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Abstract: The detailed mechanism of metal—cysteine binding is still poorly understood. It is not clear if
every metal cation can induce cysteine deprotonation, how the dielectric medium affects this process, and
the extent to which other ligands from the metal’s first and second coordination shell influence cysteine
ionization. It is also not clear if the zinc cation, with its positive charge reduced by charge transfer from the
first two bound cysteinates, could still assist deprotonation of the next one or two cysteines in CyszHis and
Cys, zinc-finger cores. Here, we elucidate the factors governing the cysteine protonation state in metal-
binding sites, in particular in Zn-Cys, complexes, using a combined ab initio and continuum dielectric
approach. Transition metal dications such as Zn?>" and Cu?" and trivalent cations such as AP* with
pronounced ability to accept charge from negatively charged Cys~ are predicted to induce cysteine
deprotonation, but not “hard” divalent cations such as Mg?*. A high dielectric medium was found to favor
cysteine deprotonation, while a low one favored the protonated state. Polarizable ligands in the metal’s
first shell that can competitively donate charge to the metal cation were found to lower the efficiency of the
metal-assisted cysteine deprotonation. The calculations predict that the zinc cation could assist deprotonation
of all the cysteines during the folding of Cys, zinc-finger cores and the [Zn+(Cys™)4]?~ state is likely to be
preserved in the final folded conformation of the protein provided the binding site is tightly encapsulated by
backbone peptide groups or lysine/arginine side chains, which stabilize the ionized cysteine core.

Introduction amicyanin, plastocyanin, and stellacyahimhile nickel and iron
complexes with cysteine(s) are observed ir-Ré hydrogenase
and the large class of irersulfur proteing3
Aspartates/glutamates do not appear to be very metal-specific
as they coordinate to hard (Mg C&", Mn?"), borderline
(Zn2t, C?*, C?), and soft (C&", Hg?") metal cationgd:*7
At physiological pH (pH~ 7), aspartic acid and glutamic acid
side chains that possess typicdlpvalues between 4 and® 5
would be deprotonated. These side chains tend to bind directly
to the metal (inner-sphere mode) if they are located in a protein
cavity or crevice with a low dielectric constant, whereas they
tend to bind indirectly to the metal (outer-sphere mode) on
solvent-exposed protein surfaces.
Histidine side chains exhibit greater metal selectivity than

One-half of the 20 natural-occurring amino acids are found
to participate in metal binding in proteins. Among the metal
ligands, the most common coordinating groups are the side
chains of histidine, cysteine, aspartic, and glutamic acid.
Although binding to a metal cation induces cysteine deproto-
nation under physiological conditions, it is not clear (a) if every
metal cation can induce cysteine deprotonation, (b) if the zinc
cation, with its positive charge reduced by charge transfer from
the first two bound cysteinates, could still facilitate the depro-
tonation of the next one or two cysteines in giys and Cys
zinc-finger cores, (c) how other ligands from the metal’s first
and second coordination shell influence cysteine ionization, and
(d) how the dielectric medium affects cysteine deprotonation. i
Hence, in this work we have elucidated the factors governing Carboxylates, as they prefer borderline {ZrCuw*", Co?", e,
the cysteine protonation state in metal-binding sites using a Ni**) and soft (Cé*, Hg*") metal cations to hard onés.’
combined ab initio and continuum dielectric approach. Although Histidines (up to three per metal cation) are often found in metal-
emphasis has been placed on ziogsteine interactions, the ~ Pinding sites that play a predominantly catalytic réfe:*
conclusions drawn here can be applied to elucidate certain ) _ )
aspects of complex formation between cysteine and other 8 Eﬂ't')f;i,‘%;W;’Q,?giﬁ';uﬁér',”&?é,?C'gfggg" %3286;(1;%17527127'
transition metals of biological interest such as Cu, Ni, and Fe. (3) Beinert, H.J. Bioinorg. Chem200Q 5, 2-15. .

The copper cation binds cysteine in azurin, pseudo-azurin, (4) gggmgan, R.; Raghunathan, G.; BahaGurr. Opin. Struct. Biol1994 4,

(5) Christianson, D. W.; Cox, J. DAnnu. Re. Biochem.1999 68, 33—57.

*To whom correspondence should be addressed. E-mail: carmay@ ®) 7ng7d§_\/' T Cowan, J. A Lim, CJ. Am. Chem. S04.999 121, 7665~

gate.sinica.edu.tw. ) (7) Dudev, T.; Lin, Y. L.; Dudev, M.; Lim, C2002 in preparation.
Tinstitute of Biomedical Sciences. (8) Stryer, L.Biochemistry4th ed.; W. H. Freeman and Co.: New York, 1995.
* National Tsing Hua University. (9) Dudev, T.; Lim, C.J. Phys. Chem. B00Q 104, 3692-3694.
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Histidine side chains usually havé&kpvalues close to physi-
ological pH but they are likely to be neutral upon binding to
a positively charged metal ion. They can bind directly to metal
dications (Z&", in particular) in preformed protein cavities or
on solvent-exposed surfacéEurthermore, theoretical studies

CysHis,, CysHis, and Cys zinc-finger peptides as well as
CyssHis and Cysg zinc proteins. They have concluded that only
two of the cysteines in each binding site are ionized, while the
remaining cysteine(s) appear to be protonated leading to a total
charge of zero for the respective zinc complexes.

suggest that a neutral histidine side chain, bridging between a On the other hand, other experimental and theoretical data
metal cation and an acidic residue, may become deprotonatedsupport the deprotonation afi metal-bound cysteines. Maynard
to an anionic imidazolate; that is, the metal-imidazole-carbox- and CoveR” have analyzed the electrostatic screening of zinc-

ylate triad may isomerize to metal-imidazolate-carboxylic acid
by transferring a proton from the imidazole ring to the
carboxylate group>17

finger cores and have found that Gysores are much more
positively screened by the protein than g sites, which in
turn are better shielded than the classical Bys zinc-finger

Cysteine appears to be the most enigmatic and elusive aminocores. Hence, they have concluded that,Gysl CysHis cores

acid involved in metal binding. Like histidine, it prefers to bind
to borderline and soft metal cations, but unlike histidine,
cysteines (up to four per metal cation) are usually found in

metal-binding sites that are mainly involved in protein structure

stabilization as opposed to cataly&is!* At physiological pH,
cysteine side chains with typicakgvalues between 8 and®2°

would be protonated in metal-free proteins. Binding to a metal

cation (acting as a Lewis acid) causes the cystein&stp
drop?! thus facilitating sulfhydryl group deprotonation under

physiological conditions. Thus, the change in the protonation

state of cysteine at neutral pH isngetal-assistegbrocess.
While it is commonly accepted that the classical@ys-

are most likely anionic in the native protein; that is, all the
cysteines are deprotonated. Konrat et®alad earlier inferred
the same conclusion from NMR analyses of the second-shell
packing around Cyslis and Cys cores in quail cysteine-rich
and glycine-rich CRP2 protein. Using potentiometric titration,
NMR, and fluorescence spectroscopy, Bombarda &t lahve
concluded that in aqueous solution the three cysteines in the
CyssHis motif of HIV-1 nucleocapsid protein are sequentially
deprotonated in the presence oPZnRyde? has used ab initio
calculations together with X-ray data to support the deproto-
nation of all the cysteines in Z8ys, binding sites. In the MP2-
optimized [Zn(HS")4%" structure, the four ZaS~ bond

His, zinc-finger core is neutral, the protonation state of cysteines distances are nearly identical (2.41 A), whereas in the alternative

in zinc-finger cores containing either four cysteitfesr a
histidine and three cysteirfésemains a subject of controversy.

structure, [Za(H2S):(HS)2]°, the Zn-S° (2.75 A) and Zn-
S (2.22 A) distances differ by more than 0.52&Such

A consensus exists in the literature that the first two cysteines inequality among the ZnS bond distances is not observed in
bind Zre* in an ionized form. However, current experimental the X-ray structure of Cyor CysHis zinc-finger protein, where
data seem to present conflicting results on the protonation statethe Zn—S distances are found within a narrow range between
of the third or fourth cysteine. From a theoretical viewpoint, it 2.3 and 2.4 A7 suggesting that the zinc-bound cysteines are
is also not certain if the zinc cation, with its positive charge all deprotonated.

reduced by charge transfer from the first two bound cysteinates, Here, by combining ab initio and continuum dielectric
could still assist deprotonation of the next one or two cysteines. calculations, we attempt to elucidate the protonation state of
Experimental support for the deprotonation of only two cysteines Cysteines in ZrCys, complexes. To this end, we have system-
comes from cobalt ¢d spectroscopy and electrospray mass atically assessed the effect of various factors governing the
spectrometry. Garmer and Kraéshave noticed that in Co- protonation state of cysteine(s) in metal-binding sites, such as
liver alcohol dehydrogenase the charge transfer spectrum of thethe dielectric medium, the nature of the metal cation, and the
structural site consisting of four cysteines is nearly identical to €ffect of the other first- and second-shell ligands. The proto-
that of the catalytic site consisting of two cysteines, a histidine, nation state of cysteine-rich zinc cores is discussed in light of

and a water molecule, suggesting that dmlg cysteines in each

the present findings.

site are deprotonated. Using electrospray mass spectrometryy - ds

Fabris et af>26have obtained accurate mass measurements of

(10) Vallee, B. L.; Auld, D. SBiochemistry199Q 29, 5647-5659.

(11) Christianson, D. WAdv. Protein Chem1991, 42, 281—355.
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357.
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6667.
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(18) Dawson, R. M. C.; Elliot, D. C.; Elliot, W. H.; Jones, K. NData for
Biochemical Researcl8rd ed.; Clarendon Press: Oxford, 1995.

(19) Lide, D. R., EdHandbook of Chemistry and Physi&SRC Press: Boca
Raton, FL, 1998.

(20) Bombarda, E.; Morellet, N.; Cherradi, H.; Spiess, B.; Bouaziz, S.; Grell,
E.; Roques, B. P.; Mely, YJ. Mol. Biol. 2001, 310 659-672.

(21) Hightower, K. E.; Huang, C.-C.; Casey, P. J.; Fierke, CBiachemistry
1998 37, 15555-15562.

(22) Petkovich, M.; Brand, N. J.; Krust, A.; Chambon, NPature 1987, 330,
444,

(23) Summers, M. F.; South, T. L.; Kim, B.; Hare, Biochemistry199Q 29,
329

(24) Garhwer, D. R.; Krauss, Ml. Am. Chem. Sod.993 115 10247-10257.
(25) Fabris, D.; Zaia, J.; Hathout, Y.; Fenselau,JCAm. Chem. Sod.996
118 12242-12243.
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Models Used.Modeling cysteine as $$*42%32 or CH;SH?*29.32-36
has been shown to reproduce tiometryof zinc-cysteinate cores.
However, HS may represent cysteine better thans8H in modeling
reactions that affect the protonation state of cysteine sinceKhefp
H,S (6.9/7.8%39 is closer to that of cysteine (8.1/8%49 as compared
to that of CHSH (10.3/14.2°4Y). To verify the use of KBS as a cysteine
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(27) Maynard, A. T.; Covell, D. GJ. Am. Chem. So@001, 123 1047-1058.

(28) Konrat, R.; Weiskirchen, R.; Bister, K.; Krautler, B. Am. Chem. Soc.
1998 120, 7127-7128.

(29) Ryde, U.Eur. Biophys. J1996 24, 213—-221.

(30) Ryde, U.Int. J. Quantum Chenil994 52, 1229.

(31) Deerfield, D. W., II; Pedersen, L. @. Mol. Struct. (THEOCHEM}997,

419 221-226.

(32) Cini, R.J. Biomol. Struct. Dyn1999 16, 1225-1237.

(33) Garmer, D. R.; Gresh, Nl. Am. Chem. S0d.994 116, 3556-3567.

(34) Topol, I. A.; Casas-Finet, J. R.; Gussio, R.; Burt, S. K.; Erickson, JJ.W.
Mol. Struct. (THEOCHEM)L998 423 13-28.

(35) Topol, I. A.; Nemukhin, A. V.; Chao, M.; lyer, L. K.; Tawa, G. J.; Burt,

S. K. J. Am. Chem. So@00Q 122 7087-7094.

(36) Rulisek, L.; Havlas, ZJ. Am. Chem. So200Q 122, 10428-10439.

(37) Dudev, T.; Lim, CJ. Phys. Chem. R001, 105 10709-10714.

(38) Pearson, R. Gl. Am. Chem. S0d.986 108 6109-6114.



Protonation State of Cysteines in Proteins ARTICLES

Table 1. Calculated Solution Free Energies AG® (in kcal/mol) for were employed to compute the reaction free energy at room temperature,
the Deprotonation Reaction [Zn-W3-LH]?" — [Zn-W3-L]" + H* T = 298.15 K, according to the following:
ligand LH AG® pKa L
H.S 188 138 AG" = AE, .+ AZPE+ AE; + APV — TAS (1)
CHsSH —8.8 —6.5
CHzCH,SH —10.1 -7.4 Continuum Dielectric Calculations. The reaction free energy in a
H2N(COOH)C(H)CHSH (cysteine) —16.0 —11.8 given environment characterized by a dielectric constaatx can be

calculated according to the following thermodynamic cycle:
model for reactions involving a change in the cysteine protonation state,

deprotonation free energies of different cysteine modelS (EH;SH, AG!

CHsCH,SH) bound to ZA" in aqueous solution were evaluated (see Reactants (e=1) -  Products (s=1)
below) and compared with that of Zrbound cysteine (lIN(COOH)- « X
C(H)CH,SH). The results in Table 1 show that th&of the Zr?+- AGron”" (Reactants) ¥ ¥ AGuay" (Products)
bound HS (—13.8) is much closer to that of Znbound cysteine Reactants (£=x) N Products (£=x)

(—11.8) than the K, values of ZA*-bound CHSH (—6.5) and CH- AG*

CH.SH (—7.4). Because the focus of this work is on deprotonation/

reprotonation of metal-free or metal-bound cysteine, the cysteine side AG! is the gas-phase free energy computed using eXGhey* is the
chain was modeled by 43. The histidine and lysine side chains and  free energy for transferring a molecule in the gas phase to a continuous

the backbone peptide group were modeled by imidazole;NEt", solvent medium characterized by a dielectric constanBy solving
and CH—~CO-NH—CH, respectively. As for b5, the experimental  Poisson’s equation using finite difference metH8@sto estimate
pKas of imidazole (6.7/7.843, CHsNHz" (10.6%9), and CH—CO— AGg (see below), the reaction free energy in an environment modeled

NH—CHjs (15.1*9) are close to the respective values for histidine (6.5), by dielectric constant, AG*, can be computed from:
lysine (10.34%, and the backbone peptide groupl*) in aqueous

solution. AG* = AG" + AG,,(products)— AG,,, (reactants)  (2)
The preferred coordination number in zinc and copper complexes
is four»*7hence their complexes were modeled as,NM = Zn?*, The continuum dielectric calculations employed a 7171 x 71
Cw; L =H:0, H:;S, HS', imidazole). On the other hand, magnesium |attice with an initial grid spacing 1.0 A, and refined with a spacing of
and aluminum prefer to be octahedrally coordindiéf, and their 0.25 A, ab initio geometries, and natural bond orbital (NBO) atomic
complexes were modeled as MM = Mg?*, AI**; L = H,0, H;S, charge$! The low-dielectric region of the solute was defined as the
HSY). region inaccessible to contact by a 1.4 A-radius sphere rolling over
Ab Initio Calculations. In a recent stud§’ we have shown that  the molecular surface. This region was assigned a dielectric constant
among various theoretical methods and basis sets, SVWN/6-8Gt* of 2 (ein = 2) to account for the electronic polarizability of the solute.

and MP2/6-31%++G**//SVWN/6-311++G** are best suited for The molecular surface was defined by effective solute radii, which were
reproducing the geometrical parameters and energetics of cysteine-likeobtained by adjusting the CHARMM (version 22yan der Waals radii
zinc complexes, respectively. Consequeritiil,geometry optimization to reproduce the experimental hydration free energies of the metal
for all the complexes studied in this work was carried out using the cations and ligands as well as thié;of the model ligand compounds.
Gaussian 98 prograthat the SVWN/6-313+G** level. Vibrational Some of these solute radii have been optimized in our previous study
frequencies were then computed at the same level of theory/basis toto reproduce the i, of H,S, the hydration free energy of Zn and
verify that each complex was at the minimum of its potential energy the reaction free energy of Zn with 2,3-dimercapto-1-propanéd.
surface No imaginary frequency was found in any of the complexes. These are (in ARz, = 1.40,Rc = 1.80,Rs(H,S) = 2.50,Rs(HS") =

After scaling the frequencies by an empirical factor of 0.983Be 2.29,Ro(H20) = 1.67,R4(H20) = 0.93,R4(C, H:S) = 1.468,Ry(HS")
zero-point energyZPE), thermal energyHy), work (PV), and entropy = 1.05. The rest of the atomic radiR¢y = 1.50 A,Rc, = 1.35 A Ry

(S corrections were evaluated using standard statistical mechanical= 1.39 A, Ro(CO) = 1.77 A, Ry = 1.77 A, Ry(H') = 0.65 A; Ry-
formulas?® The electronic energie&,ecwere then evaluated at the MP2/  (imidazole N)= 1.2 A, Ry(amine N)= 1.1 A, andRy(ammonium N)
6-311++G**//SVWN/6-311++G** level (see above). The differences = 0.93 A) have been optimized to reproduce the experimental hydration
AEeiec AZPE, AEr, APV, andAS between the products and reactants free energies of the ions and neutral ligands as well askKheglues

in Table 2.
(39) Atkins, P. WPhysical Chemistry6th ed.; Oxford University Press: Oxford, Buried or partially buried metal-binding sites were characterized by
1999. i i 9,53
(40) Howard, P. H., Meylan, W. M., Edslandbook of Physical Properties of an external dleleCt_”C constastu equal to 2 or 47%* whereas fully
Organic ChemicalsLewis Publishers: Boca Raton, FL, 1997. solvent-exposed sites were modeled by «an equal to 80. Thus,
(j%) |STV"_1% RR- ~|]v| .Nﬁ'e’t‘dlfrvp"--l;z\c’:v".itdsﬁr‘s\ftg.ﬁhecm- Stcandpf?ﬁ‘l 181P769- . Poisson’s equation was solved with, equal to 1, 2, 4, or 80 aneh,
(42) Ng]v:,t york 1589?{/&.' 2 'sdp&_'cg ability ConstantsPlenum Press: = 2. The difference between the computed electrostatic potentials in a
(43) Sigel, H.; Martin, R. BChem. Re. 1982 82, 385-426. given dielectric mediume(= x) and in the gas phase € 1) yielded

(44) %%tgonary of Organic Compoung$th ed.; Chapman & Hall: London, the solvation free energxGeoy* of the metal complex.

(45) Marcus, Y.Chem. Re. 1988 88, 1475-1498.
(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. Results
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, Deprotonation of H>S. The calculated enthalpies and free
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, i i _ _
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; epergles (,)f dep,rOtona',“ng me,tal fr,ee and metal bOUEﬁ iA
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;  different dielectric media are given in Table 3. In the gas phase,
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, ; ; ; . :
3.V, Stefanov, B. Bo Liu. G- Liashenko. A.. Piskorz, P.: Komarom, L all of the reactions in Table 3 are enthalpy driven; the relative
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.;  (49) Gilson, M. K.; Honig, B.Biopolymers1986 25, 2097.
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, (50) Lim, C.; Bashford, D.; Karplus, Ml. Phys. Chenil991, 95, 5610-5620.
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.5; Gaussian, (51) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899-926.
Inc.: Pittsburgh, PA, 1998. (52) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
(47) Wong, M. W.Chem. Phys. Lettl996 256, 391. S.; Karplus, M.J. Comput. Chenil983 4, 187-217.
(48) McQuarrie, D. AStatistical MechanicHarper and Row: New York, 1976. (53) Harvey, S. C.; Hoekstra, B. Phys. Cheml1972 76, 2987.

J. AM. CHEM. SOC. = VOL. 124, NO. 23, 2002 6761



ARTICLES

Dudev and Lim

Table 2. Calculated Gas-Phase (AG!, Eq 1) and Hydration
(AGson®0) Free Energies (in kcal/mol) and pKj, Values?@

AGsu\vso
species calc expt % diff
H* —259.0 —262.5 1.33
Mg2*+ —450.3 —455.% 1.14
cuwt —498.3 —498.7 0.08
Al —1096.0 —1103.3 0.66
Im —10.5 —-10.Z% 2.94
BH—B AG¢ AGgq® %€ P,
H,S— HS™ 344.1 (345.4 —0.9(-0.7) 6.7(6.9;7.09
345.@, 347.1)
CH3;CONHCH;— 345.0 —10.5 (-10.0¥ 14.1(15.1)
CH3CONCH;™

CHgNHg* — CHsNH, 199.5 (205.7)  —4.9 (—4.6)' 10.1 (10.6)

aFrom Gilson and Honig, 1988. ® From Burgess, 1978. ©From
Wolfenden, 19782 dValues in parentheses are the experimental values.

e For the deprotonation reactions, the hydration free energies of the neutral

species, for which there is experimental data, are giVErom Rosenstock
et al.,, 19773 9From Cumming et al., 1978. " From Bartmess et al.,
1979% i From Chambers et al., 1998.1 From Pearson, 1988. K From
Atkins, 19993° ! Measured for CRICONH,.43 ™ From Lias et al., 19847
" From Cabani et al., 198%. ° From Smith and Martell, 198%.

the gas-phase free energy as opposed to solvation factors that
dictates the differences among the three divalent metals.

The stability of the divalent metal complexes in the gas phase
is governed not only by electrostatic interactions, but also by
charge transfer from the ligand to the catf8nThe NBO
analyses carried out for the zinc, copper, and magnesium
complexes reveal that the three metal ions accept the charge
transferred by their ligands to varying degrees. This is evidenced
in Table 4 where the effective charge on the metal cation is
anticorrelated with the amount of charge transferred from the
ligands to the metal. Among the metals in Table 4, copper is
the best charge acceptor with the largesT -y, while
magnesium is the poorest. As expected, the negatively charged
HS™ transfers more charge to a given metal than does the neutral
H,S, and is therefore stabilized by a given metal more than is
H,S, as evidenced by the smaller cost of deprotonatisfg iH
the gas phase when it is metal bound (Table 3). AR —u
values appear to be anticorrelated with the gas-phase deproto-
nation free energies: the bigger theCT, .y difference, the
smaller the|AG?| (Table 3). Relative to neutral 43, the two
transition metal cations (Gt and Zri#") stabilize the deproto-
nated HS more than magnesium due mainly to stronger charge-

contribution of the respective entropy term to the gas-phase freey anster effects in the former as compared to the latter. Thus

energyAG! is small and positive. lonizing metal-free hydrogen

AG! for the zinc or copper complex is less positive than that

sulfide in the gas phase is very costly as evidenced by a largesq, [Mg-Ws-H,SP2+ (by 43 or 76 kcal/mol).

positive AG! of 344 kcal/mol (Table 3). Favorable solvation of
the charged reaction products, particularly hydration of the small

H* (see Table 2), substantially decreases the free energy, which,

drops to 9.1 kcal/mol in aqueous solutien= 80). This value
corresponds to alfy of 6.7, in close agreement with the
experimental values of 6.9 and ?&°The positive free energies
obtained for the entire range efimply that complete depro-
tonation of metal-free 6 at neutral pH is unlikely regardless
of the dielectric environment.

The Effect of the Metal Cation. To assess the role of the
metal cation in deprotonating hydrogen sulfide, we examined
the deprotonation of MV;-H,S complexes (M= Zn?*, ClW#T,
Mg?*t, and ABt; W = water;i = 3 or 5, see Table 3). Upon
binding to a divalent metal like 2, CU/*", and Mg, the gas-
phase basicity for k& decreases significantly (Table 3) due to
stabilization of the deprotonated H®y the metal cation (see
below). As forAG!, the condensed-medi®G* values k = 2,

4) for metal-bound K are also less positive than the respective
free energies for k6. Notably, theAG80 for zinc- and copper-
bound HS becomes negative-(9 and—30 kcal/mol, respec-
tively) in contrast to that of metal-free -8, but AG® for
magnesium-bound 4$ remains positive (26 kcal/mol). This
implies that when cysteine, as modeled bySHbinds to zinc
and copper osolvent-exposegrotein surfaces, its deprotonation
is thermodynamically favorable, whereas if it coordinates to

magnesium, it is unlikely to be deprotonated regardless of the 4 deprotonation of ZVs_i

dielectric environment.

The effect of a trivalent cation (Af) on H,S ionization was
also studied (Table 3). As compared to the series of divalent
ations, AH! and AG! for the respective aluminum-assisted
reaction are much less positive due to the stronger charge
charge interaction between HSand the trivalent cation in
[Al ‘Ws5-HS™]?*. Solvation effects are more pronounced for the
aluminum species than for the respective divalent metal
complexes. The solvation free energy differences between the
deprotonated and protonated aluminum complexXeSsoy*-

([Al W5 HS12") — AGeonX([Al *Ws-H,SJEH), which equals 113,

170, and 225 kcal/mol fox = 2, 4, and 80, respectively, are
significantly more positive than the corresponding values for
the divalent metal complexes in Table 3 (see above). Conse-
quently, despite the less positive gas-phase free ena&G§°

for the aluminum-induced $$ deprotonation is more positive
than that for the zinc- and copper-assisted processes. Neverthe-
less, the K, of [Al -Ws-H,SP remains negative, indicating that
trivalent AR*, like the divalent C& and Zr#t cations, can
deprotonate cysteine-like species on water-exposed surfaces.

The Effect of the First Coordination Shell Ligands. The
stability of Zr?* complexes with thiolate(s) is expected to
depend, among other factors, on the electrostatic properties of
the neighboring ligands and their ability to competitively donate
charge to the metal cation (see above). To assess the role of
these factors in deprotonating the zinc-boun& Hve examined
-Li-H>S complexesi(= 1, 2) in
which a protein ligand L (imidazole or H$ replaces one or

Because the respective complexes of the three divalent metals,,,q water molecules in the reference-My-H,S complex (see

have the same charge for the protonated\l{H,S]?* and
deprotonated [MW;-HS]" state, their solvation free energies
in a medium of dielectric constaatdo not differ significantly.

Table 5). As compared to water, imidazole is more polarizable
and donates more charge to the metal cafiéfthus competing
with H,S/HS™ for Zn?". Exchanging a water molecule in Zn

For example, the solvation free energy difference between theWg'HzS for an imidazole decreases the positive charge on zinc,

deprotonated and protonated complexes of ziAGson*-

([Zn-W3z*HS 1) — AGsonX([Zn*W3-HoS2), is similar to that
of magnesium and is equal to 68 kcal/mol for= 2, 102 kcal/
mol for x = 4, and 135-136 kcal/mol forx = 80. Thus, it is
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which makes the metal less effective in ionizingSH The
ACT_ v drops from 0.14e in the 2W3-H,S/ZnrWs;-(HS™)
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Table 3. Calculated Deprotonation AH! and AG* Values (in kcal/mol) of Free and Metal-Bound H,S for Media of Different Dielectric

Constant x@
reaction ACT .y (€)° AH! AG! AG? AG* AG® pK,©
HyS— HS™ + HT 350.5 344.1 188.9 104.9 9.1 6.7
[Zn*W3HoSPF — [Zn-W3HS ] T + HT 0.14 117.0 109.1 57.7 25.9 —18.8 —13.8
[Cu-W3-H,SPT — [CusW3HS " + HT 0.25 82.2 76.3 32.7 6.5 —29.8 —21.9
[Mg-Ws-H,SPF — [Mg-WsHS ]+ + HT 0.04 157.5 152.5 100.8 69.4 26.1 19.2
[Al ‘W5 HSPET — [Al W5 HS ]2+ + HT 31.6 24.0 17.2 8.2 —-13.9 —-10.2

a All energies in kcal/molx = 1 corresponds to gas-phase values; 2 or 4 represents buried or partially buried metal-binding sites, whereag80
represents fully solvent-exposed sites (see Methods}y; Water. The experimental hydration free energy of the proto@s(,2(H") = —262.5 kcal/mol)
was used in computingG8%, while the calculated\Ggon*(H) of —185.3 kcal/mol and\Ggon2(H') of —119.6 kcal/mol were used in evaluatings* and
AG?, respectively? ACT,. .y = CTL—-m[MW;-HS"] — CT_—m[M ‘W;-H,S], where theCT, .y values are given in Table 4Calculated values for = 80.

Table 4. NBO Charges on Metal Cations (gv) in Metal Complexes
Containing Water and H,S or HS™

species acceptor metal orbitals? qu (e) CTi—um (€)°
[Zn-W3-HSPF 4s (—0.57) 1.53 0.47
[Zn-W3HS " 1.39 0.61
[Cu-W3-H,SPP+ 4s (—0.59) 1.17 0.83
[Cu-W3-HS]* 3d;,(—1.12) 0.92 1.08
[Mg-Ws-H,S2+ 3s(—0.44) 1.73 0.27
[Mg-Ws-HS ]+ 1.69 0.31

a Orbital energy (in au) for the bare metal cation is given in parentheses.
b Charge transferred from ligands to the metal cation.

in which three thiols have replaced three water molecules,
increases slightly (by-4 kcal/mol, Table 6). However, solvation
effects favor the deprotonated state, and heXG& (x = 2 and
4) is less positive, whileAG8® is more negative (by-9 kcal/
mol) than the corresponding numbers for¥Wfi-H,S (compare
Table 6 with Table 5).

Because of the presence of a negatively charged ligand in
the first coordination shell of the metal (see abovk§! for
the second deprotonation reaction increases to 205 kcal/mol even
though the resulting product [Z{H,S):(HS),]° has a net
charge of zero. ConsequentiG8° for the second deprotona-

couple to 0.09e in the imidazole-substituted complexes (Table tion reaction is less favorable-(2 kcal/mol) than that for the
5). Consequently, the gas-phase deprotonation free energy ofirst reaction (28 kcal/mol), but its sign remains negative.

Zn*WoIm-H,S increases by-21 kcal/mol relative to that of
Zn-W3-H,S (Table 5). This affectAG* (x = 2, 4, or 80), which

However, the third consecutive deprotonation reaction, that is,
[Zn+(H2S)+(HS)7]° — [Zn+H,S (HS)3]~ + HT, could not be

is also more positive than the respective numbers in the referencenodeled since a stationary point for [£S(HS")s]~ could

system, although\G8° remains negative indicating that the
deprotonation reaction, ZW»:Im-H,S — Zn-W-Im-(HS"), is
likely to occur in aqueous solution.

The effect of the neighboring ligands on thiol deprotonation
is even more pronounced when H&places one or two water
molecules in ZAW3-H,S. Introducing negatively charged

not be located; the initial tetrahedral complex, after several steps
of optimization, isomerized to a trigonal semiplanar structure
with H,S transferred to the second coordination shell. These
results are in accord with previous theoretical calculatidns,
and the same result was found whegBhivas replaced by G

SH. Therefore, a two-proton-release process(Zs8):(HS),]°

residue(s) in the metal’s first coordination shell greatly reduces — [Zn*(HS")4]*~ + 2H" was considered. As expected, depro-

the ability of Zr*t to assist the k5 deprotonation. This is

tonating neutral [ZF(H,S)+(HS™),]° to yield a dianionic metal

evidenced by the significant increase in the respective gas-phas€omplex and two protons in the gas phase increas€$

free energy:AGt increases from 109 kcal/mol for the reference
Zn-W3-H,S complex to 204 and 294 kcal/mol for the mono-
and di-HS substituted complexes, respectively. As found for
the metal complexes in Table 3, the observed increageah

in Table 5 is correlated with a drop CT_ v, which decreases

substantially (to 678 kcal/mol, Table 6) relative to the first two
reactions. However, the charged products are much better
solvated than the neutral reactant; thus solvation effects favor
ionization. The interplay between solute electronic and solvation
effects results in a negativeG8° (—13 kcal/mol), implying that

from 0.14e for the reference system to 0.01e and 0.005e forthe last reaction, as for the first two, is thermodynamically

Zn"Wy-HS -H,S/ZnW,-(HS ), and ZnW-(HS),-H,S/ZneW-
(HS)s, respectively (Table 5). ThAG* (x = 2, 4, 80) is also

favorable in aqueous solution.
The results presented in Table 6 suggest that the tetrathiol

more positive than the respective free energies in the referencezinc complex could be fully deprotonated to the corresponding

system. However, due to the more favorable solvation of the tetrathiolate species if the process occurs on water-exposed
products (especially of the proton) relative to the reactaG€® surfaces{ = 80). Low dielectric mediag= 2—4) characteristic

for the two HS -substituted reactions remains negative implying of preformed solvent-inaccessible protein cavities do not seem
that the deprotonation reactions may take place in aqueousto favor ionization of cysteine-like species, as evidenced by the

solution. large positiveAG? and AG* in Table 6.

Successive Deprotonation of [Zn(HS)]?". To assess the The Effect of the Second Coordination Shell Ligands.
role of electronic and solvation factors in determining the The amide backbone and the lysine and arginine side chains,
protonation state of cysteine-rich zinc cores (see Introduction), which are possible proton donors, have been found to encap-
tetrahedral zinc complexes containing a different number of sulate cysteine-rich cores in zinc fingéfsHence, we have
thiols (H;S) and thiolates (HS were examined. k5 is more explored the possibility of reprotonating [ArS™)4]%~ by a
polarizable than water but less polarizable than imidazole, and second-shell amide backbone (modeled bysCBINHCH;) or
therefore its ability to donate charge to zinc is intermediate a lysine side chain (modeled by GNH3™") by studying{[Zn-

between water and imidazolé Consequently, relative to Zn
WS3:H,S, the gas-phase deprotonation free energy of 284

(HS")4]*(CHsCONHCH)2} 2~ and{[Zn-(HS")4]«(CHsNH3")2}°
complexes in whiciN-methylacetamide and methylammonium

J. AM. CHEM. SOC. = VOL. 124, NO. 23, 2002 6763



ARTICLES Dudev and Lim

Table 5. Calculated Deprotonation AH! and AG* Values (in kcal/mol) of Zn2*-Bound H,S Complexes for Media of Various Dielectric
Constant x2

reaction ACT .z (€)° AH! AG! AG? AG* AG® pK, (e = 80)
[Zn-W3:H,SPH — [Zn-W3HS ] T + HF 0.14 117.0 109.1 57.7 25.9 —18.8 —13.8
[Zn-Wa: Im-H,SPT — [Zn-Wo Im-HS " + HT 0.09 135.6 130.3 72.8 38.2 —-9.8 -7.2
[Zn*W2rHS *HoS]F — [Zn-Wa2+(HS )] + HT 0.01 209.5 204.4 110.6 57.9 -7.2 —5.3
[Zn-W+(HS )2:H.S]° — [Zn-W+(HS)3] ~ + HT 0.005 300.4 293.7 155.1 80.9 —2.7 —2.0

a See footnotes to Table 8Difference in charge transfer from ligand L to metal MCT,—zn = CT_—zn(Zn-L3*HS™) — CT_—zn(ZN-L3H2S) (L = water,
imidazole, HS).

Table 6. Calculated Deprotonation AH* and AG* Values (in kcal/mol) of H,S in Thiol/Thiolate Zinc Complexes for Media of Different
Dielectric Constant x2

reaction AH? AG! AG? AG* AG® pKa (€ = 80)
[Zn-(H2S)]?" — [Zn+(HS) HS ] + HF 121.8 1131 53.4 18.5 —27.7 —20.4
[Zn+(H2S) HS 1 — [Zn+(H2S): (HS )20 + H 210.3 204.7 107.2 53.0 —-12.2 -9.0
[Zn+(H2S) (HS)2]% — [Zn+(HS )42 + 2HT 692.6 678.1 354.6 181.2 —13.0

a See footnotes to Table 3.

complex | (by 56 kcal/mol fof [Zn+(HS)4]-(CH3—CO—NH—
CHa)2}2~ and 15 kcal/mol for{[Zn+(HS )4]-(CH3NH3zM)2}9).
Thus, proton transfer from the second-shell ligand to the first-
shell cysteinate seems unlikely.

Although the second-shell peptide backbone groups and lysine
side chains do not seem to play a role in reprotonating the first-
shell cysteinates, they can contribute to the stability of the
cysteine-rich cores. To assess the extent to which the second-
shell peptide backbone and lysine side chain can stabilize the
zinc-finger cysteine-rich core, we evaluated the formation free
energy AGiom) of the following reactions:

Figure 1. Ball-and-stick diagram of the fully optimized structure of the o
{[Zn*(HS)4]-(CH:CONHCH)z} 2~ complex. [Zn+(HS"),]*" + 2(CH,CONHCH,) —

{[Zn(HS")J-(CH,CONHCH) }*~ (3)

[Zn-(HS"),]* + 2(CH,NH, ") —
{[Zn-(HS"),]-(CHNH;"),}° (4)

The fully optimized structures of[Zn-(HS)4]-(CH3CONH-
CHa)2} 2 and{[Zn+(HS")4]*(CH3NH3™),}° are shown in Figures

1 and 2, respectively. Not surprisingly, the calculat€@sorm

for reaction 4 {286 kcal/mol) is much more negative than that
for reaction 3 28 kcal/mol) due to the favorable charge
charge interactions between the negatively chargedHi&T)]2~

and CHNH3" in reaction 4. Nevertheless, the negativ&om
obtained for both reactions suggests that both backbone and

. . ) 2 .
Figure 2. Ball-and-stick diagram of the fully optimized structure of the Iysm_e_ packing contribute significantly to the [ARS™)4]*~ core
{[Zn-(HS")4](CHsNH3")2}© complex. stability.

. L . iscussion
were placed in the second coordination layer (see Figures 1 anoD

2). Two extreme cases were considered. In the first case, the The Interplay between Solute Electronic and Solvent
amide/ammonium proton was transferred to the first-shell Effects in Determining the Protonation State of Cysteine-
thiolate sulfur by fixingRs—4 to 1.35 A andRy...y to 2.0 A; like Molecules. Both solute electronic and solvent effects
this complex is referred to as complex I. In the second case, contribute to the protonation/deprotonation of the thiolate/thiol
the proton was restrained to the second-shell amide/ammoniummolecules, and the net outcome for each reaction is a delicate
nitrogen by fixingRy— to 1.03 A andRy...s™ to 2.32 A; this balance between these two effects. Solute electronic effects
complex is referred to as complex Il. Note that the-I strongly disfavor deprotonating metal-free3Hin the gas phase,
distance of 1.03 A and-SH distance of 1.35 A are typical  whereas solvation (especially hydration) of the charged products,
equilibrium SVWN/6-313#+G** bond distances obtained for ~HS™ and H", favors the ionization process. Solvation effects,
the respective ligands. In both complexes | and Il, the remaining however, cannot effectively compensate for the lakg#, and
internal coordinates were optimized. The resulting electronic the free energies for deprotonating3iremain positive foe
energies show that complex Il is more stable than the respectiveranging from 2 to 80 (Table 3). Binding to a metal cation
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significantly decreases the gas-phase deprotonation free energwll divalent metals, zinc and copper are most frequently found
by up to 14 times (Table 3). Solvation effects in this case, bound to one or more cysteines in protein-binding site5!0
however, are not as favorable as those feS leprotonation On the other hand, the calculations predict that?Mgannot

since thecharged metal-bound reactants [W;-H,SF" (M = induce proton release from cysteine-like species. This may
Zn, Mg, Cu, Al;i = 3 or 5) are better solvated than neutral, explain why (to the best of our knowledge) no magnesium-
metal-free HS. Furthermore, the favorable solvation effects are binding sites have been found to contain cysteine in the first
not very pronounced in low dielectric media & 2—4). coordination shell of magnesiuft>5¢ The calculations also

Therefore, solute electronic factors dominate, andA and predict that trivalent metals such as*Amay successfully assist

AG* for the deprotonation reactions in Tables 3, 5, and 6 cysteine deprotonation. Aluminum is not a natural cofactor in
generally adopt the same positive sign as the respeitve proteins, and information about its binding properties is scarce.

In aqueous solution, however, the favorable hydration free There are only three X-ray structures of aluminum-binding sites
energy of the small protor{262.5 kcal/mol) may in some cases deposited in the Protein Data BaitkThese all are aluminum-

reverse the gas-phase trends. complexedp-xylose isomerases where the natural cofactor
The interplay between solute electronic and solvent effects Mg?*, which is bound to Asp, Glu, and His, has been replaced

in determining the ionization state ob8lis illustrated by A¥*- by AI3*. Thus it would be interesting to carry out experiments

bound HS. Solute electronic effects (specifically chargharge to verify if trivalent metals such as At could assist cysteine

electrostatic interactions) cause*Ato exhibit the higheshAG! deprotonation.

drop among the metals studied, but solvation effects make it The results obtained here suggest that all cysteines in Zn

less efficient in inducing k5 deprotonation than 2h and C@+ Cys structural binding sites, typical of steroid receptor-type

in aqueous solution (Table 3). Another interesting example is zinc fingers?? may become deprotonated solvent-exposed
the stepwise deprotonation of [Zi,S)]?t. Because of the  surfacesThis may happen in the course of zinc-finger folding,
charge transfer from thiolate ligand(s), which decreases thewhich is known to be a metal-induced process whose initial
Lewis acidity of Z#*, each successive deprotonation step is Steps involve the binding of zinc to water-accessible cysteines
characterized by a highgositive AG! than its previous one  in the unfolded proteid?5859In the final folded structure,
(Table 6). Yet because of better solvation of the products, however, the cysteine-rich cores are usually found to be deeply
especially H, as compared to the corresponding reactant, eachburied in the proteirf. The calculations predict that under such
successive deprotonation step is characterized by more favorablgonditions (corresponding to a low dielectric constant), fully

solvation effects, which eventually outweigtG! at ¢ = 80. ionized Zn(Cys )4 cores can only be preserved if they are

Hence, all the deprotonation reactions in Table 6 are thermo- shielded from possible proton donors. The calculations also

dynamically favorable in aqueous solution. predict that backbone peptide groups or lysine side chains in
Factors Governing Deprotonation/Reprotonation Pro- the second shell energetically stabilize tetracysteinate zinc cores,

cessesThe metal cation plays a critical role in governing the Put are unlikely to reprotonate any of the CysThese

protonation state of the cysteine-like species. By stabilizing the Predictions are consistent with the finding that in zinc fingers
thiolate form, it facilitates proton release especially in high- the cysteine-rich cores are surrounded by an elaborate network

dielectric media. Z&", Clw*, and APt are predicted to of backbone:core NH-S™ hydrogen bonds, which stabilize the
successfully assist thiol deprotonation on solvent-exposed Zinc-Cysteinate structufé Salt bridges formed between second-
surfaces (Table 3). Not any metal cation, however, can induce Shell lysine or arginine side chains with first-shell cysteinate
deprotonation. Metals, like Mg, with low affinity toward have been found to additionally stabilize the binding sites in
sulfur-containing ligands and consequently limited ability to SCMe nuclear hormone receptors, 038/5' and Gly-rich proteins,
stabilize the respective thiolate complexes appear incapable ofPolymerases, and ring-finger protefig®Taken together, these

inducing HS deprotonation even in aqueous solution. results seem to indicate that fully deprotonatee(@gs-)4 cores
are likely to exist in structural binding sites provided that they

are tightly encapsulated by a second coordination shell of
backbone peptide groups or Lys/Arg side chains.

The dielectric medium also plays a crucial role in governing
the protonation state of the cysteine-like species. The calcula-
tions suggest that deprotonation of zinc-boungsHyenerally
occurs on solvent-exposed surfaces where hydration of the g gjack, c. B.; Huang, H. W.: Cowan, J. Soord. Chem. Re 1994 13§

products, especially of # favors the ionization process (Tables 56 %:36 1655 ABiological Chemistrv of M CH: New York. 1995
. H owan, J. lologica emistry o agnesiy . New York, .
5 and 6). In contrast, deprotonation of zinc-bouneSHs (57) Abola, E. E.; Sussman, J. L.; Prilusky, J.; Manning, N.P@otein Data

unlikely to take place in the gas phase or in low dielectric media Bank Archies of Three-Dimensional Macromolecular Structusssademic
< 4 hich f . f ided Press: San Diego, 1997; Vol. 277.
(¢ = 4), which favors protonation of HS provided an  (sg) miura, T.. Satoh, T.; Takeuchi, HBiochim. Biophys. Actd998 1384

appropriate proton donor is available nearby. 171. .
(59) Krizek, B. A.; Amann, B. T.; Kilfoil, V. J.; Merkle, D. L.; Berg, J. Ml.

The electrostatic properties of other ligands bound to the metal = Am. Chem. Sod 991 113 4518-4523.
. ; : ; (60) Gilson, M. K.; Honig, BProteins: Struct., Funct., Genet988 4, 7—18.
(?an also .aﬁe.Ctlthe lonization OfZ.E' Highly pOIarlzaple’ n_GUtral (61) Burgess, M. AMetal lons in SolutionEllis Horwood: Chichester, England,
ligands (like imidazole) or negatively charged species (like HS 1973. g )
e . 62) Wolfenden, RBiochemistryl978 17, 201.
can compeptlvely _trans_"f?r cha_rge to the metal_ (_:atlon’ thus 2633 Rosenstock, H. M.; Draxl,r){(l.; Steiner, B. W.; Herron, JJTPhys. Chem.
decreasing its Lewis acidity. This reduces the efficiency of the (64) I(?:ef. Data19J77I,36,K73t6)3. . an. 3. Chem1978 56, 1
. . s s . . . umming, J. B.; Kebarle, RZan. J. em , 1.
metal in assisting thiol ionization and results in dep.rotonatlon (65) Bartmess. J. E. Mclver, R. T., Jeas-Phase lon Chemistracademic
free energies that are more positive than the respective numbers66 IérﬁSS:bNeWCY%K, &97?(;_ VoI.GZ-D c . 1 Truhlar. DO.®h
for deprotonation of [ZAW3-H,SJ?t (see Table 5). (66) Chambers, C. C.; Hawkins, G. D.; Cramer, C. J.; Truhlar, DJ.Ghys.
; B B ; ; B (67) Lias, S. G.; Liebman, J. F.; Levin, D. Phys. Chem. Ref. Daft984 13.
B|0|09lcal Impl|cat|ons. The _(:alcu'atlons p_redICt that Zh (68) Cabani, S.; Gianni, P.; Mollica, V.; Lepori, . Solution Cheml1981, 10,
and C@* can successfully aid thiol deprotonation. In fact, among 563.

Chem.1996 100, 16385-16398.
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Conclusions The calculations also suggest that cysteine-rich zinc cores in

By using a combination of ab initio and continuum dielectric Proteins may be fully deprotonated if they are solvent exposed.
calculations, four major factors have been found to govern the The same protonation state [£6ys )% is likely to be
protonation state of metal-bound cysteine(s) in proteins: preserved in the final folded conformation of the protein

1. The Dielectric Medium. A high dielectric medium favors ~ provided the binding site is tightly encapsulated by peptide
cysteine deprotonation, while a low one favors the protonated backbone groups or Lys/Arg side chains, which energetically
state. stabilize the tetracysteinate core structure. However, in circum-

2. Properties of the Metal Cation.Transition metal dications  stances where the tight packing is compromised (by heat or
such as Zfi" and C@" with pronounced ability to accept charge  chemical reagents, for example) and an appropriate proton donor
from negatively charged Cysinduce cysteine deprotonation. is available nearby, reprotonation of first-shell cysteinate(s) in
Trivalent cations, although rarely present as natural cofactors a low dielectric medium could not be ruled out.
in proteins, are predicted to also successfully assist cysteine
ionization. “Hard” divalent cations, such as Rtgare unlikely
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