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Abstract: To probe the role of cation—z and amino—sx interactions in the context of protein—ligand
interactions, the stability of 55 X-ray cation/amino—x motifs involving the Ade moieties of cofactor molecules
and Arg, Lys, Asn, or GIn side chains of their host protein was evaluated using quantum chemistry
calculations. The conjunction of vacuum interaction energies, vibrational entropy, and solvation contributions
led to identify Arg—Ade as the most favorable cation/amino—s complex in the solvents considered, followed
by Asn/GIn—Ade and Lys—Ade: their minimum interaction free energies are approximately equal to —7,
—4, and —2 kcal/mol, respectively, in the solvents of dielectric constant similar to that estimated for proteins
(i.e., acetone, THF, and CCl,;). Remarkably, these free-energy values of cation/amino—x interactions
correlate well with their frequency of occurrences in protein—ligand structures, which corroborates our
approach in the absence of experimental data.

Introduction protein—protein interfaces or zip up domain-swapped oligo-
mers!! Related interactions, sometimes termed amimoor
polar—s but classed in what follows with catienr interactions,
involve amino acids carrying a partial positive charge on their
side-chain amino group (Asn and GI)!3 Cation—s interac-
tions have also been observed in several biomolecular associa-
tion processes such as ligand-antibody binding and receptor
ligand interaction$§:.'%15More recently, catiors interactions
involving the aromatic rings of nucleic acid bases and amino
acids with a net positive charge (Arg or Lys) or a partially
charged group (Asn or GIn) have been shown to be quite

Probing the noncovalent interactions that determine the three-
dimensional structure of a protein and its interactions with other
molecules-natural or synthetic ligands, DNA, or proteins
of primary importance for a large series of applications ranging
from protein design to drug discovery. These interactions are
basically, but not fully, understood. In particular, their relative
weight in protein environments and in molecular recognition
remain far from settled. Moreover, the role of cation
interactions between aromatic rings and positively charged

g:g;%?e:jz s;r:){e;;%emly started to be appreciated in the common at the interface between protein and DNA where they
) o ) . have been suggested to play a role in the specificity of pretein
Experimental and in silico studies have emphasized the pya recognition and in the charge transport known to occur
frequent occurrence of catierr interactions in proteins, where through double-stranded DNi&:7

they are preferentially located near the surtdcer across Moreover, cofactor molecules containing nucleic acid bases,

f UniversiteLibre de Bruxell such as ADP/ATP and GDP/GTP, the cell’s most important
niversiteLibre de Bruxelles. . .
s Universitedes Sciences et Technologies de Lille. energy source, or NA_D ar_ld FAD: mvolyed in _electron transfer,
(1) Ma, J. C.; Dougherty, D. AChem. Re. 1997, 97, 1303-1324. frequently feature catiorr interactions with their host protefs.
(2) Salivan, o P Dougherty, D. /2roc. Natl. Acad. Sci. U.S.A999 96, Ab initio quantum chemistry energy calculations in a vacuum,
(3) Paschall, C. M.; Hasserodt, J.; Jones, T.; Lerner, R. A.; Janda, K. D.;
Christianson, D. WAngew. Chem., Int. EA.999 38, 1743-1747. 11)
(4) De Wall, S. L.; Meadows, S. L.; Barbour, L. J.; Gokel, G. ®foc. Natl.
Acad. Sci. U.S.A2000 97, 6271-6276. (12)
(5) Pletneva, E. V.; Laederach, A. T.; Fulton, D. B.; Kostic, N. 3.Am. (13) Mitchell, J. B. O.; Nandi, C. L.; McDonald, I. K.; Thornton, J. M.; Price,
Chem. Soc2001, 123 6232-6245. S. L.J. Mol. Biol. 1994 239 315-331.
(6) Niedzwiecka, A.; Marcotrigiano, J.; Stepinski, J.; Jankowska-Anyszka, M.; (14) Stauffer, D. A.; Karlin, A.Biochemistryl994 3, 6840-6849.
)
)
)
)

(11) Dehouck, Y.; Biot, C.; Gilis, D.; Kwasigroch, J. M.; Rooman, 8 .Mol.
Biol. 2003 330, 1215-1225.
Burley, S. K.; Petsko, G. AFEBS Lett.1986 203 139-143.

Wyslouch-Cieszynska, A.; Dadlez, M.; Gingras, A. C.; Mak, P.; Darzynk- (15) Zhong, W.; Gallivan, J. P.; Zhang, Y.; Li, L.; Lester, H. A.; Dougherty, D.

iewicz, E.; Sonenberg, N.; Burley, S. K.; Stolarski,.RMol. Biol. 2002 A. Proc. Natl. Acad. Sci. U.S.A998 95, 12088-12093.

319 615-635. (16) Wintjens, R.; Ligin, J.; Rooman, M.; Buisine, B. Mol. Biol. 200Q 302
(7) Chakravarty, S.; Varadarajan, Biochemistry2002 41, 8152-8161. 395-410.
(8) Gromiha, M. M.; Thomas, S.; SanthoshRep Biochem. BiotechnoR002 (17) Rooman, M.; Lievin, J.; Buisine, E.; Wintjens, R.Mol. Biol. 2002 319,
32, 355-362. 67—76.
(9) Gromiha, M. M.Biophys. Chem2003 103 251—-258. (18) Biot, C.; Buisine, E.; Kwasigroch, J. M.; Wintjens, R.; Rooman, M.
(10) Gallivan, J. P.; Dougherty, D. A. Am. Chem. So200Q 122, 870-874. Biol. Chem.2002 277, 40816-40822.
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performed at the second order of Mghdrlesset (MP2) partners were then superimposed onto the original crystal structure using

perturbational level of theory, indicated that a nucleic base and the USBEST algorithni? . . . .

an amino acid possessing a fully or partially charged group form In a second stage, the gas-phase mteractl_on energies of eation

favorable catiors complexes. The strength of these associa- SyStems were calculated at the MP2 perturbation tifé&tgs the sum

tions strongly depends on the type of nucleobase and the positio of the HF interaction energiExr and the electron correlation energy

of the amino acid above the aromatic cycle. These results, as™

well as the conservation of catietr interactions in families AEyjp, = AE + AE¢,,

of related proteins and the recurrent occurrence of specific

cation—s patterns in unrelated protein sequences, concur to The interaction energE is defined as the difference between the

suggest that these interactions could play an important role in energy of the complex AB and the energies of the isolated partners,

protein-ligand structure, stability, and molecular recognition. i.e, AE = E(A—B) — E(A) — E(B). _ _ _
Here we extend this analysis by investigating the contributions _ T"e 6-31G™(0.2) basis set was used for computing the interaction

of solvation, zero-point energies (ZPE), and atomic vibrations energies. It corresponds to the standard 6-31G** basis set, augmented

. T e . . by a Gaussiang-exponent equal to 0.2 on the heavy atoms C, N, and
to the interaction free energy of proteitigand catior-s pairs.

. . . O. It has indeed been shown that this extended description of the
We focus on cationz interactions between an Ade base, by g polarization functions allows a more accurate description of cation

far the most frequent ligand building block, and Arg, Lys, Asn, interaction energies, comparable to that obtained with more extended
and Gln side chains. In view of probing the stability of cation basis setd32* The standard counterpoise (CP) method was applied to
interactions in protein environments, water and four organic correct interaction energies for the basis set superposition error
solvents are considered: DMSO, acetone, THF, and.d@kir (BSSE)>*

contribution to the free energy of catiemr formation is Normal modes of vibration of catiefir pairs were determined at
evaluated using two different continuum solvent models AEF the HF/6-31G**(0.2) level of theory to evaluate the ZPE, the thermal
PCM and SM5.4/A. corrections to the energfn, and the entropySas The gas-phase

interaction free energy of the complexésGy.s is given by:

Methods AGyps= AEyp, + AZPE+ AEy, — TAS

Set of Protein—Ligand Cation—a Interactions. The ensemble of )
cation— interactions between an Ade moiety included in a protein "€ temperature is taken to fe= 298.15 K. We assume that the
ligand and an amino acid side chain carrying a net positive charge g_as-p_hase entr_opy and thermal energy corrections can be restricted to
(Arg, Lys) or a partial positive charge on its amino group (Asn, Gln) Vibrational motions: AEn ~ Ay and ASyes ~ ASp. Indeed, the
was inherited from previous wotkand is listed in the Supporting change in energy and entropy due to rotational and translational degrees
Information. Note that the catienr interactions with Asn or Gln are  ©f freedom upon formation of the catierr complex is small in a folded
usually called aminex or polarx interactions, but are here for protein environmert’281t is, moreover, reasonable to assume that the
simplicity grouped with catiorr interactions, though they involve only ~ @mount of rotational and translational entropy lost upon cation
a partial positive charge. In summary, a nonredundant set of 188 high- formation Wlthl_n a protein, afte_r all other neighboring interactions have
resolution X-ray structures of proteitigand complexes was searched ~P€en formed, is roughly identical for all complexes. .
for cation—z interactions linking the ligand to the protein and yielded ~ Note that the normal mode computations, in principle, require the
57 Ade-involving cation-z interactions. Cation interactions were ~ SYStems to be atan energy minimum or saddle point. Here, the separate
identified according to a distance and an angle criterion. The distance Cation—= entities are optimized but the complexes are not; the reason
criterion required that at least one of the atoms of the aromatic ring be for this choice is discussed at the end of this section. Using Taylor
located no further than 4.5 A from one of the atoms carrying the positive &XPansions of energy, we can verify straightforwardly that the error
charge. The angle criterion demanded the latter atom to be situated®" the normal-mode frequencies is, in first approximation and supposing
above the plane defined by the aromatic ring, more precisely, inside a 9Er Positive, proportional ta\x 9%Ewr/(#Ewr)"*% whereAx is the
cylinder of height 4.5 A, whose base included the ring and had a radius difference between the coordinates of the optimized and nonoptimized
equal to the ring diameter. conformations and the derivatives are taken at the nonoptimized point.

The 57 catior-7 pairs were simplified for computational study. Each Hence, considering non-fully optimized geometries comes to assume
ligand was reduced to its Ade base. Lys was represented as an(19) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.: Scuseria, G. E.; Robb, M.

ammonium, Arg as a guanidinium, and GIn and Asn as a formamide A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
_ i i i R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

group. The H-atoms .Were added by construction, which was un!que K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

except for Lys. In this case, one of the H-atoms of the ammonium R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

group was positioned along the €. axis, but there was an Eetk;%rsiog, CS. %; Ar)]/ala, E. YKCLlJ:I Q. MorO‘I;uEna,CK.;IMaIII((:k,JD.O!<;[;

; : . ~ abuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

indeterminacy for the three others due to rotational symmetry. Ac J.V.: Stefanov, B. B.- Liu, G.: Liashenko, A.: Piskorz. P.: Komaromi, |.-

cordingly, we considered two different geometries. In the first, one of Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,

ini - it i C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
the three remaining H a_toms was pogltloned as clos_e as possible to the Johnson. B. G.. Chen. W. Wong. M. W.: Andres. J. L - Head-Gordon,
center of the aromatic ring, considering the constraint induced by the M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,

first H-atom. In the second, one of the three remaining H-atoms was Inc.: Pittsburgh, PA, 1998.

. : T (20) Kabsch WActa Crystallogr.1978 A34, 827-828.
positioned as far as possible from the center of the aromatic ring. The (21) Maller, C.; Plesset, M. Shys. Re. 1934 46, 618-622.

latter two H-atoms were then unambiguously fixed. (22) Head-Gordon, M.; Pople, J. A.; Frisch M.Chem. Phys. Lett.988 153
Ab Initio Quantum Chemistry Energy Calculations. All ab initio 23) ?A(,)m?ﬁjg?g' R.: Biot, C.; Rooman, M.; Lin, J.J. Phys. Chem. 2003

energy calculations were carried out using the Gaussian 98 suite of 107, 6249-6258.

programs® Since crystal structures sometimes display unrelaxed g‘gg JH;’[?SZ:ﬁ PH; SBp_Oggg %ﬁé?ﬁ leh 1599&3&35437_&%7_% 43
intramolecular geometries yielding distorted wave functions and wrong (26) Boys, S. F.; Bernardi, Aol. Ph¥5:197g 19, 553-566.
energies, we first replaced the crystal coordinates of the individual (27) Jusuf, S;; Loll, P. J.; Axelsen, P. Bl. Am. Chem. So@002 124, 3490~
cation-x partners by coordinates optimized at the HartiBack (HF) (2g) Juai, S. Loll, P. J; Axelsen, P. BL Am. Chem. S02003 125 3985
level and the 6-31G** basis set. The independently optimized cation 3994.

J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003 13989
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that this error is small in comparison with the actual frequencies. We convergence problems and sometimes yields unexpected planarity

would, moreover, like to emphasize that the vibrational entrSpy
and especially the vibrational energyi, are relatively insensitive to
errors on the normal-mode frequencigs.

Finally, the interaction free energy of the catiom pairs in the
presence of a solvent, notéds, was evaluated as:

AG = AG,,+ AAG

gas solv

where the free-energy differen@eAGs,y is defined as the difference

between the solvation energy of the complexBand that of the sep-

arate partnersAAGsoy = AGsoi(A—B) — AGsoi(A) — AGson(B). Note

that theAAGsqy term contains both energetic and entropic contributions.
Two different formalisms were used to evaluate the solvation free

energies. The former is the integral equation formalism version (IEF)

of the polarized continuum model (PCM) implemented in the Gaussian

98 progrant®! It is a continuum solvation model in a quantum

distortions. Such optimizations are, moreover, only possible at the HF
level of theory; the MP2 contributions are indeed calculated from the

solvent-corrected HF wave functions. The (free) energy of the so-

optimized structures have optimal electrostatic components but usually
poor dispersion contributions, which again is unrealistic.

Results

We focused on the 57 catiemr interactions between an Arg,
Lys, Asn, or GIn side chain and an Ade moiety included in a
protein ligand, identified in X-ray structures of proteiligand
complexes (see Methods section). Among these, 38 involve an
Arg, 7 aLys, 6 an Asn, ah6 a GIn residue. Two of the Asn
Ade complexes (between ATP and N175 in 1A82 and between
NAD and N211 in 1DXY) are at the limit of our catienr
definition criteria and form an H-bond in addition to a cation

mechanical framework, where the solvent is mimicked by a polarizable interaction. As we are only interested in cationinteractions,
continuum surrounding a cavity having the shape and dimension of these two complexes are dropped, reducing the number of
the solute molecule. The cavity is described by interlocking spheres cation—s interactions to 55.

centered on solute atoms; we used the default values for the atomic

radii (UATM), multiplied by a default factor (1.2 or 1.4 according to

In the large majority of the Arg and Asn/Gla-Ade
cation—zr pairs, the guanidinium or formamide planes are

the solvent) that accounts for the fact that the distance between theapproximately parallel to the Ade plane. Indeed, the angles

solvent and solute atoms is normally somewhat larger than the van der

Waals radii.
The IEF-PCM calculations were performed at the HF/6-31G**(0.2)
level. In principle, they should be performed up to the MP2 [&vel

between these planes exceed #b7 of the 38 Arg-Ade pairs
and in 2 of the 10 Asn/GlnAde only. This is in agreement
with previous findings showing that the parallel orientation of

similar to the gas-phase calculations. More precisely, the HF wave guanidinium groups with .aromatic moieties is pr.eferred to the
function perturbed by the presence of the solvent should be used to T-Shape both in the protein structure contéXtand in aqueous

estimate the electronic correlation contributiohBe,. To check the
validity of restricting the solvation effects to the HF level, we calculated
the AEcor interaction energies in gas phase and water for al-A&de
complexes and found that they differ by only 0.1 kcal/mol on the

solution38 In contrast, the perpendicular or T-shaped configu-
ration has been shown to be the most stable in gas phase by
HF- and MP2-level calculations using medium-size basis’séts.

It can, however, been argued that these descriptions are not

average. We thus chose the hybrid approach consisting of performing g\ fficient to account for stacking interactiof<® Alternatively,

MP2-level calculations in gas phase and HF-level calculations in
solution. This allows a gain of a factor of 5 of computational time and

to maintain the BSSE corrections on the gas-phase energy contributions
The second formalism we used to evaluate the solvation free energies

was the SM5.4/A modé&l**implemented in the Linux version of the
Spartan 02 prograrit. Note that this version only allows water as

it can be argued that in proteins and water the higher energy of
the parallel conformation is compensated by a better interaction
network with the surroundings.

The gas-phase interaction free energi€;asof the 55 X-ray
cation—s complexes, including ZPE and vibrational energy and

solvent. It also considers the solvent as a continuum and divides the€ntropy contributions, were estimated by means of ab initio

free energy of solvation into two contributions. The first includes the

calculations and summarized in Table 1. Table 2 contains the

change in the solute’s internal free energy upon insertion in the solventinteraction free energieAG of the cation-sz pairs immersed

and the solutesolvent electrostatic interactions. It is evaluated using
a self-consistent reaction field model and charges derived from AM1
wave function$® The second contribution is semiempirical and accounts
for first solvation shell effects.

We chose not to optimize the (free) energy of the cation
complexes-only that of the separate molecular grotiier several

reasons. Full geometry optimization in a vacuum has no biological sense

in various solvents, i.e., water, DMSO, acetone, THF, and,.CClI
Detailed (free) energy values are available in the Supporting
Information.

Gas-Phase Interaction Free Energieslnteraction energy
calculations at MP2/6-31G**(0.2) level of theory show the
favorable nature of the considered cationinteractions in a

because it neglects the protein and solvent environment and leads tovacuum, with averagéEve energies ranging from-1.4 to

completely unrealistic structures. In addition, the BSSE correction is
not well defined in this approach. In principle, the cationsystems
may be optimized in the presence of solvent with the -HBEM

—5.6 kcal/mol (Table 1). The LysAde interactions are
essentially due to electrostatic forcéAEyr< 0; [AEco I~
0), the Asn/Gln-Ade interactions are of dispersive nature

method, but this procedure is quite computer time-consuming and must (IAEx[1> 0; [AEc,/< 0), and the Arg-Ade pairs are stabilized
be repeated for each solvent. Furthermore, it gives rise to energy g the same extent by electrostatic and dispersive effekE,L0

(29) Scott, P. A.; Radom, LJ. Phys. Chem1996 100, 16502-16513.

(30) Tomasi, J.; Mennucci, B.; CaigeE.J. Mol. Struct. (THEOCHEM1999
464, 211-226.

(31) Mennucci, BJ. Am. Chem. So002 124, 1506-1515.

(32) Nielsen, P. A.; Norrby, P.-O.; Liljefors, T.; Rega, N.; Barone,JVAm.
Chem. Soc200Q 122 3151-3155.

(33) Chambers, C. C.; Hawkins, G. D.; Cramer, C. J.; Truhlar, DJ.Ghys.
Chem.1996 100, 16385-16398.

(34) Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G.Phys. Cheml1996 100,
19824-19839.

(35) Spartan 02 for LinuxWavefunction, Inc.: Irvine, CA, 2002.

(36) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. Am.
Chem. Soc1985 107, 3902-3909.

13990 J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003

~ [MEcold< 0). The importance of the electron correlation
contributions in Arg- and Asn/Gln-Ade complexes results
from the stacking of the guanidinium and formamide planes
with the Ade plane and, hence, from the overlap of their
m-orbitals.

(37) Flocco, M. M.; Mowbray, S. LJ. Mol. Biol. 1994 235 709-717.

(38) Duffy, E. M.; Kowalczyk, P. J.; Jorgensen, W.L.Am. Chem. So4993
115 9271-9275.

(39) Minoux, H.; Chipot, CJ. Am. Chem. Sod.999 121, 10366-10372.

)

(40) Hobza, P.; Sponer, J. Am. Chem. So002 124, 11802-11808.



Protein—Ligand Cation—s Interactions ARTICLES
Table 1. Interaction Energy and Vibrational Entropy Contributions in Gas Phase for the 55 X-ray Cation—x Pairs?
X-Ade n AEye AEcy AZPE AEyp ~TAS AGygss
Lys 7 —42+24(-7.5) —0.4+0.3(-0.8) 0.1+ 0.1 (-0.0) 0.7+£0.3(0.5) —-25+1.1(-4.3) —6.2+ 2.6 (—10.5)
Arg 38 —2.6+20(-5.2) —3.0+1.6 (—6.8) 0.0+ 0.1 (-0.2) 1.6+£05(06) —5.0+1.6(-8.8) —9.0+ 3.6 (—16.4)
Asn/GIn 10 1.9£1.4(-0.9) —3.3+1.8(-5.8) 0.3+ 0.1 (0.0) 1.8+£05(1.1) -51+13(-7.8) —45+1.8(-7.3)

a All values are in kcal/molAEwg, AZPE, AEib, andAS;ir were computed at HF/6-31G**(0.2) level of theory afécor at MP2/6-31G**(0.2). AEnr
andAEc,, were corrected for the BSSE. The correctionAdge is equal to+0.5,+1.7, and+0.7 kcal/mol for Lys, Arg, and Asn/GIn, on the average, while
that onAEc, is equal to+0.2,+2.2, and+1.9 kcal/mol. The mean values plus or minus the standard deviations are given, with the minimum values in
parentheses. For Lys, two different orientations of the H-atoms with respect to the Ade moiety are considered (see Methods section), andtthe yieldin

lowest energy value is retained.

Table 2. Solvation and Interaction Free Energies in a Range of
Solvents Characterized by Their Dielectric Constant e for the 55
X-ray Cation—z Pairs?@

and 5 for Lys). Rather, it can be attributed to the difference in
shape and complementarity of the complexes, where the
planarity of the guanidinium and formamide groups could favor

soventmodelle  X-Ade AAGay AG concomitant vibration with the Ade plane. This interpretation
e A klr/s o3 829)5) ookt é:i-g; is supported by the fact that the Argh\de complex with the
water Lys 6.9+ 2.7 (3.1) 0.8+ 1.0 (—1.4) gua}nldlnlum group in T-.sha}ped conformation above the Ade
IEF-PCM  Arg 82+29(-07) —08+1.7(-48) moiety, whereas the pair with most favorabldASi, (—8.8
78.4 Asn/GIn 3.3t 1.4 (0.7) -1.3+1.0(-3.0) kcal/mol in 5TMP) is almost perfectly stacked.
DMSO Lys 7.6+ 2.2 (4.4) 1.5+ 1.2 (-0.6) The analysis of vibrational modes shows that the frequency
IEF-PCM  Arg 8.5+£2.9(0.3) —05+2.2(-5.2) values calculated for the catiemr pairs are markedly lower
46.7 Asn/GIn 3.5 1.3 (1.3) —1.0+1.0(-3.0) than those obtained for the two isolated partners and thus
]AECSOP%M A':ys 77&& 32 Eg% 11-43:it %g E_tlsgg contribute more to the vibrational entropy. For the catian

— rg . . . —1. 2 (—6. . . . .
0707 men 231209 1608038 B0 756, 265, and 405 chfor
THF Lys 6.9+ 2.3 (4.2) 0.8+ 1.3 (-1.1) »an | crv lor Ade, 129, et anh cmior
IEE—PCM Arg 0.8+ 1.3 (-1.1) —0.94 1.9 (-5.8) Arg, and On-y 21, 27, 62, and 72 or the cationn
7.6 Asn/GIn 3.3+ 1.1(1.4) -1.24+1.0(-3.3) complex. This indicates the presence of a broad energy well
ccly Lys 6.2+ 1.4 (3.9) 0.2£ 1.7 (-2.7) linking the cation-sr partners. The-TAS,j, contribution cor-
IEF—PCM Arg 6.8+ 2.0(1.0) —2.14+2.5(-8.4) responding to these frequencies is quite favorable, +2.1
2.2 Asn/GIn  2.9:07(1.7)  -16£13(=3.7) kcal/mol. When considering all vibrational frequencies, this
ﬁlﬂaszphase ALyS —g-gi g-g é—ig-ig contribution becomes even more negative, reachibg kcal/

rg -9. .6 (—16.

10 Asn/GIn _45418(7.3) mol. Note that the lowest frequency of 21 chtorresponds to

a All values are in kcal/mol. The mean values plus or minus the standard
deviations are given, with the minimum values in parentheses. For Lys,
two different orientations of the H-atoms with respect to the Ade moiety
are considered (see Methods section), and that yielding the lowest energ
value is retained. The last row displays the gas phsSgssvalues taken
from Table 1.

Comparing the MP2 energies of these cattaninteractions
with those calculated in the context of protelDNA com-
plexe® reveals that Arg-Ade pairs display similar energies
on the average, whereas LyAde are more favorable and Asn/
GIn—Ade less favorable in proteirDNA. This result can be
explained by the fact that, at the proteidDNA interface, the

a relative rotational motion of the Ade and Arg moieties.
Combining these different contributions, we find that the
average vacuum interaction free enefg@yGgadlis the most
yfavorable for Arg-Ade cation- pairs, followed by Lys- and
Asn/GIn—Ade pairs. We would like to stress that the favorable
nature of catiorsr pairs strongly depends on the level of
approximation. When restricting to the HF energy level, we find
indeed:

[AE,(Lys—Ade)O< [AE,(Arg—Ade)d< 0 <
[AE,(Asn/GIn—Ade) (1)

In contrast, by adding electron correlation and vibrational

charged or partially charged group is in general located above contributions, we obtain the reversed tendencies:

the endocyclic nitrogen atoms rather than above the cycle cente
due to the poor accessibility of the nucleobases within DNA.
This improves the electrostatic contribution for kyAde
complexes and is energetically less favorable for Asn/2lde
pairs.

r,
[AGy,{Arg—Ade)< [AG,,{Lys—Ade)l<

[AGy,{Asn/GIn-Ade)< 0 (2)

This result clearly shows that the HF level of theory is not

The ZPE contributions to the interaction free energies are sufficient for estimating the stability of catierr complexes

totally negligible at the level of accuracy of the calculations. In and, more generally, of all types of stacking-involving inter-
contrast, the contributions due to internal vibrations are not. actions. These require MP2-level calculations at least and the
The interaction free-energy contributions due to vibrational use of extended basis sets with diffuse d-polarization func-
energy are unfavorable, whereas those due to the vibrationaltions#9.23

entropy are favorable for all catienr pairs. The sum of these The geometries of the catieimr pairs were not optimized:;
contributions,AE,is — TAS,ib, is more negative for Asn/GIn only the geometries of the separate molecular groups were. We
and Arg (about—3.4 kcal/mol on the average) than for Lys chose this procedure because the geometries of the complexes
(—1.8 kcal/mol). Note that this difference is not related to a optimized in gas phase differ from the optimal geometries in
different number of atoms (10 for Arg, against 6 for Asn/GIn protein environments probably more than the X-ray geometries
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themselves (see discussion at the end of the Methods section).
Hence, the calculated energy and free-energy values of the X-ray
structures must be considered as upper bounds of the actual
ones, i.e., of those that would be optimized within the host
proteins. Along this line of thought, we will usually consider
the minimum interaction (free) energies of cation pairs
instead of the average ones, expecting that some of the X-ray .
complexes have geometries close to optimal. The number of
complexes is of course too low for this to be true, but this

approximation can be considered as reasonable. c
As a matter of fact, all average and minimal (free) energy
values exhibit similar tendencies, with the latter being obviously &=
more negative than the former. In particular, the meaGyad!
values vary from—4.5, —6.2 to —9.0 kcal/mol for Asn/Gla-,
Lys—, and Arg-Ade pairs, respectively, and the mininsGgas _ — N
values vary from—7.3, —10.5 to—16.4 kcal/mol. Equation 2 C OV =C T O Q==
can thus be rewritten in terms of minimal interaction free Figure 1. Representation of the X-ray structures of the ArgAsn/GIn—,
energies as: and Lys-Ade cation- complexes which display minimal interaction free
] ) energiesAG in water (a, top view and c, side view) or acetone (b, top
MIin[AG,,{Arg—Ade)] < MIN[AG, {Lys—Ade)] < view and d, side view). All Ade bases are superimposed. C, N, O, and H

atoms are colored in green, blue, red, and white, respectively. The images
were generated using Insightll (Accelrys, Inc.). The Afkde pair with
minimal AGyateroccurs in 1QFL AEvp2 = —10.8 kcal/mol AGgas= —16.3
Interaction Free Energies in Different Solvents.Solvation kcal/mol, AGacetone= —6.0 kcal/mol, andAGyater = —4.6 kcal/mol), and
free-energy differencesAAGso, OCcurring upon cations that with minimalAGacetondoccurs in 1ZIN AEvp2 = —9.5 kcal/mol AGgas
- : . = —13.1 kcal/mol, AGacetone= —6.8 kcal/mol, andAGyawer = —1.7 kcal/
complex form.atlon were estimated using the tEHCM a.nd .~ mol). The Asn/Gln-Ade system which displays both minimalGyaterand
SM5.4/A continuum models (Table 2). To assess the reliability AGacewneoccurs in 1C14 AEyp, = —2.5 kcal/mol, AGgas = —6.9 kcal/
of these models, we compared, when possible, the Ca|CU|ated:dO|,AGaceltone: _;]3.4'k§:allg12;|, and\Guater = IEZiS LIECEaI/mol)- Tlhj Ilzysll
: H e complex with minimal water OCCUI'S IN mp2 = —1. ca
and measured Gso Values in water. For th_e ammonium group, - AGQEF 2,62 kcal/Mol AGacecme= 1.6 kcallmol, andAGuse: =
we found AGso, equal to—80 kcal/mol with IEF-PCM and —1.4 kcal/mol), and that with minimaAGacetonc0ccurs in 1EQ2 AEup2
—88 kcal/mol with SM5.4/A, whereas the experimental value = —8.1 kcal/mol,AGgas = —10.3 kcal/mol,AGacetone= —1.0 kcal/mol,
varies between—79 and —84 kcal/mol#:-43 For Ade, we  andAGuaer= —0.1 kcal/mol).
obtained—15 kcal/mol with IEF-PCM and—20 kcal/mol with o )
SM5.4/A; no experimental values were available for Ade, but {0 @n apparent greater sensitivity of the Argde pairs on the

a value of—13.6 kcal/mol was reported for 9-methyladenfde. ~ Optimality of the geometries. As discussed above, in absence

MIin[AG,,{Asn/GIn—Ade)] < 0 (3)

The two solvent models considered, and especially1EEM, of a reliable optimization procedure within protein environments,

can thus be considered as appropriate for estimating the freeth® geometries with lowestG can be expected to be close to

energies of our systems with reasonable accuracy. o_ptl_ma_l. The validity of this hypothesis is suppor?ed by the
Let us concentrate on the interaction free energlés similarity of the Arg— and Asn/Gla-Ade geometries with

obtained with the IEFPCM method. Overall, they become less  Minimal interaction free energies (given that guanidinium and
favorable when the dielectric constant increases; some departureformamide groups are chemically analogous), which are depicted
from this trend can be attributed to the size or other character-in Figure 1. We are thus led to focus on minimal rather than on
istics of the solvent molecules. The change in interaction energy 2erage interaction free energies.

is especially marked for Lys and Arg-Ade complexes: the To further justify this choice and check the statistical
average interaction free energy increases by abed® Kcal/  Significance of the minimaAG values, MinAG], in particular

mol from vacuum to water, whereas the increase is only 3 kcal/ for seldom catior-z pairs, we selected all possible setshof
mol for the Asn/Glr-Ade complexes. The inclusion of solvent ~ Pairs among the 38 ArgAde, 10 Asn/GIr-Ade, and 7 Lys-
effects therefore modifies the trends observed in a vacuum, Ade geometries. We computed the Mik]'s on each set and
which are summarized in eq 3. Indeed, we find that in all five hoted the average of the8din[ AG]LIForN = 7, corresponding

solvents: to the number of LysAde complexes, we found that the
Min[AG] [k are only slightly higher than the MiAG]'s on
MIin[AG(Arg—Ade)] < Min[AG(Asn/GIn—Ade)] < the whole set. In water, for example, these Mi] values

Min[AG(Lys—Ade)] < 0 (4) are equal to—4.8 and—3.0 kcal/mol for Arg-Ade and Asn/
GIn—Ade pairs, respectively (see Table 2), whereas the
Note that this inequality does not hold for averdye values. Min[AG]C5 on the restricted sets are equaltd.3 and—2.8
We find indeed thafAG(Arg—Ade) > [AG(Asn/GIn—Ade)l kcal/mol. This result supports the validity of the M(] values
This discrepancy is related to the larger standard deviations onand the choice of considering them instead of average interaction
the AG values for Arg-Ade than for Asn/Glr-Ade and thus free energies.

The differences between the stability of the different cation

(41) Kilots, C. E.J. Phys. Chem1981, 85, 3585-3588.

(42) Pearson, R. Gl. Am. Chem. S0d.986 108 6109-6114. pairs observed in a vacuum and in the solvents, summarized in

(43) Ford, G. P.; Wang, Bl. Am. Chem. S0d.992 114, 10563-10572. ; f

(44) Ferguson, D. M.; Pearlman, D. A.; Swope, W. C.; Kollman, Rl.AZomput. eqs 3 an‘_j l_l’ can _be (:T'Xplame_d by the screening of the
Chem.1992 13, 362. electrostatic interactions in solution. As a consequence, the
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interaction free energies of Lysand Arg—Ade pairs, both of calculation to the HF level in gas phase, but no more when
which carry a net positive charge and whose electrostatic using more accurate descriptiofig*Another noticeable result
contribution is important, are drastically less favorable in the is that when immersing catiefir complexes in a solvent, the

solvents than in gas phase. electrostatic energy contributions to the interaction free energy
The SM5.4/A model yields interaction free energies in water are drastically screened, whereas the electron correlation
which are quite similar to those computed with HEFCM, contributions are not. Because of the synergetic effects of

whereas these models differ profoundly: IEF was originally electronic correlation, solvatiof,and vibrational entropy, we
dedicated to extend PCM-like methods to ionic solutions or find Arg—Ade to be the most favorable catiomw pairs in
anisotropic solvents and is now the default method for standard solution, followed by Asn/GlrAde and Lys-Ade.
isotropic solvents, whereas the SM5.4/A model is based on a The interaction free energieSG of cation—mz systems in
low computer cost, semiempirical approach. The fact that both proteinlike solvents CGJ] THF, and acetone were found to
give similar results in waterwe do not dispose of an SM5  follow quite well their normalized frequencies of occurrences
module that allows using other solvenisdds confidence to  in protein-ligand structures. Indeed, ArgAde, Asn/Gln-Ade,
our results. and Lys-Ade display minimal interaction free-energy values
Protein environments do not correspond to water. Rather, theyof about—7, —4, and—2 kcal/mol, respectively, and normalized
can be considered as media with dielectric constants rangingfrequencies of 9, 1.3, and 1.1, respectively. In absence of
roughly from 2 to about 2% depending on the distance from experimental free-energy values for Agamino acid catiofr
the protein surface and the specific environment. Pretigand systems, this good correlation corroborates our approach; in
cation—s interactions are usually rather buried, though not far particular, it validates a posteriori the approximations of
from the protein surface. Acetone, THF, and ¢ ®thich have neglecting translational and rotational degrees of freedom and
dielectric constants of 20.7, 7.6, and 2.2, can thus be viewed asof considering complexes with minimal interaction free energies
mimicking typical protein environments. In these solvents, the as mimicking optimal geometries. The key ingredient that allows
minimal AG values are in the range2.7 to—1.1 kcal/mol for us to obtain this correlation is to consider BSSE-corrected
Lys—Ade, —3.8 to—3.3 kcal/mol for Asn/Gla-Ade, and—8.4 electron correlation contributions calculated at the MP2 level
to —5.8 kcal/mol for Arg-Ade. of theory, energetic and entropic contributions due to atomic
The interaction free-energy values of specific structure motifs vibrations, and solvation free energies.
are expected to be related to their frequencies of occurrences A corollary of these findings is that all catietir complexes
in protein structures, the most favorable interactions being thoseare not equally favorable: their level of stability crucially
that occur the most often. To check this for cationmotifs, depends on the type of partners and on the environment. It is
let us remember that there are 7 kys10 Asn/Gln-, and 38 thus not surprising that Adeamino acid catiors pairs are
Arg—Ade complexes in the proteidigand dataset. These less stable than methylammonitiibenzene in water and organic
frequencies must be normalized by the abundance of Asn/GIn,solvents'® Indeed, the presence of endo- and exocyclic nitrogen
Lys, and Arg in protein structures, which is about 7.7%, 6.4%, atoms in the Ade ring renders the solvation enemy$4,y) of
and 4.2%, respectively. The normalized frequencies are thusAde more favorable than that of benzene and, moreover, affects
equal to 1.1 for Lys-, 1.3 for Asn/Gln-, and 9.0 for Arg- the interaction energies\Ewp2) by modifying thez-density,

Ade pairs. These values follow quite well the minimaG which depends on the balance between the electro-donating and
values in proteinlike solvents, which are approximately equal withdrawing effects of the substituerffs.
to —2, —4, and—7 kcal/mol. We may conclude that the recurrent occurrence of cation

The cation-z pairs presenting the lowest interaction free- interactions in proteirtligand complexes may be explained by
energyAG in acetone and water are depicted in Figure 1. The their stabilizing nature. This result may be expected to hold for
guanidinium and formamide moieties are stacked against thecation—x interactions within proteins and at proteiDNA
Ade plane above the C6 cycle, near thgafbm, both in water interfaces. The next step will be to unravel the possible
and acetone. The ammonium group is situated above the N functional role of these interactions in biological systems. This
atom of the C5 cycle; in water the lowest-energy complex is at role is suggested, for example, by the experimentally measured
the limit of the catior-7r detection criteria and has a favorable effect of His-involving catior- interactions in proteins on the
AG value only because of a lo&AGs, contribution. Note pKa,4849which could, for example, allow aromatic residues to
that except in the latter case, the conformation with minimal act as pH-dependent gates in ion chanfiels.has also been
AG is also the conformation with minimal, or almost minimal, hypothesized in proteinDNA complexes, where the partial
interaction energyAEyvp2 and interaction free-energyGgasin intercalation of a positive charge between successive nucleo-
gas phase. bases along the DNA stack might affect the charge migration

) ) occurring along double-stranded DNASL
Discussion
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