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a b s t r a c t 

Simple D-hexoses such as D-glucose, D-mannose, and D-galactose were found to form supramolecular 

complexes with folic acid (FA) in phosphate-buffered saline solution (PBS, pH 7.4) and in the gas phase. 

Pterin subunit of FA was found to be essential for the molecular assembly with hexoses, whereas PABA 

(p-amino benzoic acid) and GLN (glutamic acid) subunits of FA have virtually no effect on assembly for- 

mation. Experimental measurements along with DFT theoretical calculations reveal that hexose-FA as- 

semblies are stabilized by three complementary hydrogen bonds between pterin subunit of FA and 3,4,6- 

trihydroxyl moiety of hexose. 

© 2021 The Author(s). Published by Elsevier B.V. 
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. Introduction 

Folic acid (FA, vitamin B9, Fig. 1 ) is an essential compound 

or various metabolic and biochemical processes in human body. 

t plays significant role in the synthesis of purines and pyrim- 

dines, as well as in the replication, and methylation of DNA [1] . 

A is involved in various drug delivery systems for anticancer ther- 

pies [2] due to its uptake by the folate receptor-positive can- 

er cells. The chemical structure of FA contains p -aminobenzoate 

PABA) scaffold linked to a pterin ring (PTN) and glutamic acid 

GLU) moieties. It is often treated as a model for antifolates [3] , 

ompounds structurally related to FA, designed to target and in- 

ibit folate dependent enzymes, inducing inhibition of nucleotide 

iosynthesis and subsequent cell death [4] , used in various anti- 

ancer treatments [5] . 

FA in physiological conditions exists as dicarboxylate anion 

p K aCOOH_ α = 2.35, p K aCOOH_ α = 4.56) [6] , and thus folate sens-

ng is mostly performed via molecular recognition of carboxylate 

roups [7] . 

Generally, carboxylate recognition is mainly achieved by utiliza- 

ion of charged (e.g. metal cations, guanidinium [8] , amidinium [9] , 

midazolium [10] , and pyridinium groups [11] ) or neutral (e.g. urea 

12] , thiourea [13] , amide [14] , and pyrrole [15] ) binding groups. 
∗ Corresponding author. 

E-mail address: mceborska@ichf.edu.pl (M. Ceborska). 
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Recombinant human dihydrofolate reductase (DHFR) binds the 

lutamate part of folate via an arginine residue [16] , while in 

he bacterial proteins R67 DHFR [17] and thymidylate synthase 

TS) [18] the glutamate part of folate is bound to the ammonium 

roup of lysine. Another solution for binding FA and antifolates 

s their complexation with supramolecular receptors such as cu- 

urbiturils [19] , calixpyridiniums [20] , calixresorcinarenes [21] , or 

quaramido-based receptors [22] . 

Our previous studies proved that native cyclodextrins (CDs) 

re good receptors for folic acid [23] . α–cyclodextrin ( α–CD) 

nd α–cyclodextrin ( α–CD) form pseudorotaxane inclusion struc- 

ures, while α–cyclodextrin ( α–CD) forms with FA weekly bound 

xclusion-type associate, as confirmed by 1 H NMR and Ion Mobil- 

ty Mass Spectrometry (IM-MS). 

Usually, efficient binding of carbohydrates in water is very dif- 

cult due to the fact that possible interactions with other organic 

olecules compete with solvation by water molecules being both 

ydrogen bond donor and acceptors [24] . Even lectins, the predom- 

nant class of carbohydrate-binding proteins, bind monosaccharides 

ith K a s of ∼ 10 3 M 

−1 [25] . Nevertheless, based on the knowl- 

dge that FA may interact with the outer shell hydroxyl groups of 

yclodextrins (macrocyclic hosts consisting of D-glucose subunits 

oined by α-1 → 4 glycosidic bonds) and that dextrins (linear poly- 

ers of D-glucose units linked by α-(1 → 4) or α-(1 → 6) glycosidic 

onds) are able to bind carboxylate anions [26] we decided to in- 

estigate if also simple hexoses model such as D-glucose could 

ind folic acid in water. Additionally, based on previous literature 
under the CC BY-NC-ND license 
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Fig. 1. Chemical structure of folic acid (FA) and its subunits: pterin (PTN), p - 

aminobenzoate (PABA), and glutamic acid (GLN) moieties. 
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ata concerning binding of simple sugars in water, we assumed 

hat binding of FA with hydroxyl groups of studied carbohydrates 

ay also occur via interactions with amino groups [27] . 

In our study we applied the most common hexoses: D-glucose 

 G1a ), D-mannose ( G2a ) and D-galactose ( G3a ) which differ in

he spatial position of the hydroxyl groups. Application of three 

tereoisomers should enable the estimation of which hydroxyl 

roups are responsible for the formation of associates with folic 

cid. Further studies with their derivatives protected at anomeric 

ositions (methyl α-D-glucoside ( G1b ), methyl α-D-mannoside 

 G2b ), and methyl α-D-galactoside ( G3b ) should give an insight 

nto possible role of anomeric hydroxyl group on the binding mode 

f folic acid. 

The complexation studies were performed in solution (phos- 

hate buffered saline, PBS, pH = 7.4) and in the gas phase. PBS was

sed as a solvent of choice due to its wide application in bio- 

ogical systems, as it is isotonic and nontoxic to the majority of 

ells. In order to examine if the investigated complexes could also 

e formed in the solid state, we performed Differential Scanning 

alorimetry (DSC) and Thermogravimetric (TG) analyses. To prove 

he identity of the complexes which are formed between simple 

exoses and FA, as well as with its subunits, mass spectrometry 

tudies were performed. In addition, the order of stabilization of 

he investigated complexes in the gas phase was established to 

ain insight into their intrinsic, solvent-free origin of the stability. 

. Materials and methods 

.1. Reagents 

All reagents were of reagent-grade quality. Folic acid, pterin, 

arbohydrates, and reagents for the synthesis of H3 were pur- 

hased from Sigma-Aldrich and Carbosynth, and were used as re- 

eived. 

.2. Synthesis of N-[4-( methylamino ) benzoyl ]-L-glutamic acid (H3) 

N-(4-N-methylaminobenzoyl)-L-glutamic acid diethyl ester 

200 mg, 0.6 mmol) was dissolved in MeOH-THF-H 2 O (15 mL, 

:1:1 v/v/v) solvent mixture. Then LiOH (70 mg, 2.4 mmol, 4 

quiv) dissolved in water (2 mL) was added and the reaction was 

tirred for 48 h at rt. Then glacial acetic acid (1 mL) was added and

he reaction was stirred for 30 min. The solvent was evaporated 

nder vacuum yielding white residue which was suspended in EA 

 ∼30 mL), filtered through G4 glass filter, and washed with EA 

20 mL). The filtrate was dried over sodium sulfate and evaporated 

nder vacuum yielding (140 mg, 83%) of target product H3. 1 H 

MR (400 MHz, DMSO-d 6 ) δ 7.82 ( s , 1H), 7.67 ( d , J = 8.2 Hz, 2H),

.50 ( d , J = 8.3 Hz, 2H), 6.19 ( s , 1H), 4.21 ( d , J = 5.3 Hz, 1H), 2.68

 s , 3H), 2.05 −1.89 ( m , 2H), 1.96 −1.83 ( m , 2H). 13 C NMR (100 MHz,

MSO-d 6 ) δ 179.9, 177.2, 165.6, 152.1, 128.7, 121.3, 110.4, 54.5, 

0.7, 29.4, 24.9–24.8 ∗ ( ∗ signal is covered by residual solvent). ESI 

R-MS calc. for C H N O [M + H] + 279.0981 found 279.0971. 
13 15 2 5 

2 
.3. UV-Vis measurements 

The absorption spectra of FA, H2 , and H3 and their respec- 

ive associates with carbohydrates were recorded using Evolution 

20 UV/VIS spectrometer (Thermo Scientific) at 298 K in the range 

50 −450 nm. All measurements were performed in phosphate- 

uffered saline (PBS, pH = 7.4). 

UV-Vis titration experiments 

The changes in absorption spectra of FA, PTN , and H3 were 

easured as a function of varying carbohydrate concentration 

0 − 0.01 M). The guest concentration was held constant at 

.8 �10 −5 M for FA ; 6.3 �10 −5 M for PTN , and 5.1 �10 −5 M for H3 . The

ssociation constants (K a ’s) were calculated using HypSpec pro- 

ram [28] and different binding equilibria between FA, PTN , and 

3 (H) and corresponding carbohydrates ( G ) were considered. The 

xperimental data were tested against all the simplest 1:1 (H:G) 

inding model and mixed 1:1 + 1:2 (H:G) or 1:1 (H:G) + 2:1 (H:G) 

inding models to establish a proper stoichiometry and association 

onstants for all studied cases. 

.4. Thermogravimetry (TG) and differential scanning calorimetry 

DSC) 

TG was performed using a TGA Q50 instrument (TA Instru- 

ents) in nitrogen (nitrogen flow was set as 100 ml/min). 3–9 mg 

amples were heated from 25 to 300 °C in platinum vessel with 

eating rate 5 °C/min. 

DSC measurements were performed using a DSC apparatus Q20 

TA Instruments) in nitrogen (nitrogen flow 100 ml/min). The sam- 

les ( ∼3–7.5 mg) were heated from 25 to 300 °C in non-hermetic, 

overed aluminum pans with heating rate 5 °C/min. 

.5. Molecular modeling 

The intrinsic, gas-phase conformations of neutral molecules ( H2 

automers, hexoses G1 - G4 , and H2 -hexoses associates) were ob- 

ained via comprehensive molecular mechanics simulations with 

MFF force field utilizing the Monte-Carlo algorithm, imple- 

ented in the molecular modeling package Spartan’18 [29] , fol- 

owed by the density functional theory calculations using the 

aussian 16 Rev. B.01 suite of programs. Optimized geometries of 

ocal minima and their energies ( �G at 1 atm and 298.15 K) 

ere obtained using Becke’s hybrid functional (B3LYP) [30] sup- 

lemented with D3 Grimme’s empirical dispersion correction and 

–311 ++ (d,p) basis set. Harmonic frequency analysis was used 

o confirm the nature of stationary points as local minima (all 

requencies real). A quasi-rigid rotor-harmonic oscillator approxi- 

ation (RRHO) was used to account for low-frequency vibration 

odes ( ν < 100 cm 

−1 ) and to obtain the correct entropy values. 

he protonated structures were obtained as a result of extensive 

earch of the lowest-energy conformations, while varying the po- 

itions of the hydrogen atom in the B3LYP-D3 optimized neutral 

olecules and complexes. Proton affinities were calculated as the 

egative enthalpy change (298 K) on the gas-phase protonation re- 

ction. 

In order to account for the solvent effect on the conforma- 

ions and energies of the studied supramolecular assemblies a 

onductor-like polarizable continuum model (C-PCM) using wa- 

er ( ε = 78.30) was employed. Four lowest-energy tautomers of 

terin ( H2 ) were subjected to comprehensive molecular mechan- 

cs simulations, as in the gas-phase calculations, using the Spar- 

an’18 software package [29] . The geometries of obtained PTN - 

onosaccharide assemblies (up to 200 conformers) were then re- 

alculated at higher level of theory (DFT/B3LYP-G3/6-31G(d)). Over 

 dozen conformers with lowest energies were then subjected to 

nal calculations using C-PCM solvent approximation. The local 
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Fig. 2. Structures of studied D-hexoses (G1-G4) and model analogues of folic acid: 2-amino-4-hydroxy-pteridine (pterin, PTN) and N-[4-(methylamino)benzoyl]-L-glutamic 

acid (H3) evaluated in this study. 
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Table 1 

UV-Vis study of the host–guest interaction between PTN and carbohy- 

drates [a] . 

Compound K a [M 

−1 ] 

D α glucose (G1a) 38 ± 0.8 

methyl –α -D-glucoside (G1b) 40 ± 1.4 

D α mannose (G2a) 31 ± 0.1 

methyl - α -D-mannoside (G2b) 31 ± 0.1 

D α α galactose (G3a) 39 ± 0.2 

Methyl– α – D–galactoside (G3b) 32.4 ± 0.7 

1,2:3,4-di- O -isopropylidene- α- D galactopyranose (G4) < 2 

[a] Determined in phosphate buffered saline PBS, pH = 7.4) at 303 K. 
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inima of the assemblies on the considered potential energy sur- 

ace were verified by the harmonic frequency analysis. 

.5. Mass spectrometry measurements 

The measurements and gas-phase stability data obtained from 

he collision experiments (CID analysis) were performed on 40 0 0 

TRAP mass spectrometer (Sciex). The water/methanol mixture of 

A, PTN or H3 ( c = 0.01–0.2 mM) and corresponding D-hexose 

 c = 0.1 mM) was infused to the electrospray ion source at a flow

ate of 10 μL/min. The samples were analysed in both positive 

nd negative ion modes with a capillary voltage at 4.2 V (-3.9 V), 

eclustering potential of 20 V (-20 V), and entrance potential of 

0 V (-10 V). The energy-resolved dissociation breakdown curves 

ere recorded in multiple reaction monitoring (MRM) scanning 

odes. The nitrogen was used as a collision gas. In the MRM scan- 

ing mode the intensity of the peak corresponding to a given com- 

lex ion was monitored as a function of the increasing collision en- 

rgy. The dissociation curves were prepared in SigmaPlot 12.0. The 

issociation energy, defined as the center-of-mass collision energy 

 E cm 

) at which the relative intensity of the complex ion is reduced

o 50%, was obtained from sigmoidal relationship between E cm 

and 

elative intensity of the complex ion. Each measurement was re- 

eated three times. The reported dissociation energies are given in 

 /- 0.1 accuracy. 

. Results and discussion 

.1. Studies in solution (UV-Vis) 

The studies in solution were performed using UV-Vis mea- 

urements and were carried out in biologically compatible buffer, 

amely phosphate buffered saline (PBS) at pH = 7.4. At this pH, 

he FA exists mainly as dicarboxylate anion [6] that shows two ab- 

orption maxima at 281 and 350 nm in the UV-Vis spectrum. We 

sed UV-vis titration experiments for determining the stoichiome- 

ry of the obtained complexes as well as evaluating their associa- 

ion constants. Three simple hexoses: D-glucose ( G1a ), D-mannose 

 G2a ) and D-galactose ( G3a ) were initially chosen as FA binding

gents ( Fig. 2 ). 

In order to avoid dilution effects as well as the influence of 

 possible FA aggregation, FA concentration remained constant 

uring experiments. In all cases, upon addition of carbohydrate 

liquots the absorbance at the same wavelengths increased. Exper- 

mental data obtained from the UV-Vis titrations were fitted with 

ypSpec [28] program. 

Different stoichiometries were tested (1:1, 1:2, 2:1 H:G), al- 

eit simple 1:1 binding model gave the most accurate associa- 

ion constants ( Table 1 ). Given that folic acid forms dimers in 

queous solutions [31] dimerization constant ( K d = 6.6 ± 0.3 M 

−1 ) 

 23 b]. was included in calculations of association constants of folic 

cid/monosaccharides assemblies. All studied carbohydrates form 

ssociates with FA that have similar stabilities as expressed by 

omparable values of association constants (15 ± 0.1 for FA / G1a ; 

0 ± 0.1 for FA / G2a , and 10 ± 0.1 for FA / G3a ). 
3 
The next part of our study was devoted to determination 

f which part of folate is responsible for the formation of 

upramolecular assembly with hexoses. In order to do that we 

ivided FA into two model analogues: pterin ( PTN ) and N-[4- 

 methylamino ) benzo yl]-L-glutamic acid ( H3 ) ( Fig. 2 ). For such ob-

ained model subunits, the UV-Vis titration experiments under the 

ame experimental conditions as for FA were performed ( Table 1 ). 

It was found that H3 does not form supramolecular associates 

nder studied conditions, whereas pterin ( PTN ) formed strong as- 

ociates with G1a, G2a, and - G3 hexoses. To evaluate the influence 

f anomeric hydroxyl group of hexose on the binding pattern with 

TN , methyl α-D-glucoside ( G1b ), methyl α-D-mannoside ( G2b ), 

nd methyl α-D-galactoside ( G3b ) were also evaluated ( Fig. 2 , 

able 1 ). 

The association constants do not differ either between as- 

ociates of PTN with a specific carbohydrate and its substi- 

uted at anomeric position analogue – suggesting that hydroxyl 

roup O(1)H is not essential for the binding of folate. To ex- 

mine further this binding pattern a carbohydrate with only 

ne free hydroxyl group O(6)H- 1,2:3,4-di- O -isopropylidene- α-D- 

alactopyranose ( G4 , Fig. 2 ) – was applied, resulting this time the 

ignificant reduction of the association costant ( K a < 2 M 

−1 ). Such 

ecrease in binding affinity confirms that either of O(2)H, O(3)H or 

(4)H hydroxyl groups may be crucial for the binding. Additionally, 

he value of association constant obtained for the G4 - PTN assem- 

ly confirms that O(6)H hydroxyl group of carbohydrate takes part 

n folate binding. 

These results clearly indicate that pterin subunit is responsible 

or formation of associates, whereas the PABA-GLN moiety is not 

nteracting at all with the carbohydrates. 

.2. Molecular modeling of supramolecular assemblies 

To shed a light into molecular recognition mechanism lead- 

ng to the formation of studied supramolecular assemblies we 

onducted additional theoretical calculations at DFT/B3LYP-D3/6- 

1G(d) level of theory. The influence of solvent was approximated 

sing conductor-like polarizable continuum model (C-PCM). First 

e determined the relative stability of tautomers of pterin ( PTN ), 

nd then the most-stable four tautomers of PTN ( Fig. 3 a) were sub-

ected to conformational calculation analysis to determine the rela- 

ive stabilities of PTN - G3b and PTN - G4 supramolecular assemblies. 
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Fig. 3. Molecular structures and relative stabilities of pterin (PTN) and its supramolecular assemblies 199 with hexoses G3b and G4 calculated at DFT/B3LYP-D3/6-31G(d)/C- 

PCM:water level of theory: four 200 lowest-energy tautomers of PTN (a) and PTN associates with methyl α−D −galactoside (G3b) (b) and 1,2:3,4-di-O-isopropylidene- α-D- 

galactopyranose (G4) (c). The energies are given in kJ �mol-1 and �G0 201 at 298.15K; �( �G0 )int = ( �G0 complex – ( �G0 hexose + �G0 202 pterin)); only assemblies of 

hexoses with tautomers of H2 having �( �G0 203 )int > 0 are shown. Non-acidic protons were omitted for clarity. 
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he selected molecular structures and relative stabilities of these 

ssemblies are depicted in Fig. 3 b,c. 

As it could be clearly seen from analysis of Fig. 3 b in the

3b + PTN assemblies the partners are held together by three rel- 

tively short and directional hydrogen bonds involving two sec- 

ndary (3-OH and 4-OH) and one primary (6-OH) hydroxyl groups 

cting as hydrogen bond acceptor and donor ( d = 2.74 −3.01 Å). 

n particular, only two pterin tautomers PTN #1 and PTN #2 

ere found to produce stable supramolecular associates with 

3b ( �( �G 

0 ) int > 0) with the G3b + H2 #1 associate being the

ost stable one ( �( �G 

0 ) int = -13.5 kJ �mol −1 ). In contrast, PTN

nd G4 molecules interact only weakly due to formation of 

maller number of less directional and longer hydrogen bonds 

 d = 2.77 −2.98 Å). This is reflected by the low stabilities of the

4 - PTN associates ( �( �G 

0 ) int up to 3.8 kJ �mol −1 ). The results of

FT calculations correlate well with the UV-Vis measurements in 

queous buffer showing that G4 - H2 associates have low stabili- 

ies, at least in solution (vide infra), whereas G1 - G3 form relatively 

table associates with PTN that have similar binding free energies 

 �G 

0 
exp ∼ -8 kJ �mol −1 ). 

.3. DSC and TG analyses of the supramolecular assemblies in the 

olid state 

In order to examine if the investigated complexes could also 

e formed in the solid state, we performed additional Differ- 

ntial Scanning Calorimetry (DSC) and Thermogravimetric (TG) 

nalyses [32] (in the range 25–300 °C, with heating rate 5 °
in 

−1 ). As model compound and for comparison with previous 

nvestigations 23a we chose folic acid and D-galactose. The DSC 

nd TG curves for pure FA salt, galactose ( G3a ), and 1:1 and 1:5

mol/mol) FA / G3a mixtures are shown in Fig. 4 a and 4 b, respec-

ively. 

The obtained TG and DSC plots of FA / G3a (1:5 mol/mol) mix- 

ure are clearly different from the obtained for parent compounds 

ndicating the formation of the assembly which thermal properties 

iffer significantly from the properties of pure FA and G3a . Specif- 

cally, the thermogram of FA / G3a (1:5) mixture showed two en- 
4 
othermic peaks ( T 1 = 124 °C and T 2 = 143 °C). The latter peak

orresponds to the melting of galactose ( T 3 = 159 °C, the lit mp

or galactose is 167 °C), which is the main component of the mix- 

ure, whereas the first peak is most likely related to the decompo- 

ition of the FA / G3a complex. This assumption is supported by the 

resence of preceding exothermic peak which indicates the solid 

o solid transition. 

The weight loss in TG curves is caused by dehydration (un- 

er 150 °C) and decomposition of compounds (in the range 150–

00 °C). 

.4. Identification and intrinsic stability studies of complexes of FA 

nd its model analogues with hexoses by mass spectrometry 

pproach 

The selective formation of noncovalent associates between FA 

nd its model subunits PTN and H3 with selected hexoses –

alactose ( G3a ) and its derivatives: methyl α–D–galactoside ( G3b ) 

nd 1,2:3,4-di- O -isopropylidene- α-D-galactopyranose ( G4 ) was ad- 

itionally studied using mass spectrometry (MS). 

The MS analysis of the acidified water/methanol mixtures of FA, 

TN and H3 with selected hexoses revealed the presence of 1:1 as- 

ociates in the case of both FA and PTN . Similarly to solution stud- 

es, compound H3 was found to not form any associates with hex- 

ses under studied conditions. The appropriate peaks correspond- 

ng to the protonated adduct ions were detected in the mass spec- 

ra recorded in the positive ion mode (Figs. S10 and S11). Addi- 

ionally, some adducts were also observed as deprotonated species 

n the mass spectra recorded in the negative ion mode (Fig. S12). 

he higher-order aggregates were observed in MS experiments for 

A solutions with D-galactose ( G3a ) and methyl α-D-galactoside 

 G3b ). The summary of the ion species observed upon MS analysis 

s presented in Table 2 . 

The identity of the observed ionic associates was additionally 

onfirmed by the analysis of their fragmentation pathways under 

ollision-induced dissociation, CID (Fig. S4). CID of the protonated 

ssociates led to the protonated [ FA + H] + or [ PTN + H] + ions as the

onic fragment ions. Proton affinity (PA) of pterin ( PTN) , which is 
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Fig. 4. Overlay of DSC (a) and TG (b) curves for FA (black line), D-galactose G3a (gray line), 1:1 (orange line) and 1:5 (red line) folic acid/galactose mixtures. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Energy-resolved dissociation breakdown curves of protonated associates of folic acid (a) and pterin (b) with D-galactose (G3a) and 1,2:3,4-Di- O -isopropylidene- α-D- 

galactopyranose (G4). The E cm represents the experimental dissociation energy of a protonated associate, i.e. the energy at which 50% of the complex dissociated. 

Table 2 

Mass spectroscopy identification of noncovalent assemblies of D-hexoses 

with FA and its subunit PTN 

[a] . 

D-Hexose FA PTN 

G3a [G3a + FA + H] + 

[2xG3a + FA + H] + 

[G3a + FA-H] −

[G3a + FA + Na-2H] −

[G3a + PTN + H] + 

[G3a + PTN-H] −

G3b [G3b + FA + H] + 

[2xG3b + FA + H] + 

[G3b + FA + Na-2H] −

[G3b + PTN + H] + 

[G3b + PTN-H] −

G4 [G4 + FA + H] + [G4 + PTN + H] + 

[a] Mass spectra were recorded in both positive and negative ion modes. 

The appropriate spectra are available in SI (Figs. S1–S3). No peaks corre- 

sponding to H3-hexoes assemblies were detected under studied conditions. 
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c

alculated to be 948.8 kJ mol −1 (see Fig. S16 for proton affinities 

f diferent pterin tautomers) is higher than the proton affinities 

f all three carbohydrates which were calculated to be: 870.1 kJ 

ol −1 , 877.6 kJ mol −1 , and 864.2 kJ mol −1 for G3a, G3b , and G4 ,

espectively. Therefore, the protonated FA and pterin are the only 

onic dissociation products observed in the CID spectra. 

The intrinsic, gas-phase stabilities of the selected assemblies 

ere determined by the analysis of their energy–resolved dissoci- 

tion breakdown curves ( Fig. 5 ), representing the relationship be- 
5 
ween applied, varied collision energy ( E cm 

) and intensity of the 

eak corresponding to protonated associate. The dissociation en- 

rgy of the observed assembly was defined as the center of mass 

nergy at which half of the associate underwent dissociation. 

In the solvent-free environment both FA and pterin form the 

ost stable complexes with D-galactose. The intrinsic stabilities 

iven as the E cm 

values are 6.6 and 10.1 eV, for FA and PTN as-

ociates, respectively. The complexes with G4 – equipped with 

nly one free hydroxyl group – are less stable than these with 

-galactose ( G3a ). This results from distinct number of hydrogen 

onds involved in the complex formation ( Fig. 6 ). 

Pterin ( PTN ) forms three strong hydrogen bonds with D- 

alactose ( G3a ), by being a donor of two hydrogen atoms and an 

cceptor of one hydrogen atom. In the case of the associate with 

4, PTN is a donor of three hydrogen atoms, to make a three cen- 

ered coordination operative. Though not shown here, the experi- 

ental dissociation energy of PTN –G3b complex was measured to 

e 9.7 eV. This value, which is slightly lower than that obtained for 

-galactose ( G3a ) but significantly higher than for G3b , indicates 

hat the primary hydroxyl group plays pivotal role in complex sta- 

ilization. 

The bond lengths are substantially shorter for PTN - G3a as- 

ociate. The calculated complexation energies of two associates 

 Fig. 4 ) well correlate with the experimental stability order. The 

omplexes with FA reflect the general behavior observed for pterin 
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Fig. 6. The gas-phase structures of protonated assemblies [G3a + H 2 + H] + (a) and [G4 + H 2 + H] + (b) calculated at DFT/B3LYP-D3/6-311 ++ (d,p) level of theory. Intermolecular 

hydrogen bonds and Gibbs free energies of complexation (at 298 K) are also shown, non-acidic protons were omitted for clarity. 
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omplexes, although the stabilities are shifted to the lower values, 

imilarly to that which is observed in solution. 

. Conclusions 

Molecular recognition properties of folic acid by model D- 

exoses (D-glucose, D-mannose, and D-galactose) was studied both 

n aqueous buffered solution (PBS, pH = 7.4), in the gas phase, and 

n the solis state. Stabilities of the supramolecular assemblies were 

etermined by the help of both experimental (UV-Vis, MS) and 

heoretical (DFT calculations) approaches. Moreover, structural mo- 

ifs of D-hexoses and FA crucial for the assembly formation were 

dentified. It was found that pterin subunit of FA is essential for 

he molecular assembly with hexoses, whereas PABA and GLN sub- 

nits of FA have virtually no effect on assembly formation. In so- 

ution, the most stable complexes were formed with hexoses hav- 

ng unprotected 3, 4, and 6 hydroxyl groups. The 1 and 2-hydroxyl 

roups were found to have less impact on the stability of the as- 

emblies. Likewise, in the gas phase, the free hydroxyl groups of 

exose were crucial for the formation of the associates with FA, al- 

eit even one free hydroxyl OH6 was found to be enough to form 

he assembly. 

The observation that simple hexoses bind folic acid by forming 

hree directional hydrogen bonds between pterin part of FA and 

arbohydrate hydroxyl groups is a key step in the development of 

ew molecular receptors for folic acid. Currently further studies 

iming to strengthen the molecular interactions between FA and 

onosaccharide-based receptors are underway in our laboratory. 
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