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Abstract Conformational analysis of tyrosine (YN) and

its ionized counter parts cations (YC), anions (YA) and

biologically relevant zwitterionic form (YZ) has been

carried out. An exhaustive and systematic exploration of

L-tyrosine dimer (YD) conformations resulted in about 59

distinct minima on the potential energy surface. The

hydrogen bonds and a variety of non-covalent interactions

such as OH–p, NH–p, CH–p, CH–O and p–p interactions

stabilized the different forms of tyrosine and its dimers.

Atoms in molecules analysis was performed to evaluate the

nature and strength of the non-covalent interactions. Over

all the NH–O, hydrogen bonds have showed higher sta-

bility than other non-covalent interactions in this study.

The most stable dimers predominantly possess hydrogen

bonding interactions, while the ones with aromatic side

chain interactions are less stable. A delicate balance of

non-covalent interactions governed the stability of different

forms of tyrosine and its dimers.

Keywords Aromatic amino acids � DFT � AIM analysis �
Zwitterion � Ionized counter parts � Non-covalent

interactions

1 Introduction

Twenty naturally occurring L-amino acids are building

blocks of the proteins, and they are distinguished by their

different side chain structures and chemical compositions.

They contribute to the specificity of molecular recognition

secondary structure and hydrophobic core formation in

protein folding. Tyrosine (YN) is a non-essential, polar

aromatic amino acid. The body converts phenylalanine in

to YN by the metabolism of phenylalanine hydroxylase

enzyme, which is extremely important as a precursor for

catecholamines such as dopamine, norepinephrine and

epinephrine neurotransmitters [1]. Tyrosine also helps in

melanin (the pigment responsible for hair and skin color)

production and in the function of organs, which are

responsible for making and regulating hormones, including

adrenal, thyroid and pituitary glands. Tyrosine deficiency

results in partial or complete albinism, hypothyroidism and

low blood pressure [2]. Understanding the structural pref-

erence and stability of tyrosine and its ionized counterparts

anions, cations and zwitterions is of outstanding impor-

tance in its own right.

Around two decades ago, Levy’s group reported the first

gas-phase electronic spectra of phenylalanine and tyrosine

in a supersonic jet-using laser induced fluorescence spec-

troscopy and proposed ten unique conformers and named

conformers from A to J [3]. Toennies and coworkers pro-

posed only four peaks in their He droplets experiment [4].

Li et al. [5] found only E, I and J, and given in the spacing

E, H, I and J could be a repeat of A, B, C and D with an

energy difference of 123 cm-1. Levy et al. interpreted the

above pattern as arising from OH group splitting [3]. The

laser desorption resonant two photon ionization (LD-R2PI)

spectrum of tyrosine agreed quite well with Levy’s work

by means of a hole-burning experiment [6]. Finally, Cohen
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et al. [7] assigned the origins for A, C, D, D8, F and G to

the conformers in which the ring and chain are gauche to

each other and that for B, B8, E and E8 to anti conformers.

The NH4
?and NMe4

?ions have shown NH–p and CH–p
interactions with the aromatic motifs, herein the interaction

energies of NH–p and CH–p complexes are higher than

hydrogen bonding interactions; thus, the orientation of

aromatic side chains in protein is effected in the presence

of cations [8, 9]. The conformational analysis of a gaseous

YN molecule has been carried out by Lin et al. using

density functional theory (DFT) calculations, who found

the involvement of hydrogen bonding between the car-

boxylic and amino groups and interaction between the

amino group and p-electrons of the phenol ring [10–12].

Qualitative effect of non-bonded interactions and how the

non-bonded interactions mutually influence each other are

topic of great contemporary interest.

Experimental techniques such as mass and laser spec-

troscopy were of high utility to study the charged aromatic

amino acids. Based on the infrared spectra and DFT cal-

culations, Stearns et al. [13] reported four conformations of

protonated tyrosine (YC) in their experiment, all of which

are stabilized by hydrogen bonding between the charged

NH3
? group and the aromatic ring and carbonyl oxygen.

Boyarkin et al. [14] compared the temperature-dependent

photo fragmentation spectra of protonated tryptophan

(TrpH?) and YC. In comparison with TrpH?, the elec-

tronic excited state of YC was found to be substantially

stable. Similar observations have been made in a pump–

probe photo fragment study performed by Kang et al. [15],

and they described the difference in the decay time scales

of two protonated amino acids as the difference in the

coupling strength between p–p* and p-r* states. The high-

level ab initio coupled-cluster calculations explained the

longer excited state lifetime of tyrosine by the larger gap

between the locally excited p–p* and the dissociative p-r*

states [16]. Many possible protonation sites exist for amino

acids and this is a topic of interest to experimentalists and

theoreticians [17]. High intrinsic hydrophilicity, charge-

dipole, dipole–dipole interactions among water molecules

and the lack of alternative fully exposed hydration sites are

reported to be responsible for the high water affinity of

carboxyl group than ammonium group [18].

While the studies on the negatively charged tyrosine or

aromatic amino acids in general are scarce as the C-ter-

minus has been assumed the site of deprotonation for all

amino acids, recently deviations have been reported for the

conjugated bases of cystine and tyrosine [19–21]. Calcu-

lations of de protonated cystine (CysH-) and tyrosine (YA)

showed that deprotonation occurs at the side chain rather

than at C-terminus [22], and it was supported by the gas-

phase acidities by H/D exchange experiments [23]. Gas-

phase IR spectroscopy and DFT studies of amino acids

(Asp, Cys, Phe, Ser, Trp and YN) suggest that all gas-phase

amino acids adopt a carboxylate structure upon deproto-

nation [24].

The neutral-to-zwitterions transition of amino acids is a

prime example of biological phenomena triggered by the

presence of water. The existence of zwitterionic moieties

of amino acids is very uncommon without presence of any

intermolecular interactions, explicitly from water mole-

cule, or any other polar ligands such as fluorine, alkali and

alkaline earth metal cations [25]. Zwitterionic forms may

be stabilized by the addition of a proton, an electron, a

metal cation, or a metal dication or by microsolvation [26].

There is no consensus among the theoretical studies of

micro-hydrated amino acids concerning the amount of

water required to stabilize the zwitterionic form it ranges

from two to four H2O molecules [27]. Recently in litera-

ture, the formation of an autozwitterion by intramolecular

proton transfer between nearby residues in a neutral and

isolated peptide has been reported [28]. Solvation seems to

play a very significant role in altering the strength of non-

bonded interactions substantially [27].

Understanding the interactions between amino acid side

chains is of outstanding importance, as they play an

important role, in protein folding and their stability. The

extensive studies on the model systems such as benzene,

phenol and toluene were carried out in last few decades to

characterize the aromatic–aromatic interactions in the

proteins [29]. Extensive ab initio studies show how the

benzene dimers could adopt hypothetically similar geo-

metrical rearrangements to those shown by aromatic side

chains [30]. These studies indicate that T-shaped and

parallel displaced structures are almost isoenergetic using

high-level quantum chemical methods, whereas the par-

allel stacked conformation is higher in energy [31–33].

High-level ab initio calculations reveal the presence of a

minimum energy structure for the phenol dimer in which

the arrangement of molecules is perpendicular, but with

one molecule donating an OH–O bond rather than an OH–

p bond [34]. Sagarik and Asawakun [35] also predicted

this structure using a potential-based test particle model

[36], and it is in good agreement with experimental results

[37]. As in toluene, stacked dimers of phenol are found to

be more favorable than those of benzene [38]. Molecular

dynamics simulations on tyrosine have found that the

structure is largely perpendicular but that molecules stack

over the OH group [39]. Experimental work has been

performed to determine the distribution of tyrosine resi-

dues in proteins there studies revealed that while stacked

residues were preferred at short separations, as the inter-

residue distances increased a T-shaped arrangement

became more favorable [40]. The ab initio dimerization

energy landscapes of aromatic amino acids and proline

side chains in proteins are fairly well reproduced by
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empirical force fields and that the interaction between

cyclic side chains contribute to the geometric distributions

observed in protein structures [41]. Non-covalent interac-

tions, such as cation–p, stacking and hydrogen bonding,

are key to supramolecular aggregation, and computational

studies provide valuable insights in this direction [42–47].

The cation–p interactions have emerged recently as an

important member of the non-covalent forces involved

in the structural and functional properties of proteins

[48–55].

To our knowledge, a systematic conformational analysis

of tyrosine dimers and monomers has not yet been repor-

ted. There are many questions to be answered such as

(a) What are the conformational preferences and stabilizing

factors of the tyrosine and its ionized counter parts?

(b) What is the role of non-covalent interactions in the

stability of this biologically important amino acid?

(c) Which factors are influencing dimeric formation of

tyrosine? (d) How are the energetics of tyrosine influenced

by various method and basis sets applied? This study seems

to address the above questions by a systematic analysis of

L-tyrosine dimers, neutral monomers, cations, anions and

zwitterions at M05-2X and B3LYP levels of theory with

using 6-31G(d) and cc-pVTZ basis sets. It is of funda-

mental interest to study the dimeric forms of amino acids in

general and aromatic amino acids in particular to assess the

possible conformations and their stability [56]. Dispersion

corrections have also been carried out at B3LYP level of

theory using cc-pVTZ basis set. Atoms in molecules (AIM)

analysis carried out to analyze the capability and strength

of the non-bonded interactions.

2 Computational details

The conformational space of L-tyrosine monomer (YN) has

been explored through a systematic variation of five dihe-

dral angles (Scheme 1); the fifth dihedral angle E was kept

constant as 90�. A series of trial structures were generated

by allowing possible combinations of internal single-bond

rotamers. Initially, the optimization of 235 trial confor-

mations at B3LYP/6-31G(d) level resulted in 38 stationary

points and frequency calculations at B3LYP/6-31G(d) level

characterized the unique 38 conformers as minima on the

potential energy surface (PES). These 38 unique con-

formers of neutral tyrosine were further used to generate

the cations (YC), anions (YA) and zwitterions (YZ) of

tyrosine by adding and removing hydrogens. Initial opti-

mizations of YA, YC and YZ trial conformers at B3LYP/

6-31G(d) level of theory eventually resulted 12, 14 and 9

unique conformations on PES of YA, YC and YZ,

respectively. Further frequency calculations at same level

of theory characterized these conformations as minima on

the PES. We have validated the conformational space of all

the monomers by using highly sophisticated methods Conf.

Gen module of Schrodinger and Discovery Studio. The

initial optimizations of trial conformers generated by these

modules have been carried out at B3LYP/6-31G(d) level of

theory. The resulting conformers are similar and collapsed

to the existing conformers. All the monomers subjected to

further optimization at M05-2X/6-31G(d) and M05-2X/cc-

pVTZ level of theories. In order to see the effect of aug-

mented basis sets on anions and zwitterions, we have

performed single point calculations at M05-2X/aug-cc-

pVTZ//M05-2X/6-31G(d) level of theory. The zwitterionic

conformations of YZ could not be obtained in the gas

phase; however, they could be located only in the solvent

phase, and we have been used polarizable continuum

model (PCM) [57] calculations to locate the zwitterions.

All possible conformations of D-tyrosine have also been

explored at B3LYP/6-31G(d) level of theory in the current

study (optimized geometries provided in the supporting

information).

The conformational space of dimers has been explored

by considering the relative orientation of two aromatic

moieties such as parallel displaced, T-shape and stacked

orientations and the possible hydrogen bonding interactions

between COOH and NH2 groups and also other non-

covalent interactions between aromatic rings and COOH,

Scheme 1 The systems considered in this study and representation of

dihedral angles, which are considered for the generation of tyrosine

conformations
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NH2 groups such as OH–p, NH–p and p–p interactions.

We have validated the conformational space of phenylal-

anine dimers by generating the conformations using Conf.

Gen module of Schrodinger and Discovery Studio mod-

ules. Initially, the geometry optimization for trial confor-

mations of YD was performed at M05-2X/6-31G(d) level

of theory, which resulted in the identification of 59 unique

conformers that were further characterized as minima on

the potential energy surface (PES) of YD. Further single

point calculations were performed at M05-2X/cc-pVTZ,

MP2/6-31G(d) and Grimme empirical model in combina-

tion with the B3LYP hybrid method B3LYP-D/cc-pVTZ

level of theory to added issue of dispersion corrections on

M05-2X/6-31G(d) geometries [58, 59]. The computed

interaction energies have been corrected for basis set super

position error (BSSE) by using Boys–Bernardi counter-

poise correction [60]. The interaction energy of YD was

evaluated as the difference between the energy of complex

(ED) and monomer (EM). We have also calculated the

interaction energy as the difference between complex and

individual monomers of respective complexes. The EM1

and EM2 are the energies of individual monomers of the

respected complex YD at M05-2X/6-31G(d) level of theory

in the gas phase, herein we have considered the fixed

geometries of monomers in the respective dimers, and the

single point calculations have been performed on those

geometries at M05-2X/6-31G(d) level of theory. Those

single point energies are considered as EM1 and EM2

energies. The following equations IE1 and IE2 are used to

calculate interaction energy. The reorganizational energy

(RE) of YD was calculated as the difference between the

interaction energies IE1 and IE2 as given in the following

equation.

IE1 ¼ ED � 2� EMð Þ ð1Þ
IE2 ¼ ED � EM1 þ EM2ð Þ ð2Þ
RE ¼ IE1� IE2 ð3Þ

The Bader’s AIM analysis was carried out to analyze the

non-covalent interactions in monomers and dimers. The

nature of bonding can be characterized by examining

the value of electron density (q) and sign of Laplacian of

electron density (r2q) at the bond critical point (BCP) and

ring critical point (RCP). The bond critical points are

characterized by a rank of 3 and signature of -1. This

means that the electron density at this point has a minimal

value in two orthogonal directions. The RCP (3, ?1) is the

eigenvectors associated with the two positive eigenvalues

of the Hessian matrix of p at this critical point generated an

infinite set of gradient paths. AIM analysis was carried out

using the AIM 2000 program [61]. In this study, all

calculations were performed using Gaussian 03 version E

suite of program [62].

3 Results and discussion

3.1 Neutral tyrosine (YN)

The initial geometry optimization of 235 trial conformers

was subjected at B3LYP/6-31G(d) level followed by fre-

quency calculations. Many of the putative conformers

collapsed to already existing ones resulting in the identi-

fication of 38 distinct stationary points characterized as

minima on the potential energy surface of neutral mono-

mer (Fig. 1). Figure 2 shows the variation of relative

energies of YN at various levels of theory. Y1 and Y38

are identified as the most and least stable conformations

in this study. At M05-2X level, the relative energy pre-

dicted using the cc-pVTZ basis set is slightly lower

(0.26–1.16 kcal/mol) when compared with those predicted

using the 6-31G(d), though in both the cases, the trends in

the relative energy ordering remain virtually similar. The

above analysis reveals that the energetics of the neutral

conformations is not sensitive to the quality of the basis

set employed. The relative energy of various conforma-

tions of neutral tyrosine at different levels of theory

is given in the supporting information (SI) Table S7.

Figure 1 shows the principal geometrical parameters and

electron density (q) values at bond critical points (BCP)

characterized by AIM analysis of various conformations of

tyrosine at M05-2X/cc-pVTZ level of theory. Expectedly,

the intra molecular interactions such as hydrogen bonding

(HB), NH–p and OH–p interactions play an important role

in stabilization of YN. The presence of two hydrogen bond

donors (COOH and NH2) and three hydrogen bond

acceptors (C=O, COOH and NH2) in YN allows for a wide

range of hydrogen bonding combinations and conse-

quently a large number of stable conformers. Herein,

OH–N (Y1, Y2, Y3 and Y4), NH–O (Y5 and Y6), NH–

OH (Y7 and Y8) and OH–O (Y8, Y9, Y14 and Y15) type

of hydrogen bonds stabilize the YN conformations. The

most stable conformations Y1 and Y2 are stabilized by the

presence of a strong hydrogen bond between the hydroxyl

group of COOH (proton donor) and the amino group

(proton acceptor). In addition to these interactions, these

conformations also exhibit NH–p and a weak non-bonded

interaction between the aromatic C–H and COOH group

CH–O interactions. The next most stable conformations

Y3 and Y4 exhibit hydrogen bonding between COOH,

NH2 groups and NH–p interactions, and the weak non-

bonded interaction CH–O is lacking in these conforma-

tions. The conformers Y5–Y8 exhibit bifurcated hydrogen

bonds between NH2 and COOH group, these conformers

differed only in the type of hydrogen bonding (NH–O)

with most stable conformers (OH–N) this indicates that

nitrogen is a good hydrogen bond acceptor than oxygen.

Herein, Y5–Y6 and Y7–Y8 conformers are differed only
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Fig. 1 The principal geometrical parameters (in Å), electron density rho (q in a.u. bold) at bond critical points in the case of specified geometries

characterized by AIM analysis and relative energy (in kcal/mol) of various conformations of YN at M05-2X/cc-pVTZ level of theory
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from the orientation of carboxylic group interaction with

amino group; this shows the relative weakness of the

interaction between the amino group and hydroxyl rather

than the carbonyl oxygen atom. In the cut off range of

2.80 Å to near-atom interactions, all conformations except

Y33 and Y34 showed intra molecular hydrogen bonds,

between COOH and NH2 groups (Fig. 1). Due to the OH

group on aromatic ring, tyrosine conformations appeared

in pairs. However, the OH group is not responsible for any

intramolecular interactions; it splits the conformations in

to pairs due to its two possible orientations. Herein, out of

38 conformers, 26 conformations are paired up to 13 pairs;

all these conformations differ only in the orientation of

OH group with virtually similar energy. Baders AIM

analysis has been performed to see the strength and sta-

bility of various non-covalent interactions in YN. This

analysis gave BCP and ring critical points (RCP) at OH–N,

CH–O and CH–OH hydrogen bonds. However, no BCP

and RCP were found for the H-bonds of NH–O, NH–OH

or OH–O, this indicates that the type of interactions is not

true HBs according to the AIM theory. The criteria for

q and r2q proposed at BCPs for the conventional

H-bonds. Both parameters for closed-shell interactions as

H-bond fall within the following ranges: 0.002–0.035 a.u.

for the electron density and 0.024–0.139 a.u. for its

Laplacian [63]. For most of the hydrogen bonds appeared

in this study, q and r2q values fall in the relative pro-

posed ranges (0.0045 to 0.0394 a.u.). The rho values at

BCPs have been reported in Fig. 1 shows that the higher

values at OH–N hydrogen bond BCPs compare to other

BCPs; this indicates that OH–N HBs are stronger than

other non-covalent interactions appeared in this study. The

above analysis reveals that a critical balance of non-

covalent interactions modulates the stability of tyrosine

conformations.

3.2 Tyrosine cation (YC)

The cations for tyrosine were generated by protonating

the amino group in the neutral conformer. Thus, thirty-

eight cationic conformations were initially considered and

subjected to geometry optimization in the gas phase at

B3LYP/6-31G(d) level. Only fourteen distinct conform-

ers, frequency calculations at B3LYP/6-31G(d) level of

theory characterized all conformers as minima, were

obtained as many of the reputed conformers converged to

the same local minima. The presence of non-bonded

interactions in the conformers was analyzed by perform-

ing AIM analysis. Figure 3 depicts the principal geo-

metrical parameters, electron density (q) at bond critical

points characterized by AIM analysis and relative energy

of various conformations of YC at M05-2X/cc-pVTZ

level of theory. The conformers YC1 and YC2 are iso-

energetic, and most of the conformations have been found

to be 4–20 kcal/mol higher in energy compared to most

stable conformer. At M05-2X level of theory, the relative

energy predicted using the cc-pVTZ basis set is slightly

lower, when compared with those predicted using the

6-31G(d) basis set; however, in both the cases, the trends

in the relative energy ordering remain virtually similar

(Table S8 in SI). The critical observation of YC con-

formers shows that the intramolecular interactions such as

hydrogen bonding, NH3
?–p and CH–O interactions are

stabilizing the tyrosine cations. Herein, NH–O and

NH–OH hydrogen bonds were appeared. There is no

conformer, which has OH–N/O type of hydrogen bonds.

The most stable conformers, YC1 have strong NH–O

hydrogen bond, NH3
?–p interactions, YC2 have addi-

tionally CH–OH interaction, and these conformations are

differed in the orientation of COOH and NH2 groups. The

participation of the carbonyl or hydroxyl oxygen as pro-

ton acceptor in hydrogen bonding also determines the

stability. The conformers YC1 and YC2, where the car-

bonyl oxygen acts as the proton acceptor, are more stable

than those YC3 and YC4 where hydroxyl oxygen acts as

the proton acceptor. The appropriate orientation of the

COOH group is also another factor; the conformers

YC1–YC6 have cis COOH group and have more stability,

than the conformers YC8–YC13 that have trans COOH

group. A cursory look at all conformers of YC indicates

that like YN, due to the orientation of OH group on

aromatic ring, YC conformers also resembled in pairs. In

this study, YC3–YC5, YC4–YC6, YC10–YC12, YC11–

YC13 and YC14–YC15 conformers were paired up.

These conformers are differing only in the orientation of
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Fig. 2 The relative energy (DE in kcal/mol) of various conformations

of YN with respect to Y1 at different levels of theory
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aromatic OH group. Compare to YN, the YC conformers

are clustered in the more energy difference. Herein, strong

NH3
?–p interactions are present that were absent in the

case of YN. YC1 have strong NH–O hydrogen bond,

NH3
?–p interactions. To analyze the non-covalent inter-

actions in YC, we have been performed AIM analysis at

B3LYP/6-31G(d) level of theory. The AIM analysis

showed BCPs and RCPs at hydrogen bonds, NH3
?–p and

CH–O interactions. The (q) values are reported in Fig. 3

at particular BCPs. For most of the hydrogen bonds

appeared in this study, the q values clustered in the range

of (0.016–0.041 a.u.). The above analysis reveals that a

susceptible balance of the non-covalent interactions

administers the stability of tyrosine cations.

3.3 Tyrosine anion (YA)

The anions (YA) were generated by deprotonating the

carboxyl group in the neutral conformers. Initially, the

search for anionic conformers started with 38 putative

structures that were subjected to geometry optimization

and frequency calculation at the B3LYP/6-31G(d) level.

This led to the identification of twelve unique conformers;

the relative energies and principal geometrical parameters

are presented in Fig. 4. The twelve stationary points

obtained were characterized as minima on the potential

energy surface. Herein, all the anionic conformations

were clustered in below *5.00 kcal/mol. The B3LYP/

6-31G(d) predicts eight out of 12 conformers are in the

Fig. 3 The principal geometrical parameters (in Å), electron density rho (q in a.u. bold) at bond critical points characterized by AIM analysis

and relative energy (in kcal/mol) of various conformations of YC at M05-2X/cc-pVTZ level of theory

Fig. 4 The principal geometrical parameters (in Å), electron density rho (q in a.u. bold) at bond critical points characterized by AIM analysis

and relative energy (in kcal/mol) of various conformations of YA at M05-2X/cc-pVTZ level of theory

Theor Chem Acc (2012) 131:1093 Page 7 of 14
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range of 2.00 kcal/mol energy difference. Unlike cations,

anions have clustered in less energy gap. A cursory look at

all anions indicates that NH–O hydrogen bonds, NH–p and

CH–O interactions are stabilizing tyrosine anions. Herein,

we can observe one interaction between aromatic CH and

nitrogen atom CH–N which is lacking in neutral and cat-

ionic conformations of tyrosine. The most stable con-

formers YA1 and YA2 are isoenergetic, and YA1 and

YA12 are appeared as most and least stable conformations

at all the levels of theories considered in this study. The

most stable conformers stabilized by NH–O hydrogen

bond, NH–p and CH–O interactions, remaining lower

energy conformers are lacking some of the above interac-

tions. A factor that is contributed to the stability is the

conformers that have CH–O interactions (YA1 and YA2)

are more stable than the conformers (YA4, YA7 and YA9)

that have CH–N interactions. Anionic conformers also

exhibited geometrical pairs as neutral and cationic con-

formers. All conformers paired up to six pairs, namely

YA1–YA2, YA3–YA6, YA4–YA7, YA5–YA8, YA9–

YA11 and YA10–YA12. These conformers differ only in

the orientation of the aromatic OH group. AIM analysis has

been carried out to characterize the non-covalent interac-

tions NH–O hydrogen bonds, NH–p and CH–O interac-

tions. Figure 4 depicts the q values at bond critical points

of anionic conformers. For most of the conformers,

q values are clustered in the range of 0.0321–0.0159.

3.4 Tyrosine zwitterions (YZ)

Zwitterion constitutes the most important form in which

amino acids exist in the nature. Amino acid exists in the

neutral, non-zwitterionic form in the gas phase, while in the

solvent phase, they generally exist as zwitterions. How-

ever, reports do indicate the presence of zwitterions of

basic amino acids like arginine and histidine even in the

gas phase [26, 64–66]. Hence, the search for the zwitter-

ionic form of tyrosine was carried out both in the gas and

solvent phase at B3LYP/6-31G(d) level of theory. All our

attempts to locate the zwitterions of tyrosine in the gas

phase were futile and resulted in the generation of YN due

to the migration of proton from the ammonium ion to the

carboxylate anion. In solvent phase, however, nine con-

formers of YZ could be located which were all character-

ized as minima on the potential energy surface. Relative

energies and principal geometrical parameters of various

conformations of YZ have been reported in Fig. 5. The

conformers YZ1–YZ4 were isoenergetic and put down to

below 1 kcal/mol. Unlike other monomers, zwitterions are

clustered in less energy gap; this shows the flat nature of

zwitterionic conformations on PES. A cursory look at

Fig. 5 indicates YZ conformers stabilizing by intramolec-

ular hydrogen bonding between COOH, NH3
? groups,

NH3
?–p and CH–O interactions. The most stable con-

former YZ1 is stabilized by NH–O hydrogen bonding,

Fig. 5 The principal geometrical parameters (in Å), electron density rho (q in a.u. bold) at bond critical points and relative energy (in kcal/mol)

of various conformations of YZ (in solvent phase) at M05-2X/cc-pVTZ level of theory
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NH3
?–p and CH–O interactions. The conformers YZ2 and

YZ4 have only NH–O hydrogen bonding and NH3
?–p

interactions, and these indicate that weaker interaction

CH–O is also responsible for the stabilization of YZ con-

formers. Another factor, which is responsible for stability,

is NH3
?–p interaction, the conformers (YZ1–YZ4) that

have NH3
?–p interactions are more stable than the con-

formers (YZ5, YZ6, YZ9 and YZ10) is where the inter-

actions are lacking. Similar to other monomers, all tyrosine

zwitterionic conformations also paired up to four pairs

because of the two different orientations of aromatic OH

groups. The delicate balance of intra molecular interactions

is responsible for the stability of tyrosine zwitterions. In

order to see the effect of solvation on YC and YA, PCM

calculations were performed on the three most stable

conformers. Solvation brings drastic variation on geome-

tries and relative energies compare to gas-phase geome-

tries. The AIM analysis was carried out to characterize the

non-covalent interactions, and this analysis showed BCPs

and RCPs at all intramolecular interactions, which were

presented in this study. Figure 5 depicts the BCPs of cat-

ionic conformations. The q values are in the range of

0.0074–0.0442 a.u.

3.5 Tyrosine dimer (YD)

The initial conformational space consisted of 74 con-

formers that were optimized at M05-2X/6-31G(d) level.

The initial search resulted in the identification of 67 dis-

tinct stationary points. Frequency calculations character-

ized 59 conformers as minima, seven as transition states

and one as higher order saddle points on the potential

energy surface. Further single point calculations on these

59 conformers were performed at M05-2X/cc-pVTZ//M05-

2X/6-31G(d) level of theory. Table 1 shows the relative

energies along with the interaction and reorganization

energies at M05-2X level of theory with 6-31G(d) and

cc-pVTZ basis sets along with various non-covalent

interactions presented in each conformer. Most of the

conformers were clustered in the range of 20.00 kcal/mol

in both the levels of theory considered in this study. The

YD1 and YD59 were identified as the most and least stable

conformers at both the levels of theory considered in this

study. The relative energies are virtually similar and fol-

lowed same trend in both the levels. The interaction energy

can be calculated with respect to the energy of the most

stable monomer (IE1) or with respect to the energy of the

monomers as present in the dimer conformation (IE2). As

expected, IE2 calculated for any conformer is higher than

the corresponding IE1. In Table 1, column D shows

the IE1, and column E shows the IE2 at M05-2X/

6-31G(d) level of theory. If IE1 is considered, then the

conformations YD53–YD59 exhibit repulsive interaction

energies, whereas no such repulsive interaction was

observed in IE2. The difference between the two interac-

tion energies will reflect the change that takes place in the

monomer conformation with respect to the most stable

conformer during the formation of dimer. Thus, reorgani-

zation energy (column E) can vary from 1–18 kcal/mol,

higher the reorganization energy, higher is IE2. This

analysis indicates that in YD53–YD59, the monomers are

destabilizing by reorganizing its conformation with respect

to most stable conformer to stabilize the dimer. In this

process, the monomers were destabilized with respect to

the global minima. Due to the reorganization of monomers,

the conformers YD53–YD59 are showed positive IE1

values. In Table 1, column G and H show the IE1 and IE2

of YD at M05-2X/cc-pVTZ//M05-2X/6-31G(d) level of

theory, and interaction energy IE1 and IE2 are lower at

M05-2X/cc-pVTZ compare to M05-2X/6-31G(d) level of

theory. If we consider the IE1 at M05-2X/cc-pVTZ level,

three conformers YD57–YD59 are showing repulsive

interaction energy; however, there is no such repulsive

energies were observed in the case of IE2. BSSE corrected

interaction energies have been reported in column I of

Table 1 at M05-2X/cc-pVTZ//M05-2X/6-31G(d) level of

theory. BSSE corrected interaction energies are slightly

lower than M05-2X/cc-pVTZ interaction energies.

Figure 6 shows the principal geometrical parameters

and relative energies of the representative 20 conformers

(all are given in supporting information) of YD at M05-2X/

6-31G(d) level of theory. Fig. 6 shows the principal geo-

metrical parameters, electron density rho and relative

energy of representative 24 tyrosine dimers at M05-2X/

6-31G(d) level of theory. A cursory look at this figure

indicates that all dimeric conformers are stabilized by side

chain intermolecular interactions. Figure 7 depicts the

graph of (A) interaction energy (IE2) and reorganization

energy, and graph (B) explains the interaction energy (IE1)

with various non-covalent interactions characterized by

AIM analysis presented in different tyrosine dimer con-

formations. The length of each bar corresponds to the

interaction energy value of that particular dimer. The dif-

ferent colors in the bar further assist us to identify the

nature of various non-covalent interactions for each of the

dimer studied. This figure clearly explains that moving

from most stable conformer YD1 to least stable YD59, the

hydrogen bonding interactions are decreased and other

interactions involving aromatic side chain were increased.

We can observe the positive interaction energy of YD53–

YD59 conformers in the graph (B); these conformers have

no hydrogen bonds, and as expected, IE2 of these con-

formers are positive. Figure 8 depicts the variation of

relative energies of YD at different levels of theory. At

M05-2X level of theory, cc-pVTZ basis set showed lower

relative energy than 6-31G(d) basis set relative energies.
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Table 1 The relative energy (DE in kcal/mol), interaction energy (IE in kcal/mol) and reorganization energy (RE in kcal/mol) of various

conformations of tyrosine dimer at various levels of theory

Str. A B C D E F G H I Non-covalent interactions characterized

by AIM analysis

YD1 0.00 0.00 0.00 -17.89 -25.05 7.16 -16.63 -20.61 -14.49 OH/O, OH/OH, OH/OH, CH/O,CH/O, p/p, CH/p

YD2 0.58 2.00 1.94 -17.31 -28.68 11.37 -14.62 -23.58 -12.18 OH/O, OH/N, OH/OH, CH/O, CH/O

YD3 1.78 2.63 2.70 -16.12 -30.05 13.93 -14.00 -24.60 -11.41 OH/O, OH/N, OH/OH, CH/O, NH/p

YD4 2.04 1.89 0.81 -15.86 -24.83 8.98 -14.74 -20.72 -12.38 OH/N, OH/OH, NH/O, CH/OH, OH/p, OH/p

YD5 2.64 2.30 1.87 -15.26 -27.65 12.39 -14.32 -23.12 -11.78 OH/OH, OH/N, CH/O, CH/O, CH/O, OH/p

YD6 3.26 2.91 2.27 -14.63 -27.34 12.70 -13.72 -23.46 -11.31 OH/N, CH/O, CH/O, CH/OH, OH/p, CH/p, p/p

YD7 3.88 3.35 2.36 -14.02 -23.02 9.00 -13.27 -19.08 -11.28 OH/N, NH/O, CH/O, p/p, OH/p

YD8 3.91 3.54 2.42 -13.99 -23.48 9.49 -13.08 -19.37 -10.94 OH/N, OH/OH, CH/O, CH/O, CH/OH, CH/p, CH/p

YD9 3.96 4.04 2.97 -13.94 -26.09 12.14 -12.59 -21.69 -10.19 OH/N, OH/OH, CH/O, CH/OH, CH/p, p/p

YD10 4.63 4.04 3.56 -13.27 -18.95 5.67 -12.59 -16.00 -10.80 OH/O, OH/OH, NH/O, CH/OH, CH/OH, p/p

YD11 4.72 4.47 4.47 -13.18 -24.58 11.40 -12.15 -20.28 -9.92 OH/N, NH/O, CH/O, CH/O, CH/OH, OH/p

YD12 5.55 5.10 3.95 -12.35 -22.72 10.37 -11.53 -18.72 -9.82 OH/N, NH/O, CH/p, OH/p, p/p

YD13 5.78 4.62 4.22 -12.13 -25.44 13.31 -12.00 -21.71 -9.80 OH/O, OH/O, CH/O, CH/O, CH/OH, OH/p, p/p

YD14 5.96 5.83 5.79 -11.95 -24.36 12.41 -10.79 -19.88 -8.68 NH/O, OH/N, CH/O, OH/p

YD15 6.41 5.28 4.77 -11.50 -22.76 11.26 -11.35 -19.29 -9.30 OH/N, CH/O, OH/p, OH/p, CH/p, p/p

YD16 6.46 6.17 5.27 -11.45 -26.71 15.26 -10.46 -22.36 -8.08 OH/N, OH/OH, CH/O, CH/OH, CH/OH, CH/OH, p/p

YD17 6.91 6.68 6.23 -11.00 -24.51 13.52 -9.94 -20.24 -7.76 OH/O, OH/OH, OH/OH, CH/O, CH/OH, NH/p, p/p,

p/p

YD18 6.95 5.87 6.71 -10.96 -20.43 9.47 -10.76 -17.00 -9.17 OH/N, CH/O, NH/p

YD19 6.97 6.51 6.47 -10.94 -18.12 7.18 -10.12 -15.16 -8.32 OH/O, OH/OH, CH/O, CH/OH, CH/p, NH/p, NH/p

YD20 7.18 6.95 7.39 -10.73 -18.18 7.45 -9.67 -14.88 -7.75 OH/O, OH/OH, CH/N, p/p

YD21 7.50 6.58 6.56 -10.42 -20.12 9.70 -10.05 -16.78 -8.37 OH/N, CH/O, CH/OH, CH/N

YD22 7.80 6.53 6.66 -10.12 -12.45 2.34 -10.10 -10.51 -8.42 OH/OH, CH/O, CH/O, CH/OH, CH/OH, p/p, NH/p

YD23 7.87 7.56 6.29 -10.04 -26.12 16.07 -9.07 -21.39 -6.02 OH/O, OH/N, NH/O, NH/OH, NH/p, OH/p, CH/p

YD24 8.68 7.63 7.57 -9.24 -21.23 11.99 -9.00 -17.84 -7.41 OH/N, NH/O, CH/OH, p/p, CH/p

YD25 8.73 7.33 7.11 -9.19 -12.35 3.16 -9.30 -10.55 -7.58 NH/N, CH/N, CH/O, OH/p, p/p, CH/p

YD26 9.32 7.92 8.42 -8.60 -18.37 9.77 -8.71 -15.39 -7.11 OH/O, OH/O, OH/p, OH/p

YD27 9.56 9.15 9.11 -8.36 -25.29 16.93 -7.48 -20.75 -5.54 OH/O, OH/N, CH/O, NH/p

YD28 9.69 8.41 8.63 -8.23 -16.29 8.06 -8.22 -12.74 -6.01 OH/OH, NH/N, CH/O, CH/O, CH/N, CH/N, CH/p

YD29 9.91 8.55 9.93 -8.01 -9.41 1.40 -8.08 -7.61 -5.36 OH/OH, CH/OH, CH/OH

YD30 10.17 10.51 11.40 -7.75 -23.58 15.83 -6.12 -18.77 -3.93 OH/O, OH/O, OH/N, CH/O, OH/p

YD31 10.27 8.61 9.51 -7.65 -18.48 10.83 -8.02 -15.56 -6.20 OH/O, CH/O, NH/OH, OH/p, OH/p, p/p

YD32 11.12 9.25 9.33 -6.81 -16.62 9.82 -7.38 -13.98 -5.29 OH/O, NH/O, CH/OH, OH/p, p/p, p/p

YD33 11.35 10.52 10.56 -6.58 -23.66 17.08 -6.11 -19.99 -3.89 OH/OH, NH/O, CH/O, OH/p, CH/p, p/p

YD34 11.37 10.08 8.91 -6.56 -19.68 13.13 -6.55 -16.52 -4.28 NH/O, NH/N, CH/O, CH/O, OH/p, OH/p, CH/p

YD35 11.88 11.25 11.29 -6.05 -24.19 18.14 -5.37 -20.16 -5.55 OH/O, OH/O, OH/OH, CH/O, CH/p, p/p

YD36 11.91 10.08 10.28 -6.02 -19.01 12.99 -6.55 -16.27 -4.81 OH/O, NH/OH, OH/p, CH/p, p/p

YD37 12.59 10.72 11.69 -5.34 -15.19 9.86 -5.90 -12.62 -4.16 NH/O, OH/p, OH/p, CH/p

YD38 13.10 10.82 11.46 -4.83 -12.20 7.36 -5.81 -10.02 -4.21 OH/OH, CH/O, OH/p, p/p

YD39 13.92 11.30 11.78 -4.01 -11.47 7.45 -5.33 -9.33 -3.39 NH/OH, CH/O, CH/N, CH/N, OH/p, NH/p

YD40 13.96 12.20 12.35 -3.97 -16.45 12.48 -4.43 -13.83 -3.07 OH/N, CH/p, p/p

YD41 14.05 12.06 13.27 -3.88 -6.73 2.84 -4.57 -5.62 -3.89 CH/O, CH/O, OH/p, p/p

YD42 14.59 12.75 13.34 -3.34 -14.25 10.90 -3.87 -11.66 -2.52 OH/OH, OH/p OH/p, OH/p, p/p

YD43 15.15 13.13 14.38 -2.78 -12.30 9.52 -3.50 -9.75 -2.14 OH/OH, OH/p, p/p

YD44 15.92 14.55 13.48 -2.02 -16.09 14.07 -2.08 -12.92 -2.12 OH/OH, NH/O, CH/OH, CH/OH, CH/OH, OH/p, p/p

YD45 15.94 13.26 14.45 -2.00 -11.49 9.49 -3.37 -9.62 -2.11 CH/O, OH/p, OH/p, p/p
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Figure 8 also shows relative energy values for geometries

at B3LYP-D/cc-pVTZ//M05-2X/6-31G(d) level to include

dispersion correction. It is obvious from the figure that only

a minor variation in relative energy (B2.00 kcal/mol) is

noticed between dispersion corrected B3LYP/cc-pVTZ and

M05-2X/cc-pVTZ levels of theory in the majority of con-

formations studied. The MP2/6-31G(d)//M05-2X/6-31G(d)

relative energy showed slightly higher relative energy

compare to other levels of theory. It is obvious from the

figure that dispersion corrected relative energies are almost

similar to M05-2X/cc-pVTZ level of theory, as expected

MP2 method is over estimating the energies in the case of

dimer compare to other methods considered in this study.

As we expected, cc-pVTZ basis set showed higher inter-

action energy than interaction energy of 6-31G(d) basis

set (Table 1). The presence of two hydrogen bond donors

(COOH, NH2) and three hydrogen bond acceptors (C=O,

C(O)OH and NH2) in tyrosine conformers allows for a

wide range of hydrogen bonding combinations. Consistent

with the typical intramolecular interaction distances found

in this system, a distance of 2.80 Å was used as a cut off for

the near-atom interaction between the NH2 group and the

carboxyl. Analyzing the stable conformers obtained, we

find nine types of hydrogen bonds between the amino

group and the carboxyl groups, namely OH–OC, OH–N,

OH–OH, NH–O, NH–N, NH–OH, CH–O, CH–N and CH–

OH. The AIM analysis has been performed to characterize

the non-covalent interactions presented in the YD. AIM

analysis showed BCPs and RCPs at non-covalent inter-

actions presented in tyrosine dimers. The AIM analysis

reveals that OH–N type of hydrogen bonds have higher

electron density rho (q in a.u.) and electron density

laplacian (r2q in a.u.) values *0.0659 and 0.0329,

respectively, than other interactions presented in this

study. The OH–N, OH–O and OH–OH interactions

showed higher q and r2q values 0.066–0.033, 0.034–

0.028 and 0.039–0.031, respectively, than other hydrogen

bonding interactions presented in this study. The OH–N,

NH–N and CH–N interactions have more q and r2q
values than OH–O/OH, NH–O/OH and CH–O/OH inter-

actions. This indicates that nitrogen is a better proton

acceptor than oxygen. In this study, the interactions

between side chain and aromatic moiety such as OH–p,

NH–p and CH–p interactions and p–p interactions are

presented in almost all tyrosine dimer conformations. As

we expected, these interactions showed less q and r2q
values than different hydrogen bonds. The parallel dis-

placed (PD) and T-shaped interactions were presented in

most of the conformations, as expected there is no face-to-

face stacking conformation in this study. For most of the

hydrogen bonds presented in this study, q and r2q values

are in the range of conventional hydrogen bonds. The

topological analysis of the electron density has been a

fairly reliable model to try to understand the chemical

Table 1 continued

Str. A B C D E F G H I Non-covalent interactions characterized

by AIM analysis

YD46 16.09 13.38 13.96 -1.85 -11.66 9.80 -3.24 -9.59 -1.70 NH/O, NH/N, CH/O, CH/O, p/p

YD47 16.11 12.95 14.29 -1.84 -8.27 6.44 -3.67 -6.61 -2.56 OH/OH, p/p

YD48 16.17 14.26 13.71 -1.77 -17.41 15.64 -2.37 -14.02 -0.33 OH/OH, CH/O, CH/O, CH/O, NH/O, OH/p, p/p, CH/p

YD49 17.03 15.08 14.92 -0.91 -13.20 12.29 -1.55 -10.68 0.04 NH/N, CH/O, CH/O, CH/O, OH/p

YD50 17.04 15.27 15.91 -0.90 -15.60 14.70 -1.36 -12.77 0.62 OH/O, OH/O, CH/O, CH/O, CH/O, CH/N, OH/p, NH/p

YD51 17.09 13.92 15.91 -0.85 -8.79 7.94 -2.71 -7.23 -1.24 NH/N, NH/CH, OH/p, p/p, CH/p, CH/p

YD52 17.44 15.07 14.24 -0.50 -15.61 15.10 -1.56 -12.71 -0.02 OH/OH, CH/O, OH/p, OH/p, OH/p, p/p, CH/p

YD53 18.21 15.80 17.10 0.27 -12.50 12.77 -0.82 -10.45 0.78 OH/OH, CH/O, OH/p, OH/p, OH/p, CH/p

YD54 19.13 16.00 14.44 1.18 -15.45 16.63 -0.62 -12.77 1.46 OH/OH, NH/O, CH/O, CH/O, OH/p, OH/p, p/p, CH/p

YD55 19.40 16.38 16.50 1.45 -14.58 16.03 -0.24 -12.36 1.60 CH/O, CH/O, CH/O, CH/OH, CH/N, OH/p

YD56 19.45 16.03 17.36 1.50 -7.46 8.96 -0.59 -6.35 2.10 OH/p, p/p

YD57 22.56 19.19 17.96 4.60 -9.56 14.16 2.56 -8.45 2.55 CH/OH, CH/OH, NH/p, NH/p, CH/p, CH/p, CH/p

YD58 22.90 19.22 21.11 4.94 -7.00 11.94 2.59 -6.12 3.39 CH/OH, OH/p

YD59 23.86 20.07 22.04 5.90 -6.14 12.04 3.45 -5.39 3.50 OH/p, CH/p

A: relative energy at M05-2X/6-31G(d); B: relative energy at M05-2X/cc-pVTZ//M05-2X/6-31G(d); C: relative energy at B3LYP-D/cc-pVTZ//

M05-2X/6-31G(d); D: interaction energy (IE1) at M05-2X/6-31G(d); E: interaction energy (IE2) at M05-2X/6-31G(d); F: reorganization energy

(RE); G: interaction energy (IE1) at M05-2X/cc-pVTZ//M05-2X/6-31G(d); H: interaction energy (IE2) at M05-2X/cc-pVTZ//M05-2X/6-31G(d);

I: interaction energy (IE1) at M05-2X/cc-pVTZ//M05-2X/6-31G(d) (BSSE corrected)
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interactions concept. However, like any model, this model

also has its own limitations [67–70], but we feel that such

limitations are not applicable to the type of study in this

manuscript. The majority of the conformers are stabilized

by hydrogen bonding interactions in addition to other

interactions like OH–p, NH–p, CH–p and p–p that arise

from the side chain interaction. Moving from YD1–YD59,

the hydrogen bonding interactions are decreased and other

interactions are increased.

4 Conclusions

The study reports the most comprehensive study on the

tyrosine dimers and the conformational analysis of tyrosine

monomers, cations, anions and zwitterions. The confor-

mational search of monomers characterized as 38, 12, 14

and 9 distinct conformations on potential energy surface of

neutral, anion, cation and zwitterions, respectively. Due to

the presence of OH group on aromatic ring, all forms of

tyrosine conformations have appeared in pairs. The AIM

analysis characterized the nature of various non-covalent

interactions such as hydrogen bonds, NH–p, OH–p and

CH–O interactions that stabilized all monomers. A close

examination of the energetics of the various conformers

with different basis set, it was clear that the trends obtained

with various basis sets are very similar. However, the rel-

ative energies and the span of the variations are slightly

smaller with cc-pVTZ basis set. Fifty-nine dimers are

characterized as minima on the potential energy surface.

The YD was stabilized by nine different hydrogen bonds

between carboxylic and amino groups and OH–p, NH–p,

CH–p and p–p interactions. The monomers undergo drastic

variation from the most stable conformation during the

formation of the dimer, which is reflected by their higher

reorganization energy.

Fig. 6 The principal geometrical parameters (in Å), electron density rho (q in a.u. bold) and relative energy (in kcal/mol) of representative 24

tyrosine dimers at M05-2X/6-31G(d) level of theory (all 59 conformers are given in the supporting information)
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