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The structure, relative energies, and binding energies of the complexes formed by the interaction of Cu
(d'°S) and Cé" (d°°D) cations with the (glycyhglycine (W = 1—3) oligomers have been theoretically
determined by means of density functional methods. The most stable structures ofttegs@ms present

linear dicoordination geometries, in agreement with a recent X-ray absorption spectroscopic study of Cu(l)
interacting with model dipeptides. This is attributed to an efficient reduction of miggaind repulsion through

sdo hybridization in dicoordinated linear structures. In contrast, fot"Gystems the lowest energy structures

are tricoordinatedn(= 1), tetracoordinatech(= 2), and pentacoordinated & 3). For both copper cations,
binding energy values show that the interaction energies increase when the peptide chain is elongated.
Differences on the coordination properties of the ligands are discussed according to their length as well as to
the electronic configuration of the metal cations, which are compared to thé"@lycine systems.

Introduction metal cations have been reported in the literaurd: 23

Particularly interesting is the study of Shoeib et al., which
Sompares the Cu(l) and Ag(l) complexes of glycine, diglycine,
) . . and triglycine, and shows that the coordination properties
proteomics and biochemistfyindeed, the knowledge of metal strongly depend on the nature of the metal cation. In particular,

catign _binding sites to peptides may not onl_y be relevant in Cu' complexes were found to be always dicoordinated, whereas
?esollgnlng tn?\.N fstratetg|es ffor pfpﬁ'de stequen_lgrl]ng ?u(; alsfotr'io getAg+ complexes were tri- and tetracoordinafédn addition,
undamenta’ information of metafioproteins. The study orthese o payq recently presented a study that focuses on the

systems in the gas phase allows obtaining information on their interaction of glycylglycine with Ct, Ni*, and Cd 17 Results

|r:.tr|nt§|c ;:hetmlcal a}:‘d phy|5|ctal properties, I.e., ;/fvm:outfcom- showed that the most stable structure of theé-@lycylglycine
plica 'Ir.'g ta((:j ors fuc an lS)(') \lla |.on|o.r |on-;t)a|r|ng|$| ects, o rtnore isomer is dicoordinated with the terminal carbonyl oxygen and
complicated systems of biological Importance. Mass SpeClrom- g 5ming group attached to the metal. However, for the other

?t{y (NL.S) tecfhnlqtuTs ?F;ci‘)’_ery \1alue|1ble for Ithe st_uog of the two systems the lowest energy structures are tricoordinated, and
intéractions of metal catisnblomolecule Compiexes N e gas o metg) cation interacts with the same groups oft-Cu

phase. Moreover, quantum chemical methods are nowadays aglycylglycine plus the nickel (Ni-glycylglycine) or oxygen

very useful tool to rationalize the results obtained in mass (Co*-glycylglycine) atoms of the peptide bond, which points
spectrometry experiments. Theoretical methods can accurately '

. . ) out the importance of the electronic configuration of the metal
describe the metal ion complexes and supply relevant informa-

i has th ferred metal dinati . t met Ica'[ion. It is thus interesting to analyze the differences on the
lon such as the pretérred metal coordination environment, metal ., gination properties of Cyid%) and C@+(d?) due to both
cation affinities or trends on the nature of the bonding as a

function of the metal cation configuration the electronic configuration of the metal cation and the
. ) X 9 " i elongation of the peptide chain. To the best of our knowledge
l(O)I particular |nt%r2est is the study of the interaction of€u 4 study on the interaction of Guwith (glycyl).glycine ( =
(d'°'S) and Cé'(d°D) cations with peptides since they are  1_3) have not been reported yet and with the present work we
essential in a large number of biochemical proced8@ecause  oyhect to provide new insights on the behavior of the backbone
of that, in recent years both experimeffabnd theoretical

. . - ) _of peptides in front of these copper cations.
studie§~8 have been performed to investigate the interaction
of Cut and C@* with some peptide models. For Cu(l) \ethods
interacting with model dipeptides, a recent X-ray absorption
spectroscopic study has shown that the obtained complexes Full geometry optimizations and harmonic frequency calcula-
afford near linear two-coordinated structufds. contrast, Cu- tions for different isomers of Ct#*-(glycyl).glycine (1 = 1—-3)

(1) tends to form structures with higher coordination numBérs. have been performed by means of density functional theory
Polyglycines can be considered as the backbone of peptides(DFT) calculations. DFT methods have been widely used to
so the use of glycine oligomers as models is a logical choice study transition-metal-containing systems, and it has been shown
for initial studies to analyze the interaction of copper cations thatthe B3LYP approach is a cost-effective method for studying

with peptides. In this sense, a great number of theoretical worksthis kind of system8*2>However, for C&"—ligand systems,
(sometimes in combination with MS experiments) concerning "ecent studies carried out in our group have demonstrated that

the interaction of small polypeptides with alkali and transition functionals with a different percentage of exact exchange can
provide different results when the degree of charge and spin

*To whom correspondence should be addressed. E-mail: luis@ delocalization is importarf=28 It was found that delocalized
klingon.uab.es (L.R.-S.); Mariona.Sodupe@uab.es (M.S.). situations are overstabilized by some functionals (LDA, GGA,

10.1021/jp711189s CCC: $40.75 © 2008 American Chemical Society
Published on Web 03/06/2008

The area of gas-phase chemistry has experienced considerabl
growth during the last decades due to its importance in
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Figure 1. B3LYP (BHLYP)-optimized geometries of the most stable conformers of GG, GGG, and GGGG systems. Distances are in angstroms.

and also B3LYP) as a result of a bad cancellation of the self- calculated by determining the energy difference between the
interaction part by the exchange-correlation functicgfarhe polyglycines at the geometries of the complexes and the free
admixture of exact exchange, which rigorously corrects the self- polyglycines in their respective ground-state conformers. Sec-
interaction, reduces the error. The results suggest that the mosbnd, the electrostatic interactioEded has been calculated by
proper mixture of exact exchange is given by the hybrid the energy lowering of the deformed polyglycines in the
exchange Becke’s half-and-half functioR&i2® Therefore, the presence of a single-point charge replacing the cation. In this
structures of Cti-(glycyl)nglycine systems have been obtained calculation the electronic relaxation of the ligands is allowed
using the nonlocal hybrid three-parameter B3EY¥# density and, thus, it also includes the polarization term. The sum of
functional approach, whereas for the ZCcontaining ones, Eqer + Eclecgives us the interaction energy between polyglycines
results have been obtained both with the B3LYP and BH- and a point chargeAEinipc))-

LYP3132methods. In addition, and to evaluate the reliability of

the DFT results, for Cif-glycylglycine systems we have also  Results and Discussion

performed single-point CCSD(¥)energy calculations both at

the B3LYP- and BHLYP-optimized geometries. Results are organized in three sections. The first two show
To explore the conformational space of this kind of systems, the structure and relative energies of the different @ad Cé*
a previous conformational search of thei(glycyl).glycine systems, respectively. In the last section, the binding energies

(n = 1-3) complexes has been done to model the electrostatic °f €ach system and the trends observed upon elongating the
interaction of the metal cation with the polyglycines. This Chain are discussed. For the sake of brevity, the glycylglycine,
primary study has been carried out using the Monte Carlo the glycylglycylglycine, and the glycylglycylglycylglycine pep-
Multiple Minimum (MCMM) proceduré® with the AMBER* tides W!|| be de&gnated hergafter as GG, GGG, and GGGG,
force field3536 as implemented in the Macromodel 7.0 pack- respectn(ely. In addition, the nitrogen atom of thg terminal amino
age?” In these calculations we have considered both the neutral 9roup will be referred adl, the oxygens and nitrogens of the
form of the peptides as well as different zwitterionic forms (with Peptide bond agp, and Npn, respectively, where is the
NHz* amino moiety or COH amide groups). Among all the number .of the peptide bond starting from the Nidrminus,
possible structures obtained, only those lying within a range of the terminal oxygen of the carbonyl group@sand the oxygen

10 kcal mot? have been calculated at the DFT level. Moreover, ©Of the hydroxyl group a®.

some structures not obtained in this initial conformational search  Figure 1 shows the global B3LYP and BHLYP minima of
but chemically important and derived from experience and the neutral forms of GG, GGG, and GGGG systems, which have

chemical intuition have also been computed. been located after considering the most stable and significant
The following basis set was used. For Cu we employed the structures arising from previous Monte Carlo and DFT calcula-
Watcher’s primitive basis set (14s9p58)supplemented with ~ tions. The GG conformer has been described recently as the
one s, two p, and one d diffuse functiolisplus one f most stable forn® For the GGG and GGGG cases, other
polarization function, the final basis set being (15s11p6dif)/ conformations were found close in energy (within a range of 1
[10s7p4d1f]. For C, N, O, and H we used the standard kcal moi1). However, since the energy difference between them

6-314++G(d,p) basis set. is very small, Cd’2* binding energies will not be substantially
All density functional calculations have been performed using be influenced whether we consider one structure or another.
the Gaussian 03 set of programs pack®g@pen-shell calcula- Cu*-GG, -GGG, -GGGG. The B3LYP-optimized geom-

tions were based on an unrestricted formalism. Thermodynamicetries, the main metaligand distances, and the relative potential
corrections were obtained assuming an ideal gas, unscaledenergies including the ZPRAU) for the Cu-GG, Cu-GGG,
harmonic vibrational frequencies, and the rigid rotor approxima- and Cu-GGGG systems are given in Figure 2, Figure 3, and
tion by standard statistical methotisElectron spin densities ~ Figure 4, respectively.
and net atomic charges on the atoms were obtained using the As described in a previous wotkthe most stable isomer of
population analysis of Weinhold et &l. the Cu-GG system corresponds @u*-GG1, where CU is
Transition metal cationligand binding energy can be  coordinated to the terminal amin) and carbonyl oxygerd).
decomposed in different terms; the main ones being: the When Cu interacts with the GGG peptide, the ground-state
deformation energy of the ligand when coordinating to the metal isomer presents also an almost linear dicoordination where the
cation, the electrostatic interaction, the metgand repulsion, Op1 and theO atoms are the donor atom€y*-GGG1), as
and the charge transfer, which reflects the electronic delocal- found previously by Shoeib et &.Finally, the most stable
ization between the metal and the ligand. In this work, to get a isomer of the Ct-GGGG system Qu™-GGGG1) is also

deeper insight on the nature of the bonding betweeh &hd dicoordinated, the Cucation interacting with th®p; anddp3
the glycine oligomers, the interaction energies of the most stabledonor centers. Therefore, the trend is clear:” @tefers to be
isomers have been computed in two steps at B3LYP/6-8G chelated by two atoms with a coordination angle close t&,180

(d,p). First, the deformation energlds) of polyglycines was even in the case of the larger peptide studied where several basic
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Figure 2. B3LYP-optimized geometries of the GGG isomers. Relative potential energies including the ZPE values, in kcat.ristances are
in angstroms.
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Figure 3. B3LYP-optimized geometries of the C«GGG isomers. Relative potential energies including the ZPE values, in kcat.rbistances
are in angstroms.

groups are available. This is in agreement with a recent that all of them benefit from sd hybridization, and conse-
experimental study on His dipeptides, which shows the pre- quently, the coordination of a third donor center becomes
dominance of linear two-coordinated geométfhis trend is unfavorable.

reinforced by the fact that the second and the third most stable In Cut-glycine systent? the most stable isomer is that in
forms of Cu-GGG and Cti-GGGG present also this same way which theN and theO atoms coordinate to the metal cation

of coordination Cut-GGG2 andCut-GGG3 are 1.8 and 2.2  forming a five-membered ring. Similar structures have been
kcal mol* higher in energy thaG@u™-GGG1, respectively, and  found in the present workQu™-GG2, Cu™-GGG5, andCu*-
Cu™-GGGG2 and Cu*-GGGG3 lie 0.2 and 1.5 kcal molt GGGGY7), but lying 4.7, 12.3, and 18.3 kcal mdlabove the
aboveCu™-GGGG1, respectively). The mechanism of interac- corresponding most stable isomers, respectively. It can be noted
tion of these structures is well-known. By assumptiore @fs that the relative energy of these forms increases as the peptide
the binding axis, the highest d orbital of Cis the g2 one, chain is elongated, and thus, the coordination mode of the most
which is hybridized with the 4s orbital in order to reduce the stable isomer of Ctrglycine system becomes disfavored. These
repulsion along the metaligand axis and on both sides of Cu results indicate that the Cication prefers a linear coordination

at the same time. In this way, the cost of the sgbridization environment rather than an angular coordination. The reason is
is shared by the interaction with the two basics sites. However, that in order to reduce the Pauli repulsion between the metal
when an additional basic site of the backbone enters in the cation and the ligand in a linear coordination, theabital of
coordination sphere, it is impossible to arrange them in a fashionthe metal cation hybridizes with thes4ne, whereas in the
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Figure 4. B3LYP-optimized geometries of the C«GGGG isomers. Relative potential energies including the ZPE values, in kcal.ibitances
are in angstroms.

angular coordination this is produced through theahd 4p increment on the cation environment does not imply a loss of
hybridization. Since the 4p orbitals lie higher in energy than the preference of Cuto follow linear coordination.
the 4s one, the hybridization is less effective in angular  Finally, the zwitterionic forms located deserve to be com-
coordination structures, and thus, the repulsion minimization is mented. For Ct-GG, two zwitterionic forms have been
smaller, giving rise to more unstable structures. For-Glycine found: one in which theD,; atom is protonatedqu*-GG4)
the most stable isomer follows an angular geometry because itand another one where tieatom is protonatedqut-GG5).
is not pOSSib'e to establish a linear coordination due to geometryThese two structures are the most unstable ones of tHe Cu
restrictions. GG system (15.8 and 20.8 kcal mélhigher in energy than
Cu*-GG3 andCu*™-GGG4 are dicoordinated structures, in  the Cu™-GG1 isomer, respectively). A similar behavior is
which the metal cation interacts with two neighbor carbonyl observed for Ci-GGG, for which two zwitterionic forms have
oxygens: theOp; and O atoms and thé,; and Op, atoms, also located Cu*-GGG7 with the protonatedD,; atom and
respectively. In these cases the coordination angle is close toCut-GGG8, where protonation takes place at tatom). Once
15C°. These structures are quite stable compared to the respecagain, these two structures are the most unstable ones (23.8 and
tive ground-state isomer (7.2 and 8.7 kcal mohigher in 30.1 kcal mot?! above theCu™-GGG1 isomer, respectively).
energy). However, if only charge-solvated forms are taken into In addition, the zwitterionic form in which the proton is on the
account, structures with this kind of coordination do not exist Op, atom (not reported here) has also been identified and lies
in Cu™-GGGG. Instead, other more coordinated species are around 37 kcal motft with respect to theCu™-GGG1 isomer.
observed, such as the tricoordinat€d*-GGGG5 and the Finally, the only zwitterionic form found for CuGGGG Cu*-
tetracoordinate@€ut-GGGG6, which lie 4.9 and 5.2 kcal mot GGGGS8), which remains 19.3 kcal mot above the most stable
aboveCu™-GGGG1, respectively. Therefore, as the number isomer, is that in which the metal cation is tetracoordinated
of donor atoms is increased, the metal cation tends to bethrough theOp1, Opo, Ops, andO atoms, while the amino group
coordinated by more than two donor atoms. However, this has received the proton from the hydroxyl group. In summary,



3448 J. Phys. Chem. A, Vol. 112, No. 15, 2008 Rimola et al.

TABLE 1: Contributions to the Total Interaction Energy (in Furthermore, with the B3LYP method other more stable
kcal mol~1) for the Four Most Stable Isomers of Cu™-GG, structures tharCu?+-GG1 are found Cu?*-GG2 and Cu?*-
-GGG, and -GGGG Systems, Computed at . T .
B3LYP/6-31++G(d,p) GG4). To shed some light to this intriguing differences we have

carried out some single-point energy CCSD(T) calculations both

Cu™-GmX  Edget  Ecec  ABmpo® AEwipe® AEn® AEe’ upon the B3LYP- and BHLYP-optimized geometries of the

GG1 126 —108.7 —96.1 00 875 00 different C#™-GG isomers, the results summarized in Table 2.
GG2 101 -102.0 -919 42 -84 51 According to these CCSD(T) results, some observations are
ggi ig:g __183:3 :?Z:g 2?‘2 :gg:g 1;"2 noticeable: (i) there are no important energy differences
GGG1 13.7 —118.1 —104.4 00 -971 00 regardless of whether the single-point calculations are performed
GGG2 21.9 —123.8 —101.9 25 —962 0.9 upon the B3LYP- or BHLYP-optimized geometries; @u2*-
GGG3 16.0 —121.5 —-1055 -—1.1 —95.6 15 GG2 is the most stable isomer, in contrast to what B3LYP or
GGG4 137 —1141 -100.7 37 —885 86 BHLYP methods suggest, which provi@ei2t-GG3 andCu?*-
GGGG1 166 —1295 -112.9 03 -1047 13 GG1 as the most stable structure, respectively; (iii) overall,
GGGG2 158 —129.0 —113.2 0.0 -—106.1 0.0 . o .
GGGG3 140 —-1270 -113.0 02 -1051 09 although BHLYP fails in determining the ground state isomer
GGGG4 239 —133.4 —1095 3.7 -103.0 3.0 for CW¥™-GG, the BHLYP relative energies compare better to
CAE. =] . . . . i the CCSD(T) results than the B3LYP ones, which are too small.
inpe) = iNteraction energies oft)-glycine oligomers: Eqer + - ) . 29 . . :
Eeieo " AEreip) = relative energies considering Eppo. ¢ AEp, = As described in the literatur§; fu_nctlonals with d|ff_ere_r_1t
interaction energy of (CY-glycine oligomers of the selected isomers. amounts of exact exchange mixing can show significant
4 AE« = relative energies consideringEin:. discrepancies when comparing situations with different spin

S distribution, since GGA or hybrid functionals with low percent-
the zwitterionic forms of the CuGG, Cu’-GGG, and Cu- ages of exact exchange mixing overstabilize delocalized situ-
GGGG systems are the most unstable isomers of the exploredytions, Natural population analysis indicates that B3LYP
potential energy surfaces. ) _ provides more delocalized spin density situations than BHLYP.
As aforementioned, several factors can determine the relatlveon the other hand, the less coordinated the metal cation is, the

stability of these structures. To shed light on the nature of |56 the delocalization of the spin density is; thus the peptide
bonding of the Cu complexes, Table 1 reports the deformation  pecomes partially oxidized. Consequently, it is not surprising

energy Eqgep of.polygly.cines, the glectro§tatic int'eraCt?CEe(ev). that the relative energies corresponding to structures going from
as well as the interaction of the ligands interacting with a single - 2+GG3 to Cu2*GG6 are all too small at the B3LYP level

point charge Eini(pc)- These_ terms have been comp_uted fol- given that we are comparing dicoordinated and monocoordinated
lowing the procedgre described in the Methods section for the complexes (more spin delocalized and overstabilized by B3LYP)
four more stable isomers of CtGG, CW'GQG' ar,‘(,’ Cu- with tricoordinated onesqu2t-GG1 andCu?*-GG2), for which
GGGG.' First, one can obser\_/e that tgrterm is positive and the spin density mainly lies at the metal cation. The failure of
larger in longer peptide chains, whereas Bigc is negative gy yp tg predict the most stable isomer of the 2CGGG

and larger as the peptide ch.ain Is in(.:reased.. Itis intgresting tosystem does not seem to be related to the changes in spin density
compare the relative energies obtained using a point Chargedistribution since it is similar in both complexes. Probably it is

(AErei(re) model and those computed for the Glglycyl).- a consequence of the subtle balance of many factors, arising

glycine isome_rs AE). For the GG and GGGG cases, the from the different pyramidal vs T-shape coordination found for
relative energies follow the same trend but the obtained ValueSCu2+-GGl and Cu?+-GG2, respectively, and to the small

are so_mewhat different. For t_he GGG complexes the relative energy difference between them (see Table 2). Fér GGG
O e (g e o e ot ! Ci™-GGGG systems, howeter, Lot funcionalsprovide
are small. These results point out t'hat although tghye interaction the same ground-s_t_a_lte structure and, except _for afew cases, the
of Cu* wi;ch polyglycines is mainly electrostatic, other factors same relative stabilities. Again, relative energies computed with

! B3LYP are smaller than the BHLYP ones, although the

such as I_Daull re_pulsmp_or charge transfer, are also important Ngifferences tend to decrease for highly coordinated systems, for
determining their stability.

Cu?*-GG, -GGG, -GGGG. Figures 5-7show the B3LYP- which the spin density is almost completely located at the metal
and BHLYP-optimized geometries as well as their relative cation both at the BSLYP and ,BHLYP levels of .theory.
energies including the ZPE corrections of the structures located 1 1€Se facts are consistent with what was previously exposed
for the C#*-GG, C#-GGG, and C&-GGGG systems, and described in the literatuf€.?® That is, with Cd*-
respectively. coordinatively unsaturated species one must be careful with the

CWw?* is a doubly charged®tation with one monooccupied ~ functional to employ since the ligands are more prone to be
d orbital. In these conditions, the repulsion between the metal ©Xidized and the spin distribution can change from one structure
and the ligand is smaller than for Cya d'° cation) and the o another. In these cases, functionals with a larger amount of
electrostatic interaction larger. Therefore, the interaction with €xact exchange than B3LYP, such as BHLYP, appear to

more than two donor centers is expected to become morecompare better with CCSD(T). However, in situations in which
favorable. the coordination environment of €uis saturated, the electron

In comparison of the B3LYP relative energies with those hole is located at the metal cation, and thus, both B3LYP and
obtained with BHLYP, significant differences are observed. As BHLYP behave similarly. Therefore, and in order to facilitate
a genera| trend’ the relative energies Computed with B3LYP the discussion, hereafter we will refer to the BHLYP results.
are smaller than the BHLYP ones, especially foFGGG and As mentioned, the electronic configuration of the’Caation
CW"-GGG. Additionally, for the particular case of the €u is a &?,2D electronic ground state and consequently, in contrast
GG system, the ground-state isomer depends on the functionato the Cu(d'°'S) metal cation, the coordination of more than
employed; that is, according to the B3LYP results the lowest two donor atoms is expected due to the smaller mdigand
energy structure is the salt bridggu?"-GG3, whereas with repulsion and larger electrostatic interaction. In fact, this is the
BHLYP it corresponds to the charge-solvat@ii®*-GG1. case for the present systems: the most stable isomers found
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Figure 5. B3LYP [BHLYP]-optimized geometries of the €uGG isomers. Relative potential energies including the ZPE values, in kcat.mol
Distances are in angstroms.
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Figure 6. B3LYP [BHLYP]-optimized geometries of the EtGGG isomers. Relative potential energies including the ZPE values, in kcat.mol
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for the three systems are tricoordinat€@lif™-GG2, see Figure configuration of the metdf, and it is enhanced when the number

5 and Table 2), tetracoordinate@u?*-GGG1, see Figure 6), of peptide bonds increases. For instance, iR"@aGG there

and pentacoordinate@€(2"-GGGG1, see Figure 7), for which,  are two peptide bonds that can interact with the'Ceation

in addition to the terminaldl andO atoms, the nitrogehl, or leading to four different isomers, each one being tetracoordi-

oxygenO, of the peptide bonds take part of the coordination nated. These isomers ar€u?*-GGG1, Cu?"-GGG3, Cu?*-

sphere. GGG5, and Cu?"™-GGG6. In all of them, two of the coordi-
The possibility that polyglycines coordinate through either nating sites are the amindand the carbonyD. The other two

the Op, or theNp, atoms was already observed in the MgG are either théNp, or theO,, of the first and second peptide bonds.

and Co-GG systems, which was attributed to the electronic From the relative energies, it can be observed that structures
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TABLE 2: Relative Electronic Energies Computed at
B3LYP, BHLYP, CCSD(T)//B3LYP, and CCSD(T)//BHLYP,
in kcal mol—1

isomer  B3LYP BHLYP CCSD(T)//B3LYP CCSD(T)//BHLYP

Cw?+-GG1 0.0 0.0 0.0 0.0
C¥*-GG2 -2.1 0.5 —2.5 —2.6

CW*-GG3 -24 6.3 3.6 3.0
CW-GG4 1.7 13.0 18.6 16.3
CWw"-GG5 8.0 151 17.7 16.0
CWw*-GG6  10.3 18.7 16.1 16.0

where C@* interacts withO, are generally preferred to those
in which C#* interacts withN,. Indeed, the most stable isomer
(Cu?t-GGG1) presents &, Op1, Opz, O coordination, whereas

Cu?*-GGG3, Cu?"-GGG5, andCu?t-GGG6 show aN, Oy,

Np2, O; aN, Np1, Opaz, O; and aN, N1, Np2, O coordination,
which lie 15.5, 21.2, and 21.8 kcal m@élabove the ground-
state isomer, respectively. This may be due to the fact th&t-Cu
O, interaction strengthens the peptide bond, contrarily to the
CW?*-N, binding that weakens this bond.

Nevertheless, in some cases the trend is not followed, as
occurs in the already discuss@li?*-GG1/Cu?"-GG2 pair,
which at the CCSD(T) level the latter one is more stable than
the former one, or in th&€u2"-GGG7/Cu?"-GGGS8 pair, in
which the former isomer (coordination through teNp1, Op2
atoms) is more stable than the latter one (coordination through
the N, Op1, Op2 atoms). It should be noted, however, that in



Properties of Cti2*-(glycyl).glycine Complexes J. Phys. Chem. A, Vol. 112, No. 15, 2008451

qcu = 1.81 qcu = 1.61
spinc, = 0.89 sping, = 0.80

a b

Figure 8. SOMO of theCu?"-GGGGL1 (a) andCu?"-GG1 (b) isomers at BHLYP. The net chargeg) and the spin densities (spi) on the
metal cation are also included.

these two latter cases the coordination environment upon peptide, the Cti becomes more coordinated in such a way that
interacting withNjp, or Op, is somewhat different. When the metal  the electrostatic interaction is reduced by a significant screening
cation interacts withO, the complex adopts a tricoordinated effect. Obviously, the instability shown by the €uzwitterion
pyramidal structure, whereas when it interacts wip the isomers may be modified by solvent effects.
complex acquires a T-shaped coordination, where kygbrid- An interesting aspect to analyze is the spin density in these
ization is more effective allowing shorter-NCu and G-Cu systems. Except fotu?>t-GG6 andCu?t-GGGGS, for which
bond lengths. Overall, these results show that the relative a total oxidation of the ligand is observed, for the remaining
stability of the different coordination depends on several factors complexes the spin density values of the metal cation range
such as the different intrinsic metal affinity of each donor atom, around 0.66-0.80, 0.75-0.85, and 0.820.89 for the Cé&"-
the metat-ligand repulsion, or the peptide distortion energy as GG, -GGG, and -GGGG systems, respectively. FoP'€u
well. glycine the spin density at the metal cation ranged around
Among the isomers of the Et-GGGG system, one can find  0.10-0.58. Therefore, there is a clear tendency: the longer the
dicoordinated, tricoordinated, tetracoordinated, and pentacoor-peptide chain is (and thus the larger the coordination to the metal
dinated structures, which enable us to establish the preferredcation), the smaller the oxidation of the ligand is. Similar facts
coordination modes of the €tication. The lowest and third ~ were observed when €u cations interact with a guanire
most stable isomers are pentacoordinated?{-GGGG1 and cytosine base pair, since the degree of oxidation of the base
Cu?t-GGGG3, the relative energies being 0.0 and 16.3 kcal pair was found to highly depend on the coordination environ-
mol~1, respectively) adopting a square pyramidal structure, ment of the metal catioff. These facts can be understood
whereas the second and fourth most stable isomers are tetraconsidering the metaligand interactionsCu?t-GGGG1 shows
coordinated Cu?™-GGGG2 andCu?™-GGGG4, lying 11.6 and a square-pyramidal structure with tNe Op1, Ops, andO atoms
23.4 kcal mof! above Cu?t-GGGG1, respectively), with a in the equatorial plane ardp; in the apical site. The ligand in
structure close to a distorted butterfly geometry. Among the the equatorial planexy) largely destabilizes thd,2—,2 orbital
charge solvated forms, there are two tricoordinated structuresof the metal cation and thus, the preferred situation has this
corresponding t€u?*-GGGG5 andCu?*-GGGG?7, 26.4 and orbital mono-occupied (Figure 8a). However, fou?t-GG1,
33.6 kcal mof? higher thanCu?"-GGGG1, respectively, and  with a trigonal-like disposition, the ligand field splitting is
one dicoordinated structureu?t-GGGGS8, which lies 41.0 kcal smaller than in the square-planar environment, and thus, 3d
mol~1 above the most stable one. In this last isomer the ligand orbitals are less destabilized, which favors the spin delocalization
has been oxidized by the metal cation (the spin density is locatedon the ligand (Figure 8b). Thus, the oxidation induced by'Cu
on the amine group, becoming more planar) and the metalis related to the degree of coordination: the more coordinated
becomes a Cumonocation, which prefers, as aforementioned, the metal is, the less oxidized the ligand is. This point should
to follow a linear dicoordination mode. In general, the coordina- not be overlooked since the G&" redox pair is involved in
tion preferences are: pentacoordinatirtetracoordinatior> many important biochemical processes. In this sense, due to
tricoordination> dicoordination, although some exceptions may the fact that Cu(l) presents less coordinated structures than Cu-
appear due to the deformation energy of the ligand or to (ll), the reduction potential in protein copper sites is expected
geometry constraint effects that impose a certain coordination to raise compared to that of the aqueous™upair, due to a
environment. Overall, from these results one may predict that net stabilization of the less-charged ‘Caoxidation staté.
a CU" cation interacting with longer peptide chains would Binding Energies of Cut2*-GG, -GGG, -GGGG Systems.
probably saturate its coordination environment with six donor In Table 3 the computeBe, Do, AH9s, andAG%gg values for
atoms adopting a distorted octahedral geometry due to aJahn the most stable Cti2*-GG, -GGG, and -GGGG structures are
Teller effect. reported. In addition, the calculated interaction energies of the
It has been observed that the zwitterionic forms fortCu  Cu™2*-glycine systems are also shown.
polyglycines are the most unstable forms for each system. For For both metal cations, the binding energies increase as the
Cuw-polyglycines, the salt bridge structures are not the most peptide chain is elongated. In both cases this fact is related to
energetic isomers of the explored potential energy surfaces buta larger electrostatic interaction. Although for Cthe most
as the peptide chain increases these forms become more unstabkable structures are always dicoordinated, they differ on their
and remain quite high in energy with respect to the most stable coordination angles, which are 90, 150, 180, and®¥80Cu’-
ones. This is probably due to the fact that, upon enlarging the glycine?* Cut-GG1, Cu*-GGG1, andCu™-GGGG1, respec-
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TABLE 3: Binding Energies (De, Do, AH%gg and AGPgg) in nated N,0p1,0p2,0p3,0) for Cl?T-GGGG. On the other hand,
keal mol * of the Cu™' '-GG, -GGG, and -GGGG Systems it is observed that, in contrast to Buglycine, gas-phase
and the Cu™"-glycine System calculations show that the zwitterionic forf4é are quite
species De Do AH%gg  AG%gg unstable with respect to the ground-state isomer, probably owing
Cut  glycine 75.4(68.1p to a noticeable screening effect exerted by large ligands.
GG 87.5 85.6 86.4 76.8 Both for Cu™ and Cd" metal cations, binding energies
GGG 97.1 95.9 96.5 86.3 increase with the length of the peptide. For @wontaining
ct ;)?C?nces %gg; (214.8) 104.4 104.4 97.4 systems, Wit_h a diqoordingted stry(_:ture in a_II cases, this_
GG 2564 ’ 2539 2552 2442 enlargement is associated with an efficient reduction of the Pauli
GGG 301.7 2086  300.1 287.5 repulsion, whereas for Ctrcontaining systems, this is ascribed
GGGG  338.1 3354  336.8 324.7 to an increase of the number of donor atoms coordinating the
a2 Reference 44° Determined at the CCSD(T) level using the B3LYP metal cation. Neve_rtheless, it can be discern_ed that for longer
geometries. (glycyl)nglycyl peptides if > 3) the tendency will probably be

to have similar binding energies, as a consequence of a saturated

tively. As previously mentioned, the linear dicoordination is very Metal environment.
favorable since Pauli repulsion is efficiently reduced through
sdo hybridization, thereby reducing the metdigand distance

and, thus, increasing the stabilizing electrostatic interaction.

: : .« 00244 projects, and the use of the Catalonia Supercomputer
Therefore, the interaction energy for the two former systems is g
not as favorable as for the latter ones. Binding energ@uf- Centre (CESCA) are gratefully acknowledged. A.R. is indebted

GGGGL is larger thanCu*-GGG1 (although both are 180 to the L_Jnlversnat Autooma de Barcelona for a doctoral
linearly dicoordinated) because on one hand, the GGGG IigandfeIIOWSh!p' E.C. acknowledges the MCYT for a doctoral
is more flexible than GGG, which allows shorter metigand fellowship.

distances, and on the other ha@l"™-GGGG1 exhibits more
Cu—0Oyn interactions tharCu™GGG1 (Op; and Opz Vs Opy,
respectively). As a consequence, more peptide bonds are (1) Mass Spectrometry of Proteins and Peptides.Mathods of

; ; indi Molecular Biology Chapman, J. R., Ed.; Totowa, N. J., 2000; Vol. 146.
strengthen_ed, which contributes to the larger blndlng energy of ) Sigel, A+ Sigel. H. Probing of proteins by metal ions and their
the former isomer. In contrast, for the €systems, the increase low-molecular-wieght complexes. IMetal ions in biological systems

in the binding energies is related to the adopted coordination Marcel Dekker, Inc.: New York, 2001; Vol. 38.

geometry of the most stable isomer. As mentioned2*Cu (8) Wilkins, P. C., Wilkins, R. G.Inorganic Chemistry in Biology
dication prefers to saturate its coordination environment. That Oxford University Press: 1997. ;
p - (4) Karr, J. W.; Kaupp, L. J.; Szalai, V. Al. Am. Chem. So@004

is, for Ci#™-glycine, the most stable isomer is dicoordinated, 126 13534.
for Cu2t-GG2 tricoordinated, folCu2"-GGG1 tetracoordinated, (5) Hou, L.; Zagorski, M. GJ. Am. Chem. So2006 128 9260.

2+ ; ; i (6) Gomez-Balderas, R.; Raffa, D. F.; Rickard, G. A.; Brunelle, P.;
and forCu?t-GGGGL1 pentacoordinated. Accordingly, it is not Rauk. A.J. Phys. Chem. /2005 109 5498.

surprising to find that the interaction energy follows the order (7) Raffa, D. F.; Gomez-Balderas, R.; Brunelle, P.; Rickard, G. A.:
of Cu?"-GGGG1 > Cu?*-GGG1 > Cu?*-GG2, whichisthe ~ Rauk, A.J. Biol. Inorg. Chem2005 10, 887.
same than the electrostatic stabilization. (8) Marino, T.; Russo, N.; Toscano, M. Phys. Chem. B007 111,

. ) . 635.

_ It can be slightly appreciated that the binding energy (9) Himes, R. A.; Park, G. Y.; Barry, A. N.; Blackburn, N. J.; Karlin,
differences between the “GGGG” and “GGG” forms are smaller K. D. J. Am. Chem. So@007, 129, 5352.
than the binding energy differences between the “GGG” and  (10) Tolman, W. B.J. Biol. Inorg. Chem2006 11, 261.

“ » : " . (11) Luna, A.; Amekraz, B.; Tortajada, J.; Morizur, J. P.; Alcami, M.;
GG” forms, both in Cd- and Cé@*-systems. This fact suggests Mo, O.: Yanez, M.J. Am. Chem. Sod998 120, 5411.

that for longer peptides than the presented in this work the (12) Cerda, B. A.; Hoyau, S.; Ohanessian, G.; Wesdemiotis, &m.
binding energies will tend to be relatively independent of the Chem. Soc1998 120, 2437.
length of the peptide. 12((113)18L88e1 S.-W,; Kim, H. S.; Beauchamp, J.1. Am. Chem. S04998
) (14) W.yttenbach, T.; Bushnell, J. E.; Bowers, M.JTAm. Chem. Soc.
Conclusions 199§ 120, 5098.
o ) ) (15) Parac, T. N.; Ullmann, G. M.; Kostic, N. Ml. Am. Chem. Soc.
The coordination properties of the (glyag)ycine (= 1—3) 1999 121, 3127. ' ' '

oligomers toward the closed-shell @d'°!S) and the open- c _(18?3 f(h‘\l/v'-,\;(-} Lsahuoele'ch; ﬁrl#)'s);é: Rﬁggg“Se;éc(gr-o';-(?)o'lof';'”fgs”v A

(9 2 . . 163.
shell Ci¢ (d “D) metal cations have b?en ana_lyzed by means (17) Constantino, E.; Rimola, A.; Rodriguez-Santiago, L.; Sodupe, M.
of the hybrid B3LYP and BHLYP density functional methods. New J. Chem2005 29, 1585.

Acknowledgment. Financial support from MCYT and
DURSI, throughthe CTQ2005-08797-C02-02/BQU and SGR2005-

References and Notes

Results indicate that for Cu(glycyl).glycine systems the (18) Kapota, C.; Ohanessian, Bnys. Chem. Chem. PhyX05 7, 3744.
preferred metal coordination follows basically a linear dicoor- 205)]49)10%'5?%8,\23. M.; Wesdemiotis, C.; Ohanessian, & Phys. Chem. B
dinated geometry. In pfarticular, for C«5G, coordination takes (20) Pushie, M. J.; Rauk, Al. Biol. Inorg. Chem2003 8, 53.

place through the amino and the carbonyl groud<, for (21) Shoeib, T.; Rodriquez, C. F.; Michael Siu, K. W.; Hopkinson, A.

Cut-GGG, through the oxygen of one amide bond and the C:Phys. Chem. Chem. Phyz001, 3, 853. 5
carbonyl group ©Qp1,0), and for Cu-GGGG, through the 49(()29?) Wong, C. H. S.: Ma, N. L.; Tsang, C. Wehem--Eur. J.2002 8,

oxygen of two amide bond©,0p3). These results are in very (23) Hattori, T.; Toraishi, T.; Tsuneda, T.; Nagasaki, S.; Tanakd, S.

good agreement with a recent X-ray absorption spectroscopyPh{ZSA)Cgem- ﬁIQOhE 105Cl lv(\)/40%' A Partidae. He Langhoff. S. R
: H auscnlicher, C. ., RICCa, A.; Partridge, H.; Langnhotl, S. R.

structural study 9f model CU(I) peptide complgxes, which shows Recent Adances in Density Functional Theory, Parf World Scientific

a clear predominance of linear two-coordinated structires. puyblishing Co.: Singapore, 1997.

However, for C@&"-(glycyl).glycine systems, the metal is (25) Koch, W.; Holthausen, M. CA Chemists’s Guide to Density

coordinated by more than two basic sites, the most stable Functional Theory 2nd ed.; WILEY-VCH Verlag: Weinheim, Federal
’ Republic of Germany, 2001.

structures being tricoordinate®Np;,0) for Ci?*-GG, tetra- (26) Poater, J.; Sola, M.; Rimola, A.; Rodriguez-Santiago, L.; Sodupe,
coordinated i,0p1,052,0) for Ci?-GGG, and pentacoordi- M. J. Phys. Chem. 2004 108 6072.



Properties of Cti2*-(glycyl).glycine Complexes

(27) Georgieva, |.; Trendafilova, N.; Rodriguez-Santiago, L.; Sodupe,
M. J. Phys. Chem. 2005 109, 5668.

(28) Rimola, A.; Rodguez-Santiago, L.; Sodupe, NI. Phys. Chem. B
2006 110, 24189.

(29) Sodupe, M.; Bertran, J.; Réduez-Santiago, L.; Baerends, EJJ.
Phys. Chem. A999 103 166.

(30) Becke, A. D.J. Chem. Phys1993 98, 5648.

(31) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(32) Becke, A. D.J. Chem. Phys1993 98, 1372.

(33) Cizek, JJ. Chem. Physl1966 45, 4256.

(34) Saunders, M.; Houk, K. N.; Wu, Y. D.; Still, W. C.; Lipton, M. J.
J. Am. Chem. S0d.99Q 112, 1419.

(35) Weiner, S. J.; Kollman, P. A;; Case, D. A.; Singh, U. C.; Ghio, C;
Alagona, G.; Profeta, S., Jr.; Weiner,?> Am. Chem. Sod984 106, 765.

(36) Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case, D. A.
Comput. Chem1986 7, 230.

(37) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.;
Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W.XComput.
Chem.199Q 11, 440.

(38) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033.

(39) Hay, P. JJ. Chem. Physl977, 66, 4377.

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheesman, J. R.; Montgomery, J. A.; Vreven, T.; Kudin, K. N;
Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

Mennucci, B.; Cossi, M.; Scalmanu, G.; Rega, N.; Petersson, G. A.;

J. Phys. Chem. A, Vol. 112, No. 15, 2008453

Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R,;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
Gaussian Inc.: Wallingford, CT, 2004.

(41) McQuarrie, D Statistical MechanicdHarper and Row: New York,
1986.

(42) Weinhold, F.; Carpenter, J. Ehe Structure of Small Molecules
and lons Plenum: New York, 1988.

(43) Gil, A,; Bertran, J.; Sodupe, M. Chem. Phy=2006 124, 154306.

(44) Bertran, J.; Rodriguez-Santiago, L.; Sodupe JMPhys. Chem. B
1999 103 2310.

(45) Noguera, M.; Bertran, J.; Sodupe, 84.Phys. Chem. 2004 108

33.

(46) Pulkkinen, S.; Noguera, M.; Roduez-Santiago, L.; Sodupe, M.;
Bertran, J.Chem—Eur. J.200Q 6, 4393.



