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Abstract The structural properties of rutin were deter-

mined by using a computational multistep progression. In

the first step a stochastic strategy based on a molecular

mechanics calculation was adopted to obtain a preliminary

screening of the low-energy rutin conformations. The most

stable structures obtained by the random conformational

search were used as a starting point for an Austin Model 1

(AM1) semiempirical optimization. After this treatment, 16

structures characterized by a more stable frontal in respect

to back disposition of the glycosidic chain of rutin were

identified. To validate the results found from the stochastic

search a molecular dynamics simulation was carried out.

The results evidenced the presence of a global minimum

highly stabilized by a hydrogen bond between the hydroxyl

in the 30 position of the B ring and the endocyclic oxygen of

the rhamnose unit followed by approximately 8 kJ mol-1

less stable local minima with similar energy values. Finally,

the reliability of the molecular model was confirmed by

comparing the calculated electronic absorption spectrum

with that measured on a methanolic rutin solution.

Keywords Flavonoids � Structure elucidation �
Semiempirical calculations � Molecular dynamics

Introduction

Flavonoids constitute a large class of polyphenolic com-

pounds ubiquitous in plants [1], where they play a number

of different functions e.g. as attractants to pollinators and

seed dispersers, UV screeners and radical scavengers, and

defence against bacterial and fungal attack [2–7]. The

fundamental structure of flavonoids consists of a c-benzo-

pyrone (chromone) moiety (rings A and C) to which a

benzene ring is linked in the 2 position (B ring) (see Fig. 1

for rutin). All of the three rings can be variably hydrox-

ylated. In vegetables and fruits, flavonoid glycosides

having a sugar chain linked to the 3-O position and less

frequently to the 7-O position predominate.

As a result of their potentially beneficial impact on

human health, the flavonoid quercetin and its glycoside

derivatives have progressively come into the focus of

medicinal interest [8]. Rutin is considered one of the most

promising quercetin derivatives from a biochemical

and pharmacological point of view [8, 9]. According to

previous studies, rutin has significant anti-inflammatory,

antitumour and antioxidant activity as well as vitamin

C-sparing action [10], which makes it a popular ingredient of

numerous multivitamin preparations and herbal remedies

[11, 12]. Furthermore, several other beneficial properties

are ascribed to this flavonoid such as an antibacterial and

anti-platelet activity, and the capacity to increase the blood

vessel elasticity leading to a reduction of haemophilia

symptoms [2, 11].

The investigation of the biochemical activity of flavo-

noids in humans is strictly correlated with the analysis of

their interaction with various bioligands, such as proteins,

enzymes, vitamins and biopolymers [13]. This problem has

been traditionally approached by measuring the changes in

the optical or electrochemical properties of the adducts
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[14–17], while the insight that the structure of both inter-

acting species may strongly affect the resulting interaction

is relatively recent [18–20]. While some data about flavo-

noid aglycones have appeared in recent years [21–23], the

problem of the conformational behaviour of the flavonoid

glycosides has been only partially or scarcely treated so far

[20, 24, 25].

In a previous study, the molecular structure of quercetin-

3-b-glucoside (isoquercitrin) was investigated by means of

molecular mechanics and quantum chemical calculations

[25]. In this article we aim to extend our insights into

quercetin glycosides structuring by focusing on rutin,

which has one rhamnose unit linked through the C(6)

hydroxyl function of the glucose moiety of isoquercitrin.

The International Union of Pure and Applied Chemistry

(IUPAC) numbering of rutin as used in the text is shown in

Fig. 1. In rutin 17 rotatable bonds can be counted, but only

six of them greatly affect the final conformation energy.

They include: h defined as O(1)C(2)C(10)C(60), which

indicates the relative position between rings C and B; a and

x defined as C(2)C(3)O(3)C(100) and C(3)O(3)C(100)O(100),
which exert control over the orientation of the glycosidic

chain; c defined as O(100)C(500)C(600)O(600), e C(500)C(600)O-

(600)C(1000), and d C(600)O(600)C(1000)O(1000), which indicate

the orientation of the rhamnose with respect to the glucose

unit.

Because of the size of the system, ab initio quantum

mechanical calculations on rutin are not computationally

feasible, since they would require a large basis set in order

to obtain reliable information. However, previous works

have demonstrated that the combination of molecular

mechanics (MM) and Austin Model 1 (AM1) semiempir-

ical method is a relatively fast and accurate choice for

determining the structure of flavonoid compounds [21, 25].

In this work we applied a similar strategy to rutin, in order

to explore a large number of its conformations within a

reasonable time and get an accurate picture of the most

stable ones.

Results and discussion

The structural properties of rutin were determined by using

a multistep progression due to the complexity of the mol-

ecule. In the first step we adopted a stochastic strategy

based on an MM calculation to find all minima that are

thermodynamically populated. During the search all geo-

metrical parameters were kept relaxed and the values of all

torsional angles were collected for each conformation. The

random conformational search evidenced the 50 most sta-

ble configurations with energy values within 19 kJ mol-1

as reported in Table 1. Typically, these structures display

values for a[ ?60� or a\ -60� due to the large steric

hindrance between the glycosidic chain and the aglycone,

which hampers geometries with near co-planarity between

the glucose and the benzopyrone moiety. This also leads to

a values preferentially associated with x angles of opposite

sign: the (?a, -x) pair has the rutinose moiety laying

frontally to the chromone part, while (-a, ?x) angles

indicate that the sugar chain lays behind the chromone

plane. Concerning the other torsional angles, preferential c
values of approximately ±60�, dihedral angles e avoiding

the -60� to ?60� orientations and negative d values were

collected, which are imposed because of the steric hin-

drance between the rhamnose and the B ring of the

flavonoid.

The 50 low-energy conformations found by MM were

used as a starting point for an AM1 semiempirical opti-

mization. After this treatment, we found convergence to 16

stable structures which are listed in Table 2 following a

classification into two main groups in accordance with a

frontal (10 structures) or a back (6 structures) disposition of

the glycosidic chain, that is the (?a, -x) and the (-a, ?x)

pairs. The geometrical parameters calculated by the AM1

method are slightly different from those calculated by MM.

In particular, we noted that the torsional angles values

follow similar criteria and restrictions to those previously

found from MM calculations. The observation of the heat

of formation values highlights that the lowest energy

structures are those where a stabilizing hydrogen bond

between the O(4) and the hydroxyl group in the 200 position

of the glucose is established. This hydrogen bond con-

strains the lone pairs of the oxygen atom of the glucose ring

of structures having a (-a, ?x) pair to be directed toward

the B ring, probably resulting in a repulsion effect which

accounts for higher formation enthalpy values compared

with structures having the sugar in a frontal orientation (i.e.

the group with ?a and -x) (Fig. 2; Table 2).

Fig. 1 Representation of the atomic numbering of rutin as used in the

text
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Table 1 Enthalpies and torsional angles of the 50 most stable conformations of rutin obtained by molecular mechanics calculation

Enthalpy (kJ mol-1) Torsional angles (�)

a x c e d h

1 -30.96 114.73 -40.33 -52.61 176.04 -57.03 -152.87

2 -28.58 -80.61 54.53 -58.37 -161.05 -56.19 153.69

3 -25.02 -81.93 54.59 -58.25 -162.97 -55.13 152.47

4 -24.27 -76.69 65.51 86.00 -84.88 -66.53 -24.26

5 -23.43 105.69 -44.81 82.25 -63.30 -57.67 -152.08

6 -23.22 71.85 -160.89 61.06 170.35 -66.54 27.46

7 -22.64 -70.82 66.72 73.12 -171.75 -58.61 147.39

8 -22.22 116.42 -41.96 -52.82 175.62 -57.02 -152.32

9 -21.55 -76.50 -20.66 74.43 -72.59 -56.26 -25.07

10 -20.04 136.72 -45.37 -56.03 161.26 -64.13 -29.96

11 -19.50 111.16 -49.71 -70.49 69.26 -106.61 -151.96

12 -19.41 -81.10 57.65 -61.83 -164.80 -57.11 -18.66

13 -18.87 -85.13 50.27 -70.49 65.70 -101.82 -19.54

14 -18.49 -78.38 65.21 84.90 -84.54 -65.94 -24.22

15 -18.12 -69.97 71.94 70.18 -174.93 -59.48 -26.48

16 -17.91 107.06 -45.57 -64.37 177.30 -65.52 -151.50

17 -17.91 138.14 -45.43 -56.06 160.97 -63.72 141.45

18 -17.32 -168.32 -173.11 53.59 67.63 -82.83 -29.36

19 -17.03 -67.09 -4.09 -62.60 175.99 -63.81 145.26

20 -16.86 -72.58 61.89 -60.27 -175.96 -158.32 149.55

21 -16.65 84.61 -105.44 -63.40 -160.41 -56.92 23.31

22 -16.40 -77.52 67.54 85.44 -85.88 -66.38 -24.37

23 -16.36 99.69 -100.58 65.28 66.36 -87.18 -153.78

24 -16.23 67.32 -148.64 60.91 171.70 -67.13 27.01

25 -16.19 -79.73 60.17 57.17 160.85 -72.58 -20.59

26 -15.98 -82.11 57.43 -61.24 -166.38 -56.04 -18.70

27 -15.98 109.93 -47.22 82.15 -61.34 -57.04 23.39

28 -15.86 85.89 -55.64 58.84 83.66 -71.64 -144.98

29 -15.52 121.72 -42.38 -52.16 173.35 -57.57 26.56

30 -15.48 -83.38 50.85 -71.25 66.74 -101.65 -18.29

31 -15.40 -83.99 61.02 -69.72 77.56 -100.43 150.77

32 -15.40 -69.09 72.65 62.29 76.82 -77.04 -27.10

33 -15.19 101.43 -99.74 78.26 -83.95 -63.00 -152.52

34 -15.19 166.12 -60.53 -67.22 152.16 -69.36 -34.76

35 -15.15 -69.81 72.07 70.40 -175.02 -58.93 -26.59

36 -15.02 -132.77 168.36 -61.50 178.16 -62.94 146.45

37 -14.43 -88.08 53.70 82.72 -76.96 -59.67 146.30

38 -14.27 -50.30 -55.76 -57.67 162.61 -60.58 -31.32

39 -14.23 -165.81 -171.15 -54.24 171.70 -58.69 37.41

40 -14.18 103.65 -55.53 61.98 176.99 -172.23 -154.03

41 -13.60 132.09 -40.11 -69.98 60.18 176.19 25.67

42 -13.60 -84.81 51.66 -59.01 -179.76 -61.10 14.82

43 -13.22 -77.06 59.64 65.00 75.44 -79.94 144.58

44 -13.14 128.10 -48.54 77.40 -54.76 -53.58 139.13

45 -12.97 -120.19 161.15 -72.10 67.95 -106.82 148.15

46 -12.97 -74.94 77.47 -66.82 -157.39 -53.23 152.99

47 -12.55 -161.89 -175.98 59.78 -95.94 -74.04 -27.55
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This latter group was further organized into four sub-

groups (I–IV) accounting for similar groupings of x and c
values (Table 2). We may note that the conformations

within the four subgroups differ in the type of hydrogen

bonds formed between the sugar chain and the hydroxyl

groups of the B ring, which in turn affect the energy order of

the different forms. The subgroup I is the most populated

and contains the global minimum (Ia, Fig. 3). The latter

Table 1 continued

Enthalpy (kJ mol-1) Torsional angles (�)

a x c e d h

48 -12.47 -85.20 50.17 -70.44 66.02 -102.46 -19.56

49 -12.43 95.32 -54.94 73.82 -87.90 -65.44 -152.10

50 -12.38 97.99 -95.87 61.52 72.74 -81.53 19.23

Table 2 Enthalpies, torsional angles and hydrogen bond lengths of the most stable conformations of rutin obtained by optimization according to

the AM1 method

Enthalpy

(kJ mol-1)

Torsional angles (�) Hydrogen bond length (Å)

a x c e d h H200–
O4

H30–
O100 0

H30–
O200 0

H30–
O400 0

H30–
O300 0

H30–
O600

H40–
O300 0

H40–
O400 0

H200 0–
O40

Frontal

Ia -2,686.38 131.56 -101.26 84.14 -80.03 -67.46 -36.52 2.19 2.16

Ib -2,677.59 117.41 -98.07 76.72 -110.02 -68.58 -137.95 2.20

Ic -2,677.43 113.78 -101.15 78.53 70.84 -97.14 -133.49 2.15 2.15

Id -2,671.02 120.25 -98.41 69.14 169.36 -98.73 -140.63 2.19 2.15

IIa -2,679.43 120.94 -97.93 -70.72 -101.72 -77.37 -38.37 2.21 2.20

IIb -2,675.38 108.07 -99.05 -77.81 -133.67 -62.50 17.04 2.16 2.26 2.26

IIIa -2,677.72 90.47 -144.93 75.60 148.31 -73.97 22.26 2.20 2.19 2.29

IIIb -2,675.84 77.21 -148.24 70.81 171.69 -67.13 -27.00 2.21 2.21

IVa -2,672.11 130.13 -75.38 81.11 -87.10 -75.96 147.00

IVb -2,669.89 124.87 -68.58 74.88 -171.48 -63.09 -141.15 2.16

Back

-2,673.70 -100.98 63.16 72.22 87.69 -78.62 -30.76 2.11 2.76

-2,672.11 -101.15 54.87 -57.59 -150.01 -62.48 142.48 2.15 2.14

-2,666.55 -102.31 61.83 -80.46 77.94 -120.25 140.36 2.09 2.31

-2,661.36 -102.50 55.65 -74.95 -173.28 -94.47 88.09 2.13 2.16

-2,667.97 -136.49 156.14 59.59 -93.55 -75.14 -37.49 2.15

-2,662.36 -130.89 159.99 -73.19 70.34 -109.93 144.82 2.74

Fig. 2 Comparison between rutin conformers having a frontal (left)
or a back (right) disposition of the sugar chain. In the latter the lone

pairs of the O(100) and the B ring of the chromone are in close

proximity, which is supposed to decrease the stability of the system.

Dashed arrows indicate the axis of the lone pairs
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shows a minimum of 8 kJ mol-1 difference with respect to

the other conformations of its subgroup and of the other

groups, which has to be ascribed to a twisted conformation

that ensures the formation of a favourable hydrogen bond

between the endocyclic O(1000) and the H(30). The subgroups

II and III show a more unfolded (open) arrangement char-

acterized by the establishment of a hydrogen bond between

the hydroxyl in the 30 position of the B ring and the oxygen

connecting the two sugar units (O(600)) (Fig. 3). This, in spite

of inducing a certain stabilization, actually hinders a

favourable alignment of the hydrogen bond established

between the H(200) and the carbonyl group of the chromone

as observed in the Ia conformer. The lack of this latter

hydrogen bond is instead probably responsible for the higher

enthalpies observed for the group IV members.

To validate the results of the stochastic search, a

molecular dynamics (MD) simulation, followed by an

energy minimization, was carried out. The simulation

consisted in annealing the system at a given temperature in

the 100- to 300-K range followed by cooling down to 0 K.

For example, Fig. 4 displays the evolution of the torsional

angles e, d and h as a function of the simulation time for

conformation Ib with fixed a (125�), x (-100�) and c (75�)

torsional angles using a 300 K simulation temperature. On

performing the simulation on each member of the I sub-

group, no new minima were found. Moreover, the local

minima Ib, Ic and Id converged to conformation Ia.

Similar calculations were performed on the most stable

conformers of the II and III subgroups (i.e. IIa and IIIa),

obtaining final unmodified enthalpy values, to which the

lower energy subgroup members (IIb and IIIb) converged

upon annealing. These results confirmed the presence of a

highly stabilized global minimum (Ia) preferentially pop-

ulated at room temperature and followed by two local

minima (IIa and IIIa) with similar enthalpy values

(Fig. 3). Less stable conformations are instead those lack-

ing a H(200)–O(4) bond or having a back disposition of the

Fig. 3 Representation of the

three most stable conformations

of rutin found after energy

minimization (Ia, IIa and IIIa).

The hydrogen bonds formed

between the chromone and the

sugar units are represented by

dashed lines

Fig. 4 Evolution of the e, d and h torsional angles of the Ib
conformer during a molecular dynamics simulation. The simulation

included: a heating time = 0.1 ps starting from T = 0 K; an anneal-

ing time = 5 ps at a constant T = 300 K; a cooling time = 3 ps

(onset indicated by an arrow) down to T = 0 K. The final values of

the torsional angles are indicated on the right
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sugar chain, as just previously pointed out. The bond

lengths, the bond angles and the most important torsion

angles of the fully optimized conformation Ia are sum-

marized in Table 3. The calculated values are mostly

comparable with those previously reported for the isoqu-

ercitrin molecule [25], with the exception of the

C(20)C(30)O(30)H(30) dihedral angle, which has to be

ascribed to the presence of the stabilizing hydrogen bond

between the B ring and the rhamnose unit (absent in the

isoquercitrin molecule).

We finally compared the experimental absorption spec-

trum of rutin with that theoretically calculated by a

configuration interaction (CI) calculation on the AM1 opti-

mized structure (see Fig. 5). Comparable theoretical spectra

were obtained for Ia, IIa and IIIa structures. The theoretical

frequencies are in good agreement with those of the exper-

Table 3 Calculated bond lengths, bond angles and dihedral angles of the conformation Ia of rutin

Bond length (Å) Bond angles (�) Dihedral angles (�)

O1–C2 1.39 C9–O1–C2 118.85 C30–C40–O40–H40 -0.79

O1–C9 1.38 O1–C2–C3 121.45 C20–C30–O30–H30 -22.28

C2–C3 1.37 C2–C3–C4 122.22 C2–C3–O3–C100 = a 131.56

C3–C4 1.47 C3–C4–C10 115.04 C3–O3–C100–O100 = x -101.26

C4–C10 1.46 C4–C10–C9 119.18 C6–C5–O5–H5 178.30

C5–C10 1.42 C4–C10–C5 123.46 C8–C7–O7–H7 -0.32

C5–C6 1.40 C10–C5–C6 121.15 O1–C2–C10–C60 = h -36.52

C6–C7 1.40 C5–C6–C7 119.10 C2–C3–C4–O4 173.86

C7–C8 1.40 C6–C7–C8 121.70 O1–C2–C3–O3 173.44

C8–C9 1.40 C7–C8–C9 117.89 C9–O1–C2–C10 179.20

C9–C10 1.41 C8–C9–C10 122.81 C10–C4–C3–O3 -176.36

C2–C10 1.46 C3–C2–C10 128.63 C4–C3–C2–C10 -173.85

C10–C20 1.40 C2–C10–C60 119.50 O100–C500–C600–O600 = c 84.14

C20–C30 1.40 C60–C50–C40 119.57 C500–C600–O600–C10 00 = e -80.03

C30–C40 1.41 C50–C40–C30 119.65 C600–O600–C10 00–O100 0 = d -67.46

C40–C50 1.40 C40–C30–C20 120.57

C50–C60 1.39 C30–C20–C10 119.37

C60–C10 1.40 C20–C10–C60 120.04

C4–O4 1.25 C2–C3–O3 119.17

C5–O5 1.36 C4–C3–O3 117.99

C7–O7 1.37 C3–C4–O4 121.53

C30–O30 1.38 C10–C4–O4 123.43

C40–O40 1.37 C10–C5–O5 124.27

C6–C5–O5 114.58

C6–C7–O7 116.29

C8–C7–O7 122.01

C20–C30–O30 123.20

C40–C30–O30 116.23

C30–C40–O40 122.72

C50–C40–O40 117.63

Fig. 5 Comparison of the experimental and calculated electronic

spectra of rutin
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imental spectrum. The slight blue shift of the calculated

band I (k = 355 nm) with respect to the experimental value

(kmax = 359 nm) and other slight discrepancies between the

calculated and the experimental spectra are likely to be

ascribed to the presence of the solvent. Moreover, agreement

was found between the line heights of the calculated spec-

trum which are relative to the value of oscillator strengths,

and the experimental absorption coefficients. The frontier

molecular orbitals calculated for the Ia conformer are

depicted in Fig. 6. These show a pronounced p character

with no participation of the sugar chain. Band I is mainly

assigned to the HOMO–LUMO transition and is character-

ized by a charge transfer from the B ring to the chromone

portion of the molecule and in particular to the carbonyl

group. The agreement between the calculated and the

experimental electronic spectra of rutin supports the reli-

ability of the theoretical model used.

Conclusions

In this investigation a combination of MM and AM1

semiempirical calculations was exploited to find the most

stable conformations of isolated rutin. The structural

characteristics of stable conformers were validated by MD

simulation. The calculations evidenced three stable minima

differing in the type of hydrogen bonds formed between the

B ring and the rhamnose unit, with the most favoured

showing a bond between the OH(30) and the endocyclic

oxygen in 1000. Finally, the good agreement between the

experimental electronic absorption spectrum and those

calculated for the three minimum conformations testifies to

the solidity of the proposed modelization.

Future work will be devoted to the investigation of the

behaviour of rutin when passing from an in vacuo to an

aqueous environment. In fact the conformation of rutin is

expected to be potentially influenced by the presence of

water, which may interact with a number of OH groups

throughout the molecule by formation of hydrogen bonds.

Such bonds, at least at an intramolecular level, have been

shown to play a main role in the molecular structuring of

rutin as clearly evidenced by this study.

Methods

We first applied an MM calculation [26] to obtain a pre-

liminary screening of the low-energy rutin conformations.

This method appeared the most convenient to perform due

to the extensive computations required by the complexity

of the examined flavonoid molecule. We carried out a

conformational search based on a stochastic approach

using the AMBER [27] potential energy function setup

with a root mean square (RMS) gradient of 0.004 kJ mol-1

and using a termination criterion of 10,000 iterations. The

method involves a random variation of the main dihedral

angles (a, x, c, e, d and h) to generate new structures and

then energy minimizing each of those. Low-energy unique

conformations are stored while high-energy or duplicate

structures are discarded. Then, to improve the structure

optimization, an AM1 [28] geometrical optimization was

carried out on the most stable conformations found by MM.

The AM1 method has the advantage of taking into account

the hydrogen bonding, which is a fundamental interaction

for flavonoid molecules [29]. Moreover, compared with

other semiempirical methods such as the modified neglect

of diatomic overlap (MNDO) method, it does not overes-

timate the repulsion between atoms separated by distances

approximately equal to the sum of their van der Waals

radii [28]. The energy minimization was run by using the

Polak–Ribière algorithm with a convergence criterion of

0.004 kJ mol-1. Furthermore a molecular dynamics simu-

lation [30], using the AM1 force field, was performed to

assess that the lowest energy structure observed corre-

sponded to a global minimum and to surmount possible

energy barriers among most stable conformers. In this step

Fig. 6 Frontier orbital shapes mainly involved in the transition

corresponding to the band I in the electronic spectrum of rutin. The

rhamnose moiety is omitted for clarity. Energy levels are expressed in

electronvolts (eV)
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all geometrical parameters were relaxed except for the

torsional angles a, x and c, whose values served to fix the

orientation of the glucose unit. A typical molecular

dynamics run included a heating time of 0.1 ps starting

from 0 K, a 5- to 10-ps time at a constant temperature fixed

in the 100- to 300-K range and a 3-ps cooling time to

come back to 0 K. After the simulation, an AM1 geomet-

rical optimization was performed to refine the obtained

structures.

Finally the electron absorption spectra of the most stable

conformers were calculated by using a configuration

interaction (CI) treatment [31]. This calculation accounted

for the contribution of singly excited configurations

involving the nine highest occupied and the nine lowest

unoccupied molecular orbitals.

All the calculations were performed with the Hyper-

chem (version 7.5) software on a Pentium 4 3.20 GHz

computer.

The UV–Vis absorption spectrum of rutin (Extra-

synthèse, Lyon-Nord, Genay, France) in methanol (at a

concentration of 5 9 10-5 mol dm-3) was recorded with a

Jasco 560 V UV–Vis spectrophotometer (Jasco, Tokyo,

Japan) using 1-cm-path-length cells.
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