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Abstract: We have performed systematic theoretical studies to elucidate the factors governing the His
protonation/deprotonation state in Zn-binding sites, especially those containing the ubiquitous Zn—His—
Asp/Glu triad. Specifically, we have addressed the following three questions: (1) How does the transfer of
the Zn-bound His imidazole proton to the second-shell Asp/Glu carboxylate oxygen depend on the
composition of the other first-shell ligands and the solvent accessibility of the metal-binding site? (2) Can
any second-shell ligand with a proton acceptor group such as the backbone carbonyl oxygen also act as
a proton acceptor? (3) What is the effect of the Asp/Glu in the Zn—His—Asp/Glu triad on the Zn-bound
water protonation state? To address these questions, we used a combination of quantum mechanical and
continuum dielectric methods to compute the free energies for deprotonating a Zn-bound imidazole/water
in various Zn complexes. The calculations show that whether the Zn-bound His is protonated or deprotonated
depends on (1) the solvent accessibility of the metal-binding site, and (2) the Lewis acid ability of Zn,
which is indirectly determined by both the first- and the second-shell Zn ligands. The calculations also
show that the effect of the Zn—His—Asp/Glu interaction on the nucleophilicity of the Zn-bound water depends
on the solvent accessibility of the catalytic Zn site. Furthermore, they show that the Asp/Glu side chain in
the Zn—His—Asp/Glu triad can increase the negative charge of its partner, His, and create an anionic hole
that may stabilize a cation in buried cavities, provided that the Zn complex is cationic/neutral. The findings
of this work are in accord with available experimental data.

Introduction carboxylate side chain has been found to be the most common

Zinc is an essential trace metal that is known to play important Partner of the Zn-bound H#s™1%-4%In particular, the Zr-His—
catalytic and/or structural role(s) in biological system¥. It Asp/Glu triad (Figure 1) has been found in all three types of
is an essential cofactor of many metabolic enzymes and Catalytic zinc cores such as the [ZnB{OH)(Hisy] site in
transcription factors. Interestingly, from a survey of zn- human carbonic anhydrase?the [Zn(HO/OH)(Asp/Glu)-

containing proteins in the Protein Data Bafikhe Asp/Glu (His),] core in carboxypeptidase #&,and the [Zn(HO/OH)-
(Cys)(His)] site in alcohol dehydrogena3&Previous studies

I:\rl]s?tUte|on BiO";'edicgl _SCief)tce- have suggested that the Zr-His —Asp/Glu(HY triad is
o e o i i Prota Chern 1991, 42, 281. energetically more favorable than the’Za HisP—Asp/Glu~.23.24
(g) ngbleTar}, i-_E'\-/I\néIU- Reksig&hgn&l%g%ti% _89g. 1998 7 1700 Here, we show that whether the imidazole proton remains on
) Catnson D Neanter B e Sotoba 111 ea12,  the Zn-bound His or is transferred to the second-shell Asp/Glu

(5) Cox, E. H.; Hunt, J. A.;; Compher, K. M.; Fierke, C. A; Christianson, D.  depends on the nature of the other Zn ligands (including the
W. Biochemistry200Q 39, 13687.

(6) Gockel, P.; Vahrenkamp, KChem. Ber1996 129, 1243, Zn-bound water protonation state), which govern the Lewis acid
) %O%kfll’ P.; Vahrenkamp, H.; Zuberbuhler, A. fely. Chim. Actal993 ability of Zn(ll), as well as the solvent accessibility of the metal-
(8) lan, L. A.; Katalin, N.: Shoshana, J. Wrotein Sci.1998§ 7, 1700. binding site. We also discuss the various roles of the Asp/Glu

(9) Ippolito, J. A.; Baird, T. T.; McGee, S. A.; Christianson, D. W.; Fierke, C.  j ie— i ir bi i ianifi
AP Pro. Nati: Aoad, Sci. U.S AS95 02 5017 in the Zr_m—Hls_ Asp/GIq tngd and their biological S|gn_|f|cance.
(10) Karlin, S.; Zhu, Z.-Y.; Karlin, K. D.Proc. Natl. Acad. Sci. U.S.A.997, To rationalize the ubiquitous presence of Asp/Glu in the-Zn
94, 14225, . o . - )
(11) Karlin, S.; Zhu, Z.-Y Proc. Natl. Acad. Sci. U.S.A997 94, 14231. His—Asp/Glu triad in various Zn-essential enzymes, several
(12) Kiefer, L. L.; Paterno, S. A.; Fierke, C. A. Am. Chem. S0d.995 117,
6831. (19) Dudev, T.; Lin, Y. L.; Dudev, M.; Lim, CJ. Am. Chem. So2003 125,
(13) Laity, J. H.; Lee, B. M.; Wright, P. ECurr. Opin. Struct. Biol2001, 11, 3168
39

(20) Hakahsson, K.; Carlsson, M.; Svensson, L. A; Liljas) AVol. Biol. 1992

(14) MccCall, K. A.; Huang, C.-C.; Fierke, C. Al. Nutr.200Q 130, 1437S. 227, 1192.
(15) Predki, P. F.; Sarkar, Bl. Biol. Chem.1992 267, 5842. (21) Teplyakov, A.; Wilson, K. S.; Orioli, P.; Mangani, 8cta Crystallogr.,
(16) Schwabe, J. W. R.; Klug, Aat. Struct. Biol.1994 1, 345. Sect. D: Biol. Crystallogr1993 49, 534.
(17) Vallee, B. L.; Auld, D. SBiochemistryl99Q 29, 5647. (22) Cho, H.; Ramaswamy, S.; Plapp, B. Biochemistry1997, 36, 382.
(18) Abola, E. E.; Sussman, J. L.; Prilusky, J.; Manning, N.R@otein Data (23) Nakagawa, S.; Umeyama, H.; Kitaura, K.; Morokuma,Gtem. Pharm.
Bank Archies of Three-Dimensional Macromolecular Structyesademic Bull. (Toky0)1981 29, 1.
Press: San Diego, 1997; Vol. 277. (24) El Yazal, J.; Roe, R. R.; Pang, Y.-P.Phys. Chem. B00Q 104, 6662.
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are identical to within experimental error. This observation has
been rationalized by assuming that the ®iu-His'® hydrogen
bond is compensated by a Ci-His!'® hydrogen bond based
on the X-ray structure of the GIY — Ala mutant?3 thus the
electrostatic environment of the Zn, and therefore the Zn-bound
water K, is maintained in the mutant.

The role of the Asp/Glu in the ZaHis—Asp/Glu triad as a
proton acceptor, as opposed to a hydrogen-bond acceptor, was
initially suggested by a molecular orbital study on the—Zn
His®—Asp!#? triad in carboxypeptidase A, where neutral and
deprotonated Hf were modeled by imidazole (ImH) and
imidazolate (InT), respectively, while negatively charged and
protonated Asf? were modeled by formate (HCO® and
formic acid (HCOOH), respectiveRE In the absence of zinc
and its ligands, the energy minimum of tm-HCOOH is
higher than that of Imf--HCOO™ (by 24 kcal/mol), whereas
in the presence of zinc and other first-shell ligands, the energy
minimum of Zr#t—ImH%--HCOO™ is higher than that of
Zn?*—Im~-+--HCOOH (by 3 kcal/mol). The finding that the
proton may transfer from a Zn-bound imidazole to a carboxylate
oxygen is also supported by gas-phase proton dissociation
energies of imidazole in the presence and absence of Zn
(computed at the B3LYP/6-3#1G(d,p) and MP2/6-31tG-
(d,p) levelsy** The Zr#*—Im~---MeCOOH triad is more stable
than the ZA"—ImH---MeCOO™ motif in the absence and
presence of a Zn-bound hydroxiéeHowever, this trend is
reversed when the second-shell free carboxylate oxygen is
hydrogen bonded to a third-shell water molecule: First prin-
ciples quantum chemical calculations on various models of the
Zn—His%"—Asp*—H,0 quartet of horse liver alcohol dehydro-
genase bound to the NADcofactor show that, by including
a third-shell water molecule, the complex containing
Zr?t—ImH0--MeCOO ++-H,0 is energetically more stable than
that containing Z#&—Im~---MeCOOH—H,0 .35

The above findings that the absence of a third-shell water
molecule may favor proton transfer from a Zn-bound His to a
nearby second-shell carboxylate group, whereas its presence
disfavors such a proton transfer, raise several intriguing ques-
tions. (1) How does the transfer of the Zn-bound His imidazole
proton to the second-shell Asp/Glu carboxylate oxygen depend
on the composition/electronic properties of the other first-shell
ligands and the solvent accessibility of the metal-binding site?
In other words, does the second-shell Asp/Glu side chain act
as a hydrogen-bond/proton acceptor for the Zn-bound His in
he three general types of catalytic zinc cores, [ZGHDH)-
His)s], [Zn(H20/OH)(Asp/Glu)(His)], and [Zn(HO/OH)(Cys)-

His], and does its role depend on the relative solvent exposure
of the metal-binding site? (2) Can any second-shell ligand with
a hydrogen-bond acceptor group such as the backbone carbonyl
group, which is often found hydrogen bonded to the Zn-bound
His 341%also act as a proton acceptor? (3) What is the effect of
the Asp/Glu in the Zr-His—Asp/Glu triad on the Zn-bound
water protonation state can it facilitate ionization of the Zn-

Figure 1. The Zn—His—Asp/Glu triad in Zn-binding proteins.

roles have been proposed for the second-shell Asp/Glu. By
interacting with the Zn-bound histidine, the second-shell Asp/
Glu has been suggested to (1) enhance the Zn-binding
affinity,25-27 (2) modulate the basicity/nucleophilicity of metal-
bound water (if presenf)and (3) act as a proton acceptor, as
opposed to a hydrogen-bond acceptor, of the Zn-bound3Afs.
The role of the second-shell Asp/Glu in the-ZHis—Asp/Glu
triad in promoting Zn binding is supported by various site-
directed mutagenesis studies. Mutating @luwhich is hydro-
gen bonded to Zn-bound Hi$ in human carbonic anhydrase
I, to alanine decreased the Zn affinity (bylO-fold) relative

to the wild-type proteid228In analogy, mutating A which
forms hydrogen bonds with Zn- and Cu-bound His ligands in
Cu—Zn superoxide dismutase, to asparagine and glycine nearly
abolished Zn binding? The importance of the HisAsp/Glu
interactions in stabilizing the Zn-binding site is also supported
by experimental studies on a B1 domain variant of IgG-binding
protein G, which contains a designed [Zn(H@&Ys] binding
site; Mutating the second-shell ligands from hydrophobic
residues (Val/Leu) to negatively charged residues (Asp/Glu)
enhanced metal-binding affini#p.

Experimental evidence for the role of the Asp/Glu in the-Zn
His—Asp/Glu triad in modulating the basicity/nucleophilicity
of metal-bound water seems ambiguous. The negatively charge
Asp/Glu in the Zn-His—Asp/Glu triad has been suggested to
destabilize a Zn-bound OKF! which should raise the Zn-bound
water K, Hence, if the negatively charged Asp/Glu side chain
were removed, the Zn-bound wateKg should decrease.
However, experimental studies on human carbonic anhydrase
Il show that the Zn-bound waterKp values in the GIt7 —
Ala mutant (6.94 0.1)2 and wild-type protein (6.8 0.1)%2

(25) Liljas, A.: Rossmann, M. GAnnu. Re. Biochem.1974 3, 475. bound water molecule, and does this role depend on the solvent
(26) Kester, W. R.; Matthews, B. Wl. Biol. Chem1977, 252, 7704. ibili f the zin Vity?
(27) Argos, P.; Garavito, R. M.; Eventoff, W.; Rossmann, M. G.; Branden, C. access.b ty of the ¢ ca ty . . . .
I. J. Mol. Biol. 197§ 126 141. _ _ Herein, we address these questions using a combined ab initio
(28) Kiefer, L L. Krebs, J. F.; Paterno, S. A Fierke, C.Biochemistnl993 and continuum dielectric approach (see Methods). The first- and,
(29) Bénci, L.; Bertini, I.; Cabelli, D. E.; Hallewell, R. A.; Tung, J. W.; Viezzoli,
M. S. Eur. J. Biochem1991, 196, 123. (33) Lesburg, C. A.; Christianson, D. W. Am. Chem. Sod.995 117, 6838.
(30) Marino, S. F.; Regan, L.Chem. Biol.1999 6, 649. (34) El Yazal, J.; Pang, Y.-Rl. Phys. Chem. B999 103, 8773.
(31) Christianson, D. W.; Fierke, C. Acc. Chem. Red996 29, 331. (35) Gervasio, F. L.; Schettino, V.; Mangani, S.; Krack, M.; Carloni, P.;
(32) Kiefer, L. L.; Fierke, C. ABiochemistry1l994 33, 15233. Parrinello, M.J. Phys. Chem. BR003 107, 6886.
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molecules were fully optimized using the Slater exchange func#foral

with the Voske-Wilk —Nusair! correlation functional (S-VWN) and

the SDD¥?“3 basis set (see next section). For each fully optimized
structure, vibrational frequencies were evaluated at the same level of
theory — no imaginary frequency was found in any of the fully
optimized molecules. The S-VWN/SDD frequencies were scaled by
an empirical factor of 0.9833and used to compute the thermal energy
and vibrational entropy. Based on the S-VWN/SDD geometry of a
molecule Eeiec Was estimated by a single-point calculation at the MP2/

in some cases, the second-coordination layers of the metal-6-31+G(d) level (see below).

binding sites were taken into account explicitly, while the rest

Determining the Optimal Theory/Basis Set Level for Geometry

of the protein was treated as a continuous medium characterizedOptimization. To obtain reliable geometries of nitrogen- and sulfur-

by a given dielectric constant ranging from 2 to 80. While

containing Zn-binding cores, the Cambridge Structure Dat&hg38D)

previous theoretical studies (see above) have focused on theéVas searched for X-ray structures ofZZiound to sulfur- and nitrogen-

effect of zinc and either the Zn-bound hydroxitier a specific
set of Zn ligand%3> on the ImH protonation state, we have

carried out a systematic study of how the protonation state of

containing ligands that can be used to calibrate the predicted geometries.
Bis-(2-amino-1,1,-dimethylethanethiolato)-Zn(ll) complex (CSD code
AMETZN, Table 1), whose structure has been solved t&diactor of
6.3%2¢ was selected for geometry calibration. It was fully optimized

the Zn-bound His in representative catalytic zinc cores dependsusing Hartree-Fock (HF), B3-LYP4™-4° B3—P864750 or S-VWN in

on the Zn site’s solvent accessibility, and the other first- (His,
Asp/Glu, Cys, and OH) and second-shell ligands (Asp/Glu and

backbone peptide). The various roles of the second-shell Asp/

Glu as well as the biological significance of the-ZHis—Asp/
Glu triad are discussed.

Methods

Models Used We modeled the common catalytic Zrbinding sites
in proteins? viz., [Zn(H,O/OH)(His)], [Zn(H.O/OH)(Asp/Glu)(His}],
and [Zn(HO/OH)(Cys)(His)] cores. The side chains of histidine,

combination with the 6-3tG(d), 6-31%+G(d,p), 6-34G(d)/SDD
(SDD only for Zn), or SDD basis sets (Table 1).

Comparison of the resulting geometries with the X-ray structure in
Table 1 shows that among the various methods, S-VWN/SDD yielded
the closest agreement with the experimental bond distances with a root-
mean-square deviation (rmsd) of 0.025 A. It also yielded reasonable
angles with a rmsd of 1°6As compared to S-VWN/SDD, the B3-P86
functional with the same SDD basis set or the same S-VWN functional
with the 6-31G(d) basis yielded better agreement with experiment
for the bond angles with a rmsel 0.45°, but slightly worse agreement

aspartic acid/glutamic acid, and cysteine were modeled by imidazole/ for the bond distances with a rmsd around 0-68836 A. However,

imidazolate (ImH/InT), acetic acid/acetate (MeCOOH/MeCOQand
methyl thiolate (MeS), respectively, while the backbone peptide group
was modeled by MeCONHMe.

Reaction Free EnergiesAG*. For a given environment character-
ized by a dielectric constamt= x, the reaction free energhG*, was
calculated using the thermodynamic cycle in Schema@! is the
gas-phase reaction free energy, wh&sq* is the free energy for

S-VWN/6-31+G(d) underestimated the experimental-Zh distance
(2.295+ 0.004 A) by 0.063 A, while B3-P86/SDD overestimated the
experimental Zr-N distance (2.062+ 0.01 A) by 0.069 A. Hence,
these two methods may not be optimal for geometry optimization of
the common catalytic Zn cores containing Zn bound to S(Cys) and/or
N(His). In contrast to the S-VWN/6-31G(d) and B3-P86/SDD
methods, S-VWN/SDD yielded both 8 (2.260 A) and ZsN (2.070

transferring a molecule in the gas phase to a continuous medium A) distances that are close to the respective experimental range with

characterized by a dielectric constantThus, the reaction free energy
in an environment modeled by dielectric constantAGX, can be
computed from:

AG*= AG' + AG,, (products)— AG,,(reactants) (1)

Gas-Phase Free EnergiesAG". All of the gas-phase free energy

calculations were carried out using the Gaussian 98 progfamnd
AG! was computed according to:
AGt= AE .+ AE; + APV — TAS 2)

whereAEqee AET, APV, andAS are the differences in the electronic

the largest deviation from the experimental distances found for the cyclic
C—C bond. The latter is underestimated by 0.041 A, which in turn
may account for the underestimation of the comped S—C angle.
Note, however, that the Zn-binding sites modeled in this work do not
contain a cyclic G-C bond.

As found in this work, the S-VWN functional has been found to be
adequate for geometry optimization of metal-containing compounds
in previous works. It yielded the best bond lengths for a set of 41
inorganic molecules as compared to the BLYP and B3-LYP functionals
using the 6-311G* basis s®tlt also yielded the best bond lengths for
a set of 20 molecules containing Cu, Ag, and Au as compared to the
BPW, B3-PW, BLYP, and B3-LYP functionals with the LANL2DZ
basis set? Furthermore, in our previous woPRthe S-VWN functional

energy, thermal energy, work term, and entropy between the product- 3g) Hohenberg, P.; Kohn, WPhys. Re. 1964 136 B864.
(s) and reactant(s), respectively. Note that the thermal energy includes(39) Kohn, W.; Sham, L. JPhys. Re. 1965 140 A1133.

the zero-point energ¥.Unless stated otherwise, the geometries of the

(36) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
M. C.; Strain, K. N.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.5;
Gaussian, Inc.: Pittsburgh, PA, 1998.

Foresman, J. B.; Frisch, Exploring Chemistry with Electronic Structure
Methods 2nd ed.; Gaussian, Inc.: Pittsburgh, PA, 1996.

(37
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Table 1. Calculated and Experimental Structural Parameters for Bis-(2-amino-1,1-dimethylethanethiolato) Zinc Complex?
Zn-S Zn-N S-C N-C c-C rmsd® S-Zn-N Zn-S—C Zn—-N-C rmsd®

HF/6-31+G(d) 2.305 2.208 1.849 1.473 1.536 0.067 88.0 96.7 108.7 2.78
HF/6-311+G(d,p) 2.312 2.220 1.851 1.473 1.534 0.072 87.8 96.6 108.5 2.85
HF/6-31+G(d) (SDD for Zn) 2.296 2211 1.849 1.473 1.536 0.068 88.1 96.9 108.6 2.82
HF/SDD 2.316 2177 1.908 1.489 1.542 0.055 89.6 95.6 108.7 1.73
S-VWN/6-31G(d) 2.232 2.089 1.841 1.461 1.520 0.036 91.2 93.7 108.6 0.30
S-VWN/6-31H-+G(d,p) 2.233 2.103 1.839 1.461 1517 0.039 90.8 94.0 108.4 0.63
S-VWN/6-31+G(d) (SDD for Zn) 2.225 2.107 1.836 1.460 1.524 0.043 90.9 94.1 108.5 0.61
S-VWN/SDD 2.260 2.070 1.890 1.479 1.479 0.025 92.7 90.8 108.5 1.62
B3-LYP/6-31+G(d) 2.285 2.202 1.869 1.485 1.541 0.064 89.0 96.5 108.5 2.33
B3-LYP/6-31H+G(d,p) 2.285 2.211 1.873 1.485 1.540 0.067 88.8 96.5 108.5 241
B3-LYP/6-31+G(d) (SDD for Zn) 2.277 2.213 1.869 1.485 1.543 0.069 88.9 96.7 108.4 2.46
B3-LYP/SDD 2.309 2.166 1.925 1.502 1.549 0.053 90.6 94.6 108.6 0.89
B3-P86/6-3%G(d) 2.262 2.160 1.855 1.475 1.532 0.048 89.7 95.6 108.6 1.68
B3-P86/6-31%+G(d,p) 2.265 2.175 1.853 1.472 1.531 0.054 89.3 95.7 108.4 1.88
B3-P86/6-3%G(d) (SDD for Zn) 2.257 2.176 1.851 1.474 1.536 0.056 89.5 95.9 108.4 1.92
B3-P86/SDD 2,291 2131 1.909 1.491 1.536 0.035 91.1 94.0 108.6 0.45
EXP(AMETZN)4 2.295 2.062 1.878 1.484 1.520 91.4 93.3 108.8

a Average values. Bond lengths are in angstroms, and bond angles are in degeesmean-square deviation of the computed-8n Zn—N, S—C,
N—C, and C-C distances from the respective experimental valtBanot-mean-square deviation of the computedZ8—N, Zn—S—C, and Zr-N—-C

angles from the respective experimental valdgsrom Cohen et al., 1978.

with the 6-31G(d), 6-31H%+G(d,p), or 6-31%+G(2d,2p) basis set
was found to yield structural parameters for the bis-(ethane-1,2-
dithiolato-§S)-zinc(ll) complex* that are significantly closer to the
experimental observables than the B-VWN, B3-LYP, and B3-P86
functionals with the same basis set. In particular, S-VWN with the
6-31+G(d) basis set reproduces the experimentally obsei@ae S
(2.34+0.02 A),[5—C[1(1.81+ 0.01 A), andT—C[{1.50 A) distances
as well as thes—Zn—Slangles, whereas B-VWN, B3-LYP, and B3-
P86 with the same 6-31G(d) basis set significantly overestimate the
[Zn—SCdistance by=0.6 A. Increasing the size of the basis set from
6-31+G(d) to 6-31H+G(2d,2p) in the B3-LYP calculations yields a
[(Zn—SOdistance of 2.432 A, which does not improve the agreement
with experiment. As the S-VWN/SDD method appears to be optimal
for modeling Z* bound to nitrogen- and sulfur-containing ligands, it
was used to optimize the geometries of all of the molecules studied.
Determining the Optimal Theory/Basis Set Level for Gas-Phase
Free Energy Calculations.As the theory/basis set level that produced

Table 2. Gas-Phase Free Energies? (in kcal/mol) at 298.15 K for
ImH2" — ImH + H*

6-31+G(d) 6-311++G(d,p) 6-311++G(2d,2p) SDD
HF 221.4 223.6 223.6 2285
B3-P86 217.9 219.5 219.7 226.2
B3-LYP 216.8 218.6 218.8 225.4
MP2 213.6 216.7 216.1 2235
S-VWN 212.0 213.2 213.3 221.0

a Evaluated using S-VWN/SDD geometries and vibrational frequencies
with single-point calculations of the energies at different theory levels.

6-3114++G(2d,2p), or SDD basis set, and the respecth\@' values
were computed using eq 2.

Comparison of the resulting gas-phase khieprotonation free
energies in Table 2 with the experimental number, 214.3 kcafffnol,
shows that among the various methods, MP2/6-G{d) yielded the
closest agreement with the measured value (to within 0.7 kcal/mol).

accurate geometries may not yield the proper gas-phase energies ofAlthough the S-VWN/SDD method can yield reasonably accurate

Zn complexe$® we determined the optimal theory/basis set for

geometries of Zn complexes, it is not the optimal method for yielding

electronic energy calculations by computing the gas-phase free energydeprotonation energies, as the predicted deprotonation;infitee

for deprotonating imidazolium (Im#f) to imidazole (ImH) (see Table

2). Although the more relevant reaction to model is deprotonating ImH
to imidazolate anion (Im), corresponding to the deprotonation of a
Zn-bound imidazole, the experimental gas-phase free energy for ImH
— Im~ + H* is not available. Based on the fully optimized S-VWN/
SDD geometries of Imgt and ImH, the respectivAE.cwas estimated

by a single-point calculation using HF, B3-P86, B3-LYP, MP2, or
S-VWN®>%8 in combination with the 6-3G(d), 6-311-+G(d,p),

(53) Dudev, T.; Lim, CJ. Phys. Chem. B001, 105 10709.
(54) Rao, C. P.; Dorfman, J. R.; Holm, R. hhorg. Chem.1986 25, 428.
(55) Saebo, S.; Almlof, IChem. Phys. Lettl989 154, 83.

energy overestimated the experimental number by 6.7 kcal/mol. Thus,
all gas-phase energy calculations were performed at the MP2/&31
(d)//S-VWN/SDD level.

Solvation Free EnergiesAGg* was estimated by solving Poisson’s
equation using finite difference metho@$! These calculations em-

(56) Frisch, M. J.; Head-Gordon, M.; Pople, J.@hem. Phys. Letf99Q 166
275.

(57) Head-Gordon, M.; Pople, J. A;; J., F. I@hem. Phys. Lettl988 153
503.

(58) Head-Gordon, M.; Head-Gordon, Them. Phys. Letf1994 220, 122.

(59) Lias, S. G.; Liebman, J. F.; Levin, D. Phys. Chem. Ref. Datt984 13.

(60) Gilson, M. K.; Honig, B.Biopolymers1986 25, 2097.
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Table 3. Effective Solute Radii for Continuum Dielectric reproduce the experimental hydration free energies of ImH, MeCON-
Calculations HMe, CHCOOH, and CHSH (see Table 3).
AGsoexp® AGgyy cac® atom Re Next, the radii of the imidazolate nitrogen (N carboxylate oxygen
species keal/mol keal/mol type A (OC0%), and thiolate sulfur (§ were simultaneously adjusted to
ImH —10.® ~10.2 o2 2.20 reproduce the measured absolute as well as relayegdues of ImH,
NsP2 2.00 CH3;COOH, and CHSH, which indirectly determine the respective
NH 1.90 “experimental” hydration free energy of the deprotonated molecule as
He 1.47 follows:
HN 0.23
MeCONHMe -10.0° —10.0 Ccp3 2.30
o=¢ 1.90 Gsov expt (A )= Geon ,expt (AH) Geov expt (H )+
MeCOoH 6.7 6.6 I'(|j; Sgg 2-30:RTpKa,exp(AH) - expt (AH) (3
MeSH -1z —-1.2 gt 2.40
HS 0.23 In eq 3, A = MeCOO, MeS,, or Im~; AGson,exptd(AH) is the
MeCOO" —77.7 ~77.6 00~ 1.60 experimental hydration free energy of the protonated molecule, AH;
MeS” —75.9 —75.8 S 191 AGsoexpf%(H™) is the experimental proton hydration free energy
Im™ ~60.9 —60.9 N 2.26 (—264.0 kcal/maP), pKa exp{AH) is the measured solutiorkp of AH,
[ZnWe]2™ —229.2 —229.2 VAca 1.40 1 : .
OH20 163 and AGepi(AH) is the experimental gas-phase free energy for
HH20 1.00 deprotonating AH to A and H" (see Table 3). In the case of ImH
[ZNW50H-W,] * —104.6 —104.5 [l 1.47 Im~ + H*, the experimental gas-phase free energy is not available;
HOH- 0.23 thus AGY(AH) was estimated using eq 2 withEq.. evaluated at the

MP2/6-3H-G(d)//S-VWN/SDD level (see footnotes of Table 3).

2From Wolfenden et al., 198%. ° From Wolfenden, 1978! ©From The Zn and water (W) oxygen and hydrogen radii were simulta-

Hine and Mookerjee, 197%. 9Using eq 3 with s exp{CHsCOOH) =

4.8 and AGexp(CH:COOH — CH:COO™ + H*) = 341.5 kcal/moF? neously adjusteq to reprodu_ce the “experimental” hydration fre_e energy
e Using eq 3 with [Ka,exp{CH3SH) = 10.38 and AGeyp(CHsSH— CH3S™ of [ZnWe)?*, which was estimated from the measured hydration free
+ H*) = 352.7 kcal/moP’” fUsing eq 3 with [Kaexp(IMH) = 14.5° and energy of ZAt (—484.6 kcal/mol}° and the computed gas-phase free
AGcat(ImH — Im~ + HY) = 334.4 kcal/mol9Using eq 4 with energy for Z&* + 6W — [ZnWg]?*; that is

AGso,expf¥(Zn?*) = —484.6 kcal/mol® andAGead(Zn?* + 6W — ' '

[ZnWe]2) = —255.4 keal/molh Using eq 3 with [Ka, exp(ZNWeg) = 9.0 oy -

and AGeaid([ZnWe]2t — {[ZNW30H]-W4} + + H*) = 151.7 kcal/mol. AGgyy expt ([ZnWe] ) ~ AGqqpy expt (Zn ) —

2+ . 2+
ployed a 71x 71 x 71 lattice centered on the metal cation with a AGca'C (Zn™ + 6W—[ZnWel™) (4)

final grid 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, which was defined by the
effective solute radiiRex, listed in Table 3 (see below). This region
was assigned an internal dielectric constanof 2 to account for the
electronic polarizability of the solute. Zn-binding sites were character-
ized by an external dielectric constant; ranging from 2 to 80. Thus,
Poisson’s equation was solved with equal to 1, 2, 4, or 80 anh,

= 2. The difference between the computed electrostatic potentials in a
given dielectric mediumef,: = x) and in the gas phasey; = 1) yielded

the solvation free energfGson* of the metal complex.

Determining the Effective Dielectric Boundary for Solvation Free
Energy Calculations. The effective radiiRe, for the various atoms
listed in Table 3 were obtained by adjusting the CHARMM (version
22)2van der Waals radii to reproduce the experimental hydration free
energies as well as the absolute and relatig yalues of the model
compounds and the metal complexes. First, the CHARMM van der

As basis set superposition error is likely to be significant in complex
formation reactions, a counterpoise correction (30.5 kcal/mol) was
applied to the gas-phase binding eneyfeec (—353.5 kcal/mol,
evaluated at the MP2/6-3%G(d)//S-VWN/SDD level) for Z&" + 6W

— [ZnW¢]?". The resulting gas-phase free enefgy..c was estimated

to be equal to—255.4 kcal/mol.

Our previous work showed that Zh changes its coordination
number upon deprotonating a Zn-bound water molecule as the
hexacoordinated [Zn¥OH]" complex spontaneously decomposed into
a tetrahedral [(Zn\WWOH)-W;]™ complex with two water molecules in
the outer spher& Thus, the radii for the Zn-bound hydroxide atoms
were simultaneously adjusted to reproduce the “experimental” hydration
free energy of [ZnWOH-W,]*, which was estimated from eq 3 with
AH = [ZnWg]?", using the “experimental” hydration free energy of
[ZnWg]2* (—229.2 kcal/mol) AGsoiv,exptd(H') (—264.0 kcal/maP), the

measured I, of [ZnWg]?™ (9.0'Y), and the computed gas-phase free
energy for deprotonating [Zn¥#" (151.7 kcal/mol).

Waals radii of spcarbon (C9, s carbon (CP?, sp’ nitrogen (NP?), Results

protonated nitrogen (N, hydroxyl oxygen (®), carbonyl oxygen . ) .

(09), ', HS, HN HO, and H were simultaneously adjusted to In interpreting the results below, we emphasize the trend of
the free energy change between two sets of reactions, as opposed

(61) Lim, C.; Bashford, D.; Karplus, MJ. Phys. Cheml1991 95, 5610. to the absolute free energy of a single reaction. In this way,

(62) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899. . . .
(63) Wolfenden, R.; Anderson, L. Gullis, P. M.; Southgate, C. C. B. Systematic errors in the computed free energies for the two

Biochemistry1981, 20, 849. reactions will hopefully cancel. In particular, the proton hydra-
(64) Wolfenden, RBiochemistryl978 17, 201. : p y . P Rk ’ P y .
(65) Hine, J.; Mookerjee, P. KI. Org. Chem1975 40, 287. tion free energy cancels in comparing two deprotonation
(66) Pearson, R. GI. Am. Chem. S0d.986 108 6109. i . i - rgf%

(67) Bartmess, J. E.; Mclver, R. T., J&as-Phase lon Chemistrcademic reactions Furthe.rmore’ errors Ir_' the.gas phase ene ﬁ’.o

Press: New York, 1979; Vol. 2. have been minimized by calibrating the theory/basis set
(68) Handbook of Physical Properties of Organic Chemicaleward, P. H., i i i

Meylan, W. M., Eds.; Lewis Publishers: Boca Raton, FL, 1997. employed (See Tables 1 and 2)' while errors in the hydratlon

(69) Jencks, W. P.; Regenstein,Handbook of Biochemistry and Molecular  free energiesAGgo,2°, have been minimized by using effective

Biology, 3rd ed.; CRC Press: Cleveland, OH, 1976; Vol. I. i i i i
(70) Burgess, M. AMetal lons in SolutionEllis Horwood: Chichester, England, atomic radii that have been adIUSted to reprOduce the exper
1978.

(71) Rlchens D. TThe Chemistry of Aqua londohn Wiley & Sons: New (73) Tissandier, M. D.; Cowen, K. A.; Feng, W. Y.; Gundlach, E.; Cohen, M.

York, 199 H.; Earhart, A. D.; Coe, J. V.; Tuttle, T. R., Ji. Phys. Chem. A998
(72) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, 102 7787.
S.; Karplus, M.J. Comput. Cherm.983 4, 187. (74) Chao, Y. F.; Deubel, D. V,; Lim, C., in preparation.
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Table 4. Effect of the Zn Geometry, First-Shell Ligands, and the Dielectric Medium on the Deprotonation AG* (in kcal/mol) of Zn2*-Bound

ImH2

reactant product + H* AAHY AAGP AAG?? AAG*® AAGED
1. [ZnW3ImH]%* [ZnW3lm] ™ 0.0 0.0 0.0 0.0 0.0
2. [ZnWylmH]2+c [ZnW4lm]*e 2.1 1.8 2.2 1.8 1.1
3. [ZnWslmH]?+e [ZnWsIm]*e 5.4 53 6.7 7.1 6.8
4. [ZnWolmHImH]2* [ZnWoImHIm] 8.1 8.7 7.0 6.5 7.1
5. [ZnW(ImH)ImH]2*+ [ZnW(ImH)2Im]*+ 16.3 17.4 104 7.2 4.5
6. [ZnW,AcelmH]" [ZnWAcelm]° 62.4 61.5 22.5 3.2 —14.8
7. [ZnWoMeSImHT" [ZnW MeSImP 65.0 63.6 255 6.4 —-12.1

ax = 1 corresponds to the gas phase, whereass0 represents fully solvent-exposed sites (see Methods)ABevalues are based on fully optimized
S-VWN/SDD geometries of the protonated and deprotonated molecules unless stated otherwise inPtfiegéesamputed thermodynamic parameters are
relative to those of reaction 1, whodeH!, AG!, AG?, AG?# andAG®° values are equal to 179.2, 171.7, 109.3, 72.0, and 20.0 kcal/mol, respect@?ly.
andAG* are based on the calculatA®soA(H) of —134.4 kcal/mol and\Gson*(H) of —200.1 kcal/mol, respectively, whilkG8%is based on the experimental
AGgon®(HT) of —264 kcal/mol.c C, symmetry was imposed during geometry optimization.

mental hydration free energies an# pvalues of the model

compounds and the metal complexes in Table 3. Note that these

effective radii implicitly take into account the ambiguity in the

atomic charges and thus geometry in solution as well as the e °

neglect of nonelectrostatic forces in computifiGso.
Protonation State of Zn-Bound ImH. We first assessed how

the protonation state of a Zn-bound histidine depends on the

Zn geometry, dielectric medium, and the other first- (His, Cys,
Asp/Glu, and OH) and second-shell ligands (Asp/Glu and
carbonyl backbone peptide).

(1) Effect of the Zn Geometry. Because the Zn coordination
number in protein cavities can vary from four to six, we
evaluated the effect of the Zn geometry on deprotonating ImH

in tetra-, penta-, and hexa-coordinated Zn complexes (Table 4,

reactions +3). The AG! value for deprotonating ImH in the

penta-/hexa-coordinated complexes is more positive (by 2 or 5
kcal/mol) than that in the corresponding tetrahedral complex.
The AG difference between the penta/hexa-coordinated and
tetrahedral Zn complexes remains positive with increasing

dielectric constant. These results suggest that penta-/hexa

coordinated Zn complexes generally disfavor deprotonation of
ImH more so than tetrahedral Zn complexes; hence only
tetrahedral Zn complexes were considered below.

(2) Effect of the First-Shell Ligands and the Dielectric
Medium. To evaluate the effect of the first-shell ligands on
the ImH protonation state in various Zn complexes, we
computed the free energies for deprotonating ImH in tetrahedral
[ZnW3-iLilmH] (i = 1, 2) complexes in various media,
characterized by a dielectric constant ranging from 1 to 80. The
ligand L is MeS, ImH, or acetate (Ace) to model the most
commonly occurring first-shell residues in Zn-binding sites,
which, in order of decreasing frequency, are Cys, His, and Asp/
Glu® The resulting free energies relative to those of the
reference reaction, [ZnWH]2" — [ZnW3Im]t + HT, are
summarized in Table 4.

(i) First-Shell Ligand Effects. The gas-phasé\G! free
energies, which are dominated by the respecthié! term,
monotonically increase as a water molecule in the [ZimiA]2"
complex is replaced by ImH, MeCOQand MeS, respectively
(Table 4, positiveAAGY). The observed positivéAAG!| is

300 0.8

- == - AG'
—s— charge transfer

250
L 106
200 .’

-----

150 T 04

AG' (kcal/mol)

100 -

(o) 49ysuen abieys

1 0.2
50

H20 ImH MeCOO™

L q
Figure 2. Correlation between the gas-phase deprotonation free energy of
[Zn(W),LImH] 29, where 19 = H,0°, ImH?, MeCOO", or MeS", and the

‘charge transfer from4, which is defined byg(L) — Q(L), whereQ(L) is
the NBO charge of L in the deprotonated [Zn@Mm] 1+ 9 complex.

MeS™

[ZnW3Ilm] ™ complex. TheAG! increase for replacing #D with
negatively charged MeCOQMeS™ (~62—64 kcal/mol) is
significantly greater than that for replacing® with neutral
ImH (~9 kcal/mol). This is mainly because a negatively charged
Zn ligand can donate more charge to the Zn dication than a
neutral one, as evidenced by a charge transfer of 0.39e/0.34e
from MeS/MeCOO™ as compared to a charge transfer of 0.14e/
0.09e from ImH/HO in the deprotonated metal complex.
Interestingly, the observed order in th®AG!| correlates with

the charge-donating ability of the ligand in the deprotonated
metal complex, which increases in the order;OH< ImH <
MeCOO < MeS™ (see Figure 2).

(ii) Solvation Effects. As the dielectric constant increases,
the unfavorable effect of a polarizable, nonaqua Zn ligand in
lowering the metal’s positive charge is dramatically attenuated.
When e < 4, the AAG differences remain positive, but in
aqueous solution, they become quite negative for the last two
reactions in Table 4. The latter is mainly due to the smaller

mainly because, relative to water, the nonaqua ligands are moredesolvation penalty of the monocationic [ZaMmH]* (L =
polarizable and can therefore donate more charge to Zn thanMeCOO", MeS") reactant as compared to the reference

can water. This lowers the positive charge on Zn, which makes
the metal less effective in stabilizing the negatively charged
Im~ in the deprotonated [ZnYIm]™ complexes (L= ImH,

MeCOO", MeS") as compared to the deprotonated reference

dicationic [ZnWsImH]%" complex, which overcompensates for
the poorer solvation of the neutral [Z¥AIm]° product relative

to the reference monocationic [Zn¥sh]™ complex. These
results show that the effect of a Zn ligand on the protonation
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Figure 3. Ball-and-stick diagrams of the restrained optimized structures of thgfZa)VslmH]-MeCONHM@ 2" and (b){[ZnWalm]-MeCOHNHMe 2+
complexes.

state of the Zn-bound His depends on the solvent accessibility AGY). In analogy to MeCONHMe, a negatively charged acetate
of the metal-binding site. In buried sites, replacing a Zn-bound prefers to hydrogen bond with ImH in the absence of Zn in the
water molecule with a more polarizable, neutral/negatively gas phase: the energy difference betweett tiMeCOOH and
charged ligand impedes ionization of the Zn-bound ImH by ImH—MeCOQ'~ is 11.3 kcal/mol (Table 5, reaction 3), which
lowering the positive charge on Zn. On the other hand, in is in qualitative agreement with that (16.8 kcal/mol) computed
solvent-exposed sites, replacing a Zn-bound water molecule inat the B3-LYP/6-31%+G(d,p)//B3-LYP/6-31#G(2d,2p) level

a dicationic Zn complex with a negatively charged ligand in previous worké* However, in the presence of Zn, geometry
facilitates deprotonation of the Zn-bound ImH by decreasing optimization of the{[ZnW3ImH]-Ace}* complex (Figure 4a)
the net positive charge and thus desolvation penalty of the with Ry-y = 1.017 A,Ry—0 = 2.333 A, anddy_n-o = 150°
protonated metal complex. led to spontaneous proton transfer anf{Z2nWslm]-AceH} *

(3) Effect of the Second-Shell Ligands and the Dielectric ~ complex (Figure 4b) witiRy- = 2.365 A andRy-o = 0.985
Medium. As the two most common second-shell partners of A. The corresponding gas-phase energy for transferring the Zn-
Zn-bound His are the backbone peptide group (via its carbonyl bound ImH proton to the second-shell carboxylate oxygen
oxygen) and Asp/Glu (via its carboxylate oxygéhwe next is favorable ¢-29.6 kcal/mol, Table 5) presumably be-

assessed how these second-shell ligands, modeled respectivel§ause chargecharge-dipole electrostatic interactions in
by MeCONHMe and MeCOO, affect the Zn-bound His  Zn°*:-:Im°--:MeCOOH are much more favorable than charge

protonation state. The geometries of the protong{gmhWs- dipole—charge interactions in 2r-+<ImH---MeCOO~.
ImH]-L}2" and deprotonatef{ZnWsIlm]-L}2" (L = MeCON- (ii) Solvation Effects. Solvation effects do not change the
HMe, MeCOO") complexes were optimized witRy—n, Ry—o, trends observed in the gas phase (TablAG}, x > 2, retain

and Oy-n-o fixed at the values shown in Figures 3 and 4 to the same sign aAG?). Therefore, in the absence of Zn, both
restrain the proton to the ImH nitrogen and the second-shell MeCONHMe and MeCOO prefer to hydrogen bond with ImH.

oxygen. Note that the NH distance of 1.017 A and the+D However, in the presence of Zn, a negatively charged second-
distance of 0.991 A are typical equilibrium S-VWN/SDD shell carboxylate group acts as a proton acceptor for the first-
distances obtained for the fully optimized isolated 1¥rauhd shell ImH in the {[ZnW3lmH]-Ace} ™ complex, whereas a
MeCOHNHMEe" ligands, respectively. neutral second-shell backbone group acts as a hydrogen-bond

(i) Second-Shell Ligand EffectsIn the gas phase, MeCON-  acceptor, irrespective of the solvent accessibility of the Zn
HMe acts as a hydrogen-bond acceptor of ImH in the absencecomplex.
and presence of Zn, as transferring a ImH proton to the carbonyl (4) Combined Effect of the First- and Second-Shell
oxygen is unfavorable (Table 5, reactions 1 and 2: positive Ligands and the Dielectric Medium. As the peptide backbone
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®) Q

Figure 4. Ball-and-stick diagrams of the restrained optimized structures of thfZa)VslmH]-Ace} * and (b){[ZnW3lm]-AceH} * complexes.

Table 5. Effect of the Second-Shell Ligands and the Dielectric Medium on the Proton Transfer AG* (in kcal/mol) of Zn2*-Free and
Zn?*-Bound ImH2

reactant® product® AG® AG? AG* AG®
1. [Imﬂ---MeCONHMeP [Im---MeCﬂONHMeP 54.3 51.1 48.9 45.9
2. {[ZnW3ImH]-MeCONHMg 2+ {[ZnWsIm]-MeCHONHMg 2+ 5.7 10.6 13.2 15.6
3. [ImH---Ace]~ [Im---AceH]" 11.3 12.7 14.2 16.9
4. {[ZnW3lmH]-Ace} * {[ZnWslm]-AceH} * —29.6 -22.5 -16.0 —4.4

a See footnote of Table 4.° The Ry—n, Ri-o, andfn-n—o values in the reactant and product complexes were fixed, as shown in Figures 3°ax@4.
~ AEL

Table 6. Combined Effects of the First- and Second-Shell Ligands and the Dielectric Medium on the Proton Transfer AG* (in kcal/mol) of
Zn?*-Bound ImH?

reactant product AG* AG? AG* AG®
1. {[ZnW(ImH)2ImH]-Ace} {[ZnW(ImH)2lm]-AceH} + -30.1 —-21.2 -15.7 -8.6
1. {[ZnW:MeSImH}-Ace}° {[ZnW:MeSIm}-AceH}° -17.9 —10.4 -5.4 1.4
3. {[ZnWAcelmHImH]-Ace}° {[ZnWAcelmHIm]-AceH}° —15.4 -8.9 -4.6 1.1
4. {[ZnWMeSImHImH]-Ace}° {[ZnWMeSImHImJ-AceH}° -7.3 0.2 5.0 11.3
5. {[ZnW(MeSklmH]-Ace} ~ {[ZnW(MeSyIm]-AceH} ~ -0.2 2.1 4.2 8.6
6. {[ZNOH(ImH)zImH]-Ace}° {[ZnOH(ImH).lm]-AceH}° -5.6 1.2 5.4 9.4
7. {[ZnOHAcelmHImH]-Ace} ~ {[ZnOHAcelmHIm]-AceH} ~ 3.6 6.3 8.4 11.8

a See footnotes to Table 5.

carbonyl oxygen can only act as a hydrogen-bond acceptor, high pH (>7) in enzymes such as carbonic anhydtage’”
whereas an Asp/Glu carboxylate oxygen, which is often found and carboxypeptidase &, a deprotonated Zn-bound water
within 3.5 A of the Zn-bound ImH nitrogen in the common (OH~) was also modeled in these two types of Zn catalytic cores
catalytic sited? could also act as a proton acceptor, we next (Table 6, reactions 6 and 7). The geometries of the Zn complexes
elucidated how both the first-shell Zn ligands and the second- were optimized wittRy—n, Ri—o0, andfn-p—o fixed at the values
shell carboxylate group affect the protonation state of Zn-bound shown in Figures 3 and 4 (see above).

His. To this end, we computed the free energies for transferring (i) First- and Second-Shell Ligand Effects.The trends in

the first-shell imidazole proton to the second-shell carboxylate the gas-phase proton-transfer free energies in Table 6 correlate
oxygen in various Zn complexes, modeling the three general with the charge-donating ability of the Zn ligand, which
types of Cat,alytlc Zn cores, viz,, [Zn@)(HIS)S]' [Zn(HZQ)_ (75) Silverman, D.; Vincent, S. HCRC Crit. Re.. Biochem.1983 14, 207.
(Asp/Glu)(His}], and [Zn(H:O)(Cys)(His)] (Table 6, reactions (76) Silverman, D. N.; Lindskog, SAcc. Chem. Red.988 21, 30.

1, 3, and 5). As the Zn-bound water in the [Za@J(His)s] or (77) Lindskog, S.Carbonic Anhydrase In Zinc Enzymé#/iley: New York,

1983.
[Zn(H20)(Asp/Glu)(His}] core is known to be deprotonated at  (78) Lipscomb, W. N.; Strater, NChem. Re. 1996 96, 2375.
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Figure 5. Correlation between the proton-transfer energie&j for the
reactions in Table 6 and the net charge transferred by théJ and Lg
ligands in the deprotonatedZnL;L L slm]-AceH} complex. The charge
transferred by each;lligand is obtained from Figure 2, where it is 0.09e
for H20, 0.14e for ImH, 0.34e for MeCOQ and 0.39e for MeS

increases as# < ImH < MeCOO™ < MeS™ (see above and
Figure 2). This is shown in Figure 5, which plaasG! against
the sum of the charges transferred by thell,, and L ligands
in the deprotonatef[ZnL ;L ,Lslm]-AceH} complex. When the
charge transferred by eachligand is obtained from Figure 2
(0.09e for HO, 0.14e for ImH, 0.34e for MeCOQ and 0.39e
for MeS"), the AG! value in Table 6 is correlated with the net
charge transferred by the LL,, and Ls ligands with a linear
correlation coefficientr? = 0.91. When the Zn-bound water in
the modeled [ZnWAcelmHImH]-Ace}© catalytic Zn complex
is deprotonated AG! becomes unfavorable (Table 6, last
reaction). The trend i\G! thus reflects the extent to which
Zn can stabilize the deprotonated Imcharge transfer from
the first-shell ligands reduces the positive charge on Zn, which
in turn reduces favorable chargeharge ZA*--<Im°~ inter-
actions in the deprotonated complex.

(ii) Solvation Effects. As the dielectric constant increases,
the AGX (x = 2, ..., 80) values become more unfavorable (Table
6) mainly because the metal complex with an outer-shell COO

is better solvated than the deprotonated metal complex with an
outer-shell COOH. Consequently, the second-shell carboxylate
group can act either as a proton/hydrogen-bond acceptor
depending on the type and solvent accessibility of the catalytic

Zn site. In catalytic [Zn(HO)(His)s] cores, where charge transfer
from the neutral imidazoles has not significantly reduced the
Lewis acid ability of Zn, a second-shell carboxylate could act
as a proton acceptor for the first-shell ImH regardless of the
solvent exposure of the Zn-binding site (Table 6, reaction 1:
negativeAG*, x < 80). Replacing one of the His in the [Zn-
(H20)(His)] cores by an Asp/Glu reduces the ability of Zn to
act as a Lewis acid, but the second-shell COmay still act as

a proton acceptor in buried [Zn{B)(Asp/Glu)(His)] catalytic
sites (Table 6, reaction 3: negative3X, x < 4). In catalytic
[Zn(H20)(Cys)(His)] cores, where charge transfer from the two

the second-shell COQn buried or solvent-exposed sites (Table
6, reaction 5: positive\GX, x > 2). For all three common types

of catalytic Zn cores, the second-shell Asp/Glu side chain prefers
to hydrogen bond to the first-shell ImH if the Zn-bound®is
deprotonated (Table 6, reactions 6 and 7: posifie®, x >

2).

Effect of the Second-Shell Asp/Glu on the Zn-Bound
Water Protonation State. To see if the Asp/Glu in the Zn
His—Asp/Glu triad could modulate thekp of the Zn-bound
water (see Introduction), we computed the free energy for
deprotonating the Zn-bound water in the [ZnW(IngR,
[ZnWAce (ImH)] T, and [ZnW(MeS)IimH]° complexes, model-
ing the three general types of catalytic Zn cores, in the absence
and presence of a second-shell carboxylate group (Table 7). All
of the geometries of the Zn complexes in Table 7 were fully
optimized. Hence, the histidine interacting with the second-shell
carboxylate in the{[ZnW(ImH)3]-Ace} ™, [ZnWAce(ImH)]-
Ace}f, or {[ZnOH(ImH)s]-Ace}® complex is deprotonated
to {[ZnW(ImH),lm]-AceH} *, [ZnWAcelmHIm]-AceH}?, or
{[ZnOH(ImH)Im]-AceH} 9, respectively (Table 7, reactions 2
and 4), as proton transfer is thermodynamically favorable (Table
6, reactions 1, 3, and 6: negatines?).

The results in Table 7 show that the Asp/Glu in the—Zn
His—Asp/Glu triad exerts opposite effects on the protonation
state of the Zn-bound water depending on whether the metal-
binding site is buried or solvent exposed. In the gas phase, the
interaction between an outer-shell carboxylate group and a Zn-
bound His significantly increases the deprotonation free energy
of the Zn-bound water (Table 7, reactions 2, 4, and 6: positive
AAG?Y). This is probably because the negatively charged
carboxylate group destabilizes the deprotonated metal complex
via repulsive Coulombic interactions with the Zn-bound hy-
droxide. As the dielectric constant increases, the unfavorable
effect of the outer-shell carboxylate group on the Zn-bound
water deprotonation is dramatically diminished and is reversed
in aqueous solution whe®AGE values become negative. The
latter is due to (1) the smaller desolvation penalty of the reactant
complex with net charg® (=0) as compared to the respective
reference complex with net char@e+ 1 (Table 7, reactions 2
and 4) and/or (2) the better solvation of the product with net
charge—(Q'+1) as compared to that of the reference product
with net charge-Q' (Table 7, reactions 4 and 6). For a certain
dielectric constan, the AAG* difference between the Zn
complexes with and without a second-shell carboxylate group
in Table 7 is close to zero, suggesting that the effect of the
Zn—His—Asp/Glu interaction on the Zn-bound wateKpin
certain Zn sites is negligible.

Discussion

Factors Governing the Zn-Bound Histidine Protonation
State in Proteins: Role of Asp/Glu in the Zn—His—Asp/
Glu Triad as a Hydrogen-Bond or Proton Acceptor. To the
best of our knowledge, this is the first systematic study of the
various factors affecting the protonation state of the Zn-bound
His in proteins, which is found here to be governed mainly by
(2) the nature of the second-shell residue, (2) the nature of the
other Zn ligands, and (3) the solvent accessibility of the Zn-
binding site. Not any second-shell ligand with a hydrogen

negatively charged Cys has significantly reduced the positive acceptor atom can alter the protonation state of the Zn-bound
charge on Zn, the Zn-bound ImH prefers to hydrogen bond with ImH. The backbone carbonyl oxygen may not change the Zn-
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Table 7. Effect of a Second-Shell Carboxylate on the Deprotonation AH! and AG* Values (kcal/mol) of Zn-Bound Water for Media of
Various Dielectric Constants x2

reactant product + H* AAH! AAG! AAG? AAG* AAG®
1. [ZnW(ImH)g]2*+ [ZNOH(ImH)g]* 0.0 0.0 0.0 0.0 0.0
2. {[ZnW(ImH)zlm]-AceH} + {[ZnOH(ImH)2Im]-AceH}° 54.7 53.3 20.P 3.7 -11.P
3. [ZnWAce(ImHY]* [ZnOHAce(ImH)]° 0.0 0.0 0.0 0.0 0.0
4, {[ZnWAcelmHIm]-AceH}© {[ZnOHAce(ImH)]-Ace} ~ 51.% 50.5 16.4 —2.3 —20.2
5. [ZnW(MeSpmH]° [ZnOH(MeSyImH]~ 0.0 0.0 0.0 0.0 0.0
6. {[ZnW(MeS)ImH]-Ace} ~ {[ZnOH(MeS)ImH]-Ace}?~ 48.0¢ 478 15.2 -1 —-16.8!

a See footnote of Table 4. The computed thermodynamic parameters are relative to those of reaction 1, AtbHseG!, AG2, AG*, andAG8 values
are equal to 176.7, 170.8, 103.1, 62.5, and 3.5 kcal/mol, respectivEtfye computed thermodynamic parameters are relative to those of reaction 3, whose
AH AG!, AG?, AG* andAG® values are equal to 261.5, 253.9, 149.0, 89.9, and 11.5 kcal/mol, respectiValy.computed thermodynamic parameters
are relative to those of reaction 5, whosel, AG!, AG? AG* and AG® values are equal to 332.7, 325.1, 181.3, 101.4, and 3.2 kcal/mol, respectively.

. . Table 8. NBO Charges on the Zn Ligands and the Outer-Shell
bound ImH protonation state, as it prefers to hydrogen bond \ oacod- in Model Zn Sites?

with the Zn-bound ImH. On the other hand, the Asp/Glu

. dyad triad

carboxylate oxygen can act either as a hydrogen-bond or proton — — — —
acceptor of the Zn-bound ImH, depending on the electronic %% Q®  feand  Q(¢)  lTgand  Q(®) lgand  Q(E)
properties of the other Zn ligands and the solvent accessibility Z" +é-g; (Z)T-r _01-7575 V%/” +01636 OZ|_? N %755
of th(_e Zn_site. Poor charge donors such as water molecules doyyy +0.12 ImH 4009 ImH 4011 ImH +0.04
not significantly reduce the metal charge, allowing Zn to act as ImH +0.12 ImH +0.07 ImH +0.12 ImH +0.05

; I . ; ImH +0.12 ImH +0.06 InT —0.67 InT —0.64
a Lewis ac'_d in stabilizing the negatively charged lifTable first-shell +0.44 first-shell —0.55 first-shell —0.42 first-shell —0.59
5, last reaction). In contrast, good charge donors such gSCH MeCOOH —0.14 MeCOO —0.23
can competitively trgnsfer charge to Zn, thqs decreasing the 5, 156 7n 153 7n 155 7n 155
ability of Zn to stabilize InT (Table 6, reactions 4 and 5). w -0.12 OH -0.77 W —-0.11 OH —0.80
Furthermore, solvation effects generally disfavor transfer of the I'\r"neCOO J‘rg-% melfoo J‘rg-gg :\,ﬁ:oo ;8-83 :\r"nelfoo ;g-gg
Zn-bound ImH proton to the second-_shell carboxylate oxygen |, 1+0.10 ImH 4002 Inr 063 ImH —012
because the Zn complex with a negatively charged C@®©up first-shell —0.56 first-shell —1.53 first-shell —1.33 first-shell —1.75
in the outer shell is better solvated than that with a neutral MeCOOH —0.22 MeCOG —0.79
COOH group (Table 6). Hence, the Asp/Glu side chain has a Zn é-ég é?—r 01-73;)1 v%/n 010-29 OZ|_? Oé-032
greater propensny to h_ydrogen bond_ with the Zn-bound ImH_ Mes 067 MeS 074 MeS 067 MeS 080
in solvent-accessible sites, whereas it has a greater propensityes- -0.60 MeS —0.75 Me$S —0.68 MeS —-0.78
to accept a proton from the Zn-bound ImH in buried sites. }m';' el +2-gg ;m'? el *g-gi ;m';' el *(1)-1132 }m'? el *(2)-‘11;

Protonation State of the Zn-Bound His in Proteins.The Wobshell 228 iIstshell ma.sh s el Toos Weesel T
MeCOO~ —0.76 MeCOO —0.84

Zn-bound ImH may be deprotonated if its free nitrogen is within
hydrogen-bonding distance8.5 A) of a second-shell carboxy- a All geometries were fully optimized at the S-VWN/SDD level.

late oxygen, and the Zn is either (a) hydrated (Table 5, last

reaction: negativG¥, x > 2) or (b) retains at least one water  AG*in model [Zn(HO)(Asp/Glu)(His}] and [Zn(H0)(Cys)-
molecule and is coordinated to only neutral amino acids (Table (His)] cores (90 and 101 kcal/mol, respectively) are greater than
6, reaction 1: negativdG¥, x < 80). On the other hand, the those in model [Zn(KO)(His)] cores (63 kcal/mol). This is
Zn-bound ImH is likely to be neutral if (1) its free nitrogen is consistent with the experimental finding that substitution of the
not within hydrogen-bonding distance of a second-shell ligand Zn-bound His with Asp/Cys increased the Zn-bound wat&r p
with a hydrogen acceptor atom (Table 4, absol@ >> 5 substantially®® The presence of an outer-shell Asp/Glu inter-
kcal/mol forx < 80); (2) its free nitrogen is within hydrogen-  acting with the Zn-bound His could facilitate deprotonation of
bonding distance of a second-shell carbonyl oxygen (Table 5, the Zn-bound water at pE 7 only if the Zn-binding site is
reaction 2: positiveAGX, x = 2); and (3) its free nitrogen is ~ Solvent exposed (Table 7, negatite\G®° for reactions 2, 4,
within hydrogen-bonding distance of a second-shell carboxylate and 6). In partially buried or deeply buried sites, the-£is—
oxygen, but Zn is bound to only one water and one or two Cys Asp/Glu interaction may not help to deprotonate the Zn-bound
(Table 6, reactions 4 and 5: positi¥es*, x > 4) or no neutral water (Table 7, small or positivAAG* for reactions 2, 4, and
water molecules (Table 6, reactions 6 and 7: poSif\&, x 6). This suggests that other interactions, such as those between
> 2). The latter suggest that at high pHg), where the Zn- the Zn-bound water and a second-shell Asp/Glu, are needed to
bound HO would be deprotonated in the catalytic [Zn(OH)- promote ionization of a Zn-bound water to hydroxide in buried/
(His)s] core of carbonic anhydrase Il and the [Zn(OH)(Asp/ partially buried siteg3

Glu)(His),] core of carboxypeptidase A, proton transfer from Role of Asp/Glu in the Zn—His—Asp/Glu Triad in Form-

the Zn-bound His to the outer-shell Asp/Glu is unlikely. ing an Anionic Hole and Promoting Zn Binding. The second-
Role of Asp/Glu in the Zn—His—Asp/Glu Triad in shell Asp/Glu residue may also play an important role in creating
Modulating the Basicity/Nucleophilicity of Zn-Bound Water. an anionic hole by increasing the negative charge of the His in

In the absence of outer-shell Asp/Glu residues interacting with the Zn-His—Asp/Glu triad. This is evidenced by the NBO
the first-shell His and water, the Zn-bound water in the common charges on the Zn ligands of the fully optimized Zn complexes
catalytic Zn sites is unlikely to be deprotonated at physiological in Table 8, where the His in the ZHis—Asp/Glu triad is
pH especially if the metal-binding site is buried (Table 7, protonated/deprotonated according to the compa@#values
reactions 1, 3, and 5: positiveG). In fact, the Zn-bound water  in Table 6. Thus, the His in the ZHis—Asp/Glu triad is
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deprotonated in thg[ZnW(ImH)3]-Ace}*, {[ZnOH(ImH)3]-
Ace}?, and{[ZnWAce(ImH)]-Ace}° complexes (negativAG,
Table 6), but is protonated in tH§ZnOHAce(ImH)]-Ace} —,
{[ZnW(MeS)ImH]Ace} ~, and{[ZnOH(MeS)mH]Ace}?~ com-
plexes in Table 8. When ImH is near a second-shell MeCOO
its charge in [ZnW(ImH)] (—0.67¢e), [ZnW(Ace)(ImHy] wild-type protein.

(—0.63e), or [ZnW(MeS)ImH)] (—0.12¢) sites is much more Biological Significance.The results herein provide valuable
negative than the respective charge in the absence of a secondknowledge in rational design of Zn-binding sites and modeling
shell MeCOO (Table 8, compare columns 6 and 2). Likewise, of metalloproteins. For example, Zn-binding affinity could be
the triad ImH charge in [ZnOH(ImH) (—0.64e), [ZnOH(Ace)- enhanced by mutating residues in the vicinity of a Zn-bound
(ImH),] (—0.12e), or [ZNOH(MeSJImH)] (—0.11e) sites is His with few/no hydrogen-bonding interactions to an Asp/Glu
more negative than the respective dyad ImH charge (Table 8,provided that the net charge of the metal and its first-shell
compare columns 8 and 4). Furthermore, the presence of aligands is positive or neutral. In fact, this expectation has been
second-shell MeCOQOincreases the net negative charge of the borne out in the designed cationic [Zn(HiSys] site of a B1
first-shell ligands (Table 8, compare dyad and triad first-shell domain variant of IgG-binding protein G, where mutating Val/

Zn binding1227.33.79However, the theoretical results in this
and previous wor¥ 3% suggest that the observed loss in Zn-
binding affinity of the GI4” — Ala mutant could also be due

to reduced favorable electrostatic interactions between the metal
and its first-shell ligands in the mutant relative to those in the

charges), which results in favorable chargharge interactions
with the Zn cation.
The finding that the Asp/Glu side chain in the ZHis—

Leu residues near the coordinating imidazoles to Asp/Glu
enhanced Zn-binding affinity (see Introducticf)As another
example, the Zn-bound water of a cationic or neutral Zn complex

Asp/Glu triad can increase the negative charge of its partner, could be deprotonated by (i) mutating its non-hydrogen-bonded
His, and create an anionic hole that may stabilize a cation in neighbors to an Asp/Glu if the metal-binding site is partially/
buried cavities is consistent with previous theoretical and fully buried, or (ii) mutating non-hydrogen-bonded residues in
experimental results. The active site of liver horse alcohol the vicinity of the Zn-bound histidine to an Asp/Glu if the metal-
dehydrogenase has been modeled by [Zn(EtO)(MEBH)]~ binding site is partially/fully solvent exposed (see above and
with the ethanolate (EtO) hydrogen bonded to ethanol, which Table 7). Such mutations may enhance catalytic activity if
in turn is hydrogen bonded to nicotinamide nucleoside (modeling nucleophilic attack of a Zn-bound hydroxide were rate-limiting.
the NAD" cofactor). Electron density distributions of this model Because of the important roles of the second-shell Asp/Glu, it
complex with and without an acetate hydrogen bonded to the is critical to include not only the metal’s first-shell interactions,
Zn-bound ImH show that addition of the carboxylate group but also the interactions between the metal’s first and second
causes a transfer of negative charge to the Zn-bound ImH, whichshells in quantum mechanical/molecular mechanical modeling
in turn donates electron density to the Zn, and to a lesser extentof metalloproteins and in engineering nativelike metal-binding

to the Zn-bound ethanolaté.In the [Zn(HO)(His)] core of
human carbonic anhydrase, the outer-shell partners of the Zn-
bound Hi§% His%, and Hig!® are the GIf? side chain, the
Asr?** backbone, and the GIf side chain, respectively. The
Zn-dissociation constant for the H8 — Ala mutant Kp =
1000 nM) is significantly higher than that for the Fis—~ Ala

(Kp = 270+ 50 nM) and Hig¢ — Ala (Kp = 100 nM) mutants,
while the Zn-binding affinity of the GRt” — Ala mutant is
10-fold less than that of the wild-type protein (see Introduc-
tion).32 The latter result had been interpreted to imply that the
Glutt”--His!®interaction orients the His in an optimal position
for coordinating to Zn, hence reducing the entropic penalty for
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