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Binding Affinities for Models of Biologically Available Potential Cu(ll) Ligands Relevant to
Alzheimer’s Disease: An ab Initio Study
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A systematic study of the binding affinities of the model biological ligands={CHs),S, CHS~, CH;NH,
4-CHs-imidazole (Melmid), GHsO~, and CHCO, ™ to (NH3)i(H20);-iCu(l)—H20 (i = 3, 2, 1, 0) complexes

has been carried out using quantum chemical calculations. Geometries have been obtained at the B3LYP/
6-31G(d) level of theory, and binding energiég{(,, relative to HO as a ligand, have been calculated at the
B3LYP/6-311-G(2df,2p)//B3LYP/6-31G(d) level. Solvation effects have been included using the COSMO
model, and the relative binding free energies in aqueous soluNGL.{) have been determined at pH 7 for
processes that are pH dependents&HAG(,) = —16.0 to—53.5 kJ mot?) and Melmid AG, = —185

to —35.2 kJ mol?) give the largest binding affinities for Cu(ll). PhCand (CH).S are poor ligands for

Cu(ll), AGg, = 20.6 to —9.7 and 19.8 t0o—3.7 kJ mot?, respectively. The binding affinities for
CHsNH, range from—0.8 to —15.0 kJ mot!. CH;CO,~ has Cu(ll) binding affinities in the rangesG,, =

—13.5 to—32.4 kJ mot! if an adjacent OH bond is available for hydrogen bonding agf,, = 10.1to

—4.6 kJ mof? if this interaction is not present. In the context of copper coordination by heedptide of
Alzheimer’s disease, the binding affinities suggest preferential binding of Cu(ll) to the three histidine residues
plus a lysine or the N-terminus. For a 3N10O Cu(ll) ligand arrangement, it is more probable that the oxygen
ligand comes from an aspartate/glutamate residue side chain than from the tyrosine at position 10. Methionine
appears unlikely to be a Cu(ll) ligand ingA

Introduction The nature of the C binding site in A3 is still the subject
of debate in the literature. It is generally agreed thAtfédrms
a square planar coordination geometry with?Gi# with the
Shistidines at positions 13, 14, and possibly 6, filling the majority
of the coordination sites on the copp@Evidence is mounting
that the N-terminus is also important for copper binding to
Ap.121415Agreement therefore exists that three of the fout'Cu
ligands in A3 are nitrogen-based. Controversy essentially arises
over whether the ligand in the fourth coordination site is
nitrogen- or oxygen-based. Electron paramagnetic resonanace
(EPR) parameters indicate a 3N10 ligand arrangement of the
copper at physiological pFig.12-14 Although the oxygen ligand
has not been definitively identified, it has been postulated that
it is the side chain of the tyrosine at position 10 if.2%:17

S A . However, mutation of Tyrl0 to Phe does not change the EPR
powizrr]é c:)?t?rr]rglrgtgzzﬂc&fetkc\; 5:;3:23 T‘efgglttgsoﬁﬂf%;en spectrur_n of Cu(ll)//ﬁ, indicating that ty;osine is not bound to
performed. Early studies onfA—40 and A31—42 produced copperin the native Cu(ll)/A complex: Th_e lack of Tyr10
Cu?t binding affinities on the order of lo& ~ 6.519 A more binding to copper has also peen s?ggvln HaNMR, Ra}man
recent investigatioh found both high- and low-affinity sites ~ SPectra, and oxidation experimefts>18.1°The oxygen ligand
for AB1—40 and AS1—42 with C?*. At pH 7.4 in vitro, the may therefore come from another source, such as a water
low-affinity sites for A31—40 and AG1—42 exhibit similar mo!ecule,_abackpone carbonyl, or from a glutamate or aspartate
binding affinities for Cé*, log K = 7.9 and 8.3, respectively. ~ "€sidue side chain. EPR studies on Cu(lj/éomplexes with
However, A31—42 has been reported to have a much greater Sotopically labeled water indicate that a hydration water
affinity for Cu2* in the high-affinity site than £1—40, logK molecule does not fill the fourth Cti coordination sité? The
= 17.2 (AB1—42) versus 10.3 (A1—40). The C&" binding likelihood of a carbonyl or carboxylate oxygen being the fourth
affinity therefore appears to be sensitive to the peptide environ- COPPer ligand in /& has not been thoroughly investigated

ment, as is further evidenced by the 6:30g K < 8.8 value  experimentally. HowevetH NMR of Cu(ll)/Af in a membrane-
obtained for 4812812 mimetic environment did show broadening of the peaks associ-

ated with the Asp7, Tyrl0, and GInll, as well as for the His

* E-mail: rauk@ucalgary.ca. Phone: 1-403-220-6247. Fax: 1-403-289- fesidue side chains compared to the copper-free peplide.
9488. addition, oxidation products of Cu(ll)j&(1—16) indicated that

Alzheimer’s disease (AD) is characterized by the deposition
of brain plagues whose main constituents are aggregates of th
amyloid-beta peptide (8).! Af is a 40-42 residue peptide that
is thought to induce oxidative stress in the AD brain that leads
to peptide oxidation and lipid peroxidation and results in
neuronal deatR.There is significant evidence that transition
metals play an important role in the neurotoxicity of5.A
Elevated levels of copper, zinc, and iron have been found in
amyloid plaque deposits in AD braidsComplexation of C&"
and Zr#" with Ap induces aggregation of the peptiti&,while
the potential redox activity of the Cu(ll)/Acomplex has been
implicated in the production of reactive oxygen species (ROS)
and subsequent neurotoxicity?
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the oxygen ligand may come from the carboxylate group of  Solvation effects were modeled using single-point energy
the Aspl residué® The participation of a carbonyl oxygen has calculations at the B3LYP/6-31G(d) level, with water as the
also been mentioned in connection with?Cinding to A3 in solvent, and the self-consistent reaction field polarizable con-
senile plague cores from Raman speéfra. tinuum model, COSM@3>2¢ as implemented irGaussian 03

An alternative, 4N, ligand arrangement in the Cu(Ij/A  (SCRF-CPCM}7:38 To define the solvent cavity, the atomic
complex has been proposed. Raman spectra of solubleradii were adjusted to fit the gaseous-phase molecular 0.001
A[(1—40) indicate binding to copper through histidine residues electrons bohr® isodensity surface of the solut®?® Experi-
and to one or more deprotonated amide nitrogens of the peptidemental free energies of solvation have been used 0r (AGsol
main chain® However, a more recent study using circular = —26.4 kJ mofY)* and H" (AGsoy = —1107 kJ mot?).42
dichroism (CD) spectra of analogues of(A—28) implicated An addition ofRTIn(55.6) kJ mol* was made to the free energy
all three histidine residues and the N-terminal amino group in of solvation of water, since liquid water is 55.6 M.
the coordination of Ctf.*? Empirical corrections have been made to the calculated free

The neurotoxicity of A8 has been linked to oxidative stress energies of solvationAGsqy, for the ligand molecules Xand
induced by the peptide, via pathways that involve the reduc- XH where they are charged. The solvation procedure described
tion of Cu(ll) and the production of ROS such asQ4. The above has a tendency to overestimat€g,, for positively
mechanisms of Cu(ll) reduction infare still uncertain, but  charged species and underestim®@&., for negatively charged
experimental data indicate that the methionine (Met35) in species where specific hydrogen bonding is an essential part of
Ap is oxidized during the proce$8.22 At present, there are  the free energy of solvatiotf. The empirical corrections were
no reports of the methionine as a ligand of the?Cin the determined using the procedure outlined in ref 43. This utilizes
Cu(Il)/AB complex, leaving the mechanism of the electron experimental K,'s, as they provide a sensitive measure of
transfer from sulfur to copper unclear. As well as nitrogen and relative free energies in aqueous solution that can be compared
oxygen ligands bound to copper in proteins, sulfur ligands are with calculated values.
also commonly found in the copper coordination sphere in  The primary thermodynamic data for all species considered
biological systems. In many cases, the sulfur is part of a cysteine, are reported in Table S1 (Supporting Information). Numerical
but the sulfur from a methionine residue is also often ligated to data for all processes described below can be found in Tables
copper. However, it should be noted that for methionine ligation S3-S5 in the Supporting Information. The free energies of
the proteins involved are mainly blue copper proteins that have reaction in aqueous solution calculated at pH 7 are shown
type-1 copper centers, with the methionine in an axial position graphically in the paper.
and a Cu-S distance of-3 A.2324 An alternative arrangement
is seen for peptidylglycine-hydroxylating monooxygenase, Results and Discussion
which has a tetracoordinate Cu(ll) center with a ligated
methionine in a tetrahedral copper arrangerﬁé?ﬁ'Thusy The CU(”) Complexes inVestigated here are four-coordinate
methionine ligation in copper proteins seems to occur when the SPecies with one coordination site filled by a model ligand X
copper binding environment has a Cu(l) type geometry. This is Where X = (CHz)2S, CHS™, NHs, CHsNH;, 4-CHs-imidazole
not the case in & so methionine ligation in the Cu(ll)/A (Melmid), GHsO™ (PhO"), and CHCO, ™. The remaining three
complex is unlikely, but it may be that methionine coordinates coordination sites are taken by water or ammonia molecules in
transiently to Cu(ll) in order for electron transfer to occur. all possible combinations from Cu(Il)(N##X to Cu(l)(H20)sX.
Homocysteine has also been implicated in2&° and has been ~ Additionally, the Cu(Il)(HO)s species has been used to represent
shown to potentiate copper ang fediated toxicity in neuronal @ hydrated C& ion.

cultures through oxidative damagfe. The ligands X have been chosen as models for various amino
The lack of a definitive description of the specific nature and acid residue side chains that are potential copper ligands in
arrangement of the ligands in the Cu(llfAomplex from ex-  peptides and more specifically are present ji £CHs),S is a

perimental data has prompted the current study. The aim of themodel for a methionine side chain, @H, for either a lysine
investigation has been to compute the binding affinities of poten- or the N-terminus of a peptide, Melmid is a model for histidine,
tial Cu(ll) ligands present in Ausing quantum chemical calcu- and PhO for tyrosine. Acetate, CkCO,~, models the side
lations. The data obtained have been used to gain insight intochains of glutamic or aspartic acid. & is a model for
the relative binding affinities of the various ligands in biological cysteine and homocysteine. While neither cysteine nor ho-
copper-protein systems and, in particular, in theg8 Aeptide. mocysteine is present inf the latter has been implicated in
Model AS ligands, plus methyl thiolate to represent cysteine Alzheimer’s diseasé’ 2° Cysteine is commonly found as part
or homocysteine, and small copper complexes have been usedof the Cu(ll) coordination sphere in blue copper proteins where
. the copper is in a Cu(l)-like geometf$24 Cu/Zn superoxide
Theoretical Methods dismutase with H46C and H120C mutations produced type-2
Ab initio calculations were performed with ti@aussian 03 tetragonal copper centers with cysteine ligated to Cafi5.
suite of program8! MOLDEN 4.0°2 and MOLEKEL 4.33 The H117G mutation of the blue copper protein azurin also
visualization programs were extensively employed. Geometry yields a type-2 Cucysteinate comple®®481t should be noted
optimization and harmonic frequency analysis were carried out that experimentally it is very difficult to form stable small
at the B3LYP/6-31G(d) level of theory. Zero-point energies were Cu(ll)—cysteine/thiol complexes because of autocatalytic oxida-
scaled by a factor of 0.98(8 Single-point energy calculations tion of the S and reduction of the Cu(ll) to Cu(fy.#8In a
were performed on the optimized geometries at the B3LYP/ recent kinetic study of the mechanism of the copper-catalyzed
6-31H-G(2df,2p) level to obtain more accurate enthalpy changes autoxidation of mercaptosuccinic acid, Stochel and van Eldik
for the reactions under investigation. Since we were examining did attribute transiently observed species to Cu(li)tSiolate
reactions occurring in agueous solution, the entropies taken fromcomplexes. The current theoretical investigation of the thiolate,
the Gaussian 03utput were converted from 1 atra & M by CHsS™, as a ligand for a type-2 copper center has been included
subtractingR In(24.46) J K1 mol~! to account for the volume  because of the possible link stated above between homocysteine
change between the two states at 298 K. and Alzheimer’s disease. Ammonia has been included as the
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TABLE 1: Energy Changes (kJ mol~1): Cu(ll)(H 20)x — Cu(ll)(H 20)x—1 + H,O (reaction 1

reaction AH (0 K)P AH® (298 K)gP TAS AG) AAGgoy AGf
Cu(l)(H20)%— Cu(ll)(Hz0)s+ Hz0 77.9 80.4 33.0 47.4 —59.5 -12.1
Cu(l)(H20)%— Cu(ll)(Hz0)s+ Hz0 98.0 100.5 30.6 69.9 -83.9 ~14.0
cu(l)(H20)s— Cu(ll)(Hz0)s+ Hz0 168.0 170.8 33.3 1375 -98.1 39.4

aThe standard state for all entropies and gas-phase free enesdielliat 298 K.° Enthalpies derived from the B3LYP/6-31G(2df,2p)//
B3LYP/6-31G(d) energies.All species ag¢ 1 M except HO = 55.6 M.

model for a generic nitrogen ligand that may coordinate to SCHEME 1: Letter Labeling System for the
copper. (NH3)i(H20)3—iCu(ll) —X Complexes

The Cu(ll) model ligand complexes have been treated as ~~ -
tetracoordinated species, since the available experimental data | |
for the Cu(ll)/A3 complex suggests that the Cu(ll) center is HN—Cu™NH, ~ HN—Cu™NH,  HO—Cu™NH,  H0—Cu"—NH,
four-coordinate and distorted square plai¥aithough as stated | | |

, T ) NH, OH, NH, NH,

above, the exact nature of the four ligands is still the subject of

some controversy in the literature. a b c d
The hydrated C#i ion is also treated as a tetracoordinated

species. Previous theoretical studies on water clusters have Ny x/ X

shown that the tetracoordinated Cu(ll}®),; complex most
adequately describes the aqueoug’@an 325t rather than the
six-coordinate species generally accepted experimerytaf§.

A more recent combined neutron diffraction and ab initio
dynamics study concluded that the five-coordinate species was e f g h
the most stablé? In the current study, we have determined the

most stable aqueous Euspecies using the free energies in  molecule (see Scheme 1). When discussing trends in the binding
aqueous solution for reaction 1, reported in Table 1 affinities for a set of Cu(ll) complexes that have a particular
ligand X:, the complexes will be referred to simply by the
Cu(IN(H0) — Cu(i(H0),, + H,0 (1) ligand number, e.g1 will represent any complex of (GbS,

la—1h.

Significant structural parameters and Mulliken spin densities
of the optimized Cu(ll) complexes are reported in Table S2
(Supporting Information). Examples of B3LYP/6-31G(d) opti-

processes are all negative and for Cu(IThs and Cu(ll)(HO)s mized Cu(ll) complexes, X: = dimethy! sulfide, (CH).S, are
are large enough that losing a water molecule from these specieéjep'Cted in Flggre 1

becomes exergonic in the aqueous phase. The Cuf)H The geometries of the Cu(ll) complex&s-7 (not shown;
complex is thus the most stable, since adding or removing a S€€ Supporting Information) are similar to those obs_er_ved_ for
water molecule to/from the Cu(ll) coordination sphere is an (X: = (CHz)2S). B3LYP/6-31G(d) geometry optimization
endergonic process in aqueous solution. It therefore appears thaProduces structures that are distorted square planar. The most
the current method provides a better description of thé*Cu €vident difference among tiee-h species is that as the number
aqueous ion as a tetracoordinate, distorted square planar specie?f hitrogen ligands on Cu(ll) decreases so does the Ctidl)
rather than as a five- or six-coordinate complex with explicit distance, irrespective of the nature af ¥y up to~0.1 A. There
water molecules present in the axial coordination sites. ThereiS @ corresponding increase in the spin density onaX the

is a further interesting property of an agueousCion that nu'mber of water I|gands increases. A further variation in the
must be considered, namely that thié.for water bound to spin densities on Xis depgndent on the type of Ilga_md trans to
Cw?* is ~756 and may therefore be present as a hydroxide ligand the Cu-X bond. If water is trans to X then the spin density
rather than water in biological conditions. However, the loss of On X: is greater than if ammonia is in this position.

X

| 2+ 2+ 2+ | 2+
HZO—(|)u—OH2 HZO—(|3u—NH3 HO—Cu™NH,  H0—Cu"—OH,

N

H, OH, OH, OH,

wherex = 4, 5, 6. In the gas phase, the hexacoordinatetf Cu
ion is the most stable, as evidenced by the positive enthalpy
changes shown in Table 1 for losing a water molecule from the
Cu(ll) coordination sphere. However, th®AGg, for the

a proton was not observed in ab initio dynamics calculafi®#s, Differences from the above pattern are apparent in the
and so for the current study, it has been assumed that watergeometries of the thiolate complex2sX: = CHsS", shown in
ligands bound to Cii are present in their neutral form. Figure 2. The most noticeable dissimilarity between the®H

Cu(ll) Complexes. The Cu(ll) complexes are labeled as species and the Cu(ll) complexes of the other ligands, e.g.,
number-letter combinations (e.g4b). The number is assigned ~ Figure 1, is tha2c, 2e, and 2h are essentially trigonal about
according to the particular ligand (Xbound to Cu(ll) in the  the copper with water in an axial position. TBe 2 and2h
order (CH),S (1), CHsS™ (2), NH3 (3), CHsNH; (4), Melmid structures resemble type-1 copper sites found in copper proteins,
(5), PhO™ (6), and CHCO;,~ (7). The letter &—h) following which have Cu-His,Cys coordinatiors:9-2324The (CH),S, and

the number relates to a specific arrangement ofilid; and other species, and i, 2b, and2f complexes have a distorted _
(3 — )H0 (i = 3, 2, 1, 0) ligands filling the remaining ~ square planar arrangement at the copper. Second, the spin
coordination sites of the Cu(ll) (Scheme B{NH3)s, b (NH3)2- density is markedly higher on sulfur (up to 45%) and lower on

(H20) (trans),c (NH3)2(H20) (cis1),d (NHs)x(H-0) (cis2),e copper when X = CH3S~ compared to (Ch).S. The third
(NH3)(H20), (trans), f (NHz)(H20), (cisl), g (NH3)(H20), difference lies in CuS distance, which is significantly shorter
(cis2), andh (H,O). Thus, 4b, for example, relates to a  (~0.2 A) in the thiolate species.

methylamine, 2Nk 1H,O complex with the water trans to the To determine if the axial water molecule &t, 2e, and2h
ligand CHNH,. For X: = (CH3),S, PhO, or CH;CO,, further was truly bound to the copper, these species were reoptimized
differentiation has been made between the cis conformersafter removal of the water. The resultant tricoordinate complexes
depending on the orientation of: Xelative to a NH or H,O are shown in Figure 3. Removal of the axia)® produces
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le 1f 1g 1h

Figure 1. B3LYP/6-31G(d) optimized geometries and numbering system forsf{HO)s;—iCu(Il)—S(CH), (i = 3, 2, 1, 0) complexes. Bond
lengths given in angstroms. Italicized numbers in parentheses are Mulliken spin densities.

2e 2f 2h

Figure 2. B3LYP/6-31G(d) optimized geometries and numbering system for)fHO);—iCu(Il)—SCH; (i = 3, 2, 1, 0) complexes. Bond lengths
given in angstroms. Italicized numbers in parentheses are Mulliken spin densities.

species that are trigonal and planar with small decreases in thewherei = 2, 1, 0. The enthalpy, entropy, and free energy
Cu—S distances compared to the tetracoordinate complexes.changes for reaction 2 are reported in Table 2, and for
There are also increases and decreases5%o in the spin completeness, the losses of a water ligand from sp@tiesid

density on sulfur and copper, respectively. The binding affinity 2f are included. The loss of water is exergonic in aqueous
of the HO was then calculated as the free energy change in solution for all the thiolate tetracoordinate species. Closer
aqueous solution for reaction 2 inspection of Table 2 reveals that, for the trigonal pyramidal
(NH) (H0), (Cul)—SCH, ~ flom one. species 1o o fs only enough 1o overcome the
(NH,);(H,0),_iCu(ll) — SCH; + H,O (2) endothermicity of reaction 2 fo2c. It is the —28 to —32 kJ
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Figure 3. B3LYP/6-31G(d) optimized geometries for (M{H20).-i-
Cu(Il)—=SCH; (i = 2, 1, 0) complexes. Bond lengths given in angstroms.
Italicized numbers in parentheses are Mulliken spin densities.

TABLE 2: Energy Changes (kJ mol1):
(NH3)i(H20)3-iCu(ll) =SCHz — (NH3)i(H20)2-iCu(ll) —SCHjz
+ H0 (reaction 2y

AH AH°
reaction © K)(g)b (298 K)(g)b TAS AGg AAGsa AGE’aq)C
2b—2j + H,0O 8.5 10.3 32.7-225 87 -—-311
2c—2j + HO 25.3 27.6 336 —6.0 —29.2 -—-35.2
2e—2k+H,O 317 334 30.1 3.3 —28.3 —-249
2f— 2k + HO 8.0 11.0 359-249 -6.2 -31.2
2h— 21+ H0 38.9 41.8 33.4 8.4 —32.1 -—23.7

2 The standard state for all entropies and gas-phase free energies is

1 M at 298 K.? Enthalpies derived from the B3LYP/6-31G(2df,2p)//
B3LYP/6-31G(d) energies.All species a¢ 1 M except HO =
55.6 M.
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Figure 4. B3LYP/6-31G(d) optimized geometrles for (N3

(H20)Cu(Il)—CHsCO,~ cis complexes. Bond lengths given in ang-
stroms.

complexes in the current study. The rationale for choosing to
examine the l¥—Cu bound complexes came from experimental
studies of the binding of Cu(ll) to Athrough the imidazole
group of histidine. It has been found that the binding mode is
pH dependent. At physiological pH, the favored binding mode
to Cu(ll) for histidine residues in Ais through Nr.1619]t should
be noted that in many copper proteins histidine residues bind
to copper through the Nof the imidazolé”58 and also that in
a recent study Tickler et al. showed global methylation of either
the Nt or Nz of histidines in A6 did not preclude Cu(ll) binding
to AB.5

In the case of complexés where X = CH3;CO,, there are
large geometrical differences between the Cu(ll) species that
are dependent upon whether the acetate is oriented toward a
water or ammonia ligand (see Figure 4). The acetate oxygen

mol~! increase in the free energy of solvation that leads to the not bound to copper ic forms a very short hydrogen bond
favorable free energy change in solution for the loss of the water (1.40 A) to a water hydrogen and a significantly longer hydrogen
molecule. This value is partially made up of the free energy of bond (1.74 A) to an ammonia hydrogen 7dl. There is also
solvation for a water molecule, adjusted to account for the elongation of both the HOH and HN-—H bonds upon

concentration (55.6 M) of liquid water;16.4 kJ mot1.41 The

formation of a hydrogen bond to the acetate oxygen to 1.08 A

pattern is different for the loss of water from the distorted square from 0.97 A and 1.05 A from 1.02 A, respectively.

planar complexe2b and 2f. Reaction 2 involving2b and 2f
remains endothermic in the gas phaskl’ ~ 10—11 kJ mot,
compared to th\H° ~ 28—42 kJ mof? values calculated for
2¢, 2e, and2h. Since the entropy contribution to the free energy
is similar for removal of HO from 2b—2h, reaction 2 becomes
exergonic in the gas phase fab and 2f. The much smaller
increases in the free energy of solvation for reaction 2f
and2f compared t@c, 2e, and2h means that foRb and2f the

The relative free energies in aqueous solution of the com-
plexes that have both water and ammonia ligands2 (b—d,
Scheme 1) and= 1 (e—g, Scheme 1), are reported in Table 3.
A trans effect is only evident when: X (CHs),S, and the effect
is greatest foi = 2, with 1b ~ 18—20 kJ mot* more stable
thanlc and 1d (Figure 1). The ammonia ligands prefer to be
trans to each other and cis to (g8. This pattern is not seen
for complexe2 (X: = CH3S"), but this is to be expected, as

exergonicity predominantly arises from the gas-phase energythere are large conformational changes betweer2hend2c

changes. These results indicate that althdlgand2f are local
minima it is energetically favorable for them to lose a water

species and the&e and 2f species that make such direct
comparisons problematic. For compleXgs: = CH3zNH,) and

ligand and adopt a trigonal geometry both in the gas and aqueous (X: = Melmid), theb,c andd,eisomers (Scheme 1) are very
phases. However, to ensure consistency and allow for directclose in energy. While this was expected for % CHzNHo,

comparison with the other ligands Xhe binding affinities for

since the ligands C§NH, and NH; are electronically very

CHsS™ have been determined using the tetracoordinate speciessimilar, it is not clear why it is also the case for % Melmid.

The calculated binding affinities will therefore be the upper
boundary values for X= CH3S".

Complexess (X: = Melmid) have the Melmid binding to
Cu(ll) through the M of the imidazole. At the present level of

In complexes (X: = PhO"), the relative free energies suggest
that it is having an adjacent ammonia ligand interacting with
the w-system of the phenolate group that stabilizes one isomer
over another (e.gc vsd, Scheme 1) rather than a trans effect.

theory, the difference in free energies in aqueous solution of For complexe¥ (X: = CH3CO,7), the more stable structures

the Nt and Nr protonated forms of Melmid is 1.5 kJ md|

contain the strong hydrogen bond between acetate and water

meaning both species are likely to be present in solution. The highlighted in Figure 4. The presence of this hydrogen bond

Cu(ll) binding affinities of the two Melmid isomers should
therefore be very similar, so in order to avoid duplication, it
was decided to only include one set of CufiMelmid

appears to confer greater stability than a trans effect.
Cu(ll) —Ligand Binding Affinities. The binding affinities,
measured as the ability of:Xo displace water, are shown in
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TABLE 3: Relative Energies of the (NHg)2(H20)Cu(ll) —X and (NH3)(H20).Cu(ll) —X complexes (kJ moit)a

(NH3)2(H20)Cu(ll)—X

(NH3)(H20),Cu(ll)—X

AH AH° AH AH°

specied (0K)g® (298K)g® TAS AGg AAGsw AGl, specie? (0K)g® (298K)g® TAS AGq AAGww AG),
1b 0 0 0 0 0 0 le 11.3 11.6 0.9 10.7 —-1.7 9.0
1c 21.0 20.5 -1.2 217 -15 20.2 1f 0 0 0 0 0 0
1d 15.4 14.7 —-3.5 182 —-05 17.7 19 -1.5 —-1.8 -1.3 -05 1.4 1.0
2b 0.0 0.0 0.0 0.0 0.0 0.0 2e 0.0 0.0 0.0 0.0 0.0 0.0
2c —16.8 —-17.3 -0.8 -16.4 20.5 4.1 2f 23.7 22.4 -58 283 —-220 6.2
4b -1.1 -1.3 -1.1 —-0.2 0.5 0.3 4e 1.9 1.8 0.1 1.6 0.5 2.1
4c 0.0 0.0 0.0 0.0 0.0 0.0 4f 0.0 0.0 0.0 0.0 0.0 0.0
5b 0.9 1.4 25 -11 1.8 0.7 5e 0.0 0.0 0.0 0.0 0.0 0.0
5c 0.0 0.0 0.0 0.0 0.0 0.0 5f —2.2 —2.3 09 -3.2 3.8 0.6
6b 0.0 0.0 0.0 0.0 0.0 0.0 6e 4.7 3.6 —-3.9 7.6 3.4 11.0
6C 1.8 —-0.4 —6.7 6.3 4.6 10.9 6f 8.7 8.1 —2.7 109 2.2 13.0
6d —4.5 —5.8 —26 3.2 3.5 0.2 69 0.0 0.0 0.0 0.0 0.0 0.0
7b 27.8 29.9 4.5 254 —6.8 18.6 e -16 —-2.3 —-2.9 0.5 4.7 5.2
7c 0.0 0.0 0.0 0.0 0.0 0.0 7f 0.0 0.0 0.0 0.0 0.0 0.0
7d 23.1 235 -05 240 —-34 20.7 79 25.2 26.1 0.1 260 -35 225

aThe standard state for all entropies and free energi@sM at 298 K.° 1 X: = (CHj3),S;2 X: = CH3S™; 4 X: = CH3NHy; 5 X: = Melmid;
6 X: = PhO; 7 X: = CH3sCO,". See Scheme 1 for letter notatidrEnthalpies derived from the B3LYP/6-31G(2df,2p)//B3LYP/6-31G(d)

energies.

Figure 5. The binding affinities for the ligands X (CHj3).S
1, Melmid 5, and CHCO,~ 7 with Cu(ll) have been calculated

solution at pH 7 AG(,,) in Figure 5a,b. Binding affinities for

complexes3 have been omitted from all figures. This is because

as the free energies for reaction 3 occurring in agueous solution.NHz and CHNH,, are electronically similar and yield compa-

(NHg);(H,0)5_iCu(l)—H,0 + X: —
(NHy),(H,0),;Cu(ll) = X + H,0 (3)

wherei = 3, 2, 1, 0; i.e., the ligand Xdisplaces a water

rable affinities. Figure 5a displays the binding affinities for
reactions 3 and 4 whetie= 3, 2 (cases a to d, Scheme 1) and
Figure 5b fori = 1, O (cases e to h, Scheme 1). The first general
trend observable in Figure 5a,b is that as the number of water
ligands attached to Cu(ll) increases then so does the binding

molecule from the Cu(ll) coordination sphere, and both reactant affinity of the ligand X, irrespective of the identity of X The
and product Cu(ll) complexes are tetracoordinate. The aim of greatest binding affinities are therefore seen for the displacement

the present study has been to use these model €liggnd
complexes to gain insight into the binding of Cu(ll) with ligands
in biological systems, where such processes would occupkit

7. The conjugate acids of the ligands % CH3zS™ 2, CHzNH>

4, and PhO 6 have [Kys of 10.3, 10.64, and 9.95, respectively.
Since the Ky's of these ligands are greater than 7, they have
been used in their protonated form in all calculations. The

of water from the Cu(Il)(HO)4 species (the solid curve h in
Figure 5b). CHS™ has the highest affinity;-53.5 kJ mot™.
The next highest affinities are obtained for Melmid and
CH;CO; ™, —35.2 and—32.4 kJ mot?, respectively. The binding
affinity for the Melmid species wheresiis protonated and i
binds to the copper in the ga);Cu(ll)—Melmid(Nz) complex
has also been calculated. The binding affinity-40.9 kJ mot?

binding affinities for these ligands have therefore been calculatedfor this Cu(ll) binding mode of 4-Cklimidazole. This result

as the free energies in aqueous solution for eq 4

(NH,),(H,0);_Cu(ll) — H,O0 + XH —
(NH,),(H,0);_;Cu(ll) = X + H,0 + H" (4)
Reaction 4 is pHependent because of the production of protons

when XH is deprotonated and binds to Cu(ll). To calculate the
free energies for reaction 4 at the biologically relevant pH 7,

agrees with recent experimental data that indicates that the
binding of C#* to N-methylated histidine side chains is stronger
if the copper is bound to thed\rather than the & atom of the
imidazole ring?® Each of the ligands X except (CH).S, will
displace water from an aqueous €uon. In this case, the
binding affinity of X: could also be thought of as the first
attachment of an aqueous €on to a peptide.

The nature of X determines its sensitivity to the Cu(ll)

the concentrations of the individual species must be taken into €nvironment (Figure 5a,b). Complexésand5, with nitrogen
account. It has been assumed that the concentrations of thdigands CHNH; and Melmid, exhibit the least variation-(.5

(NH3)i(H20)s-iCu(ll)—H20 and (NH);i(H20)s-iCu(ll)—X com-
plexes are pHndependent and therefore 1 M; the displaced
water molecule is treated as solvent, while at pH 7;][iWould
be 107 M. The concentrations of the XH for X= CHsS",
CH3NH>, and PhO species are essentially 1 M, as theft,js

kJ mol?) in binding affinities over the range of Cu(ll)
environments. For complexds(X: = (CHjy),S), the binding
affinities vary over a range of25 kJ mof; for 6 (X: = PhQO"),
the range is~30 kJ moi?; and for2 (X: = CH3;S™) and7 (X:
= CH3CQOy,), they differ by up to~45 kJ mott. The CHCO;~

are large enough that at pH 7 the protonated form would be Pinding affinities are grouped into two subsets, those for

present in>99% abundance. The free energy for reaction 4 at
pH 7 has been denotediG/,; and calculated usindG(;
AGg,, + RTIn Q where the reaction quotier, simplifies to
[HT] as all other relevant specieseat M at pH 7.Hereafter,

the symbolAG(,, will be used in a generic sense for free

complexes where the acetate hydrogen bonds to an ammonia
proton and those when it is hydrogen-bonded to water, and it
is this latter set for which the binding affinities are greater.
The relative binding affinities of the various ligands vary with
the Cu(ll) environment. In Figure 5a, when the three other

energies of reaction in aqueous solution; thus, for a reaction ligands are all NH (case a in Scheme 1), the binding affinities

that is not pHdependentAG(,, = AG(qy
The binding affinities of the ligands Xdetermined from

of X: are in the order Melmid> CH3S™ > CHzNH, >
CH3CO,~ > (CHg),S > PhO™. The trend is almost the same

reactions 3 and 4 are presented as free energies in aqueoushen there is a single water and two plfjands (cases-bd,
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-120- PhO- (CH,),S CH,CO,~ CH,NH, Melmid CH,S" 120- PhO- (CH;),S CH,;CO,~ CH;NH, Melmid CH,S~

X: 6 1 7 4 5 2 X: 6 1 7 4 5 2
Figure 5. (a, b Free energies in aqueous solution at pkAG') (kJ moi™) for the reactions (N&)i(H20)s-iCu(l)—H,0 + X: — (NHg)i(H20)3-i-
Cu(I)=X + H20 where X = (CHy).S, Melmid, CHCO,", and (NH)i(H20)s-iCu(Il)—H20 + XH — (NHz)i(H20)s-iCu(Il)=X + H,O + H*
where X = CH;S™, CHsNHy, PhO'. (c, d) Free energies in aqueous solution at piAGZ,) (kJ mol?) (see text for details). (a, ) i = 3 (a),
(®)i=2(0b),@)i=2(@),@i=2d).(bdE)i=1()&i=1(), i=1(g), @i=0(h).

Scheme 1) except that GB gives higher affinities than  (X: = (CHj),S), and as the Cu(ll) environment moves toward
Melmid in these cases. There are two points in Figure 5a that that of an aqueous Etion, it is favorable for PhOto displace

do not follow this trend and give larger binding affinities. The water from Cu(ll). In all but the (NB)3Cu(ll)—X copper
first is for the 1b (X: = (CHj3),S) complex with water in the  environment, complexef (X: = CH3S™) have the greatest
trans position. This is the only dimethyl sulfide species that binding affinities. As discussed above, the binding affinities for
has a small negative free energy-4 kJ mol?) for the X: = CHsS™ will be upper limits, as the Cu(lf)SCHs
displacement of water. It is not clear why this is a special case, complexes have been treated as tetracoordinate species.
since other (Cl)2S—Cu(ll) species have an-8u—0 trans The binding affinities shown in Figure 5a,b are for the
motif. The larger binding affinity may be a consequence of displacement of water from the Cu(ll) coordination sphere by
having the above motif in conjunction with two ammonia ligands  the ligand X. These affinities do not take into account the effect
trans to each other. The second species with a greater bindinghat the presence of:Xound to the copper may have on the
affinity than would be estimated from the general trendds  subsequent displacement of water from the Cu(ll) coordination
(X: = CH3CQ;7), but this is due to the strong hydrogen bond  sphere by other ligands. To explore this effect, the data for the

formed between acetate and water, as shown in Figure 4.
The relative binding affinities shown in Figure 5b exhibit a
slightly different pattern for the (NgJ(H20).Cu(Il)—X (curves
e—g) and (HO);Cu(ll)—X (curve h) complexes. The binding
affinities for 7 (X: = CHzCO,") are greater than those fdr

(X: = CH3NHy), but again, this is a result of the strong hydrogen

X: = (CH3),;S, Melmid, and CHCO,~ complexes have been

reanalyzed. This subset of ligands was chosen because the

binding affinities for Melmid and CECO,~ are similar for the
displacement of water from an aqueous’Cion. The effect of
these ligands on water displacement reactions from th@)H
Cu(ll)—X species may help determine which would be the

bond between acetate and a water ligand on Cu(ll). The binding preferred ligand for Cir. (CHs),S was also used because it

affinities for 6 (X: = PhO") become larger than those far

is the model for a methionine side chain, a residue of partic-
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Cu(Il)(H,0),
+X:

Cu(II)-40
Figure 6. Relative free energies in aqueous solution at pHAGY)
(kJ mofY) for initial binding of X: to Cu(ll)(H0), followed by
successive displacements of®by NH; from the Cu(ll) coordination
sphere. X = (CHj3)2S, Melmid, and CHCO,.

Cu(I}30X  Cu(l}-20NX  Cu(I}-2NOX

Cu(IT)-3NX

ular interest in /8. This effect has been examined by calcu-
lating the free energies in aqueous solution for the suc-
cessive replacement of water ligands from the@HCu(Il)—X
complexes by ammonia, our generic model nitrogen ligand
(Figure 6)

(NH3)i(H20)3_iCU(”)—X + NH4+ —
(NHy);11(H,0),_;Cu(l)—X + H,0O + H (5)
wherei = 0, 1, 2. The free energy changes at pH 7 for the

initial attachment of X to aqueous CiI, plus consecutive
displacements of water via reaction 5 are shown in Figure 6.

The free energies are all shown relative to the separate Cu(ll)-

Rickard et al.

affect the coordination of nitrogen ligands to Cu(ll) to a greater
extent than Melmid.

Cu(ll) —Ligand Binding Affinities — Implications for Af.
In peptides, the residue side chains that would form the
coordination sphere of the Cu(ll) would not have the free range
of motion of the model ligands X because of restrictions
imposed by the protein secondary structure. In an attempt to
gain insight into the effect of the reduction in the degrees of
freedom on the binding affinities of these ligands in a peptide,
the free energies for reactions 3 and 4 have been reevaluated
with the translational and rotational components of the entropy
removed for all species except the®imolecule displaced by
X:. This is a crude approximation and represents a limiting case,
as the binding affinities are for a situation where the species
involved have only vibrational degrees of freedom. The real
environment within a protein will occur at some point between
the two situations presented here.

The recalculated free energies in aqueous solution at pH 7
(AGZ,) are displayed in Figure 5c,d. The reevaluated ener-
getics for reactions 3 and 4 are reported in Table S4 (Supporting
Information). The binding affinities for all ligands :Xare
increased by~60—65 kJ mofl. ConsequentlyAGg, is nega-
tive, and all ligands X will displace water from the Cu(ll)
coordination sphere.

The calculated binding affinities suggest that,Aacking a
cysteine residue (modeled by €5t), would preferentially bind
Cu(ll) at a histidine. This is in qualitative agreement with
experiment, since most copper-binding proteins have multiple
histidine residues bound to copger:256061|t is also in
agreement with the copper-binding data fgt, Aor which 3N10O
and 4N copper-binding environments have been proposed where
the majority of the nitrogen ligands are thought to come from
histidine residues. Recent evidence indicates that the N-terminus
is also important for copper binding top&21415In the 3N10
case, this would suggest two histidines and the N-terminus as

(H20)s + X: species and represent the lowest-energy path for the nitrogen ligands, plus an oxygen ligand. The calculated

each ligand X More detailed energetic data can be found in
Table S5 (Supporting Information). The free energies in Figure

binding affinities would not rule out this combination, although
they indicate that histidine binds to Cu(ll) more strongly than

6 show that, for the first and second displacements of water lysine/N-terminus, whatever the existing ligand environment of

from an aqueous Cti ion, Melmid and CHCO,  have

the copper. In fact, in the entropy-constrained systems, the

increased to 5.5 kJ mol for displacement of a third water,
favoring Melmid over CHCO,™. The replacement of the final
H,O by NH; is exergonic by 14 kJ mol for Melmid but

endergonic by 9 kJ mot for CH;CO,~. The endergonicity of
the final step in Figure 6 for C¥CO,~ is caused by the loss of

increases. The binding of the N-terminus over the third His in
ApB to Cu(ll) would therefore likely be the result of peptide
secondary structure considerations. The oxygen ligand has been
postulated to be the tyrosine at position 10 if.}&1"However,

the current calculations do not support this, since the tyrosine

the strong hydrogen bond between the acetate and the Watemodel, PhO, exhibits some of the lowest b|nd|ng affinities for

molecule that is displaced. The energy profile for=X(CHs),S
shows a step up in energy for the initial binding of (§4$ to
aqueous Cii, followed by exergonic reactions for displacement
of two further water molecules. The final replacement gOH

by NH; is effectively energetically neutral when X (CHs),S.

At each step in Figure 6, the (GHS species are considerably
higher in energy than the Melmid and @€, complexes.
Although as the number of nitrogen ligands of Cu(ll) increases,
the (CH),S and CHCO, ™ energies become closer and for the
endpoints of the pathways are only 5 kJ mapart. The energy
profiles in Figure 6 indicate that €t will preferentially bind
Melmid over (CH).S and CHCO,™, particularly once the
Cu(ll) has two or more nitrogen ligands present in its coordina-
tion sphere. It is also noticeable that, after the initial binding of
Melmid to aqueous C, the free energy changes for successive
displacements of water by NHare fairly constant. This is not
the case for (CH)2S and CHCO,: These ligands appear to

the ligands studied. If Tyr10 is ligated to Cu(ll) infAthen it
appears that this would also be a consequence of secondary
structure restrictions rather than a preference of the Cu(ll) to
bind to tyrosine. This is in agreement with the conclusions of
Karr et al. who discount tyrosine as a ligand of copper in the
Cu(ll)/AB complex!* The calculated binding affinities indicate
that oxygen ligands such as glutamic or aspartic acid, modeled
by CH;CO,~, are more likely to provide a fourth ligand of the
Cu(ll) coordination sphere. An alternative possibility is that a
peptide backbone carbonyl oxygen is ligated to copper. This
situation will be described in detail in a forthcoming paprer.

A 4N arrangement of ligands in the Cu(ll)#Acomplex has
also been proposéd® with all three histidine residues in
monomeric A (positions 6, 13, and 14) bound to Cu(ll). The
fourth Cu(ll) ligand must come from a different residue, either
from the same A& or from another & strand. On the basis of
the above results, the most likely choice of nitrogen ligand from
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a single A6 molecule would be either a lysine or the N-terminus
of AS. A further possibility would involve the Cu(ll) binding
to more than one A, and in this case, all four nitrogen ligands
could be histidine.

The possibility of methionine (Met35) being a ligand of
copper in A appears unlikely from examination of the
calculated relative binding affinities, although it may be
competitive with lysine or the N-terminus in a Cu(ll) environ-
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