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A detailed quantum chemical investigation was undertaken to obtain the structure and energetics of cytosine hydrates

Cyt.nH,0, with n = 1 to 7. The MP2(fc)/aug-cc-pVDZ level was used as standard, with some DFT (B3LYP) and coupled
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cluster calculations, as well as calculations with the aug-cc-pVTZ basis set added for comparison. In a systematic search for

microhydrated forms of cytosine, we have found several structures not yet reported in the literature. The energies of the

different isomers, as well as the binding energies are compared. When predicting the stability of a complex, we suggest

using a scheme where the water molecules are extracted from a finite model of bulk water. Finally, based on energetic

data, we suggest a rational definition of the first hydration shell; with this definition, it contains just six water molecules.

Introduction

The fundamental significance of DNA bases in molecular
biology justifies a close scrutiny into every aspect of their
We have been studying the structure and
tautomerism of cytosine for some time, currently investigating
amino-oxo form

structures.
the electronic excited states of its “canonical”
(Cyt),1 and its hydrates.2 As part of the latter study we
obtained the geometries of several complexes, and it seemed
now reasonable to extend the search for more isomers,
investigating their structures in detail.

(QC)
computations on the interaction between cytosine and water.

There have been numerous quantum chemical

One approach is to use a continuum model as, for example, in
refs 3 and 4. Most studies, and specifically those using higher
QC levels, treat the interactions in a model of ‘microhydration’,
attaching individual water molecules to cytosine. The number
of water molecules may be just one,5’9 or up to five waters
that can bind directly to cytosine.lo’13 Some specific structures
with as many as 14 water molecules have also been
14718 |1 the latter
structures, however, several water molecules bind to each
other and not to cytosine. The present study investigates
Cyt.nH,0 hydrates in a systematic way for n = 1 to 7, with the
objective of identifying as many isomers as possible. The
question of the first hydration shell will also be addressed.

The notation of individual complexes is based on the
our first study, one on the

constructed and their geometries optimized.

scheme introduced in
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monohydrates.9 Moieties (neighbourhoods) around Cyt are
defined as follows. A: N1(ring)-H with C=O(carbonyl), B:
N8(amino)—H,,, with N3(ring), C: C=O(carbonyl) with N3(ring),
D: N8(amino)—H,,; with C5-H (the position of amino
hydrogens given relative to N3). These are shown in Fig. 1,
along with the numbering of atoms. Note that the moieties A,
B and C may give place to two H-bonds (on C, however, see
later below), while at D water builds one H—bond only.
Throughout the paper, moieties will be given in italics, while
the molecules themselves in normal fonts. For the larger
complexes then, for example AB refers to a dihydrate with
waters at neighbourhoods A and B, AABC a tetrahydrate with
two waters in the moiety A, one at B and one at C, and so on.

Our primary objective is to get an overview on the
possibilities for Cyt to bind water molecules, to establish the
energetic differences between a variety of isomers and to
determine individual binding energies. In relation to the latter,
general comments will be given on the uncertainty of BSSE
(basis set superposition error) corrections.

Computational details

Electronic structure calculations have been performed at MP2
and coupled cluster singles, doubles with approximate triples
CCSD(T) levels, as well as by the DFT method using the B3LYP
functional. Double and triple zeta correlation consistent basis
sets with diffuse functions (aug-cc-pVDZ, aug-cc-pVTZ) were
used. Core electrons were frozen in all post-Hartree-Fock
calculations. The standard level of theory in this study was
MP2(fc)/aug-cc-pVDZ. For comparison, numerous
DFT(B3LYP)/aug-cc-pVDZ calculations were also performed.
Vibrational frequencies based on analytical second derivatives
routinely in the DFT calculations; MP2
frequencies were obtained from numerical differentiation of
first derivatives. Single point CCSD(T) calculations of energies

were included
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were carried out at some of the stationary points. MP2 and
DFT calculations were performed using PO‘S,17 while coupled
cluster energies were calculated by CFOUR.™ Pure water
clusters have also been optimized by MP2(fc)/aug-cc-pVDZ,
making use of excellent starting geometries from The
Cambridge Cluster Database.™

Results and discussion
Testing the level of QC computations

For a systematic study, one first has to check the stability of
the with respect to computational The
MP2(fc)/aug-cc-pVDZ level used as standard in several of our
studies including the present work, is compared to higher
levels of theory in Table 1. As to the basis set, going from aug-
cc-pVDZ to the corresponding augmented triple-zeta basis
(aug-cc-pVTZ), the maximum change in the relative energies is
insignificant, 0.13 kcal/mol. Concerning the role of electron
correlation, the CCSD(T) data confirm the MP2 results within
0.1 kcal/mol for the dihydrates, with a maximum deviation of
0.18 kcal/mol for the trihydrates (ABC). The tests thus prove
that the MP2(fc)/aug-cc-pVDZ level is well adequate for the
present purpose. (In fact, we stressed already in an earlier
study9 that for distinguishing between different tautomers of
the nucleotide bases, a high method of electron
correlation is obligatory, while for a given tautomer, as in the

results level.

level

present case, hydration can be well described by MP2 or DFT
methods.)

Besides checking MP2 by coupled cluster calculations, we
have included DFT results in Table 1. Overall, the latter
perform also well. In fact, it is reassuring to see that in 10 of
the 11 sets of calculations, the order of energies is the same:
AA < AB < BB <BC, and AAB < ABB < ABC < AAA, for the di— and
trihydrates, respectively; the only discrepancy is found among
the trihydrates, where B3LYP places AAA below ABC in energy,
with both basis sets. In the quantitative details, however, the
DFT results for the isomers’ relative energies differ from the
wave function results by up to a factor of 2. The latter will be
discussed in relation to literature results further below.

Hydrates identified and their relative energies

Table 2 gives an overview of the final results, showing the
relative energies of individual isomers within each group
defined by the number of water molecules, n. The table
includes also the zero point vibrational energies. Looking at
the numbers in parentheses in the first column of the table, an
observation seems worth mentioning: as the number of water
molecules increases, the change in ZPE is fairly constant, 15-16
kcal/mol per one additional water. This may indicate that, in
the most stable isomers, the additional hydrogen bonds,
whose number increases by two with each additional water,
are quite similar in strength and nature.

As to the (quite small) relative energies between isomers
(in a given row of Table 2), the ZPEs are not negligible but,
fortunately, do not change the order of relative energies,
except for one case: among the tetrahydrates, AABC and BBCC
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are equal in energy without ZPE, while the addition of ZPE puts
BBCC more than 1 kcal/mol above AABC.

Two sets of literature results are included in Table 2 for
comparison: traditional B3LYP/DZP++ calculations by Kim and
Schaefer™® and an intriguing recent study by Thicoipe et al.®
The latter authors used a global search algorithm (GSAM) to
find the microhydrated forms, with up to five waters (and for
all the five nucleic acid bases). The QC method they used was
DFT (B3LYP and B3LYP-D, with the 6-311+G(d,p) basis set). It is
somewhat surprising that, as will be seen below, the original
B3LYP functional performs in this case better than its variant
B3LYP-D, augmented with an empirical dispersion term.

The monohydrates have been studied many times by
computational chemistry still some discussion seems to be in
order. There are, in principle, four possible positions for water
to attach to Cyt, as shown in Fig. 2. Most QC caIcuIations,S’9
including our coupled cluster results,9 agree that A is the
strongest binding moiety, favoured over B; the MP2 energy
difference in Table 2 is AE(B-A) = 0.72 kcal/mol (0.55 with
ZPE), the CCSD(T) result of ref. 9 was 0.82 kcal/mol (no ZPE).
DFT calculations give a larger difference, roughly between 1.0
-1.5 kcal/mol.g'B’20 As noted above, the new B3LYP-D fails
here, giving a virtually zero difference between B and A (0.1
kcal/mol, Table 2, taken from ref. 20). This is too low in the
light of all other results, while the original B3LYP with A(B—A) =
0.7 kcal/mol is well acceptable. Another remark concerns the
work by Sivanesan et al.’: these authors reported moiety B as
the lower-energy, i.e. stronger, binding site which is definitely
wrong in the light of all more recent calculations.

Moiety C deserves a special comment. Here, there is a
possibility that water binds with both of its protons as donors,
and such an energy minimum was indeed reported on the
basis of MP2 calculations.* By contrast, it was emphasized
both by DFT calculations® and by MP2 calculations® that this is
not the case. More recently, Hunter and Wetmore®!
investigated the question in detail using DFT calculations. Their
finding was that an energy minimum does exist here, but this
is a ,ring-opened” H—bond structure. The authors emphasize
the role of diffuse functions: without them, the H—bond ring is
allowed. We have also investigated this question in some
detail now, running both B3LYP and MP2 optimizations with
several basis sets, checking also the nature of the stationary
points from the corresponding vibrational frequencies. The
result is in line with ref. 21: independent of the electron
correlation method (DFT or MP2), several basis sets do indeed
give double H—donor structures as true minima. (The hydrogen
bonds are weak, however, as indicated by bond lengths above
2 A; with MP2/cc-pVDZ, r(N3...H) = 2.12, r(C=0...H) = 2.32 A).
And the important point is the role of diffuse functions: as
soon as one goes from, say, 6-311G(2d,2p) to 6-
311++G(2d,2p), or from cc-pVTZ to aug-cc-pVTZ basis set, only
one H—bond survives. As a tentative idea, one can perhaps
understand this strange phenomenon from the fact that two
H—bonds involve a strained ring in which the water’s own
H—O—-H angle is forced to decrease. (For example, its MP2/cc-
pVDZ value is 98.2°.) The latter is ,,less acceptable” by the
augmented basis set which gives, for isolated water itself, a
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larger angle than the basis without diffuse functions (103.9°
vs. 101.9°% the former is also closer to the experimental value
of 104—105°). It is also interesting that in the single H—bond
which does form, water donates its hydrogen to the carbonyl
oxygen, rather than to N3 (Fig. 2, C). We tried several
optimizations to bind the water—hydrogen to N3, but in all of
these attempts the optimization stubbornly led to complex B.
Finally, a water molecule can bind at position D to the
amino-hydrogen anti to N3 (Fig. 2, D). This bond is isolated, so
it is often omitted in the studies. It is significantly weaker than
other H-bonds in the hydrates, as can be inferred from the
long H(amino)..O(water) distance; e.g., our MP2(fc)/aug-cc-
pVDZ calculation has given a distance of 2.03 ,&, while the
other H—bonds in the monohydrates are in the range of
1.82-1.98 A. (The last value refers to the other amino—water
bond in complex B.) As expected, isomer D with its energy of
6.1 kcal/mol (5.1 kcal/mol with ZPE) is the less stable form
among the monohydrates. We will use this isolated site D for
accepting water only in the larger systems (with 6 or 7 waters),
where it may be the only possibility to attach the next
hydrogen directly to Cyt.
For the dihydrates, we have identified four isomers as shown
in Fig. 3 and listed in Table 2. It is interesting that structure AA,
with both waters in one ring, has the lowest energy. Mourik et
al. reported on these structures some time ago11 and
commented that, as a general trend, ,,the second water
appears to preferably bind to the first one”. The present
results show, however, that the trend is not general: the other,
alternative onelIring system appears in BB, but the second
most stable structure is AB, with a relative energy of 0.4 - 0.5
kcal/mol only, while BB with AE = 1.16 kcal/mol is significantly
higher. Our findings agree roughly with the DFT results of Kim
and Schaefer,13 in that the latter work lists (in our notation)
AA, AB and BB as the main species. At the same time they
report, apparently unaware of both refs 11 and 9, an AC-type
structure. This fifth isomer does not exist as an energy
minimum in the present MP2 results: our attempts to localize
AC have led to AB, in analogy with the result above on the C-
type monohydrate. In fact, already ref. 11 has noted the
uncertainty about AC (23 in their notation). In addition to the
dihydrates in Fig. 3 and Table 2, ref. 13 reports two structures
where position D is occupied; as expected, their relative
energies are high, 6-7 kcal/mol. As noted above we have
searched for structures using site D in the larger hydrates only.
We have, however, found isomer BC (Fig. 3), with moderate
energy of 1.7 kcal/mol (Table 2), which was not considered in
ref. 13. Thicoipe et al.® report a “(BC)2” structure with an
energy of 1.9 kcal/mol, their notation indicating that waters
are ‘hovering’ between B and C. In all probability this is our
MP2-calculated BC dihydrate. (As a check, we have also found
BC by DFT, the latter giving relative energy of 2.6 kcal/mol by
B3LYP/aug-cc-pVDZ).
For the trihydrates the seven structures shown in Fig. 4
comprise all possible variations, if site D is omitted (see above)
and only one water is allowed at neighbourhood C (as will be
seen below, the latter restriction may be questioned). For
comparison, ref. 13 reported 4+4 isomers (by '+4’ we indicate

This journal is © The Royal Society of Chemistry 20xx

that each structure uses one additional water molecule at site
D.) They did not consider 3-water rings, so the present AAA
and BBB do not appear in ref. 13. AAA does appear in ref. 20;
in fact, with the B3LYP potential they have found two
complexes of this type (A3 and A’3 in their notation), one at
0.8 kcal/mol, the other at 1.3 kcal/mol, significantly lower than
our result of 2.5 kcal/mol. We were also trying to find a second
AAA-type structure but no other energy minimum could be
identified. On the other hand, BBB, which is roughly at the
same energy as AAA, is missing in ref. 20. It should also be
noted that ABC, lying at 1.1 kcal/mol (0.8 kcal/mol with ZPE) in
the present MP2 result, is at much higher energy of about 2.5
kcal/mol in both of the DFT results.”>*® The DFT calculations of
the present work show the same (Table 1). In both cases, ABC
and AAA, the CCSD(T) data in Table 1 support the MP2 results.
It is also interesting to see, however, that —while DFT gives
larger AE values than the wave function methods in most cases
— an opposite trend is found for AAA. (We have checked that
AAA in MP2 and DFT is indeed the same type of structure.)

For the tetrahydrates six structures are shown in Fig. 5, with
energies compiled in Table 2. As may be expected from the
above, the lowest energy complex is AABB. Isomer AABC, in
which one B—type water moved closer to the carbonyl group,
thus becoming C (Fig. 5), lies only 0.8 kcal/mol higher in our
result; the DFT calculation®® put it more than twice as high, 2.1
kcal/mol, while the global search®® did not find it. Both
studies,B'20 as well as the present one, have found an isomer
shown as ABBC in Fig. 5, but our MP2 result of AE= 1.3
kcal/mol lies again significantly lower than predicted by DFT,
2.2 and 1.8 kcal/mol, respectively. Note that a more recent
study, one on the theoretical vibrational frequencies by
Carbonniere et al.?* considers only two isomers, AABB and
AAAB, as the most stable tetrahydrates. While all results agree
that AABB is the most stable isomer, Table 2 suggests that well
below AAAB in energy there are three to four structures. Both
DFT studies™>?° list some further, high energy structures by
putting a water to site D; as noted above, these are not
considered in the present study. At the same time, it is quite
remarkable that we have found a new isomer, BBCC; what is
more, it is at a quite low energy of ~0.7 kcal/mol (with ZPE it
lies significantly higher, at 1.65 kcal/mol). As shown in Fig. 5, it
has an interesting three-dimensional arrangement of the
H—bonds — we will see this structural motif again in the larger
systems below.

Among the pentahydrates (Fig. 6), AABBC had been the most
stable structure (Table 2) for some time in our search. This
seemed logical, supported by both earlier studies.”** In fact,
except for some high energy structures using site D, ref. 13
lists this structure only. Further search for energy minima in
the present study revealed, however, that there exists the
isomer ABBCC, with its BBCC part showing the 3D structure
(Fig. 6, two views) seen already above in the tetrahydrate
BBCC. What is more, this is the lowest energy complex. In the
light of the stability of BBCC discussed above, the stability of
ABBCC is, in fact, not surprising. We have included in the
present study two structures with three—water rings, AAABB
and AABBB, respectively (Fig. 6). In line with the smaller
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hydrates above, the complex with an AAA-ring lies at relatively
high energy of 2.2 kcal/mol. Interestingly, the complex with a
BBB-ring is lying lower by about 1.0 kcal/mol. The global
search® for the pentahydrates has found six structures in the
low range of 1 kcal/mol, plus the AAABB isomer at 2.0
kcal/mol. According to Table 2 we are in agreement with ref.
20, except for the fact that in our calculations ABBCC is the
lowest energy isomer. It is confirmed that three structures,
including AABBC and AABBB, are within a range of about 1
kcal/mol only. However, there is a surprising discrepancy: ref.
20 reports two structures of AABBB-type, A2B3 and A2B’3 in
their notation. We checked their Cartesian coordinates from
the paper’s ESI supplement, by calculating from them sensitive
quantities like the nuclear repulsion and the moments of
inertia. Specifically: in the principal axis system, the coordinates
agree to 10°-10° A, with a maximum deviation of 1x10™ A, except
for the signs: these agree along the a and c axis but are opposite
along b, indicating that the two structures are just mirror images,
i.e. enantiomers. This would change of course the percentage
compositions they presented, too (Fig. 5 in ref.20). We
searched also for a further isomer, ABBDD, inspired by
Aleman’s early study14 which reported this structure on the
basis of Hartree-Fock calculations. The existence of this isomer
is now confirmed at the MP2/aug-cc-pVDZ level, with an
energy of 2.80 kcal/mol relative to ABBCC. Note, however, that
in this structure the second D—water binds to waters only, with
no bond to Cyt (Fig. 6). (See also remarks below on the
hydration shells.)

Two hexahydrates and one heptahydrate have been
optimized as complexes with the highest number of water
molecules in the present study (Fig. 7). As explained above,
with these larger systems we have routinely included site D in
the calculations. In fact, when searching for hexahydrates, we
instinctively tried to attach the sixth water at this site, to the
yet “free” amino-proton (antito N3). One finds here indeed a
true minimum but, as it turned out, putting the sixth water in
the “crowded” region at moieties B and C is energetically
favourable. As was the case with the tetra— and pentahydrates
above, the four water molecules form a 3D arrangement (Fig.
7) and AABBCC becomes much more stable than the structure
occupying site D: as Table 2 shows, AABBCD lies higher in
energy by 4.2 kcal/mol (3.1 kcal/mol with ZPE). This reminds
one of a recent study by Mourik et al.’®: they performed
B3LYP, LMP2 and (semiempirical) PM6 computations on
cytosine.14H,0 and adenine.16H,0 comparing in each system
two optimized structures, ,,one with water molecules
distributed around the central base and one with a clustering
of water molecules. The clustered structures were found to be
energetically favoured”, by all three methods. As we see now,
this “clustering” appears already in the BBCC moiety. A similar
structure, now with one water also at site D, was found for the
heptahydrate (Fig. 7).

The search for the hexahydrates and heptahydrates of
cytosine was certainly not exhaustive in the present work.
More structures could easily be obtained by inserting further
water molecules into the H—bond rings. This way, even
Cyt.14H,0 has been constructed long ago.15 However, the
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distance from Cyt is getting larger and larger then, and the
mid-ring waters do not bind to Cyt, so that the term
“hydration” may be questioned. For example, the AA and BB
rings could be increased to AAA and BBB as above in the
smaller systems. In the AAA ring, the mid-ring (“apex”) water is
at a distance of about 4.5 A from the closest atom in Cyt, as
compared to the two “terminal” waters with corresponding
distances of 2.7-2.8 A. In the BBB case, the relevant distances
are 5.0 and 2.8 ,&, respectively. In fact, when discussing the
binding energies below, we will bring forward arguments that
the first hydration shell may end with six or seven water
molecules.

Hydration energies

The calculated binding energies of the hydrates Cyt.nH,0, n=1,
2, ... 7 are given in Table 3. For each hydrate, only the lowest-
energy isomer (cf. Table 2) is listed here. For the discussion
below we will need also the corresponding water clusters.
Optimized at the same level as the cytosine complexes,
MP2(fc)/aug-cc-pVDZ, these are included in column 3 of Table
3. The calculation of binding energies from these data
deserves some comments. Most studies consider simply the
reaction

Cyt + nH,0 — Cyt.nH,0 (1)
so that the calculation of the reaction energy is
straightforward from the individual energies. This describes
the hypothetical situation of Cyt combining with n isolated H,0
molecules, all in the gas phase. It is perhaps more “to the
point”, however, to consider a situation where the waters on
the left side are not free molecules; rather, they exist already
in an (H,0), cluster. This way one gets information about the
competition between cytosine—water and water—water
bindings.

Thus, instead of Eq. 1, we suggest the use of the following
reaction:

Cyt + (H,0),, = Cyt.nH,0 (2)

Eq. 2 describes the reaction between Cyt and a water
cluster, both in the gas state. One can also try to go one step
further: imagine that the (H,0), cluster comes from a huge
cluster (H,0)y, an approximation for bulk water. The reaction
in this case is:

Cyt + Wy — Cyt.nH,0 + Wy, (3)
where the notation W distinguishes the fictitious water from a
true H,0.

In Eq. 3 we need the energy of n molecules leaving the
cluster (to join cytosine). If the cluster is large, all molecules
are “equal” on average; therefore, for the (leaving) waters we
take the average energy of Eyy = E(Wy)/N. To this purpose, we
optimized water clusters up to N=14, at the same level used
for the complexes, MP2(fc)/aug-cc-pVDZ. The graph in Fig. 8
indicates that for the average energy we may be not too far
from convergence; so an estimate of the average energy of
Ew=—76.2785 E;, will be used below. This is equivalent to a

This journal is © The Royal Society of Chemistry 20xx
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relative energy of —11.04 kcal/mol for bound water W, with
respect to free water (Table 3).

As a next question, whichever scheme we apply from
above, the energies of the left hand side reactants are subject
to basis set superposition error, BSSE. The usual correction by
the counterpoise method (CPC) of Boys and Bernardi®®
improves (lowers) the reactants’ energies by applying ,,ghost”
basis functions. In case of a reaction of two components, the
scheme requires four additional energy calculations, a rather
large extra effort if one does it for each complex separately.
Thus, for a given number of waters in the complex, n, these
calculations were done for the most stable isomer only (Table
3, CPC data given explicitly in the footnote).

A remark on this point seems to be of general interest.
BSSE may be, in fact, different for different isomers within a
group of the same n. We have tested this question on the two
isomers AA and AB of Cyt.2H,0. The direct calculated energies
give AB just a little over AA, the most stable form: A = E(AB) —
E(AA) = 0.45 kcal/mol (see Table 2). Suppose now that we
follow an indirect approach, through the formation
(complexation) energies AE of AA and AB, respectively, from
their (same) fragments, Cyt + (H,0),, using eq. 2. In principle,
E(AB) — E(AA) = AE(AB) —AE(AA) should hold. In the actual
calculations, however, the equality stands only if the CPCs in
the two complexation reactions are the same for AA and AB.
We have calculated the CPCs, obtaining 2.80 kcal/mol for AA
and 3.78 kcal/mol for AB. Thus, the difference in the correction
is 1 kcal/mol, twice as large as A itself (and is in the opposite
direction). Using CPC thus would change the order of energies,
putting AB below AA. In the case of comparing energies just
for isomers, the direct calculation of energies for each isomer
is the accepted practice (when doing this, one tacitly assumes
that the BSSE —relative to an infinite basis set — is the same for
two isomers). The present discrepancy, namely the finding that
the direct way and the way through formation energies give
different results indicates clearly that the use of CPC is
questionable.

While there have been polemic discussions on BSSE quite
early,24’25
Mentel and Baerends.”® Their intriguing conclusion was that

an especially critical study has come out recently by

the widely used counterpoise correction (CPC)23 is in fact not
justified. This view was accepted, for example, in a recent
study by Cremer and co-workers in their computations on the
formic acid dimer.”” At the same time, a most recent paper on
the same system by Miliordos and Xantheas?® argues again for
the use of CPC. In our opinion, the investigation of ref. % was
so thorough and detailed that one has to accept their case
against CPC, except for one serious limitation: they studied a
system of two atoms only, the beryllium dimer. Our present
experience with a much more complex system, as noted
above, supports, however, the renegade idea that the
universally accepted handling of BSSE can be seriously
challenged. Nevertheless, this important subject would require
further detailed investigations. In the present study, CPC data
are included if appropriate but in the discussion we will focus
on the uncorrected data.

This journal is © The Royal Society of Chemistry 20xx

With all these uncertainties, the data in Table 3 are
instructive. First, it is obvious that formation energies of
complexes, like those in column 5 (based on eq. 1), may be
misleading. From such data a conclusion is often drawn as, for
example: “Each successive water molecule is bound by 7-10
kcal/mol to the relevant cytosine complex”.13 While the
statement is of course true, as soon as we take into
consideration the ab ovo formation of water clusters, the
binding energies get drastically reduced, as seen in column 6,
based on eq. 2. (Just to indicate the possible effect of BSSE, the
CPC—corrected values are included in parentheses.) Finally, the
data in the last column refer to the situation when the water
molecules are coming from W\, the latter representing a
“discrete” model of bulk water as described above in
connection with eq. 3. In this case, the energy gain by
complexation is just a minimum. More importantly, the data in
the last column of Table 3 show that the successive steps of
adding water molecules are exothermic only up to n = 4, with
Cyt.5H,0 being already less exothermic than Cyt.4H,O0. Finally,
by adding the seventh water molecule —attached to the amino
group at site D— the total reaction has become endothermic.
(Note that temperature effects are not included in these
considerations.) We suggest that this energy criterion may be
used for a definition of the first hydration shell around
cytosine. The latter then contains just six water molecules, and
does not use site D.

We realize the uncertainties in this statement. Additional
water molecules can be built into the H-bond rings, forming
larger rings. The latter, however, would be just part of an H-
bonded chain of water molecules, no more bound directly to
the base molecule. Also, as noted above, the distance from
cytosine is getting larger for these extra waters. The notion of
separated hydration shells being itself uncertain, the present
suggested picture on the first shell seems acceptable.

Structural changes in the cytosine skeleton upon hydration

From chemical intuition one would not necessarily expect
significant structural changes in the cytosine ring upon
hydration. Nevertheless, on the basis of DFT calculations it has
been pointed out some time ago by Leszczynski et al.”® that
microhydration does make significant changes even in bond
lengths. What is more, ref. 15 suggested that the lengthening
of the C=0 bond indicates a shift from the canonical oxo-
amino form to the hydroxo-imino tautomer, in its zwitterionic
form.

The same group performed also dynamics studies on the
subject.zg’30 The latter impressive work applied Car—Parrinello
calculations (for all four nucleotide bases), using DFT with the
BLYP functional and a plane wave basis for the electronic
structure. In the case of cytosine, the system was put in a cubic
cell (with periodic boundary conditions) and contained 57
water molecules with one cytosine. It may be of interest to
compare our results on individual hydrates with the average
structural properties given by dynamics. Among the basic
results, the dynamics study has given average coordination
numbers. Specifically for cytosine, this number was 6.12 water

J. Name., 2013, 00, 1-3 | 5
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molecules around Cyt. In the light of this, our suggestion
above, that the first hydration shell ends with the AABBCC
structure containing 6 water molecules, seems justified.

In the structural details, ref. 29 emphasizes that in the
neighbourhood BC (in our notation) the water molecules form
a three-dimensional structure (rather than essentially planar
rings). The present results for individual structures with 4 —7
waters show this explicitly. As done for the pentahydrate
above, two views are shown now in Fig. 7 for both AABBCC
and AABBCCD, demonstrating clearly the 3D structure.

In the second part of the dynamics study30 individual
geometric changes of the nucleotide bases themselves upon
hydration are given. Inspired by this, we have compiled some
of the relevant bond lengths in Table 4. The dynamical
averages shown in Fig. 2 of ref. 30 are cited as “Cyt in bulk
water” in our Table 4. The “bulk” data (in parentheses) may be
compared with the largest complex, the heptahydrate:
A(C=07) = 0.028 (0.036); A(N1-C2) =-0.031 (—0.053);
A(N3—C4) = 0.028 (0.028); A(C4—N8) = —0.031 (—0.030) (all
figures in A). The agreement is quite amazing: the only
significant difference is in the N1-C2 bond shortening. To
check the role of the electronic structure method, we have
made our own DFT calculations, given in the last two rows of
Table 4. The result proves clearly that the discrepancy is
between static vs. dynamic treatment and not between DFT
and MP2.

As noted above, the most intriguing suggestion in ref. 15
was that the elongated carbonyl C=0 bond is a sign of the
structure moving towards an enolic form. “Its elongation and
shift to enolic-like character results in the formation of three
lone pairs on oxygen. Thus, oxygen atom of carbonyl group can
form three hydrogen bonds (for certain period of time).” This
trivalent oxygen is really intriguing; by contrast, in the present
results the carbonyl group participates in at most two
H—bonds. As seen in Table 4, the C=0 bond length changes
from 1.231 A in isolated cytosine by 0.015 AinAand AA, and
the bond is slightly lengthening further in the larger hydrates
(n=5-=7), to a maximum of 1.263 Ainthe hexahydrate
AABBCD (1.259 Ainthe heptahydrate). We think that a
lengthening of 0.03 Ais significant but a bond distance of 1.26
Ais still far from a typical C—0O single bond of 1.35-1.45 A. An
important argument in ref. 29 is the appearance of out-of-
plane (0-o0-p) H-bonds characterized by H(water)-O7—C—C
torsional angles, suggesting “a tetrahedral type of coordination
and sp3-hybridization of oxygen.” In the present results for the
heptahydrate the two H—bonds of the carbonyl group are o-o-
p indeed, but only by 13—14° (N1-C2=07-H19 =—12.8°,
N3—-C2=07-H24 = 13.9°.) For comparison, the two H—bonds at
the ring nitrogen N3 are much more 0-0-p: O—C2—N3—H31 =
34.4°, 0—C2-N3-H25=-56.0°.

As a further inquiry about the C=0 bond lengthening and
the related enolic structure, we have performed a quick test
on the heptahydrate AABBCCD and its zwitter-ionic tautomer
(moving the N1-H hydrogen to the —N8H, amino group):
optimization of both forms at the B3LYP/6-31++G(d,p) level
has given energies of —930.12553 vs. —930.09441 Eh. Thus,
even in the presence of 7 water molecules, the ionic form is

6| J. Name., 2012, 00, 1-3

about 0.85 eV higher in energy than the neutral tautomer,
suggesting that the enolic structure is not preferred. However,
for a reliable description of this charge separation one should
use a multiconfiguration method.

Conclusions

In a systematic search for microhydrated forms of cytosine, up
to a heptahydrate, we have found several structures not yet
reported in the literature. On the basis of comparative CCSD(T)
calculations on the smaller complexes, the relative energies, as
obtained from MP2(fc)/aug-cc-pVTZ calculations, are expected
to be more accurate than in previous DFT results, although the
general picture given by the two methods is quite similar.
When applying counterpoint corrections (CPC) on BSSE, we
called attention to serious uncertainties in the latter, with the
conclusion that it may be better not to use CPC at all.

We also suggest that when studying binding energies, one
should take into consideration the competition between
cytosine-water and water-water clusters, which dramatically
changes the picture on the energetics of hydration. If n water
molecules are extracted from a finite model of bulk water, Wy,
the net hydration energy is increasingly exothermicup ton =4
only, then is falling off and with the 7th fictitious water, W, the
complexation is already endothermic.

For a definition of the first hydration shell we propose that
beyond considering whether a water molecule is bound
directly to the central base (as proposed, for example, in a
recent study on glycinegz), the relevant energy change upon
attaching the next water molecule should also be checked. In
the latter, the competition between cytosine — water and
water — water interactions is important. As noted above, the
reaction Cyt + 7W — Cyt.7H,0 is already endothermic. With
the present definition then, the first hydration shell ends with
the sixth water molecule.
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Table 1. Checking the Level of Theory: Energies of Some Cytosine Hydrates". E — Total Energy in E.°,
A — Energy Relative to the Most Stable Isomer in that Row in kcal.mol ™', the Latter Given in Bold Letters.

Selected Dihydrates Energies AA AB BB BC
Standard method of this study E + 546 -0.47293 -0.47221 -0.47108 -0.47023
MP2(fc)/aug-cc-pVDZ A 0 0.45 1.16 1.69
Larger basis set E + 546 -0.9418 -0.9413 —0.9399 —0.9389
MP2(fc)/aug-cc-pVTZ A 0 0.32 1.19 1.82
Coupled Cluster (in standard geom.) E+ 546 -0.54038 -0.53955 -0.53867 -0.53813
CCSD/aug-cc-pVDZ A 0 0.52 1.07 1.41
Coupled Cluster (in standard geom.) E+ 546 -0.61129 -0.61046 -0.60941 -0.60875
CCSD(T)/aug-cc-pVDZ A 0 0.52 1.18 1.59
DFT E+ 547 -0.92150 -0.91966 -0.91913 -0.91740
B3LYP/ aug-cc-pVDZ A 0 1.15 1.49 2.57
DFT E+ 548 -0.05872 -0.05681 -0.05638 -0.05473
B3LYP/ aug-cc-pVTZ A 0 1.20 1.47 2.50
Selected Trihydrates Energies AAA AAB ABB ABC
Standard method of this study E+ 622 -0.74897 -0.75294 -0.75198 -0.75115
MP2(fc)/aug-cc-pVDZ A 2.49 0 0.60 112
Coupled Cluster (in standard geom.) E+ 622 -0.82562 -0.82926 -0.82834 -0.82780
CCSD/aug-cc-pvDZ A 2.28 0 0.58 0.92
Coupled Cluster (in standard geom.) E+ 622 -0.90262 -0.90662 -0.90574 -0.90512
CCSD(T)/aug-cc-pVDZ A 2.51 0 0.55 0.94
DFT E+ 624 -0.38013 -0.38251 -0.38116 -0.37924
B3LYP/aug-cc-pVDZ A 1.49 0 0.85 2.05
DFT E+ 624 -0.53860 -0.54061 -0.53917 -0.53738
B3LYP/aug-cc-pVTZ A 1.26 0 0.90 2.03

For notation of the complexes see text (Introduction). °E, (hartree)/molecule = 627.5 kcal/mol.

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Table 2. Relative Energies of Cytosine Hydrates, MP2(fc)/aug-cc-pVDZ results.”
For comparison, some DFT results are listed in brackets, first: B3LYP/DZ++ ® second: B3LYP-D/6-31 1+G(d,p)*

Cyt.H,0 A B C:1° D:1¢

-470.19228 0 0.72 (0.55) 5.12 (4.30) 6.09 (5.07)

(77.42) (0) [0.6 (0.5); (0.1)] Ix; (1.0)] [6.1(5.1); x]

Cyt.(H20], AA AB AC® BB BC

-546.47293 0 0.45 (0.18) X 1.16 (0.98) 1.69 (1.15)

(93.27) (0) [1.5 (1.2); (0.6)] [2.8 (2.4); x] [1.4 (1.2); (0.5)] [x; (1.9)]

Cyt.(H20)s AAA AAB AAC ABB ABC BBB BBC
-622.75294 2.49 (2.39) 0 4.09 (3.46) 0.60 (0.55) 1.12 (0.76) 2.65 (2.92) 1.61 (2.07)
(108.85) [x, (0.8)] (0) Ix; X] [1.0 (0.9); (0.4)] | [2.4 (2.1); (2.7)] X, X] [1.1 (1.7); 1.2]
Cyt.(H0), AAAB AABB AABC ABBB ABBC BBCC

-699. 03272 2.52 (2.26) 0 0.78 (0.38) 2.09 (2.12) 1.32 (1.59) 0.73 (1.65)

(124.69) [x; 3.0] (0) [2.1 (1.6); x] X, X] [2.2 (2.5); (1.8)] X, X]

Cyt.[H20)s AABBC AAABB AABBB ABBCC ABBDD

-775.31209 0.31 (0.26) 2.20 (1.58) 1.31(1.07) 0 (0) 2.80 (2.18)

(140.88) [0 (0); (0)] [x; (2.0)] [x; (0.9)"] [x; (0.6)°] [x; x]

Cyt.(H20)s AABBCD AABBCC

-851. 59058 4.18 (3.08) 0 (0)

(156.97) [--] [--]

Cyt.(H.0); AABBCCD

-927.86368 0 (0)

(172.08) -]

*The total energy of the most stable species in a row, denoted by bold letters, is given in the first column in Ep; below it in parentheses the zero point vibrational energy is

quoted in kcal/mol. In the rest of the table each cell refers to an individual isomer indicated by its symbol. Their relative energies are given in kcal/mol with respect to the most stable
species. In parentheses the same data are listed after ZPE correction. In the literature values — third row of the cells — ref. 13 has quoted both uncorrected and ZPE-corrected

figures, while ref. 20 listed only the latter. At this same level, the energies of isolated cytosine and water are: —393.91102 E;, and —76.26091 E,, respectively.

Pref. 13. ‘ref. 20; x indicates that the complex was not reported. ¢ C:1 and D:1 indicate that water binds with one H-bond only.

¢All attempts have led to structure AB. ref. 20 reports two structures here, see text. £These literature values refer to their lowest-energy complex, AABBC.
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Table 3. Derivation of Hydration Energies for Cytosine Hydrates, MP2(fc)/aug-cc-pVDZ Results”.

n;
Bold: symbol of Cyt.nH,0° (H20),° nH,O — Cyt + nH,0O Cyt + (H,0), —» Cyt + nWp, —>
isomer® (H,0) —> Cyt.nH,0° Cyt.nH,0O' Cyt.nH,0°
0 -393.91102
1 -470.19228 -76.26091 n/a -12.77 | -12.77 (-10.85) -0.86
A
2 -546.47293 | -152.53021 -5.26 -25.16 | -19.89 (-17.09) -1.79
AA
3 -622.75294 | -228.80763 -15.63 -3714 | -21.52 (-16.86) -1.88
AAB
4 -699.03272 | -305.08800 -27.84 -48.98 | -21.15(-15.55) -2.22
AABB
5 -775.31209 | -381.36473 -37.76 -60.57 | —-22.50 (-16.01) -2.21
ABBCC
6 -851.59058 | -457.64109 -47.46 -71.60 | —-24.14 (-16.11) -1.46
AABBCC
7 -927.86368 | -533.92343 -60.91 -79.23 | -18.33 (-8.83) +2.42
AABBCCD

®Energies in En (hartree)/molecule = 627.5 kcal/mol, energy differences in kcal/mol.

®The lowest energy complex from Table 2.

°Optimized water cluster.

“Stabilization energy of the optimized water cluster relative to n independent water molecules; no correction for BSSE at this point.
°Energy of the optimized cytosine-water complex relative to free cytosine plus n water molecules, no BSSE correction at this point.
fEnergy of the optimized cytosine-water complex relative to free cytosine and the relevant water cluster; in parentheses: data after
correction for BSSE. The latter CPC values for the relevant reaction, as obtained by the standard Boys-Bernardi method, are

1.92, 2.80, 4.66, 5.60, 6.49 8.03 and 9.50 kcal/mol, for n = 1 to 7, respectively.

ng denotes a fictitious water molecule bound in a huge water cluster; its energy relative to an isolated water molecule was estimated
as 11.04 kcal/mol, see text. BSSE applies here for Cyt only; the CPC values that reduce the energy of Cyt in the equation, are
0.87,1.29, 2.15, 2.61, 3.17, 3.91 and 4.39 kcal/mol for n = 1 to 7, respectively.

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Table 4. Characteristic Bond Lengths (A) of Cytosine and their Changes upon
Hydration. MP2(fc)/aug-cc-pVDZ Results, with Some Comparative DFT Data®

Speciesb N1-C2 C2=07 N3-C4 C4-N8
Cyt 1.422 1.231 1.327 1.372
A -0.011 +0.014 +0.003 -0.001
B -0.004 +0.002 +0.009 -0.015
C -0.009 +0.008 +0.002 -0.007
D -0.000 +0.002 +0.004 -0.011
AA -0.018 +0.016 +0.004 -0.000
AAB -0.020 +0.017 +0.013 -0.015
AABB -0.024 +0.020 +0.015 -0.021
AABBC -0.030 +0.030 +0.019 -0.024
AABBCC -0.030 +0.026 +0.025 -0.027
AABBCCD -0.031 +0.028 +0.028 -0.031
Cyt in Bulk -0.053 +0.036 +0.028 -0.030
Water, DFT®
Cvt, DFT® 1.426 1.223 1.323 1.360
AABBCCD -0.033 +0.028 +0.029 -0.027
DFT?

*Bond lengths given for Cyt, and their changes listed for the other species. °Cyt denotes cytosine
(amino-keto form), A, B, C and D and their combinations refer to various hydrates, see Fig. 1 and
text. “Average from Car-Parrinello dynamics calculations, with B3LYP functional and a plane
wave basis, Fig. 2. of ref. 28. “This work, B3LYP/aug-cc-pVDZ.
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