-
tern is the result of a harmonic balance with HBs. In
3,5-dichloro tyrosine (1b), hydrogen bonds dominate the self-
assembly, and chlorine-based XBs represent a limited contri-
bution to the stability of the resulting supramolecular archi-
tecture. DFT calculations along with QTAIM/NCIPlot analysis
have been used to estimate the strength of each interaction
and evaluate the relative importance of each contact. Charge
assisted HBs are the strongest interactions, propagating the
monomers into 1D polymers. Other interactions like OH:-O,
Br--:O and Br---m are also relevant players governing the
solid-state architecture of 1a. Overall these results highlight
that halogenated tyrosines can be considered as noticeable
building blocks in the ever-expanding tools available for su-
pramolecular chemists. Specifically, these systems offer the
uncommon possibility to include in the same scaffold func-
tionalities that could give rise to a complete set of
noncovalent forces such as halogen bonds, hydrogen bonds
and -7 interactions. Moreover, given the putative role of ha-
logenated tyrosines in the triggering of a crucial biological
process such as amyloidosis, we feel that a full elucidation of
their peculiar interaction pattern, decontextualized from any
specific protein environment, can be a general and useful in-
sight for researchers involved in the enlightenment of certain
molecular mechanisms.
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