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Cadmium is a highly toxic group Xl metal, like zinc and memngu Unlike zinc, which is one of the most common metal
cofactors in biology, cadmium is highly toxic. Many Znbinding proteins can bind Gd-ions without significantly affecting
their structures. Here, the protein-data bank is analystdraspect to protein-cadmium interactions, which shdvas tadmium
can bind to a variety of ion binding sites in proteins. Statig analysis for C8"-side chain interactions is compared with a
similar analysis of other ions. This analysis reveals thigt vespect taamino acid side-chain preferend@f+ is more similar

to Mn?* than to Zr+ or Hg?*. Finally, the interaction energies of three native metatlisig proteins are calculated where’Cd
binds instead of Z#", C&* or Ci?*. The interaction energies are decomposed into individoiaponents whose contributions
are discussed.

1 Introduction In a comprehensive review, Holm and co-workers discussed

the structural aspects and coordination of multivalentafret
Cadmium is a group XlI metal that has been discovered irbinding sites in protein'. Their study reveals high similarity
1818 as an impurity in zinc oxidésModern day uses of cad- between the XII group ions 2 and Cd*, but lower similar-
mium include batteries, pigments, metal coating and isésti ity between C&t and Hg, which belong to the same group.
113cd is used in NMR, and hence €dis sometimes used in Data on ZR"-protein interactions are more prevalent than
structural biology of metalloproteins where it replaceBest those available for Gd since zinc is a common protein cofac-
metals. Furthermore, cadmium salts are used as preaigjtati tor, whereas cadmium is highly toxic to many organisms. One
agents to induce protein crystallisatfonAlthough there is a  notable exception is cadmium-containing carbonic antsalra
decrease in cadmium usage in the recent years, the metal copf the marine algad@halassiosira weissflogf. The marine
tinues to be a notable environmental pollutant, partidylar ~ depth density profile of cadmium is linked to the prevalence
industrial areas where cadmium or zinc have been treated @f planktont’, which may suggest that it is used by other pro-
produced. Moreover, cadmium is a notable marine pollutant, teins and/or organisms as wellhe bacterial proteins CadC
e.g., in the Baltic se®. and CmtR are transcriptional repressors that bind"Cahd

Cadmium is carcinogenic and highly toxic to human andother toxic metal ion®:1°

animals. For example, risk for lung cancer from recurredt ca . . . .
Quantum chemical calculations are becoming an integral

mium exposure can be almost as high as that from smdking part of coordination chemist?j, and shed light on many

The multi-organ damage from acute or chronic cadmium poi- . : . L o
soning® suggests a complex mode of toxicity. It has beenaspect:s of metal-ligand interacticits Cd**-protein inter-

. . [ [ i i \
proposed that some of the toxic effects of cadmium are dueth%crIons have been studied using quantum mechanical (QM:

cadmium ion binding to proteins having calcium, zinc or mag—m.ethOdS since more than. a decgde ago. Rygje and Hem-
nesium cofactor®1L On the other hand, some metal bind- Mn9Sten us+ed QM calculations to interpret experimental-st
ing proteins, most notably metallothioneins, appear tdigar ies of a Cd*-bound liver alcohol dehydrogenase (LADH),

ipate in protection against cadmium toxicity. Spectroscop ngr(l:(%rgjoerg]lta")'lthecgl)clofast'r? Zterg acf(f?fwatc'teirofAr::ttlec:tr?zx'n
and potentiometric data reveals that binding ofCdhay be W Wi viating init lone

. " . . o
favoured thermodynamically over zite14 at least in some to Zr? "’}”d_ C&_ - One of the most interesting compilations
complexes. on protein-ion interactions came from RuliSek and Havlas,

who, in a series of papers, developed a framework for the

- en | o . calculation of interaction energies with density functibe-
Computational Chemistry and Biochemistry Research Grixgpartment 24-26 ; ;
of Chemistry and Biomedical Sciences, Linnaeus UniveZ38ty,82 Kalmar, ory (DFT) . These works formed the theoretical basis for

Sweden.? Linnaeus University Centre for Biomaterials Chemistry, 321 & computer-based .mOIeCUIar d.eSign O_f metal'binqing pept_id
Kalmar, Sweden. ; Tel: +46 480 446290; E-mail: ran.friedr@imu.se sequenceX, revealing a potential for biotechnological appli-
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cations. liquor. Such sites were considered relevant to shed light on
Analysis of structures from the protein data bank (PDB) canCd?*-protein interactions as long as they fulfilled the criteria
provide useful information on protein-cofactor interao?®. described above. Solution NMR structures were not consid-
Indeed, Ramos and co-workers carried out statistical aizaly ered, because of the uncertainty in the location of atoms in
of zinc-binding proteing’ and later of metal-binding proteins the NMR ensemble, which does not represent an energy min-
in generaf® to shed light on protein-ion interactions from a imum.
structural point of view. Similarly, Rarey and co-workees/h The number of ligands and the overall &dcoordination
independently developed a statistics-based method for mochumber of each ion were extracted through visual examina-
elling of metal interaction sité$, that is also based on survey tion of all residues within 3.5A of the ions. Visual inspecti
of the PDB, with the aim of assisting in computer aided drugwas deemed necessary because the proteins bind to ions in
design involving metalloproteins. solution, and small deviations from the X-ray structureexe
The data available in the literature provide many interestpected’. In the case of carboxylate ligands, the binding was
ing details on Cét-ligand interactions. Yet, a better under- considered bidentate (by two oxygens) if their distancekeo
standing of such interactions in proteins is desired and cafd®*-ion were similar (within a tolerance of 0.2A). Note that
be used e.g. in the fields of protein-engineering and materiahis pertains only to the calculation of the coordinatiomAu
science. Moreover, cadmium compounds have been tested brer, and not for interaction energies.
a combined therapy against cantet® further revealing the
need for a thorough understanding of cadmium’s chemistry i
a biological context. This study therefore deals with sfieci
protein-cadmium interactions. A list of high resolution®d  The binding preferences of &3 Cut, CW*t, zn?+, Cf+,
binding proteins is compiled based on data from the PDB antHg?* and Mrf* to amino-acid side chains were extracted
the binding sites are analysed with respect to the ligands anfrom the PDB by use of PDBeMofif and Perl scripts written
coordination numbers. Statistical analysis foPGaide chain  in-house.
interactions is compared with a similar analysis of othesio
Additionally, the interaction energies of €dand protein lig-
ands are calculated for three proteins: LADH, parvalbumin
and azurin. The results are compared with interaction ener-

gies for the native ligands, i.e., Zh, C&", and Cd", re- 2.3.1 Preparation of the ion binding siteslnteraction
spectively. The interaction energies are further analysed energies were calculated for models of the ion-bindingssite
applying the Localised Molecular Orbital Energy Decomposi covering the ion and immediate ligands. Amino acid residues
tion Analysis (LMOEDA) techniqué* = were substituted by smaller chemical groups to enable the ca
culations using QM methods. Thus, cys residues were re-
places by CHS™, asp and glu by acetate ions, his by mono-
protonated imidazole, ser by GB~ and backbone carbonyl
by CHsCHO. Hydroxyl residues of ser were unprotonated to
avoid the formation of hydrogen bonds with other ligands if
A list of PDB structures of proteins that bind €dwas pre-  such hydrogen bonds were not present in the original streictu
pared by use of PDBEmo#ff. The structures were sorted ac- Note that similar (and even smaller) models of side chains
cording to the resolution, and structures which were solvedave been used successfully for calculations of metal-en s
at resolutions worse than 2.5A were discarded, leaving 15lectivity 242638

structures to deal with. Cadmium has been widely used to aid The coordinates of LADH (pdb codes 2jhf, 2jty, par-

in resolving crystal structures and in many cases it bindg on valbumin (1cdp and 5cg¥), and azurin (laiz and 1a%b

at the surface and does not form a metal complex. Therewere downloaded from the protein data bank. Hydrogens
fore, binding sites in which the metal binds to one or twowere not resolved in the crystal structures, and have thieref
protein residues at the protein surface were not consideretheen added using openbabel (www.openbabel.org) or ghemi-
In case of duplicates or of the same protein (including mu-<al*?. The coordinates of the hydrogens were optimised using
tants or proteins that differ only in a cofactor or drug molec  GAMESS-US*, while keeping the heavy atoms fixed unless
which binds them), only the structure with the best resotuti otherwise stated, because trial calculations revealedtliea
was maintained. The remaining 26 structures contain at leasnteraction energies were similar or more favourable in the
one interesting C& -binding site although few are not known original structures (results not shown). The wave fundation
to be metal-binding proteins, and it is likely that the bimgli  were calculated by use of the M06 DFT functioffawith a
was due to the high concentration of&dons in the crystal  standard grid and the def2TZVP basis“Setwhich involves

» 2 Side chain preference for various ions in the PDB

2.3 Interaction energies and energy decomposition anal-
ysis

2 Computational methods

2.1 Identification of Cd?* binding sites

2| Journal Name, 2010, [voll1-11 This journal is © The Royal Society of Chemistry [year]
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core potentials for effective treatment of relativistideets
in cadmium and mercury, except for LADH where MP2 was
used with the aug-cc-pVDZ basis set (aug-cc-pVDZ-PP with
effective core potential was used for Cd atoffisy. M06 was
found to perform better than other DFT functionals in a set
of calculations of interaction energies betweerf Cdr Zré+
and a set of biologically relevant ligarftfs

The def2 basis sets were downloaded from the EMSL basi

Troponin C
set exchange servér P
2.3.2 Interaction energy calculations for models of ﬁ
protein-ion complexes Interaction energies and their de-

composition were calculated with the LMOEDA code in

GAMESS. Energy decomposition analysis (EDA) is an analy- %

sis method that aims to break down the contribution of irtera
tion energy between monomers (or sets of atom) in a comple
to terms that yield physical insights into the interacti8n.
Here, we apply the LMOEDA technique, that decomposes th&iver Alchohol Dehydrogenase Parvalbumin
interaction energyAE™ to five components, namely electro-
static, exchange, repulsion, polarisation and disperisitan-
action energies. Solvent effects were included througlisiee

of the polarisable continuum model (PCRM) Atomic radii

of 1.39A, 1.58A, 1.99A and 1.40A were used for Zn, Cd, Ca
and Cu, respectively. Radii for other atoms were GAMESS,2 sites) and Mfi" (one site). C&" is the native protein cofac-
default. The radii for Zn, Cd and Cu are from the work of tor of one enzyme (diatom carbonic anhydrase). In all other
Bondi®2. The radius of Ca is not given in Bondi's compilation cases it binds to sites that did not necessarily evolve aalmet
and was therefore calculatedRs, = 1.15Rvg where the 1.15  jon ligands, or sites which are not highly specific to a certai
ratio was calculated according to a survey of radii in cigsta jon.

and molecule¥’. The structures of four Cd binding sites are displayed in

A fine grid (126 radial points and 1202 angular points inFigure 1. These examples and the data in Table 1 reveal the
the expansion) was used for the DFT calculations, which wergersatility of Cd* binding to proteins. The Cd-binding

carried out with the M06 functional and def2TZVP basis set.coordination numbers range from 3 to 8, with four being
Counterpoise correction to the basis set superpositiam¥rr  the most prevalent (see Figure 2). With four binding sites,
has been applied in all but the Eucomplexes, where the SCF  the structure can be either symmetric or distorted tetnatied
could not converge with the larger basis set. (compare the sites for LADH and azurin). The variation in the
coordination number appears to be larger than in otheritrans
tion or group Xl metald®.

Fig. 1 Cd®" binding sites Examples of C&" binding sites in
proteins.

3 Results and discussion

3.1 CdP*-binding proteins in the PDB 3.2 Binding of Cd?* to amino acid side chains and com-

. i parison with other metal ions
More than 150 proteins whose structures (of resolution 2.5A

or better) contain Cd ions were identified in the PDB. The As other cations, Gt is capable of binding to negatively
vast majority of Cd*-binding sites, however, occur at the pro- charged and polar amino acid side-chains. Analysis éf€d
tein surface and seem to be unspecific. Accounting only fobound protein structures reveals preference for glu (27% of
interactions with three protein ligands at least, and reénwv the sites), his (26%), asp (24%) and cys (10%) residues. In-
identical proteins resulted in 26 €ttbinding protein struc-  terestingly, ZA* and Hg" show different preferences (Fig-
tures, as summarised in Table 1. ure 3). Zrt* tends to bind to his (36%) and cys (23%) side
The proteins presented in Table 1 have different biologicakhains over glu (15%) and asp (17%). ¥gclearly favours
roles, e.g., metabolic enzymes, specific ion binding pnstei cys (44%) and his (11%), and has no particular affinity to car-
redox proteins, toxins and chelating agents.>Cdeplaces  boxylate residues in proteins. The smaller alkali-eartiona
other ions in 20 of the 51 Cd-binding sites reported here. C&" and Mg have high affinities towards glu (27% / 22%)
These are Z# (7 sites), C&" (9 sites), Cé' (one site), M§™  and asp (36% / 35%), which is also the case fof'CdThis

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |3
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Table 1 Cadmium binding proteins in the PDB. Only proteins whose structures edsat a resolution of 2.5A and which bind &din
sites that are fully or partially shielded from the solvent are discussed.

PDB Protein No. of Ligand$ Coordination  Native
code C?t+2 number(sf cofactor(s)
2jhf liver alcohol dehydrogenase 2 Cys(4) 4 Zn
Cys(3)His [S=0] 4 ZR+
3boe carbonic anhydrase 1 Cys(2)HisWat 4
lcdp parvalbumin 2 Asp(2)Glu(2)Ser[C=0] 6 Ca
Asp(2)Glu(2)Wat[C=0] 6 ca
llne thermolysine 4 AspWat(3)[C=0] 6
Asp(2)Wat(3)[C=0] 7 C&
Asp(2)GluWat(2)[C=0] 6 Cc&
AspGluHis(2)Wat(2) 8 Z&+
laiz azurin 1 His(2)Cys[C=0] 4 Ctr
1ncx troponin c 2 Asp(2)GluAsnWat[C=0] 7 €a
Asp(2)GluAsnWat[C=0] 7 ca
3g7d hydroxyethylphosphonate 3 AspHis(2)Wat(3) 6
dioxygenase Asp(2)Wat(3)[C=0] 6
Asp(2)His(2)Wat(3) 7
3kbs D-xylose isomerase 2 Asp(2)Glu(2)Wat 5 Mg
Asp(2)GluHisWat 6 Mg+
lesf staphylococcal enterotoxin 1 AspHis(2)[N=H] 4 2Zn
3lkw Dengue virus 1 NS2B/NS3 1 GluHis(2)Wat 5
protease
4mt2 metallothionein 5 Cys(4) 4
Cys(4) 4
Cys(4) 4
Cys(4) 4
Cys(4) 4
1798 aquaporin SoPIP2 1 Glu(2)Wat(2) 5
1gm6 lipocalin 1 Glu(2)His 3
lcfz endopeptidase HYBD 1 AspGluHis 5
1lvqo large ribosomal subunit 4 Cys(4) 4
Cys(4) 4
Cys(4) 4
Cys(4) 4
3jgx colH collagenase 1 Asp(2)Glu(2)Thrwat 8 La
3kxd regulatory domain of calcium-gated 2 AspGluWat 4 Ca
potassium channel AspGlu 3
3mmu  endoglucanase Cel5A 3 Glu(2)Wat(3) 6
Glu(2)Wat(4) 6
GluHisWat(2) 4
1zji KDOB8P synthase 2 AspGluHis 4
AspGluHisSer 4
1feu ribosomal protein TL 1 GluHisWat[NH2] 4
2enr concanavalin A 2 Asp(2)GluHisWat(2) 6 Zn
Asp(2)Wat[C=0] 4 c&
2x7w  endonuclease iv 2 AspGlu(2)HisWat 6 Zn
AspHis(2)[COO-][C=0] 5 ZR*
3ggf ste20-like kinase 2 GluHisSer 4
GluHisWat[C=0] 4
1Liio arsenite-translocating ATPase 3 Cys(3)Wat 4
CysHisSerWat 4
AspHis(3)Wat 5
1p9e parathion hydrolase 1 AspHis(3)Wat(2) 6 2Zn
1hk7 hsp90 middle domain 1 Glu(4)Wat 8

@ Jons bound loosely at the protein surface and coordinatediyrtosvater are excluded.
(®) Amino acid residues are listed if they bind &dthrough their side-chains, otherwise a functional grougiisn.
(© The coordination numbers are given per ion, and may be higharttie number of metal-ion ligands depending on the functigrmalp (carboxylates

may bind Cd* through one or two of their oxygens).
(@ Structure from diatom, Gd is the native cofactor.

4| Journal Name, 2010, [vol] 1-11
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Fig. 2 Properties of the Cd* binding sites The total number of

sites in PDB structures is displayed as a function of the coordinatior
number. The inset presents the number of binding sites in which 0.00
Cd?t substitutes another cofactor.

S

Fig. 3 Preference of Cd" and other ions to amino acid side
chains The distribution of contacts with amino acid side chains is

can explain why C#" can substitute these ions in metallopro- presented for G4 (3492 sites), MA* (1027 sites), Ch (108 sites),

teins. Interestingly, Mﬁi hasammo apld side-chaihinding CU2* (408 sites), ZR* (4529 sites), C&F (627 sites), and H
pre.ferenc.es ihat are. S'm'l"_"r to €d W'th th? mo§t common (378 sites). The data is calculated from the PDB and extracted by
amino acid side chain residues that bind it being asp (37%)se of PDBeMotif. Amino acid residues are represented by their
glu (25%) and his (26%). Mt seems to have the same pref- single letter code. The ordinate displays the relative distribution
erences as Mit, except that its affinity towards imidazole (which is cumulative on the lower frame).

(his) residues is higher, but no conclusive evidence oriritd-b
ing affinity can be drawn due to the paucity of data. The simi-
larity between C&" and Mr#t with respect to peptide binding water) and the tendency towards higher CN may contribute to
has also been noticed in a survey of metal binding pro8ins the surprising similarity between €dand Mrf* with respect
A comprehensive summary on the energetics ofMhinding ~ to amino acid side chain preference.
in proteins has recently appearéd

The similarity between the side—cha_in_ preferences cﬁ*Cd_ 3.3 The energetics of C&"-binding compared with other
and Mrft in the PDB may seem surprising. Indeed, analysis ions
of the stability constants reveals that?Znbinds better than
CdP* to amino acid side chains except where the ligand is thi-The interaction energies between cofactor binding sites an
olate (cysteine®®, whereas MA&" binds N and O ligands even Cd?* were calculated for three proteins and compared with
better than ZA™ 57. A possible explanation to this discrepancy the corresponding energies for binding of the original ineta
is that the binding sites of proteins have evolved to bindrzdt ~ cofactors. All of the surveyed proteins evolved to have ions
cofactors such as 2n and Fe, not C8# or Mn. Any binding  other than C&" in their binding site, yet, they do bind &d
preferences of the ions are based on their ability to bind tavhen it is in excess. A binding site mimic was used in all
pre-existing sites. However, it should also be stated tildt C  cases, with the side chains of cys, asp/glu, his and ser mod-
is more prevalent in high-coordination complexes (coasdin elled as CHS™, CH3COO™, mono-protonated imidazole and
tion number CN=6) than Z %6, Mn?t is even more prone CH3O~. Backbone carbonyl was modelled as 4THHO.
to form CN=6 complexe¥. Thus, both the specific protein  Binding free energies of ions to proteins can in principle
environment (which is different than that of a free ligand in be obtained by NMR, potentiometry or isothermal titration

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |5



Dalton Transactions Page 6 of 11

calorimetry. For example, titration spectrometry was used tosupermolecule and the monomers.
infer on the binding of C#&", and the dissociation constants
were in the nM rang®. Cd-113 NMR and titration can also
be used to infer on Gd binding affinitie$®. Further stud-

ies were carried out with metallothioneins, employing salve Zr?+ ions, one at the catalytic site and one at a (Cgsjuc-

method$§™. hm rements, however, are not routinel ) .
ethod$’. Such measurements, however, are not rout eMcural site. The calculations reported here refer to thectiral

used, and cannot be compared with calculated values. When o . .
. : . . Site because of the promiscuity of the (eyb)nding domain
a protein forms a complex with a multivalent ion, the for-

. S . . and because an inhibitor is coordinated to thé'Cdn in the
mation of the protein-ion complex often involves signifitan

structural changes. Moreover, changes in the protonafion catalytic site (see Ref: for EDA of the catalytic site in Zfr -

side chains and dehydration are often part of the process. Cgbound LADH). The tetrahedral metal-binding site (Figure 1)

. L . : differs slightly between the Zr and Cd™* binding proteins.
culations of binding energies, however, can only take iicto a _. . , L
N ; - . . Distances are shorter in the first case, and the organisiation
count the binding of an ion to a binding site whose shape i

already formedsee e.g8). Even if the calculations cannot Tess symmetic (Table 2).
be directly compared with the experiment, they can lead to &
. o dq dy ds3 ds e a a3 e
better understanding on the preference for certain i@st >
. . . . n 231 234 235 235 103 106 117 119
own calculations have identified a DFT functional that can beCd2+ 254 255 255 256 104 106 106 107
useful for discriminating between Zn and Cd interaction en - - - -

ergleé‘g. _Eve_n if Calculatlo_ns of binding affinitieser Searé  Taple 2 Differences in the structural metal binding site of LADH
challenging, it can be possible to calculate the free eng®8y  petween the native ZR+ and Cd2+. The four Zn-S distances

or loss upon binding of one metal instead of anotfeit is (d1-ds, in A) and S-Zn-S angles {aa) are presented. The data is
perhaps more difficult, but still possible, to account for-pa for the PDB structures 1JHG and 1JHF

tial desolvation of ions such as Mg and C&" upon bind-

ing to protein§*65 Moreover, the calculations can further

shed light on the forces that govern the interactions fortfie Interaction energies were calculated for thé*Ceind Zrf*
ferent ions by applying energy decomposition analysis methbinding sites both in the gas and agueous phases (see Table 3;
0ds®®. Here, | used the Localised Molecular Orbital Energy In addition, tetrahydrofuran (THF) was used to mimic birgdin
Decomposition Analysis (LMOEDA) methdfland its recent in a protein environment. THF is a polar solvent with a dielec
extension to free energies in solvéht The calculated com-  tric constant of 7.58 that is compatible with that of progéfh
ponents of the energy include electrostatic, exchange“-rep Interactions with the solvent were apprOXimated by use®f th
sion, polarisation and dispersion. The electrostaticggnir ~ Polarisable continuum model (PCRA)

due to Coulomb interactions. Exchange refers to the quantum The gas phase interaction energy is dominated by a
mechanical exchange of electrons, that does not have aclasy¥ery favourable electrostatic interaction between thebtjou
cal analogue. Repulsion refers to the difference between thcharged cation and the negatively charged binding sitearPol
total exchange energy and an approximate energy expressié¥ation plays an additional role, as the excess positivegeha
for the supermoleculdthe complex in LMOEDA terminol- of the cation is distributed between the Iigands. In both
ogy) calculated with the monomer orbitals forming a single-cases, the smaller 2n ion is preferred over the larger €d
determinant wave functiorE€ in Ref.34). The repulsion term Whereas the weaker exchange, repulsion and dispersion are
arises from the fact that the electron densities of the mamsm more favourable with Ctf than Zrf*. In the solvent phase,
partia”y Over|ap in the Superm0|ecu|es, and can be somwh&iesolvation isalso a major contribution. The unfavouralale
compensated by the favourable exchange. The exchange af@lvation free energy is larger for Zh, but the binding of
repulsion terms are given together in other EDA schemes, a&n°" is still favoured by some 46-49 kcal/mol in water or
“exchange repulsiorf® or the closely relatedEP2"167 The ~ THF according to the MP2 calculation.

polarisation interaction is due to reshaping of the distidn 3.3.2 Parvalbumin: C&* binding Parvalbumin is a cal-

of electro_ns upon bmd_mg: For example, thf} eff_ectlve oharg ciym binding protein which is involved in calcium signatiin

on amultivalention which is bound to a protein will be smalle |1 pinds two C&+ ions in octahedron-shaped binding sites
than its formal charge, due to interactions with the ligands,hich are termed EF and CD sites. The structures considered
(the metal-ligand bond is partially covalent). Conseqlyent ¢ the calculations reported here are for parvalbumin from
the reshaplng of_ the el?ctrlc dl;trlbutlon yields a favdnl'ea Cyprinus carpis(carp)® and the ligands are four carboxyls,
energy contributiom\EP® < 0. Finally, the DFT dispersion /4 carbonyl backbone oxygen and one water or hydroxyl

interaction is define_d as the difference _between_ the ersargieoxygen_ Examination of the ion-ligand distances (Tables4) r
calculated by applying the DFT correlation functional 0B th \e5is slight differences of the ion-ligand interactionsrsE

3.3.1 Liver alcohol dehydrogenase: ZA" binding
Liver alcohol dehydrogenase (LADH), is the first metal-
binding protein studied here. The enzyme naturally binds tw

6| Journal Name, 2010, [voll1-11 This journal is © The Royal Society of Chemistry [year]
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AEeIec AEEX AErep AE pol AEdISp AEmt
MP2:
Cd?t -824.4 -92.6 202.6 -254.4 -20.1 -988.9
Zn%t -853.9 -78.9 207.0 -308.7 -7.3 -1041.9
AGelec AGEX AG'eP AGpOI AGdISp AGdesoI AGIr‘It
aqueous phase (PCM), MP2:
Cd2t -930.5 -94.0 203.9 -145.3 -36.1 657.8 -344.1
Zn?t -1005.4 -82.4 213.5 -160.5 -30.6 675.1 -390.3
aqueous phase (THF), MP2:
Cd2t -918.6 -93.1 202.2 -156.4 -35.3 575.7 -425.4
Zn%t -990.8 -81.9 212.2 -174.3 -29.7 590.3 -474.2

Table 3 Energy decomposition analysis for the interaction between @+ or Zn2* and the structural ion binding sites. LMOEDA
interaction energies are given in kcal/mol. The energies were calcutatétefcrystal coordinates (with added hydrogens optimised) or for
the optimised binding site. MP2 calculations were carried out with aug-@ZpV

metal-ligand distances tend to be slightly smaller fo?Cd a dimer in the crystallographic unit, in which one of the'Cu
compared to C& . Second, calcium binds to the two oxygens binding sites has only three ligands. €chas four ligands in

of glutamate residues Glu62 and Glul01 at similar distanceboth protein chains, but there is some variation in the metal
(within approx. 0.1A or less) but &d binds in an asymmetric  ligand distances.

fashion, where the distance to one of the oxygens is larger by

some 0.4A.

Interestingly, C&" is preferred over C4 in the absence or Gly450 His46N01  Cys112§ His117Nd1
presence of solvent. The softness of cadmium leads to small€d* ", chain A 2.80 2.27 2.34 2.22
ion-ligand distances and therefore more favourable dmuntri Cd*, chain B 2.72 2.23 2.43 2.20
tions from electrostatics, polarisation and dispersiomergas  CW', chain A - 2.02 2.18 1.87
the desolvation interactions are comparable in magnittide ( C4*. chain B 2.66 1.84 2.31 176
ble 5). Overall, C&" binding is favoured by some 61-67 ) S
kcal/mol in THE. Table 6 Links between the structural metal binding site of

Int tinalv AE* is f dh o b it hich i azurin and Cu?t or Cd?*. Distances are in A. The data is for the
nterestingly, Is found here to be positive, which IS 555 oiictures 1A1Z and 1AZC.

unlike the previous case (LADH) and the reactions reported
in Ref34 The calculation ofAE®* is carried out by oper-
ating the exchange functional on the supermolecule and the

. . . ~_When calculating the interaction energies between the ions
monomers, and subtracting the monomeric exchange energies . .
o g and the metal, only the four-coordinated copper site has bee
from those of the supermolecule; it follows that this intera used. 1o allow a comparison between the ions. The interac-
tion will strongly depend on the functional form. ' P '

tion energy calculations (Table 7) reveal that the azurda
much higher affinity towards its native copper ligand.?Cu
is preferred over Ctt- with respect to all internal interactions

arises from redistribution of charaes between the copner ioexcept the repulsion. Interactions in solvent could nottre o
9 PPET 10, Jined for the Cu complex. Note that the polarisation energy

and a thiol ligand. The copper ion binds to cys, his, his an is also more favourable for b by more than 80 kcal/mol.

a backbone carbonyl oxygen in a distorted tetrahedral orienThis effect may be unique to azurin, as the polarisation ef th
tation (Figure 2). In some structures only three ligands are '

present (excluding the carbonyl) whereas a fifth ligand Imetcysteme ligand yields the distinctive absorbance of tioégin

may also be present in others. The structure of the bindtag si around 600 nm.

is to a large extent independent of the copper oxidatioestat The availability of two crystallographic units but the same
i.e., metal ion coordination is almost the same wherd @ binding site enables the comparison between them. Interest
bound rather than Cuti 7°. The structure of C& -substituted  ingly, whereas the overall binding (free) energy is simitar
azurin (PDB code 1ai?!) reveals some variations in the bind- 1.5-2.9 kcal/mol, larger differences (up to 12 kcal/mol for
ing site, which are presented in Table 6. Most notably, theAG®'¢¢and 16 kcal/mol foAG™P) are observed for the differ-
distances between the ligands and®Cadre larger. It should ent energy components, revealing the sensitivity of LMOEDA
also be mentioned that the structure of azurin was resolved do small modifications of the geometry.

3.3.3 Azurin: Cu?* binding Azurin is a copper binding
protein characterised by its distinctive blue colour. Thear

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |7
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Asp51331 Asp53d1 Ser55Q¢ Phe570 Glu596e1 Glu62Ce1 Glu62C2
Cart 2.23 2.36 2.60 2.27 2.48 2.55 2.43
Cd*t+ 212 2.36 2.58 2.25 2.34 2.77 2.36
Asp9d52 Asp92d1 Asp94d1 Lys960 Glul0161 Glul01G2 HOH
cat 2.25 2.42 2.44 2.29 2.51 2.49 2.51
Cd*t 2.26 2.40 2.17 2.30 2.26 2.66 2.37

Table 4 Links between the structural metal binding site of parvalbumin and Ca?t or Cd?*. Distances are in A. The data is for the PDB
structures 1CDP and 5CPY,

AEeIec NAESX AE'eP AEpOl AEdISp AEmt
ion binding site 1 (CD site):
Cd?t -894.3 6.6 161.0 -196.0 -86.9 -1009.6
cat -866.1 14.4 118.8 -145.9 -69.0 -947.7
ion binding site 2 (EF site):
Cd?t -1024.5 12.0 139.6 -202.2 -85.6 -1160.6
cat -998.7 14.8 117.6 -161.6 -69.4 -1097.2
AGelec AGEX AG'eP AGPO! AGIISP NGdesol AGM

Aqueous phase (PCM)
ion binding site 1 (CD site):

Cd*t+ -967.3 6.0 163.2 -128.8 -82.8 601.8 -407.8

cat -941.1 14.1 121.7 -77.7 -64.8 600.1 -347.6
ion binding site 2 (EF site):

Cd*t+ -1124.7 11.1 142.9 -108.0 -82.0 707.8 -452.9

ca&t -1108.7 14.1 122.7 -60.7 -64.5 712.6 -384.6

THF phase (PCM):
ion binding site 1 (CD site):

Cd?+ -957.4 6.1 162.9 -137.8 -83.4 527.4 -482.3

cat -930.8 14.2 121.3 -87.0 -65.4 525.9 -421.9
ion binding site 2 (EF site):

Cd?t -1111.6 11.3 142.3 -120.2 -82.6 619.8 -540.8

ca&t -1094.5 14.2 122.0 -73.7 -65.2 623.8 -473.5

Table 5 Energy decomposition analysis for the interaction between @* or CaZ* and the ion binding sites of carp parvalbumin

LMOEDA interaction energies are given in kcal/mol. The energies wdoelleged using M06/def2TZVP for the crystal coordinates (with
added hydrogens optimised)

3.4 Limitations of the model and calculations quality of the calculations. New methods and applicatioins o
energy decomposition analysis are also the subject if orggoi
LMOEDA calculations were carried out with models of the research%7576

binding site, where calculations with a triple zeta valebae Another limitation of the calculation is the necessity tyre

sis set could be made for all atoms, rather than using smallgy, crystallographic data. QM refinement of the structures wa
basis sets and larger binding site models or combination Oferformed in the case of LADH, and the results were similar
QM and molecular mechanics (QM/M'%- ‘This allows for  ith respect to the interaction energies and EDA. Howeter, t
comparison between the ions and their binding to immediatt,cture of the binding site is clearly influenced by ccaists
ligands, but neglects the effects of second shell ligands ange o non-binding residues, which cannot be accounted for
binding site flexibility which cannot be accurately accaht by QM optimisation. For example, the Zn binding site in
for. LADH deviates from the almost tetrahedral structure that re

It should also be pointed out that LMOEDA calculations sults from geometry optimisation. Calculations carrietifou
based on DFT energies strongly depend on the form of théhe two structurally equivalent binding sites in €ebound
DFT exchange and correlation functionals, as discussegtabo azurin suggest that the individual components of the igtera
(see alsB®). More experimental data on ion binding, and as-tion energy are more sensitive to small changes in the lotati
sessment of their accuraCy’* are necessary to improve the of ligands.

8| Journal Name, 2010, [voll1-11 This journal is © The Royal Society of Chemistry [year]
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AEeIec AEEX N=CG AEpOl AEdISp AEmt
Cd*™, chain A -421.4 -234 192.7 -221.1 -63.7 -536.9
Cd?t, chain B -430.2 -29.0 209.1 -224.2 -63.1 -537.4
Ccuwt -519.4 -47.6 338.6 -319.9 -71.5 -619.8
AGeIeC NAGEX AG'eP AGpOl AGdlSp AGdeSOl AGInt
Aqueous phase (PCM)
Cd?t, chain A -465.7 -24.9 195.5 -180.9 -60.9 254.3 -282.6
Cd?*, chain B -474.3 -30.4 211.6 -184.0 -60.3 257.7 -279.7
THF phase (PCM)
Cd?t, chain A -459.1 -24.6 194.8 -186.7 -61.4 222.7 -314.3
Cd*t, chain B -467.5 -30.1 210.9 -190.0 -60.7 225.6 -311.8

Table 7 Energy decomposition analysis for the interaction between @t or Cu2* and the ion binding site of azurin. LMOEDA
interaction energies are given in kcal/mol. M06/def2TZVP energies eadoeilated for the crystal coordinates (with added hydrogens
optimised). BSSE is account for only with &d

4 Conclusions 4.2 LMOEDA calculation explain ion preferences

LMOEDA calculations could explain some of the difference
between the affinities of metalloproteins towards spedific |
ands, in spite of the simplicity of the structural models e p
sented here,. As expected, the main contribution in allsase

& like Zr2* h filled d el 6 i qi is electrostatic. As all ions here are divalent, this cdmitibn
Cd™, like Z as a filled d electron configuration and Is js affected by the ion’s size. The preference to smaller ions

therefore not a transition metal according to the definitibn (CW?* and Zr#+) is somewhat offset by the higher cost of de-
the International Union of Pure and Applied Chemistry (IU- g5\ ating them, even in a low dielectric solvent. On the pthe
PAC)"". Indeed, it can bind to zinc-binding proteins and en- 1+ =@+ which is softer than G4 is favoured mostly

Zymes with little _structural a_nd catalytic effects. Thelgna ocpn 50 s polarises the binding site better than the siyila
sis of C#+-containing protein structures, however, revealedsized Cca+

that it can also replace other cofactors, most notabR/ Glaat
has very different binding preferences. Moreover?Cdan ) N
bind to 3-8 ligands, whereas other ions show a more narrot-3 LMOEDA is sensitive to the geometry

distiibution. This may exp_lain_ some of the toxic effectsttha ¢ ¢41cyjations show that different contributions to tie e
CdP" exerts through protein-binding and suggest that a COMargy vary to a greater extent that the total energy (or free en

bination of ions may be used to partially relieve its toxie ef ergy). This is due to the partitioning scheme, and should not
fectstL. Interestingly, the calculations of binding free energiesbe viewed as a particular strength or weaknéss of LMOEDA
revegl that .C"d'+ 'S favourgd over C& in a caIchrum-bmdlng Likewise, the relative contribution of the free energy camp
protein, Whlch_may explam why Cd replace Cé_ more than nents may depend on the QM methods used in the calcula-
any _other lonin protem_structures (Figure :D'SCL_JSS'On of tions*® although this should not be expected to modify the
binding preference for ligands often follows the ideas deve conclusions when the differences between the individuad co

oped originally by Irving and Williams, who analysed the-sta tributions is as large as in bioinorganic metal complexes.
bility constants of many metal complexes and found them to

be independent of the ligand to a wide exténtEven if the

binding affinity agree with the Irving-Williams series, fee  Acknowledgements

ences to some ligands (e.g., O- or N-) is also impoPtarkhe

complexity of biomolecules have made them suitable forbind The author would like to thank Dr. Peifeng Su for his assis-
ing of specific ions. Sulphur-containing groups, for exaempl tance with the LMOEDA calculations with PClsind anony-
are preferred for Cd binding®®. Furthermore, the binding of mous referees for comments on the manuscriesearch
ions is influenced by the exact geometry of the binding site aat the Computational Chemistry and Biochemistry research
well as the first and second coordination sHélIsEDA cal-  group (CCBG) at the Linnseus university is supported by the
culations, as performed here, may in the future be used fokinnus University Centre of Excellence Biophysical Chem-
a better understanding of biomolecular metal-bindingearef istry. The computations were performed on resources pro-
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