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At protein—DNA interfaces, two successive nucleobases (Gua, Table 1. BSSE Corrected? HF and MP2 Interaction Energies (in
Ade, Thy, or Cyt) along the B-DNA stack and a positively charged écal_/ mol) of the 1TC3 C236-A7-A8 Stair Motif without Geometry
. ; - } . . ptimization® Using the 6-31G({0.8,0.2},p) Basis Set
side chain (Arg, Lys) or a side chain carrying a partially charged
group (Asn, GIn) are often observed to form simultaneously three GOR Glic RVG GORVG AEEE
different pairwise interactions: aromatic base stacking, hydrogen HF —12.7 +6.8 —23.7 —25.5 +4.1
bonding, and cation/amine- They are called stair motifs as they MP2 —136 —3.0 —29.5 —41.9 +4.2
have a Sta'r'“k,e shape, with .the .H-bond. forming the. horizontal aCorrection for the basis set superposition error (BSSE) is performed
part of the stair, and the catiemr interaction, the vertical part  ysing the standard counterpoise methdtiOnly intramolecular geometries
(Figure 1a). A better appreciation of the subtle balance between of the isolated partners are optimized. All energy values are computed with
these noncovalt_ant interaction_s, and of their_ nature and glectron-g‘g(gﬁgffgg iSAp,g"‘(%;kS@R?Etf II_S erGEFleQ(r;e)fs—YASI;(TC?I?Gt)hr—e Z_té(()gé tRe)r.m
transfer properties, plays an important role in understanding and
predicting molecular recognition and macromolecular functioning. nonadditivities indeed requires a higher level of calculation than
In a data set of 52 high-resolutior 2.5 A) crystal structures of ~ MP2%10 Also, AE® is nearly independent of the BSSE correction
protein/double-stranded DNA complexes, 77 stair motifs have (see Sl). To check these results, we computedXB&) term for
previously been identifietlpresenting favorable vacuum interaction the 15 GualArgvGua motifs previously identified. All AE®)
energies computed at the second-order MglResset perturbation  values were found to be in the2 to +4 kcal/mol range.
theory (MP2)? Note that this type of calculation appears to be the  Positivity of the AE® term can be suspected to be due to the
most appropriate, as density functional theory (DFT) methods fail nonoptimal geometries of the crystal structures. To analyze this
completely for base stackih@nd catior-z representation, and as  possibility, optimizations were performed at HF and MP2 levels,
the size of the stair motifs exclude nonperturbative coupled cluster using various split valence or correlation consistent basis sets (from
(e.g., CCSD(T)) calculations. 6-31G(d,p) to aug-cc-pVDZ). Two constraints mimicking the effect
Here we focused on the stair motif GuArgvGua ( denotes of the protein environment were applied on the complexes. The
cation—z and v H-bond) occurring in the DNA-binding domain first imposes parallelism between the planes of both Gua bases and
of Tc3 transposase froBaenorhabditis elegand TC3) between allows optimization of the interbase distance. The second forces
Arg C236 and the two successive Gua A7 and A8. This complex the guanidinium group to stay in the plane of the Gua with which
constitutes an academic case for studying the relative importanceit is H-bonded and permits adjustment of the distance and
of the three simultaneous interactions and the resulting nonadditive orientation. This approach is justified by the experimental observa-
effects induced by the different energy and entropy contributions, tions that catior geometries and stacked conformations in DNA
both in a vacuum and in different solvents. crystald? are rather variable, unlike H-bond conformations.
Hartree-Fock (HF) and MP2 gas-phase interaction energies of  Interaction energies of the optimized complexes are given in
the Gual ArgvGua motif are given in Table 1. Strikingly, the  Table 2. TheAE® term is always positive, betweeh3 and+6
stabilization of this stair motif is strongly influenced by dispersion kcal/mol. The use of more extended basis sets for the optimizations
attraction: the electronic correlation contributifc,, is important at the HF level only slightly reduces the positivity of téE®)
for the ArgvGua H-bond (6 kcal/mol) and especially for the term. In contrast, optimization at MP2/6-31G(d,p) level causes the
Gug|Gua stacking (10 kcal/mol), the latter being unfavorable at largestAE® value. This is to be related to the drastic changes
the HF level. The pooAEc. contribution of Gual Arg (~1 kcal/ observed in the energies and geometries ofitedectron involving
mol) results from the location of the guanidinium group above the interactions. Indeed, interaction energy of the catianis much
extracyclic atoms rather than above the cycle center, and thus frommore favorable than in the HF optimized complexes, and that of
the weak overlapping of the p-orbitals of both partners, due to steric the stacked bases is much less favorablE ¢ = +15 kcal/mol
constraints imposed by the DNA. In the protein/ligand context, instead of-+5 kcal/mol). This highly unfavorable electrostatic
where there is less steric constraint, London dispersion and contribution, which provokes repulsion, is due to the smaller
electrostatic interactions have been shown to contribute equally to distance between the stacked bases (3.2 A instead of 3.6 A in the
the stabilization of GudArg.> Note en passanthat non-BSSE crystal structure) and is probably caused by the BSSE uncorrected
corrected HF interaction energies are not equivalent to BSSE optimizations.
corrected MP2 interaction energies, as sometimes stated (see Thus, we may conclude that the GUArgvGua stair motif
Supporting Information [SI]). exhibits an anticooperative behavior in a vacuum at HF level,
The three-body energy terdE® is almost identical at HF and  originating from many-body polarization effects: the charged
MP2 levels: +4 kcal/mol (Table 1). The estimation of dispersion guanidinium moiety influences the electrostatic potentials of both
T Unit de Bioinformatique Gnomique et Structurale. Gua_ ba§es in a S?m”ar Wa_y’ leading to !ess favorable charge
§ Institut de Pharmacie, Campus de la Plaine. distributions on their aromatic cycféqsee Figure 1b).
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Figure 1. (a) Structure and (b) molecular electrostatic potential (MEP) of the 1TC3 C236-A7-A8 stair motif. MEPs isoenergy contours were superimposed
onto the total electron density surface (0.002 &/alihe most negative potentials are colored in red, and the most positive are in blue.

(T_ab/e 2, ESSE)(I:orreCte'd MEP2/6-_31(3(_(0-5,D)VanCI|)H?/?}-Sﬁ((:oélp) = —3lkcal/mol in CCJ) which cancels the anti-cooperativity of

in parentheses) Interaction Energies (in kcal/mol) of the Tt 3) —

C236-A7-A8 Stair Motif, Whose Geometry Is Optimized at HF or other contributions (€.gAG®eectostaic= 17kcal/mol). I

MP2 Level Using Various Basis Sets The error on the thermal energy and entropy contributions of
the complexes, due essentially to their estimation slightly away from

GOR GIIG RVG  GORVG  AE® o L

optimization ! Y Y the energy minimum, is limited but not negligifi@hus, we prefer
HF ~128 Sl9 =361 —472 436 not to add these contributions to estimate the full free energy three-
6-31G(d,p) ¢13.0) (+5.2) (-34.6) (-38.8) (+3.6) ; ) -
HE 117 13  —-362  —-46.0 432 body term. Nevertheless, the cooperative or anticooperative tenden-
6-31++G(d,p) (12.0) (4.4) (=34.7) (39.1) 3.2) cies of the individual contributions appear quite well defined. They
HF VD7 :g-i J—réé :32-3 :gg-g +§-; can be summarized as followsAEL®) > 0; AG,,® > 0;
,C_|C,£p (_11:7) (_1: 4) (_36:3) € 46:2) 6;3;2) AGiot+yrand® < 0; andAAGsq® < 0. Hence, our calculations clearly
aug-cc-pVDZ £12.1) @+45) (-34.8) (-39.1) (+3.3) indicate that, in absence of an estimation of the dispersion
MP2 —18.7 -07 =362 —49.7 +59 nonadditivity, the cooperativity for GiaArgvGua stair motifs
6-31G(d,p) £18.2) (+15.0) (34.2) (-316) (+5.8) arises from the environment.
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HF and MP2 interaction

Table 3. BSSE Corrected MP2 Interaction Energies, and HF
Thermal and Solvation Free Energies (in kcal/mol), Using the
6-31G({0.8,0.2},p) Basis Set, for the 1TC3 C236-A7-A8 Stair Motif

Supporting Information Available:

GOR GG RVG GO RVG AX@ X ) o '
AEup 136 30  —295 ~aL9 vyl energies of the 1TC3 C236-A7-A8 stair motif without BSSE correction;
AGyin? 17 64 o8 _50 +3.9 F:anes_lan coordinates of the _relevant optimized structures. This material
AGrotttrand +156  +17.0 +15.6 +35.4 -12.8 is available free of charge via the Internet at http://pubs.acs.org.
AAGuaef ~ +166  +29  +324  +483 -36
AAGgacetons +15.4 +4.0 +24.4 +36.7 7.1 References
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