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Abstract: Trivalent lanthanide cations are extensively being used in biochemical experiments to probe
various dication-binding sites in proteins; however, the factors governing the binding specificity of lanthanide
cations for these binding sites remain unclear. Hence, we have performed systematic studies to evaluate
the interactions between La®" and model Ca?*- and Mg?*-binding sites using density functional theory
combined with continuum dielectric methods. The calculations reveal the key factors and corresponding
physical bases favoring the substitution of trivalent lanthanides for divalent Ca?* and Mg?* in holoproteins.
Replacing Ca?* or Mg?* with La®" is facilitated by (1) minimizing the solvent exposure and the flexibility of
the metal-binding cavity, (2) freeing both carboxylate oxygen atoms of Asp/Glu side chains in the metal-
binding site so that they could bind bidentately to La®", (3) maximizing the number of metal-bound carboxylate
groups in buried sites, but minimizing the number of metal-bound carboxylate groups in solvent-exposed
sites, and (4) including an Asn/GIn side chain for sites lined with four Asp/Glu side chains. In proteins
bound to both Mg?* and Ca?*, La%" would prefer to replace Ca?", as compared to Mg?". A second Mg?*-
binding site with a net positive charge would hamper the Mg?™ — La®* exchange, as compared to the
respective mononuclear site, although the La®* substitution of the first native metal is more favorable than
the second one. The findings of this work are in accord with available experimental data.

Introduction been performed to elucidate the factors governing the binding
affinity and specificity of lanthanide cations for protein binding
sites. To complement the experimental studies, we attempt here
to provide some guidelines and physical principles governing
the metal substitution (in particular Mg and C&") by

lanthanide cations.

Lanthanide cations (L31) are increasingly being used in both
crystallographic and spectroscopic studies of biological systems.
The crystallographic applications involve using lanthanide ions
to determine the phases of the diffracted X-rays by multiple
isomorphous replacement or multiwavelength anomalous disper-

sion12 Spectroscopic applications include using luminescent
lanthanide ions in bioanalytical ass&ysto determine the
interdomain distance of proteifign particular, NMR spectro-
scopic applications make use of the large anisotropic magnetic
susceptibility of paramagnetic lanthanides, which gives rise to
large pseudocontact shifts that can be observed for residues a
far as 40 A from the metal center, to obtain long-distance
restraints for protein structure determinatfo.However, to

Lanthanides have been extensively used to probe alkaline
earth metal-binding sites (€abinding sites in particular) in
proteins, which have few chemical properties that can be used
to explore their biochemistry in situ. Ehshares certain physical
and chemical properties with Mg and C&".19 Lanthanides,
Mg?*, and C&" behave as hard-acid cations, preferring to bind
“hard” bases containing oxygen and fluorine, rather than “soft”
bases containing nitrogen, phosphorus, and stifuanthanides

the best of our knowledge, no systematic theoretical studies have?!S0 behave more like alkaline earth metal dications than like
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the transition metals in that their bonding is essentially iéhic.
Directed “covalent” bonding typically observed in the transition
elements is not seen in BEhmainly because the f-electrons do
not play a major role in lanthanieldigand bonding>13A slight
amount of covalency in lanthanide bonds has been attributed
to the involvement of the lanthanide 6s orbitals rather than the
4f orbitals! Lanthanides, exhibiting a range of ionic radii
encompassing that of €3 appear to be almost ideal biomimetic

) Evans, C. HBiochemistry of the LanthanideBlenum: New York, 1990.
) Cotton, F. A.; Wilkinson, GAdvanced Inorganic ChemisnpyWiley &
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agents for C& . For example, lanthanum (B8 and C&" have
similar ionic radii: 1.17 and 1.14 A, respectively, for six-
coordinated ions, and 1.30 and 1.26 A, respectively, for eight-
coordinated iond® Although Lr?* has larger ionic radii than
Mg2*+ (0.86 AlS for six-coordinated Mg"), it has been suc-
cessfully used to probe Mg-binding sites as welé-23

chains at loop positions 1, 3, and 5 coordinate monodentately
to C&*, whereas both Glu carboxylate oxygen atoms at the last
loop position bind bidentately to €a A backbone carbonyl
oxygen of loop residue 7 and a water molecule bridging to loop
residue 9 complete the heptacoordination geonf&t#§Out of
these C#-binding residues, the monodentately bound aspartate,

However, lanthanides also possess properties distinct fromthe backbone carbonyl group, the water molecule, and the

Mg?" and C&". For example, L& is a better Lewis acid than
Mg?" and C&" because the iy, of the aqua ions is 11.4 for
Mg?" and 12.8 for C&", but 9.0 for L&".24 The coordination

bidentately bound glutamate at loop positions 1, 7, 9, and 12,
respectively, are highly conservéd.

Lanthanides have also been used to probé™Miinding sites

chemistry of lanthanides appears to be more flexible than thatin enzymes, but to a more limited extent tharfGhinding sites.

of Mg2" and C&".2> A survey of lanthanide-binding sites

Examples include a mononuclear binding site in malic en-

composed of only amino acids and water molecules in the zymeg® and binuclear binding sites in inositol monophos-

Protein Data Bank (PDBj shows that the maximum coordina-
tion number (CN) is eight, while the average CN in%Ga

phatas&1%21and some polymerasé%?? These metal-binding
sites consist of two to three Asp or Glu residues, complemented,

replaced binding sites is 7.2, whereas that in adventitious sitesin some cases, by a backbone carbonyl grt#p22

is 4.427 On the other hand, the observed CN ofCi proteins
varies from 6 to 92 the average CN is six, while for EF-hand
sites it is sevef’ Unlike lanthanides and €, the CN of Mg "

in proteins is predominantly si.

Partly because of the aforementioned properties of the
lanthanide metals as well as their optical and paramagnetic C&*/Mg

properties, they have been widely used to replacé"Ca

Although C&" and Mg" can be functionally replaced by
various trivalent lanthanide io#$%16-23 many questions remain
concerning the molecular aspects of this substitution. For
example, (1) do the solvent exposure and the flexibility of the
metal-binding site in the metal-bound protein (holoprotein) affect
2+ — | n3* substitution, and if so, to what extent?
(2) Considering that the denticity of a ligand is known to play

especially in EF-hand proteins, which are involved in many 4, jimportant role in protein functiéh and in determining
physiological processes such as muscle contraction, vision, Ce"binding affinities and coordination geometries in small com-

cycle regulation, brain cortex and cerebellum modulation, and
microtubule organizatiof? EF-hand proteins contain a Ca-
binding motif (the EF-hand motif}t which has more than 500
entries in the PDB2 The canonical EF-hand motif consists of

a contiguous 12-residue Ca-binding loop flanked by two helices ¢ ,p«titution? (4)

forming a conserved helixloop—helix structure’®>—3> Residues
1, 3,5, 7,9, and 12 of the Ca-binding loop bind?Can a
pentagonal bipyramidal geomef§Asp/Glu carboxylate side
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plexes?’41 how would the carboxylate-binding mode (mono-
dentate/bidentate) affect the substitution of Car Mg?* for
lanthanide ions? (3) What amino acid composition of2ig
and C&"-binding sites would favor the G&/Mg?" — Ln3*

In proteins where both Mgand C&*-binding
sites are present, which metal-binding site {@&lg2") would

be more susceptible to Bh substitution? (5) In proteins
containing both mononuclear and binuclear metal-binding sites,
which metal-binding site (mononuclear or binuclear) would be
more susceptible to 51 substitution and how would the Enh
substitution of the first native metal affect the thermodynamics
of the second metal exchange?

To address the above questions, we have carried out
systematic theoretical studies to evaluate the interactions
between lanthanide cations and modefCand Mg+ com-
plexes. We chose to study Haamong the lanthanides series
for two reasons. First, 134 is a closed-shell ion that will yield
more reliable results from quantum chemical calculations (see
below) than open-shell lanthanide ions. Second, its chemical
properties are similar to those of the other lanthanides. To
determine the most preferableCAMg?*-binding site for L&"
to replace C&/Mg?", we computed the free energies for
replacing C&/Mg?" with La®" in typical C&"- and Mg+-
binding sites containing different combinations of carboxylates
and backbone amides using density functional theory (DFT)
combined with continuum dielectric methods (CDM), as
described in the next section. To assess if the solvent exposure
and the flexibility of the metal-binding site in the holoprotein

(37) Falke, J. J.; Drake, S. K.; Hazard, A. L.; Peersen, GQBRe. Biophys.
1994 27, 219-290.

(38) Gopal, B.; Swaminathan, C. P.; Bhattacharya, S.; Bhattacharya, A.; Murthy,
M. R. N.; Surolia, A.Biochemistry1997, 36, 10910-10916.

(39) Yang, W.; Lee, H.-W.; Hellinga, H.; Yang, J.Broteins: Struct., Funct.,
Genet.2002 47, 344-356.

(40) Dudev, T.; Lim, CJ. Phys. Chem. B004 108 4546-4557.

(41) Ozawa, T.; Fukuda, M.; Nara, M.; Nakamura, A.; Komine, Y.; Kohama,
K.; Umezawa, Y.Biochemistry200Q 39, 14495-14503.
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affect the C&"/Mg%™ — Ln3" exchange, we investigated
mononuclear Mg /Ca"-binding sites of varying degrees of
solvent exposure that were either (i) rigid, forcing the incoming
La®" to adopt the native metal’s coordination geometry or (ii)
flexible, allowing the incoming L# to adopt its most favorable
coordination configuratio® To evaluate the effect of the
carboxylate-binding mode (monodentate/bidentate) on tRe Ca

— La®* exchange, we examined classical EF-hand binding sites

with and without changing the original carboxylate-binding
mode. To determine the effect of the ¥mnsubstitution of the

first native metal on the thermodynamics of the second metal

exchange, we examined Mig— La®" substitution reactions in

model binuclear-binding sites. These calculations reveal the key

factors and corresponding physical bases favoring G4g2*"

Table 1. Comparison between Computed and Experimental
Average Metal—O Distances in [La (H20)q]**, [Ca (H20)e]%", and
Mg (H20)e]**

Metal-O (A)
molecule? calcd® expte
[La (H20)q]%" 2.55 2.55+ 0.04
[Ca (H:0)g) %+ 2.36 2.34+ 0.07
[Mg (H20)e]** 2.05 2.07+0.03

aThe CN of L&" and Mg in aqueous solution are niffeand six34:51
respectively, while that of Ca ranges between six and 10, with six
appearing to be the most comm®.” b From fully optimized S-VWN/
(SDD, 6-31G*) geometries® From Cambridge Structure Database analy-
sis; this work.

Scheme 1

. . . . 1
— Ln3" substitution in C&/Mg2" proteins. AG
Methods Reactants (e =1) - Products (e= 1)
Models Used.The metal and ligands forming the first shell were G, (Reactants) | 1 AG_, (Products)
treated quantum mechanically to account for electronic effects such as
charge transfer from the ligands to the metal. The rest of the protein Reactants (€ = x) N Products (€ = x)
was treated as a dielectric continuum characterized by various dielectric
constants mimicking varying degrees of solvent exposure of the metal- AG

binding site. The side chains of Asp and Glu, which are most commonly
found bound to C&, Mg?", and lanthanides in proteid&>*>were
modeled by formate, HCOQ while the side chains of Asn and GIn
and the peptide backbone group were modeled by HCOISihce
C&" is usually seven-coordinated in EF-hand proteins whileéMg
predominantly six-coordinated in proteins, the?Cand Mg* com-
plexes were modeled as Ca And Mg Ls, respectively (L= HO,
HCONH,, or HCOO"). Lanthanum complexes were modeled as La
Le, La Lz, and La lg. In aqueoussolution, the CN of L& and Mg+
have been measured to be nine and*is§ respectively, while that of

at the minimum of its potential energy surface. No imaginary frequency
was found in any of the metal complexes. After scaling the frequencies
by an empirical factor of 0.9833,we evaluated the thermal energy
including zero point energygf), work (PV) and entropy (S) corrections
using standard statistical mechanical form&faghe electronic energies
Eciec were then evaluated at the B3-LYP/(SDD, 6+33*)//S-VWN/
(SDD, 6-31-G*) level. The differences\Eeeq AEr, APV, andAS
between the products and reactants were used to compute the reaction
free energy at room temperatur€,= 298.15 K, according to the

C&" ranges between six and 10 with six appearing to be the most following expression:

common?>#” Hence, C&", Mg?", and L&" in aqueous solution were
modeled as [Ca ()D)e]?", [Mg (H20)s]?", and [La (HO)g]*" hydrates,
respectively.

DFT Calculations. Full geometry optimization for each complex
studied was carried out using the Gaussian 03 protframploying
the S-VWN functional with the SDD effective core potential forfta
and the 6-3%G* basis set for all the other atoms. This functional/

AG= AE .+ AE; + APV — TAS Q)
Continuum Dielectric Calculations. The reaction free energy in a
given environment characterized by a dielectric constantx can be
calculated according to SchemeAG! is the gas-phase free energy
computed using eq 1, as described abav&s. is the free energy

basis set combination was chosen as it reproduces the experimentallyfor transferring a molecule in the gas phase to a continuous solvent

observed metalO bond distances in B4, C&", and Mg" hydrates
within the experimental error (Table 1).

For each fully optimized structure, S-VWN/(SDD, 6-BG*)
vibrational frequencies were computed to verify that the molecule was

(42) Dudev, T.; Lim, C.J. Phys. Chem. R001, 105, 4446-4452.

(43) Dudev, T.; Cowan, J. A.; Lim, Cl. Am. Chem. Sod.999 121, 7665~
7673.

(44) Marcus, Y.Chem. Re. 1988 88, 1475-1498.

(45) Ohtaki, H.; Radnai, TChem. Re. 1993 93, 11571204,

(46) Markham, G. D.; Glusker, J. P.; Bock, C. L.; Trachtman, M.; Bock, C. W.
J. Am. Chem. S0d.996 100, 3488-3497.

(47) Harding, M. M.Acta Crystallogr.1999 D55, 1432-1443.

(48) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo,
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador P Dannenberg J.J; Zakrzewsk| V.G,; Dapprlch S, Danlels
A. D; Stram M. C.; Farkas, O.; Malick, D. K Rabuck, A. D.;
Raghavacharl K.; Foresman J. B.; Ortiz, J. V.; CUI Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B,; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
revision B.01; Gaussian, Inc.: Pittsburgh, PA, 2003.

medium characterized by a dielectric constanBy solving Poisson’s
equation using finite difference meth&e® to estimateAGso* (see
below), the reaction free energy in an environment modeled by dielectric
constantx, AG*, can be computed from:

AG* = AG" + AG,,(products)— AG,,, (reactants)  (2)
The continuum dielectric calculations employed ax171 x 71
lattice with an initial grid spacing of 1.0 A and were refined with a
spacing of 0.25 A, ab initio geometries, and natural bond orbital (NBO)
atomic charge$! The low dielectric region of the solute was defined
as the region inaccessible to contact by a 1.4 A radius sphere rolling
over the molecular surface. This region was assigned a dielectric
constant of two 4, = 2) to account for the electronic polarizability of
the solute. The molecular surface was defineefigctve solute radii,
which were obtained by adjusting the CHARMM (version 22)an

(49) Wong, M. W.Chem. Phys. Lett1l996 256, 391—399.
(50) McQuarrie, D. AStatistical MechanigHarper and Row: New York, 1976.
(51) Markham, G. D.; Glusker, J. P.; Bock, C. W.Phys. Chem. BR002 106,
5118-5134.
(52) Gilson, M. K.; Honig, B.Biopolymers1986 25, 2097-2119.
53) Lim, C.; Bashford, D.; Karplus, Ml. Phys. Cheml991, 95, 5610-5620.
(54) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899-926.
(55) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Cheni983 4, 187-217.

J. AM. CHEM. SOC. = VOL. 127, NO. 11, 2005 4093



ARTICLES Dudev et al.

Table 2. Comparison between Computed and Experimental and presence of a formamide. Two cases were considered
Hydration Free Energies assuming that L¥ retains the same carboxylate-binding mode
AGio® (kealmol) as C&". In the first case, metal exchange takes place in a rigid
metalligand caled expt errora binding site (Table 3, reactions—B), where the holoprotein
La3t —791.7 —791.p 0.6 matrix does not allow any amino acid rearrangements upén La
cat+ —381.5 —380.8 -0.7 substitution. Thus, L adopts the same CN as €af seven:
Mg2* —456.3 —455.8 —-0.8
HCOO" —-82.1 -82.0° -0.1 A 1-n
HCONH, 106 _10.0¢ 06 [CaW;_,,_(HCONH,),, (HCOO) (HCOO) ] "+
H>0 7.1 —6.3 -0.8 [La \/\/9]3Jr —
aError = AGson8(calcd) — AGson2%expt). P From Friedman and Krish- [LaWg_,,_,(HCONH,),, (HCOO) (H CO0)] -
nan, 19737 ¢From Lim et al., 19973 9 Experimental solvation free energy ot
of HC5(9)NH(CH;) from Wolfenden, 19782 ¢ From Ben-Naim and Marcus, [CaWy“"+3H,0 m=0,1;,n=0,1,2,3 (3a)
1984

The second case differs from the first in that the metal exchange
occurs in a flexible binding site in the holoprotein (Table 3,
reactions 9-12) that allows L&" to expand the CN from seven

to eight.

der Waals radii to reproduce the experimental hydration free energies
of the metal cations and ligands (see below and Table 2). Poisson’s
equation was solved with, = 2 andeo = 1, 4, 10, 20, or 80 to yield
electrostatic potentials in the gas phasg € 1) and in protein cavities
with increasing solvent exposure (represented by increasiygThe s 1-n 3+
difference between the computed electrostatic potentials in a given [Ca W;_,(HCOO) (HCOO)| + [LaWe]™ —
dlelequc medium &, = X) and in the gas phase,(; = 1) yielded the [La We_, (HC()C)) (HCOO)n] 2=n 4 [Ca W6]2+ + 2H,0
solvation free energAGson*. n=0,1,2 3 (3b)
The effective solute radii, which have been parametrized for S-VWN/ T
(SDD, 6-3HG*) geometries and NBO charges, are as follows (in A):

Ra =215 Rea = 1.75,Rug = 1.50, Rosp2 = 1.88, Ry = 1.75, Ro- and 3b in metal-binding sites of various degrees of solvent
(H.0) = 1.84, R(HCONH,) = 1.78, Ro(H.O—Metal) = 1.70,

Ro(HCOO ) = 1.60, Ry = 1.468,Ru(H,0—La) — 0.98,Ru(H;0—Ca) ggposure, modeled by dielec_tric constamtsanging from 4_to
= 1.09, andRy(H-0—Mg) = 1.16. These effective solute radii ’ _Were C(_)mputed according to _SCh_eme_ 1. For buried or
consistently overestimate the magnitude of the experimental hydration Partially buried (4= x < 80) metal-binding sites, we need to
free energies of the metal cations and individual ligands by less than &S0 consider desolvation of [La J¥* and solvation of [Ca
1 kcal/mol (see Table 2). Note that by adjusting the solute radii to Wg]?" and the released water molecules. These effects, however,
reproduceexperimentahydration free energies, errors in computing cancel in comparing two reactions with the same [Lg]3W
AGson° due to (a) the assumption of the gas-phase geometry in the coming in from aqueous solution and the same products ([Ca
different dielectric environments, (b) uncertainties in the dielectric \Wg]2+ andnH,0) released into solution (see below).
_bounda_ry, and _(c) _th_e neglecF of nonelectrostatic selstdvent Both heptacoordinated €aand L&' structures adopt an
interactions are implicitly taken into accouit. irregular geometry without a clear preference for a particular
symmetry (Figures 1 and 2). For both®Cand L&" complexes,
monodentate carboxylates are stabilized by hydrogen bonds with
In this work, we compute the free energies for replacing the neighboring water ligand(s), and their average me@bond
native cofactor (C& or Mg?*) with La®" in various model length is shorter than the respective meta(bidentate) bond
metal-binding sites. In modeling the metal exchange reactions distance (by 0.07 to 0.09 A). However, the average metal
we assume the following steps: First, a hydratedLiom OHc00(2.40 A) and metatO (2.47 A) bond distances in €a
aqueous solution is able to find the metal-bound cavity. Next, complexes are shorter than those (2.43 and 2.52 A) in the
the metal-exchange reaction (eqs® occurs in the metal-  respective L& complexes (by 0.03 and 0. 05 A).
binding site, characterized by a given dielectric constant. Finally, ~Comparison of the G4 — La®*" exchange free energies in
the native metal cofactor (Zaor Mg?") and water molecule-  going from reaction I— 4 in Table 3 reveals that whether
(s) are released into solution. Because our interest is in howincreasing the number of carboxylates that can coordinate to
properties of the metal-binding site (such as its flexibility and La*" could facilitate it to replace C& depends on the relative
number of metal-bound carboxylate or carbonyl oxygen atoms) solvent exposure of the metal-binding site. In the gas phase and
affect the C&"/Mg?+ — La3* substitution, we focus on the free  in buried Ca-binding sites, the €a— La*" exchange in Ca
energy change betwedwo reactions. Therefore, factors that carboxylate complexes becomesore favorable with an in-
are common for the two reactions such as the desolvation of creasing number of HCOObound to the metal (Table 3G
La3* in coming from aqueous solution to the metal cavity and values,x < 10, in going from reaction > 4 become more
the solvation of C&/Mg2+ and water molecules in leaving the negative), implying that the more HCOGhere are in the C&
cavity to solution would cancel. complex, the more thermodynamically favorable fotao
La3" as a Substitute for C&*. Dependence on the Number ~ feplace C&". This is partly because Ea can accept more
of Carboxylate Groups. We first assessed how the number of N€gative charge from the formates tharf Cas evidenced by
formate molecules bound to Eaaffects the free energy for  the greater charge transfer to’tacompared to that for Ca
replacing C&" with I._a3+ in model Ca-binding sites, consisting (56) Dudev, T.; Lim, C.J. Am. Chem. So@000 122 1114611153,
of C&™ heptacoordinated to a formate bidentately (denoted by (57) Friedman, H. L.; Krishnan, C. VThermodynamics of ionic hydratipn
HCOO), one to three formates monodentately (denoted by )P'e”“m Press: New York, 1973; Vol. 3.
)

The C&" — La®" exchange free energieAGX, for egs 3a

Results

. (58) Wolfenden, RBiochemistryl978 17, 201—204.
HCOO), and water molecules (denoted by W) in the absence (59) Ben-Naim, A.; Marcus, YJ. Chem. Phys1984 81, 2016-2027.
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Figure 1. Ball-and-stick diagram of the fully optimized hepta-  Figure 2. Ball-and-stick diagram of the fully optimized hepta-
coordinated (a) [Ca W(HCOO)]*, (b) [Ca W, (HCOO) (HCOO)P, (c) coordinated (a) [La W/(HCOQ)]?*, (b) [La W4 (HCOO) (HCOO)T', (c)
[Ca W3 (HCOO) (HCOOY]™, and (d) [Ca W (HCOO) (HCOO)] 2. [La W5 (HCOO) (HCOO)]®, and (d) [La W (HCOO) (HCOO)] .
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Table 3. Calculated AG* (kcal/mol) for Ca?* — La®* Exchange without Changing the Carboxylate Binding Mode in Seven-Coordinated Ca
Complexes in Media of Dielectric Constant, x

reaction no. reactant metal complex + [La W[** product metal complex + [Ca Wg]?* AAGF  AHY  TASYH  AGH AG* AGY AGY®  AG®*
Rigid Sites, CN\2=7; CN-a=7 Same Formate Binding Mode
1 [Ca Ws (HCOO)* [LaWs (HCOD)]2++ 3W 019 -242 312 -554 -181 —12.1 —10.9 —-7.2
2 [Ca W, (HCOO) (HCOO)P [LaW, (HCOO) (HCOO)I" + 3W 0.16 —113.4 29.2 —142.6 —32.7 —11.1 —-42 4.1
3 [Ca W (HCOO) (HCOOY]~ [Laws (HCOO) (HCOOY]*+ 3W 0.19 —192.4 28.8 —-221.2 —47.7 —134 -22 93
4 [Ca W, (HCOO) (HCOOY] 2 [Law, (HCOO) (HCOO)Y]~ + 3w 0.19 —2724 27.8 —300.2 —64.9 —16.7 -0.8 145
5 [Ca W; Fm (HCOO)]+ [La W4 Fm (HCOO)]?" + 3W 0.19 -335 314 -649 —-157 -7.0 —-47 —0.1
6 [Ca Ws Fm (HCGD) (HCOO)P [La W3Fm (HCOD) (HCOO)I" +3W 0.17 —117.1 30.7 —147.8 —33.1 —105 -3.6 5.3
7 [CaW,Fm (HCQD) (HCOOY]~  [La W,Fm (HCOD) (HCOOR]°+ 3W 0.18 —196.5 29.0 —2255 —49.2 —-13.3 -1.5 10.8
8 [Ca W, Fm (HCDO) (HCOO)]~2  [La W3 Fm (HCDO) (HCOO)]~ +3W 0.18 —276.2 27.7 —303.9 —69.7 —21.0 —45 11.3
Flexible Sites, CR2=7; CN-2=8 Same Formate Binding Mode
9 [CaWs (HCOO)+ [LaWe (HCDO)]2+ + 2W 0.19 —-450 185 -635 —158 -6.8 —-42 -0.1
10 [Ca W, (HCOO) (HCOO)P [Laws (HCOO) (HCOO)T + 2W 0.19 —-126.9 189 —-1458 —33.2 —-108 —-35 4.2
11 [Ca W (HCOO) (HCOOY] - [LaW, (HCOO) (HCOOY]°+ 2W 0.20 —2035 17.1 —220.6 —42.2 —-6.3 55 16.7
12 [Ca W (HCOO) (HCOO)] 2 [LaW3 (HCOO) (HCOO)]~ +2W 0.20 —284.2 16.2 —300.4 —60.3 —10.5 6.3 21.4

aAAQ = AQLa — AQca= (3 — dLa) — (2 — qca). ® Computed at the B3-LYP/(SDD, 6-31G*)//S-VWN/(SDD, 6-31-G*) level. ¢ Computed using the
experimentahydration free energy of water-6.3 kcal/mot®).

(Table 3, positiveAAq ). On the other hand, in partially or  change the trends in th&G* for Ca2" — La3" exchange as a

fully solvent-exposed Ca-binding sites, the 2Ca— La3" function of the number of bound HCOO

exchange becomdsssfavorable with an increasing number Dependence on the Metal CNComparison of the Gd —

of HCOO™ bound to the metal (Table 2G* values,x = 20, La3t exchange free energies for reactionsl® with those for
in going from reaction 1~ 4 become less negative and more reactions +4, respectively, in Table 3 shows that a flexible
positive), implying that the fewer HCOQthere are in the Ca site in the holoprotein that allows Bato expand its CN from

complex, the more thermodynamically favorable it is foPta  seven to eight doesot facilitate L&* to replace C& (Table
to replace C#&. This is largely because in monocarboxylate 3, AG values,x > 4, for reactions 912 are generally less
metal complexes, the dicationic La-substituted complex is better negative and more positive than those for reactionst,1
solvated than the monocationic native Ca complex, resulting in respectively). Expanding the BaCN from seven to eight incurs
a solvation free energy gain, but as the number of carboxylatesa solute entropic loss (Table 85! values for reactions-912
in the metal complex increases to four, the desolvation cost of are less positive than those for reactions4). Furthermore,
a monoanionic or dianionic Ca complex outweighs the solvation the biggeroctacoordinated L& complexes are generally not
free energy gain of the respective neutral or monoanionic La- as well solvated as the respectiveptacoordinated complexes.
substituted complex. In conclusion, increasing the number of In addition, as compared to reactions- B2, an extra water
carboxylates helps 124 to replace C& in a buried metal- molecule is released upon metal exchange in a rigid site, and
binding site, buinot in a solvent-exposed site. upon escaping from the metal-binding site into solution, it
Dependence on a Neutral Carbonyl Group.Comparison contributes an additionat3.0,—1.4, and—0.6 kcal/mol toAG?,
of the C&" — La3* exchange free energies for reactionsss ~ AG™, and AG? for reactions +4 in Table 3, respectively,
with those for reactions -4, respectively, in Table 3 shows making metal exchange in rigid sites even more favorable than
that whether including a carbonyl group that can coordinate to that in flexible sites. Therefore, a rigid Ca-binding site would
La3+ could help it to replace G4 depends on the relative size help L&* to replace C& more than a flexible one.
of the C&"—carboxylate complex. In the gas phase, the presence As C&* ion could adopt a CN other than six in aqueous
of a Ca-bound formamide facilitates the®Ca~ La®" exchange solution, theabsolutefree energies (but not thieend) for eqs
(Table 3,AG! values for reactions-58 are more negative than  3a and 3b will depend on its CN in the aqua complex and, hence,
those for reactions 14, respectively). In condensed media, on the number of water molecules released upoft €ala’*
however, solvation effects are generally more unfavorable for exchange. Increasing the €aCN in the aqua complex from
the bulkier complexes with a formamide than those for the six to seven or eight decreases the number of water molecules
respective complexes without a formamide: in Table 3, the released upon metal substitution, leading to a less positive gas-
solvation free energy differences between products and reactantghase entropy and a reduced solvation free energy gain of the
in buried siteSAAGso?, are 49, 115, 176, and 234 kcal/mol in ~ freed water molecules. Moreover, [Ca/AF and [Ca W]?*
going from reaction 5~ 8, but are 37, 110, 174, and 235 kcal/ are bulkier than [Ca 42" and are thus less well-solvated than
mol, respectively, in going from reaction-+ 4. Note that the the latter. These factors would result in a less negati@ for
AAGgy, X = 4, difference between complexes with and without @ hepta- or octahydrated €aas compared to that for a
a formamide diminishes as more formates are bound to the metalhexahydrated Cd, but they would not change the trends noted
and is similar when the metal is bound to four formates. above.
Consequently, the presence of a Ca-bound formamide facilitates Dependence on the Carboxylate-Binding ModeWe next
the C&" — La®" exchange only in the largest &acomplex assessed how the carboxylate binding mode affects tRé Ca
containing four carboxylates (Table 8%, x < 80, for reaction — La®" substitution in pseudo-classical EF-hand binding sites
8 is more negative than that for reaction 4). Including a carbony! (without coordination to the peptide backbone, see Introduction),
group in the metal’s first shell, however, does not generally modeled by Ca heptacoordinated to a bidentate formate, three
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Table 4. Calculated AG* (kcal/mol) for Ca?" — La3" Exchange Accompanied by a Carboxylate-Binding Mode Change in
Seven-Coordinated Ca Complexes in Media of Dielectric Constant, x

reaction No. reactant metal complex + [La Wg]** product metal complex + [Ca Wg]?* AAGF  AH TASY  AGHP AG AGY AGY®  AGHe
Rigid Sites, CNf2= CN-a =7 Different Formate Binding Mode
1 [Ca W, (HCOO) (HCOO)] 2 [LaW3(HCOO)]~ +2W 0.18 —276.5 169 —2934 -56.6 -84 7.6 218
2 [Ca W, (HCOO) (HCOO)] 2 [LaW(HCOO) (HCOOY]~ +3W 0.19 —2724 278 —300.2 —649 —-16.7 —0.8 145
3 [Ca W, (HCOO) (HCOO)] 2 [Law (HCOO), (HCOO)]~ +4W 0.21 —263.2 39.8 —303.0 —71.2 —-240 -84 75
4 [Ca W, (HCOO) (HCOO)] 2 [La(HCDO); (HCOO)I™ + 5W 0.23 —243.1 522 —-2953 —-70.5 —-259 -116 4.1
Flexible Sites, CHa=7; CN-2=8 Different Formate Binding Mode
5 [Ca W, (HCOO) (HCOOY] 2 [LaW4 (HCOO)]~ + W 0.20 —289.0 4.4 -—-2934 -50.5 0.5 179 326
6 [CaWz(Hc:O(:)) (HCOO)] 2 [LaWs (Hc:O@) (HCOO)]- +2W 0.20 —284.2 16.2 —300.4 —-60.3 —10.5 6.3 214
7 [Ca W, (HCOO) (HCOO)] 2 [LaW, (HCOO), (HCOOY]~ +3W 0.22 —270.2 275 —297.7 —63.1 —15.0 1.0 16.4
8 [Ca W, (HCOO) (HCOO)] 2 [LaW (HCOO)3 (HCOO)]” +4W  0.23 —259.4 39.7 —299.1 —67.9 —-20.9 —-54 10.6
9 [Ca W, (HCOO) (HCOO)] 2 [La(HCOO)4~ + 5W 0.25 —246.2 506 —296.8 —71.8 —26.7 —121 4.1

aAAQ = AQLa — AQca= (3 — dLa) — (2 — qca). ® Computed at the B3-LYP/(SDD, 6-31G*)//S-VWN/(SDD, 6-31-G*) level. ¢ Computed using the
experimentahydration free energy of water-6.3 kcal/mo?9).

monodentate formates, and two water molecules (Figure 1d).from six to eight:
We considered the four formates binding in various combina-
tio;_s of rgongdintSteAfand bi(t:i_enta_tlimodes tot eithe;p_na:to-d Mg We_n(HCOO)n]Z_” +[La W9]3+ —
E;ST?'FZme 4,(reaacﬁodsrgz;c):.|ons ) or anoctacoordinate lLa Wg_n(HCOO%]S’” + Mg We]2+ 1 H,0

The results in Table 4 show that Haprefers to bind to the n=1,23,4 (4b)
carboxylates bidentately rather than monodentately, irrespective
of the solvent exposure of the metal-binding site. In the gas The Mg" — La¥* AG*(x = 1, 4, 10, 20, and 80) values for eq

phase, the\G! values for reactions-24 or reactions 69 with 4 are listed in Table 5, while some representative structures of
one or more formates bidentately bound are more negative tharthe Mg?* and L&* complexes studied are illustrated in Figures
the AG! values for reactions 1 and 5, respectively, with 3 and 4, respectively.

formates bidentately bound. This appears to be a consequence The Mg?"—formate complexes possess distorted octahedral
of favorable entropic effects accompanying the release of metal- symmetry, but upon M — La3* substitution, the complex
bound water molecules upon binding the formates bidentately: undergoes  significant structural changes so that the shape
the AS! term becomes more favorable (more positive), whereas pecomes irregular (compare, for example, Figures 3a and 4a).
the AH! term becomes less favorable (less negative) with an The Mg—0"HCO0 pond distances (2.022.09 A, Figure 3) are
increasing number of formates bound bidentately t& l(@able shorter than the respective £®"CO0 values (2.32-2.46 A,

4). Because of the opposite contributions from the enthalpic rigure 4) by roughly 0.3 A, which is 1 order of magnitude
and entropic terms to the gas-phase free energy, the mostgreater than the respective chang®(03 A) upon C&" — La3*

i 1 .
neg?anv;aAG COSSSpO”deIO LA hepta:zordlnated t%awaterf substitution (see Figures 1 and 2). The observed difference is
molecule, two bidentate formates, and two monodentate for- consistent with the fact that for six-coordinated ions, the ionic

1= _ i
mates (Table 4AG 303 keal/mol for reaction 3). On the radius of L&" is significantly larger than that of Mg (by 0.31

_ 298
other hand, the condensed-ph values,x = 4, become A), but it is only slightly larger than that of Ga (by 0.03 A;
more favorable (more negative and less positive) with an see Introduction). Thus, the Mig— La®* exchange results in

increasing number of carboxylates boubnidentatelyto La®" . - - .
because the release of water molecules in the metal-binding site? More drastic rearra_mgement 0f3t+he ong_ma_l metal-binding site
upon monodentate> bidentate formate binding results in a than the corresponding €a— La*" substitution (see above).
solvation free gain, which becomes even larger in considering ~ Similarities between Mg+ — La®" and C&" — La3*
the escape of the water molecules into aqueous solution (seeExchange.Generally, the trends inG* for the Mg?" — La®*
above). Therefore, freeing both carboxylate oxygen atoms sosubstitution (Table 5) follow those found for the Ta—~ La**
that they could bind bidentately to the metal could facilitate exchange (Table 3). In the gas phase and in buried protein
the C&t — La3" exchange in buried and solvent-exposed sites. cavities, increasing the number of carboxylates help¥ tta
Las" as a Substitute for Mg?™ in Mononuclear Binding replace M@" (Table 3, AG* values,x < 10, in going from
Sites.We next studied the Mg — La®" exchange in mono-  reaction 1— 4 become more negative). Furthermore, in
nuclear M@*-binding sites containing different combinations relatively buried bulky complexes containing three or four
of formates and formamide ligands. In analogy with thé'Ca  carboxylates, the presence of a Mg-bound formamide facilitates
— La3* exchange (see above), two types of binding sites in the the M2t — La®" exchange (Table 5\G* valuesx < 10, for
holoprotein were considered: rigid binding sites that forc€La  reactions 7 and 8 are more negative than those for reactions 3
to adopt the same CN as Figof six: and 4, respectively), whereas expanding the CN &f Lfeom
o 3 six to eight doesot facilitate the Mg+ — La®" substitution
[Mg We_p_ (HCONH,), (HCOO)]™ "+ [La W™ — (Table 5,AG* valuesx < 10, for reactions 11 and 12 are less
[La Wq_,_,(HCONH,),, (HCOO)]* " + negative and more positive than those for reactions 3 and 4,
[MgWJ?* +3H,0 m=0,1;n=1,2 3,4 (4a) 'espectively).
Differences between Mg"™ — La%" and Ca&" — La3t
and flexible binding sites that allow Bato expand the CN  Exchange.The Mg" — La®" and C&" — La®" substitutions
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Table 5. Calculated AG* (kcal/mol) for Mg2* — La3* Exchange in Six-Coordinated Mononuclear Mg Complexes in Media of Dielectric
Constant, x

reaction no. reactant metal complex + [La Wg** product metal complex + [Mg Wg[2* AAG AHP TASYh AGHb AG* AGY AG®  AGH<
Rigid Sites, CN'9 = 6; CN'2 =6
1 [Mg Ws (HCOO)J* [LaWs (HCOO)R" + 3W 0.04 16 253 —237 9.4 148 16.3 20.3
2 [Mg W4 (HCOOY]° [LaW, (HCOO)Y]t + 3W 0.03 —-86.3 26.7 -113.0 -75 134 205 289
3 [Mg W3 (HCOOQO)]~ [Laws (HCOOX]°+ 3w 0.05 -176.6 27.7 —204.3 -—-33.2 1.0 124 240
4 [Mg W, (HCOO),] 2 [LaW; (HCOO)]~ + 3W 0.05 —-267.0 265 -—-2935 -550 -50 119 28.0
5 [Mg W4 Fm (HCOO)J [LaW4Fm (HCOO)FF +3W 0.03 —13.8 26.7 —405 8.7 179 206 255
6 [Mg W3 Fm (HCOO}]° [LaW3Fm (HCOO) " +3W 0.04 —97.8 26.3 —1241 -10.8 126 205 29.7
7 [Mg W2 Fm (HCOO}]~ [LaW2Fm (HCOO}°+ 3w  0.07 —183.7 27.0 —-210.7 —-404 -56 6.0 17.9
8 [Mg W1 Fm (HCOO)] 2 [La Wi Fm (HCOO)] +3W 0.05 -—267.2 275 -—-2947 -60.1 -10.6 6.3 225
Flexible Sites, CNM9 = 6; CN-2 =8
9 [Mg Ws (HCOO)J* [Law; (HCOO)R" + W 0.05 —434 43 477 4.6 159 19.7 23.9
10 [Mg W4 (HCOO)]® [LaWg (HCOO)] ™ + W 0.04 -—-121.0 6.5 —-1275 -—-123 121 20.7 28.6
11 [Mg W5 (HCOO)] [LaWs(HCOO)]° + W 0.08 —198.5 56 —204.1 -245 131 261 374
12 [Mg W, (HCOO),] 2 [LaW4 (HCOQO)]~ + W 0.08 —278.0 3.7 —281.7 —-375 145 326 47.8

2AAQ = AGa — Adwg = (3 — OLa) — (2 — Quyg). ® Computed at the B3-LYP/(SDD, 6-315*)//S-VWN/(SDD, 6-31G*) level. ¢ Computed using the
experimentahydration free energy of water-6.3 kcal/mot®).

do, however, differ in the magnitudes of the exchange free  The first Mg?™ — La®" exchange was modeled as:

energies. In the gas phase, theg~ La" exchange is less

favorab_le than the respective?@a—_» La®t substitut?on (theAG!  [Mg W,_, (HCOO), sHCOOMg W . (HCOO)m]?’fnfm +

values in Table 5 are less negative than those in Table 3). This 3t

may be mainly attributed to the difference between the charge- [La W™ —

accepting abilities of Mg vs C&*. Calcium is a poorer charge  [La W;_,,(HCOO), stHCOOMg W,,_,,(HCOO),]* "™+

agceptor than Mg (compa.reAAq of O.lG—O.ZQe in. Table 3 [Mg W6]2+ +3H,0 m=0,1;n=0-3 (5a)

with AAg of 0.03-0.08e in Table 5), resulting in weaker

electrostatic interactions in €acomplexes, as compared to

those in M@" complexes. On the other hand,3ttds a better

charge acceptor than &aor Mg?"; thus it has the strongest

metal-ligand interactions. Consequently, the free energy gain [La W, (HCOO);sHCOOsMg WS,m(HCOO)n]l_m +

upon L&" substitution is larger for Ga complexes than that [La W ]3+ .

for the respective Mg complexes. s o
In buried and solvent-exposed metal-binding sites, thé'Mg [La W, (HCOO),+HCOOLa Wy, (HCOO),]™ =+

— La3" exchange is also less favorable than the respective Ca Mg Wg?*" +3H,0 m=0,1 (5b)

— La®" substitution (theAG* valuesx > 4, in Table 5 are less

negative and more positive than those in Table 3). Solvation

ffocts d " h hase f trond mainl Generally, the trends iNG* for the Mg — La3* substitution
efiects do not reverse the gas-phase free energy rend Mainly, o pinuclear M§"-binding site (Table 6) follow those found
because the hexacoordinated [Mge]®W and [Ca W]?"

L . o for the respective substitution in a mononuclear?f#ginding
complexes have similar solvation free energies(Mg We) site (Table 5). In fully solvent-exposdanuclear binding sites,
— AGYCa Ws) = —1.8,—1.4,—0.9, and—0.5 kcal/mol forx

_ _ La3* cannot replace MiJ (Table 6, positiveAG8%) because the
= 4, 10, 20, and 80, respectively. The hexacoordinated [Mg gqyation free energy gain of the dicationic [MggJ&* product
We]*" and [Ca W]*" complexes also have similar solvation  cannot compensate for the desolvation cost of the tricationic
free energy gain upon escaping from the protein cavity [La Wg]3* reactant. In deeply buriebinuclear M@*-binding
(characterized by = 4, 10, or 20) into solution(= 80): the  cayities, the first M&" — La3* substitution is facilitated by (i)
AG*(Mg We) — AG(Mg Wg) = —55.9, —=22.2, and—10.0 increasing the number of carboxylates (Tabl&\G# values in
kcal/mol, whileAG®(Ca We) — AG{(Ca W) = —57.2,—-23.1, going from reaction I~ 5 become more negative) and (i)
and—10.4 kcal/mol forx = 4, 10, and 20, respectively. folly reducing the net positive charge of the seconc®Mgjnding
solvent-exposedites, L&" cannot replace Mg (positive AG® site by binding a formate to the second MgTable 6, AG*
values for all reactions in Table 5), but it could replacéG& for reaction 5 is more negative than that for reaction 4).
the metal is bound bidentately to only one carboxylate group Differences between First and Second Mg — La®*

(negativeAG™ for reaction 1 in Table 3). Substitution. In deeply buriedinuclear sites containing a given
La®* as a Substitute for Mg?* in Binuclear Binding Sites. number of carboxylates, the second Mg~ La®" substitution
Binuclear metal binding sites are found in several metallopro- appears thermodynamically less favorable than the first one
teins where they participate in catalytic processes. Therefore, it(Table 6,AG* values for the last two reactions are more positive
is of particular interest to examine the Rig— La®* substitution and less negative thaAG* values for reactions 4 and 5,
in binuclear M@*-binding sites, which are modeled to contain respectively). Hence, although ¥acan replace the first Mg
two hexacoordinated metal cations connected via a formatein suchbinuclear sites, it may not be able to replace the second
bridge ¢HCO®Gs), as shown in Figures 5 and 6. Mg?* unless another carboxylate is introduced in the metal-

while the second Mg — La®" exchange was modeled as:
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Figure 3. Ball-and-stick diagram of the fully optimized hexa- Figure 4. Ball-and-stick diagram of the fully optimized hexa-
coordinated (a) [Mg W (HCOO)J*, (b) [Mg W, (HCOO)Y]®, (c) [Mg W3 coordinated (a) [La W(HCOO)R", (b) [La W, (HCOO)]™, (c) [La W3
(HCOOY]~, and (d) [Mg W, (HCOO)] 2. (HCOOY]?, and (d) [La W (HCOO)] .
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Figure 5. Ball-and-stick diagram of the fully optimized binuclear (8)d
Ws «HCOO» Mg We3+, (b) [Mg W, HCOOHCOOs Mg W52+, (c) [Mg
W3 (HCOO) «eHCOO Mg Ws]*, and (d) Mg W» (HCOO) «HCOO» Mg
WelO.

exchange site to bind the secondtéTable 6,AG* is positive
for reaction 6, but is negative for the last reaction).
Differences between Mg"™ — La3" Substitution in Mono-
nuclear and Binuclear Mg?*-Binding Sites. The AG* values
(x=1, 4, 10, 20, and 80) fdrinuclear Mg@*-binding sites show
interesting differences from the respectiv&* for monamuclear
sites. As compared to thmonamuclear Mg@+-binding sites
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Figure 6. Ball-and-stick diagram of the fully optimized binuclear (&a[
Ws sHCOO» Mg Ws]**, (b) [La W4 HCOO «HCOO» Mg Wz]3*, (c) [La
W3 (HCOO), sHCOO» Mg W5]2™, and (d) La W, (HCOO) «eHCOO» Mg
Ws] .

containing the same number of carboxylates, the firstMg
La3" substitution idessfavorable in deeply buried or partially
buried binuclear sites: the\G* values,x < 10, for reactions
1-4 in Table 6 are less negative and more positive than the
respective numbers for reactions-4 in Table 5. This is
probably because the net positive charge of the secorfdd-Mg
binding site hinders the Mg — La3" substitution. Conse-
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Table 6. Calculated AG* (kcal/mol) for Mg2* — La3* Exchange in Binuclear Mg Complexes in Media of Dielectric Constant, x

reaction

no. reactant metal complex + [La Wg]** product metal complex + [Mg Wg?* + 3W AHY TASY  AGH AGt AGY AG® AG®c
First Mgt — La3" Substitution

1 [Mg WseHCOO»Mg W5] 3+ [La WssHCOOsMg Ws)** 948 27.1 67.7 27.7 182 145 145

2 [Mg W4 HCOO-HCOO-Mg W52+ [La W4HCOO-HCOOMg W5]3* 314 275 39 183 19.7 198 224

3 [Mg W3 (HCOO)sHCOOMg Ws| ™ [La W3 (HCOO)eHCOOMg Ws]?" —425 290 -715 —-6.0 7.6 121 188

4 [Mg W5 (HCOO)eHCOOMg Ws]® [La W2 (HCOO)sHCOOsMg Ws]* —113.6 28.2 —141.8 —250 —-0.6 7.7 17.2

5 [Mg W2 (HCOO)ReHCOOMg W,HCOOT [La W5 (HCOOReHCOOMg W,HCOOP —169.0 27.5 —196.5 —29.3 4.7 16.1 27.8
Second M§" — La3* Substitution

6 [La W, (HCOO)eHCOOsMg Ws] " [La W2 (HCOO)RsHCOOsLa Ws)2+ —143 26.2 —-405 116 205 231 28.0

7 [La W2 (HCOO)RsHCOOsMg W,HCOOP  [La W2 (HCOOReHCOOsLa W,HCOO]t —110.4 27.9 —138.2 —245 —1.3 6.5 15.6

aComputed at the B3-LYP/(SDD, 6-31G*)//S-VWN/(SDD, 6-3H-G*) level. ¢ Computed using thexperimentahydration free energy of water-6.3

kcal/moP9).

Table 7. Experimental and Computed Average Metal-O(HCOO™)
Distances in Seven-Coordinated La/Ca and Six-Coordinated
La/Mg Complexes

metal-O(CO0") caled (A) expt (A)
Seven-Coordinated La/Ca Complexes
Ma—00 244 2.4¢
Ma—00 } 2.50° 2.58
La—O;~ Ma—0,0 0.0Z 0.08
[Ca—O0 24p 237
[Ca—0O0 2.47 252
[Ca—0:[F+ Ta—0,0 0.0¢ 0.1F
Six-Coordinated Ln/Mg Complexes
[La—OUGd—00 2.40 2.38
Mg—0o0 2.06 213

aAverage M-O(HCOO') (M = La or Ca) in four monodentate
complexes: [M W Fm (HCOO)E™*, [M W4 Fm (HCOO}| ™0, [M W3
Fm (HCOO}|%~, [M W3 Fm (HCOO})]2~. ® Average M~-O(HCOO") (M
= La or Ca) in three bidentate complexes: [Ms\Fm (HCQO),]*°, [M
W, Fm (HCQO),] ™, [M Fm (HCOO)3]%". ¢ The difference between the
two M—O distances in [M W Fm (HCQO)]>"'* (M = La or Ca) complexes.
d Average La-O/O(HCOO") from a 2.60 A X-ray structure of a EF-hand
binding site in which C& has been replaced with &a ¢ Average Ca
O/O(Asp) from Ca-binding sites in the PDB, in which Ca is heptacoordi-
nated?® ' Average M-O(HCOO") (M = La or Mg) in eight monodentate
complexes: [M W (HCOO)R*, [M W4 (HCOOY]*°, [M W3 (HCOO)]"-,
[M W, (HCOO)Y] 27, [M W4 Fm (HCOO)F**, [M W3 Fm (HCOO}] 1,
[M W, Fm (HCOO}%-, [M W Fm (HCOO)]/?~. 9 Average Gd-
O(HCOO) from two PDB structures of inositol monophosphatase (PDB
entries 1IMA and 1IMB). Note that L-aO bond distances are expected to
be longer than Gd&O bond distances because of the larger ionic radius of
La3" (1.17 A) compared to that of Gd (1.08 A).h Average Mg-O from
Mg-binding sites in the PDB?

quently, in proteins containingonauclear andbinuclear Mg *-
binding sites, the Mg — La®" substitution would occur more
readily in the former than in the latter.

Discussion

Comparison with PDB Structures. The average metalO-
(HCOO") distances in the fully optimized seven-coordinated
La/Ca and six-coordinated La/Mg complexes show trends
similar to those found in the respective metal-binding sites in
the PDB, as shown in Table 7. The average me@mono-
dentate) distances are shorter than the médgidentate) ones.
For a given metal CN, the 1-a0/O distances are longer than
the respective GaO/O or Mg—O distances, in line with the
larger ionic radius of L& compared with that of Ca and Mg*
(see Introduction). Interestingly, both experiments and our
calculations show that the difference between the twe-Ga
(bidentate) distances (0.66.11 A) is on average greater than
that between the two LaO(bidentate) distances (0.68.05 A).

The preferred L& CN is in accord with that found in PDB
structures containing lanthanide cations. In replacing Gaund
to different numbers of formates in various binding modes$;La
prefers a CN of seven rather than eight (Tabl&A&* values,
X = 4, for reactions +4 are more negative and less positive
than the correspondingG* values for reactions-912). These
results are consistent with the finding that octacoordinated
lanthanides are not found in EF-hand binding sites and they
are less common than the heptacoordinated metal in lanthanide-
binding sites. In analogy to the &a— La®" substitution, upon
replacing M@" bound to three and four formates in the
respective buried sites, Bagenerally prefers to adopt the CN
of the native metal (six for M&) rather than expanding the
CN to eight (Table 5AG* values for reactions 3 and 4 are
more negative than the corresponditG* values for reactions
11 and 12, respectively. This is consistent with the observation
that lanthanide cations (&) adopt a six-coordinated geometry
upon binding to a binuclear Mg-binding site in inositol
monophosphatasé.

For a given EF-hand-like binding site, ¥aprefers to bind
to at least one carboxylate bidentately rather than monodentately
(Table 4,AG* values,x > 4, for reactions 24 and 6-9 are
more negative and less positive than those for reactions 1 and
5, respectively). This is in line with the finding that all EF-
hand-like La-binding sites in the PDB contain at least one
bidentately bound Asp/Glu. Furthermore, a lanthanidé™Eu
cation that was introduced to a binuclear Mginding site in
the Klenow fragment of DNA polymerase | binds to the bridging
aspartate bidentately rather than monodentately, thus disrupting
the active site and abolishing the catalytic activity of the
enzyme?? Note, however, that the computed free energy
difference between the bidentate structure and the respective
monodentate structure is an upper bound because the metal-
free carboxylate oxygen in the monodentate structure could be
stabilized by interactions with non-first-shell ligands, which have
been neglected in the present calculations. Indeed, in one protein,
cyclodextrin glucanotransferase (PDB entry 1PAM), all the
acidic residues in the two Ca-binding sites are monodentately
bound, as the metal-free carboxylate oxygen atoms are stabilized
by hydrogen-bonding interactions with second-shell water
molecules.

Factors Favoring the Substitution of La®* for Ca2/Mg?+
in Holoproteins. Whether L&" can replace C4/Mg?" in the
respective metal-binding site in a holoprotein depends on several
factors. These include (1) the solvent exposure of the metal-
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binding site, (2) the flexibility of the metal-binding site, (3) the
number of carboxylateoxygen atomsavailable for binding
bidentately to L&", (4) the number of metal-bound carboxylate

bound to M@", La®" cannot displace Mg (Table 5, positive
AG8% see also above).
(5) Dependence on the Absence or Presence of a Backbone

groups, (5) the absence or presence of a backbone or side chainr Side Chain Metal-Bound Carbonyl Group. The presence

metal-bound carbonyl group, and (6) the nature of the exchang-
ing metal (C&"/Mg?"; mononuclear vs binuclear).

(1) Dependence on the Metal-Binding Site’'s Solvent
Exposure. A solvent-shielded Ca/Mg?*"-binding cavity fa-
cilitates L&" to replace C&/Mg?", as evidenced by the
negativeAG! but generally positivé\G8° values in Tables35.

The latter is mainly because in solvent-exposed sites, the
desolvation cost of the incoming trivalent¥acation exceeds
the solvation free energy gain of the displaced divalert*Ca
Mg?" cation. Furthermore, the desolvation cost of a negatively
charged C&/Mg?" complex of net charge-Q is greater than
the solvation free energy gain of the respective La-substituted
complex with a smaller net charge Q + 1 (see Scheme 1).
Indeed, in fully solvent-exposed Mg-binding sites,3tas
predicted not to displace Mg (Table 5, positiveAG80).

(2) Dependence on the Metal-Binding Site’s Flexibility.

A rigid, as opposed to a flexible, €dMg?*-binding site
generally facilitates LH to replace C&/Mg?": the AG*values,

X > 4, in Tables 3-5 are more negative and less positive in
rigid sites that force L to retain the native CN than in flexible
sites that allow L&" to expand its CN. This is mainly because
the heptacoordinated La complexes in rigid sites are better
solvated than the respective bulkier octacoordinated La com-
plexes in flexible sites; furthermore, more water molecules are

of the peptide backbone or a Asn/GlIn side chain has opposite
effects on the ease of €dMg2" — La®" exchange depending
on the number of metal-bound carboxylates. Binding of a
carbonyl group from the peptide backbone or the Asn/GIn side
chain to the metal would prohibit the €a— La3" exchange
in complexes containing only one Asp/Glu residue, especially
if the site is not deeply buried: in Table 3, the5* values,x
> 4, for reaction 5 are less negative than those for reaction 1.
This is because unfavorable solvation effects are greater in
complexes with a single carboxylate and a carbonyl group than
the respective complexes without the carbonyl group (see
Results). Binding of a carbonyl group from the peptide backbone
or the Asn/GlIn side chain to the metal, however, facilitates the
Cat/Mg?™ — La3" exchange in bulky complexes with four Asp/
Glu residues: in Tables 3 and 5, the5* values,x > 4, for
reaction 8 are more negative and less positive than those for
reaction 4. This may be because the largeftLean better
accommodate steric crowding among the five ligands than the
smaller C&*/Mg?".

(6) Dependence on the Nature of the Exchanging Metal.
It is easier to substitute the native metal with®tan Ca&*-
binding sites than in the respective Rtgbinding sites: The
Ca&™ — La3" substitution is accompanied by more favorable
exchange free energies than the corresponding™Mg La®"

released in rigid sites, as compared to flexible sites. These factorsSubstitution (compar&G*, x = 4, in Tables 3 and 5) mainly

free energy of the released water molecules.

(3) Dependence on the Carboxylate-Binding Modéd-or a
given metal-carboxylate complex, freeing both carboxylate
oxygen atoms so that they could bind bidentately t¢La
facilitates it to replace Ca/Mg?": the AG* valuesx = 4, for
reactions 24 or 6-9 in Table 4 are more negative than those
for reaction 1 or 5, respectively. This is because as more

carboxylates become bidentately (rather than monodentately)

than those in Mg~ complexes AAq values in Table 3 are
greater than those in Table 5). Furthermore, less drastic structural
rearrangement occurs upon?Ca La®* exchange, as compared
to the corresponding Mg — La®" substitution (see Figures
1-4).

In buried, binuclear M§™-binding sites, the presence of a
second Mg"-binding site with a net positive charge hampers
the Mgt — La3*substitution AG* values x > 4, for reactions

bound to L&", more metal-bound water molecules are released, + 4 in Table 6 are more positive and less negative than those

resulting in a gain in both the gas-phase entropy and in the
solvation free energy of the released water molecules.

(4) Dependence on the Number of Metal-Bound Carboxy-
late Groups. The presence of Asp/Glu side chains has opposite
effects on the ease of €dMg?" — La®" exchange depending
on the solvent accessibility of the metal-binding sitebumied
sites, increasing the number of negatively charged Asp/Glu that
can bind the metal facilitates the €&Mg?™ — Lad" ex-
change: theAG* values,x < 10, in Tables 3 and 5 become
more negative in going from reaction-* 4. This is mainly
because trivalent 134 can accept more negative charge from
the carboxylate side chains than divalenZ@&lg?+ (Tables 3
and 5, positive AAQ). In solvent-exposedsites, however,
minimizing the number of metal-bound Asp/Glu residues helps
La®" to replace C&: in Table 3, theAG* values,x > 10,
become more negative in going from reaction~41. This is
because with only one carboxylate group bound to the metal,
the desolvation cost of thenonocationicCa&" complex is
outweighed by the solvation free energy gain of the respective
dicationic La-substituted complex. Note, however, that in
solvent-exposed sites, even if only one Asp/Glu side chain is
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in Table 5). Thus, in such binuclear sites, maximizing the
number of carboxylate groups that can coordinate té"La
facilitates it to replace one or two Mg.

Experimental Support. Available experimental data (X-ray,
NMR, and thermodynamics) are consistent with the theoretical
findings, in particular, the aforementioned factors as governing
the relative affinity of trivalent lanthanides vs divalent?a
Mg?" for a given metal-binding site. The finding that a solvent-
shielded Ca"-binding cavity facilitates Cd — La3* exchange
is supported by the experimental finding that in protozoan
(Entamoeba histolytigaCa?*-binding protein (EnCaBP), a 134-
amino acid monomeric protein containing four canonical EF-
hand C&*-binding loops, YB" displaces C& from the four
different metal-binding sites in a sequential manner: first from
site Ill (residues 7£103) and last from site IV (residues 164
134). This is consistent with the fact that site 1V is more solvent-
exposed than the other sités.

The finding that bidentate carboxylate binding facilitate$'Ca
— La®" exchange is consistent with the observed switch from

(60) Atreya, H. S.; Mukherjee, S.; Chary, K. V. R.; Lee, Y. M.; Luchinat, C.
Protein Sci.2003 12, 412-425.
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monodentate to bidentate carboxylate binding whef*Gs and a glutamate) in thbinuclear binding site of the Klenow
replaced by (a) Y& in the EF-hand Ca-binding site of carp  fragment ofE. coli polymerase | and bacteriophage T4 DNA
parvalbumif® and (b) E§" in thermolysint polymerasé?

The finding that increasing the number of metal-bound  |n conclusion, the calculations have not only revealed the
carboxylate groups irburied sites facilitates CA& — La3" key factors favoring the substitution of ¥afor C&2* and Mg+

exchange is supported by several experimental findings. (i) The n protein metal-binding sites, but also the physical bases for

La®" affinity for peptide analogues of the Ca-binding site Il of  the governing factors. Some of these factors may not be easy
rabbit skeletal troponin C generally increases as more Asp o determine experimentally. For example, it is difficult to

residues are incorporated into the pepfi#i¢ii) In EhCaBP  istinguish between monodentate and bidentate forms of the
Cat*-binding protein (see above), ¥bhas the highest binding  |anthanide/calcium/magnesium complexes by NMRurther-
affinity for the relatively buried C&*-binding site Ill, as more, it is difficult to accurately quantify the number of

compared to that of the other sites. This is consistent with the |, 1 hodentate and bidentate carboxylate ligands bound to lan-
fact th_at site Il has the most numbéoyr) o_f negatively charged  inanides by fluorescence spectroschyn particular, the
Ca" ligands, whereas the other three sites each hastbrég 5 cyations have revealed some of the factors governing metal
Asp/Glu coordinated to the metal. (iii) In human MRP8 protein, - qojectivity in binuclear binding sites, a subject that has been
a member of t_he S100 EF-hand C_a—blndlng pro'_(em family, relatively unexplored in previous worké The findings of this
replacement with Y& occurredonly in the C-terminal EF- 4y have potential application in engineering a lanthanide-
hand site, which has three metal-bound acidic residues, but notbinding site in a protein that does not have such a68#&They

'é' thhe N-rt]grmlr;gl IEF;handhsr[e, which has nc?ﬁeélv) In thetc may also be useful in NMR structure determination of Ca
scherichia colgalactose chemoreceptor protein, a mutant Ca- Mg?*-binding proteins by suggesting residue substitutions that

binding site with four ?CIdI(\T amino audg exhibits a~¥0ld would enable lanthanide ions to replace the nativé"®ag?*
preference for lanthanide trications over2C& cofactor

The prediction that L#" can dislodge M§" from a buried

monawuclear binding site flanked by at least two carboxylic  acknowledgment. We are indebted to Drs. C. Luchinat and
residues (Table 5) is supported by the finding that theé™Mg  \. Akke for stimulating discussion leading to this work. We
binding site in the chemotaxis protein, CheY, which consists g grateful to Drs. D. Bashford, M. Sommer, and M. Karplus
of two aspartates and a backbone carbonyl, shows greatefor the program to solve the Poisson equation. This work was
preference toward 31 binding (by~103t|m_es_,) than the natural  gypported by the National Science Council, Taiwan (NSC
cofactor Mg".% Furthermore, the prediction that tacan Contract No. 91-2311-B-001), the Institute of Biomedical

replace one of the Mg in a binuclear binding site containing  ggjences, and the National Center for High-Performance
at least three Asp/Glu residues (Table 6) is supported by theComputing Taiwan.

finding that E&" has greater (3850 times) affinity than the
natural Mg" cofactor for site A (consisting of two aspartates JA044404T
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