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Knowledge of the bonding and selectivity of organic mercurgyJHHg]t (MeHg"), and inorganic HY' for

protein and DNA functional groups is important for understanding the mechanism of heavy metal poisoning.
Herein, we elucidate (1) the differences between inorganit’ lgd organic MeHg in their interactions

with different ligands of biological interest, (2) the protein and DNA functional groups that atgd MeHg

target in aqueous solution, and (3) the likelihood of “soft"?Hglisplacing the “borderline” Z#t bound to
“harder” nitrogen/oxygen-containing side chains such as His and Asp/Glu. The results reveal that, relative to
Hg?", the lower positive charge on MeBgesults in a longer and weaker bond with a given ligand, in accord
with the observed kinetic lability of MeHgcomplexes. They also indicate that negatively charged or polar
amino acid side chains containing/©~/S/N donors could coordinate to both organic MeHnd inorganic

Hg?". In addition, Gua and Cyt could also coordinate to Mékad disrupt Gua-Cyt base pairing. A key

novel finding is that Hg" is a far better electron acceptor than?Znand can thus accept more negative
charge from the Zn ligands than the native?Zrthus enhancing Hgligand interactions and enabling Hg

to displace the native cofactor from zinc essential enzymes and “structural” Zn proteins. The results herein
support several possible mechanisms for Hg poisoning. Ways that mercury poisoning could be prevented in
cells are discussed.

Introduction binding sites such as Cys-rich metallothionéfrend Cys-rich
Zn-finger cores and disrupt the critical function of these

Elemental mercury (Hg), derived from the Greek word proteinst®>~17 This is supported by experiments showing that

hydrargyrias meaning “water silver”, is the only metal that is . S .
aysilvegr];/-white quuidgat room temperature. Itg unique liquid Hng can dlslodge Z#t from the Cyg—bmo!mg S|te.of;[£1§ngNA
property stems from relativistic effects, resulting in a large repair protein, Fpg, and a synthetic @y§2 peptide:®

6s—6p energy gap, which limits effective hybrid orbital forma- Another cause of mercury’s acute toxicity to man stems from
tion to linear sp, explaining the preponderance of linear Hg(ll) the biological methylation of Hg salts}®2° generating the
compoundé.Partly for these reasons, the chemistry of mercury Methylmercury monocation, B€—Hg]" (denoted by MeHg),
differs from that of zinc and cadmium (which belong to the ©ne of the simplest and most harmful cationic species involved
same group in the periodic table) as well as that of other heavy in the biogeochemical mercury cyclé' Several reasons have
metals. Apart from elemental Hg, mercury also exists in organic Peen proposed for the high toxicity of MeHgompounds. First,

and inorganic (mercurous Fgand mercuric Hg) forms. as for Hg*, MeHg" has high affinity for the “soft” donor sulfur;
Mercury in any form is toxic. Its toxic effects include irreversible hence by binding to free sulfhydryl groups, it could disrupt the
damage to the nervous tissue and injury of the kidneys, liver, structure and function of essential proteins (see above). Second,
and lungs} induction of autoimmune-like diseas&s$,and DNA it has high affinity for lipids, with a half-life in the human body

cleavage 8 of around 70 days, significantly longer than that of inorganic
One likely cause of mercury’s acute toxicity to man stems Hg?" (4-5 days) The strong tendency of MeHgto ac-
from the high affinity of the “soft” (large, polarizable) Rt cumulate in the food chain makes it highly toxic to living

dication for the “soft” donor sulfu?, which leads to toxic ~ organisms. Third, MeHgis highly mobile and has a low kinetic
effectd in the following plausible ways. First, H§ could barrier for ligand exchange, i.e., {#8—Hg—L] + L2 <> [H3sC—
promote the production of lipid peroxides, which alter membrane Hg—L2] + L1,%?%%allowing it to form complexes in aqueous
structure and disrupt mitochondrial functi¥hSecond, Hg" solution with a variety of ligands.

could deplete the antioxidant peptide, glutathione (GSH), and  Although experimental and/or theoretical studies have been
inhibit the activities of enzymes involved in GSH metabolism carried out on MeHg§ and Hg" complexes in aqueous
(GSH synthetase and GSH reductdsahd free-radical quench-  solution?224-27 the stability of the Hg-C bond?3-31 and the
ing enzymes (catalase and superoxide dismutdsels inhibit- interaction between Hg and several biologically important
ing antioxidative processes. Third, the “soft” #Hgcould groups$1032-40 no systematic theoretical studies have been
displace the “borderliné’native Zr#* cofactor from Cys-rich  carried out to address the following intriguing questions: (1)
What are the differences between inorganiéHgnd organic

I'E"_"g:”f. ttgrifgd@a' i:tse“gr:gg”eﬂﬂ SN Truhlar Festschrift”. MeHg" in their interactions with different ligands? (2) Aside
§ National Tsinngug University. from the “soft” sulfur atom of Cys/Met and certain modified
* Institute of Biomedical Sciences. nucleosides, which other protein and DNA functional groups
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do Hg#t and MeHd target in aqueous solution? (3) Can the a)
“soft” Hg2+ compete with the “borderline” Z for the “harder” Model Ligand Biological Relevance
nitrogen/oxygen-containing side chains such as His and Asp/ H.O Solvent
Glu, which are commonly found coordinated to?Ziin proteins 2 olven
where Z@" plays a predominantly catalytic role (“catalytic” MeOH Ser side chain
Zn sites). To the best of our knowledge, no generic rules on
Zn?" < Hg?" in “catalytic” Zn sites have been reported. H,S

Herein, we have carried out systematic theoretical studieson ~ MeSH Cys side chain
Hg?t and MeHg interacting with various biological targets.

Specifically, we have evaluated the structural and energetic MeS Met side chain
features of organic [(C—Hg—L]**Zand inorganic [HO—Hg— NH;
L]2"2mercury complexes, which were designed to mimic linear . .
structures observed in natur&34383%We considered ligands MeNH, Deprotonated Lys side chain
L% (z= 0, —1) modeling protein and DNA functional groups Nbkb N-terminal backbone
that could coordinate to the metal (Figure 1). The neutral ligands .
include HO, MeOH, HS, MeSH, MeS, NHs, MeNH,, NH- Bkb Peptide backbone
CH,CONH, (Nbkb), MeCONHMe (Bkb), imidazole (Im), Im His side chain
9-methylpurine (MePur), 9-methyladenine (MeAde), 9-meth-
ylguanine (MeGua), and 1-methylcytosine MeCyt, while the MePur
negatively charged ligands include 1-methylthymidate (MeJhy :
dimethyl phosphate (DMB), acetate (Ace), MeS™, and Cf. MeAde Adenfne base

The differences between Fgand MeHd in their interac- MeGua Guanine base
tions with different ligands were identified by comparing the MeCyt Cytosine base
molecular geometries and formation energies of lineaCH
Hg—L]**Z and [HLO—Hg—L]2"2 complexes and further decom- MeThy™ Deprotonated Thy base
posing the formation energy into the component interactions -
(o- andz-type orbital interactions, electrostatic interactions, and Me,PO, RNA/DNA phosphate
Pauli repulsion). The protein and DNA functional groups Ace” Asp side chain
targeted by Hg§" and MeHg in aqueous solution were MeS™ Deprotonated Cvs side chain
determined by computing the free energies for replacing water © p Y
molecule(s) in hydrated MeHgor Hg?™ with model protein/ CI
DNA ligands. The possibility of H displacing the native 2t
cofactor from “catalytic” Zn sites was evaluated by computing :
the free energies for replacing Znwith Hg?* in model rigid Model Ligand
and flexible Zn-binding sites of varying degrees of solvent 0]
exposure.

/N7 6°NH

571
Methods H N\)OJ\ Mel\BIQ 4 3})\

PDB Survey of Mercury Complexes.The Protein Databank 2 NH, N NH>
(PDBY!was surveyed for X-ray<3.0 A resolution) and NMR Nbkb MeGua
structures of proteins containing Mg Protein sequences with
sequence identity higher than 30% were considered to belong
to the same protein family. Only one representative from each NH,
protein family, namely, the structure solved at the highest
resolution, was included. These structures are summarized in N R 53\3N
Table 1 in the Supporting Information. </8 U |5 N |e 1;&

Geometry Optimization. The geometries of Hg and M N9 4'%}) N~ O
MeHg" complexed with the ligands in Figure 1 as well as the Me
geometries of Z# and Hg"™ complexes in model Zn-binding
sites were fully optimized using th&aussian 03program?? MePur MeCyt
with the B3-PW91 functioné?4#4in conjunction with the SDD
basis set for mercuf§and zinci® and the 6-33+G(d)*"~*° basis

set for the other atoms (referred to as basis set A). The B3- NH; Q
PW91/A method was also used to compute the vibrational N o Me N
frequencies of each fully optimized structure. No imaginary </3 7 |5 N |5 %
frequency was found in any of the molecules. MeNg 43} 6'11 o
Electronic Energy Calculations. No gas-phase energies M
. . : e
involving any of the Hg compounds studied here have been _
measured. Therefore, to assess if the B3-PW91/A method is MeAde MeThy

also appropriate for computing electronic energies, we computed
the gas-phase free energy for " + H,O — [H3C—Hg—
OH]* using both B3-PW9%4*and B3-LYP** functionals Figure 1. (a) Compounds (left) modeling protein and DNA functional

in combination with the SDD basis set for the metal and groups (right) that could coordinate to mercury. (b) Stick drawings of
increasing basis sets for the other atoms. The results in Table 2the N-terminal backbone (Nbkb) and model DNA bases.
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in the Supporting Information show that the gas-phase free
energy computed using the B3-PW91/A methed®.4 kcal/
mol) is similar to that computed using B3-PW91 with the larger
6-311-+G(2d,2p}"*° basis set{22.1 kcal/mol), and is 1.1
kcal/mol more negative than the respective number computed
using the B3-LYP functional. Furthermore, the magnitude of
the formation energies of f€—Hg—L] (L = MeS", Ace",
Melm, MeS) complexes computed using the B3-PW91/A
method exhibit the same trend (MeS- Ace” > Melm >
Me,S) as those computed using B3-LYP/6-311G(2df,2pd)//
B3-LYP/6-31H-G(d) in previous work® Thus, the B3-PW91/A
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whereAGX is given by
AG*= AG'+ AG,,, (Products)- AG, (Reactants) (1)

The gas-phase free energyG!, at room temperaturd, =
298.15 K, was computed according to

AG! = AE

elec

+ AE; + APV — TAS )

where A denotes the difference between the product(s) and

method was used to evaluate the electronic energies of all thereactant(s), whileEeiee Er, PV, and S are, respectively, the

Hg?t and MeHg complexes studied.

Energy Decomposition of the Hg-L Bond. To understand
the nature of the HgL bond in the H§" and MeHg
complexes, the [BD—Hg—L]?*Z or [HsC—Hg—L]*Zformation
energy was decomposed into orbital interaction energy, elec-

electronic energy, thermal energy, work term, and total entropy.
The geometries and electronic energies were evaluated at the
B3-PW91/A level, while the vibrational energies and entropies
were derived from the B3-PW91/A frequencies scaled by an
empirical factor of 0.9573?

trostatic energy, Pauli electron repulsion, and strain energy using The electrostatic contribution to the solvation free energy,

Ziegler and Rauk®52 energy decomposition scheme, as
implemented in the Amsterdam Density Functional (ADF) 2000
program?2 The further decomposition of the orbital interaction
energy into the respective andsx components requires G-
symmetric Hg complex with an energy close to (within 3 kcal/
mol) the energy of the fully optimized complex. Therefore, the
[HsC—Hg—L]*2and [HbO—Hg—L]2"%(z= 0, —1) complexes
were reoptimized ilCs symmetry. Because f€—Hg—L] " and
[H2O0—Hg—L]?" (L = MeOH and MeSH) have significantly
less stabl€Cs geometries (by more than 3 kcal/mol), as compared
to the respective fully optimized geometries, energy decomposi-
tion analyses were not performed for these complexes.

Both Cs geometry optimization and energy decomposition
calculations were performed using the B-P86 functiethahd
a basis set combination, referred to as B, which employs
uncontracted Slater-type orbitals as basis funct®nghe
valence basis functions have tripfeguality, augmented with
two sets of p functions for Hg, CI, P, and S, but with only one
set of p functions for the other atoms. The &i=)re electrons
of C, N, O, and Na, the (1s288)core electrons of P and S,
and the (1s2sp3spd4spWfcore electrons of Hg were treated
within the frozen-core approximatiéfiRelativistic effects were
treated by the zeroth-order regular approximatibithe ge-
ometries of the [HO—Hg—L]?"2and [-kC—Hg—L]*Z(z= 0,
—1) complexes were optimized using B-P86/B (rather than B3-

AGson, is the difference between the free energies of charging
the molecule in vacuas(= 1) and in a given dielectric medium

(e = Xx), which, in turn, can be derived from the difference
between the electrostatic potentialdn= x and that ine = 1.

The electrostatic potentials were obtained by numerical solution
of the PoissofBoltzmann equation using the Jaguar 5.5
programé® On the basis of the fully optimized B3-PW91/A
geometries, theAGgo* values were computed using the
B3-LYP functional in combination with the LACV3P** basis
set for the metal and the cc-pVTZ(H) basis set for the other
atoms®0 as well as default dielectric radii in Jaguar and effective
radii optimized in this work (see below).

The default dielectric radii in Jaguar have been optimized to
reproduce experimental hydration free energies ald ip
conjunction with the B3-LYP functional and the cc-pVTZ{+}-
basis set for nonmetal atoms. With these radii, the computed
AGgo, 0 for the ligands in Figure 1 (except Nbkb, MePur,
MeGua, MeCyt, and MeThy for which experimental hydration
free energies could not be found) are within 1.5 kcal/mol of
the respective experimental values (Table 3 in the Supporting
Information).

Effective radii for [Zn (HO)]?", [Hg (H:0)s?", and
[H:C—Hg—OH;]* have not been parametrized in Jaguar. For
hexahydrated At and Hg ", the metal (M) and respective water
(W) oxygen and hydrogen radii were simultaneously adjusted

PW91/A) for the energy decomposition analyses, because thet0 reproduce the “experimental” hydration free energy of

SDD basis for Hg is not available in the ADF program.
Furthermore, the B-P86/B method has been found to yield
accurate Pt complex geometrf8dt also yields fully optimized
[HsC—Hg—L]*?and [HO—Hg—L]?"%(z= 0, —1) geometries
that are similar to those produced by the B3-PW91/A method:
the two methods yield €Hg, O—Hg, and Hg-L bond distances

as well as G-Hg—L and G-Hg—L of the [HsC—Hg—L]*Z
and [HO—Hg—L]2"z complexes that agree to within 0.02 A
and 3, respectively.

Free Energy Calculations.The free energy for exchanging
one ligand with another one in hydrated #fMeHg" or for
replacing Z@" with Hg?" in model Zn-binding sites in an
environment characterized by a dielectric constant x was
calculated using Scheme 1

AG!
Reactants (e=1) —>  Products (e=1)
AGon " (Reactants) | | AGso*(Products)

Reactants (e=x) —>  Products (¢ = x)
AG"

(Scheme I)

[M W]2*, which was estimated from the measured hydration
free energyAGsow expb(M?+) and the computed gas-phase free
energy,AGgad, for M2+ + 6W — [M W¢]2*; that is

80(M 2+) _

solv,expt

AGg(M** + 6W — [MW*") (3)

AG MW ™) ~ AG

solv,expt

In computingAGcad, @ counterpoise correction was applied
to the gas-phase energ¥Eee. because basis set superposition
error may be significant in complex formation reactions. The
resulting optimized radiiRz, = 1.38 A/ Ryg = 2.10 AR =
1.55 A, Ry = 1.07 A) yield AGso£° that are within~1% of
the absolute “experimental” hydration free energies of hexahy-
drated Z@" and Hg" (Table 3 in Supporting Information). On
the other hand, effective radii for the Hg, C, and H atoms of
MeHg" were obtained by adjusting them to reproduce available
experimental data involving MeHg The resulting optimized
radii (RHg(MeHg) =2.10 A, RC(MeHg) =1.63 A, RH(MeHg) =0.48
A) yield AG & that are close to the experimentaGe°
(Table 4 in Supporting Information).
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TABLE 1: Comparison between Calculated and
Experimental Bond Distances (in A) and Angles (in deg) for
Hg Complexes

B3-LYP B-P86 S-VWN B3-PW91 Experiment

ADMEHH
Hg—C 2.089 2.085 2.034 2071 2055
, Hg-N 2095 2.095 2044 2078 2.071
C-Hg-N 1797 179.6 179.1 1797 1768
Hg-S 2379 2375 2317 2356 2.343
S-C 1.861 1.867 1.832  1.848  1.833
7 S-Hg-S 1780 1779 1786  178.0 1765
| Hg-S-C 1033 103.1 1023 1032 1044
Heg-C 2101 2.096 2043 2082  2.061
Hg-Cl 2362 2.357 2300 2340 2282
C-Hg-Cl 180.0 180.0 180.0  180.0  180.0
Hg-O 2089 2.126 2083  2.077 2.079
O-Hg-O 1732 1710 1692 1728 176.0
Rmsd (A) 0.041 0.043 0019  0.025
Rmsd (°) 20 27 35 2.1

Results

Comparison Between Computed and Experimental Hg"
and MeHgt Complex Structures. The Cambridge Structure
Databas® (CSD) was searched for X-ray structures of?Hg
bound to both neutral and negatively charged ligands containing
C-, N-, O-, and S-donor atoms that can be used to calibrate the
predicted geometries. This resulted in three pertinent CSD
structures withR-factors of <10% (CSD codes ADMEHH,
HGACET10, and MERSETO1). In addition to the CSD struc-
tures, the structure of one of the complexes studiedC{H
Hg—CI]% has been determined from pure rotational spéttra
and was also used for geometry calibration. The aforementioned
experimental structures were fully optimized using Baussian
03 progrant? with the B3-LYP#3:50 B-P86%4 S-VWN,53 and
B3-PW91344 functionals in combination with the SDD basis
set for the metd?P and the 6-33G(d)*"~“° basis set for the other
atoms (referred to as basis set A). Comparison of the fully
optimized structures with the respective X-ray structures in Table
1 shows that, among the various methods, the B3-PW91
functional yielded both bond distances and angles in closest
agreement with the corresponding experimental values with a
root-mean-square deviation (RMSD) of 0.025 A and°2.1
Although the S-VWN functional yielded the least RMSD (0.019
A) from the experimental bond distances, it also yielded the
largest RMSD (3.9 from the experimental bond angles.

Comparison Between Linear HF™ and MeHg™ Complex
Structures. Comparison of the computed bond angles and
distances in linear Hg and MeHg complexes in Table 2 reveal
interesting trends that could be rationalized by the charge
difference between Hg and MeHg. Hg(ll) is expected to
interact more strongly with a negatively charged methyl anion
than with a neutral water molecule; hence, theHg(L) bond
length is generally shorter than the correspondingHg(L)
distance (Table 2). As compared to MeHghe greater positive
charge on Hg" results in a shorter HgL bond length (by 0.04
to 0.19 A) and less linear structures (Table 2-dg—L <
C—MeHg—L). If the ligand L contains two donor atoms, X and
Y, near each other, Hg not only coordinates with X, but also

TABLE 2: Calculated Bond Distances (in A), Bond Angles (in deg), and Formation EnergiesAE in kcal/mol) of Linear [H sC—Hg—L] %"z and [H,O—Hg—L] 2t Complexe$

MeS™ Cl-

Ace

MeOH HS MeSH MeS NH; MeNH;  Nbkb Im MePur MeAde MeGua MeCyt MeThy DMP-
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2.162 A in the free state (no LY.Hg—L

2.140 A in the free state (no Ly.C(Me)—Hg

bond distance in inorganic p@—Hg—L]?"* complexes¢ Hg—L bond distance in organic J€—Hg—L]*"* complexes! Net NBO charge transferred by the ligand L to Hg in inorganigQHHg—L]?"*

complexesd Net NBO charge transferred by the ligand L to Hg in organig§HHg—L]*"? complexes! Formation energy of [fD—Hg]** + Lz — [H,O—Hg—L]?"% | Formation energy of [{C—Hg]" +
p g y g g g g p gy g g gy g

Lz — [HsC—Hg—L]**2

aFully optimized structures and energies are computed at the B3-PW91/A level (see Meti@@eter-Hg



456 J. Phys. Chem. A, Vol. 110, No. 2, 2006 Tai and Lim

21614

Figure 2. Fully optimized B3-PW91/A structures of linear inorganic mercury complexesQ{HHg—L]2*% with L
Ace, DMP-, and MeThy.

2089A

Figure 3. Fully optimized B3-PW91/A structures of linear organic mercury complexes;fHHg—L]*™% with L = Nbkb, MeGua, MeCyt, Ace
DMP-, and MeThy.

attracts the nearby Y. For |= Nbkb, HF" coordinates monodentately, resulting in similar metaD(Ace) distances. In
bidentately to both the amide nitrogen and carbonyl oxygen contrast to Nbkb and Ace both Hg™ and MeHg" coordinate
atoms (Figure 2¢(Hg—N) — r(Hg—0O) = 0.03 A); hence, the monodentately to dimethyl phosphate and to the Bkb oxygen
[H20—Hg—Nbkb}** structure is significantly bent with an  (rather than the Bkb nitrogen), in accord with the PDB
O—Hg—N angle of 130, whereas MeHg coordinates mono-  structures.

dentately to the amide group (Figure BMeHg—O) — Similarities Among Stabilization Energy Trends of Hg?"
r(MeHg—N) = 0.23 A). Likewise, H§" coordinates bidentately  and MeHg* Complexes Among all the ligands studied, MeS

to both acetate oxygen atoms, whereas Mektgordinates forms the strongest bond with both Hg(—388 kcal/mol) and
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TABLE 3: Energy Decomposition of the Hg—L Bond in the C<-Symmetric Linear [H ,0—Hg—L]2"? and [HzC—Hg—L] ™2

Complexes

H,O H,S MeS NH; MeNH, Nbkb Melm MePur MeAde MeGua DMP Ace MeS Cl-
AEc, —83.0 —96.6 —134.5 —121.5 —135.1 —169.2 —165.1 —155.5 —155.7 —174.2 —342.2 —363.2 —398.7 —359.4
AE'c, -31.7 —-36.4 —-50.8 —-499 -544 -60.9 -664 -564 —-56.1 -—725 —153.9 —174.7 —193.4 —179.2
AEgy 1.2 16.2 18.1 1.1 2.8 9.3 5.1 5.8 7.8 18.7 26.6 5.1 3.9 0.5
AE g 1.0 1.1 2.3 1.6 2.3 8.0 3.5 3.9 4.7 5.3 13.6 6.3 35 25
AEsi(L) 0.6 15.7 174 0.4 2.2 8.6 4.4 5.1 7.1 18.1 26.2 4.2 2.1 0.0
AE'«{L) 0.1 0.1 0.9 0.1 0.7 6.5 1.4 1.9 2.7 3.3 11.3 3.8 0.7 0.0
AEq(Hg?") 0.6 0.5 0.7 0.7 0.6 0.7 0.7 0.7 0.7 0.6 0.4 0.9 1.8 0.5
AE' (MeHg") 0.9 1.0 1.4 15 1.6 1.5 2.1 2.0 2.0 2.0 2.3 25 2.8 2.5
AEiny —84.2 —112.8 —152.6 —122.6 —137.9 —178.5 —170.2 —161.3 —163.5 —192.9 —368.8 —368.3 —402.6 —359.9
AE'int -32.7 -375 -53.1 -515 -56.7 -689 -69.9 -60.3 -60.8 -77.8 —167.5 —181.0 —196.9 —181.7
AEpaui 63.6 76.2 85.3 99.4 101.2 91.7 128.6 99.6 105.3 95.1 119.7 947 1619 1349
AE pauii 43.3 63.3 80.7 79.4 85.6 80.0 101.1 95.6 102.7 92.0 95.0 102.1 1595 1146
AEglec —79.9 —77.8 —99.7 —128.5 —133.2 —146.4 —170.2 —127.8 —129.2 —150.7 —342.5 —325.2 —381.6 —351.1
AFE glec —-476 -540 -75.0 -851 -91.9 -93.8 —110.4 -959 -99.5 —107.5 —189.5 —206.2 —256.0 —214.2
AEorn —-67.9 —111.2 —138.1 —93.4 —105.9 —123.8 —128.6 —133.1 —139.6 —137.3 —146.0 —137.8 —182.8 —143.7
AE o —284 —46.8 —-58.7 —457 -504 -551 -60.5 —-59.9 —-640 -623 -73.0 -76.9 —1004 -—-82.1
AEon(a) —61.3 —104.3 —1255 —85.4 —96.7 —104.7 —99.4 —105.2 —110.8 —104.5 —123.4 —123.1 —161.2 —127.9
AEoi(&) —26.3 —440 —-53.6 —427 —-46.8 —-493 -50.2 —-485 —-520 -504 —-63.6 —685 —88.6 —73.9
AEom(d") —6.6 -6.9 —12.7 -8.0 -9.2 -—-19.1 -—29.2 -27.8 -—-28.8 —328 —-226 -—-14.7 —-21.6 -—15.8
AE om(8") —-2.1 —2.8 —5.2 -3.1 —3.6 -58 -10.3 —-114 -121 -11.8 —9.4 —-8.4 —11.8 —8.2

MeHg" (=189 kcal/mol). Among the neutral ligandsH3 or
MeNH; form a stronger bond with both metal ions th@, or
MeSH, respectively, while among the model neutral DNA bases,
MeGua and MeCyt form a stronger bond with both?Hgnd
MeHg" than MeAde or MePur (Table 2AE(MeGua/MeCyt)

> |AE(MeAde/MePur)). The latter is probably because of

toward their respective geometry in thes[B+Hg—L]**Z and
[H,O—Hg—L]?*Z complexes, dictates the net Hf bond
formation energy (Table 3). In general, the favorable electrostatic
interactions AEgiec alone can generally offset the unfavorable
Pauli repulsion,AEpau. They provide a larger stabilizing
contribution than the orbital interactionAEq, (except HG"

favorable electrostatic interactions between the metal ion andligated with S, MeS, MePur, and MeAde), which are dictated

the carbonyl oxygen in MeGua and MeCyt (Figures 2 and 3),

by o interactions AEqr, (&), rather than byr interactions AEq,

which are absent in MeAde and MePur (Figure 1b). Replacing (d'). However, the complexes of the N-ring ligands show greater

a ligand’'s hydrogen atom with a methyl group leads to additional
stabilization of the Hg-L bond (Table 2, comparAE/AE’ of
H—OH andH3C—0OH, H—SH andH3;C—SH, HkC—S—H and
H3C—S—CHjs, H—NH, and H3C—NH2).

Differences Between Stabilization Energy Trends of Hg
and MeHg" Complexes.Relative to the linear MeHgcom-
plexes, the generally shorter Hty bond in the H§" counter-
parts correlates with the more favorable ,(H-Hg—L]%"2
formation energies. Replacing an H atom with a methyl group
stabilizes the HgL bond in [H,LO—Hg—L]?"% (by 11-18 kcal/
mol) more than the HgL bond in [HkC—Hg—L]**Z (by 3—7
kcal/mol) (L= H20, NHz, H,S, and MeSH). These differences
between linear H and MeHd complexes may be rationalized
in terms of the lower positive charge on MeHand, hence,
less charge transfer from a given L to MeH@s compared to
Hg?" (Table 2, CT < CT).

Energy Decomposition of the Hg-L Bond. To understand
the nature of the HgL bond in the H§" and MeHg
complexes, the HgL bond formation energyAEc,, of the Cs-

contribution ofx interactions in forming the HgL bond than
the other neutral ligands.

The results in Table 3 rationalize why both “soft” metals,
Hg?t and MeHd", form stronger bonds with negatively charged
ligands containing the “soft” Sdonor but weaker bonds with
neutral ligands containing the “soft” S donor, as compared to
the “harder” O or N donor. For the negatively charged ligands,
Hg?" and MeHd have much more favorable electrostatic and
orbital interactions with MeSthan with MeCOO or Me;PO,~.

On the other hand, for the neutral ligands, both mercury species
have much more favorable electrostatic interactions with the
“hard” NH3 than with the “softer” SH (by 51 kcal/mol), which
outweigh the more favorable orbital interactions with,3kin

with NH3 (by 18 kcal/mol).

The ratio of the orbital to the electrostatic contributiof&,/
AEge; reveals the relative covalent vs ionic character of the
Hg—L bond (Figure 4). Neutral ligands containing a “soft” S
donor exhibit more covalent bond character than those with a
“harder” N/O donor, as evidenced by/sEy/AEgiec ratio of

symmetric complexes was decomposed into contributions from 1.42 (0.87) for Hg-SH, (MeHg—SHy) that is significantly

the strain energyAEgy, and the interaction energhEiy; i.e.,
AEcs = AEgy + AEin. The latter can be further divided into

greater than the respective ratio of 0.85 (0.60) for—@i,
(MeHg—O0Hy) or 0.73 (0.54) for Hg-NH3 (MeHg—NH3). The

three components: (1) the repulsion between the ligand andcovalent/ionic ratio for H§" complexed to a neutral ligand is

metal fragments according to the Pauli principdEpaui, (2)
the electrostatic interaction between the tW&gie, and (3) the
stabilizing orbital interactionsAEgm; i.e., AEin: = AEpaui +
AEgiec + AEqp. The energy components of ti&-symmetric
linear [H,O—Hg—L]?"Z and [HsC—Hg—L]'*Z complexes are
listed in Table 3.

The interaction energyAEi, between the distorted ligand
L and the distorted [(C—Hg]" or [H,O—Hg]?" fragments,
rather than the energWEs, associated with deforming the

greater than that for MeHg indicating more covalent bonding
with Hg?™ as compared to MeHg In contrast to the neutral
ligands, the covalent/ionic ratio for R complexed to a
negatively charged ligand is similar to that for MeH®.37—
0.48), indicating a predominantly ionic Hd. bond for both
mercury species.

Ligand Exchange Free Energies in Various Dielectric
Media. To determine the protein and DNA functional groups
that HZ™ and MeHg could target in aqueous solution, we

equilibrium structures of the metal fragment and the free ligand evaluated the free energpG®°, for replacing one or more
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Figure 4. Ratio of the orbital to the electrostatic contributions to the-tigbond formation energy as a function of ligand type.

Figure 5. Fully optimized B3-PW91/A structures of tetracoordinated inorganic mercury complgiesO),—Hg—L] - (H20)s-n} 2, with L =

Me,S, NH;, MeNH,, Nbkb, Im, MePur, and MeCyt.

metal-bound water molecules with the model ligands in Figure nonaqua ligand (eq 4a), Rg was initially assumed to be

1

[(H20)5—Hg—H20]2+ +1L°—
{[(H,0),~Hg—L]-(H,0)s_}*" + H,0 (4a)

[H,0—Hg—(H,0)J*" + L*—
[H,O0—Hg—L]?*"*+ 5H,0 (4b)

[HC—Hg—H,O]" 4 L*— [H,C—Hg—L]""*+ H,0 (5)

In eq 4a, the symbol-" separates the first shell from the second

hexacoordinated. However, during optimization of the dicationic
complexes containing M8, NH;, MeNH,, Nbkb, Im, MePur,
and MeCyt, Hg" spontaneously became tetracoordinated to
these ligands with two or three water molecules in the second
shell (Figure 5), while it remained hexacoordinated to the other
neutral ligands (MeOH, v, MeSH, Bkb, MeAde, and MeGua).
As the most common coordination number of#4in the CSD

is two 8566 linear HF" and MeHg complexes (see structures
in Table 1) were also fully optimized. On the basis of the B3-
PWO91/A fully optimized geometries of the metal complexes,
the AG80 for egs 4a, 4b, and 5 were computed using egs 1 and
2 (Table 4). Note that the available experimem&? values

shell. HF* is modeled as an octahedral hydrate, as it is are close to the respective computed values (Table 4).

experimentally found to be hexahydrated in aqueous solétion.

The results in Table 4 show that eq 4a is more favorable

Upon exchanging a metal-bound water molecule for a neutral than eq 4b in the gas phase, mainly because the energy needed
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TABLE 4: Calculated Water (W) — Ligand (L) Exchange Free Energies (kcal/mol) in Aqueous Solutioh

[Ws—Hg—W;2* + L2— [W—Hg—Ws]2" + Lz— [HsC—Hg—W]* + Lz—
{[Wy—Hg—L]"Ws_} 22+ W [W—Hg—L]2"2+ 5W [HaC—Hg—L]*2+ W
L? AG! AGH AG! AG® AG! AG®
MeOH 1.9 13.0 69.0 21.9 ~4.6 15
H.S -3.7 3.7 59.3 3.4 —2.5 0.2
MeSH ~18.7 -39 41.2 0.7 -9.0 ~14
Me,S —26.3 -3.7 27.0 -3.1 ~145 -22
NH3 —23.0 -14.3 44.4 -12.7 -18.7 -10.7
(—10.4)
MeNH, —26.4 -12.4 345 -9.9 -20.6 -8.0
(—11.8) 10.3)
Nbkb —45.3 -12.8 3.1 -10.4 -27.0 ~10.6
Bkb —21.4 12.4 30.4 16.0 -20.0 16
Im —40.1 -10.5 147 —4.7 -26.8 -10.2
MePur -30.6 0.5 21.9 10.6 -17.3 3.8
7.2 5.7
MeAde -30.8 -16 13.2 14.5 -15.8 4.4
MeGua —48.8 7.7 -14.7 5.6 -33.2 -25
MeCyt —47.8 2.1 —4.8 2.4 -305 -3.1
MeThy~ —194.4 -17.2 -1353 ~14.3
DMP- ~195.7 4.9 ~166.9 3.1 —120.0 -2.2
Ace ~185.7 —6.0 —136.6 -5.7
(-8.0) 4.3)
MeS- —222.6 —38.4 ~156.2 ~19.7
cI- ~182.5 —9.0 -140.1 —6.0
(-9.2) 7.1

aComputed using egs 1 and 2 based on B3-PW91/A fully optimized geometries; numbers in brackets are available experimerital=alues.
5;i.e., [(HkO)s—Hg—L]?". °n = 3;i.e.,{[(H20):—Hg—L]+*(H20)2}?*. ¢n = 2; i.e., {[(H20),—Hg—Nbkb]-(H.O)3} > (Figure 5).¢ Free energy for
[(H20)s—Hg—H,01?" + MePur— [(H,0);—Hg—MePurf* + 3(H;0).

to break extra HgH>O bonds in forming a linear complex exchange in “catalytic” as opposed to “structural” Zn sites,

exceeds the entropy gain in the water releage@(for eq 4a because negatively charged Cys, the most preferred inner-shell

is more negative than that for eq 4b). However, solvent effects ligand for “structural” Zn, is known to have higher affinity for

generally disfavor the water ligand exchange for eqs 4a and Hg?" than zinc® In contrast to “structural” Zn sites, His, Asp/

4b involving ligands that are bulky or negatively charged. The Glu, and water molecules are found to be the most preferred

latter is because the substituted Hg complex is bulkier or has inner-shell ligands for Z#t in “catalytic” Zn sites®” Assuming

one less net positive charge than the?Hbexahydrate, and is  that Hg" has found a “catalytic” Zn-binding site (characterized

thus more poorly solvated. On the other hand, solvent effects by a dielectric constan), we assessed if it could replace?Zn

generally favor the exchange of five water molecules for a small by computing the Z&# — Hg?+ exchange free energies in rigid

neutral ligand in eq 4b because of the solvation free energy and flexible model Zn-binding sites as follows:

gain of the linear [HO—Hg—L]?" complex relative to the

bulkier, hexahydrated Hg and/or the entropic gain in releasing  [Zn Im, Ace (H,0),_J° ™ + [Hg (H,0)s*" —

five water molecules. Consequently, in interpreting the results 2-m 2+

below, we focus on the mgre fa%orabheGg) of ?he two [Hg ImAce (H0)y—nmnl” ™+ 20 (HLO)] ™ (6)

reactions, eqs 4a and 4b. 2“m P
The ligand exchange free energies in Table 4 show that the[Zn ImACE,(Hz0)s-m-—nl™ ™ + [HY (HO)l™ —

backbone carbonyl oxygen is predicted to bind monodentately {[Hg Im Ace,(H,0),]*(H,0)s m-npt 2™ [Zn (H,0)*"

to both Hg+ and MeHg in solvent-inaccessible cavities @)

(negativeAG¢, € < 1, for Bkb). As expected, deprotonated Cys

is the preferred target for both Figand MeHd", as the most In egs 6 and 7, Im and Ace model His and Asp/Glu side chains,

negativeAG! andAG®° correspond to MeS Contrary to HSAB respectivelyn = 0—2, m= 0—3, andp = 1—3. As for HF",

expectations however, neutral N-containing ligands are more Zn?* is experimentally found to be hexahydrated in aqueous

likely to interact with Hg™ and MeHg than the S-containing  solution® Eq 6 models metal exchange in a rigidZ+binding

counterparts: thG! and AG® for forming NH3 and MeNH site that forces the incoming K to adopt Zn's tetrahedral

complexes are more favorable than those for forn$Hg and geometry, while eq 7 models metal exchange in a more flexible
MeSH complexes, respectively. Zn2*-binding site that allows H to adopt its lowest-energy

In addition to the protein ligands, MeGua, MeCyt, and DMP  geometry.
may form linear complexes with MeHgin aqueous solution The Zr*t — Hg?" exchange free energies for reactions 6 and

(Table 4, negativAG®0). As for the other two DNA bases, we 7 in the gas phase and in various dielectric media are
cannot conclude if MeAde could interact with Hgbecause summarized in Table 5. Note that, in two of the model
the AG80 for eq 4a (1.6 kcal/mol) is within the error limits of ~ “catalytic” Zn?*-binding sites studied (Table 5, reactions 3 and
the present calculations (Table 4), while thymine is neutral at 4), we could not locate a stable Hg-substituted tetrahedral

physiological pH and cannot interact with Hgor MeHg", complex, which spontaneously converted to a linear or trigonal
unless it were deprotonated at N3 (Table 4, negafie, structure during geometry optimization. Interestingly, for each
€ = 1 for MeThy"). of the tetrahedral complexes in Table 5, charge transfer from

Zn?t — Hg?" Exchange Free Energies in Model “Cata- the ligands to Hg" (0.49-0.62 e) is greater than that to Zn
lytic” Zn-Binding Sites. We chose to study the Zh— Hg?" (0.32-0.41 e), indicating that Hg can accept more negative
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TABLE 5: Enthalpies (AH1) and Free Energies AG¢) for Zn2" — Hg?" Exchange in Model “Catalytic” Zn-Binding Sites of

Varying Dielectric Constant € (in kcal/mol)2

no. reactant- [HgWe]?+ product+ [ZnWe] 2+ CNug? CTzS CTh? AH? AG! AG* AG? AG?
1 [Zn Im Ws]2* [Hg Im W3)2* 4 0.32 049 -128 -73 -87 -88 -88
(Hg Im W]-W,)2+ 2 061 —163 -104 —-82 -79 -77
2 [Zn Im, W,)2+ [Hg Imy W2+ 4 0.36 058 -196 -—16.1 —185 -188 -—18.8
(Hg Im2]-W)2* 2 068 —22.8 -187 -—180 —18.7 —187
3 [Zn Ace Wi * (Hg Ace W]W,)* 2 0.35 067 -131 -105 —11.9 -119 -11.8
4 [Zn Im Ace Wy * ([Hg Im Ace W]-W)* 3 0.31 066 —-150 —115 -134 —134 —13.2
5 [Zn Im, Ace W]+ [Hg Im, Ace W] 4 0.40 0.56 -7.3 -37 -112 135 -139
(Hg Im2 Ace]W)* 3 0.61 -73  -53 -139 -167 -17.1
6 [Zn Ace, W,]° [Hg Ace, W,]° 4 0.35 062 80 -36 -84 -85 86
(Hg Ace W] -W)° 3 0.66 -30 -1.0 -98 -117 -12.0
7 [Zn Im Ace, W]° [Hg Im Ace, W]° 4 0.36 0.60 —4.1 -0.4 -5.1 —6.4 —6.7
(Hg Ace; W]-Im)° 3 0.66 -0.4 20 -30 —42 -43
8 [Zn Aces W]~ [Hg Aces W]~ 4 0.41 057 66 —30 —92 —105 —1038

2]m = imidazole, W= H,0, Ace= CH;COO". ? Coordination number of Hg.Net NBO charge transferred by the ligands t¢Zrf Net NBO
charge transferred by the ligands to#4gf A stable tetrahedral Hg-substituted complex could not be found.

charge from the ligands than Zn Correspondingly, the gas-
phase Z&™ — Hg?" exchange enthalpied\H!, are negative.
In contrast, the gas-phase entropy teihi! — AG?, disfavors
Zn?" — Hg?" exchange and may contribute significantly to the

Neutral Gua and Cyt DNA bases are predicted to interact
with MeHg" in aqueous solution. The negativeG8® for
formation of [Me—Hg—MeGua]" in Table 4 is consistent with
the experimentally observed formation of [Melg—Gual* in

free energy (e.g., Table 5, second last reaction); thus, it shouldaqueous solutiohSince G—0O, N2, and N—H of Cyt hydrogen

not be neglected in computingG?. All the AG¢, € = 4, in
Table 5 are negative, indicating that Higcan displace Z#
regardless of the solvent accessibility and the relative rigidity/
flexibility of the Zn-binding site.

Discussion

Interaction Differences Between H§"™ and MeHg". The
key factor governing the differences between inorganié™Hg
and organic MeHg in their interactions with different ligands
lies in the charge difference on the two metals. Because Hg
has greater positive charge than MeHg forms less linear
structures, as well as shorter and thus strongetHgonds

bond to N—H, N!—H, and -0 of Gua, respectively (see
Figure 1b), in forming a WatsenCrick base pair, Ricoordina-
tion of Cyt to MeHg™ would disrupt Cyt-Gua base pairing.

Hg2" Can Compete with Zré* for Non-Cysteine Residues
in “Catalytic” Zn Sites. If Hg?* could find a “catalytic” Zn-
binding site, then HY can replace Z3T, as evidenced by the
negative metal exchange free energies in Table 5. This is
consistent with experimental findings that #igcan replace
biological Zr#* in certain Zn enzymes such as carboxypeptidase
A (Table 1 in Supporting Information). The thermodynamical
preference of the harder N and @ontaining side chains for
the “soft” Hg rather than the “borderline” Zn is probably due

(Table 2). The finding herein that organic mercury compounds to relativistic effects rgsulting. in ) a strong stabili.zation of
have less stable complexation energies than the inorganicmercury’s vacant 6s orbitals, which in turn enhances its electron-

counterparts is in accord with the observed kinetic lability of
the MeHg" cation! Although both mercury species form a
predominantly ionic Heg-L bond with a negatively charged
ligand, Hg" forms a less-ionic bond with a neutral ligand, as
compared to MeHg (Figure 4).

Negatively Charged Ligands Obey HSAB Principle;
Neutral Ligands May Not. In accord with the HSAB principle,
the “soft” H?" and MeHd centers prefer negatively charged
ligands containing the “soft” Sdonor rather than the “harder”

O~ /N~ donor in the gas phase and in aqueous solution (Table

4). However, contrary to the HSAB principle, Hgand MeHg
prefer neutral ligands containing the “harder” N donor rather

accepting ability. Consequently, charge transfer from a given
set of ligands to HY is greater than that to 2n, thereby
allowing Hgf+ to compete for the Zt ligands (Table 5).
Studies on metatligand interactions involving the group 11
monocations have also found the bond energies of Au(l) to be
greater than those of Ag(l) because of the relativistic stabilization
of gold's vacant 6s orbitals, which enhances its electron
accepting ability and thus its interactions with ligands, as
compared with Ag(If8

In certain rigid Zn-binding sites (Table 5, reactions 1, 285,
Hg?", which has a larger ionic radius thanZr(rg/rzn = 1.02/
0.75), could retain the tetrahedral Zn-binding site geometry, but

than the “soft” S donor (Table 4), partly because both mercury it attenuates the native metdlgand bond distances so that the
species have more favorable electrostatic interactions with theprotein might not maintain the proper conformation for its

former than with the latter (Table 3).
Hg?" and MeHg™ Biological Targets. The finding here that

biological function. In the tetrahedral metal complexes in Table
5, the average “native” ZaN(Im) (1.99 + 0.04 A), Zn-

solvent-inaccessible backbone carbonyl oxygen atoms couldO(Ace”) (1.97+ 0.08 A), and Zr-O(water) (2.08+ 0.06 A)

bind monodentately to both Rand MeHg suggests that these

distances are shorter than the respective-Ngm) (2.19 +

two mercury species could potentially target any protein. The 0.14 A), Hg-O(Ace") (2.21=+ 0.13 A), and Hg-O(water) (2.54

deprotonated Cys side chain, modeled by MdSthe preferred
biological target of both H§ and MeHg". In addition to the
“soft” Cys(S™) and Met(S) atoms, ligands containing the
“harder” O°/N donor such as deprotonated Asp/Glu (Axe
His (Im), and Lys (MeNH) side chains could also interact with

+ 0.12 A) distances by 0.20, 0.24, and 0.46 A, respectively.
These findings are consistent with the X-ray structures of the
native Zn-binding site (PDB ID: 2CTC) and the Hg-substituted
binding site (PDB ID: 1ARM) in carboxypeptidase A: the
average Zr-N(His) and Zr-O(Asp) distances are also shorter

both mercury species (Table 4). These protein targets arethan the Hg-N(His) and Hg-O(Asp) distances by 0.13 and
consistent with the observation that deprotonated Cys, Met, Asp/0.26 A, respectively. On the other hand, for flexible binding

Glu, His, and Lys side chains are bound to?Hgn the PDB
structure®® (Table 1 in Supporting Information).

sites, H§" may destroy the tetrahedral Zn-binding site geometry
by adopting a linear or trigonal geometry (Table 5).
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