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Structural, electronic and energetic consequences of epigenetic 

cytosine modifications 

P. Cysewski
a
 and R. Oliński

b 

The hydrogen bonding patterns of cytosine and its seven C5-modifed analogues paired with canonical guanine were 

studied using the first principle approach. Both global minima and biologically relevant conformations were studied. The 

former resulted from full gradient geometry optimizations of hydrogen bonded pairs, while the latter were obtained based 

on 125 d(GpC) dinucleotides found in PDB database. The obtained energetic, electronic and structural data lead to the 

conclusion that the epigenetically relevant modification of cytosine may have serious consequences on hydrogen bonding 

with guanine. First of all, the significant substituent effects were observed for such trends as charges on sites involved in 

hydrogen bonding and the total intermolecular interaction energy or electron densities at bond critical points. Moreover, 

the molecular orbital polarization contribution resulting from energy decomposition expressed in terms of absolutely 

localized molecular orbitals exhibited an inverse linear correlation with frozen density contributions. A substituent effect 

on the amount of charge transfer from pyrimidine toward guanine was also observed. The increase of intermolecular 

interactions of guanine with modified cytosine is associated with increase of an electro-donating character of C5-

substituent. However, only pairs involving 5-methylcytosine are more stable than ones formed by canonical cytosine. 

Furthermore, the energy differences observed for global minima remain important also for a broad range of displacement 

and angular parameters defining pairs conformation in model d(GpC) dinucleotides. Due to the sensitivities of 

intermolecular interactions to mutual arrangements of monomers the modification of cytosine at C5 site can significantly 

alter the actual energy profiles. Consequently it may be anticipated that the modified dinucleotides will adopt different 

conformations than a standard G-C pair in B-DNA double helix. 

 

Introduction 

Cytosine methylation, usually at d(CpG) dinucleotides, is one of 

the most important epigenetic modifications with a profound 

impact on gene repression, cellular identity and organismal 

fate1. The occurrence of the d(CpG) dinucleotide is generally 

low in the bulk of genome but largely increasing in specific 

regions described as CpG islands (CGIs), which are DNA regions 

of about several hundred base pairs composed of at least 50% 

of GC content. Cytosine methylation may also  occur in a non–

CpG context (CpH, where H=A,T,C), but this kind of 

dinucleotides is rare in most mammalian cell types1,2. The DNA 

methylation has been studied as a stable epigenetic 

modification for decades1-3. However, an increasing body of 

recent experimental evidences implicates active DNA 

demethylation, which involves enzymatic oxidation of 5-

methylcytosine (C5m) with subsequent formation of its 

hydroxylated form (5-hydroxymethylcytosine, C5hm) and 

other derivatives such as 5-formylcytosine (C5for) and 5-

carboxyliccytosine (C5ac). This stands for the key event in 

epigenetic reprogramming4. Then base excision repair 

pathway is induced by involvement of TDG glycosylase to 

replace C5for and C5ca with cytosine to demethylate DNA5. It 

is worth noting that C5hm is not the direct substrate for 

thymine-DNA glycosylase. The results of a plethora of studies 

have confirmed the pivotal role of C5hm in active DNA 

demethylation while the role of the other derivatives is still 

obscure6. Epigenetic modifications are recognized by different 

proteins such as methyl CpG-binding proteins (MeCP1 and 

MeCP2), transcription factors, chromatin remodellers and DNA 

repair enzymes7. MeCP2 binding protein, in addition to binding 

mCpG, may also binds hmC what predominantly occurs at CpA 

nucleotides. Interestingly, mutation in the gene encoding 

MeCP2 may be directly linked with neurological disorders such 

as Rett syndrome8-10. However, the mechanisms by which the 

epigenetic modifications exert their effects are poorly 

recognized. Other kinds of C5 modification are inflammation-

mediated DNA base modifications such as C5Br and C5Cl, 

which were identified in cellular DNA11,12. Interestingly, some 

data suggest that the aforementioned modifications, when 

present in DNA, are able to mimic C5m13. Moreover, 5-

fluorocytosine is the oldest known antifungal agent14. It is 

possible that subtle differences of hydrogen bonding patterns 
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originating from the alteration of electronic densities and the 

energetics of intermolecular interactions between canonical 

base pairs and C5 modified analogues may have some 

influence on the structural properties of DNA, which in turn 

may affect the biological function of the C5-containing DNA 

duplexes. Therefore, the aim of this study was to characterize 

the substituent effects of C5-modification on the hydrogen 

bonded complexes of guanine and cytosine. In the first part 

the global minima of pairs formed by guanine with cytosine 

and its C5-modifed analogues (C5m, C5hm, C5ac, C5for and 

additionally the halogen derivatives C5F, C5Cl and C5Br) were 

characterized. Then model pairs in conformations found in B-

DNA d(GpC) dinucleotides were used for a scan of 

intermolecular interaction energies (IIE). 

Methods 

Seven complexes formed between guanine and cytosine and 

the cytosine derivatives which are defined in Fig.1 have been 

examined. The ωB97XD density functional was invoked using 

the 311++G(2df,2pd) basis set implemented in GAUSSIAN 

package15 to fully optimize the geometries of these complexes 

with the keyword "Int=Ultrafine". This approach takes 

advantage of accounting for dispersion interactions 

corrections16. The obtained geometries were used for 

computation of the Hirshfeld-type and NBO-derived atomic 

charges. Additionally cSAR index17,18 was calculated for 

characteristics of electrostatic properties of the substituents. 

The values for intermolecular interaction energies (IIE) were 

computed including corrections for basis superposition error 

according to counterpoise approach19,20. Besides, the rings and 

hydrogen-bond critical points were characterized based on the 

Quantum Theory of Atoms in Molecules21 using AIMAll 

software22. In order to characterize more precisely the 

contributions to pair stabilization an energy decomposition 

analysis was performed based on absolutely-localized orbitals 

method (ALMO)23 implemented in QChem package24. In this 

approach the total intermolecular binding energy is 

decomposed into the three components, namely frozen 

density contribution (FRZ), the polarization term (POL) and the 

charge-transfer (CT) portion of IIE25. In the second part of the 

paper an energy scan was performed for characteristics of 

intermolecular interactions within canonical and modified G-C 

pairs in conformations resembling B-DNA structure. For this 

purpose the hydrogen bonding patterns of diverse G-C pairs 

were analysed by collecting different conformations observed 

in biochemical systems. Thus, the nucleic acid database 

(NDB)26 was searched for B-DNA records comprising non-

modified structures of double strands, without any ligands or 

mismatches. Conformations of d(GpC) were expressed in 

terms of six parameters defining mutual arrangement of 

hydrogen bonded pairs. Due to the accepted standard27 it is 

sufficient to provide values of Shear, Stretch, Stagger, Buckle, 

Propeller and Opening for univocal characteristics of 

dinucleotides. The first three quantities represent 

displacement parameters and the other three define angles 

between molecular planes. For the purpose of structural 

analysis the X3DNA program28 was used enabling direct 

analysis of deposited PDB files. In total, 125 pairs of G-C for 

configurational hyperspace characteristics were considered. 

Based on the obtained values the diversity of G-C pairs 

occurring in B-DNA can be documented. Having the spectrum 

of possible values a model of d(GpC) dinucleotides was 

constructed with monomers geometries coming from 

quantum chemistry optimizations. This step is indispensable 

since the direct use of PDB geometries is not recommended29. 

For this purpose the library of X3DNA was locally modified and 

used for generation of the span of structures encompassing 

experimentally observed values of all six parameters. Then, a 

series of IIE computations was performed for precise 

characteristics of structure to energy relationships. Such an 

approach of scanning of the configurations hyperspace was 

successfully used for heterogeneity of stacking interactions in 

DNA30-32, non-additivities in dinucleotide interactions33 or 

energetic consequences of oxidation of telomere repeat 

unit33,34. 

 

code name σσσσp 

C cytosine 0.00 

C5m 5-methylcytosine -0.17 

C5hm 5-hydroxymethylcytosine 0.00 

C5ac 5-carboxylcytosine 0.45 

C5for 5-formylcytosine 0.42 

C5F 5-fluororocytosine 0.06 

C5Cl 5-chlorocytosine 0.23 

C5Br 5-bromocytosine 0.23 
 

Fig.1. Schematic representation of structure of guanine paired with cytosine and its C5 

modified analogues. The values of Hammett constant36 characterizing each substituent 

are provided in the last column. 

Results and discussion 

The whole project was divided into two parts. In the first one 

some properties of the studied pairs in their global minimum 

conformations were characterized. After geometry 

optimization a series of computations was performed for 

characterizing detailed electronic and energetic properties. 

Special attention has been paid to the substituent effects on 

hydrogen bonding alterations as a consequence of substituent 

attachment to C5 atom of cytosine. In the second part the 

realistic arrangements of nucleotides were used for scanning 

the conformational hyperspace in closer proximity to 

biochemically relevant structures. This was done by application 

of conformations characterizing an experimentally available 

span of all six coordinates defining mutual arrangements of 
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monomers forming pairs within d(GpC) duplex in B-DNA 

conformation. 

 

Global minima of G-C* pairs 

One of the fundamental building blocks of B-DNA double helix 

comprises guanine-cytosine pair stabilized by three hydrogen 

bonds. In the case of epigenetic alterations of cytosine at C5 

centre the formal bonding pattern remains unchanged as it is 

presented in Fig.2. However, such local modifications can alter 

the coding abilities of cytosine analogues due to the different 

nature of substituents. As it is documented in Fig.1 among 

seven epigenetically important cytosine derivatives there are 

ones enriched with a quite strong electro-donation and 

electro-withdrawing character of substituent, which can be 

quantified by values of Hammett constants, σp. The optimized 

structures of all pairs defined in Fig.1. were used for detailed 

electronic, energetic and structural characteristics of the 

consequences of cytosine C5 substitution. The values of 

Hammett constant provided in Fig.1. define the diversities of 

the electro-donating character of the studied substituents. As 

was presented in Fig.1. each pair comprises three internal 

heterocyclic rings constituting purine and pyrimidine 

heterocyclic moieties. In all the analysed pairs there are also 

two additional rings formed by hydrogen bonding patterns. 

The existence of all these rings was confirmed by electron 

density analysis and location of ring critical points on electron 

density surfaces. Although all cytosine derivatives possess an 

additional intramolecular ring involving amino group of 

cytosine and substituent, this ring was excluded from the 

detailed analysis. 

It is well known that hydrogen-bonded nucleic acid base pairs 

substantially contribute to the structure and stability of nucleic 

acids37-41 Base pairing via hydrogen bonding is categorized as 

resonance assisted H-bonds39 and since nucleobases possess 

large dipole moments and are highly polarizable the 

electrostatic interactions dominate in DNA34,39. However, it is 

documented that the orbital interaction component can be of 

the same order of magnitude as the electrostatic 

component41,42. The substituent effect of halogen atom at C8 

centre of purine and C6 positions pyrimidine has relatively 

small effects by reducing the hydrogen-bond-accepting and 

increases the hydrogen-bond-donating capabilities of a DNA 

base42.  

 
 

G-C 

 
G-C5ac  

 G-C5for 

 
G-C5m  

G-C5hm 

 
G-C5F 

 
G-C5Cl 

 
G-C5Br 

Fig.2. Representation of isosurface of electrostatic potential (±0.02 e/Å3) found in optimized pars of guanine paired with cytosine and its epigenetically important modifications. 

Positive values are in blue colour, while yellow represent regions with negative values. 
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Since the electrostatic interactions are crucially important in 

characterizing intermolecular interactions between 

nucleobases43,44 and their derivatives45 the maps of 

electrostatic surface potential (ESP) seem to be important in 

the studied pairs. As one could expect the modification of 

cytosine at C5 position has significant consequences on the 

electrostatics of pairs with guanine. The electronegative region 

found in canonical G-C pair originating from C8, N7 and N3 

centres of guanine encompasses almost the whole purine 

molecule including the hydrogen bonding area. On the 

contrary the space surrounding cytosine is characterized by a 

positively electrostatic field. This region of G-C pair, which is 

exposed out of the axis of the double helix, is the most 

important area from the perspective of interactions of DNA 

with other chemicals defining recognition patterns also for 

repair system agents. As one can see the ESP maps 

corresponding to global minima geometries of the studied 

pairs can be significantly affected by epigenetic modifications. 

Indeed, replacement of hydrogen atom with electro-accepting 

groups results in significant alterations of ESP maps, especially 

in the case of C5for and C5ac. The presence of additional 

electronegative centres breaks down the recognition pattern 

typical for G-C at groove side. Interestingly, similar effect is not 

so clear in the case of halogen-substituted cytosine, for which 

the Hammett constants have much smaller values compared 

to carboxyl or formyl groups. This is immediately reflected in 

ESP contours. In the case of C5hm an additional negative 

centre is present in the region responsible for stacking 

interactions. It might be expected then that intermolecular 

interactions within d(GpC5hm) dinucleotide will be much more 

strongly altered with respect to canonical dinucleotide. Due to 

electro-donating character the methyl substituent if 

introduced at C5 centre of cytosine leads to alterations of 

charge distribution around hydrogen bonding motives 

suggesting a rise of pairs stabilization. Interestingly, despite 

these changes in ESP the computed values of Fukui Function 

(FF) distributions proved that modification of cytosine does 

not lead to significant changes in all three FF indices. For all 

analysed pairs it is expected that the electrophilic attack takes 

place mainly on the guanine side since 89% of the total atomic 

FF(-) index is located on this site. This value is almost 

unchanged irrespective of the type modification imposed on 

cytosine. The probability of both nucleophilic and radical 

attack is almost equal for both constituents of the analysed 

pairs. Furthermore, the summarized values of FF(+) and FF(0) 

indices are not sensitive to cytosine substitution. It would be 

interesting to see if other properties are substituent 

dependent. 

 

Substituent effect on charges distributions 

The first aspect studied here refers to charges distribution on 

centres involved in hydrogen bonding. Two measures were 

used for quantifying substituent effects, namely Hammett 

constants and additionally cSAR index. Although these two 

measures are not independent since there is observed 

modestly correlation (R2=0.874) between the two but they can 

provide two complementary and natural interpretations of 

substituent effects. According to chemical intuition the inverse 

trend is to be expected and with higher values of cSAR 

stronger electro-donating properties are to be expected. As 

was documented in Fig.3 substituents connected to C5 centre 

with cytosine introduce quite systematic changes on centres 

involved in hydrogen bonding. Interestingly, among existing 

three hydrogen bonds, both vicinal HB are much more prone 

to substituents then the central one. 

 

 

Fig.3. The charge distributions on donor and acceptor centres of modified cytosine the 

Hirshfeld charges as a function of cSAR parameter (top) and the NBO charges as a 

function of Hammett constant (bottom). 
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The presented correlations in Fig.3 provide consistent 

substituent effect expressed either via Hammett constant or 

cSAR index. The immediate and univocal conclusion states that 

the more the electro-donating group is present on C5 site the 

lower the charge resting on the N6 and O2 atoms. 

Interestingly, no such effect is observed for N1 atom 

irrespective of the type of cytosine modification. 

 
Substituent effect on intermolecular interaction energies 

The noticed substituent effects on charges distributions has 

also systematic influence on pair stabilization energies. Indeed, 

as is shown in Fig.4a the stronger the electro-accepting 

character of the substituent the lower the values of IIE. This 

trend is of a linear character and the strongest intermolecular 

interactions were noticed for G-C5m pairs. This intermolecular 

complex is about 0.6 kcal/mol more stable than canonical G-C 

pair. All pairs formed by other derivatives have been found to 

be less stable compared to the canonical one. Interestingly, 

the observed trend for cytosine seems to be different than one 

noticed46 for other pyrimidines. Indeed, the role of the 

introduction of a methyl substituent at the pyrimidine ring on 

hydrogen-bonding has been proven to be quite small in the 

case of thymine and uracil pairing with adenine46. The 

stabilization of Watson–Crick type complexes of T with A are 

supposed to be about 1% decreased in comparison with T-A 

pair. The moderate electron-donating capacity of the methyl 

group can be attributed to this change. However, in the case of 

cytosine derivatives, the presence of amino group instead of 

oxygen center leads to the opposite effect since the electro- 

 

 

Fig.4. Energetic characteristics of global minima of pairs formed by guanine and C5 

modified cytosine. The substituent effect on IIE is plotted in panel (a) and relative 

values of binding (∆IIE) with respects of canonical nucleic acid G-C pair are presented in 

panel (b). 

donating character of the methyl group strengthens the 

already strong amine group electro-donation. The analysis of 

optimized U-T and T-A pairs at the same level of theory as C-G 

pairs revealed the origin of such an inverse trend. First of all 

the presence of an additional hydrogen bond allows for much 

stronger interactions and electron densities relaxation. This 

can be expressed in values of frozen density and polarization 

contribution to the total binding energy. In the case of T-A and 

U-A pairs the FRZ terms are equal to -2.01 and -1.95kcal/mol, 

respectively while POL are equal to -6.13 and -6.19kcal/mol, 

respectively. Both these terms have much stronger stabilizing 

contribution to C-G pair and are equal to FRZ=-9.04 and POL=-

11.71kcal/mol, respectively. These contributions are also more 

attractive if expressed per one hydrogen bond. Also base-to-

base charge transfer is much stronger in the case of cytosine 

pairs than thymine and uracil. The CT contribution in the 

former case equals -9.21kcal/ and for T-A and U-A are only 

about -6.85 and -6.98 kcal/mol. Thus, the substituent effects in 

general is to be considered as pyrimidine-type dependent. The 

consequences of cytosine modification on the binding energy 

are quite consistent as it can be inferred from Fig.4a. The 

observed linear trend suggests that in the case of cytosine 

derivatives the more electro-accepting character of 

substituent the less stabilisation of WC pairs is to be expected. 

In Fig.4b the relative values of the contributions to the boding 

energy were presented with respect of optimized G-C pair. 

According to decomposition analysis the highest contribution 

to IIE comes from EPOL term and covers about 39.4% of the 

total IIE. The other two contributions, ECT and EFRZ, share the 

rest of binding energy in almost equal amount, namely 31.0% 

and 29.6%, respectively. Thus, it is evident that in all the cases 

studied here the non-charge transfer contributions to the 

binding energies are a more dominant portion of the IIE. 

Interestingly, the values of these energy contributions are 

almost independent of the nature of substituent. In this 

context it is worth noticing that the observed trend of IIE with 

change of Hammett constant values originates from 

interdependency of the FRZ and POL. Indeed, the correlation is 

as high as R2=0.933 and suggests the rise of polarization with 

the lowering of frozen density contribution. This compensation 

is visible in the substituent effects on IIE. 

 
Substituent effect on hydrogen bonding properties 

The observed inverse relationship between electro-donation 

of C5 substituent and pairs stabilities provokes a question 

about the sensitivities of each of the hydrogen bonds formed 

between guanine and cytosine analogue. For quantifying this 

effect the electron densities at bond-critical points, ρBCP, were 

computed based on Bader formalism21. It is commonly 

accepted that stronger hydrogen bonds are characterized by 

the higher values of ρBCP. In Fig.5 the obtained values of 

electron densities characterizing hydrogen bonding patterns 

were plotted as a function of IIE. The general trend of IIE 

expressed as a function of total ρBCP, summed over all three 

HBs, is fairly linear (R2=0.971). This confirms the notion that 

stronger intermolecular interactions are associated with an 

increase of electron density in the hydrogen bonding region. 
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The strongest hydrogen bond N-H…O’ seems to be formed 

between the donor centre of pyrimidine (N4-H) and the 

acceptor centre of guanine (O6’). This bond is fairly 

independent of the substituent type since ρBCP values remain 

on a similar level for all analysed complexes. The second-stable 

hydrogen bond is formed between heterocyclic centres of 

cytosine analogue (N3) and guanine (N1-H). The weakest bond 

is formed between oxygen acting as acceptor on the 

pyrimidine side (O2) and nitrogen atom of amino group (N’2) 

playing the donor role. The latter two bonds show modest 

correlation of ρBCP with the energetics of the system. Although 

the use of bond-critical points for estimating hydrogen-

bonding interactions can in some cases pose a serious 

challenge47 linear relationships between electron density at 

bond-critical point and stabilization energy of many hydrogen 

bonded complexes48 were observed including nucleobases49. 

Even more, relationships between IIE and of ρBCP were used for 

classification of various types of hydrogen-bonded 

interactions50. 

 

Fig.5. The correlation between electron densities of bond critical points of HB as a 

function of IIE of pairs formed between canonical guanine and modified cytosine. 

Substituent effect on charge transfer 

Intermolecular complexes stabilized by hydrogen bonds often 

allow for significant charge transfer between monomers. 

Although in the studied complexes this is not the most 

significant contribution it still is crucial for understanding of 

the nature of bonding patterns. The ALMO obtained during 

energy decomposition analysis can be used as a reference 

basis set for representing of bonding between molecules in 

terms of orbitals called complementary occupied-virtual 

pairs51. This model of orbital interactions can be used not only 

for conceptual description of intermolecular bonding but it can 

also quantify the amount of bidirectional charge transfer from 

and to interacting monomers. The results of decomposition of 

the total charge-transfer into complementary occupied-virtual 

pairs typically expressed as portion of electron charge 

dislocation leads typically to four contributions characterizing 

intra and inter CT of both components. Interestingly taking 

into account only intermolecular CT from pyrimidine to purine, 

a linear trend of the charge transfer as a function of Hammett 

constant values is observed, which is presented in Fig.6. This 

trend agrees with chemical intuition since it is expected that 

the more accepting nature of C5 substituent the stronger 

depletion of the ring π-electron delocalization what in turn 

reduces the ability of the charge transfer during formation of 

the intermolecular hydrogen bonds from the pyrimidine 

moiety. Interestingly, the opposite effect of charge transfer 

from guanine to modified cytosine is not associated with the 

parallel linear trend. This suggests that the observed 

substituent trend is of local character imposed on cytosine by 

C5 modifier. 

 

Fig.6. The substituent effect on the charge transfer in hydrogen bonded pairs formed 

between canonical guanine and modified cytosine. 

Model d(GpC) in B-DNA conformations 

The global minima obtained offer optimization, although 

interesting from the chemical point of view, need not be very 

informative in the context of biochemical mechanisms 

involving DNA functionalities. Indeed, in real recognition 

patterns31,52 only a portion of the available energy is used in 

biochemical systems. Thus, more realistic conformations are to 

be considered. According to the details provided in 

methodology part the IIE scans were performed by altering 

only one variable. Based on these computations one can 

acquire energetic diversity of formed pairs as a function of 

mutual arrangements of monomers. The obvious advantage of 

such a model is the ability to apply precise IIE computations via 

quantum chemistry methodology to structures of biochemical 

relevance. The relative IIE values computed with respect to 

canonical G-C of given conformation were used for inspection 

of the energetic consequences of C5 cytosine substitution. The 

results of performed IIE computations for canonical G-C pair 

are presented in Fig.7 (see supporting materials). The first 

important conclusion is that the amount of the total available 

interaction energy used for the stabilization of systems in 

biological conditions is significantly lower compared to the 

ground state of G-C pair. One potential source of this fact is 

the relaxation of monomer geometries upon pair formation. 

However, in the case of guanine and cytosine these correction 

are almost identical and are equal to 1.5 kcal/mol. Thus, due to 

steric restrictions imposed by B-DNA conformations the 

formations of the most stable conformation between nucleic 

acid bases is restricted and helix stabilization is to be achieved 

by only a portion of the available attraction energy. This 
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fraction can still be quite significant and in the case of G-C 

pairs reaches 91% of the ground state IIE values. It is also 

worth mentioning that the range of both angular and 

displacement parameters characterizes the highest possible 

attraction range of G-C pair found in analysed d(GpC) 

dinucleotides in B-DNA conformation. The sensibility of IIE to 

parameter changes varies for different parameters and 

changes of the following parameters Stretch, Opening and 

Shear are the most influential on the stabilization energy. On 

the contrary the values of Stagger, Buckle and Propeller can be 

changed within a broad range without significant energetic 

penalties. It is interesting to see if modifications of cytosine at 

C5 position will result in changes of bonding patterns in pairs 

of model d(GpC*) dinucleotides. The performed energy scans 

were provided in supporting materials as Fig. 8 and 9. The 

most important conclusion coming from the obtained plots is 

that the energy differences observed for global minima remain 

important also for a broad range of displacement and angular 

parameters defining pairs conformations in model d(GpC) 

dinucleotides. However, due to the sensitivities of 

intermolecular interactions to mutual arrangements of 

monomers the modification of cytosine at C5 site can 

significantly alter the actual energy profiles. Indeed, the least 

stable pairs comprising C5ac and C5for remain least favourable 

compared to canonical pairs also in the whole ranges of all 

displacement and angular parameters. However, the lowering 

of Shear values and the rise of Stretch values significantly 

reduces the observed ∆EHB difference. This suggests that the 

conformations of G-C5ac and G-C5for pairs will be significantly 

different in B-DNA double helix compared to canonical G-C 

pair. Similar effects are to be expected also in the case of C-

5hm, for which the increase of Stagger and decrease of 

Propeller with respect to G-C pair are to be expected. Although 

these remarks of a qualitative nature do not allow for 

prediction of actual energies of modified pairs in B-DNA they 

provide at least a clue about expected trends in conformation-

dependent intermolecular interactions between guanine and 

epigenetically modified cytosine. The detailed study on actual 

conformations adopted by modified dinucleotide in full B-DNA 

double helix environment are worth undertaking. 

Conclusions 

The modification of cytosine at C5 position is important from 

the biochemical perspective. The detailed inspection of 

chemical consequences on hydrogen bonding patterns of 

cytosine analogues led to conclusions allowing for a deeper 

understanding of observed phenomena in the biological 

context. First of all, the substituent effects documented by 

linear relationships of several structural, electronic and 

energetic properties with variation of Hammett constant or 

cSAR index were observed as for example the stabilization of 

hydrogen bonded pairs, the electrostatic properties on sites 

immediately involved in HB formation as well as individual 

bond strength. The resulting trends provide a clear and 

systematic overview of chemical modifications in the context 

of the pairing abilities of cytosine analogues. 

The provided diversities of expected intermolecular 

interactions in model dinucleotide allow to distinguish three 

classes of pyrimidine analogues. To the first one belong C5for 

and C5ac, derivatives obtained after enrichment of cytosine 

with strong electro-accepting character. These two derivatives 

if involved in pair formation with guanine lead to weakening 

hydrogen bonded pattern with respect of G-C, both in global 

minimum and in conformations found in d(GpC) dinucleotides 

of B-DNA conformations. The second type represented by C5m 

is characterized by an increase of hydrogen bonding with 

guanine as the electro-donation is the most significant in the 

case of the methyl group. The rest of the studied cytosine 

analogues are almost indistinguishable from the energetic 

point of view, although many other properties are affected by 

C5 modification. Our results may be seen in the context of the 

recognition of epigenetic marks by different proteins. They 

may, at least partially, explain why TDG can recognize and 

excise from DNA C5for and C5ca while not C, C5m and C5hm 

when paired with guanine53. The results may also be helpful in 

explaining the finding that the presence of C5for and C5ca on 

the template DNA strand resulted in a great reduction, of 

those observed for C or C5hm, in the rate of guanine 

incorporation in the complementary position of transcribed 

RNA54. 
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Fig. 7. The diversity of intermolecular interaction energy of canonical G-C 
pair in conformations characteristics to B-DNA double helix. Black lines 
represent variations of IIE as a function of displacement parameter, while 
grey curves stand for angular parameters. The corresponding energy level is 
denoted by dashed line. Since the energy scans do not include this 
contribution the correction for geometry relaxation were included and 
presented dotted line in Fig.7.  

 

 

 

 

 

 

 

 

 

Fig.8. Scan of the relative intermolecular interaction energies of canonical guanine with 

5-modified cytosine derivatives as a function of hydrogen bonding separation 

parameters defining. The reference points corresponds to values characterizing G-C 

pair documented in Fig.7. The positive values indicate lower pairs stability compared to 

analogical conformations of canonical G-C pair. 
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Fig.9. Scan of the relative intermolecular interaction energies of canonical guanine with 

5-modified cytosine derivatives as a function of hydrogen bonding angle parameters 

defining. The reference points corresponds to values characterizing G-C pair 

documented in Fig.7. The positive values indicate lower pairs stability compared to 

analogical conformations of canonical G-C pair. 
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