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The influence of hydration on the Watse@rick cytosine-guanine base pair was investigated, testing the
ability of the self-consistent field for molecular interaction (SCF-MI) ab initio method to reproduce the hydration
pattern present in a real system (the base pair in the DNA framework). The positions of hydration sites
around the base pair predicted by a knowledge-based approach employing crystallographic data were compared
to the ab initio optimized structures. The SCF-MI method was applied to perform basis set superposition
error (BSSE)-free geometry optimization. The hydration shell taken into acecantprising five water
molecules, three on guanine and two on cytosifgaturates” the base pair, engaging all of the available
hydrogen bond donors/acceptors. The interaction between water and the base pair was also analyzed from
the energetic viewpoint, highlighting the role of water in the pair stabilization.

Introduction covalently bonded to the N1 atom, this site is forbidden in the

nucleic acid. The majority of the secondary hydration sites have
to be, obviously, discarded in the case of paired bases which
engage from four to six hydrogen bond acceptors/donors in this

The presence of water plays an important role in the
conformation and interactions of nucleic acids. particular, a
shell of tightly bound water molecules whose properties differ

from the bulk water was detected in the DNRecently it was interaction. Moreover, the variation of the number of water
also suggested that these water molecules mark the positiongnolecules could affect noticeably the geometry of a base pair.
of binding sites at proteinDNA interfaces? In the study of the hydration of the isocytosineytosine

The X-ray crystallography of DNA fragments not only complex (a model of the CG pair), Zhanpeisov e%zaﬂound_ _
elucidates the system conformation but also allows to discover @n optimized structure of the fully hydrated system, containing
the hydration structure around thérhlowever, to determine a  Six water molecules, with a strong buckling between the two
general hydration pattern and understand the underlying mech-Pases (more than 3f) while the pair remains almost planar
anisms, the individual single-crystal structure of a DNA When only four water molecules are included. The same strong
oligomer determining the position of water molecules in specific nonplanarity was obtained for the CG pair in the presence of
sites is of scarce meaning due to sequence and conformatioreight interacting water moleculés.
variability and also to crystal packing effects. Schneider  Inaseries of preceding papers, we have studied the structures
developed a method of density representation of spatial distribu-and energetics of various DNA related systems at the ab initio
tion to characterize the hydration shell around DNA bdses. |evel. These calculations included several canonical and non-
Given a DNA conformational type, the positions of water canonical isolated base paifsand the effects of various (free
molecules around a given kind of base resulting from various and hydrated) mono and divalent metal cations on the stability
oligomer structures taken from the Nucleic Acid Datab@se  of the cytosine-guanine WC base paif.To ensure the absence
collected and superimposed. The density of these joint water of the pasis set superposition error (BSSE), the self-consistent
molecules could be analyzed by a pseudo-crystallographic fie|q for molecular interaction (SCF-MI) approd€i®was used
method giving ppsitio'ns, occupancies and distributions of the 5 ail calculations. The SCF-MI approach provided quite
averaged hydration sités. _ _ accurate predictions of the properties of these substrates, in very

A dlsc_:rete amount of ab Initio calculations has bgen p_ubllshed good agreement with the standard counterpoise (CP) corrected
on the interaction of explicit water molecules with different SCF results determined with large basis sets. In particular, it

nutcrzllelctagd lﬁﬁes ;ndtba?e plérr3§£The| m0|5t addrelsstgd |ssute was demonstrated that the SCF-MI method gives reliable results
is the study of the effects of solvent molecules on relative proton "\ it the 3-21G basi§17.20

affinity® and tautomer stabilit}®~* The nucleic acid bases are ) _ )
all characterized by several possible hydrogen bond acceptors !N this work, we compare a SCF-MI study of the interaction
and donors. In an explicit inclusion of the solvating water, care Of Cytosine-guanine base pair with water to the averaged
must be taken in the choice of number and positions of the hydration sFructure obtained by Schneider for this base pair in
solvent molecules. This choice has to be consistent with the B-DNA.® Itis to be noted that in the real system, the presence
system one is modeling. For instance, the preferred hydration Of contiguous bases and of charged phosphate groups provides
site for isolated cytosine involves the O2 atom and the N1 & network of interactions for the water molecules absent in the
hydrogen of the bas¥'%15However, due to the sugar backbone System considered in our calculations. Correspondence between
the two approaches would be an index of strong base identity
* Corresponding author. dependence of the hydration pattern.
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We have performed full geometry optimization of the two terms are the energies of the corresponding optimized
cytosine-guanine base pair with water molecules initially located fragments. This quantity, containing watdrase and water
in the crystallographic hydration sité#\s already emphasized  water interaction terms, provides a direct estimate of the
above, the number of water molecules which compose the solvation energy of the substrate; it lacks direct information
hydration shell is important. Schneider characterized three andabout the modification of the base pair interaction caused by
five averaged hydration sites for cytosine and guanine, respec-the presence of water.
tively. However, the average number of water molecules per The deformation energy of the base pair is defined as the
base is less than these values and the occupancies of some dfifference between the total energies of the isolated pair at
the hydration sites are rather small. We have considered onlydifferent geometries
sites with occupancies greater than 0.6: this led to three water
molecules for guanine and two for cytosine, values to be Eget = S%_PGM, - EgEgM,
compared with the “stoichiometric” occupancies of the two
bases, 2.14 and 1.95, respectively.an attempt to decompose ~ Where the superscript # in the first term indicates that the energy
the energy of the hydrated base pair, we performed calculationsrefers to the geometry of the base pair in the hydrated system.
with fewer water molecules: cooperativity and anticooperativity The Egeris always positive and it is a direct index of geometry
of the hydration process have also been analyzed. modification of the pair in the presence of water. Some
We used the convention of Seenfamhereby hydration sites ~ authord?~14 report the binding energy of the isolated complex
on the minor groove side are labeled “S” and those on the major at the geometry of the hydrated system as a measure of the
groove “W”. An increasing number is added to identify them base pair interaction energy; namely
g:nslggca!ly, and those relating to cytosine are primed to be ECG_EC_EG_pE 4 ECC
guished from the other base sites. In the rest of the paper, def int
we shall use the term “site” to indicate the crystallographic

averaged hydration sites, and water molecule positions to mean 1S to be noted that this “interaction energy” is, by definition,

the actual ab initio computed geometries. always smaller than the binding energy of the isolated base pair,
and the many-body effects are not properly taken into account.
Methods We define the interaction, or binding, energy of the pair in the

. . . presence of water in a different way:
All the ab initio calculations were performed with the SCF-

MI procedure implemented in the GAMESS-US pack&y®n
the basis of the satisfactory results for similar systéfmg2°
we employed the standard split valence 3-21G basis set, withwhere the # always means that the energies are computed at
all of the electrons considered explicitly. The structures were the geometry of the hydrated system. The two terms with
fully gradient optimized without any constraint. negative sign subtract the individual interaction of the base with
The use of the SCF-MI method allows to compute geometry water and waterwater interactions from the total energy; the
optimization for weakly interacting systems on a BSSE-free |ast term is needed to correct for the twice removal of water
potential energy surface (PES). A brief introduction to the most water interactions. The contributions Egy; are the cytosine
relevant elements of the SCF-MI algorithm is reported in the guanine two-body interaction and all the higher order terms
appendix; for a more detailed account of the theory see which include both the bases. In this definition, the waters are
references 18 and 19. Within the SCF-MI approach, the total treated as a single fragment to limit the unmanageable growth
binding energy of a supermolecule composedohteracting of n body terms at the increasing number of fragments. As
fragments is expressed in a simple way: regards this definition oEyair it could be argued that the true
« binding energy would be obtained by moving the two hydrated
. K bases away while allowing the systems to relax. However, our
Eint = Escrm — kZlESCF aim was to define an index of the— interaction energy in
- the presence of water molecules. On the contrary, the true
where the SCF energies are determined at the monomerRinding energy may contain also strong watesater interaction
optimized geometries, taking properly into account geometry t€rms (see Figure 5).
relaxation effects. For this reason when comparing the SCF- N the rest of this paper, the values of all the energy terms
MI interaction energy with other BSSE corrected ones, the Presented will be reported with inverted sign. In this way,
deformation energy of the monomers has to be included. The posmve.and negatlve_values will indicate attractive and repulsive
addition of this term brings, for example, the value of the 3-21G interactions, respectively.
SCF-Ml interaction energy for the-6G pair within 1 kcal/mol . .
of the HF/6-31G** and of the MP2/6-31G*(0.25)//HF/6-31G* Results and Discussion
values?® Hydration of Cytosine. Two hydration sites are considered
When dealing with systems composed of more than two for the pyrimidinic base: Siand W1. In the first one, the water
fragments, it could be of interest to further decompose the total molecule is near the cytosine oxygen atom acting as hydrogen
binding energy. However, owing to the presence of many-body bond acceptor, whereas the second one lies in the vicinity of
and geometry relaxation contributions, this decomposition the amino group of the base that plays the role of the hydrogen
cannot be made in an unequivocal way. To evaluate the bond donor. The optimized geometry of the tetramer resulting
hydration energy of the base pair solvatechwater molecules,  from the occupation of these sites is presented in Figure 1, where

E#CanzO _ G—nH0 + E#nHZO

Epair= Escem — Eséewi SCF-MI SCFMI

we employed the following expression: the positions of the average hydration sites are marked with
dark circles. The distances of all the heteroatoms involved in
Eor = Escemi — EggE_M. - nEEEOF water—base and base&base hydrogen bonds for this system

(SIW1') are reported in Table 1. In the case of the'\Water,
where the first term is the total SCF-MI energy and the last accordance with the experimental position is almost perfect,
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(Osy—N2 distance is 3.13 A).

To analyze the differences between the hydration of the pair
and that of an isolated base, we accomplished the geometry
optimization of cytosine alone with a water molecule in the'W1
site. This choice was due to the fact that among the two possible
sites, this one leads to the same hydrogen bond pattern in both

-
G{ the CG pair and isolated cytosine. The binding (hydration)

% to the cytosine oxygen, is also close to the purinic amino group

energy for the isolated base is only 6.26 kcal/mol, 0.4 kcal/mol
smaller than that of the base pair. This effect, in opposition to
the expected less acidic character of the amino group involved
in two hydrogen bonds, can be explained by the three-body
interaction. It is to be noted that the binding energy obtained
( for this isolated basewater system compares well with the
Figure 1. Ab initio optimized structure of the S&/1' hydrated value obtained by Alemah6.2 kcal/mol at the CP corrected
cytosine-guanine pair. Dark circles represent average crystallographic MP2/6-31G(d) level.
hydration sites. To show the accuracy of the SCF-MI interaction energies
we also performed a single point calculation on the monohy-
instead the Slhydration site distance from cytosine oxygen drated S1 system. HF/6-31G** and MP2/6-31G** energy
(2.63 A) is shorter with respect to our computed value (2.93 evaluations on the SCF-MI geometry were performed. The
R). The hydration site and the position of the water molecule corresponding CP-corrected binding energies are 30.09 and
are located out of the plane of the base pair but on opposite 30.58 kcal/mol respectively, demonstrating the negligible effect
sides, the first below (0.67 A) and the latter above (0.34 A). of electron correlation on the determination of the interaction
However, our theoretical result appears more acceptable con-energy for this system. These values seem larger with respect
sidering that the value of 5102 distance reported by to the SCF-MI binding energy (27.52 kcal/mol) but these
Schneider for B-DNAis smaller than those distances presented calculations do not include the deformation energy of the
in his previous work for different DNA conformatiofiSesides  monomers. By adding this contribution, the HF value is lowered

this, the standard oxygeroxygen distance for hydrogen bonds  py at least 2 kcal® and the effect on the correlated binding
involving carbonyl groups is even greater than 3“An our energy could be even greafér.

modeling system, due to the almost perfect planarity of the base
pair, the different location relative to the base plane
characterized by a remarkably small energy difference of
minor relevance. Due to the presence of phosphate groups an
adjacent bases, things are obviously different in the DNA
framework. However, for another conformational type (Z-DNA),

St hydration sites are found both above and below the plain The optimized structure of the trihydrated pair is reported in

of the base pait. ) . X \
The presence of the two waters on the cytosine molecule doesF.'gure 2 and selected heteroatom distances in Table 1. At first

not affect the base pair conformation in an appreciable way. sight, accordance with the crystallographic hydration sites is

The larger interbase variation is 0.08 A for the-N22 distance Wo:se Than for ht?te dcytosmte. Thg t\/\;o _major_tgr;lroove f\/\;ﬁter
and the intramolecular bond lengths are within the third decimal molecules are shitted away toward cytosine, with one ot them
digit with respect to the isolated pair. located almost at the midpoint of the W1 and W2 hydration

Tobeteranlyze wareCO meractons e peromed aso %, B2 SR 1 ovnes T e o vt e
the optimization of the two monohydrated systems’ (&1d y yarog P 9

W1"). The final position of the water molecules in these trimers p_roton and_ as donor for the N3 atom. While two of the hydration
doe)s not differpsignificantly from that of the SN1'. Energy sites are displaced from the plane of the bases (S1 0.88 A above

analysis of all the systems is reported in Table 2. The strongesta‘nd w2 0'68 below),_ all three water oxygens are found almost
hydrogen bond is formed by the Wazater which act as acceptor ~cOPlanar with the pair by the SCF-MI calculation.
for the H-N2': 6.66 kcal/mol versus 4.99 of the 'S1t is The minor groove water molecule is arranged as to make a
interesting to note that the relative strength of the hydrogen planar cyclic-like structure with the N3C2—N2—H fragment
bonds is in accordance with the different occupation numbers Of the base, the nonbonded water hydrogen lying out of this
of the two sites determined by Schneider: 0.90 for'\&ad plane. This conformation is analogous to the water trimer
0.75 for S16 The sum of the hydration energies of the equilibrium structuré? the base fragment mimicking two water
monohydrated systems is 0.34 kcal/mol smaller than that of the molecules. On the major groove side, the water molecule located
tetramer. This difference might indicate a cooperative characterbetween the two hydration sites is hydrogen bonded with the
of the interaction of the two water molecules with the base pair. N7 of the base. The same molecule acts as hydrogen bond
The small value of the deformation energy, only 2% of the acceptor for the second water which forms a bifurcated bond
isolated pair binding energy, reflects the light variations of base including the guanine oxygen. Formation of these bifurcated
pair conformation already discussed. Our estimate of the basestructures is not uncommon and explains why some organic
pair binding energy in the presence of the two water molecules compounds crystallize as hydrates with a number of hydrogen
is 25.05 kcal/mol~10% greater than that of isolated cytosine ~ bond donors far less than the number of acceptorhe two
guanine pair. One of the major contributions to this value could cytosine amino hydrogens are near to this second water; the
be explained by the three-body term generated by thev&er Ow:—H(N4) distance is~2.5 A. However, this distance and
cytosine-guanine subsystem, where the water molecule, bound the Gy;—H—N4 angle are far from standard values for hydrogen

Hydration of Guanine. The studied guanine hydration sites
lie one on the minor and two on the major groove side. The
irst one, S1, is almost equidistant from the N3 atom and the

(N2) hydrogen, suggesting an interaction with both the atoms.
The major groove sites, W1 and W2, lie near the O6 and N7 at
a relative distance compatible with watevater hydrogen bond.
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TABLE 1: Selected Intermolecular Distances (A) for the Cytosine-Guanine Pair at Different Hydration Levels

system O6-N4' N1-N3 N2—-02 Os1-02 Owl' —N4' Os1-N3 Ow1-06 Ow2-N7
isolated cg 2.94 3.04 2.99
isolated cg 2.94 3.05 2.99
SIW1 2.95 3.08 3.07 2.93 2.98
SIW1W2 2.95 3.03 2.98 3.00 3.13 3.22
penta-hydrated 3.01 3.07 2.98 2.98 2.86 3.02 2.97 3.07

aMethylated bases.

TABLE 2: Energy Analysis (kcal/mol) for the

Cytosine-Guanine Pair at Different Hydration Levels (for a b\
definition of the various terms see the Methods section) f
system Eint Eiar Edger Epair "‘Q
isolated cg 22.53 22.53 _ -
isolated cg 22.45 22.45 '
sl 27.52 4.99
wl’ 29.20 6.66 &/
sTwl' 34.53 11.99 —0.49 25.05
sl 28.81 6.27
WX 31.13 8.60
wilw2 40.07 17.54 )
slwlw2 46.14 2360 —0.67 26.71 V
penta-hydrated 68.59 46.06
penta-hydrated 64.34 41.88 —-1.34 26.97 Figure 3. Ab initio optimized structure of the Wx hydrated cytosine

a Methylated bases. guanine pair.

2

39
i o o Figure 4. Ab initio optimized structure of the penta-hydrated cytosine
Figure 2. Ab initio optimized structure of the SIW1W2 hydrated  guanine pair. Dark circles represent average crystallographic hydration

cytosine-guanine pair. Dark circles represent average crystallographic sjtes.
hydration sites.

As regards the trinydrated complex, it is to be noted Hat
(23.60 kcal/mol) is 0.21 less than the sum of the separated
hydration energy of S1 and W1W2 systems (see Table 2),
S ) indicating a small anticooperativity effect. The deformation

Geometry optimization of the S1 monohydrated pair leads energy of the base pair is 35% greater in magnitude than that
to the same water arrangement as i_n the_trihydrated case. Despitgyr the hydration of cytosine. The striking base pair binding
the double hydrogen bond interaction with the bﬁﬁ,ls Only energy Epair) enhancement (Table 2), more than 4 kcal/moL is
6.27 kcal/mol; a possible explanation is that the corresponding due to the three-body term arising from the second major groove
Y:-H—X angles are far from the optimal linear arrangement. water molecule bridging the two bases. Comparison of the
Irrespective of the initial position (W1 or W2 site), a single hydration energy of guanine and cytosine (7.87 and 6.00 kcal/
water molecule placed on the major groove side gives the samemo| per water molecule, respectively) shows a net preference
optimized structure (Figure 3) which is labeled Wx. This water for the hydration of the purinic base.
makes two two-center bonds with the N7 and O6 atoms, Penta-Hydrated SystemA problem arises when optimizing
resulting in a remarkably strong interaction with the base pair the structure of the system with concurrent hydration of the two
(Eiar = 8.60 kcal/mol). The addition of a second water molecule bases. The Sivater molecule departs from the corresponding
gives a conformation similar to that of the trinydrated system hydration site to act also as hydrogen bond acceptor for the
and it is also characterized by a high hydration energy (17.54 H—N1' hydrogen (Figure 4). The orientation of this water
kcal/mol). The strength of the watebase interaction in the  molecule corresponds to the conformation of the isolated
guanine major groove side is justified by two factors: the cytosine-water global minimunf:> However, in the DNA
vicinity of three hydrophilic groups, namely the O6 and N7 framework, the N1lis not available for hydrogen bond formation
atoms of guanine and the cytosine amino group, and theas it is bonded to the sugar backbone. To circumvent this
interaction with the strong dipole moment of the purinic base problem, we performed calculations on’Nihd N9 methylated
oriented toward the water molecules. bases to simulate the anchoring to the backbone. Differences

bonds. As in the case of cytosine, the effect of hydration on the
base pair conformation is negligible.
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different positions of the water molecules which almost bridged
the two bases in the previous systems: in particular, the W1
water, responsible of the base pairing enhancement in the
S1IW1W?2 system, is shifted away from the pyrimidinic amino
group to interact with Wlwater, but reducing the €G-W1
three-body component of the energy. The same occurs on the
minor groove side where the Siater departs from the purinic
amino group, reducing the-&5-SZ1 term.

Conclusions

The influence of hydration on the Watse@rick cytosine-
\ guanine base pair was investigated, testing the ability of the
.3 ?) : e SCF-MI ab initio method to reproduce the hydration pattern
k present in a real system (the base pair in the DNA framework).

Figure 5. Ab initio optimized structure of the penta-hydrated cytosine The positions of hydration sites around the base pair predicted

guanine pair with methylated bases. Dark circles represent averageP¥ @ knowledge-based approach employing crystallographic data
crystallographic hydration sites. were compared to the ab initio optimized structures. To prevent

the formation of biologically unrealistic hydrogen bonds in the

between standard and methylated CG pairs are almost ir-full (penta) hydrated system, the use of the methylated analogues
relevant: the binding energy difference is less than 0.4% and of the two bases was necessary. N
the intermolecular distances vary in the order of one hundredth ~ The distance between calculated positions of water molecules
of angstrom. and crystallographic averaged hydration sites are within 1.5 A.
The optimized structure of the methylated penta-hydrated base! NiS value is remarkably good, keeping in mind the difference
pair is reported in Figure 5. The correspondence between waterP€tween experimental and computational approaches. The
positions and hydration sites with previous intermediate results crystallographic data refer to a base pair in the DNA framework
(Figures 1, 2) is enhanced in some cases and diminished inin _solld phase,_ whlle the ab initio stud_y is p_erformed on the
others. In particular, the major groove water molecules of palr.solvatgd with flvg water molecules simulating the gas_phage.
guanine move toward the corresponding W1 and W2 sites dueBesides this, the statistical nature of the averaged hydration sites
to the presence of the Wivater which shifts away from its should be emphasized: the average root-mean-square deviation
site to interact with the purinic water. The distances between Petween the crystallographically determined water positions
guanine water oxygens and their corresponding crystallographic?‘round a3part|cular base pair and the predicted hydration sites
hydration sites lie in the range 6:4.2 A, a value to be is 1.0 A The corresppndence between averaged crystal-
considered acceptable owing to the diversity of experimental '0graphic data and our “isolated” system corroborates that the
and theoretical approaches. On the cytosine fragment, theNydration pattern of bases in B-DNA strongly depends on the
distances are 1.45 A for the Waite and 1.93 A for the 31 chemical nature of the bases themsefves.

The last value is particularly large and arises from the different ~ Energetic analysis of the baswater interactions shows a
location with respect to the pair plane: the Site lies~0.7 A net preference for the hydration of the purinic base. In particular,

below this plane, the corresponding calculated positidh7 aregion characterized by remarkably high basater binding
above. As previously noted, difference in energy between these€nergies was found on the guanine major groove side. The
two arrangements is minimal, and discarding the component ofinclusion of five water molecules allows all of the available
the distance in the direction perpendicular to the base planehydrogen bond donors/acceptors of the CG pair to be involved

would reduce the Swater oxygen/hydration site distance to 1" @t least one hydrogen bond. This provides further evidence
128 A. that only five ordered water molecules may compose the first

Ihydration shell of base pairs in DN®:Saturation” of this first
hydration shell resulted in negligible variations of the conforma-
tion of the pair. Despite this, the hydration causes more than 4
kcal/mol enhancement in the CG binding energy, emphasizing
hthe important role of the surrounding water in base pair matching
0and mismatching. On the basis of the MP2 calculations
performed on hydrated cytosine, the effects of correlation was
found negligible.

The hydrogen bonding pattern established between the wate
moiety and the base pair corresponds to that of the individual
hydrations of the two bases with, in addition, an extra hydrogen
bond formed between W1 and Wiater molecules. The
arrangement of water molecules around the CG pair is suc
that all of the base hydrogen bond donors/acceptors are involve
in bonds, allowing to conclude that five water molecules
“saturate” the first hydration shell. The hydration energy of this . . .
system is 41.88 kcal/mol, 6.29 greater than the surgpffor The nextaim will b? to e?‘te“d b s_tudles to other systems
the individual hydrated bases: the difference is mainly justified of blologl_c_al interest mcludmg the adeninénymine complex
by the formation of the new hydrogen bond between the W1 and modified base pair analogues.
and W1 water molecules.

Deformation of the base pair is minimal, even if in this case
the corresponding deformation energy rises-th34 kcal/mol. A supersystem oK closed shell interacting fragmeras...ax
It is to be mentioned that the value Bfier Seems to be almost ~ containing 2N electrons (N N1 + N2 + ....N«) is described
linearly related to the number of surrounding water molecules. by the one determinant SCF-MI wave function
The base pair binding energy for the penta-hydrated pair is 26.97
kcal/mol. The enhancement in base pairing for this system (4.51 ¥(1....2N)= Algy (1)@, 1(2).. ¢ n 2N — D)@y, (2N)]
kcal/mol) is smaller than one would expect from the values of
individual base hydrations, 2.52 and 4.18 kcal/mol for cytosine whereA is the total antisymmetrizer operator. The method is
and guanine, respectively. A justification of this lies in the based on the partitioning of the total basis set

Appendix
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x = Oalxal - xx)

so as MOs of different fragments are expanded in different
subsets (M= M1+......+£Mk is the basis set size), they are free
to overlap. Accordingly, the Ndoubly occupied molecular
orbitals of the fragment kpx = (@K 1.--@kNy),

P= Xk Tk

are expanded in the sgt = (yk1.-Xkmy), WhereTy is an M x

Nk matrix and M is the number of basis orbitals centered on
the fragment k. The total (M< N) matrix of the partitioned
molecular orbital coefficient', defined as

@ = (@4l@yl..... @) p=xT
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