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Abstract: Binuclear metal centers in metalloenzymes are involved in a number of hydrolytic, hydration,
isomerization, and redox processes. Despite the growing number of studies elucidating their structure,
properties, and function, questions regarding certain aspects of the bimetallic proteins’ biochemistry still
remain, e.g., the following: (i) What are the general characteristics of binuclear sites found in 3D structures
such as the range of metal—metal distances and the most common ligand bridging the two metal cations?
(ii) How does the presence of a metal cation in one of the binuclear sites affect the metal-binding affinity/
selectivity of the other site? (iii) How do the characteristics and metal-binding affinity/selectivity of binuclear
sites compare with those of their mononuclear counterparts? Here we address these questions by combining
a Protein Data Bank survey of binuclear sites with density functional theory (DFT) combined with continuum
dielectric method (CDM) calculations. The results reveal that, for homobinuclear sites, the metal separation
depends on the metal's charge and electron-accepting ability, and Asp~/Glu~, bidentately bound to the
two cations, is the most common bridging ligand. They also reveal that Mg?* occupying one of the binuclear
sites attenuates the metal-binding affinity but enhances the selectivity of its neighboring site, compared to
the corresponding mononuclear counterparts. These findings are consistent with available experimental
data. The weak metal binding of one of the binuclear sites would enhance the metal cofactor mobility in
achieving the transition state, whereas the enhanced selectivity of Mg?*—Mg?* centers helps protect against
unwanted substitutions by transition metal ions, which are generally stronger Lewis acids compared to
Mg?*.

Introduction “catalytic” and/or “structurat-assigned to it by Nature. In some
cases, however, two or even more metal cations, which are
embedded itbinuclear opolynuclear binding sites, respectively,
are needed to carry out the catalytic and/or structural function.
They act synchronously during the catalytic process. Binuclear
metal centers are further subdivided intomdinuclear,
containing metal ions of the same chemical type, e.g-;Zm
andheterdinuclear, where chemically different metal cations
(e.g., Cu-Zn) are bound to the active-site ligands. In many
bimetallic proteins the two metal centers (even in homobinuclear
sites) are functionally and structurally not equivalent with

Yiifferent ligand surroundings, solvent exposure, and binding
affinity.#6-20 The two metal cations are usually connected by

Metal cations are an integral and indispensable pat4ii%
of all known proteins. This is due to their unique combination
of physicochemical properties, namely, positive charge, rigid/
adaptable coordination sphere, Lewis acidity, specific ligand
affinity, and varying valence state and electron spin configu-
ration combined with a small volume, simple structure, and high
mobility. Thus, Nature has employed these building blocks, in
addition to the 20 natural L-amino acid (aa) residues, to finely
tune, enhance, and/or diversify the protein properties. Metal
cofactors are engaged in performing a number of tasks spannin
from protein structure stabilization to enzyme catalysis, signal
transduction, nitrogen fixation, photosynthesis, and respiratfon.

In most metalloproteins, one metal cation bound to a given (6) Coleman, J. EAnnu. Re. Biophys. Biomol, Strucl992 21, 441483,

(monauclear) binding site is capable of fulfilling the task (7) Dismukes, G. CChem. Re. 1998 96, 2909-2926.
(8) Lipscomb, W. N.; Strater, NChem. Re. 1996 96, 2375-2433.
(9) Hartley, B. S.; Hanlon, N.; Jackson, R. J.; RangarajarBigchim. Biophys.

T National Tsing Hua University. Acta 200Q 1543 294-335.
* Academia Sinica. (10) Whittington, D. A.; Lippard, S. Jl. Am. Chem. So2001, 123 827—838.
(1) Lovell, T.; Himo, F.; Han, W.-G.; Noodleman, Coord. Chem. Re 2003 (11) Elkins, J. M.; Clifton, 1. J.; Hernandez, H.; Doan, L. X.; Robinson, C. V.;
238—-239, 211—239. Schofield, C. J.; Hewitson, K. iochem. J2002 366, 423—-434.
(2) Frausto da Silva, J. J. R.; Williams, R. J.The Biological Chemistry of (12) Hakansson, K.; Miller, C. GEur. J. Biochem2002 269, 443-450.
the ElementsOxford University Press: Oxford, U.K., 1991. (13) Lowther, W. T.; Matthews, B. WChem. Re. 2002 102 4581-4608.
(3) Lippard, S. J.; Berg, J. MPrinciples of Bioinorganic ChemistryJniversity (14) Moche, M.; Shanklin, J.; Ghoshal, A.; Lindgvist, ¥..Biol. Chem2003
Science Books: Mill Valley, CA, 1994. 278 25072-25080.
(4) Christianson, D. W.; Cox, J. DAnnu. Re. Biochem.1999 68, 33—57. (15) Fenn, T. D.; Ringe, D.; Petsko, G. Biochemistry2004 43, 6464-6474.
(5) Bertini, I., Sigel, A., Sigel, H., Ed¢dandbook on Metalloproteind/arcel (16) Lai, W.-L.; Chou, L.-Y.; Ting, C.-Y.; Kirby, R.; Tsai, Y.-C.; Wang, A.
Dekker: New York, 2001. H.-J.; Liaw, S.-H.J. Biol. Chem2004 279 13962-13967.
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one or more bridging ligands such as water, hydroxide, from the ligands to the metal cation) coupled with a continuum
carboxylate (from Asp/Glu side chains), or imidazolate (from dielectric representation of the rest of the protein (see Methods).
His side chain) which, apart from their structural role, may We first present the results of the PDB survey, which reveal
participate in the catalytic process! the factors affecting the metal separation in binuclear sites as

Binuclear metal centers in metalloenzymes are involved in a well as the most common bridging first-shell ligands in
number of hydrolytic, hydration, isomerization, phosphorylation, homobinuclear sites. We then evaluated how the free energies
and redox processes. Interestingly, there exists some mono<for Mg2t/Zn?+ binding in bimetallic centers depend on (i) the
nuclear metalloenzymes where a single cation suffices to ligand composition and overall charge of the binding site, (ii)
perform quite efficiently the same task as its bimetallic the metal type and coordination number, and (iii) the solvent
counterpart. Notable examples are the binuclea~@n) and exposure and flexibility of the binding site. The advantages/
mononuclear (Ni, Fe, or Mn) superoxide dismuta&é3mono- disadvantages of the mono- and bimetallic centers in terms of
and dizinc metallgs-lactamase%! and dimanganese and monoiron their metal-binding affinity and selectivity were determined by
catalased,as well as dimanganese (e.g., arginase) and monozinccomparing the data obtained for binuclear binding sites with
hydrolase€. This fact raises the following intriguing question:  those for the respective mononuclear counterparts possessing
why does Nature, which generally evolves efficient cellular/ the same type of ligands and total charge. Our findings are
protein machinery to sustain life processes on Earth, require consistent with available experimental data. Although?hMg
two metal cations instead of one to catalyze the same type of Zn?t—carboxylate complexes have been used to model mono-
enzymatic reaction? In other words, do bimetallic centers offer and binuclear binding sites herein, the present findings appear
any advantages over the mononuclear active sites, thus justifyingto have broader implications and cover a larger spectrum of
their existence? bimetallic binding sites.

As far as the functionality of the metal-binding site is
concerned, both experiment and theory have indicated that the
extra metal ion in bimetallic centers has indeed beneficiary Database SurveyThe PDE® was surveyed for 3.5 A resolution
effects on the catalytic process. Thus, bimetallic centers haveX-ray and NMR structures of proteins containing native binuclear
the advantages of (i) delocalizing charges better, which facilitates binding sites. Binding sites containing different types of native metal
two-electron redox reactions, (ii) enhancing stabilization of the cofactors such as Zn, Cu'", Nizf, Ce*", F&"S", Mn?'", Ca&*,
intermediate and transition-state structures by charge neutraliza?d Mg" were studied. These were checked against available

. - . experimental (kinetic) data to confirm that both metal ions are indeed
tion and/or polydentate metal binding, thus lowering the S A
needed for proper functioning of the respective binuclear metallopro-

respective ac_tlvatlo_n bgrrlgrs,_ (|_||) binding polyat_omm substrates . However, proteins containing metal clusters likeSEeCusS:,
better?>and (iv) activating/ionizing the nucleophile (e.g., water) anq/or nonbiogenic metal ions like &g Al3*, Hg?*, P&, and Lit in

of the reaction more efficientlyHowever, questions regarding  the binding site were excluded from the survey. Mutant protein
other aspects of the bimetallic proteins’ structure and biochem- structures were not considered either. For a given type of bimetallic
istry such as metal-binding affinity and selectivity still remain: center, the protein sequences were aligned by the Cludtaktgram

(1) What are the general characteristics of binuclear sites foundand those with sequence identitie$5% were considered to belong

in 3D structures, e.g., the range of metaietal distances, the 10 the same protein family. Only one representative from each protein
most common ligand bridging the two metal cations, and the family was included in the survey, namely, the free protein (not bound
first-shell aa preference of a given metal cation? (2) How does to any substrat(_a/transmon sta_te analggs, inhibitors, or pr_oductg) structure
the presence of a metal cation in one of the binuclear sites aﬁectsolved at the highest resolution or, if no free structure is available, the

L L L . ligand-bound structure solved at the highest resolution.
- 2
the metal-binding affinity/selectivity of the other site? (3) How Defining First-Shell Ligands in the Binuclear MetatBinding

do the Charactgrlstlcs and the metal'b'nd'ng afflnlty/select|VIty Sites.Analysis of high-resolution X-ray structures of small complexes
of binuclear sites compare with those of their mononuclear i, the cambridge Structural Databasbas shown that the first-shell
counterparts? For example, does a given metal cation exhibitpm—o, M—N, and M-S distances (where M denotes the metal ion) do
the same aa preference in both mono and binuclear sites? Doegot exceed 2.6 A2 To account for the lower resolution of some of the
it bind with comparable affinity to mono- and binuclear sites PDB structures, a slightly larger cutoff of 3.0 A was used to locate the
sharing the same set of nonbridging first-shell ligands? first-shell ligands, which were defined as residues with a donor atom
In this paper we address the above questions by combining (€9 N S, or O) within 3.0 A from the metal.
a Protein Data Bank (PDB) survey of binuclear metal-binding ~ Models Used.The side chains of AsgGlu~ were modeled by
sites with density functional theory (DFT) to treat the metal 2cetate anion, G400 (ACE"). In aqueous solution, both Mgand
cations and the ligands (to account for electronic effects such Zn*" are experimentally determined to be hexacoordinéted, their

o s " aqua complexes were modeled as [Mg0ht]?>" and [Zn(HO)s]?",
as polarization of the participating entities and charge transfer respectively. In proteins, Mg is still octahedrally coordinated, while
(17) Vincent, F.; Yates, D.; Garman, E.; Davies, G. J.; Brannigan, J. Biol. Zn?t eXh'b_'tS higher flexibility upon protein binding and is usgally
Chem.2004 279, 2809-2816. tetracoordinated Thus, representative structures of hexacoordinated

(18) Ahn, H. J.; Kim, K. H.; Lee, J.; Ha, J.-Y.; Lee, H. H.; Kim, D.; Yoon, _ H i indi i
H.-J": Kwon, A-R.. Sub, S. W Biol. Chem2004 279, 50505-50513. mono- and binuclear hexacoordinatedainding sites from the PDB

(19) Samples, C. R.; Howard, T.; Raushel, F. M.; DeRose, Bidchemistry

Methods

2005 44, 11005-11013. (26) Berman, H. M.; Westbrook, J.; Feng, Z.; Gillland, G.; Bhat, T. N.; Weissig,
(20) Pierce, B. S.; Hendrich, M. B. Am. Chem. So@005 127, 3613-3623. H.; Shindyalov, I. N.; Bourne, P. ENucleic Acids Res200Q 28, 235-
(21) Logan, D. T.; Su, X.-D; Aberg, A.; Regnstm K.; Hajdu, J.; Eklund, H.; 242.

Nordlund, P.Structure1996 4, 1053-1064. (27) Thompson, J. D.; Higgins, D. G.; Gibson, T.Nucleic Acids Resl994
(22) Schafer, G.; Kardinahl, ®iochem. Soc. Tran2003 31, 1330-1334. 22, 4673-4680.
(23) Landis, G. N.; Tower, Mech. Ageing De. 2005 126, 365-379. (28) Allen, F. H.Acta Crystallogr.2002 B58 380-388.
(24) Schilling, O.; Vogel, A.; Kostelecky, B.; Natal, da Luz, H.; Spemann, D.; (29) Harding, M. M.Acta Crystallogr.1999 D55, 1432-1443.

Spath, B.; Marchfelder, A.; Troger, W.; Meyer-Klaucke, Biochem. J. (30) Marcus, Y.Chem. Re. 1988 88, 1475-1498.

2005 385 145-153. (31) Jernigan, R.; Raghunathan, G.; Baha€urr. Opin. Struct. Biol1994 4,
(25) Schurer, G.; Laning, H.; Clark, Biochemistry2004 43, 5414-5427. 256—263.
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Scheme 1 AG* = AG' + AG,, (products)— AG,,, (reactants)  (2)
AG!
The solvation free energies were evaluated using the MEAD
Reactants (¢ = 1) - Products (e= 1) (macroscopic electrostatics with atomic detail) progPlas described
. . in previous works23°The effective solute radii, which were obtained
AGsory” (Reactants) | | AGgow” (Products) by adjusting the CHARMM (version 2%) van der Waals radii to

reproduce the experimental hydration free energies of'Ngd Zrf™
and model ligand molecules, are as follows (in &g = 1.50;Rz, =
1.40;Rc = 1.88;Ro(CH:COO") = 1.575;Ro(H,0) = 1.78; Ro(H,0—
Mg/Zn) = 1.70; Ry = 1.468; R(H.0—Mg) = 1.16; Ry(H.0—2Zn) =
1.09. These effective solute radii reproduce the experimental hydration
free energies of Mgy, Zr?", and model ligands within 1 kcal/mé.

Reactants (¢ = x) — Products (¢ =x)
AG”

surveys were modeled (see Results). Upon replacement &f iith
Zn?*, both octahedral and tetrahedraPZigomplexes were considered,
mimicking rigid binding sites (prohibiting ligand rearrangement upon
metal exchange) and flexible binding sites (allowing for ligand

rearrangement upon metal exchange), respectively.
DFT Calculations. (a) GeometriesFull geometry optimization for PDB Survey. The PDB search produced 213 structures

each complex studied was carried out using the Gaussian 03 prBgram .contalnlng 25310md3|nuclgar kf"”d'”g sites where the two metal
employing the S-VWN functional and the 6-8G* basis set. This ions have the same oxidation state, but only 36 structures
functional/basis set combination was chosen as it reproduces theContainingheterdinuclear binding sites. The latter are insuf-
experimentally observed metdigand distances in a number of metal ficient for proper statistical analyses and were therefore excluded
ligand complexes within experimental erf8iFor each fully optimized from analysis. Among the homobinuclear binding sites, the
structure, S-VWN/6-3+G* vibrational frequencies were computed to  piMg2*-binding sites appear to be the most abundant, followed
verify that the molecule was at the minimum of its potential energy by those containing Zi and Mr?* (Table 1). Since a
surfa(I:e. No imaginary frequency was found in any of the metal -p,-4 teristic feature of binuclear binding sites is the separation
COMPIEXes. between the two cations, it is of interest to evaluate the average

(b) Gas-Phase Free EnergieOn the basis of the fully optimized . . .
S-VWN/6-31+G* geometries, the electronic energieBe, were distance between the two metal iofi] —ML] and its depen-

evaluated using the B3-LYP functional in conjunction with the large dence on the metal’s properties. For homobinuclear binding
6-311++G(2df,2p) basis set. The latter was chosen from among several Sites, the metal ions are usually separated b% &. Interest-
other basis sets as the gas-phase formation energy of PAY{R" ingly, for a given metal type, the higher its oxidation state
has been found to converge at this level of thédnBince the (formal charge), the shorter thil —M Cdistance (Table 1). For
6-311++G(2df,2p) basis set employed is relatively large, basis set example, the[Cw+—Cuw*0 distance (3.294+ 0.59 A) is
superposition error (BSSE) in the reaction energies is not expected sjgnificantly shorter than th&Cu™—Cu' [distance (4.24: 0.35

be significant. Indeed, for the successive binding of hexahydratéd Mg A). This implies that the chargecharge repulsion between the

to two Asp /Glu~ side chains (modeled by acetate) in mononuclear ositively charaed cations is effectively alleviated by the
sites (see Results), the BSSE comprise only 0.6% and 0.3% of the totalp y 9 y y

reaction energies, respectively. Therefore, the BSSE was not considereosurrounding ligands, especially the bridging ligand(s). A cation

in the present calculations. The thermal energy including zero point IN @ higher oxidation state has a smaller ionic radius (see Table
energy Er), work (PV), and entropy $) corrections were evaluated 1) and shorter metaligand distances, resulting in a more
using standard statistical mechanical formdfaghere the S-VWN/

6-31+G* frequencies were scaled by an empirical factor of 0.9833.  Table 1. Average Distances (in A) between the Two Metal lons in

The differences\Eqeo AET, APV, andAS between the products and ~ Homobinuclear Binding Sites

Results

reactants were used to compute the reaction free energy in the gas phasemetal, M* Rior (B) Nstes? M-ME(A) m-or (&) o (€)
at room temperature] = 298.15 K, according to the following cut 0.910 4 4241 0.35 229 0.85
expression: cat 1.140 30 4.56t 0.93 2.44 1.89
Mg?* 0.860 57 4.36t 1.04 211 1.79

AGY= AE.. + AE- + APV— TAS (1) Mn2+ 0.970 52 4,04 1.08 2.21 1.58
elec T Co?* 0.885 9 391089 2.12 1.54

) ) ) ) ) ) Fet 0.920 18 3.82+0.47 2.16 1.56
Continuum Dielectric Calculations: Solution Free EnergiesThe Zn2+ 0.880 52 3.52- 0.38 2.12 1.69
reaction free energy in a given environment characterized by a dielectric ~ Cu** 0.870 5 3.29+-0.59 211 1.56
constante = x can be computed according to Scheme 1. Niz* 0.830 1 3.03 2.08 1.53
AG!, the gas-phase free energy, was computed using eq 1, as Fet 0.785 24 3.42-0.22 2.00 1.72
Mn3+ 0.785 1 3.03 2.04 1.74

described aboveAGsq, the free energy for transferring a molecule

|r! the gas phase to a antlnuous solvent medlum characte.rlze.d by a aShannon ionic radius for a hexacoordinated metal in a high spin‘dtate.
dielectric constanty, varying from 4 for totally buried metal-binding b The number of bimetallic sites containing the given metal ion in the set
sites to 80 for fully solvent-exposed sites, was estimated by solving of nonredundant protein§ The number after the distance is the standard
Poisson’s equation using finite difference methd&8. Thus, the deviation.d The average distance between the metal and the oxygen in

: - : : : [M(H20)]9" complexes optimized at the B3-LYP/6-BG* level; high-
reactli)n free energy in an environment modeled by dielectric constant spin configurations are considered for open-shell metal catfofise NBO
X, AG*, can be computed from charge on the metal in the fully optimized [M{8)s]9" complexes evaluated

at the B3-LYP/6-3%+G* level.

(32) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003.
(33) Dudev, T.; Lim, CJ. Am. Chem. So2006 128 1553-1561.

(34) Dudev, T.; Lim, CJ. Am. Chem. So2006 128 10541-10548. (39) Bashford, D. IrScientific Computing in Object-Oriented Parallel &ion-

(35) McQuarrie, D. AStatistical MechanigdHarper and Row: New York, 1976. ments Ishikawa, Y., Oldehoeft, R. R., Reynders, V. W., Tholburn, M.,
(36) Wong, M. W.Chem. Phys. Lettl996 256, 391—399. Eds.; Springer: Berlin, 1997; Vol. 1343, pp 23240.

(37) Gilson, M. K.; Honig, B.Biopolymers1986 25, 2097-2119. (40) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
(38) Lim, C.; Bashford, D.; Karplus, Ml. Phys. Chenil991, 95, 5610-5620. S.; Karplus, M.J. Comput. Chenil983 4, 187-217.
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' ' T T Mn2*, and Zi#* bound to only water and aa ligands, we
analyzed the subset of homobinuclear sites containing the same
* four dications bound to only water and aa ligands. Comparison
of the percentage frequency distributions of the first-shell ligands
in mononuclear and homobinuclear sites in Figure 2 shows that
Ca&*, Mg?*, and Mr#t exhibit similar aa preference in both
types of sites. These are Asp/Glu, followed by the backbone
for Ca&" (Figure 2a) and MY (Figure 2b), and Asp/Glu,
followed by His for Mr#* (Figure 2c¢). Water/hydroxide is also

e a common ligand for both mono- and bimetallic centers,
especially in Mgt—Mg?*" sites, where it is more commonly
found bound to M&" than Asp/Glu (Figure 2b).

In contrast to C&, Mg?", and M+, Zr?* exhibits aa
preference in homobinuclear sites that is apparently different
from that seen in mononuclear proteit® (Figure 2d). In
mononuclear Zn-binding sites, Znprefers to bind to Cys (52%)
followed by His (34%), whereas it prefers His and Asp/Glu
(33% each) to Cys (14%) in binuclear Zn sites. Furthermore,
L L L L the water content in binuclear Zn sites is roughly twice that in
3 3.5 4 4.5 the mononuclear Zn sites. These findings can be rationalized

<M-M> (Angstrom) by considering the different (catalytic or structural) roles ot'Zn
Figure 1. Plot of the average intermetallic distance in homobinuclear | catalytic Zn sites, ZA" is found bound usually to a water
gg'r?gl'gﬁzﬁecsggﬂm_c?gEtvivs'tg_;ejpw to the metal chargg. The Pearson molecule and prefe_rentially to Hi_s, fol_lo_wed by Glu, Asp and
then Cys, whereas, BtructuralZn sites, it is found tetrahedrally
compact structure of the binding sites, compared to the bound preferentially to Cys rather than His: The set of 74
respective cations in a lower oxidation state. nonredundanmonchlear Zp-bmdmg sites .contalns 50 struc-
Nontransition metal dications such as ¥Magnd C&+ seem tural and 24 catalytic Zn sites; hence,?Zns found bound

to form less compact bimetallic sites than divalent transition Predominantly to Cys residues (see above). In contrast, the set
metal ions such as M. E&+. Ca2t Ni2+. C2*. and ZR+. In of 52 nonredundartiimetalliczinc centers are mostly involved

in catalytic reactions; hence, Zhis found bound predominantly

18 |-

(e)

17 |

1.5 |-

fact, the [C&"—Ca&"distance is the longest among the ' !
dicationic bimetallic centers in Table 1, in line with its larger t© HiS and Asp/Glu residues as well as water molecules.

ionic radius, poorer charge accepting ability, and weaker N Summary, the aa preference of a given metal ion in both
binding, as compared to the other divalent cations. In general, homobinuclear and mononuclear proteins appear to be similar,

the divalent transition metal ions seem to be better charge Provided the metal ion plays the same role in both types of

acceptors than Mg and C&", as evidenced by the larger charge  S't€S-

transfer from water ligands to the former, as compared to the Metal-Binding Affinities in Mononuclear and Binuclear
latter (seeqw in Table 1). In fact, the trend in the distances Binding Sites. What is the difference between metal binding

between two homodications is generally in accord with the to amonauclear site and metal binding tdauclear site where

metal's charge-accepting ability (Table 1 and Figure 1). one of the_sites is already occupied by a metal ion? To answer
In summary, the metal separation in homobinuclear binding this q“e,s“.or‘- We assume that Kghas a!ready entered the

sites, which ranges between i85 A in theabsence/presence metal-binding cavity and subsequently binds to a carboxylate

of other ligands, depends on the charge and the electron-9roup lining the cavity. The nonbridging and bridging carboxy-
accepting ability of the metal ion lates are assumed to bind the metal ion in a monodentate and

Another characteristic feature of binuclear binding sites is bidentate mode, respectively, in accord with the preferred

the ligand bridging the two metal cations. To determine the most binding mode found in the PDB structures (see Supporting

common bridging first-shell ligand in homobinuclear sites, the Informat!on, Figure Sl);Th.e free energies for Mopinding
N S successively to AspGlu~ side chains (modeled by acetate,
percentage frequency distributions of the bridging and non-

bridging first-shell ligands in homobimetallic centers were ACE") in mononuclear sites and in the corresponding binuclear

computed (see Supporting Information, Figure S1). A negatively \f\;faerz Vgggthuies dan::? ?J\;grgll ?za;Lgee t())i];nvgg:ir::gs?t?ahs/e?r:ee);?\ci)s#i::e
charged Asp/Glu carboxylate, bidentately bound to the two metal Ma? +-occup ied tfingin sizé containing three A $ﬁzlu* side
cations, is the most common bridging ligand, followed byDH Y P 9 9

- o . chains acts as a “super” ligand, [(@EOO)Mg(HO)s-
OH-~ for the transition metal ions, regardless of whether other ~ . S .
nonprotein ligands are bound to thegmetal ion. (CHsCOO] - (abbreviated as [MgSL] ), in which one of the

. . . carboxylates bridges the two metal cations. Note that the biM
Is the first-shell ligand preference found in mononuclear Y 9 g

i . . . . carboxylate complexes in Figure 3 can be considered as
metal-bln(.jmg site¥ Fh.e same as that in the respect_lve homop|- derivatives of the respective Mgarboxylate complexes where
nuclear sites containing the same metal type? Since previous CHCOO- ligand has been replaced by the anionic?Mg
work*2 analyzed mononuclear sites containingzGaMg?",

(43) Goyal, K.; Mande, S. CProteins2007, published online 10 Sep 2007.
(41) Shannon, R. DActa Crystallogr., Sect. A976 32, 751-767. (44) Auld, D. S.BioMetals2001, 14, 271-313.
(42) Dudev, T.; Lin, Y. L.; Dudev, M.; Lim, CJ. Am. Chem. So2003 125, (45) Dudev, T.; Lim, CChem. Re. 2003 103 773-787.
3168-3180. (46) Lee, Y.-M.; Lim, C.2008 submitted for publication.
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a b
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Figure 2. Comparison between the percentage frequency distributions of first-shell ligands in mononuclear and homobinuclear PDB sites. The blue and red
bars represent the % frequencies observed in homobinuclear PDB sites (this work) and mononuclear PDB sites (from Difjlerespendtively. H20
denotes water and BKB denotes the backbone group, while the other letters denote the aa side chain that is bound to the metal ion.

containing “super” ligand, [MgSL]". Increasing the solvent ~ SL]~ counterpart because Zhis a far better electron acceptor
exposure of both mono- and binuclear binding sites attenuatesthan Mg*. Indeed, when reaction 3c was modeled with
the affinity for Mg?t, as evidenced by less negative or even [(CH3COO)Zn(HO)(CHCOO)]~ (denoted by [ZA-SL]")
positive AG* with increasing dielectric constamt(Figure 3). instead of [(CHCOO)Mg (HO)3(CHsCOO)] ~, AG! became
Magnesium binding to the “super” ligand, [M@L], in unfavorable {13.9 kcal/mol), as compared to the original
bimetallic centers appears less favorable tharf'Miinding to reaction AG! = —0.2 kcal/mol; Figure 3c). Correspondingly,
the CHCOO™ ligand in mononuclear sites, regardless of the the charge transferred from [Z8L]~ to Mg?" is 0.07e less
solvent accessibility of the site: the respective free energies, than that from [Mg-SL] .
AG*, are much less negative than those for the mononuclear |, summary, when one of the binuclear sites is occupied by
counterparts and become positive in relatively exposed binucleary cation, the other site has lower affinity toward a given metal

sites & = 10). Thus, the calculations imply that the metal- o than the corresponding mononuclear site with the same
occupied binding site decreases the affinity of the other binding nonbridging ligands.

site for a second metal ion. Atomic charge distribution analysis
(MK schemé’) reveals that this is mainly due to the poorer
charge-donating properties of the “super” ligand wheréMg
acting as a Lewis acid (electron acceptor), absorbs part of the
electron density from the bridging acetate, thus rendering the
“super” ligand, [(CHCOO)Mg(H0)3(CHsCOO)] ™, less ef-
fective in ligating a cation than GEOO . Consequently, the
charge transfer from the ligands to the metal cation in mono-

metallic centers is greater than that in their bimetallic counter- 7+t | h i tal cofactor in binucl ites?

parts. For example, the charge transfer to?Mffom 4 water _?_S 4d 0 feFt)h"?‘CG epa Ive metal co tac(:jothf inuclear st esf.

molecules and 2 acetates in the mononuclear complex in Figure 0 address this guestion, we computed the Iree energies for
replacing M@" with Zn?* in (i) rigid binding sites where the

3bis 0.22e greater than that from 4 water molecules, an acetate, . f ) .
and the [Mg-SL]~ “super” ligand in the corresponding bi- incoming Zri#* retains the octahedral geometry of the outgoing

nuclear complex. Mg?* and (ii) flexible binding sites that allow the ligands to
Along the same vein, a “super” ligand with Zninstead of rearrange so that the incoming Zncan adopt its preferred
Mg2* is expected to exhibit poorer ligating ability than its Mg~ tetrahedral geometr§p.

Metal Cation Selectivity in Mononuclear and Binuclear
Binding Sites. Does metal binding to one site affect not only
the metal-binding affinity but also the metal selectivity of the
other site? Our previous watkhad shown that Mg -binding
sites do not appear to be specific for ¥g other divalent
metals, especially 2, may dislodge Mg" from rigid binding
sites that do not allow for any ligand rearrangement. Would an
extra metal-binding site inhibit/facilitate other dications such

(47) Besler, B. H.; Merz, Jr., K. M.; Kollman, P. Al. Comput. Chenil99Q (48) Dudev, T.; Lim, CJ. Phys. Chem. B001, 105 4446-4452.
11, 431-439. (49) Dudev, T.; Lim, CJ. Am. Chem. So@00Q 122, 11146-11153.
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Figure 3. Free energiesAG* (in kcal/mol), for replacing HO with CH;COO~ (ACE™) and [(CHCOO)Mg(H0)3(CH3COO)]~ (denoted by [Mg-SL]")
in (@) [Mg(Hz0)6)%", (b) [Mg(H20)sCH3COOT", and (c) [Mg(HO)4(CHsCOO)]° complexes in a protein cavity characterized by dielectric conskant,

(a) Rigid Sites.The substitution of M§" with Zn?* in rigid mononuclear counterparts, regardless of the solvent exposure
binuclear binding sites is less favorable than that in mononuclearand total charge of the metal complex. This trend is mainly
centers (Figure 4): the free energy for replacing?Mgvith due to the poorer charge-donating ability of the “super” ligand

Zn?" in a binuclear site is less negative than that in the compared to CBCOO™ which affects ZA™ binding more than
corresponding mononuclear site, regardless of the net chargeMg?* binding. The tendency becomes even more obvious when
(0 for the complexes in Figure 4a ardl for the complexes in  the substitution of Mg with Zn?" occurs in a trinuclear binding
Figure 4b) and solvent exposure of the binding pocket. As the site containing two “super” ligands (Figure 6). As expected,
metal substitution becomes less favorable with increasing solventthe presence of another [M@L]~ in the binding site results
exposure of the bimetallic centerS@* becomes generally less  in a further reduction of the free energy gain upon replacing
negative/positive with increasing, Zn** may not be able to Mg?" with Zn?™: AG* (—12.2 kcal/mol) and\G1° (—12.3 kcal/
replace M@" in a solvent-exposed, rigid binuclear site. mol) for forming the binuclear [CECOOG-Zn(H,0),:Mg—SL]

(b) Flexible Sites.The substitution of Mg~ with Zn?* in complex (Figure 5a) decreases te2.3 and 0.3 kcal/mol,
flexible mono-and binuclear binding sites (Figure 5) is more respectively, in the trinuclear [MgSL-Zn(H,O),-Mg—SL]
favorable than that in the respectisigid binding sites (Figure structure (Figure 6).

4). This is not surprising in view of the strong preference of  In summary, binuclear/trinuclear Mt-binding sites are less
Zn?" toward tetrahedral coordination in carboxylate-containing prone to Z#* substitution and are thus more selective than the
complexe$® and the favorable contribution of the two liberated respective mononuclear centers. A second or third'Minding
water molecules to the reaction entropy and solvation free site seems to play a protective role against unwanted metal
energy. However, as for the substitution of Mgvith Zn?* in substitutions. Conversely, the reverse of the reaction in Figure
rigid binding sites, replacing Mg with Zn2" in flexible 6 indicates that tetrahedral Zn sites in mixed-Ang trinuclear
binuclear metal centers is less favorable than that in flexible centers are not as selective as the respective mononuclear Zn
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Figure 4. Free energiesAG* (in kcal/mol), for replacing Mg" with Zn?" in rigid (a) neutral and (b) anionic mono- and binuclear@#inding sites

characterized by dielectric constanrt,

sites (reverse of the reaction in Figure 5a) and*Zecould be
vulnerable to substitution by Mg, especially if the site
substituted by Mg~ was stabilized by hydrogen-bonding
interactions from the second-shell ligarfds.

Validation of the Models Used. Although the model
binuclear Mg+ complexes in Figures -35 had been fully

only to a water oxygen but also the Leu120 backbone carbonyl
oxygen and a phosphate oxygen.

To determine if site | in the 1EYI structure exhibits lower
metal affinity than the respective mononuclear site with the same
net charge and nonbridging ligands, as predicted by the model
complexes (see above and Figure 3), we modified the Leu120

optimized in the gas phase, they reproduce structural parameterdackbone oxygen to a water oxygen in the 1EYI structure and

of binuclear Mg@*-binding sites found in the PDB: the average
distance between Mg and the bridging carboxylate oxygen
in the fully optimized binuclear M complexes depicted in
Figures 3-5 (2.05 A) is close to the average experimental value
(2.13 £ 0.10 A). Likewise, the calculatedMg2*—Mg2t0
distance (4.81 A) falls within the error limit of the experimental
value (4.38+ 0.70 A) determined for binuclear Mé-binding
sites bridged by Asp/Glu side chains.

To ensure that the fully optimized model complexes do not
bias the findings, we estimated the RMepinding affinity using
more realistic mono- and binuclear Kfgbinding sites extracted
from X-ray structures. We chose the mononuclea?Magjnding
site of avian sarcoma virus integrase (PDB entry 1VSD), as it
resembles the mononuclear [Mg(€EDO)(H20)4] complex in
Figure 3b with Mg+ bound monodentately to two carboxylates
(Asp64 and Aspl121) and four water molecules. Unfortunately,
no PDB structure contained a binuclear Mgite with one of
the sites containing the same Rtgbound atoms as the 1VSD
site. However, site | in the binuclear Migsite of fructose-1,6-

removed two water molecules from the 1VSD structure so that
both site | in the 1EYI structure and the mononuclear site in
the 1VSD structure have the same net charge and nonbridging
ligands. The metal(s) and the Kgbound aa side chains and
water oxygen atoms were then cut out from the respective PDB
structures by truncating the aa side chains at the@sition.
The X-ray positions of all atoms were fixed and missing
hydrogen atoms were added using GaussView in the Gaussian03
program. The resulting metal complexes, with and without
Mg?*, were then subjected to single-point electronic energy
calculations at the B3LYP/6-3#1+G(2df,2p) level. The trend
in the binding energies\E = E(binding pocket with M§") —
E(binding pocket without Mg") — E(Mg?"), for the PDB-
derived mono- and binuclear Mgbinding sites is in accord
with the predictions based on the model complexes: site | from
the bimetallic center in the 1EYI structure exhibits lower metal
affinity (AE = —563.2 kcal) than the respective mononuclear
site in the 1VSD structureAE = —654.9 kcal/mol).

To verify that the presence of second-shell ligands do not

bisphosphatase (PDB entry 1EYI) resembles the 1VSD site, asalter the above finding, second-shell aa side chains or backbone

the Md?™ is bound monodentately to two carboxylates (Glu97
and Asp118), while site Il resembles the “super” ligand, fMg
SL]~, with Mg?* bound to 3 carboxylates (Asp118, Asp121,
and Glu280). However, the Mg in site | is also bound not
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groups that hydrogen bond with the first-shell aa ligands were
added to the inner-shell PDB structures. In 1VSD, the Asn160
side chain and the Gly123 backbone amide hydrogen bond with
Asp64 and Aspl21, respectively. In 1EYI, the Asn64 side chain
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Figure 5. Free energiesAG* (in kcal/mol), for replacing Mg" with Zn?* in flexible (a) neutral and (b) anionic mono- and binuclear?#ginding sites

characterized by dielectric constanrt,
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Figure 6. Free energiesAG* (in kcal/mol), for replacing Mg" with Zn?+
in a flexible trinuclear M@"-binding site characterized by dielectric
constantx.

hydrogen bonds with Glu97, while the Val249 and Arg276

backbone amides interact with Asp121 and Glu280, respectively.
These second-shell ligands were cut out from the respective
PDB structures by truncating the aa side chains and backbon

amide at the ¢ position. Missing hydrogen atoms were added
using GaussView to the PDB-derived first- second-shell
complexes, and their B3LYP/6-3+H-G(2df,2p) energies in the
presence and absence of ¥Mgvere computed. The resulting
binding energies show the same trend in thaéMginds with

e

lower affinity to the 1EYI site | AE = —535.6 kcal/mol) than
the 1VSD mononuclear counterpa = —639.0 kcal/mol).

In summary, calculations employing both first-shell and
first- + second-shell complexes derived from PDB structures
yield the same conclusion as the fully optimized model
complexes.

Discussion

It is intriguing that Nature employs a single metal cation in
a certain enzyme but two metal cations for the same enzymatic
reaction in other proteins. For example, metgiitactamase
from Aeromonas hydrophilamploys a single Z to catalyze
the hydrolysis ofs-lactam antibiotics, but that frof@acteroides
fragilis uses two ZA" for the same enzymatic reactiéh.
Although the extra metal ion in bimetallic centers has been
postulated to have beneficiary effects on the catalytic process,
its advantages/disadvantages in terms of the metal-binding
affinity and selectivity of the free binuclear site were not known
(to the best of our knowledge). The calculations herein reveal
the effects of the extra cation on metal-binding affinity and
selectivity and the physical bases/origin of these effects. To
further verify our findings, the experimental literature was
searched for relevant dataur findings were found to be in
line with available experimental data, as discussed below.

Effect on Metal-Binding Affinity. A given metal center in
a binuclear binding site exhibits lower metal affinity than the
respective mononuclear site possessing the same overall charge
and number of negatively charged aa residues. This is because

(50) Badarau, A.; Page, M. Biochemistry2006 45, 10654-10666.
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a metal dication occupying an adjacent site acts as a Lewis acid,Zn?" in biMg?" sites is not as favorable as in the respective
absorbing some of the electron density of the bridging carboxy- monoMdg" sites. Rigid Mg@*"-binding sites that do not allow
late/hydroxide, thus compromising the charge-donating ability the ligands to rearrange upon metal exchange are less vulnerable
of the bridging ligand, which thus coordinates another metal to substitution by Z#&" (small exchange free energies; Figure
cation more weakly than a “metal-free” carboxylate/hydroxide. 4) than the respective flexible binding sites (more favorable
Note that the stronger the Lewis acidity of the metal cation exchange free energies; Figure 5). This implies that rigid'Mg
occupying a binding site, the more pronounced this effect Mg2" centers are better protected against substitutions from
becomes. Thus 2, which is a stronger Lewis acid than Kfg transition metal dications such asZrthan their mononuclear
reduces the ligating ability of the bridging carboxylate/hydroxide counterparts, whereastracoordinatedZn?* in solvent exposed
more than M§" (see Results). The charge-donating ability trinuclear sites (reverse reaction in Figure 6) appear less specific
difference between a free and metal-bound carboxylate impliesfor Zn?* than their mononuclear counterparts (reverse reaction
that the two metal-binding sites are unlikely to bind the same in Figure 5a).
metal cation with similar affinity, if metal binding proceeds in Biological Implications. What types of advantages could the
a stepwise manner. The first metal cation would bind to one or weak metal binding of one of the sites in binuclear enzymes
more free carboxylates in a binuclear site with higher affinity confer? One plausible advantage for certain enzymes such as
than the next cation that binds to a bridging metal-bound xylose isomerase is that the weak metal binding of one of the
carboxylate. binuclear sites would enhance the metal cofactor mobility in
Experimental Support. Although Mg#+/Zn>"—carboxylate achieving the transition stafézurthermore, the additional metal
complexes were used to model mono- and binuclear binding center in binuclear M§j enzymes may not only contribute to
sites herein, the present results seem to have broader implicationgncreasing the efficiency of the catalytic process (see Introduc-
and cover other bimetallic sites. That a metal-occupied site tion) but it may also play a protective role against unwanted
attenuates the affinity of its neighboring site for another metal transition metal substitutions. This is especially helpful for a
cation of similar or reduced Lewis acidity is supported by several relatively weak Lewis acid like Mg, which forms a weaker
experimental observations. For example, &Feccupied bind- bond with a given ligand than 2h and is therefore easily
ing site (consisting of 1 His and 3 Glu residues) of the diiron replaced if the concentrations of the two metal ions were similar.
ribonucleotide reductase has been shown to significantly In contrast, additional metal centers in enzymes may facilitate
decrease the affinity for both Feand Mr?t of the adjacent a solvent exposed 2h to be replaced by Mg, as illustrated
binding site (comprising 1 His, 1 Asp, and 2 Glu residis). in Figure 6. One possible advantage of such promiscuity is that,
Other bimetallic centers such as Rg-Mg?" in glucose in case of transition metal deficiency, the protein may easily
isomerastand Zr#"—Zn?* in D-aminoacylasé® metalloami- bind another divalent cation available in the surrounding milieu
nopeptidase¥ and some metallg-lactamased also possess  (for example, M§", which is abundant in the cellular fluids)
different metal-binding affinities. It is interesting to note that and utilize it in the enzymatic reaction. Indeed, some transition
even the higher affinity metal-binding site in binuclear metallo- metal binuclear enzymes (metalloaminopeptidases, enolase,
pB-lactamase fronB. cereusconsisting of 3 His residues and a D-hydantionase, glucose (xylose) isomerase, and protein phos-
(bridging) water/hydroxide ligand, has lower affinity for Zn phatase 2C) are still active with Mg bound to the active
(Kg = 0.6-1.8 nMP4) than the respective mononuclear?Zn site/9.13,52,53
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of the binding pocket have important implications on the metal in the PDB structures of proteins containing homobinuclear
selectivity of the other binding site in binuclear metalloproteins. binding sites (Figure S1). This material is available free of
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are affected by changes in the ligand properties more than thosejag76277H

with a weaker Lewis acid such as Kig replacing Mg+ with
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