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Cation—s/H-bond stair motifs are recurrently found at the binding interface between protein and DNA. They

involve two nucleobases and an amino acid side chain, and encompass three different types of interactions:

nucleobase stacking, nucleobase-amino acid H-bond and nuclearas® acid catiorrr interaction. The
interaction energies of the 77 stair motif geometries identified in a data set of 52 high-resolution-protein
DNA complexes were investigated by means of ab initio quantum chemistry calculations. Using the standard
6-31G* basis set, we first establish the value of the Gaussigexponent of d-polarization functions on
heavy atoms, which optimizes the MP2 interaction energies. We show that, although the default walue of
= 0.8 is appropriate to minimize the total MP2 energy of a system, the valug =f0.2 is optimal for the
three types of pairwise interactions studied and yields MP2 interaction energies quite similar to those calculated
with more extended basis sets. Indeed, the more diffuse nature efytke0.2 basis functions allows a
spatial overlap between the orbitals of the interacting partners. Such functions are also shown to improve the
multipole electric moments in the interaction region, which results in a stabilizing polarization effect and a
better description of the dispersive energy contributions. Using the MP2 computation level and the 6-31G*
basis set withog = 0.2 instead obyy = 0.8, we computed the interaction energies of the 77 observed stair
motif geometries and found that, in a vacuum, the catimrenergy is much less favorable, about 3 times,
than the H-bond energy and of the same order of magnitude as-thestacking energy. Furthermore, the
convergence of the MP perturbation theory expansions was analyzed by computing the MP3 and MP4
corrections on simplified complexes. These expansions exhibited an oscillatory behavior, where MP2 seems
to provide a satisfactory approximation, albeit slightly overestimated, to the interaction energy.

Introduction also revealed to be important in macromolecular structtifes.

Several kinds of noncovalent interactions contribute concur- These interactions, which we both refer to as cation

rently to determine macromolecular structures such as proteinsteractions, are found to be common in protein structﬁré?.
and DNA. Among these, hydrogen bonds, salt bridges, van der_Thew r_ole m_molecular recognition is extehswely studiéd,
Waals, andr—zx stacking interactions are known to be quite N particular in acetylcholine receptdt®toxin/K™ channelg?
important. Hydrogen bonds are found extensively in protein Protein-DNA binding?! antigen-antibody interactioft?**and
structures where they are at the basie-dfelices an¢h-sheets:? enzyme-substrate binding 2® Experimental studies measured
They are also responsible for the DNA base pairing scheme. cation—s contributions to protein or peptide stability in the range
van der Waals and— stacking interactions aid the stabiliza- of 0.4—1.0 kcal/mol, depending on the experimental conditions,
tion of the protein core, and—z stacking between nucleic bases on the protein analyzed and on the amino acid consideréd.
sustains the unique structure of DNA. Salt bridges have been .
noticed to increase the thermostability of proteins These Recently, a survey of X-ray structures of prgteln/ DNA_
different interactions are moreover all involved in biomolecular COMPlexes has exhibited the recurrence of a particular motif,
association processes, in particular in protein/protein, protein/ "amed stair motif, which involves at the same time

DNA, and protein/ligand binding. nucleobase stacking, nucleobase-amino acid H-bond and nu-
Cation—s interactions between a electron cloud and a cleobase-amino acid catietxr interactions®® These motifs have
positive charge, as well as amina interactions between a the shape of a stair, with the H-bond forming the horizontal

electron cloud and the partial positive charge of an amino group, part of the stair and the catienr interaction the vertical part
(see Figure 1). Because they simultaneously encompass three
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instead of the crystal structure coordinates of these minimal
molecular groups, optimized coordinates obtained using the HF/
6-31G** level of ab initio calculations (see below). The crystal
structure coordinates of molecular groups involved in a stair
C motif were replaced by the optimized coordinates using the
TT-7¢ stack "‘ ’ cation-m structure superposition algorithm U3BEST.
v H This procedure allows us to unequivocally position the
H-atoms, which are not observed in the crystal structures, except
for Lys. In this case, one of the H atoms of the thmmonium
group is positioned along thegN-Ce axis, but there is a an
Figure 1. Cation—z/H-bond stair motif. The geometry is taken from Indetermlnacy.for the three chers due tq the rotational Sym-
the X-ray structure of tc3 transposase (protein code 1TC3) and the Metry. Accordingly, we considered two different geometries.
interacting residues are Arg-C236, Gua-A7, and Gua-A8. Atoms O, In the first, one of the three remaining H-atoms is positioned
N, C, and H are colored in red, blue, black and gray, respectively. as close as possible to the center of the aromatic ring,
considering the constraint induced by the positioning of the first
from the cooperative association of several noncovalent interac-H-atom. In the second geometry, one of the three remaining
tions into a particular molecular scheme. H-atoms is positioned as far as possible from the center of the
In the absence of experimental data, ab initio quantum aromatic ring. The latter two H-atoms are then unambiguously
chemistry calculations represent a useful tool to address thesdixed.
guestions. But to accurately evaluate the bonding energies Interaction Energies from ab Initio Quantum Chemistry
between biological moieties, ab initio calculations require taking Calculations. The pairwise interaction energyE(A—B) be-
electron correlation effects into account and the use of very largetween two molecules A and B is estimated as the difference
basis sets. Such levels of calculations are not always attainableébetween the energy of the complex E{B) and the energies
considering the size of molecular systems studied. Therefore,of isolated partnersAE(A—B) = E(A—B) — E(A) — E(B).
methodological tests were first performed to determine a correct Similarly, the total interaction energkE(A—B—C) of a stair
level of calculation, in particular to define a basis set adapted motif with three interacting partners A, B, and C is defined by
to our systems. We showed that an adjustment of dhe
exponents of the polarization d-functions of the medium size AE(A—B—C)=E(A—B—-C) — E(A) — E(B) — E(C) (1)
6-31G* basis set allows a better estimate of the binding energy
without use of massive computer time and memory. The optimal
values of thexy exponents are justified by means of an analysis
of the multipole moments of the interacting partners and of the
§hqpe of the porresponding orbital. Furthermore, hig.h-le\./gl ab AE(A—B—C) = AE(A—B) + AE(B—C) + AE(C—A) +
initio calculations (MP3, MP4) were performed on simplified AE, (2)
i i i 3
complexes to investigate the convergence of the perturbation
theory expansions.

H-bond

¢

It can also be defined in terms of pairwise interaction energies
and the three-body correctiakEs, which reflects the possible
nonadditivity of the pairwise interactions:

All calculations were corrected for the basis set superposition
error (BSSE) by using the standard counterpoise methiltre
Methods details on ab initio calculation methods can be found in ref 21.

Geometric Definition of Cation-z/H-Bond Stair Motifs. Level of Quantum Chemistry Calculations. Calculations
A stair motif involves three interacting partners, two consecutive Were performed with the second-order Mgtiétlesset (MP2)
nucleic acid bases (Ade, Gua, Cyt, Thy) along the DNA duplex, Perturbation theory!3#which includes the electron correlation
and an amino acid side chain that carries a full positive charge energy in addition to the Hartred~ock (HF) energy. The use
(Arg, Lys) or that carries a partial positive Char@e}) on its of such level of calculation is fU"y ]UStlfled by the fact that the
amino group (Asn, Gln). The two nucleic acid bases are stacked,description of base stacking requires calculations with explicit
and the amino acid side chain interacts through an H-bond with inclusion of the electron correlatic.The interaction energy
one of the bases and through a catianinteraction with the ~ at a given order of the MgllerPlesset (MP) perturbation
other33 This motif has a stairlike shape: the H-bond constitutes €xpansion is calculated as
the horizontal part of the stair and the cation the vertical
part (Figure 1).

Cation—s interactions are defined geometrically by distance
and angle criterid! In brief, the atom carrying the net o(+)
positive charge is required to be located inside a cylinder of whereAEyr is the HF energy andEco{MPi) is theith order
4.5 A height, whose basis is a disk including the aromatic ring perturbative correction to the correlation energy. Only the
of the nucleic acid base and of radius twice that of the ring. valence electrons were explicitly correlated in our computations,
H-bonds are assigned using the program HBPEUS. which corresponds to the usual frozen core approximation. We

Minimal Representation of Stair Motifs. Each stair motif have also limited the perturbation expansion (3) to the second
identified in the X-ray complexes was reduced to a minimal order, which is expected to take the major contributions to the
system, suitable for performing ab initio quantum chemistry van der Waals energies (electrostatic, polarization, dispersion,
calculations. Arg residues were represented by their guanidiniumelectron transfer and exchange contributions) into account.
groups, DNA bases by their aromatic systems, Asn and GIn by However, this expansion is not guaranteed to have converged
their side chain formamide groups and Lys residues by their at n = 24° This convergence has been investigated by means
ammonium group. As the crystal structures sometimes display of test calculations using higher-order correlation energy
unrelaxed intramolecular geometries likely to yield distorted contributions (MP3 and MP4). Th&Ec.(MPn) contributions
wave functions and wrong interaction energies, we considered,are evaluated from sum-over-states expressions involving the

n

AEyp, = AEy + ) AE¢,(MPi) 3
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following classes of excited states for< 4: the singly (S), in the following way along the cc-PVXZ and aug-cc-PVXZ
doubly (D), triply (T), and quadruply (Q) excited states with series:

respect to the zeroth-order Hartreféock ground-state wave

function. The MP2 and MP3 contributions arise from the D CC-PVXZ:

class only, whereas the MP4 correction implies S, D, T, and Q N=444,1004, 1910, and 3246 forx
excitations. The full MP4 calculation is thus noted MP4(SDTQ), D, T, Q, 5, respectively
to be distinguished from calculations limited to given types of aug-cc-PVXZ:

excitations, like for instance MP4(DQ) or MP4(SDQ). As such N = 742, 1564, 2816, and 4582 for¢
calculations require a large amount of computer power, they D, T, Q, 5, respectively

were performed on simplified complexes.
All MP2 calculations were performed with the GAUSSIAN  For comparison, a similar increase occurs within Pople’s basis
98 progrant! and MP3 and MP4 calculations with the MOL-  sets, when going for instance from 6-31G*N (= 470) to

PRO-2000 prograrf? 6-311++G** 55 (N = 684). The dramatic increase bfis of
course to be related with the corresponding computer costs,
Results and Discussion which in the best case scales formally with @)t the MP2
_ o i ) level of calculatiorP®
Stair Motifs in Protein —DNA Complexes.A set of 52 high- An alternative to deal with large complexes is to keep the

resolution (resolution<2.5 A) crystal structures of protein/  medium size 6-31G* basis set (422 basis functions) for its
double-stranded DNA complexes were searched for stair motifs, rg|ative simplicity, but to adjust some of its parameters to
involving two stacked nucleic acid bases and a positively or jmprove its flexibility at long-range distances. Following the
d(+) charged amino acid side chain forming simultaneously jjeas developed in the literatd?é™5? and applied with success
an H-bond and a catiofi interaction with a base (Figure 1).  in the framework of biomolecul€§,5%-62we decided to optimize
A total of 77 stair motifs were identified, distributed among 36 g single parameter, the Gaussian-exponent of the d-
complexes. They are given in Table 1. The list of proteins in polarization functions on the heavy atoms C, N, and O. The
the set and a structural description of these motifs can be foundanalytical form of such a d-basis function is
in ref 33.

Basis Sets for MP2 Calculations on Stair MotifsQuantum 140%.Y,20y) = Nxaybzcefad 0y H+2) \vith  atb+c =2 (4)
chemistry calculations based on MP perturbation theory were
performed up to the second-order. This level of calculations whereN is a normalization factor, y, andz are the Cartesian
has been shown to be adequate for estimating catidpinding coordinates (in a.u.) of the electron with respect to the nuclear
energie$* S as well as base stacking energtesiowever, the  center andh, b, andc are positive integers defining the Cartesian
MP2 interaction energies strongly depend on the basis setprojections of the d atomic orbital. Also note that, as in the
used!>4748We therefore first investigate this dependency and standard 6-31G* basis set, we decided to use the same value of
determine the optimal basis set for describing the three typesoy, for describing the atoms of carbon, nitrogen and oxy&en.
of interactions present in our system: nucleic acid base stacking, In the following, the 6-31G* basis set with modified values
base-amino acid H-bond, and base-amino acid cation  will be noted 6-31Gd.q). The basis set consisting of a standard
interaction. 6-31G* basis set witkg = 0.8 plus one additional, more diffuse,

Given the size of our systems, the computer needs (CPU, d-function of exponenty, will be referred to as 6-31G().
memory and disk space) for MP2 calculations rapidly increase  Optimal a4 Value for Intermolecular Binding Energies.
with the size of the basis set. This is the reason the mediumTo determine the appropriatey value for stair motifs, we
size 6-31G* or 6-31G**950hasis sets are the most frequently computed MP2 interaction energies as a function of dhe
used with biomolecules. They offer a valence doublguality exponent, using the 6-31@&) basis set, for nucleobase stacking,
and are augmented by a single polarization function on eachH-bond and catiorzr interactions in a GuaArgvGua stair
atomic center, except on H atoms with 6-31G*. The parameters motif. The geometry of the system is taken from the stair motif
of these basis sets (Gaussian exponents and coefficients) ar&Gua(A7)JArg(C236)vGua(A8) in the crystal structure of tc3
optimized on bonded model systems, making them well suited transposase in complex with DNA (protein code 1TC3), which
for representing isolated molecules. It is, however, known that is depicted in Figure 1.
a proper description of nonbonding interactions is not ensured, Figure 2 shows the interaction energi®&, computed at the
in particular in the case of stacked aromatic spetd€sA basis MP2/6-31G() level, for the stacked Guigua system (where
set extension is thus required to improve the flexibility of the || denotes stacking interaction), the A/Gua H-bond, and the
wave functions at short and medium range (valence region) andArg] Gua catior-xr as a function of they exponent. The MP2
at long range (nonbonding interaction region). In principle both energies appear to be strongly affected by the valuesofn
regions should be simultaneously improved to ensure a balancedarticular, the energy of the Gu&ua stacking changes from
description of all interactions. —0.2 kcal/mol for the default 0.84 value to—2.8 kcal/mol

One solution consists of adopting larger basis sets from thefor ag = 0.2. The H-bond and catiefir interactions show
literature, like for instance the correlation consistent polarized smallerAE changes of about 1 kcal/mol. The effectsoqfare
Dunning’s basis sef8;>3offering an increasing flexibility along ~ more critical for interactions involving large dispersion contri-
the series cc-PVXZ (with X= T, Q, 5). The “augmented”  butions, and thus in relative terms, the energy changes follow
versions of these basis sets, aug-cc-P\PX@gntains additional the ordering: stacking> cation—zz > H-bond. Strikingly, the
diffuse functions that may be efficient in the context of minimalinteraction energy is invariably found, for all three types
nonbonding interactions. Such basis sets are, however, tooof interactions, at ang value close to 0.2. This value is similar
prohibitive for dealing with the large systems considered in the to the one ¢4 = 0.25) used by other authors to estimate the
present work. To get an idea, let us take the GAagvGua stacking energies between aromatic syst&n§s0
motif as an example, wher@ and v denote catiorsz and The adequacy of the valugy = 0.2 for computing interaction
H-bond interactions, respectively. The basis set size N grows energies is further supported by the observation that MP2
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TABLE 1: Ab Initio AEwp./6-31G(4=0.2) Interaction Energies of the Cation-a/H-bond Stair Motifs Observed in the

52-Protein Data Set

Minor Groove

Ade O Arg v Thy A O Arg AlT Arg v T AOAgvVvT Ade O Arg v Thy A O Arg AllT Arg v T AOAgvVvT
1MNM A19-E9-E8 -8.0 —2.4 —3.6 —11.8 1FJL A51-D4-D3 -5.9 —-3.2 —16.5 —24.1
9ANT A51-D219-D218 =7.2 —4.1 -1.0 —-8.7 2HDD A51-C12-C11 -5.2 —4.2 —-11.3 —19.7

Ade O Arg v Cyt A 0O Arg AllC Arg vC AOAgvC
1E3M A48-E12-E11 -0.9 -3.1 —27.4 -30.5

Major Groove

Gua Arg v Gua GO Arg GIIG Arg v G GUOArg vG Gual Arg v Gua GO Arg GIIG Arg v G GOAgvG
1TC3 C236-A7-A8 —13.5 2.7 —29.4 —41.6 1IGN A546-D23-D24 —10.3 -3.6 —34.4 —44.8
1A3Q A52-D606-D607 —-12.8 2.7 —315 —42.9 1A1G A124-B7-B8 -9.6 -37 —34.0 —43.9
1BC8 C61-A5-A6 —11.9 —3.4 —34.8 —46.1 1A3Q A54-D605-D606 -9.3 —-35 —31.7 —41.5
1A1G A146-B6-B7 -11.1 -3.1 —34.9 —45.0 1PUE E232-A8-A9 -8.7 -3.8 -21.5 —31.3
2RAM A33-D6-D7 —10.9 -3.2 —29.3 —40.3 1PUE E235-A7-A8 =7.7 -2.1 —-17.2 —25.0
1GD2 E82-B-6-B-5 —-10.9 —4.5 —23.8 —-36.5 1IGN A404-D30-D31 —6.9 —2.6 —15.1 —225
2NLL B328-C514-C515 —10.5 —-35 —23.2 —34.4 1AM9 A336-G48-G49 -5.9 —3.6 —16.7 —24.3
1AWC A376-D8-D9 —10.3 -3.6 —27.3 —38.2

Gual Arg v Ade GO Arg GIlA Arg v A GOArg VA
1MNM D185-E1-E2 —6.5 -8.3 —16.0 —28.7
Ade O Arg v Gua A Arg AllG Arg v G A0 Arg vG Ade O Arg v Gua A0 Arg AllG Arg v G ADOArgvG
1A1G A180-B1-B2 —-9.5 —3.6 —34.7 —44.5 1MEY C72-A4-A5 -3.6 —6.4 —33.2 —41.7
1A73 A74-D17-D18 —6.5 -5.3 —33.9 —435 6MHT A240-D425-D426 -3.3 -5.6 —34.1 —41.8

Thy O Arg v Gua TO Arg TIG Arg v G TOArgVvG Thy O Arg v Gua TOArg TIG Arg v G TOArgvG
1LAT A466-D11-D12 -3.6 -3.3 —33.3 —39.2 1MEY C78-A2-A3 -1.1 —4.2 —24.8 —29.3
1TRO A69-11-12 —2.8 -3.1 —33.7 —38.6 1BHM A155-C3-C4 -0.9 —4.4 —-325 —37.3
1SKN P519-A7-A8 —-2.7 -4.0 —25.6 —31.2 1B72 B290-D7-D8 -0.3 —4.4 —33.3 —37.1
1AU7 A49-D483-D484 -1.9 -3.5 —28.9 —33.6 1TSR B280-E12-E13 +0.1 —4.8 —33.5 —37.6
1AKH B185-C5-C6 —-1.8 —4.2 —28.2 —32.8 1IGN A542-D22-D23 +0.4 -5.0 —29.0 —325
1UBD C342-B31-B32 —-1.2 —4.5 —32.0 —36.5

Cyt O Arg v Gua CUO Arg ClG Arg v G COArgvG Cyt O Arg v Gua CO Arg CllG Arg v G COArgvG
1A1G A174-B3-B4 —0.7 -4.0 —33.9 —37.9 1CRX A259-D11-D12 +0.4 -5.4 —34.6 —39.7
1GD2 E94-A-1-Al +0.3 —4.2 —18.0 —21.8 1BC8 C64-A4-A5 +1.7 -5.8 —32.2 —36.6

Gual Lys v Gua GO Lys GIIG Lysv G GOLysvG Gual Lys v Gua GO Lys GllG Lysv G GOLysvG
2HDD A50-D28-D29 -32.0 -2.0 —35.4 —62.0 1A3Q B221-C507-C508 —13.6 —4.5 -32.9 —47.4
1MNM A38-F47-F48 —25.3 —-3.2 —29.3 —52.9 1UBD C339-B32-B33 —115 —3.8 —35.5 —46.4
1TSR B120-F7-F8 —15.1 —3.6 —34.3 —47.1

Gual Lys v Thy G O Lys GIT Lysv T GOLysvT
1HCQ A32-C5-C6 —32.4 —4.7 -16.8 —48.9

Ade O Lys v Gua A0 Lys AllG Lysv G ADOLysvG Ade O Lys v Gua Al Lys AllG Lysv G AOLysvG
1LAT A461-C5-C6 —13.2 -7.7 —36.5 —52.8 1HCQ A28-C3-C4 —4. -7.0 —30.4 —40.0
1MEY C22-A8-A9 —10.2 -5.6 —36.8 —48.9 2IRF L2075-C1026-C1027 -3.4 —6.5 —29.0 —37.6
1CRX A86-E14-E15 —8.8 —6.5 —37.1 —49.5

Thy O Lys v Gua TO Lys TIG Lysv G TOLysvG
1A73 A65-C2-C3 —2.7 —-4.1 —36.4 —41.0

Cyt O Lys v Gua CUO Lys CllG Lysv G COLysvG
1LMB 4 3-2 29-2 30 —-2.5 -3.0 —34.0 —39.3

Gual Asn v Gua Asnld G GIIG G Vv Asn GOAsnvG
1LMB 4 55-113-1 14 +1.9 -3.6 -2.1 —4.1

Gual Asn Vv Ade AsnlO G GIIA G v Asn GO Asnv A Gua O Asn v Ade Asnl0 G GIIA G Vv Asn GO Asnv A
1B72 A286-D8-D9 +0.7 -8.3 -7.7 —15.4 1MEY C19-A9-A10 +1.4 -8.6 -7.7 —15.0
1AKH A120-C25-C26 +0.9 -84 -8.0 —15.7 1BGB A185-C804-C805 +2.2 -75 —6.9 —12.3
1B72 A253-D12-D13 +1.0 -8.0 -7.9 —15.2

Guall Asnv Cyt Asnl G GlIC C Vv Asn GO Asnv C
1A1G A121-B8-B9 +0.8 —10.0 +1.7 7.7

Ade 00 Asn v Ade AsnO A AllA A Vv Asn AOAsnv A Ade O Asn v Ade AsnO A AllA A v Asn AOAsnv A
1MNM D182-F50-F51 +0.0 —6.3 —8.8 —15.2 2HDD A51-C12-C13 +0.7 -7.3 —-8.4 -15.1
1GD2 E86-A3-A4 —0.0 —6.4 —4.0 -10.3 1UBD C369-B29-B30 +1.4 —6.0 —6.4 -11.3
9ANT A51-D219-D220 +0.0 —6.4 -7.8 —14.3 1FJL A51-D4-D5 +3.0 —6.9 -9.4 -13.4

Ade 0 Asn v Cyt Asn O A AllC C Vv Asn A0 Asnv C
1IGN A401-C7-C8 -0.2 —4.9 -39 —-9.1

Thy O Asn v Gua AsnO T TIG G Vv Asn TOAsnv G
3PVI A141-D10-D11 —2.7 -1.9 —6.7 —-115

Cyt O Asn v Ade Asnd C CllA A v Asn COAsnv A
3PVI A140-C6-C7 —-1.1 —2.6 —-9.3 —12.9

Gual GIn v Ade GIinO G GIIA A v GIn GOGInvA
1A73 A63-D16-D17 +0.1 —6.8 -8.1 —15.0

Ade 00 GIn v Ade GInOA AllA A v GIn AOGInvA Ade O GIn v Ade GinOA AllA A Vv GIn AOGInvA
1RPE 128-A24-A25 -0.7 -5.7 —-8.7 —15.1 1MEY C16-A10-Al1 +0.5 —6.3 -3.1 -8.8
1UBD C396-B27-B28 -0.0 -5.1 —6.3 —11.4

Thy O GIn v Ade GnOT TIA A Vv GIn TOGInVA Thy O GIn v Ade GnOT TIA A v GIn TOGINnVA
1AU7 A44-C459-C460 -0.9 —-4.7 7.7 —134 1LMB 344-13-14 —-0.5 -5.0 —8.4 —13.8
3CRO 128-B3-B4 —0.6 —4.6 -7.0 -12.3

Cyt 0 GIn v Ade GlnO C CIllA A v GIn COGInvA
1MEY C44-A7-A8 -0.1 -3.5 —8.0 —115

aThe symbold means catiofr interaction,v means H-bond, anid meanst—s stacking interaction.
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Figure 2. MP2 interaction energieAE with the 6-31G{q) basis set for (a) stacked Gi@ua, (b) ArgzGua H-bond, and (c) Afig Gua cation-,

as a function of thexy exponent of the d-polarization functions on C, N, and O atoms. The geometries of complex were taken from the 1TC3
(A7-C236-A8) stair motif, depicted in Figure 1. The energies obtained with the basis sets 63¥G¥), 6-31G, 6-31G**, 6-311+G**, cc-

pVDZ, cc-pVTZ, and aug-cc-pVDZ are shown with horizontal lines. TheN), og(C), andag(O) coefficients are equal to 0.8, 0.8, and 0.8 in the

basis 6-31G**, to 0.913, 0.626, and 1.292 in 6-3G**, and to 0.817, 0.55, and 1.185 in cc-pVDZ. More extended bases contain two sets of

oq coefficients, namely 0.817, 0.55, and 1.185 and 0.23, 0.151, and 0.332 in aug-cc-pVDZ and 1.654, 1.097, and 2.314 and 0.469, 0.318, and 0.645
in cc-pVTZ. The 6-31G basis set has no d-polarization function. Moreover, p-polarization functions on H atoms are added in all extended basis sets
and a set of f-polarization functions on heavy atoms in cc-pVTZ basis set.

interaction energies computed with the modified basis set 6-31G-equivalent to the modified 6-31Gd(=0.2) basis, but the
(04q=0.2) are close to those computed with aug-cc-pVDZ and 6-311++G** basis gives less favorable interaction energies than
cc-pVTZ, the most extended basis sets considered here, for allthe less extended bases 6-31G and 6-31G**. This is due to the
three types of interactions (Figure 2). The 6-3&£0.2) basis fact that extending a basis set does not mean keeping the set
seems thus close to optimal; it yieleésl3.2 kcal/mol for the unchanged and allowing additional flexibility. In contrast, all
cation—s interaction,—28.7 kcal/mol for the H-bond, and2.8 parameters, and in particular thg values, may be modified,
kcal/mol for the stacking interaction. as is clearly apparent in the legend to Figure 2. The global
Note that for stacking and catiemr interactions, the interac-  stabilization of a system with a given basis set comes from a
tion energies improve, as expected, when the basis set iscompetition between the different ways the system can acquire
extended from 6-31G to 6-31G**, cc-pVDZ, 6-3t#G**, cc- energy from the available basis functions. When an energy
pVTZ, and aug-cc-pVDZ. In contrast, for H-bond interactions, difference is calculated, like an interaction energy, both
the cc-pVTZ basis sets gives the lowest values, roughly components of the difference should ideally acquire flexibility
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Figure 3. Difference between MP2 energi€scalculated with the 6-31@g) basis set and with the standard 6-31G** basis set, for (a) stacked
Gud|Gua, (b) Arg/Gua H-bond, and (c) Arfig Gua catior-7, as a function of the Gaussian exponent of the d-polarization functions on heavy
atoms. The geometries of complex were taken from the 1TC3 (A7-C236-A8) stair motif, depicted in Figure 1. The corresponding energy differences
computed with the basis sets 6-31G#€0.2), 6-31G, 6-31%++G**, cc-pVDZ, cc-pVTZ, and aug-cc-pVDZ are indicated by horizontal lines.

in a balanced way. This is not always satisfied and may explain basis set will be denoted 6-31@%=0.2). Figures 2 and 3 show
the a priori surprising results obtained with 6-31£G**, that this basis set indeed allows to optimize both energies.

Optimal oy Value for Total System Energies.It must be Moreover, the interaction energy computed with the 6-31G*-
stressed that a relevant basis set should in principle optimize(aq=0.2) basis set is quite close to that calculated with the most
the total energy of the system rather than the interaction energy.extended basis sets considered, i.e., aug-cc-pVDZ and cc-pVTZ.
As seen in Figure 3, the value ofy in the 6-31Géq) basis Indeed, 6-31G*{=0.2) yields binding energies 6f3.2,—29.4,
yielding the most favorable total energies is close to 0.80, for and—13.3 kcal/mol for GuHGua stacking, GuaArg H-bond,
the three types of interactions considered; this generalizes toand Arg]Gua catior-r, respectively, whereas the best interac-
stair motifs previous results on smaller molecular syst&ms. tion energies are-3.6 kcal/mol for base stacking (aug-cc-pVDZ
The divergent trends of interaction and total energies need thusbasis),—29.9 kcal/mol for H-bond (cc-pVTZ basis), and.3.4
to be reconciled. This is achieved by defining a basis set kcal/mol for cation-z (aug-cc-pVDZ basis).
containing simultaneously the values @f that optimize the The basis set 6-31G#G=0.2) seems thus the most adequate
interaction and total energies, i.eq = 0.2 andoy = 0.8; this for our system. However, calculations using a basis with two



Cation—s/H-Bond Stair Motifs J. Phys. Chem. A, Vol. 107, No. 32, 200&55

¥ . . 6 T T T T T

Am

a=0.2
d

Figure 4. Isocontour plots in they plane ofdy, polarization basis
functions (see eq 4) with ang exponent equal to 0.2 and 0.8. The
pictures were generated with the MOLDEN progréthe scales on
thex axes give an idea of the relative spatial extent of both functions.
Full and dotted lines correspond to positive and negative values of the
wave functions, respectively. The contour lines are drawn by steps of
0.0125 (absolute value of the wave function), starting from an absolute
value of 0.0125 for the external line of eadHobe.

-2

differentaq values introduces 5 extra functions per C, N, or O 0 02 04 06 08 1 1.2
atom in the complex, which results in a significant increase of
i o
the computational costs. Therefore, as we focus here on d
interaction energies for which 6-31G=0.2) and 6-31G-

(aq . 0.2) yield roughly th.e same values, we decided to gse the of an isolated Gua molecule as a function of thevalue.Am is the
basis set 6-31G(=0.2) in all subsequent MP2 calculations. difference between a given multipole component computed with the
Interpretation of the Influence of the oay4-Exponent on reference aug-ccpVQZ and the 6-3bG)(basis sets. Only the largest
Interaction Energies. A first interpretation of the observed trend =~ components of the multipole moments have been represented, corre-

that og = 0.8 andag = 0.2 are better suited for computing sponding to an orientation where the aromatic plane lies inyipane.

. - . . Dipole (1), quadrupole ®), and octopole @) Cartesian components
tOtal. and Inte'ractlon energles,. res.pectlvgly, comgs from the are given in D, DA, and DA respectively. The absolute values of the
spatial extension of the d-polarization orbitals, which changes ,,oments calculated at the HF/aug-ccVQZ level are= 7.0343 D

significantly as a function ofi, as can be visualized in Figure  @,,= —41.0077 DA,©,, = —70.9961 DA andd,, = —64.6958 DA,
4. This picture, which presents isocontour maps of & dyy Qux = 55.9881 DR, Q,,, = —54.9324 DR, and Q,,, = —29.6588
(eq 4 witha = b = 1, ¢ = 0) in thexy plane, shows how the DA2,

spatial extension of the wave function evolves with the value
of the Gaussian exponent. The electron distribution inahe

= 0.8 orbital is indeed more contracted on the nucleus than in
theoy = 0.2 orbital. The more diffuseq = 0.2 orbital spreads
over 2.4 A from the atomic center and presents a maximum o
electron density at about 0.8 A. Tg = 0.8 orbital asymptoti-
cally ends at about 1.2 A, with a maximum at 0.6 A. Considering
that the distance between two stacked bases or between the twi
cation—x partners of a stair motif is about 4 A, there is a

E%S(S)I\?;?Iaor\)/?srl?)%;sfiazmvl\jﬁtﬁdbit\g%en twoag = 0.2 orbitals. LysvGua H-bonds. The most favorable stacking energy ob-
) ] o ~served is equal te-10 kcal/mol, for the GugCyt pair, and the
Another explanation, directly related to the above geometrical yost favorable cations energies occur for Aig Gua and reach
arguments, is that the diffuse nature of thig= 0.2 orbitals —13 kcal/mol; actually, some of the LsGua have energies
allows a polarization of the wave function in the interaction up to —32 kcal/mol but these are due to the simultaneous
region between the partners of the complex. As shown bé&fore, formation of an H-bond.
this polarization effect improves significantly the multipole  The first conclusion is thus that the catien energy is much
electric moments of the interacting partners, with, as a conse-|ess favorable, about 3 times, than the H-bond energy, and
quence, a better description of the dispersive contributions to roughly as favorable as the—x stacking energy. Note,
the interaction energ}’.®® To check this hypothesis, we however, that the energy computations were performed in a
calculated the dipole, quadrupole, and octopole moments of anvacuum, and may not be directly transposed to more realistic
isolated Gua at the HF/6-31&{) level as a function of they environments consisting of water and/or protein residues. Indeed,
exponent value and compared them with those obtained usingab initio energies of H-bonds are largely overestimated in a
the HF/aug-ccVQZ level, taken as a reference. As seen in Figurevacuum compared to waté4:85 whereas stacking interactions
5, the difference between the moments computed with the are less overestimaté®;cation—x interactions could be ex-
6-31G@y) and aug-ccVQZ basis sets tends to vanishofpr= pected to display an intermediate behavior.
0.2, which demonstrates the correlation between optimal values A more careful analysis of the results shows important
of multipoles and of interaction energies. The same test fluctuations in the H-bond energies and frequencies. In par-
calculations were not performed at the MP2 level to save ticular, the overwhelming majority of H-bonds in the major
computer time, but as already pointed out befdithe addition groove involve ArgyGua and Asn/GlnAde pairs. This can be

Figure 5. Variation of the HF values of the multipole electric moments

of the correlation will change the absolute values of the
multipoles but not their qualitative behavior.

MP2 Interaction Energies for Stair Motifs. Quantum
fchemistry calculations were performed on the 77 stair motifs
identified in the set of protein/DNA complexes (Table 1), in
view of determining the relative strength of the three pairwise
(i)nteractions contained in the stair motif. The pairwise interaction
energies computed at the MP2/6-316€0.2) level show that
the most favorable energies37 kcal/mol, are reached by the
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TABLE 2: AEwpn/6-31G(4=0.2) Interaction Energies (kcal/mol) for a Stacking Interaction, a Cation-s Interaction, and a
Stair Motif, as a Function of the Order n of the Pertubation Theory Contributions (n = 2—4) (See Eq 2)

stair motif HF MP2 MP3(D) MP4(DQ) MP4(SDQ) MP4(SDTQ)
1TC3 (C236-A7-A8) GG 6.57 —2.76 0.38 -0.12 —0.68
1LAT (A466-D11-D12) TG 1.53 -3.15 -1.91 -1.96 —2.31
TU Arg -1.84 —4.70 —4.02 -3.90 —4.16
Arg v G -31.890  —33.80 —33.70 -32.92 —33.26
TOAQVG -31.12 —40.29 —38.24 —37.44 ~38.37
1AKH (B185-C5-C6) TO Arg 0.82 —2.02 -1.34 -1.26 —1.46 -1.97

attributed to the fact that Arg can make a double H-bond with mol. This result reflects the expected nonadditivity of the
Gua in the major groove, and Asn and GIn with Ade. Though pairwise interactions, but not their cooperativity, which has
double H-bonds are expected to be more favorable energeticallyhowever been suggested to be important in catioif-’° and
than single H-bonds, which is moreover supported by the H-bond interactiong!~73 The reason we do not observe the
observation that the substitution of an Arg into a Lys residue cooperative behavior of the interactions may be due to the fact
in an ets domain inhibits protein/DNA recognitiéhthis does that we deal with nonoptimized intermolecular geometries. This
not always appear to be true in our ab initio calculations. In issue will be addressed in future work.

particular, Lys/Gua H-bonds are computed to be as favorable  \ip3/MP4 Corrections to the Interaction Energies. Al

as, or even slightly more favorable than, A@ua, yielding  apove calculations were performed at the MP2 level. However,
energies of more than 30 kcal/mol. A possible explanation t0 pigher correlation energy corrections have been shown to be
this issue is that our calculations are performed in a vacuum important#5-48:63 and their contribution to the different com-

and not in water or in a protein environment, and that when ,onents of the interaction energy (electrostatic, dispersion,
transposing vacuum energies to energies in a solvent, the eNergy,quction, ...) has been quantified for small van der Waals
values of systems with a localized net charge are more reduced

than those of systems with a delocalized charge or with partial

charge$465.67.68 . .
g corrections or the use of the high level CCSD(T) coupled cluster

In the case of cationx interactions involving an Arg side 75 L
. . approack*~76 are too demanding in computer power to be
chain, the frequency of occurrences and energetic values are

. systematically adopted. Rather, we performed test calculations
gﬁl(’;e AV:SSI é?/:r?wlg\t/idﬁ:i?ﬁr?;?, en egr glijeas’ 'g;gljsA: e_,gA ?D_T?)h)é’ on three of the complexes listed in Table 1, a (BBaa stacking,

and —0.7 kcal/mol, respectively, and occur 16, 9, 11, and 4 a ThylArgvGua stair, and a TWArg cation=z interaction,
times in the data set. The same is true for catigrinteractions S0 as to evaluate the order of magnitude of the MP3 and MP4
involving a Lys side chain: LyS Gua, Lys]Ade, Lys]Thy corrections. The calculations have been limited to MP4(SDQ)
and Ly 1Cyt have minimal energies,eﬂS.l (if ihe matchés for the first two examples and were pushed to full MP4(SDTQ)

where an H-bond is simultaneously formed are overlooked), in the last one. Note that to Iimit_the_ computer costs the
—13.2,—2.7, and—2.5 kcal/mol and occur 6, 5, 1, and 1 times. ThyO ArgvGua complex has been simplified by replacing the

In contrast, the higher frequency of Arg compared to Lys cannot 2Mino group of Gua, the methyl group of Thy, and one amino
be explained on an energetic basis. Here also, a possibledroUP of the guanidinium moiety of Arg with an H atom. Despite
explanation is related to the fact that the MP2 energy contribu- '€S€ simplifications the computer needs remain however

tion is much more important in catient interactions involving ~ Important, with, for instance, in the smaller case (T#rg),
Arg than in those involving Lys, due to the delocalization of the following factors in the CPU time: 1 (HF), 1.5 (MP2), 15

the charge; as the electrostatic contributions are more overes{MP3), 26 (MP4(SDQ)) and 390 (MP4(T)). One sees that the
timated than the electron correlation contributions in a vacuum addition of triples to MP4 is very expensive but gives a non-
compared to watéi65the vacuum energies of Lys-containing negligible energy |ncremeﬁ§;6f5as shown in the results Whlch_
cation—z interactions could be expected to be more reduced aré summarized in Table 2. Figure 6 shows how the correlation
when transposed to water or protein environments than those€nergy corrections evolve along the MP perturbation theory
of Arg-containing catior- interactions® thereby reconciling ~ €xpansion (5) for all considered complexes.
the calculated and observed trends. We remark that overall, the MP2 correction stabilizes the
In the case of cations interactions involving the partial ~ complexes, whereas the MP3 contribution produces an opposite
charge located on the amino group of Asn or GIn side chains, effect of smaller intensity (between 5 and 34%). The full MP4
also termed amines interactions, the computed energy values correction, only obtained for the smallest complex, aThyg
are in general slightly unfavorable for Ade and Gua, and slightly cation—s interaction, is globally stabilizing if one takes all the
favorable for Thy and Cyt. For these interactions, the HF energy different classes of excited states (S, D, T, and Q) in the fourth-
is generally unfavorable, whereas the MP2 energy is favorable. order perturbative correction into account. More specifically,
Hence the inclusion of the solvent effect may here also modify as illustrated in Figure 6, the double and quadruple excited states
the conclusions and render all the interactions, including thoseyield a small positive increment to the interaction energy,
involving Gua and Ade, favorable. Note that the energy values whereas the single and triple excitations have a more important
computed here are, in general, less favorable than in protein/negative effect. Note that similar trends have been observed in
ligand complexeg® This is due to the fact that in the protein/ the calculation of the interaction energies of the dimers of
ligand context the amino acid side chains can be positioned benzene and naphthaléf@nd of the CH/NH3; complex?® It
straight above the aromatic cycles, whereas in protein/DNA is worth noting that in the Thy Arg cation—s interaction, for
complexes they are sterically hindered. which the full MP4 calculation has been performed, the MP4-
We also estimated th&E; term in eq 2, which measures the (SDTQ) value ofAE is close to the MP2 value, which is a nice
cooperativity of the interactions, for all stair motif geometries example of oscillatory behavior of the MP expansi§itéand
in Table 1, and found values in the rang®.4 to+7.4 kcal/ a demonstration of the reliability of the MP2 level of theory.

ystemg'o
In the case of stair motifs, the introduction of MP3 and MP4
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Figure 6. Evolution of the total correlation energy contributioNEyen

— AEgr (eq 3) to the interaction energies as a function of the onder
of the perturbation expansion, for d|G stacking in 1TC3 (C236-A7-
A8) (full line), a cation-x interaction in 1AKH (B185-C5—C6)
(dashed line), and a ThyArgvGua stair motif in 1LAT (A466-D11-
D12) (dotted line). Detailed energies are given in Table 2.

The optimistic conclusion drawn in this particular case is,
however, to be considered with care and is certainly not to be
generalized.

Conclusions

A systematic survey of X-ray protein/DNA complexes
allowed us to identify 77 stair motifs, exhibiting simultaneously
a cation-zr, an H-bond and ar—x stacking interaction. The
recurrence of such catiert/H-bond stair motifs at the protein
DNA interface suggests that they must play an important role,
which, as yet, is not fully understood. Of course they play a
stabilizing role. The conjunction of H-bond and cation

J. Phys. Chem. A, Vol. 107, No. 32, 200&57

The interaction energy of the 77 stair motifs observed in the
data set was computed at the MP2 level using the 6-31G(0.2)
basis set, witlog = 0.2. We found the stacking interactions to
be the least favorable, with a minimum energy value-df0
kcal/mol, followed by the cations interactions reaching-13
kcal/mol, and the H-bond interactions up-®2 kcal/mol. Of
course, these are vacuum energy values, and their transposition
to values in water or a protein/DNA environment may entail
significant modifications. The catiefr interactions involving
a partial positive charge instead of a net charge, also termed
amino—s interactions, are usually also computed to be favor-
able, but less. It must be stressed that it is the electron correlation
contribution that renders these interactions attractive. Note that
we chose not to optimize the stair motif geometries provided
by X-ray structures. Indeed, the optimization of such motifs
outside the protein/DNA context sometimes leads to distortions
that are incompatible with the structural constraints provided
by the environment in the native structures. This implies that
the energy values computed in the present paper appear less
favorable than those computed after intermolecular geometry
optimization.

Finally, we also performed tests on the higher correlation MP
energy corrections, for a few simplified complexes. We
recovered the oscillatory behavior of the MP expansions, already
observed beforé63MP3 appears less favorable than MP2, and
MP4 seems more favorable than MP3 but slightly less than MP2.
Though these results need of course to be confirmed on many
more examples, the similar values of MP2 and MP4 interaction
energies can be taken to suggest that MP2 is a reliable
approximation, at least for the stair systems considered.
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